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Abstract

Wood is an interesting alternative to fossil fuels. It is CO2-neutral and widely
available. However it is a difficult fuel to handle which features a low energy content.
Thus technologies for wood thermal conversion need to be improved.

This work concerns the development of a comprehensive two-dimensional math-
ematical model describing the pyrolysis of large wood particles and its implementa-
tion in a Fortran program. The model has been continuously tested and improved
by experimental results obtained in a reactor for single particle pyrolysis (SPAR)
at the Division of Physical Chemistry at Göteborg University.

The first part of the thesis (Paper I) presents a kinetic study of the pyrolysis of
large wood particles, based on experiments carried out in the SPAR. Three pyrol-
ysis kinetic schemes were selected for later inclusion in a model featuring heat and
mass transfer.

Paper II concerns the addition of a sub-model for heat and mass transfer to
the three kinetic schemes. The resulting model for large wood particles has been
tested against experiments in the SPAR. A scheme based on two competing reac-
tions developed from experiments at low temperature pyrolysis in the SPAR was
found to perform well but its empirical nature limits its validity to the experimental
conditions of the SPAR. A scheme from the literature based on TGA experiments
appeared promising, especially when planning to enhance it with secondary reac-
tions.

Paper III deals with the development of shrinkage models for 2D cylindrical par-
ticles. The predicted mass loss, size variation and surface temperature were tested
against experiments carried out in the SPAR. The shrinkage does not affect the
pyrolysis rate or the surface temperature in the conditions prevailing in the SPAR.
Paper IV investigates the influence of different shrinkage models and the geometry
on the heating rate of a shrinking particle. Shrinkage influences the heating rate
positively by increasing the conductive heat flow and negatively by decreasing the
surface area of the particle. Therefore the net effect of shrinkage on the heating
rate depends on the particle geometry and the location of shrinkage.

Paper V studies three different models for wood drying under pyrolysis condi-
tions. The predicted surface temperature and global drying rate were compared
with experimental results from pyrolysis experiments of wet particles in the SPAR.
A model based on a first order kinetic evaporation rate was found to be the most
interesting because of the quality of the prediction of the drying rate and the ease
of implementation.

Keywords: drying, modelling, pyrolysis, shrinkage, wood
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Sammanfattning

Trä är ett intressant alternativ till fossila bränslen. Det bidrar inte till växthus-
effekten och är tillgängligt i de flesta länder. Trä är ändå svårt att hantera och har
dessutom ett lågt energiinnehåll.

Arbetet som presenteras in denna avhandling behandlar utvecklingen av en full-
ständig två-dimensionell modell för pyrolys av stora träpartiklar samt dess tillämp-
ning i ett Fortran program. Modellen testades och utvecklades kontinuerligt genom
jämförelse med experimentella data som erhölls i en reaktor för pyrolys av enstaka
partiklar (SPAR) på avdelningen för Fysikalisk Kemi, Göteborg Universitet.

I den första delen av avhandlingen (Artikel I) presenteras en kinetisk studie
av pyrolys av stora träpartiklar, baserad på experiment genomförda i SPAR. Tre
reaktionsmekanismer valdes för att ingå i en modell för värme- och massöverföring.

Artikel II sysslar med utvecklingen av en modell för pyrolys av stora trä-
partiklar genom att tillfoga en modell för värme- och massöverföring till de tre
reaktionsmekanismerna. Den slutliga modellen utvärderades med hjälp av exper-
iment genomförda i SPAR reaktorn. Mekanismen med två tävlande reaktioner,
som empiriskt utvecklades utifrån pyrolysförsök vid låg temperatur i SPAR, ger
tillfredsställande förutsägelser men kan endast användas vid de experimentella
villkoren som gäller i reaktorn. En reaktionsmekanism från litteraturen grundad
från TGA-försök identifierades som lovande, speciellt om den vidareutvecklas med
sekundära reaktioner.

Artikel III behandlar utvecklingen av krympningsmodeller för 2D cylindriska
partiklar. De förutsagda massförlusterna, storleksförändringarna och yttemperatur-
erna jämfördes med resultaten från SPAR. Krympningen uppvisar ingen inverkan
på pyrolyshastighet eller yttemperatur för dem villkorn som gäller i SPAR. Ar-
tikel IV undersöker inverkan av olika krympninsmodeller och geometrier på up-
pvärmingshastigheten av en krympande partikel. Krympningen påverkar upvärm-
ingshastigheten positivt genom att öka det konduktiva värmeflödet och negativt
genom att minska partikelns yta. Därför beror den globala effekten av krympnin-
gen på uppvärmingshastigheten på partikelns geometri och typ av krympning.

Artikeln V studerar tre olika modeller för torkning vid hög temperatur. De
förutsagda yttemperaturerna och den globala torkningshastigheten jämfördes med
experimentella resultat från pyrolys av blöta partiklar i SPAR. En torkningsmodell
baserad på en kinetisk reaktion av första ordningen identifierades som mest intres-
sant då den väl förutsäger torkningshastigheten och är lätt att tillämpa.

Nyckelord: krympning, modellering, pyrolys, torkning, trä
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Chapter 1

Introduction

This thesis deals with wood pyrolysis, a phenomenon inherent in wood thermal
conversion. Before going into detail, a presentation is given of the place of wood in
today’s energy supplies and the aim of this work.

1.1 World energy overview

Energy is crucial for the economies of developed and developing countries. The
world’s total energy consumption almost doubled during the last 30 years, reaching
over 11 000 Mtoe1 in 2006 [1].

Energy comes under different headings, usually listed as fossil fuels, renewable
energies and nuclear power. Figure 1.1 shows the breakdown of the world’s energy
supply according to energy source from 1971 to 2004, together with the expected
distribution until 2030. It may be seen that all energy sources with the exception of
nuclear power are expected to increase during the next decades as there is a growing
need for energy. However, their distribution is likely to change due to the upcoming
needs of emerging countries and to the pressure of environmental constraints.

1.1.1 Fossil fuels

Fossil fuels are defined by the European Environment Agency as “coal, natural gas
and petroleum products, such as oil, formed from the decayed bodies of animals
and plants that died millions of years ago” [2].

• Oil:
Oil is and will remain the main energy source in the world for the coming
decades. Its consumption will further increase, primarily due to the develop-
ment of transportation, where it is an unrivalled fuel.

1Million tonnes of oil equivalent

1
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Figure 1.1: World’s energy supply by energy source. Adapted from IEA, 2006 [1]

• Coal:
Coal is mainly used for heat and power generation, with a share of 40 % of
the world’s total electricity production. Coal reserves are abundant and well
distributed around the globe, which results in competitive and stable prices
compared to gas and oil [3].

• Natural gas:
Natural gas is coal’s main competitor for heat and power production, espe-
cially in developed countries where environmental regulations are more strin-
gent. It is a cleaner fuel which requires less treatment to meet low-emission
regulations and has lower capital costs. A natural gas power plant produces
half the CO2 of a coal-fired plant, which is an important benefit for countries
having ratified the Kyoto Protocol.

1.1.2 Nuclear power

Nuclear power contributes 16 % to the world’s electricity generation. Though nu-
clear power does not produce CO2 and uses uranium, a widely available fuel with
abundant reserves, it is not expected to grow much in the future.
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Nuclear power reputation was tarnished by Chernobyl disaster and concerns
remain about the spent-fuel disposal, from an environmental perspective and from
fear of possible use in terrorist attacks. Economically, the costs of construction,
operation and decommissioning make nuclear power less attractive with the current
liberalisation of the electricity markets. There are no longer electricity monopolies
which can secure a long-term return on the heavy investment of building nuclear
power plants. Electricity providers seek shorter returns, which favours technologies
with lower capital costs such as natural gas.

1.1.3 Renewable energy

The International Energy Agency includes in the term renewable energy sources:
Combustible Renewables and Wastes (CRW), hydropower, wind, solar, geothermal
and ocean energy [4].
Combustible Renewables and Wastes are in turn defined as: solid biomass, biogas,
liquid biofuels and municipal wastes.

• Combustible Renewables and Wastes:
CRW constitute the main part of today’s renewable energy with a share of 11
% of the world’s energy supply. They are mainly wood and charcoal used by
poor populations for cooking and heating. It should be noted that for those
populations, solid biomass is far from being the clean green energy known in
developed countries. The World Health Organisation estimates at 1.5 million
per year the number of deaths caused by indoor air pollution from cooking
with solid biomass [5].

During the last few years, liquid biofuels have gained in popularity to miti-
gate the use of fossil fuels in transportation. Brazil extensively uses bioethanol
from sugar cane to replace gasoline. In Europe, biodiesel (diesters from veg-
etable oils) is used as additive to common diesel. The European Union has
as objective the substitution of 20 % of the traditional fuels in road transport
by biofuels before 2020.

• Hydropower:
Hydropower is the second main renewable energy source with a share of 2
% of the world’s total energy supply. It accounts for 16 % of the world’s
electricity production. Hydropower has the particularity to be the only large-
scale mean to store electricity, through the electrical pumping of water into
large reservoirs for later re-conversion into electricity. Hydropower growth is
limited as interesting sites are generally already in use.

• Wind, solar, geothermal and ocean energy sources:
These alternative energy sources are still negligible in terms of energy pro-
duction compared to classical energy sources. They represent less than 0.5 %
of the world’s total energy supply and are not depicted in Figure 1.1. How-
ever there is a real market for them, especially in developed countries. Wind
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power notably has quadrupled worldwide since 1995 and in some countries
has become a significant part of the electricity generation, as in Denmark,
where it reaches 23 % of the national production.

1.2 Energy-related issues

1.2.1 Global warming

During the 20th century, the global average surface temperature on Earth has in-
creased by 0.6± 0.2 ℃. There is a general agreement in the scientific community
that “most of the observed warming over the last 50 years is likely to have been
due to the increase in greenhouse gas concentrations ” [6, 7].

Greenhouse gases are H2O, CO2, CH4, N2O and halocarbons. CO2 is the main
source of concern as it contributes half of the greenhouse effect originating from
human activities. CO2 emissions come from the combustion of fossil fuels, which
is essential for modern countries as it represents 80 % of the world energy con-
sumption. Hence it is extremely difficult to significantly reduce the CO2 emissions
without impeding the development of nations.

Scenarios differ about the consequences of the global warming, as models cannot
yet predict accurately the evolution of the climate. Nevertheless, major upheavals
for humans, animals and plants are expected due to the changes in the local weather
and the geography of the shores.

An international agreement on the reduction of greenhouse gas emission, the
Kyoto Protocol [8], was reached in December 1997 but came into force first in
February 2005.

The Kyoto Protocol sorts the countries into developed and developing nations.
Developed nations which have ratified the protocol should cut their CO2 emissions
by 5.2 % of their 1990 levels over the 2008 to 2012 period. Developing nations
are not bound to reduce their emissions. The Protocol promotes the trade of
CO2 emission credits, which decreases the costs of emission reduction for countries
heavily dependent on fossil fuels. In 2005, the trading scheme of the European
Union included 12 000 heavy industrial and heat and power facilities.

The Kyoto Protocol incites developed countries to invest in new technologies for
energy conversion. The current trend is the development of renewable energy and
Zero Emission Technologies (ZET) for fossil fuel-fired power plants (CO2 capture
and storage).

1.2.2 Energy dependence

Energy is vital for all modern societies. The recent dispute between Ukraine and
Russia about natural gas, where Russia cut off gas exports to Ukraine during the
winter 2006, is a vivid example of the importance of energy supply diversification.
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Therefore governments try to diversify their energy imports. Technologies for
converting one fuel into another have also grown in interest to gain more fuel
independence. Here are some examples:

• Gasification of coal/wood/wastes to produce syngas (mixture of CO/H2).

• Fischer-Tropsch process to produce liquid biofuels from syngas.

• Fermentation of biomass to produce bioethanol as gasoline replacement.

Meanwhile, there is a trend to make multi-fuel driven thermal conversion devices,
such as coal/wood co-combustion power plants and bioethanol/gasoline driven car
engines.

Crude oil prices have been relatively stable after the two energy crises (1973,1979)
but started to increase in 1999, due to OPEC1 production reductions and geopolit-
ical instability in the Middle East. They are expected to further increase with the
growing demand of China and India. High oil prices burden the balance of trade for
countries without local oil reserves and constitute another incitament to develop
alternative energy. Sweden notably plans to end its dependency on oil by the year
2020 [9].

1.3 Wood

1.3.1 Renewal of interest in wood in developed countries

Wood as an energy source is the focus of a renewed interest in developed countries.
In the European Union, during 2003, wood energy’s share grew from 3 % to 3.2 %
of the total energy consumption and by 23 % of the total electricity generation [10].

It is clear from the previous energy overview that wood cannot totally replace
fossil fuels. However it may be a partial answer to the problems of CO2 emissions
and oil dependency. Wood is a CO2-neutral fuel, provided trees are grown as much
are they are burned, and is available in almost all countries.

Furthermore, harvesting, transforming and converting wood into thermal energy
requires manpower. Developing the wood energy industry benefits local employ-
ment and contributes to sustaining social and economical activity in rural and
forested areas. The wood energy sector employs 15 000 workers in Sweden, 20 000
in France and 30 000 in Germany [10].

1.3.2 Wood compared to coal

Table 1.1 presents a comparison between the physical properties of wood and its
fossil counterpart, coal.

It appears that wood is a much cleaner fuel than coal. Wood has a very low
sulfur content. There is usually no need for De-SOx

2 treatment of the flue-gas in

1Organisation of the Petroleum Exporting Countries
2desulfurisation
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Table 1.1: Typical properties of wood and coal [11–13]

Wood Coal

Density (dry fuel) (kg/m3) ∼ 570 ∼ 1 500

HHVa (kJ/g) 19.4-22.3 23-34

Volatiles (wt % of dry fuel) 81-87 16.0-35.0

Friability Low High

Particle size ∼ 3 mm ∼ 100 µm

Ash (wt % of dry fuel) 0.2-1.35 6.0-23.3

C (wt % of dry fuel) 49-52 65-85

H (wt % of dry fuel) 5.4-7.0 3.1-5.6

O (wt % of dry fuel) 40-44 3.4-13.8

N (wt % of dry fuel) 0.00-0.35 0.9-1.6

S (wt % of dry fuel) 0.00-0.07 0.4-4.3
a Higher Heating Value

wood combustion [14]. The fuel-bound nitrogen is typically 10 % of that in coal
and the combustion temperature is also lower due to a lower HHV, which reduces
the fuel and thermal NOx formation. However, a De-NOx

1 installation might still
be necessary.

The product of HHV and density gives the energy density. Calculations from
data in Table 1.1 give an energy density for coal 3 to 5 times greater than for wood.
Hence, for wood to be cost competitive, it is important to limit fuel transportation
and storage needs. As a result, wood power plants are usually considered in forested
areas.

The volatile content in wood is much higher than in coal, typically 4 times. It
is an important parameter in the design of combustion chambers as it is necessary
to cope with the large release of combustible gas. Therefore wood combustion
chambers are larger than coal combustion chambers. This is further amplified by
the fibrous nature of wood, which makes it hard to mill into very small pieces.
Larger particles need longer residential time to be totally combusted, which results
in larger combustion chambers. As heat transfer and combustion intensity (ratio
energy output to chamber size) decrease when the size of a combustion chamber
increases, fluidised beds are often preferred for wood power plants, as opposed to
coal, for which pulverised combustion is the prevalent technology. Fluidised beds
also feature very good heat transfer to the fuel and the walls, and tolerance to large
particles and high moisture contents. For wood wastes and woody fuels with large
irregular geometry, moving or sloping grates are most commonly used.

1denitrification
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The low combustion intensity and the necessity to limit the wood supply to
local harvesting limit the energy output of wood power plants. While coal power
plant are up to 1 000 MW, wood plants are usually of small-to-medium size, from
small domestic burners to ∼ 45 MW facilities. Typical facilities that use wood sys-
tems are: schools, colleges, hospitals, public buildings, hotels and motels, commer-
cial buildings, greenhouses, large-scale agricultural operations and manufacturing
plants [15].

1.3.3 Thermal conversion of wood

When considering wood as fuel, the final goal is to convert the wood-contained
chemical energy into heat, either for direct heating purposes or for later conversion
into electrical or mechanical work.

Maximum wood chemical energy is retrieved by combustion. It is the complete
oxidation of wood by oxygen into carbon dioxide and water:

Wood + O2 −→ H2O + CO2

However, other thermal processes may be applied to wood prior to combustion in
order to transform it into a different fuel.

One of these processes is pyrolysis. It is the thermal devolatilization of an
organic material under an inert atmosphere [16]. Pyrolysis products are char1 and
volatiles:

Wood
inert atmosphere
−−−−−−−−−−−→

T>350 ℃
Char + Volatiles

Slow pyrolysis is commonly used to produce charcoal, a fuel for cooking and
heating, popular in developing countries as it burns without either smoke or flame.
Charcoal is also used in the metallurgical industry as a high-grade reducing agent
for the conversion of silica into silicon [17]. Charcoal production is a long (∼ 4–12h)
and inefficient process: only a third of the initial wood chemical energy is conserved
in the charcoal. Therefore slow pyrolysis is economically limited to particular ap-
plications.

On the contrary, fast - or flash - pyrolysis, is a more efficient process (∼ 60 %
energy yield [18]) as most of the wood energy is kept in the final product. Flash py-
rolysis turns wood into pyrolytic oils. It was the focus of intense research during the
last two decades as pyrolytic oils were thought fit to replace petroleum oil in some
applications. In flash pyrolysis, wood undergoes a very fast heating (>1000 ℃/s)
at relatively low temperature (∼ 500 ℃) with a residential time for the volatiles
of typically less than 2 s [19, 20]. Unfortunately, it turned out that the low pH
(<2.5), the variable viscosity and the presence of char particles characteristic of
pyrolytic oils require special treatment or equipment before any use. The costs of

1Wood char is commonly called charcoal and coal char, coke.
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these treatments are currently an obstacle to commercial use of flash pyrolysis.

Another method for thermal conversion of wood is gasification. It converts wood
into a combustible gas mixture. A general gasification process consists of:

• Rapid pyrolysis of the wood particle:

Wood −→ Char + Volatiles

• Combustion of the volatiles and char:

Char + Volatiles + O2 −→ CO2 + H2O

The quantity of fed oxygen is much less than required to combust all the
wood. Therefore part of the volatiles and char remain unburned.

• Some of the water and carbon dioxide resulting from the combustion are
reduced to hydrogen and carbon monoxide by reacting with the remaining
char and volatiles:

Char + Volatiles + CO2 + H2O −→ CO + H2

• The composition of the mixture of CO2, H2O, CO and H2 is fixed by the
water-gas shift reaction:

CO + H2O ⇄ CO2 + H2

which is close to equilibrium at temperatures above 800 ℃.

The description above is only schematic. Depending on the design of the gasifier,
the reactions may take place in the same location, as in a fluidised bed gasifier for
example, or occur in different stages, as in gasifiers with separate beds and indirect
heating. Air or oxygen mixed with water may be used as gasification agent. Air
gasification produces a gas mixture with a lower heating value due to the presence
of nitrogen.

Air gasification is a candidate process for cogeneration1 [21] and for convert-
ing wood into gas before co-combustion with pulverised coal [22]. Oxygen blown
gasification is studied for producing syngas for chemical use (methanol production,
Fischer-Tropsch process) [23, 24].

Gasification is not limited to wood: coal gasification with oxygen followed by
water-gas shift is currently investigated to produce a stream of carbon dioxide
and hydrogen. Carbon dioxide is then separated from hydrogen and stored. The
process should result in a clean fuel - hydrogen - without any release of CO2 into
the atmosphere.

1Production of both electricity and heat
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1.3.4 Pyrolysis in the modelling of wood thermal conversion

Due to the tremendous increase in computer performance, numerical simulations
are nowadays essential in the design and optimisation of thermal conversion devices.
Complex phenomena take place during combustion and gasification, including:

• Turbulent reacting flows

• Heat, momentum and mass transfer

• Chemical reactions

• Interactions between different phases

• Pyrolysis

The fact that pyrolysis is inherent in combustion and gasification, which are
processes occurring in oxidising atmospheres, might be surprising at first. However
the wood particle1 is indeed isolated from the oxidising atmosphere: a particle sub-
mitted to the high temperatures of combustion or gasification (T>800 ℃) quickly
starts to decompose into volatiles and char. The outgoing volatiles keep oxygen
from entering the charring particle. Hence wood undergoes rapid heating under an
inert atmosphere, i.e. pyrolysis conditions. When devolatilisation is over, oxygen
diffuses toward the particle centre and heterogenous combustion of the remaining
char takes place.

Therefore, any attempt to understand and model either wood combustion or
gasification requires first a good understanding and description of wood pyrolysis.

Pyrolysis itself is a complex phenomenon, not well understood, which involves
heat transfer, drying, flows of liquids and gases, anisotropy, surface recession and a
large number of chemical reactions. A set of non-linear algebraic partial differential
equations is needed to describe pyrolysis in detail; the solution of these equations
requires substantial computational efforts. In the global simulation of a combustion
chamber, such a set should be solved for each simulated particle of wood. This is
not possible in practice and scientists resort to simplifying hypotheses to lighten
the computational load.

Figure 1.2 shows the simulation of the combustion chamber of a boiler with a
sloping grate. In this case, the authors separate the computational field into two
zones. The bed is first simulated using a relatively detailed pyrolysis model. The
calculated solution at the surface of the bed is then used as input for a CFD2

model, which describes the combustion in the gas phase over the bed. CFD codes

1In this context, particle refers to a log, a pellet, a chip, etc.
2Computational Fluid Dynamics
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Figure 1.2: A combustion chamber with a sloping grate simulated by two separated
computational zones [25]

for combustion are available commercially. The simplifying hypothesis here is a one-
way coupling between the bed and the gas phase. Surface recession due to pyrolysis
and combustion is important here because the bed mainly constits of wood.

Figure 1.3.a shows the simulation of a fluidised bed gasifier. The bed is discre-
tised into horizontal layers. The wood particles are here neglected as they represent
only a few percent of the solid phase. Hence, the pyrolysis model appears only as
a source term in the gas phase. The equations of movement in the gas phase are
also simplified by assuming a flow in a porous medium, neglecting the formation of
bubbles and turbulence.

Figure 1.3.b shows a simulation of a pulverised wood burner. The 3D description
of the two-phase flow is Eulerian-Lagrangian (the velocity field is calculated for the
gases while the trajectory path is computed for the particles). The interactions
between the gas mixture and the wood particles are modelled. Such calculations
are heavy and the pyrolysis model is simplified to a differential equation, which is
solved separately for each simulated particle.

Hence scientists decide how complex the pyrolysis sub-model should be and what
information it should provide. The result is a trade-off between computational
constraints and the descriptive power of the global model. The scientist has to
choose which phenomena to neglect and which to include in the pyrolysis model. A
wrong decision may result in a poor agreement between the global simulation and
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Figure 1.3: Schematic drawing of (a) a modelled fluidised bed (b) a simulated
pulverised wood burner with Eulerian-Lagrangian description

the experiments. This calls for a comprehensive knowledge about pyrolysis and
its processes. That knowledge may be improved by combining experiments and
numerical modelling.

1.4 Scope of this thesis

This work is the modelling part of a joint effort of three Swedish universities to
better understand the pyrolysis of wood particles. The project was based on a
cooperation between the Division of Chemical Technology at KTH - the Royal In-
stitute of Technology in Stockholm, the Division of Physical Chemistry at Göteborg
University and the Division of Combustion Physics at the Faculty of Engineering
in Lund.

1.4.1 Different approaches to investigate the pyrolysis of wood

Numerous studies of wood pyrolysis have been achieved by using Thermogravimet-
ric Analysis (TGA) [26–33]. In a TGA experiment, a generally small particle is
heated at a programmed rate. If the particle is sufficiently small, the heat trans-
fer is negligible compared to the decomposition rate and useful information on the
kinetics of wood pyrolysis may be gained by monitoring the mass loss of the particle.
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Some research groups decided to study large particles of wood. The heat transfer
is then the limiting step and those studies mainly deal with the modelling of the
thermal properties of wood. Thermocouples are set inside the particle to measure
temperature profiles. One side of the particle is then submitted to an energy flux
with the remaining surfaces of the particle being insulated.

Other researchers investigated the properties of the final charcoal, such as den-
sity, reactivity, chemical composition, etc. In those experiments, large wood parti-
cles were dropped and pyrolysed in a long tubular oven. There is no recording of
the pyrolysis phase, only the final charcoal is analysed.

The core of this project was to study a particle of wood placed in conditions
close to those encountered when it is fed into a gasifier or a furnace. Therefore it
was decided to directly drop the particle into an oven. The particle should land on
a balance in order to record its mass during the devolatilisation. The reactor should
be designed to allow the time-resolved analysis of the volatiles. It was also built as
an open platform where different analysis techniques could be added later on. The
whole apparatus was called the Single Particle Reactor (SPAR). The development
of this equipment and the experimental results achieved with it have been reported
by Davidsson [34] and Svenson [35].

Simultaneously, a computer program should be developed to test different py-
rolysis models and new hypotheses against the experimental results achieved with
the SPAR. This is the main subject of this thesis.

1.4.2 Methodology

The models tested should be able to simulate the pyrolysis of the wood particle in
a general case in order to have a scientific value. Therefore no tweaking of intrinsic
properties of the wood should be used to improve the agreement between experi-
mental and simulated results. The size, mass and water content of the particle and
the external temperature are fixed by the experiment conditions. The only param-
eter which was computed by curve fitting of the simulations to the experiments was
the external heat transfer. The remainder of the necessary input for the model, as
for example the thermal conductivity, the kinetic scheme, should either be taken
from the literature or measured from other experiments.

1.4.3 Program requirements

The program should be a complementary tool to the SPAR. The SPAR is still in
use and is available for researchers external to the initial project. In order to be
interesting for other researchers, the source code of the program is in the public
domain and can be re-used without any restrictions.

Since the code is available to others, it should be:
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• well-documented and commented

• relatively easy to modify (modular structure)

• written and build with inexpensive, easy-to-get softwares.

Appendix A provides a description of the program, how to acquire, install and
use it.

1.4.4 Outline of the work

Chapter 2 presents a kinetic approach of the modelling of the pyrolysis of wood
particles and a selection of three kinetic schemes.

Chapter 3 presents the addition of a model for heat and mass transfer to the kinetic
schemes in order to obtain a two-dimensional model for the pyrolysis of large dried
particles.

Chapter 4 presents the modelling of shrinkage during pyrolysis in the case of 2D
cylindrical particles. The combined effects of different types of shrinkage and the
geometry on the heating rate of a particle is also investigated.

Chapter 5 is a study on the modelling of drying during the pyrolysis of wood.





Chapter 2

Kinetics

This chapter is based on Papers I and II.

2.1 Apparent kinetic rate

2.1.1 Experimental

Figure 2.1 depicts the Single Particle Reactor at the beginning of its development,
equipped with a conventional mass spectrometer (Baltzers QMG 421C). It consists
of a sealed cylindrical oven heated by five U-shaped heaters. Temperatures up to
1000 ℃ may be programmed.

The wood particle is dropped into the reactor through an air-cooled retractable
vertical tube and lands on an alumina plate located in the middle of the oven. This
landing plate is connected through a long vertical rod to a fast-response balance
(Sartorius BP 211 D) placed below the reactor. The balance measures the weight
of the particle at the frequency of 5 times per second. The weights are recorded
on a computer. The insertion tube is removed once the particle has landed on the
plate.

Five openings in the reactor wall, made at the height of the landing plate, give
optical access to the sample. One of the openings is modified to hold a horizontal
ceramic capillary connected to the mass spectrometer. The free end of the capillary
is placed slightly above the landing plate, near the particle surface in order to
sample the outgoing gases. The gases are analysed for CO, H2O, CO2, CH4 and
H2. The time resolution for the gas analysis is approximately 0.8 s. The reactor
is continuously flushed from the bottom to the top by a stream of nitrogen to
avoid back-mixing of the volatiles and to keep oxygen content below 0.05 %. The
nitrogen is pre-heated to the reactor temperature before being introduced through
a perforated plate. The resulting flow is laminar.

Birch wood (Betula Verrucosa), grown in the Stockholm area, was mainly stud-
ied but some tests were also done with particles made of pine (Pinus Silvestris).
The samples were oven dried at 105 ℃ until they reached a constant mass. The

15
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Figure 2.1: Schematic horizontal and vertical views of the Single Particle Reactor.
1: capillary, 2: to the balance, 3: insertion tube, 4: heater, 5: pre-heated gas,
6: landing plate, 7: insulating material. The figure is not entirely to scale

mass of the tested particles varied from 1 to 800 mg. Cylindrical particles were
tested preferentially, but very small particles (m <5 mg) could only be cut as cubes
(see Table 2.1).

All pyrolysis experiments were carried out at constant reactor temperature, fixed
from 300 to 860 ℃. The temperature inside the reactor was measured at different
locations, from close to the wall to near the landing plate, and no temperature
gradient was noticeable. Different geometries for the sample holder (full plate and
grid) were tested but no visible effect was noticed on the experimental results.

Table 2.1: Particle sizes and shapes used in the experiments

Mass 1 mg 5 mg 60-100mg 600-800mg

Shape Cubic Cubic Cylindrical ∅ 5×5 mm Cylindrical

1 mm 2 mm and cubic 5 mm ∅ 10 mm×15 mm
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2.1.2 Results and apparent kinetics

The model developed in this work is simple. The initial wood mass is divided in two
parts: the volatiles and the char. The mass corresponding to the volatiles undergoes
a first order decay during pyrolysis, while the mass of char remains constant. Thus
the mass loss during pyrolysis is described by:

m = (m0 − mchar)e
−kt + mchar (2.1)

The rate constant k is modelled by an Arrhenius equation:

k = Ae−E/RT (2.2)

where A is the pre-exponential factor and E the activation energy.

k is calculated by approximating the experimental mass loss with (2.1).
(2.2) is linearised by taking the logarithm:

ln k = lnA −
E

RT
(2.3)

Figure 2.2 shows the plot of the measured ln k versus 1/T . From (2.3), the set of
points should be a straight line if the Arrhenius hypothesis holds. It clearly appears
that the points do not form a single line, but rather a broken line with a change
in slope at 1/T = 0.00155K−1, which corresponds to T = 370℃. Below 370 ℃,
the data are well grouped and the activation energy and the pre-exponential factor
may be calculated: E = 177kJ.mol−1 and A = 1.9·1012 s−1. Above 370 ℃, the
rate constants are distributed as a function of the particle size. A mean activation
energy and pre exponential factor amy be calculated for the whole set of particles
(E = 31 kJ.mol−1 and A = 3 s−1). On Figure 2.2 the largest particles lie below the
mean line while small particles are above. For the very small particles (m=1 mg),
the kinetic parameters obtained at low temperature may almost be used at higher
temperatures.

Hence the Arrhenius hypothesis is not valid over the whole temperature range
and the kinetic parameters obtained at high temperature are called apparent since
they depend on the particle size. On the other hand the kinetic parameters obtained
at low temperature do not depend on the particle size. The smaller the particle
the wider the temperature range where kinetic parameters from low temperature
pyrolysis are valid.

2.1.3 Limiting step

The shift in kinetic rate is a well-know problem [36] and is due to thermal gradients
inside the particle at high temperature. Pyrolysis is the result of heat transfer
to the particle (external heat transfer), heat transfer inside the particle (internal
heat transfer) and chemical reactions. The relative importance of each process
determines the limiting step which controls the whole process.
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Figure 2.2: Arrhenius plot according to a first-order mass-loss expression for pyrol-
ysis of dried birchwood particles

The most simple 1D mathematical model which describes both heat transfer
and chemical decomposition is given by the set of equations:

Inside the particle:

ρcp
∂T

∂t
− k

∂2T

∂x2
= 0 (2.4)

∂ρ

∂t
= − (ρ − ρchar)Ae−E/RT (2.5)

Boundary conditions:

−k
∂T

∂x

∣

∣

∣

∣

surf

= h(Text − Tsurf) (2.6)

∂T

∂x

∣

∣

∣

∣

center

= 0 (2.7)
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(2.4) states the energy conservation inside the particle and defines the internal
heat transfer, (2.5) the chemical decomposition and (2.6) the external heat transfer
at the surface, modelled by a global heat transfer coefficient. (2.7) describes the
symmetry at the particle centre. A characteristic time τ may be associated with
each process:

Internal heat transfer: τinternal =
ρcpL

2

k

External heat transfer: τexternal =
ρcpL

h

Chemical reaction: τreaction =
1

Ae−E/RT

If one of the characteristic times is much greater than the others, the corresponding
process is the limiting factor:

• τexternal >> τinternal, τreaction:
The external temperature is much higher than the temperature inside the
particle, which is uniform. When pyrolysis temperature is reached, pyrolysis
starts and goes to completion before thermal equilibrium occurs at the particle
surface.

• τinternal >> τexternal, τreaction:
The limiting process is the internal heat transfer. The surface temperature is
close to the external temperature, while a thermal gradient occurs inside the
particle. A heat wave proceeds toward the centre of the particle. Pyrolysis
occurs quickly inside the thermal gradient. This case typically occurs at high
temperature and for large particles.

• τreaction >> τinternal, τexternal:
Thermal equilibrium between the particle and its surrounding is reached much
faster than pyrolysis completion. The whole pyrolysis is controlled by the
devolatilisation rate. This is therefore the proper conditions for evaluating
kinetic parameters from the particle mass loss. Physically the particle has
to be very small in order to increase the ratio of surface to volume and the
external heat transfer, while decreasing the internal thermal gradient.

The relative importance of the internal heat transfer to the external heat transfer
is defined by the ratio of their respective characteristic times:

τinternal

τexternal

=
hL

k
= Bi

This is the definition of the Biot number, a dimensionless number commonly used
in thermal analysis. Biot numbers larger than 10 characterise a heat transfer lim-
ited by the internal conduction.
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Thermal gradients often happen during wood pyrolysis since wood is a poor heat
conductor and it is indeed difficult to be in kinetically controlled pyrolysis [26].

Furthermore, the conditions for measuring kinetic parameters (small particles
and low heating rates) do not match those encountered in thermal conversion de-
vices (high temperature and large particles). Therefore different pyrolysis pathways
may occur at high temperature and secondary reactions between the char layers
and the outgoing volatiles may take place.

From the above presentation of the limiting step concept, the term large particle
used in this thesis may now be defined as thermally thick, i.e. a particle sufficiently
large to show thermal gradients in the experimental conditions used in the SPAR.

2.1.4 Dispersion of the kinetic parameters in wood pyrolysis

Reported activation energies for simple first-order schemes vary from 41 to 149.6
kJ/mol [27–29, 37, 38]. The activation energy obtained in this study at low tem-
perature is above those reported values (E = 177kJ.mol−1).

The variation of the activation energies of wood pyrolysis is well-known. Causes
might be natural as different wood species might have different kinetic parameters.
They might be experimental as TGA results are very sensitive to the conditions
used during the experiments [30]. Thermal gradients have already been presented as
error sources. Thermal lag1 is also a potential cause of biased results [28,29,32,39].

Another factor influencing the kinetic parameters is the methodology used to
analyse the weight loss curves:

Wood is a complex material, mainly composed of cellulose (∼50 %), hemicellu-
lose (∼25 %) and lignin (∼25 %).

• Cellulose:
Cellulose is a glucan polymer. It is a linear chain formed by D-glucopyranose
units linked by glucosidic bonds. Cellulose degree of polymerisation (DP) is in
average between 9 000 and 10 000. Cellulose in wood is highly crystalline. It
forms intra and extra-molecular hydrogen bonds and aggregates into bundles,
which in turn form microfibrils. Microfibrils constitute the main component
of the cell wall. Cellulose provides strength to the tree and is insoluble in
most solvents. Cellulose is difficult to hydrolyse [40, 41].

• Hemicellulose:
Hemicellulose is a collection of polysaccharide polymers with a lower DP than
cellulose (DP=100-200). They are branched polymers without crystalline
structure. Hemicellulose has little strength and is easily hydrolysed by acids.
It is intimately associated to cellulose in the structure of the cell wall [40,41].

1Difference between the temperature measured close to the sample and the real sample tem-

perature
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• Lignin:
Lignins are three-dimensional, highly complex, amorphous, aromatic poly-
mers. Lignin does not have a single repeating unit like cellulose but instead
consists of a complex arrangement of substituted phenolic units. Lignin is
an encrusting material. It fills the spaces in the cell wall between cellulose
and hemicellulose. It is also the main component of the middle lamella, the
binding layer between the wood cells.

The well-defined chemical structure of cellulose and the strength of its bonds result
in a high activation energy (E = 236 kJ/mol). Hemicellulose has weaker bonds
than cellulose and shows a lower activation energy (E = 100 kJ/mol) [32]. Lignin
has a great variety of bonds and its pyrolysis is best described by a distribution of
activation energies.

It has been reported that wood pyrolysis rate may be simulated by adding the
respective pyrolysis rates of its constituents [28, 37, 42]. During pyrolysis, hemi-
cellulose decomposes first, followed by cellulose and finally by lignin. Hence the
beginning of the mass loss is due to hemicellulose, the main devolatilisation comes
from cellulose and the tailing part corresponds to lignin. Therefore a first order re-
action is a poor kinetic model for the pyrolysis of wood since cellulose, hemicellulose
and lignin have different pyrolysis behaviours. Least square fitting of the central
part of the thermogravimetric curve corresponds to cellulose decomposition [29].
If other parts of the curve are given importance during the fitting calculations,
the computed activation energy might have a different value. Hence the methodol-
ogy used for calculating the activation energy plays a role in the reported final value.

Another source of variation in the kinetic data is the quantity of ashes contained
in the wood. It is known that the presence of minerals catalyses the pyrolysis of
cellulose, decreasing the activation energy of cellulose pyrolysis [26,43] considerably.
The mineral content in wood is low but its variation is sufficient to be a potential
source of the dispersion in the measured activation energy of wood pyrolysis.

2.1.5 The compensation effect

The fact that wood consists of components with different pyrolysis behaviours cre-
ates problem when comparing the reported kinetic parameters. A correlation be-
tween activation energy and pre-exponential factor, called the compensation effect,
has been proposed as a broader criterion to check whether the measured kinetic
parameters are characteristic of a family of materials.

In the definition of the compensation effect, a family of n related substrates i
(in our case, lignocellulosic materials) is considered, where the Arrhenius equation
may be used to describe the pyrolysis rate constant of substrate i:

ki = Ai exp (−Ei/RT ) (2.8)
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(2.8) might be linearised and re-written:

lnAi = ln ki + Ei/RT (2.9)

There is a compensation effect if a linear correlation is experimentally found be-
tween lnAi and Ei for all i:

lnAi = a + bEi i = 1, n (2.10)

Taking the difference (2.10)-(2.9), we get:

a − ln ki + Ei(b −
1

RT
) = 0 i = 1, n (2.11)

Setting T such as:

Tiso =
1

Rb

then, for (2.11) to hold when T = Tiso:

a − ln ki = 0 ⇒ ki = ea i = 1, n

As a is constant:
ki(Tiso) = kiso i = 1, n

with kiso = exp(a).
Hence, if there is a compensation effect, there is a temperature Tiso, called the
isokinetic temperature, where all members i have the same pyrolysis rate kiso.
(2.10) can then be re-written:

lnAi = ln kiso + Ei/RTiso for every i (2.12)

Chorney et al., Agrawal and Grønli analysed different sets of reported kinetic
data for cellulose, hemicellulose, lignin and wood and found a compensation effect
[28, 44, 45]. Grønli estimated Tiso to 318 ℃ and kiso to 2.75·10−3 s−1.
(2.12) becomes then:

lnAi [min−1] = −1.80311 + 0.203366Ei [kJ/mol] (2.13)

However, Garn rejected the compensation effect, estimating that if the decom-
position rate within the family does not change by several order of magnitude, a
compensation effect will automatically occur [46]. Zsakó disagreed with Garn and
considered that the couple (kiso, Tiso) is a better characteristic of the family stud-
ied than the couple (pre-exponential factor, activation energy) since it is assumed
to be less influenced by the procedural conditions [47]. Agrawal, while founding
a compensation effect in his set of kinetic data, rejected a kinetic significance of
this correlation. He considered that the data were biased by the presence of ther-
mal gradients inside the pyrolysed materials [45]. His analysis is consistent with
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Garn’s opinion if the thermal gradients limit the magnitude of the variation of the
decomposition rate from one material to another.

Acomp , the pre-exponential factor predicted by the compensation effect, was
calculated by using (2.13) for the pre-exponential factor measured at low and high
temperature respectively in Paper I.
We found that:

Acomp − A

A
= 411 % and 50 % respectively

Hence the hypothetical compensation effect calculated by Grønli is not verified by
our data, not even at low temperature pyrolysis where thermal gradients are weak.
Since it is birch wood that was pyrolysed, either the compensation effect was not a
valid criterion to determine if our set of data corresponds to a material belonging
to the lignocellulosic family or the experimental data are seriously biased by an
unknown factor.

2.2 Char yield

Figure 2.3 shows the char yields obtained for different particle sizes and tempera-
tures. It exemplifies some of the known parameters influencing the yield. The char
yield is not constant; it decreases with temperature, from 40 % to 10 %. Hence the
external temperature is a factor determining the char yield. Small particles give
less char than large particles: at 400 ℃, the char yield, which is 20 % for particles
of 5-7 mg rises to 30 % for particles of 600-800mg. The effect of the particle size
is more important at low temperature. Above 600 ℃, the difference between small
and large particles is almost negligible. The particle size influence on the char yield
is explained by the heating rate, and the residential time of the volatiles, which
react with the char layer when flowing out the particle to form char. It takes longer
time for the volatiles to leave a large particle than a small. At high temperature,
the rate of pyrolysis is sufficiently high to decrease considerably the residential time
of the volatiles, even for large particles. Therefore the difference in char yields be-
come less important between small and large particles at high temperatures.

The yield and the reactivity1 of char during pyrolysis have been the focus of
numerous studies. The reported parameters influencing char are:

• External temperature:
The higher the external temperature, the lower the char yield [48]. If a
char particle obtained at a certain temperature is further heated to a higher
temperature, it will lose part of its mass.

• Heating rate:
The higher heating rate, the lower the char yield. It is possible to produce

1rate of combustion or gasification of the char
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no char at all: an experiment by Jim Diebold and Tom Reed at the 1980
Specialists Workshop on Fast Pyrolysis of Biomass showed that wood may
be cut like butter by a red hot wire. In this experiment, the heating rate is
so high, that no solid is formed during pyrolysis. Indeed, if the heating rate
is sufficiently high, Lédé et al. showed that wood behaves as if it melts at
466 ℃ [49].

Heating rate is well-defined during TGA experiments since it is programmed
by the experimentalist. This is not the case for large particles. Supposing
the internal heat transfer is the limiting step (large Biot number), then the
surface temperature is quickly close to the surrounding temperature. At a
location inside the particle, the heating rate is proportional to the thermal
gradient occurring in that place when the temperature reaches pyrolysis tem-
perature. A short time after the beginning of the heating of the particle, the
thermal gradient is high since the main part of the particle is still at initial
temperature. The gradient decreases steadily during the course of the pyroly-
sis as the temperature increases inside the particle. Hence the global heating
rate decreases over the whole pyrolysis process for a large particle.
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Figure 2.3: Char yield as function of external temperature and particle size
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• Residential time of the volatiles:
When the volatiles are cooled down to room temperature, they separate into
gases and liquids. The gases mainly consist of CO, CO2, CH4, N2 and H2.
The crude condensate consists of water, methanol, acetic acid, acetone and
tar. Tar is a mixture of organic compounds. About 230 compounds have
been identified in tar [50]. They react with the char layer when flowing out
the particle to form secondary char [51]. Those secondary reactions are an
important cause of char formation in wood and the only pathway to form
char from cellulose pyrolysis at temperatures above 300 ℃ [31,52].

Beside the particle size, another parameter which influences the residential
time is the external pressure. The greater the pressure, the longer the tars
remain in the particle, and, as it might be expected, a trend toward greater
char formation with increasing pressure has been reported [53–55]. Secondary
reactions decrease the char reactivity by covering the active sites and the
inorganic matter, which could act as catalyst.

• Soaking time:
The time during which the char particle remains at final temperature influ-
ences the char reactivity. There is a rearrangement of the char structure
toward a better alignment of the plane layers of carbon. This results in a de-
crease of the char reactivity and is known as thermal annealing. Chen studied
the thermal annealing of biomass and reported the effect to complete within
8 min for birch wood at 690 ℃ [56].

• Ash content:
The ash content favours both the char yield and its reactivity. Hence agricul-
tural residues, which have a large ash content, provide more char with higher
activity than wood [43, 57].

• Type of biomass:
Lignin is often considered as the component of wood which produces most
char, between 26-50 % [31, 55, 58]. Hemicellulose has also been reported
as giving relatively high char yields (20 %) [33, 59]. Grønli reported char
yields for hemicellulose of about 50 % but suspected the presence of inorganic
compounds which could favour the formation of char. Cellulose forms char
through secondary reactions with the char layer. Its contribution to the char
building is usually estimated to be small but it may vary depending on the
size of the particle.

Therefore cellulosic materials with high lignin content generally yield more
char as lignin is the main source of char in wood.
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2.3 Detailed kinetic schemes

The first order kinetic scheme does not provide a satisfying description of the ki-
netics of wood pyrolysis. Different models have been developed and tested over
the years. Authors tried to describe wood pyrolysis schemes directly from wood
or its constituents. The schemes are only described qualitatively, for the kinetic
parameters, the reader should turn to the referred publication. A comparison of
the predictions resulting from different models may be found in Di Blasi [60].

2.3.1 Schemes for wood constituents

These schemes usually come from TGA experiments. As such, they deal only with
primary reactions and leave aside the description of secondary reactions.

• Cellulose:
Simplified Broido-Shafizadeh:

Tar

ր
Cellulose

ց
αChar + (1 − α)Gases

The original scheme by Bradbury, Sakai and Shafizadeh contained an inter-
mediary product, the active cellulose, which was of importance at low tem-
perature [61]. The existence of such a product caused debate. Lede et al. [62]
estimated that this step was similar to a fusion step of the biomass and could
be neglected in studies with relatively low heating rate. Várhegyi and Antal
recognized that the Broido-Shafizadeh model had a good description capacity
but was unnecessarily complex [52]. The activated species is usually omitted
in wood simulations. The simplified Broido-Shafizadeh model has the par-
ticularity of giving different char yields depending on the heating rate. At
high temperature, the branch leading to tar formation is preponderant and
the char yield close to zero.

Several authors estimated that a simple stage decomposition with a high
activation energy was sufficient to describe cellulose pyrolysis [26, 30, 59, 63]:

Cellulose → Char + Volatiles

Some variations of the first-order scheme have been published but remained
isolated works, like the multi-step model [64] or the detailed one-step model
[51].
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• Hemicellulose:
As lignin, cellulose is a component difficult to extract from wood. The ex-
traction process modifies the structure of hemicellulose [28]. Due to those
difficulties, hemicellulose decomposition kinetics have received less attention
than cellulose. Decomposition of commercial xylan as a model for hemicellu-
lose has been studied [33,59,65,66]. Hemicellulose and xylan pyrolysis kinetics
have been reviewed by Di Blasi and Lanzetta [67]. A first-order mechanism
has been proposed in early studies, but the TGA curves show a two-stage
process, in which a fast decomposition occurs at low temperature followed by
a slower devolatilization step.

Svenson [59] described xylan as composed of two compounds which separately
decompose with first-order kinetics:

Xylan1 → Char + Volatiles

Xylan2 → Char + Volatiles

The same type of model was derived by Grønli by analyzing the two hemicel-
lulose peaks in TGA experiments of birch wood [28]. The char yield in this
mechanism is constant.

Di Blasi and Lanzetta [67] proposed a two-stage competitive mechanism:

Volatiles

ր
Xylan Volatiles

ց ր
B

ց
Char

B is an intermediate product. In this scheme, the char yield is dependent on
the heating rate and final temperature.

• Lignin:
A first-order scheme does not fit lignin behaviour well as the cleavage of the
functional groups and the rearrangement into char occur at different tem-
peratures. A first-order scheme would give very low activation energy (34-
65 kJ/mol) and pre-exponential factor (2-1000 s−1):

Lignin → Char + Volatiles

Instead of considering lignin as a single component, Nunn et al. described
lignin as a sum of components decomposing into light species by first-order
parallel reactions [68]:

Lignin(i) → Gas(i)
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However they reported problems in describing the tar formation.

Caballero et al. [69] extended the multi-component description of lignin
with a kinetic scheme based on an infinity of first order parallel reactions, each
one with its own activation energy. They assumed a compensation effect in
order to calculate the preexponential factor corresponding to the activation
energy. A distribution F (E) defined the mass fraction of lignin dm corre-
sponding to the activation energy range dEa:

F (E) =
dm

dE

The lignin mass loss is then:

m = m0

∫

∞

0

exp

(
∫ t

0

−k0e
−E/RT dt

)

F (E)dE + mchar

Avni et al. [70] studied pyrolysis of lignin with in situ FT-I.R. spectroscopy.
They found a correlation between gaseous products and functional groups,
which was later confirmed by Jakab et al. [58]. They also noticed similari-
ties between the FT-I.R. patterns of tar and char from lignin pyrolysis and
those from coal pyrolysis. Therefore they proposed a model for lignin pyrol-
ysis based on a previous model for coal pyrolysis developed by Solomon [71].
Lignin is separated into two main fractions: one is a tar-forming fraction and
the other one a fraction which does not produce tar. Both fractions have
the same functional group composition: carboxyl, hydroxyl, ether, nitrogen,
aliphatic, aromatic hydrogen and non volatile carbon. Both fractions decom-
pose competitively. The tar-forming fraction produces tars with the same
functional group composition as lignin. Each functional group part of the
non-tar forming fraction decomposes into its corresponding light species: car-
boxyl into CO2, hydroxyl into H2O, aliphatic into methane and ethane, with
the exception of the ether and nitrogen parts, which decompose into hydrogen
and hydrogen cyanide only when the tar-forming fraction is exhausted. Each
reaction is modelled by a first-order kinetic expression.

The descriptive power of this model is very high as it can give a gas
and char composition and their respective yields. However it requires the
functional group composition of the original lignin as input data.

2.3.2 Wood

Wood models are usually either based on a global decomposition of wood or a
decomposition of its constituents. Unlike cellulose, hemicellulose and lignin mod-
els, wood pyrolysis models might be designed for large particles and include some
secondary reaction schemes.
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• Three competing reactions:

Tar

ր
Wood → Char

ց
Gases

This is the most classical model for wood pyrolysis. It features a varying char
yield. Secondary reactions are lumped with the primary reactions.

• Competing reactions with secondary reactions:
Chan et al. [72] added tar cracking to the competing reaction model. They

also included dehydration reactions:

Gases + Water

ր
Wood → Tar → Gases + Tar + Water

ց
Char + Water

Di Blasi and Russo [73] added tar cracking and repolymerisation to the
competing reactions model:

Gases

ր ↑
Wood → Tar

ց ↓
Char

2.3.3 Kinetic schemes used in this work

Three models either designed for birch or based on measurements achieved in the
SPAR with birch particles have been selected. They were added to a comprehensive
model for heat and mass transfer in a porous medium (Paper II). The resulting
model for the pyrolysis of large birch particles is presented in the next chapter.

• Case a: competing scheme:
The first model was directly developed from the weight loss curves of pyrolysed
birch particles obtained in the SPAR at low temperature in the kinetic regime.
It assumes two competing reactions. This model is empirical, and therefore
was kept as simple as possible. As there was no means to measure secondary
reactions, the cracking reactions are lumped into the primary reactions.

Gases and tar are gathered into volatiles since tar could not be quantified by
the Mass Spectrometer. This scheme has a varying char yield.
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Volatiles

ր
Birch

ց
Char

• Case b: four parallel reactions:
The kinetic parameters of this model were measured by Grønli [28] from
TGA of birch particles. It was later implemented by Larfeld et al. [74] in a
comprehensive model for drying and pyrolysis of wood.

Hemicellulose(1 )

Hemicellulose(2 )

Cellulose

Lignin



















→ β(1 − χ)gases + (1 − β)(1 − χ)tar + χChar

This scheme has a fixed char yield and does not feature secondary reactions.

• Case c: model from pyrolysis of wood constituents in the SPAR:
Svenson [59] pyrolysed small particles of cellulose, xylan and lignin in the
SPAR and calculated kinetic parameters.

Cellulose → Volatiles + Char

Hemicellulose → Volatiles + Char

Lignin → Volatiles + Char

The decomposition of each constituent was expressed by first-order kinetics
or by two exponential functions if the first order model was not satisfactory.
This scheme has a fixed char yield and does not feature secondary reactions.



Chapter 3

Heat and mass transfer in a dried

particle

The previous chapter showed the necessity to take into account the heat transfer
phenomena in the description of the pyrolysis of large wood particles. It was also
shown experimentally that secondary reactions occurring in the gas phase are im-
portant for the composition of the volatiles and the final char yield. Hence there is
an interest in modelling the gas phase and the gas flows if secondary reactions are
included in the kinetic scheme.

This part presents the extension of the kinetic scheme to a pyrolysis model fea-
turing heat and mass transfer in a dried particle. The model is taken from the work
of Grønli and Melaaen [28, 75].

This chapter is based on Paper II.

3.1 Model geometry

The model described in this section is comprehensive: it is based on general conser-
vation laws with sub-models for the constitutive laws, as opposed to simpler models,
which assume a special shape for the solution, for example a heat front [76, 77].

The set of equations is then solved in a numerical domain corresponding to the
geometry of the simulated particle. The SPAR was designed to feature axisymmet-
ric experimental conditions. As the particles were cut into cylinders, the numerical
domain is 2D cylindrical as depicted in Figure 3.1.

31
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Figure 3.1: Numerical grid

3.2 Definitions and notations

3.2.1 Apparent and intrinsic density

Wood is a porous material: a repeating structure with the wood cell as fundamental
unit. There are two phases in a volume of dried biomass: the gas phase and the
solid phase. The solid phase consists of the cell wall. The gas phase is formed by
the inner parts of the wood cells and the interstices between the cells.

The porosity of wood causes a slight ambiguity in the definition of the density.
Let mi be the mass of a gas i contained in a small volume of wood V , and Vg , the
volume of the gas phase contained in V . Two types of density may be defined for
the gas: the apparent density and the intrinsic density.
Apparent density:

ρ̄i =
mi

V
Intrinsic density:

ρi =
mi

Vg

The definition is extended to the solid phase:

ρ̄i =
mi

V
(apparent) and ρi =

mi

Vs
(intrinsic)

In practice, the density of a solid (wood, cellulose, hemicellulose and lignin) cor-
responds to the apparent density since it is experimentally measured by weighting
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the solid and dividing the mass by the volume of the sample. On the contrary, the
density of a gas refers to the intrinsic density since it is calculated from temperature
and pressure by using the ideal gas law:

ρi =
PWi

RT

In this work, the notation of Bryden [78] is used and the apparent density is noted
with a bar over the variable. In the literature, the notation of Whitaker [79] is often
found:

ρi = 〈ρi〉s and ρ̄i = 〈ρi〉

The void is defined by:

ε =
Vg

V
Therefore intrinsic and apparent densities are related by:

ρ̄i = ερi (3.1)

The intrinsic density of wood corresponds to the intrinsic density of the cell wall
ρwall . It is approximately constant across wood species and equal to 1500 kg/m3.
The void may then be calculated from (3.1) and the density of wood:

ε =
ρ̄wood

ρwall
(3.2)

3.2.2 Anisotropy

Wood is an anisotropic material due to its fibrous nature. Three directions are of
particular importance. They accidentally define a cylindrical referential (Rwood)
and are therefore called radial, tangential and longitudinal. The longitudinal direc-
tion is along the fibers. The tangential direction is tangential to the annual growth
rings of the tree and perpendicular to the fibers. The radial direction is formed by
the lines crossing the pith (the centre of the tree) and is perpendicular to the fibers.

Some physical characteristics of wood, like the thermal conductivity λ, have
different values following these three directions and may only be defined as tensors.
In (Rwood), they are a diagonal matrix:

λ =

∣

∣

∣

∣

∣

∣

∣

λr 0 0

0 λθ 0

0 0 λz

∣

∣

∣

∣

∣

∣

∣

Tangential and radial physical properties often have nearly equal values. We assume
in this work that they are equal and the tensors are re-written in 2D:

λ =

∣

∣

∣

∣

∣

λr 0

0 λz

∣

∣

∣

∣

∣
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With the notation of Bird [80], the product of a tensor B and a vector C is a vector
A and is defined by:

A = [B • C] =

(

BrrCr + BrzCz

BzrCr + BzzCz

)

3.2.3 Interpolation factor

Some of the physical properties of the solid material (such as the pore diameter,
the thermal conductivity, the permeability) change during the course of pyrolysis.
An interpolation factor η is used to calculate them from the values of wood and
char:

A = (1 − η)Awood + ηAchar

η should vary from 0 at the beginning of the pyrolysis to 1 at the end. It is defined
as:

η =
ρ̄0 − ρ̄wood

ρ̄0

3.3 Heat transfer

3.3.1 Energy conservation

The energy conservation is described by:

(

∑

solid

ρ̄icp,i +
∑

gas

ρ̄icp,i

)

∂T

∂t
= −

(

∑

gas

cp,iQi

)

•∇T−∇.Qheat−
∑

wi∆Hi (3.3)

The LHS1 term represents the accumulation of enthalpy. The first RHS2 term
describes the contribution of the convective flow to the accumulation of enthalpy,
the second RHS term the contribution of the diffusive heat flow. The last RHS
term represents the enthalpy coming from the reactions. All terms are studied in
the following sections.

The main assumption in the conservation energy is the presence of a thermal
equilibrium between the gas and solid phases. This is a standard assumption com-
mon to all pyrolysis models.

3.3.2 Heat capacity

The specific heat capacities are taken from Grønli. While he used the linear inter-
polation for the heat capacity of the solid:

cp,s = (1 − η)cp,wood + ηcp,char

1Left Hand Side
2Right Hand Side



3.3. HEAT TRANSFER 35

and multiplied it by ρ̄s = ρ̄wood + ρ̄char to include it in (3.3), we used directly:

cp,wood ρ̄wood + cp,char ρ̄char

in the energy conservation equation.
The following expressions are used for the heat capacities:

cp,wood = 1500 + T J/kg.K

cp,char = 420 + 2.09 · T + 6.85 · 10−4 T 2 J/kg.K

cp,air = 950 + 0.188 T J/kg.K

cp,gases = 770 + 0.629 T − 1.91 · 10−4 T 2 J/kg.K

cp,tar = −100 + 4.40 T − 1.57 · 10−3 T 2 J/kg.K

3.3.3 Mechanisms of heat transfer

Heat is transported in the particle by three mechanisms:

• Conduction:
This is a diffusion-like phenomenon occurring at the molecular level. The
driving force is the gradient of temperature. Conduction contributes to the
heating of the particle. Conduction mainly occurs in the solid and the con-
tribution of the gas phase is neglected.

• Convection:
Convection is a macro level phenomenon. Heat is carried away by the gases
flowing through the particle. The assumption of a thermal equilibrium is
important here as the outgoing gases are steadily heated up when flowing out
of the particle. Convection cools the particle down.

• Radiation:
Radiative heat transfer occurs in porous media. Heat propagates in the pores
by radiation from the pore surface. The radiative heat transfer is important
in wood, especially in the char part where the pore diameter increases and
the temperature is high. Radiative heat transfer contributes to the heating
of the particle.

3.3.4 Conduction and radiation

Conductive and radiative heat transfers are lumped together in Fourier’s law:

Qheat = − [λeff • ∇T ]

The thermal conductivity has different values depending on the grain direction.
Hence it is represented as a tensor. Thermal conductivity is higher in the longi-
tudinal direction. Thus, heat is better transferred along the fibres. Thermal con-
ductivity changes with the course of pyrolysis and is interpolated from the thermal
conductivities of wood and char.
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A radiative thermal conductivity is added to model the heat transfer by radi-
ation. Different models have been proposed in the literature and are reviewed by
Grønli [28].
The effective thermal diffusivity is in this work modelled by:

λeff = (1 − η)λwood + ηλchar + λrad

with:

λwood =

[

λwood,r 0

0 λwood,z

]

λwood,r = 0.20 W/m.K

λwood,z = 0.31 W/m.K

and:

λchar =

[

λchar,r 0

0 λchar,z

]

λchar,r = λchar,z = 0.1 W/m.K

The radiative term is expressed by:

λrad =
4ε

1 − ε
σωdpore T 3

σ = 5.6706 · 10−8 W/m2K-4

ω = 0.85

dpore = (1 − η) dpore,wood + η dpore,char

dpore,wood = 5 · 10−5 m

dpore,char = 10−4 m

3.3.5 Heat of reaction

The heat of devolatilisation is of importance in modelling thermal effects during
pyrolysis. Very different results have been reported in the literature [81, 82], from
endothermic to exothermic reactions, especially in early studies, where the impor-
tance of the particle size and the secondary reactions were not totally understood.
Two techniques are commonly used to measure enthalpy variation during the heat-
ing of a particle: Differential Thermal Analysis (DTA) and Differential Scanning
Calorimetry (DSC).

In DTA the sample undergoes a heat ramp simultaneously with a reference
sample of approximately same size, heat capacity and porosity. The temperature
difference between the two sample is recorded as a function of the temperature
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measured in the oven. The temperature difference provides qualitative information
about phase changes and reactions which cause enthalpy variation.

In DSC a sample holder and a reference holder are separately heated by a
metal wire. The electrical power fed to the sample holder is constantly adjusted to
maintain both sample and reference at the same temperature. Hence the difference
of supplied power as a function temperature provides an estimation of the enthalpy
of reaction and phase change.

As for TGA measurements, the size of the sample should be sufficiently small to
avoid thermal gradients. The sample and the reference sample should also feature
similar thermal characteristics.

Besides the measurement problems related to the thermal gradients, Rath et
al. [83] reported that the heat of wood pyrolysis is very sensitive to the final char
yield. Hence the parameters influencing the char yield discussed in the previous
chapter are also potential sources of variation in the measurement of the heat of
pyrolysis.

Authors nevertheless seem to agree that the primary pyrolysis reactions are en-
dothermic for wood and its constituents [28, 42, 84, 85]. The secondary charring
reactions are considered exothermic. It would explain the great variation in the re-
ported values, depending on the size of the particle, the heating rate, the impurities,
etc.

The three kinetic schemes that were implemented do not feature secondary
reactions. Therefore associating a positive reaction enthalpy to these schemes would
have resulted in pure endothermic pyrolysis, which is unlikely for large particles.
Instead it was assumed that the global pyrolysis heat was null.

3.4 Mass transfer

3.4.1 Importance of the description of the gas flow

The mass conservation of a gas is expressed by:

∂ρ̄i

∂t
= −∇.Qi + wi

The LHS is the accumulation of matter. The RHS is the contribution of the gas
flow to the accumulation and the source term corresponding to chemical reactions.
Therefore the gas composition of an element is influenced by:

• the gases which flow through the element

• the reactions producing (pyrolysis, tar cracking,...) and consuming gases
(polymerisation).

It is possible to include secondary reactions without modelling the gas flow: it is
sufficient to assume that the pressure inside the particle is equal to the external
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Figure 3.2: Schematic representation of a one-dimensional model featuring (a) in-
stantaneously leaving gases (b) modelled gas flow

pressure and that the local composition of the volatiles matches the composition
of the volatiles produced by the pyrolysis reactions. From these two assumptions,
the intrinsic density of the gases may be calculated by using the ideal gas law.
The reaction rate of the secondary reactions may be calculated from the intrinsic
densities of the gases and the temperature. A sum of the gases produced in the grid
provides the total gas flow from the particle. This case is depicted in Figure 3.2.a.
However, as it is shown in the mass conservation and in Figure 3.2.b, the gas flow
through the element strongly influences the composition of the gas phase. Hence
the densities used to calculate the secondary reaction rates might be erroneous
without modelling the gas flow. Therefore it is interesting to model the gaseous
mass transfer.

3.4.2 Mechanisms of gaseous mass transfer

As for the heat transfer, gas flow proceeds by convection and diffusion. The total
flow of a gas species i is expressed as the sum of the convective term and the
diffusive term:

Qi = Qdiff
i + Qconv

i

A detailed presentation of the transport of fluids in wood is done by Siau [86]; he
gives a hint of the complexity of the phenomena occurring during mass transfer in
wood. Therefore it should be kept in mind that the description of the flows in the
following sections is only an approximation of the processes which really take place
inside the particle.

• Convection:
Convection is the flow of the gas at the macro level under a pressure gradient.
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Darcy’s law is used to model it. It is originally an empirical law used by Darcy
(1803-1858) to calculate the flow of groundwater in sand. It has later been
generalised to different porous media and multi-phase flows. The law was also
derived theoretically by homogenisation of the Navier-Stokes equations over
a porous material.

Darcy’s law simply states that the gaseous flow is proportional to the pressure
gradient:

Qi = −
ρi

µmixt
[Kg • ∇P ]

the proportionality factor being the permeability divided by the dynamic
viscosity of the fluid.

• Diffusion:
Diffusion is the movement of the gases at the molecular level under a concen-
tration gradient. The diffusion in wood id controlled by the collisions of the
molecules with each other (ordinary diffusion) and by their interactions with
the pore walls (Knudsen diffusion).

Multi-component diffusion takes place in the gas mixture produced by the
pyrolysis reactions. The diffusivity for each gas has to be calculated as a
function of the concentration of the other gases. The diffusivity should also
be modified to take Knudsen effect into account. Hence diffusion is very
complex to model in detail.

Grønli decided in his work to limit the modelling of diffusion to the binary
diffusion of water vapour in air. His opinion was that diffusion is a slow
process compared to convection and should only be important during the
drying stage.

As this model is for dried particles, binary diffusion of water vapour in air
could directly be removed from the set of equations. It was nevertheless
implemented for the sake of curiosity. The equation used for binary diffusion
was:

Qdiff
i = −ρmixt

[

Deff • ∇

(

ρi

ρmixt

)]

The diffusivity is a tensor due to Knudsen diffusion which is influenced by
the anisotropy of the pores. As Grønli estimated that diffusion was important
solely in the drying stage, there is no interpolation because of the extent of
pyrolysis.

Deff =

[

Deff ,r 0

0 Deff ,z

]

Deff ,r = 1.192 · 10−6 ∗ T 1.75/P m2/s

Deff ,z = 2Deff ,r m2/s
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The effect of diffusion was negligible in the simulations. The computation time
became slightly shorter as diffusion smoothes the errors in the computations.
Diffusion was later removed from the mathematical model.

3.4.3 Permeability

Permeability is a measure of how easily a fluid flows in a porous medium. Per-
meability varies greatly in wood. It depends on the type of the fluid (gas, liquid,
polar, non polar,etc) and the structure of the porous medium. Permeability differs
depending on the wood species, the location inside the wood and the history of the
particle, as structural changes may occur with time. There is a large variation in
the values found in the literature and the reported data should be considered as
approximate values.

Permeability influences the local pressure but not the global flow of outgoing
gases as the volatiles cannot accumulate inside the particle. Hence approximate
values for the permeability do not induce large errors in the prediction of the global
flow of outgoing gases. However the value of the permeability relative to the grain
strongly influences the repartition of the flow in the longitudinal and radial direc-
tions. Therefore it might be interesting to focus on the ratio of longitudinal to
radial permeability.

The error due to incorrect permeability mostly causes error in the pressure field.
The pressure field does not influence the set of reactions implemented in this model
as only primary decomposition reactions are considered. If secondary gas phase
reactions were included, an increased pressure for example would increase the rate
of these reactions. However secondary reactions occur in the char layer, which has
a high permeability due to cracks and large pores. Larfeldt et al. [74] have reported
that pressure in the char layer could be considered constant. Hence a high char
permeability may be accepted when modelling the gas flow in the char layer.

Like thermal conductivity, permeability is a function of the pyrolysis extent and
the grain direction. It is a tensor interpolated from the permeabilities of wood and
char:

Kwood =

[

Kwood,r 0

0 Kwood,z

]

Kwood,r = 1.0 · 10−16 m2

Kwood,z = 1.0 · 10−14 m2

Kchar =

[

Kchar,r 0

0 Kchar,z

]

Kchar,r = Kchar,z = 1.0 · 10−11 m2

As it may be seen, wood permeability along the fibers is two orders of magnitude
greater than perpendicularly to the grain, and char permeability is three orders of
magnitude larger than wood longitudinal permeability.
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Figure 3.3: Heat transfer at the particle surface

3.4.4 Dynamic viscosity

Dynamic viscosity of the gas mixture is needed for Darcy’s law. It is calculated
from the viscosity of the other gases by:

µmixt =

∑

gas
µiρi

∑

gas
ρi

µair = 9.12 · 10−6 + 3.27 · 10−8 T kg.m/s

µvolatiles = 7.48 · 10−6 + 3.18 · 10−8 T kg.m/s

3.5 Boundary conditions

3.5.1 Surface heat transfer

Figure 3.3 depicts the heat transfer at the surface of the particle. The heat flow
to the particle is equal to the diffusive heat flow inside the particle since there is
no heat accumulation at an interface. The incoming heat flow is due to conduction
and radiation. The heat flow due to the gases coming out of the particle is not
represented in the heat balance since the gases merely cross the surface without
adding or removing heat.

The heat transfer at the surface is then expressed by:

−h(T − Text) · E(b) − ωσ
(

T 4 − T 4

ext

)

= − [λeff • ∇T ] .n (3.4)

σ = 5.6706 · 10−8 W/m2K - 4

ω = 0.85
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The first LHS term is the conductive term. Conduction is modelled by a heat
transfer coefficient h. The heat transfer coefficient is dependent on the experimental
conditions and is calculated by fitting the simulations to the experimental surface
temperature. It was also estimated by measuring the mass loss during the drying
of a wet particle. The computed value is:

h = 50 W/m2.K

The conduction term is corrected by a function E(b), which represents the influ-
ence of the outgoing gases on the heat transfer. The outgoing gas flow bloats the
boundary layer and decreases the heat transfer. Flows created at an interface - as it
can be considered for a porous surface traversed by gases - are called Stefan flows,
named after the Slovene physicist Joseph Stefan (1835-1893).

The Stefan correction is a function of the ratio of the convective heat flow to
the heat transfer coefficient:

E (b) =
b

eb − 1

b =

(

∑

gas
cp,iQi

)

.n

h

The second term on the LHS in (3.4) represents the radiative term and is mod-
elled by Stefan-Boltzmann’s law. The emissivity of wood is set to 0.85.

The term on the RHS represents the diffusive heat flow toward the centre of the
particle. It is calculated by Fourier’s law.

3.5.2 Surface mass transfers

The mass transfer at the surface is treated by numerical extrapolation of the com-
position of the gas phase close to the surface. The density of the gases is corrected
using the ideal gas law to get a global pressure of 1 atm at the surface:

n.∇

(

Pi

P

)

= 0

Pext = 1 atm

This type of condition is simple but assumes that the external gases do not come
into the particle. Therefore the convective flow should be sufficiently high to hinder
the diffusion of the external gases into the particle. This model should not be used
for low temperature pyrolysis where backward diffusion may occur. It also needs
to be modified if heterogeneous char combustion is implemented.
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Figure 3.4: The SPAR equipped with Laser-Induced Fluorescence thermography.
1: dichroic mirror 2: filter 3: beam splitter 4-5: spherical lenses 6: photomultiplier
7: Nd:YAG (266 nm) 8: oven and balance. Courtesy of Alaa Omrane

3.5.3 Boundary conditions at the centre of the particle

Symmetry is assumed at the particle centre. Therefore the gradients of temperature
and partial pressure should be equal to zero:

n.∇Pi = 0

n.∇T = 0

3.6 Initial conditions

At t = 0 s, the particle is filled with air at 1 atm, the density of wood is fixed to the
density of the dried wood and the char density is fixed to zero. The temperature
is uniformly set at 20℃.
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3.7 SPAR with Laser-Induced Fluorescence based

thermography

In order to test the heat transfer model, some experimental information about the
temperature of the particle should be available. As the particle is dropped into the
reactor, it is technically difficult to insert thermocouples inside the particle. A new
technique, the remote measurement of temperature by Laser-Induced Phosphores-
cence, was used to get the time resolved temperature surface [87–89].

3.7.1 Principle

The technique is based on the properties of phosphors. Phosphors are materials
which absorb energy and release it relatively slowly in the form of light. The energy
source may be a particle beam, like electrons in a cathodic tube, or a light beam
like a laser.

In temperature measurements, a laser pulse is used to excite a powder of finely
divided phosphors spread on a surface. The tight contact and the small size of the
phosphors ensure a quick thermal equilibrium between the powder and the surface.
The decay of the emitted light has an exponential shape. Its lifetime is a function
of the phosphor temperature. The temperature is measured by comparison of the
lifetime with previous calibrations at different temperatures.

3.7.2 Experimental apparatus

The rig is schemed on Figure 3.4. A Nd:YAG laser excites thermographic phosphors
deposited on the particle surface with pulses of 266 nm UV laser radiation. A filter
removes the scattered UV light from the emitted phosphorescence. A beam splitter
divides the emitted light into two beams. A photomultiplier records temporally the
intensity of one of the beams. A spectrometer coupled to a CCD camera collects
the second beam and spectrally records the emitted radiation. The temperature
may be measured every 4 s.

3.8 Results

Figure 3.5 shows the experimental mass loss and surface temperature at external
temperatures varying from 300 to 600 ℃, and the corresponding simulations for the
kinetic schemes (a), (b) and (c) (see end of Chapter 2).

3.8.1 Temperature surface

The surface temperature is well predicted by the model at all temperatures. The
heat transfer model presented in this work is one of the most comprehensive found
in the literature. It has been tested by Grønli [28] and later by Larfeldt [90]. Grønli
used cylinders of wood with dimensions ∅=2.2 cm, L=3.5 cm. Larfeldt used larger
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Figure 3.5: Experimental and simulated mass loss and surface temperature, for
schemes (a), (b) and (c), at external temperature varying from Text = 300 to 600℃

samples (∅=5 cm, L=30 cm). Both their experiments were done with thermocou-
ples located inside the particles. Grønli reported a good agreement between the
temperature measurements and the simulations at the different locations inside the
particle. Larfeldt found a good agreement for the surface temperature. However
the quality of the predictions degraded at the particle centre. This might be due
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to the accumulated errors in the prediction and the effect of structural changes like
cracks in the char layer. Smaller particles (∅=0.54 cm, L=0.54 cm) were studied in
this work and a good agreement was also found for the particle surface temperature
but the experimental set-up does not allow the measurement of the temperature at
other locations than the surface.

The effect of the Stefan correction was assessed. Including the Stefan flow does
not significantly modify the heat transfer. The flow of outgoing gases is too slow at
low temperature to influence the heat transfer coefficient and at high temperature
the radiative heat transfer becomes the preponderant term in the energy balance
at the surface. Overall, the effect of the outgoing gases was negligible.

3.8.2 Mass loss

The experimental mass loss may be compared with the predictions calculated from
the three different scheme. Scheme (a) consists of two competing reactions, deter-
mined from pyrolysis experiments at low temperatures (350-400℃) in the SPAR.
Therefore it naturally predicts well the experimental mass loss at temperature up
to 400 ℃, with the exception of 300 ℃ where the final char yield is much too low.
It is the only scheme which intrinsically features a variable char yield, which is well
predicted even at high temperatures. Scheme (a) is the slowest of the three schemes
at high temperatures. Even if it performs relatively well at high temperature, this
scheme should only be considered empirical and it might be difficult to further
enhance it.

Scheme (b) was developed by Grønli from TGA experiments and later imple-
mented by Larfeldt et al. in their program. The scheme has a fixed char yield
which was adapted to each experiment. This is the fastest of the three schemes. It
shows a good prediction of the initial mass loss, which corresponds to hemicellu-
lose devolatilisation, but pyrolysis completion occurs too early compared with the
experiments. This does not mean that the scheme should be rejected. Based on
TGA measurements, it does not include tar cracking and char forming reactions. If
these reactions were to be included, it might be possible to decrease the mass loss
rate by adding char formation.

Scheme (c) was developed from the measurement of the pyrolysis rate of hemicel-
lulose, cellulose and lignin in the SPAR. As scheme (b) it has a fixed char yield which
results from the sum of the three fixed char yields of each of the three constituents.
The scheme always predicts a slow pyrolysis rate compared to the experiments but
in average it is the one which performs best at temperatures above 400 ℃. It shows
that it is possible to get a relatively good simulation of the pyrolysis rate of wood
by summing the devolatilisation rates of its constituents. The problem with this
scheme is that it was developed using experiments on small particles. Therefore it
should predict a pyrolysis faster than found experimentally. However this is not
the case and adding secondary reactions would decrease further the pyrolysis rate
and the quality of the simulations.



Chapter 4

Modelling a shrinking particle

Shrinkage is significant during wood pyrolysis. The char particles remaining after
pyrolysis experiments were measured by Davidsson. He found that the volume
loss could reach 70 % of the original wood particle. As the volume of the particle
is important for the heat transfer and the pyrolysis rate, it was decided to study
shrinkage experimentally and theoretically.

There is no possibility to plan experiments with or without shrinkage; shrinkage
always occurs with pyrolysis. Therefore it is not possible to study the effect of
shrinkage on pyrolysis, only a better knowledge about what happens quantitatively
and qualitatively may be obtained. For example, the extent of the volume loss
and the kind of structural modifications undergone by the particle may be studied,
but it cannot be answered experimentally whether shrinkage increases the pyrolysis
rate or not.

From the modelling point of view, it should be known whether shrinkage must
be implemented. Models describing the volume change should be developed and
simulations with and without shrinkage run in order to assess the impact of the
volume loss on the predictions.

This chapter is based on Papers III and IV.

4.1 Experimental facts

Davidsson [91] mounted a video camera outside one of the windows of the SPAR.
He carried out a set of pyrolysis experiments with dried particles of birch at tem-
peratures ranging from 350 to 900 ℃. In these experiments, cubic particles were
used in order to measure the shrinkage in the longitudinal, radial and tangential
directions.

As in previous pyrolysis experiments, the mass loss versus time was recorded
with the balance. The movies recorded by the video camera were analysed and
the time resolved variations of the particle dimensions measured. Combining the
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Table 4.1: Parameters for calculation of the shrinkage coefficients [91]

Dimension α β γ T (℃)

Longitudinal −5.86·10−6 0.01080 −4.7 723-973

Tangential 4.55·10−6 −0.00856 4.4 623-973

Radial −2.62·10−6 0.00395 −1.0 623-973

results from the video camera and the balance, he expressed the shrinkage in dif-
ferent directions as function of the conversion. Finally, he studied the structure of
the remaining char particles by scanning electron microscopy (SEM).

The main conclusions from this experimental work are:

• The volume loss varies from 45 to 70 %.

• Longitudinal shrinkage is between 5 and 25 %. It begins only after 60 % mass
loss and is weakly dependent on the heating rate.

• Radial shrinkage is between 15 and 40 %. It is maximum between 500 and
700 ℃.

• Tangential shrinkage is between 25 and 40 %. It is maximum at 400 ℃.

• The structure of the char remains similar to that of the wood, but the SEM
shows that at high temperature the char looks as if it had been compressed.

From his experimental results, Davidsson calculated an empirical equation to
express the shrinkage as function of conversion:

s = ση2 (4.1)

σ = αT 2 + βT + γ (4.2)

with s shrinkage coefficient and η conversion. The parameters α, β and γ needed
for calculating the temperature dependency σ are given in Table 4.1.

4.2 Modelling

4.2.1 Different approaches to modelling shrinkage

There are two different approaches to modelling shrinkage of biomass [92]. The
first one is to consider the internal forces acting in the particle. The position of
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each node is calculated by balancing the stress due to shrinkage with the elasticity
of the particle. This approach is the most physical one. It requires the necessary
experimental data for the mechanical properties of wood and char. As the nodes are
calculated by balancing the forces and not by assuming a shape for the particle, the
grid becomes unstructured as shrinkage occurs. To our knowledge, shrinkage has
not yet been modelled using this approach because there is no fundamental interest
in knowing the dimension of the pyrolysed particle. Authors likely consider the
description of shrinkage by mean of solid mechanics not worth the computational
effort.

However, such type of deformation models exist in very detailed simulations of
drying at low temperatures where shrinkage and swelling are included [93–95]. This
is motivated by the fact that the dimensions of wood are important parameters for
wood for construction and manufacture.

The second approach is the one which has been used so far in studies of shrink-
age during wood pyrolysis. The shrinkage is calculated by empirical expressions.

Di Blasi [96, 97] developed a set of equations to empirically model the volume
loss. Her work has later been used by Larfeldt et al. [74,98] and Babu et al. [99,100].
She separated the global volume change into the volume change of the gas phase
and the volume change of the solid phase:

V = Vs + Vg

The volume of the solid phase Vs is assumed to decrease linearly with the wood
mass and to increase linearly with the char mass:

Vs =

(

mwood

mwood,0
+ α

mchar

mwood,0

)

Vs,0 (4.3)

It should be noted that this is not the conversion based interpolation used to calcu-
late varying physical parameters (see section 3.2.3). It may be seen that the final
volume directly depends on the char yield. Hence a kinetic scheme with varying
char yields will also produce particles with varying final size.

The volume of the gas phase Vg is modelled by two terms:

Vg = Vg,devol + Vg,shrink

Vg,devol is the volume of the gas phase due to the solid mass loss by devolatilisation.
This volume is calculated by interpolation with the conversion η as the interpolation
factor:

Vg,devol = (1 − η)Vg,wood,0 + ηVg,char (4.4)

Vg,char is modelled as a fraction of the original gas volume:

Vg,char = γVg,0
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Vg,shrink is the volume due to the shrinkage of the solid phase. This volume might
in turn shrink and is modified by a coefficient β:

Vg,shrink = β(Vwood,0 − Vs) (4.5)

Therefore the total volume in the model of Di Blasi is expressed by:

V =

(

mwood

mwood,0
+ α

mchar

mwood,0

)

Vs,0 + ((1 − η) + ηγ)Vg,wood,0 + β(Vwood,0 − Vs)

Di Blasis’s shrinkage model requires three parameters. It does not describe the
size variations in the radial, longitudinal and tangential directions. This model has
been used in one-dimensional models.

Instead of working with the volume, it is possible to work with shrinkage co-
efficients. A shrinkage coefficient is defined for each direction. The longitudinal
shrinkage coefficient is the ratio of the length of the pyrolysing particle in the lon-
gitudinal direction to the length of the fresh particle. The definition is similar
for the radial and tangential directions. Shrinkage coefficients may be calculated
experimentally by measuring the size of the particles.

Numerically, local shrinkage coefficients are defined by the ratio of the local
node spacing to the local node spacing in the original grid:

∆r = sr∆r0

∆z = sz∆z0

Bryden and Hagge [101] used the conversion-based interpolation to calculate
the shrinkage coefficient in a one-dimensional model. This is consistent with the
approach used to model the other physical parameters of the particle. In their
model, the shrinkage coefficient is applied on the whole volume as opposed to the
model of Di Blasi which features a shrinkage coefficient specific for each phase. The
volume of the gas phase is calculated by equation (3.2), presented in the previous
chapter.

The same approach is used in this thesis but extended to two dimensions. The
shrinkage coefficients are defined in the longitudinal and radial directions. They
are expressed by:

sr = 1 + η(sr ,char − 1)

sz = 1 + η(sz ,char − 1)

with η the conversion. The final shrinkage coefficients sr ,char and sz ,char are cal-
culated from (4.1) and (4.2).

The hypothesis of using the conversion as an interpolation factor may be tested
against Davidsson’s experimental results since he measured shrinkage as a function
of conversion.
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Figure 4.1: Problem in node position with a two-dimensional structured grid

4.2.2 Grid problem in two dimensions

Modelling shrinkage in one dimension does not cause problems with the grid since
nodes move on a straight line. In two dimensions, the position of the nodes cannot
be calculated by just applying locally the shrinkage coefficients in the longitudinal
and radial directions on a structured grid, as depicted on Figure 4.1.

A way of circumventing this is to use an averaged value of the conversion,
calculated in certain zones of the grid, instead of using the local conversion to
compute the shrinkage coefficients. The choice of the zone for the averaging implies
some assumptions about the shrinkage process.

4.2.3 The three shrinkage sub-models

Figure 4.2 depicts the three different types of spatial averaging which have been
implemented. The shrunken particle corresponding to the grid is drawn in order to
present the type of deformation it undergoes.

• Uniform shrinkage:
In the uniform shrinkage model, conversion is averaged over the whole par-
ticle. The shrinkage occurs then uniformly in the particle and the particle
retains its cylindrical form. The grid is always structured with a uniform
spacing of the nodes.

The implementation of this model is particularly simple since the ratio of a
control volume to the total volume is constant during pyrolysis:

V

Vtot

=
V
∑

V
=

s2
rszV0

∑

s2
rszV0

=
V0
∑

V0

= constant
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Figure 4.2: Three different types of shrinkage

Therefore it is possible to replace the volume of an element by the total volume
times the ratio of the initial control volume to the initial total volume. Hence
only the total volume needs to be calculated at each time step, instead of the
volume of each element.
The total volume is expressed by:

Vtot = s2

rszπr2

0l0

The uniform shrinkage model adds almost no extra computing time to a non-
shrinking model, however it is a type of shrinkage which is physically unlikely
to occur since only the part of the particle which undergoes pyrolysis should
shrink. Still, it might be a simple and sufficient way to implement shrinkage.

• Shrinking cylinders:
In the shrinking cylinder model, the average is calculated on each column of
the grid, i.e. in the longitudinal direction. It is tantamount to consider the
particle made of open cylinders which shrink independently of each other. In
this model, the grid becomes semi-structured since the nodes are no longer
aligned in the radial direction. They remain aligned in the longitudinal direc-
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tion, which eases the approximation of the derivatives. Still, a discretisation
scheme with 9 nodes is needed to compute the divergence.

It may be seen on Figure 4.2 that the particle is not cylindrical during pyrol-
ysis, even though it becomes cylindrical again at the end of pyrolysis. The
recorded movies showed that the wood particles remain cylindrical during the
course of pyrolysis. Therefore this model is not supported by the experimental
facts.

• Shrinking shells:
In the shrinking shell model, the averaging is done in the longitudinal direction
to calculate the radial shrinkage coefficient and in the radial direction to
calculate the longitudinal shrinkage coefficient. It is tantamount to consider
that the particle is made of closed shells which contain each other.

In this model, the particle remains cylindrical during the course of pyrolysis.
The averaging of the conversion corresponds approximately to the pyrolysis
wave. Hence it might be the model which is closest to reality.

The grid always remains structured and the numerical approximation are
easy to compute. However the spacing between the nodes is not constant and
solving this model requires longer computation time than the model without
shrinkage.

4.2.4 Kinetic and heat transfer model

The model used for this study is the model presented in the previous chapter
without the gas phase. The conservation equations and the kinetics are re-written
on a control volume.
The kinetic scheme is the one with the two competing reaction (scheme a):

wood → char

wood → volatiles

modelled by first-order kinetics:

wi = kimwood , i = char or volatiles

and an Arrhenius expression for the rate constant ki:

ki = Aie
−Ei/RT

The mass conservation is described by:

∂mi

∂t
= wi , i = wood or char

and the energy conservation:

∂T

∂t
=

−V ∇.Qheat

mwoodcp,wood + mcharcp,char
(4.6)
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4.2.5 Numerical method

The heat flow is calculated at the surface of the control volume by central differ-
ences. The divergence of the heat flow is computed at the centre of the control
volume by central differences. The non-linear boundary conditions are solved at
each time step using a Newton-Raphson method. The resulting Ordinary Dif-
ferential Equation system is integrated by an implicit solver (BDF solver). The
conversion is averaged at each time step on a zone defined by the type of shrinkage
sub-model. The spatial steps are calculated by interpolation of the initial and final
steps. Computation of the spatial steps is done explicitly in order to avoid a dense
jacobian during the calculation due to the averaging on large zones of the grid.

4.3 Results

4.3.1 Effect of shrinkage on mass loss

Cylindrical particles with a ratio length to diameter equal to one have been pyrol-
ysed in the SPAR. Their diameters ranged from 0.5 cm to 1 cm. Figure 4.3 shows
the experimental mass loss for 6-7 mm particles at 365, 500, 600 and 700 ℃ to-
gether with the corresponding simulations from the three shrinkage sub-models.
For reference, the mass loss prediction of a model without shrinkage is included in
figure 4.3.

All models predict well the mass loss. The effect of shrinkage is insignificant
at 365 ℃ and slightly visible at 500 ℃. The effect is more pronounced at 600 ℃.
Differences can clearly be seen at 700 ℃.

Therefore a primary conclusion is that the effect of shrinkage on the pyrolysis
rate becomes more significant with temperature. This is explained by the presence
of stronger thermal gradients at high temperature. If the temperature is low, then
the regime is close to the kinetically controlled regime. The temperature may then
be considered uniform inside the particle. It increases slowly until pyrolysis starts.
Shrinkage of the whole particle occurs during the devolatilisation. However it does
not influence the mass of the particle (only the volume changes during shrinkage)
and the pyrolysis rate which is kinetically controlled. Hence the mass loss is not in-
fluenced by shrinkage in the kinetically controlled regime. This has been confirmed
by Babu and Chaurasia [100]. They simulated the shrinkage of very small particles
(.25 mm) during pyrolysis using Di Blasi’s model and reported that no effect on the
pyrolysis rate could be seen. A strong effect could be seen for particles of 2.5 cm
where thermal gradients are important.

The effect of shrinkage on the pyrolysis rates is very weak, even at 700 ℃. How-
ever, several studies in the literature [74, 96, 100] report a strong effect for large
particles (L>2.5 cm). Larfeldt et al. [74] for example noticed a decrease of the py-
rolysis time from 985 s to 860 s for particles of 5 cm diameter when incorporating
shrinkage. Di Blasi’s model was used in these studies. The difference in the mod-
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Figure 4.3: Mass loss versus time, (a) 365 ℃, (b) 500 ℃, (c) 600 ℃, (d) 700 ℃.
(-) experimental data, (△) shrinking cylinders, (▽) shrinking shell, (�) no shrink-
age, (◦) uniform shrinkage

elling approach could be the source of the weak influence of shrinkage reported in
Paper III.

However, Bryden and Hagge [101], using the same type of shrinkage model as
in this study, reported a 29 % decrease in pyrolysis time for a particle size of 4 cm
at 525 ℃. Therefore the shrinking model used in this study may also predict a
significant decrease in the pyrolysis rate for large particles.

The particles simulated in Figure 4.3 are smaller, between 0.6 and 0.7 cm. There-
fore the thermal gradients are less pronounced than in larger particles. The model
is also two dimensional. Compared to a 1D cylindrical model, it includes the heat
conduction in the longitudinal direction, which is 50 % faster than in the radial
direction and further decreases the thermal gradients. Our opinion is that the size
of the particles and the longitudinal heat conduction are the main causes of the
weak influence of shrinkage on the pyrolysis rate in our study.
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There is a fundamental difference between the uniform shrinkage model and
the two other models. Figure 4.3.d shows that the uniform shrinkage decreases the
pyrolysis rate whilst both the shrinking cylinders and the shrinking shell models
increase the pyrolysis rate. Shrinkage influences the pyrolysis rate through the
heat transfer. The increase or decrease in pyrolysis rate is a consequence of the
increase or decrease in the heating rate. Therefore the key equation to understand
the behaviour of the different models is the energy conservation equation (4.6).

In this equation, the volume of the element and the different space derivatives
are influenced by the shrinkage. For example if the distance between two points
after shrinkage is only the half of the original distance, the gradient of temperature
between these two points will be twice the original gradient:

(

T2 − T1

∆x

)

shrinkage

=

(

T2 − T1

∆x0

2

)

= 2 ∗

(

T2 − T1

∆x

)

no shrinkage

Since the conductive heat flow is proportional to the thermal gradient (Fourier’s
law), it will also increase by a factor two.

Paper III presents a study of the effect of the three shrinkage models on the
energy equation. It explains why there is a decrease of the heating rate in the
uniform model. The analysis in Paper III is done at the level of an element of the
particle. A more intuitive explanation may also be made by considering the whole
particle.

Let us assume a spherical particle of surface area A0, as shown in Figure 4.4
and a set of points equally spread on the radius of the sphere. The particle shrinks
to a smaller surface area A. In case a), we assume the shrinkage to be uniform.
Therefore the space between two consecutive points decreases slightly in a way that
the sum of all the small decreases corresponds to the decrease of the total radius.
The gradient of the temperature at the surface is therefore slightly increased and
the local conductive heat flow Q increases. However the surface area of the particle
has decreased. The total heat flow to the particle Φ is the product of a slightly
decreased surface by a slightly increased heat flow and the question is whether the
total heat flow has increased or decreased. In the case of a sphere, the study in
Paper III shows that the answer is the total heat flow has decreased. This is also
the case for a finite cylinder, and it explains why the pyrolysis rate decreases with
the uniform shrinkage: the heat coming into to the particle decreases.

Considering now that the sphere shrinks mainly at its surface (case b on Fig-
ure 4.4). The distance between two points at the surface significantly decreases and
the temperature gradient strongly increases. Subsequently, the conductive heat flow
becomes much higher. The surface area still only slightly decreases. The product
of the conductive heat flow by the surface area has increased compared to the orig-
inal situation. Hence the heating rate of the particle increases. This is the case of
the shrinking cylinders and the shrinking shells models. This is the cause of the
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Figure 4.4: Schematic description of the effect of the uniform and shell shrinkages
on the total heat flow coming to a spherical particle

increase in the pyrolysis rate with these two models.

Hence there is a strong relation between the location of the shrinkage and the
geometry of the particle. Paper IV investigates the effect of shrinkage on the heat-
ing rate for the standard particle shapes (slab, sphere, infinite and finite cylinders).
This is a pure heat transfer model, featuring a high shrinkage (50 % decrease in
length) when the temperature reaches half the external temperature. The temper-
ature profiles are shown in Figure 4.5. The conclusions of this paper are:

• Uniform shrinkage increases the heating rate of a slab

• Uniform shrinkage has no effect on the heating rate of an infinite cylinder

• Uniform shrinkage decreases the heating rate of a sphere and of a finite cylin-
der.

• Shell shrinkage always increase the heating rate at the beginning of the heat-
ing of the particle.
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Figure 4.5: Effect of uniform and local shrinkage on the temperature at equally
spaced nodes during the simulated heating up of a) a slab b) an infinite cylinder
c) a sphere d) a finite cylinder. Temperature profiles predicted by the same model
without shrinkage are included for comparison

• Shell shrinkage effect turns progressively into the uniform shrinkage effect as
the heating up of the particle proceeds.

The last conclusion is interesting. Even if the shell shrinkage always increases
the heat transfer at the beginning of pyrolysis, it might later start to decrease the
heat transfer when the pyrolysis wave goes deeper into the particle. Figure 4.5
shows that if it is a slab which is modelled, shell shrinkage (or local shrinkage
in one dimension) will always increase the heating rate. For an infinite cylinder,
shrinkage will have no effect on the heating rate after a while.

In the case of a finite cylinder, as it is in this study, Figure 4.5 shows that even a
shrinking shell model might decrease the heating rate with the extent of pyrolysis.
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Figure 4.6: Simulated and empirical shrinkage coefficients versus normalised total
mass. (a) 365 ℃, (b) 500 ℃, (c) 600 ℃, (d) 700 ℃

4.3.2 Validity of the assumption: shrinkage increases linearly

with the extent of pyrolysis

Figure 4.6 shows the simulated and empirical shrinkage coefficients versus the nor-
malised mass. No significant difference between the three models may be noticed.
The predicted shrinkage coefficients are closer to the empirical ones at high tem-
perature. At low temperature the shrinkage coefficients increase almost linearly
with the normalised mass. This is explained by very weak thermal gradients. The
temperature increases uniformly in the particle, the char yield increases uniformly
in the particle. The char yield is hence proportional to the conversion which is
proportional to the shrinkage. Therefore the shrinkage is a linear function of the
normalised mass.

At high temperature, the presence of thermal gradients modifies the local heat-
ing rate and the char yield. Therefore normalised mass is no longer linear to the
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conversion. Hence the shrinkage coefficients are no longer linear functions of the
normalised mass.

Therefore it seems that conversion is not a good interpolation factor to model
shrinkage, especially at low temperature, where the simulated shrinkage starts much
earlier than in reality and does not increase toward the end of pyrolysis.

4.3.3 Sensitivity analysis

A sensitivity analysis has been carried out in Paper III to assess whether shrinkage
should be included in the model or not. Variations of 15 % in the initial wood
density, specific heat, thermal conductivity, emissivity and cell wall density have
been implemented and their effect on the pyrolysis rate evaluated. The heat transfer
coefficient at the surface ranged from 0 to 100 W/m2K. It was noticed that:

• Emissivity and cell wall density have almost no effect on the pyrolysis rate.

• Initial wood density, specific heat and thermal conductivity affect the heat
transfer and the pyrolysis rate in the same way since they define the thermal
diffusivity.

• The heat transfer coefficient only delays the onset of pyrolysis.

Compared to the other parameters, shrinkage does not appear necessary to be
included in the model. However this conclusion is only drawn for the experimental
conditions in the SPAR. Taking into consideration the results reported in the litera-
ture, it cannot be concluded that shrinkage should be excluded in other conditions,
especially for higher temperatures and larger particles.



Chapter 5

Drying

Up to now, the wood particle has been modelled as a dried porous material which
undergoes decomposition under rapid heating. The heat and mass transfer has been
studied as well as the shrinkage of the particle. This chapter reviews the modelling
of the drying of a wet particle of wood under pyrolysis conditions.

This chapter is based on Paper V.

5.1 Wood and moisture

Wood always contains a significant amount of water. The water (or moisture)
content is defined as the fraction of the mass of the particle dried at 102 ℃ ±
3 ℃ [86]:

M =
mH2O

mwood

The fraction is directly used in calculations but is usually expressed as a percentage
in the literature. Some publications define the moisture content on a wet basis. In
this work, the water content always refers to a dry basis.

The moisture content of wood chips made from green wood varies from 40 to 60
% [41,102]. After a year of covered storage, the moisture content might decrease to
30-35 %. Even pellets, which are industrially dried during their manufacture, have
a moisture content of approximately 10 % [103].

The water content is an important parameter when considering wood as fuel.
The presence of steam increases the volume of the gases in the combustion chamber,
decreases the gas mixture temperature and slows down the combustion rate. Thus
the thermal output of the boiler is decreased. However the water content is not
critical for the efficiency of the boiler, as the energy needed to evaporate water may
be recovered by condensation from the flue-gas, and used for district heating for
example.
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Boilers can tolerate a high moisture content. However, as the moisture content
may vary greatly from one feedstock to another, large variations in the operating
conditions may occur when running a wood-fired power plant.

Therefore it is interesting to study drying under thermal conversion conditions
and to include it in models for wood pyrolysis. However the drying process is com-
plex to model. It has been largely studied at temperatures lower than 120 ℃ in
order to simulate industrial dryers. Very detailed models came from these studies
and some authors have used them in comprehensive models for the pyrolysis of wet
wood. On the other hand, authors more interested in the thermal conversion of
wood have used models based on strong simplifying assumptions in order to de-
crease the computational load.

Paper V compares different models available in the literature and tests them
against experiments in the SPAR. Conclusions are drawn on which model is suitable
for describing drying under pyrolysis conditions, based on the descriptive power of
the model, the difficulty of implementation and the extra cost in computing time.

5.2 Principles of drying

5.2.1 The three states of water in wood

Water in wood is present in three physical states: liquid water, also called free
water, bound water and water vapour. Liquid water is much like pure liquid water
although it contains some contaminants. It flows in the pores of the wood. Bound
water is adsorbed in the cell wall. It forms hydrogen bounds with the fibres.

5.2.2 The drying process

Natural drying occurs by the diffusion of the water vapour out of the particle. There
is a thermodynamic equilibrium between the water vapour and the free water. Part
of the free water evaporates to compensate the loss of water vapour. When the
liquid water is exhausted, the bound water starts to evaporate.

Heating the particle enhances the drying rate. An increase in temperature
augments the saturation pressure within the particle. It results in a higher concen-
tration of water vapour and a faster diffusion out of the particle. If the pressure of
the water vapour becomes higher than the external pressure, then the water vapour
begins to move by convection. The resistance to mass transfer is then an important
parameter. If the resistance is high, then water vapour is hindered from flow-
ing through the particle and the pressure increases. A subsequent increase in the
temperature occurs since the saturation pressure is a growing function of the tem-
perature. If the resistance is low, the water vapour moves almost instantaneously
out of the particle and the saturation pressure remains almost constant.
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The size of the drying zone is fixed by the resistance to the gas flow (a high
resistance enlarges the drying zone) and the temperature gradient. Low thermal
gradients occur at low heating rate. A large zone of the particle may then reach
the boiling temperature and a temperature plateau can be seen. This is typically
the case in the middle of large particles. A high heating rate causes sharp thermal
gradients. The boiling temperature is reached in a very thin zone. Fast evaporation
occurs in that thin zone and there is no temperature plateau. A drying front may
then be noticed moving toward the centre of the particle. This is often the case
close to the surface of a large particle at high temperature drying.

5.3 Mass transfer of liquid and bound water

It was mentioned in Chapter 3 that gases, and thus water vapour, flow by diffusion
and convection. There is also a mass transfer for liquid and bound water. The model
for the flows of liquid and bound water and the equations presented in this section
are taken from Grønli. It originates in the work of Perre and Degiovanni [104] and
Ouelhazi et al. [105].

• Flow of liquid water:
The flow of liquid water is sometimes called the bulk flow [86]. Liquid water
moves under the gradient of pressure in the liquid phase. The pressure in
the liquid phase is equal to the pressure in the gas phase corrected by the
capillary pressure.

Pl = P − Pc

Capillary pressure may be higher than atmospheric pressure. The pressure in
the liquid phase is then negative and is better called tension in this case.
Capillary pressure is a function of the temperature T and the liquid moisture
content Ml:

Pc = 1.364 · 105 ∗ (128.0 − 0.185 T) · 10−3 ∗
(

Ml + 1.2 · 10−4
)−0.63

Pa

Darcy’s law is used to model the flow of the liquid. However the gas and the
liquid compete for flowing inside the pores. The intrinsic permeabilities for
the gas and for the liquid have to be modified by a relative permeability. The
flow of liquid water is expressed by:

Ql = −
ρl

µl
[KlK

r
l • ∇Pl]

The intrinsic liquid permeability is assumed equal to the permeability of wood
to gases:

Kl = Kwood =

[

Kwood,r 0

0 Kwood,z

]
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with:
Kwood,r = 1.0 · 10−16 m2

Kwood,z = 1.0 · 10−14 m2

The relative liquid permeability is a function of the saturation S and is defined
by:

Kr
l =

[

S3 0

0 S8

]

The saturation is the ratio quantity of liquid water to the maximum quantity
of liquid water that might be contained in the pores.

S =
M − Mfsp

M sat − Mfsp

M sat = ρ̄l

(

1

ρ̄wood

−
1

ρwall

)

with Mfsp being the Fibre Saturation Point (FSP). It is the moisture content
corresponding to the saturation of the cell wall by bound water. Above the
Fibre Saturation Point, water starts to fill the pores as liquid water. The FSP
cannot be measured exactly [86]. It corresponds approximately to a moisture
content of 30 % at room temperature. The FSP is expressed in the model by:

Mfsp = (0.3 + 0.298) − 0.001 T

The liquid moisture content Ml is then:

Ml = max (M − Mfsp , 0)

Finally, the dynamic viscosity of liquid water is needed for Darcy’s law:

µl = 1.40 · 10−2 − 7.30 · 10−5T + 9.73 · 10−8 T 2 kg.m/s

Darcy’s law for gases also has to be modified due to the presence of liquid
water. Similarly to the case of liquid water:

v = −
1

µmixt

[

KgK
r
g • ∇P

]

The intrinsic gas permeability from Chapter 3 is kept. A relative gas perme-
ability is added:

Kr
g =

[

1 + (2S − 3) S2 0

0 1 + (4S − 5)S4

]
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with S the saturation defined above.

The dynamic viscosity of water vapour has to be added when calculating the
viscosity of the mixture (see section 3.4.4):

µv = −1.47 · 10−6 + 3.78 · 10−8T kg.m/s

• Flow of bound water:
Bound water flows by diffusion. Different gradients have been proposed in the
literature [106,107]. The one used in this study is the concentration gradient.
Bound water diffusion is expressed by:

Qb = −ρ̄b

[

Db • ∇

(

ρ̄b

ρ̄0

)]

The diffusivity tensor of bound water is defined by:

Db =

[

Db,r 0

0 Db,l

]

with:

Db,r = 1.5 ∗ 7 · 10−6 ∗ exp

(

−4633 + 3523 Mb

T

)

m2/s

Db,l = 2 Db,r m2/s

The bulk and diffusive flows are important processes in low-temperature drying.
They are however slow processes compared to the water vapour flow. Furthermore
they are complex to model. Hence it will be studied in the results section whether
they should be included in a model for drying at high temperature.

5.4 Heat of evaporation and saturation pressure

Heat of vaporisation and saturation pressure of free water are assumed to be equal
to those of pure liquid water [28]:

P sat
l (T ) = exp(24.1201− 4671.3545/T ) Pa

∆Hl,vap = 3179 · 103 − 2500T J/kg

Bound water has a saturation pressure lower than that of liquid water because
of the hydrogen bonds with the fibres. The difference is modelled by adding a
coefficient to the saturation pressure of liquid water. The coefficient is a function
of the moisture content. It goes to zero when the moisture content decreases and
to one when the moisture content is near the FSP [28].

P sat
b (T, M) = P sat

l (T ) ·

(

1 −

(

1 −
M

Mfsp

))6.453·10−3T

Pa
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The heat of evaporation of bound water is also higher since it requires breaking the
hydrogen bonds. It is defined by Grønli [28] as the heat of evaporation of liquid
water plus a desorption term:

∆Hb,vap = ∆Hl,vap + ∆Hsorp

∆Hsorp = 0.4∆Hl,vap

(

1 −
Mb

Mfsp

)2

J/kg

5.5 Energy conservation

The energy conservation equation must be re-written in order to include the pres-
ence of water:

(

∑

solid

ρ̄icp,i +
∑

gas

ρ̄icp,i + ρ̄lcp,l + ρ̄bcp,b

)

∂T

∂t
=

−

(

∑

gas

cp,iQi + cp,vQv + cp,lQl + cp,bQb

)

• ∇T −∇.Qheat

−
∑

i

wi∆Hi − wv∆Hvap + Qb • ∇∆Hsorp (5.1)

The specific heats of the three states of water are added to the LHS. The flows
of free, bound and vapour water are added to the convective term of the RHS. The
heat of vaporisation is included in the source term of the RHS.

The last term on the RHS corresponds to the transfer of energy by desorption-
adsorption during diffusion of bound water. Bound water must desorb before diffu-
sion. Energy is needed for this desorption. Bound water re-adsorbs after diffusion
and the heat of desorption is released. Hence there is a transfer of enthalpy due to
the heat of desorption during diffusion of bound water and it should be included in
the energy-conservation equation.

5.6 Evaporation rate

The evaporation rate is the critical part of a drying model. Authors have used
different ways to model it during high-temperature drying. The models published
in the literature may be sorted into three different types.

5.6.1 Heat sink model

The heat sink is by far the most often used model in the literature [76, 108–115].
The heat sink model is based on the assumption that drying occurs at a fixed boil-
ing temperature. The divergence of the heat flow is then used to vaporise water
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until complete exhaustion. Hence drying acts as a heat sink. The drying zone is
infinitely thin. The heat sink assumes that there is no resistance to mass transfer
and that the water vapour instantaneously leaves the particle. The drying rate is
then completely controlled by the heat transfer.

There are three ways to implement the heat sink. It is possible to model it as
a shrinking core. The drying is then a boundary which separates the numerical
domain in a wet part and a completely dried part. This is a simple and efficient
implementation in one-dimensional models. It is has been used in drying and py-
rolysis models designed as sub-models in larger calculations [76, 116]. However,
implementing a moving boundary condition is cumbersome in two and three di-
mensions.

The second way is to use a conditional energy conservation equation. A test is
done on the local temperature. If the temperature is equal to or higher than the
boiling temperature, its time derivative is set to zero in the energy conservation
equation and the divergence of the heat flow is used to calculate the evaporation
rate. This is the method used in this study.

Finally, a third way has been used by Sand [117] and Peters et al. [118]. They
also have a conditional test on the temperature but in the equation calculating the
evaporation rate. If the temperature is higher than the boiling temperature, the
evaporation rate is calculated so that the evaporation rate times the heat of vapor-
isation matches the energy necessary to heat the local element beyond the boiling
temperature. The evaporation rate is then introduced into the energy equations
and the corrected temperature is equal to the boiling temperature.

The two last methods are not efficient, at least with a general solver, due to the
discontinuities coming from the conditional test.

Theoretically, a gas phase modelled by Darcy’s law should not be implemented
because drying is assumed to occur at a boiling temperature corresponding to the
external pressure. Hence both the drying front and the particle surface are at
external pressure and the water vapour cannot flow by convection out ouf the
particle.

However it is still possible to assume that there is no equilibrium between water
vapour and liquid water. Under this assumption the pressure of water vapour is
not fixed by the boiling temperature. Water vapour is then produced and flows like
any other gas during the simulations.

The heat sink model makes a very strong hypothesis by assuming the drying
front to be infinitely thin. Some authors [112–114] enlarged the drying zone by
modelling the boiling temperature as a function of the moisture content. For local
moisture content above the FSP, the boiling temperature is set to 100 ℃. Below
the FSP, the boiling temperature is calculated from experiments where a wood
sample with a given moisture content was heated until the saturation pressure of
bound water equals the atmospheric pressure. Hence the drying zone starts at the
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boiling temperature of liquid water and ends at a temperature corresponding to
a moisture content close to zero and a saturation pressure equal to atmospheric
pressure (196 ℃ in the work of Bilbao et al. and Alves and Figueiredo [113,114]).

5.6.2 First order kinetic evaporation rate

A first order kinetic equation has been proposed to model the evaporation rate [72,
78,118–120]. The pre-exponential factor and the activation energy are calculated so
that there is large increase in the drying rate at 100 ℃. As for the heat sink model,
the water vapour pressure is not fixed by the saturation pressure and water vapour
is treated as an ordinary gas. The first order kinetic scheme does not describe
the condensation that might occur in the colder parts of the particle. Bryden [78]
addressed this problem by including a first order condensation term proportional
to the flow of water vapour.

The first order drying rate is a model extremely easy to implement as it is
sufficient to add water and its vaporisation heat to the kinetic scheme.

5.6.3 Equilibrium model

The equilibrium model is based on the hypothesis that water vapour is in equilib-
rium with the liquid and the bound phase. Therefore the partial pressure of water
vapour is fixed by the saturation pressure. This assumption is typical of models for
low-temperature drying. Several authors considered that the hypothesis still holds
at high-temperature drying [98, 121–124].

Equilibrium models are dependent not only on the heat transfer but also on the
mass transfer. If permeability is high, then water vapour may easily flow out of
the particle. The pressure remains almost equal to the external pressure and the
drying temperature equal to the boiling temperature corresponding to the external
temperature. If the permeability is low, then there is accumulation of water vapour
and increase in pressure and temperature.

Equilibrium model features condensation of the water vapour in the colder parts
of the particle and it will be interesting to see in the results if it is a significant
phenomenon or not.

Equilibrium models are natural Differential-Algebraic Equations (DAE) prob-
lems. The density of the water vapour is fixed by the saturation pressure and the
ideal gas law, which are algebraic equations:

ρ̄v =
εP satWH2O

RT

The evaporation rate is then calculated from the mass conservation of water vapour,
which is a differential equation:

∂ρ̄v

∂t
= −∇.Qv + wv
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and may be included in the energy conservation (5.1). Hence equilibrium models
require a solver for DAE problems, which are able to solve systems of the form:

F (t, y, y′) = 0

Models for the dried pyrolysis of wood are Ordinary Differential Equations problems
(ODE), provided that the boundary conditions are solved separately at each time
step. An ODE solver, which solves systems of the form:

y′ = F (t, y)

is sufficient and often chosen. ODE solvers are easier to use than DAE solvers
as they notably do not require calculating consistent initial conditions. Hence a
shift from an ODE solver to a DAE solver (or another method to solve the set of
equations) might be necessary to extend a model for the pyrolysis of dried particles
to wet particles.

5.7 Results

5.7.1 Experiments

The same types of experiments as in Paper III were carried out. The SPAR was
equipped with Laser-Induced-Phosphorescence based thermography. Cylindrical
birch particles (h=5.4 mm, ∅=5.4 mm) were oven-dried at 105 ℃ and then impreg-
nated with water until they reached a moisture content of 30 %. Time-resolved
mass loss and surface temperature were recorded.

5.7.2 Prediction of mass loss and temperature

Figure 5.1 shows the mass loss, the surface temperature and the total moisture
content predicted by the heat sink, first order and equilibrium models at external
temperatures ranging from 360 to 580 ℃. The experimental mass loss and surface
temperature are depicted for comparison.

Figure 5.1 may be compared with Figure 3.5 in Chapter 3. The same particle
size and experimental conditions were used, so that the effect of drying may be seen
experimentally. It appears that drying mainly delays the pyrolysis. For example
at 500 ℃, the pyrolysis time increases from 50 s to 60 s. No change in char yield is
seen. This is corroborated by Gray et al. [125] who reported that the char yield
variation was less than 5 % when drying was included in their experiments of small
particle pyrolysis. An inflexion point may be seen in all weight-loss curves, even at
580 ℃, which is a hint that drying is over before pyrolysis starts. Therefore drying
influences the original temperature profile before pyrolysis occurs and this change
in initial profile does not induce a significant change in the char yield. If there is
an overlap between drying and pyrolysis, then water vapour might flush the tars
out of the particle and decrease the residence time for the secondary reactions.
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Figure 5.1: Time-resolved surface temperature, mass loss and total moisture con-
tent at T=360, 410, 450, 500, 550 and 580 ℃, predicted by the heat sink, first order
kinetic and equilibrium models. The experimental mass loss and surface tempera-
ture are depicted for comparison
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On the other hand, it might also cool down the particle, which could favour the
char-forming reactions. Larfeldt et al. measured the char yield for logs of birch
(∅=5 cm) pyrolysed at 700 ℃ with a moisture content of 0, 14 and 44 % and they
found a constant char yield of 20 %.

It may be seen that the mass loss and the temperature surface are fairly well
predicted. The kinetic scheme used in the simulations is the simple competing
reactions scheme (scheme a). The main conclusion from the comparison between
the experimental and the predicted results is that there is virtually no difference
between the three drying models, either for the prediction of the global drying rate
or the surface temperature. Hence it is necessary to look at the simulations inside
the particle to see the differences between the models.

5.7.3 Moisture field

Figure 5.2 shows the moisture field at t=11 s and an external temperature of 580 ℃
for the three different drying models. The heat sink model has naturally the
sharpest profile since its drying zone is in theory infinitely thin. The first order
kinetic model has the smoothest profile. This is expected as drying starts before
100 ℃ in this model. The equilibrium model also features a sharp profile. As the
drying wave is still close to the surface, the resistance to the gaseous mass transfer
is low. Hence the equilibrium model has a behaviour close to that of the heat sink
model.

Condensation is significant in the equilibrium model. Moisture content may
reach 40 % close to the drying wave, which represents a relative increase of 30 %
in the local moisture content. Hence it appears that condensation is an important
parameter when describing drying inside the particle.

Anisotropy is also an important parameter. In all models, it may be seen than
drying proceeds faster in the radial direction than in the longitudinal. As the heat
sink model does not feature a gas phase in this particular simulation, the cause
for such anisotropy must lie in the heat transfer model. As was mentioned earlier,
the radial conductivity is half the longitudinal heat conductivity. Hence the boiling
temperature is reached earlier in the radial direction and radial drying begins before
longitudinal drying.

5.7.4 Pressure field

The pressure field relative to atmospheric pressure is depicted in Figure 5.3 at
Text = 580℃ and t = 3.2 s. A gas phase was added to the heat sink model by
decoupling the partial pressure of water vapour from the saturation pressure.

Anisotropy is very important in the pressure field. There is a strong gradient
in the radial direction and almost no gradient in the longitudinal direction. This is
due to the combined effects of the high thermal conductivity and permeability in
the longitudinal direction. The high thermal conductivity reduces the drying rate
by decreasing the temperature, which produces less water vapour. It is easier for
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Figure 5.2: Local moisture at time t = 11 s and external temperature Text = 580℃
predicted by: (a) the equilibrium model, (b) the first order kinetic model and (c)
the heat sink model

the water vapour to flow parallel to the grain due to the high permeability, which
decreases furthermore the pressure gradient.

The intensity of the local pressure varies from one model to another. The heat
sink model which features a very thin drying zone and no possibility of condensation
has the sharpest pressure gradient. Pressure reaches 2 atm in this model. The first-
order model has a smooth gradient and a low pressure (1.5 atm) since it has the
smoothest drying zone.

The equilibrium model presents a strong gradient of pressure, but more sur-
prisingly, a significant depression ahead the drying zone. This is explained by the
fact that only water vapour remains in the particle after a while since the ini-
tial air is flushed from the particle. Then the total pressure corresponds to the
saturation pressure of the water vapour at the initial temperature, which corre-
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Figure 5.3: Local pressure at time t = 3.2 s and external temperature Text = 580℃
predicted by: (a) the equilibrium model, (b) the first order kinetic model and (c)
the heat sink model with gas phase

sponds to 0.2 atm. Depressions have been observed experimentally [104, 105], but
in a much lower magnitude. The assumption of en equilibrium between the liquid
and gas phase may be questioned. Salin [126] and Wadsö [127] have reported that
the difficulty for bound water to move inside the cell wall results in the absence
of an equilibrium between water vapour and bound water under the conditions of
low temperature drying. Hence the equilibrium model might wrongly describe the
pressure field.
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5.7.5 Effect of bound and liquid water flows

Figure 5.4.a shows the relative effect of the liquid and bound water flows on the
local moisture content. The effect is limited to 4 % on the whole drying process. It
may be seen that the local moisture content slightly decreases in the drying zone
when the liquid flow is implemented. This is due to the convective flow of the liquid
under the pressure gradient created by the evaporation of water.

Figure 5.4.b shows the effect of the bulk and diffusive flows on the global drying
rate. The effect is insignificant.

Hence we conclude that there is no reason to include the liquid and bound flow
in a model for drying at high temperature. This conclusion was also drawn by Di
Blasi in one of her studies [121].

5.7.6 Conclusion

Based on this study, our opinion is that the first order kinetic model is the most
interesting model for drying at high temperature. It predicts well the global drying
rate. Compared to the equilibrium model, it does not present a strong depression
inside the particle. Compared to the heat sink model, it is much easier to implement
in two or three dimensions. Finally it is a "smooth" model which considerably
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decreases the computational time and may be effortlessly implemented into a model
for dried particles.





Chapter 6

Conclusions

Interest in wood as an energy source is gaining momentum. Wood definitely has an
important role to play in the current trend of diversification in the energy supplies
and the growing demand for CO2-neutral fuels.

Wood nevertheless is a difficult fuel. It has a low energy content and a high
moisture content, which are essential drawbacks when it comes to cost competitive-
ness. It is fibrous, which makes it hard to mill and it cannot be stored a long time
without loosing its quality. Moreover wood cannot be understood and modelled by
few parameters. It is a complex fuel, with great variation in its physical properties
from one species to another and from one feedstock to another. We need not only
to better understand its behaviour during thermal conversion but also to know how
to cope with its variations in order to gain efficiency during its thermal conversion.

Improving the fundamental knowledge, developing new thermal conversion de-
vices and programs to quickly adapt the operating conditions to the feedstock call
for experiments and computer simulations.

This thesis presents a numerical and experimental study of the pyrolysis of large
wood particles.

Experiments in a reactor (the SPAR) specially designed for the pyrolysis of
large wood particles have been carried out. The reactor has been equipped with
different measurement instruments. Time-resolved measurements of the mass loss,
dimension changes and surface temperature have been achieved. Three kinetic
schemes, a two-dimensional model for the heat and mass transfer, three shrinkage
models and three drying models have been implemented and tested. A study on
the influence of the geometry and the type of shrinkage model on the heating rate
of a particle has also been carried out.

It is concluded that:

• The two competing reactions scheme is an empirical but relatively good
scheme for pyrolysis rate and char yield predictions. Secondary reactions are
lumped in this scheme and it should only be used for the pyrolysis conditions
prevailing in the SPAR. The TGA-based scheme has problems predicting the

77
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char yield and the pyrolysis rate but it is based on experiments with small
particles and it could be interesting to improve it with secondary reactions.

• Shrinkage is highly dependent on the heating rate and the thermal gradi-
ents. In the pyrolysis conditions of this study, shrinkage does need to be
implemented. However the same conclusion cannot be drawn for pyrolysis
conditions featuring higher heating rate and larger particles.

• There is a strong correlation between the implementation of shrinkage and the
geometry of the particle on its heating rate. Uniform shrinkage may decrease
or increase the heating rate. Shell shrinkage always increases the heating rate
at the beginning of the heating of the particle but progressively changes its
behaviour to that of uniform shrinkage. Hence shell shrinkage might decrease
the heating rate when the heating is close to completion, depending on the
geometry of the particle.

• The drying sub-model based on first-order kinetic evaporation rate is sufficient
to model drying at high temperature. It is very easy to implement in a model
for pyrolysis of dried particles. The flow of the bound and liquid water may
be neglected.

Recommendations for future work:

• Secondary reactions should be definitely studied and implemented in the TGA
kinetic scheme in order to develop a scheme less dependent on the pyrolysis
conditions.

• The possibility of the SPAR of analysing the gases by Molecular Beam Mass
spectrometry could be used to develop a detailed kinetic scheme.

• Char combustion could also be studied by dropping the particle in air.

• There are strong variations in the properties of a wood particle. It could be
interesting to develop a program that could fit automatically a kinetic scheme
to a mass loss curve. From some preliminary work, it is not simple to do as
the heat transfer is a diffusive process which "blurs" the information from the
kinetic scheme. Therefore numerical methods about inverse engineering could
be investigated.

Finally we would like to remind that the Fortran implementation of the models is
available in the public domain and that every person interested to use it is welcome
to download it. We also tried to write this thesis in a pedagogical way, going from
the simple to the complex, as we did when we started from scratch with the study
of pyrolysis. We hope that it could help any person who would like to learn about
the pyrolysis of wood and its modelling.



Nomenclature

A 1/s pre-exponential factor
cp J/kg.K heat capacity
dpore m pore diameter
D m2/s diffusivity
E J/mol activation energy
E(b) Stefan correction
h W/m2.K heat transfer coefficient
∆H J/kg reaction enthalpy
k 1/s rate constant
K m2 permeability
m kg mass
M moisture
P Pa total pressure
Qheat W/m2 heat flux
Q kg/m2.s mass flux
R J/mol.K ideal gas constant
S liquid saturation
t s time
T K temperature
w kg/s rate of production
W kg/mol molar mass
v m/s surface velocity
n unitary vector
I unitary tensor

Greek letters

ǫ void fraction
η conversion
λ W/m.K thermal conductivity
σ W/m2.K4 Stefan-Boltzmann’s constant
ω solid emissivity
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ρ̄ kg/m3 apparent density
ρ kg/m3 density
ν kg/m.s dynamic viscosity

Subscripts

wood dried wood
char char
H2O water
air air
volatiles volatiles
b bound water
l liquid water
v water vapour
0 initial
r radial direction
z longitudinal direction
eff effective
s solid
c capillary
fsp fiber saturation point
ext external
wall cell wall
vap vaporisation
sorp desorption

Superscripts

r relative
sat saturation
diff diffusion
conv convection
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Appendix A

Installation instructions

A.1 Installing Cygwin

Cygwin is a Linux-like environment for Windows. It allows to run g77, the Fortran
compiler from the Free Software Foundation.

Cygwin environment: http://www.cygwin.com

Download and launch the setup program.
Choose Installation from internet.
Define Cygwin local directory (default: c:\cygwin)
Define a local directory for package depository.
Choose a mirror.
In the Select Package window, keep default packages.
Select the following extra packages in the Devel section:

binutils

gcc-g77

make

Finish installation.

A.2 Installing the model

The archive containing the program and different models is available for download
at: http://www.ket.kth.se/avd/kt/staff/bellais.htm

Extract the archive in your home directory in cygwin (for ex. C:\cygwin\home\michel)
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The archive includes the sources of different models and a copy of DASPK 2.0 and
DNSQE, together with some dependency files.

DASPK is a solver [128] for systems of differential-algebraic equations developed
by P. N. Brown, A. C. Hindmarsh and L. R. Petzold.
DASPK is in the public domain. The original archive is available for download at:
http://www.engineering.ucsb.edu/~cse/software.html

DNSQE is a non-linear algebraic solver available in the public domain. It is orig-
inally included in the Slatec library, a collection of Fortran routines for scientific
computations. Slatec is available in the Netlib repository:
http://www.netlib.org

DNSQE is used to calculate consistent initial conditions.

Before compiling and running a model for the first time, a dynamic library contain-
ing the solvers should be build.
Start Cygwin and go into the directory "libpyro":
cd libpyro

Compile the library:
make

A.3 Example of a simulation

Let assume you want to run the model: modelkine.
Click on cygwin icon. A command window appears. You are originally in your
home directory.
Change into the directory "modelkine":
cd modelkine

Clean the directory from previous calculations/results:
make clean

Compile the model:
make

Run the model:
./main

Some information about the calculation appears. Once the calculations completed,
you can analyse the results by either running a Scilab or a Matlab script:
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test.sce or test.m

The main variables will be stored in Scilab or Matlab memory. You can then use
the plotting functions of these programs to display your results.
The command windows runs a Bash shell. A tutorial on Bash can be found at
http://www.hypexr.org/bash_tutorial.php

Documentation on make (the project manager): http://www.eng.hawaii.edu/

Tutor/Make/

Documentation on Fortran: http://www.star.le.ac.uk/~cgp/fortran.html

Documentation about the structure of the program and the different files it consists
of is included in the archive.


