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Abstract

Understanding what is going on during biomass thermochemical conversion
process is one of the technological hurdles in biomass thermal treatment. In
this project, a reliable one-dimensional biomass pyrolysis/gasification/combustion
model has been developed and programmed. The model developed is inte-
grated into a finite volume based CFD code. A sequence of partial differ-
ential equations are discretized by central difference approximation spatially
and an implicit method temporally, the discretized equations are solved by
the tridiagonal matrix algorithm (TDMA). The model can reliably predict the
temperature distribution, the pressure distribution, the species concentration,
the size changes, spatially and temporally.

The project is divide into two parts. The first part is the development of
a reliable one-dimensional single biomass pellet pyrolysis model. The model
is verified using various experimental test cases. After that, the model is ex-
tended to a combustion model, by including more oxidation reactions. For
both pyrolysis and combustion case, the experimental data for mass loss and
temperature profile of a biomass particle under different conversion condi-
tion are collected from the literature for model validation. The second part of
this project is designed to further investigate the combustion mechanism in
more realistic operating conditions and in this part an experiment is done on
a packed-bed biomass combustor in the laboratory of BEST - Bioenergy and
Sustainable Technologies GmbH at Graz university of technology. A series
of tests were performed to investigate the effect of the primary air flux on
the in-bed biomass combustion behavior under normal air-firing condition
(79% Ny and 21% O; (vol)). Measurements include the mass loss of the bed,
the temperatures in different bed locations, and the release of gas species O,,
CO, COy, NH3, HCN, NOy, 50,, hydrocarbons by means of FTIR and FID.
The experiment not only provided a physical understanding of the underly-
ing conversion process and mechanisms under different operating conditions
but also provided more detailed data for validating the model developed in
the first part. For the smouldering combustion under 30 Imin~!, a compari-
son is made between the experimental results and the model simulation.
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Resumé

At forstd, hvad der foregar under en termokemisk konverteringsproces, er
en af de teknologiske hindringer i termisk behandling af biomasse. I dette
projekt er en palidelig, en-dimensionel model af -pyrolyse / forgasning / for-
breending af biomasse udviklet og programmeret. Modellen er udviklet ved
hjeelp af en finite volume metode i CFD. En sekvens af partielle differential-
ligninger diskretiseres rumligt ved hjeelp af en central difference metode og
tidsligt med en implicit metode. De diskretiserede ligninger lases ved hjeelp
af tridiagonal matrixalgoritme (TDMA). Modellen kan palideligt forudsige
hvordan temperaturfordelingen, trykfordelingen, gas specie koncentrationen
og sterrelsen sendrer sig rumligt og tidsligt.

Projektet er opdelt i to dele. Den forste del fokuserer pa udviklingen
af den en-dimensionelle model af pyrolyse / forgasning / forbreending af
en enkelt biomassepartikel. Modellen er forst verificeret ved forskellige py-
rolysetesttilfeelde. Derefter udvides modellen til en forbreendingsmodel ved
at inkludere flere oxidationsreaktioner. Modellens resultater for bade pyrol-
yse og forbreending er valideret med eksperimentelle data fra litteraturen for
massetab og temperaturprofil for en biomassepartikel. Pa grund af man-
glen pa eksperimentelle data for gasartens udvikling under konvertering af
en enkelt biomassepartikel i litteraturen udferes eksperimenter i projektets
anden del.

I den anden del af dette projekt udferes eksperimenter pd en biomassefor-
breender med packed bed i laboratoriet i BEST - Bioenergy and Sustainable
Technologies GmbH at Graz university of technology. En raekke tests udferes
for at undersoge indflydelsen af den primeere luftstrem (79 % vol Nj og 21
% vol O) pa forbreendingen af biomasse i packed bed. Malingerne inklud-
erer sengens massetab , temperaturer pa forskellige placeringer i sengen og
frigivelse af gasarter Oy, CO, COy, NH3, HCN, NOy, SO, og kulbrinter ved
hjeelp af FTIR og FID. Eksperimentet giver ikke kun en fysisk forstdelse af den
underliggende konverteringsproces og mekanismer under forskellige drifts-
betingelser, men giver ogsa mere detaljerede data til validering af modellen
som blev udviklet i projektets forste del. For den ulmende forbreending un-
der 30 Imin~! foretages en sammenligning mellem de eksperimentelle resul-



tater og modelsimuleringen.
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Chapter 1

Introduction

This chapter gives a brief introduction to the background of this study. It presents
the state of the art for both the simulation of thermo-chemical conversion on a single
biomass particle and a packed bed. It also presents an outline of the thesis and the
main objectives of this work.

1.1 Introduction

Biomass gasification has received much attention, as a basis for a renewable
source of energy and chemical feedstocks. In the biomass gasification pro-
cess, pyrolysis is a key, initial sub-process which results in a complex system
of intermediate products or product groups such as, gases, tars and char.
Subsequently, the gases and tar vapors undergo further gas-phase reactions
(e.g. cracking, reforming, shift) whilst the char takes part in heterogeneous
reactions, yielding the final gasification products. Partly due to governmental
regulations and partly due to unsolved technological hurdles, biomass gasifi-
cation is still a technology under development despite over 30 years’ research
and development (R&D) and it has success only in a few niche markets [1].
Amongst the hurdles facing biomass gasification are: a lack of reliable mod-
elling tools for biomass pyrolysis / gasification, lack of a proven design, fuel
flexibility, efficiency, tar reduction, gas cleaning, scaling up. As a result of
this, there has been a compelling need for reliable, cost-effective modelling
tools for the design of biomass pyrolysis / gasification processes and compo-
nents.



Chapter 1. Introduction

1.2 Background

With the population growth worldwide, the high consumption of fossil fu-
els is in public focus [2], and this motivates research efforts into finding and
utilising more sustainable resources. Biomass is one of the most prominent
renewable resources and it has significant potential. According to the Associa-
tion for Renewable Energy and Clean Technology (REA),energy from biomass
can result in significantly less greenhouse gas emissions compared to fossil
fuels [3], as shown in Fig. 1.1. The United Nations environment programme
has carried out a study of carbon sequestration, and this shows that the use of
fossil fuel and industry in general are the main carbon emission sources [4].
Regulations have been enacted worldwide with the aim of limiting carbon
emissions. Denmark,for example, has a stated aim of becoming independent
of fossil fuels by 2050 [5], and in 2019 a new climate law was passed which
requires a 70% reduction in CO; emissions by the end of 2030 [6].

Global biophysical imitigation potential
Gclyear
10

8

a cean Soussana Griscom etal., Lal, 2018 Paustianet al., UNEP,2017 NAS, 2018
rbon sink carbon sink etal, 2017 2017 2016

Co, emission from co, Annual increase of

fossilfueland  emissions from  CO, from fossil fuel
industry (2016)  land-usechange ‘and industry : d
(2016) —

Fig. 1.1: Estimation of carbon emissions from fossil fuels and others [3]

Considering district heating in Denmark; according to the Danish energy
model, the transformation from fossil fuel to biomass for combined heat and
power plants has been done in the past and, for instance, over 50% of the
district heating in 2015 was produced from biomass feedstock [7], as shown
in Fig. 1.2.

In order to comply with the international agreements and ambitions, as
well as to contribute to a more recyclable based world, the study of the use
and treatment of biomass is necessary. Amongst all the biomass process-
ing technologies, thermo-chemical treatment is probably the most effective
due to the fast energy conversion under high temperature. The scope of this
Ph.D. project was to contribute to an understanding of the thermal treatment
of biomass through a study of the thermo-chemical conversion process of a
single biomass pellet and a packed bed. The simulation results should sup-
port an understanding of biomass thermal conversion and aid the prediction
of reliable results for the design of biomass pyrolysis/combustion plants.



1.3. State of art

Fuel for District Heating

100%

80%

60%

40%

20%

0%

1980 1985 1990 1995 2000 2005 2010 2015
-20%
m Oil m Natural gas m Coal
m Waste (non-biodegradable) m Renewable Energy m Electricity for heatpumps

Fig. 1.2: Composition of fuels for district heating in Denmark in the past 35 years [7]

1.3 State of art

1.3.1 Single particle study

The basic concepts involved in the pyrolysis of a single biomass pellet are
fairly straightforward and there is much research based on the single particle
scale. However, considering the relatively high density within the particle, it
is not easy to investigate what is actually occurring inside the pellet, though
some details can be measured or ascertained through modelling.

The research into the processes occurring within a single biomass pellet
has classically been based upon the research carried out on a single coal par-
ticle. Kobayashi et al. [8] studied the devolatilization of a coal particle under
high temperature and this study produced some basic results; for example,
the kinetic data over a temperature range of 1000 - 2000K. An empirical model
for the coal decomposition is also introduced in their work. Two sets of ki-
netic data were published, based on the inter-competing reactions at different
volatile yields, and this data is still used for modelling.

Coal — Volatile 1 + Residue 1 (1.1)

Coal — Volatile 2 + Residue 2 (1.2)

Pyle and Zaror [9] studied the heat transfer and kinetics during biomass
pyrolysis at low temperature. In their work, the conversion rate and conver-
sion time using four models were compared. These four models were: the

5



Chapter 1. Introduction

general distributed model (Bamford’s model [10]), the uniform internal con-
ditions model, the kinetic control model and the internal heat transfer control
model (shrinking core model). These models are presented briefly here.

The Bamford’s model was proposed by Bamford et al. [10] in 1946. The
model assumes that the decomposition products and their properties are
identical all over the wood pellet, without taking into consideration the dif-
fusion of the species and under the assumption that the thermal decomposi-
tion rate is first-order. In Bamford’s model, the internal temperature gradient
is considered and perhaps as a result of this, Pyle and Zaror [9] reported
good agreement with their experimental results. It is though, interesting to
note that the modelling results fit the experimental results better without the
use of the enthalpy of reaction. The main equation of Bamford’s model is
basically the partial differential equation of energy conservation equation,
without considering convection or diffusion:

o0CppT  0°T  dp
YR bKﬁ + gq (1.3)
The uniform internal conditions model is the so-called external transfer
control model and this implies that the internal temperature gradient is ig-
nored [9], which means the Biot number is really small (Bi«1). The material
that is studied by this kind of model is usually referred as thermally thin ma-
terial. This kind of model is usually used for simple cases or for pulverized
particles. The energy equation has, therefore, the following form:

cpp‘il—z = 2 {hC(Tf—T) +oe(Ty — T +qi‘;} (1.4)

The kinetic model applies to a condition that there is a fast heat transfer to

and within a the biomass particle. In the end, the temperature of the particle

temperature will reach the ambient temperature [9]. The kinetic model is a

simplification of the uniform internal conditions model. The expression can
be seen in equation 1.5.

Ot — Poo E
—— =ex —Atexp(——=—— 1.5
. p{ p( RTf)} (1.5)

The shrinking core model is the so-called diffusion-controlled model. It
applies especially to the process during leaching where the solid is trans-
formed into a porous media [9]. In such a situation the devolatilization rate
is quite high and the internal temperature gradient is very large. To some
extent, the shrinking core model is the pioneer of the so called layers model.
The layout of the shrinking core model is shown in Fig. 1.3.

6
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Fluid film
(diffusion)

Fig. 1.3: The shrinking core model

The expression for diffusion controlled leaching can be solved by applying
Fick’s second law [11], as shown in equation 1.6. Fick’s law describes the
concentration changes of solute with respect to time and space.

m _ e
ot dx?
where, M is the molecular mass of the leached substance, t the diffusion
time, x the diffusion distance, D the diffusivity which changes with the con-
centration of the solute.
The reaction front of shrinking core model can be written as equation 1.7

[9].

(1.6)

_ b
L LR (1.7)

£0 — Poo Ry
In equation 1.7, pg represents the initial density, p; the current time den-
sity and pe the density of the surroundings. . is the position of the current
reaction front, which is the characteristic dimension of the unreacted shrink-
ing core and Ry, is the characteristic dimension of the solid.
In the research by Pyle and Zaror [9], all these four models are compared.
It was concluded that a simple model, such as Bamford’s model, shows ex-

cellent agreement for a wide range of Biot number and pyrolysis number

7
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(Py = h/(kpCyR)). The kinetic model gives better results for smaller parti-
cles at low temperature with a limited Biot number range (not too large) and
pyrolysis number. The shrinking core model applies to large Biot numbers
(Bi > 50) and a small pyrolysis number. The kinetic model and the uniform
internal conditions model apply to small Biot numbers (Bi < 1).

All the four models discussed above can predict, to a reasonable degree,
the temperature and conversion rate under certain circumstances. However,
the governing equations are not complete. For example, diffusion is not in-
cluded in some models, and convection is not included in all the models.
In order to include convection in the model, the velocity within the particle
should also be incorporated.

Kansa et al. [12] added the momentum conservation equation to their
one-dimensional mathematical model and that means that a relatively com-
plete mathematical model was available. A temporal profile of mass loss
rate, temperature and pressure is presented in their results. A spatial distri-
bution of temperature, density, gas pressure, velocity, and pyrolysis rate at
150 seconds and 300 seconds are also given.

Chan et al. [13] describes another model for a large biomass particle.
Compared to previous research, Chan et al. [13] emphasize more on the
prediction of the devolatilization rate rather than the heat transfer rate and
mass loss. In order to do this, a more complicated pyrolysis model was
derived, which has been used by many researchers subsequently [14-17].
This model is the so-called two-stage pyrolysis model. A scheme of the two-
stage pyrolysis model is shown in Fig. 1.4.

Char

Wt
/ k|:h

) Tar

\1\ i

Light gases

h J

Biomass

Fig. 1.4: Two-stage pyrolysis scheme

Apart from the pyrolysis mechanisms shown in Fig. 1.4, two other py-
rolysis mechanisms are also popular and are often used in CFD simulations
and reaction rate prediction, as concluded by Di Blasi [15]. The two models
are: the one-step multi-reaction model and the one-step global model. The

8



1.3. State of art

one-step, multi-reaction model assumes that the devolatilization of biomass
takes just one step to produce char, tar and light gases, but with three dif-
ferent reaction rates. The expression is shown in equation 1.8. The one-step
global model assumes biomass decomposes into char and light gases, with
the same reaction rate, as shown in equation 1.9.

Biomass — Char
Biomass — Light gases (1.8)
Biomass — Tar

Biomass — Char + Light gases (1.9)

It should be noted that all the detailed mathematical models are based on
a thermally thick material, which means that there is a temperature gradient
inside the solid. Di Blasi [18] developed a detailed mathematical model for
the pyrolysis of Cellulose. She made some modifications to the previous
model; for example, the energy equation is written in the form of enthalpy
by ignoring the kinetic and potential energy; the velocity is calculated based
on Darcy’s law and continuity. These changes are still used in the more recent
models [19-24].

By using the same model and some modifications afterwards, Di Blasi has
done work on the simulation of the combustion process of charring and non-
charring solid fuels [25], the numerical simulation of Cellulose pyrolysis [18],
the heat, momentum and mass transport though a shrinking biomass particle
[15], the kinetic and heat transfer control in the slow and flash pyrolysis of
solids [26] , the influence of physical properties on biomass devolatilization
characteristics [27], the multi-phase moisture transfer in the high temperature
drying of wood particles [28], the comparison of semi-global mechanisms for
primary pyrolysis of lignocellulosic fuels [29], the kinetics of primary product
formation from wood pyrolysis [30], the Intra- and Extra-particle processes
modeling of wood fast pyrolysis [31], the drying characteristics of wood cylin-
ders for conditions pertinent to fixed-bed countercurrent gasification [32], the
modeling of wood gasification in a countercurrent fixed-bed reactor [33], the
modeling chemical and physical processes of wood and biomass pyrolysis
[34] and the prediction of the combustion and gasification rate of lignocellu-
losic chars [35].

The multiple-use of Di Blasi’s mathematical models shows the usefullness
of numerical simulation in biomass thermo-chemical treatment. However,
there is also room for the improvement of the numerical model.

Based on the efforts of previous research, especially the shrinking-core
model and the measurement of the kinetic data, a commonly used mathe-
matical model was developed. Thunman et al. [36] addresses the layer model

9



Chapter 1. Introduction

as, the moist layer, the devolatilizing fuel, the char core layer and the ash core
layer. The idea is to assume the biomass particle as a mixture of all the four
layers. As the pyrolysis process proceeds, the moisture layer propagates into
the inner center, followed by the volatile layer and char layer. In the end,
an ash layer is built outside the particle until all the layers disappear. The
scheme of layer model is shown in Fig. 1.5 [37]. The layer model has been
subsequently used by many researchers [38—43].

Gas-Particle Interaction -~ .
particle surface, s

O, 1 ;
=" BIO_MASS
_PARTICLE._
FREE-STREAM | N 9
i N o W
o T, . .
anl o 1234
ol s ““ \\k_/f / ;.'
‘ Particle Sub-Model

0- unconverted cor“e‘ \;;.P;'T’-Yj (r.z.9)

1- evaporation front ™.
Imagmary gas film
. around the particle

2- pyrolysis front
3- char gasification front
4- ash layer

Fig. 1.5: Scheme of layer model

1.3.2 Packed bed gasification study

Biomass can participate in the Earth’s biogeochemical cycle directly or indi-
rectly, which makes biomass possibly the most important sustainable fuel
in the world. Bridgwater [44] reviewed the feasibility of the biomass-to-
electricity system in 1995. Even though there were quite a few technical
barriers at that time, for example the gas cleaning system, the uncertainties in
operation, the turbine fuel and engine fuel specifications are not identical in
IGCC(Integrated gasification combined cycle) technology. Apart from IGCC
technology, combustion and gasification are the more mature approach to the
utilisation of biomass residues. Corella et al. [45] studied steam gasification
of biomass waste in a fluidized bed. Due to the wide use of coal combustion,
the technical barriers for biomass combustion/gasification is lower.
Considering the large cost of the design and construction of a new packed
bed furnace, the availability of a good simulation modelling tool in advance
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1.3. State of art

is vitally important. A correct prediction from a CFD simulation can improve
the performance of the furnace, as well as estimate the production. It is
necessary to emphasize here that a packed bed or fixed bed implies that the
particles in the bed are not in motion - not fluidised.

Both the single biomass pellet and the packed bed are treated as porous
media. A packed bed can be seen as a cuboid porous media. Therefore, the
model that is applied to a single biomass pellet can be used on a packed bed
by changing the boundary conditions and key parameters. For example, most
of the transport equations, the reactions that take place, most of the algorithm
and the solver that solves the partial differential equations, that are used on
a single biomass pellet, are applicable to a packed bed simulation. The layer
model that is used in single biomass pellet gasification can also be used in the
packed bed combustion, as shown in Fig. 1.6 [46]. However, the differences
are also obvious, such as the boundary conditions due to the shape change,
the flow direction and the flow changes, the expressions for the properties
due to shape change and flow changes, and so on.

//\\\
,;J’f-; AN Flow out
/ N
/’rJr \\
I
LT\
Gasification front
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Flame front
ropagation .
propag Pyrolysis front
Drying front
h <
v
/’ \\
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/ \ Flow in
y \
/’L//H‘“:}\

Fig. 1.6: Layer model for packed bed
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Chapter 1. Introduction

The packed bed study on biomass gasification or combustion is based on
the combustion theory of coal, owing to the similarities of the two materials.
Hobbs et al.[47] simulated a counter-current fixed-bed commercial gasifier
by using a one-dimensional model. Their model predicts the solid and gas
temperature and the pressure loss, against experiments with eight coal types.
The distribution of the void fraction in the bed was found to be essential
for the correct prediction of the reaction rate. It should be mentioned that
the convection and diffusion terms are not considered in all of their control
equations. A similar one-dimensional fixed-bed model was also presented by
Bryden and Ragland [48].

The transport equations for both a single biomass pellet and a packed
bed are quite similar, but some of the properties can be different due to the
diversity of the flow characteristics. In this work, the main differences are the
effective conductivity and the diffusive number, and these will be presented
separately here.

When dealing with the fluid in a packed bed, the velocity that goes
through the bed, among the pellets, is significantly larger than the veloc-
ity within the pores of a single biomass pellet. Therefore, the non-linear term
in the Navier-Stokes equation cannot be ignored. The momentum equation
in a packed bed combustion simulation can be written as:

2 (gpst) | Dlpgm) _ op
ot ox  ox K I8
Both the biomass pellet and the packed bed can be treated as a porous
media and therefore the radiation from the void needs to be considered. The
effective conductivity takes account of the conductivity within the particles
and the radiation from the void, or the nearby particles [49], as shown in
equation 1.11.

2 (1.10)

ket = kcond + Krad (1.11)

where, ko denotes the effective conductivity [W/m K], k.,ng denotes the
conductivity of the sum the solid,liquid and gas and k;,q denotes the radia-
tion effect from the intra-porous region.

The conductivity of the system can be written as:

kcond = f (kﬁber/ kbound,free waters kgas/ kU) (1~12)
Where ky denotes the turbulent contributions of the fluid amongst the
pellets [46].
The equivalent radiation heat transfer coefficient, k.,q, can be written as
equation 1.13 for a single biomass pellet[14, 50].

SUT3dpore

Krag = ——— (1.13)
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1.3. State of art

Regarding the conductivity within the packed bed, the effects that can
be considered can be much more sophisticated. For example, Hobbs et al.
[47] considered fours effective radial conductivities: the static effective radial
conductivity, the gas effective radial conductivity, the solid effective radial
conductivity and the solid conductivity. Equations 1.14 to 1.17 shows the
relationship amongst these four effective conductivities [51]. The original
idea of the effective conductivity was mentioned by Kunii and Smith [52],
who studied the effective conductivity considering a stagnant fluid in the
void amongst the particles. In Kunii and Smith’s model, the distance between
the rock particles does not change in the fixed bed. However, in the case of
biomass combustion in a fixed bed, the void changes along with the reaction
process. Fjellerup and Henriksen [53] studied the heat transfer in a fixed bed
where a void change is added, as shown in equations 1.18 to 1.20:

doh -
kg:kg€<1—|— ‘;{g’”)+ 1 k;(; _el) - (1.14)
sdp
(G+7%) +3

d 2
1446 (Dp) ] } (1.15)

dph
krg = kg {e (1 +- ”’) +0.14PrRe/
8

ks = kg(1— )/ (; " h’,f”)l + 2 (116)
ks = (01/4,511)>° VT, (1.17)
171 _ Yo _ (Al)S (1.18)
1— V  \Al

o = VtotVtOthyl _ 6t tgtr;(t;( (67)TL/ 6—) z‘ctzL i 2 \% _ 00931 (L19)
Al = dj, (1_10_0331>1/3 = 0.96795dp(1 — 1) '/3 (1.20)

For the single biomass pellet gasification heat transfer a simplification is
made, where the radiation from the voids is summarized into effective con-
ductivity (equation 1.13). Therefore, the heat transfer in the energy equation
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Chapter 1. Introduction

only includes the convective heat transfer from the ambient flow and the ra-
diation heat transfer from the wall. Regarding the heat and mass transfer
within the packed bed, more details need to be considered. Mehrabian et al.
dealt with this issue by assuming a spherical control volume, which has one
target particle surrounded by a few neighbouring particles [54]. In this way,
the radiation problem amongst the particles can be transferred to the radia-
tion problem amongst the control volumes, and the calculation is simplified.
In the research by Yang et al. [46], the radiation amongst the particles within
the bed are calculated into the effective conductivity of the bed.

Apart from the differences in heat transfer, the diffusion in the packed
bed is also different. The effective diffusion coefficient for a single biomass
pellet should be the diffusivity of the porous media.

Do = 2% (1.21)
T

where D is the diffusivity of the transported gas or liquid that fills the
pores.

In the gasification case, all the species through the pores are considered as
gases, which makes the effective diffusivity much more complex, as shown in
equation 1.22. Due to the complexity of the diffusivity in the porous media,
in most cases of single biomass pellet simulation, equation 1.21 is simplified
as a constant number [40, 55] or polynomial [56] or by using the diffusivity
of the solid [14, 57].

A-T3/2 1/ M +1/M;
D;; = (1.22)

Lj — 2
po ijQ

Regarding the combustion/gasification in a fixed bed, the fluid field changes.
Therefore, the simplification for the diffusivity of the single biomass pellet is
not applicable to packed bed simulation. In the literature, many approaches
are used to solve the effective diffusion coefficient based on the situation
considered. Equation 1.22 would be too complex for a mixture of many gases
for the simulation. An easy simplification would be to assume that each
species diffuses into a mixture of gases. Under this simplification, equation
1.22 becomes equation 1.23.

. 3/2\/%
A-T 1/M; + 1/ My (1.23)

E 1,mix
’ TZ Q
} i,mix

Moreover, after considering the turbulent contributions, the dispersion
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coefficient is usually written as [46, 58, 59]:
- _¢p.
Dig = =-Djj +0.5d, Vg (1.24)

1.4 Project objectives
It was the aim of this project to solve the following four key issues.

* Develop a detailed one-dimensional biomass gasification model. Pre-
dict the behaviour during the gasification process. Validate the simula-
tion results with experimental data from the literature.

* Extend the gasification model of a single biomass pellet into a packed
bed gasification model.

* Validate the packed bed gasification model with the experimental data
in cooperation with BEST - Bioenergy and Sustainable Technologies
GmbH at Graz University of Technology.

¢ Investigate the most influential factors in packed-bed gasification/combustion.

1.5 Thesis outline

This thesis dissertation comprises a summary section of six chapters and a
collection of papers. An outline of the six chapters is as follows:

Chapter 1 gives a background of this work. It also defines the objectives
and key aims to be solved in the project.

Chapter 2 explains the methodology of the mathematical model. The
methodology includes two parts: thermochemistry and fluid mechanics. In
the thermochemistry part, the reaction mechanisms, such as drying model,
pyrolysis model and combustion model are explained. In the second part the
algorithm that is used in the CFD model, the governing equations and the
boundary conditions, are presented.

Chapter 3 presents the model validation for a single biomass particle. The
chapter has two parts, the first part is about model validation of pyrolysis,
the second part is about the model validation of combustion. In each part,
the source term of the governing equations and the discretized equations of
the partial differential equations are presented. The modeling results are also
presented and discussed.

Chapter 4 presents the results of biomass packed bed combustion. It
present the natural ignition of the packed bed under different primary flow.
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This is followed by a presentation of the experimental data on the influence
of the primary air flow on the combustion mechanism of the packed bed.

Chapter 5 draws conclusions on the Ph.D. project and gives recommen-
dations for future work.

1.6 List of papers

In the period of this study, the following papers have been published or
submitted under consideration for publication:
Journal papers:

* Paper A: A drying model for thermally large biomass particle pyrolysis
Xiyan Li, Chungen Yin. Published in Energy Procedia 1294-1302 (2019)

e Paper B: A detailed pyrolysis model for a thermally large biomass.
Xiyan Li, Chungen Yin, Seren Knudsen Keer, Thomas Condra. Fuel,
2020, Accepted

* Paper C: A detailed computational fluid dynamics model on biomass
pellet smoldering combustion and its parametric study. Xiyan Li, Chun-
gen Yin, Seren Knudsen Keer, Thomas Condra. Biomass & Bioenergy,
2020, submitted

Conference papers:

e Paper D: Description of a comprehensive mathematical model: Towards
a comprehensive biomass particle gasification model. Xiyan Li, Chun-
gen Yin. Proceedings of the 25th European Biomass Conference & Ex-
hibition, EUBCE2017

* Paper E: Importance of the sub-processes in solid fuel particle gasifica-
tion: heat conservation and reaction mechanism. Xiyan Li, Chungen
Yin, Thomas Condra. Proceedings of the 13th Conference on Sustain-
able Development of Energy, Water, and Environment Systems, SDEWES2018.
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Chapter 2

Model for the
thermo-chemical conversion
of biomass particles

This chapter presents the biomass gasification process. It explains the reactions that
take place within different thermo-chemical conversion processes and presents the
methodology for simulating the gasification process.

Biomass thermo-chemical conversion is normally considered as quite com-
plex, not only because the water content in biomass is usually higher than
conventional fossil fuels, but also because its complex reactions during thermo-
chemical conversion. In this project, the study focuses on three key process
paths during biomass thermo-chemical conversion: biomass drying, pyroly-
sis, and combustion/gasification. Drying is very important as water evapo-
ration can delay the particles heating-up quite considerably [32]. As a result,
sometimes a re-condensation is considered where there is high diffusion and
convection rates [60]. During the biomass thermo-chemical conversion, the
water content is usually in the form of capillary water, free water and bound
water. Both capillary and free water are treated in the same manner in this
project since they both exist in a liquid form within the pores. The bound
water is generally considered as bound to the biomass fiber, and therefore a
fiber saturation point (FSP) is taken into account in many studies. A free-
water continuity point (45%) is used by S.5.Alves and J.L.Figueiredo [61].

For biomass pyrolysis, the main process is the decomposition of virgin
biomass. After the volatiles are released from the biomass and decomposes
into different kinds of light gases, reactions such as char gasification and ho-
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Chapter 2. Model for the thermo-chemical conversion of biomass particles

mogeneous reactions need then to be considered. A typical thermo-chemical
process for virgin biomass is shown in Fig.2.1.

NMR

200°C Gases Hco, CO,, Hy0, H, Oz‘

K1

e
| Biomass K2 ,‘Tar ‘

Pyrolysis

Redcution K=Ai exp(-Ei/RT)
o) |

(Cracking / Gasifiction)
\/

Fig. 2.1: Process of gasification

2.1 Drying model

As illustrated above, drying is the first step before any thermo-chemical treat-
ment. The three different kinds of water in biomass, as mentioned above, are
treated differently in the literature through different models.

Usually the capillary water evaporation is solved by using an equilibrium
model, where the moisture content is assumed to be in dynamic equilibrium.
If the saturation pressure is higher than the water vapour partial pressure,
then the water changes from liquid form to gas form, and vice versa. The
equilibrium model can be expressed as:

H,O (1) = HzO(g) (2.1)
I'H,0 = Sap% x hm,pore (pf/at - PgYevap) (2.2)
fw
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2.1. Drying model

where hm,pore represents the mass transfer coefficient of vapour within the
pores. In previous studies, /iy, pore is calculated using Fick’s law to describe
the moisture migration. A Sherwood number is introduced to calculate the
mass transfer and this is normally written as:

Sh = hm,pore x L/ dpore,hydraulic (2.3)

Under laminar flow conditions, the Sherwood number can be expressed in
another form by using the Reynolds number and the Schmidt number, as
shown in equation 2.4:

Sh = 2.0 4 0.6Re'/?5¢!/3 (2.4)

It is assumed that the flow within the pore of a biomass pellet is laminar and
according to [62], the Sherwood number for a laminar flow through a duct is:

Sh = 3.66 (2.5)

Therefore, the mass transfer coefficient of the vapor within pores can be
written as equation 2.6. This is also the equation used by Lu et al. [14] and
Haberle et al. [55].

hm,pore = 3.66 X Deff,fw / dpore,hydraulic (2-6)

The most commonly used free water evaporation model during thermo-
chemical treatment is the so-called thermal model. Equation 2.7 applies to
the situation when the temperature is above the evaporation temperature. In
this model, the evaporation temperature is set to 100 °C.

rH,0 = Fheat/ (5hevap) (2.7)

Fheat = Sa(hr(Tj — 373.15) + ec((T;)* — 373.15%)) (2.8)

The bound water refers to the water that is bound in the biomass fiber or
molecules through chemical bonds. In general, there are three kinds of bound
water, compound water, vicinal water and multilayer water. In this model,
they are unified as bound water and the reaction rate is expressed as an
Arrhenius expression, as shown in equation 2.9.

Km0 = Aevapexp(*Eevap /RT) (2.9)
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Chapter 2. Model for the thermo-chemical conversion of biomass particles

2.2 Pyrolysis model

To enable a CFD simulation of biomass pyrolyisis to be carried out, there is
one more question that arises besides drying, and that is how to formulate the
decomposition model. Much research has been done on the decomposition
of biomass and one general approach is to treat biomass as a combination of
solid volatile, ash, water and carbon [24, 59, 63-67]. In this way, the decom-
position of biomass is treated as a one-step volatile release process, such as:

Virgin biomass — Char + Ash + light gases (2.10)

More elaborate decomposition methods have also been discussed in Chap-
ter 1. In this work, the one-step global model is used, because it avoids the
instability of tar production in the simulation and avoids the measurement
of cellulose, lignin and hemicellulose.

2.3 Combustion/gasification model

2.3.1 General combustion scheme for hydrocarbons

The hydrocarbon oxidation process can be very complex. The hydrocarbons
can undergo complete or incomplete oxidation, depending on the oxygen
flux. The hydrocarbon combustion mechanism can be classified into three
categories based on the reaction schemes, namely, single-step, two-step and
four-step reaction schemes.

The single-step reaction scheme: The single-step reaction scheme [68] as-
sumes no intermediate products during the combustion. The oxygen is suffi-
cient to support complete oxidative combustion. The reaction can be written
as equation 2.11.

Fuel + n1 O, — np CO; 4+ n3 H,O (2.11)
The rate expression of the single-step reaction scheme can be written as:

koy = AT" exp (—E,/RT) [ Fuel ]*[ Oxidizer |° (2.12)

The two-step reaction scheme: The complete oxidation combustion process
is very idealistic and gives no information of any intermediate components.
This gives rise to the need for a multi-step scheme to describe the process.
Therefore, a two-step combustion scheme that assumes one intermediate pro-
duction during the combustion, as shown in equation 2.13 and equation 2.14,
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2.3. Combustion/gasification model

can be used:
n _ m m
C,H, + (E + Z) Oy = nCO + = Hy0 (2.13)
CO+1/20, = CO, (2.14)

Dryer and Westbrook [68] studied the single-step and two-step combus-
tion schemes for hydrocarbons. The simplified hydrocarbon combustion
scheme, discussed by Dryer and Westbrook [68], can correctly reproduce ex-
perimental flame speeds over a wide range of equivalence ratio and pres-
sures. However, the model has only been applied to laminar flame propaga-
tion.

The four-step reaction scheme: Jones and Lindstedt [69] proposed a four-
step global reaction schemes for alkane hydrocarbons up to butane. In their
model, the intermediate products from hydrocarbon combustion are H, and
CO. The reaction scheme is shown in equations 2.15 to 2.18.

CyHapi2 +1/20; — nCO + (n+1)Hy (2.15)
CpHapio +nHyO — nCO+ (2n+ 1) Hy (2.16)
H, + 0.50, +— H,0 (2.17)
H,0 + CO +— H, + CO, (2.18)

The four-step global hydrocarbon combustion mechanism gives excellent
agreement with measured major species distribution. It also shows good
agreement for the burning velocities for both lean and moderately rich mix-
tures. In addition, the four-step reaction mechanism also shows good agree-
ment with counter-flow diffusion flames burning methane and propane at
various rates of strain.

Considering all the good results shown by the four-step hydrocarbon re-
action mechanism, it is also used in the model that is presented in this work.
A parametric study is done with regards to the effect to the temperature
profile for both the two-step and four-step combustion schemes.
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2.3.2 Heterogeneous reaction model

The purpose of gasification is to make carbon react with CO,, H>O, Hj to
produce syngas. Usually this process takes place above 700 °C. The combus-
tion process is where the carbon products and other combustible gases are
oxidised in order to use the energy for heat and power. The two kinds of com-
bustion reactions that occur within a porous media, homogeneous reactions
and carbon oxidation reactions. There is complete oxidation and incomplete
oxidation for carbon oxidation, as shown in equations 2.19 and 2.20. The
products from incomplete oxidation can be further transformed into CO;, as
shown in equation 2.21. The combustion here only considers the carbon in
biomass, whilst the trace elements are ignored.

2C+0, —»2CO (2.19)

C+0, — CO (2.20)
Equations 2.19 and 2.20 can be unified into one reaction, as follows:
C+a0; — 2(1 —a)CO+ (2a-1) CO2 (2.21)

A few more equations are added for gasification, mainly for carbon gasi-
fication. Equation 2.22 is also called the Boudouard reaction, equation 2.23 is
called the water-gas reaction, and equation 2.24 is the methanation reaction.

C+CO;, —2CO (2.22)
C + Hy0 +— CO + H, (2.23)
C+2H, +— CHy (2.24)

Table 2.1 shows all the reaction rates expressions in biomass combus-
tion/gasification.

In this project, the reaction rates are calculated using an Arrhenius equa-
tion which has the form of equation 2.25. However, for the heterogeneous
reactions, the Arrhenius equations has the form of equation 2.26.

k = AeFa/RT (2.25)
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Table 2.1: Reaction rate

No. Reaction Reaction rate Ref.
1 29 r= %18120 [58]
2 219 r= aaci = Sa'Char‘)C{@)(E%*kS[O2} [14]
z zj(l) r= g = za,charp(:_i_zlé_i_pAks[Oz} o, [;:]
| B T T T T >8]
5 215 r=—b2" = k[CyHap42][02]"? [58]
6 214 r= E)BZTO = k[CO][0,]°?*[H,0]*5 [70]
7 215 r= aC“a# = K[CyHan42][02]"2 [69, 70]
8 216 r= % = K[C,Ha,1 2] [HO" [58]
9 217 r= a% = k[H,][CO,)%° [70]
10 218 r= aca(t)z = k[CO]'[H,0]! [70]
aCO
S TS o
. r= al_?; = a,CharpC_;C‘DB—’_pA 5[ 2 }
13 224 r=—c = Sa,charmks[Hz] [36]
k = ATPeFa/RT (2.26)

The kinetic data for the Arrhenius equations are listed in Table 2.2.

Tables 2.1 and 2.2 show the basic reactions that occur in biomass thermo-
chemical treatment. However, in reality the reaction rate adjustment is much
more complex than that shown in the tables. An example of this is the com-
bustion of carbon which is referred in the paragraph below.

There are usually two kinds of burning models for char combustion, the
one-film model and the two-film model [71]. Both models assume that the
char combustion is diffusion-controlled. The one-film model assumes that
the burning process is quasi-steady, and that the highest temperature occurs
on the surface of the char layer, without a flame. Therefore, the combustion
front moves towards the pellet center in time. On the other hand, the two-film
model assumes that homogeneous reactions occur in a flame sheet outside
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Table 2.2: Kinetic data used in this model

Reaction equation Pre—exponenﬁi]al Activation energy Heat of reactions
factor (A) s (Ea) [J/kmol] (6H)[KkJ /kg]

29 5.13 x 1010 8.8 x 107 —2440

2.19 0.658(m/s/K) 7.48 x 10° 9212

2.20 - - -

2.21 0.658(m/s/K) 7.483 x 107 9992.068x — 1048.159

2.15 2119 x 101" 2.027 x 108 b+ 1738341343

2.14 2.39 x 1012 2.39 x 1012 10114.28

2.15 4.0 x 101 1.26 x 108 LR

2.16 3.0 x 108 1.26 x 108 hy_o8on

2.17 6.8 x 1015 1.67 x 108 13435.94

2.18 2.75 x 107 8.4 x 107 —12879.38

2.22 342 1.297 x 10° —10933.33

2.23 3.42 1.297 x 10° —14383.33

2.24 342 x 1073 1.297 x 10° —1701.59

the char layer. The highest temperature is generated from the homogeneous
reactions. Normally, the two-film model is assumed to be a refinement of the
one-film model. But for single particle combustion, considering the existence
of incandescence and no flame inside the pores, the one-film model is also
used. Figure 2.2 shows the two models, where (B) is the one-film model,
(C) is the two-film model, and (A) indicates the heterogeneous reactions that
could happen during char combustion.

However, the following question arises: what if the reaction is not diffu-
sion controlled? For the kinetic-controlled combustion model, the reaction
rate is easily expressed with the Arrhenius law, and the particle diameter
shrinks linearly with time. The reaction rate of carbon combustion is usually
written in a circuit type equation, analogous to Ohm’s law, in the form of
equation 2.27.

Yoz,oo

r=_—-+"
Ryin + Raifr

(2.27)
where Ry;, denotes the kinetic reaction rate, which has a Arrhenius ex-
pression form as shown in equation 2.28 [71].

ngTS

Riin = 1/Kyin = 1MW, KD

(2.28)

where v denotes the mass stoichiometric coefficient, MWy is the average
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Fig. 2.2: Combustion models for char. [72]
molecular mass, K. is the rate coefficient and Rg is the universal gas constant.

(v+Yo,,)

Ry = —— 2/
diff PD47Trs

(2.29)
where Ryi¢s denotes the diffusion rate, shown in equation 2.29.

The values of the two resistances in equation 2.27, Ry, and Rg;e, depend
on many parameters, such as the temperature, pellet size, pore size and so
on: their values can vary greatly. If Ry is much larger than Ry, then the
combustion is diffusionally controlled, otherwise it is kinetically controlled.
The intermediate regime is when both resistances are about the same value.
S. R. Turns [71] gives a summary of the reaction expressions in his book, as
shown in Table 2.3.
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Table 2.3: Combustion regimes

Regime Ryin/ Rais Burning rate law Conditions of
occurrence

Diffusion controlled <<1 c = Yo,,— /Raigs rs large Ts high P high

Intermediate ~1 titc = Yo,/ (Raift + Rin) —

Kinetically controlled >>1 e = Yo, /Riin rs small T; low P low

2.4 Numerical solutions

Due to the complexity of the model described above, the solution to the de-
tailed gasification problem for a single pellet, or a fixed bed, can only really
be solved using a numerical methods based approach. The finite volume
method is used in this project. The clear advantage of using the finite volume
method is that every term in the governing equations has its certain physical
significance and that conservation of the governing equations is ensured and
also makes it easier to explain the modeling results. The governing equations
are integrated partial differential equations that are linearised and coupled
together to solve the temperature, pressure and species [73].

The formulation of the model is based on a series of assumptions, which
are published in paper D [74]. In this paper the algorithm for solving the key
processes during gasification are given, as shown in Fig. 2.3. The assump-
tions are as follows:

* The biomass pellet shape is assumed as spherical in shape.
* The biomass particle is in local thermal equilibrium.

* The variables in the governing equations are under thermodynamic
equilibrium.

* During the reaction, the biomass particle is considered as a porous
structure media, and the gases generated inside the particle obey the
ideal gas law.

* The specific surface area changes during the whole gasification process
and thus shrinkage or swelling is also considered.

¢ The airflow inside the particle obeys Darcy’s law.
e External forces are not considered.

¢ There is no fragmentation of the particle during the whole gasification
process.
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Fig. 2.3: Structure of algorithm
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2.4.1 Transport equations

The same set of governing equations for both the single biomass pellet and
the packed bed are applied and these are shown below. The discrete form of
the transport equations are shown in Appendix IL.

Energy conservation:

d (pgcpgT +0sCps T + plelT>

+ div (gpguCpeTy) = div (KeffVT) + St

ot
(2.30)
N N
St =— ) MMt — Y Ahygaiy (2.31)
k=1 k=1
Gas species transportation:
d(epgYie) .. '
% + div (epguYig) = div (D;V (epgYig)) + Svig (2.32)
Solid species:
26 s i (2.33)

ot

Considering the low Mach number within the biomass pellet, the pressure
and velocity within the control volume is calculated by Darcy’s law and the
continuity equation:

J (apg>
ot

+div (epqu) = Sg (2.34)

7= fgvp (2.35)

2.4.2 Boundary conditions

Boundary conditions for a single biomass pellet

For the single biomass pellet simulation, the boundary conditions are set as
follows:
At the pellet center:

@ o

ax |, (symmetry) (2.36)
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2.4. Numerical solutions

where ¢ represents T4, P, ;.
At the pellet surface:

T
kefpAs S| = hrAs (Too = Ts) + eonis As (Tfad - T;*) (2.37)
S
Yp—Yp
DA=L—5F = Ahyg (Yeo — Yp) (2.38)
P|, = Pym (2.39)

To linearize the radiation term, a Taylor series expansion is used for the
linearization of the source term. Therefore, equation 2.37 can be written as:
Ts—T

P * * *
keppAs =5 ot = hrAs (Too = To) o s (Tfad (T 4T (T, - T ))

7T§) using Taylor expansion

(2.40)

; it 4
linearization ( T .

The selection of hy; and ht is important in order to handle the boundary
condition at the outer surface in a correct manner. To calculate hj; and hr, a
boundary layer outside spherical pellet is assumed. By applying Ohm’s law
and neglecting the Stefan flow effect, the heat and mass transfer coefficients
can be calculated as [20]:

hrd
Nup = % — 2.0 + 0.64Re®5Pr" (2.41)
g
hydp 0.55-0.33
Shy = - = 2.0+ 0.64Re’*5c (2.42)
g

To calculate the average properties in equations 2.41 and 2.42, an average
temperature and species concentration is assumed within the boundary layer.
An empirical expression is applied here to calculate the average temperature
and species concentration, the so-called one-third law [20, 24, 70].

Toef = Ts +1/3 (Too — Ty) (2.43)

Yj,ref = Yj,s +1/3 (Yj,oc - Yj,s) (2.44)
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Chapter 2. Model for the thermo-chemical conversion of biomass particles

Boundary conditions for a packed bed

At the bed bottom near the grate:

U = Uin; P = Pagm

A,
DgAGE| = Ahy (Yoo — Ys) (2.45)
keffA?TZL = Ahr (Tin — Ts) + Aeo (T, — T¢)

On the bed top close to the free board:

u=un_1XPN-1/Pout; P = Patm
aY,
DA

oT
kepf Ay

= Al (Yoo = Yg) (2.46)
= Ahy (Too — Ts) + Aeo (T2, — T2)
S

rad

2.4.3 Initial conditions
Initial conditions for the biomass pellet
u=0;P = Potm; T = Troom; Yg = Yinert; (2.47)

Ambient flow conditions: For pyrolysis, the ambient flow conditions are
shown in equation 2.48.

Too = Tf’ Uoo = Uf, YOZ,OO = 00, YNz,oo = 01, Poo = Pf (248)
For combustion, the ambient flow conditions are shown in equation 2.49.

Too = Tf; thoo = Uf; Y0, 00 = 0.23; Yng, 00 = 0.77; poo = py (2.49)

Initial conditions for the packed bed
u=0;P = Pum;T = Troom; Yg = Yair; Ys = Ys,in; Pg = Pair; Ps = Ps,in (2-50)

A spatial discretization of the transport equations is based on a central
difference scheme in space and a fully implicit method is used for temporal
discretization. The coefficients after solution using TDMA are presented in
Appendix IL
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Chapter 3

Model validation for single
biomass particle conversion

This chapter presents the results of the simulation of a single biomass particle pyrol-
ysis and combustion. The reactions used are also presented. The validation against
the experimental data and detailed simulation results are presented in the papers at-
tached.

The model was first based on a pyrolysis case of a single biomass pel-
let. After validating the pyrolysis case with experimental data from Lu et al.
[14], the model was changed to a combustion model under atmospheric air.
This chapter also presents the detailed form of the discretised partial differ-
ential equations and the main reactions that take place, both under nitrogen
pyrolysis and air combustion.

3.1 Reactions on nitrogen pyrolysis of a single biomass
pellet

The model validation is based on the experimental data from Lu et al. [14].
The biomass pellet is poplar wood, whose composition is shown in Table 3.1.

Table 3.1: Proximate analysis, ultimate analysis, heating value of poplar wood pellet

Proximate analysis Ultimate analysis LHV
Sample C H (¢] N S FC Vol Ash M [k]/kg]
PW 474 88 437 <01 00 95 90 05 6.0 17050
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Chapter 3. Model validation for single biomass particle conversion

No accurate heating value data is available in the original literature and
therefore the lower heating value here is calculated based on the proximate
analysis and ultimate analysis according to Basu’s method [75]. The forma-
tion enthalpy is calculated as -157767 k] kmol !, with a chemical formula of
CH;Oy and a relative molecular mass of 28.0 kgkmol~!. The volatile is as-
sumed as a solid form before devolatilization begins, and after devolatiliza-
tion starts the volatile breaks into light gases. In this special case, after
considering the heat and mass conservation, the light gases are taken as:
C3Hg, Hp, CO, CO;,. Therefore, the reactions that takes place in the pyrolysis
can be written as listed in Table 3.2.

Table 3.2: Kinetic data used in this model

Reaction Chemical reactions References
2.10 rl Virginbiomass — Char + Ash + light gases [58]

2.1 r2 H,O(l) = H,O(g) [55]

2.1 13 H,O(l) = H,O(g) [14, 60]
2.22 r4 C+CO, — 2CO [14]

2.23 15 C + HO +— CO + Hy [14]

2.24 16 C+2H, +— CHy [36]

2.16 r7 C3Hg + 3H,O — 3CO + 7H> [69]

2.18 8 HyO + CO +— Hy + CO, [70]

r; refers to the reaction rate
k; refers to the rate constant in the Arrhenius equation of the current
reaction.

3.2 Validation of pellet under N, pyrolysis and dis-
cussion

The pyrolysis model of a single biomass pellet is validated with the exper-
imental data from Lu et al. [14] that is presented in section 3.1. Both the
experimental data and the simulation data from Lu et al. [14] are compared
with the simulation results from the model. The results are shown in Fig. 3.1.

Figure 3.1 plots the temperature at the pellet center and on the pellet
surface. For the surface temperature, both the simulations from this model
and from the model of Lu et al. [14] fit well with the experimental data.
In this work, the surface temperature rises more rapidly than that from the
experiments and from the model of Lu et al. [14] at the beginning, though
within a reasonable range. At the pellet center, both simulation results show
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Fig. 3.1: Temperature validation for pyrolysis of a single biomass pellet

a much lower temperature than the experiments under the initial 20 seconds
and this is because the water has evaporated by then. Before the water is
totally consumed, the temperature of the water at a certain point within the
pellet can not above the boiling point. To prove this claim, Fig. 3.2 is plotted.

Figure 3.2 shows the vapor concentration at seven different locations,
which shows the distance from the calculation point to the pellet center.
The vapor concentration reaches a peak immediately at the beginning, then
slowly decreases. This means that the high temperature leads to the flash
evaporation of moisture at the pellet surface, with the temperature rising
within the pellet, layer by layer, and the vapor produced transported to the
surface. The evaporation layer can be found in Fig. 3.2, which is the point
when the vapor concentration begins to decrease.

Considering that the gas fraction within the pellet cannot be measured,
and thus it cannot be validated, the gas fraction at the pellet surface is plot-
ted in Fig. 3.3 instead. Vital information is shown in Fig. 3.3: the vapor
reaches a peak immediately, the other gas species peak at 4 seconds and the
devolatilization finishes at 33 seconds. That no gases are released after 33
seconds means that no reactions take place at the time, which also means the
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Fig. 3.2: Vapor fraction at seven different locations

temperature rise at the pellet center in Fig. 3.1 is because of the heat transfer
from the environment to the pellet.
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Fig. 3.3: Gas species fraction on the pellet surface

Further results that were produced from this pyrolysis model, together
with an extended discussion, can be found in Paper B.
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3.3. Reactions in air combustion of a single biomass pellet

3.3 Reactions in air combustion of a single biomass
pellet

Based on the same poplar wood sample, a combustion case was also studied
in this work. The reactions that take place in an air combustion are quite
different from those under nitrogen pyrolysis. Table 3.3 shows the air com-
bustion reactions which are based on a four-step global reaction scheme for
the hydrocarbons [69].

Table 3.3: Kinetic data used in this model

Reaction Chemical reactions References
2.10 rl Virginbiomass — Char + Ash + light gases [58]

21 12 H,0(l) = H,0(g) [55]

2.1 r3 H,O(l) == HxO(g) [14, 60]
221 14 C+a0y; — 2(1-a)CO + (2a-1)CO, [58]
2.22 r5C+CO;, — 2CO [14]
2.23 r6 C + HO +— CO + Hy [14]
217 r7 Hy + 0.50, +— H>0 [70]
2.14 r8 CO+0.50; <— CO, [70]
2.16 r9 CsHg + 3H,O — 3CO + 7H; [69]
2.15 r10 CsHg +1.50, — 3CO +4H, [69]
2.18 r11 H,O + CO <— H, + CO, [70]

r; refers to the reaction rate
k; refers to the rate constant in the Arrhenius equation of the current
reaction.

3.4 Validation of pellet under air combustion and
discussion

The same kind of biomass pellet from pyrolysis analysis is also used in com-
bustion under atmospheric air. Due to the carrier gas changes, the reactions
that are used in the model are those shown in Table 3.3. The source terms
of the transport equations are listed in Appendix II. Based on the discussion
in Chapter 1, the four-step hydrocarbon reaction scheme is applied in this
model.

Lu et al. [76] presents the combustion temperature of a single biomass
pellet with 6% moisture. The validation is based on this case, and some
results are presented below.
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Fig. 3.4: Temperature validation for pyrolysis of a single biomass pellet

Figure 3.4 compares the temperature results from this model, Lu et al.
[76] and the experimental data. The results show that the surface tempera-
ture from the simulation is lower than the surface temperature from Lu et
al. [76] model and the experimental data. This is because the model from
this work is for smoldering combustion, which means no flame is formed
outside the pellet. Therefore, the pellet surface temperature remains iden-
tical to the environment temperature at the end of the process. Haberle et
al. [49] simulated the same material for a combusting cylinder and a similar
level of surface temperature was found in their model. The temperature at
the pellet surface is still lower than the experimental data at the beginning
of the combustion, which is similar to the pyrolysis case, caused by water
evaporation.

To show a different perspective from section 3.1, the moisture is plotted
in the combustion case. The evaporation front can also be found in Fig. 3.5.
For example, the evaporation front is at the half-radius length of the pellet at
10 seconds. The moisture is fully evaporated after 20 seconds.

One of the important differences from combustion to pyrolysis is in the
char combustion. Therefore, the char density and oxidation rate is plotted in
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Fig. 3.5: Moisture profile at three locations of the pellet

Fig. 3.6 and Fig. 3.7.
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Fig. 3.6: Char density at different locations along the pellet radius

60

In Fig. 3.6, the char density in different control volumes is plotted. It
shows that the char is produced layer by layer and then burnt layer by layer.
The highest density of the surface layers is less that those close to the pellet
center. This is because the char is generated and burnt at the same time in
the control volume at, or near, the surface, due to the higher temperature,
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Fig. 3.7: Char combustion rate at the same locations to Fig.3.6

whilst at the pellet center, the char reaches the burning temperature when it
is fully separated out from the biomass.

Figure 3.7 confirms this claim. At the location from 0 to 2.375 mm, the
reaction rate of char combustion before 25 seconds is almost zero, which
means the char is only produced but barely consumed at those locations
before 25 seconds.

By comparing Fig. 3.6 and Fig. 3.7 with Fig. 3.4, it can be seen that the
temperature increases rapidly after 25 seconds, which is also the same time
as the char combustion rate at the pellet center begins to increases and the
char density at the pellet center begins to decrease. To conclude, the char
combustion at the pellet center contributes to the great temperature rise at
the pellet center in Fig. 3.4.

More details on a single biomass combustion can be found in Paper B
[77].

3.5 Parametric study on a single biomass combus-
tion case

A parametric study of two parameters was investigated based on the single
biomass combustion model. According to Yang et al. [58], the devolatiliza-
tion rate can vary from slow to fast, and this might affect the duration of
the devolatilization stage. Figure 3.8 shows three different devolatilization
rates published in the literature. All these three rates were applied in this
combustion model, and the results are plotted in Fig. 3.9.
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Fig. 3.9: Effect of devolatilization rate on the center temperature of the pellet

Figure 3.9 shows the temperature at the pellet center after applying the
devolatilization rates in Fig. 3.8. The figure shows that the fast devolatiliza-
tion rate leads to a shorter devolatilization stage duration. However, the
temperature that the char combustion can reach is not affected.

Figure 3.10 plots the temperature on the pellet surface and at the pellet
center after applying the two different hydrocarbon schemes that are men-
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Chapter 3. Model validation for single biomass particle conversion

tioned in Chapter 2. The results show little discrepancy on the pellet surface
between the two-step and the four-step combustion schemes. The tempera-
ture discrepancy at the pellet center is around 5% during the devolatilization
stage, which is considered as acceptable. The reason for this discrepancy is
probably due to gas species properties, as well as that the number of reactions
and the composition of intermediate gases are slightly different.
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Fig. 3.10: Effect of different hydrocarbon combustion scheme on the simulation temperature
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Chapter 4

Experimental study of

biomass combustion in a
packed bed

This chapter presents an experimental investigation, which was carried out at BEST-
Bioenergy and Sustainable Technologies GmbH at Graz University of Technology, on
the combustion phenomena in a packed bed. Research has shown that the air mass
flow rate is the main operating parameter and distinguishes three stage of combustion:
oxygen-limited, fuel limited and cooling by convection [79]. This knowledge was
utilised in the experiments, which were carried out on the test rig in Graz, where the
movement of the combustion front was investigated. The calculation of the minimum
fluidization velocity (MFV), upon which the the experiments were based, is presented.

4.1 Determination of the primary air flow(PAF)

Since the experiments, carried out at BEST-Bioenergy and Sustainable Tech-
nologies GmbH, Graz University of Technology, were performed in a packed
bed, a minimum fluidization velocity (MFV) was needed to be calculated.
MEFV is the superficial gas velocity at which the drag force of the upward
moving gas becomes equal to the mass of the particles in the bed [80]. Above
the value of the MFV, the packed bed becomes a fluidized bed.

Known conditions for the biomass pellet:

Density:

ps = 1220 kg/m®  pp = 291.66 kg/m?> 4.1)

Geometry:
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Chapter 4. Experimental study of biomass combustion in a packed bed

Pellet (Cylinder):
Diameter 6 mm, height: 18 mm.
Sample holder (Fig. 4.3):
Diameter: 86 mm, height: L, = 172 mm.

Calculation of the void fraction of the bed:

Vied = Viiuid + Vsolid
Whed = Wiuia + Weolid (4.2)
Pbed Voed = P fiuid Vfiuid + Psolia Vsolid

Psolid Vsolid > Pfiuid Vauid 4.3)
Pbed Vbed = Psolid Vsolid

_ ObedVoed
szwzl_ Obed _1_291.66

_ ~ 0.75695 (4.4)
Viped Psolid 1220

Effective pellet diameter is a idealized diameter which calculated the di-
ameter of a spherical pellet which has the equal volume of the original pellet.
It can be calculated as:

21, _ T3
m'h—gDp

45
D, = V6r2h = /6 x 0.0032 x 0.018 = 0.0099058 m = 10 mm ®.)

Sphericity:

Surface area of the sphere of same volume as the particle
D = . (4.6)
Surface area of particle

Volume of pellet:

Vs = %ndzh = 0.25 x 3.14 x 0.006% x 0.018 = 5.0868 x 10~ m>  (4.7)

Radjius of a sphere of volume Vs:

%m@ =Vs, R=725mm (4.8)
Surface area of a sphere of the same volume as the pellet:

Sg =4 x 1 x R*> = 6.60185 x 10~* m? (4.9)
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4.1. Determination of the primary air flow(PAF)

Surface area of the pellet:

2
Sp=2x7 (Z) + 7tdh = 3.9564 x 10~* m? (4.10)
Sphericity:
Ps = 5P _ 0.5993 (4.11)
S

For the unknown ¢,,¢, a correlation between ¢,,¢ and ®; is given by Wen
and Yu [81], as shown below:

.. 3 _ 1
PsEy = 4.12)
- Epp = 04921

Minimum fluidization velocity can be calculated by Ergun equation [82,
83], which is shown in equation 4.13.
Pressure drop:

2
1504ty f Ly g (1 - smf) 175013, Ly (1 — emf>
AP = 212 3 + 3 (4.13)
®2D3 €, @D, =N

According to the height of the packed bed, the critical height of the
fludized bed L, can be written as:

Mped
1 _Emf) X Pped X A

Lyf = ( = 0.3795 m (4.14)

Total drag force by fluid on the particles = weight of solids in the bed,

by assuming the cross-sectional area of the tube is A, equation 4.15 can be
written:

AP A =Ly(1—c¢) (pp - pf) gA (4.15)

By replacing AP with equation 4.13, gives equation 4.16:

150 (1~ s ) 1
@5 Dpitmspg

2
_ Py
(pP pf>g_q>st£?n

+ 1.75] (4.16)
f

Solving both sides separately gives:
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LHS: Calculating the left hand of equation 4.16:

k
(1220 — 291.66) x 9.81 = 8910.8154ng52 (4.17)

Calculating the two terms on the right hand of equation 4.16, separately.
Each of the right hand terms are written as LHS1 and LHS2.

RHS1
2 2
1.75pfumf _ 1.75 x 291.66 % Ui 14678291 kg @18)
D;Dpes, ;. 0.5993 x 0.01 x 0.49213 mfmd
RHS2
g 150(1—gp ) 150% (1-0.4921) x 1.849x 10 Suy, ¢
&, p ®2D3 - 0.59932x0.012 x0.492}€13 4.19)
_ 0.0014087 _ g
= 0.00000428 mf = 32913551y (ﬁ)
Finally
LHS = RHS1+ RHS2 (4.20)

714678.22u$nf% +329.1355u,, ¢ (ﬁ) — 8910.8154 <mk§sZ> =0 (4.21)

Thus:  u,; = 0.1114 ms~!

Anatharaman et al. [80] summarized the minimum fluidization velocities
in the literature from different correlations with multiple particle sizes. A
general tendency can be observed from the review that the minimum flu-
idization velocity not only decreases as the pressure increase but also de-
crease as the temperature increases. Furthermore, for the same particle size,
the minimum fluidization velocity, calculated from different correlations, dif-
fers greatly. Therefore, the minimum fluidization velocity of the a packed
bed has to be related to the operational and experimental conditions. In
this work, a relaxation coefficient is added to the calculated velocity, it gives
equation 4.22.

Uout = 3uj, = 0.3342 ms~! (4.22)
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4.2. Experimental setup

The mass flow rate per unit area, or mass flux G, can be calculated based
on an inlet air density of 1.225 kg/m? and the calculated value of u,, f as:

G =0.3342 x 1.225 = 041 kgm 25! (4.23)

The volumetric flow rate can be calculated as:

v =121.4 Imin~! (4.24)

Table 4.1: Operational condition for the test rig

Name  Volumetric flow (Imin~—1) Mass flux (kg m Zs 1)

B-V/30 30 0.101
B-V/40 40 0.135
B-V/50 50 0.169
B-V/70 70 0.237
B-V/100 100 0.338
B-V/110 110 0.372

Therefore the MFV is approximately 121.4 Imin~! and the experimen-
tal flow rates are all smaller than this value. The experiments on the effect
of PAFs was done at BEST-Bioenergy and Sustainable Technologies GmbH
at Graz University of Technology. Experiments on five different PAFs were
designed to investigate the most influential factors of air combustion; exper-
iments on three different PAFs were designed to investigate the ignition on
a packed bed without an ignitor and experiment on one PAF was designed
to validate the CFD model. Six PAFs in total were used in these experiments
and these are shown in Table 4.1.

4.2 Experimental setup

421 Equipment and measurement method

To perform these five experiment, the packed bed rig located in BEST-Bioenergy
and Sustainable Technologies GmbH was used. The layout of the test rig is
shown in Fig. 4.1. The test rig is made up of two main parts, a gas retort
system and a product analysis system. The side view and the front view of
the test rig can be seen in Fig. 4.2.

As is shown in Fig. 4.1, the gas retort is made of a mass measurement
scale and a combustion furnace. The mass scale measures the mas loss dur-
ing the experiment. A sample holder is inserted into the furnace and the
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Fig. 4.2: Front view of furnace

whole furnace is sealed as a closed system. Five thermocouples (NiCr—Ni)
are inserted from the bottom of the sample holder for the measurement of
the temperature gradient along the diameter and the thickness of the reactor
bed. The position of the thermocouples is shown in Fig. 4.3. An additional
three thermocouples (NiCr—Ni) are placed on the top of the retort for the
measurement of the gas temperature.

The product analysis system is made up of three parts. The ash remain-
ing in the sample holder is collected for the measurement of organic carbon
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Fig. 4.3: Front view of sample holder

and inorganic carbon (TOC/TIC). The gases that come out of the retort di-
vide into two paths. Some of the gases go to the flame ionization detector
(FID (Messer Griesheim Austria Model VE7) ), which detects organic com-
pounds by ionization in a burning H; flame, for the measurement of total
hydrocarbons (CxHy). The remaining gases go through a filter to a dilution
unit before entering the multi-component Fourier transform infrared (FI-IR)
spectroscope (Ansyo Series DX 4000). The FT-IR spectroscope then deter-
mines the basic hydrocarbons such as: CO,, CO,CHy, NH3z, HCN, N,O and
H,O. The concentration of CO;,CO,CHy, O,,H, are then measured with a
multi-component gas analyzer (ABB AO2020). The O; is detected through an
electro-chemical cell, and the H; is detected through a thermal conductivity
detector (TCD).
The operating conditions are shown in Table 4.2 :

4.2.2 Fuel properties

For the experiment, one kind of softwood pellet from Austria was chosen.
The pellet was compressed to a diameter of 6 mm and a length of 18 mm -
Fig. 4.4. The basic properties of the fuel, such as proximate analysis, ultimate
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Table 4.2: Operation conditions for the test rig

Sample Reactor temperature  Air parameters
moisture content  Sample weight  Sectionl  Section2 Flow rate Under Pressure
10%w.b. 610 g 750 °C 450 °C 30-110 1min~! 30 Pa

analysis and heating value are shown in Table. 4.3. Table. 4.4 shows the
content of the trace elements in the softwood pellets. The content of total
inorganic carbon (TIC) in the raw material was also measured.

Fig. 4.4: Samples of softwood pellets

Table 4.3: Proximate analysis, ultimate analysis, heating value of softwood

Proximate analysis Ultimate analysis LHV
Sample C H o N S FC Vol Ash M [k]/kg]
SW 4981 614 4405 <01 0.0051 65 85 03 77 18680

Table 4.4: Trance elements content in softwood pellets [mg/kg]

Sample CI Al Ba Ca Cd Cr Cu Fe K Mg
SW 28 11 13 865 <02 <05 <2 17 397 106
Mn Na Ni P Pb S Si Sr Ti Zn
70 15 <1 55 <3 51 48 4 2 10
As Co Mo 1% TIC
<3 <05 <1 <05 67200
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4.3. Ignition experiment

4.3 Ignition experiment

The experiments were run with five PAF rates, with an ignitor and without
an ignitor. The ignitor is a solid made of wax and pine tree fiber. A summary
of the ignition status of the different test points is shown in Table 4.5. Fig.
4.5 shows the ignition with the ignitor before the sample holder enters the
retort. Fig. 4.6 shows the ash and ignitor after combustion under a PAF of 30
Imin—1.

Table 4.5: Operational conditions for the test rig

Experiment Ignition status
Without Ignition

Ignition under air flow 30 Imin~! Possible
Ignition under air flow 40 Imin~! Impossible
Ignition under air flow 50 1min~! Impossible
Ignition under air flow 70 1min~! Impossible

1

Ignition under air flow above 70 Imin™"  Assumed impossible

With Ignitor

Combustion under air flow 30 Imin—! Possible
Combustion under air flow 50 I min—? Possible
Combustion under air flow 70 I min—? Possible
Combustion under air flow 100 Imin~!  Possible

Combustion under air flow 110 Imin~!  Possible

Pyrolysis (Abandoned)

Pyrolysis under Ny flow 30 Imin~! Nearly not reacted

Pyrolysis under N> flow 5 Imin~! For 2 h, less than 10% mass loss

Fig. 4.5: Ignition packed bed with an ignitor

A pyrolysis experiment was carried out with this test rig under an atmosphere
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Fig. 4.6: Ashes after combustion under PF 30 Imin~!

of pure nitrogen. Two kinds of primary flow of N were chosen: 30 Imin~!

and 5 Imin~!. The original idea was to use 30 Imin~! to show the compari-
son between N> pyrolysis and air combustion under the same primary flow.
However, the results were unfortunately not satisfactory. Fig. 4.7 shows the
pyrolysis outcome under a nitrogen flow rate of 30 Imin~! for three hours. It
can be observed that only the surface of the bed show signs of a slight reac-
tion. Therefore, the primary flow of 30 Imin~! was assumed to be too large
for N, pyrolysis. As a result, a primary flow of 5 Imin~! for N, pyrolysis
was chosen. Fig. 4.8 shows the wood pellet after two hours pyrolysis under a
N flow of 5 1min~!. The scale shows only a 10% mass loss after two hours.
Considering the long experimental period, the pyrolysis experiments were
abandoned.

Fig. 4.7: The bed surface after two hours pyrolysis with N, at PF 30 1min~!

Zhou et al. [84] studied the ignition of cut straw and whole straw under
air-flow, and they found that ignition can be obtained above an air flux of 0.4
kgm~2s~!. However, the ignition could not be achieved with soft wood pel-
lets on our test rig. As is shown in Table 4.5, for this test rig, the combustion
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Fig. 4.8: The appearance of softwood pellet after two hours pyrolysis with N at PF 5 Imin~!

of the soft wood pellets could not happen without an ignitor once the PAF is
above 40 Imin—! (0.137 kg m2s71).
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Fig. 4.9: Weight loss of smoldering combustion under primary airflow of 30 Imin~?

Figure 4.9 shows the mass loss during the smoldering combustion. It
can be seen that there is very little mass loss under the initial time period
of 2200 s. The mass loss in this period might be attributed to the moisture
evaporation (refer to Fig. 4.10 (b)). Between 2200 s and 4000 s is the most
intense reaction area and where the maximum mass loss occurs.
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Figure. 4.10 shows the main parameters during smoldering combustion
without an ignitor. As shown in Fig. 4.10, both the temperature and the
gas species concentration reach their own peaks. After 4700 s, the reactions
finish. The temperature goes down and the atmosphere above the sample
holder changes back to the atmospheric conditions.

It is observed that under a PAF of 30 Imin~—!, that the ignition time is quite
long (2200 s). The peak temperature at the bed bottom (B5) is higher than the
peak temperature near the bed surface. Figure 4.10 (b) shows the possible
reason. In Fig. 4.10 (b), the concentration of CO, and CO changes markedly
at around 3500 s. At around 3800 s, the concentration of CO; increases, whilst
the concentration of CO decreases. The possible reason could be that due to
the high temperature and the relative abundance of O close to the grate the
char oxidation reaction is initiated.

4.3.1 How is the biomass ignited without an ignitor?

Whether the biomass ignites or not depends on a number of factors [72], such
as energy input (ignitor in this study) and an elevated temperature (external
heating source in this study). This experiment aimed at ignition without an
ignitor.

The ignition characteristic is defined as the sudden temperature rise in the
temperature profile, as it is marked (red cross) in Fig. 4.11. The next question
is which part of the bed is ignited first: the free board with accumulated light
gases or the biomass on the bed surface? Since it is difficult to verify whether
the biomass is ignited or not, the research aimed at determining whether the
evolved gases can be ignited at the same time as the bed is ignited. If one
of the evolved gases reaches the ignition point before the bed is ignited, then
the ignition of the bed is caused by the combustion of the evolved gas from
the biomass devolatilization at the bed surface. Otherwise, the ignition of the
bed is caused by the biomass combustion at the bed surface.

The ignition point of all the light gases and hydrocarbons that were mea-
sured in the experiment are given in Table 4.6.

Table 4.6: The ignition point of hydrocarbons in Fig. 4.10

CoHy CHe GCiHs CeHg CeHsCH=CH; CO CHy H

5428 °C 472°C 470°C 498 °C 490 °C 500 °C 537 °C

Figure 4.11 shows the temperature profile under two different PFs. Ac-
cording to the Fig. 4.11, the bed can be ignited under the PF of 30 Imin~!
with a ignition point of 476.8 °C. The bed could not be ignited under the PF
of 40 Imin—!. This means, under the PF of 30 Imin—!, the bed could be ig-
nited by the evolved gases if one of the detected gases in Table 4.6 has lower
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4.3. Ignition experiment
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Fig. 4.10: Smoldering combustion under primary flow under 30 I min~!
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Fig. 4.11: Air temperature on the free board at two different primary flows

ignition point than 476.8 °C. Apparently CoHg and C3Hg are the most likely
gases.

To ignite the bed successfully, a certain amount of C;Hg and CzHg has to
be present. Figure 4.10 c) and 4.12 shows the concentration of detected hydro-
carbons under the two values of PFs investigated. When the PF is 40 Imin 1,
the concentration of CoHg and C3Hg is around 50 times less than that under
a PF of 30 Imin~!. Fig.4.10 c) clearly shows a sufficient gas concentration of
C2H6 and C3H8.

To summarize, the experiments show that the bed can be ignited naturally
when the PAF is 30 Imin~!, but the bed cannot be ignited naturally for the
PAF of 40 Imin~! and above. The external heat source can heat up the air
temperature in the free board to the ignition temperature under a PF of 30
Imin~!, as is shown in Fig.4.11. For a PAF above 40 Imin~!, it is difficult
to reach the lowest hydrocarbon ignition point. At the same time, the con-
centration of light hydrocarbons at a PAF 40 Imin~! are fairly low (Fig. ??)

compared to the concentration of hydrocarbons at a PAF of 30 Imin~!.
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Fig. 4.12: Hydrocarbon concentration under primary flow under 40 I min~!

4.4 Change of PAF

Since it is difficult to ignite the bed with a high PAF, an ignitor made of
pine tree fiber and wax was put on top of the sample holder to ignite the
biomass. In order to make the experiments consistent with each other, the
ignitor is also inserted when the PAF was 30 Imin~!. Two main parameters
are investigated here: the temperature at different bed locations and the light
gas concentration.

Figure 4.13 shows the temperature profile and the gas concentration dur-
ing gasification. Due to the effect of the ignitor, the combustion of the igni-
tor quickly consumes the O, and produces other gases. Therefore, the light
gases released at the very beginning might come from the ignitor combus-
tion. Since the bed is ignited from the bed surface, the heat from combus-
tion should propagate from the surface to the grate. When the temperature
reaches the ignition point, the biomass at that position is ignited and this is
known as the ignition front. High levels of heat coming from the combus-
tion of each ignition front contributes to a temperature peak, as shown in
Fig. 4.13. The temperature at the height of 120 mm close to the bed center
is higher than the temperature close to the wall. The possible reason for this
is the sample holder temperature is lower than the combustion temperature
of the biomass, the position closer to the sample holder is easier to lose heat
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due to the temperature gradient from biomass to the wall.
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Fig. 4.13: Smoldering combustion under primary flow under 30 1 min~!

An important index to distinguish the combustion mechanism is the con-
tent of CO and CO,. Depending on the concentration of oxygen, the produc-
tion of CO and CO; is different. In Fig. 4.13, there is a sudden decrease of
COy, and a sudden CO increase at 2000 s. This is where the temperature close
to the grate reaches the highest peak temperature. Therefore, we can deduce
that the char combustion starts at 2000 s under a PAF of 30 Imin~! and is in-
complete combustion (Oxygen-limited combustion) under these conditions.

Figures 4.14 to 4.17 show the temperature profile and the gas concentra-
tion for the smoldering combustion at PAF of 50 Imin~!, 70 1min—!, 100
Imin~! and 110 Imin~!, respectively. Due to the strong heat exchange under
the high PAF, the difference amongst the temperature peaks is not obvious
when the PAF is over 40 Imin~!. The temperature along the radial direction
at three locations is very similar. Due to the high level of heat release from
the strong oxidation at a high air flow, the time for reactions to complete gets
less and less. When the PAF reaches 110 Imin~!, the combustion process
takes a longer time to occur than when the process is under a PAF of 100
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Fig. 4.14: Smoldering combustion under primary flow under 50 I min~!

Imin~!, probably due to the strong convection where the combustion heat is
carried away.

When the PAF increases from 50 Imin~! to 70 1min~!, the concentration
of CO; increases and the concentration of other species decreases. Specifi-
cally, the concentration of CHy disappears when the PAF exceeds 70 Imin~".

At the same time, the distribution of each species gets more pronounced
with the increase in air flow. When the PAF exceeds 100 Imin~?, almost only
H>O, O; and CO; are detected. The fact that there is no CO implies that the
Oy concentration is sufficient and that the char is completely burnt. Oy can
be detected all the way through the combustion process when the PAF is 110
1min—!, which means that the combustion under this air flow has sufficient
0s.

In order to see the oxidation state at different air flows clearly, the CO/CO,
is plotted, as shown in Fig. 4.18. It is clearly seen that the concentration of
CO decreases with an increasing PAF. When the PAF is 110 Imin~!, no CO is
detected.
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Fig. 4.15: Smoldering combustion under primary flow under 70 I min~!

4.5 Ash analysis: Organic and inorganic carbon

In order to investigate the burning status under different PAFs, the organic
carbon and inorganic carbon left in the ash was investigated. Two samples
from the ash of each PAF were analyzed. Fig. 4.19 shows the results from
the TIC/TOC analysis. It is observed that the content of organic carbon re-
maining in the ash is almost negligible (under 1gkg™!). But regarding the
inorganic carbon, it seems as if the higher the PAF increases, the higher con-
tent of inorganic carbon is left in the ash.
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Fig. 4.16: Smoldering combustion under primary flow under 100 I min~
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4.5. Ash analysis: Organic and inorganic carbon
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Fig. 4.18: CO/CO; ratio under different range of PAF of 30 Imin—?, 50 Imin—!, 70 Imin—!, 100

Imin~!, 110 Imin~?, respectively
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Fig. 4.19: The content of organic carbon and inorganic carbon left in ash after combustion under
different PAF
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Chapter 5

Conclusion

This chapter summarizes the main contributions of this dissertation. The future work
is also recommended to improve or refine the research.

5.1 Final remarks

Thermo-chemical conversion has been one of the current interests of biomass
conversion industry, due to the renewable characteristics and fast energy con-
version of thermo-chemical treatment. The thermo-chemical conversion of
biomass requires many different processes, such as fluid transport, heat and
mass transfer, reaction mechanisms, and so on. To understand the intra-
particle process during biomass thermo-chemical conversion, a CFD model
for a single biomass particle thermo-chemical conversion was developed in
this project. To analyse the inter-particle process during the biomass thermo-
chemical conversion, a CFD model for a packed bed reactor was also de-
veloped. To verify the packed bed combustion, an experimental study was
undertaken in collaboration with BEST-Bioenergy and Sustainable Technolo-
gies GmbH at Graz University of Technology, Austria.

For the single biomass particle thermo-chemical conversion, two different
conditions were applied in the model: pyrolysis under nitrogen and smol-
dering combustion under air. The model reliably predicts the temperature
profile both for the pyrolysis and combustion cases, which was confirmed by
validation with experimental data from the literature. The model also pre-
dicts other profiles, such as pressure, velocity, gas species, and weight loss,
etc. A parametric study was done in the smoldering combustion case where,
two main parameters were studied, the devolatilization rate of biomass and
the light gas combustion scheme. The results show that different devolatiliza-
tion rates can affect the time of biomass degradation but cannot affect the
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temperature of the combustion stage. Two different hydrocarbon combustion
schemes were also compared in this work: a two-step hydrocarbon combus-
tion scheme from Dryer and Westbrook [68] and a four-step hydrocarbon
combustion scheme from Jones and Lindstedt [69]. The parametric study
showed that both schemes can predict biomass smoldering combustion re-
liably. A maximum error of 5% was found between these two combustion
schemes with the pellet temperature simulation.

I addition, a simulation was done to validate the smoldering combustion
in a packed bed reactor under an air flow of 30 Imin~!. The simulation
results were then compared with temperature data from experiments and
the gas species fraction at the bed surface location.

Apart from the validation, the experiment was also meant to study the
effect of primary air flow on the packed bed smoldering combustion of
biomass. To study that, a range of primary air flow rates of 30, 50, 70, 100,
110 Imin~! were applied. The bed could not be ignited for the primary air
flow over 30 Imin~!. By using the ignitor, the temperature profile at five dif-
ferent vertical locations and three horizontal locations were recorded under
different primary air flows, as well as the gas distribution at the bed surface.
The five different temperature profiles show the tendency of a biomass com-
bustion mechanism from insufficient oxygen to sufficient oxygen, with PAF
from low to high.

5.2 Contributions of this work

Four main contributions from this project can be highlighted:

¢ A one-dimensional CFD based model for the thermo-chemical conver-
sion of a single biomass was developed.

* The effect of two important parameters under the combustion of a sin-
gle biomass pellet was studied.

¢ A one-dimensional CFD based model for the thermo-chemical conver-
sion in a packed bed was developed.

¢ The effects of the primary air flow on the performance of biomass com-
bustion mechanisms was studied experimentally.

5.3 Future work
The effort of making a general thermo-chemical conversion model has been

the aim of many researchers. From the author’s point of view, a stable gen-
eral thermo-chemical conversion model has two main requirements. Firstly,

64



5.3. Future work

it should predict results for a wide variety of biomass species. Secondly, it
should be capable of predicting results from different thermo-chemical con-
version conditions, for example, from laminar flow to turbulent flow. In order
to achieve that, much work need to be done in the future. To mention some:

* Both models on a single biomass particle and the packed bed were
on a one-dimensional approach. With the improvement of computer
processing power and the development of different CFD solvers, a two-
dimensional approach or a 3-D approach for the simulation could be
used to investigate the process more thoroughly.

* Compare the results of this self-written code to the results generated
from other CFD tools, such as General Pyrolysis or OpenForm. Refine the
model by analysing the results from different tools.

* An object friendly user interface can be built based on this model.

* The models described in this research were done on the assumption
that the mass transportation within the pores was in the laminar flow
regime. However, in reality, many combustion cases are not laminar
flow, such as combustion in fludized bed. Future study could explore
the possibility of including turbulent flow in such models.
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Appendix A: Discretization

This part of Appendix shows the discretized partial differential equations
that are presented in Chapter 2. The domain of a single biomass pellet is
shown in Fig. 1. The linearised equations based on the underlying partial
differential equations are solved using the TDMA equation solver.

Surface

Fig. 1: Caption

A standard discretised transport equation can be written as:

appp = awPw + apPe + b (@)

According to the geometry in Fig. 1, the solutions to the discretized partial
differential equations of a single biomass pellets can be written as shown in
the following.

There is no convection and diffusion for the solid and liquid matter in this
model, therefore the densities of these matter are calculated with equation 2
to equation 5

Biomass

0B = PBo + SpAt )
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Carbon

Pc = Pco + SCAt

Ash

Pash = Pasho
Moisture

Om = Pmo + S¢

Gas species

b= SAV + %% YPAVY /ALYy

_ 0w Awly

aw — 5 + eDypowAp/Ax
A
ag = _Spezeue + SDEPEAg/Ax
o EpppAV
ap = Ap T aw + — 17
At the pellet center:
000YSAV
b=SAV + PPy,
At
aw = 0
A
ag = —% +eDep.Ae/ Ax
- EpppAV
ap = ag +aw + AL
On the pellet surface:
0 0 YOAY
b= SAV + ‘C'PPLYO
At
o Awll
aw = w + eDyppwAw/Ax

ap = —ppupAs +2DpAseppp/Ax

- Sppp SpppAV
S A Y

aw = 2DN_1

ag = 0
ap = 2Dp + hsAx
b= ]’leooAx
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Temperature
F=epsCrgUA D =42

AV
b=V + (P + pPCy) T
aw = Fu/2+ Dy

(10)
ag = —F./2+ D,
AV
At the pellet center:
To=T
On the pellet surface:
(80,8080 | s0~s0) AX
ap = ( pPp Cp +pPCP)E
aw = F0CS /2 + ke / Ax
ag = —pBuBCl% + 2kg/Ax 11
ap =~ + Dy + 52 (s p5C8 + pS.C ) =
=a)Tp+S-AV
aw = ZkB
ag = 0
ap = 2kg + hsAx + 480’T§3Ax (12)
b= hTwhx + 6o (Tid + 3T5*) Ax
Continuity equation
e
Pg,w w ‘qu
— N/
T = Pselel (13)
ap =ag +aw
VVsg \A%

b=— _(Pg, pgp)v — PgeAelle + PguwA

At the pellet center Py = P;
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On the pellet surface:

aw = Pg,wAwﬁ
ag = Pg/sAsﬁ 14
ap = ag + aw
b= VV: 2 (Pg,P - ng,P> (% - Pg,eA@”:(iH) + pg,wAwM:(,-)
Pés =0

82



Appendix B: Source terms for the transport equa-
tions

According to the reactions in Table 3.2, the source term of different species
can be written as:

Biomass:
Sg = — (k1) pB (15)
Carbon:
oc 2Mc 2Mc Mc
Sc =kips— S — = |ek k k
C 10s a,charpc+pB T oueh ( 4PCOZM + k50,0 Mo + ekePH, 57— M,
(16)
Moisture:
Sw = — (k2,3) PHyo (17)
Carbon monoxide:
oc 2Mco Mco
= acok —PC  (ekypco, O + ek —co
Sco = acok10B + Sachar oc 05+ poen <€ 40Co, Mco, + eksph,0 Mo
3Mco
— 3k7PC3H8PHzoM €9 ksoco
(18)

Carbon dioxide:

_ pc
PC + OB + Pash

Mco
Sco, = «co,k108 — Sachar ekapco, + kspcopH,o0 Mc02 (19)

Hydrogen:
[Ye MH,
SH, = aszlpB + Sa,charm < 50H,0 M, — €k6PH2>
(20)
7MH, Mpy,
+ 7k70C,HyPH O 77— M, + kspcoPH, v Meo
Vapor:
_ pc 7Mp,0
SH,0 = &H,0k10B — Sa,chmmsksPHzo — 3k70c;HgPH,0 MCS;S
Mpy,0
+k :
80COPH, Mco
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(21)

Nitrogen:

Sny =0 (22)
C3H8:

ScyHg = AcsHgk10B — k7003 Hg O H,0 (23)

For the continuity equation, the source term can be written as:

Sc = kips + (k23) PHyo

Pc

+Sp ey ——————
archar Pc + PB + Pash

2Mc 2Mc Mc
( eks0co, Mco + eks0H,0 Mino + ekepH, 77— Mp )
(24)
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For the reaction under biomass combustion, such as the reactions in Table
3.3, the source terms for the transport equations are: Biomass:

Sg = — (k1) ps (25)
Carbon:

oc

Sc =kips—S _
C 10s a,charpc +PB +Pash

2Mc 2M
(€k4Pc + ekspco, ~—— Mco + ekepH,0 MHCO)

2

(26)
Moisture:
Sw = — (ka3) P10 (27)
Carbon monoxide:
Sco = acokips
oc ZMCO 2M M
+S _ (ek —— + ¢k + ¢k
a,charpc ¥ 05 + Pash 40C0, Mco 50C0O, Mc 60H,0 M0
3M
0.25 co
—kspcopo, = + kopc,HyPH,0 Meu,
3M
+ kloPcoo'5Pozl'25M7CO — k11pcopn,0
CsHg
(28)
Carbon dioxide:
Sco, = «co,k10B
pc 2Mc )
N P G — ek
a,char 0C + 0B + Paoh ( 40CO» 77— Mco EK50C0, (29)
M
0.25 CO
+ kspcopo, = + ki1pcopm,o Mc02
Hydrogen:
oc My 025. 15
SH, = &H,k10B + Sachar mgképwo MH;) — Kypm, “po,
M, 25 AMy My
+ koo, HgPH,0 M, + kiopco’’po, ™ Mc31;8 + knPcoPHzoMiC;
(30)
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Vapor:
Fc

SH,0 = aH,0k10B — Sa,charmd%szO N
+K 025 . 15MH,0 Kk Mp,0 G1)
7PH, PO, M, 90COPH, Meo
Oxygen:
Pc aMo, 025 . 150-5Mo,
So, =S _— ¢k — K
Oy a,char 0C + PB + Pash 40C MC 70H, 00, MH2 (32)
— kspcopo,”” 05Mo, _ kiopco®-5po," L5Mo,
? Mco : Me, Hg
C3Hs:
ScyHs = acsHgk108 — kopcyHsPr,0 — k10pco™ po, ™% (33)
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Based on Table 3.3, the source terms for different species can be written
as following;:

c
Mu,0

Biomass:
Sp=—(k1)pa (34)
Carbon:
e 2Mc 2Mc¢
Sc =kipos—S — | &k k k _—
C 10s a,charpc T 08 + puh (f 4pC + €K50C0, Mco, + €K6PH,0 Mo
(35)
Moisture:
Sw = — (k23) PH,0 (36)
Carbon monoxide:
Sco = acokips
e 2Mco 2Mco M
+S _ (sk O +ek + ek
a,charpc ¥ 05 + Pash 4PCOy 77— Mco, 50C0O, Mco 60H,0
3M
0.25 CcoO
—kspcopo, = + kopc, HyPH,0 Meur,
3M
+ klopcoo'5pozl'25Wj;8 — k11pcopH,0
2M M
05 1252Mco co
+k120co ”po, Men, +k13PCH4PHZOWH4
(37)
Carbon dioxide:
2Mc
Sco, = &co.k108 — S apay——C—— k
CO, CO,X10B u,chﬂrpc ¥ 05 + Pash ( 40CO, 77— Mco +€ 5Pcoz) 68)

Mco
+ kspcopo,”® + ki1pcopm,o i 2
co

Hydrogen:

Pc
Pc + OB + pash

M
Su, = am,k108 + Sy char keoH,0 M, — K7om,"%00,"°

My 4M M,
+ k9Pc3HsszoMC72 + k10pco” 5p0," g kllPCOPHZOM

3Hg C3Hg
aM 3M
05, 1253Mp H
+ k120cH, 7 Po, Men, 2 + k13pCH,PH 07— Mery 2

Hy
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(39)

Vapor:
Mu,o0
S = k -5 P—Cgk + K 0.25 1.5 21 H0
H,0 H,0K10B a,char 0 1 08+ Pt 60H,0 70H, PO, Mp,
L Mmoo MH,0
90COLH, 7Mco 130CH,PH,O 7MCH4
(40)
Oxygen:
[Ye aMo, 025 159-5Mo,
So, =S — ¢k —K
O, a,char pc -+ PB + Pash 40C Mc 7PH, PO, M,
0.5M, 1.5M
0.25 O 05, 125 O
— kspcopo, Woz —kiopco po, Wm: (41)
1.5M
_k 05, 125 Oz
120CH, PO, Mecn,
C3Hsg:
ScsyHy = ey Hgk108 — kopcs HyPH,0 — k10pco” po, > (42)
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Abstract

Biomass drying has always been a big issue in biomass thermal treatment. Especially in pyrolysis, combustion and gasification,
water evaporation is a necessary step before other reactions can take place. This paper presents a detailed drying for single poplar
particle pyrolysis under nitrogen. In this model, the transport equations are numerically solved using finite volume method to obtain
the pressure, temperature and species fractions. Two different water contents found from literature are applied to test the model.
The result shows that this numerical model can predict water behavior during biomass drying process of pyrolysis.
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Nomenclature

A The surface area [m?]

Acwp Pre-exponential factor of water evaporation [s 1]

Cps Specific heat [J/(kg-K)]

Eepp Activation energy of water evaporation, [J/Kmol]

Defrrw Free water effective mass diffusivity [m?/s]

Freat Assumed as the sum of radiation heat and convection heat transfer [W/m?]
hp Heat transfer coefficient [W/(m? - K)]

hy Mass transfer coefficient [m/s]
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hmpore The mass transfer coefficient of vapor in the pore [m/s]
Ky The thermal conductivity [W/(m- K)]
ky,o Reactionrate constant [s 1]
Nu Nusselt number
Pr Prandtl number
Ry Universal gas constant [J/(mol - K)]
7 Reactionrate [kg/(m? - s)]
TH,0 The volumetric vaporization rate [kg/(m3 - s)]
Sc Schmidt number
Sh Sherwood number
St Source term in energy equation [W/m?]
Sa The specific area of the wood particle [m? /m3]
Tini Initial temperature [K]
To Ambient gas temperature [K]
T Particle surface temperature [K]
Tis Particle surface temperature for species j [K]
T Particle centre temperature [K]
Tepap Defined as evaporation point of liquid water [K]
Yoap The percentage of vapor within all the species
Yrer Reference mass fraction of speciesj inthe gas film around the particle
Y5 Mass fraction of species / at particle surface
Y Mass fraction of species j in the ambient gas
Pg Gas density [kg/m?]
p3at The saturated vapor density [kg/m3]
Pfw The initial free water density [kg/m3]
Prw The free water density at the present time [kg/m?]
W Reactionrate
A The average conductivity of all the gases in the film [W/(m - K)]
£ Porosity
u Dynamic viscosity [kg/(m - s)]
o Boltzmann radiation constant, 5.86 X 10~8 (W /m?K*)
g Gas
l Liquid
s Solid

1. Introduction

Drying, as the first step of biomass gasification and pyrolysis, plays an important role in the whole process, not
only for preheating, but also for the stability of industrial production. Many researchers have studied the drying
technology for biomass, from lab-scale to industrial scale [1][2][3][4]. The particle size studied in literature can be as
small as a pulverized particles, as well as a large piece of wood, usually around Imm to 10 mm in diameter [5]. The
drying media can be superheated steam or flue gas from biomass residues or even air or nitrogen [6]. A raw material
as received usually has water content up to 40% to 50%. After drying, the water content can be 6% to 8%, which is
suitable for industrial use [7].

The moisture exists in biomass in three forms: in pore and capillary as vapor or as liquid water and in fiber as
bound water [3]. Normally, there is a circumscription known as Fiber saturation point (FSP) that defines the bound
water and the free water. The FSP describes the ability that cellulose molecule can absorb bound water. Babiak and
Kudela [8] studied the definition of FSP. FSP can be 30% of dry biomass weight [9].

There are three commonly used drying models in literature, the thermal model, the kinetic rate drying model and
the equilibrium model. The equilibrium model is usually used in low temperature drying, and is numerically unstable
for high temperature drying [3]. The thermal model is the most commonly used model, and has been used in literature
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both in particle pyrolysis [10] and packed be pyrolysis [5][11]. The kinetic rate model is commonly used for bound
water evaporation [12][13]. Belowis a description of these three models.

Equilibrium model has the following expression. For thermal model, the expression is shown as eq. (4). For the
kinetic rate model, the water evaporation is treated as a chemical reaction; hence, Arrhenius expression can be used
to describe the behavior of reaction rate. The expressionis shownin eq. (5).

yields
H,0() — H,0(9) Q)]
THZO = Sa (pfw/pfow)hm,pn‘re (p{;at — Py yvap) (2)
hmpore = 356% (3)
' Aporehydraulic
0, T < Topap
=9 Frea 4
THy0 A}:le—w:p‘ T > Topap (4)
Fheat =S, (hT(Tj - Tini) + SO‘(TJ-4 - Ti"rlli)) (%)
Eev
rHZO = Aevpexp (_ E‘E) (6)

Haberle et al [3] summarize the kinetic data from literature, as shown in Table1 .

Table 2 Proximate and ultimate analysis

Table 1 Kinetic data for water evaporation ;ﬁ:t:jﬁ;bon 2;;:/;“ 440%
Pre-exponential factor (s-1)  Activation energy  Ref. Ash 0.5%
(J Kmol-1) Volatile 90%
5.13 x 10%° 8.8 x 107 [12][14] C(DB) 48.1%
5.13 x 10° 24/120 x 10° [15] H(DB) 5.77%
5.60 x 108 8.8 x 107 [16] O(DB) 45.53%
5.13 x 10° 8.8 x 107 [17] Others
LHV(6% moisture)  17.05 MJ/kg
density 540kg/m3

In this work, all the three models are tested. After each time step, the local temperature will be updated at the locations
where the thermal model for free water and kinetic model for bound water is active or being used. To make a
comparison, a thermal model is also used for bound water and a kinetic model is used for free water, too. The
equilibrium model is only used for free water under 100 ‘C[18]. The result shows choosing a thermal model or
choosing a kinetic model does not affectthe whole pyrolysis process, although a kinetic model is preferred for bound
water.

2. Model description

In order to study the drying issue of a single biomass pellet. A poplar tree particle sample is chosen from the
literature [12][19] to study here, partly because the experimental data is easy to find in the literature to do model
validation, partly because different water content of poplar wood particle under pyrolysis can be found in the literature.
The poplar wood particle properties can be found in Table 2. The moisture here is treated as 6% and 40% the mass
fraction of dry biomass. The reactionis operated under nitrogen pyrolysis and with the wall temperature of 1273K
and gas flow temperature of 1050K.

A CFD code based on C++ has been generated for this model, where a finite volume method was used to solve the
transport equations numerically. The convective terms are discretized by central differencing scheme, and the time
step is set to 0.01s, the temporal scheme used here is implicit scheme. The meshing is along the radial direction, in
which 60 grids were made. The proximate analysis and ultimate analysis, as well as density and lower heating value
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is given in Table 2, which is also used for validation of Lu et al’s model [12] by Mehrabian et al [19]. The model
assumes that the biomass particle is isotropic and near-sphere.

For wood pyrolysis, there are many kinetic models. The most commonlyused ones assume a set ofheat of reactions
for different reactions. After that the heat of reactions are used in temperature calculations. In this work, a lower
heating value (LHV) or a higher heating value (HHV) is found for the specific wood used in the pyrolysis. Therefore,
the formation enthalpy of volatile can be calculated. In this work, the molecular formula of the volatile is calculated
as CH, 134500 9551, With a molecular weight 0f30.13 kg/Kmol and the formationenthalpy of —7926Kk]/kg. Assuming
volatile will crack into real species: CO, CO2, H2, CH4, with a molar fraction 0f 0.442,0.200,0.358 and 0.2695.

Energy equation is expressed as eq. (7), while the source term canbe found in eq. (6).

0(pgCpg T+PsCpsT+P1Cpi T)
at

Sy = = Xk=1 ARD Wi — Xioy Ahg Vi (®)

+ div(epguCpgTy) = div(kesfVT) + St (7

Sy is the source term of energy equation and consists of a sum of formation enthalpy of each species and a sum
of sensible enthalpy of each species. In this paper, whenever the source term model for water is changed, the
corresponding source term in the energy equation is also replaced. For the boundary condition of temperature, the
gradient is treated as 0 at center point. For the surface, due to the existence of radiation and convection, the boundary
condition can be written as eq.(9). To calculate the heat transfer coefficient, a gas film surrounding the particle is
assumed. The temperature used for gas properties in the gas film is treated as reference temperature, as defined by
one-third law [20].

kgA T;‘/Z” = Ahy (T, — Tg) + Aea (T4 — Tg) ©9)

Trep =Ty +1/3 (T = ) (10)
N

he = (11

Nu denote Nusselt number, here it uses the Nusseltnumber from Lu et al[12] for a sphere particle, with the expression:

Nu= ’Z—L = 1.05 + 0.6Re®65 pr033 (12)
g

The pressure is solved by Darcy law, together with continuity equation as follows:

i=-1vp (13)

u
220+ div(epgu) = S, (14)
The boundary condition for pressure in the center point is treated with a zero-gradient, and a mass flow
conservation is used for the surface boundary condition.
For the gaseous species, a transport equation is expressedas eq. (15). Similar to the energy equation, the boundary
condition of the gaseous species at center point is to set the gradients to zero. For the surface, the reference species of
gas film is calculated by one-third law, as shown ineq. (16) (17), Sy,, denotes the source term of each gas species, hy
denotes the mass transfer coefficient, and can be calculated by the following correlation. While the solid terms have
the simple expression of eq. (19), p; denotes the density of water, remaining volatile in solid by time t, ash and carbon,
and s; denotes their source term.

9(epg¥ig) . .

% +div(epgulyy) = div(DigV(ep,Yig)) + Sy, (15)

Yirer =Ys +1/3 (Y0 = ¥j) (16)
Yp=Yp _ _

DAW_ Ahy (Y, —Y) (17)

96



1298 Xiyan Li et al. / Energy Procedia 158 (2019) 1294-1302

Sh = "g—L = 2.0 + 0.6Re/25c1/3 (18)
g

) _

Tor Si (19)

All the reactions used in this model are listed in Table 3. A one-step global biomass decomposition model is used
in this work. Thermal model and kinetic model used for moisture evaporation have already been stated in Equ. (2) to
(6), the results will be discussed later in this paper. All the kinetics data used in Table 3 is shown in Table 4.

Table 3: Chemical reactions and reaction rate

Reaction index Chemical reactions Rate expression Ref
1 Biomass — Volatile + Char 7 = 0pyor /0t = kypyo [21]
2 H20 (free)— H20 (g) Equation (2-6)

3 H20(bound)—H20 (g) Equation (2-6)

4 C+1/202—CO 1, = 8C,/8t = Sqcnarloc/(Pc + s + Pa)1kaCo, [12]
5 C+C02-2CO 75 = 0Cco,/ 0t = Sqcnarlpc/ (0 +pg +pa)1ksCoo, [12]
6 C+H20—H2 +CO e = 6CH20/3t = SacharlPc/(Oc + Ps + Pa NkeChyo [12]
7 C+2H2— CH4 = BCHZ/at = Sqcnarlpc/ (oc + pp + Pk, C, [22]
8 H2+1/202—H20 1y = 0H,/0t = kgCy,,C3;> [23]
9 CO+1/202—C02 Ty = 0Cco/0t = koCeoCO25Chiy [12]
10 CH4+H20—CO+3H2 Tip = 0Ccy, /0t = kygCHSCH% [24]
11 CH4+0.502— CO+2H2 Ty = 0Ccy, /0t = kyy C5CRS, [24]
12 CO+H20—CO2+H2 Ty = 0Cco/0t = ky,CoCio [24]

Table 4: Kinetic dataused in this model

Reaction index Pre-exponential factor(s™") Activation energy(J/Kmol) Heat of reactions (KJ/kg)
1 3.4 x 10* 6.9 x 107 ~1376.09
2 . R R

3 5.13 x 10 8.8 x 107 -2440

4 0.658a 7.4831 x 107 3950

5 3.42a 1.297 x 10° -14383.33
6 3.42a 1.297 x 10° -10933.33
7 2083a 115137 1701.59
7 101271 1.71 x 10° 13435.94
8 2.39 x 10*2 1.702 x 108 10114.28
9 3.0 x 108 1.26 x 108 -12879,38
10 5.012 x 10t 2.0 x 10® 2233.13
11 2.75 x 10° 8.4 x 107 1480

a Those units are m/s-1k-1
3. Model validation and discussion

A grid independence check is made in Fig.1 A). The simulation results are based on 6% moisture content under
nitrogen pyrolysis. As mentioned in introduction, 6% moisture content is far away from FSP, the reaction mechanism
used in Figl is kinetic model. 60, 80, 100 grids along the radius were meshed, respectively. The grid independence
check shows that the results from this model are independent of the meshing. Fig. 1 A) also shows three obvious
pyrolysis stage as shown by arrows. It can be seenthat the water vanishes around 6" or 7th second. The devolatilization
stage stops after 32 seconds. The firststage is calleddrying stage, it stops after 6 seconds. During this stage, the bound
water release. The biomass is significantly heated up. The second stage is the devolatilization stage, the pre-pyrolysis
takes place from 400K to 700K with the release of light gases. The weight loss loses quickly in this stage (will be
discussed in extended version), which is also a sign of gases releasing. Once the devolatilization reaction is finished,
the temperature of the poplar particle goes up immediately, the pyrolysis comes to the final stage, in this stage the
large molecules crack into char or non-condensable gases (will be discussed in extended version). The light gases take
reactions or leave the pellet quickly. More informationto show the three stages and the comparison ofthe mass fraction
will be discussed later.
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Grid independence check Distribution of gas species
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Fig 1A) Grid independence check. B) Gas species release with respect to time

1400 Temperature of near-sphere particle during pyrolysis in nitrogen (d=9.5mm, MC=6%)
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Fig. 2 Temperature profile from model and lu et al’s results

Figure 1 B) shows the light gases released from the pyrolysis process at the center point of biomass pellet. It uses
the same amount of moisture content as in Fig.1 A). The green line is water vapor release curve. Obviously, there are
two peeks in this curve. The first one is because the fast release of free water. With the decomposition of biomass
starts, the other small molecular-weight gases, like Ha, CO, CO, CH4, the mass fraction of water vapor decreases.
This stage is called initial stage by Basu [25], around temperature 100 °C to 300 °C. The mass fraction of water goes
down because the mass fraction of other gas species come out. Another vapor peak is caused by the intermediate stage
(200°C to 600°C) [25], where the primary pyrolysis starts. This stage finished until 35t second. During pyrolysis,
there is not many homogeneous reactions happening after devolitilization stage. Fig. 1A) shows the devolitilization
stops around 32 seconds, after that, as shown in Fig.1 B), the mass fraction of small molecules gas species decreases
and comes to zero after 35 seconds. After that, there is no other gas coming out. As a result, the third stage is mainly
heating up stage caused by the heat transfer from the surrounding environment.
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The model has been validated using H. Lu etal’s [12] experimental results and Rath et al’s results[26], separately.
In both validation, the modelling results shows a nice agreement with the experiments that Lu et al and Rath et al
made. In experiment that Lu et al did, a poplar biomass particle is exposed to a furnace of 1276K with the flow
temperature of 1050K. The gas media is nitrogen, the water content is setto 6% for sphere pellet and 40% for cylinder
pellet. Since this work focuses on simulation of a sphere pellet, 6% moisture content from Lu et al’s experimental
work is used for comparison here. Simulation of 40% moisture content biomass pellet under nitrogen pyrolysis will
be discussed, too. The validation against experimental results from Lu et al is shown in Fig. 2.

In Fig. 2, the solid blue line is temperature for center point from simulation result that authors made, the solid red
line is the temperature for surface point using the simulation that authors made. It also shows the three experimental
data from Lu et al and the simulation results from Lu et al. As shown in Fig. 2, the simulation agrees with experiment
data better than the modelling results that H. Lu et al show. A one-step global devolatilization model for biomass
decompositionis used here. Depending on the kinetic data that is chosen, the time interval of plateau in Fig.2 between
the two arrows can be different. The devolatilization model affects the devolatilization rate, as discussed by Yang et
al [18]. Here a ‘fast’ one-step devolatilization rate by Nunn[27] and defined by Yang et al[18] is used in this model,
because it shows a better simulation result for poplar wood used by Lu etal [12] and Mehrabian et al [19]. The plot
of center point temperature shows clearly three stage of devolatilization, drying and heating up stage after reactions
are finished.

1400

1200

1000

= = Te-6%moisture
= = Ts-6%moisture
800

Te-40% moisture

Temperature (K)

—— Ts-40%moisture

v

600 —— Biomass-40%moisture
1

= = Water-40%

—— Biomass-6%moisture

400

=== Water-6%

L
45 50

Time (sec)

Fig. 3 Temperature profile of biomass pyrolysis with 40% moisture content and 6% moisture content and mass fraction of biomass (DB) and
mass fraction 0of40% moisture content

Figure 3 shows the temperature from the biomass pellet center and from the biomass pellet surface with 6%
moisture content and 40% moisture content, respectively. The solid lines are temperature for 40% moisture co ntent,
and the dash lines are temperature for 6% moisture content. The solid green line is the mass fraction of dry biomass
with respectto time during the conditionof40% moisture, and the dash green line is the mass fractionof40% moisture
content with respect to time. Fig. 6 also shows the same data of 6% moisture of dry biomass and water evolution, as
show in solid deep blue line and dash deep blue line. Two arrows are made on the light blue dash line to show three
different pyrolysis stages. Compared with 6% moisture content, the drying process of 40% moisture content takes
longer time. To further investigate the moisture behavior and the relationship of water behavior and temperature, the
mass fraction of moisture content and biomass is added in Fig.6. If the mass fraction of moisture or biomass does not
exist at the center point anymore, it means all the mass is consumed and the reaction is finished. The solid green line
is the mass fraction of biomass (DB) with respect of time, and the dash green line is the mass fraction of water with
respect of time. The process of drying stage stops when the moisture evaporate totally, while the devolatilization stage
finishes when the biomass is totally consumed. As it is shown in Fig.6 by arrows of 40% moisture content biomass
pyrolysis, the drying process stops after 12 seconds, while the devolatilization stage stops after 40 seconds. It can also
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be found that the time when the drying stage stops is also the time when the center temperature of the biomass pellet
reaches above 100°C, and the time devolatilization stage stops is the time center temperature of the pellet start to go
up quickly after a plateau.

Conclusion

A CFD model based on finite volume method was used to study the drying of a poplar particle during pyrolysis
process. The model uses one-step global biomass decomposition reactions to describe the pressure, temperature and
species behavior of the drying process. A validation using literature data shows good agreement with experimental
results. In extended version, water behavior from using two different kind of water evaporation models has been
discussed. The results show using thermal model can cause longer time of drying stage and therefore delay the
following up reactions. To better balance the thermal model and kinetic model, it is suggested here when the moisture
content is over FSP, both thermal and kinetic water evaporation models should be considered in the biomass pyrolysis
process.

Acknowledgements

Xiyan Li is grateful to the help from department of energy technology of Aalborg University and support from
Chinese scholarship council.

References

[1] Messai S, Sghaier J, Lecomte D, Belghith A. Drying kinetics of a porous spherical particle and the inversion temperature.
Dry Technol 2008;26:157—67. doi:10.1080/07373930701831127.

[2] Mezhericher M, Lewy A, Borde I. The influence of thermal radiation on drying of single droplet/wet particle. Dry Technol
2008;26:78-89. doi:10.1080/07373930701781686.

[3] Haberle I, Haugen NEL, Skreiberg @. Drying of thermally thick wood particles: A study of the numerical efficiency,

accuracy, and stability of common drying models. Energy & Fuels 2017:acs.energyfuels.7b02771.
doi:10.1021/acs.energyfuels.7b02771.

[4] Rezaei H, Lim CJ, Lau A, Bi X Sokhansanj S. Development of empirical drying correlations for ground wood chip and
ground wood pellet particles. Dry Technol 2017;35:1423-32. doi:10.1080/07373937.2016.1198912.

[5] Yang YB, Sharifi VN, Swithenbank J. Effect of air flow rate and fuel moisture on the burning behaviours of biomass and
simulated municipal solid wastes in packed beds. Fuel 2004;83:1553—-62. doi:10.1016/j.fuel.2004.01.016.

[6] Stahl M, Granstrom K, Berghel J, Renstrom R. Industrial processes for biomass drying and their effects on the quality
properties of wood pellets. Biomass and Bioenergy 2004;27:621-8. doi:10.1016/j.biombioe.2003.08.019.

[7 Di Blasi C, Hernandez EG, Santoro A. Radiative pyrolysis of single moist wood particles. Ind Eng Chem Res 2000;39:873—
82. doi:10.1021/ie990720i.

[8] Babiak M, Kudela J. A contribution to the definition of the fiber saturation point. Wood Sci Technol 1995;29:217-26.
doi:10.1007/BF00204589.

[9] Di Blasi C. Multi-phase moisture transfer in the high-temperature drying of wood particles. Chem Eng Sci 1998;53:353-66.

doi:10.1016/S0009-2509(97)00197-8.

[10] Yang YB, Sharifi VN, Swithenbank J, Ma L, I L, Jones JM, et al. Combustion of a single particle of biomass. Energy
2008:306—16. doi:10.1021/ef700305r.

[11] Yang YB, Lim CN, Goodfellow J, Sharifi VN, Swithenbank J. A diffusion model for particle mixing in a packed bed of
burning solids. Fuel 2005;84:213-25. doi:10.1016/j.fuel.2004.09.002.

[12] Lu H, Robert W, Peirce G, Ripa B, Baxter LL. Comprehensive study of biomass particle combustion. Energy and Fuels
2008;22:2826-39. doi:10.1021/ef800006z.

[13] Bryden KM, Hagge MJ. Modeling the combined impact of moisture and char shrinkage on the pyrolysis of a biomass
particle. Fuel 2003;82:1633—44. doi:10.1016/S0016-2361(03)00108-X.

[14] Fatehi H, Bai XS. A comprehensive mathematical model for biomass combustion. Combust Sci Technol 2014;186:574-93.
doi:10.1080/00102202.2014.883255.

100



1302

[18]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]
[26]

[27]

Xiyan Li et al. / Energy Procedia 158 (2019) 1294-1302

Peters B, Bruch C. Drying and pyrolysis of wood particles: experiments and simulation. Fuel Energy Abstr 2004;45:100.
doi:10.1016/S0140-6701(04)93143-8.

Blasi C Di, Branca C, Sparano S, Mantia B La. Drying characteristics of wood cylinders for conditions pertinent to yxed-bed
countercurrent gasiycation 2003;25:45-58.

Chan WCR, Kelbon M, Krieger BB. Modelling and experimental verification of physical and chemical processes during
pyrolysis of a large biomass particle. Fuel 1985;64:1505—13. doi:10.1016/0016-2361(85)90364-3.

Yang YB, Yamauchi H, Nasserzadeh V, Swithenbank J. Effects of fuel dewolatilisation on the combustion of wood chips
and incineration of simulated municipal solid wastes in a packed bed. Fuel 2003;82:2205-21. doi:10.1016/S0016-
2361(03)00145-5.

Mehrabian R, Zahirovic S, Scharler R, Obernberger |, Kleditzsch S, Wirtz S, etal. A CFD model for thermal conversion of
thermally thick biomass particles. Fuel Process Technol 2012;95:96—-108. doi:10.1016/j.fuproc.2011.11.021.

Yin C. Modelling of heating and evaporation of n-Heptane droplets: Towards a generic model for fuel droplet/particle
conversion. Fuel 2015;141:64—73. doi:10.1016/j.fuel.2014.10.031.

Yang YB, Yamauchi H, Nasserzadeh V, Swithenbank J. Effects of fuel dewolatilisation on the combustion of wood chips
and incineration of simulated municipal solid wastes in a packed bed. Fuel 2003;82:2205-21. doi:10.1016/S0016-
2361(03)00145-5.

Klose E, Képsel R. Mathematical model for the gasification of coal under pressure. Fuel 1978;72:714. doi:10.1016/0016-
2361(93)90662-L.

Zhou H, Jensen AD, Glarborg P, Jensen PA, Kavaliauskas A. Numerical modeling of straw combustion in a fixed bed. Fuel
2005;84:389-403. doi:10.1016/j.fuel.2004.09.020.

Yin C, Keer SK, Rosendahl L, Hvid SL. Co-firing straw with coal in a swirl-stabilized dual-feed burner: Modelling and
experimental validation. Bioresour Technol 2010;101:4169—78. doi:10.1016/j.biortech.2010.01.018.

Basu P. Biomass Gasification and Pyrolysis: Practical Design. vol. 28. 2010. doi:10.1017/CB09781107415324.004.

Rath J, Steiner G, Wolfinger MG, Staudinger G. Tar cracking from fast pyrolysis of large beech wood particles. J Anal Appl
Pyrolysis 2002;62:83-92. doi:10.1016/S0165-2370(00)00215-1.

Nunn TR, Howard JB, Longwell JP, Peters WA. Product compositions and kinetics in the rapid pyrolysis of milled wood
lignin. Ind Eng Chem Process Des Dev 1985;24:844-52. doi:10.1021/i200030a054.

101



Paper A.

102



Paper B

A detailed pyrolysis model
for a thermally large biomass
particle

Xiyan Li, Chungen Yin, Seren Knudsen Kar,Thomas Condra

Fuel, 2020.

103



© 2020 Elsevier
The layout has been revised.



Fuel 278 (2020) 118397

journal homepage: www.elsevier.com/locate/fuel

Contents lists available at ScienceDirect

Fuel

Full Length Article

A detailed pyrolysis model for a thermally large biomass particle

Check for
Updates

Xiyan Li*, Chungen Yin, Spren Knudsen Ker, Thomas Condra

Department of Energy Technology, Aalborg University, Pontoppidanstreede 111, Aalborg @st, Aalborg, Denmark

ARTICLE INFO ABSTRACT

Keywords: Pyrolysis of a single biomass pellet involves multiple processes, such as evaporation, decomposition, flow field
Biomass changes, shrinking or swelling. These processes can be simulated by consolidating pyrolysis theories and com-
CFD putational fluid dynamics. In this paper, a one-dimensional transient model is formulated in a C+ + code to

Finite volume method
Pyrolysis

simulate the process of pyrolysis of a single biomass pellet. Experimental data from the literature is used to
validate this model. This paper presents detailed modelling results for a single biomass pellet under pyrolysis in

nitrogen. The model can determine the temperature distribution at different locations at any certain time, and
the temperature distribution, at the same location, over time. In this paper, the focus is on how different
parameters develop with time within the biomass pellet.

1. Introduction

Pyrolysis occurs when biomass goes through a thermal decomposi-
tion in an inert atmosphere which is usually, though not limited to,
nitrogen and is converted to smaller volatile molecules. The volatile
components are the main products of pyrolysis, as well as bio-char. In
terms of the temperature, the heating rate and the residence time
during biomass decomposition, biomass pyrolysis is usually classified as
either fast pyrolysis, slow pyrolysis or conventional pyrolysis, with the
distinction based on the quantity of light gas production [1].

Slow pyrolysis aims to obtain bio-char; whilst fast pyrolysis aims at
obtaining bio-oil. On the other hand the conventional pyrolysis process,
normally considered as a clean energy processing technology, is very
popular for treating biomass residues and producing syngas, i.e. CO,
CH,4, H, and hydrocarbons [2]. There are many uncertainties during the
process of biomass pyrolysis, such as the conversion rate and time, the
temperature distribution, the mass loss, the pressure and intra-particle
velocity and the changes in pellet size. A CFD model for the pyrolysis
process is useful not only for the pilot scale packed bed but also can be
scaled up for use in an industrial grate fired boiler.

Research into biomass pyrolysis is approximately 40 years. Many
studies have been done on cellulose pyrolysis, probably because cellu-
lose is the main component of most biomass fuels [3-6]. There was also
some research into lignin and hemicellulose [7,8]. Thermogravimetric
analysis (TGA) was widely used at that time and as a result, much ki-
netic data about biomass thermal degradation were published and used
for numerical modelling [9-11]. Ranzi’s et al. [22] published a kinetic
model with a few multistep kinetic schemes based on three main
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compositions of biomass, cellulose, lignin and hemicellulose, with the
rate kinetics of the reactions derived from TGA experiments. Ranzi’s
model can give good results with regard to temperature and residues,
but gives results in considerable error for the prediction of the gas
fraction.

Much work has been done on the kinetics of biomass pyrolysis, such
as Bio-FLASHCHAIN model, Bio-FG DVC model and Bio-CPD model,
who were originally used for coal chemistry research. These models use
simplified chemistry and network statistics to describe the generation of
the tar precursor. However, there are many differences in the molecular
lattice geometry, broken bridges and crosslinking chemistry, pyrolysis
products, mass transfer hypotheses and statistical methods.

The Bio-FLASHCHAIN model applies the flash distillation me-
chanism to a distributed-energy array model to predict the monomer
production, without considering the functional group, hydrogen ex-
traction, reaction available for hydrogen and mass transfer resistance
[12,13].

The Bio-FG DVC model combines the functional group (FG) model
with the depolymerization-vaporization-cross-linking (DVC) algorithm
to predict the composition of biomass pyrolysis yields. Contradictory to
the Bio-FLASHCHIAN model, the Bio-FG DVC model assumes that the
decomposition of a functional group can produce small molecule gases,
the breaking of the bridge bond is limited by active hydrogen and
therefore controls the decomposition of the macromolecular lattice and
the release of tar is controlled by mass transfer [12,14]. The Bio-CPD
model uses chemical structural parameters to describe the biomass
structure. The generation of tar precursors is described by the pene-
tration statistics method, according to the number of unstable bridges
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Nomenclature T Particle temperature at grid i [K]
Tis Particle surface temperature for species j [K]
A Surface area [m?] Tc Particle center temperature [K]
Aayp Water evaporation pre-exponential factor [s~!] Tovap Evaporation temperature of liquid water [K]
Epp Water evaporation activation energy [J/kmol]. 14 Current particle volume [m?]
Crs Specific heat [J/(kg-K)] 4 Initial particle volume [m?]
dpore Pore hydraulic diameter [m] Xc Conversion ratio of char
Dy Free water effective mass diffusivity [m?/s] Xu Conversion ratio of moisture
Fiear Sum of radiation heat and convection heat transfer Xy Conversion ratio of volatile
[J/(m?es)] Yoap Percentage of vapor of all the species
hr Heat transfer coefficient [W/(m?K)] Y ref Reference mass fraction of species j in the gas film around
hy Mass transfer coefficient [m/s] the particle
Pon,pore Mass transfer coefficient of vapor in the pore [m/s] Ys Mass fraction of species j at particle surface
h} Enthalpy of formation [J/kg] Yo Mass fraction of species j in the ambient gas
h} Sensible enthalpy [J/kg] Py Gas density [kg/m?]
K Permeability [m?] o3 Saturated vapor density [kg/m?]
Ky Thermal conductivity [W/(m-K)] P Initial free water density [kg/m?]
k0 Reaction rate constant [s™'] P Free water density at the present time [kg/m?]
Nu Nusselt number Wy Reaction rate of species j [kg/(m®:s)]
Pr Prgndtl number B Drag force coefficient
Ry Universal gas constant [J/(mol-K) | A Average conductivity of all the gases in the film [W/(m-K)]
r Reaction Fate of r.eact'ion ilkg/ (m3-s)3] ‘ Porosity [m3/m]
;Zzo ;/collllrlnrx:;ttrrl:l I\Ill:;[::;rlzanon rate [kg/(m*s)] p Dynamic visc0§it}_r [ke/(m-s)]
o Boltzmann radiation constant,5.86 X 1078[W/m?K*]
Sh Sherwood number . Tortuosity
Sr Source term in energy equation [W/m?] ® Emissivity
Sa Specific area of the wood particle [m?/m?] g Gas
Sa,char Specific area of char [m?/m?] k Number of reactions
Tini Initial temperature [K] 1 Liquid
T Ambient gas temperature [K] s Solid
Ts Particle surface temperature [K]

broken in the infinite biomass lattice [12,15].

All the three models mentioned above attempt to determine the
exact composition of the decomposition products and their molecular
formula, especially for the tar composition.

However, it is not always necessary to know the molecular form for
pyrolysis process simulation. When the research aim is focused on the
thermal chemical conversion instead of the kinetics or the composition
of pyrolysis, some other more simplified pyrolysis models are often used
[16-19]. In many studies, a semi-global mechanisms for pyrolysis is
used for the decomposition of biomass [8,20,21]. In the semi-global
mechanisms assumption, tar is a necessary intermediate product.
However, due to the instability of tar, the yield and composition of tar is
not always the same, based on different heating rates and other ex-
perimental conditions. Therefore, the input parameters for the model
under one experimental condition, for one specific kind of biomass,
cannot be used on another condition. In 1981, Thurner and Mann [15]
studied the wood kinetics of pyrolysis. With a modified tube pyrolysis
reactor, they presented results for the gas composition in the tem-
perature range of 300-400 °C by using three parallel first-order primary
reactions, with each reaction producing gas, tar and char, respectively.
The one-step global devolatilization model is also widely used [22-25].
By assuming the devolatilization reaction is first-order, the complexity
of the devolatilization is simplified. Thus, the CFD model presented in
this paper, focusses on the heat and mass transfer within the porous
medium.

The advantage of using a CFD model is that a model can rapidly
predict the possible results before the real investment in an industrial
application. For example, such a model can be used to investigate the
ignition mechanism [26], the pyrolysis kinetics, and heat transfer [27],
physical or chemical behavior [10], and so on. In addition, as the
minimum composition unit of the packed bed, studies on the single
biomass pellet thermal conversion behavior can help to understand

more of the details during the thermo-chemical conversion process on a
larger scale. Therefore, in this paper, a more detailed mathematical
model is developed, and as mentioned above, the main processes during
biomass pyrolysis, the exchange of heat and mass, the mass loss, the gas
concentration changes, the swelling and shrinking, are discussed.
Considering the complexity of the biomass pyrolysis process, some
assumptions are needed. The layer model is one of them. This is where
each control volume passes four processes: the drying layer, pyrolysis
layer, char layer and the ash layer, which refers to the moist wood, the
dry wood, the char residue, and the ash, respectively [28]. The layer
model assumes there is a mass and heat transfer front moving from the
outer layer to the inner core until a thermal equilibrium, between the
solid pellet and the heating environment, is reached. As shown in Fig. 1
[29], the evaporation front starts from the pellet surface and moves

Gas-Particle Interaction ..

FREE-STREAM
T

particle surface, s

0- unconverted core
1- evaporation front .
2- pyrolysis front

3- char gasification front
4- ash layer

Imaginary gas film
around the particle

Fig. 1. Layer model scheme.
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towards the center core, followed by the pyrolysis and the char gasifi-
cation fronts. After all the reactions are completed, an ash layer is built
from the pellet surface all the way to the pellet center. The layer model
can predict many results that fit well with experimental results
[30,28,31,32], even though some reports show, that there might be a
temperature discontinuity near the center temperature curves [32]. In
the layer model, the pellet is usually assumed to be isotropic when it is
compressed [31,33] and anisotropic when it is a wood log [34-36]. The
detailed sub-model will be discussed under the model description.

The model presented in this paper aims at providing a solution to
the general pyrolysis problem for a single biomass pellet. By in-
corporating the research that has been published hitherto, a general
CFD model is formulated and written in C+ +. In this paper, a full map
of a single biomass pellet pyrolysis is given.

2. Model description

The process of biomass pyrolysis is a complex thermal chemical
conversion process. It includes not only the physical and chemical
conversion process, such as water evaporation, volatile devolatilization,
char gasification, but also the physical dynamical process, such as fluid
flow changes, temperature and process changes etc. Referring to Case 1
which is presented later in this paper as an example. In this case, a
single biomass pellet has a steady temperature of room temperature of
25 °C. Then the biomass pellet is placed in a high temperature iso-
thermal system (around 1200 K). In this system, the temperature of the
biomass pellet will ultimately reach the system temperature. Under the
heating process, changes will occur within the biomass pellet. At the
beginning, the biomass pellet will heat up and assuming that the bio-
mass pellet is thermally thick (high Biot number), the temperature of
the whole particle cannot be uniform for quite some time. Therefore,
the reactions that take place within the pellet will follow the local
temperature change. There are three separate stages, divided according
to the temperature. A rough temperature range for these three stages
are [37]: drying process (water evaporation) for temperature under
100 °C (or slightly over 100 °C for bound water), the devolatilization
process (release of volatiles) for temperatures between 380 °C to 500 °C
and finally the gasification process reactions for temperature above
500 °C [38]. The temperature of the biomass pellet can be higher or
lower than the environment temperature depending on the heat ab-
sorbed or released during these three processes.

In this project, a CFD model was developed for such a thermo-
chemical conversion process. The key assumptions are:

1. The biomass pellet is a spherical porous media with a constant
porosity.

2. The biomass pellet is thermally thick and in local thermal equili-
brium (within the pellet, the solids and gases have the same tem-
perature locally).

3. The biomass pellet is placed into a quasi-steady state environment.

Fuel 278 (2020) 118397

Table 2
Kinetic data used in this model.

Reaction index  Pre-exponential Activation energy Heat of reaction

factor (s~1) (I/kmol) (kI/kg)
1 3.4 % 104 6.9 x 107 — 1376.09
2 - - -
3 5.13 x 1010 8.8 x 107 — 2440
4 342° 1.297 x 108 — 3919.436
5 342° 1.297 x 108 — 7294.38
6 342 x 1073 1297 x 10° 18723.8
7 3.0 x 108 1.26 x 108 — 11314.88
8 2.75 % 10° 8.4 x 107 1469.82

2 Those units arem/(s+K).
5. No external forces or fragmentation is considered in this model.
2.1. Key reactions

The particle size studied in the literature can be as small as a pul-
verized particle (around 1 mm), as well as a large piece of wood
(around 10 mm) [39]. Whatever the size is, the key reactions that occur
inside the pellet are similar, and, as introduced above, these are drying,
devolatilization and gasification. All the reactions used in this model
are listed in Table 1 and their kinetic data are listed in Table 2.

Much research has been done on a single biomass pellet drying
process. In fact, as long as moisture still exists in the pellet; drying has
to be considered in all the models for biomass pyrolysis or gasification.
Haberle et al. [18] summarizes three kinds of evaporation that are
published by other researchers. In this paper, the equilibrium model for
water evaporation is used for the free water evaporation under 100°C,
the thermal model is used for free water evaporation over 100°C, and
the kinetic model is used for bound water evaporation [40].

For wood pyrolysis, there are many kinetic models, such as a one-
step global devolatilization mechanism [22-25], a semi-global devola-
tilization mechanism [41,42], the one-step multi-reaction model
[22,43-45], and so on. The devolatilization model affects the devola-
tilization rate, as discussed by Yang et al. [46]. In this simulation, a
‘fast’ one-step devolatilization rate by Nunn [47], and defined by Yang
et al. [46], is used in the model, because it shows a better simulation
agreement for poplar wood with experimental data from Lu et al. [20]
and Mehrabian et al. [32].

The main properties used in this model are presented in Table 3.

2.2. Governing equations

The energy equation is expressed as eqn. (1), whilst the source term
is given in eqn. (2).

6(5Cpg%T) + 0(p,Cps T)
_— + div(spguCpng) =div(kgy VT) + St

4. The gas species obey the ideal gas law. ot @™
Table 1
Chemical reactions and reaction rate.

Reaction Chemical reactions Reaction rate Ref

1 Biomass — Volatile + Char 1= 0py/0t = kipyy [46]

2 H,0(free) — H,0(g) y, = Fheat _ Sathy(Ti=373 15) + co (T4 = 373.15%)

27 Bhewap Ahevap
3 H; H, E 20,48
L,0(bound) = H0(g) = Aﬂxp(fﬁ) Pi0 [ ]

4 C + CO, — 2C0 1= 8C0,/0t = Sa.char[oc/ (o + Pg + Pa)1KaCcoy (201

5 C + H,0 - H, + CO 15 = 0Cp1,0/0t = Sa.char [oc/ (0 + P + £A)1KsCrr0 [20]

6 C + 2H, —» CHy 15 = 0CH,/0t = Sa,char lPc/(Pc + Pp + P4)1K6CHy [28]

7 C3Hg + 3H,0 — 7H, + 3CO 17 = 3Ccsmg/dt = ky Ciliyy CHo (49l

8 CO + H0 - Hy + CO, rg = dCco/dt = ksCtoClyo 149
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Table 3
The main properties used in this model.
Properties Expression Reference
Permeability K 534‘2, [50]
T 150x(1-¢)2
Tortuosity t 1.5 [51]
Effective diffusivityD, —f5l p 1 51]
o D = r(DAB + Dk)
DiffusivityDap 1.75 [52]
t Dap = 20 x 10-5(#) P%
Knudsen diffusivityDy Dy = 48.5dpore  T/MWy [51]
Pore diameterdpore 32 %1076 This work
Effective conductivityK, 0T34 [20,51]
o Keff = eéKgas + (1 — £)Kyolid + %
Specific surface 1.0 x 106 [20]
areaSq, Char
Porositye 0.6 [201]
Emissivityw 0.8 This work
Heat capacity Cp 1500 + T [53]
N N
- _ 0 s
Sr= Z hy vy Z hj
j=1 i=1 2

Sr is the source term of energy equation and consists of a sum of the
formation enthalpy for each species and a sum of the sensible enthalpy
of each species. For the boundary condition of temperature, the gra-
dient is treated as zero at the center point. For the surface, due to the
existence of radiation and convection, the boundary conditions for
energy equation are as shown in Egs. (3) and (4).

ar

=0

ox 3
Tg — Tp 4 4

kpA——— = Ahr (T, — T) + Ao (T, — T,

B- AX/Z T ( b‘) ( E) (4)

To calculate the heat transfer coefficient, a gas film surrounding the

particle is assumed. The temperature used for gas properties in the gas

film is treated as reference temperature, as defined by the one-third law

[54].

Ty = T + 1/3(T — T5) ®
py = Nk
d, ®)

Nu denote Nusselt number, here it uses the Nusselt number from Lu
et al. [20] for a spherical particle, with the expression as

hrLc

Nu= = 1.05 + 0.6Re%%5 pr0-33

@
The true velocity within the pellet is solved by Darcy’s law, together
with continuity equation as follows, whilst the pressure is calculated
based on the ideal gas law.
u=-Typ
u 8
9(ep,)

o + div(epgﬁ) =S,

©)]
The boundary conditions for the pressure in the center point is
treated with a zero-gradient, and mass flow conservation is used for the
surface boundary condition.
For the gaseous species, a transport equation is expressed as Eq.
(10).

c?(sp‘E Yig)

a + div (epg uY) = div (ngD,gVY,vg) + Sy,

(10)

Similar to the energy equation, the boundary condition of the gas-
eous species at the center point is set to a zero gradient. For the surface,
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the reference species of the gas film is calculated by using the one-third
law.

oy _
ax an
Y = Yjs + 1/3(Yj 00 — Yjis) 12)

Sy, denotes the source term of each gas species.

Yo —Yp
DA-E=P — Apy (Ye — Y
aep A=Y a3
hy denotes the mass transfer coefficient, and can be calculated by
the following correlation [54].

_ huLe

Sh = = 2.0 + 0.6Re"/2 Sc'/?

Dy, 14)
The solid terms have the simple expression given in Eq. (15).

M _
o 15)

p; denotes the density of water and remaining volatile in solid and
ash and carbon, and s; denotes their source terms.

Since the porosity is assumed to be constant in this model, the size
change of the biomass pellet is calculated based on the mass loss of the
biomass pellet. According to Eq. (16), the volume change of the biomass
pellet is only related to the mass change of the pellet. Therefore, the
calculation of the volumetric change does not affect the size of the grid
cells.

V= (10 — Xy * (1.0 — By) * M — Xz % (1.0 — By) * vol — X¢
% (10— Bo) * C) x W (16)

2.3. Numerical solutions

A CFD code, in C+ +, has been written for this model, based on the
finite volume method [55] to numerically solve the transport equations.
The convective terms are discretized by a central differencing scheme,
the time step is set to 0.01 s, and the temporal scheme used is an im-
plicit scheme. The biomass pellet is divided into 60 spherical shells
based on the spherical particle. The meshing is along the radial direc-
tion, from the center of the spherical pellet to the surface of the pellet,
in which there are 60 cells. During the simulation process, the cell size
does not change, neither does the porosity.

3. Model validation and discussion
3.1. Validation

In order to validate the CFD model, two sets of experimental data
are collected from the literature. Case 1: for the pyrolysis case where
water evaporation is considered, an experiment using a poplar wood
particle is chosen from the literature [32,20]. Case 2: for the pyrolysis
case without water evaporation, a beech wood pellet is chosen from
Rath et al. [56]. The wood properties and experimental conditions for
both wood pellets are given in Table 4.

A grid independence study was carried out based on Case 1, as
shown in Fig. 2a). Three different grid numbers were used for the grid
independence check; they were 60, 80 and 100, respectively. As shown
in Fig. 2a), both temperature curves on the pellet surface and in the
pellet center show identical results for three different meshing numbers.
Therefore, this model is considered as independent of the number of the
cells meshed. To save computing resources, a grid number of 60 is used
for both cases. Fig. 2b) shows the temperature profile using different
time steps, 0.01 s and 0.001 s. Little discrepancy can be observed on the
temperature profile from the two different time steps. To save the
computer memory, a time step of 0.01 s is used in this work.
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Table 4
Proximate and ultimate analysis of poplar wood.
Casel [20] Case 2 [56]
Proximate analysis
Fixed carbon (d.a.) 9.5% 11.46%
Moisture 6% and 40% 0
Ash (d.a) 0.5% 0.39%
Volatile (d.a.) 90% 88.15%
Ultimate analysis
C(d.a)) 47.4% 49.59%
H(d.a.) 8.8% 6.06%
O(d.a) 43.7% 44.08%
Others 0.27%
LHV(6% moisture) 17.05 MJ/kg 19.89 MJ/kg
Density 545 kg/m* 550 kg/m*
Pellet size(diameter [mm]) 9.5 20
Ambient temperature [K] 1275 (Wall) 1123
1050 (Fluid)

Primary air flow rate [m/s] 0.5 0.01587
Inert gas Ny Ny

Validation for both cases were also made upon the pellet tempera-
ture on the surface and in the center, as shown in Figs. 3 and 5.

In Fig. 3, the simulation results are compared with the experimental
data of Lu et al. [20], together with their simulation results. Fig. 3
shows three obvious stages during pyrolysis at the pellet center by ar-
rows. Together with Fig. 7, it is seen that, the water on the surface
completely vanishes at 0.5 s, and the water in the center vanishes at
about 20 s. When looking of the center temperature from this model,
the temperature increases immediately after the water is evaporated. At
this stage, the temperature profile from this model shows reasonable
agreement with the results from Lu et al. As for the discrepancy from
the experimental data at the pellet center at the evaporation stage, the
thermal conduction from the thermal couple wire might be a con-
tributing factor, as stated by Lu et al. [20]. The devolatilization starts
immediately after the evaporation and stops at around 31 s. The pre-
pyrolysis takes place from 400 K to 900 K, with the release of light
gases. More than 80% of the mass of the biomass pellet is lost in this
stage (as shown in Fig. 5). It is observed, during the devolatilization
stage, that the temperature at the pellet center rises faster than the
result from Lu et al, and fits better to the experimental data. The pos-
sible reason, in this model, is that it is assumed that there is no energy
loss from the devolatilization stage, whilst in the model of Lu et al, the
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devolatilization process is made up of five different endothermic and
exothermic reactions, with the standard enthalpy of reactions from
experiments or assumed by others [10,20,23]. In the last period of the
devolatilization stage, the pellet temperature increases to around 900 K,
where, due to the high temperature, the char reacts with carbon dioxide
and water vapor. Carbon reaction with hydrogen is also considered in
this model. However, the effects of reaction (6) on the temperature is
nearly negligible due to the low reaction rate, as shown in Fig. 10. After
the devolatilization stage, the heating rate at the pellet center is smaller
compared to the heating rate in the devolatilization stage. The same
tendency is also visible for the surface temperature. The most plausible
reason could be, during this stage, that the heat endothermic reactions
prevails, considering the reactions in Table 1. One can also deduce that
the starting point for the endothermic reactions is around 900 K. When
all the gases leave the pellet (at around 34 s as shown in Fig. 7), there is
only a heating-up stage due to the radiation from the wall and the fluid
convection. To verify this assumption, the density of char from six
different locations of the pellet is shown in Fig. 4. In this figure, the
carbon density at different locations increases to 42.2 % at a certain
time, then decreases to different densities and remains stabilized. This
means, that the carbon is released from the devolatilization stage fol-
lowing the passage from the pellet surface to the pellet center, as de-
scribed in the layer model. Due to the high temperature at the pellet
surface, the heterogeneous reactions at the pellet surface occurs im-
mediately after the moisture and volatile is released and the reactions
continues until all the gases have left the pellet. Therefore, the carbon
at the pellet surface is consumed at a higher rate than the carbon within
the particle. It can also be observed, near the pellet center, that the
carbon is hardly consumed at all, even though the temperature is suf-
ficient. This is because the reactants in reaction (4) and (5)
(CO, and H,0) are no longer present (seen in Fig. 7). Therefore, the
stage after devolatilization at the pellet center is more or less only a
heating-up stage. There is almost no heat convection after 31 s at the
pellet center, because there is no velocity after all the gas species have
left the pellet (see in Fig. 9).

Fig. 5 shows the simulation results from this model using the ex-
perimental data for beech wood from Rath et al. [57]. The solid lines
show the temperature profiles at the center point and on the surface
from the model presented in this paper. Fig. 5 also shows the experi-
mental data and simulation data from Rath et al. It can be seen that the
simulation results from this model agree well both with the experi-
mental results, as well as the simulation results. The experimental
condition of Rath et al’s work was to place a cube of birch wood with an
equivalent spherical diameter of 20 mm into a muffle furnace. The
nitrogen gas flow blowing into the furnace was 800 1/h. The muffle
furnace was preheated up to 1123 K and kept stabilized during the
whole pyrolysis process. More information about this experiment can
be found in the work by Rath et al. [56-58]. In Fig. 5, both this work
and Rath et al. predict a good agreement with the experimental data on
the surface temperature. Whilst Rath et al. predict a higher temperature
at the beginning of the pyrolysis, and this work predict a slightly higher
temperature at the end of the pyrolysis. At the pellet center, both the
simulation from this work and from Rath et al. predict a higher tem-
perature than the experimental data. This is because the expression for
the heat capacity of the solid biomass is different at low temperature
and high temperature. The heat capacity used in the simulation is
shown in Table 3, which is taken for softwood [53], because the ori-
ginal beech wood properties are no longer available in the literature. In
the range of higher temperature at the pellet center in Fig. 5, both
models produce good results that fits the experimental data.

3.2. Detailed temporal modelling results from case 1

Since Case 1 represents a single spherical biomass pellet with
moisture inside, the detailed results from this case can be more
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Fig. 5. Temperature profile from this model and Rath et al’s results.

representative than case 2.

In case 1, the molecular formula of the volatile is summed up as
CH,O, with a molecular mass of 28.0kg/kmol and a formation en-
thalpy of — 157767kJ/kmol. Assuming that the volatile will decompose
into real species without energy or mass loss, that would be the com-
position of C;Hg, Hy, CO and CO,. Considering the mass and energy
balance, the light gases given by the artificial volatile is:

CH,Oy = aC3Hg + fH, + yCO + 8CO,
And the heating value conservation shows:
LHV_volatile = «AHC;Hg + BAHH, + yAHCO + 6AHCO,

By balancing the mass and energy conservation, the composition of
volatile CH,Oy can be solved.

Fig. 6 shows the mass loss profile from Casel. The (red) solid line
shows the result from this model. The dashed line shows the prediction
from Lu et al. [20], and expl to exp3 refers to the three parallel ex-
periments that were done by Lu et al. [20]. As is shown in the figure,
the curve follows the experimental data quite well, as well as model
results from Lu et al. At the end, the mass reaches the same mass
fraction as the experiment showed.

Fig. 7 shows the gas species distribution versus time at the surface of
the biomass pellet. Since it is nitrogen pyrolysis, the oxygen mass
fraction is set to zero. Seven other species are shown on the figure. A
large amount of water vapor is observed in the beginning due to the
high heat and mass transfer at the surface. The light gases, for example,
the mass fractions of C;Hg, CHy4, CO,, CO and H, increase rapidly after
the water vapor at the surface layers has been evaporated. CH, is barely
observed in Fig. 7, which means reaction (6) barely occurs even at the
highest temperature in this experimental condition. No other gases,
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Fig. 6. Mass loss profile from model and experiment.
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Fig. 7. Gas species released with respect to time at the surface of a biomass

pellet.

except nitrogen, are observed after 32 s and this implies that the pellet
is mainly heated up by external heat and no other reactions take place.

The distribution of moisture within the pellet is shown in Fig. 8. The
drying stage ceases when the moisture evaporates totally, whilst the
devolatilization stage finishes when the biomass is totally decomposed.
Within the spherical pellet, the moisture disappears at around 18 s. At
around the 10th or 11th second, no moisture exists at the middle of the
radius, which means that most of the moisture has been evaporated,
and only 1/8 of the moisture still exists.

The next section treats the behavior of the water within the pellet.
Fig. 9 shows the water vapor fraction at different locations along the
radius at two typical time points; the beginning of the evaporation and
the end of the evaporation. There are 60 cells along the radius, and the
X-axis is the normalized radius of the pellet. Fig. 9 shows, at 0.5 s, that
there is significant water vapor at the outer part of the spherical pellet.
Small amounts of water vapor are also observed in the inner locations
due to diffusion of the gas species. No water vapor is observed after
moisture is fully evaporated. There is a sudden decrease at the pellet
surface in Fig. 2, and this is because the density at the pellet surface is
much smaller than the density in the inner cells. As shown in Fig. 8,
there is a sudden decrease near the pellet surface. That is because the
evaporation layer moves from the pellet surface to the third grid from
the surface, which is approximately 1.271 X 10~ m from the surface.
Fig. 10 shows the water reaction rate at 0.5 s. A large amount of water
vapor is spotted in Fig. 10 in the location where the turning point is
spotted in Fig. 9.

Fig. 11 shows the velocity changes with respect to time at five dif-
ferent locations within the biomass pellet in Case 1. Due to the sym-
metry structure of the spherical pellet, the velocity at the center of the
pellet is set to zero. The location just close to the center is shown in
Fig. 11 as Velocity-2, which has the peak velocity at 29 s, when de-
volatilization starts near the pellet center. The evaporation at the pellet
center has a slight effect on the velocity. As shown in Fig. 11, the ve-
locity is slightly higher than zero at 15 to 16 s. The velocity at the pellet
surface has two significant points. On the pellet surface, the velocity
quickly reaches 0.05 m/s as a result of the rapid water evaporation on
the pellet surface. After that, the velocity keeps going up to 0.32 m/s
due to the joint effects of reaction (1), (4), (5) and (6). The velocity at
the 59th cell is smaller than the velocity at the pellet surface, as a result
of mass conservation.

Figs. 12 and 13 illustrates the influence of the reactions with tem-
perature and the distribution of gases. Fig. 12 plots the heterogeneous
reaction rate at the pellet center and pellet surface. Fig. 13 shows the
homogeneous reaction rate on both the center and surface locations. It
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can be seen that most of the visible mass flux is at the surface of the
pellet. Reaction (4) and reaction (5) are endothermic reactions, reaction
(6) is an exothermic reaction that does not easily occur (Fig. 12). It
shows there is a quite big reaction rate at the center for reaction (4),
where the vapor reaches the highest value in the simulation. After 31 s,
the temperature, as shown in Fig. 3, is around 880 K, and this is suf-
ficient for reaction (4) to take place. The reader may experience doubt
because the reaction rate of reaction (5) is much higher than reaction
(4) at the beginning of the whole process, since the evaporation is quite
intense. A simple calculation is made at 5 s in the following expressions:

1y = 9Cc0,/0t = Sq.char€ [P/ (e + pp + P4)1kaCco,
42.257 1.297x10°

=10° % 0.60 %+ ————— % 3.42 % 970.27 % € 8315x97027
42.257 + 13.985 + 8.175
, 034103031020 _ o ke
44 mPes

15 = 0Ch0/0t = Sq,char€ [P/ (e + Pp + P4)1KksCryo
41.529

97x10%

Z 1065065 —— 198 3454 04343 # e siiskenas
41.529 + 21.485 + 8.175
ki
" 0.033615 = 0.31029 — 14191 g
18 mies

ry and 15 shows the reaction rate when the concentration of all the
reactants are sufficient within the pellet pores. However, the large
evaporation and devolatilization rate leads to the rapid escape of the
CO; andH,0. Therefore, the gas concentration must be not sufficient at
certain point in the pyrolysis process. In that case, the reaction rate is
limited by the mass concentration of the reactant gases. For example, ry
is calculated as 14.3971m]§—g.5, 15 is calculated as 1.41911;—*’_5 when there is
sufficient water vapor in the pores (as shown above). When the water
vapor is not sufficient, the real reaction rate is calculated as (also shown
in Fig. 12):

) k
1y = Ceo,/0t = 0.34103 * 031029 _ 16582 f
n-es
rs = Cpoldt 5 — 2
s+rn+KR
.3102 141
= 0.033615 « 231020 &4
001 1.419 + 3.4910 x 10~ + 1.0584
kg
= 0.35168 3
nes

Fig. 14 show the pressure changes at the pellet center and on the
pellet surface during the pyrolysis process. The pressure at the pellet
surface remains identical to the environmental pressure, which is
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Fig. 8. Mass distribution of moisture with in the pellet.
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Fig. 10. Reaction rate of water evaporation at 0.5 s.

identical to the boundary condition assumed in the model. The pressure
at the pellet center keeps going up until the devolatilization ends. After
that, the pressure remains stabilized.

Fig. 15 shows the size change in terms of radius according to Eq.
(16). The radius shrinks with the water and light gas release and then
remains stabilized after devolatilization ends. The porosity is constant
in this model, therefore, the control volumes remain constant during
the simulation. Thus, the particle radius and mesh size stays constant
during the model simulation.

3.3. Detailed spatial modelling results from Case 1

To better illustrate the heat transfer and reaction inside the pellet
during the pyrolysis process, figures of spatial analysis are also pre-
sented. Temperature and gas species mass fraction at 15 s were chosen
for the spatial analysis, because, at this moment, the moisture at the
pellet center has not fully evaporated, whereas the temperature at the
pellet surface is already close to the ambient temperature. Therefore,
data from 15 s can reflect the diversity of temperature and gas species.
Fig. 16 shows the temperature along the radius at 15 s. The temperature
at both ends of Fig. 16 agree well with the temperature shown in Fig. 3
at 15 s. Between these two points, the temperature trend along the
radius at 15 s is shown. It clearly shows that the closer to the pellet

8
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Fig. 12. Heterogeneous reaction rate.

surface, the higher is the temperature. Apparently, the heat exchange
near the pellet surface is much stronger than the heat exchange near the
pellet center.

Fig. 17 shows the distribution of different gas species along the
pellet radius at 15 s. It shows the water mass fraction is much higher
near the pellet center compared to the locations near the pellet surface.
Whereas, the values of the other gases peaks much closer to the pellet
surface. This means, at 15 s, that the moisture near the pellet center
starts to evaporate and the decomposition of light gases already begins
to be released near the pellet surface. Moreover, the value of CO peaks
much closer to the pellet surface compared to the other species. This
means there are reactions that happen at in higher temperature range
that produce CO, which can backtracked to Fig. 12 where the reaction
rate of reaction (4) is quite high at the pellet surface.

Fig. 18 shows the mass ratio at different locations along the pellet
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radius at 15 s. Three different zones are found in the figure, the eva-
poration zone, the devolatilization zone and the heating-up zone. Under
the evaporation zone, the main reaction is bound water evaporation,
where the mass loss is quite low and the vapor fraction is quite high (see
Fig. 17). The devolatilization zone is where the devolatilization reac-
tion takes place. Since there is temperature gradient within the pellet,
the mass loss is much greater near the pellet surface compared with the
mass loss near the pellet center. In the heating-up zone, most of the
mass in the pellet has been consumed; heterogeneous reactions might
take place due to the high temperature close to the surface and the local
temperature keeps rises until it reaches the environmental temperature.

4. Conclusion

In this paper, a detailed CFD model is formulated for a single bio-
mass pellet under nitrogen pyrolysis. The model is written in C+ +, and
a layer model assumption is used. In particular, a one-step devolatili-
zation scheme is used; therefore, this model does not require much
thermodynamic parameters during the decomposition, which reduces
the errors from the input parameters from this model.

The model is validated on two sets of experimental data from the
literature. The modelling results shows good agreement with the ex-
perimental data in both cases. Based on Case 1, both the temporal and
the spatial results are presented and further discussed in this paper,
such as temperature distribution, gas species distribution, pressure
distribution, velocity distribution, reaction rate and pellet size changes.

The simulation results show that the temperature distribution, gas
species distribution, pressure distribution and velocity distribution are
greatly affected by the reactions that are selected. The pellet size
shrinks with the evaporation and devolatilization. In conclusion, this
paper presents a genetic CFD model that can predict the temporal and
special results of the pyrolysis of a single biomass pellet.
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Abstract

The aim of this article is to present a complete and detailed gasification/smoldering model for a single
biomass pellet. The four main objectives were: to write a modified one-dimensional numerical model
using C++, to validate the results using experimental data from the literature, to present an overview
of the one-dimensional model results, and to investigate the effects of main parameters used in the
model. This model used includes all the necessary partial differential equations describing continuity,
species, energy and pressure. All the equations are highly coupled and are solved using a finite
volume, central difference scheme. A time-marching procedure is based on a fully implicit scheme.
Validation, with air smoldering combustion, are presented. The validation results show good
agreement with the experimental data. The detailed results from this model show, for example, the
temperature profile, the gas species distribution, the carbon content and the reaction rate. A discussion
about the important parameters and their effects on this model is also presented at the end of the
paper. The parametric study shows that the devolatilization rate can prolong or shorten the time of
finishing devolatilization stage but it cannot affect the highest temperature that the combustion can
reach. A two-step and four-step hydrocarbon combustion scheme is implemented in this one-
dimensional CFD model. The results show that, both schemes can predict the temperature quite well
compared to the experimental data, with an error of up to 5% in the temperature simulation.

Keywords
Single particle; Biomass gasification; Combustion; Computational fluid dynamics (CFD); Finite
volume method (FVM); Porous media

Word count: 7039

Highlights

A detailed description of a numerical smoldering combustion model.
Validation shows good agreement with experimental data.

Detailed results of smoldering combustion are given.

Parametric study on devolatilization rate and hydrocarbon combustion scheme.
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A Surface area [m?]
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Pre-exponential factor [s~1]

Activation energy of water evaporation, [J/kmol].
Specific heat [J/(kg-K)]

Computational Fluid Dynamics

Mixing coefficient for gas phase combustion, C,,;,=0.5
Mole concentration of fuel [kmol/mq]

Free water effective mass diffusivity [m?/s]
Diameter of the pellet [mm]

Differential Thermogravimetry

Fiber saturation point, %

Latent heat of evaporation [J/kg]

Enthalpy of formation [J/kg]

Heat of reaction [J/kg]

Heat transfer coefficient [W/(m?-K)]

Mass transfer coefficient [m/s]

The thermal conductivity [W/(m-K))]

Reaction rate constant [s™]

Number of species

Molecular weight of species i [kg/kmol]

Number of reactions

Nusselt number

Prandtl number

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

Reaction rate [J/(mol-K)]

The volumetric vaporization rate [kg/(m®-s)]

Sub Bituminous Coal

Schmidt number

Stoichiometric coefficient for homogeneous reactions
Sherwood number

Source term in energy equation [W/mq]

Specific area of the wood particle, 1.0 x 108 [m%/m?]
Initial temperature [K]

Local temperature of the current control volume[K]
Ambient gas temperature [K]

Particle surface temperature [K]

Particle surface temperature for species j [K]
Particle center temperature [K]

Water evaporation temperature [K]

Velocity [m/s]

The percentage of vapor within all the species,
Reference mass fraction of species j in the gas film around the particle
Mass fraction of species j at particle surface

Mass fraction of species j in the ambient gas

Gas density [kg/m?]
Remaining volatile in solid [kg/m°]
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Prote Ultimate yield of volatile [kg/m°]
Prw The free water density at the present time [kg/m?]
Wy Reaction rate [kg/(m*-s)]

Greek symbols

A The average conductivity of all the gases in the film [W/(m-K)]
£ Porosity

u Dynamic viscosity [kg/(m-s)]

o Boltzmann radiation constant, 5.86 x 1078 (W /m?K*)
Subscripts

i Reaction index/Species index

g Gas

k Number of species

1 Liquid

P The center point the current control volume

rad Radiation

s Solid

o Ambient

Superscripts

%

Results from last iteration step

1. Introduction

As the current main energy source of the world, fossil fuels are an object of controversy. Due to the
declining supply of fossil fuels and the issues related to greenhouse gas emissions, there is an urgent
need for alternative energy sources. According to a report from United Nations Environment
Programme (UNEP), the global CO2 content at sea level has increased from 315.71 ppm in 1980 to
410.26 ppm in 2018 [1]. Biomass is an environmentally friendly source of energy if it is sustainably
cultivated, as the CO> released during its use is offset by the CO> captured from the atmosphere during
its growth. Biomass gasification uses gases, such as steam, air, nitrogen, carbon dioxide, hydrogen
or a mixture of these as a medium to react with biomass to produce syngas.

In order to make full use of the biomass, research has been done on pyrolysis, gasification and
combustion, based on both experimental methods and simulation methods. Experimental methods
can give a way of describing real reaction phenomena and gaining a set of practical data; for example,
the temperature profile, kinetic parameters, reaction order etc.; whilst simulation gives a rapid way
of looking into the results before experiments or before scaling-up is considered.

The thermal treatment for biomass, especially in CFD modelling, are normally classified in three
ways, based on the conversion technology: a) a fixed biomass pellet or a fixed bed as porous media,
b) free-moving particle in a reactor as multi-fluid model and c) free-moving discrete particle[2]. This
paper focus on the first type of model, because of its potential of operational stability and convenience
of scaling-up from a particle scale to a reactor scale.

Biomass, as the only renewable sustainable resource in the natural carbon cycle, attracts interest for
industrial use as the substitute for fossil fuels. Therefore, biomass has been used for many processes
that normally used fossil fuels, such as coal. Consequently, both experimental methods and theories
used in fossil fuels pyrolysis, gasification and combustion can also be used in biomass studies.

A detailed research on biomass thermal treatment began in the 1970’s. Kansa et al. [3] developed a
one-dimensional mathematical model considering a porous structure and internal forced convection.
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In their model, analytical fluid mechanics methods were used. In addition, the experimental results
and simulation results were compared. Due to the use of less sophisticated computational methods,
or due to the incomplete measuring technology or possibly due to the immature chemical reaction
mechanics, etc., the discrepancies in some results between the simulation and measurement was quite
considerable. In conclusion, Kansa et al. [3] used a two-step pyrolysis reaction scheme, which can
be traced back to the research done by Bamford et al. [4] who also numerically investigated the
temperature distribution during wood combustion, which is one of the earliest article that can be found
on the numerical simulation of biomass thermal treatment.

The development of a reaction scheme in biomass pyrolysis has been a critical issue since then. Over
the past few decades, three main schemes were used for numerical simulations. Figure 1 shows an
overview of these three schemes.

One step global scheme

. kl . Char
Biomass — Light gases + Char A
/kl K4
|
One step, multi-reaction scheme Biomass Tlar
~y kS
- v
Char
/H/' ar Light gases
Biomass Wy Tar Two stage, semi-global schemes
T~ i
T Light gases

Fig.1 Pyrolysis reaction schemes
For a number of years, the numerical research in biomass thermal treatment has had two main issues.
The first one was to choose the suitable pyrolysis scheme; the second is to find the correct combustion
mechanism. Both of them are still not quite resolved even today. In practice, this encouraged scientists
to develop precision instruments for Kinetic data and to use the latest data for simulation. The two-
step pyrolysis schemes was quite popular during the last decades of the last century. Thurner and
Mann [5] calculated the kinetic data by measuring the pyrolysis of oak sawdust in a given temperature
range. By assuming all the reactions are first-order reactions, they produced the kinetic data
parameters for the first step of a two-step pyrolysis scheme.
Pyle and Zaror [6] investigated the one step three parallel reactions for cellulose low temperature
pyrolysis. They compared three models for cellulose pyrolysis by comparing the temperature
distribution. They found that pure kinetic control is acceptable for small particle pyrolysis, whilst the
particle with a diameter of 5-10 cm will be controlled by heat transfer.
Chan et al. [7] performed numerical simulation on large biomass particle pyrolysis, by using a two-
stage multi-reaction pyrolysis scheme. The model predicted the temperature distribution and the
devolatilization rate. The experiments show different tar distributions during different heat flux and
particle geometric scale. Nunn et al [8] investigated the product compositions during the rapid
pyrolysis of sweet gum hardwood. The results show that a one-step first-order general decomposition
model describes the global rates evolution of most products, except tar, quite well.
With the maturity of DTG technology since 1980’s, a sequence of kinetic data based on the three
models mentioned was published [9][10][11][12][13]. By using a modified one-step pyrolysis model,
Koufopanos et al [11] found that it is possible to predict the pyrolysis rate with a wide range of
temperatures and particle dimensions.
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All the three devolatilization scheme were mentioned and summarized by Di Blasi [14], shown in
Fig. 1. Even though in the paper she argued about the inapplicability of the one-step multi-reaction
scheme and the one step global scheme, these two schemes are still in used [15][16][17]. The
instability of tar, brings along the uncertainties to the simulation, therefore, the prediction of
secondary gases produced by tar is not reliable in general. In the studies where tar is treated as an
intermediate product, the relative data has to be tuned in order to fit the experimental data. For
example, Gronli [18] found that the heat of reaction of tar cracking has to be modified in order to use
it in modelling. For this reason, the one-step global reaction scheme is used in this paper.

For gasification or smoldering combustion, the reactions are usually more complicated. For example,
the chemical mechanisms of homogeneous reactions and heterogeneous reactions have to be taken
into account. In particular, the homogeneous reaction can be quite complex, when considering
complex intermediate products. To minimize the side-effects from the intermediate products, much
work has been done. To start with, the easiest way is to ignore the intermediate products at all. In this
case, there is only CO, and H, O after the fuel combusts with oxygen. However, this situation is very
idealized, since intermediate products from incomplete combustion are quite important for biomass
gasification. Dryer and Westbrook [19] published a two-step combustion scheme for hydrocarbons.
This scheme requires only one intermediate product, which is CO. In the two-step combustion scheme,
the fuel will react with oxygen to produce CO and H,0. The two-step combustion scheme in their
work can be used to predict flame propagation in a laminar flow.

Jones and Lindstedt [20] published a four-step global reaction schemes for hydrocarbon combustion.
In this global reaction scheme, there are two intermediate products, CO and H,. Their scheme shows
good agreement with the species chosen, with respect to concentration, temperature, velocity and
pressure in the flame, and for this reason, this derived hydrocarbon combustion scheme is also used
in this paper.

Heterogeneous reactions during biomass gasification and combustion are mainly about how char
reacts with oxygen, steam, carbon dioxide and hydrogen [21]. Laurendeau [21] summarized these
four reaction rates and gave experimental Kinetic results. Similar work has also been done by Vaclav
et al. [22], Yoon et al. [23], Evans and Emmons [24].

Many researchers have worked on the thermal processing of biomass. Apart from Di Blasi [25][26],
Lu et al. [27][28] also studied the flame combustion of a single biomass pellet. Mehrabian [29] has
also done similar work by using the same biomass material as Lu et al. [24] and Momeni [31].
Detailed results about packed bed combustion/gasification have been published just recently [32][33].
However, there is still room to improve the simulation of biomass smoldering or gasification.

In this paper, a model aimed at presenting a complete set of results from biomass air smoldering
combustion has been developed. Considering the unstable states of tar and its complexity during
simulation, a one-step global pyrolysis scheme is used. Water evaporation, pyrolysis, homogeneous
reactions and heterogeneous reactions are considered with a one-dimensional CFD model. The results
of the temperature distribution, gas species distribution, pressure and velocity distributions are given
and the concentrations of char and carbon reaction rate are also plotted. Moreover, a parametric study
of the key parameters has been performed.

2. Material and methods

The pellet in this model is considered as a one-dimensional spherical solid fuel pellet, whose
properties are isotropic. The fuel pellet is under local thermal equilibrium during the entire conversion
process, which means, at any point with in the pellet, the local gas and the solid stay the same
temperature. The CFD model uses a central difference scheme with a staggered grid for the velocity
calculation. The number of grid points used in the grid independency study, was 120, 160 and 200.

123



Paper C.

A fully implicit scheme is used for temporal discretization. More details about the partial differential
equations are presented below.

The validation experiment for gasification is based upon two data sets, for both a sub-bituminous coal
(SBC) and a poplar wood pellet. These are classified as Case 1 and Case 2 in the results and
discussion section. Table 1 shows the composition of these two fuels.

The heat source for the biomass pellet in this model includes two terms: the external heat from
radiation and convection from the environment and the internal heat (endothermic or endothermic
reactions). The external heat largely affects the surface temperature, whilst the internal heat affects
the internal temperature.

For the internal heat, the source term can be written as:

Sp == Xie1 hf Wi = Zkeg hexWie = ey AHW; — Xy hye o (1)
Table 1: Proximate analysis, ultimate analysis and heating value [34][35]

Fuel Moisture[%, a.d] Volatile[%, d.b] FC[%,.d.b] Ash[%, d.b] HHV[kJ/kg, a.d]
Poplar pellet 6 90 9.5 0.5 18871

C[%, d.b] H[%, d.b] O[%, d.b] N[%, d.b] S[%, d.b]

48.1 5.77 45.53

Moisture[%, a.d] Volatile[%, d.b] FC[%, d.b] Ash[%, d.b] HHV[kJ/kg, a.d]
Sub- 5.07 21.08 49.93 23.90 31490
bituminous
coal C[%, d.b] H[%, d.b] O[%, d.b] N[%, d.b] S[%, d.b]

83.58 4.68 9.2 1.74 0.8

* [d.b]: dry base. [a.d]: as received base

Except for the beginning and end of the combustion, when the source term is large enough, the
temperature inside the pellet is mainly controlled by three parameters: the enthalpy of formation,
sensible enthalpy and the reaction rate. This implies that, the internal heat transfer is dominated by
the local temperature and the properties of the biomass pellet. The enthalpy of formation can be
calculated from the heating value of the solid fuel.

The gas species composition during pyrolysis or gasification can be quite diverse. For the sake of model
simplification, the volatiles are treated as one solid species before the decomposition. Moreover, it breaks
down into light gases during decomposition based on the mass conservation and heat conservation. There
were also some other researchers who used a composition of light gases directly derived from strict
experimental conditions [36][37][27].

For example, the volatile from SBC can be expressed as CH, 197005226 after considering mass
conservation and ignoring N and S. This molecular formula, with a molecular weight of
26.9343 kg/kmol and the enthalpy of formation 0f—34527 k] /kg, is used as input for the simulation.
Similarly, according to the proximate analysis and ultimate analysis of the poplar wood, the
composition of volatile from polar wood can be calculated as CH, ;g125250088550s5, With @ molecular
weight of 28.005272kg/kmol. The formation enthalpy of this volatile is —157767k]/kmol. By
considering the heat and mass conservation, the breakdown of the volatile from poplar wood can be
written as the following equation:

CH; 781252500.88550s5 = 0.1265471C3Hg + 0.3813275H, + 0.12921C0 + 0.3439C0, )

It needs to be emphasized that the HHV in Tablel is not from the experiment, since the original
heating value was not specified. So the HHV is calculated by a unified correlation from Channiwala
and Parikh[40].

For the simplicity of calculation, an artificial component is used to represent volatile in the model, as
shown in Table 2.

Table 2 shows all the reactions used for gasification with oxygen participation. The first is the
devolatilization reaction as mentioned previously. The second and the third are the mechanisms for free
water and bound water. It should be noticed that the free water is only considered when the FSP is above
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30% [41]. Reactions 4 to 6 are heterogeneous reactions. It is worth mentioning that the last heterogeneous
reaction (reaction 6) does not occur under atmospheric pressure [22] at the gasification temperature, and
it is included for reference, but it is not considered in the model. Reaction 7 to reaction 1lare the
homogeneous reactions. The light hydrocarbon reactions used here obeys the two-step combustion
scheme for hydrocarbons proposed by Westbrook and Dryer [19], which are shown in Table 2. In the
two-step mechanism, the main aim is to oxidize volatile and produce CO and H, 0, and this is the first
step. The second step is to burn CO into CO,, as shown in reaction 8.

Table 2: Chemical reactions and reaction rate

index  Chemical reactions Rate expression Ref
1 Biomass — Volatile + Char 71 = 0Puor/ 0t = k1 (Pyor,0 = Pror) [33]
2 H,0 (free) » H,0 (g) =S (T j=Tini) +ea (T;*~T3)
T Ahevap
3 H,0 (bound) - H,0 (g) 75 = AeypeXp (_ E;%)
4 C+ a0, »2(1— a)CO + (2a — 1)CO, 1y = 9Co, /Ot = Sa,char[ﬂcl/jzcil;j?’:.ﬂA)]Mpoz [27]
T d
5 C+H,0->H, + CO _ _ Sacharlpc/(pctppt+pa)lkaPHy0 [27]
2 2 75 = 0Ck,0/0t = 1/Kp+1/kq
6 C+ CO, » 2CO _ _ Sacharlpc/(pctpptpa)lkaPco, [27]
2 76 = 0Cco,/0t = 1/Ky+1/kg
7 H, + 1/20, - H,0 1y = 0H, /0t = k;Cy,**°CE5 [38]
Two-step global combustion mechanism for hydrocarbon [19]
8 CO + 1/20, - CO, 15 = 0Cco/0t = kgCeoCO2°ChY [38]
10? CHy42197005226 + 1.2936250, - CO + T10 = 0CcH, 5107005226/ Ot = [19]
0.5 .25
b 2.10985H,0 klOCCH4.219700.szzsCézz
10 CH; 7812098855 + 0.49910, - CO + T10 = 0CcH, 1512008855/ Ot = [19]
.5 .
0.8756H,0 klOCgHLmuou.ssssCézzs [30]
Four-step global combustion mechanism for alkane hydrocarbons up to butane [39]
8 CO +1/20, - CO, 13 = 0Cco/0t = kgCooCOCir%y [38]
9 Cs3Hg + 3H,0 — 3CO + 7H, To = 0Cc,n,/0t = koCe,uyCityo [39]
10° C3Hg + 1.50, - 3CO + 4H, 75 = 0Cc,n,/ 0t = kyoCe,p, " C425 [39]
11 CO + H,0 —» CO, +H, 111 = 0Cco/0t = ki1CloChio [38]

102 represents the volatile derived from SBC. 10P represents the volatile derived from poplar wood pellet.
Table 3: Kinetic data used in this model

Pre-exponential factor (A)

Reaction index Heat of reactions (AH) [kJ/kg]

Activation energy (E)

[s71] [J/kmol]

1 3.12 x 10° 7.4 x 107 —1376.09
2 - - —2440

3 5.13 x 10%° 8.8 x 107 —2440

4 0.658? 7.4831 x 107 (9992.068a — 1048.159)
5 3.422 1.297 x 10° —9738.98
6 3.422 1.297 x 108 —3919.39
7 6.8 x 1015 1.67 x 108 13435.94
8 2.39 x 1012 1.702 x 108 10114.28
9 3.0 x 108 1.26 x 108 —14313.75
10¢ 2.119 x 101" 2.027 x 108 30420.722
100 2.119 x 1011 2.027 x 108 1685.643°
10°¢ 4.1 x 1011 1.26 x 108 5175.43
11 2.75 x 10° 8.4 x 107 —101.73

2 Units are m/sK?
Table 3 shows the data for the kinetic parameters used in most of the reactions in Table 2, calculated
from the Arrhenius equation shown in equation (3). The reaction rate of reactions 4-7 use the
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expression in equation (4). For reaction 7, the value of n is assigned to —1, whilst for the rest, the
value of nis 1.

Eq
k; = Aerr ©))

Eq

ki = AT"e_ﬁ (4)
The fuel pellet here is considered as a spherical pellet. The mesh is done by dividing the radius into
many shells. Then the control volume can be seen as an approximate cuboid wrapped by two surfaces
within the pellet surface, as shown in Fig.2.
The reaction rate of combustion is not only dominated by the kinetic rate, but also by the partial
pressure of oxygen, which is also called the mixing rate in the work of Yang et al [42].In this work,
the mixing rate of combustion is applied to all the combustion reactions, such as reaction 4, 7, 8, 10.
The mixing rate is based on the expression in egn. (5).
Rinix = Cmixpg{150 Dy (1 — €)?/3 /(d2e) + 1.75|u,| (1 — )2 }min{Cryer/Ssuer» Co,/So0,} (5)
In this work, the reaction rate is taken as the minimum value between the kinetic reaction rate and the
mixing rate.

Ul
0 1 2 NR-2 NR-1 NR
- - — - -
0 1 2 NR-2 NR-1
P T, Y
Backward

Fig.2 staggered grid of velocity and other parameters

3. Model description

The theory of the numerical model is based on a sequence of partial differential equations. A fully
implicit scheme is used for the time integration. A tri-diagonal matrix algorithm (TDMA) is applied
to solve the linear equations. The finite volume method guarantees the mass and energy conservation
in and out the control volume.

For solid species, such as biomass, char, volatile before release from the solid face, only a transient
term is considered, as shown in Egn. (6). The diffusion and convection of liquid water are also

neglected:
Table 4: Governing equations

Iterm Transport equations
Solid species p) _ s; 6)
at
Gas species 9epg(Yig) | 0epgu¥ig) _ pgDigd (B(Yig)) )
+ = Sy,
at or ar or tg
Continuity 9Crg) | epgW) _ o ©)]
at ar 9
Pressure u=-2yp 9)
I
Energy equation 9pgCpg (M) +PsCpsO(T)+P1Cp1d(T) | £pgulpgTgd( _ 9 (ar (10)
ot + or = kKerr 5, (z?r) + 57
Yirer = Y5 +1/3 (Yoo = ¥j) (11
Tref =T+ 1/3(Te — Ts) (12)

Y; rer and T, here are used for calculating the gas properties in the gas film. Once the dimensionless
parameters, such as, Re, Nu, Sh, Pr are determined, h,, and h; can be calculated using the following
equations.

126



_ hule 2¢rs
Sh = - = 2.0 + 0.6Rez2Scs
g
Nu = "€ = 1,05 + 0.6Re®¢5 Pr03

g
The boundary condition at surface of the pellet for mass transfer can be expressed as:

Yis—Y;
DAs L2 = Achiy (Y0 = Y 5)

The outer boundary condition for temperature is shown as:

Ts-T,
kesrAs AS/Z" = Ashr (T, — Ts) + Aseo (Trog — TS

The source term can be linearized by a Taylor expansion:

<"”,§£AS + Ashy + 4AS£J(TS*)3> Ty = XL 7 4 ATy, + Agea(Thy — 3(TH)Y

2 Z

4. Results and discussion

(13)
(14)

(15)

(16)

(17

Using the model described above, two validation cases were made. For each of the validation cases, a
grid independent validation is made. The two cases are: Case 1: a gasification case of the experiments
taken from Bu et al [34][35]. This experiment is based on a 10mm spherical sub-bituminous coal pellet
in a fluidized bed on a temperature of 850 °C. The ambient gas is 30% oxygen and 70% carbon dioxide.
Case 2: an air smoldering combustion case of a poplar pellet. The poplar pellet is spherical in shape with
a diameter of 9.5mm and water content of 40%. The experiment is operated under a radiation temperature
of 1273K and an ambient temperature of 1080K. The ambient gas is air. Table 5 and Table 6 show some

properties used in both cases.

Table 5: Properties for SBC pellet[34]

Properties Units Values

Ref.
Apparent density, pspc kg/m? 1662 [35]
Specific heat capacity, Cp . JI(kg-K) 1049 [35]
Heat transfer coefficient, hy W/(m?-K) 200 [34]
Fluid temperature, Ty K 1088 [35]
Effective conductivity, K, W/(m?K) 0.6 [35]
Wall temperature, T,,q1, K 1123 [35]
Velocity at pellet surface, u, m/s 0.28 [43]
Pellet diameter, d,, mm 10 [34]
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Fig. 3 Simulation results compared with an experiment of a SBC pellet during gasification(30% O,and 70% CO,)
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Figure 3 shows the temperature at the SBC pellet center during smodering gasification under 30% 0,and
70% CO0,, which is Case 1. Fig.3 shows that the simulation results agree with the experimental data very
well. The temperature increases after a short stationary period, which is due to the evaporation of water.
After 100 seconds, the temperature at the pellet center is stable again, which means that the pellet has
completely reached the environment temperature. It needs to be emphasied that this does not mean that
all the reactions have finished at that time, considering large amount of carbon in the SBC pellet. It only
means that the homogeneous reaction has finished, but the oxygen at the pellet center is still low enough
to cause a high combustion rate.
Table 6: Properties for a poplar pellet

Properties Units Values Ref.
Apparent density, pg kg/m3 545 [27]
Thermal conductivity W/(m?-K)
Ky 0.056 + 2.6 X 1074T [30]
Kenar 0.071 [30]
Kysn 12 [30]
Specific heat capacity J/(kg-K)
Cpwooa 1500+T [30]
Cprchar 420 + 2.09T + 6.85107*T2 [30]
Diffsivity
Molecular diffusivity, D, —2.775 x 107° + 4.479 X 1078T + [44]
1.656 x 1071072
Knudsen diffusivity, D, 2/3 X dpore X W [30]
Effective diffusivity, D,/ £ (L i)‘l
T\Dgp D
Pore size, dypore m 2.6 X107°
Tutorisity, T 15 [45]
Effective conductivity, K, Wi/(m?2-K) eKgas + (1 = )Kso1q + 0T 3dpyore /€
Permeability, K m? 1.5 x 10711 This work
Emissivity, € 0.8 This work
Porosity, & 0.65 [27]

Figure 4 shows the weight loss of Case 2 with respect to time. The solid line is the simulation results
from this model, and the other two lines are the experimental results from Lu et al [27]. There is a quite
close agreement to the experimental results.
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Fig.4 Mass loss of the biomass pellet with 40% water with an atmosphere of air
Since the drying model has already been discussed in another paper [46], therefore a water content of
6% is used here [27]. Considering the experiment that was done in Lu et al’s [27] work was referred
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to flame combustion, therefore the temperature at the pellet surface from the experiment is not directly
applicable for the model simulation here.

The temperature of radiation used in this model is the same as the original measured temperature,
which is 1273K, and the preheated gas temperature is 1080K. The results are produced with an
assumed slip gas velocity of 0.5m/s. The gas atmosphere is assumed as air. A grid independence study
using poplar biomass from Lu et al [27] is shown in Fig.5, where the simulation results of temperature
at the pellet center were plotted on 120, 160, and 200 grid points, respectively. The independence
check shows that the meshing numbers have little effect on the final temperature results. In this work,
200 grid points were used.
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Fig.5 Temperature at the center of the biomass pellet with three different grid numbers
Figure 6 shows the temperature validation against modelling and experimental data from Lu et al [27]
under the condition of air combustion. Probably because a flame layer is assumed out of the pellet
surface, the surface temperature from Lu et al’s simulation is higher than the results from this model.
Both this model and the model from Lu et al predict the correct starting time of pyrolysis, which is
the point, shown by arrow on the center temperature, when two simulation results start to cross each
other, at around 25 seconds. The stage before pyrolysis is drying stage. At this stage, both the
simulation result and the experimental result from Lu et al at the pellet center is higher than the
temperature from this model. However, it is quite unlikely to have the pellet temperature to exceed
300 °C before the water fully evaporated. Therefore, even though the simulation result for the
temperature at the pellet center is not close to the experimental data, the simulation results from this
model might reflect the true situation inside the pellet. At the same time, the thermo-couple for the
measurement, especially for the measurement of the center temperature shows quite an error. The
small error might come from the random error, but the large error might come from the method error.
In this case, the thermo-couple is placed at the pellet center for the temperature measurement;
therefore, the heat from the pellet surface is conducted through the thermo-couple to the pellet center.
Another obvious feature in Fig. 6 is that, after devolatilization, the temperature at the pellet center is
higher than the temperature at the pellet surface. This phenomenon is similar to the simulation result
from Haberle et al [47]. This is because the char combustion releases massive heat at the pellet center,
while the heat exchange at the pellet surface keeps the pellet surface temperature identical to the
environment temperature. The energy from the char combustion contributes to the temperature rise
at the pellet surface at the very beginning. After that, the main heating source for the pellet surface is
the radiation from the chamber and the convection from the hot air, both of them are below 1273 K.
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While at the surface, the carbon oxidation reaction helps the temperature to increase rapidly at the
beginning. More details of the char reaction rate can be found in Fig. 7.
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Fig. 6 Temperature validation with modelling and experimental results from Lu et al [27]
Figture 7 shows the detailed results from this model. Fig. 7 a) shows the gas species distribution at the
pellet surface. At the pellet surface, the water evaporation starts immediately, whilst the oxygen and
nitrogen mass fraction decrease. The moisture content vanishes at around 5 seconds. The concentration
of other species, such as C0O,, CO, C;Hg and H, increases with the decrease in water vapor. The
concentration of C0, starts to drop at around 3 seconds at the pellet surface, which is recognised as the
point where heterogeneous reactions occur at the pellet surface. This finding is identical to that shown
in Fig. 7 g) and h) : the reaction rate of carbon oxidation and the content of carbon reaches a peak after
3 seconds. Fig. 7 a) also shows that the concentration of CO drops at 26 seconds, whereas the
concentration of CO, and O, increases. This means the carbon oxiation gets more intense with the
increase in 0, .
Fig. 7 g) shows the density of carbon during the smodering combustion at different locations in the pellet.
The carbon density near the surface is less than the carbon density at the pellet center, which means that
the carbon generation and carbon consumption happen simultaneously near the surface, which is mostly
due to the higher temperature at the pellet surface. Fig. 7 ¢) and h) shows that the carbon reacts with
C0,, H,0 and 0,, respectively. The carbon oxidation reactions take place earlier than the other two
heterogeneous reactions, which contributes to the temperature increase on the surface at the beginning.
Since the reaction rate of carbon with CO, and H,O0 is higher than the carbon oxidation rate, the
temperature growth slows down after 3 seconds, where the carbon oxidation rate is lower than the
reaction rate of the other two heterogeneous reactions. Fig. 7 h) shows the reaction rate of carbon
oxidation. It reveals that the carbon oxidation happens layer by layer with the oxygen diffusion.
Fig 7 c) and d) shows the homogeneous reaction rate, which shows that most of the homogeneous
reactions finish at around 26 seonds. This is the time where the biomass decomposition finishes and only
carbon is left in the pellet. R8 denotes the reaction of CO oxidation, which is shown in Table 2. The CO
in this reaction is from carbon oxidation, which is also shown in Table 2.
Fig. 7 ) and f) shows the pressure and velocity distribution. The pressure at the pellet surface remains
identical to the environment pressure. The pressure at the pellet center is higher than the environment
pressure due to the huge gas release from the devolitilization, after which, the pressure goes negative so
that oxygen can penetrate into the pellet to oxidise with carbon. Similarly, the velocity is higher at the
devolitilization stage and lower after that. The peaks of the velocities show up at different times for each
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location. The tendency of the peak velocity happens where the sum of the reaction rate reaches the
highest value.
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Fig.7 Result predicted from the simulation of this model
5. Parametric study

Many impact factor can influence the results of the simulation. Some of those can lead to wrong results.
This paper focuses on the impact factor that can increase or moderate the whole smodering combustion

process. In this paper, two most important factors are studied, the devolatilization rate and the genreal
combuston mechanism for light hydrocarbons.
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5.1 Impact of devolatilization rate

Yang et al [33] mentioned five devolatilization rates, from very slow to very fast. In this paper, three of
them are studied, and the temperature at the pellet center is plotted in Fig. 8. The devolatilization rates
are listed in Table 7.

Table 7 Devolatilization rate used in the parametric study

Kinetic data Pyle and Zaror [33] Alves and Figueiredo [33] Nunn et al [33]
A(sY 3.0 x 103 7.0 X 10* 3.4 x 10*

E (kJ/mol) 69 83 69
Rating Slow Medium Fast
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Fig. 8 Temperature profile at the pellet center with different devolatilization rate
Figure 8 shows the temperature at the pellet center after the devolitilizaion rates in Table 7 have been
applied. It shows that the faster devolatilization rate leads to a shorter devolatilization time (the arrow
marks where the devolitilization stage stops). However, the kinetic data used in the simulation does not
affect the highest temperature in the simulation. The highest temperature that the smodering combustion
can reach is still determined by carbon oxidation.

5.2 Impact from global hydrocarbon reaction schemes

The schemes of light hydrocarbon combustion are studied here. The reactions and kinetic data that are
used in this model are shown in Table 2 and Table 3. The two-step mechanism only considers CO as
the intermediate product, and the four-step mechanism considers CO and Ha as intermediate products.
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Fig. 9 Temperature profile by using two different hydrobarbon combustion mechanisms
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Figure 9 shows the temperature profile after applying these two mechanisms to hydrocarbon combustion.
There is little difference on the surface temperature from using two different hydrocarbon combustion
mechanisms. For the center temperature, there is up to a 5% error between these two mechanisms. The
possible reason is that the gas properties used in these two simulations are different. By using a two-step
combustion mechanism, an assumed artifical hydrocarbon is used. The properties of the artifical
hydrocarbon, such as the heat capacity, the conductivity and the viscosity are all represented by using
data from a molecule of a similar structure and molecular mass. Whilst in the four-step mechanism
simulation, all the gases are real, and the gas properties all exist. However, a 5% error is relatively low
for a single biomass smodering combustion. Therefore, both the two-step combustion mechanism and
the four-step combustion for the hydrocarbon combustion are reasonable.

6. Conclusion

This paper describes a detailed gasification model for a spherical solid fuel. The kinetic mechanism, the
transport equations, the chemical reactions are considered in the model. A four-step reaction mechanism
for volatile gasification is used in this model. Two validation results on gasification and smoldering
combustion shows good agreement with the experimental data. Detailed results about smoldering
combustion under air atmosphere are also presented. The results show that the model is reasonable for
predicting the gas and temperature distribution. The right reaction rate, pressure distribution and velocity
within the pellet can also be predicted. The results from the carbon combustion shows that the carbon is
burnt layer by layer, and combustion rate is affected by both the existence of oxygen and carbon. The
carbon reaction rate changes considerably at ignition and at the end of the combustion. The gas
distribution is not only affected by temperature but also affected by diffusion and convection. The model
also shows that the pressure is higher than the atmospheric pressure whenever there is a water vapor and
volatile release, and the pressure is lower than the atmospheric pressure after the devolatilization. The
sum of the reaction rates has a great impact with regard to the velocity changes.

Two parametric studies are presented in this paper. The impact of different devolatilization rate is
studied. It shows that the higher devolatilization rate leads to an earlier end of the devolatilization
process. In addition, the devolatilization rate has little impact on the temperature during char combustion.
The impact of the global hydrocarbon reaction schemes is also studied in this paper. Two global reaction
schemes for hydrocarbon are studied, the two-step reaction mechanism from Dryer and Westbrook [19]
and the four-step reaction mechanism from Jones and Lindstedt [20].

The impact of the hydrocarbon combustion mechanism scheme is shown at the end of the paper. The
simulation result shows both schemes are effective in the simulation of a single biomass smoldering
combustion. A maximum error of 5% is found between these two combustion schemes.
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DESCRIPTION OF A COMPREHENSIVE MATHEMATICAL MODEL: TOWARDS A COMPREHENSIVE
BIOMASS PARTICLE GASIFICATION MODEL

Xiyan Li, Chungen Yin
Department of Energy Technology, Aalborg University, Pontoppidanstraede 111, 9220 Aalborg East, Denmark
Email: xli@et.aau.dk

ABSTRACT: Biomass gasification is still a promising technology after over 30 years’ research and development and has
success only in a few niche markets. In this paper, a comprehensive mathematical model for biomass particle gasification is
developed within a generic particle framework, assuming the feed is a woody biomass pellet. The particle is discretized into a
number of cells along radical direction, on each of which the gas governing equations are numerically solved by using the
finite volume method (FVM). FVM is used to solve transport equations of each process. All the key processes, €.g., moisture
evaporation, pyrolysis, heterogeneous char reactions, intra-particle heat and mass transfer, and changes in thermos-physical
properties and so on, are properly taken into account to update the densities of various solid/liquid components in each cell as
well as to provide source terms to the relevant gas-phase governing equations. For the source term, different chemical
reactions are assumed, the density, the species, the velocity, the temperature changes, the size of pellet, et al. will be studied

and calculated in the end of the project.
Keywords: Biomass, Gasification, modelling.

1 INTRODUCTION

Biomass gasification has received unprecedented
attention, as a renewable source of energy and chemicals.
In biomass gasification, biomass pyrolysis is a key,
inseparable initial sub-process, resulting in a complex
system of intermediate products (or product groups:
gases, tars and char). Then the gases and tar vapors
undergo further gas-phase reactions (e.g., cracking,
reforming, shift) whilst the char takes part in
heterogeneous reactions, yielding the final gasification
products. Partly due to government regulation and partly
due to unsolved technological hurdles (e.g., lack of
reliable modelling tool for biomass pyrolysis/gasification,
lack of dominant design, fuel flexibility, efficiency, tar
reduction, gas cleaning, scaling up), biomass gasification
is still a promising technology after over 30 years’
research and development (R&D) and has success only in
a few niche markets [1].

On the other hand, with the fast consumption of fossil
fuels, appealing from the public for looking for
renewable resources is stronger and stronger. Biomass,
as one of the readily available renewable resources, come
to public view.

According to Danish Energy Agency (DEA) [2], the
use of wood pellets and wood chips increase significantly
this century. In Fig. | and Fig. Il, we can see that solid
biomass consumption is not only increase in Denmark,
but also increase in the whole west Europe. In Fig. I, a
prediction of the next ten years was given, we can see in
10 years, demand for wood pellets will be more than
doubled, but demand for straw and biodegradable waste
will keep almost the as the same stage as now.

Biomass has many benefits. Firstly, biomass is
flexibly in technology [3], for biomass gasification on
syngas generation, it has a wide option of choosing
biomass species. Secondly, Biomass is clean renewable
energy [4]. During the gasification, the CO2, SO: and
other harmful gas emissions are less compared to fossil
fuel, the emissions are less even compared with the
emission from producing photovoltaic cell materials [5].
Lastly but not least, the temperature for gasification is
relative low, which is around 700°C- 900°C [6]. Around
that temperature, NOx generation can be ignored.
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Figure I Use of solid biomass in Europe in 2015 [7]
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Figure Il Use of solid biomass in electricity and heat
production 2005-2015, and projection to 2025 [3]

There are also some defects using biomass
transformation technology. The first and foremost is
biomass syngas is a low value fuel (aroud 6~10 MJ/Nm?)
[8]. For syngas, the tar and alkali inside the gas may ruin
the device if it goes into gas turbine directly after
gasification [9].

As a result of these reasons, there has been a
compelling need for reliable, cost-effective modelling
tools for the design of biomass pyrolysis/gasification
processes and components. Using CFD simulation is one
of the most popular methods.
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Many scholars worked on this field and gain
remarkable achievements. Bamford [10] started to use
mathematic method for solving a single sheet of wood
combustion problem at an early stage. After that, around
eighties and nineties of last century and the beginning of
this century, there is a great heat for kinetics study.
Font[11][12], Di Blasi [13][14][15][16], Babu [17][18]
are all active at working on that. Kinetic equations for
mechanism were discussed, experimental data from
different scholars using different technologies were
compared. Until recently, most kinetic parameters used
are from that time [19][20][21]. After the kinetic
mechanism study, next step is to build a reliable
mathematical model for the whole reaction process. As a
young pioneer, Di Blasi started the exploration with using
mathematical model [3], actually she stated this based on
cellulose pyrolysis [16] and combustion of conceptual
solid fuels [15]. She kept modifying this model and use it
at different reactors [22]. Other researchers contribute to
fertilize biomass gasification, combustion and pyrolysis
under different assumptions. Bernhard [23] and Wu[24]
studied their objects with solid phase and gas phase
separated. An imaginary heat and mass transfer between
phases were assumed. Haseli [25] compared his
simulation results with former researchers according to
different size. H.Fatehi [26] built his model based on one
dimentional single large biomass particle combustion
without particle size changes. Lu [21] [27][28] did a
systematic study based one biomass pellet combustion
with a fixed mass and heat transfer coefficient in ambient
flow.

In order to make use of these advantages of biomass,
as well as to decrease the defects as much as possible, a
reliable mathematical model is still in need. This project
try to combine the work of predecessors together, at the
same time, to remove the defects and to consummate
mathematical model. In this article, it mainly focus on
consummating source term of reaction and revising
transport equations. A brief case of using FVM to solve
PDE is given in the end.

2 MODEL DESCRIPTION

2.1 Assumptions:

In order to make the best use of the theories and
correlations, as well as to make the simulation results
more credible, assumptions are necessary. In this paper, a
one-dimensional mathematics model based on a single
biomass pellet under gasification is assumed.

(1) Assuming the biomass pellet shape is nearly sphere.

(2) Assuming the biomass particle is in local thermal
equilibrium.

(3) During the reaction, the biomass particle is
considered as a porous structure media, and the

Table I: Reactions

gases generated inside the particle obey ideal gas

law.

(4) The specific surface area changes during the whole
gasification, thus shrinkage or swelling is also
considered.

(5) The airflow inside the particle obeys Darcy law.

(6) Boundary layer thickness exist. And its outer surface
properties equal to those in outer spaces, inner
surface properties equal to those in the surface of
particle.

(7) External forces are not considered.

(8) There is no fragmentation of the particle during the
whole gasification.

Fig. Il gives out the key issue to be solved in this
project. There three key issues, which is very important
during the calculation: the heat and mass transfer of
boundary between gas phase and solid phase, the
conversion process inside the particle itself, and the
particle size changes during the whole reaction process.

Initialization

Meshing of biomass particle

Properties update

\ Particle-ambient flow heat & mass transfer |

[ Intra-particle conversion processes & modeling |

[ Particle (as a whole) size & structure updating |

Nttt
Conversion completed?

Figure 111 Key issue to be solved

It is also necessary to assume the right reaction
during the gasification process. Thirteen chemical
reactions happened inside the pellets are considered, as
showing in table 1. In table I, the reaction rate is also
given. It is worth noting that:

K; = Ajexp(—E/RT)

Ki is the Kkinetic rate coefficients for all the reactions
in table I. A is pre-exponential factor and E is activation
energy. It is only dependent on temperature. The whole
expression is called as Arrhenius expression.

Reaction Chemical reactions Rate expression Ref.
index

1 biomass—gases 1, = 0pg/dt = kypg [28]
2 biomass—tar 1y, = 0pg/ 0t = kypp [28]
3 biomass—char r3 = 0pg/0t = kspp [28]
4 tar—gases 1 =0py/0t = kypy¥r

5 tar—char 15 = 0pc/0t = kspyYr

6 H20 (free)— H20 (g) Te = apfw/at = Sa(pfw/p?w)hm,pore (P;at - prg) [28]
7 H20(bound)—H20 (g) 17 = 0ppw/ 0t = kyppy [29]




8 C+1/20,—CO g = 0Co,/0t = Sqcnarlpc/ (pc + pp + Pa)]ksCo, [30]
9 C+02—CO2 19 = 0Co,/0t = Sqcnarlpc/(Pc + Pp + Pa)1koCo,

10 C+C02—2CO 119 = 0Cc0,/0t = Sacnar[pc/(Pc + Pp + Pa)1k10Cco,

1 C+H20—CO+H2 11 = 0Ch,0/0t = Sacnarlpc/(pc + pr + pP)lk11Chyo [28]
12 C+2H,—CHa 12 = 0Cy,/ 0t = Sq.cnarlpc/ (Pc + P8 + Pa)1K12Ch,

13 CO+1/20;CO; T3 = = 0Cco/ 0t = —ky3CeoCO25CYS,

14 Ha+1/20,—H20 T4 = —0H,/0t = —k14Cy,CO5

15 CH4+2026>C02+2H20 115 = — 0CH,/0t = —(k15Ccn, C, — K_ISCCOZCI?IZO)

16 CO+H206CO2+H; T16 = —8C0/0t = —(k16CcoCry0 — Ki6Cco,Cr,)

17 CO+Hz—1/2C04+1/2C0; T17 = —0C0/dt = —ky1Cy. Ceo

18 CO+3H26>CH4+Hz0 rig = —0C0/dt = —(k1gCcoCP, — K—IBCCH4CH20)

19 CO+4H2—CHa4+2H20 e =—0C0/0t = —(k19CH24CC0 - ECCH4CFZIZO)

20 CH4+H20¢>CO+3H; Ta0 = —CH,/0t = —(k20Cen,Cryo — KaoCeoCi,®)

21 CH4+0.50,—CO+2H; 31 = —9CH,/0t = —kz1 Ccyy, CO5

2.2 Biomass gasification process and meshing

Flow chart of biomass gasification is given in Fig.
V. The virgin biomass is put into the reactor, with the
temperature growing up, different reactions happens. As
we see from Fig. I, at low temperature, it is mainly
vaporization happening, during which process, free water
coming out first, when the temperature is higher than
100°C, hydrate water comes out. With temperature
increasing, pyrolysis happens, during which process,
biomass cracking into different species. These species
keep cracking, finally small molecule gases and tar
generate. During gasification process, which happens at
much higher temperature, tar keep cracking into gases,
and vapor may combine with these gas phase and solid
phase to generate new species. Mainly the homogeneous
and heterogeneous reactions happen in this stage.

Gas combustion
(various k)
Tar cracking
(various ki)

Char reduction &
oxidation (various kj)

ki=Aiexp(-E{(RT))

‘/Cracking/
Gasification,

Figure 1V Flow chart of biomass gasification

2.2 For boundary conditions

For all the N nodes we set in the control volume,
there should be (N-1) partial differential equations for
solving all the transport equations. Apparently, there is
one equation missing for mass and energy equilibrium.
Therefore the imaginary gas film Fig. V in between the
solid and outside condition is crucial for deciding the heat
and mass transport. Within each time step, the boundary
conditions for mass and energy equation are shown in
Table I1.
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Gas-Particle Interaction

FREE-STREAM |
(ambient flow) Twi‘ T,
Yiwi Y

particle surface, s

BIOMASS
_PARTICLE

jis

0- unconverted core ViR.LLY; (r:7)
1- evaporation front
2- pyrolysis front

3- char gasification front

N Imaginary gas film .
\jround the particle .-~

Figure V A conceptual view of therirrneraction of a large
biomass particle with ambient flow and its conversion.

The hr and hwm in the boundary condition is solved by
Ranz-Marshall [31] model, with the following expression:

Nu = "I = 2.0+ 0.6ReV/2Pri/3
g

Sh =4 = 2.0+ 0.6Re!/25c!/?
9
The reference temperature and species used in the
boundary obey the one — third law [32]:
Tref =Ts+1/3(Tw —Ts)
Yirer =Tjs +1/3 (7}00 - T}S)

3 TRANSPORT EQUATIONS

3.1 Description of all transport equations

Partial differential equations (PDE) are used here to
calculate all the result derived in the model. The general
transport equations of different species are described as
below:

2 (ep@) + div(piig) = div(pIVep) + S
¢ can be any term we want to solve, for example
temperature, pressure, density, species etc.

The first term is transient term, which represent the
changing rate for unsteady flow, the second term is
convection term, the third one is diffusion term and the
last one is source term.
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Table I1: Transport equations

Density
Biomasss dpp/0t = Sp
Sp=—(+r,+13)
Char dpc/ot =S¢
— M Mc . Mc . Mc . Mc
Sc=r3+r5—71g o, Ty o, T10 Meos 11 M0 T12 M,
i 2 Pw
Moisture dpw/0t = ar (Deff,water a:zer) + Swater
Swater = —Te — 17
Ash 0ps/0t =0

- ; ] . =
Continuity equations o (gpg) + dlv(pgu) =54

Mc
sg —r1+r2—r5+r5+r7+r8—+7’9—+r10M +r llM S T2 g
Species transfer equations —
p a o (engj) + dw(pgu}?) = dw(pngvmVYj) + Sy,;

Source terms for gas specieS'
COp

Sco, =T — 1 Tyg a0z 4 . T )
co, 9M 10+ 13M +15Mcn+16M +172M +(ry + aco,
EO
Sco—rg Mo _7’13_7’15_7"17_7"18 Tio+ 7205, —F
CHy
T2 o + (Tl + T4)aca
2Mp Mo
Sp, = —Tg—Tg—T1 —Z—r 2 — =
0, B9 T Mgy, - sy Ty
My Mo My My 3My
Sy, = (n +may, +7 —Z—r — Tt g =Ty — 2 —
(r +rday, + 114 o Tz T Mgyt ey Ty T ey
Wy Mg zMH2
o5 Meo T20 Meo 121 Meo Y o Y
Hz0 H; Hy0
SHZO = (7’1 +T4)'1Hzo tTe+17 =111 11 M2 +rs " Te Mz +
CI C
T Hzo My, 0
13 M 20 Mo,
Mcu, Men, Mcn, Mcn,
S, =r r+r)a T LESEEPS £ —
CH, z+(1+ W)acy, + 12 30, 152M +172M +18M +19Mc0
r Mch, r 2Mcp,
203,00 " 21 ey,
Sy, =0
Energy equations 9 i h) = di
9y eq E(Zs,ipihi + Yuk Prechie + Pghmix) + div(pgih) = div(kessVT) +
div(X; hipgDjmVY;) + S
h2%hY
T
by = fy., Cpy(T)AT

Sp = = XR=1 ARy =Z_; Ahg i

Darcy law u=_kor
uox
Ideal gas law  pekr
Wy
Boundary conditions Outer face:

igijo
Dj'mAS or

= kA5 (Yigj 0,00 = Yitj05)

r=rp
keffAsgL_r = hyAg(Ty = T) + Aqwo (T4 — T
=Tp
Inner face:
B = 0,u=0,P =Py, T =298K,Y; =0
orlyr=g ’
Initial conditions Outer face:
Too = Ty, Uoo = U, Yo 00 = 0.23, ¥y, o0 = 0.77, Poo = Py

Integrate all these partial differential equations and

then discrete it into discretized equations which can be

3.2 Discretized form of PDEs easily solved by Tri-diagonal matrix algorithm (TDMA).
Geometry of a simple case using central differential

method for discretion is shown in Fig. VI. P is the central
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point of each node, while W and E represent the west
face and east face. w and e represent the centers of west
and east face. W and E are located in the center of
previous point and the next point separately. In central
differential method, the distance between each point is
the same. For the transient term, a weighting parameter 6
is chosen as zero during the integration, as a typical form
of fully implicit scheme.

A typical discretized form PDEs using central
differential method and fully implicit scheme is as shown
below.

ap®, = ay By, + a.b. +apdd +b

4. UPDATING STRUCTURE

Shrinking or swelling happens during gasification
process. In this project, empirical parameters were used
to calculate the size change. The shrinking factor 6 has
following expression:

3 3
6 =Vo/Vpo = ()" /(dpo)” = 1+ (1= 6) (£2 -
1) +6,(1-6,) ("—“ - 1) +6,6,(1-6,) (& - 1)
Pm,o Pco
Om, v, Oc represent three empirical shrinking factors

of moisture, volatile and char.
Particle porosity ¢ is connected to size change as

below:
de 1 €00
3 ™ poras 2 Dk @k ~ 55

wy is reaction rate of char reaction K,

O i is the stoichiometric coefficient of char in
reaction k,

Prrue 18 s0lid density without porous.

5. A SIMPLE CASE OF USING FVM

Given the complexity of solving such a highly
coupled mathematical equations in this model. At this
stage, a simple example is stated here about how to use
central differential scheme to solve a transient convection
diffusion equation with a source term.

The followings are the main descriptions of this
problem.

t>0; a=—200,b=100; x; = 0.6,x, = 0.2;

T=0x=0 Z=0x=1L

L=15u=20p=10T=0.03

Following are the numerical description:

a@r) | 8lpur) _ 8 (paT

aw T Tax T Bx(rax)+s

For S, there are:

0<x<0.6,S=100-200x;

0.6 <x<0.8S=100x —80;

08<x<155=0

The discretized form of transport equations are:

AE[i]=D—F/2

AWIi] =D +7

AP[i] = AW[i] + AE[i] + ap_0

_ Lmax—Lmin

dx

NR
D =(D)/dx
F =px*xU

ap_0 = p*dx/dt

At boundary nodes, the coefficients of equations are:
At the first node:

AW[0] =0
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Here are all the PDEs, and there discretized form:

+

Figure. VI Geometry of a simple example

AP[0] = AW[0] + AE[0] + ap O+ F + 2D

At the last node:

AE[NR—1]=0

AP[NR — 1] = AW[NR — 1] + AE[NR — 1] + ap,

N=1000; CDS / Implicit
o 1; ! / Implici Steady state
51 (t=1.585)
s . =33
c 8 N N .. 08s ~
g6 \ e
£ ~ . N N
@ 4 . \ N 0.6s o
5 0.1sN. \0.2s N0.4s d
0 NN S
-2+
0 025 05 075 1 125 1.5

Distance, x [m]

Figure VI Comparison of analytical solution and
numerical solution based on a simple case

Fig. VI shows the final results from analytical and
numerical calculation. A discretized grids N=1000 is
taken. The solid black line is the result from analytical
solution. The different dash lines show the result
calculated from numerical solution with time from t=0.1s,
0.2s, 0.4s, 0.6s, 0.8s, 1s and 1.58s. Compared the blue
dash line with the solid line, it is easy to find that the
results from using FVM is almost the same with using
analytical solution.

In another way, since using FVM can solve a fully
general transport equation. It should be capable of
solving a sequence of highly coupled similar transport
equations. And with the best expectation, a similar
overlap should be found between numerical calculation
and experimental results.

6. CONCLUSIONS
Biomass gasification is processing technology in the
future. Although a lot of work both in simulation and in
experiments has been done in this area. There are still
many issues waiting ahead. The key conclusions from
this project are summarized below:
(1) Briefly summarizing the development of modelling
of biomass gasification in state of arts.
(2) A relatively integral mathematical model is given in
this paper. All the twenty one chemical reactions
and their reaction rates are given. The key transport
equations of a single biomass pellet during
gasification is presented.
Analytical solution and numerical solutions from a
fully general transport equations are compared.
Highly overlapping between an analytical solution
and a stable state of numerical solution certify the

®
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possibility of using central differential scheme to
solve complete mathematical questions.
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ABSTRACT

The aim of this article is to develop a complete and detailed gasification model for a single solid fuel
pellet. Three main objectives are achieved: a modified one-dimensional model using C++ code, a
reliable results validation using experimental data from literature and an overview of the detailed one-
dimensional model results. This model is based upon the partial differential equations (PDES)
describing continuity, species transport, energy and pressure equations. All the equations are highly
coupled and are solved using a central-differential scheme (CDS). A time-marching procedure is
based on a fully implicit scheme. Both a grid independent validation and a validation against
experimental data are given in the paper. The validation results show good agreement with the
experimental data. The temperature profile, the definition of the end of each pyrolysis/gasification
stages and the effects of sensible enthalpy are presented. Based on this work, an engineering model
can be generated in the future, which will be a novelty in biomass (coal)
gasification/pyrolysis/combustion, and will do a great use to industry.

KEYWORDS

Single particle, Gasification, Pyrolysis, Computational fluid dynamics (CFD), Finite volume method
(FVM)

INTRODUCTION

As the main energy source of the world, fossil fuels are persistently at the focus of controversy. Due
to the declining supply of fossil fuels and the issues related to greenhouse gas emissions, there is an
urgent need for alternative energy sources. Biomass is in the public focus, not only because it is
sustainable but also because of its environmentally friendly characteristics. According to data report
from United Nations Environment Programme, the global CO> content at the sea level has increased
from 315.71 ppm in 1980 to 410.26 ppm in 2018 [1]. Biomass gasification uses gases such as, steam,
air, nitrogen, carbon dioxide, methane or a mixture of these gases as gaseous medium to react with
biomass. In this way, the greenhouse gases are recycled and syngas is produced.

In order to make full use of the biomass, research has been done on pyrolysis, gasification and
combustion, based on both experimental methods and simulation methods. The experimental methods
give a way of describing real reaction phenomenon and gaining a set of practical data, for example,
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temperature profile, kinetic parameters, reaction order etc., whilst simulation gives a rapid way of
looking into the results before experiments or before scale- up is considered. The early research
started with crudely measuring the gas components and unreacted carbon and predicting the weight
loss value [2]. Laurendeau [3] in 1977 already found out the complete heterogeneous reaction
mechanism for coal char and constructed a complete particle reaction model. Limited by the
computational capacity at the time, there are not many simulation results, but it still gave a good point
for the research that followed. Thurner and Mann [4] put more efforts on the kinetic mechanism of a
so-called two-step devolatilization mechanism. Using this mechanism, they compared the
composition of gases, tar and residues between experimental data and simulated data. However, no
further information about the real gasification results were given. Through the years, the debate about
one-step devolatilizaion mechanism and two-step devolatilization mechanism has continued.
One-step global devolatilization mechanism can be described as:

Biomass — Char + Volatile/Light gas(CO,CH,,C0O,,H, --+)

The advantage of one-step global devolatilization mechanism is that the reaction heat is easy to obtain
from the measurement of heating value and the composition of the light gas can be easily calculated
from the proximate and ultimate analyses. Therefore, the predicted results are reasonably transparent.
The difficulty lies in finding a global reaction mechanism data for this reaction. As is known, biomass
has complex components and each component has its own reaction mechanism. Perhaps for this
reason, some researchers go for the three-parallel devolatilization mechanism or the two-step
devolatilization mechanism.

The three parallel devolatilization mechanism is shown simply as:

( Cellulose Volatile
| Wgas(CO, CH,,CO,,Hy -+ ) + char
. produce Volatile
Semi — cellulose —>Wgas(60, CH,,CO,,Hy -+ ) + char
Volatile
Lignin mgas(CO, CH,,CO,,Hy -+ ) + char

The three-parallel mechanism can be seen as three one-global devolatilization mechanisms combined
together, but with a much simpler composition of reactants. It makes it easier to finding out the
mechanism of devolatilization of every single component. The defect is three reactions need to be
considered in the model, which may lead to the experimental error accumulating.

A two-step devolatilization mechanism is based on the three parallel devolatilization mechanism. The
idea is also to make the reaction mechanism data easier to measure and calculated. The difference is
that the classification starts from the products. A medium product, tar is considered. Tar is generated
from the primary decomposition, and then further cracking into gas and char. This mechanism
describes better the phenomena that occur during pyrolysis, combustion or gasification. However, tar
is an unstable matter. The percentage of tar in the products relies on the experimental conditions.
Because of that, it is also not easy to find out the reaction heat of producing tar. There are five
reactions that need to be considered in the two-step devolatilization model. If the reaction heat is not
properly addressed, the simulation error can be much bigger than using the other two devolatilization
mechanisms. This will be discussed later in this paper.

The two-step mechanism model is shown as:
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( Gas

) produces T
Biomass ——— Tar

Li
Char

This work is based on a one-dimensional numerical model for the pyrolysis of a single spherical
biomass particle. The model is further extended for gasification and combustion. The one-step global
devolatilization model is used in this model for its simplicity and accuracy.

METHODOLOGY

The pellet in this model is considered as a one-dimensional spherical fuel pellet, whose properties are
isotropic and is under local thermal equilibrium during the heating up process. The CFD model uses
central differential scheme with staggered grid for the pressure calculation. The grid number is set to
80. A fully implicit scheme is used a fully implicit scheme for solving the transient term. More details
about the partial differential equations are presented below.

The validation experiment is based on data from a sub-bituminous coal (SBC) in a fluidized bed at
850°C [5][6]. The diameter of the fuel pellet was 10 mm.

Reaction mechanism

Within all the three devolatilization models discussed above, there is one issue has to be considered,
and that is to solve the enthalpy of formation of volatile for one-step global devolatilization model
and two-step devolatilization model. For the three-parallel devolatilization model, it can be seen as
three one-step global devolatilizaiton models combined.

Solid fuel can usually be seen as a combination of moisture, volatile, fixed carbon and ash, as shown
in proximate analysis in Table 1. The heating value in the proximate analysis can be treated as the
sum of the heating values of the carbon and the volatile. Depending on the form of water when the
heating value is measured, the heating value can be classified as lower heating value (LHV) or higher
heating value (HHV). In the model that is discussed in this paper, the moisture is treated separately.
Therefore, the heating value of volatile is calculated as:

HHVVolatile X %Volatile + HHVChaT%Char = HHVProximate (1)
Volatile + 0, - CO, + H,0 + N, + SO, + -+ HHVyy14tite (2)
h%otatite = h°co, + h%my0 + ROy, + R0, + -+ HHVy o100 — h%0, (3)

HHVyo1atite TEPresents the heat that released when the volatile is oxidized completely, and water
vapor is still in gaseous state. Equation (3) shows the calculation of enthalpy of formation of the
volatile.

Table 1: Proximate analysis, ultimate analysis and heating value [5][6]

Fuel Moisture[%, a.d] Volatile[%, a.d] FC[%, a.d] Ash[%, a.d] HHV[kJ/kg, a.d]
Sub- 5.07 21.08 49.93 23.90 31490
bituminous
coal C[%, d.b] H[%, d.b] O[%, d.b] N[%, d.b] S[%, d.b]

83.58 4.68 9.2 1.74 0.8
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The composition of the volatile can be calculated through the proximate analysis and the ultimate
analysis. Table 1 shows an example of these values, including heating values of a sub-bituminous coal
particle. Referring to the reference cited in this table [5][6], it is also easy to see that these values can be
different depending on the sample even though using the same fuel type.

The calculation of volatile is therefore straightforward, since carbon only exist in the volatile and in the
fixed carbon according to the proximate analysis in Table 1. So for a formula of a volatile molecular,
C.H,0,N,,S,, the stoichiometry of carbon can be calculated as:

C—-FC
x= Volatile /MC (4)
H, O, N, S only exist in volatile. Similarly, y, z, w, v can be calculated. Taking the example from Table
1, the volatile can be expressed as: CH, 5197005226 after normalization and ignoring N and S. This
molecular with a molecular weight of 26.9343 kg/kmol and the enthalpy of formation of -34527 kJ/kg,
will be used as input for the validation.
Volatile can be treated as artificial components in the numerical model or can be broken down into real
species (such as CO, CO,, CHg, C2Hs, . . .). In the case we study here, it is not easy to break down the
volatile into real species, therefore, an artificial component is used to represent volatile in the model, as
shown in Table 2.

Table 2: Chemical reactions and reaction rate

index  Chemical reactions Rate expression Ref
1 Biomass — Volatile + Char 11 = 0Ppo1/ 0t = k1 (Pyor,0 = Pvor) [7]
2 H,O0 (free) » H,0 (g) _ o hr(Tj=Tini)+eo(T*-TH)
2 =S Ahevap
EEV
3 H,0 (bound) - H,0 (g) 75 = Agypexp (_ RTp)
4 C+ a0, - 2(1 = a)CO + (20 — 1)CO, 1, = 0Co, /0t = [8]
Sa,char[Pc/(Pc + pp + pa)lkaCo,
5 C+H,0-H, + CO s = 0Cy,o/0t = [8]
Sa,char loc/(pc + pp + pA)]kSCHZO
6 C+ 2H, » CH, T = 0Cy, /0t = [8]
Sa,char[Pc/(Pc + s + Pa)lksCh,
7 H, + 1/20, - H,0 1, = 0H, /0t = k;Cy, 37 [9]
8 CO +1/20, - CO, 13 = 0Cco/0t = kgCroC3P°Ciy [9]
9 CO + H,0 - CO, + H, Ty = 0Cco/0t = koCloCiio [9]
10 CH4219700.5226 + 1.293650, — CO + 2.10985H, 119 = 0CcH, 5,0,005206/ Ot = [10]

0.2 1.3
klOCCH4.219700.5225602

Table 2 shows all the reactions used in this model. The first is the devolatilization mechanism as
mentioned previously. The second and the third are the mechanisms for free water and bound water.
It should be notice that the free water is only considered when the FSP is over 30% [11]. Reactions 4
to 6, are heterogeneous reactions. It is worth mentioning that the last heterogeneous reaction (reaction
6) does not occur under atmospheric pressure [12] during the gasification temperature. It is presented
for reference but not considered in the model because of the relatively low pressure. Reaction 8 to
reaction 12 are the homogeneous reactions. The light hydrocarbon here obey the two-step combustion
scheme for hydrocarbons proposed by Westbrook and Dryer [13], which are shown as reactions 7, 8,
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9, 10 in Table 2. In the two-step mechanism, the main aim is to oxidize volatile and produce CO and
H,, this is the first step. The second step is to gasify CO and H,, as shown in reactions 7-9.

Table 3 shows the data for the kinetic parameters used in Table 2, calculated from Arrhenius equations
with the following expression:

Eq
k = Aert (5)

Table 3: Kinetic data used in this model

Reaction index Pre-exponential factor (A) Activation energy (E) Heat of reactions (AH)
[s7'] [3/kmol] [ki/kg]

1 3.12 x 105 7.4 %107 -1376.09

2 - - -

3 5.13 x 10%° 8.8 x 107 -2440

4 0.658% 7.4831 x 107 3950

5 3.422 1.297 x 10° -14383.33

6 2083° 115137 1701.59

7 101271 1.71 x 105 13435.94

8 2.39 x 102 1.702 x 108 10114.28

9 2.75 x 10° 8.4 x 107 -12879,38

10 2.119 x 101t 2.027 x 108 -30420.72

2 Units are m/s 'K

Transport equations
For solid species, there is only transient term considered, as show below:

[dChH .
ac St (6)

For the gas species, transient term, diffusion term and convective terms are considered, so we have:

0(epgYig) | 0(epgu¥ig) _ @ 3(cpg¥ig)
ac T o _ar(D"H ar )+Syiy Y

At the inner boundary for solid species, the gradient is set to zero. For the outer boundary, a mass
transfer coefficient is used. Therefore a gas film around the pellet is assumed. A reference species
and reference temperature are calculated as follows [14].

Virer = Yis +1/3 (Y0 = ¥s) (8)
Tref =Ts +1/3 (Teo — Ts) 9)
Y; rer and Ty here are used for calculating the gas properties in the gas film. Once the dimensionless

parameters, such as, Re, Nu, Sh, Pr are determined, h,, and h; can be calculated using the following
equations.

— hmlc -
Sh = = 2.0 + 0.6Rez2Scs3 (10)
D

9

Nu = "I = 1,05 + 0.6Re®S5 Pr033 1)

g
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The outer boundary for mass transfer can be expressed as:

DAEZE = Ashy (Yo — Vi) 12)

2

For pressure calculations, considering that the pressure inside the pores of coal/biomass will not
change dramatically, the Darcy Law is applied here:

s _1
i=-1vp (13)

Continuity equations are combined to solve both velocity and pressure:

d(epg) | A(epgw)

at ar Sg (14)
The most commonly used energy equations are written in terms of temperature, as shown in equation
(15). The use of this form of transport equation is advantageous because it not only takes into account
the heat of reactions, but also a sum of sensible enthalpy caused by temperature increase within the
fuel pellet. By using one-step global devolatilization model, the only uncertainty in equation (15) is
the enthalpy of formation of volatile, which can be calculated by knowing the heating value of the
solid fuel pellet.

0(epgCpgT+psCpsT) | 0(epgulpgTg) i a_T
ot + or “or (keff 6r) + St (15)
Sp == Yh=1 hf Wi = XRe hp Wi = Tioi AHW; — Yieq By W (16)

The outer boundary condition for temperature is shown as:

Tg—Tp

kA a2

Ashy (T, — Tg) + Agea(Tik — T#) @17

Besides, for the two-step decomposition model, it was found that the heat of reaction of biomass
decomposing into gas, tar and char can be very different, varying from -150kJ/kg [15] to -418kJ/kg
[16]. The heat of reaction of intermediate product (tar) cracking and reforming is also not easy to
determine, shown in literature from around 42kJ/kg [17] to 50kJ/kg [18] by somehow modified. In
the case of three-step parallel model for biomass, the enthalpy of formation of lignin, cellulose, semi-
cellulose should be calculated separately, which means the error is accumulated three times by
measuring the heating values of these three species separately.

VALIDATION AND RESULTS

Using the model developed above, two validations were made. Both of the experiments are taken from
Bu et al [5][6]. The first experiment is based on a 10mm sub-bituminous coal pellet in a fluidized bed
with a temperature of 850 “C. The second experiment uses the same pellet with the same bed temperature,
but the atmosphere is changed to 30% oxygen and 70% carbon dioxide. Table 3 shows some properties
taken from that experiment.
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Table 3: Properties taken from Bu. et al

Pssc Crepe hr Tt

1662 1049 200 1088
Kg Tl Uy Dp
0.6 1123 0.28 10

Figure 1 shows the results of sub-bituminous coal under pyrolysis with nitrogen. The solid line represents
the simulated temperature profile at the centre of the SBC pellet. The triangles represent the measured
centre temperature results from the experiment. It can be seen that the simulation results follow the
experimental investigation. A further determination of pyrolysis stages are shown in Fig. 2.
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Figure 1 Centre temperature during N2 pyrolysis calculated by model and measured by Bu et al
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Figure 2 Weight loss profile during pyrolysis
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Figure 2 shows the weight loss profile during pyrolysis. Ash is not counted during the calculation, since
the mass of ash doesn’t change during the pyrolysis process. Water dispears after 14 seconds of reaction.
The devolatilization stage is finished after 40 seconds of pyrolysis. In Fig.3, these two stages are shown
by arrows.

1400

1200 - gasEES=EaSSS e A e

1000 - A 5t T Gasification =

Devolatilization

800
Te-Exp

——Te-ModelA
- | = =Te-ModelB 4

Temperature (K)

600 — A
s

400 - | -1

Water vaporation

200 ‘
0 50 100 150
Time (sec)

Figure 3 Centre temperature (30% Oz & 70% CO) calculated by model and measured by Bu et al

Figure 3 shows the results of another gasification case, in which the atmosphere of the fluidized bed is
changed to 30%vo 0Xygen and 70%yol carbon dioxide. The solid line shows the simulation result from
the model presented in this paper, whereas the dashed line shows the simulation results without
considering the sensible enthalpy in the energy equation. The triangles with error bar represents the
experimental results from Bu et al [5]. The three stages of the SBC gasification process are marked by
arrows. It can be seen that both simulation results agree well with the experimental data. However,
considering sensible enthalpy in the energy equation gives a better fit for the temperature at the pellet
centre, especially during the devolatilization stage. Sensible enthalpy has negligible effects during the
water vaporation stage. In other word, enthalpy of formation is more important than sensible enthalpy
during solid fuel pyrolysis, gasification and combustion.

CONCLUSION

This paper describes a detailed gasification model for a sphere solid fuel. Kinetic mechanism, the
transport equations, the chemical reactions are considered in the model. A two-step reaction mechanism
for volatile gasification is used in this model. A way of calculating the composition of volatile is outlined.
Moreover, the mass and heat conservation of a one-step global devolatilization reaction are presented.
In the end, two validation results are given. The validation results show the model agrees well with
experimental data for both pyrolysis and combustion/gasification processes for a single spherical solid
fuel. The gasification validation also shows that energy equation with sensible enthalpy considered
agrees better to the experimental results. This work gives a starting point to further investigate a single
biomass particle gasification in 2D or 3D, and can serve as a basis for extending the single solid fuel
particle to an industrial packed bed gasification/pyrolysis research.

NOMENCLATURE
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A, The surface area [m?]

A Pre-exponential factor [s~*]

E, Activation energy of water evaporation, [J/Kmol].
Cp Specific heat [J/(kg-K)]

Deff fw Free water effective mass diffusivity [m?/s]

FSP Fiber saturation point, %

Aheypap Latent heat of vaporation [J/kg]

h? Enthalpy of formation [J/kg]

AH Heat of reactions [J/kg]

hy Heat transfer coefficient [W/(m?-K)]

Ry Mass transfer coefficient [m/s]

Kp The thermal conductivity [W/(m-K)]

ku,o Reaction rate constant [s™!]

Nu Nusselt number

Pr Prandtl number

R, Universal gas constant [J/(mol-K)]

7 Reaction rate [J/(mol-K)]

Tw,0 The volumetric vaporization rate [kg/(m®-K)]

SBC Sub bituminous coal

Sc Schmidt number

Sh Sherwood number

Sr Source term in energy equation [W/m?]

Sa The specific area of the wood particle, 2.26 x 10* [m%/m?]
Tini Initial temperature [K]

Teo Ambient gas temperature [K]

T Particle surface temperature [K]

Tjs Particle surface temperature for species j [K]

Tc Particle centre temperature [K]

Tevap Defined as evaporation point of liquid water [K]

u Velocity [m/s]

Yoap The percentage of vapor within all the species,

Y rer Reference mass fraction of species j in the gas film around the particle
Y Mass fraction of species j at particle surface

Yo Mass fraction of species j in the ambient gas

Pg Gas density [kg/m?]

Pvol Remaining volatile in solid [kg/m®]

Prote Ultimate yield of volatile [kg/m®]

Prw The free water density at the present time [kg/m°]
Wy Reaction rate

A The average conductivity of all the gases in the film [W/(m-K)]
€ Porosity

u Dynamic viscosity [kg/(m-s)]

o Boltzmann radiation constant, 5.86 x 108 (W /m2?K*)
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Number of reactions

i

g Gas

k Number of species
| Liquid

S Solid
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