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ABSTRACT

Powdered Ponderosa pine char was gasified with C02 in
the temperature range 8OOOC to 113OOC. The apparent acti-
vation energy was found to be 34.2 kcal/mole. To determine
the effect of thermal annealling on the gasification rate,
char was pretreated at a temperature higher than the gasi-
fication temperature. A pretreatment activation energy of
-19.8 kcal/mole and a true activation energy of 53.9 kcal/
mole was determined for C02 gasification of the subject char.

Gasification rates for pine char pellets are signifi-
cantly less than those for powdered chars at equivalent con-
ditions. The activation energy for the gasification of
pellets and powders are very close. The small difference in
activation energy indicates that heat and mass transfer
effects are insignificant in the gasification of pellets.
It is postulated that as a result of the pelletization pro-
cess, the surface area of pellets falls below the surface

area of powders. This loss of surface area leads to a re-

duced reaction rate.
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INTRODUCTION

In the 19th century wood was the dominant energy source
in the United States. Today the largest volume use of wood
on a worldwide basis is still for energy (firewood). In the
developed countries, wood for energy on an industrial scale
has been almost completely replaced by fossil fuels. But,
as the price of fossil fuels increases and their availabil-
ity becomes uncertain, there is renewed interest in wood
energy.

It has been estimated that even without counting any
wood harvested for conventional forest products, about 560
million tons are available for energy production in the
United States. That is the equivalent of 9.5 quads of
energy, or about 12 percent of the energy required by the

United States in 1980(1).

While many energy users are able
to utilize wood directly by combustion, many industrial pro-
cesses are limited to gaseous or liquid forms of fuel. Two
major objections to wood as an energy source are the energy
density of the material and its available form. Pelletiza-
tion of wood products solves the problem of energy density

as the energy density of pelletized wood approaches that of
(2)

coal To convert the pelletized wood to a more usable

form, an applicable technology is gasification.
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Wood as a gasification feed compares well with coal and
other fossil fuels. The typical heating value of a dry wood
material is 8500 BTU/lb, in comparison to 10,000 BTU/1b for
lignite coal. Pollution problems associated with gasifica-
tion are minimized when using wood, as the sulfur and ash
content of wood is lower than that of coal. The principle
advantage of wood as a gasification feedstock is that it is
a renewable resource.

A research program supported by the Department of
Energy has set out to investigate the pyrolysis and gasifica-
tion kinetics of densified biomass. The work presented here
demonstrates the effects of temperature and pellet physical

properties on CO, gasification kinetics. The data gained in

2

this research will be useful for gasifier design and scale

up.
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PREVIOUS WORK

Gasification is a process which converts a solid fuel
into easily handled fuel gases. Typically this is a two
stage process. The gasifier feed is first pyrolyzed and the
resultant char is gasified. Pyrolysis of the gasifier feed

produces CO, H2, Co hydrocarbons, condensibles and a

27
carbonaceous residue or char. Gasification of the char

can occur by a number of reactions to produce a fuel gas or
a synthesis gas. A number of gasifier configurations are
available. These include fixed bed, entrained bed and fluid
bed gasifiers. Fixed bed systems are relatively simple and
have been popular since the early 1900's.

Fixed bed gasifiers may be designed to operate in
either an updraft or a downdraft mode. The flow scheme for
an updraft gasifier is illustrated in Figure 1 (3). The
gasifier feed descends through the three zones illustrated
and the air (or oxygen) ascends through the oxidation zone,

the pyrolysis zone and finally the drying zone before being

taken off, cleaned as necessary and used as a fuel gas.
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FIGURE 1

Updraft Gasifier(3)
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The reactions occurring are:

Zone A - Drving at 100-200°C
Wet wood + Heat - dry wood + steam
Zone B - Pyrolysis at 200-500°C

Dry wood + Heat - Char + CO + CO2 + H2

+ hydrocarbons
+ condensibles
Zone C - Oxidation of Char at 1100-1500°C
Char + 02 + HZO* - CO + H20 + CO + Heat

(*Steam either added or in feed)

The first two processes are driven by the heat given out in
the oxidation zone. Oxidation of carbon to co, is the sole
source of heat to drive the process and explains why the
overall process efficiency of this gasification process will
not exceed about 70%. The efficiency is limited as part of
the fuel input is required to maintain the high temperatures
of the oxidation and gasification zone.

In the downdraft design the air (or oxygen) enters the
gasifier with the feed. While the updraft gasifier will
always produce tars from wood, the downdraft design is con-
figured so that the tars and other gases all have to pass
through the hot oxidation zone, C. Figure 2 illustrates how

the gases produced by the combustion and cracking of the
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FIGURE 2

Downdraft Gasfier
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tars are then passed along with solid carbon into the reac-
tion zone, D. This zone serves to reduce carbon dioxide and
water vapor to carbon monoxide and hydrogen by means of the
Boudouard and water gas reactions. These two reactions are
endothermic and eventually they cool the char and ash to
below 600°C. The reaction then ceases and fixes the final
gas composition. In both up and downdraft units, the size

of the reactor is defined by the char—CO2 and steam gasifica-

tion kinetics.

Gasification Reaction Thermodynamics

The process chemistry associated with wood gasification
is reasonably complex and dependent on reactor design,
operating conditions and feedstock characteristics. Many
of the possible reactions are listed in Table 1(4). Reactions
1 through 4 involve the gasification of the fixed carbon in
the wood. Reaction 1 is the oxidation of carbon to carbon
dioxide which is highly exothermic. The carbon is further
gasified by CO2 and steam via reactions 2 and 3. These two
reactions are highly endothermic. Finally, the carbon may

be gasified by hydrogen to produce methane. Reaction 4 is

exothermic and unfavorable at high temperature.
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Table 1
1. C+0 I ¢
«
2 0,
>
2. c+co, < 200
3. C+HO < CO+H
<
2 2
4 2 <
P
C + 2m, CH,

¥

co, + H
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The oxidation reactions 5 and 7 are exothermic and
essentially irreversible. Reaction 6, the water-gas shift
reaction, is reversible and exothermic. Upon rapid heating,
the volatile matter in the wood decomposes to release
methane and higher hydrocarbons as in reaction 8. Methane
and higher hydrocarbons may be steam reformed to carbon
monoxide and hydrogen as shown in reaction 9.

A few gasifiers, such as the downdraft or fluidized bed
with fecycle, will approach equilibrium. For these systems,
equilibrium predictions are useful in modeling gasifier per-
formance. For updraft systems, the product gas is in a highly
non-equilibrium state because the pyrolysis products remain
intact. Equilibrium models are not useful for these systems.
A number of equilibrium calculations have been done by Desoro-
siers(s). The calculations were based on a typical analysis
for dry, sulfur free and ash free wood shown in Table 2. Car-
bon as graphite is the only solid product considered. To aid
in describing wood pyrolysis, gasification and combustion,
the concept of equivalence ratio is used. The equivalence
ratio (ER) is defined as the oxidant to fuel weight ratio
divided by the stoichiometric ratio.

ER = weight oxidant/weight dry wood 10
stoichiometric oxidant/wood ratio

Complete combustion of the typical wood defined in Table 2
with oxygen requires 1.476 grams O2 per gram of wood or

6.364 grams air per gram of wood.
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Table 2

Typical Analysis for Dry, Sulfur and Ash Free Wood

Composition C 52.5 wt %
H 6.16
0 41.24
N 0.10
High Heating Value (HHV) =-22.21 kJ/kg (-9550 BTU/1b)
Low Heating Value (LHV) -20.90 kJ/kg (-8987 BTU/1lb)
Heat of Formation - 3.74 kJ/kg (-1609 BTU/1lb)
Formula
C6 basis C6 H8.39 03.54 NO.l (FW = 137.27)
C, basis CHi.4%:.50 Y0.017 (7w = 22.86)
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Equilibrium calculations for dry wood gasified in air
are illustrated in Figures 3, 4 and 5. Dry gas composition
as a function of the equivalence ratio is shown in Figure 3.
An equivalence ratio of zero corresponds to pyrolysis. The
principal products at an equivalence ratio of zero are
CO and a

hydrogen and solid carbon, followed by H,O, CO

2 27
trace of CH4. As the equivalence ratio is raised to the end
of the carbon stability region, (ER = 0.275), gasification
is taking place and solid carbon is consumed. Principal
products now are H2 and CO. Further addition of air results

in consumption of H2 and CO until combustion conditions at
ER = 1.0 are reached. The low heating value (LHV) as a
function of the equivalence ratio is demonstrated in Figure
4., The initial decrease in LHV is due to the decrease in
the mole fraction of CH4. Further decreases in LHV are due

to the consumption of CO and H, as the equivalence ratio is

2
raised to the combustion point. In Figure 5 the sensible,
chemical and total energy is plotted against the equivalence
ratio. Note that in Figures 3, 4 and 5 there is an inflec-
tion point for each curve at ER = 0.255, corresponding to
total carbon uptake. This is the point that an air blown
gasifier should be operated.

Equilibrium calculations similar to those for air blown

gasification have been made for oxygen gasification. Figure

6 illustrates the dry gas composition as a function of the
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Mole Fraction

FIGURE 3

Air Gasification of Dry Wood 1 atm

(5)

Gas Composition

Equivalence Ratio

12
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Figure 4

Adiabatic Air Gasification of Dry Wood @ 1 atm
(5)
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13
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KJ/gm wood

12 4

14

Figure 5
Adiabatic Air Gasification of Wood
. 5
Energy in Product Gas( )

1l atm

Total Energ

21 4
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18 4 Enerqgy

15+
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equivalence ratio. Figures 3 and 6 would be identical if
the diluent nitrogen from the air is neglected.

The water in wet wood used for gasification has a sig-
nificant effect on the reaction process. Figure 7 illus-
trates the effect of water on the calculated adiabatic flame
temperature for both oxygen and air blown gasification. For
a given equivalence ratio, as the gasifier feed is switched
from @ry wood to wet wood, the adiabatic flame temperature
decreases. Water or the resultant steam is not just a dilu-
ent; the gasification of carbon by steam is strongly endo-
thermic and will depress the adiabatic flame temperature.

As would be expected, the presence of water has a strong
effect on the composition of the product gas. In Figure 8,
the dry gas composition for the oxygen gasification of wet
wood is shown. Notable is the initial high concentration of
methane and carbon dioxide. The gasification of carbon by
hydrogen to produce methane is unfavored at high tempera-
tures; thus, as the equivalence ratio increases, the adia-
batic flame temperature increases and methane production
drops off. While methane production is decreasing, hydrogen
production increases. The mole fraction of hydrogen reaches
a maximum just as methane production ceases. The changes in
product gas composition due to the presence of water in the
gasification process is reflected in the low heating value

of the gas.
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Mole Fraction

FIGURE 6
Oxygen Gasification of Dry Wood at)l atm
(5

Product Gas Composition

CoO

Equivalence Ratio

16
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-FIGURE 7
Adiabatic Flame temperature(s)

3000 +
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FIGURE 8
Oxygen Gasification of Wet (80%) Wood at 1 atm
Product Gas Composition(s)

Mole Fraction

Eguivalence Ratio

18
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Figure 9 compares the low heating value for the product
gas from air blown, oxygen and oxygen with water gasifica-
tion. The initial high methane content in the product gas
from oxygen blown gasification of wet wood yields a product
with a high LHV. As the equivalence ratio increases, the
LHV for oxygen gasification of wet wood drops below the LHV
for oxygen gasification of dry wood. The LHV for air blown
gasification is lower than the LHV for either of the two

oxygen systems due to dilution by nitrogen.

Gasification Kinetics

The simplest rate expression applicable to high temper-
ature gas solid reactions was developed by Langmuir (for
single site mechanisms); Hinshelwood later extended the
model to dual site mechanisms(6). Three assumptions are
inherent in the Langmuir-Hinshelwood mechanism:

1. The surface is homogenous with uniform distri-

bution of active sites.

2. There is no interaction among adsorbed species.

3. Surface migration is either nonexistent or so

rapid that only adsorption and desorption can
be rate-controlling.
For the char-CO2 reaction, several rate expressions of

the Langmuir-Hinshelwood type have been proposed by various

investigators on the basis of the concepts of adsorption and
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desorption of gases on solid surfaces. These rate expres-

sions are of the following general form:

- Rate = 1 11

C + X A - B 12

1 k2, k3 and k4 represent the rates of the various

steps in adsorption, desorption and reaction involved in

where k

the proposed reaction mechanism, and A and B are the
concentration of the reactant and product gases respectively.

Many mechanisms have been proposed for the char-CO

2
reaction. The one proposed by Menster and Ergun(7) is as
follows:

k5
+ CO > + 13
Ce 2(q)%, €O+ Oy
kS
14
C(0) 116 Co(g)
The rate expression for this mechanism is:
- Rate = dX/dt = kc COZ 15
1-X 1+ kcl CO2 + kc2 CO
]
k =k k = k5 k = k5
c 5 cl T c?2 o
6 6

Carbon monoxide will have an inhibiting effect on the char-

CO2 reaction as reaction 14 is irreversible. Moreover, the
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order of the reaction with respect to the CO2 concentra-

tion will tend toward unity at low partial pressure and to

zero at high partial pressures of CO At sufficiently

2°
high total pressure, equation 15 will reduce to the follow-
ing expression:
k *

c

1 + kc* PCO/PCO

-Rate

I

2

* =
kc kc/kc2

k* = kcl/kc2
Reaction 13 represents an oxygen exchange reaction in which
a carbon dioxide molecule dissociates at an active site, Ces
on the carbon surface, releasing a molecule of carbon monox-
ide and forming a solid carbon-oxygen complex, C(0). This
reaction, considered reversible, results only in the exchange
of oxygen with the solid and does not result in gasification
of solid carbon. The actual carbon gasification occurs in
reaction 14, with the dissociation of the carbon-oxygen
surface complex from the bulk carbon matrix, leading to the
formation of carbon monoxide and to the generation of a new
active center on the solid carbon surface. Menster and
Ergun have shown that the oxygen exchange reaction (14)
is correct by employing tracers in the studies.

In a more recent analysis, reaction 14 has been
(8)

postulated to be reversible .

6 co 17

c (o) (9)

kR el

6
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Assuming that the total number of active sites plus carbon-
oxygen complexes is constant and assuming further that under
steady-state conditions the net rate of formation of carbon-
oxygen complexes is zero, the following rate expression has

been derived:

2
- rate = k5ntpc02 5 5k6) (Pco /PCOZ) 18

T i
L+ (kg7 /kg)+ (kg /ke) P+ (kg /kIP o

1- (k lk6l/k

where ng is the concentration of total free active sites

plus oxygen-carbon complexes in moles/moles solid carbon.

Equation 18 is analogous to equation 15 with the following

identities:
kc - kSnt
1 1
kcl_ k 6 + k5
ke  Kg
koo™ Kg/Kg

To satisfy thermodynamic equilibrium requirements, the term
(k15k16/k5k6) in equation 18 should be equal to the equi-

librium constant, k for the overall reaction given by

56"
reaction 11. Generally though, gasification reactions are
far from equilibrium and the simpler form of equation 16
is avplicable.

A number of other mechanisms for the char—CO2 reaction

(9)

have been proposed. Goldberg and Yavorskii have investi-
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ated two different mechanisms for the inhibition of the

char-CO., reaction by CO. The first, mechanism A, is de-

2
scribed by the following sequence of reactions:
C + Co, » Cc(0) + CO 19
C + CO 2 C(CO) 20
Mechanism B is represented by:

C + CO (CO) + CoO 21

2 <
C(CO) - C + CO 22
If all the conditions for a Langmuir scheme are satisfied
for both mechanisms, then rate equation 15 is applicable
for both mechanisms. It is not possible, then, to make a
choice between the mechanisms on the basis of only one type
of dependence of the rate of gasification on the pressures
of CO and C02. Based on an evaluation of the pre-exponent-—
ial factors derived from experimental data and from statis-
tical thermodynamics, mechanism B is found to fit within the
framework of the simple Langmuir system.

The rate expression in the form of equation 15 is at-
tractive from a mechanistic view, but, its applicability for
design purposes is limited because of the requirement of
more than one arbitrary rate constant. For practical pur-
poses, empirical rate expressions which involve the use of
only one or two rate constants to account for the effect
of concentration on individual reactions are useful.

The rate constants of these empirical expressions are deter-
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mined comparatively easily from experimental time-conversation

(10)

data. The general empirical expression for a volumetric

reaction without mass transfer limitations may be expressed

in the following form:

n m-1

dx = k. o (X,T) . A" . s . a-x)™ 23

(
at v

where X is the conversion of carbon in the char-gas reaction,

kv is the volumetric reation rate constant having a dimen-

3 (m+n-1) m+n-1

sion of L /mole .08 and ar(X,T) represents the

relative available pore surface area of particles and is a

function of carbon conversion and temperature. For reac-

tions at one atmosvhere and 850°C to 1080°C Dutta et al(ll)

expressed gasification rates with a correlation having the
form:

- Rate = dX/dt = a k_ C 24
T1-X) M

where C is the carbon dioxide concentration and "a" is a

parameter that reflects the relative available internal char

surface area. For initial gasification rates, where a=1 by

definition, the rate equation reduces to:
dx/dt = kV

(1-X) RT

25

The application of this type of rate law is dangerous over
a wide range of gas compositions.

In their study of char gasification by CO, and H,O,

2 2
(16)

Groenveld and van Swaaij utilized rate expression 26.

- Rate = %k CS (C + C ) 26
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This equation is limited to atmospheric pressure and treats
the complex concentration dependency using a fractional
power exponent. The experimental activation energy is 51.9

kcal/gm-mole. Reaction rate is a function of CH 0 and/or

2

CCO is shown in Figure 10. In their work with coal, Wen
2

et al(l7)

correlated their rate with a power-law rate

expression

= ak’C (1-X) 27

where "a" represents the relative available pore surface
area. Activation energies for different particle sizes

are shown in Table 3.
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(18)

Graboski has shown that the kinetic behavior of

different carbons in steam and CO2 are similar and that the
steam reaction is 3 to 5 times faster. Therefore steam

kinetics are useful for the relative ranking of materials

In a study of biomass gasi-
(19)

of variable reactivity in C02.

fication processes, Rensfelt et al compared the apparent
activation energy and frequency factor for a number of carbon
sources. A first order rate expression was used to inter-
pret their steam gasification results. The experimental
values for activation energy, frequency factor and relative
rates are shown in Table 4. Rensfelt's study points out the
importance of the carbon source in terms of reactivity.

Under similar conditions, most biomass materials gasify at
rates an order of magnitude greater than coals. For large
particles, mass transfer then might be more important for
biomass than for coals. Within the study the effect of
burnout on gasification rate was determined. Their relation-

ship between burnout and gasification rate is illustrated in

Figure 11 for the gasification of poplar wood in a steam-

argon mixture. Recasting Rensfelt's data in terms of
-rate = 1 dW greatly reduces the strong effect of inven-
Wo dt

tory on kinetics thus simplifying the correlation.
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Table 3

Activation Energy of Carbon - CO2 Reaction (17)

Temperature Activation Energy Type of carbon
Range °c E kcal/mole
850-1100 59.26 coal char 300 microns
850-1100 75 coal char 50 microns

850-1100 59.2 coal char 325 microns
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Table 4

Apparent Activation Energy and Frequency

Factor for Steam Gasification(lg)

Carbon Source Activation Energy Frequency Factor ~Rate*

kcal/mole min
Solid waste 59.5 3.9 x 1019 0.319
Poplar wood 43.5 1.2 x lO8 0.941
Straw 43.5 5.9 x 10/ 0.463
Bark 42.5 9.1 x 10’ 1.096
High moor peat 40.4 5.1 x 106 0.139
Coal 48.8 5.9 x 107 0.048

*steam, 1 atm, 900°C
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FIGURE 11

Influence of Burn-out on the

Gasification Rate of Poplar Wood in
Steam-Argon Mixture, X O=O.73 (19)
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When reviewing gasification rates from various sources,
there is often a large discrepancy in the reported activa-
tion energy for a given gasification condition. Variations
in carbon source will often be the cause of discrepancy.
Preparation conditions also have an effect on the reaction
rate.

In Figure 12, the effect of char-preparation tempera-
ture on the rate constant for coal char gasification in
hydrogen is illustrated. The char reactivity decreases with
increasing preparation temperature, relative to the tempera-
ture of subsequent gasification in hydrogen is illustrated.

(8)

Johnson models this pretreatment effect in terms of a
thermal annealing contribution to the apparent activation
energy. Apparent activation energy is then the sum of the

true activation energy and the pretreatment activation energy.

Diffusion

In the study of char-gas reactions, information on gas
diffusion at elevated temperatures is desirable when devel-
oping models for reactions involving structures such as
pellets. Reactions between porous sclids and gases are
usually interpreted in terms of idealized models based on
sharply defined reaction zones in the particle. The homog-

enous and shrinking core models represented the extremes
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33
FIGURE 12
Effect of Char-Preparation Temperature
on Rate Constant in Hydrogen (8)
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that might be encountered within the limits of very rapid
and very slow diffusion of the reacting gases. Diffusion
can be shown to be important due to the boundary layer and
internal structure. Boundary layer gasification occurs only
at very high temperatures (>15000C). For large particles

or particles with small pores, diffusion within the solid
can be important at lower temperatures. Diffusion within
the solid is an important factor in the temperature depen-
dency of the global rate. Under severe diffusion limita-
tions, the activation energy appears to be halved.

For gasification reactions with many carbons it has
been shown that intraparticle diffusional effects are of
minor importance below 1000°C and that the chemical reaction
rate is controlling(lz). above 1000°C then, a knowledge of
effective diffusivity could be useful when interpreting rate
data. One approximation of effective diffusivity employed

(13)

by Desai and Yang relates effective diffusivity to

Knudsen diffusivity by the relationship:
e g € 28

where ¢ is the total porosity of the char and A is an

experimentally determined tortuosity constant.
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(14)

Yang and Liu have measured diffusivities for
COZ/N2 in graphite using a Wicke-Kallenback type diffusion
apparatus and also calculated diffusivities from reaction
rate data using the Stefan-Maxwell flux equations. For
their carbon sample, a nuclear grade graphite was used.

The sample had a porosity of 17.7% with a bimodal pore

size distribution; micropores centered at 408 diameter with
a porosity of 4% and macropores at 20008 diameter with a
porosity of 13.7%. To calculate effective diffusivity

using the diffusion cell, equation 29 is integrated to give

equation 30.

= - +
NA DeCT dXA XA(NA + NB) 29
dz
De _ N oL
chn l—ocXA2
l—ocxAl

The flux N can be calculated as the product of X and the

A’ A2
flowrate of B, divided by the cross-sectional area of the
sample. The effective diffusivities of C02—N2 in graphite
are shown in Table 5.

Effective diffusivity was also calculated from overall
rate data assuming a Langmuir-Hinshelwood rate equation.
Using the rate equation, the Stefan-Maxwell flux equations

and a mass balance written in cyclindrical coordinates,

equations 15 and 16 can be derived.
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De a | x al= %i%a 31
r dr l+XA dr K2—K3XA
Ry = Do ax, (27RLC,) 32
l+XAS dr r=R

The subscripts, A and C pertain to the species CO, and Ar

2
respectively. The subscript s indicates molar concentration
at the surface. Values of Rd’ kl' and k3 were measured
experimentally. Equation 31 was solved numerically and a
trial technique was used to guess the missing condition.
From the numerical solution, effective diffusivity is
calculated using equation 32. The effective diffusivities
calculated from rate data can be found in Table 6.

Effective diffusivity as a function of Knudsen dif-
fusivity and porosity has been determined for wood char by
Groenveld and wvan Swaaij(l6). For an unreacted char parti-
cle (¢ = 0.75) the effective diffusivity varies between
0.14-0.2 DK. For a porosity of 0.75 to 0.84 the effective
diffusivity follows equation 33. Above a porosity of 0.84,
the effective diffusivity equals the product of the Knudsen

diffusivity and the porosity.

D =D (7.69¢ - 5.62) 33
e X

The Knudsen diffusivity is the controlling diffusivity

in smaller pores. These studies show that for a variety of
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carbons, diffusion limitations will be present due to the
microstructure of the solid. Further, they suggest that
carbons containing both micro and macropores will have
kinetics dominated by the micropores in the temperature

region below that required for boundary layer gasification.
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Table 5
Effective Diffusivity for CO,-N, in Graphite (21)
*
Temperature De COZ—N2 De NZ—CO2 Dk
CO
o) 2 4 2 4 2
K CM"/sec 10 CM~/sec 10 CMz/sec lO4
291 7.75 6.57 99.8
380 10.47 8.74 114.0
480 12.66 11.69 128.0
593 15.61 14.29 142.0

* 408 pores
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Table 6

Effective Diffusivity of CO2 in Ar

Calculated from Overall Rate

Pellet diameter Bulk Gas R D

d e

in. %CO2 in Ar gm/min cmz/sec
3/16 10 0.65.10°°  7.01.107°
5/16 10 1.18.107%  7.50.107°
7/16 10 1.71.1073  7.28.1073
5/16 20 1.88.107° 7.32.1073
5/16 30 2.45.107° 8.00.107°

Temperature 1143°%

Pressure 1 atm

Sample cyclindrical graphite 1.5 inches long

Knudsen diffusion D, = 1.98.10% cm?/sec

k
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Gasification Models

A common feature of gas-solid reactions is that the
overall process involves several steps: a) mass transfer
of reactants and products between the bulk gas phase and
the internal surface of the reacting particle; b) diffusion
of gaseous reactants or products through the nores of a
solid reactant; c) adsorption of gaseous reactants on solid
reactant sites and desorption of reaction products from
solid surfaces; d) the actual chemical reaction between the
adsorbed gas and solid. For the gasification of a fine
powder, mass transfer is insignificant and the previously
described kinetic equations adequately describe steps c)
and d). Global gasification rates for a large particle or
pellet may be mass transfer dependent and would require a
more sophisticated model that takes into account mass trans-
fer. It is conceivable that heat transfer may also be
significant in the gasification of a large particle. The
decision to include heat transfer effects in a model would
depend on a knowledge of the thermodynamics of the reactions
involved, the intrinsic kinetics and the thermal diffusivity
of the char.

In the development of their char particle gasification

(16)

model, Groenveld and van Swaaij assumed that no tempera-

ture gradients exist, transport of the reaction products out
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of the pellet has no influence on the diffusion of the
reactants, discounted external mass transfer and utilized a
pseudo-steady state approximation for the concentration of
the gaseous reactants in the pellet. The kinetic rate ex-
pression used is similar to equation23 when the pore surface
area term (uv) is unity. Concentration of the reactant gas
in the pellet is given by:

2
D_(x,t) d” Cp(x,t)

dX2

+ - R =0 34

and the concentration of carbon within the pellet is given
by equation 35.
d C_(x,t)
_ 5
dt
Effective diffusivity, De(x,t), is described as the product
of initial diffusivity and some function of porosity. Poro-

sity is calculated using relationship 36.
e = 1-(1-¢ ) C_/C_(0) 36

The term a in equation 34, is a geometric factor that equals
O for a slab, 1 for a cylinder and 2 for a sphere. This
set of equations was solved using the method of Baker and
Oliphant (20), a three point backwards difference scheme

using a linearization in Ca for the rate equation. 1In Table



T-2734 42

7 experimental and calculated residence times are presented
for a number of reaction temperatures and overall char con-
versions. For the experimental conditions presented, the
model accurately describes the data. Investigation of
higher reaction temperatures would provide a more rigorous
test of the model. As the temperature is increased, the
overall conversion rate would be expected to shift from a
dependence on intrinsic kinetics to a dependence on mass
transfer. If the model could accurately predict residence
times overall the increased temperature range, it would be
very useful for design purposes.

A model consisting of mass and energy balance equations
together with the Stefan-Maxwell relations has been developed
by Amundson and Srinivas(21l). This model assumes that re-
actions 2, 3, 4 and 6 (Table 1) take place. The mass balance
for the species 1 within the particle at steady state is

given by:

4
-V N. + & aij rj = 0 37
j=1

The consumption of carbon is given by equation 38.

= - 38
12 (r2 + ry + r4)

CLIQ
adike}

5 r3, and r4 are the reaction rates for gasifica-

tion reactions 2, 3 and 4 respectively. At the surface of

The terms r
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Table 7

Calculated and Experimental Residence

Times for Overall Char Conversion (16)
Temperature Overall Residence Time (sec)
°k Conversion Experimental Calculated
1028 10.9% 21600 20170
1113 3.4% 4500 3690
1118 18.0% 20940 19340
1153 12.2% 5400 5390
1173 39.0% 20460 20620
1198 12.9% 2700 2610
1223 40.0% 13920 12460

Carbon source: Wood char particles 4x2x2 cm
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the particle the energy balance is given by equation 39.

d (m_ C T) = hA(T,-T_) - AIN.h, 39
3t 15 pp b 'p i1
The energy balance assumes a zero temperature gradient
within the pellet. While the authors do not test their
model against experimental data, a comparison is made with
a set relations for coal char gasification presented by
Johnson (22). At small particle sizes the two models agree
well, but as particle size increases the two models diverge.
This 1is attributed to diffusion effects which are included
in Amundsen and Srinivas' work.

A number of other investigators have presented models
for char gasification. Hayes (23) has developed a model
similar to Amundsen and Srinivas; a general method of solu-
tion is utilized which allows for any number of reactions
and any number of components. Debelak et al (24) present
a model that takes into account the influence of particle
structure changes on the rate of coal char gasification
with COZ' Many modeling studies in the literature have not
been experimentally confirmed. A model that accurately
describes the global rate in terms of chemical kinetics and
heat and mass transport can be used in a differential mass
balance that describes reactor. For the successful design
of a gasifier, it is necessary that the application limits

of the model be experimentally determined.
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Experimental Equipment

A schematic of the gasification test reactor is shown
in Figure 13. The reactor consists of a Cahn 2000 electro
balance and a 20 inch quartz reaction tube. A quartz
thermal baffle, 8% inches long, is used as a connection
between the electro balance and reaction tube. Heat to the
system is supplied by a split shell furnace. The furnace
has a 10 inch hot zone and is capable of operating at tem-
peratures up to 1200°C. Reaction temperature is determined
by a type K thermocouple while power to the furnace is pro-
vided by a solid state Omega controller. Because of the
large length to diameter ratio of the reaction zone and the
provision for gas preheating, the thermocouple temperature
correction is found to be negligible. Internal diameter of
the quartz reaction tube is one inch; pellets with diameters
up to 3/4 inch can be gasified without difficulty.

Nitrogen is used as a purge gas in the electrobalance
to prevent contamination of the balance. Flowrate of the
purge and reaction gases is controlled by a pair of rota-
meters. Reaction gas enters the reactor at the bottom of
the hot zone after first being preheated in a quartz loop
alongside the reaction tube. Purge, product and excess
reaction gases exit the system from a quartz line located

above the hot zone. Gas from the exit line may be vented
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or collected for analysis. Figure 14 shows the experimental
set-up.

Pellets are produced using a heated pellet die and a
Carver press. Four pellet dies with 1/8, 3/16, 1/2 and 3/4
inch internal diameters were machined from a 2 inch 0.D.
cyclinder of stainless steel. The bottom plunger has a
length of 1/2 inch and the body length of each die is 4 3/4
inch. The top plunger is also 4 3/4 inch long so that any
pellet formed can be pressed from the die. Temperature of
the pellet die is determined with a type K thermocouple.
The pellet die is heated using a nozzle heater. Represen-
tative pellet dies are shown in Figure 15. Pellets are
pyrolyzed in a pyrolysis unit designed by Herman (25).
Pyrolyzed pellets may be used as is or crushed and sized

with a 200 mesh screen for powder gasification.



FIGURE 14

Experimental Reactor



FIGURE 15

Pellet Press Dies

15/16 in. 1/2 in.

Pellet Press
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Experimental Procedure

Char Production

All of the char used in this study was produced by
the pyrolysis of wood pellets made of -20 mesh Ponderosa
pine chips. To make a pellet, the pine chips were
charged to a pellet die held at 120°C and then pressed in
a Carver press. Cycle time and pressure were adjusted to
vield a density of v 1.2 gm/cc for the pellet. To prepare
a pellet for pyrolysis, a hole was drilled through the
pellet axis with a number 58 bit. Nichrome wire was then
threaded through the pellet so that it could be suspended
for pyrolysis and gasification. Next, the pellet was
pvrolyzed in the pyrolysis unit at SOOOC. The pyrolyzed
vellet can then be used for gasification as is or ground

to a -200 mesh powder for gasification.

50
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Powder Gasification

To measure the intrinsic kinetics of the char—CO2
reaction, 5 to 10 mg samples of powdered char were gasified
at different temperatures and reaction gas compositions.

The fine particle size and small sample size were selected
so that heat and mass transfer effects would be insignifi-
cant. Also, the small sample size made it possible to
neglect any effect of the product gas on the composition of
the bulk gas phase. To gasify a char powder, the sample

was placed on a platinum pan suspended in the quartz reaction
tube at the midpoint of the hot zone. The gasifier was then
sealed and evacuated. Once the sample was outgassed, the
reactor was filled with nitrogen at atmospheric pressure.

As the reactor was heated to the desired temperature, the
system was purged with a constant flow of nitrogen. When
the temperature set point was reached and the sample came

to constant weight, the gas flow in the reaction gas line
was switched from nitrogen to carbon dioxide. Onset of
gasification was very distinct as the reaction gas moves
through the reactor in a plug flow manner. Sample weight
versus time was recorded and from this data the reaction
rate was calculated. Once sufficient data has been col-
lected, the reaction was stopved by switching the reaction

gas back to nitrogen.
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To study the effect of gas composition on the char—CO2
reaction, gas mixtures of varying CO—CO2 ratios were made
up in high pressure sample cylinders. Mix composition was
controlled by the partial pressure of each gas. Addition-
ally, the composition of each mixture was checked by gas
chromotogravhy. The gasification procedure was the same

as previously described.

Pellet Gasification

Gasification of pellets was carried out in essentially
the same manner as powder gasification. The platinum pan
was removed and the pellet was suspended from the balance
with a section of nichrome wire. Evacuation and purging
with nitrogen then followed. Gasification may be carried
to completion or stopped at different conversion fractions.

To determine whether there is a temperature gradient
within a pellet during gasification, a pellet was mounted
on a fine thermocouple and gasified. The thermocouple was
positioned such that the bead is at the mid-point of the
pellet axis. The temperature difference between the sur-

face and the center of the pellet was then measured.

Gas Diffusion

To measure the effective diffusivity of C02 in a wood
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char pellet, a pellet was suspended in the reactor and
evacuated as for gasification. Next the system was purged
with nitrogen and the temperature set at some point between
ambient and the onset of gasification. Once the temperature
stabilizes, the reaction gas was switched from nitrogen to
carbon dioxide and the weight gain recorded as a function of
time until constant weight. When the diffusivity measure-
ment had been repeated at a number of temperatures, the
pellet can be gasified further and the diffusion measurements
repeated. In this manner the effect of char conversion on

diffusivity was noted.
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Results

Ponderosa pine from the U. S. Forest Service sawmill
in Golden, Colorado was used for this study. The wood
obtained, in the form of 1/2 - 1 inch chips, was milled to
-20 mesh chips. These fine chips were then densified by
pelletization. The pellets produced were similar in nature
to commercial pellets, where it is desired to increase the
bulk energy density of wood to the level of other solid
fuels. An analysis of the feedstock is shown in Table 8.

Primary pyrolysis of the pellets was carried out in a
heated quartz tube swept by nitrogengzs%he maximum attain-
able temperature in the pyrolysis unit was 800°Cc. As char
make is a function of pyrolysis temperature (Figure 16),
further pyrolyvsis occurred when the sample was heated to a
gasification temperature greater than 800°c. To complete
pyrolysis then, each was brought up to the gasification
temperature in a nitrogen atmosphere and held until the
sample came to constant weight. Proximate and ultimate
analysis for char pellets of different diameters and pyro-

lysis temperatures are shown in Table ©.
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Table 8

55

(25)

Ponderosa Pine Feedstock Analysis

Proximate Analysis
Volatile matter
Fixed carbon
Ash

Moisture

Ultimate Analysis*
Carbon
Hydrogen
Oxygen
Nitrogen

Sulfur

Gross heating value*

*moisture, ash free basis

78.90 wt %

15.

1.

3.

50.

43.

8,647 BTU/1b

70

69

71

17

.04

58

.16

.05

=l

wt

oo
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FIGURE 16
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Table 9

Proximate and Ultimate Analysis of

Proxima
Pyrolysis
Temperature
870
935
950

970

Ultimat
Pyrolysis
Temperature
730
925
935
950

965

* moisture,

Biomass Chars

te Analysis*

Pellet

OC diameter,
1/2

15/16

2/4

3/8

e Analysis*

Pellet

0 , .
C diameter in.

3/8
1/2
15/16
3/4

3/8

ash free basis

wt

93.
96.
97.
95.

93.

Carbon

oo

36
00
29
44

08

Volatile

matter $
8.73

3.07

Hydrogen

1.15

1.44

57

Fixed
Carbon %
91.27
96.93
97.85

90.89

Oxygen

wt

oo

2.70
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Gasification of Powdered Chars

Fine powdered char (-200 mesh) was used to study the
intrinsic kinetics of the gasification reaction with COz.
The use of a very thin layer of fine char particles elim-
inated the effects of heat and mass transfer. The platium
pan had a diameter of apvroximately one half inch. As the
gas flow in the reactor was upward, the lifting force on
the pan had to be taken into account when determining re-
action rate. To compensate for the lifting force on the
pan, each reaction was allowed to go to completion and the

final weight used as the tare weight.

Gasification of Powdered Char in C02

In the study of gas solid reaction kinetic of fine
particles, the reaction rate depends on temperature, compo-
sition and pretreatment temperature. To determine the
magnitude of the temperature effect on the reaction rate,
powdered char samples were gasified in CO2 at atmospheric
pressure over the temperature range of 850O to 1115°¢.
Figure 17 shows the effect of residence time on fractional
conversion for a series of reaction temperatures where the
reaction temperature and pretreatment temperatures are the

same.
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The general rate law which describes the data is given as

follows:

-r = - 1 dw = £(T)g(C) 40

Integrating equation 24 at constant temperature and com-
position results in equation 25.

X, = Wo-W = £(T)g(C) 41
-A -
Wo

Equation 41 adequately describes the zero order dependency
of the observed rate on carbon inventory up to high con-
versions. These data suggest that the available surface
area for reaction remains essentially constant.

Following Menster and Ergun (7), it is postulated that
the reaction rate follows an expression far from eqguilibrium
of the form:

-r = kl Pc02 42

L+ k2Pc02+k3pco

For a pure CO, atmosphere as in Figure 17, the data may

2
be correlated in terms of the principle activation energy kl'
The experimental value for this activation energy (Figure 18)
is 34.2 kcal/mole. While this result is within the range of

values reported in the literature, it is lower than the 51.9

kcal/mole activation energy found by Groenveld and van
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(16)

Swaaij for the gasification of powdered wood char and

the 59.3 kcal/mole activation energy for coal char deter-
mined by Dutta et al(26). It is interesting to note that

the CO,-char activation energy is very similar to the HZO

2
char activation energy of 51.2 kcal/mole determined by

(27) for jack pine char. Possibly indicating

Kosowski et al
a similarity in the gasification mechanism and the distri-
bution of active sites.

Figure 18 also shows that if the pretreatment tempera-
ture exceeds the reaction temperature, a predictable re-
duction in reaction rate occurs. This pretreatment or thermal
annealing effect is the result of a graphitization process
whereby the amorphous carbon (char) seeks a lower energy state
in the form of graphite. The gasification rate of graphite
is less than that of amorphous carbon so that the global
gasification rate for char decreases as the proportion of
carbon present as graphite increases. This thermal annealing
effect can be correlated in terms of a contribution to the
apparent activation energy. The rate constant is then ex-
pressed as the product of a frequency factor and two ex-

(8)

vonential terms as shown in equation 43 .

k = A . exp (—Ep ). exp (—Eg ) 43
RT RT
P g
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FIGURE 17

Fractional Conversion vs Residence Time
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The first exponential term is the pretreatment effect where
the rate constant is decreased as the pretreatment tempera-
ture increases above the gasification temperature. When

the pretreatment temperature equals the gasification temper-
ature the apparent activation energy is equal to the sum of
true activation energy and the pretreatment activation energy.
In this study the true activation energy was found to be

53.9 kcal/mole and the pretreatment activation energy is

-19.8 kcal/mole.

Gasification of Powdered Char in §92/CO Mixtures

Previous investigations have shown that the COz—char

reaction is not only temperature dependent, but is also

dependent on the partial pressure of CO, and CO in the

2
reaction gas. To investigate this relationship, powdered
char was gasified with four COZ/CO mixtures. The composi-

tion of these gas mixtures ranged from 17.9 mole %C0O to

69.0 mole %CO. In Figure 19, —rate/PCO is plotted versus
2

the inverse temperature. Data points include gasification
in a CO2 atmosphere and in different COZ/CO mixtures.
Figure 19 is very similar to Figure 18.

Equation 42 suggests that carbon monoxide and carbon

dioxide retard the rate of reaction. As the experiment

allowed only two independent variables, temperature and
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PCO , and there are three dependent variables in equation
2

42, only the most important retardation effect can be re-
tained. Over the temperature range of interest, it was
found that only carbon monoxide retardation was signifi-
cant in the rate expression. Dropping the k2pc02 term is

equivalent to assuming that reaction 11 is irreversible.

The resulting rate equation is then:

-r = %1Pco2 43
1 + k_P
3 co
Substituting P and P, for P and inverting, equation
co2 t Cco

24 becomes:

-1 = 1+ B3Py U kg 44

£ kcho klpco 1
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FIGURE 19

—Rate/Pc Vs Temperature-l
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Figure 20 represents the relationship of reaction rate and
PCoz for various temperatures. To construct Figure 20, the
rate data for the different COZ/CO mixtures was fitted to
an exponential function of temperature. Reaction rate
could them be calculated for a number of temperatures and
the results plotted as a set of isotherms for inverse re-
action rate versus one over the partial pressure of C02.
From the slope and intercept of each isotherm, values of
kl and k3 could be calculated (equation 44). 1In Table 10
the calculated rate constants are presented for a number of
temperatures. The rate constants for the different tempera-
tures can be fitted to the Arrehenius equation and the
activation energies determined. The apparent activation
energy (kl) was found to be 35.9 kcal/mole and the retarding
3) is -41.0 kcal/mole. The frequency
5 . -1

factors for k; and k, are 7.57.10° min atm ' and 2.87.10°

atm respectively. Using these rate constants, Figures 21

activation energy (k
8

and 22 were constructed to compare the calculated rate
curves against the experimental data.

The values for kl and k3 were arrived at through the
use of three different curve fits. 1In the first, the ex-
perimental rate data was fitted to an exponential eguation

using the least squares regression method. The coefficient

of determination for each curve fit was 0.9 or greater.
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Table 10

Rate Constants for a Number of Temperatures

Temperature kl k3
°c
1150 2.478 ~0.996
1060 1.022 ~0.592
977 0.363 ~0.065
903 0.164 1.169
870 0.106 2.020
838 0.071 3.279
k| = 7.57 x 10° min ' atm exp -7.13.10°
%%
Ky = 2.87.10°% atm™ ! exp 8.15.10°
%k
- Ky Pco2
T+ %k, P
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The greatest deviations occurred at high temperatures
where the calculated rate was always less than the ex-
perimental value. Sloves and intercepts for the isotherms
of Figure 20 were determined using a linear least squares
regression method. At temperatures about lOOOOC, the
coefficient of determination was less than 0.5 indicating
a poor fit. For temperatures less than 1OOOOC, the co-
efficient of determination is 0.9 or greater. The least
squares regression of the Arrehenius equation for k

1

and k., had coefficients of determination equal to 1.0.

3

Gasification of Pellets

Ponderosa pine pellets with diameters of 3/8, 1/2 and
3/4 inches were gasified in a stream of C02 at atmospheric
pressure. The gasification rates for the three pellet sizes
as a function of temperature are illustrated in Figure 23.
Also included in Figure 23 is the rate curve for the gasi-
fication of 5 mm chips. There is virtually no difference
in the rate curves for 5 mm chiovs and for powders (Figure
18); this shows that the mass transfer effects in powders
and chips are identical. As the rates for the two particle
sizes are identical, it would appear that the macropore
structure of the charcoal does not affect the charcoal
reactivity within the temperature limits of this study.

This does not mean that the solid reaction is not diffusion
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FIGURE 23
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limited; the results suggest that the same micropore struc-
ture exists in the powder and the whole pyrolyzed chip.
Rate of gasification for the pellets is much lower
than the rate for powders at the same conditions. For a
given reaction temperature, the rate decreases as the
pellet diameter increases. Runs comparing gasification
rates for char powder and crushed pellets indicate that
the pelletizing does not change internal structure.
Gasification conditions for the large pellets were

such that the CO, reactant was not present in large excess.

2
From the experimental data it is possible to calculate

the partial pressure of CO in the reaction zone using a
material balance around the pellet. With the partial
pressure of C02 and CO known, it is possible to calculate
the reaction rate, using equation 20, for the experimental

conditions. Figure 24 represents the ratio of the calcul-

ated rate for powders at the corrected PCO and the ex-

2
perimental rates as a function of temperature for % inch
pellets. It is apparent that the effect causing the rate
reduction is temperature dependent. To further analyze
pellet gasification, it is necessary to determine the

significance of heat and mass transfer limitations on the

global rate.



R /R

T-2734 74

FIGURE 24

Ratio of Calculated Rate to Experimental

Rate vs Temperature for
5" pellets
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Diffusion

The slope of the rate versus inverse temperature
curve for pellets is about the same as that for powder.
This suggests that any mass transfer effects which are
present are similar and independent of particle size.
Therefore, it may be postulated that any mass transfer
limitations present occur in the micropores. A char pellet
is made up of a large number of individual grains of char.
The majority of the macropore structure exists in the void
space between grains while most of the micropores are in-
ternal to the grains of char.

Effective diffusivity is determined by measuring the

adsorption of CO, on a char sample as a function of time.

2

As there are neglible mass transfer limitations associated
with the macropore structure, the change in the amount of

CO2 adsorbed with the passage of time is related to the

diffusion of C02 within the individual grains. Concentra-

tion of CO2 within the individual grains is given by

equation 45.

= r—

9t ?r or

aC 13 ac 45
ot r

The change in accumulated CO, mass 1s analogous to heat

2
flow (28). The solution for transient heat flow(zg) can

be altered by analogy to give equation 46.
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oo t = 1- ngl n (l—exp((-nﬂ)2Fo) 46
W 1.64493

5

The Fourier Number (Fo) is equal to the vroduct of effective
diffusivity and time divided by the square of the particle
radius.

Figure 25 represents the weight fraction of CO2 adsorbed
as a function of time at 221°C. The pellet had previously
been gasified at 895°C in C02. At 0.24 minute
(WOO—Wt)/WOo = 0.50 and FO equals 0.292. The problem of
calculating effective diffusivity now becomes one of deciding
what is the radius of the grains of char. The upper limit of
particle size in the -20 mesh particle size of the wood chips
used to make the pellets.

Table 11 is a tabulation of the effective C02 diffusi-
vity for a number of char samples at different temperatures.
Also included is the calculated Knudsen diffusivity. The
pore size selected for the Knudsen diffusivity is 50 .

The experimental diffusivities do not exhibit a temperature
dependence similar to the T% of the Knudsen equation. It

is possible that the experimental diffusivity is dependent
on the char preparation temperature, but the evidence is in-
conclusive. Char preparation temperature has a direct
effect on the physical properties of char such as pore size

distribution and surface area which in turn have an effect

on gas diffusion.
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Table 11
Effective Diffusivity of C02 in Char
Gasification Mass CO2 De
temperature Fraction Char Adsorption sz/sec
OC remaining Temperature
°c
740 1.00 22 1.8.107°
740 1.00 240 5.5.10'_6
740 1.00 396 3.2.107°
895 0.96 221 3.4.10°°
895 0.96 425 3.1.107°
895 0.71 18 2.5.107°
895 0.71 157 8.6.10°°
895 0.71 406 9.2.107°
895 0.50 18 3.2.107°
895 0.50 160 4.8.107°
1000 1.00 79 7.2.107°
1000 1.00 207 9.6.10°
1000 0.70 19 2.9.107°
1000 0.70 150 9.4.107°

78

Dy

cmz/sec

0.013
0.017
0.019
0.016
0.019
0.012
0.015
0.019
0.012
0.015
0.014
0.01le
0.010

0.015
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Mercury intrusion porosimetry was used to determine
volume distribution and surface area distribution versus
pore size for a number of chars. Table 12 lists the mean
pore size based on volume distribution and surface area
distribution. The mean volume diameter is orders of magni-
tude larger than the mean surface area diameter. In Figure
26 cumulative intrusion volume and cumulative surface area
have been plotted against pore size for a char pellet
gasified at 1100°C to 40% of its initial mass. The major
portion of the pore volume is associated with pores 10
microns or greater in diameter, while pore surface area is
associated with micropores having diameters of 100 angstroms
or less. Incremental pore volume versus pore size is
plotted in Figure 27. The volume distribution is essentially
bimodal with nodes at 25 and 1.5 microns. A third, small
node exists at approximately 600 angstroms. Figure 28 is
the incremental surface area distribution. This distribution
is also principally bimodal with nodes at 50 and 250
angstroms.

Pore size distribution as determined by intrusion volume
and surface area support the assumption that diffusion within
a char pellet is controlled by the mircropore structure.

Carbon dioxide gasification of char is made up of a series of
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Table 12

Mean Pore Sizes For Different Chars

Char

1100°¢
initial
inventory
70%

40%

1000°¢
initial
inventory

70%

900°C
initial
inventory

50%

Pore Area

mz/gm

51.1
54.3

131.8

35.1

37.8

61.5

Median Pore Size

Volume
Distribution

microns

12.4
13.2

14.1

21.7

26.7

11.4

11.7

Surface Area
Distribution

microns

0.0057
0.0055

0.0052

0.0058

0.0045

2.0993

0.0049

80

Apparent
Density

gm/cc

0.45

0.45

0.36
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FIGURE 26
Cumulative Pore Volume and Surface Area
vs Pore Size
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0.97

FIGURE 27
Incremental Pore Volume

vs Pore Size
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FIGURE 28
Incremental Surface Area vs Pore Size
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steps involving adsorption, reaction and desorption
occurring at active sites on the solid. If these active
sites are evenly distributed over the surface, the majority
of active sites for the wood char studies would be within
the micropore structure. This would indicate that any mass

transfer limitations present are due to micropore diffusion.

Heat Transfer

Thermal diffusivity may also affect the global gasifi-
cation rate of a char pellet. The gasification of char by
CO2 is strongly endothermic. If the thermal diffusivity for
a pellet is below some minimum value, the center temperature
of the pellet will be less than the surface temperature.
Pellet center temperatures were determined experimentally
using a thermalcouple embedded in the pellet. The results
for 3/4 inch and 1/2 pellets are shown in Figure 30 where
the temperature difference between the vellet surface and
center is plotted against the surface temperature. The
center temperature is consistently less than the surface
temperature, and for a given temperature the difference in-
creases with pellet diameter. Although the gasification
rate at the center of a pellet may be only half the rate
at the surface, the thermal gradient probably dcoes not have

a significant effect on the global rate for the pellet.

This conclusion is based on the fact that the average pellet
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FIGURE 29
Radial Temperature Gradient vs Temperature
for %" He3/4" Pellets
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temperature will be higher than the center temperature and
that the majority of the pellet mass is located near the
surface of the pellet. Also, if the thermal gradient was
significant, the apparent activation energy based on the
global rate for a pellet would be very different from the
activation energy for powders.

While it has been shown that heat transfer and macropore
diffusion do not play a significant part in the gasification
process, there is a significant difference in the gasifica-
tion rates for powders and pellets. This loss of reactivity
applies to the pellet structure and not to the individual
grains that make up the pellet. A pellet that has been
ground to a fine powder has the same rate of reaction (at
equivalent conditions) as a char powder that does not have
a history pelletization. This implies that it is the way
the grains in a pellet come together affects the reaction
rate. 1In the pelletization process, heat and pressure are
applied which crushes the wood cell structure and redis-
tributes the lignin when the lignin melts. It is postulated
that in the pellet making process access to an amount of
surface area is lost due to contact points between grains,
and while the number of active sites per unit area remains
the same, the total number of accessible sites per unit

mass decreases.
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CONCLUSIONS

The apparent principal activation energy for the
gasification of ponderosa pine char was determined to
be 34.2 kcal/mole.

Pretreating the char at a temperature greater than the
gasification temperature will reduce the gasification
rate. This reduction in rate is due to thermal an-
nealling.

The true activation energy for CO, gasification of

2
pine char is 53.9 kcal/mole and the pretreatment acti-
vation energy is =-19.8 kcal/mole.

Carbon monoxide retards the CO2 gasification of pine

char. The retarding activation energy is -41.0

kcal/mole.

The macropore structure of the pine char does not affect

the char reactivity within the temperature limits of
this study.

The gasification rate for char pellets is lower than

the rate for char powder. As pellet diameter increases,

the gasification rate decreases.
The mass transfer limitation on the gasification rate
of pine char pellets and powders is essentially the

same as only micropore diffusion is significant.



T-2734 88

8.

10.

11.

Micropore diffusion takes place within pores in the
50 to 60 angstrom region.

The major portion of the pore surface area of pine
char is associated with micropores having diameters
of 100 angstroms or less. The majority of active
sites for gasification are also associated with micro-
pores with diameters of 100 angstroms or less.

There is a temperature gradient within a pine char
pellet during C02 gasification. The temperature
gradient has an insignificant effect on the global
gasification rate.

The decrease in gasification rate when going from
powders to pellets is attributed to the effect of the
pelletization process on the accessible surface area

of the resultant char.
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Recommendations For Future Work

Development of a gasification model for char pellets
that includes heat and mass transfer effects.
Investigate the gasification of pine char pellets at

higher CO, pressures.

2
Determine the effect of catalysts, such as alkalai
metals, on the gasification rate of pellets.

Extend the study of pine char pellets to include
gasification by air, oxygen and steam.

Optimization of the pelletization process to yield
pellets with greater reactives.

Investigate the diffusion mechanisms of char powders

and char pellets.
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Appendix A

Nomeclature

frequency factor

relative available surface area
concentration

heat capacity

effective diffusivity

gas phase diffusivity
gasification activation energy
pretreatment activation energy
heat transfer coefficient

ith species heat of formation
rate constant

rate constant

rate constant

molar flux

concentration of free active sites

partial pressure
gas constant
reaction rate
reaction rate
temperature

bulk temperature
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mole/cm3
cal/gm—OC
cmz/sec
cmz/sec
kcal/mole
kcal/mole
cal/cm-min-OC

cal/mole

mole/cm-sec

atm

0
cal/mole-"K
mole/m3—sec

.o-1
min
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Tc
Tg
Tp

Ts

Wo

pellet center temperature
gasification temperature
preparation temperature

pellet surface temperature
sample weight

initial sample weight
fractional conversion

relative available surface area
total porosity

experimental constant

95



T-2734 96

Appendix B

Powder Gasification Data

Run #15 Run #17 o
T = 1024°C T = 1042°C
g o d o

Tp= 1024°C T = 1042°C

P = 0.81 atm P = 0.81 atm

co, co,

Sample weight Elapsed time Sample weight Elapsed time
(mg) (min) (mg) (min)
2.55 0 3.25 0
2.27 0.5 3.10 0.28
1.73 1.0 2.75 0.40
0.88 1.5 2.41 0.60
0.03 2.0 2.12 0.80
0 2.2 1.72 1.00

1.37 1.20

Run #16 1.03 1.40

Tg= 1003 C 0.67 1.60

Tp= 1003°C 0.34 1.80

P = 0.81 atm 0.0 2.00

co,

Sample weight Elapsed time Run #18 o o
(mg) (min) Tg = 933°C Tp=933C
5.78 0 P = 0.81 atm
5.43 0.40 €@

4.88 0.80 Sample weight Elapsed time
4.23 1.20 (mg) (min)
3.57 1.60 6.65 0
2.92 2.00 6.05 1.0
2.18 2.40 5.54 2.0
1.49 2.80 4.82 3.5
0.28 3.40 4.30 4.5
3.50 6.0
2.98 7.0
2.45 8.0
1.40 10.0
0.44 12.0
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Run #19 Run #21
T = 850°C T_ = 850°C T = 854°C T = 854°C
g P g p
P = 0.81 atm P = 0.81 atm
co, co,

Sample weight Elapsed time Sample weight Elapsed time
(mg) (min) (mg) (min)
3.41 0 4.09 0
3.19 1.0 3.87 2.0
2.98 2.0 3.73 4.0
2.80 3.0 3.59 6.0
2.64 4.0 3.47 8.0
2.56 4.5 3.35 10.0

Run #20 o o Rgn #22 o

T = 350"C T_ = 850°C T = 1114"C T_ = 1135°C

g P g P

P = (0.81 atm P = 0.81 atm

co, co,

Sample weight Elapsed time Sample weight Elapsed time
(mg) (min) (mg) (min)
3.93 0 3.46 0
3.78 1.0 3.02 0.10
3.61 2.0 2.52 0.20
3.47 3.0 2.28 0.24
3.36 4.0
3.25 5.0 gun #23 o
3.14 6.0 T = 935"C T_ = 1105°C
3.01 7.0 g p
2.91 8.0 P 0. = 0.81 atm
2.81 9.0 Y2
2.71 10.0 Sample weight Elapsed time
1.64 11.0 (mg) (min)

3.29 0

2.95 1.0
2.76 2.0
2.57 3.0
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Run #24
T =900C T
g p
PCo = atm
2
Sample weight
(mg)
14.9
13.5
12.0
10.6
9.4

Run #25

T = 1125 C T
g P

= 900 C

Elapsed time
(min)

= 1125 C

P = 0.81 atm

C02

Sample weight
(mg)
8.9

.4
.4
.8

[@Ne NV

Run #28 o
T = 850C T
g P

P = 0.81 atm
co2

Sample weight

(mg)
6.56
6.40
5.98
5.68

Elapsed time

(min)

HFHRPFOO
. . L]
wuUown

= 850°C

Elapsed time

(min)

W HO
[eNeNe]

P =

98

Run #41
618 mmHg

69 mole % CO

17.9 mole

T

g

(7C)
844
897
950

1007
1102

PA =

T

g

(°C)
880
943

1002
1115

initial rate
(min 7)
0.011
0.039
0.253
1.467

Run #53
615 mmHg

% CO

initial rate
. =1
(min )
0.056
0.077
0.142
0.431
4.490

Run #54
613 mmHg

31.54 mole

% CO

initial rate
. =1
(min )
0.066
0.082

0.201
2.387
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Run #55
PA = 611 mmHg
31.54 mole % CO
Tg initial rate
(°c) (min—l)
919 0.064
1013 0.291
1080 0.720
Run #56
PA = 611 mmHg
45.59 mole % CO
Tg initial rate
(°c) (min~ 1)
863 0.050
942 0.100
1019 0.217

1106 1.176

99
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Appendix C

Pellet Gasification Data

Pellet diameter

inch

1/2
1/2
1/2
1/2
1/2
3/8
1/2
3/8
3/8
3/8
3/8
3/4
3/4
1/2
1/2
1/2
1/2
1/2
1/2
1/2
1/2
1/2
1/2
1/2
1/2
1/2
1/2
1/2

Tg
°c

950
1040
850
810
993
1000
1130
950
1050
1130
850
1127
1000
853
928
993
1096
835
975
1097
1100
1000
900
900
900
900
900
900

CO2

mole/min

rate

-3
4.46.10_3

O e e e
o
o
=S
l_l
o

1.004.10
1.004.10

Fractional

conversion

initial
initial
initial
initial
initial
initial
initial
initial
initial
initial
initial
initial
initial
initial
0.96
0.93
0.87
initial
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initial
initial
initial
initial
0.96
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initial
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Appendix D
CO2 Adsorption Data

Run #4 A o Run #48 B

Tp = 900 C Tg = 900°C

Char weight 497.5 mg Char weight 491.5 mg

Fractional conversion-initial Fractional conversion-initial

PA = 618.3 mmHg PA = 618.3 mmHg

Adsorption temperature 220C Adsorption temperature 24OOC
Time Weight CO2 Time Weight C02
(min) (mg) (min) (mg)
0.125 3.10 0.0625 0.45
0.50 18.6 0.125 0.75
1.00 22.7 0.250 1.10
1.50 25.1 0.375 1.15
2.00 27.0 0.500 1.20
2.50 28.3 0.625 1.25
3.00 29.4 0.875 1.39
3.50 30.15 1.00 1.41
4.00 30.80 1.35 1.44
4.50 31.30 1.60 1.46
5.00 31.70 1.85 1.48
5.50 32.00 2.10 1.50
6.00 32.30 2.60 1.53
7.00 32.75 3.10 1.56
9.25 33.30 3.60 1.58
9.75 33.35 4.10 1.60

Final weight 33.35 mg 4,85 1.62

5.60 1.64

final weight 1.75 mg
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Run #48 C Run #48 D
Char weight 490.22 mg Char weight 464.4 mg
Fractional conversion initial Fractional conversion 0.04

P, = 618.3 mmHg o P, = 618.3 mmHg o
Adsorption temperature 396 C Adsorption temperature 221°C

Time Weight C02 Time Weight CO2

(min) (mg) (min) (mg)

0.0625 0.40 0.125 1.14

0.125 0.58 0.250 1.76

0.250 0.72 0.375 1.94

0.375 0.78 0.500 2.06

0.500 0.88 0.625 2.17

0.625 0.99 0.750 2.26

0.750 1.04 0.875 2.32

0.875 1.09 1.000 2.39

1.000 1.12 1.125 2.44

1.125 1.16 1.325 2.51

1.500 1.21 1.825 2.66

1.750 1.25 2.325 2.80

2.250 1.28 3.325 2.98

3.250 1.31 4,375 3.11

4.250 1.35 5.325 3.22

5.250 1.36 6.325 3.29

Final weight 1.38 mg Final weight 3.32 mg
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Run #49O A Run #49 B
Tg = 1000°C Char weight 488.0 mg
Char weight 490.5 mg Fractional conversion - initial
Fractional conversion-initial P, = 618.3 mmHg

P = 618.3 mmHg A o

A Adsorption temperature 207 °C

Adsorption temperature 79°¢C

Time Weight co, Time Weight C02

(min) (mg) (min) (mg)

0.10 3.20 0.10 0.81

0.20 7.20 0.20 1.35

0.30 8.85 0.30 1.54

0.40 9.65 0.40 1.63

0.50 10.15 0.56 1.71

0.72 10.85 0.76 1.75

0.92 11.25 0.96 1.78

1.32 11.85 1.16 1.81

1.72 12.20 1.36 1.83

2.72 12.60 1.56 1.84

3.72 12.90 2.06 1.87

5.72 13.15 2.56 1.89

6.72 13.25 3.06 1.91

7.72 13.35 Final weight 1.91 mg

8.72 13.45

Final weight 13.45 mg
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Run #49 C Run #49 D
Char weight 353.2 mg Char Weight 348.80 mg
Fractional conversion 0.30 Fractional conversion 0.30
PA = 618.3 mmHg PA = 618.3 mmHg
Adsorption temperature 19°¢ Adsorption temperature 150°¢
Time Weight C02 Time Weight CO2
(min) (mg) (min) (mg)
0.10 2.30 0.10 1.40
0.30 14.40 0.20 2.45
0.40 16.40 0.30 2.80
0.50 17.40 0.36 3.00
0.60 18.60 0.61 3.20
0.80 20.30 0.86 3.35
0.98 21.45 1.11 3.50
1.48 23.75 Final weight 3.50 mg
1.98 25.20
2.98 26.85
3.48 27.30
3.98 27.60
4.98 28.00
5.98 28.25
6.98 28.35
7.98 28.45

Final weight 28.45 mg
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Run #48 E

Char weight 465.04 mg
Fractional conversion 0.04

P, = 618.3 mmHg

A

Adsorption temperature 425°C

Time

(min)
0.125
0.250
0.375
0.500
0.625
0.750
0.875
1.000
1.125
1.225
1.475
1.725
1.975
2.225
2.475
2.725
2.975
3.475
3.975
4.475
Final weight

Run #48 F

Char weight 360.65 mg

P, = 618.3 mmHg

A

Weight CO2 Time
(mg) (min)
0.380 0.10
0.560 0.20
0.615 0.30
0.690 0.40
0.745 0.44
0.800 0.64
0.840 0.84
0.865 1.04
0.890 1.24
0.920 1.44
0.950 1.64
0.980 2.14
1.010 3.14
1.020 4.14
1.035 5.14
1.050 6.64
1.090 8.14
1.105 12.14
1.115 Final weight
1.130
1.13 mg

Weight CO

(ng)
2.95
9.95
14.85
16.55
17.10
19.05
20.55
21.75
22.75
23.65
24.45
25.75
27 .40
28.25
28.70
29.05
29.20
29.35
29.35 mg

Fractional conversion 0.29

2

105

Adsorption temperature 18°c
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Run #48 G Run #48 I
Char weight 356.43 mg Char weight 256.2 mg
Fractional conversion 0.29 Fractional conversion 0.50
PA = 618.3 mmHg PA = 618.3 mmHg
Adsorption temperature 157°¢C Adsorption temperature 18°¢
Time Weight CO2 Time Weight CO2
(min) (mg) (min) (mg)
0.10 1.24 0.10 3.50
0.20 2.19 0.20 9.60
0.30 2.62 0.30 11.70
0.40 2.83 0.40 12.95
0.50 2.96 0.50 13.90
0.60 3.02 0.60 14.80
0.70 3.07 0.80 16.10
0.76 3.11 1.00 17.10
0.96 3.17 1.20 18.00
1.16 3.22 1.40 18.80
1.36 3.27 1.60 18.95
1.56 3.28 2.10 20.50
Final weight 3.28 mg 2.60 21.20
3.60 22.05
4.60 22.45
Run #48 H 5.60 22.65
Char weight 355.09 mg 7.60 22.85
Fractional conversion 0.29 10.60 22.90
PA‘= 618.3 mmHg Final weight 22.90 mg
Adsorption temperature 406°C
Time Weight CO2
(min) (mg)
0.10 0.19
0.20 0.30
0.30 0.35
0.40 0.37
0.50 0.40
0.60 0.43
0.80 0.47
1.00 0.48
Final Weight 0.48 mg
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Run #48 J
Char weight 253.20 mg
Fractional conversion 0.50

PA = 618.3 mmHg
Adsorption temperature 160°C

Time Weight CO2
(min) (mg)
0.10 0.65
0.20 1.48
0.30 1.83
0.40 2.02
0.50 2.10
0.58 2.16
0.78 - 2.23
1.18 2.32
1.58 2.37
2.58 2.41
3.58 2.45
4.58 2.48
5.58 2.50
7.08 2.61
8.08 2.68

Final weight 2.68 mg

Run #48 K

Char weight 252.34 mg

Fractional conversion 0.50

2

107

PA = 618.3 mmHg
Adsorption temperature 4020C

Time Weight CO
(min) (mg)
0.10 0.18
0.20 0.24
0.30 0.26
0.40 0.27
0.50 0.29
1.00 0.30
1.50 0.34
2.00 0.36
Final weight 0.36 mg
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+G.3032
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+0.0041
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Wood Char 45

PRESSURE PGRE INTRUSION PORE MEAN
PSIA DIAMETER VgLuME SUrRFACE DIAMETER DV
MICRO-M CC/G 5G-1/G MICRG-#
+751.3 +0.2402 +1.4133 +48.35577 +0.2102 -G.00672
+502.2 +0.3E08 +1.407¢ +4S5.4580 +0.3GCS -0.0C74
+201.2 +0,. 8865 +1.3888 +45,3882 +0.8288 -2.0110
+100. +1.8G23 +1.3502 +45.3684 +1.3486 -..0087

1
+75.1 +2.4038 +1.3302 +45.38584 +2.1031 +G.00600
+350.0 +3.6074 +1.C538€ +43, 3668 +32.0CS8 -0.000%
+25.1 +7.1E81 +1.3885 +45,3588 +5.3883 +0.00¢0
+15.0 +12.03c3 +..,3858 +45.3588 +9.68136 +2.0000
+10.1 +17.8843 +1.38¢8 +45.36E3 +14.8517 +7.0000
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Wood Char 46
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+125.3776
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+27.2328
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+0.008%
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+0.0C58
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+0.0C38
+0.0035
+0.003C
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+0.0041
+(.0082
+0.0073
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+0.,0780
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Wood Char 46

PRESSURE PORE INTRUSION PORE MEAN
PSIA DIAMETER VOLUME SURFACE DIAMETER Dy
MICRO-M CC/G S5G-M/G MICRO-M

+752.1 +0.2400 +1.4544 +34.2853 +0.2102 -0.0080

+455.1 +0.3815 +1.4817 +34.2288 +0.3008 -0.0027

+Z218.8 +0.82473 +1.4805 +34.2218 +0.5822 -G.0012
+€58.1 +1.821: +1.4847 +34.2043 +1.3230 -3.0058
+74.,0 +2.43387 +1.4648 +34.2041 +2.13C4 -0.000:
+4B8.5 +3.88886 +1.4808 +34.1883 +3.0841 -0.003Z8
+23.8 +7.53552 +1.4808 +34.1882 +5.8238 -0.0001
+13.8 +12.8725 +1.4808 +34.1882 +10.2838 -0.£001

+8.8 +20.2010 +1.4750 +34.1888 +15.35E587 -0.00:8
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Wood Char 47
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+125.6880
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+1.5€38
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+0.3642
+0.2414
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+0.00867
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+0.060453
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+0.0036
+0.0033
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+0.58290
+0.5820
+0.38629
+0.38Z20
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+0.5820
+0.5682¢
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+0.54586
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+0.0000
+0.0027
+0.0088
+0.0157
+0.0808
+0.1014
+0.2B54
+0.4234
+0.4377
+0.4828
+(0.4683
+0.4853
+0.4935
+0.4€S5
+0.4585
+0.,4555
+0.4955
+0.,45853
+0.4885
+0.4885
+0.4955
+0.4885
+0.488%
+0.4885
+0.4855
+(.488

+0.4883
+0.48385
+0.4855
+(0.45585

+0.4885
-13.3635
-19.3835
-18.3635
-15.3633
-19.3835
-18.363°
-18.3635
-15.3633
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+125.6886¢
+53.0386
+48.4551
+27.3EQE
+12.688¢€3
+3.5428
+2.8553
+1.3026
+0.5483
+0.3028
+0.211¢4
+0.1380
+0.0835
+0.033
+0.0211
+0.01i8c
+0.014Q
+0.C:21
+0.0:107
+0.0083
+0.00E3
+0.00E4¢
+0.0081
+0.6077
+6.0074
+0.007¢
+0.,00E8
+0.0086
+0.0054
+0.0C81
+0.0035
+0.00%7
+0.0638
+0.0C54
+0.0052
+0,0048
+0.0043
+0.0038
+0.003
+0.0032
+0.0033
+0.0041
+0.0053
+0.0075
+0.013
+0.0270
+0.0780
+0.1303
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+0.0000
+(,0613
+0.0503
+0.GES2Z
+C,..287
+0.0588
+0.122%2
+0.0501
+0.,0C20
+0.001S
+0.0063
+0.0010
+0.0200¢
+0.050C0
+0.00G00
+0.0C0C
+7. 2000
+0.0200
+0.000 2
+0.00C
+0.0030
+0.0C00
+0.Co50
+0.0000
+0.00G0
+0.0000
+0.0000
+0.¢000
+0.0000
+0.0000
+C.0CC0C
+0.000C
+0.CC00
+C. 0000
+0.00C0
+0.002
+C. 0000
+0.00G0
+0.0000
+0.0000
-0.0164
+0.0000
+0.00060
+{.0000
+.,0000
+0.0060
+0.0000
+0.C000
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Wood Char 47

PRESSURE PORE INTRUSION PORE MEAN
PSIA DIAMETER VOLUME SURFACE DIAMETER DV
MICRO-M CC/G 5G-M/G MICRO-M

+748.5 +0.2411 +0.5456 -18.3635 +0.2108 +0.0009
+485.4 +0.2614 +0.35456 -19.3835 +0.3012 +0.0200
+247.8 +0.7289 +0.5458 -18.3635 +0.5451 +0.0000
+85.1 +1.8218 +0.35456 ~18.3835 +1.2754 +0.0000
+74.0 +2.4386 +0.54586 -19.3835 +2.1302 +0.0090
+43.0 +2.6813 +0.5453 -19.3639 +3.06800 +3.0000
+24.1 +7.5049 +0.5458 -18.383% +5.5828 +3.00090
+14.2 +12.7443 +0.5:586 -18.3635 +10.1241 +0.0000

+8.2 +12.8530 +0.5456 -18.3635 +16.19€6 +0.0000
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Wood Char 48

PORE

’
4

TON
e

NTRUS

4

PCRE
DIAMETER

L1

)
o
¥V

.

DIAMZTEZR

S3-M/5 G-M

CC/G

3400

25,

+1

™
el

Lot

+0.,0073
+0.3444

+128.3410
+50.3834

4

m

+85.3
+48
+27
+15

+0.0147

<t
(48]

+03,

L3ETD

407

+9

iy
m

wm
)
]

[4s)

2755
404

-~
LS

+0.,0857
+0.1232
+0,(378
+0.1580

[ia]
uJ
a2

(0]
w

v-4

m

m
ay

1

e

+1.1135

cd

Ll

ol

-

+0.0661
+0.9837

+0.0¢

haal
[Lg}

o
v

8

N
-

+S8.07°

584

vt

e8]

)

¢

m

At

™
n

ir

[
|89 ]
+

+0.03505

+6.0727

an
2222

+40)

4

™)
[63]

-

s

g
8]

<t

(s

6]
-1

-t
(o]
~

m

[[g]
o)
o+

~1

r~
'3
—.

48]
Tg]

A

(g
o
Iy

v

(]
m
L) ]
't

1325
. s e

+0

o Xole)
et

+0.7

T3¢ am

@
PR T
LE R N
Iy <
e
+
™3 m
3 -
L) w3
e o
+ +
<
o
«} vt
ny m
—
+
um +~
vy
[SF BT
i m
1 T
o
~4 <
r~ r~
2 D
EEE IRy
ok

ot

ry

m
.

-1
...

m
I8
(o]

D

m
-1
W
wm

v4

(> d
)
[
"

-4

W

e
1)

+

(€3]
uy
1)

Bl

[a¥]
-
<>

[§3]
1

try
ir
e

<

[3¥]

4

Iry
~3

P

Iry

£

(85}

+

T I o
1y -4
w4 -
& D

O

-
CeaOo7/

-

U
19

~-4

z772

o C
+

B

w
<o
0 <t
e an 1

o)y

) >4

« uy

o+

in <

mn
—

o

™y

~

18]

(3]

~a
(o]
€}

vy

-
+

(1]
31
17

v

+0.2813
+{

(o8]
[S4]
m

(83
'

9]

[F)]

N
"

U]

2433
44

.2

m
I'g]
L]

[y}

[s]

e~
>

)
i S 2

-
+4,

>

iy
[£2]

+

-

.21

)

i

e

-~

+0.

3
(€]

o

T3
4
-

4]
.4
n

R

Q

w
I

bRl

(8p]

Up]

~—

[ss 303

v

D087

i

[
18}
48]
™

™

“
T
o

~

(o]

~3
[¢D]

-4
+

0l

-~
-

0,

(&)

m
(88 ]

Rl

-

m
-4
(2]
[A2]

-
+

> O D
m D D
e D D
fe e Rel
TN
+ + +
1IN+~ )
DR I N )
cy DU
4 o D
S oo
+ + +
Renlies B ge ]
3 & «f
[ O I
Ky M
MMM
+ + 4
<t o8
w] ¥ wF
[ BERE IR o
PR S
-J ¢4 €
+ + -+
ISEOER
M) <> O
4 TN)
]
P
+ o+t
O & (N
4 J‘w Au“
oy 1ty
I T~ ti
~4 v et
+ + 4+

-4
n
(48]

(&3]
w0
+

4

in

Ay

(88 ]

-

(39 )

3
o

4
+

-~
-

+3.008

4463

]
TLea

D

-4

-
149
(8]
1

+0.0C30
+0.0C48

+0.03582
+0.0287

8

.
-

+0.05

1y
w

~~

ot
U'g]

4

.
o
“+

+0.04535

-
[§)]
mn
Ul

(D < ¢
iy 4 v
D0 D
DD O
« = e
[l e
+ + +
m g O
<y m
< 7
DD D
D e D
+ + +
— O N
m D
o~ M
)« M
mmrp
+ + +
D <t «f
O et 0
Mg
v w4 v
(a2 Mo I Q¥
+ o+ ¢
14 m
m o N
M ) ¢4
D DD
O D
+ + F
AN 1)
< mw
w r- s
)y M
= 1N m
+ ok

+0.0046
+0.0043
+0.0043

+0.0243

ot

(8]
)

™~

s
i

87

4

]
Tl

227

+0 .

50,4

L -

201

+Q.0

€2}

rn
try
(92

- (D

-

.

m

-4

4

m
iry
r~
-

T
+

—t

a3

(&0

P
[ig]
)
n

+‘

w <
<o
1O
o QO
o0
+ +
4 (N
n <
1 v
D 0>
oD
+ +
n ~~
~
m
by 1~
LS S o
4 et
+ -+
[[pnes/
-t
Uy o0
+4 0]
(83 BN e]
+ o+
4 O
[V ¢)]
— O
SO
. .
o O
PUNNE
~ M
)
e
)y i
LN SN
e )
KO-

2
-

+0,006

+0.0081

)
i8]

[43]

-4

72

~

+0.01

77
+0.6113
+0.01
+0.

DN
]

)

+.

D
fo)

Dan)

™)
e

i

(9]
1

g3

B
-

+72

()

wy
<

o

(80

v
(n
"y
1)
(a9
+

w

™3

-

Irs

)
7Rl
©)
4-

0

.
-

+0.0061

o]
<4

[
(%2}

4

(]
i

>

)
)

>

2020

\
v



T-2734

Wood Char 48

FRISIURE
2SIA
+3(G°33.2
+4i0L04,1
+30.04.8
+20163,3
+1043,3
+S0L4.7
+2211.2
+1303.2
+13003.D
-236.8
-2438.8
+3S.3
+74.3
+55.8
+24.7

_'
]
ous
~}

PORE
DIAMETER
MICRO-M

+0.00Z28
+0.0045
+0.5080
+0.,30080
0.0180
+0.0338
+3.G718
+0.1183
+0.1800
+0.23503
+0.722<
+1.3136
+2.413
+2.8204
+7.2288

ta mgan
tid.Lodo

+.8.3823

INTRUSION
VGLUME

€C/G

33
S

+ +
NN
SIS I (N |

+
N
Gy L) LY
w w w

+2.2533
+2.2538
+2.2539

+7 27
+2.2337

+2.2178

hlh h

+2.-077
-. 5848
+2.175'
.1853
+2.18*9

+2.:3%

+2.15973

R ey
TLeal3

y]
(¢

.|

]

)

+2.133

m

0
R

£

.:i D

mm
~

P
U c
3-M/G
+81,5483
+81.3485
+61.3485
+51.5483
+81.5635
+51.54835
+60.2711
+38.4744
+39.18E§
+38.8571
+3%,7330
+38.7784
+38.7708
+38.7333
+38.7323
+33.7605
+33.,7805

MEAN
DIAMETER
MICRC-M

+0.0033
+0.0041
+0.€052
+0.0C75
L5133
+O.,:SS
+0, 153E
+0.0338
+0.1458
+0.270:
+.,0414
-1.2580
+2,1183
+3.0187
+3,4558
+8.7548
+13.4324

120

oV

+0,0000
+0.0000
+0.0000
+5,0000
+0,C000
+0.,06000
-0.,0172
-0.0181
-2.01:93

-0.,0274

oo

-0.0638
-5,008z
-0, 0040
-3.0040
-0.0040
-0.003¢E
-0,2001



121

T-2734

Wood Char 49

(S
o

a.

=
(]
2]

o

e N

(R1d
b—

-

FCRe

it

2
r
ey
1
o
.

t

"

MIC3C-M

~m e
Lo/ <

L0018
+0.3920

(8]

+

wy
o

(o]
o
]

508
+0.2255

+0.

[As]
v
o>
P

o

+32.5583¢

[§3]
™
o)
({p]

o

-
To s

L2078

i

0

[
)
o

<y

m
(53 )

>y

14}
>
<
4

.-:38

- Y

I
-
m

Ll

+13.1330

m
o
e

e

2707

4+
B

Q =t
vy ry
Uy
>
oo
+ -t
a 4
AN
I (]
Iry --1
" .
< @
4 4
+
™ =
DI oy |
™ N
RXE
o0
+ +
n o
<~
m
[SP RS ]
-4 T4
+ o+
(o w
[OONN 1) ]
~ (1
[SC N & ]
ay r~
+ o+
oy N
Y 3
1
4+ +

+1.3270

+1.3489
+1.,3750

oy

Irs
r-J
—

[AD]

o)
)

w

cd

I
-
a1

m

g}

<

Nt
m
8

vt

~-e

+0.

SRS
LIRSV Rw)

+3

L)

iry

™M
|

+4,4587

tr

ry
w)

~y
(13

o>

v

P

(4]

89}
o]

ot

m
[I3]

c)

~
-

[43]
a

wm

-

mn
m

4t

irs
w
Ira

Iy

(oY)

-4

-}
o2

(883

7

—_—r
DAL

+1

~
(g
-
m
[
+

(9)]

a4

v

[{g]

at

L oy - -~
-t d

ty
Iry

“

e

m

m

Al
m

~,

o

Yy
iy

4
w)
m
v

<

wt

-4

[[3]

()

as)
]

"~

L2304

+0.4

+

a-

18]
w)
[a8]
)

—

m
(]
+

-
s

n
m
<
il

(D]

[t}

o
«t
|48 ]
«“)

(9

4

™

r~-
s

(2]

-4

+

2. 3045

+Q

fo-

59}

)

ry
t

r~
wm
[t
a4

(3]
4

m

89
23]

ry

S
193}
o

o

«l
m
I~

-}

13

IS
TV o

~e
[A]
17y
)

1

Nl

r~
Ig]
+

rJ

~t
(o]
iy
iy

e

w w
M)
[ I ]
e
> \,u“ }.
+
nm ~ r~
) D e
) <t ¢4
4 o
o oo
+ o+ 4+
m ¢ 1N
iy iU
i G (M
mr~m
(S RN a¥ IR oV |
+ 4+
(YIRS ANNS ¢
Y -4
Iry (N 10
wy o
el x4 vt
4 o+
w
-1
ry
v 4
L95]
+
N
e in
53 Gy m
ARCER A BN 1)
RER S B |
+ + +

{Lp]

el

o

™

17y
AER}
r~
(i3]

vt

vt

+0.0¢0¢

m

™~
m

EEE)

CRR

=30

- M

(g8}
[53)
AR}

Vi

]
v

1'\)‘

m
)
m
m

«)

(23]
(o]
r~
[¢3]

(o}

o
[f¢]
Lo

r~
>

vt

(68 ]

ry

[83]
n

03]

m
13

N

m

m
1~
ot

K

~ m
w .
(S
D>
- .
o
.*. .‘
r~ 1o
n
oy <t
DD
Lo e
4 ¥
-~ N
3 m
oy
)] (0
3 <
(B
0 =4
EER I U
o) tir
uy ur
-t v
.T ,*
Iry ~ 4
Iry
)
e O
DY e
t
wm m
1 !
T rit
oy w
©y -2
LR B

cl
try
«“)

v

[lg]

4
fi)
o
)

rl

14D
(43}
tr

o
VL

i

+2,

(D]

[a2]
w}

1y

-
v
o)

&)

)

[
(€3]
w

J-

.“.
(o]
<
(]
4-

n

™
48]
Lo
(¢

b

29013

=044

A
fel

+9,

m

™
w

[1s]

- -
-

N

G

o A

+0.

[R8]
1]
m
"

vt
w
-4
D

+0,0181

Ity
I
)
i)

.CliB

P

+0
+i

~
™M
)
oy

[6)]
3

-4
(o2 ]
v

[}
)
ul

ER)

29

A )
LI ‘4’&

0.46033

q

Rl

g

fos!
e

+0.00

m

0,0072

-

0.021

+

48]

‘>
-~

Lo

)

)
m

L89)

-

AR
VoL

+7
+
+

o~

=%.2C00

2235
357

<
Lo
~

"
")
)
m

+0,0041
+0.0

-

)

)
(83
[
13

IS

-..:

-4

o

~ -
<
Wt

7833

-
Y

+3

B

030

J

v 3

-



122

T-2734
Wood Char 49

O DD DM Wr-r-Mmmr~
O DO DD m m 3
QDO DD D o< =)
OOy T Oy D 3% >
> « = & e = = = . -
[=] YD DD DD o >
[ S RS EE Y I | 1
(L CI x4 03I O MDA M W IN 1M
(LU Cl et (O IS ™MD O v 0P (00 «4 (s ot
Z - O DD O D AN MINnS g O D W)WM
U Al (7 Cr eI LY 0 Y Y T A0 et DAY () w4 - 4 (D) s-1 )
W X 3 =« = = w & & 5 ® = ®» e & & = s o =»
X <L v OO DO D DD DO TN D
>t XD B T i M SR SN U S ST SO St R
[en] + o+
i MeYrye)y ¢ey3e O M IS v v DS G
(95 By da ] CICT I )M C) v v WM )OI~
L) T~ MM@mmWmmo MM Moo 0 mumag
L L N VR | aaT i A R A A LT I TN B> S A0 BG5S &5 B A BN 42 BN &3 |
(00 IR <N | - . - - Ll - - - " .- - - - - - - -
[ R BN £} ISP IS ISP IS Mmmumpe | mn
0 m (S op B 00 B o0 N 00 B 0 N €2 B G5 N o TN A0 TN &5 B 05 I ns 28 60 BN & I & BN 44
+ 4+ F + 4+ A
z
(68} NN IDNDW WIS O OMmImeag P~
-l DD Oy QD -t G D) S )t )
mn > (Ip TSN (o N Le BN IO Vo L b B o BN OF BRRERESSHE o B 4o BEGA NN 65 BNUD |
b BRU BN O DT O DD D D D O Uy )
[ I o | - - 3 - - - L] - » - - - - - - - -
(LS S | Lo o B o B o I o BN VIR oV BN & I oV I o3 K o BN oV I oV I o¥ 8 o IR ]
D R I AN I S S S S S S S R S SN ST B 3
e

[L 8 MMM O DD MOMINME N D D)
w ) < (DG WY =05 D = O U)Wy 'y ot
g -3 O G D 1 Y e DD M WUl m
r W n O o D DO et (MY TG P O )
O xXxw « s & 2 m & &« A = w ®w a ®w w w = =
o <L =~ OO D QDO DD DD s )Y (M
— ¥ B A I R (R R SR R T S R S I DR o |
D ’ .x
" MWt ) -4 00 M v (000 I 0 (m
mn - - - " . - - - - - - - - » - " -
L) T A S I 5 LA B S Y B A0 BN~ i ¢ 5 I 5 N i COVIRN G I s o I o B
0y v A~ RS ee BN SRS B O LTI PN 4 5 B € JCS SN B I N> N B RSV B
1 m Lo R St o I LI L6 T WD IS B o I ST R S N |
h)on SN B e TR B4V (SN £F SERY JES! NN SR 8
(45 LS ILE B 0 B Y IR ST NN SR 2 8



T-2734 123

APPENDIX F

Effective Diffusivity Calculation

The following is the derivation of the solution (equation 46)
to equation 45 which is used to determine effective diffusiv-
ity from experimental data. The solution is arrived at by
analogy to the heat transfer problem for a sphere where it
is desired to know what fraction of the energy transferred

at time equals infinity has been transferred at a given time

t.
1 3 r3c = iC 45
r odr or ot
@ r=0 3C = 0
9r
@ r =R C = Co

Analogous heat transfer problem is:

1 3 3T = BT

r Odr 3r ot

@ r=0 3T = 0
ar

The solution to the heat transfer problem is:

n+l e—BzFo sin Br*
Br*

O = T-Too = 2931 (-1)
To-Too n=



T-2734

B=nr r*=r/R Fo = at

Cumulative heat absorbed up to time t is:

t

Q(t) = J_ - kaT dF
° or Ir=R ©

Expressed in terms of 0, the cumulative heat becomes:

0(t) = -k(To-Too) o 1°° 30
2 o * [
R oxr r*=1

dFo

The fraction of the heat absorbed at time t is:

oe) = JsF° 30

°© 5?*’ r*=1 dFo

fO @ l r*=1 dFo
or*

Surface flux in terms of 0O is:

w CR2pce
20 | = 2% . (-1)M*L o"BTFS™ cogp-sing
or* 'r*=1 n= B
which reduces to
2
30 = 2§ e BFo
Tex =1 fi=1

Cumulative heat transferred at time t is now:

Q) =51 2 _-8%Fo -1

124
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and cumulative heat transfer at time « is:

Q (v) = §_, =2
n=1 -
52
2
ot) = . 2 e PTFo
Q () B 2
B
w =2
§=1 B
¥ 2 gl
Q(t) = n=l % e °©
Q () 1.64493

This final equation is used to calculate the effective dif-

fusivity where

To calculate the effective diffusivity, a point is picked
off the plot cumulative fraction CO2 absorbed versus time
(Figure 25) and then the dimensionless time (Fo) is found

that corresponds to the fractional mass accumulation.

Knowing t and R, the effective diffusivity can be calculated.



