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ABSTRACT

Canada’s new short-term greenhouse gas (GHG) emissions target, resulting from the 2015 Paris
Agreement, has led the energy production industry to adopt more carbon-neutral fuels, including
biomass. Hence, the development of biomass combustion technology has recently gained more
attention owing to its capability to burn a wide range of biomass fuels. Computer simulation of
biomass furnaces is a very important step towards improving the combustion performance and
emissions of these power generation systems. Combustion models play a key role in the reliability
of the numerical simulation of the gas-phase combustion of biomass combustion systems. The aim
of the present numerical study is to evaluate the prediction capability of flamelet-based partially
premixed combustion models in simulating the gas-phase combustion process of a grate-firing
biomass furnace. Additionally, the effects of the adopted premixed models (i.e., extended coherent
flame model and C-equation based model) and non-premixed models (i.e., steady diffusion
flamelet (SFM) and unsteady diffusion flamelet (UFM)) on the overall prediction of the partially
premixed model are assessed. The predicted temperature field and species concentrations are
compared with published experimental measurements and also with published numerical
simulations which use other combustion models (i.e., EDC/Flamelet hybrid model, SFM and
UFM). The results of this study reveal that except for the slow-forming and chemically dominated
species, partially premixed combustion models (both extended coherent flame model/SFM and C-
equation/SFM-based partially premixed model) are capable of reproducing the experimental
temperature and major species with reasonable accuracy and low computational expense. C-
equation/UFM-based partially premixed model is found to be the most optimum combination
amongst all examined partially premixed models for overcoming the deficiency faced while

predicting the slow-forming species.
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Chapter 1 INTRODUCTION
1.1 Background

Petroleum products (e.qg., fossil fuel variants) are still responsible for producing around 84% of the
total global energy demand in transportation, industrial and residential combustion plants, while
only 5% of this enormous demand relies upon renewable energy resources (e.g., biomass, hydro,
wind and solar energy resources) [1],[2]. Due to this high consumption rate and a limited reserve
of petroleum products, the energy industry will face excessive production costs that will eventually
lead to the exhaustion of their reserve [3], [4]. The limitation of petroleum and other fossil fuels
coupled with increasing global warming has shifted the focus to renewable energy resources like
biomass [3], [5], [6]. Organic materials that originate from the plant are the main source of
biomass. Solar energy is absorbed by biomass cells through photosynthesis that can be used as a
source of inexhaustible renewable energy originating from nonedible parts of plants [7]. Moreover,
the amount of emitted €0, in the environment while producing energy is equal to the amount of
absorbed €0, during photosynthesis, which makes biomass carbon-neutral [8]. Research on
carbon-neutral fuel-based energy production (e.g. biomass) has been fuelled by the growing

demand for renewable energy sources [6], [9].

Biochemical and thermochemical are considered two major technologies for converting and
burning biomass into useful energy resources, and both technologies either directly convert
biomass to heat or to an energy carrier [7]. Bacteria are used for changing biomass into an energy
carrier in the biochemical conversion method where organic matter is dissolved by bacteria and
high-methane content gases consisting of methanol and ethanol are produced [7]. On the contrary,
the thermochemical method involves either direct energy carrier extraction from biomass residue

using heat or direct conversion of biomass to energy through combustion [7].



For the production of biomass-based power and heat, direct combustion in a furnace is the most
widely established technology [5], [6], [10]. Biomass combustion devices are expected to emit
lesser compared to fossil fuel-based combustion technologies as they belong to renewable energy
sources. Incomplete combustion is the reason behind the emission of harmful pollutants from the
burning of biomass, and this is a more common phenomenon for small-scale biomass furnaces
because of poor air/fuel mixing and shorter residence time [6]. Several factors, such as fuel type,
ash properties, moisture content and heating value, can have an influence on the design of
commercial furnaces [7]. Pulverized bed or suspension furnaces, fluidized bed furnaces and fixed
bed or grate-firing furnaces are the most common classifications of biomass furnaces [7].
Pulverized beds are designed to accommodate coal combustion. These furnaces are used for the
combustion of coal-pulverized raw biomass, and biomass particles with lower moisture and higher
volatility are preferred for this type of furnace [7], [11]. In the case of fluidized bed systems, solid
biomass particles are mixed with an inert material and suspended in a partial volume of the furnace
with injected air at high velocity, and the huge quantity of inactive material inside this type of

furnace causes low ignition temperature (800-950°C) [7].

On the other hand, grate-firing biomass furnaces are capable of dealing with an extensive range of
biomass fuel types, sizes and moisture content. For these reasons, the prevalence of industrial
grate-firing biomass furnaces has increased in recent times more than ever before [6], [12].
However, grate-firing biomass furnaces still have relatively low thermal efficiency and produce
undesirable pollutants. Therefore, several researches have been conducted using both experimental
and computational in order to maximize the performance of this technology and, at the same time,
minimize pollutant emissions [13]. Experimental methods involve the collection of experimental

data on velocity and temperature fields as well as gaseous emissions composition [14].



Experimental measurements can provide invaluable insights into the phenomena and, at the same
time, provide input data for computational simulation validation [15]. However, experimental
studies are very limited due chiefly to high costs and technical challenges [16]. On the contrary,
by introducing a virtual view of the flow and chemical kinetics interaction in a computational
domain, a CFD framework can help achieve a reasonable understanding of the biomass
combustion process with a much cheaper cost than physical testing [16]. The numerical modelling
steps can be divided into two main sections (i.e., bed and gas-phase combustion modelling), and
the reliability of the CFD predictions is highly dependent on the accuracy of these two models
[17]. Although these two models are closely co-dependant, most often, they are modelled

separately.

1.2 Combustion Modelling of a Grate-firing Biomass Furnace

Combustion occurring in a grate-firing biomass furnace undergoes two successive phases; that is,
the conversion of solid fuel on a fixed or moving grate in the presence of primary airflow (usually
coming from underneath the fuel layer) into volatile gases [18] and the gas-phase combustion
occurring in the freeboard space, also known as over-fire biomass combustion [16]. In accordance
with their nature, these two successive phases (i.e., conversion of solid fuel and gas-phase
combustion) have been described as heterogeneous [18] and pure homogeneous [12] processes,
respectively. After being modelled separately, they are required to be connected through an
interface for transferring the information. Figure 1 shows the connection between the freeboard
and the bed in a numerical simulation. A brief description of bed modelling and gas-phase

combustion in the freeboard of a grate-firing biomass furnace is given below.



@
\\5“ Freeboard Section
{(\5@ " \
k Volatile Gases Coming
out of Bed Heat
KT Transfer |77

1 Interface |--5== & -
5 / R ﬁ
& pr
&\1
X
0‘55 -:}"G&”O
¥ Lol
o) ol
(4

Primary Air Inlet

Figure 1. Schematic representation of biomass conversion in fuel bed and gas-phase combustion in
freeboard section (Adapted from Refs. [7], [19])

1.2.1 Bed modelling

Conversion of solid fuels in the bed section takes place in the presence of air. In the case of grate-
firing biomass furnaces, this air comes from beneath the bed/grate, and this type of fuel bed is
termed the packed bed. An integral bed model is typically used to model biomass conversion in
grate-firing furnaces due to the solid fuel decomposition on the grate, and it provides the necessary
inlet boundary conditions used for the simulation of the gas-phase combustion occurring in the

freeboard space [13]. Species mass fractions and temperature profiles at the fuel bed inlet
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boundary are provided by simple bed models. These profiles can be obtained using the
experimental measurements of temperature and species concentration above the bed or calculated
on the basis of mass and energy conservation between the inlet (i.e., primary air and raw biomass
particles) and outlet (i.e., released volatile gases) of the bed [20]-[23]. Separate sub-models are
used by complex bed models in order to compute each conversion process to provide local
temperature and mass fractions of released species [24], [25]. These conversions (i.e., physical
and chemical) processes of solid fuel can be divided into three major phases (Drying,

Devolatilization and Char oxidation) [18].

1.2.1.1 Drying
Vaporization of water content from the solid fuel is referred to as the drying phase, and the
fuel conversion procedure commences with the initiation of the drying phase. The drying phase
starts promptly after the fuel is fed into the furnace [26]. Fuel heats up with the absorption of
heat from furnace walls and surrounding gases through convection and radiation, and the fuel
moisture dries up as soon as the inner temperature of biomass reaches 100°C, which results in
the reduction of inner temperature. The drying phase is an integral part of achieving efficient
combustion. Combustion is not possible with a moisture content of 60% or more because the
required amount of energy for vaporization of this amount of moisture exceeds the produced
energy by the biomass fuel [7].

1.2.1.2 Devolatilization
The decomposition of solid fuels under thermal influence is called devolatilization. This
procedure is also termed pyrolysis, and thermal decomposition and volatiles are formed in this
process [26]. Thermal cracking reactions, along with heat and mass transfer reactions, are

involved in this process which results in the release of permanent light gases (e.g. CO, CO,,



H,0, H,, NH;, CH,), tar and char [27]. Released volatile gases leave the bed through the pores
in the fuel bed surface and take part in the gas-phase combustion in the presence of oxidizers,
and heat released in this phase influences both drying and de-volatilization processes [7]. The
normal temperature range of a de-volatilization zone is between 200°C and 500°C[7]. After
the release of volatiles, the fuel bed is left with only char and ash. The quantity of derived char
increases with increasing the devolatilization temperature and rate [26]. Devolatilization is a
heterogenous process, and simple models using single or multiple-step reactions are used to

describe this process [18].

1.2.1.3 Char Oxidation/Combustion
This step involves the combustion of char (i.e., the remainder of carbon particles from the
devolatilization step) in the presence of an oxidizer. The flow of released gases from the bed
in the de-volatilization area makes it harder for the oxygen to come in contact with the surface
of the particles, which prevents its reaction with the remainder of solid carbon in the particles.
Although at the end of the devolatilization process, the reaction of oxygen with char particles
are attainable [26]. The density of char is largely dependent on the final temperature and
heating rates. Char concentration increases with slower heating rates as it gives more time for
char production from chemical-bound conversion [26]. The combustion rate of char depends
on the exposed surface, available oxygen and surrounding temperature because it is a diffusion-

monitored procedure and this combustion releases mainly CO and CO, as emission gases [7].
1.2.2 Over-fire/Gas-phase combustion modelling

The volume of a grate-firing furnace situated above the bed section is known as freeboard space,
and combustion occurring in this space is also called over-fire or gas-phase combustion [16]. Fuel

inlet conditions are provided by the bed into the freeboard [16], and additional inlet air is



introduced into the freeboard in the form of secondary air and in some cases also, tertiary air [16].
Emitted volatile gases from the bed section and fresh air from the injected additional airflow
(secondary or secondary and tertiary) participate in the mixing procedure in the freeboard section
[16]. Thermal energy produced in this section reciprocally aids the drying and devolatilization
procedure in the bed section, and the additional energy is harnessed through the heat exchanger
that is situated in the path of flue gas emission. It is notable to mention that CFD studies of the
gas-phase combustion in the freeboard require a variety of sub-models (including radiation,
turbulence, combustion models, and chemical mechanisms) to describe the velocity flow field,
heat and mass transfer, and interaction between chemistry and turbulent flow and the CFD
predictions of the combustion of volatile gases in the freeboard section depend significantly on the

reliability of the adopted sub-models [17].

1.3 Motivations

In the numerical simulation of the gas-phase combustion of a grate-firing biomass furnace,
combustion models are responsible for modelling chemistry and its interaction with the flowfield.
The computational cost largely depends upon the adopted combustion model and its ability to

incorporate detailed chemical kinetic mechanisms.

Classical species transport combustion models (e.g., finite kinetic/eddy dissipation model
(FKR/EDM) [28], eddy dissipation concept (EDC) [29]) have always been the center of attention
when conducting numerical studies of biomass combustion in furnaces in spite of their inability to
incorporate detailed chemical kinetic mechanisms without compromising the computational cost.
Therefore, it has not been possible to conduct extensive studies on the emission of slow-forming
species like €0, as the prediction accuracy of slow forming species largely depends upon the

adaptability of detailed chemical kinetic mechanisms [30], [31].
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To solve this issue, new mixture fraction-based (i.e., flamelet-based) models have been proposed
as an alternative to the classical approaches [32] in order to account for the turbulent non-premixed
combustion in industrial furnaces. Non-premixed mixture fraction-based models, which are termed
as Steady flamelet model (SFM) and Unsteady flamelet model (UFM), were initially proposed by
Peters [33], and they are capable of incorporating detailed chemical kinetic mechanisms without
compromising the computational cost. A few studies have adopted these models, and the results
indicated their incapability of properly simulating a grate-firing furnace [13], [17], [32]. Referring
to the various degrees of local mixing between the oxidizer and fuel in grate-firing biomass
furnaces, some researchers have termed the gas phase combustion as partially premixed
combustion [33]-[35] and this phenomenon results in the co-existence of different combustion
regimes (i.e., non-premixed, premixed and partially premixed). The literature adopted mixture
fraction-based models are purely non-premixed models, and this could be a contributing factor to
their limitations. Thus, in order to overcome these limitations, further research is required to
evaluate alternative models, such as mixture fraction-based models (i.e., partially premixed

combustion models).

1.4 Objectives

This study aims to conduct a comprehensive study on the applicability of flamelet-based
combustion models for reliably simulating the gas-phase combustion of a grate-firing biomass

furnace. The objectives of this study are as follows:

1. Examine the applicability of flamelet-based (mixture fraction-based) partially premixed
combustion models for simulating the gas-phase combustion of a grate-firing biomass

furnace.



2. Examine the effect of different non-premixed models (i.e., SFM and UFM) and premixed
models (i.e., extended coherent flame model and C Equation-based model) on the
prediction ability of partially premixed combustion model and determine the most optimum
combination for the partially premixed model.

3. Compare the predictions of partially premixed combustion models with non-premixed
models and determine the reason behind the limitations of non-premixed models.

4. Evaluate the capability of partially premixed combustion models against those more

complex ones, such as the EDC-Flamelet combustion model.

1.5 Outline of the thesis

This thesis is an accumulation of six different chapters. 0 is an introduction to the subject being
studied in this thesis. A literature review focusing on biomass combustion modelling is reported
in Chapter 2. Chapter 3 describes the methodology, including a descriptive illustration of different
sub-models adopted for conducting the simulations. Chapter 4 documents all the boundary
conditions for running the simulations. Chapter 5 presents the results and their discussion. Finally,
concluding remarks and some recommendations for future work are summarized in Chapter 6.

Some additional details are presented in the Appendices at the end of the thesis.



Chapter 2 LITERATURE REVIEW

2.1 Introduction

Different studies that have been conducted on the gas-phase combustion of grate-firing biomass
furnaces were mostly focused on the improvement of the mixing process and increment of the
residence time of the volatile gases inside the combustion chamber. For this, various improvements
and modifications of the furnace geometry have been proposed and studied numerically to avoid
the enormous cost required for experimental investigations [16]. To be able to completely rely on
these numerical methods, developing and providing a reliable CFD platform has always been the
main focus of published research. To this end, over the years, different sub-models have been
proposed and tested by researchers and the reliability of numerical results was found to strongly
depend on the accuracy of these sub-models (e.g., turbulent sub-model, chemical kinetic reaction
mechanism, and flow/chemistry interaction sub-model known as combustion models) [17]. A

review of these sub-models is presented below.

2.3 Overview of different Sub-Models

Sub-models adopted while numerically modelling the gas-phase combustion of a grate-firing
biomass furnace can be categorized into three main classes: turbulent models, radiation models
and combustion models. Turbulence has a significant impact on gas-phase combustion, and the
presence of various degrees of turbulence inside a grate-firing biomass furnace and their effect on
the mixing process of the volatile gases contributing to the overall combustion is taken into account
by the adopted turbulent model [33]-[35]. Radiation models are responsible for predicting
temperature distribution inside a grate furnace, and this is crucial for determining the chemical

Kinetic rates of the volatile gas-air mixture in the freeboard space above the bed. Furthermore, the
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heat transfer from hot furnace walls by the radiation process, which has an influence on the
devolatilization and combustion of fuel particles in the fuel bed, is also addressed by a radiation
model [36]. Finally, combustion models combine all the information from the above-mentioned
sub-models and is responsible for the coupling between the chemical mechanisms and flowfield
[37]-[39]. So thermal radiation, turbulent field characteristics, species of oxidizer, combustibles,
and different chemical kinetic mechanisms are defined by these sub-models, all of which affect
the overall predictions of combustion characteristics and pollutants emission. As a result, the
degree of simplification and capability of the turbulence and combustion model, along with kinetic
reaction mechanisms and radiation model, are the main factors that have an influence on the

prediction reliability of the over-fire combustion model [16].

2.3.1 Turbulence Models

Among all turbulence models (i.e., RANS-based, LES, DES and DNS), RANS-based turbulent
models are more widely used for describing the turbulent flow field inside an industrial furnace.
In the context of industrial implications, these turbulent models can be classified into two major

categories:

Two-Equation Models (k—¢ models): Two-equation k—s models are based on the
hypothesis of Boussinesq [40] for relating the Reynolds stresses to the mean velocity
gradients of RANS equations. In spite of this model’s limitations while predicting a flow
field with a large adverse pressure gradient, its popularity in industrial flow and heat
transfer simulations is unmatched due to its robustness, economy and reasonable accuracy
for a wide range of turbulent flows. The two equations of this model are responsible for

the calculation of the historical effects of convection and diffusion of turbulent energy [41].
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The transported variables are k and & (turbulent kinetic energy and turbulent dissipation,

respectively).

Other Models: Reynold stress model (RSM), Large eddy simulation (LES) and Direct
numerical simulation (DNS) can all be used in the simulation of industrial furnaces.
However, the literature showed that only the RSM model had been tested for simulating
biomass furnaces [42], [43], [44]. The main benefit of using the RSM model over the other
two models (LES and DNS) is that it is simple [7]. On the contrary, LES and DNS are

complex models and require solving all turbulence scales.

Turbulence in an industrial biomass furnace is usually modelled using the standard (STD) k—e¢
model [41], [45], renormalization group (RNG) k—s model [46] and realizable (RKE) k—& model
[47] which also known as two-equations model. These models not only follow different calculation
procedure for determining turbulence viscosity and turbulent Prandtl number but also use different
transport equations for calculating turbulent dissipation rate [41]. For modelling turbulence in
industrial biomass furnaces, the STD model has been widely used [24], [25]. While performing a
comprehensive CFD modelling of a domestic biomass stove, the STD k—¢ turbulence model along
with transport equations of mixture fraction for the gas-phase combustion in the freeboard was
adopted by Tabet et al. [48]. A review study was conducted by Chaney et al. [21] for examining
the role of STD k—¢ model in a CFD modeling of small-scale grate firing biomass furnace for the
optimization of combustion performance and NOyx emission. According to these studies, a
reasonable prediction of velocity, species and temperature fields were made by STD k—s model at

different inlet airflow conditions.
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Collazo et al. [49] used the RKE turbulence model for the simulation of a domestic pellet boiler
and found that, when compared to experimental measurements, it is capable of predicting
temperatures and species profiles more satisfactorily. A three-dimensional (3D) CFD simulation
of a small-scale biomass furnace was conducted by Buchmayr et al. [13] using the RKE turbulence
model for gas-phase combustion and reported an acceptable prediction of temperature and gas

emissions in comparison with experiments.

In a different study, both STD k—e¢ and the Reynolds stress model (RSM) were tested by Fletcher
et al. [42], [43] for predicting flow entrainment in a biomass gasifier under isothermal (cold) and
flame conditions. According to their reports, the predictions (i.e., temperature, gas concentrations
and velocity field) of the reacting flow field are less sensitive to the adopted turbulence model in
comparison with the predictions of the cold flow case [42]. Changes in the density and hence
velocity within the gasifier caused by combustion were identified as the cause for these differences.
Knaus et al. [44] performed a gas-phase simulation in the freeboard of a small-scale 15KW wood
heater and examined different turbulence models. In this simulation low Reynolds number and
STD k—¢ models along with RSM turbulence model were tested under cold flow and combustion
conditions. They reported that different turbulence models predicted the flowfield differently,
though different combustion characteristics (e.g., temperature and gas concentration) were

predicted reasonably well by all models [44].

Farokhi et al. [17] conducted a computational study on a small-scale biomass furnace. They
investigated the effect of STD, RNG, and RKE k—& models against SFM and EDC models. After
comparing the predictions with the experimental results, they found that although all three
examined models produced similar predictions, RNG k—e model predicted local temperature

region slightly better.

13



2.3.2 Radiation Models

Radiation is the dominant heat transfer process during solid fuel (i.e., biomass) combustion, and
heat transfer has a significant impact on combustion occurring in a fixed bed furnace. Both
combustion on the bed and freeboard space is affected directly by the radiative heat transfer rate
as it controls the drying and devolatilization on the bed and heat distribution in the furnace. The
chemical kinetics rate of the volatiles-air mixture in the freeboard space is critically dependent on
heat distribution. Thus, radiative heat transfer affects different species concentrations resulting
from the combustion. To account for radiative heat transfer, different radiation models are adopted
in the modelling of combustion in a biomass furnace. Radiation models that are adopted in CFD
modelling differ in their accuracy and computational cost. Radiation models can be divided into
two groups. Group 1 includes the Discrete Ordinate model, the P1 model (Differential
Approximation model), Rosseland Model, Discrete Transfer Radiation Model, and The Monte
Carlo model, which solves for radiative direction [50]. Group 2 consists of Spectral models that
include the Weighted Sum of Gray Gases Model, the Gray Model and the Multiband Model, and

this group solves the radiation level of energy on the electromagnetic spectrum [51].

Very few investigations have been conducted on the numerical modelling of grate-firing biomass
furnaces where the effect of different radiation models has been investigated. Klason et al. [36]
compared four different radiation models: The optically thin (OT) model, P1-approximation model,
Finite volume discretization (FGG), and Weighted-sum-of-grey-gases model (SLW) for modelling
combustion in two different biomass furnaces. They compared their predictions with the
experimental results and concluded that the computational time of the P1 model is lower compared
to the other two models. They recommended utilizing the Pi-approximation model if the flame

temperature in the furnace is the main concern. Another study was conducted by Ferreira et al.
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[52], where they modelled the gas combustion in a sugarcane bagasse boiler. In this investigation,
they adopted the P1-approximation model and the Discrete transfer method (DTM) as the radiation

models and reported similar results for both models.

2.3.3 Combustion Models

Gas-phase combustion model plays a crucial role in the prediction of temperature field and
emissions. In general terms, a combustion model is responsible for the coupling between the
chemical kinetics and flowfield [37]-[39]. Different combustion models have been introduced and
applied in pursuit of providing a reliable CFD platform to conduct numerical investigations on the
combustion of biomass furnaces. Combustion models can be divided into two main categories:
species transport models (i.e., EDM, FRK/EDM and EDC) and mixture fraction-based models
(i.e., non-premixed, partially premixed and premixed models) [41]. Species transport models
require the individual calculation of conservation equations for describing diffusion, convection
and reaction sources for each species for modelling the mixing and transport of the involved
chemical species; whereas mixture fraction-based models do not require individual calculation, as
it is estimated from the predicted mixture fraction field [41]. This is the contributing factor behind
the high computational cost of the species transport models over the mixture fraction-based

models.

Species transport models: Eddy dissipation concept (EDC) is the most commonly used
combustion model for simulating gas-phase combustion in biomass furnaces when using
reduced or detailed chemical reaction mechanisms. This model was proposed by Magnussen
[29] in order to overcome the inability of the finite-rate Kkinetic/eddy dissipation model
(FRK/EDM) to account for detailed chemistry under mixing limited conditions [31]. The

applicability of EDC has been tested for various biomass combustion systems [9], [13], [53]-
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[55]. Adequate predictions of premixed, partially premixed and non-premixed combustion
regimes were achieved when using the EDC model (e.g., [56]). EDC model was originally
developed for high turbulent flow conditions, while gas combustion inside a biomass grate
furnace consists of both highly (e.g., at the inlet of secondary and tertiary air) and weakly (e.qg.,
in the vicinity of the bed) turbulent flow regimes [31]. A sensitivity analysis on EDC (i.e.,
standard EDC) coefficients for weakly and highly turbulent conditions was conducted by
Farokhi and Birouk [31], and their study showed that the model's predictions could be
significantly improved at both weakly and highly turbulent flow conditions if the coefficients
of the model are to be modified on the basis of turbulent flow characteristics (e.g., turbulent
Reynolds number and time scale). However, this makes its use for simulating complex
industrial geometries, where the reacting flow might occur under a variety of turbulent
conditions, challenging if the model's coefficients are selected based on a particular turbulent
reacting flow condition [31]. Some attempts to improve the applicability of EDC over a wide
range of flow conditions have been proposed but focused on addressing predominantly
premixed conditions in the MILD (Moderate or Intense Low-oxygen Dilution) combustion
regime [55], [57]-[61]. A detailed review of these models can be found elsewhere [62]. To
overcome this limitation, Farokhi and Birouk [63] proposed a modified EDC model, also
known as the extended EDC model, to simulate a reacting flow field under different turbulent
conditions, which reflects the real situation in an industrial biomass furnace. This new extended
EDC model produced better results than the standard EDC version ([16], [63]). However, the
high computational cost of both standard EDC and extended EDC, especially caused by
detailed chemistry, made it difficult to simulate industrial (large) combustion plants [64]. In an

attempt to reduce the computational time while still using a detailed chemical scheme, Farokhi
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and Birouk [65] proposed a hybrid EDC/Flamelet model, where a pre-calculated flamelet was
coupled with the extended EDC, and thus a lower computational time with a detailed chemical
scheme could be achieved. While this model was able to predict reasonably well the
temperature and major species, it was only capable of adequately predicting the trend of the
slow-forming species (i.e., CO).

Mixture fraction-based models: Combustion models can still adopt detailed chemistry
without increasing the computational cost when using mixture fraction-based models (e.g.,
steady/unsteady flamelet model (SFM/UFM) [66], [67]). However, these mixture fraction-
based models have been used only in a few studies related to biomass combustion (e.g., [13],
[17], [32]). The usage of SFM/UFM is limited to small/lab-scale biomass combustors because,
given the complex and large geometry of industrial grate-firing biomass furnaces, the volatile
gases released from solid biomass fuels cannot be expressed using only one single variable
(i.e., mixture fraction) [68]. The applicability of the SFM approach to model a small furnace
using packed-bed wood as fuel was investigated by Borello et al. [69] to predict ash formation
and trajectories and evaluate the combustion completion rate based on the exhaust gas
compositions. Although the SFM model is suitable for fast chemistry assumption [41], it
showed a poor prediction of slow-forming species like CO and NO, when simulating different
turbulent flame regimes (i.e., premixed and non-premixed) [70]-[72]. This handicap was
resolved using an unsteady flamelet model (UFM) that is capable of considering the transient
history of the strain rate [41]. Farokhi et al. [17] conducted a computational study on a small
grate-firing biomass furnace to investigate the gas-phase combustion using both SFM and
UFM models with detailed chemical kinetic mechanisms and compared the results with

published experimental measurements. They showed that the UFM model is capable of
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resolving the handicap faced by the SFM model in predicting slow-forming species (e.g., CO).
Their results indicate that although the mixture fraction-based models (i.e., SFM and UFM)
seem to be a viable replacement for EDC-based models, SFM and UFM models are incapable
of properly simulating combustion regime inside a biomass furnace because these models are

purely non-premixed model.

The gas-phase mixing above the fuel bed of a grate-firing biomass furnace is greatly influenced
by the character of the flow field (mainly weakly to moderately turbulent flow conditions close
to the fuel bed and highly turbulent flow conditions close to secondary/tertiary air inlet
injectors within the freeboard) [16], [33]. Referring to the various degrees of local mixing
between the oxidizer and fuel, Shiehnejadhesar et al. [33]-[35] have termed the gas phase
combustion in a grate-firing biomass furnace as partially premixed combustion. This may
involve the coexistence of premixed and non-premixed combustion regimes inside a biomass

furnace which cannot be simulated properly using a non-premixed model like SFM or UFM.

The coexistence of different turbulent flame regimes (i.e., premixed and non-premixed) within a
large reaction zone (e.g., MILD combustors) has been reported in the literature (e.g., [63], [73]).
In order to address the coexistence of turbulent flame regimes within a large combustion scale
using a single combustion model, a fractal wrinkling/eddy dissipation-based combustion model
has been proposed by Farokhi and Birouk [74]. But this attempt has been limited to a MILD
combustor. No further investigation has been conducted to determine if this coexistence
phenomenon of different combustion regimes inside a biomass furnace has an influence on the

predictions of different combustion models.
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2.4 Summary

Based on the literature discussed above, it is clear that there is a need for further research to develop
a better combustion modelling strategy to deal with the coexistence of different combustion
regimes (i.e., premixed and non-premixed combustion regimes) inside a biomass furnace. This
coexistence phenomenon has been induced by the partially premixed nature of the volatile gases
coming out of the bed in a grate-firing biomass furnace. Literature shows that species transport
models’ inability to incorporate detailed chemical mechanisms without compromising the
computational cost has pushed researchers to explore the viability of other alternative combustion
models for modelling the gas-phase combustion of biomass furnaces, such as mixture fraction-
based models (i.e., flamelet-based models) [32]. Despite the fact that partially premixed models
(i.e., flamelet-based model) have the ability to combine both premixed and non-premixed models
[75], they have not been tested for modelling the gas phase of biomass combustion, as witnessed
by the aforementioned literature. Thus, the present numerical investigation addresses this gap by
exploring the capability of partially premixed combustion models for the simulation of the gas-

phase combustion of a biomass furnace.
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Chapter 3 METHODOLOGY

3.1 Overview of Numerical Model

Gas-phase combustion in the freeboard section is simulated, assuming a low Mach number gas
flow approximation that obeys the ideal gas law. Reynolds Averaged Navier-Stokes (RANS)
equations of momentum, continuity, energy and species transport are solved. Moreover, species
diffusion in the energy equation due to enthalpy transport is also considered in this study.
Additionally, a detailed chemical kinetic reaction mechanism has been adopted, which has
previously been developed to define the combustion of volatile gases originating from the bed
during the conversion process of biomass [76], [77]. To describe the flow field in the vicinity of
the walls, an enhanced wall treatment approach [78] has been adopted, which utilizes an enhanced
wall function (e.g., the suggested blending function by Kader [79]) for combining a two-layer
approach (i.e., linear for the laminar region, and logarithmic for the turbulent region) [30], [41].
Ref. [41] presents a detailed explanation of this model. The P-1 approximation model and RNG
(i.e., Renormalizing Group) k—¢ model have been adopted as the radiation and the turbulence
model, respectively. Their selection were done on the basis of previous studies mentioned in
Chapter 2. Previously conducted research on the same geometry as in the current study shows that
the selected models performed better with reasonable accuracy compared to other alternate
counterparts. The simple particle-based bed model adopted in this study. Partially premixed
combustion models are applied and evaluated in the present study based on the research gaps as
mentioned in Chapter 2. Moreover, the prediction ability of these models will also compared
against other combustion models (i.e., SFM, UFM and EDC-Flamelet model). A detailed

description of the selected sub-models is given below.
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3.1.1 Radiation Model

In order to address the heat transfer by radiation, the P-1 approximation model [80] is adopted with
the domain-based weighted-sum-of-gray-gas (WSGG) method [81]. The selection of the P-1
radiation model was based on the outcome of previous studies on the same furnace with the same
operating condition, where a comprehensive sensitivity analysis on the effect of the chosen
radiation model on the predictions. The latter revealed that the P-1 approximation model along

with the WSGG method resulted in acceptable performance at low computational cost [36].

In order to address the local incident radiation present in the computational domain, the following

equation is solved in the P1 radiation model [6], [41]:

(1)

1
V.( VG)— G + 4an?cT* =0
3(a + a5) — Cog ab +4an‘o

Where C, a and o, denote a linear-anisotropic phase function coefficient, the absorption and the
scattering coefficients, respectively. The refractive index of the medium and the Stefan-Boltzmann
constant is denoted by n and o [6], [41]. The radiation heat flux’s effect has been introduced as a
source term in the following equation (i.e., S;,) [41] as the radiation heat flux has been defined as

qr = =VG/(3(a+g;5) = Coy) [6], [41]:

S, = -V.q, = aG — 4an®oT* (2)
The absorption coefficient (a) in Eq. (1) has been addressed by adopting the Weighted-sum-of-
Gray-Gases (WSGG) approach, and the total emissivity over a distance of ‘s’ is approximated in

the WSGG maodel solving the following equation:

e=Yl_pa.(T)(1 — e kiPs) 3)
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Where a,;(T), k; and P denotes the emissivity weighting factor of the i fictitious gray gas as a
function of temperature, the absorption coefficient of the i gray gas and the sum of the partial
pressures of all absorbing gases, respectively. The derived values of a,; and k; from the works by
Coppalle and Vervisch [82] and Smith et al. [83] have been documented in FLUENT’s database.
Eq. (3) can be simplified as ¢ = ¥!_; a. ;k;Ps if the value of k;Ps is much smaller than unity for
all absorbing gases and the following equation can be used for the approximation of absorption

coefficient (a) adopting this estimated value of the emissivity (¢) [41]:

a=Y_oa. kP s<107*[m] (4)
a= w s > 107*[m] G)

3.1.2 Turbulence Model

RNG (i.e., Renormalizing Group) k—e turbulence model [46] is selected for accounting for the
turbulence of the flowfield. It has been reported to be the most optimum turbulence model in a
previously conducted sensitivity analysis on the current furnace using similar operating conditions
[17]. Unlike large eddy simulation and Reynolds-Stress Model (RSM), RANS framework, two-
equation-based RANS models such as RNG k—e model are well-known for their lack of
appropriate predictions of turbulent length/time scales due to their simplified assumption of
Reynolds Stress modeling [41]. However, it is important to mention that the two-equation RANS
models are still one of the most popular turbulence models for modelling large domains of
industrial CFD applications due mainly to their robustness, simplicity and computational cost [41].
Renormalization group theory, which is a statistical technique, has been utilized for the derivation

of the RNG k—e model. Similar form of transport equations are solved by both STD and RNG k—¢
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model for calculating turbulent kinetic energy, k and its rate of dissipation, €. The e equation solved
in the case of RNG model includes an additional term that enhances accuracy when modelling

flows that are rapidly strained. The transport equations of this model are given as follows [41]:

0 a ok
(pk) + x (pku;) = Aplleff 2 5%, + Gy + Gy — pe — Yy + S (6)
J

0 6 de £ g2
—(pg) + (peu ) = Aelleff = dx; + (G % (Gi + C3:Gp) — Cop T Re + Se @)
]

where, G, and G, denote turbulence kinetic energy generation caused by the mean velocity
gradient and buoyancy, respectively. Y,, denotes fluctuating dilatation contribution in
compressible turbulence to the overall dissipation rate, and a; and a, denote, respectively, the

inverse Prandtl number for k and €. S, and S, denote the source terms [41].

3.1.3 Bed Model

For this study, a simplified particle-based bed model has been adopted, and a discrete phase model
(DPM) has been employed in order to execute the solid fuel conversion process in ANSYS Fluent
[41]. Different sub-models are being offered by the standard DPM model in Fluent to describe
char combustion and thermal conversion, which enhances its capability to model the bed section
satisfactorily [84]. In spite of this capability, this methodology can not handle particle tracking in
a fixed condition because of its inability to consider particle-particle collisions [84]. In this
methodology, the particles are considered to be equivalent to a spherical particle having a uniform
temperature all around its body [85]. Both radiation and convection methods are considered to
account for heat transfer; however, the convection method is limited to particle-gas interaction.

Vaporization and boiling are the two sub-processes that are considered to tackle the drying process
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in the bed section [17]. The embedded vaporization law in DPM considers that liquid water in the
particles maintains a thermodynamic equilibrium condition with the local vaporized water [41],
[86]. Furthermore, a diffusion-controlled vaporization rate is considered [84], [86]. The adopted

convection/diffusion-controlled vaporization rate for this current study can be expressed as follows

[41], [87]:
dm,, Yws — Y (8)
T = pKCApln 1+ 1——YW,S)

where m,, A,, p, Y, s and Y,, denote the particle’s mass and surface area, the bulk gas density, the
mass fractions of vapour at the surface and the mass fractions of vapour in the bulk gas,
respectively. Convection and radiation heat transfer methods are implied for determining the

particle temperature as follows [41]:

dT, dm, )
myCp— = hA,(T —T,) - — Mg T Apeo (6% —T3)

where T, Cp, hey, €, 0 and 6 = (0.25G/0)%* denote the bulk gas temperature, the latent heat of
water, the particle’s emissivity, the Stefan-Boltzmann constant and radiation temperature (G is the
incident radiation [41]). From Sherwood and Nusselt number correlations, the diffusion mass
transfer coefficient (K,) and convective heat transfer coefficient (h) are calculated, respectively,

as follows [41], [88], [89]:

Dyym(2 + 0.6Re}/* Sct/3) (10)
c dp
hd Y, =Y 11
P =% W (24 0.6Rey*Pri/?) a2
kK~ 1-Y,,
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where the diffusion coefficient of vapour in bulk gas, the particle’s diameter, the thermal
conductivity of the bulk gas, the particle’s Reynolds number [41], Schmidt and Prandtl number of

the bulk gas are denoted by D, ,,, d,, k, Reg, Sc and Pr, respectively.

The transition between the vaporization and drying process is determined by the particle’s
temperature. The vaporization process prolongs throughout the time while the particle’s
temperature remains between the vaporization temperature (i.e., T,q,= 284 K) and boiling
temperature (i.e., Tpo;= 373 K) and switches to the drying process as soon as the temperature of
the particle attains T,,;;. Heat transfer rate controls the drying rate and is determined by the

following equation [84]:

dm
hyg— = hAp(T = T,) + Apea(6* — T) (12)

In order to account for the devolatilization process, a simplified devolatilization model is adopted
that uses a single-step kinetic rate for calculating the devolatilization rate and the mass exchange

rate during this process can be expressed by the following equation [84]:

dm, (13)

—p = ~Aexp (—}f—T [my = (1= Y,0) (1 = Yiy,0)my
where the initial mass of the particle, the initial mass fractions of moisture in the particle, the initial
volatile in the particle and the universal gas constant are denoted by m,,, Y, 0, ¥,0 and R,
respectively, and the conversion rate constants are A = 1.5e-2 s and E=20 kJ/mol [90]. CO, CO,,
H,0, H,, NH; and CH, as light gas/hydrocarbons [86], and levoglucosan (CqH,,0s) as a

representative of heavy hydrocarbon have been assumed to be the emitted volatile gases due to the

devolatilization process.
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The assumption of mass fractions of released species in the devolatilization processis used following
the work of Thunman et al. [91]. A single chemical composition along with char can be
accommodated in the DPM approach, and so the first step consists of an artificial species where
all the light and heavy hydrocarbons are lumped together, and this artificial species carries an
equivalent amount of mass and energy of the mixture of volatile gases. The ultimate and proximate
analysis of the used biomass fuel particles is then used to determine the composition of the artificial
hydrocarbons. The mass fraction of each species is determined for each iteration in the bed section

by employing a UDF code that is documented in Ref. [16].

During the depletion of oxygen, the gasification of char is considered to be of great importance as
the char oxidation procedure is remarkably quicker than the gasification procedure of char [91].
Due to the nature of the adopted furnace (i.e., updraft fuel feeding system), the volatile gases are
more prone to be released from a position on the bed which is prior to the position where char
formation may initiate. This phenomenon is also caused by the limitation of the DPM approach
that initiates heterogeneous reactions after the complete conversion of fuel particles into volatile
gases [41], which leads to considering char oxidation with primary air. CO, and CO are the primary
products of char oxidation, and the oxidation state (partially or fully) of char impacts the CO /CO,
ratio [86]. Nevertheless, in the present study, CO has been presumed to be the only char product
for simplification and this assumption is supported by previous literature (e.g., [48], [84], [92])
since the main char oxidation product of woody particles is CO [84]. A combination of oxygen
diffusion rate and the chemical Kinetic rate has been adopted to determine the char combustion

rate using the following equation [86]:

dmp _ (pRTYox> Rdikain (14)
dt P\ MW, / Raif + Rin
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where Y., MW,,, Ryin and Ry;r denote the mass fraction of the oxidizer, the molecular weight

of the oxidizer, the kinetic rates of char combustion, and diffusion rates of char combustion. A
detailed description of char oxidation and its kinetic and diffusion rates are well documented in
Refs. [19], [93], [94]. Details of the adopted fuel properties can be found in Refs. [6], [95] and are

presented in Table 1.

Table 1. Fuel properties [95]

Ultimate analysis dry ash-free basis (wt%o) Proximate analysis (wt%0o)

C (@] H N Volatile Fixed Carbon | Moisture | Ash
51.1 425 6.3 <0.1 79.4 14.2 6.0 0.4

In addition to the adoption of a simple particle-based bed model, the average mass fraction of
different species coming out of the fuel bed was also calculated following the work of Patronelli
et al. [96]. In their study, the entire bed was assumed to be a perfectly stirred reactor, and under
this assumption, the following order of thermal conversion processes occur depending on the

surface reaction mechanism and volatile compositions considered in the bed model.

Wet biomass — Moisture + Dry biomass (15)
Dry biomass — Volatile(C0O,C0,,H,0,CH,, CcH,,0s, NH;) + Char (16)
Char + 0.50, —» CO (17)
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The average mass fraction of the species was calculated considering the proximate and ultimate
analysis of the biomass fuel documented in Table 1, along with the conservation of elemental mass

(ie., C,H,0andN).

3.1.4 Combustion Models

For this study, four different combustion models were tested (i.e., SFM, UFM, partially premixed
and EDC/Flamelet) as reported in Table 2. In the case of SFM, rather than solving individual
transport equations for each gas-phase species, it only calculates the mean enthalpy, mean mixture
fraction and means mixture fraction variance [17]. A flamelet library is generated and tabulated
from one-dimensional (1D) laminar flamelet structures, which addresses the effects of detailed
chemistry [13], [97]. By transferring data (i.e., species mass fraction and temperature) from the
flamelet (physical space) into the mixture fraction space, the generated flamelet is embedded in
the turbulent reacting flow. This allows describing the temperature and species mass fraction as
functions of the local mixture fraction and local scalar dissipation rate [13], [41], [97]. A
probability density function (PDF) of mixture fraction, scalar dissipation rate and enthalpy are
adopted to address the influence of diffusion flamelet into a turbulent reacting flow [17]. The
commercial software ANSYS Fluent also uses the ‘Automatic Grid Refinement (AGR)’ method
for improving the prediction accuracy in the local high gradient of flow and combustion

characteristics [41].
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Table 2. Combustion models

Partially Premixed Model (with different combinations)

Case Radiation | Premixed | State Kinetic Reaction | Turbulence | Boundary
Model Model Relation Mechanism Model Conditions
Casel |P1 Extended RNG
Coherent
Flame Steady
Model Diffusion BC-1
Case2 |P1 C Equation | Flamelet RNG
(SFM)
Case3 |P1 C Equation | Unsteady Detailed RNG
Cased |P1 C Equation | Diffusion RNG
Flamelet
(UFM)
Case4b | P1 C Equation | Steady RNG BC-2
Diffusion
Flamelet
(SFM)
Other combustion models
Case Combustion Model | Radiation Kinetic Reaction | Turbulence | Boundary
Model Mechanism Model Conditions
Case 5 EDC-Flamelet Pl RNG BC-2
Case6 | SFM Pl Detailed RNG BC-1
Case 7 | UFM P1 RNG BC-1

The process of coupling turbulent flow field and chemistry in a flamelet approach is accomplished

through the flow field strain rate, which is correlated to a term known as scalar dissipation rate

[71]. The prediction inaccuracy of slow chemistry species by SFM results from assuming a steady-

state solution for all species despite steep changes in the strain rate [98]. Unlike SFM, UFM takes

the effect of unsteadiness of strain rate into consideration and is capable of producing improved

prediction of slow-forming species [17]. In order to address the unsteadiness effect, UFM performs

post-processing of the converged flow field of SFM and utilizes the transient history of the scalar

dissipation rate evolution [41], [71]. Any significant influence due to the transient effect could

only be observed in the case of only slow-forming species [17], [67]. Consequently, it is expected

that UFM will be most influential on slow chemistry species as opposed to SFM.
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A partially premixed combustion model has also been adopted, and its predictions will be
compared with the results of previous studies [65]. The partially premixed model combines both
non-premixed and premixed combustion models [41], so its capability to address the coexistence
of premixed and non-premixed turbulent flame regions in the reaction zone of a grate furnace has
been examined in this study. Two mixture fraction-based partially premixed models have been
examined in this study, known as reaction progress variable based (i.e., C equation) and extended
coherent based partially premixed model. In the steady diffusion flamelet partially premixed
model, the premixed flame front is assumed to be infinitely thin [41]. Under this assumption of a
thin flame front, for the reaction progress variable-based model, density-weighted mean scalars

(i.e., temperature and species fractions, @) are calculated using the following equation:

_ [t (! (18)
5= ¢ f 0 (FPHAf + (1-0) f 0. (Hp(F)df
0 0

where p(f) and ¢ represent the probability density function (PDF) of f, and the mean reaction
progress variable, respectively [41]. Here, burnt products and unburnt reactants are denoted by
subscripts b and u, respectively. The burnt scalar, @,, is the function of the mixture fraction, and it
can be calculated by mixing a mass f of fuel with a mass (1 — f) of oxidizer and allowing the
mixture to achieve equilibrium, where f represents the mixture fraction. Similarly, the unburnt
scalar, @,, is calculated by mixing a mass f of fuel with a mass (1 — f) of oxidizer, where the
mixture is not combusted. When using the C equation-based partially premixed model, the value
of the mean reaction progress variable (i.e., C) is derived using a transport equation of ¢ which
describes the spatial and temporal evolution of the reaction progress in the flow field as follows

[41]:

30



0 _ a He _ (19)
5% (pc) + V.(puc) = V. (Sct Vc) + pS,

where Sct, i, p and S, denote, respectively, turbulent Schmidt number, turbulent viscosity, density
and reaction progress source term, which is expressed as pS. = p,U;|Vc| (p, and U, represent

unburnt mixture density and turbulent flame speed, respectively).

Compared to the C equation model, the extended coherent flamelet model (ECFM) is considered
to be more refined because of its greater theoretical accuracy [41]. An additional equation is solved
by the ECFM model for the flame area density, which is used later on as a new reaction progress
source term to model the reaction progress variable in Eqg. (19). The increased flame surface area
in this model is caused by the assumption that laminar flame thickness is smaller than the smallest
turbulence length scales (e.g., Kolmogorov eddies) [41]. Increased net fuel consumption and flame
speed can be attributed to this increment in flame surface area. The additional solved equation to
calculate the flame area density is:

0x - He 2
§+V.(u2)—V.(S—QV<E>)+(P1+P2+P3)2+P4—D (20)

Where ¥ and D denote the mean flame area density and dissipation of flame area (i.e., D =

0.4U11%ZC_ where U, is the laminar flame speed), respectively [41]. The terms P1=1.6K; (K: as

turbulent time scale [99]), P, = sz(pﬂ), P; =0.2 %% and P, = U,V?C denote source terms
due to turbulence interactions, dilatation in the flame, expansion of burned gas, and normal
propagation, respectively. Note that the mathematical expressions of Pi, P2, Pz and P4 can be

found in [99] and [41]. Finally, a new reaction progress source term (i.e., the last term on the right

side of Eq. (19)) is introduced as pS, = p,U;2 where U, is the laminar flame speed [41].
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The chemical calculations and PDF integrations for the burnt mixture are executed along with the
construction of a look-up table in ANSYS Fluent, similar to the non-premixed steady flamelet
model (SFM) and unsteady flamelet model (UFM). Settings utilized for the generation of the
flamelet and PDF look-up table are reported in Table 3. In addition, another simulation was
conducted with different settings (Grid point: 60 & Scalar dissipation step: 0.5), and the derived

results revealed an almost identical outcome.

Table 3. Settings for the generation of flamelet and PDF look-up table

Parameter Value [unit]

Maximum number of flamelets 20 []
Number of flamelet grid points 32 []
Number of scalar dissipation step 2.5 []
Initial scalar dissipation 0.005 [S]
Scalar Dissipation Multiplier 5[]
Number of mean mixture fraction points in PDF table 50 [-]
Number of fraction variance point in PDF table 30 [-]
Number of mean enthalpy points in PDF table 30 [-]
Maximum number of species 137 [-]
Minimum temperature 298 [K]

EDC/Flamelet hybrid model was proposed by Farokhi and Birouk [65], and it was developed on
the platform of an extended version of EDC [63]. Incorporating a detailed chemical mechanism in
EDC comes with an extensive computational cost, and therefore EDC/Flamelet model was
introduced to overcome this handicap. Unlike previous studies [56], [100] where a tabulated
chemical time-scale (obtained by detailed chemistry) along with the assumption of fast chemistry
was used in determining the chemical reaction rate, a pre-calculated steady laminar flamelet
database was adopted in this model to account for detailed chemistry. Additionally, the mass
fraction of species was also extracted from the adopted flamelet database within fine structures
rather than resolving real-time chemical kinetics rates [65]. A more detailed description can be

found elsewhere [65].
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Chapter 4 PHYSICAL AND NUMERICAL SETUP

A schematic view of the physical setup is illustrated in Figure 2. Details about the lab-scale
biomass furnace are provided in [6], [95], so only a brief description is given below. The small
lab-scale furnace has a power capacity of 8-11 kW and consists of a cylindrical combustor with a
0.2 m diameter. The primary air enters the furnace from underneath the grate, situated at the bottom
of the bed, at a mass flow rate of 0.581e-3 kg/s. More air enters the furnace through the secondary
and tertiary air inlets located above the bed at a mass flow rate of 1.18e-3 kg/s and 1.89e-3 kg/s,
respectively. Pressure and temperature of all airflows at the inlet are maintained constant at 100
Kpa, and 298 K. Wood pellets (diameter- 0.006 m and length —0.0065 m) are fed into the furnace
bed at a mass flow rate of 0.461e-3 kg/s. The feed rate was controlled within + 2% of the mean
mass flow rate with a few occasional fluctuations due to difficulties in controlling the mass flow
rate, which could be the cause of emission fluctuations at the outlet [95]. The measured
temperatures of the volatile gases close to the bed and the furnace’s wall are, respectively, 1373.15
K and 873.15 K. These two values have been adopted for the inlet temperature of volatile gases

and wall temperature.

0200.00
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Figure 2. Schematic diagram of an 8-11 kW grate firing biomass furnace [6].
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ANSYS-FLUENT 19.2 has been used for performing the CFD simulations. All conservation
equations described above were solved by adopting the second-order upwind spatial discretization
scheme using the velocity-pressure coupling method. A 3D non-uniform/unstructured grid
consisting of 508619 cells has been used for modelling the furnace geometry that covers 820 mm
above the bed. A local increase in grid resolution has been applied in the vicinity of the bed and
at the secondary and tertiary jet exit locations. The axial temperature and velocity were compared
for four cases of grid number (i.e., coarse-1 with 240888 elements, coarse-2 with 393583 elements,
fine-1 with 508609 elements and fine-2 with 549409 elements), and the results showed no
significant change in the species concentration predictions as well as velocity and temperature
profile along the centerline with further grid refinement beyond grid fine-1, and hence, fine-1 grid
was selected for this study. Detailed mesh independency analysis has been documented in

APPENDIX A.

For defining wall conditions, zero normal gradients of species accompanied by non-slip conditions
and a constant temperature of 873.15 K have been adopted, and the bed and wall emissivity has
been set as 0.9 [6], [36]. An outflow boundary has been defined as a pressure outlet. All adopted
boundary conditions have been documented in Table 4. The choice of numerical settings is based
on previously published studies on the same furnace with a similar grid and numerical framework
(e.g., [17], [20], [36], [101]) and also in accordance with ANSYS Fluent guidelines in the best
practice of numerical setup. The choice of boundary conditions and numerical framework (e.g.,
radiation model, turbulence model, etc.) also have been based on published studies on the same

furnace (e.g., [17], [20], [36], [101]).
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Table 4. Inlet boundary conditions [6]

BC-1 BC-2
Boundary Conditions
Inlet Primary | Secondary | Tertiary | Primary | Secondary | Tertiary
CsH100s | 0.0686 - - 0.005411 - -
CH4 0.0686 - - 0.067688 - -
CO2 0.0428 - - 0.074089 - -
Species 02 0.046 0.233 0.233 | 0.042418 0.233 0.233
(Mass Fraction) | H,0 0.07 - - 0.122384 - -
Cco 0.276 - - 0.19302 - -
N2 0.428 0.767 0.767 | 0.477945 0.767 0.767
H: - - - 0.016467 - -
NHs 5.04e-4 - - 4.83e-4 - -
Mass flow rate [ka/s] 1.04e-3 | 1.18e-3 1.8%-3 | 1.04e-3 | 1.18e-3 1.89%-3
(m)
Temperature (T) | [K] 1373 298 298 1050 298 298
Turbulence I (%) 5 23 58 5 23 58
L [m] 7e-2 4e-2 4e-2 7e-2 4e-2 4e-2

For this study, two different sets of bed boundary conditions have been tested, which are reported
in Table 4. The two boundary conditions are referred to as BC-1 and BC-2 and are calculated from
published studies, where a simple particle-based bed model was adopted to incorporate the
conversion of a solid biomass fuel into an equivalent gas species (see [65] and [101]). BC-1 was
calculated using equations (15),(16) and (17), assuming the entire bed as a perfectly stirred reactor
(PSR) following the conservation of mass and energy between the fuel and air inlet against the
gases coming out of the bed. The composition of gases coming out of the bed is assumed to consist
of light volatile gases (i.e., 0O, C€0,, H,0, CH,, 0, and NH;) along with C4H,,0s as a
representative of heavy hydrocarbon. In addition, the product of the surface reaction of char and
0, is assumed to consist of CO that is already considered in the mass fraction of the total gases
coming out of the bed. Details about the bed model and its results of species mass fractions for the
same furnace with the same operating conditions can be found elsewhere [65]. The mass fractions

of the aforementioned species calculated in [65] from the bed-stirred reactor were used as the inlet

35



conditions of the flamelet for representing the mixture fraction coming out of the bed. In the case
of BC-2, in order to compare the partially premixed model against the EDC/Flamelet model, the
predicted results of species mass fraction coming out of the bed are adopted from Ref. [65] for
creating a pre-calculated flamelet library. In Ref. [65], porous zone CFD modelling approach was
adopted considering an extended length (20.00 mm) of the furnace, which represents the length of
the bed (not shown in Figure 2). Modelling of both, the bed section and the freeboard section, was
coupled together in this study, and the simulation adopting the EDC/Flamelet model was initiated
from the introduction of the biomass fuel into the bed, which caused the boundary condition
prediction (i.e., BC-2) to differ from the former one (i.e., BC-1). Additionally, the assumption of
light volatile gases by the two bed models also contributed to this difference. The presence of
residual H, gas in BC-2 is due to the incomplete oxidation of H, gas in the bed which resulted in
a lower inlet temperature of volatile gases compared to BC-1. On the other hand, BC-1 was
calculated considering the completion of the devolatilization of the biomass fuel in the bed which
assumes complete combustion of H, gas, which in turn caused a higher inlet temperature of the
volatile gases at the inlet to the freeboard (Table 4). Table 1 shows the adopted fuel properties used
for the calculation of the inlet boundary conditions. Table 4 illustrates the boundary conditions
used to represent all inlet boundaries of the furnace for CFD simulation. Table 5 reports the mass
balance between the inlet (i.e., solid/biomass fuel along with the primary air) and the outlet of the

assumed bed-stirred reactor (i.e., gases coming out of the bed).

Table 5. Elemental mass balance between inlet and outlet of the bed

Mass flux (kg/s) C H ®) N
Ultimate analysis (fuel+air) 3.77e-5 4.99e-6 5.66e-5 7.43e-5
Calculations BC-1 -3.68e-5 -5.08e-6 -5.74e-5 -7.43e-5
BC-2 -3.70e-5 -4.83e-6 -5.5%-5 -7.42e-5
Relative error (%) BC-1 2.36 1.89 1.42 0.22
BC-2 1.74 3.06 1.36 0.24
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Chapter 5 RESULT AND DISCUSSION

Table 2 summarizes all simulated cases in the present study. In order to evaluate the effect of
partially premixed combustion models on the predictions of temperature and species concentration
of the simulated furnace, different simulations were conducted that consisted of two partially
premixed models: extended coherent flamelet model (case 1) and C- equation-based premixed
model (case 2), with both cases use SFM to account for non-premixed combustion state of the
reacting flow. A third case (case 3) is performed, which uses C-equation and UFM to take into
account the premixed and non-premixed parts of the combustion model, respectively. In order to
evaluate the performance of partially premixed models versus mixture fraction-based non-
premixed models, two additional cases were simulated (cases 6 and 7), where SFM and UFM
purely non-premixed models were adopted. Also, a sensitivity analysis is conducted using two
different bed boundary conditions (i.e., top of the bed boundary with the freeboard, which
represents the volatile gases coming out off the bed into the freeboard), which are referred to here
as BC-1 (case 3) and BC-2 (case 4). Finally, a comparison between the predictions of the partially
premixed combustion model (i.e., case 4b using C-equation and SFM) and the hybrid
EDC/Flamelet model (i.e., case 5 using extended EDC along with SFM flamelet library) is
performed with BC-2 is adopted as the bed boundary condition in both cases. Since the hybrid
EDC/Flamelet model was previously studied [65], its results of the volatile gases coming out at
the top of the bed surface are used to represent BC-2 in the present analysis. In the aforementioned
simulated cases, the predicted temperature and species concentrations were compared with their
published experimental counterparts (captured along the centerline) of the simulated furnace. The
experimental measurements published in Refs. [6], [95] have been used for validating the

simulations.
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5.1 Effect of flamelet-based models: Partially premixed versus purely non-

premixed

In this section, two different premixed models (i.e., the extended coherent flame model and the C-
equation model) are compared against two different non-premixed models. In addition, a
comparison between the predictions of temperature field and species concentrations of the
aforementioned mixture fraction-based partially premixed models (i.e., cases 1, 2 and 3) and the
two-mixture fraction-based non-premixed combustion models (i.e., SFM in case 6 and UFM in

case 7) is presented.
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Figure 3. Comparison between numerical predictions and measurements of (a) Temperature and (b) CO
concentration along the centreline of the furnace.

The predicted temperature profiles and the concentration of CO along the centerline of the furnace
are presented in Figure 3(a) and (b), respectively. Figure 3(a) shows that, compared to
measurements, all studied cases are able to satisfactorily predict the temperature profile along the
centerline of the furnace. However, while the temperature prediction in cases 1, 2 and 3 is almost
similar downstream of the furnace, both SFM and UFM that are purely non-premixed models (i.e.,

cases 6 & 7, respectively) show some differences in the temperature prediction in the local high-
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temperature region (i.e., up to x = 0.3 m). For instance, the peak temperature predicted by both
non-premixed models (cases 6 and 7) is not only comparatively lower than those of cases 1, 2 and
3, but it is also established closer to the bed boundary. The predicted peak temperature in cases 1,
2,3,6and 7 are 2075 K, 2065 K, 2004, 1993 K and 1998 K, respectively. In addition, UFM based
non-premixed model (case 7) shows the lowest temperature up to x ~ 0.3 m and the highest after
x = 0.4 m. As for the other non-premixed model (case 6), while its prediction of the temperature
is in agreement with the measurements beyond x ~ 0.3 m, it produces overall similar results to
case 7 for the bed region upstream of x ~ 0.3 m. The discrepancy in the prediction of the local
high-temperature region (i.e., up to x = 0.3 m) between the partially premixed and purely non-

premixed models will be explained later using species profiles of CH.O and OH (Figure 5).

Figure 3(b) shows that the prediction of CO concentration by both partially premixed cases (cases
1 and 2) is quite similar, although a slightly higher concentration of CO is produced by C-equation
(i.e., case-2) downstream of the furnace. Compared to the measurements, cases 1, 2 and 3
satisfactorily predict CO concentration up to the mid of the furnace (x ~ 0.45 m). However, in the
region of x~ > 0.45m, cases 1 and 2 predictions drift significantly, as they underpredict CO
concentration, whereas case 3 prediction is in closer agreement with the measurements. Figure
3(b) also shows that case 6 produces a similar prediction to cases 1 and 2 which they adopt SFM
as a non-premixed model. On the contrary, when adopting UFM as the non-premixed model (case
7), CO species concentration is predicted to be slightly closer to that of case 3 but with a lesser
agreement with the measurements, especially for the region between x ~ 0.3 m, and x ~ 0.6 m.
These results clearly indicate that the prediction capability of the partially premixed combustion
model of the slow-forming species (i.e., CO) is influenced by the adopted non-premixed

combustion model, especially in the chemical equilibrium region of the furnace (i.e., downstream
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of the local high-temperature region; x~ > 0.3 m). However, the results clearly show, that when
adopting both UFM and C-equation in the partially premixed combustion model, the simulation
predictions of CO species are in good agreement with the measurements. A scalar dissipation rate
analysis has been conducted in order to determine the presence of a chemical equilibrium state,

and the result has been documented in APPENDIX B.
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Figure 4. Comparison of the predictions with measurements of (a) CO, mole fraction and (b) O, mole

fraction along the centerline of the furnace.
The predictions of CO2 and O2 mole fractions along the centerline of the furnace are shown in
Figure 4(a) and (b), respectively. These figures show that, compared to the measurements, the
prediction made by all cases reveals a similar trend/profile. The underprediction of CO, mole
fraction in the local high-temperature region is likely due to the enhanced dissociation of CO;
[102], which also yields the prediction of higher CO concentration in the same region. In addition,
the overall lower quantitative prediction of both CO> and O in all cases indicates that the mixture
fraction-based models tend to underpredict the fuel consumption in the equilibrium region
downstream of the furnace, whereas the hybrid EDC/flamelet model (see Figure 11) produces

much better quantitative predictions when compared to the measurements and those of SFM and
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UFM shown in Figure 4. Figure 4 clearly indicates that cases 1, 2 and 3 produce similar results,
which imply that the partially premixed model is capable of predicting CO. and O2 mole fraction
satisfactorily throughout the furnace irrespective of the adopted premixed or non-premixed model.
On the other hand, when used independently (cases 6 and 7), the profiles shown in Figure 4 suggest
that the prediction capabilities of cases 6 and 7 are quite similar with minor dissimilarities since
the UFM model is based on post-processing of the converged predictions derived from the SFM
model [41]. An important observation that can be made from Figure 4 is that the combustion
residence time and, consequently, the ability to reach the chemical equilibrium state is influenced
by the adopted combustion model (i.e., partially premixed model, SFM or UFM), all of which have
an impact on the overall predictions. That is, the chemically active zone where both non-premixed
and premixed terms of the reaction rates play a significant role is predicted differently using
mixture fraction based models (either partially premixed based or purely non-premixed based
model), which can be explained via the formation of CH>O and OH inside the furnace (See Figure

5 and further explanation below).
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Figure 5: Profiles of CH,O and OH mole fraction along the centerline of the furnace for cases 2 and 6.
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The predictions of CH.O and OH mass fractions along the centerline of the furnace are shown in
Figure 5 for cases 2 and 6. We chose these two cases because both of them adopt SFM (case 2
adopts partially premixed and case 6 adopts non-premixed). Figure 5 shows that for case 6, the
formation of formaldehyde (CH20) reaches its peak earlier, and OH formation reaches its peak
much closer to the bed. It was previously reported that the mass fraction peak of CH2O occurs in
the fuel-rich zone, and that of OH manifests predominantly in the non-premixed reaction zone of
a merged flame structure (i.e., transition occurs between non-premixed and premixed flame
structure in a partially premixed regime) [103]. The zone between these two peaks (considered a
highly chemically reactive zone) is regarded as the transition zone, where the transition between a
fuel-rich regime to a purely non-premixed regime might take place, and both non-premixed and
premixed regimes may locally affect the structure of the flame [104] [74]. In a previous numerical
study on Sandia flame D with predominantly non-premixed characteristics [74], it was shown that
both non-premixed and premixed budgets of the wrinkling-EDC combustion model play a
significant role in the overall calculation of the chemical reaction rate, which justifies the choice
of partially premixed models over purely non-premixed models when even modelling partially
premixed regimes having predominantly non-premixed characteristics. The findings of this figure
suggest that the choice of the combustion model has an apparent influence on the reaction zone
characteristics, where the non-premixed model (case 6) predicts a narrower transition zone (this is
discussed in Figure 6 below). This is why the peak temperature of case 6 occurs earlier than case
2 (Figure 3(a)) since the highly chemically active zone is narrowed in case 6, which is also evident
by the trend of CO> production and O, consumption (as a representative of fuel consumption) of

case 6 in the same region (see Figure 4(b)). The partially premixed model (case 2), on the other
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hand, shows a larger transition zone according to the profiles of CH.0O and OH mass fractions

shown in Figure 5.
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Figure 6. Contours of CH,O and OH mass fraction and temperature. (a) Partially premixed combustion

model (case 2), and (b) Non-premixed model (case 6).
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Figure 6 shows 2D contours of CH>0 and OH mass fractions and temperature inside the furnace
for case 2 (partially premixed model with C equation-SFM, Figure 6(a)), and case 6 (purely non-
premixed model with SFM, Figure 6(b)). Zone Z,, or the transition zone, spans from high local
CH0 concentration to the high local OH concentration, which indicates the highly chemically
active zone, as discussed before in [74]. This is also evident from the temperature contours where
the highest local temperature is stretched within this zone. That is, the temperature drastically rises
in this zone due to the higher chemical activities. Figure 6 also reveals the effect of the combustion
model on the prediction of the velocity field within the furnace. From the velocity vectors shown
in Figure 6 (a) and (b), it is evident that the prediction of velocity vectors by the aforementioned
combustion models has a direct influence on the prediction of these zones (i.e., Z;, Z, and Z3). It
is visible from the velocity vectors that both of the combustion models (cases 2 & 6) predict three
recirculation zones, which corroborate the findings reported in Farokhi et al. [17]. When compared
against the previously shown predicted values of CH>O and OH mass fraction along the centerline
of the furnace (Figure 5), it is quite evident that CH>O and OH mass fraction peaks align with the
eye of the first and third recirculation zone, respectively. This can also be seen when compared
against the contours of CH,O and OH mass fractions. The velocity vectors show that the distance
of these two recirculation zones (i.e., Z; and Z3) is influenced by the combustion models (i.e.,
partially premixed combustion and non-premixed combustion model). Compared to case 2, case 6
predicted a shorter second recirculation zone, resulting in an early prediction of OH mass fraction
peak. The temperature contours indicate that most of the chemical reactions take place in this
second recirculation zone. Due to the influence of the tertiary airflow, with the flow coming out of
the zone Z,, a third recirculation zone (i.e., zone Z5) is being created behind the high-temperature

region and almost after the high OH concentration region. As can be seen from the temperature
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contours and velocity vectors shown in Figure 6, the choice of partially premixed and purely non-
premixed combustion models has a noticeable influence on the prediction of zone Z; and its
influence on high temperature and transition zone (i.e., zone Z,). That is, during the recirculation
zone Z4 causes partial recirculation of fresh air injected from tertiary air into the end tip of the
transition zone (i.e., zone Z,), this recirculation appears larger and seems to push more fresh and
cold air into the zone Z, when using the purely non-premixed model. Thus, one of the reasons for
predicting a smaller transition region along with lower high temperature in case 6 might be related
to the prediction of a larger recirculation zone Z; and consequently higher concentrations of colder
inlet air coming inside the transition zone, which is also evident from the higher level of oxygen

concentration in the same regions of the furnace (see Figure 4(b)).
5.2 Sensitivity analysis of the boundary conditions

In this study, two different boundary conditions (i.e., BC-1 and BC-2) have been used to evaluate
the sensitivity of the predictions of temperature field and species concentrations within the
freeboard. BC-1 and BC-2 were used along with the C Equation/UFM-based partially premixed
combustion model for cases 3 (BC-1) and 4 (BC-2). Figure 7(a) depicts the temperature profile
along the centerline of the furnace as predicted by BC-1 (case 3) and BC-2 (case 4). This figure
shows that the predicted peak temperature in the local high-temperature region (i.e., up to x ~
0.3 m) is clearly influenced by the selected boundary conditions. In this local high-temperature
region, BC-1 causes a slightly higher peak temperature (2004K) in case 3 compared to BC-2 (1941
K) in case 4. This slightly higher peak temperature of BC-2 is directly related to the mass fraction
of the volatile gases (i.e., CH4 and C¢H100s) coming from the bed and also to the lower O

concentration in this region of the furnace (see Figure 8(b) and Figure 9) [65].
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Figure 7. Profiles of (a) temperature and (b) CO concentration along the centerline of the furnace for
cases 3 & 4.
The influence of BC-1 and BC-2 on the prediction of CO can be seen in Figure 7(b). CO
concentration downstream of the furnace is also influenced by the boundary conditions (i.e., BC-
1 or BC-2), especially after the peak temperature region (i.e., after x = 0.15 m). Figure 7(b) shows
that in both cases 3 and 4, the prediction starts with a higher CO concentration in the local high-
temperature region that is caused by the enhanced dissociation of CO; in that region. Compared to
case 3, which uses BC-1, Figure 7(a) shows that the prediction of the temperature profile
downstream of the furnace (after the peak temperature region 0.15 m < x < 0.3 m) is lower and
also quantitatively closer to the experimental value in case 4. This is due to less fuel-driven species
concentration (i.e., CHs and CgH100s) predicted in case 4 (which uses BC-2), and hence there is
less fuel for extracting heat/energy (see Figure 9). On the other hand, when compared to the
measurements, case 3 (which uses BC-1) produces a quantitatively better prediction of CO
concentration than case 4 (which uses BC-2) downstream of the furnace. Nonetheless, both
boundary conditions yield predictions that are qualitatively in reasonable agreement with the

measurements but with better results in case 3.
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Figure 8. Profiles of (a) CO., mole fraction and (b) O. mole fraction along the centerline of the furnace for
cases 3 & 4.
Figure 8(a) and (b) present the effect of boundary conditions BC-1 and BC-2 on the predictions of
CO- and O2 mole fractions along the centerline of the furnace. Both cases 3 and 4 predict a similar
trend to the experiments but are quantitatively different. Also, both cases indicate that the overall
combustion takes place between zone Z; and zone Z; (shown in Figure 6), which is caused by the
decaying of turbulence downstream of the furnace [17]. This phenomenon causes the
establishment of an equilibrium chemistry condition downstream of the furnace and, thereby, a
near-equilibrium level of CO. and O concentration [17], [41]. Overall, the predictions of case 4
are quantitatively in better agreement with the experiments. That is, the prediction of CO;
concentration is similar for both cases, although case 3 slightly underpredicts the species in the
local peak temperature region (i.e., up to x = 0.15 m). The influence of boundary conditions is
more prominent in the prediction of Oz concentration. Figure 8 suggests that, for both cases 3 and
4, the bulk of combustion takes place in the local peak temperature region (i.e., up to x = 0.30 m),
which causes a lower concentration of O in this region. It can be concluded from Figure 7 and
Figure 8 that the selection of bed boundary conditions has a discernible influence on the prediction
of temperature field and species concentrations downstream of the furnace (that is, when the
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chemical equilibrium condition is established [17]). Both Figure 7 and Figure 8, however, show
that the predictions are relatively similar in trend to the measurements using either BC-1 or BC-2

boundary conditions.
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Figure 9. Profiles of the mole fraction of (a) CH4 and (b) C¢H100s along the centerline of the furnace for
cases 3 & 4.
The above-discussed results of temperature and species concentration revealed that the numerical
predictions are highly dependent on the consumption of the released volatile gases (e.g., CH4 and
CeH100s) from the bed. Figure 9(a) and (b) depict the concentration and consumption of,
respectively, CHs and CeH100s, in both cases 3 and 4 along the centerline of the furnace. Figure 9
shows that the supplied amount of combustible volatile gases in the freeboard is predicted to be
higher in case 3, which yields a higher release of energy. On the other hand, considering the
conversion of energy and mass, it appears that a higher portion of the energy is released within the
bed in case 4, which is also evident from the higher closer-to-bed temperature profile in case 4
(see Figure 7(a)), higher production of combustion major products (i.e., CO2) and higher
consumption of Oz in the vicinity of the bed for case 4 (see Figure 8(a) and (b)). In agreement with

published literature (e.g., [17]), this figure distinctly indicates that the combustion process and
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volatile gas consumption cannot be predicted adequately near the bed due to very weak turbulence

and lower strain rates.
5.3 Partially premixed model versus EDC/Flamelet model

The performance of the partially premixed combustion model has been compared with
EDC/Flamelet model in this section. The predicted temperature profiles and the concentration of
CO along the centerline of the furnace are shown in Figure 10(a) and (b), respectively. Overall,
the temperature profile appears to be less influenced by the combustion model. All predicted
temperature profiles compare reasonably well with the measurements, though the partially
premixed combustion model (i.e., cases 4 and 4b) insignificantly under-predicts the temperature

compared to EDC/FLamelet model.
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Figure 10. Profiles of (a) temperature and (b) CO concentration along the centerline of the furnace for
cases 4 & 5.

On the other hand, it is evident in Figure 10(b) that the adopted combustion model has a significant
influence on the prediction of slow-forming species (i.e., CO) in line with published literature [17].
Compared to the measurements, case 4b predicts CO concentration reasonably well until after the
mid of the furnace (i.e., up to x = 0.45 m, where the chemical equilibrium condition is believed
to start taking place), after which SFM starts to underpredict the concentration of CO mole fraction.
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Case 5 (EDC/Flamelet model) predicts CO concentration reasonably well in the local high-
temperature region (i.e., up to x = 0.30 m) but then over-predicts it downstream of the furnace in
the chemical equilibrium region. On the other hand, the C equation and UFM-based partially
premixed model (i.e., case 4) appear to be reasonably capable of predicting CO concentration
throughout the furnace. That is, the prediction of CO concentration is in good agreement with the
measurements at the onset of the local peak temperature region (i.e., up to x = 0.15 m) and then
slightly drifts below the measurement downstream of the furnace. Overall, compared to the

experiments, this model (case 4) produces quantitatively better predictions than the EDC/Flamelet

model.
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Figure 11. Profiles of mole fraction of (a) CO and (b) O, along the centerline of the furnace for cases 4 &
5.

The influence of the partially premixed model and EDC/Flamelet model on the prediction of CO;
and O mole fractions along the centerline of the furnace is depicted in Figure 11(a) and (b). The
predictions of the three cases (i.e., cases 4, 4b & 5) show almost similar trends/profiles and
compare well with the experiments. One of the reasons for the underprediction of CO> mole

fraction in the local high-temperature region by cases 4 and 4b might be related to the enhanced
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dissociation of CO, [102], which also causes the prediction of higher CO concentration in the same
region. CO; prediction is also associated with the prediction of temperature. Underprediction in
the case of temperature can lead to CO2 underprediction. Although in the current scenario, this
phenomenon can be eliminated as the presented data in Figure 10(a) clearly indicates that the
prediction of temperature throughout the furnace is within the error limit. The partially premixed
model (i.e., cases 4 and 4b) underpredicts the concentration of CO. On the contrary, compared
EDC/Flamelet model (case 5), the partially premixed model's prediction of O2 concentration is
quantitatively in better agreement with the measurements. However, moving farther downstream

of the furnace, the predicted O, mole fraction by both models is quite similar.
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Chapter 6 CONCLUSIONS AND RECOMMENDATIONS

6.1 Concluding Remarks

The prediction capability of partially premixed combustion models and the effect of the adopted
premixed (i.e., extended coherent flame model and C-equation) and non-premixed (i.e., SFM and
UFM) models were examined in this study. In addition, another comparison was conducted to
examine the capability of partially premixed mixture fraction-based combustion models against a
recently developed EDC/Flamelet hybrid model. The main concluding remarks of this research are

summarized as follows:

i.  The study revealed that, compared with published experimental data, partially premixed
models are capable of producing acceptable predictions. The study revealed that the
prediction ability of the UFM-based partially premixed model surpasses that of its SFM-
based partially premixed model counterpart, especially in the case of slow-forming species.
These conclusions were made on the basis of the temperature field along with major and
minor species concentrations.

ii.  The prediction ability of partially premixed combustion models (i.e., extended coherent
flame model/SFM based, C-equation/SFM based and C-equation/UFM based) was tested
in this study, and the results were compared against published predictions of other
combustion models (i.e., EDC/Flamelet hybrid, purely non-premixed SFM and UFM
combustion models). The results revealed that all investigated partially premixed
combustion models produce better predictions than EDC/Flamelet hybrid, purely non-
premixed SFM and UFM combustion models, especially for slow-forming CO
concentration. This is especially the case when adopting a UFM-based partially premixed

model, where the predictions of both velocity and temperature fields were found sensitive
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to the adopted combustion model. For instance, compared to the purely non-premixed SFM
combustion model, the partially premixed model predicts a wider high chemically reactive
zone which expands more downstream of the furnace as a result of a smaller recirculation
of cold air within the high temperature/chemically reactive zone that results in higher
temperature distribution in the local high-temperature region (i.e., up to x = 0.3 m).

Amongst all examined partially premixed modes, the C-equation/lUFM-based partially
premixed model has the best results in the predictions of the slow-forming chemistry
species (i.e., CO) in addition to its adequate prediction ability of the temperature field and

major and minor species.

6.2 Recommendations

While there is a good progress in developing reliable numerical modelling of biomass combustion,

there is still a need for further research. A few research directions are provided below.

NO, calculation in the postprocessing is not compatible with partially premixed
combustion models. A kinetic mechanism for calculating N O, should be developed, which
is expected to enhance the prediction ability of partially premixed models.

A new hybrid combustion model (i.e., wrinkling-EDC) was recently proposed by Farokhi
and Birouk [74], [105] to overcome the standard EDC model’s limitations in predicting
both premixed and non-premixed combustion regimes. Since combustion inside a grate-
firing biomass furnace consists of different combustion regimes (i.e., non-premixed,
partially premixed and premixed) [33]-[35], it is useful to assess the ability of this model
for the simulation of this multi-regime combustion. This study can also be coupled with
the introduction of a pre-calculated flamelet approach in order to reduce the computational
cost.
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APPENDICES

APPENDIX A: Mesh Independency Analysis

A mesh independency analysis was conducted on the adopted grate-firing biomass furnace. At the
initial stage, the generated grid was created following the previous studies conducted on the same
furnace. A local increase in grid resolution has been applied in the vicinity of the bed and at the
secondary and tertiary jet exit locations. Later, more refined grids were created, and multiple
simulations were conducted. The axial temperature and velocity were compared for four cases of
grid number (i.e., coarse-1 with 240888 elements, coarse-2 with 393583 elements, fine-1 with
508609 elements and fine-2 with 549409 elements), and the results showed no significant change
in the species concentration predictions as well as velocity and temperature profile along the
centerline with further grid refinement beyond grid fine-1. Thus, the fine-1 grid was selected for

this study. The results are shown in Figure 12.
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Figure 12. Numerical results of axial (a) temperature and (b) velocity along the centerline of the grate-
firing biomass furnace using three different grids.
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APPENDIX B: Scalar Dissipation Rate Analysis

In Chapter 5, downstream of the local high-temperature region (i.e., x~ > 0.3 m) has been
described as chemical equilibrium region of the furnace. In order to conform this state, a scalar
dissipation rate analysis was conducted. Scalar dissipation rate (y,;) is the indicating factor that
determines if a stoichiometric mixture is in a chemical equilibrium state or not [1]. According to
the research conducted by Peters [2], chemical equilibrium of a stoichiometric mixture corresponds
to the exact limit y,; — 0. So as long as the value of y,, is greater than 0, the stoichiometric
mixture can not completely achieve a chemical equilibrium state. The result of the analysis is
shown in Figure 13 and it clearly depicts that the scalar dissipation rate reaches 0, by the end of
the high temperature region which signifies that the mixture attains chemical equilibrium state in

that region.
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Figure 13: Numerical results of scalar dissipation rate along the centerline of the furnace.
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