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Sustainable Energy Conversion from Biomass Waste Combustion
Experimental and Multiscale Modelling Studies

Maulana Gilar Nugraha
Department of Chemistry and Chemical Engineering
Chalmers University of Technology

ABSTRACT

The development of sustainable energy conversion via residual biomass combustion is one of
the scientific and industrial community focus today to fulfilling the global net zero emission
commitment in 2050. Despite its potency due to the abundant stock of biomass, hazardous
particulate matter (PM) emission from residual biomass combustion remains a big challenge to
increase the contribution of biomass combustion as a main renewable energy source. Therefore,
this study analyses how particulate matter can be formed and minimized in the system of
residual biomass combustion. The study includes multiscale modelling and simulation analysis
validated thoroughly using detail and accurate observation in an experimental facility.

To facilitate accurate prediction of particle pyrolysis and combustion, a computationally
efficient sub-grid model of biomass particle model is developed. The developed particle model
that relies on the orthogonal collocation method and a comprehensive physicochemical
mechanism is proven to be accurate based on a high degree of agreement with experimental
results for particle pyrolysis and combustion experiments. Improved prediction of mass transfer
to and from spherical particles during pyrolysis and combustion is also analyzed in the current
work by the correction of Sherwood number due to Stefan flow. High resolved computational
fluid dynamics (CFD) analysis confirms that the proposed corrected Sherwood number
produced better agreement in comparison to the established Spalding and Abrahamson model.

Grate-fired biomass furnace is designed and constructed in the current work to allow accurate
observation of combustion parameters in different combustion conditions. Online spatially
resolved PM measurement system allows accurate in-situ measurement of PM reactivity. The
steady CFD model validated thoroughly with experimental observation is proven to predict the
global behavior of biomass combustion accurately. In addition, a predictive kinetic model for
PM reduction was developed using the Discrete Particle Model (DPM) in CFD analysis.

The time-resolved CFD model is also formulated in this study, together with more detailed
devolatilization kinetics by the inclusion of different lignocellulosic components. The CFD
analysis reveals that 99.3% of the soot is burnt in the combustion chamber. Local concentrations
of soot precursors from lignin decomposition i.e., acetylene, and regions with a high
temperature in the freeboard promote an increased rate of soot formation. Meanwhile, the
residence time and oxygen availability become the most influential factors to minimize the soot
emissions.

Keywords: biomass, combustion, particulate matter, soot, CFD simulation, furnace,
orthogonal collocation, Stefan flow.
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1. Introduction

1.1. Background

The increase of the greenhouse effect, as well as the depletion of fossil fuels, has sparked
global interest in the use of increasingly renewable and eco-friendly energy sources [1].
Biomass as an alternative energy source is seen as one of the global solutions to the
aforementioned issue. The vast resource of biomass energy, which has been reported as the
world's fourth largest energy source, demonstrates its significant potential to be further
exploited [2]. This global awareness has driven biomass energy sources used to meet renewable
energy utilization targets for some regions and countries, such as the EU, which is set to be
27% in 2030 [3], and Sweden, which is set to be 100% in 2040 [4] (% renewable energy from
total energy production).

Different mechanisms, including direct combustion, thermochemical, chemical, and
biological conversion, might be used to convert biomass into thermal and chemical energy.
Among various conversion mechanisms, biomass combustion is regarded as one of the most
popular and simple methods of converting energy from biomass, which might be utilized
immediately for building and water heating, industrial process heat, and electricity generation
through steam turbines [5]. Nevertheless, biomass combustion is a major cause of particulate
matter (PM) air pollution in the outdoors [12]. Biomass combustion produced approximately
20% of total PM» s emissions in the United States and China [6,7]. While domestic biomass
combustion contributed up to 70% of total organic PM in the air during the winter season in
Europe [8].

Particulate matter is a harmful substance for both humans and the environment. It is
estimated that particulate matter pollution in the air caused around 4.2 million premature
mortalities in 2016 [9]. Furthermore, particulate matter from biomass combustion adds to
climate change by absorbing and dispersing sunlight. The carbonaceous molecule in PM has
been shown to absorb sunlight, contributing to more severe global warming. PM emissions have
also been proven to impact cloud formation, which has an indirect effect on climate change
[13]. As a result, decreasing PM from discharged flue gas in biomass combustion systems has
attracted the scientific and industrial communities’ attention in recent decades.

In recent years, particulate matter emission reduction methods in the biomass combustion
sector have focused on combustion process optimization and flue gas cleaning [10]. The
efficacy of both reduction measures is dependent on the availability of PM characteristics
information. A thorough understanding of how PM is created and reduced in the combustion
system might provide a significant advantage in determining the appropriate reduction strategy.
PM formation and removal are well-studied phenomena, although they remain an active focus
of research today [11]. This is owing to the intricacy of the PM formation pathway, which is
influenced by several combustion factors, including parent fuel properties (size and chemical
compositions) and combustion conditions (the mixing of air and fuel, the air fuel ratio,
combustion temperature and gas residence time). Despite several studies conducted, identifying
a valid scheme for PM formation and reduction in biomass combustion is challenging because
of the broad range of these factors [12].



PM formation and reduction in combustion systems are now being investigated in
gasoline engines [13-16], diesel engines [17-22], and coal combustion systems [23-31]. In other
combustion systems, combining experimental and CFD simulation studies has resulted in a
better understanding of PM formation and reduction. As a result, it is believed that the
development of CFD modelling methods that are extensively validated using accurate
experimental data could speed the understanding of PM formation and constitute a step toward
PM reduction in biomass combustion systems.

CFD modelling of the combustion system may include biomass particle models. A precise
physicochemical particle model is required to anticipate the right PM precursor release,
resulting in a more accurate prediction of the PM formation pathway. To be implemented, the
particle model must also be stable and computationally efficient [32,33]. The precise and
efficient particle model could be employed on higher simulation scales, such as in the biomass
furnace, where the simulation should properly predict the combustion behavior as found in
reliable experimental data. The comparison of modelling and experimental values should be
done thoroughly, taking into account the many different combustion parameters that are crucial
for PM mitigation, such as residence time, temperature, stoichiometry level, and mixing
condition [34].

A successful model allows different level of operating conditions in the reactor to be
evaluated by computer simulation, which may significantly reduce the number of costly
experiments. Finally, simulation approaches may be useful in determining the optimal biomass
combustion condition with the lowest PM emission in a more precise and efficient manner.

1.2.0bjectives

Based on the problems outlined in the Background section, the primary goal of the PhD
research is to get a better understanding of PM formation and reduction in biomass combustion
systems. The knowledge development consisted of experimental, and simulation works on
different scale which has been also thoroughly presented in the four different scientific articles.

To support the primary objective, the current effort has included the development of a
biomass particle model. The model should be able to accurately predict particle combustion
behavior and, as a result, PM precursor release. The particle model must also be stable for a
variety of particle properties and combustion conditions. The developed model must be
sufficient to allow further implementation in a larger scale simulation and CFD analysis
framework. This work has been thoroughly explored in Paper I and II. The formulated particle
model in these papers were utilized further to support sub-grid scale biomass combustion
simulation in the furnace.

Papers I1I and IV investigated the design and construction of an advanced research-scale
biomass combustion furnace, as well as the formulation of an experimental approach for
observing PM formation and reduction in a biomass combustion system. The furnace should
allow for the flexible modification of a combustion setup, such as gas residence time in the
furnace, supplied air temperature, and varied mixing conditions, by modifying combustion
stoichiometric condition and secondary air injection. The furnace should also enable precise,
flexible, and real-time measurement of key combustion parameters such as temperature,



exhaust gas composition, and particle properties (concentration, composition, morphology, and
size distribution).

The larger simulation scale, i.e., the CFD simulation to predict the observed combustion
behavior, was also formulated in Papers III and IV. These articles presented a steady CFD
analysis that was later improved into a time-resolved CFD analysis. Full-scale combustion
simulations enable the quantification of global and instantaneous profiles of combustion
parameters. The correct prediction of gas composition and temperature distribution, as well as
gas residence time in the furnace, are critical in predicting PM emissions.

1.3.0utline

This thesis is presented as follow:

Chapter 2 is devoted to a discussion of the phases of biomass combustion, with a specific
emphasis on the relationship between these stages and PM formation and reduction. This
chapter also includes a description of standard modelling approaches for biomass
decomposition stages, combustion in the gas phase, and the formation and reduction of PM.

Chapter 3 describes the development of the experimental furnace, the experimental
method, and the key findings from the experimental campaign. This chapter also includes a
detailed discussion of the accuracy of data sampling.

Chapter 4 discusses the construction and results of single particle mathematical
modelling and simulation. This comprises heat and mass balance in a single particle system, as
well as the Stefan flow effect on heat and mass balance. This chapter also emphasizes the
significance of developing an accurate and efficient particle model that will be utilized in multi-
particle simulations, such as those used in biomass furnaces.

Chapter 5 is devoted to the formulation and discussion of the major findings of CFD
simulation in a biomass combustion furnace. This chapter presents and compares two modes of
CFD simulation: steady and transient. CFD simulation accuracy is compared against
experimental results. The quantitative and qualitative evaluation of PM formation and reduction
during biomass combustion is based on the results of CFD simulation and experimental studies.

Chapter 6 highlights the key findings of this study and offers a recommendation for
further research.






2. Biomass Combustion and Particulate
Matter Emission

2.1. Biomass combustion mechanism
2.1.1. Drying

Water exists as bound water, free water, and water vapor in the biomass matrix. Water is
taken up as bound water until all accessible adsorption sites are occupied, at which point it
becomes free water and fills the pores of the biomass [35]. Capillary forces and diffusion
generated by concentration gradients allow free and bound water to move within the particles.
Free water and bound water have distinctive characteristics in terms of movement and
evaporation. As a result, these two distinct types of water must be handled with care [36].

In the literature, the drying process is represented using three main approaches:
equilibrium, a heat sink (thermal drying), and Arrhenius (kinetics) models [37,38]. Equilibrium
models are extensively used to predict low-temperature drying, such as the drying of wood for
construction materials. The step function of evaporation is used in the heat sink model, which
might cause numerical instability. Due to its broad temperature range and high numerical
stability, the kinetics model is widely used. Both of these enhance the stability and accuracy of
models of fast drying conditions, particularly in high-temperature environments, such as
biomass drying in a high-temperature furnace [39].

2.1.2. Devolatilization

Pyrolysis and devolatilization are terms that are used interchangeably to describe the
thermochemical degradation of biomass in the absence of an oxidizer [36]. Biomass begins to
devolatilize at higher temperatures than water drying, i.e., over 350°C, and it may proceed in
stages, i.e., primary and secondary devolatilization, with multiple parallel and consecutive
reactions occurring. The formation and release of pyrolytic gases and solid char are part of the
primary stage. [40]. Pyrolytic gases are often divided into two components: volatile gas and tar.
A volatile gas is a gas mixture made up of lighter gas molecules than tar molecules, e.g., CO2,
CO, H, H2O, CHa, C2Has, and C2H> [41]. Tar is commonly characterized as a mixture of larger
hydrocarbon molecules such as CsHg, CsHeO, Ci10Hg, C7Hg [11,42]. Secondary devolatilization
happens during primary tar outbound movement. Primary tars participate in a variety of
complex reactions during this stage, including cracking, reforming, dehydration, condensation,
polymerization, oxidation, and gasification [43].

The Arrhenius reaction kinetic form is commonly used to simulate biomass
devolatilization. In the literature, various reaction schemes with varying degrees of complexity
and accuracy have been presented. The main distinction is if biomass is considered to be a
single compound [33,35,44-49] or divided into three lignocellulosic components, namely
cellulose, hemicellulose, and lignin [50-52]. The single compound assumption leads to a
simpler devolatilization scheme, as shown in Figure 1a and b, which include the global single
reaction and the competitive reaction models.



The inclusion of lignocellulosic components to simulate biomass decomposition is
proposed to follow the single and dual routes process as depicted in Figure 1c and d. The use
of different lignocellulosic compounds may allow for a more accurate prediction of soot
formation, as it was found to be primarily affected by lignin devolatilization [53—55]. Based on
various experimental observations during flash pyrolysis [56,57], the inclusion of active
compound in Figure 1d is considered to be more accurate model compared to the model with
the absence of active compound [58]. Furthermore, the mechanism shown in Figure 1d is also
found to have wide range application for different cellulose, hemicellulose, and lignin

compositions in biomass i.e., from £17% to 50% of each compound [59].
—> Volatile Gas
(a) Dry biomass — Volatile Gas + Tar + Char (b) Dry biomass +——Tar

r—> Volatile Gas Char
(c) Lignocellulosic Compound | > Tar
(Cellulose/Hemicellulose/Lignin)

— Char
. . . —>Tar
(d) Lignocellulosic Compound Active Compound  _|
(Cellulose/Hemicellulose/Lignin) (Cellulose/Hemicellulose/Lignin) —>(1-x)Volatile Gas + xChar

Figure 1. Different biomass devolatilization schemes.

2.1.3. Char combustion

The char produced by biomass devolatilization participate in heterogeneous char
reaction, which includes the interaction of remaining solid carbon (char) with oxidative gases.
A set of transport mechanisms and chemical reactions control the char conversion rate [60].
These include 1) film diffusion of an oxidizing compound, 2) diffusion through the ash layer
and particle, 3) adsorption onto the reaction surface, 4) chemical reaction, 5) desorption of
product gas from the surface, 6) diffusion of product gas through the particle and the ash layer,
and 7) film diffusion back into the ambient gas. Except for the chemical reaction (step number
4), the remaining steps are mass transport. Based on Thiele modulus (the ratio of overall
reaction rate to diffusion rate) and effectiveness factor [61], there can be three distinct regimes
of char conversion in a system, depending on whether the reaction occurs inside the particle, at
the particle surface, or both. The balance between mass transfer and reaction rates, which is
significantly influenced by temperature, is the most influential factor in determining reaction
location [61]. Exothermic combustion rapidly raises the surface temperature after ignition, and
the process becomes mass transfer limited for the majority of the time.

The simplification of char oxidation and gasification reactions, as shown in the reaction
scheme below, is widely used [36].
C+0,-CO,
C+C0,-2CO
C+ H,0-CO+ H,

2.1.4. Gas phase combustion

Gas phase combustion is the oxidation of volatiles in the presence of an oxidant, such as
oxygen. The gas phase reaction pathway is determined by the amount and composition of



volatile species. During the devolatilization stage, biomass is converted into pyrolytic gas,
which consists of several small molecules e.g., CO2, CO, Hz, H2O, CH4, C2Ha, and CoH; [41],
and larger hydrocarbon molecules, usually referred to as tar. The simulation accuracy of
pollutant formation is dictated by the accuracy of volatile species introduced from
devolatilization and their composition.

One of the key issues in development of biomass combustion models is accurate
prediction of biomass devolatilization products. Several earlier studies used a common
approach based on global energy and mass balance, which has been shown to provide good
agreement with experimental observations in a wide range of biomass samples [62,63]. Some
previous studies have also shown a development based on an advanced chemical percolation
devolatilization model (CPD) [64]. Various prior studies have used data from coal pyrolysis
systems to predict the pyrolysis product of biomass combustion [65,66]. The major challenge
with this model is that it has not been validated for a large variety of biomass samples [67].

In computational fluid dynamics analysis framework, gas phase reaction in biomass
combustion system is commonly modelled using species transport models i.e., finite-rate
kinetic/ eddy dissipation model (FRK/EDM) [68,69] and eddy dissipation concept (EDC) [70—
73]. The FRK/EDM model computes mixing and kinetic reaction rates at each cell, and the
combustion rate is determined by the lowest value of both. This model does not take into
account the detailed chemistry of reactions under mixing-limited condition. As a result,
predicting pollutants such as CO, NOx, and intermediate species remains as a challenge in the
FRK/EDM model [74].

The eddy dissipation concept (EDC) model proposed by Magnussen [75] provides the
capacity to incorporate specific chemical reactions required for prediction of pollutant
formation. In EDC, the reactions occur in so-called fine structures, and the rate of the reaction
is controlled by mass transfer between the fine structures and the surrounding gas [73]. This
model was developed primarily for highly turbulent flow conditions to compensate for the
interaction of turbulence and detailed reaction kinetics [72]. Therefore, the main drawback of
the EDC model is inapplicability to predict accurate temperature and gas species composition
in considerable low turbulent flow [76].

2.2. Particulate matter formation and reduction
2.2.1. Origin of particulate matters

Particulate emissions from biomass burning include particles with varying chemical
compositions that may be classified as inorganic ash particles, organic carbon particles, and
soot (elemental carbon agglomerates) [77]. These various particles are produced by different
phenomena within the combustion chamber. In summary, inorganic ash particles are formed
from inorganic elements that vaporize during combustion. These inorganic vapors nucleate as
the flue gas cools, forming ultra-fine particles that can grow by coagulation and condensation.
Incomplete combustion produces both soot particles and organic carbon particles. Organic
materials in the particulate matter are formed by unburned condensed organic vapor produced
during the devolatilization stage [78]. Condensation may occur at a colder place, such as near
the chimney.



In contrast to organic material, soot particles are generated inside the fuel-rich area of the
flame by complex mechanism from tar, PAC, and small molecules such as acetylene (C2H>)
[79]. These mechanisms include the formation of soot nuclei from gaseous hydrocarbons which
is followed by particle growth due to surface reactions, coagulation, and agglomeration [80]. A
soot particle can be oxidized in the oxygen-rich region of the flame under optimum combustion
condition. The conceptual route for the formation of particulate matter from these three
components is shown in Figure 2.

Particulate Matter

Condensed

: : 3 'tic Fly ash (inorganic
organic materials Soot particle y ash (inorganic)

A

Soot formation Fine ash particles (<1 micron)

Organic vapor

condensalion, adsorplion Inorganic Vapors
Orga g S

Pyrolytic gases (KOH, KCl, Zn, NaOH,..)

Dewvolatilization

Fuel particle
Figure 2. PM formation in biomass combustion, adapted from Sippula et al. [81].

2.2.2. Soot emission modelling

The soot formation and reduction modelling has been extensively developed for gasoline,
diesel, and liquid and gaseous fuel systems. The same model as used in combustion engines
was commonly applied to model soot production in biomass combustion systems. It does,
however, require information on the first precursors for soot production that were produced
during the devolatilization stage [11,42].

There are several models for soot formation and reduction available, which generally can
be classified into three categories [82] i.e., empirical, semi-empirical and detailed chemistry
models. One of the most widely used empirical models is the one-step Khan and Greeves model
[83]. It assumes that the formation of soot particles, i.e., the soot inception rate, controls the
soot formation process and ignores the precursors' stage. The empirical soot formation rate is
calculated as a function of pressure, unburned gas equivalency ratio, and temperature [83]. In
contrast to a model governed by a correlation derived from experimental data, the semi-
empirical model attempts to combine some physical and chemistry aspects. This usually leads
to the development of rate equations for reactions of soot precursors and soot particles with a
simple description of the chemistry, as proposed by one of semi-empirical models i.e., the two-
step Tesner model [84].

The more detailed models introduce more complex chemistry and uses less empirical
correlation as have been developed by several researchers e.g., Moss-Brookes [85], Moss-
Brookes-Hall [86] and Method of Moments models [87]. These three models account for
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various physical and chemical phenomena that occur in soot formation and soot particle
evolution, such as nucleation, coagulation, surface growth, and oxidation. The second model
extends the previous model's applicability to work not just for methane systems, but also for
heavier hydrocarbon systems. In contrast to the first two models, which do not take particle size
distribution into account, the Method of Moments model predicts soot formation using the soot
particle population balance method. It takes into consideration soot size distribution, where the
diameters of soot particles change dynamically throughout the combustion chamber.
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3. Experimental Studies

3.1. Experimental facility

A fixed grate-fired furnace as shown in Figure 3, was designed and built to investigate
the behavior of biomass combustion further. Paper III presents in detail the experimental
conditions utilized in the current work.

Orifice flow restrictor

r/— Thermocouple
E———
I,l/_ Flowmeter

Sampling points

Chimney

Gas analyzer

3.0 [m]

Removable baffles

Thermocouple

Biomass hopper

Secondary air intake

Venturi
vacuum system

Biomass intake door

Biomass layer
Flowmeter

Char layer

Grate plate
PM sensor box

Air heater .
Air compressor

Blower ; Y for air dillution

Primary air

intake
LPG stove Ash pit
Cover plate
Figure 3. Schematic view of the grate-fired furnace (red arrows indicate the gas flow and

dashed brown arrows show the biomass movement).

The biomass is fed into the grate through a hopper, and primary air is introduced into the
furnace from the bottom of the grate by a blower. A 13 cm orifice flow restrictor is installed in
the chimney to reduce air leakage into the furnace. Nevertheless, based on the comparison of
air flow rate measurement and oxygen measurement at the chimney, around 15% of air leakage
was still recorded. To minimize heat loss through the walls, 25 cm of insulation was added to
the furnace wall.

Type K thermocouples measure the gas temperature in the freeboard and are connected
to a DataTaker DT85 (Thermo Fisher Scientific, Australia) for data acquisition. The two
thermocouples method [88] is used in the present work to improve the accuracy of the gas
temperature measurement. The gas temperature is calculated using Eq. (1), which is derived
from the thermocouple's steady-state energy balance equation for smaller and bigger
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thermocouples as shown in Eq.(2). Here, subscript [, indicates the larger diameter thermocouple
and subscript s represents the smaller diameter thermocouple.

h(T, — Tp) = p0(Ty — T}) (1)
ep0(Tes + T2 (Tos + Tp)) (Tos — Tpt)  hs(Tos — Th)

T —_ > ) » ’ » ’ » ) T 2

g hs _ hl + hs _ hl + b,l ( )

A Kane 457 gas analyzer was used to record the CO2 composition of the exhaust stream
(Kane International Limited, England). This infrared CO; sensor has a 0.1vol% resolution, a 20
s response time, and a £0.3vol% accuracy.

The PM concentration is measured using SDS011 (Shandong Nova Fitness Co.Ltd.,
China), which monitors particles as small as 0.3 pm and provides PM2 5 and PMo concentration
values. The working principle of SDS011 is based on optical light scattering i.e., particles flow
through the sensor inlet and are channeled through a laser beam [89]. SDS011 can measure PM
concentrations as high as 999.9 mg/m?® for PMa s and 1999.9 mg/m? for PM o with a maximum
relative error of measurements up to + 15% [90].

Gravimetric analysis was also performed to validate the PM sensor value. To trap the
PM particles, a Particulate Respirator Filter 8210, N95 160 EA/Case from (3M, United States)
was used. This filter captures 95% of all particles larger than 0.3 pm in size [91,92]. During the
sampling period, the filter with its adaptor was placed in the PM trapping system. Following
that, the moisture content in the filter was removed by drying it in an oven at 90°C for 5 hours.
Furthermore, the PM deposited on the filter was examined using SEM using an FEI Quanta 650
Scanning Electron Microscopy (SEM) (Thermo Fisher Scientific, United States) [93].

The furnace design incorporates the following characteristics to better understand the
impact of different operating conditions on PM emissions:
e Baffle(s) in the freeboard that may be installed/removed to change the gas residence time.
e Adjustable primary and secondary air flow rates.
e Adjustable primary air pre-heating.
e Multiple on-line PM sampling points located at 100 cm, 145 cm, 175 cm, and 325 cm (at

the chimney) from the ash pit.

3.2. Experimental design

The coconut shell was chosen for this study because it has significant potential as a
renewable energy source, not only because of its high energy content (16-18 MJ/kg), but as
well as because it is a plentiful resource, particularly in tropical countries. Coconut shells were
crushed into 5x5 cm up to 10x10 cm size before it was used in combustion experiment. The
current biomass's proximate and ultimate analysis is summarized in Table 1.

Table 1. Ultimate and proximate analysis results (%adb)".

Ultimate Analysis (%omass) Proximate Analysis (Yomass)

Carbon Hydrogen Oxygen Nitrogen @ Volatile Ash Fixed Carbon Moisture
47.5 6.23 45.47 0.11 72.4 0.6 19.4 7.6
* adb: air dried basis or without free moisture content
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The combustion experiment began with the furnace heating up with an LPG heater and
continued with reloading 1 kg of biomass every 3 minutes until steady state operation was
obtained, as shown by constant average thermocouple readings from one biomass reloading to
another. Then, the specific biomass feed rate, 20 kg biomass per hour, was reloaded 1/60 every
minute i.e., 1/3 kg/minute, until the end of the experiments. The graphs in Figure 4 and Figure
5 depict the evolution of chimney temperature during the various stages of combustion.
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Figure 4. Temperature profile in the chimney during different combustion stages.
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Figure 5. Temperature profile in the chimney during 1/3 kg per minute reloading frequency.
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During the steady-state operation, all combustion parameters, such as gas composition
using a gas analyzer and PM concentration using a PM sensor and a PM filter, were recorded.
The typical PM and CO; signal from sensor measurement throughout the sampling time is
shown in Figure 6. The accumulated char was monitored after the final biomass was fed, i.e.,
during the cooling stage, by integration of the CO> concentration at the outflow until no CO»
was recorded. Because the sample gas from the furnace was diluted with air from the
compressor in the venturi, the PM signal from the sensor must be normalized. During the
sample period, an air-to-gas volume ratio of 50:1 was maintained in the PM sampling system.

1400 r 13
—PM10

1200 12
= — % C02
E
s 1000 - 1
3
=
S 800 10 3
£ O
= °
g 600 ; 9 2
=]
<
S 400 - 8
=
=

200 - 7

0 6
0 1 2 3 4 5 6

Time [minute]

Figure 6. PM 1o and CO» concentration measurements at the chimney during sampling period.

Several operating conditions were investigated to obtain information about PM emissions
from the combustion system. The amount of particulate matter (PM) in exhaust gases is affected
by residence time, temperature, and oxygen concentration within the furnace [94].
Consequently, the experimental design of the current work consists of the following operating
conditions:

1. Gas residence time (furnace with and without baffles installed)
2. Air preheating temperature (using LPG fueled air preheater)
3. Different stoichiometric condition (by varying excess air level)
Additional operating conditions explored to assess the measurement sensitivity include:
4. Biomass sizes
5. Biomass distribution on top of the grate
The current work includes experiments at eight different operating conditions, including
different furnace designs. Each experiment includes 5-10 biomass re-loadings, and the various
experiments and corresponding operating conditions are summarized in Table 2 and Table 3.
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Table 2. Operating conditions in the main experimental plan.

f
. % Excess Air temperature Number o Total number of
Experiment ID air ©C) Baffle repeated measurement data

experiments

Exp 1 90 30 No 5 35

Exp 2 90 70 No 3 22

Exp 3 80 30 No 2 12

Exp 4 90 30 Yes 2 14

Exp 5 90 75 Yes 2 14

Table 3. Supplementary experiments to assess measurement sensitivity.

Experiment Biomass size Biomass Number of repeated Total number of

ID (cm) distribution experiments measurement data
Exp 6 4 Uniform 1 10
Exp 7 7 Uniform 1 8
Exp 8 5-10 Centered 1 5

*all experiments in Table 2 use 90% excess air, no baffle, and primary air at 30°C.

3.3. Convolution method

Both the CO» gas analyzer and PM sampling system are considered as a non-ideal plug-
flow system. Therefore, it is important to account for the hydrodynamic dispersion that occurs
inside the piping systems and sensors when comparing the CFD results with the experimental
observations. The CFD result should be convoluted by the residence time distribution (RTD)
for the specific measurement system.

The residence time distribution (RTD) inside the respective sampling system was
determined using step response experiments with constant CO2 and PM sources. The sampling
probe was attached to the constant source and maintained for several minutes to ensure that the
sensor's reading value remained constant. The tracer's RTD during the step response experiment
is given by Eq (3). The final RTD curve from the CO2 and PM sampling systems is shown in
Figure 7. The RTD is then used to convolute the result obtained by CFD simulation using the
built-in function conv in Matlab 2018b (The MathWorks, USA).

C(t)

E(t) = W (3)
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Figure 7. The residence time distribution of PMio and COz in the respective sampling system.

3.4. PM measurements
3.4.1. Accuracy of PM sensor

The accuracy of the PM sensor was evaluated by comparison with results from
gravimetric analysis. A comparison from three different locations in the furnace is shown in
Figure 8. For the three different sample locations, the ratio between the gravimetric analysis to
PM sensor was 1.45, 1.88, and 1.55. These numbers are consistent with the results of Schwarz,
A.D., et al [89], which showed that gravimetric analysis produces 1.56 times higher PM
concentration than the PM sensor. This signifies the precision of the current sample system to

be used for measuring PM concentrations.
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Figure 8. Comparison between PM filter N95 and PM sensor SDS011 at different sampling
locations inside the furnace.
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3.4.2. PM morphology

SEM analysis reveals the presence of both individual particles and particle agglomerates
on the filter. After a sufficiently significant loading, a PM cake can form on the filter's top layer.
The SEM result confirm the ability of PM sensor to measure PM concentration in the biomass
combustion system since the particles are observed to be averagely 1 um in size.

PM agglomerate

Filter fiber

Individual particles

Figure 9. SEM result of PM collected on the filter for Exp1 at 325 cm (chimney)
measurement position

3.4.3. Sensitivity of PM measurement

The PMio concentration is highly sensitive to how the biomass particles are distributed
over the grate as reported in Figure 10. Poor mixing of flue gas and air, as well as an unfavorable
air/fuel ratio, are seen to cause higher PM concentrations in the centered pile of biomass (Exp9)
experiment compared to the uniformly distributed biomass. Meanwhile, biomass sizes are

shown to have no significant effect on the final PMi¢ concentration in the range of examined
conditions.
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Figure 10. Average PMo concentration and standard deviations in the chimney for
supplementary experiments.
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4. Single Particle Modelling and Simulation
Studies

4.1. Model formulation for biomass particle pvrolysis and combustion

The particle model is developed by taking into account the model's ability to handle
important physicochemical phenomena in biomass pyrolysis and combustion, such as arbitrary
reaction kinetics, local varying material properties, heat adsorption by evaporated gas, gradient-
driven transport mechanisms such as water movement by diffusion inside the biomass matrix,
and inclusion of the effect of Stefan flow on the heat and mass transfer rates at the particle
surface. The 1D transient particle model is formulated as described in the next sub-section.

4.1.1. Heat and mass balance
The global energy conservation equation for 1D transient simulation follows Eq. (4).

T _10 ., oT v, T
zpk Pkar = “ar( Aeff)a rvprgA ar

dprw dpbw ar .
+ waCpfw dr +waCpbw dr dr AHdryrvdry AHdevrv,dev

“
Here superscript a depends on the biomass geometry (0 for planar, 1 for cylinder, and 2
for sphere). The term on the left side of Eq.(4) shows the accumulation term. The boundary
condition for the heat balance at the particle surface follows Eq.(5). Heat conduction into the
particle is balanced by heat transfer from or to the particle's surroundings by convection and

radiation, as well as heat from the char reaction at the particle surface.

oT )
Aerr or - heff(Tbulk - Tsurf) - Uw(Tsurf4 - Twall4) — AHcparTs char (5)

Eqgs.(6) to (9) explain the mass evolution of dry wood, free water, char, and bound water.
The density adjustment due to particle shrinkage and swelling is taken into account in the last
term on the right side of each equation. The gradient of free and bound water drives the water
movement via diffusion, and this physical phenomenon is accounted for in the first term on the
right-hand side of Eqs.(7),(8) and (9).

dpp . pp AV Oprw 1 0 pfw Prw AV
= ——— (6 — " =— (72D 7 7
ar = Tvae =y g © ot —raar T Prw) 5 —keppw —mar D
dp. pcdv Oppw 1 0 apbw Pow AV
9pc _ Pl g — % yap, yZPoW 4 9
o =y ® 9t~ ragr Do) =5 = ks pow == O)

The porosity evolution inside biomass is expressed in Eq.(10).

de __ (9py , 9pc  0ppw  Oppw) (=) (1-8)dV
ot Jat ot ot ot Drot vV dt

(10)

The volume change caused by shrinking and swelling during drying, pyrolysis, char
gasification, and oxidation is given by Eq.(11).
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d_V — Vo(ﬁm - 1) " + Vo(ﬁb - 1)7.‘ Apf's,char (11)
dt "~ prwy + Powy pry VYT prot

Bm and (B, are the swelling or shrinking parameters for drying and devolatilization. Table

3inP

aper I summarizes the supporting equations for heat and mass balances. Due to the

influence of Stefan flow, the nominal Nusselt and Sherwood numbers need to be modified to
predict the correct rate of heat and mass transfer to the particle. Table 4 in Paper I summarizes
the nominal Nusselt and Sherwood numbers before the correction due to Stefan flow for various

particle geometries
The following assumptions are made in the current simulations:

1)
2)
3)
4)

S)
6)
7)

Gas behaves as ideal gas.

Secondary devolatilization is not considered.

Solid biomass is in local thermal equilibrium with the evaporated gas.

Particle shrinking only occurs at the char reaction stage. The exclusion of particle
shrinking and swelling during drying and pyrolysis is due to the lack of evidence of
particle volume changes during drying and devolatilization in the experimental data
used for validation [36].

Char oxidation and gasification only occur at the particle surface.

The ash layer has high permeability due to the significant Stefan flow rate.

Due to the low density of gas in comparison to the solid biomass, the heat capacity of
gas in the accumulation term is neglected.

The particle model that has been formulated was subsequently used to simulate the
pyrolysis and combustion of poplar wood particles as listed in Table 4 as Case A to D. The
kinetic rate data has been summarized in Table C.2. in Paper 1.

Table 4. Experimental conditions from Lu et al.[36].

Experiment condition Case A CaseB CaseC CaseD
Wall temperature (K) 1276 1276 1276 1276
Gas temperature (K) 1050 1050 1050 1050
Initial moisture content (wWt%) 6 6 40 40
Gas material Nitrogen Nitrogen Nitrogen — Air
Particle shape Sphere  Cylinder Cylinder Sphere
Particle material Poplar Poplar Poplar  Poplar
Particle diameter (mm) 9.5 9.5 9.5 9.5

4.1.2. Orthogonal collocation particle discretization

In modelling thermally thick particles, the non-uniformity of temperature is expected to

be significant. As a result, a modelling technique that provides spatial and temporal resolution
is required, as demonstrated by various studies using mesh-based and interface-based
discretization methods. The current study presents a different approach based on the orthogonal
collocation method, which has been shown to be numerically efficient with high degree of

accuracy.
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The orthogonal collocation method discretizes the biomass particle into collocation points
and solves the governing equations at each collocation point. To determine the value at an
observed point, the orthogonal collocation method uses values from all discretization points, or
collocation points. This leads to a significant reduction of numerical grid points compared to a
mesh-based model.

The orthogonal collocation method approximates the solution of differential equations
using orthogonal polynomials. There are several orthogonal polynomial trial functions that can
be utilized with different orders of x and among the most common functions is shifted Legendre
orthogonal polynomials, which is constructed as a function of x2. The expanded solution for
temperature at a collocation point using shifted Legendre orthogonal polynomials is described

in Eq. (12), where N is the total collocation points.
N+1

T(x) = ) dixf=? (12)
i=1

The shifted Legendre orthogonal polynomial is defined in Eq.(13) with a =1, 2, or 3 for
planar, cylindrical, or spherical geometry, respectively.

1
f W(x?) P (x?)Pp(x*)x*1dx = 0 k<m-1 (13)
0

The coordinates of the collocation points are provided by the roots of shifted Legendre
polynomials, as shown in Table B.1. in Paper I. The first and second derivatives of Eq.(12)
follow the forms that are presented in Eq.(14) and (15).

dT N+1
— (%)= Z dy(2i — 2) x773 (14)
N+1l_1

2
4T ) = > dii-3@i- (15)
i=1

dx?
In matrix form, the expanded solution for all collocation points in Eq.(12) from the first
point (i =1) to the last point (i =N + 1) follows:

Ty [ o  xdY Jpdg
[ 1 | 2 4 2N |
| T2 | |1 X2 X3 X2 || dy |
| T3 1=11  x2 x5 2Vl ds | (16)
N P Do el
lTN+1J |1 X1 XNg1 e XENa | ldN+1J
or T = Qd (17)

In order to solve the remaining unknowns in Eq.(17), which are T and d, the substitution
from the solution for all collocation points to the solution for each collocation point was

performed with d matrix substitution.
d=0Q'T (18)

N+1
T(x;) = (Z xfi‘z) Q'r (19)

i=1
Since the remaining unknowns are equal to the total number of equations, the last form
of the temperature expansion in Eq.(19) may be solved. The remaining unknowns are

contributed from N + 1 number of T(xj). The N + 1 equations consist of the N number of
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Eq.(19) at each collocation point and one additional equation originating from the surface

boundary condition. The choice of trial function x]-Zi_2 in Eq.(12), automatically ensures that

the symmetry boundary condition at the center of the particle is fulfilled at each instance in
time.

A similar approach may be used to the temperature's first and second derivatives, which
are summarized as:

N+1
dr o 2i-3 dT _ dT
1=
d*tT d*T <« dT
— L= [ — [ — Zi_4 R L) = .. -1 —
== Dd—>Dj; = (2i — 3)(2i — 2)x; > (%) = (; D )Q T%W(xj) = BT (21)

At this stage, the first and second derivatives of the temperature substitution with
orthogonal collocation coefficients (4 and B) in Egs.(20) and (21) can be used to solve the
global heat balance in Eq.(4). The orthogonal collocation methods requires that the space
variable is converted into dimensionless form, with values ranging from 0 at the center to 1 at
the surface, as shown below:

oT 10T d*T 1 d*T

r = xR —_ = =
Jor Rox dr? RZdx?

The final form of the PDE heat balance at a collocation point in Eq.(4) is thus converted

into an ordinary differential equation (ODE) system, as summarized in Eq.(22).
N+1 N+1

O Ags,
Z pk'ijk'jE = xeaRé ax (Z Aj,iTi> + x4 <Z Bj,iTi>
i=1 i=1

N+1

%4
. p
- rv,gas,j Cpg,j RAp <Z Aj,iTi> (22)
1=

N+1 N+1 N+1

Z Aj,ipfwi> + Dpw,jCPpw,j <Z Aj,ipbwi> Z AjiT;
= -1 =1

=1

| Drw,iCPrw, (

- AHdTy‘frV.dTy,j - AHdev,jrv,dev,j

Another set of equations, i.e., boundary condition and component balance, must be
transformed into the orthogonal collocation format. This can be done by following the
conversion of heat balance in Eq.(22) i.e., converting the dimensionless space notation and
replacing the derivative term with the orthogonal collocation coefficients.

MATLAB 2016b® was used to simulate the system of coupled algebraic-differential
equations, specifically the built-in ODE solver (odel5s). For the purpose of validating the
accuracy of the orthogonal collocation method, the partial differential equations were solved
directly with the built-in PDE solver (pdepe). A numerical accuracy test was performed by

comparing the simulation results at the experimental conditions that are summarized in Table
4.
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Figure 11. Grid independency test for simulation of a 9.5 mm spherical particle, (a)
temperature profile, (b) normalized mass loss, and (c) temperature inside particle using six
collocation points.

The results from the grid independent study are summarized in Figure 11. According to
the analysis, using six collocation points achieved the highest degree of agreement with almost
the same accuracy as the PDE solver, which uses 200 computational grids. The utilization of
more than four collocation points was found to produce insignificant improvement in the
simulation results. However, six collocation points were used for the rest of the analysis, which
gives a margin for reaction kinetic schemes with higher activation energies which cause
narrower reaction zones inside the particle. The computational efficiency was maintained since
the computational time did not increase drastically by utilization of six collocation points.

4.1.3. Moving coordinates

Temperature profile based on the heat balance in Eq.(4) must be corrected as a result of
the orthogonal collocation method's conversion of the spatial variable into dimensionless form.
The accumulation term must be revised during particle shrinkage since the space variable is
confined between 0 and 1, even while the physical dimension, i.e., particle radius, varies over
time due to char reaction (R = f(t)). The corrected temperature is given by Eq.(23)

10T OR
Thew = Tora + E&Edt (23)
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In the first derivative form, Eq.(23) gives:
OTnew _ 9Towa , 1dT dR

at  dt = Rdxdt

Eq.(24) can be replaced with the accumulating term in Eq.(4) to produce a modification

of the accumulation term, as presented in Eq.(25). Eq.(25) is discretized using orthogonal
collocation, as presented in Eq. (26).
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The relevance of incorporating the moving coordinate term in modelling a shrinking
particle is presented in Figure 12 for simulation of a 9.5 mm diameter spherical particle. The
difference is not significant considering the minor effect it has on the evolution of the predicted
particle mass and radius. In Eq. (25), the 9T /dx term cancelled dR/0t, this resulted in a minor
difference in temperature and mass evolution. As a result, this effect was neglected in the
current study.
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Figure 12. Comparison of normalized mass loss and radius for simulations with and without
moving coordinate term for combustion of a 9.5 mm spherical particle.

4.1.4. Source term evaluation

Inside a biomass particle, the decomposition is a continuous process that progresses from
the particle surface to the particle center at a rate defined by the propagation of the heat wave.
The reaction rate is determined only at certain collocation points using the orthogonal
collocation approach. Because the temperature was insufficient to start the reaction at the inner
collocation points while the reaction was finished at the outer collocation point, the use of a
kinetic rate with very high activation energy or a small reaction zone resulted in an unsmooth
transition. This may result in a fluctuation of the mass loss and an uneven release of pyrolytic
gases and water vapor, which might cause challenges to obtain convergence in CFD
simulations.

The use of more collocation points is expected to alleviate this problem. However, this
will increase the computational cost. An alternative solution used in the current work is to
expand the coverage of the reaction rate at one specific collocation point. The idea behind the
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improvement is to evaluate the reaction rate in the area between each collocation point and
bring the average reaction rate over the area into the collocation point. The mass weighted
average was used to calculate the average reaction rate which follows Eq.(27), where k=
reaction and components index, i = collocation points index, j = Euclidean points index and [ =
expansion points index.

. E
_ f:}:l Ay, exp (‘ ﬁ) X Pri X Argyer, dr
Toki = - X pi
frrj]:rll Pk, X Alayer,l dr
(j+ 1) and (j — 1) are the Euclidean points to a collocation point's left and right side.
The Euclidean point was calculated based on the middle position of adjacent collocation points.

Ajayer,j 18 the area perpendicular to the expansion layer, which is, 4mr? for spherical, 2nrLy, p

27)

for cylindrical, and L, X W}, for planar geometry. The reaction rate was evaluated for expansion
points that were located between two Euclidean points, and the mass weighted average reaction
rate was used as the reaction rate source term at each collocation point.

Based on the interpolated temperature and density values, the reaction rate at the
Euclidean points and any other expansion points outside the collocation points were
determined. Different interpolation methods were employed herein for density and temperature
as discussed below. The solution of the expansion form of temperature may be used to compute
temperature in Eq.(12), as long as the value of d is available. The value of d is calculated using

Eq.(18) since the value of @, which is a function of x, and T are available.
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Figure 13. Normalized mass loss results with and without improved resolution of reaction rate
(using Eq.(27) for a 5 mm spherical particle).
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The density at the expansion points were interpolated using the piecewise cubic hermite
polynomial method, which has been proven to produce better results than quadratic and linear
interpolations in assessing the reaction rate correction in the sub-grid scale models [95]. The
piecewise cubic hermite polynomial method using a third-order polynomial to calculate the
dependent variable at the observed point is shown in Eq. (28). The coefficients of the cubic
interpolation are derived from the value from adjacent points [96].

pre() = a(x = x;-1)° + b(x = x;-1)* + c(x = x;-1) +d (28)
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Figure 13 highlights the importance of using improved resolution of the reaction rate
source term particularly when the devolatilization reaches the inner collocation points where
the distance between the points is wider.

4.1.5. Stefan flow effect

The nominal Nusselt and Sherwood number formulation, as summarized in Table 4 of
Paper I, has to be modified by accounting for the gaseous flux out from particle, i.e., Stefan
flow. The corrected Sherwood and Nusselt number formulation from Michaelides [97] was
utilized and compared with the simulation without any correction due to Stefan flow as
summarized in Figure 14. It is assumed the material is isotropic allowing an even flow of gas
through the boundary layer, while in reality the flow can be larger in the fiber direction and also
effected by intermittent bursts due to cracks in the material.
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Figure 14. Comparison of simulations results with and without accounting for the Stefan flow
effect for combustion of 9.5 mm spherical particle.

The Stefan flow effect began to make a significant contribution when the particle surface
reached the char reaction temperature (about 800 K) at t>5 s since the Stefan flow limited the
oxidative gas from penetrating the particle surface boundary layer. Since the exothermic char
reaction has almost as strong influence as the contribution from radiation heat, the reduction in
the char reaction rate had a major impact on the total heat and mass balance. Based on this
assessment, it can be concluded that accounting for the Stefan flow in particle combustion
cannot be neglected.

4.2. Single particle pyrolysis and combustion modelling using orthogonal collocation
4.2.1. Pyrolysis experiment

A comparison of the present simulations with pyrolysis experiments is shown in Figure
15a-d. Particle surface temperature, particle center temperature, and mass evolution during
conversion were selected as the criteria to evaluate the agreement between simulated and
experimental findings.

Figure 15a shows that the predicted mass loss was quite close to the experimental data
for different particle characteristics. The dry spherical particle displayed faster mass reduction
than the dry cylinder and wet cylinder particles. Furthermore, both dry particles leveled out at
lower mass loss than the moist particle, as predicted.
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Figure 15. Comparison between simulated and measured (a) normalized mass loss for Case A,
B, and C, (b) temperature for Case A, (c) temperature for Case B, and (d) temperature for
Case C.

The only significant difference in temperature prediction was related to the prediction of
the center temperature, as shown in Figure 15b. The literature [36] has addressed the difficulty
of measuring the center temperature of a spherical particle. Unreliable measurement is thought
to be the result of lateral heat conduction from the thermocouple's outer parts, which leads to a
rapid increase in the center temperature.

The mesh-based model is the most sophisticated model and is expected to produce more
accurate results because it uses higher resolution than the orthogonal collocation-based model
and the interface-based model. However, the comparison shown in Figure 15b-d suggests that
the orthogonal collocation approach can maintain simulation accuracy. The comparison with
previous simulations leads to the conclusion that the current simulation produced almost similar
accuracy as with the mesh-based and the interface-based models. These results are promising
considering that the present study does not rely on tuning physical parameters and that the
surface boundary condition is determined directly from the balance equation of heat transport
at the particle surface. In some published studies, physical model parameters have been tuned
e.g., heat of devolatilization and shrinkage factor, and occasionally experimentally determined
surface temperature has been used as boundary condition to improve the simulation result.
Notably, the experimental uncertainties for temperature readings were rather substantial, as
seen by the large error bars, making it difficult to determine which of the models agrees best.
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4.2.2. Combustion experiment

The particle combustion simulation results are shown in Figure 16a and b, and includes
surface temperature, center temperature, and normalized mass loss as a function of time. The
prediction of the normalized mass loss nearly overlapped with the experimental data.

However, there were significant differences in the prediction of center and surface
temperatures, as shown in Figure 16a. The disparity in center temperature, as previously
explained in the preceding section, is caused mostly by the inaccuracy of the thermocouple
measurement. Because the particle began to decrease while the thermocouple bead stayed in its
constant place, the surface thermocouple did not measure the right temperature. When the
particle began to shrink, the surface thermocouple began to monitor the gases around the

particle rather than its surface.
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Figure 16. Comparison between simulation results and experimental data for Case D, (a)
particle surface and center temperatures (b) normalized mass loss.

When compared to prior simulations, the mesh-based simulation from Lu et al, which
neglect the existence of flame in the gas phase, provided comparable results to the collocation-
based simulation, which also excludes the presence of flame in the gas phase (red line in Figure
16). Meanwhile, Mehrabian et al. and Gomez et al. interface-based model, which includes flame
due to combustion in the gas phase using CFD simulation, produced a significant offset
compared to the other two simulation methods but gave a prediction closer to the experimental
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temperature. Mass evolution is more reliable to use for model validation considering the
significantly lower error bars for mass evolution than for temperature measurements.

A sensitivity analysis of the shrinkage factors due to drying and devolatilization was
performed and summarized in Figure 17. The shrinkage factors due to drying and
devolatilization are accounted for in the model by the parameters S, and S, in Eq. (11).
Various shrinkage factor values were chosen based on values provided in the literature i.e., 20%
[36], 25% [39], and 50% [32]. The recommended values were only used as shrinkage
parameters due to devolatilization in this current investigation. The investigation demonstrates
that the larger the value of the shrinkage factor, the faster the particle conversion. As shown in
Figure 17, 20% shrinkage factor gave better result compared to the nominal case without
particle shrinkage.

1

] ] - 5%10° § Mass - experiment

_—$=::— e Mass - 0% shrinking

I \\\ = : === Radius - 0% shrinking
— ~ : \\\ . = Mass - 20% shrinking
ED 0.8~ N \ -4x10 == Radius - 20% shrinking
E I \ v \ \ Mass - 25% shrinking
0 ) \ \ Radius - 25% shrinking
': r \ \ \ s = Mass - 50% shrinking
& ool \ \ \ 1310 Dj—— Radius - 50% shrinking
S X Ty Z
% 5
= | , ! \ \ . F
5 04 ‘ i \ \ H2x10° E
| | \\ \\
g | |
é 0.2 I | \ 107
z " | \ \

| Voo
| /@ \ ] \\ \
0 o I . I e N 1'-.—'\-5-5 0
0 20 40 60 80 100

Time [s]

Figure 17. Sensitivity analysis of particle shrinkage.

Even better prediction of particle mass and temperature is obtained by inclusion of
radiation from flame due to combustion in the gas phase as depicted in Figure 16 with purple
line. The radiative heat source was included in the heat balance at the boundary condition in
Eq. (4) by assuming that the flame temperature was 2000 K and the gas emissivity was about
0.2. A dynamic coupling of solid and gas phase is required to predict accurately fluctuating and
uninformed radiative feedback to the solid which will affect the conversion of the biomass
particle [98].

4.2.3. Model efficiency

The simulation time was recorded and compared to previous works to quantify the cost
of implementing the new particle model, since efficiency is a crucial factor to consider when
determining whether the particle model can be implemented as a sub-grid function in CFD
analysis. The simulation time in the present study depended on the number of collocation points
and was in the order of seconds, but the time can be further reduced by code optimization and
compilation.

A previous study using the mesh-based discretization method recorded that at least 2930
seconds (48 minutes) were required to simulate experimental Case B [19]. The findings show
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that the simulations are three orders of magnitude faster while keeping the same accuracy as
the mesh-based model. The short simulation time needed in the present study was considered
promising in that a single particle can be implemented in a CFD analysis to describe a bed of
particles, which allows full coupling with local gas flow and the temperature surrounding the
particles.

4.3. Mass transfer to and from a particle with Stefan flow effect
4.3.1. Model formulation

In particle combustion and pyrolysis, there is a convective outflow from the particle due to
drying and devolatilization that influence the diffusional transport and the penetration of
convective flow from the surrounding gas to the particle surface. Therefore, instead of only
considering the flow from the surrounding gas, the net flow between Stefan flow and the
surrounding gas flow should be utilized to predict a more correct heat and mass exchange from
or to the particle surface.

Using a total mass flux at the surface, an analytical method for predicting mass transfer to
and from a particle with the Stefan flow effect was derived. The dimensionless number, An =

uIS)R, is used to calculate the final form of mass transfer in the particle film layer. Assuming that

there is no change in film thickness due to Stefan flow, the final form of the analytical solution
for the corrected Sherwood number can be expressed as Eq.(29). The detailed derivation has

been presented in Paper I1.

2.An

Shess = Zam (29)
eSh —1

The degree of accuracy and range of applicability of the analytical solution was evaluated
further by a comparison with CFD simulations and compared with classical Sherwood number
corrections due to Stefan flow.

4.3.2. CFD simulation of Stefan flow effect

The current analytical solution for an effective Sherwood number due to the effect of
Stefan flow was validated by comparing the results from the analytical solution with CFD
simulation using ANSYS Fluent. The CFD simulations presented here are constrained to
laminar flow, i.e., bulk Reynolds numbers < 800 and low particle Reynolds numbers, Re,,
where mass and heat transfer are steady. For the current spherical particle study, the particle
Reynolds number was kept below 150 to maintain a steady Sherwood number and avoid
periodic vortex shredding.

A particle was modelled as a thin hollow sphere with the thickness 0.01 d,,. A very fast
irreversible reaction of A — A" at the particle surface was used, which produced zero
concentration of A everywhere except on the particle surface. The stoichiometry of A — A*
eliminates a net flow due to the reaction. The source of Stefan flow was a mass source in the
thin particle surface which produced the same flow rate in all directions. This setup corresponds
to a particle with equal heating rate on the whole surface e.g., by uniform radiation or very high
heat conductivity. Simulations were done for a range of Stefan flow.
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The computational domain was cubic with a length 20 times larger than the particle radius
to avoid any significant velocity increase around the particle. A high-quality mesh of prism
layers in the surface region were used as depicted in Figure 18 to minimize numerical diffusion.
Mesh independent result was achieved for 3.3 million cells after an adaption that used the
gradient of species and pressure.

The boundary conditions used in the simulation were: the inlet flow was set as velocity
boundary condition, the outlet condition was set as outflow, a free slip condition at the walls,
and no-slip condition at the particle surface. The continuity, momentum and species balance
were calculated using Egs.(30), (31)and (32) in ANSYS Fluent 19.0 [99].

d ,
6_5,? + V- (pv) =S, (30)
a - e = - =
E(pv)+V-(pvv)=—Vp+V-(T)+pg+F (31
d . .
E(PYJ +V-(pY) ==V, +R +5; (32)

The pressure-velocity coupling was handled using the SIMPLE algorithm, and the
equations were discretized using second-order accurate schemes. The governing equations were
solved using a segregated solver approach.

Figure 18. Cross section in the computational mesh.

The formation of A* was limited by the transport of A to the surface. As a result, the
Sherwood numbers for transport with Stefan flow may be approximated using the net outflow
of A, as presented in Eq.(33), or from the outflow of A*, as presented in Eq.(34). The third way
of determining the Sh number was using the volume integral of the reaction rate in the porous
volume, as given by Eq.(35). To verify the simulation accuracy, the Sherwood number
evaluations from those three distinct approaches were compared.

d
ShCFD = —pA f Uy CydAinier — f Uy CadApytier (33)
p

Ainlet Aoutlet
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Shepp = . < outtet A — usCy; (34)
b

dp
Shepp = —DAACA A, J radV 35)

porous

4.4. Sherwood number correction with and without Stefan flow
4.4.1. Sherwood number correction without Stefan flow
A new model was developed and fitted with the results of the CFD simulations. The new
Sherwood number without Stefan flow follows Eq.(36).

Sh = 2 + 0.486 Re0-5345,0-408 (36)

This new model gave a significantly better fit compared to CFD simulation data as seen
in Figure 19 compared the old Sherwood number formulation e.g., Ranz-Marshall [100], Clift
[101], and Frossling [102], particularly at high Sc¢ number.

Sh =2+ 0.522 Re'/?5c'/3 Re < 150;0.5 < Sc < 2 (37)
Sh =2+ 0.6 Re'/25c/3 Re <150;05<Sc<?2 (38)
Sh=1+(1+ Re Sc)l/3f(Re) Re < 400;0.24 < Sc <100 (39)
14
¥ :CFD
©  : Ranz-Marshall
121 4 :clift
A :Frossling
10} | =—— : Model proposed

Sherwood number from model and CFD
oo

2 4 tls 8 1|0 1‘2 14
Sherwood new model
Figure 19. Comparison between the new model (the solid line), CFD simulation and old
Sherwood number correlations in different range of Sc numbers (0.5<Sc¢<3).

4.4.2. Sherwood number correction with Stefan flow
In this sub-section, the validation of the analytical solution of Sherwood number
correction due to Stefan flow is compared with the CFD simulation results. The simulations
and calculations were conducted not only for system with even and uneven Stefan flow but also
for different Schmidt, Andersson, and Reynolds numbers. Two classical Sherwood number
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corrections due to Stefan flow are also presented, i.e., the Spalding [103] and Abramzon et.al.
[104] correlations.

The best agreement between simulation results of even Stefan flow and calculation from
the new model is obtained with Eq.(40). The calculated Sh, from Eq.(40) is used to calculate
the effective Sherwood number in Eq.(29). The formulated model in Eq.(40) contains the
dependence on An/Sc which allows to reduce the model residual to less than 3% and reduce
residual dependence due to different Schmidt number. A comparison between the new model
and the traditional models from Spalding [103] and Abramzon et.al. [104] is provided in Table
5 which demonstrate the new model's capacity to predict the Sherwood number better than
previous models.

Shy = 2 + 0.486 Re®5345¢0408 _ 0,0576 An049/Sc141 (40)

Table 5. Summary of models for Sherwood number with even Stefan flow

Model Formulation Relative error range
Shess = = with

Proposed eSho—1

model Shy = 2 + 0.486 Re®5345c0:408 -0.02 10 +0.03

— 0.0576 An®4%/Sc141
Spalding [103] Shess = 1“(;3“) Sho with By = 20 -0.12 to +0.03
Shepp = DM g with She = 2 + 292 and
Abramzon By Fym 0.2 t0 +0.1
In(1+ B e :
et.al. [104] Fo = (14 By)®7 + X ~ m)
M

The majority of empirical data on evaporation and empirical models are created for
convective heating systems, which induce an uneven Stefan flow in the boundary layer.
According to the present CFD analysis, approximately 72% of the mass transfer to a particle
occurs in the upstream half of the particle surface. The current study also discovered a marginal
difference in film thickness between the even and uneven Stefan flow as depicted in Figure 20.
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Figure 20. Contours of concentration of C4 = 0.95Cy 5,1 With and without Stefan flow.
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Sherwood number

Slight modification of Shy from Eq.(40) for even Stefan flow is needed to obtain good
prediction of mass transfer to particles experiencing uneven Stefan flow as prescribed in
Eq.(41). The calculated Sh, from Eq.(41) is used to calculate the effective Sherwood number
in Eq.(29). This proposed model gives residual error less than +4% compared to the CFD
simulation results. The current model is proven to be more accurate in predicting mass transfer
in systems with uneven Stefan flow compared to the traditional models, e.g., Spalding [103]
and Abramzon et.al. [104] correlations, as reported in Paper II.

Shy =2 +0.486 Re®%3* 5c4%8 — 0,118 An/Sc"?5 (41)

A comparison between the proposed model and the traditional models is provided in
Figure 21. Existing models have mainly been developed for water evaporation and produce
quite accurate prediction for water evaporation with Schmidt number close to 0.66 at 300 K.

10
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* CFD * CFD
New model —New model
~ ~ ~Spalding — — ~Spalding
_____ Abrahamzon —-—-—Abrahamzon

Sherwood number

Andersson number Andersson number

Figure 21. Comparison between models with (a) even Stefan flow and (b) uneven Stefan flow
at Re = 66 and different Sc numbers.
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5. CFD Analysis of Biomass Combustion in
The Grate Fired Furnace

This chapter expands on the CFD simulation research to predict the behavior of biomass
combustion in the experimental facility that was presented in Section 3. In the current
investigation, two simulation approaches were used: steady and transient simulations. The
global behavior of biomass combustion at various combustion conditions was predicted using
steady simulation. To verify simulation accuracy, average values of several key combustion
parameters, such as temperature and CO» concentration, were compared to experimental results.
The flow field characteristics inside the furnace were further used to provide a better
understanding of the PM emissions obtained in the experiments. Eventually, the discrete
particle model (DPM) was utilized to predict the kinetics of PM reduction throughout the
furnace.

Furthermore, transient simulations were carried out to obtain a better understanding of
the biomass combustion characteristics over a biomass reloading cycle. In this simulation study,
the use of a more detailed devolatilization scheme was investigated by including lignocellulosic
components and estimating pyrolysis products. To ensure modelling accuracy, the dynamic
profiles of CO2 and temperature over one biomass reloading cycle was compared to the time-
resolved experimental values. The influence of different lignocellulosic components on PM
emissions was then assessed qualitatively and quantitatively. Local flow field condition from
CFD analysis over one biomass reloading cycle can provide a better understanding of PM
formation and reduction mechanisms during biomass combustion e.g., local and instantaneous
PM precursors concentration, oxygen concentration, and temperature level.

5.1. Steady CFD simulation
5.1.1. Global mass balance analysis

Based on the reaction scheme (R.1-R.3) and the ultimate and proximate analyses in Table
1, a global mass balance calculation was formulated. These reactions include thermal
decomposition of biomass, vaporization of bound water (7.6%), formation of volatile matter
(72.4%), and solid char (19.4%) in reaction R.1. Volatile gas is burned in reaction R.2, and char
is burned in reaction R.3. The ultimate analysis of the biomass, which is presented in Table 1,
was used to determine the chemical composition of the biomass. The analysis of the mass
balance provides data about the air leakage into and out of the furnace.

CHy 5700717 = 0.597 CHy 5,04 913 + 0.410 C + 0.107 H,0 (R.1)
CHy 2701 013 + 1.0630, - CO, + 1.139 H,0 (R.2)
C+ 0, »CO, (R.3)
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5.1.2. Simulation setup

The details of the steady simulation setup have been provided in Paper III. In the current
work, ANSYS 2020 R1 was used to create the 2-dimensional furnace geometry and the
computational mesh. ANSYS Fluent was used to do the CFD simulation. The final mesh, as
depicted in Figure 22, has passed the mesh independence test and delivered an average wall y*
value of roughly 2.5 at the furnace freeboard. Temperature probe locations are in accordance
with the experimental study and displayed in Figure 22.

Steady state 2D CFD simulation was conducted by using transition SST model in
combination with the eddy dissipation concept for the volumetric volatile gas reaction (R.2).
Biomass, char and grate were defined as porous bodies. Heat of combustion was accounted for
by the exothermic heat of reaction from volatiles burning and char heat of reaction. Char
combustion was defined using source term for CO2 and energy and sink term for Oz. Primary
air flow is injected from the bottom part of furnace with turbulence length scale and intensity
condition calculated based on real experiment condition. The wall boundary condition was also
defined based on the condition in experimental facility i.e., 5 mm of steel wall and 20 cm
insulation.

The Discrete Particle Model (DPM), i.e., Lagrangian time resolved particle tracking,
including the particle radiation and convection heat transfer models along with the Discrete
Random Walk (DRW) model is utilized to simulate the particulate matter. Inert particles with
a diameter of one micrometer were injected into the system from a surface 10 cm above the
biomass layer. The particle injection surface is positioned in the flame area, which is where
PMs are frequently formed. This allows particle time history analysis (residence time and
temperature) to the outlet.

M

X 0.500 1.000 (m)

0.250 0.750

Figure 22. Simulation model for CFD analysis (® : temperature probes located at 100, 115,
145, 175, 205, and 305 cm from ash pit; ® : wall temperature probe at 100 cm from ash pit)
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5.1.3. PM reduction kinetics

The kinetic analysis of PM reduction in the furnace is based on DPM simulation results
(particle time, temperature, and coordinates) and experimental PM observations. To ensure the
stability and accuracy of the kinetic study, 3000 particles were injected. The governing equation
used in the kinetic investigation is shown in Eqs.(42) and (43). The remaining mass of PM, the
local oxygen concentration, and the particle temperature, influence the rate of PM reduction.

Non-linear regression was used to calculate the pre-exponential factor (k(Tre f)) which is the

rate constant at the reference temperature, and the activation energy (E,) in the centered
Arrhenius kinetic form.

dc
dF;M = Kk(T) Cpum Yo, (42)
k(T) = k(Tyey) Ea ! ! 43
— \rer )P | TR \T £ 27305 Tyep + 273.15 (43)

5.1.4. Global prediction of biomass combustion

A CFD simulation of biomass combustion is conducted to quantify parameters that are
difficult to acquire experimentally. Thermocouples, for example, cannot survive high
temperatures in the flame zone, whereas CFD can predict the temperature distribution over the
whole furnace. CFD also provides information on the flow field inside the furnace, as well as
particle temperature and particle residence time distribution.

The CFD simulations were validated by comparing simulation results to experimental
data. In general, the measured and simulated exhaust gas temperatures and CO2 concentrations
correspond well for all observation locations, as summarized in Table 6. The CFD model also
predict the right temperature trends for variations in air/fuel ratio, air pre-heating, and furnace
baffle installation. This assures that further analysis can be performed using the simulation
results to estimate the PM reduction kinetics.

Table 6. Temperature and CO> composition from measurement and simulations.

Thermocouples
average (°C)
Exp CFD Exp CFD | Exp CFD Exp CFD
Exp 1 9.59 +0.35 102 772 7 771 819 9 813 {733 5 732
Exp 2 9.95 +0.77 102 828 11 800 : 854 +31 833 761 =£7 763
Exp 3 10.5 +0.4 10.6 | 795 8 796 846 12 828 1 789 +3 759
Exp 4 10.1 +0.78 10.2 810 +25 847 770 «£7 759 764 +£5 797
Exp 5 9.78 +0.43 102 833 +24 871 801 +4 783 764 =+4 823

*Chimney temperature sampled at 305 cm from ash pit; thermocouples average is the average value of

Experiment % mole CO:
ID

Chimney (°C) Wall (°C)

100, 115, 145, 175 and 205 cm thermocouple measurement. Experiments errors are reported as standard
deviation from measured data. See Figure 22 for detail thermocouple coordinate.

5.1.5. Influence of different operating condition to PM emission

Different operating conditions was arranged in the current work to understand its
influence to PM emission in the biomass combustion system. Different gas residence time was
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prepared using baffles installation, while different temperature and stoichiometric condition
were prepared using air pre-heating and different air/fuel ratio. The PM concentration
experimental results, as summarized in Figure 23, are consistent with current knowledge of PM
emissions under various combustion conditions. Different operating parameters, such as
residence time, combustion temperature, and air/fuel ratio, have a significant impact on
emissions levels. Increases in residence time, primary air temperature, and air/fuel ratio,
decrease PM emissions by up to 80% within the range of experimental conditions investigated.

——Expl, 90% EA, 30°C PA, NoBaffle, NoSA
50.00 - ——Exp2, 90% EA, 70°C PA, NoBaffle, NoSA
——Exp3, 80% EA, 30°C PA, NoBaffle, NoSA
= ——Exp4, 90% EA, 30°C PA, WithBaffle, NoSA
g ——Expb, 90% EA, 75°C PA, WithBaffle, NoSA
o0
£
~ 5.00 -
=)
—
©
s
=]
(V]
1%}
=]
o
S 0.50
p=
A
0.05 . . . . .
90 140 190 240 290 340

Measurement position from ash pit [cm]

Figure 23. PMjo measurement result for the system with and without baffle and for the
system, with and without primary air preheater, and different levels of excess air. (EA: excess
air, PA: primary air, SA: secondary air)

5.1.6. Kinetics study of PM

The kinetic analysis of PM reduction is conducted based on a model for soot combustion.
CFD simulation results indicate that the oxygen mole fraction along the particle trajectories is
relatively constant i.e., around 0.09. By injecting 3000 particles on the injection line, results are
found to be number independent.

Non-linear regression analysis was used to analyze the kinetic parameters for PM
reduction. The reaction kinetic model parameters for PM reduction are obtained to 23.1 (s™1)
for the rate constant at reference temperature (900°C) and 126.2 (k] mol™1) for the activation
energy. The correlation coefficient for the overall model is determined to be 99.0%, confirming
that the model achieves its goal of predicting PM reduction throughout the furnace. A
comparison between calculated and experimentally measured PM concentrations is provided in
Figure 24. The observed activation energy is consistent with the range of activation energies
for soot oxidation reported in previous research i.e., 102 to 210 (k] mol~1) [105].
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Figure 24. Comparison of experimental and calculated PM concentrations.

5.2. Transient CFD simulation

Time-resolved CFD simulation is performed as an improvement to the steady state CFD
simulation analysis, allowing for a more precise prediction of instantaneous and local
combustion conditions. The enhancements include the use of lignocellulosic components
(cellulose, hemicellulose, and lignin), the prediction of devolatilization products, the use of a
two-step Tesner model for soot formation and reduction and convolution of CFD simulation
results to account for the dispersion in the sampling system.

5.2.1. Prediction of devolatilization product

The biomass devolatilization scheme used in the current work is similar to that
proposed by Miller and Bellan [40] as depicted in Figure 1d. The decomposition of each
lignocellulosic compound to the active component can be calculated using Eqs. (44) to (48) and
the kinetics parameter are summarized in Table 7.

Table 7. Kinetic parameters in the Miller and Bellan [59] devolatilization scheme and drying

kinetics.
Reaction Cellulose Hemicellulose Lignin
ky 2.80 x 10%exp (—242.4/RT) 2.10 x 10°exp (—186.7/RT) 9.60 X 10%exp (—107.6/RT)
k, 3.28 x 10™exp (—196.5/RT) 8.75 x 10%%exp (—202.4/RT) 1.50 x 10%exp (—143.8/RT)
ks 1.30 x 10*%exp (—150.5/RT)  2.60 x 10*texp (—145.7/RT) 7.70 x 10%exp (—111.4/RT)
X 0.35 0.60 0.75

Drying for bound and free water: 5.13 x 108exp (—88/RT)

dpy,i
dt - = —k1ipy, (44)
dpa,i
TL =kipyi— kapai — kzpa, (45)
dprar,i
L Kypa (46)
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The products of the reaction scheme in Figure 1d are tar, char, and volatile gas. The
kinetics parameter for each lignocellulosic decomposition is given in Table 7 and the profile of
decomposition is summarized in Figure 25. Different devolatilization temperature leads to
different composition of tar, volatile gas and char as presented in Figure 25a-c for
devolatilization of cellulose, hemicellulose and lignin respectively. This conclusion is
consistent with earlier researchers' results in other biomass systems [39,68].
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Figure 25. Mass fraction distribution of tar, volatile gas, and char from isothermal
devolatilization of (a) cellulose, (b) hemicellulose and (c) lignin

In the current study, tar is further degraded into volatile gas, and volatile gas is assumed
to be a combination of light gases. The mass and energy balance concepts are used to calculate
the composition of each gas, with the assumptions mentioned below:

1) Chemical formula of cellulose, hemicellulose and lignin are defined as CgH;0Os,
CsHsgOs, and C11H1003.2 respectively.

2) Tar chemical formulas are defined similarly with the original lignocellulosic compound.

3) Tar is decomposed further into volatile gas at instant rate.

4) Volatile gas consists of CO2, CO, Hz, H20, Oz, CHs, CoH4, and CoHa.

5) Char from cellulose, hemicellulose and lignin is defined as pure carbon.
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6) Total heat of combustion or low calorific value can be calculated as the combination of
heat of char combustion, heat of gas combustion, and heat of biomass decomposition as
depicted in Eq.(49).

y y

LCV = (x AHf o, + 5 AH,0) + (GCV +35 AHeugy)

= Qchar combustion T ans combustion T Qdecomposition

(49)

7) Heat of gas combustion can be calculated as sum of exothermic heat of reaction of R.4
to R.8.
C,Hy,+30,>2C0,+2H,0 (R.4)
C,Hy +2.50, - 2C0, + H,0 (R.5)
CHy+ 20, > CO, + 2 Hy,0 (R.6)
CO+0.50,- CO, (R.7)
H, +0.50, - H,0 (R.8)
Based on the aforementioned assumptions, the average mass fraction of gaseous
compounds produced by tar and volatile gas conversion in the devolatilization temperature
range of 400 to 900°C is calculated and reported in Table 8.

Table 8. Gas mixture composition from tar decomposition and average gas mixture from
volatile gas decomposition within temperature range of 400 to 900°C (in mass fraction).

Cellulose Hemicellulose Lignin
Gaseous Compound - - -
Volatile gas Tar Volatile gas Tar Volatile gas Tar
CO 0.10 0.52  6.90.10° 0.26 4.65.10%  0.46
CO2 0.22 - 0.20 032  7.56.1072 -
0)) - - 2.02.10* - - -
H>O 0.61 0.22 0.79 0.18 0.76 -
H> 1.66.10 - 6.01.10* - 5.31.102 -
CH4 2.60.107 - 1.15.10* - 2.31.107 -
CoHa 2.78.10%  0.26 - 024  2.08.10% 0.16
C2H> - - - - 2.08.10%  0.38

Lignin is the primary contributor of C2H> gas, which is one of the primary precursors of
soot particles. This is consistent with the results of prior studies [79,106] which revealed that
lignin contributes more to soot production in biomass combustion systems. The average mass
percentage of pyrolytic water obtained is around 15%, which coincides with experimental
results reported in prior studies on rapid pyrolysis of coconut shells [107]. The distribution of
gaseous compounds during devolatilization is accounted for in the transient CFD simulation to
allow accurate prediction of gas phase combustion and, as a result, soot formation and
reduction.

5.2.2. Transient CFD simulation setup

Simulation setup for transient CFD simulation has been thoroughly discussed in Paper
IV. In the time-resolved CFD study, the same furnace geometry and mesh were utilized as in
the steady CFD analysis. The biomass layer is divided into three rows in the current analysis,
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with the thickness and length of each row set to 5 and 40 mm, respectively. In order for the
biomass layer to absorb incoming radiation appropriately, 0.5 mm layers are built on top of the
biomass and char layers. Using a user-defined function (UDF) code, the radiation heat transfer
is calculated in this thin layer. This layer served as a radiation heat receiver, transferring heat
to the biomass and char layers through conduction. User-defined functions (UDFs) were also
used in the grate to precisely replicate different flow restriction properties along the grate.

The k — w turbulence model was used in conjunction with the eddy dissipation concept
(EDC) model for the volumetric gas reaction (R.4 to R.8). Table 2 in Paper IV summarizes the
biomass thermal characteristics used in the current simulation. The initial state of the biomass
and char layers in the transient simulation is also shown in Table 2 in Paper IV. Six different
gaseous compounds were introduced to the freeboard from biomass layer i.e., CO2, CO, Ha,
H>0, Oz, CHa, C2H4, as mass sources. The pyrolysis product prediction was used to determine
the gas composition. Meanwhile, char has accumulated over several cycles and the reaction was
simplified to be a constant carbon combustion over a minute cycle. The gaseous components
reacted in the gas phase following reaction schemes R.4 to R.8. Boundary conditions for inlet,
outlet and walls were defined similarly as steady simulation.

5.2.3. Soot formation and reduction model

The two-step Tesner model [66] was used to predict soot formation and reduction in the
combustion chamber. It predicts the development of nuclei and soot particles using two
governing equations defined by Egs. (50) to (51).

apb* . nu * *
LY - (pBbjue) = V- (_t Vb’“‘c) ¥ Rne e
nuc
apY. . H
aStOOt + V- (pBY¥s00r) = V- ( : VY”‘”) + Rsoot ey
O-SOOt

5.2.4. Time resolved CFD and experimental results

The simulation result of PM19 and COz in the furnace are convoluted using the respective
RTD as presented in Figure 7. Figure 26 show the transient measurement within one minute, as
well as the original and convoluted signals from CFD analysis for PM10, CO2, and temperature.
The results of CFD simulations from two different realizations are shown to ensure that the
simulation results over one minute are stable for both realizations.
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Taking the statical error bars into account, the convoluted CFD results correlates fairly
well with the measurement data reported in Figure 26. It also underlines the significance of
signal convolution in preventing data misinterpretation. Temperature has a slight offset due to
problems in building an accurate thermocouple geometry and uncertainty in the exact material
characteristics of the thermocouple shield. Based on Figure 26, maximum PM occurs at 30
seconds in the region with the highest CO; levels. This indicates a lack of oxygen during that
period, which could have hindered soot combustion in the freeboard.

The CFD simulation results show that the current CFD model is capable of predicting the
global behavior of biomass combustion and soot emission over a one-minute combustion cycle.
The average CO2 mole fraction and PM o concentration from a CFD simulation of a one-minute
combustion cycle differ by 0.51% and 10.25%, respectively, compared to the average
experimental data. There are minor differences in the dynamics of the CO, and PM profiles.
This can be due to simulation works rely only on one specific distribution of biomass over the
grate. The distribution of biomass above the grate determines the heat transfer rate as well as
the rate of drying and devolatilization.

5.2.5. Influence of combustion on soot emissions
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Figure 27. CFD simulation results for (a) conversion of the virgin and active lignocellulosic
components and (b) volatile gas and tar formation rate originating from the three
lignocellulosic components.
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Figure 27a shows the conversion of several lignocellulosic components during a one-
minute combustion cycle. The drying process begins when new biomass is loaded onto the grate
and the bottom parts of the biomass that are in contact with the hot char layer experience early
drying. This is the first layer to reach devolatilization temperature, which is roughly 350°C.
However, once the flame is formed, heat propagation occurs more intensely at the top layer of
biomass due to increased radiation intensity.

Figure 27b reveals that lignin produces roughly the same percentage of tar and volatile
gas as cellulose and hemicellulose, and the conversion occurs at a later period than cellulose
and hemicellulose. In conjunction with Figure 26a, one can exclude hemicellulose contribution
to soot formation because it has been totally devolatilized before maximum soot concentration
is reached. Acetylene which is known as the main precursor of soot in biomass combustion
system [58] emphasizes bigger contribution of lignin to soot emission than cellulose. This is
supported by the major fraction of acetylene released from lignin decomposition as summarized
in Table 8. Moreover, Figure 28 highlights an overlapping period between soot concentration
and acetylene released from lignin.
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Figure 28. Formation rate of acetylene (CoH») from lignin decomposition based on
simulations.

CFD simulations can be used to learn more about the mechanisms of soot formation and
reduction within the combustion chamber. According to Figure 29, soot formation and
reduction occur concurrently during the combustion cycle. Calculations based on the volume
integrated rate of soot formation and reduction during the one-minute combustion cycle shows
that 99.3% of all soot formed in the combustion chamber is reduced before the exhaust gas
leaves the furnace.

The presence of acetylene as a soot precursor, the temperature level, and the availability
of oxygen in the freeboard, influence soot formation and reduction. Based on Figure 29, soot
formation is enhanced by the availability of acetylene and temperature rise, as seen in the 15-
second interval. However, due to the high concentration of remaining oxygen, the rate of soot
reduction is accelerated. Between 20 and 40 seconds, the restricted supply of oxygen begins to
induce an increase in soot emission. Following this interval, the soot concentration is seen to
be decreased since both hemicellulose and cellulose have been totally devolatilized which
increases the oxygen concentration in the freeboard.
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0.23
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(c) Soot
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[mg/m’]
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Figure 29. Contour plots of (a) temperature, (b) Oz mass fraction, (c) soot concentration, (d)
rate of soot formation and reduction over one minute combustion cycle.
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6. Summary and Future Outlook

6.1. Summary

This study aims to develop knowledge of the formation and reduction of PM in residual
biomass combustion by utilizing modelling, simulation, and experimental techniques. The
multiscale modelling and simulation analysis involves improvement in particle model for
biomass combustion and PM emission prediction in biomass furnace. The developed models
are validated against observation from experimental facility to ensure model accuracy and
reliability.

A new model for single particle pyrolysis and combustion was developed using the
orthogonal colocation method. The discretization scheme combined with a comprehensive
physicochemical particle model provides improvement in heat and mass transfer rates inside
and at the particle surface. The intraparticle temperature gradient, as well as particle mass and
size developments, were predicted accurately in comparison to data from particle pyrolysis and
combustion experiments for different particle moisture levels and shapes. Furthermore, the
current model improved prior models (mesh- and interface-based models) by being numerically
more stable and computationally more efficient.

An improvement in the particle model is also achieved by quantifying and studying mass
transfer to and from spheres by high resolved CFD simulations. The inclusion of Stefan flow
significantly increases the mass transport’s film thickness, while a marginal difference in film
thickness between even and uneven Stefan flow is observed. The Stefan flow analysis
demonstrated that the rate of mass transfer may be expressed as a function of the nominal

. . . . d .
Sherwood 1i.e., Sh without Stefan flow, a dimensionless number An = % and the change in

film thickness (using adjusted Reynolds number). It is concluded that the new model allows
significant improvements compared to commonly used models over the entire range of Re, An
and Sc numbers.

A lab-scale grate-fired furnace is successfully designed and equipped with on-line sensors
to study emissions of particulate matter originating from residual biomass combustion at
different combustion conditions. To accurately measure the key combustion parameters,
various measurement techniques have been developed and utilized in the experimental facility.
The experimental results agree with the current understanding of PM emission under different
combustion conditions, i.e., residence time, temperature of combustion and air/fuel ratio,
significantly affect the emissions. By increasing the residence time, primary air temperature,
and air/fuel ratio, PM1o emissions for the range of experimental explored conditions are further
reduced by up to 80% compared to the nominal conditions.

A steady CFD analysis of biomass combustion in a grate fired furnace is carried out to
predict global behavior of biomass combustion and provide a better understanding of several
parameters that are difficult to obtain directly from experiment, e.g., flow field, gas temperature
and residence time distributions, and particle history data. The Arrhenius kinetic parameters of
PM; reduction in the furnace are successfully calculated by combining experimental and CFD
simulation data i.e., 23.1 (s~ 1) for the rate constant at reference temperature (900°C) and 126.2
(kJ.mol™1) for the activation energy.
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The improvement of steady CFD analysis i.e., the time resolved CFD simulation,
provided better understanding of the influence of combustion parameters and lignocellulosic
components in the biomass, to the PM formation and reduction in the combustion system. To
account for the hydrodynamic dispersion effect that occurs in pipe systems and sensors, the
transient CFD results are convoluted. The convoluted results were compared with the
experimental observations to ensure the accuracy of the CFD model. According to CFD
analysis, the presence of soot precursors from lignin decomposition, i.e., acetylene, and high
temperature in the freeboard promotes an increased rate of soot formation. Meanwhile, oxygen
availability has emerged as the most important factor in soot reduction. CFD calculations show
that 99.3% of the soot generated in the freeboard is burnt before the exhaust gas exits the
chimney.

6.2. Future Outlook

The results from this study can inspire further works related to optimization of biomass
combustion operating conditions and furnace design. The CFD model has potential applications
to evaluate different furnace designs and operating conditions which can provide high
conversion of energy while maintaining low level of PM emission. Along with the
improvements that can be made in the experimental facility, such as the observation of
additional gaseous components, the CFD model may be upgraded to accommodate the
prediction of other emissions, such as NOx, SOx, PAH, and so on.

The use of orthogonal collocation may help increase the efficiency of CFD simulation.
The present CFD model depends on a rather dense mesh in the biomass particle layers, which
contributes to the high computing power requirement. The utilization of the developed particle
model is expected to reduce computational power, particularly in 3D simulations and/or larger
furnaces, such as biomass fueled boilers for electricity production. In CFD modelling, the
Sherwood number correction due to Stefan flow may also be included as particle and bed sub-
grid models. The utilization of this sub-grid model is expected to improve the accuracy of
simulations while maintaining low computational power.
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Nomenclature

Orthogonal collocation coefficient for first derivative [-]

Andersson number [-]

Particle surface area [m?]

Geometry coefficient [-]

Orthogonal collocation coefficient for second derivative [-]

Shrinking and swelling factor [-]

Normalized radical nuclei concentration (number of particles X107° kg™)
Concentration [mg.m™ or %vol or kg m™]

Specific heat capacity [J kg! K]

Orthogonal collocation coefficient [-]

Diffusivity [m? s™']

Orthogonal collocation coefficient or Coefficient for cubic hermite interpolation [-]
Diameter particle [m]

Residence time distribution [s™']

Activation energy [kJ mol™']

Gravitational forces [m s?]

External body forces [kg m™ s?]

Gross calorific value [kJ/kg]

Convective heat transfer coefficient [W m™ K]
Enthalpy [kJ/mol]

Enthalpy of formation at reference temperature [kJ/mol]

Collocation point [-]

Reaction rate constant [s™']

Diffusion flux of species i [kg m™ s7!]

Lower calorific value [kJ/kg]

Total collocation points [-]

Orthogonal collocation coefficient [-]

Radius [m]

Reynold number [-]

Ideal gas constant [kJ mol! K™']

Net rate of production of species i [kg m™ s7]

Normalized net rate of nuclei generation (number of particles X105 m3s)
Net rate of soot generation [kg m3s!]

Local radius [m]

Reaction rate [kg m™ s']/ [kg m? s!]

Sherwood number [-]

Schmidt number [-]

The rate of creation of species i by addition from the dispersed phase plus any user-
defined sources [kg m™ s7]

Mass added to continuous phase from the dispersed second phase and any user-
defined sources [kg m™ s7]

Temperature [K]

Time [s]

Velocity at the surface [m s™']

Volume [m?]

Weighting factor in shifted Legendre polynomials [-] or Width [m]
Dimensionless coordinate [-]

Local mass fraction of species i [-]

Mass fractions of soot [-]

51



Yo, =

Greek letters

Oxygen mass fraction [-]

Porosity [-] / Emmisivity [-]

Density or species concentration [kg m™]
Stefan-Boltzmann constant [W m= K]

Thermal conductivity [W m™! K]

Turbulent Prandtl number for nuclei transport [-]
Stefan-Boltzmann constant [W m= K]

Stress tensor [N m?]
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