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Abstract

Drying is an unavoidable process before and during energy harvesting from solid
fuels such as woody fuel particles which are naturally wet. Hygroscopic, anisotropic
and heterogeneous nature of the wood causes the complexities in describing and
predicting its drying behavior. In addition there are different time and length scales
in the drying of a pile of fuel particles that must be taken into account for accurate
simulation of such a complex process.

Averaging or neglecting the effect of phenomena occurring at different scales
may lead to remarkable errors in predicting the drying dynamics of these materi-
als. In this work a multi-scale approach, representative particle model (RPM), is
developed to describe fixed-bed drying of hygroscopic porous particles such as wood
fuel particles, at particle as well as reactor scales. A heterogeneous quasi-continuous
model (HQCM) is also developed for comparing with the RPM and highlighting
the benefits of this multi-scale model. At the particle scale, a comprehensive dry-
ing model is developed for coupling to the reactor scale through the RPM. This
particle model captures intra-particle profiles of independent variables spatially and
temporally. The intra-particle solution of the RPM and also the solution of solid
phase in the HQCM are coupled to the solution of interstitial gas phase at reactor
scale via two-way coupling. Heat and mass transfer in the interstitial gas phase
are solved by a fractional-step algorithm. A code using parallel computing (MPI
approach) is employed for solving the phenomena at reactor scale for both the RPM
and the HQCM. Several cases of fixed-bed drying of wood and lignite particles under
different circumstances are simulated by these models.

Using the iterative solution method for particle model and also the parallel
computing at the reactor scale, the computational time of the multi-scale model
reduces. It is shown that the RPM is able to describe the fixed-bed drying of hygro-
scopic porous particles properly; reasonably accurate and computationally efficient.
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Chapter

1
Introduction

1.1 Wood fuel

During the centuries, the human kind learned how to employ different sources of
energy existent in the nature. At the beginning he explored using the energy of
the sun and wind, later the energy of biomass in the form of primary energies. In
fact renewable energy sources (RES) were the first sort of energy which have been
used by the human kind. Urbanization and industrialization increased the demand
of energy so that the primary sources of renewable energies were not enough any
more. On the other hand, development of knowledge and technology provided the
opportunity to employ other sources of energies such as fossil fuels and nuclear
energy as well as the secondary sources of renewable energy. These new forms of
non-renewable energies had higher heating value and better energy efficiency so that
could speed up the industrialization process. However, the consumption of non-
renewable energies made two serious problems during recent decades. Firstly, the
limited resources of these kinds of energies, particularly fossil fuels, decreased quickly
with huge demand of big populations over the world which caused serious concern
about energy supply for future. Secondly, the emissions resulting from these kinds of
energy such as greenhouse gas emissions and radiations have threaded the climate,
ecology and human life. These reasons made unsustainable the energy balance over
the world. This forced the countries to adopt new policies in the field of production
as well as consumption of non-renewable energy sources (Non-RES). In Tab. 1.1 the
consumption of EU’s members during one decade, from 2001 to 2011, is shown.

From 2001 to 2011, the gross inland consumption in the EU-28 fell by 4%.
The consumption of renewable energy sources grew by 69% while the consumption of
all other non-renewable energies including oil, gas, nuclear, coal and lignite energies
declined by 8% ( [1]). European energy agency (EEA) reported that the greenhouse
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Table 1.1: Gross inland consumption, by fuel, EU-28 (Mtoe), data from European Union ([1])

2001 2003 2005 2007 2009 2011 Change (%)
Total 1772 1808 1834 1818 1711 1706 -4

Non-RES 1671 1703 1717 1683 1557 1536 -8
RES 101 105 117 135 154 170 69

Figure 1.1: Share of renewable energy consumption, EU-28, 2011, data from Eurostat ([2])

gas emissions (in the EU-27) have fallen 8.11% during the years between 2001 and
2011; a net reduction of 406 million tons of CO2 equivalents. The reduction of non-
renewable energy sources during that decade can be one of the important reasons for
the reduction of greenhouse gas emissions. Energy from biomass is the major source
of renewable energy that provides heat, electricity and transport fuels. As seen in
Fig. 1.1, wood fuel including wood and wood waste had the highest share of the
EU-28’s gross inland consumption of renewable energy sources in 2011. The share of
wood fuel is 47.8% versus to 32% the share of non-biomass renewable sources includ-
ing hydropower, wind power, geothermal energy and solar energy. Wood resources
used in EU-27 in 2010 shows that 42% of woody biomass (% share of total volume
in m3) was consumed for energy applications [2]. Woody biomass can be converted
to the secondary energy carriers via direct combustion, biochemical conversion and
thermochemical conversion.

1.2 Moisture in wood fuel

In spite of the vitality of water for plants and trees, when these biomass resources are
used as solid biofuels the water existence would make some troubles from econom-
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ical, environmental and technical point of views. Rather high latent heat of water
makes the drying of solid biofuel particles to be intensive energy-consuming. Mois-
ture in the solid biofuel particles causes reduction of their effective heating value as
well as energy density while it increases weight of wood particles that leads to higher
transportation cost. Moisture during thermochemical conversion of wet solid biofuel
particles can decrease the process efficiency that may lead to higher emissions. Wood
has rather low thermal conductivity and permeability. These properties along with
the heterogeneous nature of wood structure make it resistant against heat and mass
transfer. Resistance against heat and mass transfer may be an advantage for using
wood as an insulation material in building and construction industry but for using
wood as a fuel this is a limitation. During thermochemical conversion of woody
biomass to biofuel, heat and mass transport play an important role in controlling
of the whole process. Drying is an unavoidable process before or during thermo-
chemical conversion of woody biomass. With respect to these all, drying is a very
important stage in the processes involving energetic utilization of biomass materials.
An accurate description of the drying process is required for optimal design of dryers
and reactors for pyrolysis, gasification or incineration. Therefore models properly
describing the drying of wood particles are of high interest for industry and research.

1.3 Problem description

When a coarse and thermally thick wet wood particle is subjected to the heat, be-
cause of above mentioned properties of wood, significant gradients of temperature,
moisture and pressure appear inside the particle; as shown in Fig. 1.2. These gradi-
ents can be driving forces for heat and mass transport phenomena occurring in the
particle. By interaction between these transport and phase change phenomena, the
drying rate of the particle is determined. There are several mechanisms involved in
heat and mass transfer in the wood particle during drying process such as convection,
diffusion and conduction. The relative importance of these mechanisms determines
the drying dynamics of the wood particle. The contribution of each mechanism can
be different under different heating and boundary conditions. Nowadays, there are
some comprehensive mathematical models that can describe important phenomena
occurring during drying of a single wood particle properly. These models can present
temporal temperature, moisture and pressure profiles inside the particle during dry-
ing process.

Complex phenomena occurring in the universe are mostly non-linear and
non-equilibrium consisting of high degree of heterogeneity in both time and space.
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Figure 1.2: Typical profiles of different variables inside a wet wood particle subjected to high-
temperature drying flow; temperature, moisture content, pressure and evaporation rate

For limited cases under particular conditions, it is reasonable to ignore such com-
plexities in the phenomena and simplify them by linear, reductionism and averaging
methods. Although justified assumptions and appropriate methods for simplifica-
tion are necessary. In chemical engineering almost all challenging problems are
categorized as the complex problems with above mentioned characterization. Fig.
1.3 shows the multi-scale nature of different levels of chemical processes [3]. For
modeling this kind of problems, an understanding of different phenomena occurring
at different scales is needed. Multi-scale methods can be used to correlate different
scales involved in the problem [4]. In multi-scale modeling, more than one scale is
involved in the modeling so that the coarser scale contains the finer scale [5].

Drying of a pile of heterogeneous porous materials like wood is one of the
most complex problems in engineering field that has also a multi-scale nature. Mod-
eling and numerical simulation of drying of a bed of wood particles is much more
complicated than modeling and simulation of single wood particle drying. It is more
time-consuming with higher computational cost. Knowledge about multi-phase flow
in porous media with phase change phenomena is needed for modeling of drying
of a pile of wood particles. Also the interaction between particles as well as liquid
and gas flows in a dual-porous media must be taken into account in modeling of
drying of a pile of wood particles. Moreover, the information about the structure
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Figure 1.3: Hierarchical multi-levels and multi-scales of phenomena in chemical processes, mod-
ified from Ge et al. ([3])

and properties of wood particles as well as about the phenomena occurring at pore
scale is needed to provide better interpretations of wood behaviors during drying.
Because of these complexities the modeling of drying process of wet solid biofuel
particles in a reactor is still challenging. One of the major difficulties related to the
thermochemical gasification of wood in industrial practice, which is usually done
in fixed-bed reactor, is the fact that the drying of the wood particles are modeled
very poorly [6]. This causes inaccuracy in designing of gasifiers and low efficiency
of whole process. Moisture in wood particles affects the thermochemical conversion
of these particles significantly. If the size of wood particles is in cm scale or more
then resulted gradients of temperature, moisture and pressure inside the particles
would be remarkable and these gradients play an important role in controlling of
the thermochemical conversion of these particles. A multi-scale model is required to
capture these intra-particle gradients to correctly describe the processes in a fixed-
bed reactor. As seen in Fig. 1.4, three scales can be considered in fixed-bed drying
of thermally thick wood fuel particles; from pore scale to particle and reactor scales.

On the one hand, considering the important phenomena at different scales
can lead to higher accuracy in description as well as prediction of the fixed-bed
drying of solid porous particles. On the other hand, solving the equations for each
particle in a reactor with enormous number of particles (between 105 to 106 particles
in conventional gasifiers) is extremely time-consuming.

1.4 Objectives of the thesis

In this study, the improvement of numerical simulation of fixed-bed drying of ther-
mally thick porous particles like wood is intended; by improving mathematical model
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Figure 1.4: Multi-scale nature of fixed-bed drying of solid fuel particles, partially adopted from
Vu ([13])

as well as optimization in numerical procedure. A multi-scale model titled Repre-
sentative Particle Model (RPM) is implemented with the aim of achieving higher
accuracy with an affordable computational cost. The optimization of the numerical
solutions is performed through using an efficient iterative solution method for solving
the particle model as well as employing parallelized computational code for solving
the equations at the reactor scale. In addition, a heterogeneous quasi-continuous
model (HQCM) is developed for fixed-bed drying to highlight the accuracy obtained
by the multi-scale model. 1D+1D model, 1D in particle scale and 1D in reactor
scale, is considered for the RPM and 1D model for the HQCM. Aiming at achieving
reasonably accurate and computationally efficient simulation of fixed-bed drying of
hygroscopic porous particles such as woody fuel particles, the objectives of the thesis
include:

• Implementation of a comprehensive drying model for a hygroscopic porous
particle, which is able to capture the transport phenomena and presents the
intra-particle profiles spatially and temporally,

• Introducing an appropriate solution method for efficiently solving the particle
model under the conditions coupling to the reactor model,

• Coupling the comprehensive particle model to the reactor scale via a multi-
scale model (the RPM), to capture important phenomena during fixed-bed
drying at particle as well as reactor scale,
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• Implementation of a continuum model (the HQCM) for fixed-bed drying to
highlight the difference between two the multi-scale and the continuum models
qualitatively and quantitatively.

• Employing a parallelized computational code for solving the governing equa-
tions at reactor scale to reduce the computational time,

1.5 Structure of the thesis

The thesis is structured in 6 chapters. In chapter 1 after introduction, the prob-
lem and its multi-scale nature were explained. It was pointed out that for better
description of the fixed-bed drying of woody fuel particles a multi-scale approach is
needed.

Chapter 2 discusses the drying process at particle scale. At the first sec-
tion, drying characterstics of a wood particle is described. Then a comprehensive
mathematical model for drying of a hygroscopic porous particle is presented. The
uncertainty of the coefficients of the drying model is highlighted by collecting differ-
ent values of these coefficients reported in the literature.

The drying process in fixed-bed reactors are investigated in chapter 3. Ini-
tially, the phenomena involved in the fixed-bed drying are presented. Afterwards,
mathematical models for the fixed-bed drying are discussed. Governing equations
of heterogeneous quasi-continuous model (HQCM) as well as representative particle
model (RPM) are presented in this chapter. Then, two-way coupling between the
solid phase and the gas phase in these two fixed-bed drying models are described.

Chapter 4 describes the numerical methods for solving governing equations
of the drying models at particle and reactor scales. Two different solution methods
are introduced for solving the equations of the particle model including LIMEX solver
and an iterative method. The limitation of LIMEX solver for solving the equations
of the particle model under the conditions in a fixed-bed reactor is mentioned. The
algorithm of the iterative solution method is presented and its adventages in coupling
to the reactor solution is highlighted. Numerical procedure for fixed-bed drying
models are discussed at the last part of this chapter.

The simulation results of drying of hygroscopic porous particles such as
wood and lignite fuel particles are presented in chapter 5. In the first section of
this chapter, at particle scale, after verification of computational performance of the
particle model, the effect of variation of the model parameters on a wood drying
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model is quantified, by sensitivity analysis. Then experimental data and simulation
results from the literature for drying of single- wood and lignite particle are consid-
ered as case studies. Average mass loss and also intra-particle profiles of the particle
is shown during the drying process by comparing with the data from the literature.
In the second section of this chapter, experimental data and simulation results of the
DPM from the literature for the fixed-bed drying of wood and lignite particles are
considered as case studies at reactor scale. The simulation results of the HQCM and
the RPM are compared with the data from the literature under different conditions
of drying. Share of parallel computing in reduction of total computational time for
both fixed-bed drying models are presented in this section. In chapter 6 a summary
of this work, its conclusions and future works are given.



Chapter

2
Drying model at particle scale

For multi-scale modeling of fixed-bed drying, the drying process at particle scale
has to be understood well. In this chapter the drying behavior of a woody biomass
particle is explained in Section 2.1. Then a comprehensive single particle model
describing hygroscopic particle drying is presented in Section 2.2. Different corre-
lations and values of physical properties of wood as well as transport coefficients of
the presented model is discussed in Section 2.3. Finally the concluding remarks are
explained in Section 2.4.

2.1 Drying characteristics of woody biomass feedstocks

The drying process is commonly defined as thermally removing moisture to yield a
solid product [7]. Drying does not only include evaporation but as pointed out by [8]:
"drying is amalgamation of material science and transport phenomena". Regarding
desired quality of the final production, drying process can be performed via different
drying technologies. The dryers are usually classified based on the mode of operation
(batch or continuous), heat or energy input-type (convection, conduction, radiation,
microwave or electromagnetic fields), pressure (vacuum or atmospheric) and drying
medium (air, steam or flue gases) [8]. Drying is employed in different industries
from pharma to food, construction and energy industries. Operating conditions of
the dryers are determined regarding the properties desired for the dried production.
In food industry, the appearance, taste and aroma of the final production are the
most important criteria that the operating conditions of the dryers must meet while
in construction industry the dimensions and thermo-mechanical properties of the
dried production are more important than the other factors.

In the conversion of biomass to biofuel, none of above mentioned criteria
are limiting factors for drying of biomass particles. In thermo-chemical conversion
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of biomass to biofuel, drying process is not only involved in pre-treatment stage but
it is an unavoidable process in thermo-chemical conversion of biomass particles that
are naturally wet. As shown in Fig. 1.2, steep gradients of temperature, moisture
and gas pressure appear inside a thermally thick biomass particle exposed to an
intensive heating rate during high-temperature drying or thermochemical conver-
sion of a biomass particle. Such steep gradients are resulting from the properties
and the structure of these materials resisting against heat and mass transfer un-
der severe heating conditions that play a key role in controlling the drying process.
Exact interpretation of the behavior of these materials during drying is dependent
on the analysis of all involved phenomena during the process. Drying of a coarse
woody fuel particle under high-temperature drying or during thermo-chemical con-
version process is one of the most complex engineering problems. Woody biomass
has anisotropic, heterogeneous and porous structure and its drying related proper-
ties (those will be explained later) significantly change from one tree to another and
even in one tree from top to bottom. First principles study is needed to explain the
transport phenomena with phase change occurring during the drying process inside
a thermally thick particle. Following a common interpretation of high-temperature
convective drying of a hygroscopic porous particle such as a woody biomass particle
is presented [9–12].

When a coarse wood particle with high moisture content so that its cell
cavities filled by water, is exposed to a high-temperature air drying flow then, after
a short heating up stage, evaporation of the water located on the particle surface
is started. Temperature of the particle surface reaches to wet bulb temperature
and it maintains constant under constant drying conditions as long as the water
exists on the particle surface. By reduction of the moisture content at the particle
surface, the water existing in the cell cavities is transferred from the interior region
of the particle toward the particle surface by capillary forces. This stage is called
the period of constant drying rate because, under constant drying conditions, the
drying rate of the particle is constant. It is assumed that the particle drying in this
period is similar to the evaporation from the surface of a pool or sea so that the
drying process progresses like the drying of a water body. The evaporation takes
place on the particle surface that means the drying front is located there (Fig. 2.1).
The drying rate is externally controlled by surrounding drying air flow. Heat and
mass transfer characterizations of the drying air flow control the drying rate of the
particle at this period. The heat transfer from the drying air flow to the particle and
the mass transfer of the water vapor from the particle to the surrounding determine
the rate of particle drying. In addition to the evaporation rate, the internal mass
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Figure 2.1: Important phases involved in different stages of high-temperature drying of a wooden
particle

transfer that here is capillary motion of the free water determines the duration of
this period.

By continuation of the drying process, the amount of water on the particle
surface decreases and some dried patches appear on the particle surface. This point
is the end of first period of drying and the start of second period that is called falling
drying rate. The water is not sufficiently transferred from the interior region of the
particle to the surface where the drying front is located. It can happen when no
water remains in the cell cavities of the particle or in a case that the drying rate is
higher than the rate of water flow to the particle surface. The dried patches expands
so that they cover whole the surface particle and the drying front starts to advance
toward to the interior region of the particle. Two regions form inside the particle:
dry and wet (Fig. 2.1). The drying rate is not constant during second period of the
drying process. At this period, the drying rate is not only dependent to the external
flow specifications but also the interaction between internal heat and mass transfer
inside the particle with phase change phenomena playing a key role in determination
of the drying rate of the particle. It should be emphasized that the drying behavior
of a wood particle presented in Fig. 1.2 and Fig. 2.1 are only representing a typical
behavior of wood drying. Heating conditions and the properties of the wood particle
can remarkably affect the drying stages as well as the property profiles inside the
particle.

2.2 Mathematical models for wood drying

An appropriate drying model must be capable of providing reliable predictions for
different operating conditions under which measurements are very complex and chal-
lenging with currently available techniques. Every drying model must be able to de-
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scribe all relevant and effective physical and chemical phenomena occurring during
the studied process.

The advances in the field of transport models for drying of porous media and
also their restrictions and applications have been reviewed by Vu [13]. Fernandez
& Howell [14] and Jianmin & Fangtian [15] surveyed and discussed various models
dealing with the simulation of moisture migration during drying of wood. Perre [16]
showed how to define a relevant model for wood drying simulations and explained
the validity of the different models in different applications, including low- and high-
temperature drying. The drying models established most recently can accurately
describe all the physical and chemical phenomena taking place during wood drying,
as stated by [17].

2.2.1 Principles of wood drying models

For a hygroscopic, anisotropic, heterogeneous and porous material such as a woody
biomass fuel particle, the drying process is very complex. The wood drying process
includes the multicomponent multi-phase flow in a heterogeneous porous medium
with the phase change phenomena. From modeling point of view, the drying pro-
cess can be categorized to transport phenomena, phase change and the parameters
explaining these phenomena as well as the drying medium. For a comprehensive
mathematical model of wood drying, following parameters as well as phenomena
must be taken into account.

2.2.1.1 Main parameters

Temperature, mixture gas pressure and moisture content or saturation are commonly
used as three independent variables in drying models. All other dynamic state
variables and also the physical properties of the material (Section 2.3) are expressed
based on these three independent variables. In the following, the parameters that
must be considered in a mathematical drying model of a hygroscopic porous particle
like wood are presented:

1. Porosity: Volume fraction of pore volumes (void space) in a porous material
(medium) to the total volume of that material (medium) is the porosity. In
drying model of a single woody biomass particle when there is no degradation
neither shrinkage, the porosity is usually considered to be a constant value.
The porosity is measured based on dry particle and it in fact represents the
void space of the particle when the pores are empty of water.
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2. Moisture content: Water can exist in a hygroscopic material such as wood in
three forms of liquid or free water in cell cavities (the pores), hygroscopic or
bound water in cell walls and water vapor in the pores. Two definitions are
commonly used in the literature for the moisture content of a material; dry
basis moisture content and wet basis moisture content. Mass fraction of the
total mass of water to the total mass of wet particle is defined as wet basis
moisture content. Dry basis moisture conetent is defined as the mass fraction of
the total mass of water to the mass of dry solid particle. These two definitions
by multiplying to 100, might be presented in percentage unit. Since the mass
of water vapor is negligible in comparison to other forms of water therefore
the total mass of water in above mentioned definitions is usually referred to
the sum of the masses of free and bound water. In this thesis, the moisture
content is considered based on dry basis.

3. Maximum hygroscopic range: In hygroscopic materials, free water moisture
content and bound water moisture content are separated by the maximum
hygroscopic range. For woody materials, this is referred as fiber saturation
point (FSP). Upper the fiber saturation point, water exists as free water in
the cell cavities and in the form of bound water in the cell walls. Under the
fiber saturation point, water exists only as bound water in the cell walls of
wood. The fiber saturation point of woody material is commonly considered
between 0.28− 0.3.

4. Saturation: Volume fraction of the void space of a porous medium filled by free
water is defined as the saturation. The saturation is calculated by dividing the
moisture content of free water to the maximum value of the free water moisture
content that the porous medium can possess. Some physical properties of wood
are presented as a function of the saturation (Section 2.3).

S =
liquid volume

void volume
=

Mfw

Mfw-max
(2.1)

Mfw-max = Mmax −Mfsp (2.2)

Mmax = 〈ρl〉l(
1

〈ρSD〉
− 1

〈ρs〉s
) (2.3)

5. Gas pressure: In the drying models, gas phase is commonly considered as a
mixture of air and water vapor that it is assumed to obey ideal gas laws. The
total gas pressure is the sum of partial pressure of air and water vapor. The
gas pressure in some materials like wood that has rather low gas permeability
can significantly affect the drying process. Convective transport of the gas
phase in the cell cavities is done via pressure gradients.
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6. Liquid pressure: Using the concept of capillary pressure, the liquid pressure
in the cell cavities of a porous medium is related to the gas pressure. The
capillary pressure depends on the shape of the gas-liquid menisci within the
pores and it is expressed in the terms of surface tension, the size of the pore
and the shape of the gas-liquid menisci. In order to predict the pressure driven
transport of free water in the pores, it is important to measure the capillary
pressure under different moisture contents and temperatures.

Pc = 〈Pg〉g − 〈Pw〉w (2.4)

7. Relative humidity: The maximum value of the partial pressure of water vapor
in a vapor-gas mixture that can be reached at a certain temperature is called
saturated vapor pressure. The relative humidity is a measure of a vapor−gas
mixture’s fractional saturation with moisture. This parameter is defined as
the ratio of the partial vapor pressure to the saturated vapor pressure at the
same temperature.

8. Sorption isotherm: When a hygroscopic material is placed in an environment
with constant humidity and temperature, due to the hygroscopicity, it takes
up/release the moisture from/to the environment until it reaches to its equilib-
rium moisture content (EMC). The equilibrium moisture content is the value
of moisture content at which a material gains moisture as much as it loses
and the net moisture exchange is zero. The equilibrium moisture contents of
a material for adsorption and desorption cases are not the same. The sorption
isotherms are curves showing the relationship between equilibrium moisture
content of a material and the relative humidity of the environment surrounded
it at a constant temperature.

2.2.1.2 Transport phenomena

In well-accepted and more comprehensive drying models for porous medium such as
Whitaker’s model, temperature-, pressure- and moisture/concentration gradient are
considered as driving forces for heat and mass transfer in the porous medium. The
external heat and mass transfer are dominant during the period constant drying rate
while internal heat and mass transfer mainly control the drying process during the
period falling drying rate of a porous wet particle. Mass transport of free water,
bound water and gas mixture and their resulting heat transport inside a wet wood
particle can significantly affect the drying process of that particle. Tab. 2.1 and
Tab. 2.2 present different mechanisms of internal heat and mass transport inside a
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Table 2.1: Transport mechanisms inside particle at period of constant drying rate

Involved phase Mass transfer Heat transfer
free water convection conduction and convection
water vapor convection/diffusion conduction and convection/diffusion
solid - conduction

Table 2.2: Transport mechanisms inside particle at period of falling drying rate

Zone Involved phase Mass transfer Heat transfer

I
water vapor convection/diffusion conduction and convection/diffusion
solid - conduction

II
water vapor convection/diffusion conduction and convection/diffusion
bound water diffusion conduction and diffusion
solid - conduction

III
water vapor convection/diffusion conduction and convection/diffusion
free water convection/diffusion conduction and convection/diffusion
solid - conduction

hygroscopic particle with a moisture content higher than the fiber saturation point,
during the drying process (Fig. 2.1).

2.2.1.3 Phase change

The phase change includes evaporation and re-condensation during the drying pro-
cess. Three methods are commonly used for calculating the evaporation rate dur-
ing high-temperature drying; equilibrium method, heat sink method and reaction
method. The equilibrium method can describe both evaporation and re-condensation
phenomena but the heat sink and reaction method are only able to describe the
evaporation.

1. Equilibrium method: The phase change including evaporation and re-condensation
can be formulated based on the hypothesis that in the pore space of the par-
ticle, water vapor is in phase equilibrium with free and bound water [18–23].
The partial pressure of water vapor in the equilibrium state is proportional to
the saturated vapor pressure:

〈P eq
v 〉g = P sat

v (T ) (M > Mfsp)

〈P eq
v 〉g = P sat

v (T )h(Mbw, T ) (M ≤Mfsp)
(2.5)
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Where the saturated vapor pressure, P sat
v , is obtained via an empirical equation

and the relative humidity, h(Mbw, T ), is given by the sorption isotherm of
wood. The phase change rate can be calculated by two methods based on the
equilibrium assumption. In one method it is assumed that the water vapor
density in each point in the particle is equal to equilibrium water vapor density
of that point which can be calculated using the state equation and Eq. (2.5).
Knowing the water vapor density, the phase change rate is calculated using
mass conservation equation of water vapor (Eq. (2.16)). In the second method
the phase change rate is given by a mass transfer expression with the difference
between the equilibrium vapor density and the local vapor density.

〈ω̇v〉 = Koεg(〈ρeqv 〉g − 〈ρv〉g) (2.6)

Here Ko is the reciprocal of the equilibration time. Considering the diameter
of wood pores, the equilibration time is very small so Ko must be chosen big
enough (> 104[s−1]) to satisfy the equilibrium condition. In this thesis the
latter method is used to determinate the phase change rate as a source term
in the balance equations with an explicit expression.

2. Heat sink method: In the literature,the heat sink method has been imple-
mented in three ways [22–34]. The evaporation rate can be modeled as a
shrinking core with a moving boundary which separates the numerical domain
into wet and dry zones. The second way is based on a conditional test on the
local temperature. If the temperature is equal or higher than the evaporation
temperature, its time derivative in the energy conservation equation is set to
zero and the divergence of the heat flux is used to calculate the evaporation
rate until the water is completely released. In the third way there is an energy
balance in conjunction with an assigned evaporation (mostly boiling) tempera-
ture. If the temperature is higher than the evaporation temperature, the total
energy needed to heat the local element beyond the evaporation temperature
consumes for evaporation and the evaporation rate is obtained by dividing this
heat flux to the heat of vaporization. by introducing the calculated evaporation
rate to the energy equation, the temperature is corrected to the evaporation
temperature. In present study the third way is used to implement the heat
sink method.

〈ω̇v〉 =


(T−Tevap)ρCp

MhvMt
if T ≥ Tevap

0 if T < Tevap
(2.7)
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3. Reaction method: In the heterogeneous reaction method, the evaporation rate
is modeled as an Arrhenius-type kinetic equation [22,23,35–39].

〈ω̇v〉 = A exp(− E

RT
)〈ρSD〉M (2.8)

Where the kinetic parameters of activation energy, E, and pre-exponential
factor, A, can be obtained using experimental data. They also can be calcu-
lated to result in the maximum drying rate around the evaporation (boiling)
temperature.

2.2.2 Governing equations

During the drying process of a porous wood particle, heat and mass transfer as
well as phase change (evaporation and re-condensation) may occur simultaneously.
This complex interplay of different phenomena has been modeled using a contin-
uum approach based on Whitaker’s theory [40] by several authors (for instance:
[9, 16, 41–45]). Nowadays Whitaker’s model is a well known model to describe dry-
ing processes in porous media. Since this model is the most rigorously formulated
and comprehensive model in this field [46], it is selected to use in this thesis. There-
fore, in this study a one-dimensional drying process inside a single wood particle is
modeled based on the multiphase transport theory of Whitaker. The model consid-
ers water in three forms: free and bound water as well as water vapor. Different
mechanisms of heat and mass transfer including free water flow due to capillary
forces, diffusion of bound water, water vapor and air flow due to convection and
diffusion and heat transfer by convection, diffusion and conduction are incorporated
in the model. A full set of governing equations in drying of wood material is pre-
sented, based on Whitaker’s model, which was further developed by Perre and his
coworkers [9, 47].The macroscopic differential equations are achieved by averaging
the conservation laws through a volume-averaging method. Resulting equations
are in terms of average field quantities. The main simplifying assumptions of used
mathematical model are:

1. Porous medium is considered to be one-dimensional, homogeneous and rigid.

2. Local thermal equilibrium exists between all the phases (all the phases are at
a same temperature at each location).

3. Convection of free water and water vapor follows Darcy’s law.

4. Bound water phase moves through the solid phase by molecular diffusion.
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5. All gas species including water vapor and air obey the ideal gas law.

6. There is binary diffusion in the mixture of water vapor and air.

7. The enthalpy for all phases is a linear function of temperature.

8. No degradation of the solid phase occurs, i.e., the solid density is constant.

The governing equation of drying process in a wood particle are given, based
on [9,45,47,48], as following. The sum of volume fractions for all the phases is equal
to one:

εg + εs + εfw + εbw = 1 (2.9)

where the volume fraction of each phase is obtained by εγ = 〈ργ〉
〈ργ〉γ and the averaged

quantities are given by

〈φ〉 =
1

Ω

∫
Ωγ

φdΩ 〈φ〉γ =
1

Ωγ

∫
Ωγ

φdΩ (2.10)

The moisture content (dry basis) M, by neglecting the mass of water vapor, is given
by:

M = Mfw +Mbw =
〈ρbw〉+ 〈ρfw〉
〈ρSD〉

(2.11)

Mass conservation of the mixture of water vapor and air is given as :

∂(εg〈ρg〉g)
∂t

+∇.(〈ρg〉g〈Vg〉) = 〈ω̇v〉 (2.12)

where the density of the mixture is equal to the sum of densities of air and water
vapor.

〈ρg〉g =
∑
i=v,a

〈ρi〉g (2.13)

The total gas pressure, using the equation of state, is written as:

〈Pg〉g =
〈ρg〉gRo〈T 〉

Mg

(2.14)

The molecular weight of the gas mixture, Mg, is given by:

Mg = (
∑
i=v,a

〈ρi〉g

〈ρg〉gMi

)−1 (2.15)

Mass conservation of water vapor:

∂(εg〈ρv〉g)
∂t

+∇.〈ρvVv〉 = 〈ω̇v〉 (2.16)
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where
〈ρvVv〉 = 〈ρv〉g〈Vg〉 − 〈ρg〉gDeff

v ∇(
〈ρv〉g

〈ρg〉g
) (2.17)

The mass conservation equation of free and bound water is written as:

∂(〈ρfw〉+ 〈ρbw〉)
∂t

+∇.(〈ρfwVfw〉+ 〈ρbwVbw〉) = −〈ω̇v〉 (2.18)

where
〈ρfwVfw〉 = ρw〈Vfw〉 (2.19)

〈ρbwVbw〉 = −〈ρSD〉Dbw∇(
〈ρbw〉
〈ρSD〉

) (2.20)

The superficial gas phase velocity and the superficial free water velocity are calcu-
lated using Darcy’s law.

〈Vg〉 = −KgKrg

µg
∇〈Pg〉g (2.21)

〈Vfw〉 = −KlKrl

µw
∇〈Pw〉w (2.22)

where

µg =

∑
i=v,a(µi〈ρi〉g)
〈ρg〉g

(2.23)

The energy equation in porous media with the local thermal equilibrium assumption
is written as:

(Cps〈ρSD〉+ Cpw〈ρfw〉+ Cpw〈ρbw〉+ Cpgεg〈ρg〉g)
∂〈T 〉
∂t

+ (Cpw〈ρfwVfw〉+ Cpw〈ρbwVbw〉+ Cpg〈ρgVg〉+
∑
i=v,a

Cpi〈ρiUi〉).∇〈T 〉

= ∇.(keff∇〈T 〉)− 〈ω̇v〉 M hv + 〈ρbwVbw〉.∇(M hsorp)

(2.24)

where

M hv =M hw+ M hsorp (M < Mfsp)

M hv =M hw (M ≥Mfsp)
(2.25)

and the diffusion flux in the gas phase is given by:

〈ρiUi〉 = −〈ρg〉gDeff
i ∇(

〈ρi〉g

〈ρg〉g
) (2.26)

The specific heat capacity for the gaseous mixture, Cpg, is defined by:

Cpg =
∑
i=v,a

Cpi
〈ρi〉g

〈ρg〉g
(2.27)
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2.2.3 Initial conditions

Initially, the biomass particle is at ambient- pressure and temperature conditions
and the initial moisture content is introduced in the model. Since the free and
bound water are assumed to be in equilibrium with water vapor inside the particle,
the pore spaces are initially assumed to be filled by humid air. The distribution
of initial moisture content as well as initial temperature is assumed to be uniform
inside the particle.

2.2.4 Boundary conditions

Symmetry is assumed for the boundary condition at the center of particle, that is,
the velocities and the gradients of the independent variables are equal to zero at
this point. Pressure at the boundary subjected to the outside environment that
is convective drying flow in this study, is assumed to remain the ambient pressure
during the drying process:

〈Pg〉gsurf = 〈Pg〉g∞ = Patm (2.28)

Heat and mass transfer from/to the surface of the particle are modeled in two types,
in this thesis.

2.2.4.1 Boundary conditions - type 1

If there is an insignificant pressure gradient at the boundary then by assuming no
blowing phenomenon at the surface, the velocity of water vapor is considered to be
negligible there. Therefore all vapor fluxes, those of vapor transport from inside the
particle as well as those resulting from evaporation at the surface, are supposed to
leave the particle surface only by surface convection. It is assumed that free and
bound water are evaporated at the drying front on the surface of the particle during
first stage of drying, before leaving the particle. Heat and mass balances at the
boundary of the particle model is given by:

(〈ρfwVfw〉+ 〈ρbwVbw〉+ 〈ρvVv〉).n|surf = (εg + εfw + εbw)β(〈ρv〉gsurf − 〈ρv〉
g
∞) (2.29)

(keff∇〈T 〉+ 〈ρfwVfw〉 M hv + 〈ρbwVbw〉 M hsorp).n|surf = −α(〈Tsurf〉 − 〈T∞〉) (2.30)
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2.2.4.2 Boundary conditions - type 2

In the second type of boundary condition of heat and mass transfer, both phenom-
ena of blowing and convection are considered to be contributed to the water vapor
transport at the surface of the particle. But it is still assumed that free and bound
water don’t cross the boundary and they are evaporated at the surface:

(〈ρfwVfw〉+ 〈ρbwVbw〉+ 〈ρvVv〉).n|surf =

(−〈ρv〉g
KgKrg

µg
∇〈Pg〉g)|surf + (εg + εfw + εbw)β(〈ρv〉gsurf − 〈ρv〉

g
∞)

(2.31)

(keff∇〈T 〉+ 〈ρfwVfw〉 M hv + 〈ρbwVbw〉 M hsorp).n|surf = −α(〈Tsurf〉 − 〈T∞〉) (2.32)

Assuming the effect of the blowing for the liquid phases, different types of
boundary condition for heat and mass transfer can be considered for drying process
of a particle but in this thesis these two above mentioned types are used for modeling.
The total vapor flux in the boundary condition has contributions from evaporation
of free water, bound water and water vapor existing at the surface. By multiplying
the volume fraction of free water, bound water and water vapor to the vapor flux at
the particle surface, the total vapor flux at the boundary is determined [49]. α and
β are heat and mass transfer coefficients at the surface respectively and the effect of
Stefan flow is neglected in the particle model of this study [50].

2.3 Coefficients of the model equations

Despite the comprehensive descriptions of transport phenomena in drying of wood
material by the model based on Whitaker’s theory, determination of heat and mass
transfer coefficients of this model is very difficult. But for the applicability of the
model predictions in practical cases, reliable information regarding material proper-
ties and transport coefficients of governing equations is required. These coefficients
depend on grain orientation and physico-chemical properties of the wood species.
Furthermore, these coefficients depend on the moisture content and temperature of
the particle, which are varying during the drying process and may affect these co-
efficients significantly. Therefore the determination of these coefficients for different
species of wood over different conditions is very time consuming. The information
on the transport coefficients of this model is scarce and limited to few species of
wood over a rather limited range of conditions. This fact increases the uncertainty
degree of these coefficients in modeling. On the other hand the accuracy of the
predictions of a mathematical model depends on the accuracy of these coefficients.
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Available values and empirical correlations of the transport coefficients in previous
works which can be used for modeling of drying process in pine wood are collected
in the next subsections. It is obvious that their variation is remarkable although
these correlations have been developed only for a single species of wood: pine wood.
Among different correlations and values reported in the literature with respect to
different grain directions, the physical properties of a wet pine particle in transverse
direction are listed. The values of the model parameters in transverse direction are
considered to be the arithmetic mean of the values in radial and tangential direc-
tions. The correlations and values of nine model parameters in transverse direction
are brought in Tab. 2.3, Tab. 2.4 and also Tab. A.1 to Tab. A.7 (in the ap-
pendix). Variation of these model parameters over different moisture contents from
0.1 kg/kg(d.b) to 0.8 kg/kg(d.b) as well as over a range of temperature from 30◦ C
to 150◦ C are shown in Fig. 2.2 to Fig. 2.8.

2.3.1 Effective thermal conductivity and specific heat capacity

The effective thermal conductivity and the specific heat capacity are two model
parameters that appear only in the enegry equation. Different correlations and
values for the effective thermal conductivity with respect to different grain directions
have been reported for dry as well as for wet pine wood in the literature. Also for
the specific heat capacity of dry and wet pine wood particles several correlations
and values are available. For a case that only thermal conductivity of dry wood is
available, the effective thermal conductivity of wet wood is obtained by adding the
contribution to thermal conductivity of the moisture content. The contribution to
thermal conductivity of the moisture content is calculated by multiplying the volume
fraction of the moisture with the thermal conductivity of water, according to [12]. In
a same way, by adding the specific heat capacity of water, the specific heat capacity
of wet wood is calculated. The contribution of the gas phase is neglected in the
calculation of specific heat capacity of wet wood. Fig. 2.2 shows the minimum and
maximum effective thermal conductivity of a wet pine particle differ by a factor of
approximately three, over the studied ranges of moisture content and temperature.
Fig. 2.3 shows that the correlations for the specific heat capacity of a wet wood
particle differ by a factor of approximately two, for the extreme cases.
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Figure 2.2: Effective thermal conductivity versus moisture content
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2.3.2 Diffusive transport coefficients

The bound water diffusivity and the effective diffusivity of water vapor are two model
parameters that characterize diffusive flow inside the particle. In the literature there
are few studies dealing with the determination of mass transport coefficients in wood
(for instance: [51–54]). The separation of the effects of the different modes of mass
transfer during drying process is experimentally extremely challenging. In light
of these experimental difficulties, it is not surprising that there is a very broad
range of values and correlations for these diffusion coefficients reported by different
authors, even for a certain type of wood. The variation between maximum and
minimum values of the diffusion coefficient of bound water reaches up to three orders
of magnitudes for some temperatures and moisture contents, as shown in Fig. 2.4.
Since several parameters affect the effective diffusivity of water vapor in porous
media (molecular diffusivity, porosity, tortuosity) this coefficient is very variable
from one kind of material to another. Recently, Kang and Chung [55] pointed out
that the effective diffusivity of water vapor in wood is actually still unknown. Fig.
2.5 shows that different values with a difference of two orders of magnitude have
been used for the effective diffusivity of water vapor in wood, in the literature.
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Figure 2.4: Bound water diffusivity versus moisture content
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Table 2.3: Gas intrinsic permeability in pine wood in transverse direction

Value Species Reference
Kg = 5 · 10−15 Southern pine Stanish et al. [57]
Kg = 4 · 10−15 Softwood Perre & Turner [58]
Kg = 1.096 · 10−15 Maritime pine Perre & Agoua [52]
Kg = 4 · 10−16 Pine (Sapwood) Couture et al. [43]
Kg = 1 · 10−16 Pine Bonneau & Puiggali [42]
Kg = 5 · 10−18 Softwood Perre & Degiovanni [59]

2.3.3 Convective transport coefficients

The convective flow of gas - including water vapor and air - is dependent on the
intrinsic and the relative permeability of the gas. Capillary pressure, intrinsic and
relative permeability of liquid are the model parameters influencing the convection
of free water in the pores of a particle.

2.3.3.1 Convective transport coefficients of gas mixture

The intrinsic permeability refers to the permeability in a single-phase saturated
medium. The reported values for gas intrinsic permeability in wood differ by three
to four orders of magnitude, even for one type of wood [56]. Tab. 2.3 presents
different values of the gas intrinsic permeability of pine wood used by researchers
in the literature.The relative permeability is defined as the permeability of a fluid
phase in an unsaturated medium. The value of gas relative permeability varies from
0 to 1 over different saturation so that at fully saturated case the value of gas relative
permeability reaches to zero. Fig. 2.6 shows the variation of different correlations
of the gas relative permeability over different saturation values.

2.3.3.2 Convective transport coefficients of free water

Presented values of minimum and maximum capillary pressure in the pores of wood,
under studied conditions, range from 103 to 106 (Pa) over different saturation, as
shown in Fig. 2.7. Perre and Karimi [51] reported that entrapped air and particulate
matter may appear in the pathway of the liquid water flow during the measurement of
the intrinsic permeability of liquid water in wood. They stated that for these reasons
the measured value of the gas intrinsic permeability is much more accurate than
the liquid intrinsic permeability. By considering the phenomena of pit aspiration
during the drying process, Perre et al. [10] assumed the liquid intrinsic permeability
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Figure 2.6: Gas relative permeability versus saturation

Table 2.4: Liquid intrinsic permeability in pine wood in transverse direction

Empirical correlation Species Reference
Kl = 10Kg Southern pine Stanish et al. [57]
Kl = 5Kg Softwood Perre & Turner [58]
Kl = Kg Pine Couture et al. [43]
Kl = 0.1Kg Softwood Perre & Degiovanni [59]

being 5 times greater than the gas intrinsic permeability . Stanish et al. [57] have
taken into account the value of the liquid intrinsic permeability being one order
smaller than the gas intrinsic permeability. Tab. 2.4 presents different values of the
liquid intrinsic permeability of a woody biomass particle. Over the studied range of
saturation, there are three to six orders of magnitude differences between maximum
and minimum value of the relative permeability of liquid water, as shown in Fig.
2.8.

2.4 Concluding remarks

The drying characteristics of a hygroscopic porous particle, particularly a wood par-
ticle, has been outlined. Whitaker’s model, as a well-accepted model for drying of
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Figure 2.7: Capillary pressure versus saturation
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porous media, has been presented. Nine physical properties of wood as well as trans-
port coefficients of the model have been examined. Different values and correlations
of these parameters which could be used for modeling the drying of pine wood have
been collected from the literature. By plotting the variation of these parameters
over a typical conditions of wood drying (drying temperature varying from 30◦ C
to 150◦ C and the moisture contents from 0.1 kg/kg(d.b) to 0.8 kg/kg(d.b)) lower
and upper bounds of the values of these parameters have been determined. The
range of values of the model parameters that are reported in the literature for a cer-
tain species of wood (pine) is considerably broad. For some properties or transport
coefficients, three to four orders of magnitude differences in the values have been
reported. This shows the variety of properties in wood, even in the same species.
These broad range of the values reported for each model parameter increase the
uncertainty of the model output significantly. The sensitivity analysis is needed to
evaluate the most effective models parameters on the variation of the model output.
Taking an arbitrary value of a model parameter from the broad range of reported
values, without enough justifications, may lead to remarkable inaccuracy.





Chapter

3
Drying model at fixed-bed reactor scale

At the reactor scale, there are different mechanisms and conditions in comparison
to the particle scale. At first, the physics governing on fixed-bed drying of solid
porous particles is presented in Section 3.1. Different types of models to describe
the processes in packed bed reactors are discussed in Section 3.2. Among others, a
continuum model (heterogeneous quasi-continuous model) and a multi-scale model
(Representative Particle Model) are outlined in this chapter.

3.1 Phenomena involved in fixed-bed drying

Different mechanisms of heat and mass transfer are involved in a process like dry-
ing in a fixed-bed reactor with fluid flow, at particle- and reactor scale. Different
mechanisms of heat and mass transfer during drying process at particle scale have
been introduced in previous chapter, Tab. 2.1 and Tab. 2.2. Following the trans-
port mechanisms which must be taken into account for analysis of a process such as
drying in a fixed-bed reactor are given [60–63]:

1. Conduction through solid-solid contact points.

2. Radiation between surfaces of particles.

3. Conduction and diffusion through fluid film near solid-solid contact points.

4. Heat and mass transfer (convective transport) between particle domain and
gas phase.

5. Conduction and diffusion within fluid (interstitial gas phase).

6. Convection and dispersion within fluid (interstitial gas phase).
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7. Convective transport between reactor wall and gas phase.

8. Conduction through contact points of particle domain and reactor wall.

9. Radiation between particle domain and reactor wall.

10. Conduction through reactor wall.

Furthermore, during fixed-bed drying of woody biomass particles, phase change in-
cluding evaporation and re-condensation are accompanied with transport phenom-
ena within the interstitial gas phase as well as inside the particles. For a complete
description of the complex physical-chemical phenomena taking place in the fixed-
bed reactors, the velocity, temperature and concentration fields in three dimensions
must be known. A mathematical model being capable to perfectly predict these
fields, has to consider the full local resolution at different scales; from molecular to
reactor scale. Such a detailed model may lead to a very complex model that is not
affordable for practical cases. Measurement of the exact value of the parameters
involved in every phenomenon in fixed-bed reactors is really challenging and this
makes difficult the solving of a detailed mathematical model with several parame-
ters. On the other hand, depending on the properties of the particular system under
study, the share of the phenomena in controlling the process can be different so that
some of them can be neglected in description of the behavior of the system. These
properties of the system can include the properties of used materials and the type
of the processes taking place in the system under different conditions. There are
several classes of models with different levels of accuracy and computational effort
for modeling the behavior of phenomena taking place in fixed-bed reactors. The
best model is selected to be fit to the system under consideration on the basis of the
required accuracy and the computational cost that can be spent.

3.2 Mathematical modeling of fixed-bed drying

Mathematical models used in the literature for modeling of the process like drying
in fixed-bed reactors can be categorized as shown in Fig. 3.1. In homogeneous
quasi-continuous model, the model variables such as temperature and concentration
are considered as the local averages between the phases and the system is modeled
as one phase. Thanks to the low computational effort, this model that is also
known as continuum model is the most commonly used model (For instance: [64–
69]). Homogeneous quasi-continuous model can provide acceptable accuracy for
a system with specific properties under certain conditions. However in the cases
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Figure 3.1: Mathematical models for modeling of fixed-bed reactors.

that there are significant discrepancies between the phases with steep gradients in
the particle domain, averaging the system by this model may lead to remarkable
errors. For description of a fixed-bed reactor with significant discrepancies between
the phases, Discrete Particle Model (DPM) [70–74] as a multi-scale model provides
higher accuracy and detailed information of velocity, temperature and concentration
fields at different scales. Nowadays with the help of commercially available codes,
fully resolved 3D computations of the DPM - also referred to as Discrete Element
Method or Euler-Lagrange model - is possible. But at industrial scale where the
number of the particles reaches more than 106 in the bed, the computational cost
will dramatically increase. One of the important application of such a mathematical
model can be real-time monitoring of the process taking place in the reactor in order
to control it, while for the DPM in industrial application the computational time
is much bigger than the running time of the process. Against these two above-
mentioned limiting models, there are two other models which have higher accuracy
than homogeneous quasi-continuous model and less computational effort than the
DPM. In this thesis, two models of heterogeneous quasi-continuous model (HQCM)
and Representative Particle Model (RPM) are studied for modeling of fixed-bed
drying of hygroscopic porous solid particles. Both models are formulated based on
the following simplifying assumptions:

1. The bed of particles is cylindrical and isotropic and the variables are considered
one dimensional in space, varying along the axial direction, and transient in
time
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2. Void fraction of the bed is constant in time (there is no shrinkage in particle
domain)

3. Low Mach number

4. All gas species including water vapor and air obey the ideal gas law

5. No phase change reactions in the interstitial gas phase including evaporation
and re-condensation

6. The net momentum of the gases leaving the particles vanishes due to the 1D-
spherically symmetric nature of the particles

7. Transport of energy due to species diffusion can be neglected as compared to
convective energy transport in the interstitial gas phase

8. Radiation is neglected because of considered range of temperature

9. Adiabatic reactor walls

10. External forces such as gravity are negligible

Regarding the assumption of adiabatic reactor walls, some transport mecha-
nisms associated to the reactor wall, listed in Section 3.1, are not taken into account
in these models.

3.2.1 Heterogeneous Quasi-Continuous Model (HQCM)

Fig. 3.2 shows how a fixed-bed reactor can be modeled via the heterogeneous quasi-
continuous model (HQCM). Since the interstitial gas phase as well as particle domain
are considered as quasi-homogeneous phase therefore this model is also classified as
continuum model. In the homogeneous quasi-continuous model no fluid-to-particle
heat and mass transfer resistances are taken into account. While in the heteroge-
neous quasi-continuous model, interface resistances between interstitial gas phase
and the particle domain are considered (For instance: [66, 75–78]). Intra-particle
heat and mass transfer resistance are considered in some sorts of the heterogeneous
quasi-continuous model. In a case that the difference between the fluid phase and
particle domain is negligible homogeneous quasi-continuous model can provide ac-
ceptable prediction of the process behavior. But if the differences between fluid and
solid temperatures and concentrations are more pronounced then the heterogeneous
quasi-continuous model can provide better accuracy.
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Figure 3.2: Modeling of a fixed-bed reactor by the heterogeneous quasi-continuous model.

3.2.1.1 Fluid phase: interstitial gas phase

Since Darcy law is not accurate enough for all types of situation of modeling flow
in porous media therefore for some conditions, an extended form of Darcy law is
used. Here, the Brinkman-Forchheimer equation [79] that is a more general form of
the momentum balance for porous media, is employed. Flow domain is divided to
several finite volumes in the shape of cylinders with the same length and with the
radius equals to the radius of the bed. Balances equations are applied to the gas
phase in each finite volume. It should be noted that the volume of particle domain
is not contained in these balance volumes. Based on the assumptions discussed in
Section 3.2, the following partial differential equations of balances are resulting for
the interstitial gas phase in the reactor. The primed quantities refer to the values
at the external surface of the particle domain. The governing equations of employed
two-phase system are similar to [80–83].

Mass balance of the gas phase:

∂ρg
∂t

= −∂(wzρg)

∂z
+
∑
i=v,a

(s
(1− εb)
εb

{
β′i[(ρgYi)

′ − (ρgYi)]
}

) (3.1)

Mass balance of gas species i:

∂(ρgYi)

∂t
= −∂(ρgYiwz)

∂z
+

∂

∂z

(
ρgDz,i

∂Yi
∂z

)
+ s

(1− εb)
εb

{
β′i[(ρgYi)

′ − (ρgYi)]
}

(3.2)

Momentum balance:

∂(ρgwz)

∂t
= −∂(ρgwzwz)

∂z
− ∂p

∂z
− f1wz − εbf2wz|~w|+ 2

∂

∂z

(
µeff

∂wz
∂z

)
(3.3)
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Energy balance:

ρgcp,g
∂Tg
∂t

= −ρgcp,gwz
∂Tg
∂z

+
∂

∂z

(
Λz

∂Tg
∂z

)
− s(1− εb)

εb
[α′(Tg − T ′p)] (3.4)

Heat and mass transfer between the interstitial gas phase and continuous
particle domain, shown in Fig. 3.2, appear in balance equations as source terms.
There is no source term from phase change in these equations because it is assumed
that no phase change occurs in the interstitial gas phase. The specific surface s
of the particles exposing the interstitial gas phase, for the spherical particles, is as
follow:

s =
6

dp
(3.5)

The coefficients f1 and f2 in the Brinkman-Forchheimer momentum equation are
adapted from [69,84], as follows:

f1 = 150
(1− εb)2µeff

ε3bd
2
p

(3.6)

f2 = 1.75
(1− εb)ρg
ε3bdp

(3.7)

where

µeff = 2µgexp(0.002Rep) (3.8)

Temperature, density and pressure are coupled through the equation of
state:

ρg =
pMm

R̄Tg
(3.9)

3.2.1.2 Particle domain: continuous particle domain

In the heterogeneous quasi-continuous model (HQCM), the particle domain is mod-
eled as a continuum media so that all particles in the bed are assumed to be con-
nected together as a continuum media. The particles are considered as zero dimen-
sional particles. By modification and combination of different mechanisms involved
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in fixed-bed drying at particle as well as reactor scales, discussed in Section 3.1, dif-
ferent forms of the heterogeneous quasi-continuous model can be made. Although
intra-particle transport resistance can be taken into account in the heterogeneous
quasi-continuous model ( [85]) however in this study only the inter-particle heat
transfer by conduction is considered in the continuous particle domain. Since the
particles are assumed to be zero dimensional therefore no resistance of mass and
heat transfer in the particle is individually considered and all particles are treated
as a continuous media. The main assumptions of the continuous particle domain
are:

1. The particle is porous and spherical, it is assumed to be zero dimensional.

2. there is no resistance of heat and mass transfer inside the particle.

3. There is local thermal equilibrium between the solid, the liquid and the gas
phase inside the particle.

4. Conduction is taken into account for heat transfer between neighbor particles

5. Phase change including evaporation and re-condensation occurs inside the par-
ticle

6. External forces are negligible

7. No shrinkage and degradation of the particle

Based on these assumptions the following partial differential equations of balances
are resulting for the continuous particle domain in the reactor.

Mass balance of the gas phase in the continuous particle domain:

∂(εgρg)s
∂t

=
∑
i=v,a

(−s(1− εb)
(
β′i[(ρgYi)s − (ρgYi)]

)
) + ω̇v (3.10)

Mass balance of gas species i in the continuous particle domain:

∂(εgρgYi)s
∂t

= −s(1− εb)
(
β′i[(ρgYi)s − (ρgYi)]

)
+ ω̇v (3.11)

Mass balance of the liquid phase in the continuous particle domain:

∂(εlρl)

∂t
= −ω̇v (3.12)

Energy balance in the continuous particle domain:
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(εsρscp,s + εlρlcp,l + εgρgcp,g)
∂Ts
∂t

=
∂

∂z

(
Keff,s

∂Ts
∂z

)
+ s(1− εb)[α′(Tg−Ts)]− ω̇v M hv

(3.13)

where

εs + εl + εg + εb = 1 (3.14)

and the effective thermal conductivity of the bed, Keff,s, is adopted from
Zehner and Schlünder equation [69] by not considering the thermal conductivity of
the fluid phase.

3.2.2 Representative Particle Model (RPM)

In the Representative Particle Model (RPM), all particles in a finite volume seg-
ment of solution domain of the reactor are characterized based on the intra-particle
solution resulting from one of them. It is assumed that every particle in the finite
volume behaves like other particles in that finite volume therefore the intra-particle
solution of one of them represents other particles’ characterization. This particle
is called the representative particle of that finite volume. Fig. 3.3 illustrates the
concept of this model in a 1D fixed-bed drying process. Dieterich [86] and Chejne
et al. [87] used this concept to simulate thermo-chemical processes in packed bed
reactors. This model was applied to thermo-chemical conversion of biomass in fixed-
beds by Wurzenberger [88] and Wurzenberger et al. [21]. Zobel [89] has presented
very detailed information on deriving the governing equations of the RPM. Porteiro
et al. [90] employed this model in simulation of fixed-bed combustion of biomass
boilers. Anca-Couce [91] developed this model for pyrolysis of biomass particles
in fixed-bed reactor by improving its solution method. In this study the RPM is
developed for fixed-bed drying of hygroscopic porous particles such as woody fuel
particles. 1D+1D model is considered so that the reactor is descritized in the ax-
ial direction and the wet solid particles are descritized in the radial direction. In
comparison with other studies of the RPM including fixed-bed drying of biomass
(such as Wurzenberger [88], [21] and Zobel [89]), in this work, more comprehensive
equations at reactor scale as well as particle scale are used. Moreover the numerical
solution method is improved based on [92]. Fig. 3.4 shows how a fixed-bed dry-
ing process can be modeled via coupling the solutions of two scales by the RPM.
The equations governing on the interstitial gas phase and at particle scale are pre-
sented in following. For a detailed derivation of these balance equations the reader
is referred to [89].
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Figure 3.3: Schematic of the RPM concept

Figure 3.4: Modeling of a fixed-bed reactor by the RPM.
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3.2.2.1 Fluid phase: interstitial gas phase

In the RPM, the interstitial gas phase is described as a quasi-homogeneous phase as
discussed in section 3.2.1.1. The transient balance equations are summarized below:

Mass balance of the gas phase:
∂ρg
∂t

= −∂(wzρg)

∂z
+ s

(1− εb)
εb

(ρgv)′ +
∑
i=v,a

s
(1− εb)
εb

{
β′i[(ρgYi)

′ − (ρgYi)]
}

(3.15)

Mass balance of gas species i:

∂(ρgYi)

∂t
= −∂(ρgYiwz)

∂z
+

∂

∂z

(
ρgDz,i

∂Yi
∂z

)
+s

(1− εb)
εb

{
(ρgYiv)′+β′i[(ρgYi)

′− (ρgYi)]
}

(3.16)

Momentum balance:

∂(ρgwz)

∂t
= −∂(ρgwzwz)

∂z
− ∂p

∂z
− f1wz − εbf2wz|~w|+ 2

∂

∂z

(
µeff

∂wz
∂z

)
(3.17)

Energy balance:

ρgcp,g
∂Tg
∂t

= −ρgcp,gwz
∂Tg
∂z

+
∂

∂z

(
Λz

∂Tg
∂z

)
− s(1− εb)

εb

[(
(ρgcp,gv)′ + α′

)
(Tg − T ′p)

]
(3.18)

Temperature, density and pressure are coupled through the equation of
state.

In contrary to the HQCM, intra-particle transport phenomena are taken
into account in the RPM therefore the net mass flux leaving the particles (with
velocity v′) appears in the mass balances. This mass flux is resulting from water
evaporation inside the solid particles. However in case of the momentum balance,
due to assumed 1D-spherically symmetric nature of the particles, the convective
source term can be neglected. The major differences between the RPM and the
HQCM in modeling of the interstitial gas phase are the convective heat and mass
tarnsfer from the particle domain that appeared in mass and energy balances.

3.2.2.2 Particle domain: single particle

The comprehensive single particle drying model presented in Section 2.2 is used for
modeling of the particle scale in the RPM. Some extra simplifications are applied in
the particle model coupled to the reactor model that will be discussed in Chapter 5.
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Figure 3.5: Two-way coupling between particle and reactor scales in the RPM.

Figure 3.6: Two-way coupling between gas phase and particle domain in the HQCM.

3.2.3 Boundary conditions

At the reactor scale, as boundary conditions (t > 0), uniform plug flow is assumed at
the inlet and atmospheric pressure at the reactor outlet. For other scalar variables,
Dirichlet boundary conditions are used at the inlet, whereas Neumann conditions
are used at the outlet. The reactor wall is assumed to be isolated. Both models
chosen here for description of the drying process inside the reactor are classified
in two-phase category of the mathematical models. The governing equations of
each phase are coupled and solved simultaneously. Fig. 3.2 and Fig. 3.4 show
the interaction between phases including heat and mass transfer in both considered
models. Since two solution domains, one for the interstitial gas phase and another
for the particle domain, are considered for simulation of fixed-bed drying by two-
phase models therefore the boundary conditions at the interface between the phases
must be defined in addition to the boundary conditions at reactor scale. Fig. 3.5
and Fig. 3.6 show two-way coupling between the solutions resulting from each scale
(phase) in the RPM and the HQCM, respectively. The governing equations of the
interstitial gas phase from the reactor scale and the equations of the particle domain
from the particle scale are properly coupled via the boundary conditions at the
interface. The interaction between phases along with the inter-particle transport
phenomena must be taken into account to define the boundary conditions at the
interface of the phases.
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As above mentioned, in the heterogeneous quasi-continuous model the par-
ticles are considered zero dimensional and whole particle domain is assumed as a
continuum medium so that inter-particle heat transport is modeled by a Fourier-type
term in the energy balance of particle domain. But in the RPM, It is tried to capture
more phenomena occurring in the fixed-bed reactor, discussed in Section 3.1. For
calculation of inter-particle heat transport between the surfaces of two contacting
particles Slavin et al. [93] considered four distinct modes of heat transfer: gaseous
conduction in an inner and an outer region, and solid conduction through the con-
tact. Expressing the inter-particle heat transfer between contacting hemispheres in
terms of conductance (G) as in [93], the energy balance of the particle surface is
given as Eq. (3.19). If the representative particle is located at the axial position k
in a one-dimensional reactor being in contact with neighbor particles in upstream
and downstream directions then T ′p,k+1 (T ′p,k−1) is the surface temperature of the
next representative particle in upstream (downstream) direction. T ′p,up (T ′p,down) is
the surface temperature of a neighbor particle in upstream (downstream) direction
which can be determined by interpolation between two representative particles (i.e.
between T ′p,k and T ′p,k+1 (T ′p,k−1)). For determination of the different conductances
the reader is referred to [93].

λ′p

(∂Tp
∂r

)′
Ap = α′(T ′p − Tg,k)Ap +Gup(T

′
p − T ′p,up) +Gdown(T ′p − T ′p,down) (3.19)

Inter-particle mass transfer is not considered in the RPM of this study. Gas
mass fractions Y ′i at the external particle surface is calculated from the gas species
mass balance at this point by:

ρ′gD
′
i

(∂Yi
∂r

)′
Ap = β′i[(ρgYi)

′ − (ρgYi)k]Ap (3.20)

It is worth pointing out that the boundary conditions considered for the
particle scale in the RPM of this work, is type 2 discussed in Section 2.2.4.



Chapter

4
Numerical solution methods

Two mathematical models for fixed-bed drying of the hygroscopic porous parti-
cles have been discussed in chapter 3; the heterogeneous quasi-continuous model
(HQCM) and the representative particle model (RPM). Each of these models in-
cludes a system of partial differential equations (PDEs), ordinary differential equa-
tions (ODEs) and algebraic equations (AEs). A similar system of equations is gov-
erned for single particle drying presented in chapter 2. In this chapter, different
numerical solution methods used for solving these systems of equations at single
particle scale as well as reactor scale are presented.

4.1 Numerical procedure for particle model

In the model equations of single particle drying presented in chapter 2, Darcy’s law
is a spatial ODE, equation of state is an AE and mass and energy balance equations
are PDEs. By substitution of AEs and ODEs in the PDEs a system consisting of
PDEs is resulted. The method of line is used to convert this PDEs system to a
system of ODEs. By this technique all terms of the equations in the PDEs system
are discretized but time derivatives that are kept unchanged. The discretization
is done by a finite volume scheme. The convective terms are discretized with the
upwind differencing scheme (UDS) whereas the diffusive and conductive terms are
discretized with the second order central differencing scheme in this thesis. Since the
model is going to be solved for spherical as well as slab shape of the particle there-
fore the adequate shape factors should be considered for different geometries in the
discretization. A staggered grid is used for the description of the one-dimensional
solution domain for the spherical and slab shape particles. The velocity is calculated
at cell edges, while the scalar variables including pressure, densities, mass fractions
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and temperature are calculated at the cell centers. For the coefficients of the con-
vective terms, upstream weighting is used because the calculation face lies at the
cell edges while for the coefficients of other terms, the average of two neighbor nodal
points is used because the calculation face lies at the middle of the cell.

The resulting system of ODEs can be integrated by different numerical
solution methods. Anca-Couce and Zobel [94] studied different numerical solution
methods for such a system of ODEs used for description of pyrolysis of single biomass
particle. Among four numerical methods studied by them [94], two methods that
showed better efficiency under the conditions of coupling of a particle model to a
reactor model are studied for solving a particle drying model, in this thesis.

4.1.1 One-step ODEs solver: LIMEX

It was concluded by Anca-Couce and Zobel [94] once a single particle model with
constant boundary conditions is not coupled to a reactor model and has no limitation
to the maximal time step then the multi-step ODEs solver is the fastest solver. When
the particle model is coupled to a reactor model then its boundary conditions would
be variable and also its maximal time step would be limited to the time step of
the reactor model. In this case in each time step, the solver of particle model must
give a solution to the reactor model. Typical time steps used by reactor solvers
for fixed-bed thermo-chemical processes of biomass particles are in the order of
milliseconds [89, 95]. Anca-Couce and Zobel [94] showed that at this order of time
steps, one-step solver such as LIMEX is faster than multi-step solver because the
initialization step is done easier by a one-step solver. LIMEX [96] is a one-step solver
that is able to handle the stiff system of equations. This solver has been used for
solving the model of thermo-chemical processes, including drying, of single biomass
particle [97,98]. Wurzengerger et al. [21] used this method for thermal conversion of
biomass for particle as well as reactor models. Despite the fact that in comparison
to the multi-step solver, the initialization step is done faster by LIMEX but still the
need to the initialization and calculation of a new Jacobian at each time step is the
most time-consuming task of this solver.

4.1.2 Iterative solution method

For a case that the particle model is coupled to a reactor model and its boundary
conditions must be updated in each time step, an iterative solution method was
proposed by Anca-Couce and Zobel [94]. This method was developed similar to
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the iterative solution method used by Mermoud et al. [99] and Di Blasi [100] for
simulation of thermo-chemical conversion of biomass particle. Di Blasi [100] used
similar iterative solution method for simulation of high-temperature drying of wood
particle. In this thesis the iterative solution method developed by Anca-Couce and
Zobel [94] is employed for solving the model equations of drying of woody biomass
particle, discussed in chapter 2. The system of ODEs are solved with the oper-
ator splitting technique. The characteristic time of each phenomenon involved in
the model equations is evaluated and then the most appropriate solution method
is employed for each equation based on its characteristic time. Moghtaderi [101]
calculated the characteristic times of different phenomena involved in pyrolysis of
a biomass particle at two different temperatures. Anca-Couce and Zobel [94] cal-
culated the characteristic times of different phenomena during pyrolysis of a wood
particle under fixed-bed as well as fluidized-bed conditions. Tab. 4.1 shows the
characteristic times of different phenomena involved in drying of a woody biomass
particle. These values are calculated with the length of the control volume (H) of
10−4 m. As already mentioned in chapter 2, a broad range of values was reported
for each property of wood in the literature. The characteristic times of Tab. 4.1 are
calculated based on the values of parameters involved in wood drying, presented in
Tab. 4.2. These characteristic times are considered as the criteria for making the
decision of the most suited method (explicit or implicit) to solve each phenomenon
in simulation of wood drying, in this study.

In this iterative method, the transport phenomena that have rather low
characterstic time such as convection and diffusion of water vapor as well as conduc-
tion term are solved by semi-implicit method so that some part of the equation is
solved implicitly and some others explicitly. The driving force of each phenomenon
including temperature-, concentration- and pressure gradient are solved implicitly.
In the convection term of water vapor, the part including the pressure wave that
is called Darcy convection in Tab. 4.1 is solved implicitly while the other part of
this term that is called Courant convection, has big enough characteristic time to be
solved with an explicit method. The convection term of free water and the diffusion
of bound water are solved explicitly. Reaction characteristic time of the evaporation
under the pure drying conditions is of the order of second, therefore the evapora-
tion term can be solved explicitly. By taking advantage the Tri-Diagonal-Matrix
Algorithm (TDMA) in solving the equations by semi-implicit method, the required
computational time of using a semi-implicit solution method is not too higher than
the solution time of an explicit method. Fig. 4.1 shows the flow chart of employed
iterative method . In each time step n, after updating the properties, the pressure
equation (Eq. 4.1), resulting from combining the equation of state, Darcy’s Law and
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Table 4.1: Characteristic times

Phenomenon Characteristic
time (s)

Solution method

Evaporation (ρv/ω̇v) 2.7 Explicit
Darcy convection of gas (µgH2/(KgKrgp0)) 3.0·10−4 Implicit
Courant convection of gas (H/V max

g ) 2.0·10−1 Explicit
Convection of free water (H/V max

fw ) 250 Explicit
Conduction (ρcpH2/keff) 5.0·10−2 Semi-implicit
Diffusion of water vapor (H2/Deff

v ) 1.0·10−2 Semi-implicit
Diffusion of bound water (H2/Dbw) 1000 Explicit

continuity for the gas phase, is solved to advance the gas pressure. This gas pressure
can be calculated with the TDMA solving Eq. (4.2). The pressure of liquid phase is
updated by new gas pressure. Using Darcy’s law, the velocity of gas phase as well
as the velocity of free water in the next time step are calculated via these predicted
pressures. Gas species balance, moisture mass balance and energy balance equations
are solved with above mentioned operator splitting technique. Finally, the equation
of state is applied to obtain the gas pressure of the new time step n+1. The differ-
ence between the predicted gas pressure at intermediate step, calculated with Eq.
(4.2), and the gas pressure of the new time step n+1 calculated with the equation of
state, is considered as the convergence criterion. If the sum of the absolute values of
these differences for all control volumes is lower than 0.01 Pa then the convergence
criterion is satisfied otherwise the iteration continues with updated approximations
of (εgMg/(RoT ))n+1 resulting from the current iteration.

∂

∂t

(
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)
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∂
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Figure 4.1: Flow chart of the iterative solution method.

Table 4.2: Typical properties of wood used in calculation of characteristic time

Parameter Value Unit reference

µg 10−6 [kgm−1s−1] [101]
Kg 5.0·10−15 [m2] [57]
Krg 6.48·10−1 [-] [10]
p0 101325 [Nm−2] standard
V max
g 5.0·10−4 [ms−1] [44] and [102]
V max
fw 4.0·10−7 [ms−1] [44] and [102]
ρcp 106 [Jm−3K−1] [45]
keff 2.0·10−1 [Wm−1K−1] [59]
Deff
v 10−6 [m2s−1] [101]

Dbw 10−11 [m2s−1] [59]
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4.2 Numerical procedure for reactor model

Jakobsen et al. [95, 103] used a numerical method for the simulation of dynamic
reactive flows in chemical reactors. The model equations of reactive flows in a fixed-
bed chemical reactor were solved by a modular method enabling a split between the
flow- and chemistry model parts. Then a fractional-step algorithm was employed
with an an-elastic filter for solving the flow part of the model. The model equations
of the chemistry part were solved by using the operator splitting integration steps.
Zobel [89] and Anca-Couce et al. [91] have extended this integration algorithm with
the inclusion of the particle solution for multi-scale simulation of fixed-bed thermo-
chemical conversion of biomass particles. In this section, this extended numerical
method is used for solving two mathematical models for fixed-bed drying of wet solid
particles discussed in chapter 3, the HQCM and the RPM.

The governing equations of the reactor scale are discretized by a finite vol-
ume scheme, as it was done for the single particle scale. A staggered grid is used
for the description of the cylindrical domain of the reactor. For more details about
the discretization and numerical solution methods used at reactor scale, the reader
is referred to [91,95,103]. The solution algorithm is sketched in four steps as shown
in Fig. 4.2 that its steps are described as following:

1) The velocity and pressure fields of the next time step are calculated by
solving the momentum equation and a temporary time-independent version of the
continuity equation. By a fractional-step method, a form of the momentum equation
(Eq. (4.3)) including the pressure gradient (free of sound wave) is used for advancing
the velocity field (v∗). The sound wave part of momentum equation is considered
in a separate equation (Eq. (4.4)). By combining Eq. (4.5), resulting from taking
the divergence of Eq. (4.4), and an equation (Eq. (4.6)) resulting from applying an
an-elastic filter to the continuity equation, pressure Poisson equation (Eq. (4.7)) is
obtained. The pressure field in the next time step (P n+1) is calculated via pressure
Poisson equation and then the corrected velocity in the next time step (vn+1) is
calculated via Eq. (4.4).

ρngv∗ − ρngvn

∆t
= Hn − F n −∇pn (4.3)

ρngvn+1 − ρngv∗

∆t
= −∇(pn+1 − pn) (4.4)

∇ · (ρngvn+1)−∇ · (ρngv∗)
∆t

= −∇2(pn+1 − pn) (4.5)
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∂ρ

∂t
= 0 = Rn

c −∇ · (ρngvn+1) (4.6)

−∇2(pn+1 − pn) =
Rn
c −∇ · (ρngv∗)

∆t
(4.7)

Where H represents the convective and viscous terms and F the friction.
Rc represents the source term of the continuity equation including mass flow coming
from the particle domain. The particle domain is treated as a continuous phase
in the HQCM while in the RPM the solution of particle model is coupled to the
interstitial gas phase. The source term of gas continuity equation, Rn

c , for these two
reactor models are given by:

Rn
c |HQCM=

∑
i=v,a

(−s(1− εb)
(
β′i[(ρgYi)
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) (4.8)
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)
) + s

(1− εb)
εb

(ρgv)
′n (4.9)

2) The distribution of temperature as well as component densities of the
gas phase in the next time step along the height of the reactor are calculated by the
integration of the transport equations in the interstitial gas phase using operator
splitting. The transport equations are splitted to some operators determining differ-
ent parts of these equations including conduction, convection, diffusion and source
terms. These predefined operators are successively applied to the transport equa-
tions by intermediate time integrations so that the intermediate solution of the first
operator is used in the second operator, and so on. The source terms, Rgs and RT ,
in the transport equations are calculated by simultaneously solving of the equations
of the particle domain part, the same as calculation of the source term, Rc, in the
continuity equation in the step 1.
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LIMEX solver is used for solving the equations governing on the particle domain
part of the HQCM. For the RPM, a comprehensive particle model of drying of a
solid particle is coupled to the reactor model. The main disadvantage of coupling
such a comprehensive particle model to the reactor model is the high computational
time. To decrease the computational time of the simulation of fixed-bed drying
process by the RPM, the iterative solution method discussed in section 4.1.2 is used
for solving a particle model describing drying of a solid particle. This method was
successfully employed for the solution of the particle model coupled to the reactor
model in fixed-bed pyrolysis of biomass particles ( [91]).

The source term of the species mass balance of the gas phase, Rn+1
gs , for two

reactor models are given by:

Rn+1
gs |HQCM= s

(1− εb)
εb

{
β′i[(ρgYi)

′n+1 − (ρgYi)
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}
(4.18)
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(ρgYiv)
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′n+1 − (ρgYi)

n+1]
}

(4.19)

The source term of the energy balance of the gas phase, Rn+1
T , for two reactor

models are given by:
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]
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3) The mixture gas density is updated by new temperature and gas com-
ponent densities calculated in previous step, through the equation of state (Eq.
(4.22)):

ρ∗g =
pn+1Mn+1

m

R̄T n+1
(4.22)

4) By an elastic step, the time-dependent density of mixture gas at next
time step is determined from the gas continuity equation:

ρn+1
g − ρ∗g

∆t
= −∇ · (ρ∗gvn+1) +Rn+1

c (4.23)

Where the source term of gas continuity equation at time step n+1, Rn+1
c ,

for two reactor models are given by:
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The solutions resulting from this four-step scheme for fixed-bed drying un-
der studied conditions in this thesis are stable, similar to the solutions for fixed-bed
pyrolysis of wood particles ( [91]) and the conversion process of natural gas into
synthesis gas ( [95, 103]). If this scheme is not stable then a corrector step can be
considered following these predictor steps, as presented in [95]. In order to lower the
computation costs for simulation of the processes at reactor scale, Jakobsen’s group
developed a code based on parallelizing the program. They used a continuum model
for simulation of the dynamic reactive flows in chemical reactors. Zobel [89] devel-
oped a multi-scale model (RPM) by adding the particle model to the continuum
model of Jakobsen’s group. Anca-Couce [92] optimized the latter by introducing
an efficient iterative method for the solution of particle model and applied it on
fixed-bed pyrolysis of wood particles. In this thesis, the parallelized code of Jakob-
sen’s group, after optimizing by introducing a new momentum equation, is used
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Figure 4.2: Fractional-step algorithm for reactor model.

for solving the interstitial gas phase at the reactor scale for both the HQCM and
the RPM. The drying particle model solved by an iterative method is coupled to
the reactor scale through the RPM. In the HQCM, the continuous particle domain
solved by LIMEX solver is coupled to the interstitial gas phase at the reactor scale.
The model equations of the interstitial gas phase are solved with message passing
programing (MPI; message passing interface) in a computer cluster at the EVUR
with 8 processors.

4.3 Concluding remarks

Two mathematical models considered for modeling fixed-bed drying in chapter 3
are categorized as two-phase models. Numerical solutions of these models are done
by coupling the equations of each phase; the interstitial gas phase and the particle
domain. The equations governing on the interstitial gas phase are solved by a
fractional-step algorithm so that a split is made between flow- and chemistry model
parts. The flow part includes the momentum and continuity equations and the
chemistry part includes the energy and gas species mass balance equations. Since
these two parts reflect different physics therefore in this way more optimal solution
methods can be adopted for each operator involved in the equations of these parts.
It has been assumed in this study that there is no reaction in the interstitial gas
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phase; no heterogeneous reaction nor homogeneous. The particle domain solutions
for the HQCM and the RPM are coupled to the solution of transport phenomena of
the interstitial gas phase.

For solving equations of the particle domain, two numerical solution meth-
ods have been presented; LIMEX solver for the HQCM and iterative method for
the particle model of the RPM. The iterative solution method is based on the op-
erator splitting technique so that each phenomenon in the equations is solved by
a suitable solution method according to its characteristic time. The characteristic
time of each phenomenon involved in the particle model has been calculated based
on the typical values of wood drying under the conditions studied in this thesis. It
is obvious that for other conditions or different materials, new characteristic times
must be calculated to find a suitable solution method for each operator.





Chapter

5
Simulation results

The drying models presented in this study are able to simulate drying of hygroscopic
porous materials at particle scale as well as reactor scale. The main focus of this
thesis is study of drying process of woody fuel particles, however the applicability
of these models are examined for drying of lignite particles too. Wood and lignite
particles are widely used as fuel particles although the high initial moisture content
of these feedstocks unfavorably impact the energy efficiency of their conversion pro-
cesses. That’s why the pre-drying is usually an unavoidable stage in processing of
such fuel particles. As before mentioned, an accurate description of the drying char-
acterstic is required for optimal design of dryers and reactors for thermo-chemical
conversion of these fuel particles. Simulation results of drying of wood and lignite
particles resulted from some mathematical models using different numerical proce-
dures at particle as well as reactor scale are presented in this chapter, as listed in
Tab. 5.1. All codes are written in Fortran.

5.1 Single particle drying

At single particle scale firstly the computational performance of a drying model for-
mulated based on Whitaker’s model, discussed in chapter 2, is verified. Afterwards,

Table 5.1: Simulations results of drying of solid fuel particles

Scale Model Numerical method Feedstock Case study

Particle Whitaker
LIMEX

Wood & Lignite
[14], [45], [57]

Iterative & [102]

Reactor
HQCM Fractional-step + LIMEX

Wood & Lignite [34], [32] & [104]
RPM Fractional-step + Iterative
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The effect of different values of model parameters on the presented drying model is
studied and the most significant parameters affecting the model output are deter-
mined. The capability of presented particle drying model is examined for predicting
single particle drying based on experimental data ans simulation results of wood and
lignite drying from the literature.

5.1.1 Verification of model’s computational performance

A comparison to the numerical simulation results of Gronli [45] is made to verify if
(1) the model equations are implemented correctly and (2) the numerical solution
procedure used in this study is appropriate. Gronli’s numerical results are chosen
as a benchmark because he used a complete set of Whitaker’s formulation including
almost all phenomena taking place during drying of a wood particle, as in this thesis.
He presented the model predictions for a one-dimensional simulation of pyrolysis of
a wet wood pellet with an initial moisture content of 0.3 kg/kg(d.b) and a length of
0.06 m, which was exposed to a heat flux of 130 kW/m2 for 10 minutes. In this study,
152 grid points is considered for the simulation along the half length of the particle
(0.03 m), as Gronli did. All model parameters and formulations are the same as
reported in Gronli’s thesis (page 209) with one exception regarding the calculation
of the evaporation rate. While in Gronli’s model the evaporation rate equation was
formulated implicitly by setting the partial water vapor pressure equal to saturated
vapor pressure, in this thesis a mass transfer expression gives the phase change rate
of moisture explicitly. Fig. 5.1 shows the comparison between the results obtained
in this study and the results of Gronli for the spatial profiles of moisture content,
temperature and evaporation rate inside the wet wood particle during pyrolysis and
drying processes,under intensive heating conditions after 600 s. The results are in
very good agreement. These results show that the presented model is able to per-
fectly predict the gradients of different variables inside the particles. Although, it
will be shown in next sections that the reliability of the model predictions are depen-
dent on the correct values of model coefficients and relevant physical properties of
the material under study. It’s worth mentioning that the equations of pyrolysis pro-
cess were added to the model equations of drying based on the equations presented
in [45]. The simulation results related to pyrolysis process are not shown here.

5.1.2 Importance of model parameters

The importance of model parameters for drying of a long cylindrical pine wood
particle is studied in the section. The particle is considered to be one-dimensional
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Figure 5.1: Spatial profiles of moisture content, temperature and evaporation rate inside the
particle after 600s
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Table 5.2: Model inputs for simulation of drying of wood specimen

Parameter Correlation/Value Unit Reference

〈ρSD〉 450 (kgm−3) [105]
Tbc 423 (K) -
ε 0.7 (-) [105]
Patm, Pbc 101325 (Nm−2) -
Minit 0.8 (kgkg−1) [105]
α 5.69 + 0.0098Tbc (Wm−2K−1) [25]
β α

950
(ms−1) [13]

rp 0.0125 (m) -
Mfsp 0.598-0.001T (kgkg−1) [106]
h(Mbw, T ) 1− (1− Mbw

Mfsp
)6.453·10−3 T (-) [45]

P sat
v (T ) exp(24.1201− 4671.3545T−1) (Nm−2) [107]

M hw 3.1749 · 106 − 2460T (Jkg−1) [107]
M hsorp 400 M hw(1− Mbw

Mfw
)2 (Jkg−1) [57]

in radial direction. Physical properties of the wood particle as well as initial and
boundary values are chosen so that they are representing typical values of pine
wood and typical conditions of drying of wood chips in industrial dryers, listed in
Tab. 5.2. For the nine model parameters, different correlations and values from the
literature collected in chapter 2 and the appendix are used. All other coefficients and
properties are taken from [45]. At first, the effect of these nine model parameters on
the model output are evaluated under two extreme scenarios. Then by sensitivity
analysis, the impact of variation of each parameter on the model output is studied.

5.1.2.1 Extreme scenarios

Since the drying time is one of the most important output parameter in the drying
process, this quantity is considered as the model output. The drying time is calcu-
lated according to the approximation that the particle is supposed to be dried when
its average moisture content reaches 0.001. This value ( 0.001) is selected, as in [12],
to avoid wasting computational time and numerical problems around zero moisture
content. By plotting different empirical expressions and comparing different values
over the conditions of this study, maximum and minimum values of each transport
coefficient were determined in chapter 2. Thanks to sensitivity analysis conducted
previously [9, 11, 12] the qualitative effect of variations of effective thermal conduc-
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tivity, capillary pressure, bound water diffusivity, effective diffusivity of water vapor
and permeability on the drying time are known. Based on this information and
reasoning, two extreme scenarios according to two sets of nine empirical correlations
and values for model parameters are defined. In one scenario, Tab. 5.3, the maxi-
mum drying time is obtained and in the other one, Tab. 5.4, the minimum drying
time is resulted.

The grid-independence study is done by increasing the number of grid points
from 30 to 60, 120 and 240. By choosing 120 grid points the numerical solution is
almost independent of the mesh. Order of reduction of the error is calculated based
on Richardson extrapolation method [108] for two extreme scenarios as well as the
reference case (later defined). For the cases of maximum drying time, reference and
minimum drying time based on 120 grid points, order of reduction of the errors are
0.955, 0.914 and 0.973, respectively, and the total discretization errors are 1.35%,
1.62% and 1.95%, respectively. The errors obtained with 120 grid points are small
enough in comparison to the differences obtained in total drying time with the
different inputs employed in this work. The results are presented based on 120 grid
points. The temporal resolution is determined by the LIMEX solver, as explained
in [109].

In Fig. 5.2 numerical simulation results of moisture loss dynamics during
drying of a pine wood particle are shown. They are resulting from two extreme
scenarios. The maximum drying time is 16.45 times bigger than the minimum
drying time. As it can be seen, using the model parameters arbitrarily from the
literature can lead to a significant inaccuracy of the predicted drying time. This
big difference between maximum and minimum drying time is the response of the
studied model against these two extreme scenarios. This shows that two researchers
can obtain two numerical simulation results with up to 16 times difference, although
both of them can correctly argue that they have used properties of pine wood that
are reported in the literature. It should be emphasized that all model parameters
considered in this study have been established for only one type of wood: pine. It
can be expected that the range of predicted drying times is even bigger if parameters
of different types of wood are used.

Despite this significant uncertainty inherent in wood drying models, it was
shown in previous studies that modeling results and experimental results agree very
well, even if the parameters that have been used were determined for different types
of wood. This may in some cases be attributed to the fact that the errors due to
simplifications of the physical model on one hand and the errors related to model
parameters on the other hand can cancel each other. Considering the findings of this
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Table 5.3: Model parameters for scenario 1 (max. drying time) of modeling

Model parame-
ter

Correlation/Value Reference

keff(Wm−1K−1)
6 · 104〈ρSD〉 1+M

1+0.15
− 0.166 If(M > Mfsp)

[42]
6 · 104〈ρSD〉 1+M

1+0.44M
− 0.166 If(M ≤Mfsp)

Cp(Jkg
−1K−1) 1113+4.85T+4185M

1+M
[10, 47,58]

Dbw(m2s−1) exp(−12.8183933 + 10.8951601Mbw − 4300
T

) [110]

Deff
v (m2s−1) 10−3[1.192 · 10−4(T

1.75

P
)] [10]

Pc(Nm
−2)

(77.5− 0.185(T − 273)) · 10−3 · [ 3150
S+10−4−

[111]1047+3.368〈ρSD〉
1.02−S + 149.8〈ρSD〉(1− S)

+52350 + 168.4〈ρSD〉 − 3150
1+10−4 ]

Kg(m
2) 5 · 10−18 [59]

Kl(m
2) 0.1Kg [57]

Krg(−)
0.95(1− Mfw

Mcr
)2 + 0.05 If (0 < Mfw < Mcr) [59]

0.05Msat−Mfw
Msat−Mcr

If (Mcr < Mfw < Msat)

Krl(−) S0.5[1− (1− S 1
m )m]2 , m = (1− 1

1.921
) [55]

Msat = 1.33,Mcr = 0.8
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Table 5.4: Model parameters for scenario 2 (min. drying time) of modeling

Model parame-
ter

Correlation/Value Reference

keff(Wm−1K−1) 1.5 (0.142 + 0.46M) [47]

Cp(Jkg
−1K−1) CpwM+1357

1+M
[112]

Dbw(m2s−1) exp(−9.9 + 9.8Mbw − 4300
T

) [59]

Deff
v (m2s−1) ε6[1.192 · 10−4(T

1.75

P
)] [42]

Pc(Nm
−2) exp(16.38− 0.3909M − 17.761M2 + 21.228M3 −

7.0784M4)

[55, 113]

Kg(m
2) 5 · 10−15 [57]

Kl(m
2) 10Kg [59]

Krg(−) 1 + (2S − 3)S2 [10]

Krl(−) 0.95(Mfw
Mcr

)2 , Mcr = 0.8 [59]

Mcr = 0.8
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Figure 5.2: Evolution of average moisture content based on two extreme scenarios of modeling

section, it may be supposed that the predictions of these models for other conditions
than the ones for which they have been evaluated can be rather inaccurate.

5.1.2.2 Global sensitivity analysis

A method for quantifying the impact of model parameters on the model predictions
is the sensitivity analysis. The methods of sensitivity analysis can be categorized
into local and global. Local sensitivity analysis, based on model derivatives with
respect to the parameters, is commonly employed to study the role of model param-
eters in the model. But when the model parameters are very uncertain and cover a
large range, the techniques of local sensitivity analysis are not very useful and global
sensitivity analysis is used instead. In the global sensitivity analysis the output vari-
ability is evaluated when the model parameters can vary in their whole uncertainty
ranges [114]. Sensitivity analysis was applied to wood drying models in several pre-
vious works: Plumb et al. [115] showed that their model for low-temperature drying
of wood (i.e. the drying takes place below the normal boiling point of water) is
very sensitive with respect to the intrinsic gas permeability. Perre et al. [10] showed
that the latter is also true for high-temperature drying of wood (which occurs at
temperatures above the normal boiling point of water). Di Blasi [12] and Fyhr &
Rasmuson [11] have analyzed the sensitivity of their models for high-temperature
drying of woody biomass particles for a limited number of physical properties. A
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comprehensive sensitivity analysis has been conducted by Nassrallah & Perre [9] on
low-temperature drying of wood material.

Most of these sensitivity analyses of wood drying models have been con-
ducted by arbitrarily changing a model parameter irrespective of the relevant un-
certainty of this parameter. Fyhr & Rasmuson [11] reported that they considered
the relevant uncertainties for the input parameters, but they didn’t state how they
determined those relevant uncertainties. Gronli [45] although presented an excel-
lent review of empirical correlations and values for physical properties of wood, but
he conducted the sensitivity analysis regarding the pyrolysis model, not the drying
model. Couture et al. [43] investigated the impact of different correlations for the
relative permeabilities of gas and liquid on their model for low-temperature dry-
ing of wood material. So far no comprehensive global sensitivity analysis has been
conducted which takes into account the whole range of uncertainty reported in the
literature for the parameters of a wood drying model.

In this section a global sensitivity analysis is done on the drying model in
which the model parameters are changed not by an arbitrary value, but by values
according to the range of established correlations for the respective parameter in
the literature. The contribution of nine above mentioned model parameters are
evaluated to the variation of the model output, i.e., the drying time. The one-at-a-
time (OAT) approach is applied to perform the global sensitivity analysis [114,116].
The effect of variation in each model parameter on the model output is evaluated
while the other model parameters are held constant at their base values. Hence,
a set of base or reference values of each model parameter is needed. To this end,
an intermediate correlation or value of each model parameter is considered as the
reference case and shown in Tab. 5.5. The global sensitivity analysis is performed
by varying each model parameter (one-at-a-time) from its minimum value to its
maximum value. Although some parameters such as relative permeability of gas
and liquid may be related to each other, in this work all model parameters are
considered to be independent from each other. Following the impact of variation of
the model parameters on the model output are presented.

5.1.2.2.1 Effective thermal conductivity and specific heat capacity Fig. 5.3 shows
the results of mass loss during drying of a single wood particle for minimum and
maximum effective thermal conductivity of wet wood. Although the two correlations
differ by a factor of approximately three, the drying time varies only by 14%. This
finding is in agreement with the results obtained by Ben Nassrallah & Perre [9],
who also concluded that their drying model is not very sensitive to the changes
in the effective thermal conductivity parameter. It was shown in Fig. 2.3, the
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Table 5.5: Reference case of model parameters for drying of pine wood on transverse direction

Model parameter Unit Species Reference

keff = 0.17681 + 0.83535 · 10−4 · (T −
273) + 0.2765M

(Wm−1K−1) Scotspine [112]

Cp = CpwM+1710

1+M
(Jkg−1K−1) Scotspine [112]

Dbw = 1
〈ρSD〉

exp[(−2590.1
T

+

11.954)M − 1046.63
T
− 12.35]

(m2s−1) Pine [42]

Deff
v = 0.05ε2[1.192 · 10−4(T

1.75

P
)] (m2s−1) Southern pine [57]

Pc = 1.364 · 105σ(T )(Mfw + 1.2 ·
10−4)−0.63

(Nm−2) Softwood [59]

Kg = 4 · 10−16 (m2) Pine (Sapwood) [43]

Kl = Kg (m2) Pine [43]
Krg = ( 1−S

1−Sirr )3 (-) Pine [43]

Krl = S3 (-) Pine [43]

Sirr = 0.07

σ(T ) = (1.28 · 102 − 0.185T )10−3
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Figure 5.3: Evolution of average moisture content based on minimum and maximum effective
thermal conductivity

correlations for the specific heat capacity of a wet wood particle differ by a factor
of approximately 1.5, but nevertheless the difference in the results is negligible, as
shown in Fig. 5.4. Therefore one can use all the expressions for specific heat capacity
of wet wood listed in the appendix, for the simulation of the drying of a pine wood
particle without a significant error in the model output.

5.1.2.2.2 Diffusive transport coefficients As shown in Fig. 5.5, the effect of the
variation of bound water diffusivity on the drying time over the studied conditions
is negligible. The ratio of maximum to minimum drying time resulting, respectively,
from minimum and maximum value of the diffusion coefficient of bound water is
1.065. Despite of up to three orders of magnitudes difference between maximum and
minimum values of the diffusion coefficient of bound water, for some temperatures
and moisture contents as shown in Fig. 2.4, the maximum drying time is only 6.5%
bigger than the minimum drying time. In contrary to the bound water diffusivity,
the variation of effective diffusivity of water vapor causes a significant uncertainty
on the predicted drying time, of a factor of approximately two, as shown in Fig.
5.6. This 97% increase of the drying time is actually not in agreement with the
results reported by Bonneau & Puiggali [42], who stated that the vapor diffusion
has a minor effect on the moisture transport during wood drying. However, Ben
Nassarrah & Perre [9] reported that in the case of wood drying, the resistance of
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Figure 5.4: Evolution of average moisture content based on minimum and maximum specific heat
capacity

the porous medium to gaseous migration is very important and showed that their
model is sensitive to the changes in effective diffusivity of water vapor. The latter
statement is approved with the results obtained in this study.

5.1.2.2.3 Convective transport coefficients

5.1.2.2.3.1 Convective transport coefficients of gas mixture Fig. 5.7 shows
that the ratio of maximum to minimum drying time, associated to the minimum
and maximum values of gas intrinsic permeability, respectively, is 2.93. The impact
of this parameter on the model output is very remarkable. On the other hand, it
was mentioned that this property differs by three to four orders of magnitude, even
for one type of wood [56]. Therefore, for reasonable accurate predictions of the
drying time, it is recommended that at least the order of magnitude of gas intrinsic
permeability is experimentally determined for the wood under examination. Fig. 5.8
shows that three times difference between maximum and minimum value of relative
permeability of gas , as shown in Fig. 2.6, is not enough to make a considerable
change in the results of the model. Under these conditions the model is not sensitive
to the different expressions of the relative permeability of gas listed in the appendix
and one can use each of these expressions freely.
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Figure 5.5: Evolution of average moisture content based on minimum and maximum bound water
diffusivity
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Figure 5.6: Evolution of average moisture content based on minimum and maximum effective
diffusivity of water vapor
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Figure 5.7: Evolution of average moisture content based on minimum and maximum gas intrinsic
permeability
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Figure 5.8: Evolution of average moisture content based on minimum and maximum gas relative
permeability
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Figure 5.9: Evolution of average moisture content based on minimum and maximum capillary
pressure

5.1.2.2.3.2 Convective transport coefficients of free water It has been shown
in Fig. 2.7 that minimum and maximum capillary pressures in the pores of wood,
under studied conditions, range from 103 to 106 (Pa). This three orders of magnitude
difference between capillary pressures affects the drying time considerably. The
drying time associated to the maximum value of capillary pressure is 47% bigger
than the minimum drying time, as shown in Fig. 5.9. Fyhr & Rasmuson [11] have
reported a similar remarkable effect of changes in capillary pressure on their model.
The effect of maximum and minimum values of the liquid intrinsic permeability is
significant on the model results as shown in Fig. 5.10 and the maximum drying
time is 25% bigger than minimum drying time. This considerable sensitivity to
not big changes in the value of the parameter can be related to the prominent
contribution of the convective liquid-phase flow in drying process under the studied
conditions. There are three to six orders of magnitude differences between maximum
and minimum value of the relative permeability of liquid water over the studied
range of saturation, as shown in Fig. 2.8. The effect of this wide range of changes
in the value of the liquid relative permeability on the model results is shown in Fig.
5.11., the maximum drying time is 35% bigger than the minimum drying time. It is
obvious that these latter convective coefficients appear in the model only when the
fuel particle has a moisture content higher than fiber satuarion point.
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Figure 5.10: Evolution of average moisture content based on minimum and maximum liquid
intrinsic permeability
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Figure 5.11: Evolution of average moisture content based on minimum and maximum liquid
relative permeability
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5.1.3 Predictions of particle model

Drying experiments of two hygroscopic fuel particles, wood and lignite, are con-
sidered as case studies to show the prediction capability of the presented particle
model. Simulation results obtained from both numerical solution methods, LIMEX
solver and iterative solution method, are presented. It should be pointed out that
although both particle models with different solution methods have the same formu-
lation based on Whitaker model however there are some differences between. The
drying model solved by LIMEX solver includes almost all important phenomena of
drying process and it is a rather comprehensive model. But for the model with
iterative solution method, some simplifications are performed in the model because
this particle model is going to be coupled to a multi-scale model of drying. In or-
der to reduce the computational cost in solving of the particle model with iterative
method, it is assumed that the bound water does not move inside the fuel particle.
So the diffusion of bound water is neglected in mass balance as well as energy balance
equations. In addition, the diffusion of water vapor is neglected in the energy bal-
ance. Since in the model with iterative solution method every phenomenon is solved
separately therefore the boundary condition type 2 is more suitable to be employed
in this model while in the model solved by LIMEX solver, the boundary condition
type 1 is used. Slight differences between the simulation results obtained by these
two numerical solution methods are related to the mentioned simplifications.
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5.1.3.1 Drying of a wood particle

Stanish el al. [57] conducted some experiments of wood drying under different condi-
tions and tested their developed mathematical model by these experimental data. In
this section, two different sets of data of southern pine lumber drying are selected to
examine the prediction capability of the particle model of this thesis. Southern pine
lumber specimens were prepared with the length of 40 cm and the sections 5 × 15

cm. The samples were located in a drying chamber under convective drying air flow.
In order to have a one-dimensional moisture transport, four side faces of the samples
were coated with a moisture sealer so that the drying took place through only the
upper and lower faces along the 5 cm thickness of the samples. The mathematical
model developed by Stanish et al. is somewhat different from the Whitaker model
used for the particle model of this thesis. Although the solution of conservation
equations is used in both models but some parameters and expressions are different.
For instance, the diffusion of bound water was modeled in the model of Stanish et
al. by taking the chemical potential as a driving force while it is modeled in the
present model based on the gradient of bound water (in the model solved by LIMEX
solver). The used sorption isotherm expression is not the same in these models too.
Input parameters of the model of this study for simulation of the drying of southern
pine lumber specimens are listed in Tab. 5.6.

Fig. 5.12 and Fig. 5.13 show the history of changes in average moisture
content as well as the center point temperature for convectively dried southern pine
samples, respectively. The comparison between the results shows that the predic-
tions of the present particle model solved by two solution methods are in very good
agreement with the experimental data and the simulation results of Stanish el al.
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Table 5.6: Model inputs for simulation of drying of southern pine lumber specimens based on
experiments of Stanish et al. ([57])

Parameter Correlation/Value Unit Reference

〈ρSD〉 405 (kgm−3) [57]
Tbc 398 (K) [57]
ε 0.73 (-) [57]
Patm, Pbc 101325 (Nm−2) -
Minit 1.25 (for experiment with Vg = 7m/s ) (kgkg−1) [57]
Minit 0.525 (for experiment with Vg = 13m/s ) (kgkg−1) [57]
α 58 (for experiment with Vg = 7m/s) (Wm−2K−1) [57]
α 87 (for experiment with Vg = 13m/s) (Wm−2K−1) [57]
β α

950
(ms−1) [13]

Cps 1360 (Jkg−1K−1) [57]
Cpw 4200 (Jkg−1K−1) [45]
Cpv 2000 (Jkg−1K−1) [102]
Cpa 1000 (Jkg−1K−1) [102]
Deff
v 0.05ε2[1.192 · 10−4(T

1.75

P
)] (m2s−1) [57]

keff
〈ρSD〉
1000

(0.4 + 0.5M) + 0.024 (Wm−1K−1) [57]
Dbw exp(−9.9 + 9.8Mbw − 4300

T
) (m2s−1) [59]

Kg 5 · 10−15 (m2) [57]
Kl 5 · 10−16 (m2) [57]
Pc 1.364 · 105σ(T )(Mfw + 1.2 · 10−4)−0.63 (Nm−2) [59]
Krg 1 + (2S − 3)S2 (-) [10]

Krl

0.95(Mfw
Mcr

)2 If (0 < Mfw < Mcr) 0.05 Mfw−Mcr

Msat−Mcr
+

0.95 If (Mcr < Mfw < Msat)
(-) [59]

Mfsp 0.598-0.001T (kgkg−1) [106]
h(Mbw, T ) 1− (1− Mbw

Mfsp
)6.453·10−3 T (-) [45]

P sat
v exp(24.1201− 4671.3545T−1) (Nm−2) [107]

M hw 3.1749 · 106 − 2460T (Jkg−1) [107]
M hsorp 400 M hw(1− Mbw

Mfw
)2 (Jkg−1) [57]

Mcr = 0.8 , Msat = 1.33, σ(T ) = (1.28 ·102−0.185T )10−3
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Figure 5.12: Comparison of simulation results with experimental data for convective drying of a
southern pine particle; evolution of average moisture content. Tg = 125◦C, Vg = 7m/s
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Figure 5.13: Comparison of simulation results with experimental data for convective drying of a
southern pine particle; evolution of temperature of center point. Tg = 125◦C, Vg = 7m/s
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5.1.3.1.1 Intra-particle profile of moisture and temperature during single particle dry-

ing Fernandez and Howell [14] simulated the drying experiment of southern pine
specimen with the initial moisture content of 0.525 kg/kg(d.b) subjected to the hot
air with the velocity of Vg = 13 m/s, conducted by Stanish et al. They developed
a mathematical model similar to the model of Stanish et al. and presented their
model predictions of the moisture loss history and temperature evolution and also
the spatial profiles of moisture content and temperature inside the wood particle;
Fig. 5.14 to Fig. 5.19. The simulation results of the particle model of this thesis
with two solution methods are compared with the simulation results of Fernandez
and Howell in these figures and it is seen that there are acceptable agreements be-
tween the results. Fig. 5.17 to Fig. 5.19 show that after 270 minutes since the start
of drying there is still a remarkable gradient in the moisture content as well as tem-
perature profile inside the particle. It is shown in Fig. 5.16 to Fig. 5.19 that even
under such a moderate heating condition (Tg = 125◦C), the gradients of moisture
content and also temperature inside the particle from 38 minutes to 270 minutes is
remained around 40% and 30◦C, respectively. The whole period of drying process is
1000 minutes that Fernandez and Howell [14] showed after around 500 minutes the
moisture content inside at the center point of the particle started to decrease. With
respect to such significant gradients within the moisture content and temperature
profiles inside a thermally thick wood particle even under moderate heating condi-
tions, neglecting these gradients and averaging the properties is not reasonable and
may lead to remarkable errors. The simulation results of wood drying (Fig. 5.1)
have shown that the gradient of the model parameters inside the particle for the
case with intensive heating conditions are much bigger than the case with moderate
heating conditions.
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Figure 5.14: Comparison of simulation results with experimental data for convective drying of a
southern pine particle; evolution of average moisture content. Tg = 125◦C, Vg = 13m/s
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Figure 5.15: Comparison of simulation results of different models for convective drying of a
southern pine particle; evolution of temperature of center point. Tg = 125◦C, Vg = 13m/s
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Figure 5.16: Comparison of simulation results of different models for convective drying of a
southern pine particle; spatial profiles of moisture content inside the particle after 38 min. Tg =

125◦C, Vg = 13m/s
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Figure 5.17: Comparison of simulation results of different models for convective drying of a
southern pine particle; spatial profiles of moisture content inside the particle after 270 min. Tg =

125◦C, Vg = 13m/s
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Figure 5.18: Comparison of simulation results of different models for convective drying of a
southern pine particle; spatial profiles of temperature inside the particle after 38 min. Tg = 125◦C,
Vg = 13m/s
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Figure 5.19: Comparison of simulation results of different models for convective drying of a
southern pine particle; spatial profiles of temperature inside the particle after 270 min. Tg = 125◦C,
Vg = 13m/s



5.1 Single particle drying 79

5.1.3.2 Drying of a lignite particle

Zhang and You [102] conducted the drying experiments of two kinds of Chinese lig-
nite; Huolinhe lignite and Hailaer lignite. The samples were prepared into spherical
shape of particles. These lignite particles with the radius of 30 mm were subjected
to the hot air in a drying chamber. In addition to the mass-loss measurement of
the lignite particles, the temperature at the center point and also at the half radius
of the samples were measured during the drying. A comprehensive drying model
based on Whitaker’s model was presented by them too. Comparisons between the
simulation results of the particle model of this thesis with the experimental as well
as computational data of Zhang and You are presented in this part. The input
parameters of the present particle model are mainly taken from [102], presented in
Tab. 5.7 . Fig. 5.20 to Fig. 5.25 show the comparison between these results that
are in good agreement.

Similar to the drying of woody biomass particles, a remarkable gradient is
seen in the graphs of temperature profile of the lignite particles; Fig. 5.21 and Fig.
5.22 also Fig. 5.24 and Fig. 5.25. Simulation results of the spatial profile of moisture
content inside the lignite particles (presented by Zhang and You, not shown here)
showed also significant gradients inside the lignite particles.
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Table 5.7: Model inputs for simulation of drying of lignite particles based on experiments of Zhang
& You ([102])

Parameter Correlation/Value Unit Reference

〈ρs〉shuo 1435 (kgm−3) [102]
εhuo 0.42 (-) [102]
〈ρs〉shai 1370 (kgm−3) [102]
εhai 0.38 (-) [102]
Tbc 413 (K) [102]
Patm, Pbc 101325 (Nm−2) -
rp 0.015 (m) [102]
Minit(huo) 0.47 (kgkg−1) [102]
Minit(hai) 0.41 (kgkg−1) [102]
ks 0.19 (Wm−1K−1) [102]
kl 0.658 (Wm−1K−1) [102]
kg 0.02577 (Wm−1K−1) [102]
Cps 1000 (Jkg−1K−1) [102]
Cpw 4200 (Jkg−1K−1) [102]
Cpv 2000 (Jkg−1K−1) [102]
Cpa 1000 (Jkg−1K−1) [102]
Deff
v 0.05[1.192 · 10−4(T

1.75

P
)] (m2s−1) [102]

Dbw exp(−12.81 + 10.89Mbw − 4300
T

) (m2s−1) [110]
Kg 10−14 (m2) [44]
Kl 10−16 (m2) [44]
Pc 1.364 · 105σ(T )(Mfw + 1.2 · 10−4)−0.63 (Nm−2) [59]
Krg (1− S)2 (-) [102]
Krl S2 (-) [102]
Mfsp 0.3 (kgkg−1) [102]
h 1− exp[−2.53(T − 273)0.47 ·M1.58] (-) [102]
P sat
v exp[17.58− (5769T−1)− 0.005686T ] (Nm−2) [102]

M h 3.1749 · 106 − 2460T (Jkg−1) [102]

σ(T ) = (1.28 · 102 − 0.185T )10−3
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Figure 5.20: Comparison of simulation results with experimental data for convective drying of a
Hailaer lignite particle; evolution of average moisture content. Tg = 140◦C, Vg = 1.5m/s
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Figure 5.21: Comparison of simulation results with experimental data for convective drying of a
Hailaer lignite particle; evolution of temperature of center point. Tg = 140◦C, Vg = 1.5m/s
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Figure 5.22: Comparison of simulation results with experimental data for convective drying of a
Hailaer lignite particle; evolution of temperature at half radius. Tg = 140◦C, Vg = 1.5m/s

0 2000 4000 6000 8000 10000 12000
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

Time [s]

M
oi

st
ur

e 
co

nt
en

t [
kg

/k
g]

(d
.b

)

 

 
Experimental data from Zhang & You ([102])
Simulation results of Zhang & You ([102])
Simulation results of Limex solver
Simulation results of iterative method

Figure 5.23: Comparison of simulation results with experimental data for convective drying of a
Huolinhe lignite particle; evolution of average moisture content. Tg = 140◦C, Vg = 1.5m/s
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Figure 5.24: Comparison of simulation results with experimental data for convective drying of a
Huolinhe lignite particle; evolution of temperature of center point. Tg = 140◦C, Vg = 1.5m/s
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Figure 5.25: Comparison of simulation results with experimental data for convective drying of a
Huolinhe lignite particle; evolution of temperature at half radius. Tg = 140◦C, Vg = 1.5m/s
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5.1.4 Concluding remarks

Single particle drying has been simulated by a one-dimensional particle model based
on Whitaker model. The computational performance of this model has been veri-
fied under high-temperature drying. For highlighting the importance of the model
coefficients, the drying of an infinite cylindrical pine wood particle has been studied
numerically. By applying the lower and upper bounds of nine model parameters to
the model a bounded model output has been calculated. It shows a sixteen times dif-
ference between the predicted maximum and minimum drying times. It means that
the arbitrary adoption of the model parameters from the literature without enough
justifications based on considered case study can lead to totally wrong predictions
of the model output.

By applying the variation of each model parameter, from its minimum to
maximum value, to the model the sensitivity analysis has been done. The following
points are concluded from the sensitivity analysis: (i) The global sensitivity analysis
shows that the impact of the variation of effective thermal conductivity and specific
heat capacity on the model output is almost negligible. So each correlation listed in
the the appendix for the above mentioned parameters can be adopted for modeling
drying of pine wood under the studied conditions. (ii) The model output changed
slightly with the different correlations of bound water diffusivity. But the effect of the
variation of effective diffusivity of water vapor on the model output was significant.
Therefore the adoption of a correlation for bound water diffusivity is not critical for
drying modeling, but a wrong selection of the value of effective diffusivity of water
vapor may lead to 100% error in the predictions of drying time. (iii) The variation
of all investigated convective transport coefficients, except gas relative permeability,
have shown a remarkable impact on the predicted drying time. Among all model
parameters, the gas intrinsic permeability is the most significant parameter affecting
the model output. Wrong adoption of the value of gas intrinsic permeability may
lead to predictions of the model that are three times higher (or lower) than the
accurate results.

To obtain reliable predictions of a model of drying of a single wood parti-
cle the gas intrinsic permeability, effective diffusivity of water vapor and capillary
pressure, in order of their importance, must be experimentally determined for the
studied conditions. Besides, this study shows that the drying of a coarse wood
particle under studied conditions is mainly controlled by transport phenomena in-
side the particle, particularly mass transport phenomena. Therefore neglecting each
phenomenon inside the particle needs to be reasonably justified.
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The drying of wood as well as lignite particle has been simulated by two
different solution methods; LIMEX solver and iterative solution method. The simu-
lation results have shown very good agreements with the experimental data and the
simulation results of others from the literature. In spite of the simplifications applied
to the particle model with iterative solution method, the predictions of this model is
quite close to the prediction of the model with comprehensive model equations; the
particle model with LIMEX solver. Even over moderate drying conditions studied
in this thesis, the remarkable gradients of moisture content and temperature can be
seen inside the wood as well as lignite particles. These remarkable gradients of the
properties inside the particle imply that averaging these properties is not acceptable
and can lead to significant error in prediction of the drying characteristics of the
particle.
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5.2 Fixed-bed drying

Simulation results of fixed-bed drying of wood and lignite particles obtained by
the HQCM and the RPM are presented in this section. The simulation results are
compared with the experimental data and the simulation results of the DPM from
the literature. Prediction capability of two fixed-bed drying models, the HQCM and
the RPM, are examined under different conditions of fixed-bed drying. Different
values of the temperature and velocity of the inlet gas, height and porosity of the
bed, initial moisture content and also different types of the materials are simulated
during fixed-bed drying. In this section, at the first, the fixed-bed drying of wood
particles with two different temperatures of the inlet gas are simulated. Following,
the fixed-bed drying of two kinds of lignite particles are presented. Simulation results
of the fixed-bed drying of Hailaer and Huolinhe lignite particles are shown for the
cases of weight loss rate, the evolution of gas temperature in the bed and also the
intra-particle temperature and moisture in the particles located at different heights
of the bed. The share of parallel computing on the reduction of computational times
is presented before the concluding remarks.

5.2.1 Fixed-bed drying of wood particles

Peters et al. [32] conducted the experiments of fixed-bed drying with different inlet
gas temperatures. The experiments were carried out with beech wood particles
with initial moisture content of 10% (dry basis). 2 kg of cube beech particles with
10× 10× 10 mm3 in size were located in a drying chamber with inner diameter of
250 mm where the height of bed reached to 100 mm. The bed was preheated to
T = 90◦C and then a flux of heated nitrogen (ṁ = 16 kgh−1) streamed through the
bed to dry it. Recently, Mahmoudi et al. [34] have simulated two sets of these fixed-
bed drying with the drying temperature of 135◦C and 150◦C, by the DPM. They
coupled the particle solution to a CFD tool solving the equations of interstitial gas
phase. Instead of cube particles, they simulated one dimensional drying of spherical
particles with the same volume. Considering the thermal capacity of the test facility,
they presented an exponential form relation for the temperature of inlet gas. The
evolution of inlet gas temperatures which reach to steady state values of 135◦C and
150◦C, are given by equations of Eq. (5.1) and Eq. (5.2), respectively [34].

Tin = 135 + 115 exp−0.001t (5.1)

Tin = 150 + 126 exp−0.001t (5.2)
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Fig. 5.26 and Fig. 5.27 show the comparison between the simulation results
of the HQCM and the RPM with two sets of the experimental data from [32] as
well as the simulation results of the DPM from [34]. The properties of beech wood
and other input parameters for the simulation are given in Tab. 5.8. It should be
noted that the parameters shown in this table are related to the involved phenomena
under the experiment conditions so that the free water does not appear in the model
equations, because of low moisture content of the considered particles. The heat
sink method is used for the calculation of the evaporation rate of wood particles,
as Mahmoudi et al. [34] did. For the simulation by the RPM, 10 representative
particles along the height of the bed are solved so that 15 grid points are considered
in the radial direction of each particle. As already mentioned, for the RPM the
bound water diffusion is neglected in the particles and the effect of gas diffusion on
the heat transport is not taken into account. Mahmoudi et al. also neglected the
heat transported through bulk motion and diffusion of gas phase in their simulation
by the DPM, because of the negligible thermal mass of the gas phase compared to
the solid and liquid phase. They did not consider the bound water diffusion in their
model too.

For the simulation by the HQCM, after the grid-independence study, 24
grid points are considered along the height of the bed. The simulation results of
the RPM show very good agreement with the simulation results of the DPM as well
as the experimental data. Although there are deviations between the simulation
results of the HQCM and the other data however it is seen that the HQCM can
acceptably predict the mass loss during wood fixed-bed drying under the conditions
of these experiments. This is related to the low moisture content of the particles
(10 % d.b), rather small size of the particles (rp = 0.0062m) and also the low
height of the bed (Hbed = 0.1m). The HQCM presents acceptable predictions under
the conditions close to the assumptions of this model; no gradient for the properties
inside the particle domain. In both models, the evaporation occurs inside the particle
domain but the drying rate is limited to the heat and mass exchanges between the
interstitial gas phase and the particle domain. In the HQCM, no internal heat and
mass transfer resistances are considered while in the RPM these resistances inside
the particles are taken into account. In the experiments of wood drying with rather
low moisture contents, the heat and mass exchanges from the particle domain to
the interstitial gas phase for both models are similar because the mass exchange by
convection flux in the RPM (which is extra term rather the mass exchange in the
HQCM) is negligible. Vapor diffusion plays a key role as an interal mass transfer
resistance which is captured by the RPM. Therefore the HQCM predicts the drying
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Figure 5.26: Comparison of simulation results with experimental data for fixed-bed drying of wood
particles; evolution of moisture loss. Tdrying = 135◦C

rate higher (the drying time shorter) while the RPM predicts the drying rate lower
that is more close to the simulation results of the DPM and the experimental data.

5.2.1.1 Intra-particle profiles of moisture and temperature during fixed-bed drying of

wood particles

Fig. 5.28 and Fig. 5.31 show the simulation results of the RPM for the intra-particle
profiles of moisture and temperature inside the wood particles located at the inlet
and middle layers of the bed based on the drying experiment with Tdrying = 150◦C.
It can be seen that there are negligible gradients in the temperature profiles of the
wood particles at both layers in the bed. Althought the gradients in the moisture
profiles seem to be remarkable however, because of low moisture content, averaging
the moisture content by the HQCM does not affect the results dramatically. The
intra-particle profiles show that the evaporation is started later in the middle layer
and it takes longer, in comparison to the particles in the inlet layer. This is because
of the fact that a part of the heat of drying gas is consumed for drying of the particles
in the layers before the middle layer. Moreover, the water vapor released from the
layer before the middle layer are transported by the drying gas to this layer and
the concentration of water vapor in the interstitial gas increases in this layer . The
higher concentration of water vapor at middle layer causes lower mass transfer from



5.2 Fixed-bed drying 89

Table 5.8: Model inputs for simulation of fixed-bed drying of wood particles based on experiments
of Peters et al. ([32])

Parameter Correlation/Value Unit Reference
Particle scale

〈ρSD〉 750 (kgm−3) [34]
ε 0.64 (-) [34]
Patm, Pbc 101325 (Nm−2) -
rp 0.0062 (m) [34]
Minit 0.1 (kgkg−1) [34]
ks 0.47 (Wm−1K−1) [34]
kl 0.685 (Wm−1K−1) [45]
kg 0.02577 (Wm−1K−1) [102]
Cps 2551.3 (Jkg−1K−1) [34]
Cpw 4200 (Jkg−1K−1) [102]
Cpv 2000 (Jkg−1K−1) [102]
Deff
v 0.001[1.192 · 10−4(T

1.75

P
)] (m2s−1) [10]

Kg 4 · 10−16 (m2) [43]
Mfsp 0.598-0.001T (kgkg−1) [106]
M h 3.1749 · 106 − 2460T (Jkg−1) [102]

Reactor scale
εbed 0.46 (-) [34]
Hbed 0.1 (m) [34]
Dz,v 1.165× 10−5 (m2s−1) [104]
Λz 0.0279 (Wm−1K−1) [104]

Interface
α Nuλg

dp
* (Wm−2K−1)

β (2+1.1Re0.6Sc1/3)Dg
dp

(ms−1) [117]
*Nu = 3 based on Reynolds number of Re ≤ 40, Adopted from [32]
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Figure 5.27: Comparison of simulation results with experimental data for fixed-bed drying of wood
particles; evolution of moisture loss. Tdrying = 150◦C

the particle domain to the interstitial gas phase therefore the drying rate decreases
in this layer.
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Figure 5.28: Simulation results of the RPM for spatial profiles of moisture inside a particle from
inlet layer of the bed during fixed-bed drying of wood particles. Tdrying = 150◦C

Radius [m] !10 -3
0 1 2 3 4 5 6

Te
m

pe
ra

tu
re

 [K
]

370

375

380

385

390 Temperature profile after 1000 s
Temperature profile after 2000 s
Temperature profile after 2500 s
Temperature profile after 3000 s
Temperature profile after 3500 s

Figure 5.29: Simulation results of the RPM for spatial profiles of temperature inside a particle
from inlet layer of the bed during fixed-bed drying of wood particles. Tdrying = 150◦C
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Figure 5.30: Simulation results of the RPM for spatial profiles of moisture inside a particle from
middle layer of the bed during fixed-bed drying of wood particles. Tdrying = 150◦C
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Figure 5.31: Simulation results of the RPM for spatial profiles of temperature inside a particle
from middle layer of the bed during fixed-bed drying of wood particles. Tdrying = 150◦C
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5.2.2 Fixed-bed drying of lignite particles

As already mentioned in this chapter, single particle drying experiments for two kinds
of lignite particles were done by Zhang and You ( [102]). They also carried out the
fixed-bed drying experiments with these kinds of lignite particles and compared the
data with their simulation results of the DPM [104]. In this section, the simulation
results of the HQCM and the RPM are compared with the experimental data and the
simulation results of the DPM from [104]. The input parameters for single particle
simulation are the same as Tab. 5.7. The input parameters used for the simulation
of the bed of lignite particles are given in Tab. 5.9. Fig. 5.32 to Fig. 5.35 show the
comparison between the results of weight loss for the fixed-bed drying of two kinds
of the lignite particles with two different heights of the bed; 250 mm and 500 mm.
Similar to the fixed-bed drying of wood particles, the simulation results of the RPM
show very good agreement with the experimental data as well as the simulation
results of the DPM. But against the acceptable predictions of the HQCM for wood
drying under mentioned conditions, the simulation results of the HQCM can poorly
express the drying behavior of the coarse lignite particles with rather thick bed size.

By conducting the grid-independence study for the HQCM, 32 grid points
are considered for the bed with Hbed = 250mm and 64 grid points for the bed
with Hbed = 500mm. The grid-independence study is done for the grid points of
the particle scale of the RPM. 8 grid points inside the particles are used for the
simulation by the RPM where 8 and 16 representative particles are selected along
the height of the beds; 250 mm and 500 mm, respectively. Almost linear behavior of
the results of the HQCM is an evident of neglecting the transport phenomena inside
the particles. It can be seen that not considering the transport phenomena inside the
particles can lead to a significant error in prediction of drying process of thermally
thick particles. Both types of studied lignite particles have rather high moisture
content, then the free water, water vapor and bound water are existing inside the
particles and their internal heat and mass transport control the drying process.
Under moderate heating conditions, the transport of free water by convection and
the water vapor by convection and diffusion are important in controling the drying
process. In the case of wood drying in the previous section, only the diffusion of
water vapor has been dominant because of low moisture content but in the case of
lignite particles, with rather bigger size and thicker bed, the heat and mass transport
inside the particle domain are more important.

The difference between the results of the HQCM with the other data is
related to the mass exchange from the particle domain to the interstitial gas phase.
Despite the fact that the heat and mass transfer inside the particles play the role as
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Table 5.9: Model inputs for simulation of fixed-bed drying of lignite particles based on experiments
of Zhang & You ([104])

Parameter Correlation/Value Unit Reference
Reactor scale

εbed 0.4 (-) [104]
Dz,v 1.165× 10−5 (m2s−1) [104]
Λz 0.0279 (Wm−1K−1) [104]

Interface
α (2+1.1Re0.6Pr1/3)µg

dp
(Wm−2K−1) [117]

β (2+1.1Re0.6Sc1/3)Dg
dp

(ms−1) [117]

internal resistances for the RPM but the convection flux from the particles to the
interstitial gas phase which is not considered in the HQCM, causes higher drying
rate in the RPM. This convection term is not taken into account in the HQCM
because there is no physical meaning for it based on the assumptions of this method.
The deviation of simulation results of the RPM from the DPM’s results can be
partially related to the convective coefficients of heat and mass transfer between
the particles and the interstitial gas phase used in the RPM (Tab. 5.9). Wakao’s
correlations are used for calculation of the convective coefficients of heat and mass
transfer in the simulation by the RPM. It should be noted that the convective
coefficients of heat and mass transfer between the particles and the interstitial gas
phase were not reported for the solution of the DPM in the study of [104]. However,
the differences between the results of the RPM and the DPM are mainly related to
the mass transport coefficients inside the particles used in the RPM of this thesis
different with the values used in the DPM by Zhang and You [104]. Nevertheless,
the difference between the results of the RPM and the DPM is naturally expectable
because more simplifications are applied in the RPM in comparison to the DPM.
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Figure 5.32: Comparison of simulation results with experimental data for fixed-bed drying of
Hailaer lignite particles; evolution of weight loss. Tg = 428K, Vg = 0.6m/s, Hbed = 250mm

0 2000 4000 6000 8000
0

5

10

15

20

25

30

35

40

45

50

Time [s]

W
ei

gh
t l

os
s 

ra
te

 [%
]

 

 

Experimental data from Zhang & You ([104])
Simulation results of DPM from Zhang & You ([104])
Simulation results of RPM
Simulation results of HQCM

Figure 5.33: Comparison of simulation results with experimental data for fixed-bed drying of
Huolinhe lignite particles; evolution of weight loss. Tg = 428K, Vg = 0.6m/s, Hbed = 250mm
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Figure 5.34: Comparison of simulation results with experimental data for fixed-bed drying of
Hailaer lignite particles; evolution of weight loss. Tg = 428K, Vg = 0.6m/s, Hbed = 500mm
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Figure 5.35: Comparison of simulation results with experimental data for fixed-bed drying of
Huolinhe lignite particles; evolution of weight loss. Tg = 428K, Vg = 0.6m/s, Hbed = 500mm
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Figure 5.36: Comparison of simulation results with experimental data for fixed-bed drying of
Hailaer lignite particles; evolution of gas temperature at H = 100mm of the bed. Tg = 428K,
Vg = 1.5m/s, Hbed = 500mm

5.2.2.1 Evolution of gas temperature in the bed during fixed-bed drying

Fig. 5.36 to Fig. 5.38 show the evolution of gas temperature at different heights
inside the bed during the fixed-bed drying of Hailaer lignite particles. The simulation
results are compared with the experiments done under the conditions of Hbed =

500mm, Tg = 428K and Vg = 1.5m/s. The simulation results of the RPM are in a
good agreement with the experimental data as well as the simulation results of the
DPM. The gas temperature in the layer close to the inlet port are higher than the
layer far from the inlet. This shows that the heat of drying gas is absorbed by the
wet particles in different layers which causes the gas temperature varies significantly
along the height of the bed. The accurate predictions of the distribution of gas
temperature along the height of the bed is important in designing the reactors for
thermo-chemical conversion processes.
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Figure 5.37: Comparison of simulation results with experimental data for fixed-bed drying of
Hailaer lignite particles; evolution of gas temperature at H = 300mm of the bed. Tg = 428K,
Vg = 1.5m/s, Hbed = 500mm
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Figure 5.38: Comparison of simulation results with experimental data for fixed-bed drying of
Hailaer lignite particles; evolution of gas temperature at outlet of the bed. Tg = 428K, Vg = 1.5m/s,
Hbed = 500mm
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5.2.2.2 Intra-particle profiles of moisture and temperature during fixed-bed drying of

lignite particles

The simulation results of the RPM for the intra-particle moisture and temperature
of Hailaer lignite particles at different layers of the bed during the fixed-bed drying
are shown in Fig. 5.39 to Fig. 5.42. The simulations are performed under the
conditions of Hbed = 500mm, Tg = 428K and Vg = 0.6m/s. Against the wood
drying in the previous section, there are significant gradients in the temperature as
well as the moisture profiles of the lignite particles at both inlet and middle layers
in the bed. The temperature differences inside the particle reach up to 40 K and the
moisture content has a gradient from 30% to zero inside the particles. Averaging such
significant gradients of the moisture and temperature inside the particle domain,
which is done by the HQCM, gives a wrong evaluation of the drying behaviour of
the bed. It has been seen that the predictions of the HQCM are very inaccurate
particularly for the thicker bed.
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Figure 5.39: Simulation results of the RPM for spatial profiles of moisture inside a particle from
inlet layer of the bed during fixed-bed drying of Hailaer lignite particles. Tg = 428K, Vg = 0.6m/s,
Hbed = 500mm
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Figure 5.40: Simulation results of the RPM for spatial profiles of temperature inside a particle
from inlet layer of the bed during fixed-bed drying of Hailaer lignite particles. Tg = 428K, Vg =

0.6m/s, Hbed = 500mm
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Figure 5.41: Simulation results of the RPM for spatial profiles of moisture inside a particle
from middle layer of the bed during fixed-bed drying of Hailaer lignite particles. Tg = 428K,
Vg = 0.6m/s, Hbed = 500mm
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Figure 5.42: Simulation results of the RPM for spatial profiles of temperature inside a particle
from middle layer of the bed during fixed-bed drying of Hailaer lignite particles. Tg = 428K,
Vg = 0.6m/s, Hbed = 500mm



5.2 Fixed-bed drying 102

Table 5.10: Share of parallel computing on reduction of running time of fixed-bed drying simula-
tion

Model
Execution time (s)

Speedup factor (-)
Single CPU core 8 CPU cores

RPM 15480 8820 1.755
HQCM 15960 9840 1.622

5.2.3 Parallel computing

In this section, the share of parallel computing on the reduction of the computational
time of both the HQCM and the RPM is evaluated. As a case study, the fixed-bed
drying of Hailaer lignite particles under the conditions of Hbed = 500mm, Tg = 428K

and Vg = 0.6m/s is considered to be simulated with the final simulation time of
10000 s. Tab. 5.10 shows the execution times of the HQCM as well as the RPM
and also the speedup factor of parallel computing. The simulations are done for
two cases; with single CPU core and with 8 CPU cores. The speedup factor of
the parallel computing that is the ratio of the execution time on a single processor
to that on multiprocessors for this case study is 1.75 and 1.62 for the RPM and
the HQCM, respectively. Thanks to parallel computing, the computational time
for the RPM reduced to lower than the real time of the process. The results have
been computed in the EVUR institute’s cluster by the machine with two Quad-Core
AMD Opteron(tm) Processors 2354.

5.2.4 Concluding remarks

Fixed-bed drying of wood and lignite particles have been simulated by the HQCM
and the RPM under different drying conditions. Numerical simulations by the
HQCM have been done using a fractional-step algorithm solving the equations of
the interstitial gas phase at the reactor scale and employing the LIMEX solver for
solving the equations of the solid phase. For the simulation by the RPM, at the re-
actor scale also the same solution method (fractional-step algorithm) has been used
but for the particle model coupled to the reactor scale, an iterative solution method
has been employed.

The drying experiments of a quite thin bed of rather small wood particles
with two inlet gas temperatures have been considered as case studies. The simulation
results of the HQCM and the RPM have been compared with these experimental
data and the simulation results of the DPM from the literature. Both the HQCM
and the RPM have shown acceptable agreement with the data from the literature,
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although the results from the RPM have been more accurate. In contrary to these
wood experiments, for the drying of lignite particles with bigger size of particles
(2.5 times bigger than wood particles) and the beds with higher heights ( 2.5 and 5
times bigger than the bed of wood particles) the results are different. The fixed-bed
drying experiments of two kinds of lignite particles under different conditions (dif-
ferent kinds of the lignite particle as well as different values of inlet gas velocity and
the height of bed) have been used as benchmarks for the simulation. Overall, It has
been shown that the HQCM is not able to predict the drying behavior of such coarse
particles properly. Particularly, for the higher height of the bed (Hbed = 500mm) the
HQCM predictions have big deviations from the experimental data. While the sim-
ulation results of the RPM have showed very good agreement with the experimental
data and the simulation results of the DPM, under different drying conditions. The
RPM predictions for intra-particle profiles of moisture and temperature have been
acceptable too. The intra-particle profiles of the variables involved in drying process
play important role in controlling this process and it has been shown that neglecting
this fact by the HQCM led to remarkable errors in the results.

The share of the parallel computing have been shown by running the codes
for two cases of single CPU core and 8 CPU cores, for the HQCM and the RPM. It
have been shown that by parallel computing using MPI approach on 8 processors,
the computational time could be improved to 75% for the RPM and 62% for the
HQCM, in comparison to the case with single processor.





Chapter

6
Conclusions

The major objectives of this work have been achieving higher accuracy in modeling of
the fixed-bed drying of thermally thick porous particles by using a multi-scale model
and also reducing the computational time by optimization of the numerical proce-
dure. To this end, a multi-scale model has been developed for fixed-bed drying of
hygroscopic porous particles, with the accuracy competitive with the DPM without
that much computational cost as the DPM. This multi-scale method has been named
Representative Particle Model (RPM) after how it correlates the particle scale to the
reactor scale. In this model, a particle model is solved as a representative of other
particles in a spesific solution segment by assuming that the other particles from
that segment will behave the same as this representative particle. In this way the
number of particles needed to be solved decreases to the number of representative
particles over the solution domain. Furthermore, a heterogeneous quasi-continuous
model (HQCM) has been developed to highlight the effect of neglecting intra-particle
phenomena, qualitatively as well as quantitatively.

A comprehensive particle model has been developed base onWhitaker model
for coupling to the RPM. In addition to using LIMEX solver for this particle model,
an iterative model has been developed which solves each phenomenon in the drying
process of the particle separately through a suitable numerical method. The im-
portance of the model parameter for wood particle drying has been evaluated by
the sensitivity analysis. The gas intrinsic permeability, effective diffusivity of water
vapor and capillary pressure have been known as the most significant parameters
affecting the model output that must be correctly determined to have reliable predic-
tions from the drying model. The prediction capability of the drying particle model
solved by two solution methods has been examined by wood as well as lignite drying
under different conditions. The simulation results has shown very good agreement
with the experimental data and the simulation results from the literature. It has
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been shown that the intra-particle gradients of moisture and temperature has been
remarkable for a coarse solid particle under high-temperature drying.

A fractional-step algorithm has been used for solving the equations of the
interstitial gas phase in the bed. The equations governing on the solid phase in
the HQCM have been solved by LIMEX solver. For the RPM the solutions from
the reactor scale done by the same fractional-step algorithm have been coupled to
the solutions from a comprehensive particle model solved by an iterative solution
method. The equations of these two phases (scales) are coupled through a two-way
coupling at the interface of the phases (scales). The fixed-bed drying of different
materials, wood and lignite particles, have been simulated by the HQCM and the
RPM under different drying conditions. The simulation results have been compared
with the experimental data and the simulation results of the DPM for fixed-bed dry-
ing of wood and lignite particles with different values of inlet gas temperature, inlet
gas velocity, initial moisture content, size of the particle as well as the porosity and
height of the bed. The simulation results of the RPM have shown very good agree-
ment with the experimental data for almost all cases of studied fixed-bed drying.
But for drying of the rather thick bed filled by coarse particles, that is more close to
the industrial cases, there are remarkable deviations in the simulation results of the
HQCM in comparison to the experimental data,. It has been shown that there are
up to two times mispredicting the drying time of the bed, in the simulation results
of the HQCM.

For optimization of the computational time, in addition to using an efficient
iterative solution method for the particle model coupled to the reactor model, A code
using the parallel computing has been employed for the solution at the reactor scale.
By using parallel computing via MPI approach on 8 CPU cores, the computational
time of the RPM and the HQCM have reduced by speedup factor of 1.755 and 1.622,
respectively.

Finally, A multi-scale model has been developed that is able to describe and
predict the fixed-bed drying of hygroscopic solid fuel particles with high moisture
content properly; reasonably accurate and computationally efficient. The computa-
tional time of the RPM for simulation of the fixed-bed drying of porous particles
has been less than the real time of the process.
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6.1 Future work

Some further works are suggested for improving different aspects of mathematical
modeling, numerical procedure and also experimentation and application of the pre-
sented models:

Shrinkage has not been considered in this study because it is not critical for
drying process however in order to coupling this process to the others processes of
thermo-chemical conversion, the shrinkage is suggested to be included in the models
of particle and reactor scales. For approaching to the practical state and predicting
the drying process under different conditions, the models should be extended to a
two-dimensional or three-dimensional models. The drying models should be coupled
to the other thermo-chemical conversion processes such as pyrolysis and gasification.
Since the simulation results of the RPM for the fixed-bed drying of fuel particles are
quite accurate therefore by employing this model the problem of poor modeling of
drying process during thermo-chemical processes can be solved.

The parallel computing has been used for the solution of reactor scale, it is
suggested to investigate the implementation of the parallel computing for the particle
scale too. Using the CFD tools which are able to parallel computing such as Ansys
CFX are recommended for the reactor scale to evaluate the efficiency of different
schemes of parallel computing. The sensitivity analysis of the model parameters
has been done at particle scale, the same is suggested to be done for the fixed-bed
drying.

At laboratory scale, very good data of lignite and wood drying have been
presented however the prediction capability of the RPM is suggested to be examined
for an industrial case of fixed-bed drying.





Appendix

A
Correlations for model coefficients of wood

drying

Table A.1: Specific heat capacity of pine wood

Empirical correlation Species Reference
Cp = 4185M+4.85T+1113

1+M
Softwood Perre et al. [10]

Perre & Turner [47],
[58]

Cp = 0.0022
1+M

(T )2+ 3.32M+2.95
1+M

(T )+ 4057M+526
1+M

Scotspine Deliiski [112]
Cp = CpwM+1710

1+M
Scotspine Pozgaj et al. [112]

Cp = −9.12 · 10−2 + 4.4 · 10−3T Spruce pine Koch [118]
Cp = CpwM+1357

1+M
Scotspine Krzysik [112]



110

Table A.2: Effective thermal conductivity of pine wood in transverse direction

Empirical correlation Species Reference
kT = 0.142 + 0.46M

Softwood Perre & Turner [47]kR = 2 kT

keff = 1.5 (0.142 + 0.46M)

keff = 〈ρSD〉
1000

(0.4 + 0.5M) + 0.024 Southern
pine

Stanish et al. [57]

kT = 0.1989 + 0.8314 · 10−4(T − 273)

Scotspine Olek et al. [112]
kR = 0.1990 + 0.8393 · 10−4(T − 273)

keff = 0.17681 + 0.83535 · 10−4(T − 273)+

0.2765M

kT = 0.15894 + 0.47048 · 10−3(T − 273)

Scotspine Deliisky [112]
kR = 0.14749 + 0.43657 · 10−3(T − 273)

keff = 0.131075 + 0.453525 · 10−3(T − 273)+

0.2765M

keff = (0.129− 0.049M) · (0.986 + 2.695M)·

Softwood Perre & Degiovanni [59]
[1 + 0.001(2.05 + 4M)(T − 273)] If (M > 0.4)

keff = (0.0932− 0.0065M) · (0.986 + 2.695M)·
[1 + 0.00365(T − 273)] If (M ≤ 0.4)

keff = 6 · 104〈ρSD〉 1+M
1+0.15

− 0.166 If (M > Mfsp)

Pine Bonneau & Puiggali [42]
keff = 6 ·104〈ρSD〉 1+M

1+0.44M
−0.166 If (M ≤Mfsp)

Table A.3: Bound water diffusivity in pine wood in transverse direction

Empirical correlation Species Reference
Dbw = exp(−9.9 + 9.8Mbw − 4300

T
) Softwood Perre & Degiovanni [59]

Dbw = exp(−30.39 + 5.46M + 2.54 · 10−2T ) Scotspine Hukka [119]
Dbw = 1

〈ρSD〉
exp[(−2590.1

T
+ 11.954)M −

1046.63
T
− 12.35]

Pine Bonneau & Puiggali
[42]

Dbw = exp(−12.81 + 10.89Mbw − 4300
T

) Softwood Perre & Turner [110]

Table A.4: Effective diffusivity of water vapor in pine wood in transverse direction

Empirical correlation Species Reference
Deff
v = ε6Dv−a Pine Bonneau & Puiggali [42]

Deff
v = 0.05ε

1.37
Dv−a Southern pine Fernandez & Howell [14]

Deff
v = 0.05ε2Dv−a Southern pine Stanish et al. [57]

Deff
v = 10−3Dv−a Softwood Perre et al. [10]

Dv−a = [1.192 · 10−4(T
1.75

P
)]
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Table A.5: Gas relative permeability in pine wood in transverse direction

Empirical correlation Species Reference
Krg = 1 + (2S − 3)S2 Softwood Perre et al. [10]
Krg = ( 1−S

1−Sirr )3 Pine Couture et al. [43]
Krg = (1− S)3 Pine Couture et al. [43]
Krg = 0.95(1− Mfw

Mcr
)2 +0.05 If (0 < Mfw < Mcr) Softwood Perre & Degiovanni [59]

Krg = 0.05Msat−Mfw
Msat−Mcr

If (Mcr < Mfw < Msat)

Sirr = 0.07,Msat = 1.33,Mcr = 0.8

Table A.6: Capillary pressure in pine wood in transverse direction

Empirical correlation Species Reference
Pc = exp(16.348− 0.3909M−

17.761M2 + 21.228M3 − 7.0789M4) Red pine Tremblay et al. [113]
Pc = 8.4 · 104S−0.63 Southern

pine
Spolek & Plumb [120]

Pc = 101325[1.937(S)exp(−3.785S)+

(0.093(1−S)S−1.4]·1−2.79·10−3(T−273)) Pine Bonneau & Puiggali
[42]

Pc = 1.364 · 105σ(T )(Mfw + 1.2 · 10−4)−0.63 Softwood Perre & Degiovanni
[59]

Pc = σ(T )[ 3150
S+10−4 − 1047+3.368〈ρSD〉

1.02−S +

149.8〈ρSD〉(1 − S) + 52350 + 168.4〈ρSD〉 −
3150

1+10−4 ]

Softwood Perre & Turner [111]

σ(T ) = (1.28 · 102 − 0.185T )10−3

Table A.7: Liquid relative permeability in pine wood in transverse direction

Empirical correlation Species Reference
Krl = 0.95(Mfw

Mcr
)2 If (0 < Mfw < Mcr) Softwood Perre & Degiovanni [59]

Krl = 0.05 Mfw−Mcr

Msat−Mcr
+ 0.95 If (Mcr < Mfw < Msat)

Krl = S3 Softwood Perre et al. [10]
Krl = (S−Sirr

1−Sirr )3 Pine Couture et al. [43]
Krl = S0.5[1− (1− S 1

m )m]2 Pine Kang & Chung [55]
Sirr = 0.07,Msat = 1.33,Mcr = 0.8

m = (1− 1
1.921

)





Nomenclature

Latin symbols
A pre-exponential factor [s−1]

A area [m2]
Cp specific heat capacity at constant pressure [Jkg−1K−1]

D mass dispersion / diffusivity [m2s−1]

Deff
i effective diffusivity of component i in gas mixture [m2s−1]

dp particle diameter [m]
dpor pore diameter [m]
E activation energy [Jmol−1]

F friction terms in momentum equation [kgm−2s−2]

f1 first friction factor [kgm−3s−1]

f2 second friction factor [kgm−4]

G conductance [WK−1]

H convective and viscous terms in the momentum equation [kgm−2s−2]

H length of the control volume / height of bed [m]
h(Mbw, T ) relative humidity
k thermal conductivity [Wm−1K−1]

Ko phase change rate constant [s−1]

K intrinsic permeability [m2]

Kr relative permeability [-]
M molecular weight [kgmol−1]

M dry-basis moisture content [kgkg−1]

Mfw dry-basis moisture content of free water [kgkg−1]

Mbw dry-basis moisture content of bound water [kgkg−1]

Mcr critical moisture content [kgkg−1]
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Mirr irreducible moisture content [kgkg−1]

Mfsp moisture content at fiber saturation point [kgkg−1]

Msat saturated moisture content [kgkg−1]

Mmax maximum possible value for moisture content [kgkg−1]

n unit normal vector with direction out of surface
Nu Nusselt number [-]
P pressure [Nm−2]

Pc capillary pressure [Nm−2]

〈Pg〉g pressure in the gas phase [Nm−2]

Pr Prandtl number [-]
〈Pw〉w pressure in free water [Nm−2]

rp radius of particle [m]
R universal gas constant (=8.3144 [Jmol−1K−1])
Re Reynolds number [-]
S saturation [%]

s surface to volume ratio of the particle [m−1]

t time [s]
T temperature [◦C] or [K]
v general vectorial velocity [ms−1]

V, v superficial velocity [ms−1]

wz reactor axial velocity [ms−1]

Y mass fraction [-]
z axial coordinate of the reactor [m]
〈Vi〉 superficial velocity vector of component i [ms−1]

M h latent heat of vaporization [Jkg−1]

M hsorp differential heat of sorption [Jkg−1]

Greek symbols
α heat transfer coefficient [Wm−2K−1]

β mass transfer coefficient [ms−1]

ε volume fraction
Λ thermal dispersion [Wm−1K−1]



115

µ dynamic viscosity [kgm−1s−1]

〈ργ〉 phase averaged density of phase γ [kgm−3]

〈ρi〉γ intrinsic density of component or phase i in phase γ [kgm−3]

φ general variable
Ω volume [m3]
Ωγ volume of phase γ [m3]

〈ω̇i〉 phase change rate of component i in phase γ [kgm−3s−1]

ζ Stefan correction [kgm−3]

Subscripts
0 initial value
a air
atm atmosphere
bc boundary condition
b , bed bed
bw bound water
cr critical
eff effective
equ equilibrium
fw free water
fsp fiber saturation point
g gas mixture phase
i component or phase i
init initial
irr irreducible
l liquid free water phase
s solid
sat saturated state
SD solid dry wood
surf external surface of particle
v water vapor
w water
γ phase γ
∞ ambient
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