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HIGH TEMPERATURE GASIFICATION OF COAL CHAR
IN CARBON DIOXIDE AND STEAM

by
MARK STEVEN DERSHOWITZ
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in May, 1979, in partial fulfillment of the requirements
for the Degrees of Bachelor of Science and Master of Science.

ABSTRACT

Weight losses and changes in physical properties of a pulverized
Montana Rosebud coal char (particle diameter 75 to 150 microns) were
measured during gasification 1n carbon dioxide and steam. Reactions
were studied in a laminar flow furnace, at gas temperatures of 1473 to
2113°K, 1 atmosphere total pressure, with residence times between 115
and 330 msec.

Apparent reaction rates were calculated by an integral reactor
analysis. The intrinsic kinetics governing the char reactions with carbon
dioxide and steam were deduced by evaluating the effects of heat and mass
transfer rate limitations, both within the porous particles and in the
boundary layer surrounding them. External heat transfer effects and
internal mass transfer (pore diffusional) effects were found to be
significant for both reactions. Particle temperatures were between 30 and
270°K below the gas temperature. Pore diffusion effectiveness factors
ranged Yetween 0.16 and 1.0 for the char—CO2 reaction, and between 0.11
and 0.57 for the char-steam reaction.

The intrinsic rates of carbon gasification, expressed per unit total
char surface area, were determined in the form of a power law model:

~

Rate = A" exp {._EL_ ct moles (carbon)
RTp

cm Ssec

where C is the concentration (mole/cm3) of the oxidizing gas (CO, or H2),
T 1is the particle temperature, n is the order of reaction and E"is the
aPtivation energy. The kinetic parameters determined were:

E -
n (kcal/mole) A"
char - C02 0 50.1 1.09 mole-cm-z-sec_
char - H,0 1 57.5 1.35 x 10’ cmesec !

In determining the above rates, changes in char surface area with
burnoff were accounted for. The specific (nitrogen adsorption) surface
area of the char samples was found to increase significantly from an
initial value of 81 m2/g. Values as high as 369 m“/g (after 30% gasification



on a dry, ash-free basis, in steam at 1473°K) and 255 mZ/g (after 8 d.a.f.7%
burnoff in carbon dioxide at 1473°K) were measured. Particle bulk density
was also found to change with burnoff. Char bulk density decreased from

an initial value of 0.49 g/cc to as low as 0.28 g/cc after 81 d.a.f.7
weight loss in steam at 1773°K.
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Chapter 1

INTRODUCTION AND BACKGROUND

1.1 Motivation

From 1960 to 1972, world energy consumption increased
at an annual rate of 4.9 percent. The projected rate of
increase? through the year 1990 is 3.3 percent per year.

Energy consumption in the United States increased at
a rate of 3.7 percent per year over the period of 1960 to
1973. Petroleum and natural gas consumption increased at
rates of 4.2 and 4.8 percent per year, while consumption of
coal increased at only 1.7 percent per year. Although do-
mestic energy consumption declined” by two percent in 1974
and 1975, recent forecasts by the U.S. Department of Energy”’
predict total annual energy consumption to increase some
forty percent by 1980 (to 106 quadrillion BTU per year).

The fraction of energy supplied by petroleum and natural gas
(49 and 26 percent, respectively, in 1977)° is expected to
decrease (to 41 and 19 percent in 1990), while coal will
supply 26 percent of our energy in 1990, compared with 19
percent in 1977. Figure 1.1 summarizes energy consumption

in the United States over the period 1947 to 1977, with
predictions to 1985 and 19290. Statistics from the United

1977

States Department of Energy used to génerate Figure 1.1
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are presented in Table 1l.1.

It seems preferable to meet our energy demand by using
domestic sources of energy. Therefore, the projected
increase in coal consumption in the United States is hardly
unexpected, since some seventy percent of our energy
reserves and resources 2 are in the form of coal deposits
(see Table 1.2).

Depending on the end-use and environmental constraints,
coal may be utilized in four major ways - gasification, com-
bustion, liquefaction and pyrolysis. Gaseous fuels are
easier to handle and distribute than are solid fuels. Envi-
ronmental advantages of gaseous fuels include ease of sulfur
removal and abili*y to burn without formation of particulate
solids’

Production of high-BTU gas from coal (synthetic natural
gas, SNG) is projectedZIto increase at an annual rate of 29
percent between 1985 and 1990, with production reaching 1.3
trillion cubic feet per year in 1996 (1975 estimate, given
0il priced at $11 per barrel, under "business as usual”
strategy). If the Federal Government takes actions to in-
crease domestic supply of energy, production of SNG is pro-
jected at 2.8 trillion cubic feet per year by 1990. In light
of the current price of imported oil ($15 per barrel for oil

from OPEC countries), these production estimates are
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Table 1.1
U.S. Gross Energy Consumption By Primary Energy Source 21577
Natural Hydroelectric Nuclear
Gas & Geothermal Electric
Year Coal (dry) Petroleum Power Power TOTAL
(Quadrillion BTU)

1947 15.824 4,518 11,367 1.326 - 33.035
1948 14.897 5.033 12,557 1.393 - 33.880
1949 12.631 5.289 12,119 1.449 - 31.488
1950 12,913 6.150 13.489 1.440 - 33.992
1951 13.225 7.248 14.848 1.454 - 36.775
1952 11.868 7.760 15.334 1.496 - 36.458
1953 11.893 8.156 16.098 1.439 - 37.586
1954 10.195 8.548 - 16.132 1.388 - 36.263
1955 11.540 9.232 17.524 1.407 - 39.703
1956 11.752 9.834 18.627 1.487 - 41.700
1957 11.168 10.416 18.570 1.551 0.001 41.706
1958 9.849 10.995 19.214 1.636 0.002 41.696
1959 9.810 11.990 19.747 1.591 0.002 43,140
1960 10.140 12.699 20.067 1.657 0.006 44,569
1961 9.906 13.228 20.487 1.680 0.018 45.319
1962 10.189 14.121 21.267 1.821 0.024 47.422
1963 10.714 14.843 21.950 1.767 0.034 49.308
1964 11.264 15.648 22.386 1.907 0.035 51.240
1965 11.908 16.098 23.241 2.058 0.038 53.343
1966 12.495 17.393 24.394 2.073 0.057 56.412
1967 12.256 18.250 25.335 2.344 0.080 58.265
1968 12.659 19.580 27.052 2.342 0.130 61.763
1969 12.733 21.020 28.421 2.659 0.146 64.979
1970 12.922 22.029 29.614 2.650 0.229 67.444
1971 12.560 22.734 30.492 2.833 0.391 69.010
1972  12.396 22.699 32.966 2,978 0.576 71.615
1973 13.286 22.512 34,852 3.048 0.888 74.586
1974 12,948 21.732 33.468 3.362 1.215 72,725
1975 12.828 19.948 32.742 3.289 1.839 70.646
1976  13.751 20.345 35.123 3.153 2.037 74.409
1977 14.129 19.613 36.947 2.591- 2.674 75,953
1985 21.7 19.4 42.4 4.2 6.2 93.9
1990 27.3 19.9 43.6 5.0 10.4 106.2

includes natural gas liquids
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Table 1.2 U.S. Energy Reserves and Resources
(Source: Enzer et al, U.S. Dept. of the Interior, 1975)!

Source Reservesa’b’c Resourcesa’b“i
Coal 10400 © 21000
Petroleum f 424 - 540 1584 - 2860
Natural Gas 409 - 533 1441 - 2597
Shale 0i1 9 460 - 1160 2424
Uraniumh 1920 3360
Geothermal 10 70 - 130
TOTAL 13600 - 14600 29900 - 32400

All figures are in quadrillion (1015) BTU.

Two values given represent minimum and maximum
estimates.

Reserves are defined as identified deposits known to
be recoverable with current technology under present
economic conditions.

Resources include reserves as well as materials that
have been identified, but camnot now be extracted
because of economic or technological limitations, as
well as economic or subeconomic materials that have
not as yet been discovered.

U.S. Demonstrated Coal Reserve Base, January 1974.
Recoverability varies between 40 and 90 percent for
individual deposits. Fifty percent or more of the
overall reserve is recoverable.

Including natural gas liquids.

From oil shale yielding at least 25 gallons of shale
0il per ton of oil shale.

Using lightwater reactor, producing 400 billion BTU
per ton of U308°
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probably conservative.

Over the past 100 years or so, coal gasification tech-
niques have been developed on a purely empirical basis. In
contrast, the present need to develop new, high performance
gasifiers has led to a close examination of the basic
principles of the processes involved:

- heat and mass transfer

- chemical equilibria

- kinetics of the heterogeneous chemical reactions

involved.

1.2 Overview of Coal Gasification Processes

Coal gasification processes may be characterized by
several different criteria, including the following:

1. OQuality of product gas -

a. Low-BTU fuel 100-200 BTU/scf
b. Medium-BTU fuel 200-300 BTU/scf
c. High-BTU fuel (SNG) 900-1000 BTU/scf

Medium-BTU gas can be upgraded to SNG quality via
catalytic methanation.

2. Gasifying medium. So-called "gasification”
processes use steam and carbon dioxide (sometimes with
hydrogen) as the oxidizing medium. "Hydrogasification"

involves formation of methane by direct reaction of

"
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coal or char with hydrogen.
3. Operating €onditions (temperature and pressure).
4. Method of gas-solids contact (fixed bed, fluidized
bed or entrained flow reactor, etc.).® |
5. Allowable coal feedstocks.
6. Method of heat supply for the endothermic
steam-carbon or C02-carbon reactions -
a. Partial combustion of char
b. Limestone or dolomite "acceptor" (CO2 Acceptor
Process )
c. Electrical energy
d. Molten baths75n
Table 1.3 is a summary of several gasification and hydro-
gasification processes.
Coél behavior during most gasification processes can be
considered in two stages:

1. Pyrolysis (thermal decomposition), generally in the

400-900°C temperature range:

Coal heat Solid (char) + Liquid (tar) + Gases

2. Heterogeneous reaction with oxidizing gases - see

equations (1.1) thwough (1.6).
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The principal chemical reactions related to coal
gasification are as follows:
Char combustion
C+ %0, »CO (1.1)

C + 0, » CO (1.2)

2 2
CO2 and steam gasification

cC + cCco, » 2CO (1.3)

2

C + H20 + CO + H2 (1.4)

Water-Gas shift reaction

CO + H20 > CO2 + H2 (1.5)
Direct methanation (hydrogasification)
C + 2H, + CH, (1.6)

Gasification reactions (1.3) and (1.4) are endothermic.
The heat required to sustain them is often provided by
supplying oxygen to the gasifier to promocte the exothermic
reactions (1.1l) and (1.2). At low pressures and high tem-
peratures, reaction (1.6) is of little importance. The water-
gas shift, reaction (1.5), is not a primary gasification
reaction (i.e., it does not directly involve the carbon in
the coal/char). The extent of reaction (1.5) is determined by

equilibrium considerations within the gasifier.
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Table 1.4
Equilibrium Constants of Common Gasification Reactions
(Source: Von Fredersdorff and Elliott, 1963)ao

(1) C+3-502 + CO

(2) C + 0, + CO

2 2

(3) C + co2 + 2CO

(4) C + H20 +~ CO + H,

(5) CO + H,0 > CO, + H,

(6) C + 232 ~ CH,

(a)
Temperature Log10 Kp

(°K) (1) (2) (3) (4) (5) (6)
300 24,05 69.09 -21.00 ~-16.00 4.996 8.899
600 14.34 34.40 -5.729 -4.297 1.432 2.000
800 11.93 25.83 ~1.963 -1.357 0.606 0.150
900 11.13 22.97 -0.716 -0.372 0.344 -0.488
1000 10.48 20.68 0.278 0.418 0.139 -1.007
1100 9.945 18.80 1.087 1.064 -0.023 -=1.435
1200 9.498 17.24 1.756 1.601 -0.154 -1.794
1300 9.118 15.92 2.319 2.057 -0.262 -2.101
1400 8.790 14.78 2.798 2.446 -0.352 -2.363
1500 8.504 13.80 3.210 2.784 -0.426 -2.592
1750 7.926 11.83 4.024 3.455 -0.569 -
2000 7.486 10.35 4.622 3.956 -0.667 -
2250 7.138 9.197 5.079 4.341 -0.738 -
2500 6.854 8.277 5.432 4.647 -0.785 -

(@) carbon as B-Graphite
Partial pressures measured in atmospheres
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Table 1.5

Heat of Reaction of Common Gasification Reactions

(Source: Von Fredersdorff and Elliott, 1963)Bo

(1)
(2)
(3)
(4)
(5)
(6)

cC + %(Dz + CO

cC + 0, » CO

2
CcC + CO

2

2 + 2CO

C + H,0 > CO + H,

2

Co + HZO > CO2 + H2

C + 2H + CH

2 4

Heat of Reaction (kcal/mole)
(carbon as B-graphite)

(2) (3) (4) (5)

(6)

Temperature

(°K) (1)
0 -27.20
298 ~26.42
600 -26.33
900 -26.64
1200 -27.06
1500 -27.55
1750 -27.99
2000 -28.46
2250 -28.94
2500 -29.45

-93.97 39.56 29.91 -9.66
-94.05 41.22 31.38 =-9.84
-94.12 41.46 32.16 =9.30
-94.27 46.99 32.42 -8.58
-94.41 40.30 32.44 -7.86
-94.56 39.47 32.30 =-7.17
-94.68 38.70 32.08 =-6.62
-94.83 37.91 31.80 =-6.11
-94,98 37.10 31.49 -5.61
-95.14 36.24 31.14 -5.10

-15.99
-17.89
-19.89
-21.17
-21.79
-22.06



=27~

1.3 Overview of Heterogeneous Reactions

Heterogeneous reactions occur by way of both diffu-
sional and chemical steps:

1. Diffusion of reactants from the bulk gas stream

through a relatively stagnant film to the solid surface

and to available capillary areas or pore structure.

2. Adsorption of reactants on the solid.

3. Surface chemical reaction (which may be preceded

by reactant dissociation).

4. Desorption of surface reaction products (which

contain one or more of the underlying atoms previously

part of the solid).

5. Diffusion of the gaseous product into the bulk

gas stream.

A study of the gas-carbon(char) reaction kinetics must
necessarily consider both diffusional and chemical kinetic
effects.

The rate at which a particular char sample reacts at a
given temperature should be proéortional to the total sur-
face area of the sample, provided that all unit areas are
equally reactive and are exposed to the same concentration
of reactant gas molecules. Under these conditions, a reacticn
is said to be chemically controlled, and the observed

reaction rate is in fact the intrinsic chemical reaction rate.
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Rates of the adsorption, surface reaction and desorption steps
are slow compared with rates of diffusion (both bulk phase and
pore diffusion). The reactant gas concentration is uniform
throughout the particle, and equal to Co, the bulk phase
concentration. This is shown in Figure 1.2 as curve I. The
observed activation energy, shown by an Arrhenius plot

(Figure 1.3), is of course, the intrinsic (true) activation
energy for the reaction, for that particular char.

As temperature increases, the intrinsic reaction rate
increases to such an extent that the rate of diffusion of
reactant gas molecules through the internal pore structure of
the char particles limits the rate at which the reaction may
proceed. As shown by curve II in Figure 1.2, the concentration
of reactant gases within the porous structure of the particle
falls below the bulk gas concentration, and hence the observed
reaction rate decreases. The observed activation energy in
this regime (section II in Figure 1.3) is approximately one-
half of the intrinsic value. The transition from regime I to
regime II would be represented by curve a in Figure 1.2.

At still higher temperatures, the reaction rate becomes
limited by the rate at which reactant gas molecules can
diffuse through the stagnant gas film surrounding the par-
ticle (curve III in Figure 1.2). Shown in regime III of

Figure 1.3, the observed activation energy for the reaction
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porous external
particle boundary layer . |

increasing
intrinsic
reaction rate

Distance from Center of Particle

Figure 1.2 Effect of Intrinsic Heterogeneous
Reaction Rate on Reactant Gas Concentration
Within a Porous Char Particle
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bulk diffusion
controlled rate

,/E =0 pore diffusion and
surface reaction
controlled rate

surface
reaction
controlled
rate

I11 I

e e . — —— —— — T T — — — — —

(Temperature)-l

Figure 1.3 Arrhenius Plot for Heterogeneous Reactions
Showing the Three Regimes Of
Rate Controlling Mechansims



-3]1-

equals the activation energy for bulk phase diffusion, which

is generally in the range of 0 to 5 kcal/mole.

1.4 Reactivity of Coal Char

Char usually accounts for 30 to 70 percent (by weighf) of
the original coal, following pyrolysis. It consists mostly of
carbon and ash, with small amounts of hydrogen, oxygen, nitro-
gen and sulfur. The amount and composition of the char depends
on such parameters as parent coal type, pyrolysis temperature
and heating rate, pressure and particle size.

Char reactivity depends on three characteristics of the
sample:

1. Chemical structure

2. Inorganic constituents

3. Pore structure

The effects'of each of these factors will now be examined.

1.4.1 Effects of Chemical Structure

The complex coal structure (Figure 1.4) requires analysis
in terms of its characteristic functional groups. These
fundamental groups, typifying the atomic species C, H, O, N
and S; are summarized in Table 1.6.

A typical coal structure consists of aromatic/hydro-

aromatic clusters (average 2 to 5 rings per cluster) loosely
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Table 1.6
Basic Structures In Coal

Atomic Fundamental Typical
Species Group Examples
basal
@ 2+~ carbon
C polynuclear aromatics @@@ atom
\\edge
carbon
atom
hydroaromatics @.@
H
CH3
aliphatics @—- CH2
CoHsg
hydroxyl ~ OH
(o] | carboxyl -Cf?o
OH Ca
/7N
AN HO 0]
carbonyl /C =0
NH 2
substituted aromatics ’
N
1
SH
S

S
heterocyclics @ \ O 7
N
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joined together by methylene, ether and sulfide linkages,

1 to 3 carbon atoms in length."7 The loose aliphatic linkages
allow cross-linking between clusters on different planes,

and hence the development of an extensive pore structure .’
Aliphatic, hydroaromatic and heterocyclic bonds are quite
susceptible to bond breakage at pyrolysis temperatures.?

Chars are characterized by highly carbon-rich, poly-
nuclear aromatic structures. Edge carbon atoms are at least
one order of magnitude more reactive than basal carbon atoms.*
Increased activity at carbon edges is presumed to be due to
the availability of unpaired o electrons which are available
to form bonds with chemisorbed species."s The o electrons of
basal carbon atoms are tied up in chemical bonds with adjacent
carbon atoms. Furthermore, impurities which may catalyze cer-
tain carbon reactions (section 1.4.2) tend to diffuse and
concentrate at crystallite edges.al Enhanced activity found
at defects in the char structure (such as vacancies) is
probably due to geometric or charge imbalances.”

Oxygen and hydrogen sites also promote char reactivity
since chemisorption on non-aromatic sites is usually favored
to aromatic sites.” Oxygen sites are thought to influence
reactivity via electron exchanges.w Hydrogen sites are
presumed to increase char reactivity by preferential oxi-

dation."®" Nitrogen and sulfur could promote ring structure
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attack since T electrons are most available at heterocyclic

sites.

1.4.2 Effects of Inorganic Impurities

Inorganic impurities in coal char occur in two forms =
mineral matter and trace metals. Mineral matter is typically
10 to 30 percent by weight in raw coals, consisting of four
major types:

1. Alumino-silicates (clays), such as kaolinite

(A128i205(0H)4) and illite (KA13Si3010(OH)2).

2. Oxides, such as silica (Sioz) and hematite (Fe203).

3. Carbonates, such as calcite (CaC03), siderite

(FeC03), dolomite (CaCO3-MgCO3) and ankerite

(ZCaCO3-MgC03-FeCO3).

4, Sulfides and sulfates, such as pyrite (FeS) and

gypsum (CaSO4-2H20).

Typically, mineral matter is randomly distributed in coal as
inclusions on the order of 2 microns in diameter. During
pyrolysis, gasification or combustion, mineral matter is
transformed to ash (Sioz, A1203, Fe203, Ca0O, MgO).

Some 20 to.30 trace metals are also distributed through-
out the coal structure. They are either organically bound to
the coal molecule (e.g., boron), bonded inorganically to

mineral matter (e.g., zirconium, manganese) or occur in both
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organic and inorganic forms (e.g., copper). Typical concen-
trations of trace metals in coal are 5 to 500 ppm, although
some elements (e.g., B, Ba, Sr, Cu, Mn, Sn, 2r) often appear
at the 500 to 1000 ppm level.”

Mineral matter and trace elements can provide direct
catalytic activity (particularly iron, calcium and manganese
compounds). Laine et al® discuss findings that as little as
100 ppm iron can increase carbon reactivity in 002 by a factor
of 150. Kayembe and Pulsifer = found that 10 percent (by

weight) of K CO3 reduced the activation energy of the steam

2
gasification of a Bear coal char from 61 to 35 kcal/mole, at
600-850°C and 1 atm total pressure. Other salts found to have
catalytic effects at those conditions were (in decreasing
.order of effectiveness) Na2C03, Li2CO3, KCl, NaCl and CuoO.
Surface impurities can also affect secondary reactions, such
as the water-gas shift.

There are several theories for the effects of mineral
matter and trace metals on char reactivity. The geometric or
transfer theory71 suggests that an oxidative intermediate
formed by reactant dissociation at a nearby catalytic site
migrates to react with carbon. The electronic the.ory71
suggests that chemisorption and desorption are favored at

covalent or ionic carbon-metal bonds generated by electron

transfer. Long and Sykesso suggest that catalytic effects
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are due to interaction with the m electrons of the carbon
(graphite) lattice, causing changes in bond order which

facilitate reaction at the active edge sites.

1.4.3 Effects of Pore Structure; Changes During Gasification

The pore structure of a char particle determines the
local concentration of reactant gas molecules within the
particle. Pore structure is characterized by three parameters:

1. Specific internal surface area (Sg, m2/g)

2. Specific internal pore volume (Vg, cm3/g)

3. Distribution of internal volume or area over the

range of pore diameters, §.

Pores may be roughly classified as micropores (§>20 angstroms),
mesopores (20<8§<500 R) or macropores (6>500 i). Classification
by pore diameter, § would imply cylindrical geometry of pores.
Electron microscopy studies by Harris and Yost® indicate

both cylindrical and conical pores, as well as flat cavities.
X-ray studies by Hirsch® indicate that macropores reflect

weak cross-linking among condensed aromatic and hydroaro-
matic clusters.

Pore size distribution determines the accessibility of
internal surface area to reactant gases. Large surface area
of the smallest pores may not be accessible to a reactant

unless large feeder pores exist, or the reaction kinetics are
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slow enough to allow time for diffusion into these micropores.
Dutta et al? found that only pores with §>20 to 40 R were
available for reaction with CO2 at 840-1100°cC.

Typically, average pore diameter § decreases with in-
creasing rank of parent coals. Hippo and Walker” studied the
reactivities of sixteen chars in Co, at 900°C. A char from a
Pennsylvania low volatile bituminous coal was over 150 times
less reactive than a Montana lignite char. This was attributed
to a relative absence of large feeder pores, resulting in
poor utilization of the total surface area.

The pore structure of a coal char changes during gasifi-
cation. Turkdogen et al” suggest that, depending on the type
of carbon, up to 50 percent of the volume is initially iso-
lated by micropores, and is unavailable for reaction. (The
surface areas investigated ranged from 0.1 tc 1100 mz/g).
During early stages of gasification, specific surface area
(and therefore reaction rate) increases. Walker et al®
concluded that the reaction develops new surface area by (to
a small extent) enlarging micropores, but principally by
opening up pore volume not previously accessible to reactants
because the microcapillaries were too small or because
existing pores were unconnected. As the reaction proceeds,
surface area and reaction rate increase until the rate of

formation of new area equals the rate of destruction of old

-
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area. After that point, surface area tends to remain constant
or decrease slightly.

The activity of char reaction sites is also subject to
change, either during gasification or as a result of heat
pretreatment. Duval® reported that active sités disappear
spontaneously due to a thermal healing or annealing of the
surface. This annealing process increases rapidly with temper-
ature. Strickland-Constable '’ studied reactions of carbon
filaments in 002 and steam at 900-2000°C. He explained this
effect above 1200°C as a straightening of the molecular plane
edges, whereby protruding atoms can move along the edge to
fill vacancies, thus reducing reactivity. Goring et al®
observed a decrease in reactivity of a Pittsburgh seam coal
in CO2 and steam at 875°C by pretreating the char up to 24

hours in nitrogen at 875°C.

1.5 Mechanisms and Kinetic Studies

The mechanism and kinetics of the carbon-carbon dioxide
reaction (1.3) and carbon-steam reaction (1.4) have been
studied extensively. The carbon in these studies varied from
high purity graphites to coals and chars, Most of the studies
have found the reactions to follow the Langmuir-Hinshelwood

kinetics model,
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k.P
Rate of Carbon _ 11 (1.7)

Gasification
1 + k,Py + k3Py

where Pl and P2 are the partial pressures of CO2 and CO

(carbon-CO2 system) or H,0 and H, (carbon-steam system).
(0Often, concentrations are used instead of partial pressures.)
The constants kl, k2 and k3, functions of temperature and the
particular carbon being studied, can be related to the rate
constants of the individual steps in the reaction mechanisms.
Note that equation (1.7) predicts that carbon monoxide will
inhibit gasification rates in carbon dioxide, and that
hydrogen will inhibit steam gasification rates.

The constants kl' k2 and k3 in equation (1.7) can be

calculated by considering:

1 + k.P k
1 |22 1 L. 3 (1.8)
Rate kl Pl kl
k 1+ k.P
- ;__Z_ B, + 31 (1.9)
kP kiPy

Thus, at a given temperature, the constants may be determined
by performing two sets of experiments:
l. Vary P1 while holding P2 constant; plot the
reciprocal rate against (l/Pl), as in equation (1.8).
2. Vary P2 while holding Pl constant) plot the

reciprocal rate against P2' as in equation (1.9).
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Equation (1.7) represents a wide range of conditions.

Two cases should be noted:
Case I. For the conditions

kP, << 1 and kaPy << 1 (1.10)
the rate of gasification becomes

Rate —— kP, (1.11)
and the reaction appears to be first order with respect to
component 1 (CO2 or H20) partial pressure. Conditions (1.10)
may be expected at low pressure (on the order of 1 atm) and
high temperature20 (k2 and k3 generally decrease rapidly
with temperature).
Case II. For the conditions

k,P, << 1 and k5P, >>1 (1.12)
the rate of gasification becomes

Rate ———b kl/k3 (1.13)
and the reaction appears to be independent (0th order) of
the oxidizing gas partial pressure. Conditions (1l.12) are
expected at high pressure (>15 atm)?° The exact conditions
for which either (1.11) or (1.13) can be expected to apply

will depend largely on the particular type of carbon being

investigated.
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1.5.1 Carbon - Carbon Dioxide Systems

For carbon-CO2 studies, equation (1.7) becomes

k,P
1 CO2

Rate = (1.14)

1+ kZPCO + k3PCO

2
Two mechanisms have been postulated to justify equation

(1.14).

Both mechanisms propose chemical bonding of an oxygen
atom (from a CO2 molecule) to a free surface carbon atom
(denoted by Cf), forming a surface oxide (denoted by Co) and
a gaseous molecule of carbon monoxide. This is followed by a
slow desorption of the surface oxide as a second CO molecule.

These steps are represented by,
i

oxygeh éxchange: Cf + CO,,-——-l-——b-Co + CO (1.15)
i , '
carbon gasification : co-——-é-.-co (1.16)

Brownf” using a C14

O2 tracer, showéd that some CO2 molecules
are able to enter into the surface, leaving twp oxygen atoms
to remove two free surface carbon éites, but that this
accounted fér only 1 to 2 percent of the total number of
reaction sites.

The proposed mechanisms differ in explaining the retarding

effect of CO on the overall reaction. Ergun22 suggests

(mechanism A) that the retarding effect is due to the reverse



-43-

of reaction (1.15), and hence the complete mechanism is,

i
i 1
reversible —_— ,
oxygen exchange Ceg + CO, "3;“— Co + C (1.17)
i
carbon c 3 co (1.16)

gasification o
whereby carbon monoxide reduces the concentration of the
surface oxide complex, thereby reducing the rate of reaction
(1.16). Equatibns (1.15), (1.16) and (1.17) may be used to
derive equation (1.14). The rate of carbon transfer to the gas
phase, given by equation (1.16), is

Rate = i3°[co] (1.18)

where [Co] is the concentration of the surface oxide complex.

Assume that the total number of active sites, C, is constant,

t

and that all sites are equivalent:

Ct = C¢

Using the steady state approximation for the surface oxide,

+ cO (1.19)

d e
;;[Co] i1[°f]Pco2 = 3,P5lC, 1 - 15lc]

ilPéoz[Ct] + [CO](i3 + j1PC0 + iIPCOZ) =0 (1.20)

[CO] may be calculated:
11[Ct]PC02
[Co] = - : - (1.21)
13 * J3Pco * 11Pco

2
Combining equations (1.18) and (1.21), the rate of carbon

gasification becocomes:
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Rate = (1.22)

and the Langmuir-Hinshelwood constants in equation (1.14) are

seen to be (Mechanism A):

ky = i;0c.] (1.23)
ky, = 31/i5 (1.24)
ky = i,/i,4 (1.25)

An alternate formulation (Mechanism B) supported by
Gadsby et a1” suggests that adsorption of carbon monoxide on
free surface sites is the rate hindering step:

i

irreversible 1
oxygen exchange Ce + CO) —— C, # co (1.15)
i
carbon 3
gasification Co — CO (1.16)
1y
CO adsorption C. + CO '==§::== c(co) (1.26)
2

The Langmuir-Hinshelwood constants in equation (1.14)
become (Mechanism B):
(1.27)

ky = ip[C,]

5 = iz/jz (1.28)

k. = il/i3 (1.29)
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1
18 found

Long and Sykes51 and Blakeley and Overholser
that hydrogen, in addition to carbon monoxide, inhibited
carbon gasification in carbon dioxide. This cannot be explained
by an expression of the form (1.14).

Mechanism A is the most widely accepted explanation for
gasification in coz, near or below atmospheric pressure.ao
Menster and Ergun,sG using Cl402 to follow oxygen exchange on
a carbon black at 750-859°C, found no definitive evidence for
CO adsorption, equation (1.26).

Literature values of the activation energy for carbon -
carbon dioxide systems vary considerably (see Table 1.7).
Often, a global value (i.e., for equation (1.3)) is reported,
rather than three separate values corresponding to the con-
1+ k, and k4
activation energy is simply evaluated from the temperature

stants k in equation (1.14). Notice that if the
dependence of klz

k1 = 11[Ct] (1.23)
so

E=E, +E (1.30)

If [Ct] is approximately independent of temperature, E, = 0

and E = E so the activation energy is that of the forward

I
4

step of the oxygen exchange reaction (1.17).
The kinetics of gasification of many different carbons in

CO2 have been investigated. Rather than being related to coal
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and char gasification, most of the previous studies have been
motivated by applications of so-called "pure" forms of carbon,
such as the use of graphites as electrodes, structural carbons
and moderators in atomic reactors. In the latter instances,
the motivation is to determine conditions for which carbon
reactivity is minimized. Nonetheless, insight into the char
gasification reactions can be obtained from the pure carbon
gasification studies. In particular, it is interesting to note
the temperatures of changing regimes of rate control (i.e.,
transition from intrinsic kinetic control to pore diffusional
control to bulk diffusional control of the reaction rate).
Table 1.7 is a summary of some of these studies. Notice the
wide range of activation energies (33 to 104 kcal/mole), in
part attributable to variations in the types of carbon inves-
tigated. It is also possible that some of the earlier inves-
tigators neglected to account for all diffusional effects.
(Recall that in the temperature range of pore diffusional rate

limitations, !iEtrue') Global kinetic parameters

Eobserved =
are listed since not all studies were correlated with the

three-parameter (kl, k2, k3) Langmuir-Hinshelwood equation.

Gray and Kimber® found the rates of charcoal gasification
in both carbon dioxide and steam at 2300°K were two orders of
magnitude lower than the bulk diffusion controlled rate.

Erguna found no diffusional limitations up to 1670°K. However,
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Gulbransen et al® (graphite-coz) and Strickland-Constable”
(carbon filaments-COz) observed that reaction rates leveled
off near 1470°K, and remained constant up to ca. 2300°K. This
was attributed® to the rate being controlled by bulk
diffusion. Walker and Raats® reported a decrease in
activation energy from 66 kcal/mole below 1400°K to 44
kcal/mole over the range 1400 to 1665°K, which they dis-
cussed in terms of an increase in pore diffusional resistance
within graphitized carbon rods at the higher temperatures.
Walker et al® (graphite-coz) reported an activation energy
of 26 kcal/mole at 1470 to 1670°K, compared with 48 kcal/mole
at 1170 to 1470°K, certainly indicative of the transition
from chemical control to pore diffusional control in the
higher temperature range.

Gray and Kimber ¥ pointed out that CO, and H,0 gasifi-
cation studies at temperatures above ca. 2000°K may be
complicated by the concurrent reaction of carbon with

molecular oxygen formed by the dissociation of CO2 and H20:

log10 Ka
Dissociation Reactions :: 1500°K 2000°K 2500°K
CO2 2 Co + %02 -5.3 =2.9 -1.4 (1.31)
> - - -
HzO ps H2 + %02 5.7 3.5 2.2 (1.32)

Mandel? found that at 1500°K, the rate of coal char gasification

= 0.2 atm) was two orders of magnitude lower than
2

in Cco, (P

2 co
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the rate of reaction in oxygen (P02 = 0.2 atm). Gulbransen
et al* found that the rate of graphite gasification in co,
was only one percent of the rate of reaction in oxygen at
1425°¥, and 0.1 percent of the rate of oxidation at 1275°K.
Therefore, even small amounts of molecular oxygen can affect
observed gasification rates in carbon dioxide or steam.
Golovina reported that the rate of graphite gasification in
carbon dioxide increased up to 1500°K, decreased between
1500 and 2300°K, then once again increased above 2300°K3 The
latter increase in rate is thought to be due to reaction of
graphite with molecular oxygen formed by 002 dissociation.
Strickland-Constable” attributed a similar increase in the

rate of reaction between carbon filaments and N20 above

1900°K to dissociation »f nitrous oxide.

1.5.2 Carbon - Steam Systems

There is considerable uncertainty in the literature

regarding the mechanism of the carbon-steam reaction, although

. . 7352654155750 .
most investigators '~ 7"’ agree that carbon monoxide

and hydrogen are the primary products:

c+no——->co+n2 (1.4)

2
A secondary reaction, the water-gas shift,

co+no—-—>c02+H (1.5)

2 2
is catalyzed by the carbon surface or impurities in the
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L . . . .
carbon.” The Langnuir-Hinshelwood expression for reaction

(1.4) is

Rate = (1.33)
1+ k2PH2 + k3PH20

where "rate" refers to carbon transfer from the solid to the

gas phase.

Ergun23 has proposed a mechanism (A-1) analogous to
Mechanism A for carbon dioxide gasification, involving a
reversible oxygen exchange reaction forming a surface oxide
(Co), followed by release of the surface oxide from the

carbon surface, as carbon monoxide:

i

. 4
reversible C.+ HLO=——=cC_+ H (1.34)
oxygen exchange f 2 3, o 2
carbon 13
gy . c —CO (1.16)
gasification o

Analogous to equations (1.23) through (1.25), the

Langmuir-Hinshelwood constants in (1.33) become (Mechanism A-1)

k, = i,0C,] (1.35)
Ky = 34/15 (1.36)
ky = i,/i4 (1.37)

Hydrogen retardation of the overall reaction (1.4) from this
mechanism is due to reduction of the surface oxide concen-

tration via the reverse step of equation (1.34).
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If extensive conversion via equation (1.4) occurs,
carbon dioxide arises as a secondary product. Water-gas
equilibrium is often achieved " fThis suggests the

following (Mechanism A-2):

i
4
——ce—
Cf + H20 4-3-——__~Co + H2 (1.34)
4
i1
Cf + Co2 -~——>C_+ CO (1.17)
j (o]
1
1,

Reactions (1.34) and (1.17) provide for CO2 formation and
water-gas equilibrium. Combination of the oxygen exchange
reactions (1.17) and (1.34) and the surface oxide desorption
step (1.16), along with the assumption of Ce being constant
(equation (1.19)) and steady state for the species-»Co
(analogaous to equation (1.20)) results in the global rate

expression for Mechansim A-2:2

(i4PH20 + ilpcoz)[ct]
Rate = (1.38)

iz + j4PH2 + i41’320 + 11Pog + 31Pgg

2
obviously not of the form of equation (1.33). According to
equation (1.38), both carbon monoxide and hydrogen can inhibit
the carbon-steam reaction, as reported by Ergun” and Blakeley

11,58

and Overholser. However, Long and Sykes51 claim that CO does

not inhibit the carbon-steam reaction. They suggest that 002
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and Héo prefer different reaction sites, implying that

equation (1.38) is an oversimplification of mechanism A-2,

2551 have suggested that hydrogen

Several investigators
inhibition is due to chemisorption at gasification tempera-
tures (Mechanisms B-1 and B-2). Mechanism B-1, postulated by

Johnstone et al,"1 involves adsorption of steam on active

sites:
15 16
steam adsorption —_—
and decomposition Cf + H20 43.;—0(1{20) —C0 + H, (1.39)
i
Hz adsorption C + H2<—r—C(H (1.40)

where C(Hzo) and C(Hz) denote adsorbed molecules of steam and
hydrogen. If all active sites are equivalent and can be
occupied by only one molecule, the constants in equation (1.33)

are (Mechanism B-1):

i i
ky = --5—£- ‘e, ] (1.41)
j5 + 16
ky = 15/3q
i
ky = 5 (1.43)
Jg + Jg

Long and SykesSl suggest that water molecules dissociate
apon adsorption. Assuming still that adsorption accounts for

rate hindrance by hydrogen, we have Mechanism B-2:



dissociative 13 19

adsorption of 2C_. + H,0 ==—"=C(H) (OH) ——»C + C(H.) (1.44)
steam £ 2 38 o 2

hyd 1y

ydrogen

adsorption Ce + 1, TC(Hz) (1.40)
carbon i3

gasification C co (1.16)

where C(H) (OH) denotes a dual-site surface complex formed by the
dissociative adsorption of an H20 molecule. The Langmuir-
Hinshelwood constants for equation (1.33) become

(Mechanism B-2):

igi
ky = —22 . [c,] (1.45)
Jg + i9
ky, = i./3, (1.46)
igi
k3 = ;Lq.iq.i . _8_9 (1.47)
13 J7 1) (Jg*t 3

Table 1.8 is a summary of past investigations of the
kinetics of steam-carbon systems. As was the case in section
1.5.1, most of the studies involved pure carbons (e.g.,
graphite), rather than coals or chars. Reported activation
energies range from 32 to 112 kcal/molé in studies not involving
addition of catalysts. Values from zero to unity have been

reported (as expected) for the order of reaction with reSpéct

to H20.
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1.6 Objectives and Scope of Study

The following objectives were set for this investigation:
1. Obtain data on the rate of gasification of a coal
char in carbon dioxide and steam, under the following
conditions:

Type of char - a Montana Rosebud (see section 2.1)
Temperature - ca. 1500 to 2100°K

Total pressure - 1 atm

Char residence time -~ ca. 100 to 300 msec

2. Evaluate the effect of pyrolysis on the observed
gasification rates.

3. Determine apparent (global) kinetic parameters
governing the observed gasification rates.

4. Deduce the intrinsic kinetics governing the char—CO2
and char-HZO reactions.

5. Examine physical changes, if any (surface area,

porosity, etc.) in the char as a result of gasification.

To fulfill the above objectives, experiments in a laminar
flow furnace (described in Chapter 2) were conducted. The rate
of char weight loss under gasifying conditions was studied.
Bush et al’ reported preliminary results of these experiments.
Further analysis is included in this report.

The conditions set during the experiments were:
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1. Nominal temperature - 1473, 1773 and 2113°K
2. Char residence times, corresponding to the distance
through the furnace reaction zone which the char
particles were allowed to fall (i.e., the distance between
the char feeder and particle collection probe) :
- Feeder-collector separation - 3, 4.5 and 6 inches
- Residence times (also determined by the main gas
flow rate, see below) -
at 1473°K, ca. 160 to 330 msec
at 1773°K, ca. 125 to 285 msec
at 2113°K, ca. 120 to 240 msec
3. Partial pressure (atm) of the oxidizing gas in the

main gas stream (total pressure of 1 atm):

R

CO2 gasification - Pc 0.26 and 0.6

1R

H,O gasification - P 0.34 and 0.65

2
For pyrolysis experiments, the main gas stream consisted

w

of pure argon.

4, Main gas flow rate - approximately 6 1/min STP. The
exact conditions under which each experimental run was
conduoted (residence times are estimated, see section
2.4.3) are given in Appendix A (CO2 gasification),

Appendix B (H,0 gasification) and Appendix C (pyrolysis).
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Chapter 2

APPARATUS AND PROCEDURES

2.1 Feed Material

The char used in these experiments was provided by
Foster-Wheeler Corporation of Livingston, New Jersey. It was
produced from a pulverized Montana Rosebud coal in a muffle
tube furnace at 1365°K and 1 atm total pressure. The gas
composition in the furnace was approximately 41 mole percent
CH,, 45% H,0 and 14% o, . Residence time was on the order of
150 milliseconds (msec). The char, as provided by Foster-
Wheeler, was divided into three size fractions. The fraction
containing particles of diameters between 75 and 150 microns
was used in this study. (This fraction will hereafter be

referred to as the initial char.) Properties of the initial

char are listed in Table 2.1.

2.2 Experimental Apparatus - General Description

The apparatus chosen for the required experiments had to
meet the following requirements:

1. Materials resistant to high temperatures (ca. 2000°K)

and test atmospheres (steam and carbon dioxide).

2. Accurate char feeding and collection systems.
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Table 2.1

Properties of the Initial Char

(a)
(b)

Particle diameter
Bulk density, pp
Skeletal density, Py (b)
Porosity, & =1 - (Dp/pt)
Total (nitrogen) surface area,

o
Ash content, fash x 100%

Ultimate Analysis (b,c)

Carbon
Hydrogen
Nitrogen

Sulfur

75 - 150 um
0.49 g/cm3
1.73 g/cm>
0.72

81 m2/g

20.5 wt%

75.0 wt%
0.8 wt%
0.7 wtd

0.5 wt%

(a) An average particle diameter, dp, of 100 um is assumed for calculations.

(b) Analysis by Phillips Petroleum Company, Bartlesville, Oklahoma.

() Includes size fractions below 75 im and above 150 um. The fraction used
in experiments (75-150 ym) is approximately 60 wt%Z of the entire char.
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3. Furnace capabilities to insure rapid heating of both
char and reactant gases to the desired reaction
temperature.

The systém used is depicted in Figure 2.1. The basic
design is given by Kobayashi?’ In brief, the apparatus con-
sists of a vertical tube furnace (section 2.2.1) through
which a steady, laminar flow of preheated reactant gas (the
main gas stream) is maintained. A preweighed amount of
char is injected into thé furnace "hot zone" via a water-
cooled feeder tube (section 2.2.2) which extends through the
furnace shell. The particle stream emerging from the feeder
is rapidly heated to the reaction temperature while being
entrained along the furnace centerline by the main gas
stream. After falling for the desired distance, the particles
are collected and the reaction is quenched in a water-cooled
probe (section 2.2.3) which is raised into the reaction 2zone
from below. A sintered bronze filter is positioned at the tip
of the collection probe. The main gas stream and char are
drawn into the filter by means of a vacuum system. Cooling
water injected directly into the filter insures rapid
quenching of' the reaction.

The high temperature main gas stream (COZ-N2 or Hzo-Nz)

is generated in a burner (section 2.2.4) mounted atop the
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Figure 2.1 Schematic of Flow System
for Char Gasification Studies
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furnace assembly. This eliminates the need to preheat the
main gas stream. Gas distribution plates and a honeycomb flow
straightener, positioned between the burner exit and the tip
of the char feeder tube, insure a flat velocity profile for
the main gas stream at the point of char injection into the
reaction zone. (Kobayashi®™ showed that the thin boundary

layer due to the presence of the feeder tube may be ignored.)

2.2.1 Furnace/Reaction Zone Assembly

The furnace used in this study is an ASTRO model 1000A
(ASTRO Industries, Inc., Santa Barbara, California). The fur-
nace is equipped with an ASTRO model 50 KVA power supply
connected to a 3.5 in. (8.9 cm) inner diameter (I.D.), 12 in.
(30.5 cm) long tubular graphite heating element enclosed in
an 11 in. (27.9 cm) diameter water-jacketed aluminum shell.
The heating element is isolated on the inside by a 3 in.

(7.6 cm) outer diameter (0.D.), 2.625 in. (6.7 cm) I.D., 24 in.
(61.0 cm) long graphite muffle tube, which is located top and
bottom by O-ring seals between two stainless steel water-
cooled flanges. The volume surrounding the heating element is
continuously purged with argon.

The reactor tube assembly, Figure 2.2, is fitted inside
the graphite muffle tube and is seated between brass flanges

at the top and bottom of the furnace. The silicon carbide (SiC)



-62-

[ e
-
brass _
top flange
zipconia felt
packing
burner . -
assembly ﬁ— p—e thermocouple #1
cast plug (fixed)
5/ silicon carbide
“T inner muffle tube
water-cooled
feeder tube ->
with
zirconia felt
insulation —— 4
' =< gas distribution
"”’4‘ plates (alumina)
alumina
spacer rings-\“~
honeycomb
flow straightener
- (alumina)
5~.- alumina pins
alumina sleeve
test region > ™7 (high temperature

Figure 2.2

experiments)

Reactor Tube Assembly



-63-

inner muffle tubé, which is 18 in. (45.7 cm) long, 2 in. (5.1 cm)
I.D., 2.5 in. (6.4 cm) 0.D., rests on the 6.5 in. (16.5 cm) long,
2.5 in. (6.4 cm) O.D., 1.75 in. (4.5 cm) I.D. graphite extension
tube. For all experiments below 1800°K, the SiC muffle tube is
fitted with alumina pins on which the alumina honeycomb flow
straightener is supported. The honeycomb hole size is 1/16 in.
(1.6 mm) diameter, and the distance between holes is 0.083 in.
(2.1 mm). Two thin alumina spacer rings, resting on the flow
straightener, are used to support the gas distribution plates,
which are alumina disks with 1/8 in. (3.2 mm) holes drilled on
a circle which diwvides the disk into two sections of equal
area. For experiments above 1800°K, an alumina sleeve, 8.25 in.
(21.0 cm) long, is used to protect the SiC surface from

erosion by the main gas stream.

2.2.2 Char Feeder

The char feeder system is shown in Figure 2.3. The
feeder body consists of a plexiglas chamber, 3 in. (7.6 cm)
long by 0.5 in. (1.3 cm) I.D., fitted with a charge port and
needle valve. Carrier gas (helium), introduced through the
hollow needle valve at high velocity (ca. 20 cm/sec) but
low flow rate (ca. 30 cm3/min STP), fluidizes the char par-
ticles to prevent plugging. An external electric vibrator

provides additional agitation. Thus, the feed rate is
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controlled by adjusting the needle valve opening, vibrator
strength and carrier gas flow rate. Although the char feed
rate is not easily reproduced, varying feed rate has no
effect on reaction rate (section 2.5.7).

The feeder body is epoxied to the 0.125 in. (3.2 mm)
0.D., 0.0625 in. (1.6 mmY I.D. stainless steel feeder tube,
jacketed (0.375 in. O:D.) for water cooling. A 0.0625 in.
(1.6 mm) layer of zirconia felt is bonded to the feed tube
for insulation. The water-cooled feed tube extends slightly
(< 0.25 in.) below the honeycomb flow straightener into the

reaction 2zone.

2.2.3 Particle Collector and Vacuum System

The particle collection probe, shown in Figure 2.4, is
a 1.375 in. (3.5 cm) O.D., 0.5 in. (1.3 cm) I.D. tubular copper
assembly. It is fully jacketed for cooling water, and
includes a line to provide distilled water which is directly
injected around the periphery of the sintered bronze filter
in the probe tip, thus cooling the char particles and quickly
quenching the reaction. The filter (manufactured by Thermet
'Inc., Gloucester, Massachusetts) has a 0.75 in. (1.9 cm) O.D.
at the open end, and a 0.375 in. (9.5 cm) O0.D. along the
straight section. Nominal pore size is 5 microns. Injection

(quench) water and reaction gases are drawn through the
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filter into a large collection tank, while char particles are
retained in the filter. Suction is provided by two Cenco
Megavac vacuum pumps connected in parallel, each rated at a
capacity of 57 1/min at 0 psig. The collection tank must be

periodically pressurized and drained during normal operation.

2.2.4 Gas Burner Assembly

Figure 2.5 depicts the burner assembly which is used to

generate the main gas streams (CO,-N, or H O-N, mixtures). It

2 72 2
is mounted in the 3 in. (7.6 cm) long by 2 in. (5.1 cm) O.D.
plug of alumina castable cement attached to the furnace top
flange, as shown in Figure 2.2.

To prevent explosions, fuel (CO or H2) and oxidant (air
or oxygen-enriched air) enter the burner separately, with
check valves and flashback arrestors fitted to each gas line.
The fuel line is a 0.125 in. (3.2 mm) O.D., 0.0625 in. (1.6 mm)
I.D. electrically grounded stainless steel tube, extending
approximately 0.25 in. (6.4 mm) below the lower face of the
cast plug. The oxidant line is a 0.25 in. (6.4 mm) O.D.,
0.1875 in. (4.8 mm) I.D. tube enclosing the fuel line, extending
approximately 0.25 in. (6.4 mm) into the cast plug. An annulus
about the fuel line allows transport of the oxidant into the
furnace. A molybkdenum electrode, insulated by alumina tubing,

is used to ignite the fuel/oxidant mixture below the end of
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the fuel line. When energized, a tesla coil connected to the
electrode causes a spark to jump from the electrode to the end
of the fuel line, igniting the mixture. The pertinent

reactions are:

x N,
CO + 1502 —_ 002 (2.1)
xN2
H, + 1502 —_ H20 (2.2)

where x depends on the degree of oxygen-enrichment of the air
used as the oxidant. Changes in thermocouplelreadings indicate
that ignition has occurred. Fuel/oxidant mixtures are adjusted
to slightly fuel-rich, to insure that molecular oxygen is not
present in the main gas stream during char reaction

experiments.

2.2.5 Gas Flow Control and Measurement

Flow rates for the fuel and oxidant lines to the burner,
helium carrier gas and argon streams are controlled by
Matheson (Gloucester, Massachusetts) rotameters. Calibration
of the rotameters is verified with a wet test meter

(Precision Scientific Company, Chicago, Illinois).

2.2.6 Temperature Measurements

Temperature is measured using tungsten 5% rhenium -
tungsten 26% rhenium thermocouples, manufactured by ARI

Industries, Inc., Franklin Park, Illinois. Their millivolt
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output is displayed on a Doric 4002 digital indicator, with
readings to within #0.1 mv (corresponding to approximately
+5°K). Thermocouple #1 is fixed in the burner assembly, as
shown in Figure 2.5. Thermocouple #2 is very long, and can be
raised into the reaction zone from below when the collection
probe is not in place, to measure the SiC muffle tube wall
temperature (Tw) in the reaction zone. Temperaturé profiles
in the reaction zone, measured at experimental nominal tem-
peratures (TO) of 1473 and 1773°K, are shown in Figure 2.6.
Using an average of the two curves in Figure 2.6, the data

_are fit to the expression (see Figure 2.7)

6, (z) = 1.0 - az® (2.3)
where

o« = 1.08 x 1074 (2.4)

B = 2.71 (2.5)

2z is the distance (cm) from the water-cooled char feeder tube
exit (approrimately level with the bottom of the honeycomb
flow straightener), and ew(z) is the ratio (°K/°K) of the
muffle tube wall temperature at a distance z, to the wall
temperature at z=0 (which is To' the nominal temperature of
the experiment).

[Although attempts were made to protect the thermocouple
wires from the corrosive effects of the high-temperature main

gas streams, thermocouple 42 (the long probe) was destroyed
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before the high temperature experiments (nominal temperature
ca. 2100°K) could be attempted. Thus, direct temperature mea-
surements during these high temperature runs became impossible.
The correct setting for the furnace power supply was inferred
by extrapolating results from experiments at lower tempera-
tures (see Figure 2.8) which were performed before the thermo-
couple was destroyed. Thus, it was estimated that a furnace
setting cf 220 would result in a temperature of 2113°K near

the top of the furnace reaction zone.]

2.2.7 Weight Measurements

Weights are measured using a Mettler model H34 analytical
balance, having an accuracy of #0.1 mg. Weights of char samples
and collection filters, both before and after reaction, are
measured while the samples are in equilibrium with the

laboratory air.

2.3 Procedure for Laminar Flow Furnace Experiments

In preparation for experimental runs, the cooling water
for the furnace flanges, furnace shell, feeder tube and col-
lection probe is turned on, and argon streams through the
silicon carbide muffle tube and the region surrounding the
graphite heating element are started. The furnace power supply

is turned on and regulated so the furnace gradually (2 to 5
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hours) reaches the desired operating temperature. The
temperature is continuously monitored during heat-up with
thermocouple #2. Once the furnace temperature has stabilized,
argon flow through the SiC tube is discontinued and the gas
burner is ignited using a fuel-rich mixture of hydrogen and
air. The fuel and oxidant flows into the burner are adjusted
to produce the desired main gas composition (see sections 2.2.4
and 2.5.9), with the total main gas flow rate constant at
approximately 6 1/min STP. (For pyrolysis experiments, with an
argon main gas stream, the burner is not used.) Temperature is
allowed to stabilize again for about 30 minutes.

Char samples (100 to 200 mg) are weighed in porcelain
crucibles, and transferred to the feeder. A preweighed sintered
bronze filter is secured in the collection probe, and the
quench water flow and vacuum pumps are turned on. The probe is
raised to the desired height in the furnace. Char residence
time is varied by adjusting the position of the collection
probe with respect to the feeder tube exit. An O-ring through
which the probe is pushed secures the probe and isolates the
furnace from the 1aboratory atmosphere. Suction is maintained
at 1 to 6 inches vacuum at the probe tip. The feeder needle
valve is opened, feeder carrier gas turned on and vibrator
activated, causing the char particles to enter and fall through

the furnace, into the collection filter.
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After all of the char is fed (determined visually), the
vibrator is switched off, needle valve closed and carrier gas
stopped. The collection probe is removed from the furnace and
the vacuum pumps and quench water flow turned off. The filter
is removed from the probe and dried overnight at room tempera-
ture before weighing. The weight of char collected is calcu-~
lated from the increase in filter weight. After weighing, the
samples are removed from the filters and stored in glass vials.

The following data are recorded for each run:

l. Furnace power supply setting.

2. Feed sample number.

3. Weight of the crucible used to charge the feeder,

both before and after charging. The weight of char fed

is calculated by difference.

4. Reading (mv) of thermocouple #1.

5. Flow rates of gases entering the burner.

6. Filter weight (dried) before and after the run.

7. Feeder-collection probe separation (inches).

Usually 3 to 5 runs are made at a given set of conditions
(temperature, main gas composition, feeder-collector separ-
ation), after which the quench water holding tank is
pressurized and drained.

At the completion of the last run of the day, the gas

burner is turned off and argon flow through the SiC muffle
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tube is resumed. The furnace power supply is regulated to
obtain a furnace cooling rate of approximately 10°K per
minute. When the furnace temperature drops below approximately
350°K, the power supply, argon flows and cooling water are

turned off.

2.4 Ash Determination

A modified version of the A.S.T.M.» procedure for
determination of the ash content of a coal or char is used
to determine the ash content (percent by weight) of the
initial char. Preweighed char samples in porcelain crucibles
are placed in a home-made brick-insulated furnace having four
silicon carbide electrodes connected in parallel to a variac.
The furnace is continuously purged with air, and the
temperature is set to 500°C. After one hour, the temperature
is set to 750°C. Samples are left at 750°C (for at least one
hour) until they reach constant weight Samples are cooled in
a dessicator before weighing. Using this procedure, the
initial char is found to have an ash content of 20.4 wt%
(see Appendix K). [The moisture content of the initial char
is neglected since Mandel™ reports it to be under one

percent by weight.]
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2.5 System Evaluation

2.5.1 Main Gas Temperature and Velocity

The temperature and velocity profiles of the main gas
stream are very complicated because of end effects due to the
feeder tube (and carrier gas) and collection probe, and
because of the non-isothermal nature of the furnace muffle
tube. Simplifying assumptions are made to allow approximate

calculation of the gas temperature and velocity.

Teggerature

It is assumed that the gas temperature equals the SicC
muffle tube wall temperature, and is independent of radial
position in the furnace tube:

T (2) T (2)
= _9 - W —
Og(Z) = To = = GW(Z) (2.6)

T
o

where the SiC wall temperature is given approximately by
@quations (2.3) through (2.5). Measurements indicate that this
assumption is justified except in the regions just below the
feeder tube exit and just above the collection probe.

Near the feeder tube, there is a radial temperature gra-
dient, caused by the feeder tube and mixing of the carrier
gas and main gas. Hence, in the region up to approximately
5 cm below the exit of the feeder tube, the gas near the fur-
nace centerline is cooler (perhaps 50 to 100°K) than the gas

near the SiC tube wall. To minimize the effects of this in the
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calculation of reaction rates (section 4.2), an integral
analysis is used, with the lower limit of integration chosen
as a point in the furnace below this heat-up region.
Conductive cooling due to the presence of the water-
cooled collection probe and due to the reaction quench water
(which is injected directly into the collection filter)
results in a large axial temperature gradient (ca. 400 °K/cm)
in the gas approximately 1 to 2 cm above the collection probe.
A correction for this narrow cooling region is not included

in the calculation of reaction rates.

Velocity
The velocity profile of the main gas stream can be
approximated by making the following simplifying assumptions:
A-l. Consider only the velocity component in the z
direction (i.e., along the furnace axis).
A-2. Neglect end effects due to the feeder tube and
carrier gas. |
A-3. Neglect the effécts of the char particles falling
along the furnace centerline.
A-4. Assume a flat velocity profile at the point z=0
due to the honeycomb flow straightener, with a laminar
(Re ~ 100), Newtonian (parabolic) velocity profile devel-

oping for z 2> 0.
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A-5. Separate the effects of the laminar profile
development from the effects of the non-isothermal axial
temperature profile.

An approximate solution to the Navier-Stokes equations
describing the steady state development of laminar flow in
the inlet section of an isothermal tube (axial velocity com-
ponent, ug), with a flat velocity profile at the entrance of

the tube, is given by Langhaar"6 (Figure 2.9):

* *
ug = ug (r*,z*,eg=1) (2.7)
where ug* is a dimensionless axial velocity (ug,avg is the

average gas velocity):

u = u_/ (2.8)

g g/ Yg,avg
r* is a dimensionless radial coordinate, measured from the
tube centerline (Rw is the radius of the tube):

* - :
r r / Rw (2.9)
and z* is a dimensionless axial coordinate, measured from
the entrance of the tube (v is the gas kinematic viscosity):

vz (2.10)

3
Ry Yg,avg

Bg is set to unity to indicate that equation (2.7) is for an

isothermal tube. In order to use these results in calculating

the main gas velocity profile, assumption A-5 must by made.

Hence, ug avg and v are calculated at the nominal temperature,
14
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To. (Calculation of v is shown in Appendix F.)

It is apparent from Figure 2.7 that the reaction zone is
far from isothermal. As the main gas cools, it proportionately
decelerates. To account for this, the following is assumed:

* *
ug (r*,z*,eg) = eg-ug(r*,z*,l) (2.11)

Hence, by assumption A-5, an isothermal laminar profile
development and non-isothermal furnace temperature profile
" are considered separately to arrive at an approximate main

gas velocity profile.

2.5.2 Char Particle Velocity

The char particles leave the feeder tube, fall along the
furnace centerline under the combined action of gravity and
entrainment by the main gas, and are collected in the filter
in the collection probe. The ‘1sothermal main gas velocity,
u;(r*=0,z*, l) is shown in .Figure 2.10, An approximate ana-

* .
lytic expression for ug(O,z*,l) is given by:

u;fr*=0,z*,6g=l) = 2,0 - aexp (-bz*) (2.12)
where the constants a and b are chosen as:
a= 0.762 (2.13)
and
b = 16.30 (2.14)

Both gravity and entrainment effects must be accounted
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for in an expression for the char particle velocity. This is
shown as:

u (z) = ug(O,z,eg) + [u

p -ug] (2.15)

P

where up(z) is the particle velocity as a function of dis-
tance from the feeder tube (axial velocity component). The
second term on the right side of equation (2.15) is the rela-
tive velocity of a particle with respect to the main gas.
This term reflects the action of gravity on the particle.
Following initial velocity changes, this term approaches a
constant, namely, the terminal velocity of the char particle
with respect to the main gas:

u (z) - ug(O,z,eg) + u (2.16)

P term

where Uy orm is a function of the properties of both the gas
and solid (see Appendix J). Calculated values of U orm for
the experimental conditions of this study are listed in
Table J.1.

It is also shown in Appendix J that the time required
for a particle to reach this terminal velocity is small
compared with overall particle residence tinmes in the furnace
reaction zone. Therefore, equation (2.16) is assumed to

apply for all z 2 0, and the char velocity becomes:

u (z) = ug(O,z,Gg) + u

P term
(2.17)

*
‘u_(0,z,1)] + u

= [eg°ug,avg g term
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It is also assumed that the value of Uy orm’ calculated at an
experimental nominal temperature of To, may be used in
equation (2.17) at all values of z, even though eg(z) varies
from unity.

[Calculations in Appendix J are for single, independent
char particles. It is more reasonable to believe that the
char particles fall as a stream rather than as isolated
particles, with each particle exerting some influence on the
velocity of neighboring particles. Although this effect is
well known, quantitative estimation is difficult. Qualita-

tively, it can be said that particle velocities are likely

to be greater than those calculated by equation (2.17).]

2.5.3 Residence Time

Using the results of section 2.4.2, the residence
time (1) of a char particle in the furnace test region
may be estimated:

L .
T o= fud+z) (2.18)
0 P

where z is the axial distance from the exit of the feeder
tube, L is the distance of separation between the feeder
and particle collection probe, and the particle velocity,
up(z), can be approximated by equation (2.17). Residence

times calculated by equation (2.18) are shown in Appendix A
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(CO, gasification), Appendix B (H,0 gasification) and
2 2

Appendix C (pyrolysis experiments).

2.5.4 Particle Collection Efficiency

It is imperative that all particles passing through the
reaction zone of the furnace are trapped in the filter/
collection probe. The efficiency of this collection system is
checked periodically, particularly after equipment modifi-
cations or adjustments. This check is done by feeding a pre-
weighed amount of char into the furnace under non-reactive
conditions (room temperature, argon main gas stream), and
collecting the char in a.sintered bronze filter in the col-
lection probe, using the usual procedure. Efficiencies of
98 to 105 percent are consistently obtained. Although the
conditions during the efficiency tests are not quite the same
as for gasification experiments, this range of collection
efficiencies is indicative of the error involved in gasifi-

cation tests.

2.5.5 Particle Heating Rate

Upon entering the reaction zone, the particles must
heat up from the laboratory temperature to the reacticn
(gas) temperature. Kobayashim estimated heat-up times of
15 to 50 msec (heating rate ca. 105 °K/sec) for coal

particles in an argon main gas stream in the same apparatus
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used in this study. This finite heat-up time is accounted for

in the integral reaction rate analysis (section 4.2).

2.5.6 Reaction Quenching Efficiency

The temperature of the main gas passing through the
collection filter in the collection probe is measured as
approximately 500 to 600°K, at a distance of about 1 cm below
the top edge of the filter. If the reaction rate constant can

be approximated by an Arrhenius expression:
k = Aexp {- & (2.19)
RT °

then a reaction rate inside the filter may be determined.
The rate of reaction in the filter (kf) relative to the
reaction rate at 1473°K (TO) is given by:

e - o 2]
where R is the gas constant. Assuming a filter temperature
(Tf) of 550°K and an activation energy (E) of 40 kcal/mole:

-10

ke / k ~ 10 (2.21)

Therefore, even if the particles remain in the filter for
several minutes at temperature Tf, a negligible amount of

reaction occurs.

2.5.7 Effect of Char Feed Rate

As mentioned in section 2.2.2, the feed rate of char
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into the furnace reaction zone is not precisely controlled.
Fortunately, changes in feed rate are found to have no regular
effect on reaction rate, for both the char-CO2 and char"HZO
reactions. In Figure 2.11, for several sets of duplicate runs
(i.e., all conditions the same except feed rate), it is seen
that feed rate has no apparent effect. Therefore, the feed
rate is not included as a variable in the reaction rate

analysis (chapter 4).

2.5.8 Pyrolysis Effects

Mandel,s2 studying the same cecal char (except that all
particles under ca. 200 uym diameter were used) , reports the

following data for pyrolysis experiments:

Residence Dry, Ash-free (d.a.f.)
Time Weight Loss (percent)
(msec) 1500°K 1750°K
60-70 9 7

"175-225 10-12 9
275-375 8-19 13
400-500 8-17 14

_ 5 minutes 15 23-28

(A residence time of 5 minutes was obtained by placing the

sample in a crucible which was raised into the furnace

reaction 2zone.)

The above results must be questioned, in light of the

following:
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l. Particle heat-up times on the order of 50 msec are

expected.

2. The initial char was prepared in a gasifier at 1365°K

with residence times on the order of 150 msec.

In this study, a maximum d.a.f. weight loss of 5.1 per-
cent is reported (Appendix C) under pyrolysis conditions at
1773°K, with residence time up to approximately 300 msec. In
same runs, the char collected is several percent over 100
percent of the char fed. This range of apparent pyrolysis
weight loss data (95 to 100+ percent) corresponds closely to
the collection efficiencies discussed in section 2.5.4,
implying that weight loss due to pyrolysis at temperatures
below 1773°K is negligible. Bush et a1’ showed that pyrolysis
effects at higher temperatures and comparable residence times

are also expected to be negligible.

2.5.9 Burner-Generated Main Gas Streams

The main gas stream for gasification experiments in both
carbon dioxide and steam is generated in the gas burner
described in section 2.2.4. For both studies, the burner is
ignited using a fuel-rich hydrogen-air mixture. For 002 gasi-
fication, the hydrogen fuel supply is gradually replaced by
carbon monoxide. However, a small amount (ca. 5 mole%) of

hydrogen is found to be required in order to maintain a stable
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Cco - air/O2 flame. Equilibrium considerations indicate that
essentially all of this H2 appears as Hzo in the main gas
stream. To determine the effect of this steam on reaction
rates, several CO2 gasification experiments are repeated
using main gas streams of carbon dioxide from a compressed
gas cylinder and argon diluent, instead of the C02-H20-N2
burner-generated main gas stream. Carbon dioxide partial
pressure and run temperature are approximately the same in
both instances. As shown in Figure 2.12, significant

effects are not observed.
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Chapter 3

RESULTS

3.1 Overview

Experiments were conducted to determine the kinetics of
the gasification of a Montana Rosebud coal char in carbon
dioxide and steam, at temperatures up to approximately 2100°K.
The rate of weight loss of char samples as a function of
residence time in various oxidizing atmospheres was observed.
Weight loss due to pyroclysis was negligible (section 2.5.8).

Weight loss data are reported on a dry, ash-free (d.a.f.)
basis, for easier comparison of this work with studies on
different types of carbon. Neglecting the small moisture con-
tent (less than 1 wt%) of the initial char, the d.a.f. weight

loss (percent) is calculated as:

d.a.f. observed °
weight loss = weight loss + (l-fash)
(percent) (percent)

or
1 - (Gg/G)

x + 100% = -100%D (3.1)

1-f.sh

where Go and Gf are the initial and final char sample weights,
-]

and fash is the fractional ash content in the initial char.
Each reaction (char-Co2 and char—Hzo) was studied at

three different nominal main gas temperatures (To), namely
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1473, 1773 and 2113°K. The nominal temperature is the maximum
temperature in the nonisothermal furnace reaction éone. At
each temperature, experiments were conducted in two different
test atmospheres (i.e., different partial pressure, P, of the
oxidizing gas in the main gas stream). The partial pressures
were:

char-CO2 reaction P = 0.26, 0.53-0.63 atm

CoO

2
char-Hzo reaction PH20

Total pressure was constant at 1 atm. For each set of

0.32-0.35, 0.65 atm

conditipns'{To,P}, three char residence times (1) were studied.
Residence times were governed by the distance (L) between the
exit of the char feeder tube and the top of the char collection

probe. The feeder-collector separations were:

L1 = 3,0 in. = 7.6 cm (3.2)
L, = 4.5 in. = 11.4 cm (3.3)
L3 = 6,0 in, = 15.2 cm (3.4)

resulting in residence times up to approximately 350 msec at

1473°K, 300 msec at 1773°K and 250 msec at 2113°K.

3.2 Weight Loss Data

3.2.1 Char -~ Carbon Dioxide Reaction

Results of gasification experiments in CO2 test atmo-

spheres are summarized in Table 3.1 and Figure 3.1. Note that
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Table 3.1

Summary of Gasification Results in co,

Nominal Bulk Gas Conditions Average d.a.f. Weight Loss
6 (percent) as a function of

TO Pc Co x 10 Feeder - Collector Separation
(°K) (atm) (mole/cm3) 7.6 cm 11.4 cm 15.2 cm
1473 0.26 2.15 -1.5 1.8 4.3
1473 0.53 4,38 4.8 7.3 12.9
1773 0.26 1.79 14.5 23.8 29.4
1773 0.57-0.63 4,12 11.5 22.9 33.4
2113 0.26 1.50 20.9 4i.2 48.5
2113 0.57 3.29 25.0 44.6 64.0
Notes

Total pressure = 1 atm
Main gas flow rate varies between 6.13 and 6.59 1/min (STP)
Excludes the results of runs C-10 and C-16 (Table A.1l)

Pc 1s the partial pressure of carbon dioxide in the main gas stream.
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Co (Table 3.1) is the concentration of CO2 in the main gas,
evaluated at the nominal temperature, To' Run data are shown
in detail in Table A.l (Appendix A). Calculations in Chapter 4,

based on data at 1773°K, = 0.57-0.63 atm, use the average

Fco,
value of 0.60 atm as the carbon dioxide partial pressure.

The negative d.a.f. weight loss observed at 1473°K,

Poo. = 0.26 atm, is probably due to inefficiencies in the char
2

feeding and collection systems. Also of note is the fact that

the weight loss at 1773°K, P ~ 0.60 atm, is slightly less

co

2
than the weight loss at the same nominal gas temperature, with
PCo = 0.26 atm, for feeder-collector separations of 7.6 and
2

11.4 cm. This could be attributed to collection inefficiencies,
and to the difference in the main gas heat capacity (which
would result in a slightly longer heat-up time for the main
gas at the higher CO2 partial pressure), although similar
effects are not seen at the other experimental temperatures.
The maximum d.a.f. weight loss observed was 64.0 percent at

2113°K, P = 0.57 atm, residence time of 240 msec.

CO2

3.2.2 Char - Steam Reaction

Results of char gasification experiments in steam test
atmospheres are summarized in Table 3.2 and Figure 3.2.
Details of experimental data are in Table B.1l (Appendix B).
A maximum of 78.1 percent d.a.f. weight loss was observed

at 2113°K, P = 0.65 atm, residence time of 224 msec.

H20



C- R0

Table 3.2

Summary of Gasification Results in Steam

Nominal Bulk Gas Conditions Average d.a.f. Weight Loss
6 (percent) as a function of

To Pw Co x 10 Feeder - Collector Separation
(°K) (atm) (mole/cm3) 7.6 cm 11.4 cm 15.2 cm
1473 0.32-0.35 2.73 1.1 4.5 7.5
1473 0.65 5.38 5.0 11.6 26.6
1773 0.32 2.20 22.4 34,5 44.9
1773 0.65 4.47 27.2 51.2 72.2
2113 0.32 1.85 31.9 55.7 66.7
2113 0.65 3.75 28.5 59.6 78.1
Notes

Total pressure = 1 atm
Main gas flow rate varies between 5.94 and 6.28 1/min (STP)

Excludes the results of rums S-33, S-34, S-39, S-41 and S-58 (Table B.1)

Pw is the partial pressure of steam in the main gas stream
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Chapter 4

DISCUSSION OF RESULTS

4.1 Power Law Kinetics

The intrinsic kinetics of the char gasification reactions
with carbon dioxide and steam are expressed by a power law

kinetic model:

jol}

R' = - L1dv _ ,'en (4.1)

W dt
where R' is the intrinsic rate of char (carbon) gasification
(g sec—1 g-l), W is the d.a.f. weight (g) of a char sample
after time t (sec) in the reaction zone, C is the oxidizing
gas (CO2 or H20) concentration (mole/cm3), n is the intrinsic
order of reaction with respect to the oxidizing gas, and k'
is the intrinsic rate constant (sec-l(mole/cm3)'n). The
temperature dependence of the rate constant is assumed to be
of the Arrhenius form:

k = A'exp{-ﬁg—p} (4.2)

where E is the intrinsic activation energy, Tp is the absolute
particle temperature, A' is the Arrhenius frequency (or pre-
exponential) factor (same units as k') and R is the gas
constant.

It is sometimes convenient to define reaction rates on

the basis of a unit total surface area or unit volume of
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char particies:

" l aw 1 '
R = = — SN _ 2 7 (4.3)
S d
gW t Sg
"o - ldawy _ '
R = pp{ Wdt} = ppR (4.4)

(1]
where R is the intrinsic reaction rate per unit total surface

area (g-cm_

unit char volume (g'cm-3°sec-

- "
*sec 1) and R is the intrinsic reaction rate per

L.

The steps to be followed in determining the intrinsic

2

]
kinetic parameters E, n and A are as follows:

1. Calculate apparent (observed) reaction rates based on
the experimental results presented in Chapter 3.

2. Evaluate the effects of interphase heat and mass
transfer rate limitations. Calculate the temperature (Ts)
and oxidant concentration (Cs) on the external surface of
a reacting char particle.

3. Evaluate the effects of heat and mass transfer rate
limitations within the porous structure of the char

particles.

Apparent Kinetics

The apparent kinetics of a gas-solid reaction are calcu-

‘lated by assuming that the conditions (temperature, reactant

concentration) throughout the solid particles are uniform and

equal to the bulk gas phase conditions (Tg, Cg). The intrinsic
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kinetic parameters in equations (4.1) and (4.2) are replaced
by apparent kinetic parameters (denoted by an overbar),

resulting in the following rate expression:

' _ 1l aw _ ¢ _ _E n
R = W d—t' = A exp{ W} Cg (4-5)

-1
where R is the apparent reaction rate. Recall that Tg, and
therefore Cg, are functions of position, z (distance from the

feeder tube), in the furnace reaction zone.

The following dimensionless parameters are defined:

eg(z) = Tg(z)/ T, (2.6)
Xx = 1 - (W/Wo) (4.6)
- _ E

Eo = ﬁ (4.7)

where Wo is the initial d.a.f. weight of a char sample. The
gas concentration is expressed in terms of the nominal

concentration, CO:

CO = -RT—O = Cg(Z)’Gg(Z) (4.8)

where P is the oxidizing gas partial pressure in the main gas

stream. Thus, equation (4.5) is rewritten as:

R

- din(1-x)] (4.9)

X'[exp(-Eo/eg)][co/eg]“ (4.10)

If the reaction zone was isothermal at temperature Ty
-1
the apparent reaction rate, denoted Riso' could be determined

via a differential analysis, by measuring the slope of a
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straight line plot of the quantity {1ln(l-x)} versus time, t,
as shown by equation (4.9). Note that the intercept of such a
plot would not necessarily beat t=0 since there is a finite
heat-up time for the char particles. Plots of this form are
shown in Figure 4.1 (CO2 gasification) and Figure 4.2 (steam
gasification). Apparent reaction rates, determined by this
method, are listed on Figures 4.1 and 4.2. Once apparent
reaction rates are determined by equation (4.9), values of
X', E and n could be determined which best fit these rates
to equation (4.10). ’
Unfortunately, the reaction zone for the gasification
experiments was not isothermal. Thus, the rates listed on
Figure 4.1 and Figure 4.2 are for some average temperature in
the reaction zone, rather than for the nominal temperature,
To. The nonisothermal reaction zone suggests that an integral
analysis be used to determine the apparent reaction rates.

Time, t, is expressed in terms of particle velocity and

distance traveled through the reaction zone:

at = 92 (4.11)
up(Z)

The right sides of equations (4.9) and (4.10) are equated and

integrated, using equation (4.11):

Zy
1- - - 0 _n'exp(-E /6 )
_ln’_x(_z%)_t - K —& __ °8 dz  (4.12)
1-x(zl) [eg.ug,avg'ug 0,z,1)] + Uy orm
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where x(z) is the d.a;f. fractional char weight loss after
falling a distance z through the furnace reaction zone, and
equation (2.17) is used to express the char particle velocity.
In order to avoid the uncertainties in the gas/char heat-up
region of the furnace (z<L1), the lower limit of integration is
chosen as Ll’ and the upper limit may be either L2 or L3:

z; =L, (4.13)

z, = L= L, or L, (4.14)
where Ll' L2 and Ly are defined in section 3.1. Replacing eg
by the experimentally measured ew (see section 2.5.1), the
integral on the right side of equation (4.12), denoted for

simplicity by I(TO,E,H,L) ,

L
- - 6, " - exp(-€ /ew)
I(T,E,n,L) = ° dz  (4.15)
[Bw * Yy avg ug*(O,z,l)] tu o
L

may be evaluated numerically for particular values of E and ;,
by approximating ew by equations (2.3) through (2.5), and
expressing ug* by equations (2.10), (2.12), (2.13) and (2.14).
Numerical integration of equation (4.15) is shown in Tables
M.1 and M.2 (Appendix M). Thus, the integrated rate expression,

equation (4.12), becomes:

1-x(L) |- ' D g
'ln;——_ = ac. 1(t,,E,n,L (4.16)
l-x(Ll)

The integral analysis above involves determining values
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for A , E and n which best fit the experimental weight loss
data to equation (4.16). Once these values are obtained,
apparent rates at each nominal temperature are calculated using
equation (4.10), with eg,set equal to unity.

Further simplification is made by'expressing I(TO,E,;,L)
in the linear form:
JE + In + I,

where the parameters Il' I3 and I4, for a given main gas

InI = I + I (4.17)
composition, are functions of To and L. The error involved
in approximating I(TO,E,E,L) by equation (4.17) is less than
3 percent. The linearization parameters Il' I3 and I4 are
calculated using the least square fit method of Appendix L.
They are listed in Appendix M, Table M.3.

Taking the natural logarithm of equation (4.16) and using

equation (4.17) results in a linear form of the integrated

rate equation:

in [—ln {ﬁ%%}] -1, = In A+ nllnc + 1,1 + I,E (4.18)

Equation (4.18) is particularly conveniené because it is linéar
in the three unknowns, 1ln R', E and ;. Thué, the method of
least squares for fitting data to linear equations, may be used
to fit the char wéight loss data of Tables 3.1 and 3.2 to
equation (4.18). The computer program AVFIT (Appendix 0O) is

used to perform this correlation. The results are in section

4,2,1 (char-CO2 reaction) and section 4.2.2 (char-H20 reaction).
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After determining the least square values of i', E and 5,
apparent reaction rates, R;eg' are calculated at each set of
conditions {TO,CO}, using equation (4.10) with Bg set to unity.
There is no reason a priori to expect that the experimental
data taken over the entire range of conditions studied (1473 to
2113°K) can be expressed by equation (4.16) in terms of a single
set of apparent kinetic parameters, {i',ﬁ,ﬁ}. Thus, the calcu-
lated rates must be corrected for the regression error in the
least square fit model which is used to determine {K',E,H}.
Recalling that data for equation (4.18) are available at two

residence times (L = L2 and L3) for each set of conditions

{TO,CO}, the correction factor is:

Apparent Rate 1l - §(L2) 1l - Q(L3) 1
Correction = + o« = (4.19)
Factor 1 - x(LZ) 1 - x(L3) 2

where x denotes the d.a.f. fractional weight loss value pre-
dicted by the least square fit linear regression model. There-
fore, the apparent reaction rates to be used in the subsequent
analysis of tbe intrinsic kinetics are:

_ p' . correction factor,
R reg equation (4.19) (4.20)

4.2.,1 Char - Carbon Dioxide Reaction

The char gasification data of Table 3.1 were analyzed via
computer program AVFIT. The following observed kinetic

parameters were determined:
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E activation energy = 23.2 kcal/mole (4.21)
n order of reaction = 0.26 (4.22)
-

A frequency factor = 5.81 x 104 , (4.23)

The units of the frequency factor are:

A [=] g-sec_l-g-l-(mole/cm3)-0'26

The results of AVFIT for CO2 gasification data are shown in
Table 4.1. The correlation coefficient, "R squared", at the
bottom of the "Analysis of Variance" Table, is indicative of
the closeness of the fit of the experimental data to the
linearized apparent rate expression (4.18). R squared edual
to 1.0 indicates an exact fit. A comparison of the weight
loss data predicted by AVFIT with the experimental data is
shown in Figure 4.3. The agreement is quite good, with the
largest difference in values being less than 5 percent d.a.f.
weight loss.

Apparent rates at each set of experimental conditions are
calculated using equation (4.10) and the apparent kinetic
parameters given by equations (4.21) through (4.23). These
rates are shown in Table 4.2. Additionally, the correction
factor, equation (4.19), has been applied to each of the rates,
as shown in Table 4.2. Thus, the rates listed in the last
column of Table 4.2, E', will be used in the analysis to
follow. It is seen that the apparent gasification rate

increases by approximately a factor of 10 between 1473 and 2113°K.
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Table 4.1

Apparent Kinetics of Char Gasification in Carbon Dioxide:

Least Square Linear Regression Model

T Peo, ¢ x 10° x(L) x(L) x(L)

o] 2 o 3 L 1 + A+
(°K) (atm) (mole/em™) (cm) (%) (%) (%) Y Y -V
1473 0.26 2.15 11.4 1.8 -1.5 1.9 -0.802 -0.037
1473 0.26 2.15 15.2 4.2 -1.5 3.9 -0.931 0.056
1473 0.53 4.38 11.4 7.3 4.8 8.7 -1.017 -0.440
1473 0.53 4.38 15.2 12.9 4.8 10.9 -0.497 0.302
1773 0.26 1.79 11.4 23.8 14.5 23.6 0.611 0.020
1773 0.26 1.79 15.2 29. 14.5 29.0 0.420 0.028
1773 0.60 4.12 11.4 22.9 11.5 23.6 0.747 -0.063
1773 0.60 4.12 15.2 33.4 11.5 30.5 0.772 0.161
2113  0.26 1.50 11.4 41.2 20.9 40.2 1.711 0.056
2113 0.26 1.50 15.2 48.5 20.9 50.9 1.374 -0.104
2113 0.57 3.29 11. 44, 25.0 47,6 1.694 -0.167
2113 0.57 3.29 15.2 64,0 25.0 59.2 1.873 0.189

Analysis of Variance
Source of Degrees of Sum of Mean F
Variation Freedom Squares Square Ratio
Total (uncorrected) 12 15.69
Mean 1 2.96
Total (corrected) 11 12.74
Regression 2 12.34 6.17 139
Residual 9 0.40 0.044 *

R squared = 0.968

+Y = 1n [-ln{

1 - x(L

1 - x(L _
——J—?—l) }] I,(T,,L)

Q is the value of Y predicted by the linear regression model.
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Table 4.2

Apparent Reaction Rates:

Char Gasification in Carbon Dioxide

Nominal Gas

Conditions - -1
R R Regression )

To Pc 1321 reﬁl Correction R -1
(°K) (atm) (sec ™) (sec ™) Factor (sec ™)
1473 0.26 0.387 0.688 1.001 0.689
1473 0.53 0.587 0.830 1.004 0.833
1773 0.26 1.450 2.499 1.004 2.509
1773 0.60 2.154 3.115 1.017 3.168
2113 0.26 3.892 6.871 0.985 6.769
2113 0.57 6.444 8.446 1.041 8.789
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4.2.2 Char - Steam Reaction

The apparent kinetic parameters for char gasification in

steam, determined by the linear regression method of AVFIT,

are:
E activation energy = 26.2 kcal/mole (4.24)
n order of reaction = 1.19 (4.25)
K' frequency factor = 3.07 x 1010 (4.26)

The results of the linear regression model are shown in

Table 4.3 and Figure 4.4. Comparing Figure 4.3 (char-coz)

with Figure 4.4 shows that the 3 parameter (i',ﬁ,ﬁ) linear
regression model is less successful in correlating the results
of the steam gasification experiments than the CO2 gasifi-
cation experiments. The correction factors, equation (4.19),
will be more significant for the char-HZO study. This is

shown in Table 4.4, where apparent gasification rates in steam

are summarized.

4.3 Changes in Physical Properties

While exposed to gasifying atmospheres, the char particles
undergo physical changes. As discussed in section 1.4.3,
specific surface area (Sg) is expected to change (initially
increasing). Changes in porosity (i.e., changes in bulk
density) are also expected.

The total surface area (N2 adsorption) and bulk density
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Table

4.3

Apparent Kinetics of Char Gasification in Steam:

Least Square Linear

Regression Model

T "mo c_ x 10° x(L) x(L.) %)

(o) (o) 3 L 1 1_ A .‘.
(°K) (atm) (mole/cm™) (cm) (%) 2) ¢3) Y Y -Y)
1473 0.33 2.73 11.4 4.5 1.1 5.9 -0.774 -0.352
1473 0.33 2.73 15.2 7.5 1.1 8.6 -0.824 -0.166
1473 0.65 5.38 11.4 11.6 5.0 14.6 -0.010 -0.392
1473 0.65 5.38 15.2 26.6 5.0 19.8 0.567 0.419
1773 0.32 2.20 11.4 34.5 22.4 33.8 0.971 0.062
1773 0.32 2.20 15.2 44.9 22.4 40. 0.965 0.262
1773 0.65 4.47 11. 51. 27. 49, 1.867 0.117
1773 0.65 4,47 15.2 72.2 27.2 59.6 2.035 0.493
2113 0.32 1.85 11.4 55.7 31.9 53.7 2.064 0.109
2113 0.3 1.85 5.2 66.7 31.9 4 1.857 0.079
2113 0.65 3.75 1.4 59.6 28.5 9. 2.385 -0.412
2113 0.65 3.75 15.2 78.1 28.5 83.7 2.396 -0.221

Analysis of Variance

Source of Degrees of Sum of Mean F
Variation Freedom Squares Square Ratio
Total (uncorrected) 12 30.25
Mean 1 15.19
Total (corrected) 11 15.06
Regression 2 14.01 7.01 { 60.3
Residugl 9 1.05 0.116 '
R squared = 0.930
ty - - lﬂLL} _
Y 1n [ ln{1 ~x(L ] 14(TO,L)

1

Q is the value of Y predicted by the linear regression model.
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Table 4.4

Apparent Reaction Rates:

Char Gasification in Steam

Nominal Gas

Conditions - -
R R Regression 5!

To Pw if& r?i Correction R -1
(°K) (atm) (sec ™) (sec ™) Factor (sec ™)
1473 0.33 0.428 0.982 0.987 0.969
1473 0.65 1.726 2,198 1.029 2,328
1773 0.32 2.593 3.451 1.046 3.611
1773 0.65 7.532 8.009 1.250 10.009
2113 0.32 6.370 9.261 1.051 10.229

2113 0.65 10.856 21.495 0.747 16.056
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of several of the partially gasified char samples were
measured (analysis by Phillips Petroleum Company, Bartlesville,
Oklahoma). The results are detailed in Tables N.l1l and N.2.
The data of these tables may be compared with corresponding
values for the initial char:

s = 81 m’/g

g
pp = 0.49 g/cm3
Trends in the data of Tables N.l and N.2 may be seen by
plotting specific surface area and bulk density versus

percent burncff (d.a.f.), as shown in Figures 4.5 through 4.7.

surface Area

The specific (nitrogen) surface area of samples in co,
(Figure 4.5) at 1473°K rises quickly (less than 1 percent
weight loss) to a value of approximately 220 to 240 mz/g,
then appears to level off. Similarly, the surface area of
samples in CO2 at 1773°K appears to level off at approximately
170 to 180 mz/g, but begins to decrease after approximately
25 percent d.a.f. weight loss.

The surface area of samples in steam (Figure 4.6) at
1473°K rises quickly to approximately 200 to 250 mz/g, and
continues to increase at a slower rate for continued burnoff.
A maximum of 369 mz/g is reported at 30.4 percent d.a.f.
weight loss. The surface area of samples in Steam at 1773°K

appears to level off at approximately 210 to 240 m2/g,
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although values as high as 279 m2/g (at 49.6% burnoff) and
as low as 175 mz/g (at 71.3% burnoff) were measured.

The limited surface area data at 2113 °K are inconclusive.
An average value of 135 to 140 m2/g is reported for each of
the reactions studied.

For calculation of reaction rates on a unit total area
basis (section 4.6) and for estimating pore diffusivities
(Appendix I), the following values for specific surface area
are assumed:

Specific Surface Area (mz/g)

Nominal Carbon Dioxide Steam
Temperature Gasification Gasification
1473°K 230 300
1773°K 175 220
2113°K 135 135

It should be pointed out that surface areas measured by
nitrogen adsorption may not accurately reflect the surface
area that is actually available to carbon dioxide or steam
molecules. Nonetheless, variation in N2 surface area with
burnoff should indicate corresponding changes in area

open to CO, or H20 molecules.

Bulk Density

Although the data of Figure 4,7 are scattered, there is

a general downward trend in particle density with increasing

S

burnoff. The lowest value reported is 0.28 g/cm3, at 81.7%
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d.a.f. Weight Loss (percent)

Figure 4.7 Char Density After Partial
Gasification in Carbon Dioxide and Steam
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d.a.f. weight loss in steam at 1773°K.

For the purpose of calculating reaction rates on a unit
volume basis (section 4.4) and pore diffusivities (Appendix I),
the initial char bulk density, 0.49 g/cm3, is used. For
calculation of particle terminal velocities (Appendix J), a
value of 0.43 g/cm3 is chosen, to partially reflect the
changes in the particle as it falls through the furnace

reaction 2zone.

4.4 Effects of External (Interphase) Gradients

As discussed in section 1.3, both chemical and diffusional
effects must be considered when studying a heterogeneous
reaction. At high temperatures, the intrinsic rate of reaction
may be faster thah the rate of reactant diffusion to the solid
particle external surface and to active reaction sites within
the char pore structure. Thus, the reactant concentration on
the external surface, Cs' and within the porous particle,
C(r), may be less than the bulk gas concentration, Cg. Simi-
larly, heat transfer limitations may result in the temperature
on the particle external surface, Ts' being different from
(less than for the endothermic gasification reactions) the
bulk gas temperature, Tg‘ A temperature gradient within the

reacting particle may also exist.
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4.4.1 Surface Temperature

To determine the surface temperature of a reacting char
particle, an energy balance is made around the particle,
assuming the temperature of the particle to be uniform and
equal to the surface temperature, Ts:

p_d

PP

6Mc

4 4

- ~ _ -I.
R (-AH) = h(TS-Tg) + O(Ts - Tg ) (4.27)

where AH is the heat of reaction, Mc is the molecular weight
of carbon, dp is the average particle diameter (assumed to be
0.01 cm), h is the heat transfer coefficient at the particle
surface and o is the Steffan-Boltzmann constant for radiative
heat transfer. Note that Aﬁ is evaluated at the particle

temperature, and h is evaluated at Tav the average tempera-

gl
ture in the boundary layer surrounding the particle:

Tavg = %(TS+Tg) (4.28)

[In writing equation (4.27), it is assumed that the
char particles are spherical in shape. In fact, they are
generally less regular in shape. A photograph of initial
char particles (150x magnification) is shown in Figure 4.8.
Similar photographs of char particles following partial
gasification in carbon dioxide and steam are shown in Figures
4.9 and 4.10, respectively. The photos were furnished by

the Phillips Petroleum Company, Bartlesville, Oklahoma.]

T A value of 1.0 18 assumed for the emissivity of the char particle.



~-124-~

Figure 4.8 TInitial Montana Rosebud Char Particles

(150 X Magnification)
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Figure 4.9 Char Particles After 8% Burnoff
Tn Carbon Dioxide at 1473°K

(150 X Magnification)
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Figure 4.10 Char Particles After 507 Burnoff
In Steam at 1773°K

(150 X Magnification)
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The heat transfer coefficient may be estimated by assuming

a Nusselt number of two:

had
Nu = ___P = 2 (4.29)
A
and thus
h = 23/4, (4.30)

where A is the main gas thermal conductivity, evaluated at
Tavg' Heat of reaction data are presented in Table 1.5.

Thermal conductivities of the main gas streams are calculated
in Appendix G, and are expressed in the form of equation (G.8).
The gas temperature; Tg, is taken to be the nominal tempera-
ture, To‘ The bulk density of the initial char (0.49 g/cm3)

is used for calculations. Values of E' are taken from

Table 4.2 and Table 4.4.

Equaticn (4.27) is solved via the Newton-Raphson
iterative procedure. Calculated values of TS are listed in
Table 4.5 (CO2 gasification) and Table 4.6 (steam gasifi-
cation). For the slowest reaction rates, the particle surface
temperature is found to be over 30°K below the gas tempera-
ture. External temperature differences (TO—Ts) of up to

230°K (CO2 gasification) and 270°K (steam gasification) are

calculated at a gas temperature of 2113°K.
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4.4,2 Surface Concentration

The concentration of reactant (CO2 or H20) molecules on
the external surface of the char particles is determined by a
mass balance around a particle:

R / MC = kga(Cg-Cs) (4.31)

- 1t
where R is the reaction rate per unit solid volume

(g-cm-3-sec-1) defined by equation (4.4), kg is a mass transfer
coefficient for diffusion through the boundary layer
surrounding the particle, a is the ratio of external surface
area to particle volume (cm-l),

a = 6/dé (spherical particles) (4.32)
and Cg and Cs are the reactant concentrations in the bulk gas
phase and on the particle external surface, respectively.

Thus, the reactant concentration on the particle external

surface is:

o El"/ M

= = 1 - _E__EJE (4.33)
a

g g g

To estimate the mass transfer coefficient kg, a
Sherwood number (Nusselt number for mass transfer) of two
is assumed:

sh = k d = 2 (4.34)

g p/D12
where Dy4 is the appropriate (C02-N2 or H20—N2) bulk diffusion
coefficient, evaluated at Tavg' Estimation of bulk diffusion

coefficients is shown in Appendix H. The results are expressed
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in the power law form of equation (H.2), D12 being proportional
to temperature (°K) raised to the power 1.67. Thus, the mass
transfer coefficient (Figure-4.11) becomes:

kg = 2D12/ dp (4.35)

and equation (4.33) may be solved for Cs‘
The results are shown in Tables 4.5 and 3.6, where the
gas concentration (Cg) in equation (4.33) has been evaluated

3

(the initial

at To (i.e., =C ), and pp is taken as 0.49 g/cm

C
g o
-0
char density) in order to calculate values of R . Although
neither reaction becomes completely bulk diffusion rate
limited (i.e., CS/C0 > 0 for all experimental conditions),
the surface reactant concentration drops to approximately two-

thirds of the bulk gas concentration at the highest tempera-

tures (fastest reaction rates) studied.

4.5 Effects of Internal (Intraphase) Gradients

4.5.1 Particle Temperature

The Biot modulus for heat transfer may be used to
estimate the importance of intraphase temperature gradients:

intraphase AT
interphase AT (4.36)

Bih = hL/lp

where h is the heat transfer coefficient, lp is the particle
thermal conductivity and L is a characteristic length. For

spherical particles:
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L = 1 - 1lg4 (4.37)
a 6

The heat transfer coeffieient is estimated by assuming a

Nusselt nuimber of two (section 4.4.1). Thus,

!
Bi = 3 (A/lp) (4.38)

h
Taking A and Ap to be on the order of 10~% and 1073 calories

per second per centimeter per degree Kelvin, respectively,

Blh ~ 0.1 (4.39)

Therefore, it will be assumed that the particle temperature,

Tp, is uniform, and equal to the surface temperature, Ts'

4.5.2 Reactant Concentration

For all normal reactions (intrinsic order of reaction 2 0),
pore diffusional rate limitations result in an observed rate
less than the intrinsic reaction rate, since the concentration
of reactant molecules as a function of position within the
particle, C(r), is less than the reactant concentration on the
external surface of the particle. To handle this situation

quantitatively, an effectiveness factor, n, is defined:

observed rate (4.40)
rate in the absence of pore diffusion limitafions *

ns=
Consider the equation of continuity (spherical geometry)
for the reactant species in an isothermal char particle at

steady state, with the reaction rate expressed by the power
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law model, equation (4.1):

kch = 0. [gz—g + %g%] (4.41)
r

where ﬁ'" is the intrinsic rate constant at the particle

temperature on a unit volume basis (the superscript ~ indi-

cates that the rate is measured in molar rather than weight

units), n is the intrinsic order of reaction and r is the

radial position within the particle. The following dimen-

sionless parameters are defined:

C* = C/CS (4.42)
Y = r/rp (4.43)
2z = C*y (4.44)

where rp is the particle radius. Thus, equation (4.41) may

be written as:

= ¢ "z ¥y : (4.45)
ay? s

where the Thiele modulus for spherical geometry, ¢s’ is

defined as:
. 11 %
kl"csnl
= r (———— 4,
b o{ = (4.46)
eff

The boundary conditions required to solve equation (4.45) are:
B.C. 1 Yy=0 ac*/dy = 0 (4.47)
B.C. 2 Yy =1 2 =1 : (4.48)
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Once the concentration profile, C(y) is determined, the
(isothermal) effectiveness factor may be calculated by inte-

grating equation (4.40) over the particle volume:

r
P
4w/ Ic(r)1® 2

n = 9 ar (4.49)
i1rr3Cn
3 °p s

(For zeroth order reactions, the effectiveness factor is
simply the fraction of particle volume in which the reactant

concentration is non-zero.)

For first order reactions, equation (4.45), with bound-

ary conditions (4.47) and (4.48), may be solved explicitly:
51nh(¢sY)

c*(y) = — S (4.50)
Y sinh ¢s

and thus the effectiveness factor becomes:

- 3)_ 1 _ 1
n o= ¢Sitanh 5 %z (4.51)

where the subscript 1 indicates that equation (4.51) is for

first order reactions. For large values of ¢s (fast reactions):

6 > 5:  n > 3/6 (4.52)

The results of equation (4.51) are shown in Figure 4.12.

For a zeroth order reaction, the solution to equations

(4.45), (4.47) and (4.48) is:

C*(y) = 1-'{%%2[1-72]} (4.53)
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Equation (4.53) predicts that for ¢82 > 6; the reactant
concentration will fall below zero at some point within the

particle. Therefore, boundary condition (4.47) must be

adjusted:
B.C. 1 Y =Y, C* =0 (4.54)
dc*
BoCl 2 = — .
Y Yo ay 0 (4.55)
B.C. 3 Yy =1 z =1 (4.48)

where Yor @ function of ¢S, is the radial position in the
particle where the reactant concentration just falls to zero
(and remains zero for y < Yo).

Thus, for zeroth order reactions, ¢sz < 6, C*(r) is
given by equation (4.53), and n is unity, since the reactant
concentration never falls to zero within the particle. For
¢82 > 6, the solution to equation (4.45), with boundary

conditions (4.48), (4.54) and (4.55), is:

6 2 . 2 y 3
= 8 | 1 _1f o L )
C*(y) = - c 2(Y) +3(Y) (4.56)

where Yor @8 a function of ¢s’ is determined by solving

equation (4.57):

— = 2Y, -3y, +1 (4.57)

-
w

Therefore, the effectiveness factor (isothermal particle) for

zeroth order reactions is given by:
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S (4.58)

3 2
1.0 - v, 0, > 6

Ng =

{ 1.0 ¢ 2 6

This result is shown in Figure 4.12, as is a similar result
for second order reactions (from Satterfield® ).
The drawback to the analysis presented above is that the

Thiele modulus, ¢s' is a function of the unknown intrinsic

~ 1N
rate constant, k . This may be overcome by noting that from

equation (4.40):

- 990
k& ch (4.59)
Mc n s «J

~ 1
where k is calculated at the particle temperature. Equations

(4.46) and (4.59) are combined to eliminate the unknown rate

constant, resulting in:

_ g2
®, = no, (4.60)

where Cbs is the Weisz modulus,
- 01 )
o = r2| 27"

(4.61)
effcs

All of the variables in the definition of ¢% are known from
experimental data. Thus, the data of Figure 4.12 are used
with equation (4.60) to produce Figure 4.13, showing the
dependence of n on ¢%’ for zeroth, first and second order

~reactions.
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For each of the experimental results in Tables 4.5 and
4.6, isotherma; intraphase effectiveness factors are calcu-
lated, using equation (4.61) and Figure 4.13, for assumed
orders of reaction of zero and unity. Effectiveness factors
for char-CO2 results are listed in Table 4.7. Effectiveness
factors for char-Hzo results are listed in Table 4.8. The
effective diffusivities in these tables are calculated in
Appendix I.

From the data in Tables 4.7 and 4.8, it is seen that
pore diffusinnal effects are significant (n < 0.5) even at
the lowest temperatures (slowest reaction rates) studied.
Effectiveness factors as low as 0.08 (lst order) and 0.16
(0th order) are calculated at particle temperatures near
1900°K, for both the char-CO2 and char-H20 reactions.
Therefore, it is expected that the apparent activation energies
(E) of 23.2 kcal/mole (char-COz) and 26.2 kcal/mole (char-HZO)
reported in section 4.2 will be approximately one-half of

the true (intrinsic) activation energies for these reactions.

4.6 Correction for Surface Area

Specific (nitrogen adsorption) surface area of the par-
tially gasified char samples is a function of gasification
temperature, oxidizing medium and percent burnoff, as shown in

Figures 4.5 and 4.6 (section 4.3). Therefore, it seems
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preferable to base intrinsic kinetics on normalized reaction
rates (i.e., rates per unit area). Using equation (4.3), an
intrinsic reaction rate (molar units) per unit total area

may be defined:

R 1 ld4aw l1 ' .n
— = - —_———— = -— k C (4-62)
Mc SgMcht Sg
where
~ ' L}

]
and k is expressed in the Arrhenius form, equation (4.2).

Defining the rate constant on a moles per unit area basis,

k' k 4.64
k' = o (4.64)
g c

and expressing this rate constant in an Arrhenius form,

~1 ~ E 1.65
k = A exp {--@} (4.65)

the observed rate of reaction (per unit total surface area)
may be written in terms of the intraphase effectiveness factor

and the intrinsic rate:

R _ ~ " E n
M- = NA exp{--ﬁT—}C (4.66)

. ~ 1
where A , E and n are the intrinsic kinetic parameters, based

on rates per unit total area.
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4.7 Intrinsic Kinetics

The intrinsic kinetic parameters may be deduced from
equation (4.66) and the data of Table 4.7 (char-CO2 reaction)
or Table 4.8 (char-HZO'reaction). Taking the natural logarithm

of both sides of equation (4.66), and rearranging terms:

R /M ,
1n €Sl = mma". _E_ (4.67)
nCsn RTp

It is likely that the kinetics fall into one of the two cases
discussed in section 1.5, and the order of reaction is either
Zero or unity (see equations (1.10) through (1.13)). Thus,
equation (4.67) is considered for two cases:

I. first order kinetics

- n
R /M .

1n . €l = 1mna"- *%" (4.68)
Mm% | RTp

II. zeroth order kinetics

=" / M ~

in | R €l = 1na"- ﬁg- (4.69)

(e] | P

A plot of the left side of equation (4.68) or (4.69) versus
the reciprocal particle temperature (l/Tp) will yield a
straight line (slope = ~E/R) fit of the data in Table 4,9
or Table 4.10, if the reaction shows first order (equation

(4.68)) or zeroth order (equation (4.69)) behavior.
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4.7.1 Char Gasification in Carbon Dioxide

The test for first order behavior of the char-CO2 reaction
is shown in Figure 4.14, where the left side of equation (4.68)
is plotted against the reciprocal particle temperature, using
the data in Table 4.9. The least square fit straight line shows
a poor fit of the rate data to equation (4.68). Thus, first
order kinetics are rejected.

Figure 4.15 shows the left side of equation (4.69) plotted
against reciprocal particle temperature. The straight line
correlates the data quite well (correlation coefficient, nz =
0.996), so it is found that the char-co2 gasification reaction
exhibits zeroth order behavior,

n = 0 (4.70)
under the conditions studied. The slope of the line in

4 1

Figure 4.15 is -2.52 x 10 ° °K ~, corresponding to an activation

energy,
E = 50.1 kcal/mole (4.71)

The intrinsic kinetics of the char - carbon dioxide reaction
are summarized in Table 4.11l. The frequency factor is
determined from the intercept of the line in Figure 4.15,
at 1/‘1‘p = 0.

As discussed in section 1.5, reactions which obey the
Langmuir-Hinshelwood kinetic model, equation (1.7), may ‘
appear to be first order [equations (1.10) and (1.11)] or

zeroth order [equations (1.12) and (1.13)] with respect to
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Figure 4.14 Char Gasification in Carbon Dioxide:
Test for First Order Kinetics
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Table 4.11

Intrinsic Kinetics of Montana Rosebud

Char Gasification in Carbon Dioxide

1]
R _ __1 aw _ R"exp{-E}cn
Mc SgMcW dt RTP 002
n order of reaction zero
E activation energy 50.1 kcal/mole
~n ‘ mole
A frequency factor 1.09 —

cm secC
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the reactant gas. Generally, first order kinetics are expected
at high temperatures and low pressures, since the coefficients
k2 and L3 in equation (1.7) decrease with increasing tempera-
ture. Therefore, it is‘somewhat surprising that the char-CO2
reaction in this study exhibited zeroth order intrinsic
kinetic behavior. Of course, the kinetics of carbon reactions

are largely dependent on the particular type of carbon being

investigated.

4.7.2 Char Gasification in Steam

The tests for zeroth order and first order kinetics for
the char-steam reaction are shown in Figures 4.16 and 4.17,
respectively. Figure 4.16 shows that the data do not fit
(correlation coefficient = 0.871) the zeroth order theory,
equation (4.69).

The least square fit straight line in Figure 4.17 (test
for first order kinetics) is drawn for the case that the data

6 mole/cm3, is neglected.

point at T, = 1546°K, C_ = 3.25 x 10~
A check of the data in Table B.l shows that d.a.f. weight
losses ranging from 43 to 82 percent were recocrded at the
experimental conditions (To = 1773°K, PH20 = 0.65 atm) which
this point represents. Therefore, the xeliability of this
point‘is seriously questioned. [Neglecting this point in

the zeroth order test, Figure 4.16, does not significantly

improve the zeroth order correlation.]



-152-

10  E— T T T —

-sec-l)

-2

(mole.cm

!
=

R /M
nO
[
o

-2 | | ] |
5.0 6.0 7.0
1,

10
4 ow
1/'1'p x 10 (°K

Figure 4.16 Char Gasification in Steam:
Test for Zeroth Order Kinetics



-153-

T OK .
‘ P (°K)
-5 1900 1700 1500
10 T 1 | 1 | Y
slope = -2.89 x 10‘ °K
-6 &~
10” . E = 57.5 keal/mole —_—
3 presmst. ) L
@ n .
Ei . . (not included in  _
straight line
o 'determination)
20 m .
s 153
1
10”7+ ]
5.0 - 6.0 _ 7.0

1/Tp x 104 (°K’})

Figure 4.17 Char casification in Steam:
Test for First Order Kinetics



' =154~

The correlation coefficient of the least square fit line
in Figure 4.17 is 0.989, and thus the order of reaction is

reported as unity,

n = 1 (4.72)
The slope of the line is -2.89 x 104 °K-1, corresponding to
an activation energy,
E = 57.5 kcal/mole (4.73)
The intercept at 1/‘1‘p + 0 determines the frequency factor,

shown in Table 4.12 as 1.35 x 107 cm/sec.
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Table 4.12

Intrinsic Kinetics of Montana Rosebud
Char Gasification in Steam

"
R 1 daw ~n n
_— = - = = A exp - C
c SgMcW dt RT H20
order of reaction unity
activation energy 57.5 kcal/mole
7

frequency factor 1.35 x 10 cm/sec



-156-

Chapter 5

CONCLUSIONS

5.1 Intrinsic Kinetics of Char Gasification in Carbon Dioxide

And Steam

1. The intrinsic kinetics of the gasification of a
Montana Rosebud coal char in carbon dioxide and steam, at
temperatures of 1473 to 2113°K (gas temperature), 1 atm total
pressure, and residence times up to 330 msec, are expressed
by a power law model,

n ~ 1 E n
R /M, = A eng_ET_ C (5.1)
p
where the rate, R'Z/Mc, is expressed in moles (carbon) per
unit total char surface area per unit time, and C is the local

concentration of the oxidizing gas. The kinetic parameters

are:
E ~ It
n (kcal/mole) A
char - Co, 0 50.1 1.00 -Mole
cmsec
char - H20 1l 57.5 1.35 x 107 cm/sec

2. Heat transfer limitations in the boundary layer
surrounding the reacting char particles result in signifi-
cant differences (up to 270°K) between the gas temperature

and the particle temperature.
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3. Bulk diffusional rate limitations in the external
boundary layer are less pronounced, although the surface
concentration of oxidizing gas drops to as low as approxi-

mately two-thirds of the bulk gas concentration.

4. The temperature of a reacting char particle is
uniform throughout the particle, and equal to the temperature

on the external surface of the particle.

5. Pore diffusional effects are significant. Intraphase
effectiveness factors are below unity under all experimental

conditions studied.

5.2 Physical Properties of the Char

1. The specific (N2 adsorption) surface area of the
char increases significantly under all experimental conditions,
even at less than 1 percent (d.a.f.) burnoff. The initial
char has a specific surface area of approximately 81 mz/g.
The maximum surface areas measured for partially gasified

char samples are:

Carbon Dioxide Steam
Gasification Gasification
S d.a.f. S d.a.f.
Nominal 29 burnoff 2 burnoff
Temperature (m“/qg) (%) (m~/g) (%)
1473°K 255 8.4 369 30.4
1773°K 193 19.3 273 49.6

2113°K 151 25.6 155 28.8
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2. Particle bulk density decreases slowly with burnoff,
from an initial value of 0.49 g/cm3. The lowest values
measured are 0.36 g/cm3 after approximately 30 percent burnoff

in CO, at 1773°K, and 0.28 g/cm3 after 81 percent burnoff in

2
steam at 1773°K.
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Chapter 6

RECOMMENDATIONS FOR FUTURE WORK

1. The laminar flow furnace may be redesigned to provide a
more isothermal reaction 2zone.

2., Methods may be introduced to accurately measure char
particle velocities and temperatures.

3. Apparatus may be designed for experiments at pressures
above 1 atmosphere.

4. Additional experiments may be conducted with char particles
of different sizes, to check for mass transfer effects.

5. Additional experiments may be conducted to determine the
Langmuir-Hinshelwood kinetics for the gasification reactions.
6. Evaluate the effect of the possible side reaction of the
char with molecular oxygen, which might form from the
dissociation of carbon dioxide or steam, particularly at

the highest temperatures studied.
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Appendix A

CHAR GASIFICATION IN CARBON DIOXIDE

The results of char gasification experiments in carbon
dioxide are shown in Table A.l. Weight loss data on a dry,
ash-free basis were calculated assuming an ash content of 20.5
percent by weight in the initial char. The small moisture con-
tent (ca. 1 wt%) was neglected. Residence times were approxi-
mated by the method discussed in sections 2.5.1 through 2.5.3.
Data from runs C-10 and C-16 were not used in the calculation
of reaction rates and intrinsic kinetics. Observed weight loss
in these runs differed widely from observed weight loss in

A}

‘other runs conducted under the same experimental conditions.
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Appendix B

CHAR GASIFICATION IN STEAM

The results of char gasification experiments in steam are
shown in Table B.l. Again, d.a.f. data are based on an initial
ash content of 20.5 wt%, with the initial moisture content
being neglected. Data from runs S-33, S-34, S-39, S-41 and
S-58 were not used in kinetics calculations, due to unusually
large variations in results when compared with other runs at

the same conditions.
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Appendix C

CHAR PYROLYSIS

The results of pyrolysis experiments (argon m<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>