Translation of Cverating Results o Gasification on Commercial Scale

For the purpose of predicting oxygen and steam requirements as well as
rercent comnletion of gaslification, yields of synthesis gas, etc., in the
gasification of coal on commercial scale, it appeared desirable tc translate
the operating results to conditions exnected +o exist in large-scale plants.
The most Important among such conditions charmcteristic cf large-scals
oreration are small or even negligible heat losses from the gas generator
and the injection of surerheated steam, which generally result in a reduced
oxygen requirerent and increased gasification of carbon. A vrocedure was
therefore develored Tfor the thermodynamic calculation of the cperating
results under zero heat-loss condition and for the assumed injection of
steam superheated to varicus given temperaturcs.

The rather involved calculations and +the underlying assumptions are
similar to those used by H. Perry20/ and R. C. Corey,21/ although considerably
simplified and extended to cover = broader field., Somewhat similar computa-
tions on a purely theoretical basis also have been made by H. R. Batcholder
and J. C. Sternberg22/ in their thermodynamic studics of coal gasification,

Including the expression of heat offects by generalized equations.

The calculations and formulas developed are based on the assumptions
(1) that the water-gas shift reaction (CC + Hp0 = COs + Br) reaches equilib-
rium, but the reduction of carbon diexide on carbon surface (COQ + C = 2C0)
may not, and the latter reaction does not influence the former; (2) the CO»

§§7 Research and Develcpment Branch of Synthetic Liguid Fuels Office, Central
Experiment Station, U. S. Bureau of Mines.

g;/ Combustion Resezrch Section of Central Experiment Station, U. S. Bureau of
Mines.

22/ Ind. Eng. Chem., vol. k2, 1950, p. 877.
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and HQO do not dissociate to any appreciable extent; (3) the small amount

.. of hydrocarbons, both saturated and unsaturated, in the synthesls gas are

considered dissociated to elementary carbon and hydrogen at temperatures
exceeding 1,8000 F.; (4) all of the sulfur in the gas is in the form of
HpS; and (5) the percent of carbon gasified would remein the same under
zero heat loss condition.

Several of these assumptions have been confirmed by comparatively
simple thermodynamic considerations and computations of the constants of
effective equilibria from actually obtained experimental data. Calculation
of the equilibrium composition from the known values of the equilibrium
constant at various temperatures showed that, even at such comparatively
low outlet-gas temperatures as 1,800° F., negligible amounts of hydro-
carbons remain undissociated. :

For the fifth assumption above, there is little theoretical or
practical justification. The assumption was made for convenience and
expediency to simplify the lengthy procedure of computations. Actually,
as shown by subsequent calculations, the elimination of heat losses should
result in highér temperatures in the generator chamber which, in tum,
should increase the velocity of the reduction of COp on carbon surface to
CO and cause zn increase in carbon gasification. However, with heat losses
already reduced to less than 5 percent when the generator is operated close
to its meximum capacity (50 to 55 pounds of coal charged per hour), the
increase in the percentage of carbon gasified under zero heat loss condition
may be neglected.

The first step in the calculation of the temperature and composition
of the exit gus under "no heat loss" condition for any given run consists
in making an over-all material balance and heat balance, both based on 1
pound atom of carbon in the coal gasified under actual operating conditions.
The actual heat loss ( A Hl) thus determined and the corresponding measured
exit-gas temperature (Tl in degrees Rankine) are noted for the plotting of a
curve later.

The next step consists In the stoichiometric calculation of the yicld
and composition of the output gas from the quantities and compositions of
the input materials for an equilibrium condition corresponding tc en assumed
exit-gas temperature (Tg). Let the pound mols of COp, CO, HoO, Hp, HoS, and
No outputs in the synthesis gas, each per pound atom of carbon gasified, be
designated by the letters a, b, ¢, 4, £, and g, respectively. Let the
symbols C, 0, H, S, and N signify, respectively, pound atoms of carben,

oxygen, hydrogen, sulfur and nitrogen inputs per pound atom of carbon gasified.

Knowing the percentage of carbon gasified in a given run, the values of 0, H,
S, and N are calculated from (1) the coal input (1b./hr.) and coal analysis,
(2) oxygen input (cu. ft./hr.), and (3) steam introduced (1b./hr.).

As, stoichiometrically,

C=a+b

2a + b + ¢

(@)
1]
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E=2c +24 + 2Ff
N =2¢g
S =7

Solving these five equdtions with six unkﬁown quantities in terms of
o 1t (002) s i

b

C~-a

c=0=~a-=C

d=a-0+HR2+C-5
f =8
g:N/2

But;‘as 1 pound atom of carbon was chosen as the basis:

a

mols 002
b=1l-2a=mls O

c=0-2a-1=mls HéO

d=a-0+HP2+1-8 = mols H,
=5 =mls £S5 .
g = N/2 = mols N,

Assume, now,'the new exit-gas temperature (To), which for a zero heat
loss condition mist be higher than the actually measured exit gas temperature.
Choosing, for example, 800° F. above T;, the corresponding equilibrium
constant (Kp) for the water-gas shift reaction (CO + Hy0 = COp + Hp) is
obtained from prepared curves, showing values of Kp plotted on semi-log scale
against-%,lwhere T is absolute temperature. ILet the value of the equilibrium
constent just found for the assumed temperature T, equal K. Then, by sub-
stitution into the equilibrium equation: . ‘ '

K= [l M = _(2) (a-0+HP24+1-5)
”EET'TETT , (1 - &) (~O -a - 1)

- Solving this quadratic equation for "a",'the;éingle unknown quantity, by
rearranging gives: .

K = ~8.2+Xa

a2 - Ca +0-1
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where : X=Hf-0-85S+1
By further rearrangement:

a2 + KO+ X BN B _ gerg,
X

which is solved for gy by the usual algebraic formula for guadratic equations.

Knowing the value of "a", the velues of b, ¢, and d are obtained from:

b=1-a
c=0-a-~-1
d=a-0+H2+1-8

As now the input and output figures are known, a heat balance is made
as the next step, in which the enthalpies of the output gases are calculated
for the assumed temperature T,. From the heat balance, the heat-loss ( ﬁ)Eé),
corresponding to the assumed exit-gas temperature (T2 in degrees Rankine),
is determined.

A graph is then prepared by plotting temperatures Tq and Tp (scale on
the ordinate) against heat losses L H; and L. Hy (scale on the abscissa with
negative values to the left and positive values to the right of a zero point).
The two points thus plotted are connected by a straight line, and the temper-
ature, T,, on the ordinate is read off at the level where a perpendicular
raised at the zero heat-loss point on the abscissa intersects the straight
line. The exit-gas temperature obtained for zero heat loss is then verified
by looking up the corresponding equilibrium constant from the working chart
and computing the values of a, b, ¢, and d by means of the quadratic

‘equation derived above for the calculation of "a" and the three equations

subsequently listed. If the heat balance mde for exit-gas temperature T,
by the use of these output figures, namely pound mols of COo, CO, H0, Hp,
HpS, and Np per pound atom of carbon gasified, gives a zero heat loss, the
temperature T, graphically obtained above is considered the exit-gas _
temperature under zero heat loss condition, or "thermal balance temperature.”

From the total number of mols of various gaseous components (COQ, Co,
Hp, HpS, and No) per each atom of carbon gasified, obtained above, and from
actual operating data pertaining to the run considered, such as feed-rate
of the raw coal in pounds per hour and percent of carbon gasified, the -
outrut of dry synthesis gzs in cubic feet per hour under zero heat lcss
condition is stoichiometrically calculated. By a similar computation, from
the oxygen actually introduced in cubic feet per hour and the dry gas output
in cubic feet per hour (calculated above), the oxygen requirement in cubic
feet per MCF of synthesis gas mede under the assumed zero heat loss condition

is obtained. The oxygen requirement is also expressed on the usual basis of
1,000 cubic feet of CO + Hp.

Other operatiﬁg results, such as gas vield in cubic feet per ton of dry
coal charged, and ratios of oxygen to coal and steam to coal charged, are
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obtained for zero heat loss condition by similar simple stoichiometric
calculations.

The composition of the wet and dry synthesis gas made under zero heat
loss condition is computed frem the number of mols of Cos, CO, Hy0, Hp,
S, and Np per each atom of carbon in the coal gasified, all of whic
resulted from the caleulations leading up to the coemputation of the exit-gas
temrerature under no heat loss condition. The ccmposition of the exit gas
is expressed on & percentage basis. '

Up to this time, in the computation of the operating results for zero
heat loss cendition, no assumption has been made For the theoretical
introduction of stesam superhestsd to various given temperatures beyond that’
actually injected in the run or steam resulting from the vaperization of the
moisture in the coal charged. In several runs, namely in those gasifying
coals of high moisture and hydrogen content, and where the generator was
orerated considerebly below its maxirum capacity (about 55 pounds per hour),
there has besn no actual injection of steam. TFor such runs, in particular,
and also because the gas-meking unit hasg nct been equipred for the super-
heating of steam to temreratures higher than €00° to 700° F., it seemed
desirable to assume the introduction of highly superhested steam at rates
comparable to orveration on commercial zeale (1 to 2 Pounds of steam mer
pound of coal). The pProcedure developed for this set of thermodynamic cal-
culations for the translation of the operating results to conditions assumed
to exist . cormercial scale, i.e. with negligible heat losses, is as follows:

A givbn,inputAof,steam, e.g» 1 pound rer pound of dry, ash-free coal
superhented teo, say, 2,100° T., is agssumed. The objective, this time, is to
celculate the percéntage of carbon in the coal gasified, assuming a given
exit-gas temperature, say, 1,8009 F, (Either one or the other of these two
variables must be assumed to compute the orerating results under zero heat-
loss condition or for any cther given heat loss.) A1l of the other agsumptions,
such as the wnter-gas shift reaction reaching an equilibrium,'etc., on which
all the prcvious computations have been based, are chosen again for the basis
of the calculations. ' - L

The method of computation involves exactly the same steps discussed
Previously for the commutation of the operating results under zero heat loss
conditicn when no assumption was made for the thedretical introduction of '
steam as an additional reactent. The: percent completicn of +he gasification
of carben under zero heat loss condition is ecaleuleted by assuming first a
given value (e.g. 70 percent) for the percent ¢ gasified. On this basis,
as before, the number of mols of.C0s, CO, Hy0, Hy, HpS, and No in the output
gas (corresponding to a water-gas shift equilibrium at the exit-gas temper-
ature of 1,800° F. assumed above) are calculated from the quentities and

- compositions of the input materials: rcoal, oxygen, and steam, including the
theoretical addition of more steam at the assumed rate. Iet the ratio of
steam to dry, ash-free coal (e.g., 1 1b./1 1b.), to be assumed at the. start,
include the moisture in the ccal, the steam actually injected, and the =~ °
theoretical introduction of additional steam. From the input and ocutput
figures of a constructed material balance, a heat balance is made in which
the temperature (2,1000 F.) of the assumed additional steam is duly considered,
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and the percent loss or gain of heat is determined. The va%ue of heat loss'_
(or heat gain) corresponding to the assumed percent C gasified is noted for
later plotting. ' '

A similar computation is made by assuming another value (e.g. 85 percent)
for the percent C gasified, but using the same gas and steam temperatures,
the same ratioc of steam to coal, and otherwise identical operating conditions.
The value of heat loss (or heat gain) obtained from the heat balance 1s,
again, noted as a function of the assumed percent C gasified.

A graph is then prepared by plotting the percent carbon gasified (scale
on the ordinate) versus the heat loss or heat gain (scale on the abscissa).
The two points thus plotted are connected by a straight line, and the percent C
gasified corresponding to zZero heat loss is read at the level where a perpen-
dicular raised at the zero point on the abscissa intersects the straight line.
This is the percent completion of gasification corresponding to the assumed
steam input, steam temperature and exit temperature of the make-gas under
zero heat-loss condition. However, for the purpose of checking this result
another material and heat balance is made, using the calculated percent C
gasified and the corresponding assumed values as the basis of the computation.
The heat balance should indicate no heat losses if there are no errors in the
computation.

The value obtained for the percent C in the coal gasified is used to
calculate the number of mols of COp, CO, HpO, Hp, HoS, and Np in the cutput
gas corresponding to a water-gas shift equilibrium at the exit gas tempera-
ture of 1,800o F. assumed abocve. The computation follows the same pattern
established at the start of the thermodynamic calculations described. From
the molal quantities of the components of the output gas; the composition
of the wet and dry synthesis gas made under zero heat-loss condition is
calculated. The gas output, oxygen requirement, gas yield, and percent steam
decomposition are then calculated stoichiometrically as previocusly.

The operating results obtained in the previously selected three typical .
runs, Nos. 334, 46, and 49, translated to conditions expected to exist in
operation on commercial scale, are shown in tables 11, 12, and 13. The first
column of figures in these tables shows the actual results obtained in the
respective runs, whereas the second and third columms show the calculated
operating results in large plants where heat losses are assumed to be
negligible. In the second column, it was assumed that the percent of carbon
gasified would remzin the same as that obtalned in the actual run, the
exit-gas temperature and all other operating results being calculated. For
the third colum, an exit-gas temperature of 1,8000 F. was assumed, with a
further assumption of 1 pound of steam (at 2,1000 F.) injected per pound of
dry, ash-free coal, -and the percent of carbon gasified as well as all other
operating results have been obtained by calculation. It should be noted that
for the set of conditions shown in the second column, no addition of steam
was assumed beyond the smell amount shown in the first columm for the actual
run. It is hoped that ‘the results predicted in these tables for the gasifica-
tion of coal will be confirmed later by large-scale pilot-plant tests.
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CONCLUS IONS-

As a result of the investigations carried out at the Morgantown Station
of the U. S. Bureau of Mines during the past 2 years, a simple, easily con-
trolled method has been developed for the continuous production of synthesis
gas from powdered coals by entrainment in oxygen and steam. The laboratory-
scale pilot unit built is well suited for testing various types of 'fuels for
their relative value in synthesis-gas rroduction and for much-needed funda—
mental research on the mechanism of powdered-fuel gas1f1c3tlon.

A synthesis gas of high quality can be produced from raw ccal. [The

gquality of the synthesis gas made, expressed by the CO; + Hp content in
pvercent and by the ratio of Hy to CO, depends upon controllable operating
variables, such as type and size of coal charged, coal feed rate, oxygen-to-
" coal and steam-to-coal ratios, and steam temperature. During the development
of the process, which was described as divided into three stages, about 50
runs were carried out, in which two different types of bituminous coal were
charged into the generator: a noncoking, low-ash, low-sulfur coal from
Wyoming No. 9 seam and a strongly coklng, high- ash high-sulfur coal from

the Sewickley seam in West Virginia. A synthesis gas of low COs content
(about 7 percent) can be made from both types of coal, pulverized sufficiently
finc, cither 70 percent or 90 percent minus 200-mesh,. '1f the ratios of(l)cxygmn
to steam and (2) carbon to oxygen + steam chosen are hlbh enough.. For this
purpose, an excess of carbon must be present with a deficiency of gasifying
agents, which results in definite yields of carbonaceous residue, i.e.,
intentional "partial gasification." The synthesis gas made under these con-
ditions is high in CO and low in Hp content.

Plotting of the operating results against process variables did not
produce conclusive trends . in the curves obtained owing to an Insufficient
number of runs with all except one of the possible variables constant. With
the -apparatus developed tc its present stage of precision (prov1dcd with the
necessary automatic controls), runs may be carried cut that ShOULd provide
the missing data ncedcd for further conclusions.

_ From bObb of the coals ga61f19d an e&tremely ine and fluffy.carbonaceous
residue resembling carbon black was obtained, which can be recycled back into
the gonerator, alone or in admirture with raw powdered ceoal, and further
gasified. There is a possibility that the residues obtalned can be utilized
for certain industrial purposes, burned in boiler -furnaces, or briquetted
for solid smokeless fuel. : :

The dry, ash-free coal gasified in a single rass ranged from 60 to 70
percent, with yields of CO + Hp ranging from 15 to 22 standard cubic
fect per pound of dry, ash-free coal charged, depending on the choice of
values for the orerating variables The combined CO + Hp in the syntheols
gas produced ranged from 76 to 91 pe:cent. With coal feed rates up to 45
pounds rer hour, corresponding to hourly fuel throuzhput rates up to 33
- pounds per cubic foot of generatar volume, gas output rates as high as
600 standard cubic feect. CO + Eé .per cubic foot generator space per hour
have been obtained. Indications are that even this unusuzlly high gasifica-
tion rate would be considerably exceeded when younger coals, such as
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subbituminous coals and lignites, are gasified. Synthesis gas production
rates as hich as these Fer unit volume of generator srace are important
factors in reducing capital and production costs for the menufacture of gas
on commercial scale.

Translation of the orerating results to conditions existing in gasifi-
cation on commercial scale, carried out by lengthy thermcdynamic calculations,
allowed interesting predictions. They should be confirmed by pilot-plant
work on larger scale. '



