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ABSTRACT
Powdered Ponderosa pine char was gasified with CO^ in 

the temperature range 800°C to 1130°C. 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 CO^ 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 ̂ "̂  . 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/lb 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 
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, H^, CO^, hydrocarbons, condensibles and a 
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 ̂ ̂ ̂
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The reactions occurring are :

Zone A - Drying at 100-200°C
Wet wood + Heat dry wood + steam

Zone B - Pyrolysis at 200-500°C
Dry wood + Heat Char + CO + CO^ + H^

+ hydrocarbons 
+ condensibles

Zone C - Oxidation of Char at 1100-1500°C
*Char + 02 + H^O -> CO + H^O + 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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FTGURE 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 
endothermie 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-CC>2 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^^ . 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 CO^ and steam via reactions 2 and 3. These two 
reactions are highly endothermie. 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 + o 2 ^ co2

2. C + CO ^ 2CO

3. C + H O  t CO + H2

4. C + 2H Î CH4

5. H2 + %02 . H20

6. CO + H O  ^ C02 + H2

7. CO + %0 ^ CO.

' ^ + {225} c

9. CH + H20 t CO + 3 H2
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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 recycle, 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 ̂  ̂ . 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 0^ 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

Composition C 52.5 wt
H 6.16
0 41.24
N 0.10

High Heating Value (HHV) -22.21 kJ/kg

Low Heating Value (LHV) -20.90 kJ/kg

Heat of Formation - 3.74 kJ/kg

Formula

C, basis b C6 H8.39 °3.54 N0.1
basis C H1.4 °0.59 N0.017

Free Wood

(-9550 BTU/lb) 

(-8987 BTU/lb) 

(-1609 BTU/lb)

(FW = 137.27) 

(FW = 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 
hydrogen and solid carbon, followed by H^O, CO^ r CO and a 
trace of CH^. 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 and CO. Further addition of air results 
in consumption of 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 CH^. Further decreases in LHV are due 
to the consumption of CO and H^ as the equivalence ratio is 
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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FIGURE 3
Air Gasification of Dry Wood 1 atm
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Figure 4
Adiabatic Air Gasification of Dry Wood @ 1 atm
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Figure 5
Adiabatic Air Gasification of Wood 
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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 dry 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
thermie 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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FIGURE 6
Oxygen Gasification of Dry Wood at 1 atm
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FIGURE 8
Oxygen Gasification of Wet (80%) Wood at 1 atm
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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 
LEV 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 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-CC>2 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 = ______kl A______  11
+ k^ A + k^ B

for a reaction of the type

c (s) + X A (g) " B (g) 12

where k^, k^, k^ and k^ represent the rates of the various 
steps in adsorption, desorption and reaction involved in 
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^ 
reaction. The one proposed by Menster and E r g u n ^  is as 
follows :

Cf + C02 (g)î' C(0) + C0 (g) 13
k5

C (°) S6 C0 (g) 14

The rate expression for this mechanism is:

- Rate = dX/dt = kc ̂ 2  15
1-X 1 + k , CO. + k _ COcl 2 c2I

kc = k5 kcl = ^  kc2 = ^
6 6

Carbon monoxide will have an inhibiting effect on the char- 
CO^ reaction as reaction 14 is irreversible. Moreover, the
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order of the reaction with respect to the CO^ concentra­
tion will tend toward unity at low partial pressure and to 
zero at high partial pressures of CC^. At sufficiently 
high total pressure, equation 15 will reduce to the follow­
ing expression :

Reaction 13 represents an oxygen exchange reaction in which 
a carbon dioxide molecule dissociates at an active site, ,

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 
postulated to be reversible

-Rate k *c
1 + k * PC0/PC02

C(0) J6 
k

CO (g) 17
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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:

- rate = k5ntPco2 1~ (k5 k6 //k5k6) (Pco //Pco2) 18
1 + (k6 /kg)+ (k5 /kg) pco+(ks/k6)Pco2

where n 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 = k5nt

kcl= 'ii + ^  
k6 k5

kc2= k5A 6
To satisfy thermodynamic equilibrium requirements, the term 
(k^gk^g/kgkg) in equation 18 should be equal to the equi­
librium constant, kg,g, for the overall reaction given by 
reaction 11. Generally though, gasification reactions are 
far from equilibrium and the simpler form of equation 16 
is applicable.

A number of other mechanisms for the char-GG^ reaction
( 9 )have been proposed. Goldberg and Yavorskii have investi-
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ated two different mechanisms for the inhibition of the 
char-COg reaction by CO. The first, mechanism A, is de­
scribed by the following sequence of reactions :

C + COg + C (0) + CO 19
C + CO + C(CO) 20

Mechanism B is represented by:
C + C02 + (CO) + CO 21

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-conversâtion
data. The general empirical e x p r e s s i o n f o r  a volumetric
reaction without mass transfer limitations may be expressed
in the following form:

dX = k . a (X,T) . An . sm-1 . (1-X)™ 23dt v v

where X is the conversion of carbon in the char-gas reaction, 
is the volumetric reation rate constant having a dimen­

sion of (m+n 1) /molem+n . 6 and a (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 atmosphere and 850°C to 1080°C butta et al 
expressed gasification rates with a correlation having the 
form:

- Rate = dX/dt = a k C 24
(1-X) v

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=l by
definition, the rate equation reduces to:

dX/dt = k 0 c------ v 2 5
(1-X) RT

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, 
Groenveld and van Swaaij utilized rate expression 26.

- Rate = k Cs <Cco2 + C^ ) 0 '7 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 Q and/or

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

( 17 )et al correlated their rate with a power-law rate
expression

dX = a kn Cn (1-X) 27
dt

where "a" represents the relative available pore surface 
area. Activation energies for different particle sizes 
are shown in Table 3.
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Graboski has shown that the kinetic behavior of
different carbons in steam and CO^ are similar and that the
steam reaction is 3 to 5 times faster. Therefore steam
kinetics are useful for the relative ranking of materials
of variable reactivity in . In a study of biomass gasi-

( 19 )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. Rensfelt1s 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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FIGURE 10 
Reaction Rate as a Function 
of CK 0 and/or (16)
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Table 3

Activation Energy of Carbon - CO^ Reaction (17

Temperature Activation Energy Type of carbon
Range °C E kcal/mole

850-1100
850-1100
850-1100

59.26
75
59.2

coal char 300 microns 
coal char 50 microns 
coal char 325 microns
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Table 4

Apparent Activation Energy and Frequency
( 19 )Factor for Steam Gasification

Carbon Source Activation Energy Frequency Factor
kcal/mole min

Solid waste 59.5 3.9 X

oI—Io1—1

Poplar wood 43.5 1.2 X

00o1—1

Straw 43.5 5.9 X 107
Bark 42.5 9.1 X

r-oi—
i

High moor peat 40.4 5.1 X 106
Coal 48.8 5.9 X 107

-Rate*

0.319
0.941
0.463
1.096
0.139
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, o=0.73 (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. 
J o h n s o n m o d e l s  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 solids 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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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 ( >1500°C) . 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^^ . Above 1000°C then, a knowledge of 
effective diffusivity could be useful when interpreting rate 
data. One approximation of effective diffusivity employed 
by Desai and Yang relates effective diffusivity to
Knudsen diffusivity by the relationship :

De = ^g e2 28
A

where e is the total porosity of the char and A is an 
experimentally determined tortuosity constant.
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Yang and L i u ^ ^  have measured diffusivities for 

CO./M? i-n 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 40Â diameter with 
a porosity of 4% and macropores at 2000Â 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 + V NA + V  29
dZ

D = NaaL e
CT1n 1 aXA2

1_aXAl

The flux N^, can be calculated as the product of ard the
flowrate of B, divided by the cross-sectional area of the 
sample. The effective diffusivities of CC^-^  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 d / r
r dr l 1+XA

dXA
dr

31

Rd D dX'A (2ttRLCt) 32e
1+X'AS d

r r=R

The subscripts, A and C pertain to the species CO^ and A^ 
respectively. The subscript s indicates molar concentration 
at the surface. Values of R^, , and 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 van Swaaij . For an unreacted char parti­
cle ( £ = 0.75) the effective diffusivity varies between 
0.14-0.2 D^. 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.

The Knudsen diffusivity is the controlling diffusivity 
in smaller pores. These studies show that for a variety of

De Dx (7.69e - 5.62) 33
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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 CC^-^  in Graphite (21)

*Temperature D CO-N- D N_-CO_ De 2 2 e 2 2 k
CO

°K CM2/sec 104 CH2/sec 104 ^Z/sec 104

291
380
480
593

7.75
10.47
12.66
15.61

6.57
8.74

11.69
14.29

99.8
114.0
128.0 
142.0

* 4o£ pores



T-2734 39

Table 6

Effective Diffusivity of CO^ in Ar 
Calculated from Overall Rate

Pellet diameter Bulk Gas Ra De
in. %C02 in Ar gm/min 2 , cm /sec

3/16 10 0.65.10"3 7.01.10"3
5/16 10 1.18.lO”3 7.50.10-3
7/16 10 1.71.10-3 7.28.10”3
5/16 20 1 .88.10_3 7.32. lO*"3
5/16 30 2.45.10"3 8 .00.10"3

Temperature 1143°C 
Pressure 1 atm
Sample cyclindrical graphite 1.5 inches long

- 2  2Knudsen diffusion D̂ . = 1.98.10 cm /sec
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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 pores 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 
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 equation 23 when the pore surface 
area term (a ) is unity. Concentration of the reactant gas 
in the pellet is given by:

D (x,t) d CA (x,t) + a d CA (x't) - R„ = 0 34
— ^2 x  d V -  A

and the concentration of carbon within the pellet is given 
by equation 35.

d Cs (x,t) = _R  ̂ 35
dt A

Effective diffusivity, D (x,t), is described as the product 
of initial diffusivity and some function of porosity. Poro­
sity is calculated using relationship 36.

e = l-(l-£0) Cg/Cs (0) 36

The term a in equation 34, is a geometric factor that equals 
0 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 for the rate equation. In Table
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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(21). This model assumes that re­
actions 2, 3, 4 and 6 (Table 1) take place. The mass balance 
for the species i within the particle at steady state is 
given by:

4
-V N . + Z aij rj = 0 37

1 j = l

The consumption of carbon is given by equation 38.

dp =-12 (r0 + r + r )  38dt 2 3 4

The terms r^ t r^, and r^ are the reaction rates for gasifica­
tion reactions 2, 3 and 4 respectively. At the surface of
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Table 7

Calculated and Experimental Residence 
Times for Overall Char Conversion (16)

Temperature
°K

Overall
Conversion

Residence
Experimental

Time (sec) 
Calculated

1028
1113
1118
1153
1173
1198
1223

10.9% 
3 .4% 

18.0% 
12.2% 
39.0% 
12.9% 
40.0%

21600
4500
20940
5400

20460
2700

13920

20170
3690

19340
5390

20620
2610

12460

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

d i m  C T \ = hA (T -T ) - AEN.h. 39
dt \ T 2  P P] b P

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 is 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 CO2 • 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, 8h 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 1200OC . 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 O.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

1 5 /1 6  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 
yield a density of ^ 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 
pyrolyzed in the pyrolysis unit at 800°C. The pyrolyzed 
pellet can then be used for gasification as is or ground 
to a -200 mesh powder for gasification.
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Powder Gasification
To measure the intrinsic kinetics of the char-GG^ 

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 atmosoheric 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 stopped by switching the reaction 
gas back to nitrogen.
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To study the effect of gas composition on the char-CC^ 
reaction, gas mixtures of varying CO-CC^ 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 
chromotography. 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 CO^ 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
(25)heated quartz tube swept by nitrogen. The maximum attain­

able temperature in the pyrolysis unit was 800°C. As char 
make is a function of pyrolysis temperature (Figure 16), 
further pyrolysis 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 9.
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Table 8

(25)Ponderosa Pine Feedstock Analysis

Proximate Analysis
Volatile matter 7 8.90 wt %
Fixed carbon 15.70
Ash 1.69
Moisture 3.71

Ultimate Analysis*
Carbon 50.17 wt %
Hydrogen 6.04
Oxygen 43.58
Nitrogen 0.16
Sulfur 0.05

Gross heating value* 8,647 BTU/lb

*moisture, ash free basis
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FIGURE 16
(25)Char Make

Pyrolysis Temperature °C
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Table 9

Proximate and Ultimate Analysis of
(25)Biomass Chars

Proximate Analysis*
Pyrolysis 

Temperature °C 
870 
935 
950 
970

Pellet 
diameter, in 

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

Volatile 
matter % 

8.73 
3.07
2.15 
9.11

Fixed 
Carbon 1 

91.27 
96.93 
97.85 
90.89

Ultimate Analysis*
Pyrolysis 

Temperature °C 
730 
925 
935 
950 
965

Pellet 
diameter in. 

3/8 
1/2 

15/16 
3/4 
3/8

Carbon 

wt % 
93.36 
96.00 
97.29 
95.44 
93.08

Hydrogen 
wt % 
2.53
1.15 
1.44 
1.27 
1.50

Oxygen 
wt % 
4.11 
2.70 
1.26 
3.29 
5.42

* moisture, ash free basis
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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 CG^. 
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 approximately 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 CO~
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 CO^ at atmospheric 
pressure over the temperature range of 850° to 1115°C. 
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 :

Wo dt

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

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 equilibrium 
of the form:

For a pure CO^ atmosphere as in Figure 17, the data may 
be correlated in terms of the principle activation energy k^. 
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

-r 1 dW = f (T) g (C) 40

X = Wo-W = f (T)g(C) 
Wo

41

-r 42
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S w a a i j f o r  the gasification of powdered wood char and 
the 59.3 kcal/mole activation energy for coal char deter­
mined by Dutta et al . It is interesting to note that 
the CC>2-char activation energy is very similar to the I^O
char activation energy of 51.2 kcal/mole determined by 

(27)Kosowski et al for jack pine char. Possibly indicating
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
ponential terms as shown in equation 43 ̂  ̂ .
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FIGURE 17
Fractional Conversion vs Residence Time
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FIGURE 18
■RATE/P vs Temperature 
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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 COu/CO Mixtures
Previous investigations have shown that the CG^-char 

reaction is not only temperature dependent, but is also 
dependent on the partial pressure of CO^ and CO in the 
reaction gas. To investigate this relationship, powdered 
char was gasified with four COu/CO mixtures. The composi­
tion of these gas mixtures ranged from 17.9 mole %C0 to 
6 9.0 mole %CO. In Figure 19, -rate/P^^ is plotted versus

the inverse temperature. Data points include gasification 
in a COp atmosphere and in different CO^/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 ^ 2^002 term -̂s 

equivalent to assuming that reaction 11 is irreversible. 
The resulting rate equation is then:

43
1 + k_P3 co

Substituting P and P for P ^  and inverting, equation
24 becomes:

r
1 44
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FIGURE 19
-1-Rate/Pco2 vs Temperature

PA = 0.81 atm

0.08-

0.06-

7.0 7.5 8.5 9.08.0
-1 o -1 4Temperature ( K x 10 )



T-2734 66

Figure 20 represents the relationship of reaction rate and 
Pco for various temperatures. To construct Figure 20, the 
rate data for the different CO./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 CO.*
From the slope and intercept of each isotherm, values of

and k_ could be calculated (equation 44). In 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 (k̂ ) was found to be 35.9 kcal/mole and the retarding
activation energy (k̂ ) is -41.0 kcal/mole. The frequency

5 -1 -1 -8factors for k^ and k^ are 7.57.10 min atm and 2.87.10
-1atm respectively. Using these rate constants. Figures 21 

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

The values for k^ and k^ were arrived at through the 
use of three different curve fits. In the first, the ex­
perimental rate data was fitted to an exponential equation 
using the least squares regression method. The coefficient 
of determination for each curve fit was 0.9 or greater.
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FIGURE 20 
Reaction Rate vs 1/Pco2
at Various Temperatures
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Table 10
Rate Constants for a Number of Temperatures

Temperature
°C

kl k3

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

= 7.57 x 10~* min  ̂ atm exp -7.13.10
T°k

= 2.87.10  ̂ atm exp 8.15.10^
T°k

-r = ^  Pc02
1 + k3 PC0
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FIGURE 21

-1Calculated Rate vs Temperature
at Different Pco2
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FIGURE 22 -1Calculated Rate vs Temperature
at Different P _ co2
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The greatest deviations occurred at high temperatures 
where the calculated rate was always less than the ex­
perimental value. Slopes and intercepts for the isotherms 
of Figure 20 were determined using a linear least squares 
regression method. At temperatures about 1000°C, the 
coefficient of determination was less than 0.5 indicating 
a poor fit. For temperatures less than 1000°C, the co­
efficient of determination is 0.9 or greater. The least 
squares regression of the Arrehenius equation for 
and kg had coefficients of determination equal to 1 .0 .

Gasification of Pellets
Ponderosa pine pellets with diameters of 3/8, 1/2 and 

3/4 inches were gasified in a stream of COg 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 chins 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 noi diffusion
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-1
FIGURE 23 

Rate vs Temperature 
for Different Pellet Diameters
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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. 
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 CO^ 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 and the ex­

perimental rates as a function of temperature for h 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.
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FIGURE 24
Ratio of Calculated Rate to Experimental

Rate vs Temperature for 
h" 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.
As there are neglible mass transfer limitations associated 
with the macropore structure, the change in the amount of 
CC>2 adsorbed with the passage of time is related to the 
diffusion of CO^ within the individual grains. Concentra­
tion of CC>2 within the individual grains is given by 
equation 45.

45

The change in accumulated CC^ mass is analogous to heat 
flow . The solution for transient heat flow can
be altered by analogy to give equation 46.
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Woo Wt = 1- n=l n 2 ( 1-exp ( ( - n T T) ̂ Fo) 46
W 1.64493oo

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

Figure 25 represents the weight fraction of CO^ adsorbed 
as a function of time at 221°C. The pellet had previously 
been gasified at 895°C in CO^• At 0.24 minute
(W -W.)/W = 0.50 and F equals 0.292. The problem ofoo t oo o  ̂ ^
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 CO^ diffusi­
vity for a number of char samples at different temperatures. 
Also included is the calculated Knudsen dif fusivity. The 
pore size selected for the Knudsen diffusivity is 50 R.
The experimental diffusivities do not exhibit a temperature 
dependence similar to the T 2 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 CO^ in Char

Gasification Mass CO. D D,
2 e k

2 2temperature Fraction Char Adsorption cm /sec cm /sec
°c remaining Temperature

°C
740 1.00 22

VO1o 1—1001—1 0.013
740 1.00 240 5.5.10 6 0.017
740 1.00 396 3 . 2 .10~6 0.019
895 0.96 221 — 63.4.10 0.016
895 0.96 425 3.1.10-6 0.019
895 0.71 18 2.5.10"6 0.012
895 0.71 157 8.6.10"6 0.015
895 0.71 406 9.2.10"6 0.019
895 0.50 18 3.2.10_6 0.012
895 0.50 160 4.8.10"6 0.015

1000 1.00 79 7.2.10"6 0.014
1000 1.00 207 9.6.10"6 0.016
1000 0.70 19 2.9.10"6 0.010
1000 0.70 150 9.4.10-6 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 Pore Area Median Pore Size Apparent
Volume Surface Area Density

Distribution Distribution gm/cc
m^/gm

microns microns

1100 C 
initial
inventory 51.1
70% 54.3
40% 131.8

12.4
13.2
14.1

0.0057
0.0055
0.0052

0.45
0.43
0.33

1000°C
initial
inventory
70%

35.1
37.8

21.7
26.7

0.0058
0.0045

0.45
0.36

900°C
initial
inventory
50%

0.5
61.5

11.4
11.7

2.0993
0.0049

0.48
0.32
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FIGURE 26
Cumulative Pore Volume and Surface Area 

vs Pore Size
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FIGURE 27 

Incremental Pore Volume 
vs Pore Size
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FIGURE 2 8
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 
CC>2 is strongly endothermie. If the thermal dif fusivity 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 pellet 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 does 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 V  H^3/4" 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 pallatization. This implies that it is the way 
the grains in a pellet come together affects the reaction 
rate. In the palletization 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
1. The apparent principal activation energy for the 

gasification of ponderosa pine char was determined to 
be 34.2 kcal/mole.

2. 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.

3. The true activation energy for CO^ gasification of 
pine char is 53.9 kcal/mole and the pretreatment acti­
vation energy is -19.8 kcal/mole.

4. Carbon monoxide retards the CO^ gasification of pine 
char. The retarding activation energy is -41.0 
kcal/mole.

5. The macropore structure of the pine char does not affect 
the char reactivity within the temperature limits of 
this study.

6. The gasification rate for char pellets is lower than 
the rate for char powder. As pellet diameter increases, 
the gasification rate decreases.

7. The mass transfer limitation on the gasification rate 
of pine char pellets and powders is essentially the 
same as only micropore diffusion is significant.
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8. Micropore diffusion takes place within pores in the 
50 to 60 angstrom region.

9. 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.

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

11. 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

1. Development of a gasification model for char pellets 
that includes heat and mass transfer effects.

2. Investigate the gasification of pine char pellets at 

higher CO^ pressures.

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

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

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

6. Investigate the diffusion mechanisms of char powders 
and char pellets.
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Appendix A 
Nomeclature

A
a
C
Cp
De
Dg
Eg
Ep
h
hi
k

kl
2,3,4

N
nt
P
R
Ra
r
T
Tb

cc>2, co

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 atm
gas constant 
reaction rate 
reaction rate

—  1 . —1atm m m

mole/cm
cal/gm-°C

2 . cm /sec
2cm /sec

kcal/mole
kcal/mole
cal/cm-min-0C
cal/mole

-1 . —  1atm m m
—  1atm

mole/cm-sec

cal/mole- K
mole/m^-sec 

-1

temperature 
bulk temperature

m m
o.K
oK
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Tc pellet center temperature °k
Tg gasification temperature 0k
Tp preparation temperature °k
Ts pellet surface temperature °k
W sample weight gm
Wo initial sample weight gm
X fractional conversion
a relative available surface area
e total porosity
À experimental constant
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Appendix B 
Powder Gasification Data

Run #15 
T = 1024 C 
9 oT = 1024 C PP =0.81 atm 
co2

Sample weight 
(mg)
2.55
2.27
1.73
0.88
0.03
0

Elapsed time 
(min)
0
0.5
1.0
1.5

oRun #16 
Tg= 1003"C 
Tp= 1003 C 
P = 0.81 atm 
co2
Sample weight 

(mg)
5.78 

43
23
57
92
18
49

0.28

Elapsed time 
(min)
0
0.40
0.80
1.20
1.60
2.00
2.40
2.80
3.40

Run #17
T = 1042"C
g oT = 1042 C PP =0.81 atm ecu

o

Sample weight 
(mg)
3.25 

10 
75 
41 
12

Elapsed time 
(min)
0
0.28 
0.40 
0.60 
0.80

1.72 1.00
1.37 1.20
1.03 1.40
0.67 1.60
0.34 1.80
0.0 2.00

Run #18
Tg = 933 C Tp=933 C
P =0.81 atm ecu

Sample weight 
(mg)
6.65
6.05
5.54
4.82
4.30
3.50
2.98
2.45
1.40
0.44

Elapsed time 
(min)
0

7.0
8.0 

10.0 
12.0
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Run #19
T = 850°C T = 850 Cg pP =0.81 atm 
co2

Sample weight Elapsed time 
(mg) (min)
3.41 0
3.19 1.0
2.98 2.0
2.80 3.0
2.64 4.0
2.56 4.5

Run #21
T = 854 C T = 854 C 9 P
P = 0.81 atm 

c o 2
Sample weight Elapsed time 

(mg) (min)
4.09 0
3.87 2.0
3.73 4.0
3.59 6.0
3.47 8.0
3.35 10.0

Run #20
T = 350 C T = 850 C 9 PP = 0.81 atm 
co 2

Sample weight Elapsed time
(mg) (min)
3.93 0
3.78 1.0
3.61 2.0
3.47 3.0
3.36 4.0
3.25 5.0
3.14 6.0
3.01 7.0
2.91 8.0
2.81 9.0
2.71 10.0
1.64 11.0

Run #22
T = 1114 C T = 1135 C 9 PP =0.81 atm 

c o 2
Sample weight Elapsed time 

(mg) (min)
3.46 0
3.02 0.10
2.52 0.20
2.28 0.24

Run #23
T = 935 C T = 1105 C 9 P
P n - 0.81 atm 

2
Sample weight Elapsed time 

(mg) (min)
3.29 0
2.95 1.0
2.76 2.0
2.57 3.0
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Run #24
T = 900 C T =g p 900 C PA = 618

Run
mmHg

#41

P = atm 69 mole % COc o 2
Sample weight Elapsed time

initial rate 
-1(mg) (min) (°C) (min )

14.9 0 852 0.011
13.5 1.0 949 0.039
12.0 2.0 1047 0.253
10.6 3.0 1130 1.467
9.4

Run #25
T = 1125 C Tg p

4.0

= 1125 C = 615
Run
mmHg

#53

P =0.81 atm 17.9 mole % CO
c°2

Sample weight Elapsed time T initial rate
(mg) (min) (9C) , . -1. (mm )
8.9 0 844 0.056
6.4 0.5 897 0.077
3.4 1.0 950 0.142
0.85 1.5 1007 0.431
0 1.8 1102 4.490

Run #28
T = 850°C T = g P P =0.81 atm
c°2

Sample weight

850°C

Elapsed time

Run #54 
P^ = 613 mmHg

31.54 mole % CO 
T initial rate

(mg) (min) ( C) z . - 1 \(mm )
6.56 0 880 0.066
6.40 1.0 943 0.082
5.98 2.0 1002 0.201
5.68 3.0 1115 2.387
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Run #55 
= 61:
31.54 mole % CO
= 611 mmHg

T initial rate
( C) (min )
919 0.064

1013 0.291
1080 0.720

Run #56
= 611 mmHg
45.59 mole % CO 

T initial rateg
(°C) (min 1)
863 0.050
942 0.100

1019 0.217
1106 1.176



T-2

Run

1
2
3
4
9
8

10
7

11
12
5

35
36
43
43
43
43
44
44
44
45
46
47
48
48
48
49
49

100

Appendix C
Pellet Gasification Data

it diameter T C0„ rate Fractional initial
inch

2
mole/min conversion — 1m m

1/2 950 4.46.10*3 initial 0.029
1/2 1040 4.46.10 ^ initial 0 . 066
1/2 850 4.46.10 ^ initial 0.013
1/2 810 4.46.10 -Z initial 0.010
1/2 993 4.46.10 ^ initial 0.071
3/8 1000 4.46.10 ^ initial 0.178
1/2 1130 4.46.10 ^ initial 0.143
3/8 950 4.46.10 -1 initial 0.047
3/8 1050 4.46.10 -z initial 0.116
3/8 1130 4.46.10 ^ initial 0.225
3/8 850 4.46.10 -Z initial 0.028
3/4 1127 4.46.10 Z. initial 0 .086
3/4 1000 4.46.10 ? initial 0.035
1/2 853 1.004.10 2 initial 0.026
1/2 928 1.004.10 9 0.96 0.051
1/2 993 1.004.10 p 0.93 0.072
1/2 1096 1.004.10 ^ 0.87 0.145
1/2 835 1.004.10 p initial 0.018
1/2 975 1.004.10 2 0.96 0.064
1/2 1097 1.004.10 2 0.90 0.148
1/2 1100 1.004.10 2 initial 0.115
1/2 1000 1.004.10 2 initial 0.067
1/2 900 1.004.10 2 initial 0 .039
1/2 900 1.004.10 2 initial 0.035
1/2 900 1.004.10 2 0.96 0.032
1/2 900 1.004.10 2 0.71 0.035
1/2 900 1.004.10 2 initial 0.071
1/2 900 1.004.10 0.70 0.072



T-2734 101

Appendix D 
CO^ Adsorption Data

Run #48 
Tp = 900 C

A
Tg = 900 C

Run #48 B
Char weight 497.5 mg Char weight: 4 91.5 mg
Fractional conversion-initial Fractional conversion-
PA = 618.3 mmHg PA = 618.3 mmHg
Adsorption temperature 22°C Adsorption temperature

Time Weight CC^ Time Weight CO
(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
5.60

1.62
1.64

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

= 618.3 mmHg Q
Adsorption temperature 396 C

Time
(min)
0.0625
0.125
0.250
0.375
0.500
0.625
0.750
0.875
1.000
1.125
1.500
1.750
2.250
3.250
4.250
5.250

Weight CC^
(mg)
0.40
0.58
0.72
0.78
0.88
0.99
1.04
1.09
1.12
1.16
1.21
1.25
1.28
1.31
1.35
1.36

Final weight 1.38 mg

Run #4 8 D 
Char weight 464.4 mg 
Fractional conversion 0.04 

P = 618.3 mmHg Q
Adsorption temperature 221 C 

Time Weight CC^
(min) (mg)
0.125 1.14
0.250 1.76
0.375 1.94
0.500 2.06
0.625 2.17
0.750 2.26
0.875 2.32
1.000 2.39
1.125 2.44
1.325 2.51
1.825 2.66
2.325 2.80
3.325 2.98
4.375 3.11
5.325 3.22
6.325 3.29 
Final weight 3.32 mg
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Run #49 A 
T = 1000 Cg
Char weight 490.5 mg 
Fractional conversion-initial 

= 618.3 mmHg
Adsorption temperature 7 9°C

Time
(min)
0.10

20
30
40
50
72
92
32
72
72
72
72
72
72
72

Weight CC^
(mg)
3.20
7.20 
8.85 
9.65

10.15
10.85
11.25
11.85 
12.20
12.60 
12.90
13.15
13.25
13.35 
13.45

Run #49 B 
Char weight 488.0 mg
Fractional conversion - initial 

PA = 618.3 mmHg
Adsorption temperature 207°C

Time
(min) 
0.10 
0.20 
0.30 
0.40 
0.56 
0.76 
0.96 
1.16 
1.36 

56 
06 
56 
06

Weight CC^
(mg)
0.81
1.35
1.54
1.63
1.71

75
78
81
83
84 
87 
89 
91

Final weight 1.91 mg
Final weight 13.45 mg
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Run #49 C 
Char weight 353.2 mg 
Fractional conversion 0.30 

= 618.3 mmHg

Run #49 D 
Char Weight 348.80 mg 
Fractional conversion 0.30 

= 618.3 mmHg
Adsorption temperature 19 C Adsorption temperature 150 C

Time Weight CC^ Time Weight
(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
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 2 8.45 mg
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Run #48 E 
Char weight 465.04 mg 
Fractional conversion 0.04 

= 618.3 mmHg
Adsorption temperature 425°C

Time Weight CC^
(min) (mg)
0.125 0.380
0.250 0.560
0.375 0.615
0.500 0.690
0.625 0.745
0.750 0 .800
0.875 0.840
1.000 0.865
1.125 0 .890
1.225 0.920
1.475 0.950
1.725 0.980
1.975 1.010
2.225 1.020
2.475 1.035
2.725 1.050
2.975 1.090
3.475 1.105
3.975 1.115
4.475 1.130
Final weight 1.13 mg

Run #48 F 
Char weight 360.65 mg 
Fractional conversion 0.29 

= 618.3 mmHg
Adsorption temperature 18°C 

Time Weight CO^
(min) (mg)
0.10 2.95
0.20 9.95
0.30 14.85
0.40 16.55
0.44 17.10
0.64 19.05
0.84 20.55
1.04 21.75
1.24 22.75
1.44 23.65
1.64 24.45
2.14 25.75
3.14 27.40
4.14 28.25
5.14 28.70
6.64 29.05
8.14 29.20

12.14 29.35
Final weight 29.35
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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

= 618.3 mmHg P = 618. 3 mmHg
Adsorption temperature 1570C Adsorption temperature

Time Weight CC^ Time Weight CO
(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

3.60
4.60

21.20
22.05
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

P = 618.3 mmHg Final weight 22.90 mg
Adsorption temperature 406°C

Time
(min)
0.10
0.20
0.30
0.40
0.50
0.60
0.80
1.00

Weight CC^
(mg)
0.19
0.30
0.35
0.37
0.40
0.43
0.47
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

Weight CO^

Run #4 8 K 
Char weight 252.34 mg 
Fractional conversion 0.50 

PA = 618.3 mmHg
Adsorption temperature 402°C

TimeTime
(min)
0.10 
0.20 
0.30 
0.40 
0.50 
0.58 
0.78 
1.18
1.58
2.58
3.58
4.58
5.58
7.08
8.08 
Final weight

(mg)
0.65
1.48 
1.83 
2.02 
2.10 
2.16 
2.23 
2.32 
2.37 
2.41 
2.45
2.48 
2.50 
2.61 
2.68 
2.68 mg

(min)
0.10 
0.20 
0.30 
0.40 
0.50 
1.00 
1.50 
2.00 
Final weight

Weight CC^
(mg)
0.18 
0.24 
0.26 
0.27 
0.29 
0.30 
0.34 
0.36 
0.36 mg
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Wood Char 43

PRESSURE PORE INTRUSION
PSIA DIAMETER VOLUME

MICRO-M :c/g
+ 1.4 +125.3520 +0.0000
+3.0 +50.8307 +0.4165
+5.0 +36.2834 +0.7241
+9.9 +18.1551 +1.0318
+24.9 +7.2439 +1.3076
+47.3 +3.7755 +1.4402
+97.7 +1.8466 +1.6525
+247.7 +0.7286 +1.9667
+453.9 +0.3611 +1.9603
+745.9 +0.2420 +1.3356
+ 555.0 +0.1812 +2.0050
+1988.4 +0.0908 +2.0393
t4530.8 +0.0362 +2.0715
+7495.5 +0.0242 +2.0534
+5373.0 +0.0161 +2.0583
+11540.1 +0.0151 +2.1057
+13537.0 +0.0130 +2.1075
+155:3.5 +0.0113 +2.1215
+18035.0 +0.0100 +2.1287
+20031.3 +0.0050 +2.1357
+20555.8 +0.0065 +2.1355
+21905.5 +0.0062 +2.1360
+23042.1 +0.0078 +2.1554
+23521.3 +0.0075 +2.1555
+24319.7 +0.0072 +2.1557
+25503.3 +0.0070 +2.1666
+26871.3 +0.0067 +2.1751
+27870.4 +0.0065 +2.1751
+28382.O +0.0062 +2.1817
+23557.2 +0.0060 +2.1817
+30835.9 +0.0055 +2.1882
+31553.5 +0.0056 +2.1362
+32507.2 +0.3055 +2,2011
+33520.6 +0.0053 +2.2011
+34515.0 +0.0052 +2.2075
+35835.7 +0.0045 +2.2258
+44918.3 +0.0040 +2.2355
+49806.2 +0.0036 +2.2355
+54768.5 +0.0033 +2.2518
+55571.3 +0.0030 +2.2707
+50148.9 +0.0033 +2.2707
+40104.9 +0.0045 +2.2707
+25971.5 +0.0060 +2.2707
+20031.8 +0.0050 +2.2707
+10032.5 +0.0130 +2.2707
+5010.5 +0.0350 +2.2707
+1506.8 +0.1158 +2.1894
+1003.7 +0.1755 +2.1717

PORE MEAN
SURFACE DIAMETER Bv
SG-M/G MICRO-M
+0.0000 +126.8320 + 0.00 v0
+0.0177 +83.3112 ■0.6.35
+0.0431 +48.5570 +0.30"S
+0.0383 +27.2132 +0.30-7
+0.1752 +12.6985 +O.2-53
+0.2714 +5.5097 +0.1326
+0.5736 +2.8111 +0.2124
+1.2387 +1.2876 +0.2161
+1.3259 +0.5445 +0.: : :e
+2.3545 +0.3015 +0. . 253
+2.5714 +0.2116 +0.0093
+3.5617 +0.1360 +0.0343
+5.5110 +0.0635 +0.0322
+7.3710 +0.0302 +0.0173
+3.7504 +0.0211 +0.0034

+11.6751 - 0 . 01 s s +0.0080
+12.0110 +0.0140 +0.0012
+16.5216 +0.0121 +0.013/
+13.1854 +0.v10 7 +0.0071
+22.0596 +0.0055 +0.0063
+22.1885 +0.0088 +0.0002
+22.2732 + 0.0 084 +0.0002
+31.9344 +0.0030 +0.0194
+32.0001 +0.0077 +0.00C1
+32.0632 +0.0074 +0.0001
+33.3444 +0.0071 +0.0123
+43.1440 +0.0063 +0.0035
+43.1440 +0.0068 +0.0000
+47.2812 +0.0064 +0.0055
+47.3144 +0.0051 +0.0001
+51.6583 +0.0059 -v.0085
-51.6881 +0.0058 +0.0000
•'■60.9182 +0.0055 +0.0128
+60.9382 +0.0054 +0.:;00
+65.8358 +0.0052 +0. '64
+31.6903 +0.0048 +0.v.52
+93.5724 +0.0043 +0.0127
+93.5724 +0.0035 +0.0000
+107.9720 +0.0035 -0.0124
+131.6300 +0.0032 +0.0189
+ 131.8300 +0.0033 +0.0000
+131.8300 +0.0040 +0.0000
+131.3300 +0.0053 +0.0 0 00
+131.8300 +0.0075 +0.0000
+131.8300 +0.0135 +0.0000
+131.8300 +0.0270 +0.0000
+127.6510 +0.0779 -0.0814
+127.1780 +0.1436 -0.0177
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Wood Char 43

ESSJRE PORE INTRUSION PORE MEAN
PSI4 DIAMETER - VOLUME SURFACE DIAMETER DV

MICRO-M CC/G SQ-M/O MICRO-M

+752.7 +0.23S8 +2.1559 +126.8730 +0.2058 -0.0158
+457.Ô +0.3625 +2.1397 +128.5620 +0.3012 -0.0162
+2-5.5 +0.7234 +2.1294 +126.5670 +0.5430 -0.0102
+ 100.7 +1.7529 +2.1076 +126.5170 +1.2561 -0.0215
+75.1 +2.4032 +2.1007 + 126.504*' +2.0981 -0.0065
+50.S +3.5-398 +2.1002 +126.5040 +2.9855 -0.0005
+25.5 +7.0757 +2.CS34 +126.4980 +5.3228 -0.0.jc
+ 15.5 +11.6109 -2.0932 +126.4560 +9.3433 -0.0002
+ 10.5 +17.2010 +2.0857 +126.4550 +14.4059 -0. 055
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Wood Char 44

PRESSURE PORE INTRUS 101
PSIA DIAMETER VOLUME

MICRO-M CC/G
+ 1.4 +125.5950 +0.0000
+3.0 +60.5318 +0.2575
+4.3 +36.6063 +0.4656
+5.3 +18.2222 +0.7030
+24. S +7.2435 +0.9225
+47.5 +3.8000 +1.0023
+57.E +1 .8483 +1.1681
+247.2 +0.7302 +1.3456
+455.3 +0.2644 +1.4255
+745.3 +0.2422 +1.4560
+355.4 +0.1813 +1.4-4S
+ 1555.7 +0.0507 +1.4955
+4SS0.2 +0.0352 + 1.5182
+7455.5 +0.0242 +1.5243
+5557.5 +0.0161 +1.5314
+11535.4 +0.0151 +1.5350
+13521.4 +0.0130 +1.5414
+15533.2 +0.0113 +1.5475
+18054.2 +0.0100 +1.5537
+20016.3 +0.0050 +1.5553
+ 2 0 S 3 D . 0 +0.0026 + 1.5555
+21532.5 +0.0052 + 1.5556
+ i i a a o . 5 +0.0073 +1.5553
+23525.4 +0.0075 +1.5500
+24533.5 +0.0072 +1.5600
+25932.5 -0.0070 +1.5630
+22516.0 +0.0057 +1.5653
+27514.4 + 0 .0025 +1.5588
+28653.0 +0.0062 +1.5388
+25552.4 +0.0050 +1.5718
+30554.4 +0.0058 +1.3747
+31553.5 +0.0057 +1.5747
+ 32251.7 +0.0055 +1.5775
+33554.7 +0.0053 +1.5776
+34553.1 +0.0052 +1.5776
+35235.1 +0.0045 +1.5573
+44517.7 +0.0040 +1.5873
+45775.7 +0.0035 +1.5575
+54812.6 +0.0033 +1.5005
+52700.5 +0.0030 +1.6052
+50153.0 +0.0035 +1.5052
+40029.7 +0.0045 +1.6062
+25555.5 +0.0050 +1.6062
+20046.0 +0.0060 +1.6062
+10046.8 +0.0180 +1.5052
+5024.3 +0.0353 +1.6062
+1503.1 +0.1198 +1.5857
+1002.1 + 0.1801 +1.5753

PORE MEAN
SURFACE DIAMETER DV
SG-M/G MICRO-M
+0.0000 +125.6550 +0.0000
+0.0111 +33.1138 +0.2575
+0.0255 +48.5553 + .2112
+0.0626 +27.4145 -J.2343
+0.1317 +12.7320 +0.2 =0
+0.18SS +5.5215 + <, .0/55
+0.4237 +2.5242 +0.1253
+0.9533 +1.2353 +0.18v5
+1.5451 +0.5473 +0.0755
+1.5476 +0.3033 +0.03 0 4
+2.3005 +0.2117 +0.0187
+2.5253 +0.1360 +0.0213
+4.3857 +0.0635 +0.0232
+5.0720 +0.0302 +0.0052
+6.4205 +0.0211 +0.0071
+7.2502 +0.0156 +0.003=
+5.0888 +0.0140 +0.0053

+11.1266 +0.0121 +0 .006:
+13.4184 +0.0107 TO. '1
+14.7302 +0.0055 -0.DC _1
+16.0860 +0.002 2 +c.:. 30
+15.0250 +0.0054 +0.'COO
+15.1533 +0.0080 -0 .v C02
+15.1975 +0.0077 +0.0001
+15.2281 +0.0074 +V.0VV1
+17.6552 +0.0071 +v.0C:3
+18.5038 +0.0058 T v . C 2 3
+21.3834 +0.0066 t O .0025
+21.4032 +0.0054 +0.0000
+23.3047 +0.0061 +0.0025
+25.2555 +0.0055 +0.0029
1-25.2813 +0.0057 +0.00UU
+27.3575 +0.0056 + 0. ' 125
+27.3757 +0.0054 +0.0000
+27.3317 +0.0052 +0.0000
+44.0525 +0.0046 +0. v2C2
+44.0325 +0.0043 -0. : vOu
+44.0325 +0.0035 + 0.0000
+47.1405 +0.0035 +0.0025
+54.2587 +0.002= +0.0057
+54.2=37 +0.0032 +0.0000
+54.2257 +0.0041 +0.0000
+54.2557 +0.0053 + 0. uGOO
+54.2537 +0.0075 +0.0000
+54.2557 +0.0135 +0.1000
+54.2557 +0.0263 +0.0000
+53.4525 +0.0775 -0.0155
+53.0850 +0.1500 -0.0135
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Wood Char 44

ESSURE PORE INTRUSION PORE MEAN
PSIA DIAMETER VOLUME SURFACE DIAMETER DV

MICRO-M CC/G S3-M/G MICRO-M

+751.1 +0.2403 + 1.5598 +52.9497 +0.2102 -0.0071
+500.1 +0.3E09 +1.5586 +52.8140 +0.3006 -0.0102
+201.0 +0.SS7S +1.5538 +52.7322 +0.6233 -0.00 50
+ 100.0 +1.9057 +1.5412 +52.7455 +1.3317 -0.0124
+74.9 +2.4101 +1.5412 +52.7455 +2.1079 +0.0000
+49.8 +3.5211 +1.5412 +52.7455 +3.0156 +0.0000
+24.5 +7.2428 +1.5412 +52.7455 *5.4319 +0.0000
+ 14.8 +12.1888 +1.5412 +52.7455 +9.7:62 +0.0000
+5. S +18.1940 +1.5404 +52.7453 +15.1317 -0.0008



T-2734 113

Wood Char 45

PRESSURE PORE INTRUSION PORE MEAN
PSIA DIAMETER VOLUME SURFACE DIAMETER DV

M ICRG-M CC/G SG-M/G MICRO-M

+ 1.4 +125.6350 +0 0030 +0.0001 +125.3330 +0.0030
+3.0 +50.5318 +0 2437 +0.0107 +33.1138 +0.2487
+4.3 +35.5063 +0 4142 +0.0242 +48.5633 +0.1645
+ 3.3 +18.2:22 +0 6153 +0.0538 +27.4145 +0.2027

+24.3 +7.2433 +0 8227 +0.1185 +12.7230 +0.2057
+47. S +3.7653 +0 8532 +0.1740 +5.51E5 +0.0765
+27.3 +1.8455 + 1 0435 +0.3785 +2.8177 +0.144:

+247.3 +0.7237 + 1 2053 +0.8536 +1.2873 +0.15o7
+435.5 +0.3643 + 1 230: +1.4835 +0.5470 +0.0511
+745.5 +0.2421 + 1 3183 +1.8556 +0.3022 +0.0280
+335.G +0.1613 +1 3314 +2.1030 +0.2117 +0.013:

+1383.3 +0.0307 + 1 3530 +2.7351 +0.1360 +o. o : i s
+4380.4 +0.0352 r 1 3707 +3.8545 +0.0635 +0.0177
+74GS.0 +0. ;242 + 1 3813 +5.3254 +o.030: + V . 0 1 1 1
+3557.7 +0.0181 + 1 3332 +5.5835 +0.0211 +0.001:

+11533.G +0.0151 + 1 3565 +6.4657 +0.0165 +0.0027
+ 13521.3 +0.0130 + 1 3304 +7.4565 +0.0140 +0.0v35
+15333.4 +0.0113 + 1 3566 +5.5255 +0.0121 +0.0053
+180G4.4 +0.0100 + 1 4028 +11.8525 +0.0107 +0.0052
+20016.5 +0.0030 +1 4060 +13.1855 +0.0055 +0. :022
+20535.2 +0.0085 +1 4061 +13.2233 +0.0085 +0.0001
+21553.7 +0.0032 + 1 4062 +13.2531 +0.0084 +0.00:;
+22557.1 +0.0073 + 1 4032 +14.7874 +0.0080 +0.:020
+23355.5 +0.0075 -f-1 4033 +14.3013 +0.0077 +0.0001
+24354.0 +0.0072 + 1 4123 +16.4243 +0.0074 + .003 .
+25332.6 +0.0070 + 1 4152 +18.1082 +0.0071 +v . 0 0 2
+26516.2 +0.0067 + 1 4153 +18.1330 +0.0085 -0.000'.
+27514.S +0.0065 + 1 4183 +15.8403 +0.0033 +0.J03V
+28856.2 +0.0062 + 1 4212 +21.8086 +0.0034 +0.0030
+23635.6 +0.0060 + 1 4242 +23.7355 +0.0061 +0.0030
+50554.□ +0.0 V 5 8 + 1 4242 +23.7553 +0.0055 +0 . v 0 0 0
+31553.7 +0.0057 + 1 4272 +25.8117 +0.0057 +0.0030
3:331.3 +0.0055 + 1 4501 +27.3234 +0.0055 +0.0030

-33354.8 +0.0053 + 1 4301 +27.3375 +0.0054 +0.0000
+34563.3 +0.0052 + i 4331 +30.1672 +0.0052 +0.0023
+33836.3 +0.0045 +1 4330 +35.0350 +0.0048 +0.0055
+44317.8 +0.0040 +i 4418 +37.7335 +0.0043 +0.0025
+45775.3 +0.0035 + i 4418 +37.7335 +0.0025 +0.0000
+54812.3 +0.0033 + i 4534 +51.0806 +0.0035 +0.0115
+53700.7 +0.0030 +i 4534 +51.0808 +0.0032 +0.0000
+50133.2 +0.0036 + i 4534 +51.0808 +0.0033 +0.0000
+40023.3 +0.0045 + i 4534 +51.0808 +0.0041 +0.0000
+23355.1 +0.0060 +1 4534 +51.0808 +0.0053 +0.0000
+20046.2 +0.0030 + i 4534 +51.0808 +0.0075 +0.0000
+10047.0 +0.0160 +1 4534 +51.0808 +0.0135 +0.0000
+5025.0 +0.0355 +1 4534 + 51.0603 +0.0263 +0.0000
+1506.3 +0.1138 + i 4303 +45.5118 +0.0773 -0.02:3
+1002.3 +0.1801 +1 4225 +49.6552 +0.1493 -0.0081



T-27 3 4 114

Wood Char 4 5
ESSURE PORE INTRUSION PORE MEAN
PSIA DIAMETER VOLUME SURFACE DIAMETER DV

MICRO-M CC/G 33-M/G MICRG-M

+751.3 +0.2402 +1.4153 +49.5577 +0.2102 -0.0072
+ 500.2 +0.3608 +1.4075 +4S.45S0 +0.3005 -0.0074
+201.2 +0.3963 +1.3553 +45.3852 +0.S28S -0.0110
+ 100.1 +1.9023 +1.3S02 +43.3654 +1.3496 -0.0067
+75.1 +2.4038 +1.3302 +45.3654 +2.1031 +0.0000
+50.0 +3.6074 +1.3995 +49.36E8 +3.0055 -0.0004
+25.1 +7.1691 +1.3SS3 +45.3388 +5.3353 +0.0000
+ 15.0 +12.0363 +1.38S8 +45.3588 +9.G13S +0.0000
+ 10.1 +17.564S +1.3859 +49.3663 +14.9517 -0.0000



T-2734 115

Wood

PRESSURE
PSIA

+ 1.4 
+3.0 
+5.0 
+2.5 

+24.9 
+42.7 
+33.3 

+247.7 
+425.4 
+743.4 
+322,5 

+1223.8 
+4634.3 
+7437.3 
+ 8341 .6 

+11323.6 
+12535.3 
+15332.2 
+18048.3 
+20000.5 
+20383.3 
+21382.4 
+22336.2 
+23324.6 
+24=33.0 
+25301.7 
+23300.1 
+27863.5 
+28857.0 
+23880.5 
+30 578.3 
+31832.5 
+32505.5 
+33363.7 
+35003.8 
+33373.8 
+44737.5 
+43834.4 
+54825.6 
+53714.4 
+45938.4 
+40058.6 
+30118.5 
+20045.1 
+10030.3 
+5023.8 
+1504.2 
+ 1 0 0 0 . 2

Char 46

PORE
DIAMETER
MICRO-M

+125.0580 
+61.1325 
+2o.3333 
+18.1884 
+7.2450 
+3.8311 
+1.8337 
+0.7257 
+0.3843 
+0.2428 
+0.ISIS 
+0.C308 
+0.0336 
+0.0242 
+0.0182 
+0.0151 
+0.0130 
+0.0113 
+0.0100 
+0.oOSO 
+0 . 0066 
+0.0032 
+0.0075 
+0.0075 
+0.0072 
+0.0070 
+0.0067 
+0.0065 
+0.0062 
+0.0030 
+0,0058 
+0.0057 
+0.0055 
+0.0053 
+0.0052 
+0.0045 
+0.0040 
+0.0038 
+0.0033 
+0.0030 
+0.0036 
+0.0045 
+0.0060 
+0.0050 
+0.0180 
+0.0355 
+0 .1 200  
+0.1805

INTRUSION
VOLUME
CC/G

+0.0052 
+0.3344 
+0.5833 
+0.7985 
+0.9673 
+1.0241 
+1.1360 
+1.2336 
+1.3723 
+1.4037 
+1.4184 
+1.4382 
+1.4552 
+1.4658 
+1.4701 
+1.4740 
+1.4781 
+1.4758 
+1.4825 
? 1.4855 
+1.4388 
+1.4655 
+1.4850 
+1.4308 
+1.4925 
+1.4528 
+1.4923 
+1.4544 
+1.4561 
+ 1 .4379 
+1.4573 
+ 1.5056 
+ 1.5068 
+1.5035 
+1.5065 
+1.5057 
+1.5084 
+1.5118 
+1.5118 
+1.5163 
+1.5165 
+1.5135 
+1.5163 
+1.5155 
+1.5163 
+1.5139 
+1.5053 
+1.5004

PORE
SURFACE
SG-M/G

+0.0002 
• +0.0155 
+0.0341 
+0.0648 
+0.1180 
+0.1586 
+0.3148 
+0.3003 
+ 1 . ;077 
+1.7642 
+2.0420 
+2.6235 
+3,5425 
+4.5154 
+5.8270 
to « 5335 
+7.1582 
+8.3666 
+5.7370 
+12.0238 
+ 12. "238 
+12.0238 
+12.0583 
+13.0233 
+13.5861 
+14.0025 
+14.0174 
+15.0631 
+18.1575 
+17.3438 
+1' -'28 
+22 .98
+2 2 . '138 
+23.4156 
+23.41=8 
+22.4351 
+25.0383 
t28.6235 
+28.6255 
+35.0843 
t35.0548 
+3j.0548 
+35.084= 
+35.0648 
+35.0848 
+35.0648 
+34.5547 
+34.3799

MEAN
DIAMETER
MICRO-M

+125.3770 
+92.0552 
+48.7347 
+27.2526 
+12.7072 
+5.5535 
+2.8545 
+1.2587 
+0.5455 
+0.3036 
+0.2123 
+0.1353 
+0.0628 
+0.0303 
+0.0212 
+0.0133 
+0.0140 
+0 . 0 1 2 1  
+0 .0 1 0: 
+0.0055 
+0.0083 
+0.0084 
+0.0080 
+0.C077 
+0.0074 
+0.0071 
+0.0088 
+0.0056 
+0.0054 
+0.0061 
+0.0055 
+0.0058 
+0.0056 
+0.0054 
+0.0052 
+0.0048 
+0.0043 
+0.0035 
+0.0035 
+0.0022 
+0.0033 
+0.0041 
+0.0052 
TO.0075 
+0. )135 
+0.0270 
+0.0780 
+0.1502

DV

+0.0052 
+0.3552 
+0.2249 
+0.2063 
+0.1882 
+0.0533 
+0.1116 
+0.1573 
+0.0620 
+0.0271 
+0.0147 
+0.0155 
+0 . 0 2 1 0  
+v.0055 
+0.0042 
+0.0023 
+0.)021 
+0.0037 
+0.0027 
+0.0054 
+0.0000 
+0.0000 
+0 . 0 0 0 1  
+0.0015 
+0.00 15 
+0.0000 
t o. 0 0 0 0 
+v.0016 
+0.0018 
+0.0013 
+0.0000 
+0.0087 
+0.0000 
+0. 000 
+0.J 0 0 v 
+0.0000 
+0.0017 
+0.0034 
+0.0000 
+0.0051 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
-0.0053 
-0.0066



T-2734 116
Wood Char 46

E 5 S U R E PORE INTRUSION PORE MEAN
PSIA DIAMETER VOLUME SURFACE DIAMETER Dv

MICRO-M CC/G SG-M/G MICRO-M

+752.1 +0.2400 +1.4544 +34.2853 +0.2102 “0■0080
+45S.1 +0.3815 +1.4317 +34.2299 +0.3008 -0.0027
+218.S +0.8249 +1.4905 +34.2213 +0.5332 -0.0012
+83.1 +1.8211 +1.4847 +34.2043 +1.3230 -0.0058
+74.0 +2.4337 +1.4848 +34.2041 +2.1304 -0.0001
+48.S +3.8888 +1.4803 +34.1393 +3.0541 -0.0035
+23.3 +7.5552 +1.4808 +34.1332 +5.8239 “0.000 i
+ 13.3 +12.5725 +1.4808 +34.1332 +10.2858 -0.0001
+8.9 +20.2010 +1.4730 +34.1988 +15.5857 -0.0019



T-2734 117

Wood

PRESSURE
PSIA

+ 1.4 
+3.0 
+ 4.9 
+5.9 
+24.9 
+47.0 
+SS.G 
+246.2 
+435.5 
t747.5 
+995.3 

+1391.0 
+4964.6 
+7468.2 
+SS5S.8 
+11522.S 
+13535.7 
+15522.6 
+17SSS.0 
+19555.1 
+20305.5 
+21505.3 
+22503.7 
+23550.3 
+25007.9 
+25272.3 
+23535.5 
+27SS5.2 
+2E571.5 
+25650.9 
+30535.0 
+31537.4 
+32631.2 
+33515.4 
+34873.1 
+35565.5 
+44812.8 
+4SS05.0 
+54797.2 
+55700.0 
+50152.5 
+40029.2 
+30119.3 
+20075.3 
+10046.2 
+5005.3 
+1504.6 
+ 955.6

Char 47

PORE
DIAMETER
MICRO-M

+125.6960 
+60.3634 
+35.3065 
+18.1551 
+7.2435 
+2.8420 
+1.2232 
+0.7327 
+0.3642 
+0.2414 
+0.1813 
+0.0507 
+0.0364 
+0.0242 
+0.0181 
+0.0151 
+0.0130 
+0.0113 
+0 .010 0  
+0.0030 
+0.0086 
+0.0082 
+0.0075 
+0.0076 
+0.0072 
+0.0070 
+0.0067 
+0.0055 
+0.0082 
+0.0060 
+0.0053 
+0.0057 
+0.0055 
+0.0053 
+0.0052 
+0.0045 
+0.0040 
+0.0035 
+0.0033 
+0.0030 
+0.0036 
+0.0045 
+0.0060 
+0.0090 
+0.0180 
+0.0350 
+0 .120 0  
+0.1806

INTRUSION
VOLUME
CC/G

+0.0000 
+0.0613 
+0.1123 
+0.2005 
+0.3302 
+0.3688 
+0.5067 
+0.5588 
+0.5587 
+0.5605 
+0.5610 
+0.5620 
+0.5820 
+0.5620 
+0.5620 
+0.5520 
+0.5620 
+0.5620 
+0.5520 
+0.5620 
+0.5620 
+0.5620 
+0.5620 
+0.5620 
+0.5520 
+0.5620 
+0.5620 
+0.5620 
+0.5620 
+0.5620 
+0.5620 
+0.5820 
+0.5520 
+0.5620 
+0.5620 
+0.5520 
+0.5520 
+0.582 j 
+0.5620 
+0.5620 
+0.5455 
+0.5456 
+0.5455 
+0.5456 
+0.5456 
+0.5458 
+0.5456 
+0.5456

PORE
SURFACE
SG-M/G

+0.0000 
+0.0027 
+0.0068 
+0.0157 
+0.0606 
+0.1014 
+0.2654 
+0.4234 
+0.4377 
+0.4528 
+0.4893 
+0.49S5 
+0.4935 
+0.4S55 
+0.4895 
+0.4935 
+0.4935 
+0.4SS5 
+0.4S35 
+0.4995 
+O.4355 
+0.4935 
+0.4935 
+0.4995 
+0.4995 
+0.4395 
+0.4995 
+0.4S35 
+0.4995 
+0.4555 
+0.4595 
+0.4995 
+0.4555 
+0.4935 
+0.4995 
+0.4335 
+0.4=35 
+0.4955 
+0.4995 
+0.4995 
-13.3635 
-19.3835 
-19.3635 
-IS.3635 
-19.3635 
-19.3635 
-19.3635 
-19.3635

MEAN 
DIAMETER 
MICRG-M

+125.6360 
+93.0396 
+48.4551 
+27.3803 
+12.6595 
+5.5429 
+2.8553 
+1.3006 
+0.5485 
+0.3028 
+0.2114 
+0.1350 
+0.0635 
+0.0 3 v 3 
+0.0211 
+0.0165 
+0.0 i 40 
+0.0121 
+0.0107 
+0.0095 
+0.0093 
+0.0084 
+0.0081 
+0.0077 
+0.0074 
+0.0071 
+0.0068 
+0.0066 
+0.0064 
+0.0051 
+0.0059 
+0.0057 
+0,0056 
+0.0054 
+0.0052 
+0.0048 
+0.0043 
+0.0038 
+0.0035 
+0.0032 
+0.0033 
+0.0041 
+0.0053 
+0.0075 
+0.0135 
+0.0270 
+0.0780 
+0.1503

DV

+0.0000 
+0.0613 
+0.0505 
+0.0832 
+0.1227 
+0.0566 
+0.1200 
+0.0501 
+0.0020 
+0.0019 
+0.v003 
+0.0010 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+ : . )ooo  
+0.000) 
+0.000 0 
+  0 .  00 '. 

+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
tO.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
-0.0164 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000



T-2734 118
Wood Char 47

PRESSURE PORE INTRUSION PORE MEAN
PSIA DIAMETER VOLUME SURFACE DIAMETER DV

MICRO-M CC/G SG-M/G MICRO-M

+748.5 +0.2411 +0.5456 -19.3635 +0.2108 +0.0000
+49S.4 +0.2614 +0.5456 -19.3635 +0.2012 +0.0000
+247.6 +0.7289 +0.5456 -19.3635 +0.5451 +0.0000
+55.1 +1.8219 +0.5456 -19.3635 +1.2754 +0.0000
+74.0 +2.4388 +0.5456 -19.3635 +2.1302 +0.0000
+ 49.0 +:.6813 +0.5453 -19.3635 +3.0600 +0.0000
+24.1 +".5040 +0.5456 -19.3635 +5.5926 +0.0000
+ 14.2 +12.7443 +0.5-55 -19.3635 +10.1241 +0.0000
+9.2 +19.6530 +0.5456 -19.3635 +16.1986 +0.0000



T- 2734

Wood Char 48

PCRE 1NTRuSIC
3SIA DIAfET5R VOLU ME

MICRC-M CC/G

-1 . A + 128 3410 + 0.0075
-3.0 +30 3334 + 0.3444
+5.0 +33 3505 + 0.5537
t3 . S -13 1334 1-0.£557

-rli.g + 12 1123 + l.1155
+ 13.3 + 2 0708 . +l. 2015
+ 24. S + 7 2430 + l.2553
+27.5 "+s 5731 + l.2353
+32.4 + 5 5723 + l.3158
+37.5 1-4 3151 +i.3570
-‘*7.4 + 3 3032 + 1.4357

4535 + i.5357
+ 37.2 + i 3533 + 1.5852

-147,1 -1 222 3 + 1.= 410
+137.0 3131 3125
+ 2 * 5 , 3 -0 7303 5430
? — "7 i ̂ -0 3053 + 1.5734

f 31* 3 . / -'0 5173 +1.3534
+330.0 + 0 4552 +2.0:55
-445.3 <10 44 -2.0305
-r4S7.1 +0 3631 +2.0423

+0 3030 +2.0 321
t b 3 0 , * + 0 2533 +2.0/41
+735.0 +0 2270 +2.0736
-534.3 + 0 2017 +2.0353
-334.3 +0 1315 +2,0535

+ 1134.5 +0 loll +2.1073
+1251.3 + 0 1237 +2.1094
+1554.0 +0 1132 +2.1244
+1723.4 1-0 1003 +2.12 44
+ 123 0.3 + 0 0307 1244
+2434.3 +0 0723 +2.: 355
+2331.1 i-O 0305 +2.1445
+3432.1 + 0 0513 1-2.1456
+3333.7 +0 0455 +2 . 1544
+4530.0 + 0 0322 + 2. 1300
+5373.5 +0 0302 + 2. 1314

i-0 0253 1-2.1624
+"330.4 +0 0227 + 2. 1571

+0 0201 +2. 1715
-1-2257,3 +0 0131 +2. 17c 5
+14213.7 +0 0121 + 2. 1335
+20vO1.3 +0 ooso 2043

+0 0072 -2.2021
+22031.3 +0 0050 + 2.2133
+3 5310.4 + 0 00 45 +2.2232
+-3745.3 1-0 0033 +2. 2332
+53700.4 -0 0030 + 2 .2533

119

PORE MEAN
SU:RFACE DIAVETER DL
33--M/5 MICRG-M

+0 0002 + 126 3400 + 0 0075
+0 0147 + 33 3319 + 0 3353
+0 0-407 + 48 2570 +0 3144
+0 0357 +27 2795 +0 3053
+0 12c2 + 15 1404 +0 I 438
+ 0 1578 + 10 5916 + 0 OSS I
+0 1330 +3 1584 +0 0637
+0 1330 + 5 3095 +0 0000
+0 2222 +6 0727 + 0 0505
TtJ 2540 + 5 1527 + 0 0412
+ 0 3270 + 4 3121 tO 0737
+0 5.72 +3 1533 0̂ 1500
+0 7225 +2 1777 + 0 1125
+ 1 0343 + 1 5413 1427
+ 1 3313 + 1 0715 +0 0716
1-1 5035 +0 3235 1-0 0304
+1 5513 + 0 5554 + 0 0304
+ 1 5543 +0 5313 + 0 0223

0123 +0 4 354 + 0 0131
t 2 1557 +0 4258 01:4
+2 2772 2327 +0 0117
-2 5117 +0 2330 +0 Ol 35
t2 3 = 23 +0 2313 -0 0120
+2 7553 + 0 2433 +0 0045
+ 2 5034 +0 2144 + 0 0032
+3 1 C q 4 +0 1315 + 0 Cll3
+3 335 0 +0 1553 + 0 0087
+3 3372 +0 1404 -0 COll
+3 2240 +0 1215 +0 0150
+ 3 9240 +0 1071 +0 0000

+3 3240 +0 0953 + 0 0000
+ 4 4672 +0 0317 + 0 Olll
+5 0035 +0 0353 -0 ooso
+5 3533 +0 0552 + 0 0050
+ 5 7545 +0 0487 +0 0048
+ 5 3031 +0 0409 +0 0056
+3 4750 +0 0332 +0 0014
+ 6 3305 +0 0250 fO OOll
1- 7 3 5 O' 4 +0 0243 +0 0046
+ 3 2246 +0 0214 TO 0045
+ 3 1331 +0 0131 + 0 0043
+ 14 5375 +0 0151 +0 0206
+ 17 7531 +0 OIOS +0 0084
+ 13 3535 +0 0031 +0 0042
-24 5130 +0 00 S G +0 0077
+ 33 0 = 37 +0 0053 +0 Oll3
1-43 5340 +0 0041 1-0 OHO
+51 5485 +0 0023 +0 01 46
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Wood Char 4 8

PRESSURE PORE INTRUSION PORE MEAN
PSIA DIAMETER VOLUME SURFACE DIAMETER DV

MICRO-M CC/G S3-M/G MICRO-M

+50133.2 +0.0025 +2.2523 +51.5485 +0.0033 +0.0000
+40:04.i +0.0045 +2.2533 +51.5485 +0.0041 +0.0000
+30:04,5 +0.0 060 +2.2539 +61.5485 +0.0052 1-0.0000
+20105.5 +0.0090 +2.2539 +51.5495 +0.0075 +0.0000
+ : v043.3 +0.0180 +2.2539 +51.5685 +0.0135 +0,0000
+5024.7 +0.0353 +2.2523 +51.5485 +0. )253 +0.000':=
+2511.2 + 0 . 0 7 1 3 +2.2367 +60.2711 +0.0539 - o . o i - :
+1505.0 +0.1155 +2.2173 +59.4744 + 0 .0359 - o . o i s i
+1003.0 +0.1900 +2.2072 +59.1955 + 0 .1459 -0.0103
-Î-300.3 +0.3503 +2.1948 +58.8571 +0.2701 -0.0224
-249.8 +0.722- +2.1751 +55.7950 +0.5414 -  0 . G 0 9 3
+ 35.5 +1.3136 +2.1553 +55.7784 ”1.2380 - 0 . 0 0 5 2
+74.5 +2.4130 +2.1553 +58,7708 +2.1163 - 0 . C040
rCS.S +2,5204 +2.1318 +58.7-355 +3.0197 -0.1040
+ 24.7 +7.2553 +2.1573 +58.7525 +5.4556 -0.004O
- f l4 7 +12.2323 +2.1523 +53.7805 +9.7908 - 0 .0 0 3 3
-3.7 +18.5323 +2.1533 +53,7509 +15.4324 -  o . :  o o i
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Wood Char 49
PRcEEuRE FGRE
r 3 . A DIA ÊTER

MICRG-M
- ' i + 125 3330
f 3 +30 2358
+ 5 0 + 33 4444
-‘-9 + 13 1353

+ 12 0707
+ 13 c +3 0703
+2- 5 + 7 23SS
-25 3 +5 5552
-31 0 -5 5175

5 + 5 0205
-̂ 5 +3 C - - C

+ 70 4 2̂ 5324
-35 + 1 3331
+ 1- 3 0 T 1 244?

+0 5257
-2-3 1 -0 7234
-223 2j TO 5100
-2-3 3 -0 5222
+ 3 23 T C 4537
- ̂ - j +0 4054

+0 3045
+ 993 w tO 2503

3 + 0 2275
+0 2o 20

+ 232 + 0 ISIS
+ 1190 + 0 1515
+ 123 3 -0 1255
+ 1533 3 1.33
-1737 •? -0 1010
-1533 4 -0 0 2 0 8
— 2 - 3 — 3 f 0 G 725
- 2 3 7 *+ 1 0 5 C ~
+3 ** 7 3 3 +0 5 ̂ 2
-223- 5 -0 0455

3 0251
2 tO 0301

-33 / " 7 + 0 0252
2 +0 0227

-c3.?3 7 +0 0202
+0 0151

"̂ 1̂ 522 4 +0 0121
-20014 0 +0 0050
-2"2.3 3 + 0 0072
-22334 1 +0 0 O' 5 0
- 3 5 c 2 3 + V 0045
-•'2733 3 +0 0035
-55712 0030

121

INTRUSION
VOL-ME
CC/2

F2RE
SL3-ACE
SG-M/3

MEAN
DIAMETER
MICRO-M

+0 3013 +0 0001 + 125 5550 +0 0018
+0 5335 +0 0255 +92 8559 + 0 3920
+ 0 3014 +0 0510 + 45 3400 -0 2073
+ 1 1323 +0 0550 +27 3125 -0 2224
+1 2230 +0 1055 + 15 1330 +0 0342
+ 1 2346 + 0 1313 + 10 5708 +0 0555
+ 1 3270 +0 1521 +8 i 552 -0 0424
+ 1 3270 +0 1521 + 7 0574 +0 0000
+ 1 3452 +0 1330 + 5 2552 + 0 0222
+ 1 3730 -0 1331 + 5 4152 +0 0225
+ 1 4293 +0 2329 + 4 4557 0503
+ 1 5243 +0 5322 + 3 2574 + 0 10 = 3

3134 +0 5033 +2 2242 1-0
+ 1 7255 +0 7907 + 1 5554 +0 1101
+ 1 7327 + 1 0346 + 1 0552 +0 U 252
+ 1 + 1 1243 +0 5211 0332
+ 1 3437 + 1 3355 +0 5732 + 0
+ 1 37 d 0 +1 5144 +0 5551 + 0 0252
+ 1 +1 3311 +0 4904 + 0 0142
+ 1 2035 -1 7527 + 0 4221 0143
+ 1 0132 +1 3523 + 0 2554 +0 0 v 2 3
+ 1 3277 t 2 0352 +0 224 6 TO 014?

3343 + 2 1257 +0 2324 0023
- 1 S 4 4 0 +2 rzg? +0 2 4 4Q +0 0027
+ 1 2474 T 2 2531 + 0 2143 + Û 002 4
+ 1 2524 +2 4570 + 0 1220 +0 0050

+2 3123 + 0 1353 + 0 0033
+1 5323 + 2 7224 +0 1407 0035

2334 +2 5325 1217 -v 0 2 2
+ 1 + 3 0235 +0 1 "7 3 + 0 005:

3713 +3 0 4 4 6 +0 0253 + 0 COO:
-1 3733 +3 3523 +0 0217 + 0 0071
T 1 2542 + 3 7107 +0 0557 + 0 v 0 D 3
+ 1 23 49 -3 7463 + 0 0 w 3 3 +0 0003

2510 T 4- 2031 +0 0 + 37 +0 0057
+1 2354 -r 4 5255 -0 0405 1-0 0022
+ 1 0 222 -l5 +0 0 221 -0 0027_-> 0012 + 5 4235 + 0 0280 + 0 0020
+ 2 0015 4525 +0 0243 +0 0004
+ ■’ 0024 -5 3323 + 0 0214 -0 0013
+2 0053 +6 5423 +0 0121 +0 0024
+ 2 0123 2537 +0 0151 +0 0118
-r 2 0205 T 1 0 4033 +0 OIOS +0 0020
+ 2 0255 + 12 5253 0051 +0 0045
+2 0272 + 13 3222 +0 1055 +0 0017
+2 0225 + 15 5230 + 0 0053 T 0 0052
+ 2 0337 +24 7135 +0 0041 + 0 0052
+2 0505 +37 7333 +0 0033 +0 01 5
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Wood Char 49

RESSLRE FORE INTRUSION P3RE MEAN
r 3 IA DIAMETER VOLUME SURFACE DIAMETER DV

MICRO-M CC/G SG-'/G MICRO-M

50041.3 4 0.00 3 8 42.0503 437.7333 40.0033 4 0.0000
40012.5 40.0045 42.0505 437.7333 40.0041 40.0000
3 01V 2 .8 4 0.0 v 6 0 42.0505 437.7333 40.0053 40.0000
2 J O' 72.3 40.0020 42.0505 437.7533 40.0075 4 0 . U 0 0 0
100 44.4 40.0130 42.0505 437.7333 40.0125 40.0 000
45022.5 40.0343 42.0505 437.7533 40.0270 40.0000

40.0713 42.04:3 437.1310 40.0539 -0.0033
41504.3 rO.1155 42.0322 433.7310 40.0359 -0.0038
4t S3.3 -0.iSvJ 42.0247 438.5313 40.1502 -0.0073
4425.7 40.3513 42.0200 438.4827 40.2712 - 0 . 0 v 4 /
2 4 7 . 1 40.7304 42.0125 438.4087 40.5482 -0.0072
455.3 41.3S41 4 2.0050 -f-38.5531 41.3073 -0.0033
-72.5 42.4SS5 4 2.0073 436.2551 4 2.1555 -0.0017
447, c 4 3. 7 5 E 0 42.0055 433.3329 43.1427 -0.0017
.-22.5 45.0050 42.0024 438.3507 -5.3015 -0.0023

414.3233 -1.3545 f11.1551 - O'. 0 0 7 3
-7.3 423.j 346 * 1<23 = 7 42 5.2565 t 18 , 5 3 4 3 - 0. 0 v 4 7
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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 d_ r9C = 9_C 45
r dr 3r dt

@ r = 0 dC = 0
dr

@ r = R C = C

Analogous heat transfer problem is:

1 d_ rdT = dT
r dr dr dt
@ r - 0 dT = 0

dr
@ r = R T = To

The solution to the heat transfer problem is:

0 = T-Too = 2?° (_i\n+1 p -32Fo sin Br*
To-Too n=l (_1) e Br'
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3 = iitt r* = r/R Fo = ot
R2

Cumulative heat absorbed up to time t is:

Q(t) = /t - kdT | dF
° 3r 'r=R °

Expressed in terms of 0, the cumulative heat becomes
/ FoQ (t) = -k(To-Too) a f d0 ,

2 o  *  I c l i  °R ° dr r*=l
The fraction of the heat absorbed at time t is:

Q (t) = /^° 30 I
Q(°°) ____ dr* ' r*=l dFo

/ d 0 I r*=l dFo
0 dr* I

Surface flux in terms of 0 is:

30 i = 2Z (-1)n+1 e-6 Fs>‘*" COSB-sinl
37* !r*=l n-1 "T-

which reduces to

30 I = 2Z e 6 Fo37*lr*=i n=1

Cumulative heat transferred at time t is now:

Q(t) n=l -32Fo -1
3 0
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and cumulative heat transfer at time 00 is:

Q  (t) 
Q(°°)

Q  (t) 
Q(°°)

-1
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 CO^ 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.


