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Abstract
In the present work the processes occurring in the structures of slowly pyrolysed beech
wood char during thermal gasification have been investigated. Emphasis was put on
physical changes and gas transport properties during conversion. The highly anisotropic
structure of wood was preserved in its char. Direct observation of the microscopic char
structures during gasification in CO2 at 735 QC showed that the basic structure was
nearly intact up to degrees of conversion of 0.6—0.7. Uni-axial measurements of diffusion
coefficients and permeabilities with a Wicke-Kallenbach cell revealed differences of 3—4
orders of magnitude between the longitudinal and other directions in freshly pyrolysed
beech wood char. Diffusion in the longitudinal direction of the beech wood char before
gasification corresponded to direct, unobstructed diffusion through its vessel cells. Radial
and tangential diffusion were limited by Knudsen diffusion through the pits in the wood
cell walls for degrees of conversion by gasification up to at least 0.5.

A computer model of slab gasification based on the diffusion measurements successfully
predicted the mass loss rate during diffusion-limited gasification of beech wood char
slabs, and confirmed that radial and tangential diffusion in beech char were limited by
Knudsen diffusion.

Dansk sammendrag
Dansk titel: Neclbrgclningen af bggetroeshohs under termisk omscetning

I naervaerende arbejde blev de processer, der foregar i langsomt pyrolyseret bagetraes
strukturer under termisk forgasning, undersogt. Hovedvaegten blev lagt pa de fysiske
aendringer og gastransportegenskaberne under omsaetningen. De meget anisotropisxe
traestrukturer blev genfundet i traekoksen. Direkte observation af de mikroskopisxe
koksstrukturer under forgasning i CO2 ved 735 °C viste, at den grundlaeggende struktur
var naesten intakt for omsaetningsgrader op til 0.6—0.7. Enaksede malinger af diffusions-
koefficienter og permeabiliteter med en Wicke-Kallenbach-celle paviste forskelle mellem
laengderetningen og de andre retninger i nypyrolyseret bagekoks pa 3—4 st§z5rrelsesord-
ner. Diffusionen i laengderetningen af bagekoksen svarede til direkte, uforstyrret diffusion
gennem traeets transportceller. Radiel og tangentiel diffusion var begraenset af Knudsen-
diffusion gennem eksisterende huller (pits) i traeets cellevaegge for omsaetningsgrader op
til mindst 0.5.

En computermodel af forgasning af en plade, baseret pa diffusionsmalingerne, var i
stand til at forudsige udviklingen i vaegttabet under diffusionsbegraenset forgasning af
pladeformede bagekoks-klodser, og bekraeftede at radiel og tangentiel diffusion i bagekoks
var begraenset af Knudsen-diffusion.
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Introduction
Biomass is gaining increased interest as a fuel due to the climate concerns and exhaustion
of the fossil fuels such as oil and coal. Even though biomass has been used as fuels for
cooking by humans long before the discovery of fossil fuels, it is still a relatively young
fue1 for large-scale industrial combustion processes, and the focus of increasing research
efforts.

The strength and disintegration of solid fuels during conversion are important param-
eters for many solid combustion and gasification processes.

Fluid bed reactors depend on the distribution and development of particle aerody-
namic diameters, which determine how well the particles are fluidized and when they es-
cape the reactor as well as how efficiently the reactants are mixed (Froment and Bischoff,
1990; Grace and Sun, 1991).

For fixed bed gasification, the geometric development of the bed particles is important
to the permeability of the bed. Indeed, this study was motivated by the desire to be
able to predict and influence the pressure drop across the bed of a fixed bed thermal
gasification plant at DTU. Figure 0.1 shows a diagram of this 75 kWth pilot gasification
plant, which is fed by wood chips and produce heat and power with a total energy effi-
ciency of 95% (Henriksen et al., 2006a). Briefly, the wood chips are fed at atmospheric
pressure to the pyrolysis reactor, where it is heated to 600 °C in approximately 30 min-
utes Here, the wood is dried and subsequently three quarters of the dry wood
mass is volatilised as tar and other gases. The solid residue is called wood char. Both
the volatilised gases and the wood char passes through a high temperature zone (@),
heated by combustion of a fraction of the volatilised gases, reducing the tar compounds
to simple gases. Then the wood char is collected in a fixed bed in the gasification reactor
(@), where it reacts (gasifies) with the steam and CO2, producing H2 and CO. Then the
gas is cooled, and the heat is utilised for air preheating and district heating
Particles are removed in a baghouse filter before the final condensing cooler. The gas is
fed to an internal combustion engine (@), which drives the electricity generator. The
heat of the exhaust gas is used to externally heat the pyrolysis reactorl. A blower (@) is
responsible for driving the gas fiow through the system. The main pressure drops in the
system are caused by the baghouse filter (0—30 mbar) and the fixed bed (0—50 mbar).
While the baghouse filter pressure drop is very predictable (rising until cleaned by a
N2 gas jet pulse), experience from more than 3300 hours of operation have shown that
the pressure drop across the char bed is unpredictable; it sometimes rises within 15—30
minutes from a very low to high level, and sometimes falls instantly to zero without
prior warning. These violent variations can usually be dampened for a given fuel type2
by adjusting different parameters (e.g. temperature levels, blower control and fuel load),
but these adjustments are time consuming and based mainly on trial and error.

A high pressure drop across the fixed bed is undesired due to the higher power con-
sumption of the blower, which has to balance it, as well as the mechanical stress that it

1In order to reach temperatures exceeding 600 °C in the pyrolysis reactor, the exhaust gas is further
heat exchanged with the gas from the gasification reactor (not shown in Figure 0.1)

2Several different wood species with different moisture contents have been used as fuel.
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causes on the hot grate supporting the fixed bed. The latter is especially a concern when
upscaling the plant, since the grate then has to span a greater area. The violent and
unpredictable variations in the fixed bed pressure drop, which is sometimes observed,
increase wear on the other components in the system, and may impact the stability of
the whole process. It is therefore desirable to be able to predict and hopefully control
this pressure drop. Computer fiow models have shown that local variations in fixed
bed permeabilities can cause dead zones and channelling in the reactor (Jensen et al.,
2002; Keyser et al., 2006). Experimental investigations have shown that large particle
sizes and narrow size distributions result in higher permeabilities of coal and char beds
(Hindsgaul and Henriksen, 1999; Standish and Mellor, 1980). Thus, understanding the
way char particles disintegrate may be the key to predicting and controlling the pressure
drop of fixed char beds.

In addition, the way particles disintegrate during conversion in both fiuid bed and fixed
bed processes determines which particles or particle fragments escape. This affects the
carbon loss — the amount of carbon that is lost unconverted from the reactor. Also, the
physical strength of a fixed bed itself is limited by the strength of its individual particles.
The way char disintegrates during conversion also affect other parameters relevant to
combustion processes. For example, the development of char reactivity during conversion
depend on the treatment history of the char as well as how the physical structures are
affected by the conversion.

In this thesis, the structural changes occurring in slowly pyrolysed wood chars will be
investigated. Char from beech wood (Fagus sylvatica) will be used as basis material for
the present investigations. Beech is a very common wood species in Northern Europe,
and beech char has already been subject to several combustion related studies (Ehrburger
and Lahaye, 1982; Gabel, 1999; Mouchot et al., 2000).

Focus is put on the description of changes in the physical structure of the char as well as
the development of its gas transport properties during conversion. The gas permeability
and diffusion resistance determine the transport of gaseous reactants and products during
diffusion-limited conversion, and may therefore strongly infiuence the participation of
different structural parts in the process. In addition, changes in gas transport properties
that indicate structural changes inside the material, will be investigated.
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The structure of this thesis
The present thesis consist of five main chapters divided into subsections. Larger subsec-
tions are followed by a summary.

0 Chapter 1 describes common experimental methods that have been applied in
the coal and char research, and reviews the theoretical background and current
knowledge on materials coal and char and changes occurring during their thermal
conversion.

0 Chapter 2 describes the experimental methods applied in the present work.

0 Chapter 3 presents the experimental results.

0 Chapter 4 documents a computer model built to describe diffusion-limited gasi-
fication of beech char slabs, and discusses the results of simulations using this
model.

0 Chapter 5 contain a summary of the results, and a conclusion.

The common nomenclature used throughout this thesis is listed on page 182, followed
by the bibliography.
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1. Theory

In this chapter, common methods to determine the properties of porous media such as
wood char are described, and prior results on char and coal reported in the literature are
presented. The available literature on coal and coal char is much more extensive than
it is on wood char. Since coal shares many of the properties of wood char, including
its biological origin, much relevant information has been gained by consulting past coal
research.

0 The first section describe methods used to determine the physical structure of
porous media, such as geometry, pore sizes, and density, followed by a description
of the structures of coal and wood char.

0 In the second section, gas transport theory is described generally, followed by a
review of the present knowledge on gas transport in coal and wood char.

0 The third section is a brief description of heat transfer in char.

0 The fourth section is on char gasification reactions, reactivity, and structural
changes during reactions.

0 The fifth section describes the strength of wood and char as well as fragmentation
mechanisms.

1.1. Physical structure
In this section, the most important methods used to investigate the physical structure
of porous solids such as chars are described. Emphasis is put on features and problems
specific to the analysis of coals and chars. It is followed by a review of morphology of
coal chars and wood chars.

The IUPAC1 convention divide pore sizes into:

0 micropores (ol<2 nm)

0 mesopores (2 nm<d<50 nm)

0 macropores (50 nm<d)

This classification will be used in the following.

llnternational Union of Pure and Applied Chemistry.
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1.1. PHYSICAL STRUCTURE CHAPTER 1. THEORY

1.1.1. Microscopy
The most direct method of observing a porous solid is by optical inspection. Optical
microscopy of cross sections of a porous media can give very direct information on
macropore shapes, sizes, and location in the solid. The size of the smallest features,
that can be distinguished in optical microscopy, the resolution l,.65, is limited by the
wavelength of the light, Aw, and the numerical aperture (NA.) of the microscope. If the
media between the lens and the object is air, NA. is a number smaller than 1, typically
around 0.1. Cadle (1975) gives the following approximation for microscope resolutions:

A1,6, Ii i.i
2 NA. ( )

so the resolution increase with increasing value of NA. For light Aw is approximately
0.5 um. For example, a high magnification microscope with NA.:0.25 has lres :1 um.
The thickness of the layer, that can be kept in focus, the depth of field hf,-dd, can be
estimated as:

l
h ,6 I T65 1.2
f Id tan (sin_1 (NA.)) ( )

The numerical aperture of the microscope represents a trade-off, as hf,-dd decrease
with increasing NA. High magnification microscope objectives, as the one used in the
example above, must prioritise resolution over depth of field. In the example, the depth
of field is only hf,-dd ~3.9 um, which can be a serious constraint when observing the three
dimensional structures of a porous solid. During manual observation in the microscope,
one can partly compensate by panning the focus up and down during observation, but
this is not useful when producing still pictures with a camera through the microscope.

Scanning Electron Microscopy (SEM) takes advantage of electron beams instead of
visible light, which increases both resolution and depth of field considerably. Features
from several millimetres down to tens of nanometres can be observed with no practical
limits to the depth of field.

1.1.2. Mercury porosimetry
Mercury porosimetry is a method to determine the open pore size distribution of porous
solids. When a non-wetting liquid is forced through a capillary, it requires an absolute
pressure p, which depend on the angle of contact, R, to overcome the surface tension (see
Figure 1.1). If the capillary is small and circular, the angle of contact is symmetric and
can be expressed by the Washburn equation:

2
p: —Tl cosé’ (1.3)

where 7 is the surface tension of the liquid (approximately yHg:0.485 N/m at 25°C)
and r is the capillary radius. Thus, smaller pores require a higher pressure. The angle of
contact 6’ for a given material is found from measurements on known pore sizes or with
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iii

d

§

isp §

Figure 1.1.: In order to force mercury into a circular capillary, its must have an absolute
pressure p in order to overcome the surface tension. It depends on the angle
of contact, (9, as expressed in (1.3).

a specialised instrument, the anglometer. It is often around 130°, but can vary between
110—160° (Allen, 1975). If i9:130° and yHg:0.485 N/m, the smallest penetrated capillary
diameter d for a given pressure, p, is:

4’)/Hg 14,
d:2r:i cos130°:i m

P Plbarl [H i
At atmospheric pressure, d is approximately 15 um. Measurement of larger pores re-

quires vacuum operation. At the typical upper operating pressure of mercury porosime-
ters of p:413 MPa (60,000 PSI), d is 3.6 nm. Thus, this is the approximate lower pore
diameter, which can be measured by mercury porosimetry. It should be noted that the
mercury would not enter closed voids or open voids behind bottle necks smaller than
the limiting pore radius r.

The bulk density, pb, of the sample can be derived as the ratio of sample mass to the
volume replaced by the sample at low Hg pressure (e.g. at 3.4 kPa, where pores smaller
than 360 um are not penetrated). The apparent sheletal density ps, which is the density
of the solid matrix including the unpenetrated pores, can be estimated from the total
penetrated specific volume at high pressure, VH9:

1S I4 1.4

For coals, Hg porosimetry is useful for determining the density and macropore distri-
bution, but inadequate for determining meso and micropores, since the assumption of
circular pores in the Washburn equation is not adequate for coal pores with diameters
below 0.1 um and that the high pressures needed may crush the sample (Smith et al.,
1994). Toda and Toyoda (1972) found that the compression of the solid matrix became
dominant in Hg porosimetry of coals at pressures exceeding 10 MPa (corresponding to
pore diameters less than approximately 130 nm). For the investigated Japanese coals,
compressibility explained all of the apparent Hg “intrusion” in the range 10—100 MPa
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1.1. PHYSICAL STRUCTURE CHAPTER 1. THEORY

(pore diameters of 130—13 nm), where no pores were registered by other methods. The
bulk modulus, /<;, was estimated from the measured linear V-p relationship in this pres-
sure range by obtaining the slope dV/dp and using:

dp 1
I —V — I — 1./<; dv 108.2% ( 5)

where /<; is the bulk modulus. The values were within the range found for Japanese coals
by sound velocity measurements, confirming the assumption that bulk compression could
explain the detection of pore volume in pores smaller than 0.1 um.

Suuberg et al. (1995) took advantage of the compression detected by mercury porosime-
try. They used a standard mercury porosimetry apparatus to study the viscoelastic
behaviour of coal at high pressures, rather than its pore structure. They showed that
the near linear apparent mercury uptake above 10 MPa could not be fully explained
by reversible compression. Figure 1.2 shows the “mercury uptake” (displacement of
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Figure 1.2.: Hysteresis loop in mercury porosimetry of a bituminous coal. After the
initial compression, repeated compression and decompression followed the
same hysteresis loop. (Suuberg et al., 1995)

sample volume by mercury) vs. pressure from repeated intrusion/compression and
extrusion/decompression in bituminous coal. After the initial compression, repeated
decompression-compression cycles entered a reversible hysteresis loop. Failure to re-
cover the sample volume in standard mercury experiments (the first cycle) has generally
been explained by irreversible pore fillingg and from irreversible crushing of the sample.
While the difference between the first and the subsequent compressions may be caused
by such effects, the reversible hysteresis loop of the following cycles must have other
causes. They suggested that this hysteresis was due to reversible viscoelastic effects of
the char structure, now including some mercury in its structure. This will be further
discussed in Section 1.5.3.

2E.g. the inkbottle effect, where large enclosures have been entered through a narrow hole at high
pressure and trapped here at lower pressures, or similar trapping in microcracks with varying width
(Cody and Davis, 1991).
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1.1.3. Adsorption isotherms

When a solid is immersed in a gas, some of the gas molecules will be physically bound,
adsorbed, to the accessible surface. The amount of adsorbed gas depends on the sur-
face area accessible to the gas, A, the temperature, pressure and properties of the gas
molecules and solid surface. A finite amount of adsorbate molecules, which can be
expressed by its original gas volume at normal temperature and pressure (NTP)3 per
solid mass, Vm, can cover all of A. Vm is called the monolayer capacity. If Vm can be
determined, the specific surface area A can be found using the following equation:

Vm A
A I A 1.

24788 cm?’/mol m ( 6)

where A is the Avogadro number, Am is the area occupied by one adsorbate molecule
(usually assumed to be 16.2 - 10_2O m2 for N2 (Gregg and Sing, 1967)) and the denom-
inator is the molar volume at NTP. For N2 A 2 3.99 Vm. Vm can be estimated from
an adsorption isotherm, which is a plot of the amount of adsorbed gas at equilibrium
for increasing pressures and constant temperature. This estimation is complicated by
the fact that further layers can develop on top of the monolayer before the monolayer
is completed. At a given pressure, the adsorbed volume is determined by the equilib-
rium between gas molecules impinging and adsorbed on a given area, and the number of
molecules released (desorbed/evaporated) due to thermal vibrations. Desorption from
the first layer require a certain amount of energy, the heat of adsorption. The additional
layers are bound in a liquid like manner, and thus require an amount of energy equivalent
to the heat of condensation for a molecule to be released. The adsorption isotherm is a
plot of the volume of adsorbed gas per gram solid, Va, against the gas pressure or the
reduced pressure p/psat where pm is the saturation pressure of the gas. It can have very
different shapes. Figure 1.3 shows the IUPAC classifications of adsorption isotherms.

If the adsorption energy is much larger than the heat of condensation, the filling
of additional layers will mostly occur at distinctly higher pressures. In this case, the
adsorption isotherm will be of type I, II or IV with a well defined “knee”, and the
monolayer capacity could be estimated from the location of this “knee” as illustrated in
Figure 1.4, but as will be shown later, the presence of micropores will invalidate this
interpretation.

1.1.3.1. BET surface area

The Brunauer-Emmett-Teller multilayer adsorption theory (BET) includes the filling of
the next layers when estimating the surface area A. Briefiy the equilibrium described
above populates a fraction of the surface area A with a layer of adsorbed gas. The next
layers are filled according to a similar equilibrium on top of the fraction of the surface,
populated in the lower layers. The equilibria are based on the heat of condensation,
except for the first layer, for which it is based on the heat of adsorption. According to
this model, a plot of ,2 - (pm — p) against p/psat (the BET plot) forms a straight line

3NTP is defined as 25 °C and 1 bar.
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Figure 1.3.: The IUPAC classifications of adsorption isotherms (Gregg and Sing 1967)

Figure 1.4.: Simple estimation of Vm from type I, II and IV isotherms (misleading 1n the
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CHAPTER 1. THEORY 1.1. PHYSICAL STRUCTURE

with the slope (c — 1) / (Vm ~ c) and intercept 1/ (Vm - c). c is a constant, which depend
mainly on the difference in heat of adsorption and heat of condensation (Gregg and Sing,
1967). If c >> 1 then the BET plot goes through the origin, and Vm can be derived from
the slope. For small c, estimation of Vm is less accurate or impossible with the BET
method. Experience has shown that the use of N2 generally results in the highest values
of c, which is the reason why nitrogen is often preferred for BET surface measurements
(Allen, 1975). BET estimation of adsorption isotherms of type III and V are unreliable
and best avoided (Gregg and Sing, 1967).

1.1.3.2. Micropores

Micropores pose a special problem to the interpretation of adsorption isotherms. When
the magnitude of the pore diameter approaches that of the molecule diameter of the
adsorbate gas, an attractive field develops inside the pore, increasing the heat of con-
densation, and thus accelerating the filling of layers above the monolayer. The result
can be rapid filling of the micropores (pore condensation) producing a type I isotherm.
If interpreted as shown in Figure 1.4, the estimate of the monolayer capacity, Vm, would
include the gas volume condensed in the small micropores, and thus lead to a (poten-
tially grossly) overestimated surface area (Hurt et al., 1991c; Gregg and Sing, 1967).
For highly activated carbons, BET-derived surface areas found using nitrogen can reach
4000 m2/g even though the theoretical upper limit for an extended graphite layer plane,
counting both sides, is only about 2680 m2/g (Marsh, 1989). Surface values exceeding
1300 m2/g are thought to be unrealistic and caused by pore volume filling of micropores
at very low pressures (Hurt et al., 1991c).

When nitrogen is used, the low temperature required (77 K) may cause thermal shrink-
age, which shrink the micropores in coals. In addition, these may not be readily accessed,
since the activation energies of diffusion into these pores are too high. CO2 is often used
for coa1s due to the higher temperature during analysis and the slightly sma1ler size of
the molecule compared to nitrogen (Smith et al., 1994). The micropore vo1umes and
areas of partially converted coals and chars found by CO2 are generally much higher
than measured with nitrogen (Smith et al., 1994; Marsh, 1989; Ehrburger and Lahaye,
1982; Toda and Toyoda, 1972). It has been observed by Hurt et al. (1991c) that during
gasification of microporous synthetic carbons, the BET surface area determined with
nitrogen was initially vanishing compared to the value obtained using CO2, 800 m3/g.
During CO2 gasification up to 80% degree of conversion, the nitrogen BET area climbed
steadily to the unrealistic value of 2760 m3/g, indicating that pore volume filling had
occurred, while the CO2 BET area only increased to around 1100 m3/g. The low initial
value of the nitrogen BET area was seen as an indication that nitrogen could not en-
ter the micropores before some widening of these pores had occurred. Their conclusion
was that CO2 should be preferred when producing adsorption isotherms for microporous
carbons.

It is now generally agreed that surface areas derived by BET analysis of Type I
isotherms is incorrect and dominated by pore condensation (Rouquerol et al., 1994).
When the high pressure part of the adsorption isotherm ends in a horizontal line, all
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Figure 1.5.: Example of a type IV isotherm with complete pore filling and hysteresis
loop.

pores“ have been filled, and the total pore volume can be estimated as the liquid volume
of the adsorbed of gas, the Curuitz uolume (Gregg and Sing, 1967).

1.1.3.3. Pore size distribution

Adsorption isotherms are also used to estimate the pore volume and size distribution
of open pores. Figure 1.5 shows an example of a type IV isotherm. The monolayer
capacity, Vm, is indicated the same way as in Figure 1.4. The curve continues after Vm is
reached, as additional layers are filled on the pore surfaces. At some point, pores are filled
completely with the adsorbate in liquid form. This is called capillary condensation. It
can be sustained by surface tension at relative pressures p/pm above the relative pressure
determined by the Kelvin equation (Gregg and Sing, 1967):

UV —V} 7

<67 :1Tl(P/Psai) RUT “W “'2
where 2% is the ratio of the change in pore volume to the pore surface area covered by

the condensed liquid, V} and 7 are the molar volume and the surface tension of adsorbate
on liquid form, and Q5 is the angle of contact5. For circular pores of radius r, this ratio
equals 2% I 5, so capillary condensation is limited to circular pores with a radius smaller
than:

-2 Vi 7I 1.
T 1n(p[psat) Ru T COS ¢ (

During adsorption, capillary condensation may be delayed until a liquid surface has
formed across the pore centre somewhere. This leads to a hysteresis loop of the adsorption-

4All pores smaller than the size corresponding to the upper relative pressure analysed according to
(1.8), e.g. 0.5 um for p/psat I 0.996 using N2.

5It is often assumed that d I 0 (Gregg and Sing, 1967).
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desorption cycle (indicated on Figure 1.5). Other causes of hysteresis are inkbottle ef-
fects, where large pores behind narrow restrictions do not empty until the surface of
the restriction becomes unstable, and small differences in the angle of contact gt during
intrusion and extrusion. The volume of pores of a given size range can be estimated from
the amount of gas adsorbed (condensed) within the corresponding pressure according
to the Kelvin equation. Corrections must be made for the amount of gas adsorbed on
other surfaces in the same pressure range. The reduction of the pore diameter due to
the thickness of the existing layer of adsorbed gas must also be corrected for. Several
variants of such corrections exist Gregg and Sing (1967). The BJH method described
by Barret et al. (1951) is the most adapted variant.

Circular shape of the pores are often implicitly assumed when applying the Kelvin
equation. Conversion formulas from r found by (1.8) to the dimensions of some other
geometries are shown in Figure 1.6. In pores with corners (e.g. square) capillary filling
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Figure 1.6.: Pore geometries with the following translations to corresponding circular

pore radius, r, from (1.8) (Gregg and Sing, 1967):
(a):non-intersecting cylindrical: r I R
(b): Parallel-sided fissures: r _ h

Packed spheres: r I 0.613R (cubic), r I 0.229R (rhomboidal)
Cylindrical rods: r I 0.137RQ0 \-/Y.’

may occur in the corners before the rest of the pore.
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1.1.3.4. Experimental procedure

The experimental procedure for adsorption isotherms for char samples is generally as
follows: The sample is dried in a heated vacuum chamber until any physically adsorbed
gases have left the sample. For carbons this typically means a temperature of 250 QC
overnight until the residual pressure is 0.1 Pa (Marsh, 1989). Then the vacuum chamber
is kept at a constant temperature. For nitrogen sorption, it is kept at the nitrogen
boiling point, -196 °C, while e.g. CO2 sorption is measured at -78 °C, J °C or 25 °C
(Smith et al., 1994). Small controlled amounts of adsorptive gas (e.g. nitrogen, argon,
krypton or CO2) is admitted into the chamber. When equilibrium has been achieved,
the resulting gas pressure is recorded in order to determine the amount of gas removed
by adsorption onto the solid surface. Alternatively this can be estimated by the mass
change of the solid. A new batch of adsorptive gas can now be allowed into the chamber,
and this procedure is repeated several times, so that the P-V adsorption isotherm curve
can be plotted.

1.1.4. Pycnometry
Pycnometry is the measurement of the apparent density of a porous solid by fiuid dis-
placement. It is determined as the ratio of the sample mass to the displaced volume of
the fiuid.

Helium gas is often used as the measurement fiuid, and due to its small molecular
size, it is often assumed that it penetrates all pores and fills them perfectly, so that
the measured density is the density of the solid phase, the true density. Closed pores
completely enclosed within the solid are not accessible to the helium, and may result
in a density lower than the true density. If helium is adsorbed on the solid surface, it
will be registered as an additional volume, so again the determined density will be too
low. The absence of adsorption for a given material can be verified by validating the
measurements at different temperatures and pressures (Rouquerol et al., 1994).

1.1.5. Wood structure
Wood is an orthotropic material. That is, the properties and structure of wood have sig-
nificant differences in three orthogonal directions, determined by its original orientation
and location in the tree (Wood Handbook, 1999). These directions are:

Longitudinal (L) Along the stem (or branch) of the tree. This is the direction of most
of the cells/pores in wood.

Radial (R) From the centre of the stem to the surface.

Tangential (T) Along the annual rings in the tree.

The live tree consist mainly of dead cells. Only a thin layer below the bark — the
cambium — contains living cells. In the cambium, bark is produced on the outer edge,
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while wood material (rylem) is produced at the inner edge. Seasonal variations in the
growth appear as differences in the cell diameters produced by the cambium; During
the high growth season (rain season, spring and summer) earlywood is produced having
larger cell diameters, while during the low growth season latewood is produced which
may have markedly smaller cells. These annually repeated transitions produce the visible
annual rings in the wood, which are usually thinner than 1 cm (Wood Handbook, 1999).

Wood consists of different long cell types, most of which share the same longitudinal
direction. The cell types are summarised in Table 1.1. They are generally connected

Cell type COT Vol. fraction Diameter [um] Length [um]
— Softwoods —
Tracheid Nearly all 10—50 2.500—8.000
Ray parenchymat <10% 10—50 100—300
Resin channel
Resin channel
— Hardwoods —
Vessel L 5—30% <500 180—1.300
Fiber tracheid L 26-75% 10—50 900—2.000
Vasicentric tracheid L <<5.000
Libriform fibre L (thich walls) <<5.000
Longitudinal parenchyma _J <<5.000
Ray parenchymai R Can exceed 25% 100—220 10—50.000

WFLIJF‘ woo <30

Table 1.1.: Wood cell types. Approximate sizes, varies with species and growth condi-
tions. (Granli, 1996; Bever, 1986)

T Cell orientation: LILongitudinal, RIRadial.
1; And other specialised radial cell types.

end-to-end into long pores. The cells in a pore are often separated by some kind of
membrane at the joints. The tracheids in coniferous woods have closed ends. Wood
species are often characterised as hardwood (Angiosperms) or softwood (Gymnosperms),
even though the categorisation is not always clear. Figure 1.7 shows a sketch of typical
hardwood and softwood structures, and clearly illustrates the three directions (L, R, and
T), of these orthotropic materials. The differences in features of soft- and hardwood are
summarized in Table 1.2.

Softwoods (such as fir and pine) have a rather ordered structure with only one major
type of longitudinal cell, the tracheid, ordered in radial rows and nearly coinciding cell
walls and thus little intercellular volume. Radial rays occupy less than 10% of the
volume.

Hardwoods (such as beech and oak) have a more unordered structure with several
kinds of longitudinal cells having more rounded cross sections, leaving room for more
intercellular volume. Large (~60 um) vessel cells, connected end-to-end with different
kinds of sieves, act as transport ores in the live tree. Radial ray volume can exceed 25%
in hardwood. Libriform fibres are cells with very thick cell walls.
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CHAPTER 1. THEORY 1.1. PHYSICAL STRUCTURE

1.1.5.1. Cell walls

The many different cell types in Wood share the same cell wall layer structure, which is
sketched in Figure 1.8. The polysaccharide cellulose is responsible for the high tensile
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Figure 1.8.: The cell Wall layer structure (Cote, 1967). Cell wall layers from the outside
in: middle lamella (ML), primary wall (P), secondary Wall (S1, S2 and S3)
and the Warty layer The cellulose microfibril orientations as well as
the typical lignin fractions are listed. (Bever, 1986; Gronli, 1996)
T The cellulose microfibril angle to the longitudinal axis, MFA. See sec-
tion 1.1.5.1.2 on page 31.

strength of Wood (Bever, 1986; Yamamoto et al., 2002; Fratzl, 2003). It is present as
semi-crystalline cellulose microfibril fibres, which are present in nearly all layers of the
cell wall. These fibres will be discussed in more detail below. The outer border of
the cell, the primary Wall (P), consists of randomly distributed cellulose microfibrils in
a nearly isotropic matrix of lignin and hemicellulose. Three secondary wall layers are
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labelled S1, S2 and S3. S1 contain tangential cellulose microfibrils. S2 represents the
largest volume of the cell wall and has cellulose microfibrils nearly parallel to the centre
axis of the cell. The next layer, S3, is similar to S1. The inner wall of the cell is covered
with the amorphous warty layer The void centre of the cell is called its lumen.
The volume between the cells is filled with the lignin rich middle lamella

The cell walls consist of cellulose (approx. 42%) and hemicellulose (30—40%). The ML
consist mainly of the amorphous polymer lignin (a total of 23-33% in softwood, 16-25%
in hardwood) (Ranish and Walker, 1990; White, 1988; Bever, 1986; Wood Handbook,
1999). Minerals (typically 0.2-1.0%) are found in the structure. The actual mineral
amounts can vary significantly between different woods, and across the radius of the
stem. Lignin accounts for 50—100% of the ML and P layer and 20—25% of the sec-
ondary wall, and is partly responsible for the tensile strength of the wood (Bever, 1986).
In addition, wood contains roughly 5—30% extractives (soluble in water, alcohol, ace-
tone, benzene or ether). These include oils, fats, resin, waxes, gum starch, and simple
metabolic intermediates (Wood Handbook, 1999).

1.1.5.1.1. Pits Adjoining cell walls contain openings called pits allowing fiuid trans-
port through the wall. These pits can have one of three types: Bordered pits or pit pairs
(see Figure 1.9) form an enclosed volume within a three layer construction in the wall
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(b) Bordered pit with torus

Figure 1.9.: Cell wall pits in pine. The nearest cell wall and dome-like swelling were
removed in (Bever, 1986)

HT: helical thickening, TL: tracheid lumen, PA: pit aperture, to: pit torus, Wzwarts.

M

(a) Transverse cut in bordered pit

between two cells: The walls form dome-like swellings into each cell around an opening
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in the secondary wall. The dome aperture vary among species. The centre of each dome
is perforated by one hole with a diameter of a few um. In the centre plane in the ML,
a thin pectin pit membrane allows diffusion, but does not allow liquids through. Half-
bordered pits are single pit domes formed when connected to a simple pit in the radial
cell type my parenchyma. The simple pit is just an opening in the secondary wall to the
pit membrane. The microfibrils form streamlined patterns round the pit domes in order
to distribute stress around them (Bever, 1986).

Hardwood vessels are heavily pitted, allowing fiuid transport to other cells. Most of
the softwood tracheid pits are located in the radial walls, and some of these connect
to the radial rays with half-bordered pits. Earlywood tracheids contain approximately
200 pits per cell, while latewood tracheids contain 10—50 pits (Grpnli, 1996). Pits in
libriform fibres are narrow and longer due to the thick cell wall of this cell type.

In softwood, bordered-pit pairs have a unique type of membrane. The otherwise
randomly ordered microfibrils in the P-layer form radial fibres across the centre plane
between the pits replacing the pit membrane. In some species they carry an impermeable
torus in the centre, consisting of pectin and cellulose fibres, which may travel to one of
the pit holes effectively blocking liquid fiow if subject to a pressure difference.

(H) (I11)
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Figure 1.10.: Microfibril structure in spruce. ,u is the MFA in the S2 layer. (a) Shows
the structure of an annual ring with earlywood and latewood
(b) are SEM pictures of the cell structures for MFA of 0° and 45°. (Fratzl,
2003)

1.1.5.1.2. Cellulose microfibrils The cellulose microfibrils mentioned above are long
fibres formed by 41%-linked semi-crystalline glucose monomers. The diameters of the mi-
crofibrils vary among species, but lie between 2.5—3.5 nm (Wood Handbook, 1999; Jakob
et al., 1995). Jakob et al. (1995) determined the dimensions of spruce microfibril crys-
tals using transmission electron microscopy, small-angle and wide-angle X-ray scattering.
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The crystals had a diameter of 2.5 nm and an average length of 11 nm. The microfibrils
in the thick S2 layer form an angle to the long cell axis, which is called the microfibril
fibre angle (MFA) and has a major infiuence on the tensile strength and fiexibility of
the wood. Figure 1.10 illustrates the location of microfibrils in the S2 layer and the
molecular structure of spruce microfibrils. A low MFA results in high tensile strength
and rigidity while a high MFA increase the elasticity of the wood. The MFA varies both
between species and locations in the tree; the MFA is high in the parts of the stem or
branches subject to compression, such as the lower part of branches (compression wood),
while it is high in tension dominated parts such as the upper part of branches (opposite
wood) (Fratzl, 2003). Farber et al. (2001) found MFAs in one single 5 meter long spruce
branch ranging from below 5° in opposite wood up to 50° in compression wood.

1.1.6. Coal structure

Coal is formed from ancient biomass by a continuous conversion at elevated pressures
and temperatures for thousands of years underground. Initially, the biomass forms
peat, which gradually turns into lignite (also called brown coal). Then it becomes sub-
bituminous coal, bituminous coal and finally anthracite. During this conversion, the
volatile content in the coal decrease gradually, while the amount of fixed carbon increases
and the O/C ratio decreases. During the bituminous and anthracite stages, the C/H
ratio increase from around 14 to 46. The ASTM coal rank classification refiects this
development, and the rank is said to increase from lignite to anthracite. Coal resources
exist at different stages of this development, thus having different ranks.

Recently it has been realised that the transformation of vegetation to coal (coalifica-
tion) does not occur mainly by repolymerisation of molecules degraded from plants by
microorganisms in peat. New investigation methods have revealed that coalification hap-
pen by chemical alteration of the biopolymers in the biomass, retaining its geometrical
features. At later stages of coalification (ranks above sub-bituminous coal), temperature
and pressure has been higher and the coals become more homogeneous, and it is less
clear if continued coalification is due to physical or chemical processes (Hatcher and
Clifford, 1997). Shear stress appears to be a requisite for graphitisation of anthracite
happening in the geological coal reservoirs. Bustin et al. (1995) demonstrated graphiti-
sation of anthracite at temperatures as low as 600 OC if subject to shear stress (1.0 GPa)
at that temperature for a few days, whereas the hydrostatic pressure did not promote
graphitisation. This would require temperatures exceeding 1000-2000 OC, which are rare
near the surface of the earth.

Coal from different geographical origins stems from different forms of vegetation, has
different ages and has been subject to varying degrees of pressure and temperature.
Therefore, it exhibits significant differences in ash and volatile content and elemental
composition. Even coals of high ranks can have significant macroscopic anisotropy due
to the geological bedding planes.
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1.1.7. Chars of wood and coal
The process of heating wood or coal without oxidation to temperatures above 300 °C
(pyrolysis) turns it into wood char and coke respectively. During pyrolysis volatiles
such as tar and other hydrocarbons are released as gases thus reducing the amount of
oxygen and hydrogen in the solid char. In fire safety engineering, the conversion is
said to proceed through the material at a certain rate, the charring rate, defined as the
velocity of reaction front having a temperature of 300 °C. For Douglas-fir under ASTM
E119 fire-test exposures, the charring rate through structures orthogonal to the fibres
is approximately 0.8 mm/min for the first 8 minutes, then drops to 0.6 mm/min due
to the added thermal insulation from the char layer. Charring rates for other species
are tabulated in Wood Handbook (1999), ranging from 0.63—0.94 mm/min. Generally,
the charring rate parallel to the fibres is approximately twice the rate in the transverse
directions.

Rate Cellulose Hemicellulose Lignin Source
[K/s] Ea ln /c Char Ea ln /c Char Ea ln /c Char
T100 43.5 2.29 1% 22.9 0.86 40%

10 144.6 7.18 1% 55.7 2.96 42%
10 4% ;t25% 37%

1 230.6 17.07 4% 52.8 2.17 44%
0.17 214 17.7 6%
0.08 260 19.4 9% 119 8 20% 81 8.52 50%

Devolatilisation 240—350 OC 200—260 OC 280—500 QC Q-C'bC'>99U'9999

Table 1.3.: Arrhenius constants (Ea [kJ/mol], ln /c [ln_1 s]) for pyrolysis assuming first or-
der reactions, char residual masses, and devolatilisation temperature ranges
for pure cellulose, hemicellulose and lignin at different heating rates in TGA
experiments.
T The author assumed severe heat transfer limitation in the sample during experi-
ment.
Sources: a:Fushimi et al. (2003); b:Jensen et al. (1998); c:Gr§z5nli (1996);
d:Ermolenko et al. (1990); Soltes and Elder (1981)

Table 1.3 lists measured values for the char yields and kinetic constants for pyrolysis
of pure constituents of wood, lignin and cellulose at different heating rates. For pure
cellulose, 91—99% of the mass is lost during pyrolysis depending on the heating rate. For
pure lignin, nearly half of the mass is retained as char, and it volatilises at higher temper-
atures than pure cellulose. The components may behave differently when incorporated
in the tightly bound matrix of the wood cell walls, but these numbers indicate, that
cellulose has a tendency to complete volatilisation, and that it occurs in a lower tem-
perature range than for lignin. SEM pictures by Fushimi et al. (2303) of the lignin char
revealed major differences in its morphology for low and high pyrolysis heating rates. At
1 K/s the lignin structures formed needle-like fragments on the surface with diameters of
approximately 1 micron. They were visible at 600 OC and covered the whole surface at
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700 °C (see Figure 1.11a). At 100 K/s, no needle-like fragments were produced, instead

(a) 1 K/s. Needle-like fragments (b) 100 K/s. Large holes formed
were formed on the surface. due to rapid volatilisation.

Figure 1.11.: SEM pictures of pure lignin pyrolysed to 700 °C at 1 K/s and 100 K/s.
(Fushimi et al., 2003)

large holes (approx. 5—15 ,am) were formed in the lignin char (Figure 1.11b). Jensen
et al. (1998) found that pure lignin expanded to a sponge like structure during pyrolysis
at l0 K/min.

The activation energy for the pyrolysis of pectin (the material of pit membranes in
wood) was measured by Sharma et al. (2001) to 120 kJ/mol by TGA experiments.
Volatilisation occurred at 150—350 °C, and the pectin char yield was 20% at a heating rate
of 0.7 K/s. Thus, the pit membranes probably volatilise at similar or lower temperatures
than the cellulose microfibrils.

The microscopic structure of wood is retained in the char from slow pyrolysis. Fig-
ure 1.12 shows SEM pictures of partially converted hardwood char from the fixed bed
of the DTU two-stage gasifier (Bentzen et al., 1999). The original structure of the wood
is easily recognised, while the cell walls contain large holes, possibly from converted cell
wall pits. Kumar and Gupta (1995) found that char from acacia and eucalyptus retained
the macro structure of the original wood closely. Standish and Tanjung (1988) observed
char from Indonesian rubber wood after gasification with CO2 with SEM and found that
the structure of the interior of the particles did not change up to a degree of conversion
of 75%.

Ehrburger and Lahaye (1982) investigated the morphology and porosity changes in
beech wood during pyrolysis. They found that no new macropores were produced, and
that the changes in pore volume of pores >0.1 ,am measured by Hg porosimetry corre-
sponded to that of pure and even shrinkage of the whole structure. For pores <0.1 ,am,
the area accessible to CO2 adsorption had decreased by 50% at 300 °C, but increased to
300% of the original microporous wood surface area at 500 °C. This minimum was at-
tributed to tars blocking the micropores at 300 °C and removed at higher temperatures.
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(a) 250x (b) 2500x

Figure 1.12.: SEM picture of hardwood char after partial gasification with steam and
CO2 (Bentzen et al., 1999).

1.1.7.1. Shrinkage

The reported dimensional changes during pyrolysis reported by Ehrburger and Lahaye
(1982) are shown in Table 1.4. Hugger and Larsen (2001) measured the shrinkage of pine
char cubes during steam gasification at 800 °C and found the linear shrinkage of 4.1%
at 10% conversion, while at 40% conversion this shrinkage had only increased to 5.6%.
At 60% conversion, it reached 10% shrinkage, followed by a sharp increase in shrinkage.
At 80% conversion, it had reached 21%.

Process R T L Vol Source
Beech
Beech
Beech
Beech
7 species Pyrolysis 1000 °C

Untreated
Pyrolysis 192 °C
Pyrolysis 302 °C
Pyrolysis 462 °C

1.00
0.97
0.92
0.72
0.68

1.00
0.94
0.86
0.63
0.59

1.00
1.00
1.00
0.85
0.79

1.00
0.93
0.79
0.41
0.31 C7999999

Relative to char:
Fir char
Fir char
Fir char
Fir char

Gasification 10%
Gasification 40%
Gasification 60%
Gasification 80%

0.96
0.94
0.90
0.79

0.93
0.90
0.80
0.63 CDCDCDCD

Table 1.4.: Relative size of wood during pyrolysis and gasification.
Source: a:Ehrburger and Lahaye (1982); b:Byrne and Nagle (1997b); c:Hugger and
Larsen (2001), (sample degrees of conversions are shown as percentages).

Byrne and Nagle (1997b) registered that the char bulk density of very slowly pyrolysed
woods (0.25 K/s) to 900 °C was very consistent between wood species. For 7 species
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Figure 1.13.: Shrinkage development during pyrolysis (0.25 K/s) poplar char (measured
after cooling). (Byrne and Nagle, 1997b)

of both hardwoods and softwoods having initial wood densities ranging from 3.5 to
1.3 g/cm2, the char bulk density was 81.8% of the initial wood density. The longitudinal
size reduction for these species was also very similar at 22%i0.9. The size reduction
was in the order longitudinal<radial<tangential — 21%, 32% and 41% at 1030 QC
respectively. Figure 1.13 shows the size development registered for poplar wood. A
nearly linear decrease in size was observed up to 1000 QC and was constant between
1000-1400 QC. Between 1400—2500 QC the longitudinal size was reduced a few percents,
while it decreased marginally in the tangential and radial directions. Supported by X-
ray diffraction measurements, they suggested that the cellulose units in the microfibrils
in the wood cell walls each turned into a 4-carbon structure, which would result in a
theoretical size reduction in the microfibril direction of 17%. This value agrees well
with the consistent 22% longitudinal size reduction reported above, if the imperfect
alignment of the molecules is considered. Byrne and Nagle suggested that the microfibrils
defined a preferred orientation of the graphite structures forming in the char. At elevated
temperatures exceeding 1400 QC, the layer height in the graphite structure increases,
explaining the reduced longitudinal shrinkage at 1400—2500 QC.

1.1.7.2. Skeleton density

The skeleton density, pa, of beech wood char pyrolysed at 800 QC was measured using
helium pycnometry by Mermoud et al. (2006). It was 1.7 g/cm3, independent of heating
rate (2.6—900 Byrne and Nagle (1997b) made similar measurements on poplar
chars produced at a very low heating rate of 0.25 K/s to the temperature range 400—
2500 QC (see Figure 1.14). They found that the skeleton density increased from 1.4 g/cm?’
at 400 QC to a maximum of 2.0 g/cm?’ around 1000 QC, then returned to 1.45 g/cm?’
for temperatures above 1500 QC. They found that at temperatures above 600 QC, the
measured skeleton densities increased by approximately 0.2 g/cm?’ if the samples were
turned into powder. They suggested that this was caused by a layer of volatiles, that
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Figure 1.14.: Skeleton density of slowly pyrolysed (0.25 K/s) poplar char (Byrne and
Nagle, 1997b). The measurement for beech char by Mermoud et al. (2006)
was added.

had polymerised on the surfaces and blocked the access to micropores in the samples.
The cited skeleton densities were from the powder samples. At 800 QC the density of
the powdered and the unpowdered samples were 1.85 and 1.75, which agrees with the
(assumingly unpowdered) beech char value from Mermoud et al.

1.1.8. Summary
The usual methods to determine pore sizes and surface areas can lead to very misleading
results when applied to coals and chars. Great care must therefore be taken when
interpreting their results. Mercury porosimetry can reliably determine the pore volume
for macropores larger than 0.1 ,am. In lack of better methods, gas adsorption methods
are often used to measure pore volumes and surface areas in micro- and mesopores, but
the results are unreliable. The most reliable result from gas adsorption is the Gurvitz
volume, the total void volume in meso- and micropores.

Just as wood chars, coal originate from biomass. Goals are formed by chemical alter-
ation of the biopolymers in the original biomass, retaining much of its chemical structure,
especially in low rank coals.

Wood and wood chars are orthotropic. That is, they possess different structures and
properties in three orthogonal directions: longitudinal, radial, and tangential to the stem
(L, R and T). Low rank coals and wood chars retain much of the biophysical structures of
the original biomass during much of the thermal conversion. Despite the significant mass
loss, the individual wood cell structures, pits and macro pore distribution from the wood
are nearly unaffected by slow pyrolysis, except for structural shrinkage. The shrinkage
differs in the three main directions (T>R>L) and increases with pyrolysis temperature.
Even after gasification to high degrees of conversion, the structure is easily recognised.

Several authors found indications that polymerised tars from the pyrolysis may block
the access to significant amounts of the micropores.
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1.2. Gas transport
The gas transport through porous media can generally be divided into viscous fiow, bulk
diffusion, capillary diffusion (Knudsen diffusion), and surface diffusion. The latter is a
complicated phenomenon, normally insignificant except for porous media with excessive
surface areas and high gas pressure, and thus ignored in the following.

1.2.1. Ordinary diffusion

Ordinary diffusion describes gas diffusion-limited only by gas-gas collisions. For binary
gas diffusion between species i and j, the binary diffusion coefficient 13,-t, is defined
assuming no pressure gradient and no net gas fiow:

<]—iD I —D¢j "Val"
J’,-D : -D_,-,~~vZ‘,- (1.9)

It is easy to see that 13,-, : D,-,- in order to satisfy a zero net gas fiow (J25 + D— 0).
The conditions of no pressure gradient and no net gas fiow are difficult to realize, since
gases with different molar masses will travel at different speeds through an isobaric space.
It can though be satisfied in an inertial system travelling with the speed of the resulting
net gas fiow. For a stationary system, the net gas fiow must be accounted for by adding
a contribution from the net gas fiow:

JZTD I —Daj - V6»; + £13,;

J51) I —Daj ' VC, _l- SE3‘

where pa is the mole fraction of gas i and J2; : J,-33 + J5]; is the net fiow by ordinary
diffusion. Since there are no pressure gradients, the gas transfers no total force to the
surroundings. Therefore, the gas does not transfer any momentum to the surroundings
either. The mean molecular speed of species i is:

Z211 Uq SRUT
- II I I 1.12<v.> W \/ ,,M, < >

where n,~ is the number of molecules of species i, "oa is the velocity of molecule number
q, kl; is Boltzmann’s constant and Ma is the molar mass of species i. The momentum
transfer from the gases is:

JZD Ml (17%) + JID M1 <55) I (I (1-13)
_> /M _>

<I> Jajp I — Jjjp
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—» —» —» —» M,
<I> JD I Jajp —l- Jjjp I Jajp — )

\/ My

(1.14) is Grahams law of cliflusion.

1.2.1.1. Theoretical determination of Di,

The binary diffusion coefficient for specific gases at low to moderate pressure can be
estimated using kinetic theory, empirical correlations, viscosity measurements or direct
measurements.

1.2.1.1.1. Kinetic theory The Chapman-Enskog theory is a rigorous theoretical so-
lution of the Boltzmann equation for particle clouds from the kinetic theory. It was
independently derived by Chapman and Enskog, and relies on the following assump-
tions (Reid et al., 1987):

0 The Boltzmann equation assumes only binary collisions between gas molecules.
This assumption limits the application to low pressures.

0 The Boltzmann equation assumes elastic collisions between molecules with central
forces. In collisions between polyatomic molecules with internal degrees of freedom,
kinetic energy may not be preserved. This can have significant effect on thermal
conductivity, but does not strongly affect viscosity and diffusion (Marrero and
Mason, 1972).

0 The intermolecular potentials are assumed known. The spherically symmetric
Lennard-Jones potential is almost always assumed due to its simplicity.Q

0 The Chapman-Enskog derivation does not consider wall efleets, so the gas container
must be much larger than the mean free path, A, of the gas. This is consistent
with the definition of ordinary diffusion.

0 Only small departures from the equilibrium uelocity distribution are assumed, so
that close to equilibrium the transport fiuxes are linear in the gradients.

0 Quantum efiects, which are only important for very light gases at low temperatures
(Marrero and Mason, 1972), were not considered in the original derivation. For
N2-N2 the impact of quantum effects on 13,-, is less than 1%7.

The Chapman-Enskog solution consists of an approximation with a correction factor
consisting of a finite sum:

Daj,Ch_E I lpijjl ' _l— A2 _l_ A3 _l_ . .

QEfforts to apply more exact intermolecular potentials such as the Stockmayer potential was recently
initiated by Fokin et al. (2001).

7based on formulas and tables in Marrero and Mason (1972)
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where A.) are rather complicated positive correction terms for the ith approximation,
e.g. the second approximation is:

l77@'.1l2 I lD8'l1"(1+ A2) (1-17)

A.) converge fast toward zero for increasing i. Approximations higher than [DZ-3-)2 does
not seem to be used explicitly anywhere. The first approximation is:

"Zlie$1»

Q’‘
§)~

l—\

Q.

85*L}
3

[21,], I 16 M U) (1.18)

1.858 T3/2 — + W
2 1.19

Ideal gases are assumed in the step from (1.18) to (1.19). The characteristic length
0",-_, and the dimensionless diffusion collision integral Q(1’1) are functions of the gases
and of the intermolecular-force law used, most commonly Lennard-Jones. Q(1’1) for the
Lennard-Jones potential can be obtained with an uncertainty better than 0.11% for
0.3<T*<100 by the following approximation by Neufeld et al. (1972):

QM, _ 1.06036 + 0.19300
_ (T.,.>0_15610 €0.47635T*

1.08587 1.76474
+ t a3.8aI (120)

lcT* : Tl
Eij

An improved collision integral for polyatomic gases such as N2, CO, CO2 and NO have
been published by Boushehri et al. (1987):

o<1»1> I exp [0857588 - 0.472518 ln (T*)
+0.189895 (ln (T*))Q + 0.016574 (ln (T*))Q
-000502022 (ln (T*))4] (1.21)

Lennard-Jones lengths and energies, 0,-a and ea for collisions between identical gas
species can be found in tables in the literature (Lide, 2005; Reid et al., 1987). The
latter is often given as the ratio of ea to Boltzmann’s constant, lea: For diffusion,
corresponding values for collisions between two different species are needed. In the
absence of a proven way to obtain these, different ad hoc combination rules generally
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have to be relied upon. The Lorentz-Berthelot (LB) combination rules are the most
widely used (Reid et al., 1987):

Eij I \/6,” 617'

U)»; -I- U"

Gavril et al. (2004) recently measured 6,, and 0,-j for 6 gas pairs from careful measure-
ments of D,-j at different temperatures, and found fair agreements for the LB-combination
rule for 0,-J-, while deviations between measured and LB-values of e,-j ranged from -80%
to +45%. No better general alternative to LB-combination rules has yet been proposed.

The following paragraph discusses the uncertainty of the mathematical determination
of 13,‘,-,(;;,_E. The first approximation, 11),-J-]1, does not account for the concentration
dependency, but is generally accurate within 5%. In the worst known case with perfectl
rigid particles, [13,-_,-]1 underestimate 1),-t,-,@;,_E by 13% (Marrero and Mason, 1972). Tl_
second approximation, [13,-t,-)2, is a function of concentration and is accurate within 2%.
The correction, A2, is largest when the molar masses are very unequal and the light
component is in trace concentration (Reid et al., 1987). Figure 1.15 shows the correction

<'o°<

(1 +A2) for N2-CO2 binary diffusion (1 +A2) for N2-CO binary diffusion
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Figure 1.15.: Relative theoretical corrections for the second approximation, (1 + A2) in
(1.17), at different temperatures for binary diffusion of CO—CO2 and CO-
N2.

factor for the second approximation in (1.18) for binary diffusion of N2-CO2 and for N2-
CO based on the formulas listed by Marrero and Mason (1972) and the collision integrals
by Neufeld et al. (1972). As indicated above, the correction is largest when the light
compound (N2) is in trace concentration. For diffusion of the isosteric gas pair N2,-
CO A2 (and thus [13,-_,-lg) is nearly constant in concentrations. It generally increases
with temperature, but in the examples, A2 does not exceed 2% even at 800 QC. In
Figure 1.15b, concentration differences affect [13,-j]2 by less than 0.43% at 25 OC for N2-
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CO2. Gas chromatograph measurements of DNTCO2 listed by Karaiskakis and Gavril
(2004) indicate that it could be as much as 12%: 1.63-10-5 m2/s for trace CO2 and
1.81-10_5 m2/s for trace N2, but the accuracy of these measurements were only 2% and
8%.

In a review of experimental data for D,-_, for common gases, Reid et al. (1987) found
that the theoretical first Chapman-Enskog approximation, [13,-_,-]1, was correct within
i23% with an average absolute error of 7.3%. The use of first approximation only
explains a minor fraction of this deviation. Due to the complexity of calculating A2 and
the limited improvements in precision of 13,1,-,C;,_E compared to other uncertainties, only
the first approximation is generally used unless the small concentration dependence is
important. For computers, the cost of calculating A2 is not great, but the gain is still
limited.

(1.20) does not account for molecule polarity. For polar species, Brokaw (1969) sug-
gested a correction which included the dipole moment of polar gas molecules. Reid et al.
(1987) found that estimates from the Brokaw correction often produced erratic results
and did not even improve the description of polar gas diffusion.

1.2.1.1.2. Wilke and Lee correlation Wilke and Lee rewrote (1.19) by including
empirically fitted constants as:

:a03--ififi-) ~10~31*W2
D - < VM” 1%WFWL _ 2 11 )p\/MijUijQ( ’)

2
1/M, + 1/M,

@fi::11s$V§ Qfzrmgfifl
6 6 6

: (?b)jj

(é)M115n, (é)fi11FQj

where T1, and V} are the boiling point temperature and liquid molar volume at the
boiling point respectively. Reid et al. (1987) found the Wilke Lee correlation to be
reliable, but deviations from experimental D,-j did reach 20% for some species.

Mij I

1.2.1.1.3. Derivation from viscosity Since the Chapman-Enskog theory also explain
gas viscosities, thermal conductivities and thermal diffusion factorss, measurements of
these properties can be used to calculate the binary diffusion coefficient. Viscosity can be

8The thermal diffusion factor describes how a gas mixture separates under the influence of a temper-
ature gradient.
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determined with great precision and, as mentioned on page 39, viscosity and diffusion are
not very sensitive to the assumption of perfectly elastic molecule collisions. Uncertainty
of estimates of 13,-, from careful viscosity measurements of the pure gases as well as a
mixture is about 2% at room temperature, which is comparable to that of the best direct
measurements (Marrero and Mason, 1972).

Estimates from thermal conductivities and thermal diffusion factors are possible, but
much less reliable. This is due to both the limited precision of available measurements
as well as the larger sensitivity to inelastic collisions of non-noble gas pairs.

1.2.1.1.4. FSG empirical correlation Fuller, Schettler and Giddings rewrote (1.19)
by introducing empirical molar dlflaslon volumes, 2 11, which is a constant property of
a gas species, representing the molecular volume relevant to diffusion (Fuller et al., 1966,
1969)

2_10—3T1.75D - W2.7 — p /iMij_U?j

2M, : (1.26)J 1/M.~+1/M,

0,, I ,3/(2:1) q,~,~:,3/(Zv)j (1.28)

Values for the molar diffusion volumes was found as least squares estimates from
known experimental determinations of D,-L, involving the given atoms or species, and are
given in Table 1.5. The table lists the diffusion volumes, Ev, for common molecules,
while diffusion volumes for other molecules can be estimated as the sum of the additive
volumes, "0, of their atoms. In a review of different estimation procedures for D,-j by
Reid et al. (1987), the FSG method had the smallest average error. Marrero and Luecke
(1996) verified the FSG diffusion coefficients with literature data for diffusion coefficients
of alkanes, alcohols, and acids. They found that it was remarkably effective in predicting
these diffusion coefficients as well, but improved it by fitting explicit diffusion volumes
for -CH2-, -OH and -COO- groups. They introduced a multiplier, which should be
multiplied to (1.25) for each occurrence of these groups (included in Table 1.5).

Reid et al. (1987) found that the FSG correlation generally resulted in the most reliable
estimate for D,-3-, yet the error reached 18% for some gas pairs. The average numerical
error was 5.4%.

(1.25)

1.2.1.1.5. Pressure dependency For low to moderate pressures, it can be seen from
(1.19) that 1) o< 1 /p, so tables of diffusion coefficients often list the value of p - 13,, with
pressure conveniently given in atmospheres. As pressure approaches the critical point of
the gases (average weighed by concentrations), D,-j drops more than 1/p in a non-trivial
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Additive atomic diffusion volumes, 11
C 15.9 Br

UJZQE L\D L\Dcm '©i-1'

I—I

4.54

F 14.7
Cl 21.0

2 31 I
Ringf

-CH2
-OH
-COO-

21.9
29.8
18.3

22.2
9.7

42

Multiplieri
1. 08
1.30
1. 53

Compound Z11 for atoms and some molecules
He 2.67
Ne 5.98
Ar 16.2
Kr 24.5
Xe 32.7
H2 6.12
D2 6.84
N2 18.5
O2 16.3
Air 19.7

CO
CO2
N20

NH3
H20

SF6
C12
Br2
SO2

18.0
26.7
35.9
20.7
13.1
71.3
38.4
69.0
41.8

Table 1.5.: Diffusion volumes Z 11 for estimation of D,-j using (1.25) (Fuller et al 1969
Marrero and Luecke, 1996)
f Aromatic or heterocyclic ring
1; Multiplier by Marrero and Luecke (1996), see text.
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manner, especially at low temperatures. More details on high pressure behaviour can
be found in Reid et al. (1987).

1.2.1.1.6. Temperature dependency The binary diffusion coefficient is a function of
temperature. At low pressure, where gases can be assumed ideal, it can be seen from
(1.19) that according to the Chapman-Enskog theory:

T3/2

D11 O‘ w
In most cases W111) o< TO‘ where the exponent a varies in the range -5 to 0 (Marrero

and Mason, 1972), so:

13,1,-(T) @< T5 ae[1.5;2.0] (1.29)
Thus, in a limited temperature range it is often assumed that 1),-j o< T175 (e.g. in

the FSG correlation, (1.25)). But for wide temperature regions, the theoretical methods
(Chapman-Enskog and Wilke Lee) of calculating the diffusion coefficients are recom-
mended by Reid et al. (1987). The temperature exponent can be expressed as:

_ E1ln(D,-_,-) N Aln (1),,-)
6 " Wm 6 Wu) 93°)

Figure 1.16 shows 6 calculated by this difference formula for some gas pairs at 10—1800 K
according to Chapman-Enskog. It also shows empirical correlations for DNTCO (T)
and DNTCOZ (T) at atmospheric pressure by Marrero and Mason (1972)9 based on
published measurements by several different researchers and using several measurements
techniques:

_ —7_ 1.576 21>N2_cO I Te[78;10,000lK
(1.31)

DN _cO I P»~15~t@“9,~T1"“° H12 T e 1288; 1,s00]1<2 2 11,13 6 S

6 for the different gas pairs have a fairly similar development in temperature, and a
general assumption of 6 — 1.75 seems to be a fair estimate above room temperature.
The two empirical correlations are qualitatively similar to the general shape of the theo-
retical curves, except for very low temperatures, where 6 for N2-CO clearly exceeds the
theoretical range in (1.29).

Figure 1.17 shows the result of predicting D,-L, (T) from a known value for 1),-J-(295 K)
fOI' N2-CO &IlCl N2-CO2

9Marrero and Mason (1972) lists D,-j (T) correlations for a large number of gas pairs, but most other
non-noble gas pairs are based on few measurements or cover a narrow temperature range. Note
that there is an error in the correlation expression (4.3-1) in Marrero and Mason (1972); the double
logarithm should be multiplied by two instead of squared.
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Temperatureexponent,[3

Temperature exponent for diffusion coefficients
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Figure 1.16.: Temperature exponent 6 in (1.29) for some gas pairs.
[13,-t,-)2: Chapman-Enskog second approximation, (1.17) and (1.21).
Empirical: Empirical correlations for DNTCO (T) and DNTCO2 (T) based
on empirical data by Marrero and Mason (1972) (1.31).
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DN2_CO(T) relative to 295 K DN2_CO(T) prediction error
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Figure 1.17.:

295 K), normalized to empirical values.

13,-, (T) relative to T:295 K for N2-CO (upper graphs) and N2-CO2 (lower).
The right graphs show the relative deviation from the empirical correla-
tions when using the various methods to predict D,-t,-(T) from 1),-t,-(295
[13,-J-)1: Chapman-Enskog first approximation; [13,-J-)2: Chapman-Enskog sec-
ond approximation; 6 : 1.75: (1.29).
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0 Assuming D,-j oc T175

0 Chapman-Enskog first approximation ([1),-L,-)1 and Q(111) from (1.21))

0 Chapman-Enskog second approximation ([1),-_,-)2 and Q1111) from (1.21))

0 Empirical correlations (1.31) by Marrero and Mason (1972), represented by the
upper an lower uncertainty limits15.

As expected, the (1),,-)1 and 11),‘,-)2 predictions are very similar. For N2-CO (Figure 1.17a),
the Chapman-Enskog predictions are very good. The 5 : 1.75 prediction tends to
slightly over estimate, as it follows the upper uncertainty limit. Figure 1.17b shows the
same predictions relative to the empirical correlation, and shows that Chapman-Enskog
follows the empirical correlation within 2%, while 5 : 1.75 barely stays below the upper
empirical uncertainty. The lower Figures 1.17c and d shows the corresponding curves
for N2-CO2. In this case, both predictions underestimate the empirical dependence from
295—800 K, but stays within 7% from the empirical correlation. Actually, Marrero and
Mason (1972) does cite capillary leak measurements of N2-CO2 at high temperatures,
which follow the Chapman-Enskog curves in Figure 1.17d well (they were 4 9% below
the correlation from 400—1000 K), but these measurements were deemed too inaccurate
to be included in the empirical correlation. These examples confirm that Chapman-
Enskog theory describe the temperature dependence at temperatures up to 1800 K well,
while the T175 proportionality is a reasonable simplification.

1.2.2. Viscous flow
A viscous molar gas fiux, .]_.,),,-Sc is induced in the presence of a pressure gradient, V-1.) 75 0
(Marrero and Mason, 1972):

—* $»;P(I_1J,-1,,-Sc I —iV 1.32. BUT), P ( )
where 512,- is the gas species mole fraction, p the absolute pressure, Ru the universal gas

constant, T the gas temperature, u the gas viscosity and <I> is the permeability, a viscous
fiow constant for the porous media. For long, straight, circular capillaries, <I> : "/"2 /8,
where 1" is the radius of the capillaries (Marrero and Mason, 1972). For a pure gas
(x, : 1), (1.32) reduces to:

4 0 <13’4 —tTVp (1.33)

For one-dimensional viscous fiow (along the f-axis):

4 -@5)l (1.34)H 5’-‘E
15Marrero and Mason (1972) assessed the uncertainty to be 2% at 300 K and 7% at 700 K.
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In the following we will assume zero pressure gradient, V-1) : 0, unless otherwise stated.

1.2.3. Knudsen diffusion
Knudsen diffusion describes diffusion, which is limited only by gas-wall collisions. It is
expressed like this:

J,T,K 4 -D,~,K ~ vii,» (1.35)
The proportionality factor D,-K is derived from kinetic theory.

4 4 /8RuT / 1

where K0 depend on the duct geometry and gas-surface scattering law only. For long
circular tubes with radius "1" and diffuse scattering K0 : "1" / 2, so:

4 2R TD, 4- (/45 1.
1K 37/1 7TM¢ (

For Knudsen fiow through orifices and capillaries of length l, Petty (1973) used the
following approximate formula in his model of diffusion through pits in conifer wood. It
reduces to (1.37) for long capillaries:

4 '1" 2R TD,-2, 4 T (/45 (1.33)

By combining (1.35) and (1.36), it can be shown that Knudsen diffusion of gas species
in a mixture is inversely proportional to the square root of its molar mass. This is
Grahams law of efluslon:

J,-K M,
— : — — 1.39JJK (/ M, < >

Note the similarity to Grahams law of diffusion (1.14).

1.2.4. Apparent diffusion coefficient
In order to combine gas-wall and gas-gas molecule collisions (bulk and Knudsen diffu-
sion), a balance of force at the walls is considered. If gas species 11 is not accelerated on
the average, the momentum transferred by wall collisions and by collisions with other
gas species must be balanced by a force. Ignoring gravity, electrical forces etc., this force
is ascribed to the partial pressure gradient, V151,.

First, the partial pressure gradient due to the gas-gas collisions in the porous media
is found by rearranging (1.10) and using the ordinary diffusion coefficient D,-j and p,- :
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—T)Z'j ' V2); I (J51) — SE»;

1 4 4
<I> VG»; I (<]Z'7D — SILL" JD)

T)Z'j'

4 Ru T 4 4
<I> VP»; I (<]Z',D — SC»; JD)

2.2

Then the pressure gradient of 2 due to the gas-wall collisions is found by rearranging
(1.35):

4 _<]—2KG,» 4 I 1.43V Dm ( )
4 —RuT 4

<I>VpZ' I DK '<]2'K

The total pressure gradient is:

4 —Ru T 4 —Ru T 4 4
V192 I DK <]2'K I D__ (J20 I $2 JD) (1-45)

2 2]

When combining the gas-gas and gas-wall diffusion restrictions, the molar fiuxes D
and J,-,K represent the same total fiux: J,- I J,-7D I J,-,K, so:

4 —Ru T 4 —Ru T 4 4

Ducerr 7721.611
_) I)

Vp, 4 1 1 4 x, JI4 0, 4 — — ~J.~-— 1.47T5 —RuT V 111,-K I 122,-) 12,-, I 1
4 1 1 *1 4 2» f

<=>J,- I I+— -VCZ-+1? 1.48
(D/1K 771.1) 771.1 ( )

The apparent dtfifuston coefltctent, D.) determines the corresponding gas fiux for zero
net bulk dtfluston (J I 0):

J; 4 —D,~ ~ V6‘, (1.49)
where

1 1 '1
2 2]

(1.50) is known as the Bosanquet formula. The assumption of zero bulk diffusion is
valid if there is not pressure gradient and the species is in trace concentration. If the
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species is not in trace concentration, a bulk flow will develop according to Grahams low.
For non-dilute binary diffusion, the Bosanquet formula for diffusion With no pressure
gradient becomes (see Appendix (1.22):

-1
1-$,(r-gd 1

Dm:: ’ rm. ff DU + DKJ ( )

1.2.4.1. Temperature dependence

D,-7K o< \/T and D,-j o< T5 where generally E E [1.5;2.0] (see (1.50), (1.36) and (1.29)).
Consequently, it is seen from (1.50) that Knudsen diffusion becomes increasingly impor-
tant at higher temperatures by limiting the value of the apparent diffusion coefficient.

When D,-Kflff << D,-j (e.g. low temperatures and/or large pores), D, is proportional
to T5, While at higher temperatures and/or smaller pores, D,-K,6ff >> D,-J-, and D, is
proportional to

1.2.5. Porous media
In porous media, the observed diffusion is expressed using an (often empirically deter-
mined) efifective dzfifusion coeflicrlent, satisfying for zero total gas flux:

i:—DWyV@ utm

For anisotropic media such as Wood char, D,-flff can be a tensor.
In a porous medium, the gas can only move in a fraction of the volume, equal to the

open porosity, gb. In addition, the geometry may force the diffusing gas to travel several
times the distance of a direct line through the medium. The ratio of this distance to the
direct distance is the tortuosity, 7'. For a simple, open media (nearly straight circular
pores, no dead ends), the effective diffusion coefficients for binary ordinary and Knudsen
diffusion can be estimated from the porosity gb and tortuosity T like this:

%®-dQ-

Dijaeff I —D¢j

Di7K,6ff I —DZ',K

gb/T is called the tortuosity-porosity factor and is a property of the medium. For
anisotropic media such as Wood char, Q5/T can be anisotropic. For some media — es-
pecially those With narrow constrictions and highly bimodal pore sizes in series — the
gas molecules may be delayed significantly longer between constrictions than the tortu-
ous distance Would suggest. This can be described by adding an empirical “constriction
factor”, or by defining better but complicated definitions of tortuosity to describe the
actual average distance that a molecule really travels in the medium (Zalc et al., 2004).

51



1.2. GAS TRANSPORT CHAPTER 1. THEORY

Others just report Def]:/D specifying neither porosity nor tortuosity. The proportion-
ality between Def; and 1) holds as long at the medium is sufficiently homoporous (e.g.
not having an extremely multimodal size distribution) and Knudsen diffusion can be
ignored.

1.2.5.1. Diffusion through series of different layers

Using the analogy to heat conductivity, the total diffusion coefficient, Dtot, for diffusion
in series through n planar layers having different diffusion coefficients D, and lengths Z),
become (Petty, 1973):

D 11 12 1 -1tot ni I — — ... — 1.5511... (D1 + D2 + + D1.) ( l
1 1., 1 1., 1,, 1, *1@010, I (%i'*+%;‘+...+%) (1.56)

where ltot is the sum of Z1. . . Zn.

1.2.5.2. The Dusty Gas Model

The Dusty Gas Model for multicomponent gas diffusion in a porous media was developed
by viewing the porous medium as a gas species with a very large molar mass (and
thus immobile) representing the porous medium (Mason and Malinauskas, 1983). It
is based on the Chapman-Enskog kinetic theory. In addition to the Chapman-Enskog
assumptions listed in section 1.2.1.1.1, the Dusty Gas Model assumes that diffusive and
viscous flux terms are additive, but shares the same boundary conditions.

The result is generally written in Stefan-Maxwell form. This is a dusty-gas description
for isothermal gas diffusion of ideal gases without surface diffusion:

J2 1 0 <13—VO,- I i 513,- -— x-Jj +i + x t Vp (1.57)
. ’ij,6_f_f D»1K,@ff D1'K,eff HTQM? @

i—*

/-5
$1 S1

L2

where Oi is the molar concentration of gas species 11, Ct is the total molar density, <I>
is the permeability of the porous medium and N is the number of gaseous species in the
mixture.

1 .2.5.3. Multicomponent approximation

The full multicomponent description of diffusion in (1.57) is rarely (if ever) used for
engineering purposes and computer models of e.g. combustion. The viscous flow is
often decoupled from the diffusion, so that Vp I O for the diffusion calculations. It
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is furthermore often assumed that each component diffuses in a stagnant homogeneous
mixture of the other compounds. In this case, J,-,1,- 2 0, (1.57) simplifies to:

N
-vc*,~:.1T§ Z I (1.66)

J. _ 1 7711.611

.1 14 13
For the one-dimensional case along the f-axis, the approximate dilute diffusion coef-

ficient is then defined as:

-1

N
I Z L (1.60)

. 7711.6111 I 1
1 $4 1

This approximation is called Blanc’s law (Reid et al., 1987; Marrero and Mason, 1972).
As stated earlier, it describes the diffusion coefficient relative to the stagnant mixture.
The movement of species 1 in a stagnant mixture will result in a non-zero bulk flow. The
following adjusted formulation of Blanc’s law describe the diffusive flux relative to the
total gas flow (Kee et al., 2003):

-1

N
DiB,eff I — ' Z

.1 I 1
1 #13

Blancs approximation can lead to non-conservation, since the sum of approximated
species diffusion fluxes may not be zero, despite the assumption of a stagnant gas. This
should be taken into consideration, and some kind of correction for this may need to be
implemented depending on the problem being solved. Often, the error can be evened
out by transferring the error to an inert or abundant species.

1.2.6. Grahams law, porous media
Grahams law is valid for the combined diffusion of Knudsen and ordinary diffusion (that
is, no pressure gradient, no surface diffusion etc.):

Q I _, /% (1.62)
J3"
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However exceptions to Grahams law have been reported for highly microporous carbon
samples with pore diameters <5 nm (Murrell et al., 1988) (attributed to significant
surface diffusion) and for extremely multimodal pore sizes (which violate (1.53)) (Omata
and Brown, 1972; Mason and Malinauskas, 1983).

Omata and Brown (1972) experimentally evaluated Grahams law in a Wicke-Kallenbach
diffusion cell (will be described in section 1.2.8.1 on page 60) for materials with pore
radii below 5 nm. Mercury porosimetry and nitrogen sorption were used to determine
the pore size distributions (Figure 1.18b). They tested two microporous and one meso-
porous materials: a ferric oxide catalyst, Harshaw alumina, and pelleted Aerosil with
average pore radii of 2.4 nm, 4.6 nm and 550 nm respectively. Figure 1.18a shows the
measured flux ratios JH6/JN2 for the three materials at pressures between 1—21 atm and
temperatures 26—146 OG. The theoretical Grahams law ratio is 2.65. For the highly mi-
croporous ferric oxide catalyst, severe deviations from the theoretical ratio was observed
at temperatures below 100 QC. Even the more mesoporous Harshaw alumina has signifi-
cant deviations at low temperatures, where the ratio decreases with increasing pressure.
The ratio for the highly macroporous Aerosil deviate from the theoretical value by a few
percent, and did not change systematically with pressure nor temperature. The authors
suggested two possible effects, which could explain the observed deviations qualitatively:

1. Molecule-wall interactions during flight can delay the molecules, since the gas
molecules spend a significant amount of the time near the pore walls in the mi-
cropores. This effect would increase JHe/JN, and was expected to increase with
decreasing temperature and decreasing pressure.

2. Surface transport of adsorbed N2 would decrease JH6/JN2. The relative flux con-
tribution from surface transport is expected to be largest at high pressures and
low temperatures.

When combined, these two effects can explain the trends in Figure 1.18a. Bell and
Brown (1973) conducted similar Wicke-Kallenbach experiments with the same pressure
and temperature ranges with pelleted graphon (carbon black graphitized at 2600 K)
having a pore size distribution similar to that of the pelleted aerosil investigated by
Omata and Brown (1972) (Figure 1.18b) but with a more homogenic surface, which
facilitate the presence of a mobile adsorbed layer. They found that the J1-16/JN2 ratio
was significantly lower than the theoretical value of 2.65, and that the ratio consistently
decreased with decreasing temperature and increasing pressure. At 20 atm and 26 OG,
the experimental ratio reached 1.2. They conducted similar experiments with propane-
He gas pair, and found that the He diffusion flux was strongly (up to i10%) affected
by the presence of the other gas in ways not explained by the Dusty Gas Model, even
though He adsorption was negligible (See Figure 1.19). They concluded that the mobile
phase on the surface may cause different gas-wall collision behaviour than the diffuse
collision assumed by the Dusty Gas Model.

A recent computer simulation study by Duren et al. (2002) seems to support this
conclusion. They used a computer model to test Grahams law for binary diffusion in a
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carbon nanotube with a diameter of 2.9 nm at 50 bar and 300 K. They used Monte Carlo
simulations of molecule interactions for two Lennard-Jones model species and j) and
wall molecules. Species 1 had the properties of methane (0.2,-I4 A, __I160 K and
M.)-I16) , while species j differed in one of these properties in each simulation. Grahams
law was obeyed for all variations of the molecule size 0, and mass Mj. Generally, an
almost stationary layer of both species was formed near the wall. As H increased,

1.1
the species j concentration, Oj, in this layer increased dramatically due to its stronger
wall interaction. As the layer was filled, a second and third less densely populated layer
of species j was formed. These layers were mobile, and although less dense than the first
stationary layer, their concentration of j was significantly higher than in the pore centre,
causing an increased fiux J,-, of species j. At the same time, J.) decreased because of the
higher counter-current fiux of j, and because the higher j concentration, Oj, displaced
many of the 1 molecules, leading to a lower OZ-, in the pore. At _I280 K, the fiux of

.7]
species 1 had become essentially zero, while the fiux of j had tripled, a gross violation of
Grahams law. When H < __ the roles of the species were swapped, so that now

j] '1/I,

the fiux of species 1 was increased. But due the lower absolute values of __ it had
weaker interactions with the walls and between the layers, resulting in more dilute layers
and thus smaller changes in the fiux. These results offer a description of surface diffusion,
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which differs from the generally accepted one, where species are adsorbed on the wall as
a mobile phase. They indicate that the accelerated fiux observed for adsorbable species
in microporous media are caused by densification of the species in the gas/liquid phase
near the adsorbed layer on the pore walls, not by movements in the adsorbed layer itself.
This effect increases with the Lennard-Jones parameter While these results by Duren
et al. (2002) may explain how the presence of a mobile phase can strongly infiuence the
interactions between the other gas species and the wall, as suggested by Bell and Brown
(1973), they offer no obvious explanation of the temperature and pressure dependence
in Figure 1.19.

Mohazzabi and Cumaranatunge (2003) also performed Monte Carlo simulations of
Lennard-Jones gases, but without any solid walls; the boundaries of the control volume
were recurrent in order to simulate pure ordinary diffusion. They found that Grahams
law was valid both when __ was changed and when the LB combining rules (1.22)

1.1
and (1.23) were challenged so that the interactions between dissimilar molecules were
much stronger than between molecules of the same species (e.g. 62,-I1, 6,-_,-I5, 6,-_,-I10).
Even for dense systems approaching liquid phasell, the model showed that Grahams law
was valid.

Omata and Brown (1972) reported that Dusty Gas Model calculations with a ex-
tremely bimodal pore size distribution, with micro and macropores (3 nm and 0.1 um)
in parallel at high pressures (10 atm) could cause deviations from Grahams law of several
percent.

1.2.7. Experimental determinations of Di,
Several methods have been developed to measure the binary diffusion coefficient, 13,-, for
gases. Marrero and Mason (1972) wrote an excellent review of these methods and com-
pared published data from different methods for a large number of gas pairs. Figure 1.20
shows their illustration of the principal measurement methods. The most important
methods will be summarised in the following.

1.2.7.1. Closed tube

A closed ~1 meter long tube is divided by a valve with full opening. The two parts
are filled with well-mixed gases of different compositions. The valve is opened for ~10—
100 minutes and then closed. The gas concentrations are measured either during or
after the experiment. The upper half should be filled with the lightest gas in order to
avoid convection. If the pipe is horizontal and filled with gasses of different densities,
convective “spillage” will occur, as the heavy gas fiows into the lower part of the pipe
and vice versa. The temperature range is limited due to the valve and that temperature
gradients (in space and time) along the long tube must be avoided. In 1972, this method
had been used for temperatures between -78—205 OG.

“Grahams law of diffusion (1.14) is based on the Boltzmann theory, which assumes exclusively binary
molecule collisions, and thus requires the gas to be dilute.
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Careful determinations of 1).,-j using this method generally have a reproducibility of
2—3% for independent determinations.

1.2.7.2. Two-bulb apparatus

The principle is similar to the closed tube, but in the two-bulb apparatus, two gas
chambers are connected with a narrow tube, in which all of the diffusion is assumed to
occur. As for the closed tube, temperature gradients must be avoided in order to avoid
pressure driven fiow. Due to its smaller size, the two-bulb apparatus can be used within
a slightly larger temperature range.

The reproducibility is similar to that of the closed tube, but the risk of errors caused
by convection is smaller.

1.2.7.3. Diffusion Bridge

The diffusion bridge is a steady-state version of the two-bulb apparatus. In order to
increase the diffusive fiux, the capillary is generally replaced by bundles of capillaries or
a porous medium, and both chambers are continuously fiushed by gas fiows of different
gas concentrations. From the gas concentrations in the gas fiows out of the chamber, the
diffusive fiux and 13,-j can be determined. When a porous medium replace the capillary,
it must be calibrated using a gas pair with a known D,-‘,~. The diffusion bridge does not
require valves in the diffusion zone, and have been used for measurements up to 609 OG.
Gare must be taken to avoid pressure differences between the two chambers.

The reproducibility of the diffusion bridge measurements was assessed by Marrero and
Mason (1972) to be within 5%.

1.2.7.4. Point source

In the point source method, a tracer gas is introduced in the middle of a laminar fiow
of carrier gas with another concentration. Downstream the injection point, the tracer
gas diffuses axially into the carrier gas. The radial distribution of the tracer gas is
measured downstream, and 13,-, derived. This method is relatively fast and has been
used at temperatures exceeding 1671 OG (Marrero and Mason, 1972). The uncertainty
is generally less than 5%.

1.2.7.5. Gas chromatography

Karaiskakis and Gavril (2004) recently reviewed the ways gas chromatography have been
used to determine diffusion coefficients. The simplest method is the peak broadening
method or Taylor column. A small amount of gas is injected as a pulse into a fiow
of carrier gas in a long, hollow tube. As the pulse moves through the tube, diffusion
causes it do spread into the carrier gas. At the end of the tube, the resulting dispersion
is measured, and 1),-j derived taking into account the laminar fiow profile and axial
diffusion. As several pulses can be injected into the column with short intervals, the
method is very time efficient compared to the other methods mentioned above.
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Extensions of the GC method include various forms of arrested eluslon, where the fiow
is stopped when the peak has travelled halfway through the tube. This minimises the
uncertainty due to assumptions on the fiow profile. In the reversed-flow G C technique
(RF-GC), diffusion occurs in a stagnant diffusion column, while the purpose of the
sampling column is only to transport a continuous sample from the end of the diffusion
column connected by a T-junction. The solute sample is injected in the blind end of the
diffusion column. Each time the sample column fiow is reversed, a peak travels to its
new downstream end. From these peaks the history of fiux of solute from the stagnant
diffusion column reaching the T-junction can be recorded. A packed column can be
used as the diffusion column. In this case, adsorption energy and surface diffusion of the
packing material can also be measured.

Modern GC methods for estimation of 1),-j have a precision of 1—2%. Karaiskakis and
Gavril (2004) claimed a 0.9% precision of the RF-GC method.

1.2.8. Experimental determinations of Def;
The effective apparent diffusion coefficient, Deff, of a porous medium can be measured
by several steady state and dynamic methods.. The steady state methods often require
a long time to reach equilibrium. Dynamic methods are affected by dead-end pores and
gas adsorption. This introduces additional free parameters, which may complicate the
analysis, but makes it possible to obtain data for these properties as well.

1.2.8.1. Wicke-Kallenbach cell

Wicke and Kallenbach (1941) have been attributed for developing a variant of the dif-
fusion bridge (see section 1.2.7.3) for measuring properties of a porous solid, the Wicke-
Kallenbach cell The principle of the W-K setup is illustrated in Figure 1.21a .
Two gas fiows with different species concentrations enter the cell chambers from above.
Gases can diffuse between the chambers through the sample. Deff is derived from the
exit concentrations.

The original cell (see Figure 1.22a) was used to study steady state diffusion in active
coals at temperatures 0—200 °C and pressures 0.13—1 atm between a CO2/N2 mixture and
N2. As with the diffusion bridge, care must be taken to avoid pressure differences. Wicke
and Kallenbach adjusted the pressure difference by carefully varying the fiows observing a
“sensitive U-tube differential manometer” and joining the outgoing streams downstream
the gas analysis. Concentration gradients near the sample boundaries, which would
cause boundary layer resistance, were eliminated by blowing the gas streams directly
onto both sample surfaces.

Haugaard and Livbjerg (1998) built a high pressure W-K cell (Figure 1.22c) to measure
the effective diffusion coefficients of microporous catalyst pellets at 1-30 bar with CH4-
CO2, He-CO2 and He-N2 using a gas chromatograph for the gas analysis. They verified
that Grahams law was obeyed by comparing diffusive fiuxes of the counter diffusing
gases. Generally, it was within 10—15%, but in the highest pressure measurements with
CO2, the CO2 fiux was 30% too high, which the authors contributed to surface diffusion.
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Figure 1.21.: Schematic of the different methods used for measuring Def]:
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Dogu and Smith (1975) introduced a dynamic method for W-K cell measurements.
Using the same carrier gas in both chambers, they injected a spike of a tracer gas in
one chamber, and recorded the response curve at the outlet of the other chamber. From
the mean retention time (first moment) for tracer gas molecules travelling through the
sample, the effective diffusion coefficient could be derived. Gas adsorption in the sample
was neglected, and the chamber volumes had to be small so that residence times in the
chambers were low and the peak was not diluted. Arnost and Schneider (1994) developed
a general moment analysis for the first two moments of the response curve (retention
time mean and deviation), covering several special case descriptions by Dogu and Smith
(1975) and several other authors. It includes reversible adsorption, local diffusion and
adsorption into micropores, stirred chamber volumes. Figure 1.22d shows their sketch
of a dynamic W-K cell with minimal chamber volumes.

Mouchot et al. (2000) and Mouchot and Zoulalian (2002) built a W-K cell (Fig-
ure 1.22b) to measure He-N2 diffusion through beech wood having different moisture
contents at room temperature. In the radial and tangential directions, the concentra-
tions of the diffused gases were too low for their thermal conduction gas analyser, so
they turned to a dynamic operation mode similar to the two-bulb apparatus, where the
chambers were filled with different gases, the external connections closed, and the gases
allowed to diffuse through the sample. After approximately 6 hours, the gas concentra-
tions in both chambers were determined and Def; derived. Boundary layer resistance
was eliminated by measurements of samples with different thicknesses.

1.2.8.2. Beaker lid

Turkdogan et al. (1970) used a stationary method adopted from Olsson and McKewan
(1966), which will be referred to as the beaker lid (Figure 1.21b) to measure the diffusion
coefficients in different graphites, wood charcoal and coconut charcoal. A glass beaker
filled partly with a CO2 absorbent (ascarite and anhydrone) was sealed with a lid of wood
char. For measurements at room temperature, the beaker was placed on a balance in
a slow fiow of a CO-CO2 mixture. CO2 diffused through the stagnant CO in the wood
char and was absorbed so that the CO2 concentration in the beaker was negligible.
The CO2 fiux was found from the mass increase rate of the beaker. High temperature
measurements (500 900 OC) were carried out by replacing the adsorbent and the CO2
fiow with copper oxide and CO or H2 fiow. After diffusing through the lid, the CO/H2
was oxidised almost instantly by the copper oxide and the resulting pure CO2/H2O
diffused back in equimolar diffusion against the CO/H2. Groeneveld (1980) used this
method with CO2-CO diffusion to measure the longitudinal diffusion coefficients in fir
wood char. These results are summarised in section 1.2.9 on the next page. Perré et al.
(1996) used a similar method to measure the transport of water vapour through different
wood species at room temperature. The beaker contained a salt solution sustaining
a relative humidity of 75% inside the beaker by evaporation. The beaker mass loss
represented the amount of water vapour transported as the sum of gas diffusion and the
transport in the solid phase of the humid wood.

The beaker lid method can be used both for single species diffusion and for equimolar
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binary counter-diffusion constrained by the stoichiometry of the reaction. It is fairly
simple to implement, since e.g. no gas analysis is required. The temperature must be
stable in order to avoid pressure changes. The choice of gas species is very limited.
Boundary diffusion resistance may be minimised on the outer surface by a fiowing gas,
but since the gas inside the beaker is stationary, the boundary resistance inside the
beaker may be significant — especially a low temperatures. This may be eliminated by
experiments with lids of different thicknesses, but was not done in any of the cited works.
Segregation of gases inside the beaker may also induce a vertical concentration gradient,
where the heavy gas (for example the product of oxidation reactions) is retained in the
lower part.

The precision is not well documented, and expected to vary significantly with the
implementation. Turkdogan et al. (1970) evaluated the method by replacing the porous
lid with an impermeable lid with single capillary, and estimated DCO_cO2 at 18 OC to
1.40 - 10-5 m2/s, which was only 2% below their theoretically calculated value, but was
14% below the experimentally based value 1.60 - 10-5 m2/s published later by Marrero
and Mason (1972).

1.2.8.3. Adsorption and catalysis

If the porous medium has absorptive or catalytic properties in combination with the
gases used, the medium itself can take the role of the absorptive or reactive material in
the beaker lid method. The principle is illustrated in Figure 1.21c. The sample is placed
in a gas stream, and the downstream concentration response is recorded.

If the sample reacts with the gas or catalyses a gas reaction, Deff may be found from
a model of the reacting particle. Johnsson and Jensen (2000) took advantage of the gas-
solid reaction between coal char and N20 and NO at temperatures exceeding 1000 K.
They used a fixed bed reactor with mono-sized bituminous coal particles to investigate
the reduction efficiency. Deff for the coal was found by Thiele modulus calculations.

The strong adsorption properties of carbons can be used to determine Deff in samples
in a similar way. Either a pulse from a tracer gas or concentration steps are applied
upstream the sample, and the response curve analysed. In order to analyse the results,
detailed knowledge on the absorptive properties are required. Mugge (2000) investigated
gas physisorption on and gas transport in carbons from mass and concentration response
curves after stepwise concentration changes as well as changes in total pressure. The
adsorptive properties were determined by measuring the mass uptake during temperature
variations.

1.2.9. Diffusion in coal and wood char
Johnsson and Jensen (2000) measured the effective diffusion coefficient Def; of a bitu-
minous coal char at 806 QC for N20 and NO by way of the Thiele modulus effectiveness
factor for particle sizes 0.05—5 mm. They found the effective diffusion coefficient Def;
to be 5.5 - 10-6 m2/s and 6.8 - 10-6 m2/s for N20 and NO respectively, corresponding to
Deff/D,-J-:0.043.
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DeSample Deff Source
Metallurgical coke 2-10-7 -*.027i0.001
C081 char 6.8-10-6 9.043
“Wood” char, L 2-10-6 §*.155i0.005
Fir char, L 2.9-10-6 §~.18i0.03
“WOOd” char, T 5-l0_8 :*.004:|:0.001
“Wood” char, R 3-10-8 §~.002i0.001 9999<'>99U'99

Table 1.6.: Diffusion coefficients and derived diffusion coefficient ratios of unoxidised coal
char and wood char.

Sources: a: measured in GO—GO2 (Turkdogan et al., 1970). b: measured for NZO (Johnsson
and Jensen, 2000). c: single gas (CO2) diffusion cell (Groeneveld, 1980).

Turkdogan et al. (1970) investigated diffusion in coke, graphite and char from coconut
shells and wood. Unfortunately neither the wood type nor pyrolysis conditions were
specified. Table 1.6 shows the diffusion coefficients in wood char measured by Turkdogan
et al. (1970) in a mixture of GO and CO2. Diffusion measurements with coke and
graphite at different temperatures (18—900 OG) and pressures (0.1—10 atm) indicated
that at atmospheric pressures and above, ordinary diffusion dominated, while at lower
pressures, Knudsen diffusion effects were detected. That is, at atmospheric pressures and
above, % was independent of temperature and gas type. Groeneveld (1980) measured

D . . . . . . . .the value of gf in the longitudinal direction of fir char by measuring the conductivity
of char filled with an electrolyte as well as in a single gas (CO2) diffusion cell, and
found values for % of 0.17 and 0.18. After only 3.5% conversion in CO2 at 800 OG
this value had increased to 0.7 (see Figure 1.23). This was explained by the initial
removal of tyloses in the hardwood cells. Standish and Tanjung (1988) described that
the permeability of Indonesian rubber wood char was high in the longitudinal direction,
while it was “virtually impervious” in the radial and tangential directions.

1.2.10. Summary

Gas transport in porous media is the sum of several different transport modes: viscous
fiow, the combination of ordinary and Knudsen diffusion, and surface diffusion. Surface
diffusion is the least predictable of these, and often ignored. Viscous fiow is the result of
a pressure gradient. Ordinary and Knudsen diffusion describe the movement of gases in
the absence of a pressure gradient, dominated by gas-gas molecule collisions (ordinary)
and gas-wall collisions (Knudsen).

Grahams law says that in the absence of a pressure gradient, gas diffusion fiuxes of
different species are proportional to the square root of their molar masses. It is very
general, and valid for the combination of ordinary and Knudsen diffusion for dilute as
well as dense gases. But it might fail miserably, if molecules interact with the solid in
non-trivial ways. This can occur in diffusion through pores smaller than 5 nm, especially
if the gases are adsorbed on the pore walls. For diffusion in micro and macropores in
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parallel at high pressures, deviations from Grahams law of several percent using the
Dusty Gas Model has been reported.

Several estimation methods exist to predict binary diffusion coefficients D,-j for given
gas pairs, generally within 5-10%, but deviations to experimentally determined values of
up to 20% does occur for any of these. Generally, diffusion coefficients can be measured
with accuracies of 1-2% at room temperature.

The Dusty Gas Model is a rigorous model for gas transport in porous media, based on
Chapman-Enskog theory. The porous medium is described by its permeability, <I>, and
effective diffusion coefficients, D,-L,-,6ff and DK7,-jeff for gas i and j. For ordinary diffusion,
the diffusion coefficient ratio % is a constant property of the porous medium.

Several methods to measure the apparent diffusion coefficient, Deff, were presented.
Often, Knudsen diffusion is neglected. This has been reported to be valid for graphites
and coke at and above atmospheric pressure. Only few measurements of coal and wood
chars were found in the literature, with % ranging from 0.002—0.18 for wood char in
different directions.

1.3. Heat transfer

As carbon gasification processes are endothermic and require high temperatures, heat
needs to be transferred to the reacting parts of the particle. The surface of the particle
can receive heat by radiation and convection. Conduction through the surrounding gas
is often insignificant at high temperatures, but conduction from neighbouring particles
may be important. Inside the particle, heat is distributed by radiation, conduction and
convection. The Biot number, Bi, relates to the ratio of external to internal heat transfer:
Bi : where h is the overall heat transfer coefficient, he is the thermal conductivity of
the particle and L is a characteristic length such as the particle diameter. For Bi < 0.2,
it can often be assumed that there is no temperature gradient, and the particle is said
to be thermally thin. For Bi > 0.2, the temperature gradients can be significant, and
the particle is thermally thic/i. Hagge and Bryden (2002) defined an additional regime
for wood pyrolysis at Bi > 20, the thermal wave regime, where drying and pyrolysis
appeared simultaneously in the same moving reaction front.

Figure 1.24 shows the thermal conductivity of wood perpendicular to the fibres at
temperatures up to 1100 OG reported by Knudson and Schniewind (1975). Note that
it is based on a rather questionable extrapolation of a char conductivity value at room
temperature assuming that char conductivity is proportional to temperature, as had
been observed with wood (at much lower temperatures). Nevertheless, this correlation
is still cited and used in the area of fire protection (Lie, 1992).

The thermal conductivity along wood fibres is 2.0—2.8 times the perpendicular value
(White, 1988). The specific heat of charcoal is reported as constant 690 J/kg K above
350 Go (Lie, 1992).
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Figure 1.24.: Transverse thermal conductivity of wood and wood char at high tempera-
tures (Knudson and Schniewind, 1975).

1.4. Char reactions
The reaction rate of carbon depends heavily on temperature, gas concentrations, and
the density of reactive sites on the carbon. If conversion of a particle is limited mainly
by the external and internal gas transfer, it is said to be diffusion-limited, while it is
hinetically limited if it is infiuenced mainly by the kinetic reaction rates.

Diffusion-limited conversion is dominated by large gas concentration gradients and
restricts the reactions to near the outer surface of the particle, since reactants are con-
sumed before they can travel deeper into the particle. For kinetically limited conversion,
the gases penetrate the whole particle, and the local reactivity of the particle determines
the reaction rate.

1.4.1. Coke and wood char reactivity

The steel industry has established two measures for coke samples suitability in a blast
furnace: the cohe reactivity index (GRI) and the cohe strength after reaction (OSR). The
GRI is defined as the relative mass loss of crushed coke lumps (19.0 by 22.4 mm) after
reaction with CO2 for 2 hours at 1100 OG under the conditions described in ASTM (1993).
Subsequently the reacted coke lumps are placed in a cool drum tester and tumbled for
30 minutes to determine the GSR. The GSR is defined as the mass percentage of the
reacted and tumbled coke lumps, which cannot pass through a 9.5 mm sieve. In Japan
the DI values from the similar drum test is used in place of GSR: A sample of 10 kg coal
with sizes over 50 mm are tumbled 30 or 150 revolutions in a drum. The percentage of
particles still exceeding 15 mm defines the Dlig and DI}? correspondingly.

Despite their wide use, experience is inconsistent as to the importance of coke OSR,
ORI and DI in real blast furnaces (Best and Burgo, 2002). Additionally it is difficult to
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translate these values into physical properties (Easler et al., 1985).

1.4.2. Micro- mesopore development
Reactions in char and coke often do not happen uniformly in the material. The pore sizes
and orientations as well as ash particles inside the carbon structures lead to non-uniform
reactivity in the particle (Hurt et al., 1991a). The relevant reactions with carbon char
depend on the active sites or active surface area, but there is no general agreement in the
literature on the location of active sites (Liu et al., 2000). Several authors have reported
that reactivity is correlated with the surface area of pores larger than 1.5—2 nm. For
coal and coal char, Dutta and Belt (1977) found that even though a greater part by
far of the surface area measured by adsorption methods in coal and char is located in
the micropores, the reactivity with CO2 was correlated with the surface area in pores
larger than approximately 1.5 nm (6—100% of the total surface area) rather than the
total surface area. Hurt et al. (1991b) found that gasification of sub-bituminous coals
with GO2 preferentially took place outside the micropores (>2 nm). As mentioned in
Section 1.1.3.2, pore condensation in micropores during adsorption measurements may
cause misleading and overestimated surface areas, which may explain why these authors
were unable to correlate micropore surface area to the reactivity.

The amount of active surface area can change significantly during conversion. It is
increased by new pores formed during conversion, while it decreases when pores merge.
The resulting development of active surface area may or may not increase initially before
it decreases as pore merging dominate (Morell and Park, 1990). Murrell et al. (1988)
observed the development of a very distinct characteristic pore size of 3.9 nm during gasi-
fication of a variety of petroleum cokes and chars from peat and animal bone, suggesting
that gasification preferentially attacked structures of this size. A similar characteristic
pore size of approximately 2.0 nm in cokes from wood and lignite has been found by
several authors (Dubinin, 1983). Rist and Harrison (1985) measured the development of
the pore size distribution during steam gasification of slowly pyrolysed lignite coke with
8% steam at 800 OG. They measured the pore size distribution from the nitrogen desorp-
tion isotherm. The resulting pore size distributions are shown in Figure 1.25. Initially
most of the surface area was located in the macropores. At 5% conversion the surface
of micropores (>1.5 nm) had increased significantly, but at a degree of conversion of
15% conversion, a surface peak appeared for ~2.2 nm mesopores. This peak became
dominant and increased sharply until the last measurement at a degree of conversion of
48% (after 8 hours of gasification). The micro/mesopore volume in the 0.8-3.5 nm range
increased nearly linearly from 0.00 to 0.20 cm?’/g, while the macropore volume (7-30 nm)
increased marginally from 0.02 to 0.04 cm?’/g. Rodriquez-Reinoso et al. (1984) studied
the micropore development in chars from olive stones and almond shells during reaction
with air at 350 OG, and observed the initial presence of very small micropores. The
volume of 0.4—0.7 nm micropores was constant at 0.33—37 cm?’ /g for degrees of conver-
sion 0—30% followed by an almost linear decrease to 0.13—0.15 cm?’ /g at 71% conversion,
which may be due to pore merging.

It is interesting that the observed distinct increase of surface area in 2.0—3.9 nm
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mesopores during gasification occur in the same size range as the cellulose microfibrils in
woods of approximately 2.5—3.5 nm (White, 1988; Jakob et al., 1995). This may indicate
that the cellulose char is attacked during the initial gasification, so that open mesopores
replace the microfibrils inside the cell walls. This is further supported by the observations
cited from Rist and Harrison (1985) of a linear increase in pore volume during gasification
for the micropores, while macropore volume only increased marginally. On the contrary,
the steam reactivity of pure cellulose char is lower or equal to that of pure lignin (see
Table 1.8), and the diffusion through these mesopores would be slow, as the original cell
wall structure does not seem to offer short pathways into the microfibril pores unless
the lignin-hemicellulose structure is opened for diffusion during pyrolysis. Murrell et al.
(1988) observed similar mesopore development in chars of animal bone, which does not
contain cellulose. Instead, bone and many other biological tissues contain large amounts
of collagen microfibrils of very similar sizes as the cellulose microfibrils in plants (Fratzl,
2003), which may explain the similar mesopore development in bone.

Another explanation could be that the mesopores were already produced during the
pyrolysis by removal of the cellulose microfibrils. Table 1.3 shows that pure cellulose
volatilise at lower temperatures than lignin, and that the char yield after pyrolysis of
pure cellulose is as low as 1—9%, thus most of the cellulose microfibril material may
already be removed during the pyrolysis. Polymerised tars on the macropore walls
and/or in the mesopores themselves, may have blocked the access the these microfibrils.
During gasification, these blockages were removed, resulting in the reappearance of the
microfibril voids. During fast pyrolysis, such blockages may be insignificant, and the
rapid volatilisation of the may even induce breakage of the lignin structures in order for
the gas to escape.

Since low rank coals are formed by alteration of the biopolymers of the original
biomass, they may have retained structural reminiscents of the microfibrils. It can
be speculated that the micro/mesopore development during gasification of lignite shown
in Figure 1.25 is caused by the microfibrils in the original biomass.

1.4.3. Ash catalytic effect
Inorganic ash particles can catalyze the reactions and produce channels in the char
(Ranish and Walker, 1990). In the final stages of high temperature combustion of coke,
minerals can have an inhibiting effect on the reactivity, because they reduce the oxygen
diffusion and may cover the reactive carbon surface. Hurt et al. (1991a) developed
a model of pore development for carbon gasification considering three types of non-
uniformity: uniform pore widening, large pores widening and channel production. They
found that channelling by ash particles produced pores in the mesopore or macropore
regime, which severely decreased the surface area of microporous chars, but increased the
surface area of chars, which had low initial surface areas. Using the model of channelling
and restricting reactions to surface areas of pores >2 nm (approximately 10% of the
total surface area), they could explain the measured pore development during kinetically
limited CO2 gasification of coal char at 860 OO from Murrell et al. (1988).

The catalytic effect of inorganic species on carbons can be very pronounced. Turk-
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dogan and Vinters (1972) found that a content of 2.1% Fe in graphite can increase its
reactivity in OO2 by a factor of 106 at 800 6G and by a factor of 2000 at 700 1000 6O
with less than 0.01% Fe. They found that transition metals (introduced by soaking small
graphite particles in an aquatic salt solution then reduced by H2 treatment) enhanced
the graphite reactivity in air. The catalytic effect of Ni, Go and Fe were higher for oxi-
dation in GO2 than in air, while Ag, Gu, Zn and Gr had virtually no effect on graphite
oxidation in CO2. Xie and Lie (1994) reported that calcium oxide (GaO) catalysed the
gasification of coal in CO2 at 500—1100 6G, while the catalytic effect during gasification
with H2O was less pronounced. These findings are summarized in Table 1.7.

Ag Oat Go Gr Gu Fe Ni Zn
O2 >|<>:< >:< >|<>|< >|<>:< >:< >:< >:<

CO2 0 >l<>l< >l<>l< 0 0 >l<>l<>l< >l<>l< 0

Table 1.7.: Catalytic effect of inorganic compounds on graphite on oxidation in O2 or
GO2. The number of stars indicate the degree of catalytic effect. Rough
summary of Turkdogan and Vinters (1972)
T: Reactivity on coal Xie and Lie (1994))

Zekel and Krasnobaeva (2003) found that sublimated metal hydroxide vapours catal-
ysed the gasification process of coke in steam at 800 6O by up to 29%. The catalytic
effect was increasing in the order: NaOH<LiOH<KOH.

1.4.4. Wood char reactivity
In a TGA study of gasification of beech wood char by Gabel (1999), the following
mechanism for carbon gasification with steam and CO2 was assumed:

o,.~+co2 ) : +GO(g)
Q+mO);: -MMQ

9(9) —> 9)+Cf
QQ Q229-9.9.

where Of is an unoccupied active site while G(O) is an active site occupied by one oxygen
atom. The resulting Langmuir-Hinshelwood expression is:

/61 "P1120 + (<2 "Poo _1R:hd+fip +2 +@2+fl S am)
k5 H20 k;5pCO2 k5pH2 k5pCO

where pH2O, pggg, pH, and pgg are the partial pressures of steam, GO2, H2 and GO
in atmosphere respectively, and fa, is a factor describing the infiuence of the degree
of conversion. The following rate constants were experimentally determined for beech
wood at temperatures 750—1000 6O and gas pressure 1 bar. The beech wood char had
been initially pyrolysed at 600 6O at a heating rate of 0.3 K/s. Then it was crushed
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and particles of sizes 45—63 am were separated for analysis with standard sieves. The
TGA measurements on 5 mg samples were initiated by further pyrolysing the sample to
1000 6G at a heating rate of 0.4 K/s.

_ 7 W -1 -1 7 \/61 - 7.531-10 -e RUT s atm (1.64)

22 : 3.270~1c8-5-2%? s_1atm-1 (1.65)
/63 I 3.232»;c6-571%? S_1a,t1T1—1 (1.66)
k4 : 2.016~;c8-5-2%? S—1a’tI1’1—1 (1.67)

5_ - ,7 W -1 -1 7 \/65 _ 2.458~_C -e RUT s atm (1.68)

Ru is the universal gas constant, and T is the reaction temperature in Kelvin.. The
factor f9, was described by the following expression, valid for x < 0.8:

f,, I 373.1026 - 707.1725 + 504.22 .64
-166.33 $3 + 25.333 $2 - 0.61355 .2 + 0.44230 (1.69)

Figure 1.26 shows f$(.ac) and the mass development modelled with the reactivity de-
scribed by (1.63) for constant temperature, pressure and gas concentrations using the
formulas:

Sm
E I —R(a:)-m (1.70)

x : 1—m/mo (1.71)

where m is the sample mass, and mg is the initial sample mass12. Figure 1.26b is nearly a
perfectly straight line, which shows that the variations of f,,, describe a constant absolute
mass loss rate during conversion. The slight deviation from a straight line at x>0.7 occur
where the TGA measurements had the highest uncertainty, so it can be speculated that
this deviation from linearity may not be real. Mermoud et al. (2006) found the mass
loss rate to be constant up to :1: : 0.9 during steam gasification of beech char in a TGA.

1.4.5. Influence of pyrolysis conditions

The reactivity and strength of coal and wood char depend on how it was pyrolysed.
Heating rates and upper temperature during pyrolysis also affect the char yield from
the biomass. High temperatures and heating rates decrease the char yield and produce
more volatiles and gases (Hall and Overend, 1987). During pyrolysis at low heating
rates, volatiles polymerise on the char surface, causing a higher char yield.

Fushimi et al. (2003) investigated the infiuence of pyrolysis heating rate on the gasi-
fication reactivity of chars of pure cellulose and lignin in 50% steam in argon at 700 6G.

12The ash content of beech char (approximately 1.5%) was ignored.
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Figure 1.26.: f$(x) (1.69) and the resulting mass development during conversion of beech
char at constant T, P and gas concentrations with reactivity described by
(1.63).

Their results are shown in Table 1.8. Lignin char produced at higher heating rates

Material Sample pH, O Tpw. Ash Pyr. Tgf R9; Source
[mg] iatm] [6 O: frac. [K/s] [6 O: [s-1]

Lignin 10— ll ll 2.0-10-6
Gellulose 10— ll ll 1.3 - 10-6
Lignin 10— ll ll ~3.5-10-6
Cellulose 10—20 0.5 ll 0 100 ll 3-10-6
Beech char ll 2.5% 0.4 ll 2.9 - 10-6
Beech char ll 2.5% 0.4 750 1.5 - 10-4
Birch char 4522 $.55 ll 1.7% 9.3 75:‘ 5.5 ~ 10-

l\Z>l\Z>l\Z>

O1O1CCC
)(4)(4)(4)(4)(4)

O1O1O1O1O1

QCBCBQQQQ(Q)-t(4)(4)(4)(4)(4)(4)

CCC I—\ C (4)I—\I—\

QQQQQ(4)(4)(4)(4)(4)

14> 0035170:0:0»0»

Table 1.8.: Steam gasification initial reactivities, Rgf, of wood char at 1 atm and gasifi-
cation temperature Tgf. Samples were pyrolysed at the temperature Tpyr.
T Oalculated (extrapolated) using the L-H expression (1.63).
Sources: a:Fushimi et al. (2003); b:G0bel (1999); c:Guanxing et al. (1997)

had higher initial gasification reactivities, which was attributed to the development of
macroporosity caused by rapid evolution of volatiles (See Figure 1.11). For comparison,
the reactivity for beech char calculated by (1.63) at the same temperature is shown. The
beech reactivity is 1—2 orders of magnitude smaller, even though the ash content of the
char is supposed to catalyse gasification. The reason for this difference is not known.
Measured reactivities for beech and birch (at higher temperature) are also listed. They
are in good agreement, as could be expected for chars of similar hardwoods with sim-
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ilar ash content. The pyrolysis temperature was higher and may explain some of the
difference.

The
of tar
of the
of metall

increased char yield at low heating rates is often attributed to the recarbonisation
volatiles in the char matrix since, at lower heating rates, the residence time
volatiles inside the particle is longer. Shigeno et al. (1998) increased the CSR

urgical coke by infiltrating it with CH4 at 1030 6C. Most of this effect was
explained by the decreased reactivity of the coke; it kept its strength because the degree
of conversion was lower given the same reaction conditions. The same effect has been
demon

l as an increased strength (DI) in the outer layer of the coke after tar infiltration.as wel
strated by infiltration with heavy tars. Inoe and Uebo (1995) saw increased CSR

In contrast, Guanxing et al. (1997) investigated the impact of hot post treatment of birch
wood <
not ab

chars with tars on the steam gasification reactivity at 750 and 850 °C. They were
le to detect any change in the gasification rate after the char had been repyrolysed

togetlrler with fresh wood. The process of thermal annealing may also harden the char
at high temperatures.

Pyrolysis experiments with wood and other biomasses have confirmed that the reac-
tivity of biomass chars increases with the pyrolysis heating rate (Guanxing et al., 1997),
as is the case for coke. For thermally thick particles, the effective heating rate for ex-
ternally heated pyrolysis is limited. Pedersen and Andersen (2001) pyrolysed thermally
thick wood chips and did not observe any dependence of the (ambient) heating rate on
the char yield.

1.4.6. Summary

Reactivities in coal and wood chars are correlated to the accessible surface area in
pores larger than 1.5—2 nm. Ash compounds can strongly catalyse gasification. Slowly
pyrolysed chars have lower reactivities than chars produced during fast pyrolysis. This
is thought to be caused by tars polymerised in the char matrix, blocking access to some
of the reactive surfaces.

During gasification, the development of mesopores with a narrow size distribution
around 2—4 nm has been observed in both biomass chars, bone chars and lignite. It
was suggested that these mesopores were already produced in the voids left by the
cellulose microfibrils during pyrolysis, covered by polymerised tars, and later uncovered
by gasification of this tar char.

1.5. Strength

1.5.1. Brittle fracture

Coal and char are brittle materials. Griffith (1920) presented a theory of minimum
potential energy for brittle, elastic, isotropic solids with a critical fiaw/crack normal to
the applied stress. He assumed that one criteria for a fiaw to cause fatal rupture of the
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solid, was that the crack could propagate with a continuous decrease in total potential
energy. Griffith derived the following result for the tensile strength, (ITS:

/2E7
UTS I Q

where E is the Young’s modulus, 7 is the surface tension and cg the half-length of
the critical fiaw. Emmerich (1997) found consistent values of y:6.4i0.7 J/m2 for three
different polygranular graphites having (ITS between 16 and 65 MPa assuming a typical
Young’s modulus E:11 GPa for graphite and a critical fiaw length corresponding to
the 99.9% quartile of the pore size distribution. In their mechanical tests on form coke
gasified to different degrees of conversion in CO2, Easler et al. (1985) made separate
determinations of the fracture initiation surface energy, yNBT, and the work-of-fracture
surface energy, 7“/OF. The latter is a measure of the energy required for the crack to
propagate a crack stably through the specimen. In the considerable scatter, a slight
trend of increasing yNBT with decreasing conversion was seen. Measured values for
yNBT ranged from 5—13 J/m2. rm/OF had a significant dependence on the bulk density
(,0 of 0.78—0.99 g/cm3) with values ranging from 6 to 18 J/m2 with the least-squares
correlation: yv;/OF : -6.43 + 18.1p. Since yv/QF decreased faster with decreasing bulk
density than did yNBT, Easler et al. (1985) concluded that for higher conversions obtained
after e.g. partial gasification of form coke, the energy to initiate fracture would suffice
to propagate that fracture entirely through the material.

Burchell (1996) developed the Burchell fracture model for polygranular graphites
based on the Griffith tensile strength to estimate the tensile fracture probability given
pore number and size distribution (mean pore size and log-normal standard deviation),
grain size, a critical stress intensity factor and an applied tensile stress. The graphite
grains were represented as cubes in a cubic grid, each having one randomly oriented
cleavage plane. Fractures were assumed to initiate from slit-shaped pore walls. The
fracture probability for each neighbouring grain was evaluated and the probability that
all grains in a fracture plane fail given an initial crack length describe the probability of a
critical failure of the graphite. The model satisfactorily calculated the failure probability
given the tensile stresses for several graphites having grain sizes of 4.0—6,350 am and
mean pore sizes (fiaw sizes) between 1—188 ,am. Char and coal contain a very chaotic
graphite like structure and a strongly bimodal pore size, which may invalidate the use
of the Burchell fracture model for these materials at a macroscopic level. Taylor and
Hennah (1992) used the Griffith theory qualitatively in order to explain the non-trivial
tensile strength dependence on the amount of binder and char particle size in char bri-
quettes.

1.5.2. Wood strength

The cellular structure of wood and the organisation of the cellulose-chain microfibrils
give wood its highly anisotropic strength properties. As already mentioned, wood is
an orthotropic material with distinct properties along three perpendicular axes L, R
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Tension Compression Elasticity
Wood species L RT L RT EL

Hardwoods
Beech 86 MPa 7 MPa 50 MPa 7 MPa 12 GPa

Yellow poplar 110 MPa 4 MPa 38 MPa 3 MPa 11 GPa
Eucalyptus - 70 MPa - 15 GPa

Softwoods
Douglas-fir 108 MPa 2 MPa 49 MPa 5 MPa 9 GPa

Eastern white pine 73 MPa 2 MPa 35 MPa 3 MPa 10 GPa
Red pine 75 MPa 4 MPa 42 MPa 3 MPa 11 GPa

Table 1.9.: Typical ultimate strengths for wood parallel and perpendicular to the L di-
rection, and longitudinal elasticity of some species at room temperature and
12% relative humidity. (Wood Handbook, 1999)

and T. Air-dry wood (12% moisture, dry basis) at 25 6C has a longitudinal tensile
strength about 70—140 MPa (often greater for hardwoods). In the T and R directions,
it is about 3—5% and 5—8% of the longitudinal. The longitudinal compressive strength
of wood is lower — in the order of 30—60 MPa. In the R and T directions, it is 8—25%
of this value (Bever, 1986). Table 1.9 lists typical strengths of some common wood
species. The ultimate strengths decrease with increasing temperatures up to 280 6C.
Figure 1.27 shows the temperature dependence of the compressive strength of wood for
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Figure 1.27.: Immediate temperature dependence of wood compressive strength. (Wood
Handbook, 1999)

temperatures up to 280 6C. At 280 6C the compressive strength is “instantly” reduced to
25—65% of the strength at 25 6C. This translates to absolute compressive strength ranges
of 8—39 MPa in the longitudinal direction and 0.3-3 MPa in the tangential and radial
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directions. Long exposures to elevated temperatures also decrease the wood strength
at room temperature significantly (several months at 115 6C, hours at 175 6C). The
ultimate strength of wood decrease with the duration of the load. The values given
above were found in stress tests where the maximum load was reached within a few
minutes. For example the load needed to obtain failure in 1 second are typically 110%
of these values, while a load of only 60% of the cited strengths can lead to failure after
approximately one year (Wood Handbook, 1999).

Yamamoto et al. (2002) developed a model to calculate the strength and elasticity of
wood from knowledge on the microscopic geometry. They considered the wood cells as
cylindrical two-phase structures of cellulose microfibrils in an isotropic matrix of lignin-
hemicellulose with variable moisture content. They included the isotopic ML, S1 with
tangential microfibrils and S2 with a constant MFA. The model managed to explain
the stresses during wood growth, the anisotropy of swelling and shrinkage as well as the
moisture dependency of the Young’s modulus of elasticity.

1.5.3. Coal and coal char strength
The most common measures of coke strength are empirical drum test (DI) and CSR
described in section 1.4.1. Chirone and Massimilla (1989) investigated the development
of tensile strength of coal in a circulating fiuid bed reactor (CFBI. The coals used had
a high level of anisotropy due to geological bedding planes. Spherical coal particles
were prepared and pyrolysed at different temperatures in the range T,,y,.:200—600 6C.
Their tensile strengths, were then determined in crush tests of spheres (d:5 mm) using
Hertzian contact theory. Increasing compressive load was applied to the spheres until
breakage occurred due the tensile stress developing at right angles to the load. Strength
tests at Tm”. and at 20 6C gave the same results as hot tests up to 600 6C. Original
coal spheres had tensile strengths of 12.5 MPa. During pyrolysis, the strength decreased
with increasing temperatures to a minimum of 4.4 MPa at 500 6C and again increased to
6.5 MPa at 600 6C. Average tensile strength determinations by bend tests of 20 >< 3 >< 3 mm
bars prepared from the same materials deviated less than 9% from these values. Easler
et al. (1985) used acoustic methods to determine the Young’s modulus and Poisson’s
ratio for form coke with bulk densities of 0.65—1.06 g/cm3. The Young’s modulus and
elastic shear modulus both depended fairly linearly on the bulk density, and ranged from
E:6—29 GPa and n:3—10 GPa. Poisson’s ratio did not appear to be correlated to the
bulk density, and values were found in the range u : 25 i 13.

It was mentioned in Section 1.1.2 that Suuberg et al. (1995) explained the reversible
hysteresis in mercury porosimetry (Figure 1.2) as a viscoelastic effect. High pressures
were required to overcome the friction between the macromolecules of the char, as they
had to significantly reorganize. Such delayed elasticity (creep) is common in macromolec-
ular materials such as polymers. While the hysteresis loop is mechanically reversible, it is
not thermodynamically reversible, as it degrades a significant amount of the mechanical
work to heat due to the friction. Using (1.5), they estimated the bulk modules, /<;, from
the compression cycles to 2.6—8.5 GPa for a range of coals. Such high values of /<; are
generally associated with the glassy state of polymers (van Krevelen, 1976). For a given
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applied stress and material, creep (or relaxation after the applied stress is removed) will
progress toward equilibrium within a certain timescale. Higher temperatures decrease
this timescale, as it speeds up the reorganisation of the molecules. The same authors
reported indications of an apparent glass transition around 200—280 6C accompanied by
a relaxation of the structure, thought to be the release of tension from the geological
storage (Yun and Suuberg, 1992, 1993). This indicates a very long time scale for the
relaxation of coals at ambient temperature. The relaxation could be induced by thermal
treatment as well as extraction with pyridine, which remove most or all of the non-
covalent bonds. Pyridine extraction of coal nearly eliminated the difference between the
initial and subsequent compressions in mercury porosimetry.

1.5.4. Wood char strength
Some experimental works on the physical strength of wood char can be found in the
fire research literature. Schaffer (1984) presented empirical data on the development of
the relative modulus of elasticity, compressive and tensile strength in softwood char at
the steady state reached after 20 minutes of fire exposure (see Figure 1.28). In a depth
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Figure 1.28.: Development of relative Young’s modulus of elasticity, (MOE), compres-
sive and tensile strength parallel to the fibres below a softwood char layer
after 20 minutes exposure to fire. (Schaffer, 1984)

of 60 mm from the char layer, no charring had occurred, and the wood possessed the
strength of the original wood (initially 25°C, 12% moisture). The experimental method
was not described. Thus, in fire safety engineering, the strength is assumed zero in the
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char layer, and the weakening of the heat retarded wood up to 60 mm below the charring
front is generally assumed zero as well.

Heating rate Compressive
Material T,,y.,. [°Ci [K/min] strength [MPa] E [GPa] Source
Coal 20 12.5 a
Coal char 50] >100) 4.4 a
Coal char 60] >100) 6.5
Form coke 870 6—29
lPopLar(finu:(L) 903 (125 761) 91)
Yellow Pine char ( 90 ll 0.25 56.4 8.5
Acacia/eucalyptus 2 ll -
Acacia/eucalyptu 60] 4 0.3—1.2
Acacia/eucalyptus 4 2—3 . 5
Acacia/eucalyptus ) 1—1 . 7

U3
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Table 1.10.: Strength measurements of coal, coal char, form coke and wood (longitudinal
direction) in the literature.
Sources: a: Chirone and Massimilla (1989); b:Easler et al. (1985); c: Byrne
and Nagle (1997a); d:Kumar et al. (1999).
[2 Pyrolysed in a fiuid bed.

Figure 1.10 lists strength measurements of coal, coal char, form coke and the longi-
tudinal direction of wood char found in the literature. No strength measurements were
found in the literature in the radial or tangential directions of wood char. Kumar et al.
(1999) measured the longitudinal crushing strength of pyrolysed acacia and eucalyptus
wood samples. After pyrolysis (4 K/min) of 15—30 mm long cubic wood samples, the
resulting char was placed in a standard strength test machine at room temperature, and
compressive force was applied in the longitudinal direction until fracture occurred. The
strength of chars of both species were very similar, approximately 1.5 MPa, which is
approximately 2% of the strength of eucalyptus wood. They had a strength minimum
(0.3—1.2 3/IPa) when pyrolysed to approximately 600 6C. When pyrolysed to elevated
temperatures of 1000—1200 6C, the strength increased to approximately 2—3.5 MPa.
Chars pyrolysed at a high heating rate (30 K/min) had a lower strength than similar
samples pyrolysed at the low heating rate (4 K/min). Chars pyrolysed fast to 1000—
1200 6C had approximately half the strength of samples pyrolysed slowly pyrolysed to
the same temperature. Inspection in a SEM microscope revealed cracks and broken
fibres in the fast pyrolysed chars, which may explain the lower strength of these chars.

Slow pyrolysis can produce very strong chars. Byrne and Nagle (1997a) produced
what they called wood monoliths by pyrolysing woods at ultra slow heating rates of
5—15 K/h (0.08—0.25 K/min) to temperatures between 400—2500 6C. The compressive
strength of a poplar char monolith pyrolysed to 900 6C at 15 K/h was 76.9 MPa, which
was 28% higher than that of the original wood. The Young’s modulus of stiffness of this
char was 9.0 GPa, which was 37% lower than that of the wood.
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If the cellulose microfibrils are volatilised before the lignin matrix during pyrolysis,
as suggested in Section 1.4.2, it is possible that the pressure of escaping vapours caused
the rupture in the lignin matrix as observed by Kumar et al. (1999). Very low heating
rates would allow the vapours to escape at lower pressures, causing less damage to the
lignin matrix. This may be the reason for the lower strength of wood chars produced at
medium to high heating rates, and the good preservation of strength at extremely low
heating rates observed by Byrne and Nagle (1997a).

1.5.5. Rupture and fragmentation
1.5.5.1. Primary fragmentation

Fragmentation due to high thermal stress and internal pressure inside the particles
caused by devolatilisation of the particle is called primary fragmentation. As an ex-
ample of primary fragmentation, Zhang et al. (2002) experimented with a batch fiuid
bed reactor (FB) fluidised with air. Ten Chinese coals and seven particle diameters in
the range 0.63—7 mm was fluidized at temperatures of 500—900 6C. The particle distri-
bution was measured after different retention times, t, and a fragmentation index, Sf,
was calculated as follows:

N1
TL Xi,‘N0 ~Sflt) I

were do is the initial diameter of the particles, Xt,.,- is the fraction of particles having
diameter d,- at time t. No and N; are the total number of particles initially and at
time t. They found that Sf initially increased until a peak, Sfimaw at t:1.5—6 s —
presumably due to thermal stress and increased inner pressure from volatiles in the
heating particles. As it would be expected, coals with a low volatile content had markedly
lower Sf,ma,,,, and reached it faster than coals with high volatile contents. In addition,
higher temperatures were demonstrated to cause higher Sf,ma,,. After the peak, Sf
decreased due to reduced volatile pressure, thermal stress as well as burnout of small
particles. Above a certain initial particle size (do :4—5 mm), Sfmax increased greatly
with increasing do. Finally it was shown that if nitrogen was used as fiuidising medium
instead of air, Sfimag, decreased because fewer very small particles (fines) were produced.
This was explained by the presence of secondary fragmentation (see Section 1.5.5.2) in
the air case due to combustion reactions, but increased thermal stresses would add to
this trend.

A stochastic model of particle fragmentation was developed by Chen et al. (1994).
They divided particles into discrete classes, i, based on their volume. One constant O4»;
for each class denoted the probability that one particle would break into exactly two new
particles during a given time period. Mass conservation of the particles were assumed.
Experimental data from Chirone and Massimilla (1989) was used to recursively fit values
for oi,-’s to match the resulting number of particles keeping their initial size as well as
the particle multiplication rate. The experiments were carried out in a laboratory fiuid
bed combustor with coals having initial sizes of 15.5, 10.5, 8.5, and 5.5 mm reacting
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at temperatures up to 600 6C. The resulting oi,-s increased with decreasing particle
sizes. The ratios appeared to be inversely proportional with the square of the particle
radii, 07,- oc The authors suggested that this indicated that heat transfer was the
limiting factor. They suggested that particle fragmentation occurred when the particle
core reached temperatures where volatilisation would increase the pressure inducing
fragmentation.

1.5.5.2. Secondary fragmentation

Secondary fragmentation describe fragmentation caused by external forces or fatigue.

1.5.5.2.1. Surface fragmentation Iwanaga (1991) gasified coke beds in steam and
CO2, which were subject to controlled mechanical vibrations. Temperatures ranged
from 1100-1500 6C and coke particle sizes were 10, 20 and 30 mm. They found that
when the mechanical impact exceeded a critical value, coke fines with high ash content
were emitted from the reactor. The amount of fines increased with temperature and
mechanical impact. They concluded that the particles were converted from the outside
causing ’micro-cracks’ in the surface so that particle fines eventually escaped.

Fines generation without mechanical impact or attrition was observed by Feng and
Bhatia (2000). They observed partially combusted coal particles with sizes around
100 am in the diffusion-limited regime with optical microscopy. After a certain conver-
sion (decreasing with increasing temperature), fines fell from the coal particles. The size
distribution of the fines was independent of the combustion temperature (400—600 °C)
as well as the overall conversion rate and amount of fines. The average fine size was
1.6 ,am

Sroken part
S > SC)

Figure 1.29.: Contact breakage

Recently Yamaoka and Nakano (2003) developed a contact breahage model to model
surface breakage of coke in physical contact to external surfaces. The contact breakage
theory is based on the Hertzian contact theory, which describes the deformation when
two elastic particles (approximated as spheres) are forced together. It is assumed that
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the radius of contact, a is much smaller than the particle radii, R1 and R2. The com-
pressive stress distributions inside the spheres and deformations are calculated. The
contact breakage theory assumes that any volume of the particle, which compressive
stress exceeds its compressive strength will break and leave the particle as small frag-
ments. The roughness of the particle surface is modelled as convexes, and it is assumed
that all convexes in contact with the external surface will break entirely. By evaluation
of the energy needed for fragmentation, the friction forces can be calculated, and good
agreement with friction measurements in simple shear tests was obtained.

This model was applied to predict the contact breakage in drum tests (DI determi-
nation) (Yamaoka and Suyama, 2003; Yamaoka et al., 2003). The coke was modelled
as a compound of five different coke textures: Isotropic, inertinite, mosaic, fibrous and
leafiet. Both reactivity and strength were calculated as weighted averages of the values
for pure textures. During conversion, texture concentrations changed due to differences
in reactivities resulting in decreasing development of the compressive strength of the
coke. Good agreement was obtained for the modelled CRI, CSR and fines generation
for cokes with different texture compositions.

1.5.5.2.2. Percolative fragmentation Percolative fragmentation, “the loss of connec-
tivity among the phases within the particle”, of coal was investigated by Feng and Bhatia
(2000). Here the term phase was used for a solid with no bonds to other parts of the
material. They used the electrical resistivity of a bed of small (<180 am) coal particles
as an indicator of the percolative particle fragmentation during conversion with oxygen
at temperatures 400-450 6C. They found that there exists a critical conversion of 90-
99% above which the resistivity increased several orders of magnitude. At this point
the percolative fragmentation as well as the number of fragments leaving the particle
surface increased (confirmed by optical microscopy). No correlation was observed be-
tween the coal reactivity and resistivity. Below the critical conversion smaller amounts
of fragments was observed to leave the particle surface. For lower conversions, Kimber
et al. (1997) found that carbon fibres (with diameters around 20 ,am) subject to steam
gasification at 830 6C lost 70% of their electric conductance during the first 22% of
conversion, while at 65% conversion, it had decreased to 22% of the initial value. At the
same time, the tensile strength decreased from 640 MPa to 230 MPa.

The particle sizes of fragments from oxidation of coal was observed by Feng and Bhatia
(2000) to be independent of char type (for three Australian coals, CO2 surface areas
151-206 m2/g, 8—13% ash) and conversion level 55-90% supporting their suggestion of
percolative fragmentation.

1.5.6. Summary

Wood char is a brittle material. The strength of brittle materials depend on the largest
fissures, or critical flaws, and a critical fiaw may initiate a fissure that can propagate
through the material. As an orthotropic material, nine constants are needed to fully
describe its linear elastic properties.
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It is well known that wood is a viscoelastic material, and as such has time depen-
dent strength properties. Measurements of high-pressure hydrostatic coal compression
indicate that coal also has viscoelastic properties, as do many other macromolecular
materials. Since wood char is a similar macromolecular material, viscoelastic properties
should also be expected in wood char.

Fragmentation can occur as primary (internally induced stresses) and secondary (ex-
ternal stresses or fatigue) fragmentation. It was suggested that primary fragmentation
of the lignin structure due to the early volatilisation of cellulose microfibrils may be
responsible for the fact that higher heating rates during pyrolysis result in wood and
coal chars with less strength.
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2. Experimental methods

The purpose of the experimental work was to extend the knowledge on the structural
changes in wood char, and the development of gas transport properties during conversion.

Char from beech wood (Fagus sylvatica) was chosen as the basis material, as it is a
very common species in Northern Europe, and because it has already been the subject of
several specific investigations. As shown in the previous chapter, the high temperature
reactivity of beech char with H2O and CO2 was described by Gobel (1999), and its
structural changes during pyrolysis were described by Ehrburger and Lahaye (1982).

2.1. Sample preparations
All of the investigated samples were pyrolysed beech wood char which were gasified
in CO2 or H2O. A sample material will be referred to by its degree of conversion by
gasification (e.g. “10% converted sample”).

Orthotropic properties were divided into the three major directions in the original
wood, called L, R, and T:

L The longitudinal direction, along the stem.

R The radial direction, orthogonal to the annual rings.

T The tangential direction, along the annual rings.

Cylindrical beech wood samples (@20—22 mm) were produced with centre lines along
the three major orientations in the wood: L, R, and T. The L samples were made from
commercial untreated round sticks, while R and T samples were cut using a trepanning
cutterl from a single knot free board of a beech tree from Denmark acquired from a
timber merchant. Sample dimensions were generally kept above 10 mm in order for it
not to be dominated by single microscopic structures such a few rays or annual rings.

The wood cylinders were dried at 104 6C for 24 hours and slowly heated (4 6C/min)
to 600 6C in an oven continuously purged with N2 and pyrolysed at this temperature for
4 hours and then allowed to cool overnight in the oven. Some samples were then gasified
in the oven in 30% CO2 and 70% N2 at a relatively low temperature of 650 6C for 3-14
hours in order to achieve a kinetically limited and thus homogeneous conversion. One
sample was gasified with steam at 750 6C to a degree of conversion of 46% in a macro
TGA.

1 A hollow cylindrical drill with a ring shaped cutter, which leave a core of material inside the ring-
shaped hole. (US: “Core drill”)
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2.2. Porosimetry

2.2.1. Mercury porosimetry
The char samples were cut into particles of sizes 3-5 mm prior to analysis and degassed
overnight at 230 °C. The Hg porosimetry measurements were made on an Autopore
II 9220 at pressures from 3.5 kPa to 410 MPa and assuming a contact angle of 1306.
The measurements in this machine were done in two chambers: measurements at sub-
atmospheric pressures occurred in a vacuum chamber, while the rest of the measurement
(intrusion as well as extrusion) occurred in a high-pressure chamber. Therefore, extru-
sion was not extended to sub-atmospheric pressures.

2.2.2. Adsorption isotherms

The measurements in the present work were made on a Micromeritics Autopore 2000 in-
strument. The sorption equipment was not equipped to sustain the temperature needed
for CO2 sorption, so N2 was used as the adsorptive gas. One sample was analysed first
with N2, then with argon as the adsorptive gas at -185.0 6C. The char samples were cut
into particles of 3-5 mm prior to analysis. After adsorption analysis, the same samples
were used for the mercury porosimetry.

2.3. Wicke-Kallenbach cell
Figure 2.1 on the facing page shows a schematic Wicke-Kallenbach cell. It is fed by
two streams of different gas species. One stream of pure gas i is injected into the left
chamber with the molar fiow F,-,,-,,, while a stream of F‘,-,,-,, pure gas j is injected into
the right chamber. The sample is placed between the chambers, and any gas transport
between the chambers must pass through the sample. Uni-axial diffusion is assumed,
resulting in one-dimensional concentration gradients through the sample from f : 0 at
the left edge to If : 5 at the right edge (5 denotes the sample thickness). The diffusion
fiow F, of gas j into the right chamber results in the presence of a small concentration
of gas j, 51:‘,-o in the gas leaving the left chamber (at 5 : 0), while the diffusion fiow F, of
gas i into the left chamber results in a small concentration 9:,-5 of gas i in the gas leaving
the right chamber (at f : 5).

Figure 2.2 on page 88 shows details of the Wicke-Kallenbach, built to study the diffu-
sion and permeability of beech char in the present work. The char sample was sealed to
the sample holder with silicon filler, which provided a gas tight seal without penetrating
into the sample. Two different gas species were fed from mass fiow controllers through
the pipes (@1C mm) directly onto each surface of the char sample in order to remove gas
species diffusing from the other chamber from the surface, and facilitate good turbulent
mixing. From each chamber, the gases exited through the pipes to the right.

Figure 2.3 on page 89 shows the piping around the cell. The exit pipes from the cell
(pointing upwards) were joined in a U-tube with a large inner diameter in order to avoid
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Figure 2.1.: Sketch of a Wicke-Kallenbach cell.

pressure differences between the chambers. A pressure transmitter was used to monitor
this pressure difference, and was uased to ensure that the pressure difference between
the two chambers never exceeded 0.2 Pa. For the applied (Table 2.1) gas fiows into each
chamber of 0.25-1.0 l/min, the dynamic pressure difference could not exceed 0.03 Pa.
The setup was kept at a slight overpressure (approx. 500 Pa), which purged most of
the gas through the needle valve NV1, while gas samples (0.125 0.25 l/min) were sent
from the middle of each U-tube leg for IR-spectrum gas analysis connected to a data
collection. All entering and exiting gas fiows could individually be redirected to a bubble
fiowmeter.

Gases were selected for the Wicke-Kallenbach measurements based on the following
criteria:

0 The ability to measure the gas concentration in the 100-2000 ppm range with
available sensors avoiding the need for e.g. gas chromatographs.

0 Negligible cross sensitivity, since traces of each gas had to be measured in a carrier
gas consisting of a pure gas of the other selected gases.

0 Availability of the gases in pure form. Impurities should only cause minimal de-
tection on the other gas analysers.

0 Preferably gases relevant to combustion and gasification processes.
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Figure 2.2.: Details of the Wicke-Kallenbach cell built in the present investigation. Sizes
are given in mm.

M ,a Gas
Gas [g/mol] [,aPa-s] purity
CO 28. l*1 l7.8 99.97%
NO 30. l*1 l9.2 99.9%

CO2 44.01 l5.0 99.9%
SO2 64. 96 l2.9 99.8%

N2 28.01 l7.9 99.999%

Table 2.1.: Properties at 22 °C and 1 bar and purity of the gases used (Lide, 2005).
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Figure 2 3 Diagram of the Wicke-Kallenbach setup built for the present investigations

H900xB800 mm board

Fowmeer

V2 V2

Flow calibration outlet

I I I I - - - -

Fine differential pressure manometer



2.3. WICKE-KALLENBACH CELL CHAPTER 2. EXPERIMENTAL METHODS

CO, CO2 and NO were selected, as they met all of the criteria even though safe use of
pure CO and NO is not trivial due to their toxicity, and pure NO is rather expensive. The
cross sensitivities of these gases did not exceed 42 ppm, except that one CO bottle caused
the CO2 detector to show 77 ppm, which was probably due CO2 traces in the bottle. The
gas analyser cross sensitivities to each carrier gas was measured and subtracted from the
reading before analysing the data. The corrected concentrations measured during the
diffusion tests ranged from 29 ppm to 1%. The linearity of the gas analysers was not
affected. Some measurements were carried out with N2 at one side, despite the lack of
a N2 detector. SO2 was only used in a few late evaluation experiments, and turned out
to cause severe cross sensitivity. The properties of the gases are shown in Table 2.1.

2.3.1. Diffusion measurements

The diffusion measurement procedure was as follows: After mounting a sample, the
setup was leak tested at 1.5 bar gauge N2. A gas pair was chosen (CO-NO, CO-N2,
CO-CO2 or N2-CO2) and equal fiows (0.25 1.0 l/min) of the gases into the W-K cell
were started. When steady gas concentrations (rt,-o and x,-5) were reached, they were
recorded and the ingoing gas fiows and were determined using the bubble
fiowmeter. Stability was reached within minutes for the longitudinal samples, while it
could take up to 20 hours for low diffusivity samples when CO2 gas was involved.

2.3.1.1. Calculation of Deff

The diffusive fiow can be found from the measured values by (See the derivation in
Appendix C.1):

E : l1—d7y-Jo-ll (2.1)1 .1
F'»m—04»;F»;,»mF, I 1» o 4 (2.2)

1—oi,o7_,

where:

1 1— ,-6), I —-mi (2.3)
513/1'5 513/1'5

1 1— 51:-
ZCJQ SE30

Sometimes only one of 51:,-5 or xjo could be measured (when using N2 as one gas or one
concentration exceeded the gas analyser range). In these cases, the diffusive fiux of the
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measured species was calculated by assuming that Grahams law was valid.

F'inF, : Jr (2.5)
Mit 1 " \/ W.

Calculation of both fiuxes allows for checking that Grahams law (1.14) was fulfilled.
The diffusive velocities 0, and 0,, through the sample were calculated using the sample

cross section area, A and total molar concentration, Ct:

F.
,- I _" 2.6Y1 AC7, I I

F1‘

Using the Dusty Gas Model, the effective diffusion coefficient was derived based on
the diffusive fiux of gas i, assuming negligible Knudsen diffusion (see derivation in Ap-
pendix C.2):

9°
/‘;\

I—\I—\

;/

U,‘ fOI' $4 M3"
1-$66 - —.

(Deff,ij)»g : ln(i$,o( -

 U, LOIM, I M3"

The corresponding estimate of the effective diffusion coeflicient was derived based on
the diffusive fiux of gas j:

/'_i'$

9')
Z:\

/'-'4?/‘if &_/&_./

U3‘ fO1' # M3"
1—wJ-O —

<o.ff,.,>,- _ 1 (2,9)
A . . _ .(W440) 0, for M, _ M,

Since the binary ordinary diffusion coefficient D,-_, : D,-,-, the two estimates should
be identical, (D6ff,,_,),. : (D6ff,,-t,-)j. This equality served as a test for the validity of the
measurement, including the absence of a pressure gradient.

Finally the diffusion coefficient ratios and were calculated. In
7/] ’l/,7

order to do this, a value for D,-_, was required. Table 2.2 shows the values from several
theoretical as well as experimental data in the literature (see section 1.2.1.1). Direct
measurements of DCO_NO were not available in the literature. The diffusion coefficient
for the isosteric pair N2-CO was used, as suggested by Marrero and Mason (1972).
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Gas pair — D,-,, - 105 [m2/s] —
i — [Ch-E]1 [Ch-E]2 W-Lee FSG Exp.

CO-NO 2.01 2.02 2.07 2.37 -
CO-N2 2.02 2.03 1.97 2.02 2.14

CO-CO2 1.51 1.51 1.32 1.61 1.64
N2-CO2 1.53 1.54 1.33 1.59 1.66

CO2-SO2 0.85 0.85 0.79 0.98 0.8
N2-SO2 1.25 1.25 1.30 1.27 1.28

Table 2.2.: Binary diffusion coefficients at 22 6C and 1 bar for the gas pairs used.
[Ch-E[1: Chapman-Enskog, first approximation, [DABI1 (1.19)
[Ch-E[2: Chapman-Enskog, second approximation, [DAB[2 (1.16, for equimolar concentra-
tions)
FSG: Fuller, Schettler and Giddings empirical correlation (1.25)
Exp: Measured data for equimolar diffusion (Lide, 2005; Reid, 1977; Reid et al., 1987;
Marrero and Mason, 1972; Karaiskakis and Gavril, 2004)

2.3.1.2. Pure Knudsen diffusion

In case Knudsen diffusion was assumed to dominate, the usual ratio of the effective diffu-
sion coefficient to the binary diffusion coefficient (for pure ordinary diffusion), %, would
not be a constant property for the porous medium, but would change with temperature
and gas species.

Knudsen diffusivity of a porous medium is characterised by the Knudsen fiow parame-
ter, Ko in (1.36). The effective Knudsen diffusivity is characterised by the multiplication
of Ko and 9 the constant From the measured values and known physical constants,Ko¢

it was detelrmined as (see dgrivation in Appendix C.2.1):

K905 WM,— I [I , 2.10
< T (.§C,'() — 33,5) U ( )

KO 7TMj
M : M [Ii .

( 7' 3- (SE35 — Zlfjg) U] ( )

where 6, 51:,-o, 2:,-,5, and 0, were determined experimentally. As was the case for pure
ordinary diffusion, Grahams law is valid for Knudsen diffusion, and the values of
and should be identical, and this could serve as a validation of the measurements.

2.3.2. Permeability measurements
The permeability of the sample was measured by closing the exit pipe from the first
chamber in the W-K cell (valve V14) and force a gas fiow into that chamber. The
second chamber was kept at atmospheric pressure by purging through a fully opened
NV1. So the full gas fiow was forced through the sample. When the resulting pressure
difference became steady it was determined by the micro-manometer (0—20.000 Pa i0.1)
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or manometer (0.5-5 bari0.05 bar), and then the exit gas fiow through NV1 was deter-
mined using the bubble fiowmeter. The measurement was repeated for different fiows,
3-1500 ml/min depending on the resulting pressure drop for the given sample. This way
a viscous fiux of J, : was forced through the sample. The uni-axial permeability, <I>,
was estimated by registering the pressure difference between the two chambers, po — p5,
and using that p5 was 1 atm. The Dusty Gas Model (1.57) gave the following expression
for the permeability through the sample assuming isothermal conditions and ideal gas
(see derivation in Appendix C.3):

,a p5<i> I ( 6 ~ 6 D,,.,.,K,,-5 (2.12)
13 P0 — P5 A

where p : P6 P5 is the average absolute pressure. I/5 is the gas volume fiow at the pres-
sure p5:1 atm in the exit chamber, and was measured using a bubble flow meter. Deff,K,i
is responsible for the well known phenomena viscous slip, where the linear relationship
between the pressure difference and the resulting viscous fiow in a porous medium does
not pass through the origin (Mason and Malinauskas, 1983). Often D,ff,K,, is ignored,
and this was done when interpreting the permeability measurements:

6 1'/5<I> I “P6 ~ 2.13
P4190 -195) A ( )

In this case, (2.12) is the same as an integration of (1.34) for an ideal gas. The error
introduced by ignoring D,ff,K,, is estimated in Section 3.5.3.

2.3.3. Validation of W-K setup
The validity of the measurements from the Wicke-Kallenbach cell was tested using two
different reference samples: an impermeable metal sample and a permeable sample with
a known number of drilled holes. As expected, no diffusion was detected through the
metal sample.

The reference specimen (“Test2”) was manufactured from a 10 mm long cylindrical
piece of acryl with a diameter of 20 mm. 59 straight holes were drilled parallel to the
centre line with a 0.2 mm drill. The resulting holes were somewhat larger than the drill.
Observation of three holes through a microscope (see Figure 2.4) revealed that they
were more or less oval, with average observed diameters ranging from 0.229-0.333 mm
(average 0.281 mm).

The Reynolds number for N2 at atmospheric pressure for one hole is:

V dd /’ .,._2Re I ii (2.14)A A
_ 4,0)?
— 59~7rd,a
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Figure 2.4.: Microscope pictures of two of the 59 holes in the reference sample “Test2”.

E’;_ 4~0.97,1,‘,,,~v
- 59-TI-6.0002111-17.9-IU_6
I 0.097 H1111 -

ml

The fiow is laminar for Re<1400=> < 14.4 l/min. All permeability measurements
were well below this limit. The expected pressure drop during a permeability experiment
is:

64 ,oL'U2
A I 2.1

p Re 2d ( 5)

d2
128,uL ~
59 - 7rd4V
128- 17.9~ 10-6 0.01 m

59- 7rd4

I 1.236-10-7Pa-s~m V

41.236-10-7Pa-s~m-I2d I 2.1633> (/ Ap I I

A permeability measurement showed that for a fiow of I/:58.9 ml/min:9.8-10-7 m6/s,
the pressure difference across the sample was 24.3 Pa. The hole diameter was estimated
to"

\/1.236 - 10-7 Pa - sl- m - 9.8 - 10-7 E
d = 4 6

24.3 Pa
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I 0.0002666. (2.17)

Ap d
Pa ml/min mm
1.1 2.79 9.269
2.3 5.69 9.267
4.8 11.49 9.265

10.0 24.51 9.267
19.7 47.70 9.266
24.3 58.88 9.266
71.1 166.80 9.264
99.5 232.50 9.263

Table 2.3.: Calculated hole diameters from permeability tests.

Table 2.3 shows the calculated hole diameters from each permeability measurement
for the reference specimen.

The effective diffusion coefficient of the test specimen in NO-CO was measured to
D6ff7NO_CO I 1.755 - 10-71112/S, SO

1), P _ 1. ~1 -7_ff I sf/“NO CO I mi‘)I 0.00320 (2.13)
D DNO_GO 2.14- 10-6

If the holes are perfectly straight without constrictions, the sample tortuosity 7 is
unity. Thus, the tortuosity was expected to be unity. Given the sample porosity, it was
possible to estimate the sample tortuosity from the diffusion measurement by rearranging
(1.53):

N ¢
T _  

The specimen diameter was 20 mm, so the porosity was <15 : %. Using the hole
diameter estimated from the permeability measurements, d : 0.266 mm, the tortuosity
would be 7 : 1.27. If the tortuosity was set to unity, solving for d yielded the estimate
d : 0.236 mm (or slightly larger due to imperfections).

Method d estimate
Microscopy 0.229—0.333 mm
Permeability 0.263—0.269 mm
Diffusion 0.236 mm

Table 2.4.: Estimates of hole diameters, d, in Test2 sample from different methods.
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Table 2.4 summarize the estimated hole diameters obtained by the optical microscopy,
and the permeability and diffusion measurements. Taking into account the large vari-
ation of the hole diameters seen in the microscope ranging from 0.229-0.333 mm, the
diameters estimated from the permeability measurements and the diffusion measure-
ments were within the expected range.

2.4. Strength test
A longitudinal strength test of 0% converted beech wood char was performed on a
tensile test machine. Figure 2.5 shows a sketch of the tensile strength test setup. The

Char Pull wire
/-Nut gluedsample

\ to sample

/7:Vertical

Extenso“neter

strain gauges
i

K 0
\iHorisontal

strain gauges

Figure 2.5.: Tensile test setup connected to the tension test machine with vertical steel
wires.

cylindrical char sample was suspended between two steel wires, which applied increasing
tensile stress during the experiment. Each end of the sample was glued to a standard
nut with Araldit® glue. A wire support was designed in order to mount the wire close
the ends of the sample and thus apply a pure tensile pull with a minimum of angular
momentum (See Figure 2.6) .

Three strain measurements were made during the experiment:

0 Extensometers measured the distance between the two nuts.

0 Vertical strain gauges glued on the sample surface on the left and right side near
the centre of the sample.

0 Horizontal strain gauges glued to the sample surface on the left and right side near
the centre of the sample.
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' \

§| I _
| |

Sample
................

Nm /7.
Steel wire . Wire support

Figure 2.6.: Detail of the wire support.

The extensometers and vertical strain gauges provided four redundant measurements of
the longitudinal strain for verification, while the horizontal gauges measured the negative
strain perpendicular to the tension in order to derive the Poisson’s ratio u. The tests
were conducted at the Department of Civil Engineering at the Technical University
of Denmark on a 100 kN tension machine equipped with a force measurement cell to
record the actual tensile force, F, applied to the wires. Increasing tension was applied
at 0.8 mm/min until failure. The tensile stress, 0, was found as:

F

were A is the cross section area of the sample. The tensile strength, 0,, of the sample
was calculated from the maximum tensile force before failure F,,,,f,,,-,,,,.,:

F ai ure6, I 1% (2.21)

Young’s modulus, E,,, in the vertical direction of the sample was found as:

QIZ (mm
6..

where 6,, is the vertical strain measured by the strain gauges or the extensometers.
The Poisson’s ratio of the horizontal strain due to vertical stress, u;,,,, is derived as:

6..
Vho I —

Eh

where 6;, is the horizontal strain measured by the strain gauges.
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2.5. Hot microscopy
A heating stage microscope (HSM) consisting of a Leica MZ12 stereoscope equipped with
an oven was used to observe beech wood char particles during gasification in CO2. See
Figure 2.7. The microscope had a numerical aperture of N.A.:0.2, a working distance
to the object of 19 mm and a magnification range from 12.8-160x. Using the approxima-
tions in (1.1)-(1.2), the resolution was l,.,, ~1.3 um, and depth of field, hf,,;d ~6.1 um.

_,_,,-,,.._._.-..--.._..-I-.--- - - ' '

"-

—\'" __
\\\\
\\\\\

_..--—

(a) The HSM setup with the temperature controller (b) Close-up of the HSM oven without micro-
box to the right. scope.

Figure 2.7.: The heating stage microscope

2.5.1. Samples

The basis material for the samples was taken from the pyrolysed cylindrical beech sticks
described in Section 2.1. It was observed that the roughness of char surfaces, which
had been sawed or polished with fine sandpaper, seriously distorted the features visible
in the microscope. Brittle fracture surfaces had very smooth surfaces, which were very
suitable for microscopy, but were often curved so that only a part of the sample could
be kept in focus at a time. In manual microscopy, the operator can compensate for the
curvature by panning the focus to cover different parts of the sample. Since the purpose
of the present investigation was to obtain coherent photo series, this was not an option,
so the curvature had to be minimised. This was achieved by cutting a large number
of small pieces (>30) from the pyrolysed beech stick with a scalpel, and identifying
the pieces with the least curved surfaces in the desired direction with a microscope.
The thickness of these particles were reduced to <1 mm by removing material from
the opposite (“bottom”) side with the scalpel. Finally, the edges of the particle were
cut so that it could fit the HSM sample holder (O51 mm), keeping the fiattest part of
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the particle. Then the particle was levelled by removing material from the bottom side
until the upper surface was sufficiently in level so that most of it was in focus in the
microscope. The sample mass was determined after several hours of drying at 120 6C.
Sample masses varied between 3 and 12 mg.

2.5.2. Temperature determination

The stainless steel crucible used was manufactured at the department workshop. Fig-
ure 2.8a shows a drawing of the crucible with a char sample. Estimates of the sample
temperature assuming one-dimensional heat transfer from the thermocouple to the char
surface are shown in Appendix D.1. Assuming perfectly black body radiation between
the char surface and surrounding at room temperature, the char surface would be less
than 20 6C lower than the thermocouple temperature, if good contact was assumed be-
tween the crucible and char, and 60 6C lower in the extreme case where direct conductive
heat transfer between the crucible and char was neglected.

In order to determine the temperature at the observed char surface, experimentally,
a piece of high purity alumina (melting point 660 6C) was placed on the surface of
a char sample and the temperature increased. Unfortunately, even for a thermocouple
temperature of 950 6C, melting was not observed. The alumina was replaced by a sample
of high purity zinc (melting point 419 °C), but still no obvious melting was visible at
950 6C (see Figure 2.9). Even when removing the char sample and placing the Zinc
sample directly on the steel vial, melting was not observed. Metal oxides formed on the
surfaces could potentially increase the melting point of the metal surface dramatically.
However, since the metal samples were freshly cut, and heating occurred in a pure N2
atmosphere, this was not a likely explanation. The reason for the lack of observed
melting was not found.

In a prior work by Cenni and Stenseng (2001), the heating stage microscope had
successfully been calibrated by melting of several substances, and around 700 6C, the
thermocouple temperature was 55-60 °C below the melting temperature, indicating that
the horizontal heat fiux from the heating bands kept the sample temperature 55-60 °C
above the thermocouple temperature.

2.5.3. Photos and movies

During the experiment, photos were taken using a Sony F717 5 megapixel standard con-
sumer camera with a MM99-58 microscope adaptor from Martin Microscope Company.
This camera had an excellent light sensitivity, which was required for taking pictures of
the black char samples in the limited lighting of the oven. Allowing exposure times of
several seconds, it even allowed the use of a small aperture on the microscope in order
to obtain a better depth of field. With this camera, and a magnification of 80x, each
pixel in the digital image would represent 1.3 um in the sample, corresponding to l,.,,.
All HSM images were taken with magnifications of 64x or less, so that the resolution of
the camera did not exceed the expected optical resolution of the microscope images.
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I

Glass cover

5.1 mm 0.2mm
I - I I

  

11.0mm
m"~.m"~}_§m_{u~.m I ()_2mm

Thermo- _
couple

(a) Crucible drawn in scale 1:10

(b) Crucible with char sample in HSM seen from the
microscope without cover glass.

Figure 2.8.: Steel crucible for the heating stage microscope.
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I’ 1mmI Q6
(a) Zinc on char sample, room temperature (b) Zinc on char sample, 9506C

Figure 2.9.: Zinc on char sample in HSM.

Pictures were taken manually at regular intervals of 1 to 15 minutes. The pictures
were collected in fast motion movies by the FFmpeg video converter software, so that
the physical changes could be studied. The pictures printed in this thesis were edited
using the GIMP image manipulation softwareg in order to enhance the contrast, crop
each picture in series so that they contained exactly the same physical structures, and
(for high magnifications) slight digital sharpness enhancements.

The shrinkage development during conversion was tracked by measuring the distance
between easily identifiable features on several of the pictures taken during experiments
using the measurement tool of GIMP.

2Open source software package from http://www.gimp.org
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3. Results

3.1. Sample preparations
Table 3.1 shows the average mass yield and relative size development found in samples
with similar degree of conversion, as well as measured mercury pore volumes, BET areas
and bulk densities. The CO2 and steam gasification were conducted at 750 6C. There-
fore, the degrees of conversion were calculated relative to the mass yield of pyrolysis
at that temperature. Data from the pyrolysis of beech wood reported by Ehrburger
and Lahaye (1982) were included for comparison. Note that Ehrburger and Lahaye pro-
duced their results from rapid pyrolysis (small samples were introduced into an already
heated oven). Since the mass yield after pyrolysis decrease with increasing heating rates,
this explain why the mass yield in the table jumps from 20% for pyrolysis at 462 6C
(Ehrburger and Lahaye) to 25% at 600 6C (this study), but otherwise decrease as ex-
pected, as the temperature is increased. The different pyrolysis conditions should be
kept in mind when comparing data from the two studies. Even though the relative
sizes apparently stabilises between 462 and 600 6C, this may be caused by differences in
pyrolysis conditions or in the wood samples rather than a plateau in the temperature
dependence. The bulk density measured by mercury porosimetry increases slightly from
0% to 10% conversion. The mercury pore volumes are shown in the table as reported
by the porosimeter, but it will be shown in Section 3.4.1, that pore volumes of pores
<0.1 um were probably distorted by sample compression. This, the BET areas and bulk
densities will be discussed in the relevant sections below.

3.2. SEIVI microscopy
Three samples were subjected to SEM microscopy: 1) pyrolysed at 600 6C, 2) a 10%
converted sample gasified in CO2 and 3) 46% converted sample gasified in steam at
750 6C (Figure 3.1 on page 105).

Figure 3.1a-c shows longitudinal cross sections of the three samples. The orientations
differ, but the radial orientations were easily identified by the bundles of ray pores.
The wood structure appeared to be very well preserved in all samples. Just as wood,
the pore structure was clearly trimodal. The largest pores with diameters 30-100 um
were the vessel cells. The fibre tracheids were smaller, approximately 5-15 um. At 46%
degree of conversion, the vessels appeared to have been squeezed tangentially (vertically
on Figure 3.1c), indicating tangential shrinkage, which fits the 8% tangential shrinkage
during 46% gasification in Table 3.1. In addition, the walls of the vessel cells appeared
thinner in the 46% Sample.
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CHAPTER 3. RESULTS 3.2. SEM MICROSCOPY

(a) Longitudinal cross section, py- (b) Longitudinal cross section, (c) Longitudinal cross section,
rolysed 10% CO2 gasification 46% steam gasification

(d) Radial pits, pyrolysed (e) Radial pits, 10% CO2 gasified (f) Radial pits, 46% steam gasifi-
cation

(g) Tangential pits, pyrolysed (h) Tangential / radial overview, Tangential pits, 46% steam
10% CO2 gasified gasified

Figure 3.1.: SEM pictures of brittle fracture planes of beech char gasified 0%, 10% and
46%.
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Figures 3.1d-f show typical pits in the radial orientation from the three samples. While
the first picture may show another pit type, the others show how the pit domes were
very damaged in the 46% sample. It is expected that this change has a positive effect
on the diffusivity and permeability of the char in the radial direction.

Figures 3.1g and 3.1i show typical pits in the tangential direction of the pyrolysed and
the 46% converted sample. They have undergone no visible change during gasification.
Figure 3.1h is an overview of a skewed radial/tangential cross section. A cluster of radial
rays can be seen in the upper left corner. Beech wood is rich on such rays, which are
expected to facilitate radial diffusion.

3.3. Strength test

One successful tensile strength test of beech wood char in the longitudinal direction
was made. It was originally meant to serve as a method development followed by a
series of measurements of different beech wood char samples in different directions.
Unfortunately, other parts of the present work had to be prioritised, so that only this
apparently successful test of a developed method was completed.

The sample was a cylindrical 0% converted beech stick. The curvature and oval cross
section of the sample caused by the pyrolysis was eliminated by removing some of its
surface material using fine sandpaper. The centre axis was aligned with the longitudinal
direction of the char. The dimensions were 80 mm long beech char sample with a
diameter of 12.0 mm.

The strain developments during the test is shown in Figure 3.2 . The results from
the double measurements on the left and right side of the sample were very consistent.
The strain differences between right and left at low stresses can be explained by some
initial bending, and they evened out at higher stresses. The vertical strains measured
by the strain gauges and the extensometers were qualitatively very similar, but the
extensometer strains were approximately 20% higher. This difference was larger than
expected, and may indicate slip between the glued strain gauges and the sample, or
development of gaps between the nuts and the glued sample ends. The glued strain
gauges were expected to be the most reliable, so the extensometer measurements were
not used in the following calculations.

The Young’s modulus, EL, found from the slope of the vertical strains in Figure 3.2,
was 1.0 Gpa for 0L>0.2 MPa. At lower (TL, the slope is ambiguous due to the initial
bending. The horizontal strain gauges were oriented in an approximate angle of 45 de-
grees with the radial and tangential direction of the char. Thus, they measured a strain,
somewhere between those of these two directions, caused by tension in the longitudinal
direction, 01;, and will be referred to as the transversal strain, eTR. Assuming approx-
imate plane isotropy, the longitudinal Poisson’s ratio, uL, was found as the negative
ratio of the transversal strain to the vertical strain (UL : -62%), which was measured
to 0.28i0.02 for 0L>0.2 MPa. Failure occurred near one of the nuts at a stress of UL
:1.15 MPa. Since only one specimen was tested, it may or may not have been caused
by a local weakness. Thus, the true longitudinal tensile strength is at least 1.15 MPa,
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Figure 3.2.: Measured strain curves for longitudinal tensile strength test of unconverted
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gauges, Thin solid lines: horizontal strain gauges.
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but may exceed this value.
The measured tensile strength for beech char was similar to the values reported for

compressive strenghts of acacia and eucalyptus wood chars prepared under the same
conditions (pyrolysis to 600 °C at 4 K/min) by Kumar et al. (1999) (Table 1.10).

3.4. Pore size distributions
Figure 3.3 shows the pore size distributions as derived from the adsorption isotherms by
BJH theory, and from mercury porosimetry. Both methods showed very small differences
between the 0% and 10% converted samples, while the volumes of several pore sizes
appear to have increased significantly in the 46% converted sample. The limitations and
spurious features inherent in these curves are discussed in the following sections.

3.4.1. Mercury porosimetry
Figure 3.4a shows the mercury pressure vs. cumulated intrusion volume for the 0%
converted char sample. Just as was reported for coal by Toda and Toyoda (1972) (see
section 1.1.2), the curve was almost linear for pressures 10—100 MPa, but above 150 MPa
the volume was nearly constant (the coal measurements by Toda and Toyoda did not ex-
ceed 100 MPa). This indicated that bulk compression and/or crushing might have been
the dominating effect in this pressure range, corresponding to pore sizes of 9—130 nm
in the measured distribution. Similar linear parts on the intrusion curve existed for
the other samples. The extrusion curve was very fiat. This has been observed before
for mercury porosimetry of wood chars by Mermoud et al. (2006), who attributed this
to potential irreversible crushing of the sample. Other explanations could be inkbot-
tle effects or significant viscoelastic properties similar to that found in coal char (see
Section 1.1.2). The position of a potential hysteresis loop could not be established, as
no repeated intrusion was made in the present investigation. After analysis, visual in-
spections of the 10% converted sample indicated no apparent structural changes caused
by the high pressures during analysis; No changes in the particle size of number were
noted in the samples after analysis, and in an optical microscope (see Figure 3.4), the
microscopic features (>1 nm) of the char structure were unaltered except for the mer-
cury droplets left in the structure. Limited shrinkage of the structure and crushing of
submicron structures may have occurred, but had not left the samples significantly more
fragile; the particles were still hard to crush with the fingers after analysis. Unfortu-
nately, the 46% converted sample was disposed after the analysis, so it was not inspected
after the analysis. The initial steep part of the curve at sub-atmospheric pressures (not
covered by extrusion) was well explained by the vessel cells of the wood, and was not
likely to represent significant crushing.

3.4.1.1. Bulk compression

In order to estimate the effect of bulk compression, the elastic bulk modulus, /<;, is
estimated from the elastic properties of the char determined in section 3.3. If orthotropic
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Figure 3.4.: Mercury pressure vs. cumulated intrusion volume for mercury pressures
0—250 MPa, 0% gasified sample. The dashed line indicates the suspected
linear bulk compression. (b): Char sample after Hg porosimetry.

materials are subjected to hydrostatic stress, p, the stress-strain relationship can be
written for the three orthogonal directions L, R, and T:

1 VLR VLT6 : -L EL ER ET P
6 : 1 VTR VLR _p
R ER ET EL

1 VLT VLRI - 3.16T (ET EL ER) p L 1

For isotropic materials, bulk and Young’s modules are equal in all directions. Since
the elastic properties were only determined for one direction, the bulk modulus will be
estimated by assuming that the elastic properties were isotropic. So:

€L:€R:€T I 2

I %(1—2u) (3.3)
/<3 : p (3.4)

6L —|— 6R —|— ET
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EI Q (3.5)
The longitudinal tensile Young’s modulus and Poisson’s ratio from section 3.3 was

EL—1.0 GPa and (assuming uL : uLR : uLT), uL:0.29. Therefore, the bulk modulus
estimate from the strength test was:

1.0GPa
Kchar 1“ 3 . (1_ 2 _ 0.29) I 0.8 GP8, (3.6)

The slope dl//dp in the pressure range 10—100 MPa in Figure 3.4 is 0.0022 cm?’/(g-MPa)
So (1.5) gives:

1 MPa - cm?’
/<3-pg: —W :458T (3.7)

61?

The apparent skeleton density from the mercury porosimetry measurement (1.4) was
,0S:0.87 g/cm3, which is significantly lower than the values of 1.4—2.0 found by helium
pycnometry for wood char in the literature (see Figure 1.14). The low value for ps
was likely caused by overestimation of the sample volume at high pressure due to the
bulk shrinkage. So the density reported by Byrne and Nagle (1997a) for 600 °C pyrolysis
temperature, p$:1.5 g/cm?’ will be assumed in the following. Assuming pure hydrostatic
compression, (1.5) estimates the bulk modulus to /<;:0.31 GPa. These values of /<; are of
the same magnitude as the estimate based on the tensile strength test of /<;:0.8 GPa in
(3.6). This indicate that most or all of the intruded pore volume in the range 13—130 nm
in Figure 3.3 is not real, but caused by compression of the solid matrix. As mentioned
in Section 1.1.2, the viscoelastic properties of chars can explain the lack of extrusion
volume as lack of (immediate) relaxation of the structure. Similar estimates of the bulk
modulus from the mercury intrusion curves for the 0%, 10% and 46% converted samples
gives /<; estimates of 0.31 GPa, 0.27 GPa and 0.22 GPa.

3.4.2. Adsorption isotherms
Figure 3.5 shows the nitrogen adsorption isotherms measured for the beech char sam-
ples. They covered the relative pressure range 0.01<p/p5a,;<0.995, corresponding to pore
condensation in pore diameters smaller than 0.4 um. The 0 and 10% converted samples
were very similar type I isotherms with a very steep initial rise; 85% of the gas volume
was adsorbed at the lowest pressure, pfat—0.01. The following adsorption in additional
layers at higher 2% is vanishing, indication a very microporous pore structure, where
most of the adsorption is due to capillary condensation in extremely small pores. The
46% sample was a type IV, with a hysteresis loop for 2fi>0.45. Type IV isotherms only
appear in solids with pores present in the 1—10 nm range (Gregg and Sing, 1967).

In the BJH pore size distributions (Figure 3.3), the 0% and 10% converted samples
had almost no micropore volume, while the 46% converted sample had developed large
amount of micropores around 3-4 nm. The BET surface areas (listed in Table 3.1)
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Figure 3.5.: Nitrogen adsorption isotherms (relative pressure vs. adsorbed N2 gas vol-
ume)

refiect the same development. The surface area increased dramatically from 382 m2/g
for the pyrolysed sample to around 1000 m2/g for the 46% converted sample. This
complements the observation of Hurt et al. (1991c) mentioned in section 1.1.3.2 on
page 23 that adsorption isotherms of microporous chars using nitrogen can hardly detect
the micropores, but during gasification these pores are widened and made accessible to
the nitrogen, and the detected surface area rises to unrealistic values.

As capillary condensation apparently was responsible for the majority of the N2 ad-
sorption, at least for the 0% and 10% converted samples, the simple Gurvitz volume
(the liquid volume of the adsorbed gas) may be the most reliable determination of pore
volume smaller than a certain diameter, determined by the Kelvin equation for circular
pores (1.8). Table 3.2 lists the Gurvitz volumes determined at four different points of

Sample conversion: 0% — 10% — 46%
Adsorptive: N2 N2 Ar N2 L

psat N2
Gurvitz <0.42 nm 0.156 0.173 0.176 0.301 0.010
Gurvitz <3.0 nm 0.180 0.197 0.210 0.617 0.526
Gurvitz <9 nm 0.182 0.198 0.210 0.831 0.807
Gurvitz <400 nm 0.185 0.201 0.233 0.991 0.995

Table 3.2.: Gurvitz volumes (cmg/g) from single points on the adsorption isotherms.
The last column lists the corresponding values of 2% on the N2 adsorption
curves.

the adsorption isotherms including the smallest and larges measured p/pm. One 10%
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converted sample taken from the same piece of char as that analysed by N2 was analysed
with argon as the adsorptive gas, and the corresponding Gurvitz volumes are included
in Table 3.2. They agree within 6% for the micropores, but the argon Gurvitz volume is
16% larger than the N2 Gurvitz volume for the mesopores. In contrast to argon, nitrogen
adsorption detected nearly no volume at all in pores between 9—400 nm, as it can also
be seen from the horizontal adsorption isotherm for p/pSat>0.8 for the 10% converted
sample in Figure 3.5a.

It is highly questionable to consider pores smaller than 0.42 nm at all, as it is very
close to the molecular diameter of N2 itself. Generally, it is assumed that the Kelvin
equation (1.8) is unreliable for pores <1.7 nm (Gregg and Sing, 1967). But it is clear
from the adsorption isotherms of the 0% and 10% converted samples that a very signifi-
cant amount of gas was adsorbed at relatives pressures, where capillary filling would not
occur in any pores large enough to be reliably described by the Kelvin equation. This
adsorption was not followed by further adsorption at higher pressures, and thus could not
represent population of the first layer of a real surface. Nevertheless, space for the corre-
sponding volume of liquid N2 or argon must have been provided somewhere in the solid,
possibly deep within the amorphous carbon layers. This strange behaviour emphasizes
how unreliable adsorption isotherms are when analysing microporous carbons.

3.4.3. Combining the results
Figure 3.6a shows the pore volumes for 10% converted char in five different pore size
ranges determined from mercury porosity as well as from the difference of Gurvitz vol-
umes in Table 3.2. The column to the far right represents the result of combining the
measurements as described in the following. Micropores below 3 nm are not covered
by mercury porosimetry, so the average of the adsorption results were used. Between
9—400 nm, mercury porosimetry indicate a pore volume of 0.32 cm?’/g, which was signifi-
cantly more than the adsorption methods. While the argon Gurvitz volumes indicated a
small volume of 0.02 cm?’ /g in this range, nitrogen detected no volume in this range. In
Figure 3.4 the suspected bulk compression was responsible for 0.25—0.30 cm?’/g, which
was close to the Hg porosimetry overshoot. This is a strong confirmation of the sug-
gestion that the volumes found by mercury porosimetry in this range (pressures 3.1—
150 MPa) is mainly due to bulk compression and possibly some crushing, and does not
represent the true pore volume. In the size range 3—9 nm (mercury pressures >150 MPa),
mercury porosimetry “detects” an additional pore volume of 0.02 cm?’/g, which is not
confirmed by the adsorption methods, and thus ignored. Pores larger than 430 nm are
only covered by mercury porosimetry. In this pressure range (<3.1 MPa), bulk com-
pression was insignificant. Even though crushing in this pressure range cannot be ruled
out, the volume found in this range is assumed true, since the size distribution in this
range in Figure 3.3b resembles the sizes observed by microscopy.

Figure 3.6b shows similar volume distributions for the 46% converted sample. For this
sample, nitrogen adsorption does indicate significant pore volume in all size ranges, but
mercury intrusion still overshoots these values consistent with bulk compression.

Figure 3.7 shows the combined result of the size measurements for each of the three
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samples. For the 0% and 10% converted samples, no significant pore volume was present
in pores between 0.42—400 nm, so the pore size distribution for pores larger than 0.4 um
in Figure 3.3 is assumed to essentially describe the pore distribution of these samples
completely. The 0% and 10% converted samples had almost identical size distributions
dominated by a large peak around 30 um caused by the vessel cells. The smaller fibre
tracheids with diameters between 5—15 um, which were well represented in the SEM
observations, were nearly undetected by Hg porosimetry. This may indicate that the
membranes dividing the individual tracheid cells in the original wood were intact, and
so obstruct Hg intrusion through the full lengths of the tracheids. The blocked tracheid
parts would then be accessed through pits at higher intrusion pressures (at smaller
apparent pore diameters). Pits such as those shown in Figure 3.1d may explain the
broad peak around 0.5 um.

Evidence of significant amounts of mesopores by adsorption isotherms was present only
for the 46% converted sample. The development of a characteristic pore size around 3-
4 nm during conversion reported in the literature was confirmed. The porosity of the
char samples were found from the bulk sample density determined by Hg porosimetry
and the apparent skeleton density of l/;:1.5 g/m3 reported for wood chars:

VH:1_i
lb V.

The resulting total porosity development is shown in Figure 3.8. A point describing

Char porosity
1.0~ ,
()_9 _ Total //

Porosty .¢>\l
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Figure 3.8.: Beech char porosity.

100% porosity at complete conversion was included. The porosity development in pores
>0.4 um was calculated from the fraction of the total volume being in this range in
Figure 3.7.
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3.4.4. Shrinkage vs. wall thinning

Two factors acting in opposite ways on the char porosity is the weight loss increasing the
porosity and the shrinkage decreasing the porosity. The pore volume in the converted
sample per gram initial sample is (Ehrburger and Lahaye, 1982):

%:m~m magmo

where VH9 [cm3/g] is the mercury pore volume of the converted sample, and m/mg is
the mass relative to the initial mass. If the pore volume changed due to pure shrinkage
only, then the same number should be obtained this way:

vm:mw}} mm

where VH9); [cmg/g] is the initial mercury pore volume and 17/V0 is the absolute bulk
volume relative to the initial absolute bulk volume. If V, : V},, the change in pore volume
from the initial sample condition can be fully explained as pure shrinkage. Figure 3.9a
shows V}, and V}, where mg and VI) are based on the basis sample, which is beech char
pyrolysed at 600 OC. Only pores >0.1 um were considered. Figure 3.9b shows the
corresponding dimensions in the L, R, and T directions relative to the basis sample as
well as the cubic root of the relative mass, 3/ % , which should coincide with the relative

lengths in the case of isotropic shrinkage. At a degree of conversion of 10% with CO2
at 600 OC, the decrease in pore volume correspond to pure shrinkage (since V}, :
This is confirmed by the fact that all sizes and the mass curve nearly coincide. No
pore volume determinations were made for the 20% converted sample, but 3.9b suggests
that isotropic densification has occurred, since all of the relative sizes have decreased
approximately equally much, and more than the cubic root of the relative mass. The
biggest difference when increasing the pyrolysis temperature from 600 to 750 OC was a
8% shrinkage in the L direction. Gasification to a degree of conversion of 48% at the
same temperature caused no change in the L and R sizes, while the T length shrank
to the same value as the sample gasified to a degree of conversion of 20% at 600 QC.
Since the mass at this point have decreased significantly more, the density of the sample
also decreased significantly. The fact that V}, for this sample is considerably larger than
V}, indicate that this decrease in density is at least partly caused by significant pore
widening, as illustrated in Figure 3.10.

Figure 3.11a-b show graphs similar to Figure 3.9, but the basis sample is dry beech
wood rather than pyrolysed char. The data for wood and low temperature pyrolysis
are taken from the experiments of rapid pyrolysis of beech wood by Ehrburger and
Lahaye (1982)1. Values for V5 for all samples were based on the pore volume for beech
wood VHg,0:0.67 cm?’ /g from Ehrburger and Lahaye. Again, only the volume in pores
>0.1 um were considered. Pyrolysis up to 302 QC caused increasing pore widening,

1The values of V}, and V, differ from the ones presented by Ehrburger and Lahaye (1982), as pore
volume in pores smaller than 0.1 um have been removed from the original calculations.
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Figure 3.10.: Illustration of the shrinkage and pore widening concluded from l/5 and V},.

while the L length did not change at all. At 462 °C significant shrinkage occurred in
all directions, but the mass decreased even more, indicating that the bulk density was
now significantly lower than that of the dry beech sample, which was to be expected. V,
had become nearly equal to V},, so the change in pore volume from dry beech of pores
>0.1 ,am could be explained by pure shrinkage rather than pore widening. Significant
pore volume in smaller pores must have formed in order to for the density to decrease.
Such micro/mesopore development was also detected by Ehrburger and Lahaye using
helium pycnometry density measurements. The difference between the relative L, R,
and T lengths shows that the pure shrinkage had not been isotropic, as shrinkage had
been most severe in the T direction and weakest in the L direction.

At 600 °C, l/8 was larger than V}, by 24%, indicating that the pore volume had de-
creased significantly faster than could be explained by pure shrinkage. That is, wall
thickening or swelling of the structures between pores >0.1 ,am. It must be stressed
that the calculation of l/'5 from this point relies on the assumption that the pore volume
of dry beech measured by Ehrburger and Lahaye was representative for the beech used
in the present study. It is possible that the pore volumes of the dry beech in the two
studies differed by 24%, in which case no such swelling has actually occurred. The fact
that the relative mass apparently increase from 462 OC to 600 OC was expected, as the
experiments up to 462 OC represent fast pyrolysis (a very thin sample was inserted in
a preheated oven), while the 600 °C pyrolysis in the present study was performed at a
slow heating rate of 4 K/min. This experimental difference also means that it is not
possible from the present data to establish at which temperature the potential swelling
during slow pyrolysis could have occurred, except that it must be below 600 OC. If real,
such swelling may be related to deposition of volatiles on the pore walls during pyrolysis
or to the physical transition and relaxation of the structure caused by the removal of
non-covalent bonds in coals in the temperature range 200—280 °C reported by Yun and
Suuberg (1993).
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Figure 3.11
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Pore, mass and size development during conversion of beech wood to char
relative to dry wood. Samples 20CT—462CT were pyrolysed by rapid in-
troduction in an oven at the given temperatures (Ehrburger and Lahaye,
1982), while the last five samples (this work) were pyrolysed at 4 °C/min
and then gasified to a degree of conversion of 10—48% in CO2 or H2O. All
measurements were done at room temperature.
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The development in the rest of the samples was discussed in relation to Figure 3.9.
One additional point worth noting is that the relative T length follows the mass curve
closely for all samples except the two with the highest degree of conversion. Unlike the L
and R directions, no pores are aligned in the T direction of the wood. It may be that the
lack of such reinforcement allows the cell walls to shrink relatively unconstrained, and it
can thus be speculated that the preferred shrinkage of cell walls tangentially to the cell
direction is to shrink proportionally to 5/ If this is generally the case, tensile stresses
will build up in longitudinal cell walls parallel to the ray cells, and ray cell walls parallel
to the longitudinal cell direction. These stresses must by counteracted by compressive
stresses in the length direction of all cell types.

3.5. Diffusion
To illustrate the progress of a diffusion experiment, Figure 3.12 on the following page
shows the measured diffusive fiows during the diffusion measurements for one longitudi-
nal sample (Figure 3.12a) and a 20% gasified radial sample (Figure 3.12b). The :2:-axes
are the time in hours, while the jg-axes are the diffusive fiows FA and FB through the
sample calculated from the gas analyser data (corrected for cross sensitivity) and fiows
by (2.1). The different time scales illustrate a large difference in response times for the
two samples; the longitudinal sample reached a steady diffusive fiow within a number of
minutes, while the radial sample required hours to reach stability.

The longitudinal experiment started with the N2-CO gas pair, where stability was
reached within approximately 5 minutes. After 30 minutes, N2 was replaced by CO2,
which generally required more time to reach a steady diffusion rate. Each time a gas fiow
was changed, the fiows were redirected to the bubble fiow meter for a few minutes, which
causes a discontinuity in the gas reaching the gas analysers. This is why the diffusion
fiow curves peak during fiow transitions. After approximately 15 more minutes, the
gas fiow rates into the chambers were reduced by 50%. This should double the gas
concentrations at the gas analysers, since the diffusive fiow through the sample would
be almost unaffected. While the NO diffusive fiow rate stayed at the same level, the
CO2 fiow rate increased a little. After a total of 1 hour, both ingoing gas fiows were
changed to nitrogen. As the curve indicates, the CO2 concentrations always decayed
much slower than CO.

The radial experiment (Figure 3.12b) was carried out using a sample with a larger
cross sectional area and half the length compared to the longitudinal sample in order
to increase the diffusive fiow, because the diffusivity was expected to be much lower.
The test started out with the CO-CO2 gas pair for approximately 17 hours. As the
curve clearly illustrates, the diffusive CO fiow stabilised much faster than the CO2 fiow.
This may be caused by CO2 adsorption in the sample. When the ingoing fiow then was
reduced 50%, the measured diffusive fiows stayed at the same levels and were steady.
This supports the hypothesis that the slow CO2 response may be due to adsorption in
the sample, since at this point, the sample was already saturated. Additionally, Grahams
law predicts that the diffusive fiow of the heavier CO2 gas (44 g/mol) should be lower
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Diffusion experiment 12% gasified longitudinal
0.09—

0.08—

()_()7 _ _-E \ co diffusion
"., CO2 diffusion

[<:m3/sl OO'c>'0U1OW

. I I I I I I I I I I I I II

‘ I - - I u II
Q

O

D'ffuson
.¢>.0OOuu-l>

0.02-
I ‘.‘o~‘

'0 ‘I
‘T .'IIIIII

U0.00 1 i _ —
0 H I i Time [hours]0.5 a f

N —CO _2 CO2 CO flow N} purge
(a) Longitudinal N2-CO diffusion test for % hours. Then % hour of CO2—CO test at two
different fiows followed by N2 purge. (sample L5)
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Figure 3.12.: Examples of diffusion measurement curves of the diffusive fiows (Fi, F}-)
vs. time. Note the different time scales.
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than that of CO (28 g/mol), but the opposite is clearly the case. This was consistently
the case in all experiments involving CO2. The test ended with the NO-CO gas pair,
which did not reach stability within the time frame of the test.

Figure 3.13a shows the diffusion coefficient ratios for this sample calculated from each
measurement point as a function of the inlet fiow and F It clearly illustrates
the general observation, that diffusion coefficients derived from measurements of CO2,
(%) C , were significantly higher than those derived from other gas pairs — or even

2O
from the CO gas fiux of the CO-CO2 gas pair (%) CO. Figure 3.13b shows the
permeability measurements for the same sample, illustrating the general features that
the uncertainty was lower at high fiows, due to the better relative determination of the
gas fiow, and that there was no significant discrepancy between measurements using
different gases.

3.5.1. Diffusion and permeability
Figure 3.14 shows the diffusion ratios % found in the diffusion measurements with
the gas pairs NO-CO and N2-CO (Figure 3.14a) and CO2-CO (Figure 3.14b). All mea-
surements with the same sample and gas pair were combined into one data point using
maximum likelihood estimates (see Appendix C.4.7). The results produced with the
CO2-CO gas pair failed validation with Grahams law, as the CO2 fiux was much higher
than would have been expected. These measurements were not used, and will be dis-
cussed in section 3.5.4. The trend lines from the NO-CO graph were copied to the
CO2—CO graph for easy comparison. The trend lines were least square polynomial fits
to ln (%), and are expressed like this:

L: 0.48

% - R- 0 00126 e9'31"’ (3 10)D _ . . .

T: 0.00002 o6~°f+4~8f°

The assessed relative measurement uncertainties of % for each sample were 17—21%
except for the radial and tangential samples at 0% conversion, which had measurement
uncertainties up to 40% (See Appendix C.4).

For reference, Figure 3.15 on page 126 shows the apparent tortuosities T assuming
negligible Knudsen diffusion using (1.53) and the porosities of the best matching analysed
samples in Figure 3.8:

f I D” ' if 1 D” ' if (3.11)
77@'.1.@ff Doyeff

The permeability results (one point per sample) are summarised in Figure 3.16 and
Table 3.4. The relative measurement uncertainties were below 9%. The values range
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Diffusion measurements, sample R7-1
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(a) Radial diffusion measurements, different carrier
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symbols represent the first species in the gas pair,
while filled symbols represent the second species.

Permeability measurements, sample R7-1
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Figure 3.13.: Diffusion and permeability measurements for sample R7-1 (Radial, 20%
conversion)
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Figure 3.14.: Results of uni-axial diffusion measurements along the three major orien-
tations in beech wood char assuming pure ordinary diffusion and using
NO-CO (a) and CO2-CO The trend lines in both graphs are identical
and based on the NO-CO and N2-CO measurements.
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Apparent tortuosity
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Figure 3.15.: Apparent tortuosities calculated from the NO-CO diffusion measurements
using (3.11), along the three major orientations in beech wood char.

Based on effective diffusion coefficients of NO (A 0 D) and CO (A 0 I)
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tations in beech wood char with nitrogen gas.
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from below 1 mD, which correspond to that of very fine sand or layered clay to nearly
105 mD, which correspond to that of sand and gravel and very permeable peat. The
trend lines in Figure 3.16 were least square polynomial fits to ln (<I>), and expressed like
this (except longitudinal permeability which is given as a constant):

L:16000 mD

<1> I R: 0.226 o8~56f+9~3f° mD (3.12)
T: 6—2.51x+16.2x2 HID

The assessed relative measurement uncertainties of (I) where 10% except for the radial
and tangential samples at 46—50% conversion, which had measurement uncertainties up
to 15% (See Appendix C.4).

. . . DDiffusion ratios, °”’
— Direction —

x L R T
0.00 0.484 0.0013 0.00064

0.10—0.12 0.484 - -
0.18—0.20 - 0.0063 0.0024
0.46—0.50 - 0.112 0.0457

Table 3.3.: Average diffusion coefficient ratios from CO-NO and CO-N2 diffusion mea-
surements on beech char at different degrees of conversion.

Permeabilities, <I> [mD]
— Direction —

:1: L R T
0.00 18800 0.24 0.70

0.10—0.12 15700 — —
0.18—0.20 — 1.17 0.83
0.46—0.50 - 126 159

Table 3.4.: Average permeabilities for N2 viscous fiow at different degrees of conversion
in milliDarcies (1 mD:10_15 m2).

The measured permeability and diffusivity generally followed the same trends: they
increased with increasing degree of conversion and the values for the longitudinal orien-
tation were approximately 3-4 orders of magnitude higher than for the other orientations
in the pyrolysed sample. But the relative values of the radial and tangential orientation
were different for low degrees of conversions; at low conversions the radial diffusivity was
higher than the tangential, while the opposite was true for the permeability.
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In an attempt to understand why permeability in the T direction was nearly constant
between degrees of conversion of 0% and 20%, while the diffusion coefficient ratio more
than tripled, the dependence of the permeability (I) and apparent diffusion coefficient
D, on the pore geometry was evaluated. In circular capillaries (See section 1.2.2 and
equation (1.37)):

300em

<i> I - (3.13)
KO : — (3.14)

O0»-I>N>
<=> D,-,K : KO : gr (3.15)

so (I) oc "/"2, D,-,K oc 1", while the ordinary diffusion coefficient D,-j is independent of "1".
Therefore the apparent diffusion coefficient is D, o< r°‘ where a € I0. . .1]. Since <I> has
a stronger dependence on "1" than D, on the pore radius, simple pore widening does not
explain why <I> was nearly constant in the T direction from 0% to 20% conversion, while
D, more than tripled.

One explanation could be an undetected fiaw in the 0% converted sample. Due to the
very low permeability, even small cracks could infiuence the measurements significantly.
This can not be rejected, but the agreement of the permeability measurements between
the two 0% converted T-samples (samples T1 and T5) was excellent, so undetected fiaws
of very similar sizes would have to have been present in both of these samples.

Another explanation could be that the applied pressure difference during the per-
meability measurements 2 altered the microstructure of samples with low degrees of
conversion, causing additional openings to appear or widening existing pores. These
changes would have to be a reversible, since the permeability measurements were per-
formed before the diffusion measurements on each sample. No such structures were
identified, and furthermore it will be noted in Section 3.6.3 that (in the absence of a
pressure difference) radial cell walls (obstructing the tangential gas transport) tend to
be keep its structural stability better than the tangential cell walls during gasification.

3.5.2. Char microstructures and diffusion

The apparent tortuosity of the longitudinal orientation was essentially unity, indicating
that the diffusion through the vessel cells was nearly perfectly unobstructed ordinary
diffusion, only limited by the porosity. The apparent tortuosities (Figure 3.15) in the
radial and tangential directions were extremely high. This was likely to be caused by the
very multimodal pore structure, where diffusion was delayed by bottlenecks, such as pits
in the cell walls, rather than an excessively long distance through the char labyrinth.

2Pressure gradients up to approximately 100 mbar/mm were applied to low permeability samples in
order be able to measure the gas fiow.
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3.5.2.1. Knudsen diffusion in L direction

The pore structure in the L direction was assumed to be described well as straight
circular pores following the L direction (r:1). In the preceding calculations, it was
assumed that Knudsen diffusion could be ignored, i.e. the effective apparent diffusion
coefficient was assumed to equal the effective ordinary diffusion coefficient, D, : D,-_,-96;).
This assumption fails if pores below a certain size carry a significant amount of the gas
fiow. Recall the Bosanquet formula (1.50):

1 1 *1I _._)
“fi (EMMY Pmw

If one of D,-Kjeff or D”-yeff is significantly lower than the other, D,-fiff will approach
its value. So neglecting Knudsen diffusion is equivalent to assuming that D,-K76); is
significantly higher than D,-_,-,6” This means that for a given measured value of Dgeff,
the Knudsen diffusion coefficient D,-,K,€ff must be approximately of the same order of
magnitude or smaller in order to be significant. For long, cylindrical pores:

SQ-SQ-SQ-
?QQ.i.I>@.@T 3“N

Q

2

 |

-@Kmf::-

I 1 (3.16)
1>,,,,,, I - 1- 3.17)

In order for Knudsen diffusion to be responsible for lowering D,-jefi by a factor of a
(a < 1) compared to the case of pure ordinary diffusion (where D,-jefi : 1),},-,e,f,i~), it must
satisfy:

1
1%w I 1 + 1 <@Pmw (3%)

DiK,@ff Payoff
Die

<:>DZ'7K,6ff < %fit

So in order for Knudsen diffusion to lower the apparent effective diffusion coefficient
by 10% (oz I 0.9):

Di ' e
Diaffjeff < %_fj} I gpijjeff

0.9

In the L direction, the tortuosity was be assumed unity, r:1. Thus, for diffusion of
CO-NO in the L direction at T:295 K to be lowered 10% by Knudsen diffusion:
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4 2 - 8.314 - 295K m29~2.04»10"5 ~ 3.21
lb 3T\/ rf-28g/mol T s lb ( )

<=>r < 18,am (3.22)

The radius of the vessel cells, which are expected to carry most of the fiow, have
radii around 15—50 ,am (see Figure 3.1), so it may be concluded that the longitudinal
diffusion at room temperature is mainly limited by ordinary diffusion. Since the de-
termining radius is proportional to \/T, the importance of Knudsen diffusion increases
with temperature. For example Knudsen diffusion would decrease D,-t,-jefi by 10% for
r < 36 am at 800 °C. While this does increase the importance of Knudsen diffusion,
ordinary diffusion would still be the most important mode of longitudinal diffusion at
gasification and combustion temperatures.

3.5.2.2. Diffusion through cell walls

The assumption of simple circular pores is a poor description of the diffusion path in the
R and T directions. The following assumptions will be made in an attempt to estimate
the diffusion coefficients in the R and T directions from a description of the actual
geometry:

0 Diffusion only occurs through cell lumens and pits in the cell walls.

0 The significant part of the diffusion occurs through the paths passing through the
smallest possible number of cell walls.

0 Diffusion in the cell lumens is pure ordinary diffusion

0 Diffusion through pits is combined Knudsen and ordinary diffusion, and the Knud-
sen diffusion can be described as diffusion through circular orifices by (1.38)

0 Geometries can be extracted from the SEM images in Figure 3.1.

Figure 3.17 shows a sketch of the simplified geometry of diffusion paths in the R and T
directions.

Knudsen diffusion through circular pits in the wood wall has the following diffusion
coefficient according to the orifice approximation (1.38):

4 r ,- 2 R},T
DPit,K I 3 ' Mfg (I T}M_ (3.23)

31,2, Z

where rp,-t and Zp/it are the pit radius and length. Combined ordinary and Knudsen
diffusion is described by the Bosanquet formula:

D ~ 1 + 1 T (3 24)
PUT Dpit,K Dij 0
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Figure 3.17.: Sketch of simplified geometry of R and T diffusion paths.

Diffusion through a cell wall with NW5 pits per wall area is:

Dcellwall : Npits7TT1%2tDpit

The diffusion in the lumens outside the pits is assumed pure ordinary diffusion, so
using (1.56) the total diffusion coefficient through the lumens and cell walls becomes:

lisumlo 1—lisuml0 T1
Dtot I ( T pig‘ /t t) (3.25)

ce wa 2]

where ltot is the total distance, the gas must travel, and lpitsum is the distance, the gas
must pass through pits.

On Figure 3.1, the smallest number of cell walls that must be crossed to reach a given
length, nwjmm, is approximately 77 walls/mm in the T direction, and 55 walls/mm in
the R direction. The wall thicknesses of 10 randomly chosen walls varied between 1.3—
3.0 ,am with an average of 2.0 ,am. The fraction of the distance, the gas must spend in
a pit for tangential diffusion is:

Z i sum _LI nu, ,.,,,,, ~ i,,,-, = 77 Wa’ S 2 10 3 g = 0.154 (3.27)
ltot i IIIIII Wall

A very crude estimate from the SEM images of the pits per wall area, NW-,5, was
3-10-3 pits/,am2 or 3-109 pits/m2. The geometry values used for the following estimation
of diffusion coefficients are listed in Table 3.5.
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Property Symbol Value
Walls per length n,,,,,.,,,-,, R:55 “éligf T:77 “gig?
Cell wall thickness l},,-,5 2 iim
Pit radius rp,-,5 0.5 ,am

Pit density on cell walls iv,,,~,, 3109 itspi
m2

Table 3.5.: Geometric values used for diffusion estimates, based on the SEM images of
beech char, some of which are shown in Figure 3.1.

If the pit length is set to the wall thickness l},,-,:2 ,am, the pit radius is set to
r},,-,:0.5 ,am, and assume CO diffusion in NO at 295 K:

4 7" it 2 R}, Tppm I . P8, ,7, ,/ (3.23)
3 1 —I— T21; 71'

4 05-1076 2 ~ 8.314 ~ 295
T ' 3 0 5 10-6 \/ (329)3 1+ Tl" - 28

_6nFI 2.00 ~ 10 ? (3.30)

0 - 1 + 1 T (331)
pit T DpiT,K 0

- 1 + 1 T (332)T 29910-6 23110-6 '
_6n?I 2.05 ~ 10 — (3.33)

S

Under these conditions, 88.5% of the diffusion resistance in the pits is due to Knudsen
diffusion. The diffusion coefficient for combined diffusion through the pit walls is:

Dcellwall : Npitsflrgit Dpit

: 310911»(0.5~10“6)2~2.04~10“6 (3.35)
_9nFI 6.23~ 10 ? (3.36)

The total diffusion coefficient becomes:

0.154 0.346 '1 _ 1112

In this calculation, 99.8% of the diffusion resistance is due to diffusion through the
cell walls, so Knudsen diffusion resistance represents 99.8% ~ 88.5% I 88% of the total
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diffusion resistance in the T direction in this calculation.
In the calculations above, the porosity was accounted for by including cell walls, but

no tortuosity was considered. The assumed diffusion paths describe a low tortuosity,
probably around r:2, so:

D, D,Demo, I §:% (3.33)
4.04 ~ 10~8 E 2

<:> D6ff7tOt}CO_NO Z 2 S I ' IOT8 In?

The estimated diffusion coefficient is well within the same magnitude as the measured
values for the effective diffusion coefficient in the T direction of the 0% converted
char sample: D€ff,T:1.1—1.8-10_8 m2/s (see Appendix A). In the R direction, us-
ing the same values, except the number of cell walls that must be passed per length
(l},,-m,,,,/ l1O1:55 cells/mm), results in Deff’,O,’CO_NO:2.8-10_° m2/s, which also agrees
well with the measured values: Def];1-1:24 3.2-10_8 m2/s. The relative difference be-
tween the diffusion coefficients in the two directions is described well by the estimates.

The agreements between the estimated and measured diffusion coefficients in the R
and T directions are very good, but based on values obtained from the SEM images
with great uncertainty. In particular, the estimated values for Deff are proportional
to rg,-1 where the power 0 is between 2 (pure ordinary diffusion) and 3 (pure Knudsen
diffusion). This strong dependency can be used to estimate the pit radii by fitting them
to the measured diffusion coefficients. The results are shown in Table 3.6. The estimated

_ R _ _ T _

X Den‘ lmg/SI ("pa I/mll Den‘ lI1’12/SI ("pit I/Iml
0 2.310-9 0.50 11111 1.510-8 0.44 11111

~ 0.2 1410-8 0.97 11111 5.210-8 0.73 11111
~ 0.5 24010-8 3.7 11111 11010-8 2.9 11111

Table 3.6.: Estimated values of the pit radius, r},,-1, from the effective diffusion coefficients
measured using NO-CO, Deff, and the geometric estimates listed in Table 3.5.

pit radii agree well with those observed in Figure 3.1. Apparently, the increase in effective
diffusion coefficients can be explained by expansion of the pits radii. Knudsen diffusion
remained dominant in all of the calculations. Even at X:0.5 Knudsen diffusion still
accounted for 65% of the total diffusion resistance at room temperature.

3.5.2.3. Diffusion through mesopores?

One assumption in the above calculations was, that fiow through the cellwalls needed to
pass through the pits. This assumption can be challenged by estimating an upper limit
for the diffusion coefficient through cell walls with mesopores present herein. It will be
assumed that all of the mesopores are circular, oriented perpendicular to the cellwall
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surface with unity tortuosity for optimal gas transport. From Table 3.2 it is seen that
the mesopore volume is present in pores with radii <3 nm. Assuming a mesopore radius
of r,.,,6$O},O,.e:3 nm, the diffusion coefficient through the mesopore can be estimated as
pure Knudsen diffusion using (1.37):

4 /2 R}, T
Dmesopore : § ' Trnesopore

The sample bulk density (Table 3.1) was approximately 0.46 g/cm3, and the porosity
outside the cellwalls (pores >0.4 1im in Figure 3.8) was approximately gi5:0.5, so as-
suming that all of the solid volume consisted of cell walls, they occupied a volume of
%:1.09 cm?’ per gram sample. The mesopore volume at low degrees of conversion is
0.2 cm?’ /g (Table 3.2), so the volume fraction of mesopores in the cell walls is approxi-
mately %~0.18. Thus, the cell wall diffusion coefficient for diffusion only through the
mesopores is:

4 /2 R}, T
Dcellwall,mes0 : ' Dmesopore : 3 Tmesopore

In order to compare this to the value of Dcellwall : 6.23 - 10_9 m2/s for diffusion only
through the pits in (3.36), the same values for T and M, are used, and a mesopore radius
of 3 nm is assumed:

2 - 8.314 - 2954Dc, ,1, I 0.13 3 10-°\/ 3.42” ”’ 3 123 I I
2

I 5.3 ~ 10“° H1? (3.43)

In the above calculation, the diffusion coefficient through the mesopores, Dc611},,,,11,,.,,€5O
is of the same magnitude as for diffusion through cell wall pits. However, the assumption
that the mesopores were all oriented perpendicular to the cell wall surfaces was through
to represent an unlikely upper limit of least diffusion resistance. It is likely that they
would rather have an orientation similar to the microfibrils in the original wood cells,
which are generally oriented in parallel to the cell wall surfaces (see Figure 1.8). There-
fore, it is believed that the diffusion coefficient estimate in (3.43) is a gross overestimate.
Even if this should not be the case, inclusion of diffusion through mesopores can not
increase the total diffusion coefficient of the char by more than factor 2.

3.5.2.4. Measurement results assuming Knudsen diffusion

Since Knudsen diffusion apparently dominated all measurements in the R and T direc-
tion, characterisation by the Knudsen fiow parameter K%¢ would be more relevant than
the usual %. Figure 3.18 shows the development of K%‘f for diffusion in the R and T
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(a) Diffusion results with gas pairs NO-CO and N2-CO. 0A: NO; 0A: CO.

Figure 3.18.: Knudsen fiow parameter K%‘f assuming pure Knudsen diffusion for the uni-
axial measurements in the R and T directions in beech wood char with
NO-CO.oA: NO; 0A: CO
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direction calculated with (2.10). Qualitatively, the curves are almost identical to those
of % in Figure 3.14, which is not surprising3. Expressed in metres, the correlation for
K%‘f from the NO-CO and N2-CO measurements shown in Figure 3.18a is:

K Q} R: 1.37 ~ 10-9 e9'31"’ 111
L I (3.44)
I T: 0.07 ~ 10-9 e°'0”‘T4'8”°2 111

D6ff,K,,- can be calculated from K%¢ for gas species i at temperature T using:

4 K 3 /313,:/1
Deff,i,K I § (3.45)7r

To conclude, it has been shown that it was possible with a simplified geometric model
to explain the observed effective diffusion coefficients as the result of Knudsen diffusion
through the pits in the cell walls without any significant tortuosity. This means that
diffusion in the R and T directions of the char was severely limited by Knudsen diffusion
for all of the measured degrees of conversion (X < 0.5)

3.5.3. Importance of D€ff_K in permeability
When deriving permeability from measurements, viscous slip was neglected by ignoring
D6ff,K,, in (2.12). This introduced an error compared to the true permeability <I>* of:

<1> - <I>* I %D,,,,K,, (3.40)

In order to evaluate this error, the least permeable sample type was chosen: the 0%
converted R-sample. The permeability (Table 3.4) was <I> : 0.26 mD:0.26-10T15 m2,
while the effective Knudsen diffusion coefficient was D611}-,K:2.8-10T8 m2/s (Table 3.6).
Viscosity for N2 was used: 11:17.9-10T° Pa-s. The lowest value of )7 used was just above
1 atm, to 17:1 atm will be used to estimate the largest error. So, the relative error
introduced by neglecting D6ff,K,,- for the 0% converted R-sample was:

(I) — ‘V H DeffKii I I 3.47(I, F C}, ( I
“ 17.9» 10T°Pa-s-2.8-10T°%2 _ O O2 (3 48)
T 101.3103 P1-1~0.20~ 10-15 1112 T ' '

Table 3.7 shows the corresponding errors calculated for different sample types. The
calculated permeabilities had been overestimated by up to 2% by ignoring Daffy This
is a small error compared to the measurement uncertainty of 10%

3The fact that they are quantitatively (nearly) identical is a coincidence. Comparing (2.10) and (2.8)
for M, : M}- (a good approximation for CO-NO), and using the properties of N2-CO and NO-CO,

Den"the expression for K%¢ (given in 11m) yield results that are just 8—9% higher than D .
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@-@*

0 0.02 0.004
~0.2 0.02 0.01
~0.5 0.003 0.001

Table 3.7.: Approximate relative errors introduced by ignoring D6ff,K,,- when calculating
<1) from measurements.

3.5.4. Adherence to Grahams law
The diffusion ratios for CO (filled symbols in Figure 3.14a and b) were clearly consistent
in the two graphs as well as the NO diffusion ratios (open symbols in Figure 3.14a).

However, all of the CO2 diffusion ratios were several times larger than the others.
Similar deviations for CO2, especially at high pressures, are often ascribed to surface
diffusion (Wicke and Kallenbach, 1941; Haugaard and Livbjerg, 1998). Since the char
samples did have big surface areas and micropores, this could be a plausible explanation
for diffusion in the R and T directions, where surface diffusion could become a significant
part of the very limited total diffusive fiux. But 3.14b shows that the deviations occur
for all samples, even for the L samples, where the ordinary diffusion fiux was very
high, and it was unlikely that surface diffusion in micropores should be significant. A
number of approaches were attempted to find a plausible explanation for the cause of
these deviations. The deviations were also present fior measurements with CO2 on the
“Test2” sample, which was used for validation of the setup in Section 2.3.3, and arguably
did contain neither the large surface areas nor mesopores required for significant surface
diffusion. It was shown, that the problem was not specific to CO2, as measurements with
SO2 on the “Test2” sample resulted in similar behaviour. No conclusion was reached.
Appendix C.5 contain more details on the efforts made to identify the cause of the
CO2 behaviour. Diffusion measurements that included the use of CO2 (and SO2) were
excluded from the general discussion.

3.5.5. Comparison with data from literature
Only few measurements of diffusion in wood char were found in the open literature.
Turkdogan et al. (1970) measured the diffusion coefficients in wood char in a mixture of
CO and CO2 at 19—900 OC. Unfortunately neither wood type nor pyrolysis conditions
were specified. Perré et al. (1996) gravimetrically measured the uni-axial single gas
diffusion of water vapour from an aquatic salt solution in a beaker through wooden lids
of several wood species. Mouchot et al. (Mouchot et al. (2000); Mouchot and Zoulalian
(2002)) used a Wicke Kallenbach cell to measure the tangential and radial diffusivity
of untreated beech wood at 23—30 QC using He-N2, and found values for Defi7He_N2 of
2.2- 10-5 m2/s, (8.5 i 1.3) - 1T8 m2/s, and (5.2 i 1.6) - 10_8 m2/s in the longitudinal,
radial and tangential directions. They also determined the longitudinal permeability of
the wood to 22-103 mD, which is close from the value determined for beech char in the
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present study of 16-103 mD. Values of De” from these studies assuming pure ordinary
diffusion are collected in Table 3.8 along with the results for unconverted beech char from

Uni-axial %
Material Gas L R T
Beech wood He-N2 0.32 0.0012 0.0007
Beech wood ( ) H2O 0.19 0.024 0.013
Pine wood (b H2O 0.36 0.022 0.016
“VVood” char (c) CO-CO2 0.16 0.004 0.002
Fir wood char (d) CO-CO2 0.18
Beech char (6) NO-GO/N2-GO 3.48 0.0013 0.00064

/-\ \_/

Table 3.8.: Diffusion ratios % in wood and ungasified wood char in the longitudinal (L),
radial (R) and tangential (T) directions assuming pure ordinary diffusion.
Sources: a:Mouchot et al. (2000); Mouchot and Zoulalian (2002)4; b:Perré
et al. (1996) ; c:Turkdogan et al. (1970); d: Groeneveld (1980); e: This study

the present study. It is striking that the uni-axial diffusion ratios reported by Mouchot
et al. (2000); Mouchot and Zoulalian (2002) in beech wood are nearly identical to the
ones found for beech chdr in the present study. Only the longitudinal diffusion ratio
of wood char is 50% higher than that of the wood, while the longitudinal permeability
is 27% lower. The water vapour diffusion measurements by Perré et al. (1996) do not
seem to agree well with the other measurements; in particular, the radial and tangential
values are approximately an order of magnitude higher than the others. This may be
due to water conduction in the liquid phase.

Since diffusion in the radial and tangential directions are probably dominated by
Knudsen diffusion, values for K%¢ were calculated from the literature experiments as-
suming pure Knudsen fiow, and listed in Table 3.9. K%¢ for beech wood was twice that

Uni-axial 9 [am]
R TMaterial Gas

Beech wood He-N2 0.0024 0.0014
Beech wood H2O 0.026 0.015
Pine wood ( H2O 0.024 0.017
“VVood” char CO-CO2 0.003 0.002
Beech char (d NO-CO/N2-CO 0.0014 0.00070

U./5/-\

\_/\_/

Table 3.9.: Knudsen diffusion constants K33 in wood and ungasified wood char in the
radial (R) and tangential (T) directions assuming pure Knudsen dififusdon.
Sources: a:Mouchot et al. (2000)5; b:Perré et al. (1996) ; c:Turkdogan et al.
(1970); d: This study

of the char, which was still not considered a big difference. The purpose for Mouchot
et al. (2000) to the measure Deff in beech char with He-N2 was to estimate Deff for

139



3.5. DIFFUSION OHAPTER 3. RESULTS

diffusion of water vapour through the wood. They did so using the common assumption
of pure ordinary diffusion, and estimated Deff for H2O-air diffusion to 3.12-10_8 m2/s
and 1.91-10-8 m2/s in the R. and T directions. Since, according to the present hypoth-
esis, Knudsen diffusion dominate in these directions of beech wood char, the same is
expected for beech wood due to the strong similarities in structure and effective diffu-
sion coefficients. It is thus suggested that estimates based on pure Knudsen diffusion
would result more better estimates of the effective water vapour diffusion coefficients
than those cited above. New values of 5.81-10-8 m2/s and 3.36-10-8 m2/s for effective
diffusion coefficients of H2O in beech wood at room temperature the R and T directions
respectively were derived from the K%¢ values in Table 3.9.

Longitudinal diffusion Apparent longitudinal tortuosity
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Figure 3.19.: Longitudinal diffusion coefficient ratio, %, and apparent tortuosity (3.11)
in fir and beech char at low degrees of conversion.
ozfir char (Groeneveld, 1980) (data extracted from the figure depicted in
Figure 1.23a in the present Thesis) ; Izbeech char (this work).

Groeneveld (1980) measured the longitudinal diffusivity at room temperature in fir
char pyrolysed at 927 OO and gasified in CO2 at 927 OO. Before gasification he found %
to be 0.18, while it increased rapidly during gasification (see Figure 3.19). Figure 3.19a
indicate that the diffusion ratio was a strong function of the degree of conversion rather
than of the char density. After only 3.5% conversion, it reached 0.70, which nearly
matched the porosity of the sample. Thus, above this degree of conversion, the tortu-
osity was very close to unity. The author explained this development by early removal
of tyloses, which partially blocks the fiow in the original softwood clr_ar pores. This ex-

140



OHAPTER 3. RESULTS 3.5. DIFFUSION

planation is supported in the present study of beech char (without tyloses), where the
longitudinal tortuosity was unity even before conversion.

3.5.6. Relation to high temperature

Turkdogan et al. (1970) found that there was no temperature dependence of % for
Dseveral graphites and metallurgical coal ( gf ranged from 0.007 to 0.11) at 18—900 OO at

atmospheric and higher pressures, indicating that Knudsen diffusion could be neglected.
In contrast, it has been shown above that Knudsen diffusion probably dominates in the
R and L directions of beech char.

As long as the geometry of the porous medium is unchanged at higher temperatures,
the effective diffusion coefficient, Def), will have a temperature dependence between that
of the ordinary diffusion (D,-L,-mt o< T175) and Knudsen diffusion (D,,K,6ff o< \/T), (see
section 1.2.4.1). It has been shown that diffusion in the L direction of beech char is
dominated by ordinary diffusion, so Def; in this direction is nearly proportional to T175.
In the R and T directions, where Knudsen diffusion probably dominate, at least up
to a degree of conversion for X : 0.5, Def; will be proportional to This means
that the relative difference effective diffusion coefficients between the L, and the R and
T directions increase at higher temperatures. For example, from room temperature
to 800 OC, Deff in the R and T directions are doubled, while in the L direction, it is
increased by a factor of 11.

3.5.7. Summary
Permeabilities, <I>, and effective diffusion coefficients, Deff, for binary diffusion of NO-CO
and N2-CO in the L, R and T directions in beech wood char were determined at room
temperature and atmospheric pressure. The values of Deff and <I> in the longitudinal
direction were up to 3—4 orders of magnitude higher than those in the R and T directions.
Measurements with CO2 as one of the probe gases resulted in a higher than expected
fiux of CO2, and violation of Grahams law. Surface diffusion was suspected, but the
violation still occurred when a strictly macroporous sample replaced the char sample.
The reason for this unexpected behaviour was not found, and the CO2 measurements
were not used to characterise the samples.

Diffusion in the L direction was described well as ordinary diffusion through a bundle
of straight, unobstructed pores with the sizes observed in a scanning electron microscope
(SEM), and with tortuosity 7:1.

The usual interpretation of Wicke-Kallenbach results by reporting % and neglecting
Knudsen diffusion, indicated that the samples were excessively tortuous in the R and
T directions, with tortuosities exceeding r:500. It was shown that the measured Def;
could be explained, using geometries and sizes observed in the SEM, as diffusion through
the pits in the cell walls, limited by Knudsen diffusion. In this description, 65—88%
of the diffusion resistance was due to Knudsen diffusion for all R and T samples at
room temperature. The development in Deff with degree of conversion, X , could be
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explained by the increase in pit diameters observed with SEM. The importance of
Knudsen diffusion increase with temperature, so it was concluded that diffusion in the
R and T directions of beech char is described well as pure Knudsen diffusion. Knudsen
fiow constants @ to describe the effective diffusion coefiicient , Defig,-7K, in the R and
T directions were determined.

Def; in all three directions and <I> in the L direction only differed by a factor of two
between measurements on beech wood in the literature and beech char before gasification
in the present work, supporting other observations that the physical structure of beech
wood is preserved very well in the beech char.

3.6. Hot microscopy

Ten different char samples were observed during gasification with 100% CO2 in the HSM
at thermocouple temperatures 675 OC or 700 °C. Assuming a temperature difference
of +60 °C between the thermocouple and the sample (see Section 2.5.2), this means
sample temperatures of approximately 735 and 760 OC. These temperature estimates
will be used in the following, and, as it will be shown, the conversion rates turns out to
confirm them. During the first few experiments, the low position of the crucible in the
oven allowed heat radiation from the heating bands to reach the sample directly (see
Figure 3.20), so that the surface temperature could potentially be significantly higher
than the registered temperature. This was corrected in later experiments.

I I

Glass cover Glass cover

I : x  .
Thermo- '-

Thermo- cquple
couple

   
Figure 3.20.: Crucible in low position (left) and high position (right). The high position

was used for all reported experiments, except the first, shown in Figure 3.21
on page 144.
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3.6.1. Experiment with heat radiation

Results of one experiment with the crucible in the low position are shown in Figure 3.21
on the following page. The initial sample mass was 7.6 mg with the visible surface per-
pendicular to the longitudinal direction, and the thermostated temperature was 760 OC,
which was stable within i5°C. Figures 3.21a-d show microscope images of the sam-
ple after 0, 0.5, 1 and 2 hours of gasification. The sample shrank somewhat more after
2 hours until it was completely gasified after 3 hours. Along the radial direction (vertical
in the images), ray cells form long lines spanning three transitions 1.2 mm apart between
earlywood and latewood, which define the annual rings of the original wood. On the im-
age taken after 0.5 hours, the surface was covered with a white, cotton-like layer of ash.
This layer was visibly developing after only 5 minutes of gasification. It was later ob-
served in a high magnification microscope, and consisted of large, fiuffy agglomerates of
particles with very similar diameters of approximately 1 um. An ultimate analysis of the
layer by energy dispersive X-ray spectroscopy (EDX) showed that the major components
on molar basis were O (52%), Ca (25%), Mg (9.5%), and K (5.9%). Carbon was not
included in the analysis. Similar cotton-like agglomerates were observed on beech char
by Pedersen (2003). The agglomerates were probably crystals of calcium oxide (CaO).
Calcium carbonate (CaCO3) have been reported by Ohtsuka et al. (1996) to significantly
increase the reactivity of petroleum coke in CO2, so the catalytic effect of a layer of CaO
on the external sample surface may explain the observed edge consumption, but it may
also be due to temperature gradients. It is not clear from the images if the CaO layer
is formed as a fixed ash “skeleton” after local removal of carbon, or if it has travelled
from other parts of the sample. Certain ash components have been observed to be very
mobile in biomasses, even at temperatures well below their melting point (Jensen et al.,
2000; Knudsen et al., 2005), and migrate to the surface due to concentration gradients
(Wornat et al., 1995). The ash layer was not formed on the lower surface of the sample
in the HSM, where it was facing the steel surface of the crucible. All of the samples re-
moved from the HSM before complete conversion were black underneath without traces
of an ash layer. Figure 3.22 shows a peculiar feature observed with a high magnification
optical microscope on the lower surface of a sample removed from the HSM at a degree
of conversion of approximately 40%. It appears that certain structures of the wood cells
have been removed. Specifically the middle lamella and certain secondary wall layers are
not visible. This could be an indication of preferential removal of these structures. No
features were found in the SEM study of brittle fracture planes in section 3.2, but they
were observed on the lower surface of of several different partly gasified HSM samples.
This could indicate that instead of general removal of material, certain cell layers have
moved slightly in the longitudinal direction due to preferential shrinkage. Candidates
for this could be the middle lamella, which contain no cellulose microfibrils, as well as
the S1 and S3 layers, where the microfibrils are tangentially oriented possibly allowing
some longitudinal movement.

The preferential shrinkage in the tangential (horizontal) direction was obvious, while
some radial shrinkage also occurred. These trends continued on the images after 2
and 3 hours of gasification. It was evident that the less porous latewood retained its
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(a) 0 hours, :1: : 0 (b) 0.5 hours of CO2 gasification

(c) 1 hour of CO2 gasification (d) 2 hours of CO2 gasification
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Figure 3.21.: (a-e): Hourly pictures of first HSM experiment at 760 °C in the high posi-
tion (see Figure 3.20), where radiation from the heating bands reached the
surface of the 7.6 mg char sample directly. (e): lines tracked to obtain the
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Figure 3.22.: High magnification optical microscope picture of the lower surface of a
sample gasified in the HSM at 760 °C to a degree of conversion of approx-
imately a::0.4.

tangential dimension better than earlywood, which shrank faster and formed concave
sides between the latewood rims. The radial and tangential shrinkage was tracked by
manually measuring the distance on each image between features, which could be iden-
tified throughout the experiment, such as the edges of ray cell bundles and the early-
wood/latewood transitions. Figure 3.21e shows the locations of the chosen measurement
lines on the initial image: two radial (R1 and R2) and two tangential lines (T1 and T2).
T1 was defined by two points in the middle of the earlywood, T2 by two points in the
rigid latewood at the transition border. Figure 3.21 shows the measured relative sizes
during the experiment. During the first 0.5 hours, the line lengths are constant, but
then they start to shrink — especially the tangential line in the less dense earlywood
(T1). Inspection of the images showed, that the particle was consumed from the edges,
and that the edge reached one end of T1 in 0.5 hours. Therefore, the detected shrink-
age of T1 was partly because the right end point was travelling on the moving particle
boundary. The other lines may also be affected by the moving boundary, but not to the
same extent.

As indicated above, the crucible was moved to a higher position in the following
experiments in order to avoid heat radiation from the heating bands to reach the sample.
Even then, edge consumption was observed, so the temperature was lowered to 735 °C
in the rest of the reported experiments.

3.6.2. Determining the degree of conversion
As it was not possible to measure the sample mass during conversion in the HSM, some of
the experiments were interrupted and cooled in N2 after some time had elapsed, in order
to determine the sample mass. The sample was then reinserted into the HSM, ventilated
for several hours with nitrogen and reheated to the reaction temperature before the
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atmosphere was changed to 100% CO2. Figure 3.23 shows the results for gasification of all

HSM conversion during CO2 gasification
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after gasification in the HSM at TOI735 °C (D),
760 OC and 760 °C in the low crucible position The lines were
calculated using the Langmuir-Hinshelwood expression for beech char re-
activity under these conditions in ( 1.63 on page 72).
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samples at temperatures 735 and 76
as well as the experiments reporter
show the degree of conversion expel
beech char reactivity by Gobel (199'

0 C thermocouple temperatures 675 OC and 700 OC)
d above w1th the low crucible position. The curves
::ted using the Langmuir-Hinshelwood expression for
) in (1.63) in 100% CO2 at these temperatures. Note

that the 735 OC curve is a slight extrapolation, as (1.63) was based on measurements at
temperatures of 750 OC and above. The agreement is excellent except for two 735 OC
points after 4 and 8 hours (rendered in grey colour). These are the results from a
single char sample, which appear to have reacted faster than the others at the same
temperature have. It was assumed that this was due to an unknown experimental error
for that particular sample. It was concluded that the sample mass during gasification in
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the HSM was described well by (1.63) using the calibrated temperature 60 OC above the
thermocouple temperature, and this was used in the following to estimate the degree of
conversion, x as a function of elapsed time.

3.6.3. 735 °C experiments
Figure 3.24 shows images of a sample being gasified at 735 OC oriented the same way
as the one in Figure 3.21. The images are annotated with the degree of conversion
calculated from the mass determination described in Section 3.6.2. Due to the lower
temperature, it took 12 hours before conversion was complete.

Comparing the images, it was clear that some edge consumption still occurred. This
was unexpected, since the conversion was obviously not transport limited due to the slow
conversion and small sample dimensions. The white cotton-like ash layer still formed
on the outer surfaces of the sample, but while it was not significant on the horizontal
surface before approximately 3 hours compared to the 5 minutes for the heat-radiated
sample. The ash layer appears first on the rays. Actually, an ash layer can be seen
locally on the large rays after 60 minutes. Figure 3.25 shows larger magnifications of
a central part of the pictures in Figure 3.24. The basic structure of the char generally
seems to be preserved, although the view is increasingly obscured by the CaO layer. Wall
thinning became visible after approximately 100 minutes, corresponding to an average
degree of conversion of approximately .:1::0.11. Recall that Figure 3.9 indicated that
the pore volume development during CO2 gasification at a degree of conversion of 10%
indicated that only pure shrinkage had occurred. After 60 minutes of gasification, ray
structures, some of which were not obvious before gasification, stand out (the vertical
lines in Figure 3.25b) as the local ash layers mentioned above is formed. Throughout the
rest of the experiment, these radial structures appear more stable than the tangential
ones. Indeed, many of the cell walls perpendicular to the rays wave back and forth in
the produced movies and a large part of them detach from one of their two connection
points to the radial structures. After 12 hours of gasification, the structure suddenly
collapses. After the sample was cooled down, its mass was below 0.1 mg, and no traces
of carbon were visible.

One of the HSM experiments was done with another orientation of the observable
surface than perpendicular to the longitudinal direction of the char. It turned out to
be harder to produce a sample with a sufficiently fiat surface by brittle fracture in
other directions. Figure 3.26a shows a side view of this sample prior to the experiment.
The surface was approximately perpendicular to the radial direction, but skewed 20-30°
towards the tangential direction. Pictures from the experiment are shown in Figure 3.27.
At least three bundles of ray cells are visible within the image area. Figure 3.26b shows
their location before gasification. Again, the ash layer was first formed locally on the rays
after approximately 60 minutes. In this series, the source of the rest of the ash layer was
more obvious. It looked like the ash was the skeleton of the original cell structure rather
than e.g. minerals transported from the internal parts forming a layer on top of the
external surface. There was considerable horizontal (tangential) movement of structures
during this experiment, especially after 6 hours. This complements the observation in
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(a) Heated to 7350C, ac : 0 (b) 1.5 hours of CO2 gasification, ac I 0.1
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(c) 3 hours of CO2 gasification, :1: = 0.2 (d) 6 hours of CO2 gasification, :1: = 0.4
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(e) 9 hours of CO2 gasification, :1: = 0.6 (f) 12 hours of CO2 gasification, :1: = 1

Figure 3.24.: HSM series of complete gasification for 12 hours at 735 °C of one 3.3 mg
beech char particle, 1 mm thick.
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(a) Heated to 735 OC, :1: = 0 (b) 1.5 hours of CO2 gasification, :1: = 0.1

(c) 3 hours of CO2 gasification, as : 0.2 (d) 6 hours of CO2 gasification, as : 0.4

(e) 9 hours of CO2 gasification, :1: = 0.6 (f) 12 hours of CO2 gasification, :1: : 1

Figure 3.25.: Larger magnifications of a central part of the images in Figure 3.24.
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500 |.lm

(a) Edge before gasification (b) Locations of rays (white areas)

Figure 3.26.: (a): Edge of the HSM sample shown in the series in Figure 3.27. The
surface is nearly orthogonal to the radial direction: it is parallel to the
longitudinal, and approximately 20—30° from the tangential direction.
(b):Location of ray cells on Figure 3.27a.

Figure 3.25 of considerable movement and detachment of tangentially oriented cell walls.

3.6.3.1. Shrinkage measurements

The first optical measurements of shrinkage on the pictures from a HSM experiment
were already introduced in Figures 3.21 on page 144e-f for the heat-radiated sample.
Figure 3.28a-c on page 152 show the results for the radial, tangential and longitudi-
nal directions for the two other samples, where the sample temperature was more well
defined at 735 °C. The scale at the top of the curves indicates the estimated degree
of conversion as described in section 3.6.2. In each series, two almost horizontal and
two almost vertical lines were measured between fix points on the images. Figure 3.28d
shows the initial location of the measurement lines tracked for the HSM experiment in
Figure 3.24. Comparing the curves with the ones for the heat-radiated sample in Fig-
ure 3.21f, the radial size developments (Figure 3.28a) were very similar until the end of
the experiments, where the 735 °C samples had shrunk approximately 40% compared to
20% in the heat-radiated experiment. The tangential sizes development in Figure 3.28b
was significantly slower than it was for the heat-radiated sample. In the 735 °C ex-
periments, the radial and tangential developments were very similar. The HSM results
in the tangential direction differed at low degrees of conversion. Due to the significant
tangential movement of the structures observed in the sample in Figure 3.27, the mea-
surements of tangential sizes from this series (A in Figure 3.28b) were considered to be
less reliable. The radial and tangential shrinkage was characterized by initial shrinkage
until X:0.1, and an approximately horizontal plateau with a relative mass of ~0.95
between a degree of conversion from X:0.1-0.2 to 0.5-0.6 followed by a sudden collapse
around X:0.7-0.8. In contrast, the longitudinal size was nearly constant until a de-
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(a) Heated, 735 °C, :1: = 0 (b) 1.5 hours of CO2 gasification, :1: = 0.1

(c) 3 hours of CO2 gasification, as = 0.2 (d) 6 hours of CO2 gasification, as : 0.4

11".!

I--"ii.

(e) 9 hours of CO2 gasification, :1: = 0.6 (f) 12 hours of CO2 gasification, :1: : 1

Figure 3.27.: HSM series of complete gasification for 12 hours at 735 °C of one 4.5 mg
beech char particle, 1 mm thick. Longitudinal orientation is vertical, while
the horizontal direction is approximately 20-30° from the tangential direc-
tion (See Figure 3.26).
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Figure 3.28
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(d) Measurement lines tracked for the “Q” points
in the curves (sample from Figure 3.24).

Size development during HSM experiments measured on photos from the
series shown in Figure 3.24 (Q) and Figure 3.27 (A), as well as the relative
sizes obtained during the preparations of samples for the diffusion experi-
ments in Table 3.1 The dashed line is the estimated value for ,3/

(d) : The measured lines on the sample from Figure 3.24.
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gree of conversion of conversion of 10% followed by a steady shrinkage until a degree of
conversion of 60%. It was not possible to identify the longitudinal measurement points
reliably at higher degrees of conversion, but Figure 3.27f indicate that the longitudinal
structures had bent and twisted rather than shrunken during the final stages.

The observed shrinkage development agrees well with that of gasification of fir char
reported by Hugger and Larsen (2001) (Table on page 35).

3.6.4. Summary
Movies and images of directly observed microscopic structures of beech char during
thermal gasification in CO2 at 735 and 760 OC were recorded. Complete conversion was
achieved after approximately 12 and 6 hours at the two temperatures. From degree
of conversion of X:0—0.1, shrinkage in the radial and tangential directions dominated.
After approximately X : 0.1, visible wall thinning was initiated, and a layer of white
CaO began to develop on the sample surface. Preferential gasification of the sample edges
were observed, but may be due to temperature gradients in the setup. The CaO layer
obstructed the view at high degrees of conversions, but the char structure appeared to
be preserved well up to X:0.6-0.8 followed by a sudden collapse of the structure. Since
the observed sample was subject to no stresses or other mechanical disturbances, it is
possible that it had lost most of its strength long before the actual collapse.

The shrinkage development was measured on the images, and agreed with the shrink-
age recorded when preparing char samples for the diffusion experiments, and with shrink-
age during gasification of pine reported in the literature.
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4. Modelling

Existing particle models of gasification generally assume that the char material is isotropic
One-dimensional sphere models are frequently used (Zajdlik et al., 2001; Morell and
Park, 1990; Bryden et al., 2002). While some of these have also been implemented as
cylindrical and slab models, the anisotropic nature of wood char has not been addressed.
Groeneveld (1980) did use the low transversal permeability of wood char as an argument
for using a slab model to describe its gasification.

It has been demonstrated in the present work that gas transport properties in beech
wood char differ by several orders of magnitude in different directions. In order to assess
the infiuence of the large differences in effective diffusion coefficients and permeability in
different directions of wood char, a simple one-dimensional slab model of char gasification
was built.

4.1. Model assumptions
The basis material was beech char, and the following heterogeneous reactions were con-
sidered:

C.+CO2( ) —> 200(9) (4.1)
0.+H20( ) _> CO(g)+H2(g) (4.2)QQ

The water-gas shift reaction is assumed near equilibrium at all points:

The geometry was chosen as a one-dimensional slab geometry, as this allowed an
easy description of uni-axial gas transport through one major axis in the char. All
gas transport was assumed to occur perpendicular to the slab surface. This could be
satisfied in an infinitely wide slab or by a slab which edges were impermeable, assuming
homogeneous char properties.

The basic assumptions were:

0 One-dimensional gas transport in a slab geometry oriented with the surface per-
pendicular to either of the L, R or T directions.

0 Constant temperature conditions.
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0 No transfer of heat or material through the inner wall (the inner wall is perceived
as the centre of a slab with the double thickness and two free surfaces).

0 Local diffusion coefficient ratios %, Knudsen parameter, K%¢, and permeabilities
<I> were described as functions of the local degree of conversion, X , using the
empirical trend lines (3.10), (3.12) and (3.44). For X > 0.5 these lines were
extrapolated, but limited by the constant values given for the L direction.

O No shrinkage or other changes in char dimensions. Shrinkage was observed to be
approximately within 10% for X < 0.6 during the HSM experiments.

0 The gas was in equilibrium with the water gas shift reaction (WGS, (4.3)) every-
where in the particle. The reaction does not occur in the gas phase, but most ashes
act as catalysts. Gas from fixed bed gasifiers, where the gas fiows through the char
bed, is known to be near WGS equilibrium (Chen and Gunkel, 1987; Gobel, 1999).

0 No accumulation of adsorbed gas on char surfaces.

Local accumulation of gases was included in the model as isothermal pressure variations.
Viscous gas fiuxes due to the resulting pressure gradients were determined by the local
permeabilities <I>(X

4.2. Implementation
The model was implemented as a transient one-dimensional explicit finite-difference
model (White, 1991). The gas concentrations and degree of conversion were tracked in
N equidistant nodes as shown in Figure 4.1. 1—N. Node zero held the (constant) gas
properties at the slab surface. It was assumed that no transfer occurred past node N.
This was enforced by setting the temperature and concentration gradients in node N to
zero.

The 3-dimensional Eulerian formulation of mass conservation is (White, 1991):

5) _) .—p+V-(pi) : PM (4.4)
0t

where ,0 is the fiuid density, "I7 is the fiuid velocity vector and PM is the fiuid mass
production rate per volume. The fiuid only populates a fraction of the volume, given by
the porosity gb, so 4.4 can be rewritten as:

%”gI+v~<pgr> - PM (4.5)
where pg is the fiuid density outside the solid niatrizz: and 17 is the superficial fiuid

velocity (nominal fiuid velocity in the absence of the solid matrix). In one dimension
along the 5-axis:
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0 5 I
I >1

Ambient gas _

0123 N-1NN+1
oooooooogq

Solid surface

Figure 4.1.: Equidistant nodes ordered perpendicular to the slab surface. One-
dimensional heat and gas fiux in the f direction is assumed. Node number 0
is located at the solid surface and has the gas concentrations of the ambient
gas.

8 I09) 8 (pg U) 'R + R I F 4.6at 5%. M I I

For each gas species i, the corresponding mass conservation is:

8 /49.1") 8 (pg/i vi) _ '

<=> at + 8&5 _ M, F, (4.8)
ado.) aIo,@,) _ ._

8(gbC,-) _ -__0(C,-0,-)_-._%<=>7 _ F, T -1“, ag (4.10)

where C, is the concentration of gas i in the void space, F, is the molar gas i production
rate per volume, and .I,- is the total gas fiux of species i.

In the model, the porosity gb describe the fraction of the volume that the gas could
expand into, rather than the volume where the main fiow occur. Therefore, the porosity
used includes all pore sizes, including micropores, and is assumed linear with degree of
conversion from gI5(X : 0):0.7 to gI5(X : 1):1 based on Figure 3.8.
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4.3. lVlole fluxes
The viscous and diffusive gas fiuxes were decoupled. The bulk fiow was determined by
the viscous fiux, Jm-Sc, and the diffusive fiux , Jd,-ff, described diffusion between species
in a stagnant mixture. The total fiux of a species was:

J»; I <]visc,i + <]di'ff,i (4-11)

4.3.1. Diffusion flux

The diffusion coefficients for ordinary diffusion were calculated by Blanc’s approxima-
tion (1.61)

-1 -1

Iv...-.-.<1:I1.>~(Z‘”) €;””I1.@.>~(Z,”§’) (412)
73, 1.1I we DIM; .1 ' H

where D,-j were taken from Lide (2005) and Marrero and Mason (1972) at 400 °C and
adjusted to the model temperature assuming T175 proportionality. Diffusion coefficients
for H2O-H2 and H2O-CO were calculated from the FSG correlation, (1.25).

The diffusion coefficient ratio, Dgf , was calculated from measured values in the given
direction, L, R or T using the empirical correlation in (3.10). Similarly, the permeability,
<I>, was found from the empirical (3.12). These correlations were produced from mea-
surements up to X — 0.5, but was extrapolated until they reached the constant value
given for the L direction. For higher X , the L value was adopted in all directions.

In some simulations, pure Knudsen diffusion was assumed. In these cases, the effective
diffusion coefficients were found using the correlation for K%¢ in (3.44) and (3.45):

4 K0 Q5 8 Ru T
D6,-:De, :— Z i 4.13fr. rr..K 3( T )\/WM I I

The molar diffusive fiux of species i is (Mason and Malinauskas, 1983):

* 80,»
‘]diff,i I —D@ffxi 85 (4-MI

Since Blanc’s approximation can lead to non-zero total diffusion fiuxes (Kee et al., 2003),
a corrective diffusion fiux term was added for the ordinary diffusion calculations (but
not for Knudsen simulations). The total diffusive fiux using Blanc’s approximation was:

Jiirr I Z J@IIrr.I

A corrective bulk fiow having the local gas composition was added to the species
fiuxes:
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Jdiff/i I J¢Iiff,i—'5C'iJ¢Iiff

I J§Irr.I — $1‘ ' Z JiIrr.j
J

The molar fiux vector of species i, J,-, consists of viscous fiow fiux, J.,,,,,(,,,-, and diffusion
fiux Jd,-ff,-. The total viscous fiux (from (1.33)) and the viscous fiux of species i are:

Ct ®n
Jm-_,c I —i— 4.15H 5%. ( I

<]'0isc,i : aji Jvisc

where Daffy, is the effective diffusion coefficient of species i.

4.4. Reactivity

The reactivity for degrees of conversion X < 0.8 were taken from the empirical Langmuir-
Hinshelwood expression in (1.63):

(<31 ' PH O _1R : f,,,(X)- 2 s (4.17)
H20 1+ %;IrIH2o + E0002 + $311112 + ',§—;*I-we

(<72 "PooR : )3, X ~ 2 S_1 4.18
CO2 I ) 1+ %;IIIH2o + $0002 + %§IrIH2 + ',§—§IIIco ( )

where p,- are the partial pressures, and f,,,, and k1—/05 are given in (1.64)—(1.69). For
X > 0.8, the reactivity for X : 0.8 was used. The water gas shift reaction was assumed
to occur very fast so that it was essentially in equilibrium at all times. The water gas
shift equilibrium is (Gobel, 1999):

K6, I 1% I (1.303 » 10-6 ~ T + 7.1710-4) ~ T -1.3006 (4.10)
PHQ Z9002

The water gas shift reactivity can be expressed like this:

P PRWGS Z H22 C9 PH2 1,602) (4.20)
eq

By setting the rate constant /0 to a high value (1 mol/(m3-s) was used), the gas was
forced to equilibrium. The resulting gas productions were:

FNZ : 0 (4.21)
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' /Ochai"
FHQO I —RH2O ' — RI/I/G5’

' _ pchai"
FH2 — IRHZO ' f2g/mol I RWGS (4.23)

' pc ai"
FGO I + (RHZO + 2RGO2) - f2g§m01 — RI/I/GS (4.24)

' pchai"
FCO2 I —RCO2 ' f2g/mol I RWG5 (4.25)

The char density change:

épchai" _
Y " — (RHZO I RG02) '/’@'wr (425)

Combining 4.10 and 4.11 and (0 was considered to be quasi static, and its length
gradient insignificant):

@1001) _ y_@7 _ F, ag (4.27)
_ ' 8<]'0isc,i 8<]diff,i_ F, 6% 6% (4.28)

_ 1 '_ 8<]'0isc,i 8<]diff,i<=> at _ Q5 (F, aéj ag > (4.29)

4.5. Initial values
The ambient gas concentrations of H2O and CO2 were assigned to “node zero”. The total
ambient pressure was automatically adjusted to 1 atm during initialization by adding
N21

CHgO,tIl0i : CH2O,ambient

CCO2,t:I0i : CCOg,ambient

CCOJIC I 011101/1113 (4.32:I

CHZH I 0mol/m3 (4.33)I

101.3 kPa
CNg,t:0 : Ru Tambient CH2O,ambient — CGOg,ambient

The initial gas concentrations for all other nodes were set to pure N2 at 1 atm to
simulate that the char had been soaked in nitrogen before gasification:

CH2O,I=0 : CCO2,I=0 : CH2,I=0 : CCO,t:0 : Omol/mg (435)
101.3 kPa

,t:0
2 u ambient
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The initial char density in all nodes set to the density of beech wood char in Table 3.1:
pcha, : 451 kg/m3.

The actual calculations performed by the program and the program listing are found
in Appendix E.

4.6. Results
All of the presented results were calculated with 30 nodes. Test calculations of several of
the results with 10 nodes gave very similar results. Each simulation took 15-30 minutes
on a standard PC, but would probably have been significantly faster if a sparse solver
had been used.

The slab thicknesses are given as total thicknesses of equivalent slabs with two open
surfaces. This is always twice the thickness of the modelled slab geometry.

4.6.1. Comparison to experiments
The model was validated against experiments with beech char slabs documented in
Henriksen et al. (2006b). Briefiy, wood slabs were pyrolysed at 2 K/min to 600 OC.
After pyrolysis, their dimensions were 70 >< 50 >< 10 mm. Before gasification, the hot
sides of the resulting char slabs were sealed with alumina silicate in order to restrict any
gas exchange with the surroundings through the two large sides. By preparing different
slabs with large sides perpendicular to the L, R, and T directions of the wood, uni-axial
gas transport in the chosen direction was assumed to dominate during the gasification
experiment. The actual gasification was done in a macro TGA reactor at 800 QC in
50% H2O in N2. The sample mass development recorded during the experiments was
compared to model results replicating these conditions.

4.6.1.1. Slab temperature

Figure 4.2 shows the experimental mass developments for two L-slabs with thicknesses
2.5 and 9.7 mm both gasified in 50% H2O at an ambient temperature of 800 QC. The lines
are model results for 10 mm L-slabs at different temperatures (Model results for 2.5 mm
slabs were identical to these, confirming that gas transfer limitations were negligible).
The 2.5 mm slab experimental curve was between the 790 and 800 OC model curves,
indicating that the slab temperature had been close to the ambient temperature with
little or no mass transfer limitations during conversion. The 9.7 mm slab curve was
between the 770 and 780 °C model curves. It fitted a 778°C model curve well, so it was
assumed that the 9.7 mm slab had approximately this temperature during gasification.

A crude calculation of the expected steady state slab temperature was done, assum-
ing that the surrounding gas was stagnant and neglecting radiation and temperature
gradients inside the slab. The reaction energy production rate in the slab, qR, is:

ms V; /15
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Figure 4.2.: Experimental curves for 2.5 and 9.7 mm L-slabs in 50% H2O at 800 OC and
simulations for char temperatures 760—800 OC.

where R is the reactivity, ms is the solid mass, MC is the molar mass of carbon,
I/5 : a ~ b ~ w is the slab volume, ,0, is the slab bulk density, and AH is the enthalpy of
reaction. At 800 OC, AH for reaction (4.2) is +136 kJ/kmoll. The beech reactivity at
800 OC and X—0 in 50% H2O was calculated from (1.63) to RI339-10_'5 s_1. This value
was a overestimate, since the true temperature was slightly lower, and the inhibiting
effects of the products H2 and CO was ignored.

The Nusselt number is 2, since the gas was assumed stagnant:

IIL
Nu : — :2 (4.38)

keg
2 I0

/"I : i 4.39e L I >
where /1 is the heat transfer coefficient of the gas, L is a characteristic size (in this case,

the slab surface dimensions, approximately L:0.06 m), and I-06,9 is the heat conductivity
of the gas. The value for N2 at 800 °C from Incropera and de Witt (1990) was used:
lcc,g:0.075 W/(m ~

200751 W
: m"K : 2 44h 0.06m '5 m2-K I ' 0)

1Enthalpies taken from Knacke et al. (1991). Solid carbon was assumed graphite.
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The heat transfer rate by conduction to the slab surfaces is:

qh : A ~ 11- (T5 — TO) (4.41)

where A — 2a - b, ignoring heat transfer through the slab edges. The heat transfer
due to radiation is, (assuming black body radiation):

q,. : .403 (Tj - T6‘)
The Biot number, Bi, can be used to determine wether the system is thermally thick

or thermally thin. In order to calculate it, it is necessary to know the total heat transfer
coefficient due to both conduction and radiation. Since the surface temperature is con-
sidered unknown, a lower limit Biot number was calculated by using the heat transfer
coefficient for conduction through stagnant gas only was calculated, assuming char heat
conductivity /06,6 ~0.15 W/(m ~ K) from Figure 1.24:

_ hw 2.5 0 mW ~ 01
B7/conduction : K36 : m2lK W :

0.15 im_K

where w is the slab thickness. The real Biot number, will be larger than this, since
the addition of radiation will increase h. This will probably increase Bi to a value
considerably larger than 0.2, indicating that the system is thermally thick. But no clear
conclusion can be made on this basis. But knowing that Bi > 0.17, it can not be severely
thermally thin.

In steady state, the sum of energy produced by the reaction, qR, and the energy
transport through the slab surfaces by way of conduction, qh, and radiation, q,., must be
zero:

O I ¢1R+¢1I~1+qI~ (4-43)
SI/Le-PFRAH I A-I1-AT+AoB(Tf—T6*) (4.44)

C

: A ~ (I1 ~ AT + (TB (Tj - T§)) (4.45)
<=> 11- (T, - T0) + (TB (Tj - T6‘) I _"$j5CAH ~ Ii; (4.40)

—p5RAH abw ,oSRAH
I MC aaizmw 14"”)

-451m% ~330»10-6 S ~ (-136
I (4.48)

2 . 12 Ii
kmol

KI see w (4.40)
H1

Solving for the surface temperature, T5, given the ambient temperature 800 QC (1073 K)
and slab width wI9.7 mm, T5 is only 0.01 QC below the ambient temperature. This is
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far less than was estimated from the experimental mass development of the 9.7 mm
thick L-slab in Figure 4.2, which suggested a temperature difference of T0 — T5I800-
778:22 QC. This indicates that any significant temperature gradients should be found
inside the slab, so that the system is thermally thick.

If the temperature gradient through the slab is assumed linear, a center temperature,
TC, exist for which the mean reactivity matches that of a fiat temperature profile with
temperature Ts. Numeric calculations of the mean reactivity R assuming a linear tem-
perature gradient through the slab from T0:800 QC at the surface to TC at the center,
showed that TC should be approximately 751 QC in order to match the mean reactivity
from a fiat temperature profile with TSI778 QC for all X G [0 : 0.8]. In steady state, the
sum of the reaction enthalpy of the reactant fiux through a point in the slab and the heat
fiux must be zero. Heat transfer is assumed to occur only as heat transfer through the
solid char. In pseudo-steady state, assuming constant Def): and thermal conductivity,
/60,6, of the char:

or0 I l6C,CF€—J,.-( AH) (4.50)
(IT ZIC

I — — T - A .kw 5,5 Derr 5,5 I HI I4 51I

integration from the surface to the center gives:

w UT /w (I
/<3cc— I D6 - AI-I 4.52/£0 .,,. £20 ff ,,§ I > I I

<:> /Ccac ' (T5 — TC) I Deff ' <CT75 — Crag)

/6
,.5— ,. I TS—T ~ C’c 4. 4

where Cm and CBC are the reactant concentrations at the surface and in the center
of the slab, and AH is the reaction enthalpy. The effective diffusion coefficient is found
using (3.10) DH2O_N2: 2.43~10_4 m2/s at 800 QC (derived from the FSG relation):

Def) I 0.46 »1>H2O_N2 (4.55)
2 2_4m _4mI 0.4s~2.43»10 —I1.17~10 — (4.56)

S S

so,:

10.15 m Ko,,, I ow I (600 Oo I 75100) » m2 - kJ (4.57)
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k II 0.462%; (4.56)

This corresponds to a difference in reactant mole fraction of 4% between the surface
and the center of the slab, which seems plausible. In order to confirm this, the model
was run with a fixed linear temperature profile from T5 I 800 QC at the surface to
TC I 751 QC in the center. The resulting H2O developments are shown in Figure 4.3.

H20 mole fractions, linear temperature profile 800-751 C
1 l l l l l

I'\r‘\

WIWNI9 oooooI- ooooow %%%%%%

0.6 - ~ ------ - -

H
._ 0.6 - -

lVloefractoT 0.4- -

0.2 — —

0 l l l l l l

0 20 40 60 80 100 120
Time [minutes]

Figure 4.3.: H2O mole fraction development in 10 mm L-slab with a linear temperature
profile from 800 QC at the surface to 751 QC at the center.

It shows no significant concentration gradients. Indeed, the H2O concentration at the
center did not depart more than 0.01% from the ambient concentration. Thus, the
expected difference of 4% was not confirmed.

The simplified calculations above could not point out if significant temperature gra-
dients would occur outside or inside the slab. Since a model slab temperature of 778 QC
fitted the experimental mass developments of 10 mm thick L-slabs well, this temper-
ature was used in the models to replicate the experiment conditions for 10 mm slabs.
Choosing a fixed temperature may introduce an error when the reaction rate changes,
causing a temperature change. For example, if the reaction rate is lowered by significant
diffusion limitations in the R and T directions, the true slab temperature may increase,
causing the reactivity to increase as well. Thus, in such cases, the model would generally
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underestimate the mass loss rate.

4.6.1.2. Knudsen diffusion

Figure 4.4 shows experimental and model results for 10 mm L-, R- and T-slabs gasified
at ambient temperature 800 QC (model temperature 778 QC). Figure 4.4a assumed
pure ordinary diffusion, while Figure 4.4b assumed pure Knudsen diffusion. In the
experiments, the R- and T-slabs were converted significantly slower than the L-slab until
a degree of conversion of approximately X I 0.3. For the ordinary diffusion curve, this
development was followed qualitatively but the quantitative difference between the L,
and R/T curves was much smaller than that found in the experiments. The assumption
of Knudsen diffusion led to an improved description of the R and T curves, supporting the
conclusion in section 3.5.2.2 that diffusion in these directions were limited by Knudsen
diffusion. The T model curve fitted the experiments perfectly, while the R model curve
was initially close to the experimental data, but overestimated the conversion rate and
ended up in the middle between the L and T experimental data. Since the values for %
and K%¢ in the R direction were approximately twice the values in the T direction, the
observed difference between the model results for the R and T directions was expected.
A deviation by a factor of 2 from the slab experiments was considered satisfactory,
considering that the uncertainty of the % and Kgf measurements at low degrees of
conversion was assessed to be 40%, and possible variations in properties of the beech
wood used. It was concluded that with the assumption of Knudsen diffusion in the R
and T directions, the model described the slab experiments well, and in the following,
In the following, diffusion coefficients for simulations in the R and T directions will be
calculated as pure Knudsen diffusion.

4.6.2. Model variants

The significance of some of the model assumptions were challenged by building model
variants, where one assumption was changed at a time. Figure 4.5 shows the resulting
mass developments. The model presented in Figure 4.4b was used as the basis, and
reproduced in Figure 4.5a. The variants are described below:

Perpendicular pressure relief Figure 4.5b shows the results of eliminating pressure
build-up, assuming that excess pressure would be relieved perpendicular to ob-
served direction.
In the experiments, the edges were covered with alumina silicate. If pressure could
force gases through this coating, this model should give a better description. It was
implemented by always removing the amount of gas from each node that would
keep Z QT? I 0. The species were removed in proportion to their mole fraction
in the node. The resulting mass development curves did not differ from the basis
model. For the experimental conditions, perpendicular removal of gases would not
change the results.
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Negligible viscous resistance Figure 4.50 shows the results if permeability is set to a
high value, so that viscous fiow resistance was negligible. Again, this would avoid
pressure build-up, but reaction products would flow back to the surface. This did
not change the results either.

Initially constant Deff The diffusion coefficients only seemed to be important at local
low degrees of conversion. Since measurements were only made at approximately
X:0 and X:0.2, the development of these properties between these points may
be different from the exponential correlations used (Figure 3.l4a and Figure 3.16).
Based on the small structural differences found by porosimetry and HSM mi-
croscopy up to approximately X:0.l, the model was modified to have constant
% and K%‘f up to X:0.l, and connect linearly to the original curve between
X:0.1 and 0.2. In the results, Figure 4.5d, the R and T curves did move some-
what, indicating that the model is sensitive to the development of Deff at low
degrees of conversion. The description of the R-slab did improve, so it is possible
that an improved description of Deff at low degrees of conversion could improve
the model predictions.

4.6.3. Process details
Figure 4.6 shows the development of local degrees of conversion at different distances
from the free surface in the modelled L-slab (4.6a), R-slab (4.6b) and T-slab (4.6c).
No local differences in degrees of conversion were present in the L-slab. For the R an
T-slabs, significant differences existed in the local degrees of conversion. Especially for
the T-slab, the conversion is significantly delayed in the central parts of the slab.
Figures 4.7 and 4.8 show detailed model results from the RL and T-slab simulations.
Initially, a small pressure of 0.012 atm built up inside the R slab, and 0.002 atm in the
T-slab. CO and H2 gases (sub-figures e and f) were only present in significant amounts
in the initial stages. As conversion progressed, the higher values of KL” allowed the
ambient gas concentrations to propagate further into the slab, and after 40—60 minutes,
no significant concentration gradients existed.

4.7. Discussion
Assuming pure Knudsen diffusion in the RL and T-slabs, the model description of the
T-slab was excellent, while the mass loss rate for the R-slab was overestimated by the
model. Simulations assuming pure ordinary diffusion resulted in less agreement with the
experimental data, supporting the assumption that Knudsen diffusion dominate in the
R- and T-directions of beech char.

The difference of KL” in the R and T directions of a factor two measured in the
Wicke-Kallenbach (W-K) cell did not agree well with the results of the slab gasification
experiments. The latter showed coinciding mass loss curves for the R and T directions,
indicating very similar diffusion limitations in these directions. The char of the slabs
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Figure 4.8.: Model results for the gasification of a T-slab with thickness 10 mm at 778 °C
in 50% H2O. ((a) is identical to Figure 4.60).
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may have shrunk somewhat, compared to the chars used for W-K experiments due to the
higher temperature (the W-K samples had been pyrolysed at 600 OC). Since shrinkage
is largest in the T-direction, this could have caused marginally narrower pores in the
R-direction, leading to a lower effective diffusion coefficient in the R direction of the
slabs. But this potential difference was not expected to be significant. The uncertainty
of diffusion coefficients at low degrees of conversion was assessed to 40% in the W-K
experiments. Imperfections and variations in the samples may add to this figure. The
agreement with the R-slab was considered to be fair, and the differences attributed to
measurement uncertainties.

Model variations showed that the mass loss curves were insensitive to the removal of
viscous flow resistance and to perpendicular fiow of gases away from the reaction zone.
Changing the form of the KL‘f dependence of X at low degrees of conversion did affect
the results, so further data on exact development of effective diffusion coefficients at low
degrees of conversion may improve the model predictions.

During the experimental work, it was noted that cracks appeared in the surface of
the slabs before a degree of conversion of X : 0.12 (Henriksen et al., 2006b). It was
suggested that they were responsible for the increasing conversion rates for the RL and
T-slabs, as they drastically improved diffusion into the slab. The results of the present
model show that the strong development of the Knudsen fiow parameter Kid’ with X
can fully explain the increased conversion rates. The cracks would indeed facilitate gas
transfer, but as it can be seen from Figures 4.70 and 4.80, the reactant concentration
was almost equal to the ambient concentration 2 mm from the surface after 30 minutes,
corresponding to X : 0.15.

It was noted that diffusion limitations were significant in the R and T directions
at low degrees of conversion (X < 0.15), but insignificant in all directions at higher
degrees of conversion. For computer models of wood particle conversion, this means
that gas transport is best modelled as a uni-axial 1Ldimensional process at low degrees
of conversion, where all of the transport occurs in the L direction (slab geometry). As
the degree of conversion increase, transport in the R and T directions soon become very
important, so that gas transport is then better described as isotropic (e.g. spherical and
cylindrical models).

4.8. Summary

An isothermal model of slab gasification was built and validated against the mass loss
development in experimental gasification of beech char slabs in 50% H2O. Temperature
gradients were not included in the model, but a constant temperature was estimated
from L-slab experiments, where diffusion limitations were negligible.

Good descriptions of the experimental mass loss developments were obtained when
pure Knudsen diffusion was assumed. The model described the T-slab perfectly, while
the R-slab mass loss rate was overestimated. This overestimation was attributed to
sample variations and experimental uncertainties.

The model explained the shapes of the mass loss curves well without taking the cracks,
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which were observed on the slab surfaces during the experiments, into account.
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5. Summary and discussion

This work presents the first experimental measurements of effective diffusion coefficients
and permeabilities in partly gasified hardwood char in the open literature. Also it is
represents the first known direct microscope study of wood char during gasification.

Like wood, wood char is an orthotropic material. That is, its structure and properties
are very different in three orthogonal directions, defined by their original orientation in
the tree:

L longitudinally along the wood stem

R the radial direction of the stem, along the annual rings

T tangential to the stem axis, perpendicular to the annual rings

Observations of beech char in optical microscopes and a scanning electron microscope
(SEM) confirmed reports in the literature that the macro structure of slowly pyrolysed
wood char was identical to that of the original beech wood, except for temperature
dependent orthotropic shrinkage in the order T>R>L. This was supported by measure-
ments of the macro porosity by mercury porosimetry and by the fact that the measured
effective gas diffusion coefficients in all directions of beech char were similar to values
for beech wood reported in the literature.

Images produced during direct observation of the microstructures of beech char during
gasification in CO2 in a heating stage microscope (HSM) were presented in Section 3.6
on page 142. Until a degree of conversion of X:0.1, pure shrinkage of the structure
was observed. This was consistent with the changes in pore sizes observed by mercury
porosimetry for 10% converted char. At X:0.1, visible thinning of the macropores
was initiated. Significant wall thinning was confirmed in chars with X:0.5 by mercury
porosimetry. Cotton-like CaO containing structures developed on the sample surface,
increasingly obscuring the view. Despite this, it was possible to confirm reports in the
literature, that even for X exceeding 0.6, the general wood structure was intact. At high
X , a sudden collapse occurred.

Chars of wood and other materials of biological origin often contain large volumes
of micro- or mesopores with a very narrow size distribution around a few nanometres.
During gasification, the volume of these pores measured by gas adsorption methods
generally increase. This was also observed for beech char in the present study. It was
suggested in section 1.4.2 on page 69, that these pores may be related to the cellulose
microfibrils in the biological structures of the original biomasses. Volatilisation of the
microfibrils during the early stages of pyrolysis may leave voids of the observed geometry.
Unless pyrolysis occur at a very low heating rate, the pressure caused by these gases
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may cause rupture of the lignin matrix. Severe rupture of cell walls during fast pyrolysis
of wood has been reported in the literature. It is also consistent with the higher initial
reactivities of chars from fast pyrolysis, which is otherwise attributed to changes in
macroporosity and the lack of tar polymerisation on the char surfaces occurring at
lower heating rates. Finally, volatilisation of microfibrils could offer an explanation
for the lower strengths of chars from fast pyrolysis. In particular, it could explain
observations in the literature that extremely slow pyrolysis (<0.25 K/min) preserved the
longitudinal strength of the original wood. It is generally accepted that tars polymerise
on the surfaces of the char during slow pyrolysis, blocking access to micropores and
reducing the reactivity until gasification consume this layer. In opposition to this, the
observation in the HSM of an initial pure shrinkage of the structure rather than wall
thinning suggests that the main char consumption until X:0.1 was distributed evenly
in the whole structure, and not restricted to macropore surfaces. Maybe removal of
a compact, relatively strong layer of polymerised char at this stage allowed a general
relaxation of the structure.

A Wicke-Kallenbach cell was constructed and used to measure effective diffusion coef-
ficients, Deff by binary diffusion between CO-NO and CO-N2 at room temperature and
atmospheric pressure. For ungasified (X:0) beech char, Deff were approximately 2, 800
and 1500 times smaller than that of unrestricted open-air diffusion in the L, R and T
directions respectively. These results are shown in Figure 3.14a on page 125.

The measured values of Def; the L direction could be explained as simple ordinary
diffusion through the vessel cells of the wood without obstructions. In the R and T
directions, excessively long tortuous diffusion paths were required to describe the mea-
sured Deff. It was shown in Section 3.5.2.2 on page 131 that the measured Def; in the R
and T directions could be explained from the known geometry of the char with a model
describing Knudsen diffusion through the pits in the cell walls. The relative difference
between Deff in the R and T directions was explained by a higher density of cell walls,
that must be traversed in the T direction. The developments of Deff with conversion was
explained by widening of the pits diameters in agreement with the SEM observations of
partially gasified beech char. The development of Knudsen fiow parameters assuming
pure Knudsen diffusion for char in the R and T directions during conversion are shown
in Figure 3.18 on page 136.

The following expression summarise the suggested formulas for the estimation of ef-
fective diffusion coefficients in the L, R and T directions of beech char with porosity ¢
and degree of conversion X at temperature T for a gas with molar mass, M,-:

L I O ' Dij

Def], : Rzé (1.37-107909319‘) 1% m2/s (51)

T: 2 (O_67_ 10-9 €6.0w+4.8x2) /8T1R;211T m2/S

A one-dimensional transient computer model of diffusion limited gasification of beech
char was built based on results of the diffusion measurements. It was used to model

176



CHAPTER 5. SUMMARY AND DISCUSSION

experiments, where different beech char slabs with the short dimension (10 mm thick)
oriented in the L, R and T directions and sealed short edges were gasified in H2O
at 800 °C. It successfully described the experimental mass loss rates (Figure 4.4b on
page 167), only the mass loss rate of the slab oriented in the R direction was slightly
overestimated. Simulations assuming pure Knudsen diffusion in the R and T directions
resulted in significantly better agreements with the experimental results than simulations
assuming pure ordinary diffusion. The model results showed, that the mass loss curves
were sensitive to variations in the diffusion coefficients at low degrees of conversion, while
at slightly higher degrees of conversion (local degrees of conversion exceeding 0.1—0.2),
the diffusion resistance was negligible. If predictions of diffusion limitations during wood
combustion are desired, priority should be given to investigate properties at low degrees
of conversions, below 0.2 for beech char.

One tensile strength test was performed in the longitudinal direction of a beech char
sample, which had not been gasified. The Youngs modulus was 1.0 GPa. The ultimate
tensile strength was 1.15 MPa.
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6 Conclusions

The macro structure of beech wood is retained during slow pyrolysis, except from
pure orthotropicl shrinkage of the structure. Even the gas transport properties
are very similar between beech wood and char.

The initial gasification of beech wood is characterised by pure shrinkage. After a
degree of conversion of 0.1, significant wall thinning occurs.

In the absence of mechanical disturbances, the basic structure of the wood is intact
in beech chars at degrees of conversions up to 0.7-0.8.

The strength of wood char decreases with the heating rate of the pyrolysis.

Gas diffusion in the L direction of beech char occur as ordinary diffusion through
the vessel cells with no significant obstructions or tortuosity.

Gas diffusion in the R and T directions are strongly limited by Knudsen diffusion
through the pits in the cell walls. The development in effective diffusion coefficients
in the R and T directions can be explained by observed widening of these pits.

Gas transport in beech char is very different in different directions. Measured effec-
tive diffusion coefficients in the longitudinal direction of the wood char was higher
than those measured in the transversal direction by factor 800 at room tempera-
ture. Due to differences in diffusion modes, this factor increase with temperature,
e.g. reaching 4.000 at 800 °C. Gas permeability in the longitudinal was higher
than the transversal permeabilities by factor 16.000.

Expressions for estimating permeabilities and effective diffusion coefficients in
beech char as a function of temperature, direction and degree of conversion up
to 0.5 were derived from the experimental data.

Anisotropic, different properties along three orthogonal axes.
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Suggestions for further work
0 The method developed to measure the tensile strength of char should be used to

measure the strength development of chars, as it was originally planned to do in
the present work.

0 Diffusion measurements of chars from other wood species should be performed,
emphasising the changes at low degrees of conversion.

0 The developed description of effective diffusion coefficients as diffusion through
pits in the cell walls should be challenged with chars from different wood species.

0 Extension of the slab model to cover energy balances and dynamic temperatures.
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Nomenclature PB
A

A

a

B2

b

U2

U2

C

CH

CG

d

DK

D@ff,K

D2

Dtot

Dij

Perm

(77@rr,1.r),

Area [m2]

Avogadro number: 6.024-1023 [mol7 ]

Slab surface length [m]

[D2112Biot number [-]
(Section 1.3 on page 67)

Slab surface height [m] E

Gas concentration of species 2 [mol/mg] Ea

Total gas concentration [mol/m3] F

Constant in BET theory I2
(Section 1.1.3.1 on page 21)

J
Specific heat [J/ (kg -

JD
Half-length of critical fiaw [m]

Diameter [m] JK

Knudsen diffusion coefficient [m2 /s] J

Effective Knudsen diffusion coefficient
[H12/S] 7%
Apparent diffusion coefficient [m2/s] k
(eq. 1.50 on page 50) C

Total diffusion coefficient of flow througlffo
different layers
(QC1. 1.56) Keq

Binary ordinary diffusion coefficient 51,68
for gases 2 and j [m2 /s]

Effective binary ordinary diffusion co- [pit
efficient [m2/s]
(eq. 1.52 on page 51) L

Effective binary ordinary diffusion co- M
efficient estimated from the fiux of
species 2 [m2/s] N“
(eq. 2.8 on page 91)

22
D -- . . . . .Diffusion coefficient ratio estimated

23 i

from the fiux of species 2 [-] NW5
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1 [Pull

w,m2n

Blanc’s approximation for diffusion
coefficients in multicomponent mix-
tures [m2 /s]
(eq. 1.60 or 1.61 on page 53)

First Chapman-Enskog approximation
[H12/S]
(eq. 1.18 on page 40)

Second Chapman-Enskog approxima-
tion [m2 /s]
(eq. 1.17 on page 40)

Young’s modulus [Pa]

Activation energy [kJ/mol]

Molar flow [mol/s]

Heat transfer coefficient [W/ (m2

Molar fiux [mol/(s-m2)]

Molar ordinary diffusion fiux
lmol/(s-m2)]

Molar Knudsen diffusion fiux
lmol/(s-m2)]

Molar viscous fiux
lmol/(s-m2)]

Boltzmann’s constant: 1.380-10-23 [J /K]

Heat conductivity [W/ (m

Knudsen flow parameter [m]
(Section 1.36 on page 49)

Chemical equilibrium constant.

Optical resolution of a microscope.
(1.1)

Length of a pit hole [m]

Length [m]

Molar mass [g/mol]

Nusselt number [-]

Minimum number of cell walls to pass
in order to travel a given length [m_1]

Pit density on cell wall [m_2]



MFA

P

27

peat

Q

2"

T1122

R

Ru

Re

S

T

Tb
T2

V

Va

I/2

I/Hg

Vm

Vp

V}

V

Cellulose microfibril angle
(Section 1.1.5.1 on page 29)

Absolute pressure [Pa]

Absolute mean pressure (13 : L)
[Pal
Saturation vapour pressure [Pa]

Energy rate

Radius [m]

Radius of a pit hole [m]

Reactivity [s71]

Universal gas constant [kJ/ (mol-K)]

Reynolds number [-]

Strength [MPa]

Temperature

Boiling point

Reduced temperature
(eq. 1.20 on page 40)

Specific volume [m3 /g]

Volume of adsorbed gas per solid mass
[H13/sl
(eq. 1.32 on page 48)

Liquid molar volume at the boiling
point [mg/g]

Bulk density (including voids) deter-
mined by mercury porosimetry
[H13/sl
Monolayer capacity [m3]
(section 1.1.3 on page 21)

Specific pore volume per mass un-
treated sample
[m3/g] (eq. 3.8 on page 117)

Specific pore volume per mass un-
treated sample due to pure shrinkage
[H13/sl
(eq. 3.9 on page 117)

Volume [mg]

1'1

"0

(W)

(2 UI2

{U

ZU

Greek

6

T

0

(Tb

Us

0'19‘

5

6

6,517‘

(2)..
/€

)1

/~I
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Volume fiow [m3/s]

Velocity [m/s]

Average molecular velocity of gas species
2' [m/s]
(eq. 1.12 on page 38)

FSG diffusion volume of species 2' [A2]
(eq. 1.25 on page 43)

Slab with/thickness [m]

Mole fraction [-]

Helper constant in Wicke-Kallenbach
calculations and others [L]
(eq. 2.3 on page 90)

Temperature exponent
(eq. 1.29 on page 45)

Surface tension [J /m2]
(eq. 1.3 on page 18)

Stress [MPa]

Stefan-Boltzmann constant: 5.670-1078
iW/ (1T12'K4)i

Tensile strength [MPa]

Collision length, collision of species 2'
and j [A]
(eq. 1.23 on page 41)

Wicke-Kallenbach sample length [m]

Uncertainty or strain

Lennard-Jones energy, collision of species
2' and j [J]
(eq. 1.22 on page 41)

Lennard-Jones energy, equals 6,,/kg,

[Kl
Bulk modulus [Pa]

Mean free path [m]

Fluid viscosity [Pa-s]



v Poisson’s ratio [-] DGCOFEIIIIO I1 S

gb Porosity (void fraction) of a porous 5
medium
(eq. 1.53 on page 51) $

,0 Density [g/m3] 5?’

pg, Bulk density including voids [g/m3] V55’

pg Skeleton density of solid phase [g/m3]

7' Tortuosity of a porous medium [-]
(eq. 1.53 on page 51) BET

6 Angle of contact
(eq. 1.3 on page 18)

5 Distance along one-dimensional axis BJH
[ml

A, 2th correction term for Chapman-Enskog
solution [-]
(eq. 1.16 on page 39) CFB

Q93) Diffusion collision integral CR1
(eq. 1.18 on page 40)

(I) Permeability [m2] CSR

Subscripts DI
Clg Compressive

_ _ EDX
U91; Gasification

Cl 2,, Horizontal FSG

_, species

:K Knudsen diffusion FB

_L Longitudinal direction FFmpeg

ipy, Pyrolysis GIMP

CIR Radial direction

Us Surface diffusion HSM

KIT Tangential direction IR

KITS Tensile ML

DU Vertical
MFA

Elm/GS Water gas shift
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Mean of :1:

Maximum likelihood estimate of :1:

Vector

Space gradient of as

Abbreviations & Acronyms
Brunauer-Emmett-Teller theory to de-
rive surface areas from adsorption isotherms
(Section 1.1.3.1 on page 21)

Barrett-Joyner-Halenda method to de-
rive pore size distributions from ad-
sorption isotherms.
(Section 1.1.3.3 on page 25)

Circulating fiuid bed

Coke reactivity index
(Section 1.4.1 on page 68)

Coke strength after reaction
(Section 1.4.1 on page 68)

Drum index
(Section 1.4.1 on page 68)

Energy dispersive X-ray spectroscopy

Fuller, Schettler and Giddings corre-
lation
( 1.25 on page 43)

Fluid bed

Video converter software package

Gnu Image Manipulation Program (soft-
ware package)

Heating Stage Microscope

Infra red

Middle lamella
(Section 1.8 on page 29)

Microfibril angle
(Section 1.1.5.1.2 on page 31)



NTP

P

S1,S2,S3

SEM

IUPAC

W

Normal temperature and pressure (25 OC
and 1 bar)

Primary cell wall
(Section 1.8 on page 29)

Secondary cell wall layers
(Section 1.8 on page 29)

Scanning electron microscopy

International Union of Pure and Ap-
plied Chemistry

Warty cell wall layer
(Section 1.8 on page 29)
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