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Abstract

Two different routes can be taken to produce valuable energy from biomass: thermo-
chemical and biochemical conversion routes. The focus of this thesis is the subject
of the former, namely biomass gasification by addressing the challenges that come
with the optimisation and operation of an efficient biomass gasifier using detailed
equilibrium and computational fluid dynamics models.

An advanced and comprehensive thermochemical equilibrium model for a down-
draft biomass gasifier has been developed to enhance the understanding of gasifier
behaviour near equilibrium conditions via prediction of the syngas yield from the re-
duction zone. The model incorporates the thermodynamic equilibrium of the overall
gasification reaction through a stoichiometric approach and includes the prediction
of minor gasification byproducts, specifically hydrogen sulphide and ammonia, as
sulphur- and nitrogen-based contaminants, respectively. A key feature of the model
is the incorporation of a new empirical correlation, derived from relevant existing ex-
perimental data, to account for tar mass yield in generic downdraft biomass gasifiers.
Additionally, the governing model equations are solved in a fully coupled manner,
with the Boudouard reaction applied to predict char yield and the ammonia syn-
thesis reaction used to estimate ammonia production. Notably, the model operates
without correction factors and effectively predicts methane concentration, address-
ing a limitation commonly observed in existing equilibrium models. The outputs of
the model include syngas composition, tar and char yields, gasification temperature,
cold gas efficiency, and lower heating value for various biomass feedstocks with spec-
ified ultimate analyses, across a range of equivalence ratios and moisture contents.
Where available, model predictions are compared to corresponding experimental
data and demonstrate strong agreement.

Next, computational fluid dynamics is utilised to model a downdraft biomass
gasifier through an established solver incorporating the porous media assumption.
A detailed and comprehensive chemical reaction scheme is constructed, portraying
the chemical reactions occurring in a real unit, efficiently identifying the appropri-
ate range of operating conditions by which the system yields optimum products
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by tuning the working parameters accordingly to satisfy the production of species
from the chemical reactions. The solver, originally designed for modelling biomass
gasification in fixed-bed applications, is adapted to include a moving porous bed.
Another novel feature of the model is its automatic replenishment functionality,
which allows the biomass feedstock to be continually supplied from the top while
generating desirable output products at the bottom. The porous bed includes a
self-propagating front which facilitates chemical reactions. Transport equations are
formulated inside the porous media by applying the spatial averaging methodology
and responsible for predicting solid and gas temperature profiles, product gas com-
position, flow velocity, porosity distribution, and more. The resulting predictions
are compared against existing experimental results and those from different CFD
approaches for downdraft gasifiers, highlighting the applicability of the solver in
addressing fixed-bed biomass gasification challenges.
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CHAPTER 1

Introduction

1.1 Biomass as a renewable energy source

Fossil fuels such as coal, oil, and gas are a convenient source of energy production
having, for many decades, effectively met the energy demands of the global economy.
They currently supply around 80% of the global energy requirement [1]. However,
a major and increasingly urgent problem associated with this is that when fossil
fuels burn they release an abundant amount of carbon dioxide (COs), a greenhouse
gas, into the air, trapping heat in the atmosphere and consequently contributing to
the current global warming crisis. Furthermore, they contain impurities that can
generate pollutants such as sulphur dioxide (SOy), nitrogen oxides (NO,), and par-
ticulate matter during gasification. With growing evidence of the climate change
effects of global warming, environmental awareness has increased causing a global
energy shift toward the use of dependable, affordable and cleaner alternatives [2].
Biomass has become one such promising avenue, as its modern application is con-
sidered a very optimistic clean-energy alternative. Although biomass production is
invariably accompanied by the release of COs,, it is still widely viewed and referred

to as a renewable energy source. Arguably, at present it is the only renewable that



can directly replace fossil fuels due to its abundant availability, simple storage and

transportation requirements, and its synthesis of different fuels and chemicals [2].
Useful gaseous and liquid end products can be obtained from biomass through

two major conversion pathways: thermochemical and biochemical processes. The

thermochemical conversion route umbrella consists of four processes:
1. Combustion
2. Gasification
3. Pyrolysis
4. Liquefaction

Combustion involves high temperature conversion of biomass into CO, and steam
in the presence of excess air. Gasification, on the other hand, involves a chemical
reaction in an oxygen-deficient environment whereby the biomass is mainly converted
into carbon monoxide (CO) and hydrogen (Hy). Pyrolysis occurs at relatively low
temperatures (400-800 °C) in the total absence of oxygen. Finally, liquefaction
involves the decomposition of large feedstock molecules into smaller molecule liquids
at relatively low temperatures and in the presence of a catalyst. From the above
conversion technologies gasification, specifically biomass gasification, comes with

renewability, environmental and socio-political benefits |2].

e Renewability: Biomass is renewable as it is unlikely to be depleted with con-

sumption due to its CO, cycling feature mentioned above.

e Environmental: The gasification of a biomass fuel emits less CO4 from its com-
bustion on a unit heat release basis. Furthermore, it is easier to extract sulphur
from gasification than combustion. For example, the sulphur in combustion
appears in the form of sulphur dioxide, which is relatively difficult to remove
from the flue gas. However, in gasification the sulphur appears mostly in the
form of hydrogen sulphide, resulting in an easier extraction of the sulphur by

absorption.



e Socio-political: Biomass is a locally sourced resource, and for a biomass-based
power plant to achieve economic viability, its feedstock must ideally be sourced
within a limited radius. This localised sourcing requirement supports the
growth of industries related to biomass cultivation, collection, and transporta-
tion in the surrounding area. Furthermore, fluctuations in the global political
landscape have shown that supply chains and feedstock prices can be highly
volatile, leading to sudden increases in costs. In contrast, locally produced

biomass offers a more stable supply, less susceptible to such uncertainties.

Biomass gasification converts carbonaceous materials into a biofuel made up
of syngas, a mixture of Hy and CO in a high temperature environment, usually
between 800-1100°C [3], using air, steam or oxygen as a gasification agent. The end
product is also termed producer gas as it consists of various other species such as
methane (CHy), CO5 and water vapour (H,0O). Gasification is more efficient than
direct combustion as it provides increased conversion rates and a higher quality
syngas, containing a higher energy content. The produced syngas can be further
treated downstream for use in gas engines, to produce methanol and ammonia, or
converted to synthetic fuel via the Fischer-Tropsch process [2].

At present the gasification of fossil fuels, such as coal and natural gas, occurs
more frequently than of biomass as it is more convenient in today’s energy indus-
try than its renewable counterpart for a number of reasons. Firstly, fossil fuels are
often more readily available and less expensive than biomass feedstocks. Secondly,
the gasification of fossil fuels has been more extensively researched, developed, and
commercialised compared to biomass gasification, presenting a more mature infras-
tructure and an established supply chain for fossil fuel gasification [2,4]. Fossil fuel
and biomass gasification both produce syngas, however the difference in their contri-
butions to greenhouse gas emissions lies primarily in the carbon cycle and the source
of carbon (C) involved. When fossil fuels are gasified, the C within them is released
back into the atmosphere as CO,, adding it to the atmospheric carbon pool, and in-
creasing the concentration of greenhouse gases. On the other hand, when biomass is
gasified, the COs released is roughly equal to the amount that was absorbed by the

biomass material during its formation/growth. As a result, there is no addition of
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COz to the atmosphere [5]. Consequently, biomass gasification is becoming increas-
ingly prominent due to its sustainability and renewability characteristics. Gasifiers
come in different types, each with their own design specifications and performances
depending on biomass type, its moisture content (MC), the gasification agent used
and the power required to generate output. Furthermore, a typical gasifier is split
into distinct zones, each playing an important role in producing desired outputs.
The refinement of a particular gasification process, either by performing experi-
mental investigations or through the use of mathematical models, requires extensive
knowledge of the underlying behaviour which encompasses complex chemical and
physical interactions between multi-phases. This thesis addresses issues in relation
to the development of different biomass gasification mathematical models, their so-
lution and ability to predict a required end-product, leading to an effective research

advancement in the field.

1.2 Research Challenges and Opportunities

The intricate physical and chemical processes occurring within a biomass gasifier
pose significant modelling challenges in determining the optimal operating condi-
tions. Different predictive modelling approaches require a well-matched homoge-
neous and heterogeneous chemical reaction scheme, tuned to the appropriate oper-
ating parameters, to ensure a stable conversion of biomass feedstock into the desired
syngas output. The relative proportions of Hy and CO in syngas is an important
consideration; even so, due to the highly heterogeneous nature of biomass feed-
stock, accurately predicting the syngas ratios based solely on physical and chemical
properties has proved a formidable task. Consequently, precise specification of the
operating conditions becomes essential to achieve the desired syngas composition
effectively.

Furthermore, the generation of tars as an undesirable by-product of biomass
gasification poses a significant challenge and has become a subject of extensive
investigation [2]. Tars are unwanted because of their tendency to cause condensa-

tion, leading to blockages in downstream equipment and other operational issues.



Additionally, their dynamic behaviour makes modelling them complex. Therefore,
a primary focus of the current study has been the effective determination of the
boundaries of tar formation within biomass gasifiers, with the goal of minimising
their production whenever feasible.

Lastly, the development of a Computational Fluid Dynamics (CFD) model using
the open-source software OpenFOAM adds a unique aspect to this study. OpenFOAM-
based CFD models for biomass gasification are scarce in the literature, with most
previous such models having relied on the use of Ansys Fluent [6] and other CFD
software due to the perceived simplicity in studying and analysing gasifier behaviour.
This is primarily attributed to the lack of a built-in solver in OpenFOAM’s database
for effectively simulating fixed bed configurations with heterogeneous reactions as-
sociated with downdraft gasifiers. Consequently, a pre-established solver with func-
tionalities closely aligned to the desired objectives is utilised, leading to the addi-
tional challenges highlighted below.

The first of these is the need to become familiar with OpenFOAM’s chemical
solver, a tool that has never been employed previously in the analysis of the chemi-
cal and physical interactions within biomass gasification. The second key challenge
lies in handling of the intricate gasification chemical reaction scheme, as the recently
developed solver [7] has not undergone extensive analysis under such complex con-
ditions. This requires determining whether the chemical reactions are sufficiently
exothermic to sustain a propagating front or if they will extinguish via a thorough
examination of the kinetic parameters of the reaction scheme.

Next, dealing with the multiphase nature of a biomass gasifier introduces com-
plexities related to mass and heat transfer within both the gas and solid phases.
The implementation of the reaction scheme further complicates the identification
of specific reactions occurring in different parts of the gasifier, especially when dis-
tinguishing the various reacting zones in a downdraft gasification unit. The CFD
model proposed here relies on the porous media assumption, which adds another
layer of complexity in determining the equivalence ratio (ER) and initial conditions
of the system. The ER is a critical operating parameter in air gasification, signif-

icantly influencing gas quality and gasification temperature. To precisely identify



the ER, a meticulous and systematic procedure had to be established, taking into

consideration the amount of consumed air within the system.

1.3 Novelty and Key Findings

To address the issues outlined above, the overall aim of the thesis is to develop
two comprehensive predictive mathematical models in order to tackle the research
gaps. The models are compared with both corresponding experimental data and
the theoretical work of others, where such comparisons are possible.

The first is a thermochemical equilibrium model, which utilises the stoichiomet-
ric global gasification reaction. It incorporates a new empirical correlation, derived
from relevant experimental data, to more accurately predict the mass tar yield. Ad-
ditionally, it calculates the gasification temperature through an energy balance using
a coupled system of equations, resulting in improved convergence properties. The
model also includes the boudouard reaction to predict char formation and considers
the production of minor contaminating species, investigating their influence under
varying operating conditions. Furthermore, the syngas composition predicted by the
model is validated against experimental data obtained from various state-of-the-art
downdraft biomass gasifiers (DBGs).

The principal outcomes of the constructed equilibrium model encompassed ver-
ified syngas composition, gasification temperature, tar and char yields, and the
levels of sulphur-based and nitrogen-based contaminant gases. These findings were
explored for different operating conditions, particularly varying ER and MC. More-
over, an analysis of the syngas energy content was conducted under varying op-
erational parameters. Conclusions are drawn: regarding the reliability of the tar
empirical correlation; involving a detailed parametric study of the predictions ob-
tained; concerning affirmation that the model offers reliable estimations across a
broad spectrum of outcomes without the need for corrective adjustments.

Subsequently, a CFD model is presented and solved within the open-source
software OpenFOAM environment. It employs a recently-compiled solver called

porousGasificationFoam [7], specifically designed for thermal and chemical con-



version in a stationary porous media. This choice was motivated by the absence of a
built-in solver in OpenFOAM’s database that can handle coupled homogeneous and
heterogeneous reactions, which are typical in fixed bed gasification systems. The
CFD model incorporates a comprehensive chemical reaction scheme that mirrors
a real DBG. It distinguishes between distinct zones participating in the gasifica-
tion process at the initial and transient conditions, namely the drying, pyrolysis,
oxidation, and reduction zones, offering insights regarding the regions in which en-
dothermic and exothermic chemical reactions are taking place.

The solver is adapted to account for a moving porous media bed, where the
biomass feedstock is replenished from the top and undergoes a series of physical and
chemical processes, generates the desired outputs and allows for the simultaneous
occurrence of homogeneous and heterogeneous chemical reactions. Unlike previous
CFD models in which chemical reactions are restricted in gasifier zones, the proposed
CFD model utilises a chemical reaction scheme which occurs simultaneously, instead
of a sequential output-input relationship.

The findings from using the CFD model included a validated syngas composition,
gas and solid phase temperature profiles, tar and char yields, velocity profiles, and
porous media distribution encompassing the biomass and humidity consumption.
The predictions were explored for different operating conditions, particularly varying
the air velocity and the inlet air temperature. The varying of operating parameters
in the model lead to the enhancement of the gasification process to yield a better
quality syngas composition. Conclusions are drawn: regarding the effect of certain
operating conditions on the conversion efficiency of the gasifier and the effective use

of the porous media assumption in tackling fixed bed gasification applications.

1.4 Thesis structure

The thesis is structured as follows:
Chapter 1 motivates biomass as a renewable energy source, addressing the ne-
cessity for cleaner energy production methods and highlighting the inadequacies

of current outdated techniques. Various thermochemical conversion methods are



discussed, with particular emphasis on the advantages of gasification over other ap-
proaches. The research challenges in the field of biomass gasification modelling are
mentioned, emphasising the opportunities available to tackle them in the present
study. Finally the novelty and key findings from the developed models are briefly
discussed, underscoring the contributions made within the field of biomass gasifica-
tion modelling.

Chapter 2 includes an appraisal of the past modelling work and experimental
investigations carried out for DBGs. A thorough analysis of prior work is provided,
evaluating the significance and contributions of each study to the field of biomass
gasification.

Chapter 3 provides a comprehensive overview of the biomass gasification pro-
cess. It introduces the fundamental concept of biomass, focusing on its properties
and composition. A detailed examination of the gasification process follows, includ-
ing an analysis of its stages, types of gasifiers, and the chemical reactions intrinsic to
the process. The discussion extends to the influence of diverse operating conditions
on gasifier performance and subsequently offers insights and detailed analyses of the
different modelling approaches one can implement to design a gasification model.

Chapter 4 introduces the formulations implementation and method of solution
of the new thermodynamic equilibrium model. The results of which are discussed
and comparisons made with complementary experimental data and existing theoret-
ical results. In particular, the effects of varying operating parameters are explored.

Chapter 5 introduces the methodology and solution techniques utilised to con-
struct a comprehensive and predictive CFD model of a downdraft gasifier. The
results obtained are compared against relevant experimental and modelling out-
puts. The chapter also highlights distinctive outcomes and novel insights generated
by the model.

Chapter 6 summarises the research findings. Recommendations for future re-
search are provided, emphasising areas that require further exploration and devel-

opment.



1.5 Summary

This chapter offers a clear motivation for the research undertaken, providing defini-
tions for the subject matter and demonstrating its benefits. The research challenges
are subsequently elaborated, pinpointing gaps in the existing literature and outlining
how this thesis aims to address them. Additionally, it emphasises the uniqueness of
the study, highlighting its key discoveries. Lastly, the chapter outlines the structure
of the thesis, providing insight into its progression. This positions the outlined work
to undergo a thorough literature review, which will be presented in the following

chapter.



CHAPTER 2

Literature Review

A thorough and detailed appraisal is provided below of the relevant experimental
and theoretical modelling work conducted to-date on DBGs. These include those
which have been used for the purposes of supporting the results of the modelling work
reported here, and validation of the same. Since modelling is the primary focus of the
thesis, the review provided delves into the core discoveries of each approach, tracing
their development from simplified models to recent advancements within the specific
field. Additionally, it explores their limitations and identifies areas where further
enhancements are needed by addressing the key knowledge gaps in the existing
literature. A similar examination is undertaken in relation to related experimental
investigations, highlighting the contributions made to the advancement of this field.
Such investigations have played a pivotal role in progressing fundamental knowledge
and insights, which, in turn, can be harnessed for the validation of mathematical

models, as is the case in Chapter {4] in particular.
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2.1 Thermodynamic Equilibrium Models

Thermodynamic equilibrium models play a crucial role in elucidating the complex
chemical processes in DBGs by predicting the equilibrium composition of gasification
products. The models are used to estimate major gas species, such as CO, COs, and
Ny, though they tend to overestimate Hy and underestimate CH4. Their predictions
provide valuable insights into energy content and gas utilisation, aiding in process
optimisation.

Researchers have extensively examined the influence of operating parameters
(e.g., temperature, pressure, ER) and feedstock characteristics (e.g., MC, ash con-
tent) on gas composition and heating value. Equilibrium models also help identify
conditions that promote undesirable tar formation, guiding strategies for its min-
imisation. However, due to their assumption of chemical equilibrium, they struggle
to accurately predict tar content and capture the full complexity of gasification
kinetics.

Despite their adaptability to various biomass feedstocks, equilibrium models of-
ten omit minor contaminating species (e.g., HoS, NH3), which arise from certain
biomass compositions. Sensitivity analyses and optimisation efforts, including em-
pirical corrections, enhance model alignment with experimental data but compro-
mise reliability. To address these limitations, equilibrium models are increasingly
integrated with kinetic models and detailed chemical mechanisms, offering a more

comprehensive representation of the gasification process.

2.1.1 Detailed appraisal of contributions to the field

Zainal et al. [8] developed a stoichiometric equilibrium model and applied to vari-
ous feedstock to determine the composition of the resulting syngas and the oxygen
content in a DBG by utilising a simplified iteration of - see section
in Chapter [3] They investigated the effects of the initial MC and the temperature
in the gasification zone on the calorific value and the produced syngas. They con-
cluded how different components constituting the producer gas is influenced with
increasing MC. At the time of its development, the model was a first-of-its-kind, but
11



failed to show how predictions compare with pertinent experimental data or provide
any validation of the results.

Mountouris et al. |9] also developed an analogous model, which focused on the
thermodynamic assessment of plasma gasification. Their study involved estimating
the resultant gas composition, conducting energy and exergy analyses. Interestingly,
their model employed the same simplified version of , albeit with the inclusion
of C as an additional by-product. Notably, their model illustrates the variability
of predictions in response to changes in MC and temperature. This serves to offer
a comprehensive parametric analysis of biomass gasification. It also surpasses the
model introduced by Zainal et al. [8] by its capability to predict soot formation.
However, it is important to note that like the former model, this one also lacks
validation against experimental results.

Following this, Melgar et al. [10] proceeded to construct a stoichiometric equi-
librium model that expanded its scope to encompass additional constituents of the
overall gasification reaction, including Oy and SO,. To achieve chemical equilibrium
within the system, they incorporated reactions and of section in
Chapter 3] Through their predictions, the model effectively computes the calorific
values of the resulting syngas and the Cold Gas Efficiency (CGE). This effort pro-
vides not only a means of validating the model but also facilitates a parametric
analysis of the projected outcomes.

A streamlined thermodynamic equilibrium model, specifically tailored to mu-
nicipal solid waste as the biomass feedstock was devised by Jarungthammachote
et al. [11] . This model hinged on the utilisation of thermodynamic equilibrium
constants governing gasification reactions. To ascertain gasification temperature,
they harnessed the Newton-Raphson method. Additionally, the model incorporates
correction factors to fine-tune the equilibrium constants of the chemical reactions,
aiming for improved alignment with experimental data. Regrettably, this model,
akin to previous ones, fell short in substantiating its predictions through relevant
experimental validation.

Sharma [12] later formulated a thermodynamic equilibrium model designed to

prognosticate syngas composition and reaction temperature. The latter was initially

12



estimated and subsequently refined through an iterative process. While this model
relies on a simplified rendition of the overarching gasification reaction, it also in-
troduces a kinetic counterpart in tandem with the equilibrium model. This kinetic
model was constructed based on reaction rates associated with char reduction zone
reactions. This dual approach facilitated a robust comparison between equilibrium
and kinetic models, allowing for their predictions to be benchmarked against exper-
imental data. Impressively, both modelling methodologies demonstrate commend-
able agreement with the experimental results. Furthermore, the work incorporated
a parametric study to illustrate the impact of temperature on syngas composition.

An equilibrium model grounded in the overarching gasification reaction, aug-
mented by the incorporation of HyS as a by-product was developed by Huang et
al. [13] . This model meticulously considered elemental balances of the involved
species and the associated chemical reactions to compute equilibrium constants.
Notably, the model encompassed a diverse array of biomass feedstocks, thereby of-
fering insights into the divergent predictions stemming from distinct biomass sources.
While the model demonstrated adeptness in aligning syngas composition with ex-
perimental data, its performance dwindled when incorporating char into the model.
Consequently, the researchers employed correction factors to rectify the model’s
composition, encompassing char as a gasification by-product.

Karamarkovic and Karamarkovic. [14] developed a thermochemical equilibrium
model that deals with investigating the efficiency and potential improvements of
the gasification process, highlighting the significance of temperature in influencing
energy and exergy losses. They employed mass balances of gas species as well as
achieving chemical equilibrium from chemical reactions. The key findings of the
study highlight the temperature-dependent trends in energy and exergy efficiencies.
The analysis reveals the temperature range within which the gasification process
achieves optimal efficiency in terms of energy and exergy utilisation. Additionally,
the study aids in uncovering the mechanisms driving energy and exergy losses at
different temperatures, shedding light on potential areas for improvement.

Abuadala et al. [15] conducted a comprehensive parametric study on Hy produc-

tion through steam gasification. In their investigation, they assumed that 5% of the
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biomass C content remains unreacted as char, and tar was modelled as benzene,
employing the empirical correlation proposed by Corella et al [16]. The simulation
of steam gasification involved varying the biomass quantity while keeping the steam
and gasifier temperature constant, followed by changing the operating temperature
while maintaining a constant amount of steam and biomass. The model is able
to identify biomass quantity and temperature influences on the predicted syngas
composition. The work concludes that higher steam-biomass ratios lead to a weak
enhanced Hy production, particularly in bench-scale units.

Vaezi et al. [17] devised a stoichiometric equilibrium framework to investigate
the gasification process of heavy fuel oils. The predicted syngas composition was
achieved from material balances and equilibrium constants of the global gasification
reaction, and demonstrates how the predictions are influenced by operating condi-
tions such as temperature, pressure and ER. A key finding of the model provides
valuable insights into the feasibility and behaviour of gasifying heavy fuel oils. The
research reveals the potential composition of syngas and highlight the challenges
associated with the gasification of such complex feedstocks. The study concludes
that the gasification of heavy fuel oils at an ER of 0.32, yields a considerable calorific
value of the syngas. However, the model does not take into account the production
of some important and unwanted by-products of gasification.

A stoichiometric equilibrium model specifically for predicting the composition
and heating value of producer gas obtained from a commercial small-scale DBG was
developed by Roesch et al. [18], considering eight different biomasses. The model
was used to compute gas composition across a range of temperatures within the re-
action zone, disregarding unwanted by-products of gasification and going for a more
simplified approach. The model accounts for different correlations which adjust and
modify the predictions obtained. The key findings of the study provide insights into
the factors influencing the composition of producer gas in small-scale DBGs. By
developing a predictive model, this research contributes to enhancing the under-
standing of the gasification process and its outcomes, which is crucial for optimising
gasifier performance and assessing its applicability for various applications.

Azzone et al. [19] provide a thermodynamic equilibrium model of a DBG moti-
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vated by the use of agricultural residues as a feedstock. A simplified version of the
global gasification reaction was employed, not taking into account tars. The chars in
the model were investigated through the use of an empirical correlation to describe
C fraction representing the amount of char participating in equilibrium reactions.
A parametric study was carried out to observe the influence of MC, pressure and
ER on the syngas composition and the heating value of the producer gas.

Barman et al. [20] subsequently developed a realistic equilibrium model of a
DBG, incorporating tar as a by-product of gasification. The model is based on the
global gasification reaction with an additional tar component to account for tar for-
mation. The model employed for different biomass feedstock and a parametric study
of the predictions was performed for validation purposes, highlighting good agree-
ment with experimental data. However, it was observed, during their analyses, that
some gaseous components like CH4 deviated from chemical equilibrium, prompting
modification of the model through the use of correction factors which stabilised the
producer gas composition against experimental data.

A stoichiometric equilibrium model for a DBG, aimed at shedding light on the
interplay of specific parameters impacting the gasification process, particularly con-
cerning distinct feedstocks was formulated by Mendiburu et al. [21]. The study en-
compassed the evaluation of four different models, each geared towards determining
syngas composition. One of these models was grounded in theoretical equilibrium
constants, which were subsequently refined by means of two correction factors akin
to previous methodologies. One particular model emerged as notably precise and
adaptable, surpassing the efficacy of some previously established models. The vari-
ation of ER and MC was systematically explored, delving into the consequential
effects on gaseous components.

A robust stoichiometric thermodynamic equilibrium model aimed at determin-
ing the syngas composition within a DBG is provided by Gagliano et al. [22]. This
model is uniquely inclusive of tar and char components, with fixed proportions set
at 4.5% and 10.5%, respectively, based on previous investigations [23.,[24]. A rigor-
ous validation process is executed to assess the model’s predictions, which exhibited

satisfactory agreement after incorporating correction factors to fine-tune equilib-
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rium constants. The study also elucidated the impact of MC on temperature and
Lower Heating Value (LHV) of the produced gas. Notably, the authors propose a
correlation linking MC with ER, unveiling a proportional relationship between the
two variables. Consequently, they affirmed the model’s credibility in predicting syn-
gas trends, heating values, and equilibrium temperature, albeit contingent upon the
incorporation of specific convenient correction factors.

Rupesh et al. |25] devised a thermodynamic equilibrium model tailored to air-
steam gasification. The model factors in char conversion and tar formation by
incorporating empirical correlations. Much like the approach in [19], they employed
a C conversion factor. This factor, determined by ER and temperature, governs
the quantity of char within the system. The study also employed an empirical cor-
relation from [16] to ascertain tar formation. A comprehensive parametric study
was executed to assess the impacts of variables such as ER, steam-to-biomass ratio,
and gasification temperature on syngas composition. The study’s pivotal outcomes
indicated that, at a temperature of 1000 K, a steam-to-biomass ratio of 1, and an
ER of 0.25, the maximum mole fraction of Hy reached 14.89%. The model effec-
tively illuminated the influence of operational parameters on predictions and enabled
the examination of multiple gasification agents for forecasting syngas composition.
It also facilitated a comparison between the outcomes produced by these agents.
However, a noteworthy limitation of the model arises from its description of char
formation, which is achieved via the incorporation of an empirical correlation rep-
resenting C participation in chemical reactions.

Aydin et al. [26] constructed a semi-empirical equilibrium model tailored for a
DBG, with the principal objective of determining syngas composition and quanti-
fying tar and char yields across an extensive array of feedstocks. Their approach
encompassed the establishment of an empirical correlation contingent upon the ER,
centering on the C fraction actively involved in chemical reactions. They validated
the syngas composition against experimental data. Furthermore, they introduced
corrective adjustments to equilibrium constants, refining the composition predic-
tions. A noteworthy advantage of their model lies in its capacity to illustrate the

interplay between ER and tar yield variation, thus offering valuable insights into the
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influence of ER on pivotal gasification byproducts.

2.2 Kinetic models

Kinetic models are essential for understanding the intricate chemical reactions in
downdraft biomass gasification, providing insights into reaction rates, mechanisms,
and time-dependent behaviour. They elucidate key processes, including drying, py-
rolysis, combustion, and gasification, offering a detailed view of biomass conversion.
While the general gasification process is well understood, further research is needed
on high-temperature reaction kinetics and the influence of heterogeneous catalysts,
particularly in pyrolysis, oxidation, and gasification reactions.

These models quantify reaction rates, determining the conversion of biomass
into syngas, tar, and char under varying conditions such as temperature, pressure,
and residence time. Their adaptability to diverse biomass feedstocks, incorporating
proximate and ultimate analyses, broadens their applicability. Kinetic models also
play a crucial role in optimising operating conditions and predicting tar formation,
aiding in the development of strategies for its minimisation.

Like equilibrium models, they require validation against experimental data to
ensure accuracy. Though informative on reactor hydrodynamics, gasification kinet-
ics, and syngas composition, these models do not capture the spatial distribution
of temperature, species concentration, and flow dynamics within a gasifier. Most
kinetic models lack the ability to fully simulate variations in particle size, and fail
to provide and understanding of gas-solid interactions within the unit, which is a

key aspect of the gasification process.

2.2.1 Detailed appraisal of contributions to the field

Wang and Kinoshita [27] were among the pioneers to establish a prominent biomass
gasification kinetic model, primarily founded upon surface reaction mechanisms.
This model entails the derivation of rate constants, achieved by minimizing devia-
tions between experimental data and theoretical outcomes across varied residence

times and temperatures. The model underwent validation against a broad spectrum
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of ER values, attesting to its robustness.

In a subsequent endeavour, Giltrap et al. [28] embarked on constructing a steady-
state model encapsulating gas-char reactions within a DBG. This undertaking was
rooted in the reaction pathways introduced by [27]. Distinguished by an innovative
twist, they amplified the reaction rates through a ”Char Reactivity Factor,” effec-
tively denoting the relative reactivity of diverse char species. The model exhibited
prowess in forecasting gas composition, though it exhibited a tendency to overesti-
mate CHy concentration. Noteworthy room for improvement proposed by the author
lay in the incorporation of additional data concerning initial gas concentration at the
uppermost point of the reduction zone. Furthermore, they suggested a refinement
of the model’s representation of the correlation between pyrolysis product volume
and temperature, which held the potential to bolster its predictive precision.

Di Blasi [29] delves into the transient dynamics of gasification processes, par-
ticularly in the context of downdraft gasifiers characterised by distinct zones of
reactions. The primary focus of the study is to comprehend and characterise the
dynamic behaviour of stratified downdraft gasifiers, which exhibit varying tempera-
ture and composition profiles within different sections of the gasifier. Generally, this
dynamic behaviour is influenced by factors such as feedstock properties, gasification
rate, and operational conditions. The key findings of the study are anticipated to
provide valuable insights into the time-dependent behaviour of stratified downdraft
gasifiers. The research uncovers the dynamic response of different gasification zones
to changes in feedstock, operating conditions, and load variations. Additionally,
the study offers insights into the stability and controllability of these gasifiers un-
der various transient scenarios. Overall, the research undertaken contributes to the
understanding of the transient behaviour of stratified downdraft gasifiers, shedding
light on the challenges and opportunities associated with their dynamic operation.

A kinetic model of a solar DBG utilising high C content feedstock with steam was
developed by Gordillo et al. [30]. The goal was to calculate the dynamic and steady
state profiles of gas and solid phases based on mass and heat balances, indicating
favourable reviews of the DBG. The char reactivity factor (CRF) is taken into

account with an exponential variation, and results compared with experimental data
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from a solar packed bed gasifier. The study concludes that taking into account the
temperature gradient theory when designing the gasifier significantly improves the
gasifiers performance.

Inayat et al. [31] modelled Hy enriched gas production via steam gasification in
the presence of CaQ, incorporating mass and heat balances and reaction kinetics
calculations. The research centres around the optimisation and understanding of H,
production through the gasification of biomass feedstock. The key findings of the
study provide valuable insights into the optimal operating conditions for Hy produc-
tion from oil palm empty fruit bunches using steam gasification. By systematically
conducting a parametric study, the research reveals the interplay between variables
and their impacts on Hy yield and gas composition.

Babu and Sheth [32] developed a kinetic model for the reduction zone of a DBG to
study the effect of the CRF. The model utilises reaction rates of the main reactions as
well as molar and energy balances. The findings of the study report that increasing
the CRF exponentially along the reduction bed length, yielded better predictions
of the temperature and composition profiles when compared with corresponding
experimental data. The research contributed to advancing the understanding of
specific gasification zones within downdraft gasification, while also offering insights
into optimising the syngas composition through the utilisation of reactions rates.

A kinetic model for a fixed bed gasifier based on the conservation of mass and
energy in a simplified one-dimensional flow, chemical equilibrium in the gas phase,
and a Langmuir-Hinshelwood correlation describing the reaction kinetics in the char
was formulated by Gobel et al. [33]. The model was used to undertake a parametric
study for different predictions for a range of operating conditions, and identified a
new control strategy aimed at maintaining a constant bed height by simultaneously
changing the rate of addition of air and biomass. This resulted in a stationary
char bed, even after drastic changes in operating conditions. The model results
were compared with measurements obtained from a 100 kW two-stage gasification
demonstration plant.

One of the most notable kinetic models is that proposed by Paul and Salem [34]

to predict the optimum working conditions of a DBG, in which a set of kinetics
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and principle equations at each zone of the gasifier were described. The model
deals with a wide range of feedstock and is capable of estimating gas composition,
tar content, temperature and the height of each zone including temperature of the
gasifier, velocity and pressure distribution at the reduction zone. The model takes
into consideration the different reacting zones of the biomass gasifier and the results
obtained conclude that biomass with less than 10% MC and an ER range between
0.3-0.35 leads to generation of a higher syngas yield with a low tar content.

2.3 CFD models

CFD models play a crucial role in analysing fluid flow, heat transfer, and chemical re-
actions within DBGs, offering a comprehensive understanding of complex in-gasifier
processes. These models simulate gas, biomass particles, and volatile flow, providing
detailed visualisations of flow regime, mixing, and temperature distributions across
gasification zones such as drying, pyrolysis, combustion, and reduction. They also
predict species transport, including gas components, tar, and volatiles, aiding in gas
composition analysis and tar formation prediction. Incorporating reaction kinetics,
CFD models identify reaction zones, quantify rates, and track gas-solid interactions,
crucial for understanding char and ash behaviour. Optimised against various oper-
ating conditions, they assist engineers in reactor design, process optimisation, and
scaling from laboratory to industrial levels. Future advancements aim to integrate
more sophisticated chemical kinetics, transient behaviour, and enhanced particle
dynamics for improved real-world applicability.

However, developing sophisticated CFD models requires a deep understanding of
the gasifier’s geometry, including the shape and dimensions of the reactor, as well as
a detailed knowledge of the initial and boundary conditions such as inlet velocities,
biomass feeding rates, and initial temperatures. This is still a subject of current
research which is needed to improve the characterisation and representation of these
parameters in CFD simulations. Also, challenges remain in accurately modelling
tar due to intricate chemical reactions associated with its formation, including poly-

merisation, cracking, and condensation of volatile organic compounds released from

20



biomass pyrolysis.

2.3.1 Detailed appraisal of contributions to the field

Rogel and Aguillon [35] developed a CFD model for a stratified DBG formulated as
a hybrid one-dimensional and two-dimensional (1D+2D) model, taking into consid-
eration pine wood pellets as a biomass feedstock. The model incorporates reactions
for drying, primary pyrolysis, secondary tar cracking, combustion, gasification and
particle shrinkage. The model is utilised to predicted temperature profiles, gas
composition, producer gas LHV and C conversion efficiency, and to produce tem-
perature and gas composition contours for specific initial conditions. It provides
adequate reproduction of the dynamic behaviour and the steady state configuration
depending on the air/biomass feed rate of the downdraft wood gasifier. Within the
model, there are inherent limitations and uncertainties associated with the complex
process of gasification/combustion, but results in predictions agreeing satisfactorily
with experimental data.

Wu et al. [36] engineered a 2D CFD model aimed at comprehending the be-
haviour of a DBG. The model was constructed using the Euler-Euler multiphase
approach, successfully encapsulating multiple critical phases of the gasification pro-
cess including drying, pyrolysis, combustion, and gasification. To depict the gas
phase, the standard k-e turbulence model was adopted, and the model’s outcomes
were meticulously matched against empirical data. The comparison yielded a no-
table level of concurrence, underlining the model’s reliability in approximating real-
world scenarios. The study also ventured into parameter analyses, which revealed
intriguing findings. In particular, the research delved into High Temperature Agent
Gasification (HTAG) technology, where external super-heated air and steam act as
heat sources. The investigations unveiled that this approach significantly curtailed
the necessity for combustion within the gasifier. This innovative technique demon-
strated its efficacy by generating syngas characterised by elevated Hy composition
and concurrently minimising tar content, thereby corroborating the viability of the
HTAG strategy.

The development of a numerical model coupled with experimental investigations
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within a DBG was undertaken by Janajreh and Shrah [37]. In their endeavour,
woodchips served as the selected feedstock, and the Lagrangian particle approach
was adopted [38]. The numerical simulation was executed using a meticulously con-
structed high-resolution mesh that accounted for both solid and gaseous phases, and
incorporating he k-¢ turbulence model. The computation encompassed temperature
distribution and species evolution, with subsequent comparison against empirical
data. To gauge the model’s effectiveness, the study involved assessing its CGE,
which is the ratio between energy of generated syngas to the energy of the biomass
fed to the gasification system. The findings convey that equilibrium modelling is
insufficient to encapsulate the intricate physics and chemistry manifesting within
the downdraft configuration. This shortcoming was attributed to the complex flows
inherent in such systems, distinguishing them from alternative configurations, such
as entrained flow gasifiers, characterised by elevated temperature distributions.

Ephraim et al. [39] simulated biomass char gasification in a downdraft reactor
to achieve syngas production. The simulation was carried out using OpenFOAM
and was a 1D steady state model accounting for reaction kinetics and fluid flow in a
porous char bed. A sensitivity analysis was performed with the aim of investigating
the influence of the bed inlet temperature on the syngas composition and char
conversion. The model is also capable of calculating the different reaction rates
of the various chemical reactions employed in the system as a function of gasifier
height. The model showcased its capability of predicting important gasification
outcomes with varying parametric inputs for the purposes of optimising the design
and operation of downdraft gasifiers.

A 2D CFD model dedicated to the biomass gasification of rice husk, encompass-
ing all integral zones of the gasifier was developed by Murugan et al. [40]. The model
was developed within DesignModeler of the Ansys Fluent framework, and the ensu-
ing analysis was conducted employing Ansys Fluent. Notably, a species-transport
model was employed to effectively simulate chemical reactions and ascertain the
compositions of distinct gaseous species. An essential facet of this research involved
the execution of a comprehensive parametric analysis, scrutinising the influence of

various factors, including ER, on the composition of producer gas, higher heating

22



value (HHV), and the internal temperature distribution within the gasifier. Subse-
quent to meticulous investigation, the study derived that the HHV of the producer
gas registers at 5.19 MJ/Nm?, while prognostications indicated that maximum zone
temperatures were attained at an ER of 0.30.

A 2D CFD model of a 20kW DBG, utilising a comprehensive volatile break-up
approach was successfully developed by Kumar and Paul [41]. The model takes
into account all four zones of the gasifier and is evaluated using an output-input
relationship between respective reacting zones, while the solid phase is modelled via
the Lagrangian approach namely the discrete phase model (DPM) [42]. This ap-
proach considers the trajectory of a particle through the continuous phase of fluid.
They have also constructed a revised chemical reaction scheme, including reactions
participating in their respective zones. The study analysed how the syngas compo-
sition varied with the ER, offering valuable insights into the gasifier’s performance.
The devised methodology was based on a sequential output-input relationship, tak-
ing into consideration specific chemical reactions occurring in restricted zones. The
work concluded by establishing the implemented CFD modelling approach to be a
promising way to simulate biomass gasification processes in downdraft configura-
tions.

Ngamsidhiphongsa et al. [43] formulated a 2D species-transport CFD model,
targeting an Imbert DBG. The aim was to scrutinise the intricacies of tar cracking
reactions and assess the impact of gasifier design parameters, such as throat diam-
eter and height of the air nozzle, on overall gasifier performance. The focal point of
their analysis was centered on tar concentration, particularly how it varied with the
manipulation of the throat diameter. Notably, the research unveiled a noteworthy
trend: diminishing the throat diameter corresponded with a reduction in tar content
to an impressively low value of 0.005 g/Nm~3. Furthermore, the study delved into
the influence of nozzle-to-throat lengths, revealing that their reduction led to de-
creases in both tar and Hy compositions. However, the findings also indicated that
the CGE exhibited fluctuations under these parameter alterations. Consequently,
the research underscored the necessity for a balanced approach when optimising the

design of an Imbert downdraft gasifier. It emphasised the need to strike a harmo-
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nious compromise between minimising tar content and preserving CGE to enhance
the overall gasifier design.

A 2D axisymmetric CEFD model tailored for a DBG was devised by Pandey et
al. [44]. Utilising the Ansys Fluent software, this model demonstrated the capability
to ascertain the syngas composition and gasification temperature across multiple ER
values. The findings of the study unveil a distinct pattern: an augmentation in ER
led to a reduction in the concentrations of CO, Hy, and CHy4, while concomitantly
witnessing a notable upsurge in CO5 and Ny levels. By delineating gaseous compo-
sition contours under specific operational scenarios, the study vividly illustrated the
interplay of these constituents. Moreover, the research encompassed an insightful
parametric exploration of gasification temperature under varying conditions. The
CFD model delivered an enhanced comprehension of the dynamic interrelations
governing the syngas composition and gasification temperature in the context of
downdraft biomass gasification.

Salem and Paul [45] extended their prior work |41], focusing on unraveling the
spatiotemporal progression of intricate tar species within a DBG. The model frame-
work remained congruent with their earlier study [41], with the notable addition
of an extensive array of tar species reactions. This augmented model offered an
intricate exploration of the interplay between these tar species and the variable
operational conditions, thereby offering insight on their pronounced impact.

Yan et al. [46] developed a 3D CFD multiphase flow model, together with a
thermal-equilibrium model to study the operation of a downdraft biomass gasifier.
The effect of reduction bell dimension and operating conditions on temperature
distribution and syngas production were investigated, which sheds light on the im-
provement of the design and operation of the reactor. It was found that the syngas

production could be improved by varying the size of the reduction bell.

2.4 ANN models

Though the primary focus of this thesis does not centre on Artificial Neural Net-

work (ANN) models, a discussion of them has been included due to their inte-
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gration within the broader spectrum of modelling approaches relevant to biomass
gasification. While the specifics of their model formulation and implementation
are not addressed, their significant impact on the advancement of biomass gasifica-
tion research warrants acknowledgment. ANN models have significantly advanced
gasification modelling by predicting syngas composition, tar content, and process
by-products, aiding in optimisation and efficiency improvements. They facilitate the
refinement of operational parameters, enhance energy yields, and enable adaptive
control systems that dynamically adjust gasification conditions in real time. Addi-
tionally, ANN models contribute to understanding feedstock variability, conducting
sensitivity analyses, and improving model reliability. Their integration with kinetic
and CFD models has led to hybrid approaches that enhance predictive accuracy and

process control, making them a valuable tool in biomass gasification research.

2.4.1 Appraisal of contributions to the field

Arnavat et al. [47] designed and established two ANN models: one for a circulating
fluidised bed gasifier and another for a bubbling bed gasifier. These models effec-
tively determined the composition and yield of the producer gas. The impact of ash,
MC, C, Oy, and Hs in dry biomass, as well as ER and T, were analysed for both
gasifier types. The study demonstrated the potential of the models to contribute
significantly to research in biomass gasification modelling. The results obtained in-
dicated a strong agreement with previously published experimental data, revealing
a low root-mean-square deviation (RMSD). Notably, the biomass composition influ-
enced the producer gas composition by 31.7% to 54.1% in the case of the circulating
bed gasifier, and 28.9% to 52.3% for the bubbling bed gasifiers.

Sreejith et al. [48] developed a feed-forward ANN model to predict gasification
temperature and producer gas composition, taking into account the presence of tar.
The accuracy of the ANN prediction closely matched the experimental findings, as
evidenced by statistical parameters including the coefficient of correlation, RMSD,
average percentage error, and covariance. Experimental results indicated that the
maximum Hs concentration achieved was 29.2%, while the ANN model achieved
28.2% at an ER of 0.277. The corrected equilibrium model, validated with sig-
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nificant air-steam gasification experimental data, exhibited an average accuracy of
95.1%. The study highlighted that the ANN model (RMSD = 2.64) outperformed
the corrected equilibrium model (RMSD = 5.96) in predicting product gas compo-
sition. Additionally, the study proposed a comprehensive ANN model capable of
simulating various process conditions in fluidised bed gasification, adaptable to a
range of biomass feedstocks.

Baruah et al. [49] developed an ANN model for a DBG. This model was effec-
tively employed to anticipate the gas composition of the four primary gases: CHy,
CO, COg3, and Hy. The model’s input parameters encompassed the chemical com-
position of biomass, ash content, MC, and the temperature within the reduction
zone. Structurally, the model comprised an input layer, a hidden layer, and an out-
put layer. Training of the network was executed employing reported experimental
data. The outputs generated by the ANN models were found to align well with
experimental data, with an absolute fraction of variance exceeding 0.99 for CH4 and
CO, and surpassing 0.98 for CO5 and H,. These findings underscore the potential
applicability of the model in predicting the percentage composition of the four major
gaseous species.

Ascher et al. [50] formulated an extensive ANN model for the gasification process,
compiling 10 crucial metrics to evaluate the performance of gasification technology.
This model represents a pioneering approach that can be applied to various feed-
stock types, gasifying agents, and reactor alternatives. It demonstrated a robust
predictive capability, as evidenced by a high coefficient of determination of 0.9310.
The model focuses on the efficacy of neural network training and evaluates the an-
ticipated producer gas composition, char and tar yields, as well as the syngas LHV.
The study concludes that the model exhibits remarkable precision in predicting out-
comes, with an RMSD of 0.1307. Moreover, it has the potential to facilitate the
development of integrated gasification designs by integrating these models with life

cycle assessments, cost-benefit analyses, and multi-objective optimisation.
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2.5 Experimental Work

Although the principle focus of this thesis is the modelling of a DBG, it is impor-
tant to review the associated and complementary experimental investigations that

produce a means of informing the modelling process and determining their efficiency.

2.5.1 Detailed appraisal of contributions to the field

Barrio et al. [51] conducted an empirical study involving a laboratory-scale stratified
downdraft gasifier situated at the Norwegian University of Science and Technology
(NTNU). This investigation encompassed the gasification of wood pellets and yielded
an approximate producer gas output of 12.5 Nm? /hr, corresponding to a feed rate of
5 kg/hr. A comprehensive scrutiny of the 30 kW gasifier is presented, supplemented
by an intricate account of the measurement apparatus utilised. The outcomes of
this study encompass the composition of the producer gas and the temperature
distribution throughout the height of the gasifier.

The performance of a DBG using furniture wood and wood chips was investi-
gated by Zainal et al. [52]. The experiment performed consisted of a blow-type
downdraft gasifier with a cone structure, feeding system, start-up system and air
supply system. A parametric study was carried out to analyse the effects of ER on
the gas composition and the calorific value of the producer gas. The key finding is
that the calorific value increase with ER initially, attains a peak then decreases as
ER continues to increase. It was also observed that complete conversion of biomass
did not take place even with optimal ER.

Dogru et al. [53,54] investigated the production potential of hazelnut shells and
sewage sludge in a DBG with varying feeding rate, to observe its influence on the
syngas composition and the zone temperatures. A by-product analysis was carried
out to study the effects of the feeding rate on the gasification by-products including
tars, ash and remaining chars.

Jayah et al. [55] conducted an experimental investigation on the gasification of
rubberwood used for tea drying. The work carried out was a part of a larger evalua-
tion of a NERD (National Engineering Research and Development) centre downdraft
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wood gasifier for tea manufacturing in Sri Lanka [56]. The findings of this exper-
imental investigation has become a leading reference and benchmark for a variety
of researchers conducting modelling work on downdraft gasifiers, as it provides a
thorough analysis of the gasification product compositions achieved, including the
influence of the operating parameters, most notably the ER, on various outputs.

An investigation of biomass conversion via oxygen/steam gasification within a
downdraft gasifier was embarked up on by Lv et al. [57]. Through air gasification,
they attained a maximum Hy yield of 45.16 g Hy / kg biomass. Various operating
conditions, including feeding rate, steam rate, ER, and throat temperature, influ-
enced gas yield, composition, tar yield, and LHV.

Avdhesh Sharma [58] documented the outcomes of a study involving a 75 kW
experimental DBG, encompassing temperature profiles, gas composition, calorific
value, and pressure drop trends across the porous gasifier bed. They also addressed
issues related to leakage and re-fabrication techniques, highlighting that higher bed
temperatures during firing mode enhanced the conversion of non-combustible com-
ponents.

An extensive experimental investigation on an Imbert DBG across a wide range
of operational conditions was undertaken by Sheth and Babu [59]. Employing a gas
chromatograph with a thermal conductivity detector, they analysed the generated
producer gas composition, relating it to varying parameters such as air flow rate,
initial MC, ER, and biomass consumption rate. Their study revealed a continu-
ous increase in producer gas production with higher ER values. The optimal ER
within their experimental setup was approximately 0.205, yielding maximum syngas
concentration.

Both experimental and theoretical investigations into heat and mass transfer
during wood pyrolysis were conducted by Park et al. [60]. Employing wood spheres
within a vertical tube furnace, they identified sequential endothermic and exother-
mic reactions through temperature measurements. A numerical study utilising var-
ious pyrolysis kinetics led to a proposed pyrolysis model consisting of three parallel
endothermic reactions producing tar, gas, and intermediate solid.

Martinez et al. [61] explored wood gasification within a moving bed downdraft

28



reactor employing a two-stage air supply. This configuration aimed to enhance
producer gas quality, particularly reducing tar concentration. Their investigation
encompassed gas composition measurements at different ER values, revealing useful
gas power and cold gas efficiency of around 40 kW and 68%, respectively, for an ER
of 0.40. They observed that biomass devolatilization in the pyrolysis zone yielded
lighter compounds, which underwent easier cracking upon traversing the combustion
zone.

Erlich and Fransson [62] undertook experiments to explore the repercussions of
char bed characteristics, notably porosity and pressure drop, on gasification perfor-
mance. This research utilised pellet-type feedstocks composed of wood and palm
oil residues. Their findings showcased that wood gasification displayed increased
producer gas richness through adjustments in air-fuel ratios.

The gasification of woody biomass using a bench-scale packed-bed reactor was
investigated by Ueki et al. [63]. Their experiment involved the gasification of black
pine pellets with air as the gasification agent, employing both downdraft and up-
draft configurations. To assess the tar content, samples of the syngas were collected
at the gasifier’s exit. The syngas produced under updraft and downdraft conditions
had an LHV of 4.8 MJ/Nm? and 3.8 MJ/Nm3, respectively. Interestingly, the study
discovered that maintaining control over the packed-bed’s height was more manage-
able in the downdraft configuration, and it also resulted in a lower tar content. This
phenomenon could be attributed to the fact that in the downdraft setup, tar has to
pass through a partial combustion or higher-temperature zone, which contributed
to its reduced presence in the syngas.

An experimental study on a bench-scale DBG was performed by Yoon et al.
[64] using rice husk and rice husk pellets as feedstocks inputted at around 40-60
kg/hr against an air supply of around 50-75 Nm?/hr. The results of this study
demonstrated the better conversion properties of rice husk pellets due to a higher
synthetic gas composition and a cold gas efficiency.

A DBG unit was constructed by Guangul et al. [65,/66] with a novel height
adjustment mechanism for changing the position of gasifying air and steam inlet.

Through their experiments on oil palm fronds, they observed enhanced proportions
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of Hy, CO, and CHy in the gas composition when they preheated the gasifying air.
Furthermore, this preheating method resulted in an improved syngas HHV, which
increased from 4.66 to 5.31 MJ/Nm3. In summary, the findings from these two
studies highlight the feasibility of using oil palm fronds as an alternative energy
source through gasification and underscore the benefits of preheating the gasifying
air in enhancing syngas quality.

Gai and Dong [67] pursued a study on the viability of converting non-woody
biomass, specifically corn straw, through downdraft biomass gasification utilising air
as the gasification agent. Their conclusions underscored the substantial influence of
operational parameters on both gasifier temperature profiles and the composition
distribution of the product gas. Notably, they discerned that suboptimal ERs, both
higher and lower, led to compromised producer gas quality. An ER range of 0.28 to
0.32 was identified as optimal. Varying operating conditions yielded distinct results
in terms of LHV, gas yield, gasification efficiency, and tar concentration.

Dutta et al. [68] carried out an experimental study of the downdraft gasification
of five locally available feedstocks, namely Bamboo, Gulmahor, Neem, Dimaru and
Shisham, using a 10 kW,, gasifier. A thermodynamic model was then developed
using appropriate assumptions for comparisons with the experimental work. The
gas composition of the products were studies against a range of MC’s, concluding the
gasification of Bamboo to be of the highest quality amongst the remaining biomasses.

A feasibility study of Jatropha shell gasification for captive power generation in
a downdraft gasifier was investigated by Maiti et al. [69]. Upon gasification, the
calorific value of the producer gas was evaluated to be around 5.2 MJ/Nm?, with an
efficiency of 64.8% over an 8 hr continuous operation. The gasifier was interfaced
to a 100% producer gas engine, and continuous power generation was demonstrated
with overall efficiency of 24.5%. Results concluded that captive power obtained in
this manner would obviate the need for external sources of power for the operations
of deshelling, screw pressing, oil refining, glycerol purification, and soap making in
the integrated biodiesel production process.

The work of Striugas et al. [70] is well-known for showcasing and evaluating

the performance of automatically operated multi-fuel downdraft gasifier for energy
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production, in particular, the influence of operating conditions such as the ER on
the tar and char yields of downdraft gasifiers.

Guo et al. [71] also studied the effects of design and operating parameters on the
gasification process of corn stalk in a downdraft gasifier. Feeding rate and air flow
rates were varied at different experimental runs in order to examine their influence on
the gasification performance. While this was conducted, tar sampling was initiated
using separation techniques and weighted to study ER influence on the tar yield.

Biomass gasification in a downdraft gasifier with a two-stage air supply was
investigated by Galindo et al. [72]. In their work, a deep analysis of the effects
of operating conditions on gas quality was performed as the air flow was varied
between 18 Nm? /hr and 22 Nm?/h while examining the quality of the syngas over
these parameters. Results obtained demonstrated a fuel gas with tar and particulate
matter of 54.25 + 0.66 mg/Nm? and 102.4 + 1.09 mg/Nm?, respectively, for a total
air flow rate equal to 20 & 0.45 Nm3/hr. Notably, the use of a two-stage air supply
in the gasification process led to a significant reduction in the tar content within
the producer gas, achieving a remarkable 87% decrease, all while experiencing only
a slight increase in gasification efficiency.

Kirsanovs et al. [73] undertook an experimental investigation of a downdraft
gasifier using wood chips as fuel, offering an examination of the effects of MC on
the syngas production and gasification temperature. The gasifier was operated at
different thermal capacity thresholds to study the fuel supply influence and the
gasification process performance.

The performance of a 10 kW DBG using lignite and sawdust briquettes (70:30,
%wt.) as feedstock, while operating the unit at seven different ER’s was exper-
imentally investigated by Upadhyay et al. [74]. An analysis of the fuel and air
consumption rates was carried out and the effects of ER on the syngas composition
and gasification temperature demonstrated.

Patuzzi et al. [75] carried out an extensive and unique monitoring review survey
of the production plants housing state-of-the-art small scale DBGs in the south
Tyrolean region of Italy. A detailed mapping of the existing plants in the region

was undertaken, followed by an assessment of the biomass and char flows in the
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region and finally an on-site plant monitoring survey in order to evaluate gasifier
performances, including syngas composition, LHV of the syngas and a thorough
analysis on the gasification char contents.

Finally, Awais et al. |[76] conducted an investigation into the gasification process
of sugarcane bagasse and coconut shells within a DBG. They introduced variations
in the feeding rate, ranging between 30 to 40 kg/hr. The study delved into the
influence of ER on several gasification parameters, including syngas composition,
heating value, syngas yield, gasification efficiency, and tar content. For tar collection,
a copper condenser was employed, utilising this method to regulate the system’s
temperature. The impact of the gasification agent on gas composition and the

reactor’s zone temperature was also subject to analysis.

2.6 Summary

To summarise, past thermodynamic equilibrium models have greatly enhanced the
understanding of downdraft biomass gasification, providing predictions for gas com-
position, operational parameters, and tar reduction strategies. Despite their limita-
tions, hybrid models are being developed to better capture gasification complexities.
While some historic models pioneered new avenues, others merely reiterated existing
concepts, and the practical applicability of numerous emerging models is limited.

Kinetic models have elucidated reaction mechanisms, quantified rates, and in-
formed operational parameters, aiding the scale-up of industrial gasifiers and im-
proving reactor behaviour understanding. These models guide the design of larger
gasifiers and are being refined to include secondary reactions, catalytic effects, and
particle-gas interactions.

CFD models have advanced knowledge of flow dynamics, temperature dispersion,
and reaction kinetics, enhancing gasification system development. Although chal-
lenges remain in multiphase flow and turbulence modelling, ongoing improvements
aim to increase the precision of these models. The scarcity of OpenFOAM-based
CFD models highlights the need for a suitable solver for thermal and chemical con-

version in fixed bed applications.
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Experimental studies on DBGs have provided valuable insights into feedstock
behaviour, operating conditions, gas composition, and performance optimisation,
laying the foundation for designing efficient and sustainable gasification systems
and validating theoretical models.

This Chapter establishes a robust foundational basis by exploring the specifici-
ties of prior research in the field of biomass gasification, encompassing both theo-
retical and practical works. Through a detailed literature review, a comprehensive
understanding of the fundamental principles underlying the gasification process is
established. With this solid grounding, a grasping of the complexities involved in
gasification is established, which is crucial for developing a systematic methodolog-
ical framework that will serve as the procedural guide for the subsequent modelling

efforts.
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CHAPTER 3

Biomass Gasification and Modelling Fundamentals

3.1 Introduction to Biomass

In brief, biomass refers to organic materials that come from living organisms, pri-
marily plants and microorganisms, and can be used as a source of renewable en-
ergy [77]. Common sources of biomass are agricultural, forest, municipal, energy,
and biological. Although it is accompanied by the release of COy emissions, it is
widely considered to be a potential source of renewable energy due to the cycling
of CO, emission, enabling a net zero carbon footprint [2]. Biomass contains a large
array of complex organic compounds, moisture, and a minority amount of inorganic
impurities known as ash. The organic compounds comprise four principle elements;
C, Hy, Og, and Ny. Depending on the type of biomass feedstock, it may also contain
small amounts of S and chlorine (Cl), but these species are rarely present. The
composition of biomass is typically categorised into several key components, mak-
ing up the organic matter found in biomass and can very depending on its type, its
source, and its intended use. The main constituents of biomass, as shown in Fig[3.1]

include [2]:

e Cellulose; which is a complex carbohydrate, forming the structural component
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of plant cell walls and provides strength to plant tissues.

e Hemicellulose; which is another carbohydrate found in plant cell walls, less

rigid than cellulose and consists of various sugars.

e Lignin; which is a complex, non-carbohydrate polymer that provides support

to plan cell walls.

Figure 3.1: The structure of lignocellulosic biomass with cellulose, hemicellulose,
and lignin as main constituents .

3.1.1 Ultimate Analysis

The ultimate analysis of a biomass feedstock describes the composition of the hy-
drocarbon fuel in terms of its basic elements, except for its moisture and inorganic

constituents. A typical ultimate analysis is defined as:
Yo +yu + Yo +yn +ys + yasg + MC = 100% , (3.1)

where, yo, Y, Yo, Yn, Ys, and yasy are the weight percentages of C, Hy, O, Ny, S,

and ash respectively. The MC represents the moisture content in the fuel. Not all
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feedstock contain all of these elements and in fact the majority of fuels do not contain
S. It is important to note that Hy or Os in the ultimate analysis does not include
the Hy and O, in the moisture, but only that present in the organic components of
the feedstock. Feedstocks with a low sulphur content, particularly ligno-cellulosic
biomass, maintain a major advantage in their utilisation in energy conversion when
SO, emission is taken into consideration [2].

From the ultimate analysis of the biomass feedstock, on a dry basis its chemical

composition CH,OgNS;s is determined via the following expressions:

:yHXMC :?JOXMC /\:yNXMC 5:ySXMC

? bl 9 9 32
Yo X My yo X Mo Yo X My Yo X Mg (32)

where o, 3, A and § are the number of atoms of the respective chemical species
per one atom of carbon in the biomass (standard definition), while Mq, My, Mo,
My and Mg are their molar masses in kg/mol. The molar mass of biomass on a
dry-basis is expressed as:
My = € 5 100% | (3.3)
Yc

where subscript bm denotes a quantity of biomass.

3.1.2 Proximate Analysis

A proximate analysis establishes the composition of the biomass based on gross
components such as MC, volatile matter (VM), ash, and fixed carbon (FC). It is a
relatively simple and inexpensive process, and utilises different standard techniques
to determine the individual components of the biomass. The VM of the fuel is
the condensable and non-condensable vapour released when the fuel is heated, its
amount depending on the rate of heating and its temperature. To account for the
amount of VM, the fuel is heated to a standard temperature and at a standard rate

in a controlled environment.
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Ash is the inorganic solid residue after the fuel is completely burnt. Its primary
ingredients are silica, aluminium, iron, and calcium, with traces of magnesium, ti-
tanium, sodium, and potassium. The ash obtained from biomass conversion does
not necessarily come entirely from the biomass itself, but could be from subsequent
handling during which it can pick up a considerable amount of impurities. The ash
content in biomass feedstocks is usually minor, but may play a role in biomass utili-
sation especially if it contains alkali metals such as potassium. These metals can lead
to agglomeration, fouling, and corrosion in boilers and gasifiers [2]. A study con-
ducted by [80] showed that reactivity in gasification systems was influenced by the
presence of ash-forming elements, not only at the active char sites, but also through
prohibition of contact between char and gasification agent by ash layer formation
with properties highly depending on ash composition. High ash concentrations can
form a barrier on the char surface during gasification, impeding the access of the
gasification agent, thus reducing gasification rates.

On the other hand, new studies such as that presented by [81], proposed an
innovative strategy that reutilises ash into gasification process based on its potential
catalysis to improve gas products. Their study demonstrated the feasibility of this
approach, as the results revealed that loading ash exhibited catalytic activity that
promoted CO formation, which correlated with the metal active sites provided by
the ash and led to an improvement in dry and/or steam reforming, thus improving
Hy production. The reutilisation of ash proved that it is able to achieve a dual
objective of improving gas product quality and reducing SO, emissions.

Due to its inherently low amount in the biomass and inactivity in gasification
reactions, it is considered to be inert in biomass gasification models as its impact
on the final gas composition is negligible.

High MC is a major characteristic of biomass and it can be as high as 90%. The
MC drains much of the deliverable energy from a gasification plant, as the energy
utilised in evaporation is unrecoverable. It as an essential input design parameter
which must be accounted for in the assessment of the energy penalty or the cost of
drying biomass. Biomass moisture is often expressed on a dry basis. For example, if

My, wet kg mass of wet biomass becomes my, 4, kg mass after drying, then its dry
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basis moisture content, MCy,,, is expressed as:

Mpm,wet — Mpm,d
MCyy, = et ~ Womdry (3.4)
My, dry

This can give a moisture percentage greater than 100% for very wet biomass, thus
the basis of moisture should be specified. The wet-basis moisture (MC,.;) is given

by the following:

Mpm,wet — Mpm,d
MCwet - ik ey 5 (35)
Mpm,wet

giving a relationship between MCy.; and MCy,y, as such:
MCyqry = ——7— (3.6)
Finally, the FC in a fuel is determined using the following relationship:
FC=1-MC—-VM — ASH | (3.7)

which represents the solid carbon in the biomass, remaining in the char after pyrol-
ysis. Biomass carbon is obtained from photosynthetic fixation of COs, thus all of it
is organic. The value of varying FC, measured under standard conditions, gives a
useful evaluation parameter of the fuel. For gasification analysis, FC is an essential
parameter since the conversion of fixed carbon into gases determines the rate of
gasification and its yield [2]. Table provides the ultimate and proximate analysis

for a range of biomass feedstocks used in the present work.

3.1.3 Properties of biomass

This section provides a thorough analysis on the thermophysical properties of biomass
of direct relevance to gasification.

3.1.3.1 Physical properties

The physical properties of biomass influence its pyrolysis and gasification behaviour.

For example, permeability is a significant factor in pyrolysis, whereby high perme-
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ability enables pyrolysis gases to be trapped in the pores, increasing the residence
time in the reaction zone. They are also associated with the material’s density.
Three characteristic densities are defined for a granular biomass: true, apparent,
and bulk.

The true density is the mass per unit volume occupied by the solid constituent

of biomass. The true density, pye, is defined as follows:

My, total
= —omiotal 3.8
‘/solid 7 ( )

ptrue

where my,, to1q1 i the total mass of the biomass and Vg is the solid volume in the
biomass. The cell walls contain the major solid content of a biomass. For a common

3 and is constant for

wood, the true density of the cell wall is typically 1530 kg/m
most wood cells [82]. The true density of the biomass can be measured with a
pycnometer, or estimated using the ultimate analysis and the true density of its
constituent elements [2].

The apparent density, papparent, 1S based on the apparent or external volume of
the biomass, including its pore volume. The apparent density considers the internal
pores of a biomass particle and is defined as:

_ Mpm total (3.9)

papparent - )
‘/appa'rent

where Vipparent is the apparent volume of the biomass including solids and internal
pores. The pore volume of the biomass expressed as a fraction of its total volume is
known as its porosity, €, an important property of the biomass. Apparent density is
most commonly used for design calculations as it is the easiest to measure and gives
the actual volume occupied by a particle in a system [2].

The bulk density, ppur, is defined as follows:
T Mpm, total : (310)

where V1 is the bulk volume occupied by the biomass particles. The bulk volume

includes the interstitial volume between the particles, depending on how the biomass
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is packed. The interstitial volume expressed as a function of the total packed volume

is known as the bulk porosity, €,. The above three biomass densities are related as

follows |2]:
Papparent = ptrue(l - 6) s (311)
Poulk = papparent(l - Eb) . (312)
An assemblage of porous A sinale particle containina

particles in a container. open and closed pores.

/’.J - P ; ' Interparticle void

“External” void

included within
The the envelope
envelope

Particle Characteristics

A B
. ~

Envelope Apparent or Skeletal  True or Absolute
Bulk Volume Volume Volume Volume

Figure 3.2: Illustration showing the difference between the types of densities [83].

e can be defined either on a dry basis, €4, (i.e. when the biomass is completely

dry), and on a wet basis, €,¢ (i.e. when MC > 0):

V;fotal - %m
€ i = y 313
ary V;otal ( )
‘/total - %m - Vwater
wet — . 3.14
Cuet V;fotal ( )

In the above, Viuq is the total volume, Vj,, is the volume of the biomass material,

41



OO0

(a) Coarse particles porous media (b) Fine particles porous media

Figure 3.3: Monodispersions of coarse and fine particles, containing identical €, but
different pore size distributions .

and Vyater is the volume of the water occupying the pores. As such, we can arrive

at a relationship between €4, and €,e:

MC x Ptrue X (1 — Gd'r'y)
€wet = €dry —
! ary pwateT(l - MC)

(3.15)

As the MC inherent in the biomass increases, €,,; will decrease and become smaller
as it accounts the presence of moisture within the pores.

Besides ¢, the pore size distribution also plays a major role on the flow dynamics
of a biomass material. The pore size distribution describes the distribution of pores
that make up the overall e. Consider the two porous media regimes in Fig.
where Fig. illustrates a coarse particle regime while Fig. |3.3(b)|shows a fine
particle regime. Both regimes contain spheres in the same packing arrangement,
described as hexagonal close packing and have the same e. However, it is important
to distinguish the pore size distribution between the two regimes. Water could easily
flow through the pore system in Fig. but with much more difficulty in Fig.
3.3(b)l This highlights the interconnectedness between e and pore size distribution

as two regimes with the same e can have extremely different pore size distribution.
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3.1.3.2 Heating value

The heating value of biomass, also referred to as the calorific or energy value, refers
to the amount of energy that can potentially be released when a given quantity
of biomass is burned or converted into heat through combustion or other thermal
processes. This value is typically expressed in units of J/kg and is an important
factor when considering the energy potential of biomass for various applications.
The heating value associated with each type of biomass may vary depending on
several factors including the initial MC of the biomass, the type of biomass, pirye,
and the chemical composition. A typical biomass feedstock, as well as the syngas,
is associated with two types of heating value: HHV and LHV [2]

The HHV is defined as the amount of heat energy released by the unit mass
or volume of fuel (initially at 25 °C) once it is combusted and the products have
returned to the initial temperature. The HHV takes into account not only the energy
released from the combustion of the carbon and hydrogen in the biomass but also
the energy released when the water vapour produced during combustion condenses
back into liquid water. This is why it is sometimes referred to as the gross calorific
value or gross heating value [2].

Alternatively, the LHV of biomass, also known as the net calorific value (NCV),
is defined as the amount of heat released by fully combusting a given quantity of
biomass, but it does not take into account the heat released when the water vapour in
the combustion products remains in a gaseous state (i.e., it does not consider the heat
of vaporisation). In other words, it represents the heat energy that can be practically
extracted from the combustion of biomass under typical operating conditions where
the water vapour is not condensed [2]. The molar LHV can be calculated from the

specific HHV (J/kg) of the biomass, HHV,,spec, on a dry basis [85-87] as:

LHVy, = HHVyspee X My — hoap (%) , (3.16)

where h,q,=44,000 J/mol is the enthalpy of vaporisation of water at standard tem-

perature. The specific HHV ,,5pec (MJ/kg) is calculated via an empirical correlation
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proposed by Channiwala and Parikh [88], namely:

HHVpspec = 0.3491yc + 1.1783yx +0.1005ys — 0.1034y0 — 0.0151yy — 0.0211y 455 -

(3.17)
Yo, Yu, Yo, Yn, Ys and yasy can be obtained from the ultimate analysis of the
biomass feedstock. Eq. is derived experimentally using 225 data points and
validated for an additional 50 data points. The validity of the correlation has been
established for fuels having a wide range of elemental composition, and offers an
average absolute error of 1.45% and bias error of 0.00%, thereby cementing its

versatility.

3.1.3.3 Thermodynamic properties

As gasification is a thermochemical conversion process, the thermodynamic proper-
ties of a biomass strongly influence its gasification. Three important thermodynamic
properties are discussed in this section which are thermal conductivity (k.sy), spe-
cific heat (C}), and heat of formation of biomass (A5 ,,,).

Biomass particles, however small they may be, are subject to heat conduction
along and across their fibre, influencing their pyrolysis behaviour. Thermal conduc-
tivity of biomass changes with p and MC. Various correlations have been developed

for the calculation of the ks, one of which was developed by MacLean [89]:

kesr = $9(0.2 4 0.004 x MC) + 0.0238 , for MC > 40% , (3.18)

= 59(0.2 4 0.0055 x MC) + 0.0238 , for MC < 40% , (3.19)

where sg is the specific gravity of the fuel. Due to the microscopic structure of
biomass, its k. sy along its fibres is different from that across them. ks also is reliant
on the biomass MC, €, and temperature T'. Other correlations for the calculation of
the kers of biomass also exist. In the developed CFD model, the k.s; of the biomass
is obtained directly from literature and no correlation used to estimate it.

C, is an influential thermodynamic property of biomass, often required for ther-

modynamic calculations. It is a property which is found to depend on temperature
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and MC, estimated through several correlations. Most notably, the experimentally

derived correlation of Thunman et al [90] are used extensively (kJ/kg.K):

Coary = 2.45T +531.2 3.20
p,ary
MC
Chdry + 419005~ MO
Cpwet = e MCPMC + (23.55T — 1320 - 6191) .
1+ i 1—-MC 1 —-MC
(3.21)

Several others exist such as the experimentally derived correlations of Jenkins [91]:

Chpary = 0.266 4 0.00116T (3.22)

Cpwet = MC X Cp 11,0 + (1 = MC)Chpary (3.23)

and the experimentally derived correlations of TenWolde et al [92]:

Cyary = 0.1031 4 0.003867T (3.24)
Cary + 4.19MC
Chpavet = p’f’(i’iM@ +(0.02355T — 1.32MC — 6.191) x MC, (3.25)

which were established via regression analyses of available data from the literature.
According to Table .2} the correlation suggested by [90] and [92] exhibits good
alignment with the estimated C,, whereas the prediction by [91] deviates. Hence,

the correlation by [90] is selected.

Table 3.2: C, of wood predicted via the above correlations at T' = 298.15 K.

| Cp (kJ/kg K) | Thunman et al. [90] | TenWolde et al. [92] | Jenkins et al. [91] |
| Coary | 1.26 | 1.26 | 0.29 |
L Chuwer | 1.63 | 1.59 | 0.68 |

Finally, h$,,, is the enthalpy change when 1 mole of compound is formed at stan-
dard state (25 °C, 1 atm) from its constituent elements in their standard state. For
example, hydrogen and oxygen are stable in their elemental form and as such their
enthalpy of formation is zero. However, when they combine to form a compound

such as steam, an amount of energy equivalent to 241.8 kJ is released, making the
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heat of formation of steam equal to -241.8 kJ/mol. This energy amount is taken out
of the system and is given a negative sign to indicate an exothermic reaction |2|. The
biomass formation enthalpy is computed as a function of the molar LHV (J/mol) of

the biomass [85H87], according to:

4
Gom = LHVy + ) " wih, (3.26)
i=1

where v; are the stoichiometric coefficients of the products under complete combus-

tion, h}; is the heat of formation of species ¢, and Z?Zl is repeated over all products

of (R18) - see section |3.3.4.2

3.2 Brief Historical Background

Gasification, as an industrial process, has a rich history dating back to the early 19"
century. Its roots can be traced to the production of town gas for lighting, heating,
and cooking in the 19" and early 20'" centuries. One of the earliest instances of
gasification was the gasification of coal to produce town gas, which was used for
various domestic and industrial applications.

The technology gained further attraction during World War 11, as gasifiers were
implemented to produce synthetic fuels and chemicals due to scarcity of petroleum-
based fuels. These gasifiers played a crucial role in ensuring fuel availability during
the war.

In the mid-20" century, gasification technology expanded to include the conver-
sion of various feedstocks such as biomass, municipal solid waste, and even organic
residues from industrial processes. This diversification was driven by the need for
cleaner and more sustainable energy solutions.

In recent decades, with growing emphasis on renewable energy and environmen-
tal sustainability, gasification has gained renewed interest. Its potential to produce
syngas, which can be used for the production of electricity, chemicals, and trans-
portation fuels, has positioned gasification as a promising technology for achieving

energy security and reducing greenhouse gas emissions.
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Today, gasification is a key process in the production of syngas and has found
applications in various industries, including power generation, chemicals, and fuel
production. Ongoing research and development efforts continue to improve the
efficiency, cost-effectiveness, and environmental sustainability of gasification tech-
nologies, positioning it as a crucial component of the future energy landscape [2].

Another prominent thermochemical conversion process is combustion, which in-
volves a chemical reaction between a fuel and an oxidant, typically oxygen, resulting
in the release of heat and the generation of various products. It is a well established
process used for heat generation and power production in various industries, includ-

ing electricity generation, heating, and transportation.

Table 3.3: Advantages and disadvantages associated with both gasification and com-
bustion.

‘ Technology ‘ Advantages ‘ Disadvantages
Higher efficiency Complexity
Feedstock Versatility Higher initial investment
Gasification | Syngas production Feedstock quality

Reduced emissions
Waste reduction

Simplicity Lower efficiency
Familiarity Emission issues
Lower Initial investment | Limited feedstock flexibility
Direct heat production

Combustion

Both gasification and combustion involve the transformation of organic materi-
als, such as coal, biomass, or waste into useful forms of energy. While they share
some similarities, each process is associated with its own set of advantages and
disadvantages. Table provides the pros and cons associated with each type of
technology.

3.3 Overview of the Gasification Process

Given the definition of biomass gasification, the process of gasification is complicated
due to the complexity of the heterogeneous and homogeneous chemical reactions

involved. There are different stages in a biomass gasifier which the feedstock passes
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through, enabling different species distributions. Also, there are different types of
biomass gasifiers, each of which enable a different producer gas composition and
operate at different thermal efficiencies, resulting in varied gasifier performances.
The operating conditions of a generic biomass gasifier also strongly influences its
performance, thus establishing the quality and type of end-product. In this section,
a detailed analysis of the gasification process is presented along with a thorough
investigation of the ideal operating conditions which yield a high quality producer

gas.

3.3.1 Stages of gasification

A typical biomass gasifier is characterised by four different stages in the reactor in
which the biomass feedstock and its decompositional species have to pass through
to achieve the desired end-product. Practically, there is no well-defined boundary
between the different stages, and they usually occur interchangeably, but for mod-
elling purposes, they are treated one following the other. The different zones listed

in sequential order are:

1. Drying zone; whereby the abundant amount of MC accompanying different
biomass feedstocks is dried at around 100 - 200°C reducing energy losses and
increases the quality of the end product. Depending on the type of feedstock,
the MC of the material usually ranges between 5% - 35%. Research and
experimental work has established that every kilogram of moisture in biomass
takes away a minimum of 2260 kJ of non-recoverable extra energy from the
gasifier to vaporise water. While it is futile to remove the moisture inherently
residing within biomass cell structures, efforts can be made to extract surface
moisture, making the drying zone essential for the gasification process [2,/93].

The process of drying can be described by the following mass balance:

MH,0(1) — MH,0(g) > (R1)

where subscripts (1) and (g) signify liquid and gas phases respectively.

2. Pyrolysis zone; whereby the dry biomass feedstock is thermally decomposed
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in the absence of air and in the presence of high temperatures (150-700°C),
releasing volatiles components and a residue containing char and ash. The
volatiles produced are a mixture of light hydrocarbons, CO, Hy, COs, H50,
and tars. The decomposition occurs homogeneously and heterogeneously in

which the process can be described by the following:

biomass — char + volatiles + tar 4 ash . (R2)

. Oxidation zone; whereby the volatile material of the biomass gets oxidised
under exothermic reactions at high temperatures, releasing the heat needed
for endothermic reactions. The oxidation temperature is about 800 - 1400 °C,
in which both partial and complete oxidation reactions take place for char and

other gaseous components which were produced from the pyrolysis zone [93].

. Reduction zone; whereby various chemical reactions, mainly endothermic, oc-
cur in the absence of oxygen to produce syngas. The main reactions taking
place in this zone are the boudouard, water-gas, water-gas shift and methana-

tion reactions, along with others which are detailed and discussed in section

B.3.3

All the stages in downdraft biomass gasification are equally important as all four of

them have different objectives in achieving a high quality syngas product.

3.3.2 Types of gasifiers

Gasifier design is one of the major influences of product output, especially with

respect to the amount of tars generated. The type of gasifier implemented depends

on different variables and characteristics including fuel availability, MC, shape and

size and end user applications. They vary depending on the requirements of the

feedstock and requirements of the end products. They can be classified and dif-

ferentiated mainly on the basis of their gas - solid contacting mode and the use of

the gasification agent and the temperature range in which the gasifier is operat-

ing. Gasifiers are broadly divided into three principle types: fixed or moving bed,
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fluidised bed, and entrained flow. Each is further subdivided into specific types as

discussed [2].

Table 3.4: Advantages and disadvantages of different gasifier types [94].

‘ Gasifier Type ‘ Advantages ‘ Disadvantages
- Simple design and low-cost process - High tar content
Updraft - Suitable for small-scale applications - Require intensive cleaning
- Suitable for high MC
- Simple design and low cost - Suitable for low MC
Downdraft - Low tar content - Requires cooling of syngas

- High energy efficiency

- Ease of operation - High tar content
Cross-flow - Simple gas cleaning - Low overall energy efficiency

- Good mixing and heat transfer - Complex design and operation

. . - Efficient conversion - High initial capital cost

Circulating bed | . peedstock flexibility - Requires sophisticated gas cleaning
- Operates at high temperatures
- Suitable for fast reactions - Bed agglomeration
. - Good mixing and heat transfer - Complex design and operation
Bubbling bed - High conversion rates - High initial capital cost

- Particle attrition

- High conversion efficiency - High operating temperature and pressure, re-
Entrained Flow quiring more durable materials

- Suitable for large scale applications - High tar content

- Feedstock flexibility - High capital and maintenance costs

3.3.2.1 Fixed-bed gasifiers

In fixed-bed gasifiers, the fuel moves down the unit as a plug, contacting the gasifi-
cation agent in the upward or downward direction, depending on the specific gasifier
type. They are traditionally inexpensive to build and come in small sizes, which is
one of their major attractions. Both mixing and heat transfer in fixed-bed gasifiers
are rather poor, making it difficult to achieve a uniform distribution of fuel, tem-
perature and gas composition through the cross-section of the gasifier. In one of the
oldest and simplest designs, the gasification agent in an updraft gasifier, such as the
one portrayed in Fig. travels upwards while the bed of fuel moves downward,
resulting in counter-current interaction between the feedstock and the medium.
The product gas leaves from the top of the gasifier and the gasification agent
enters the bed through a grate or distributor found typically at the lower end of
the unit. These types of gasifiers are suitable for high-ash (up to 25%) and high
MC (up to 60%), low volatile biomass fuels. Tar formation is very high in these

units, potentially exceeding 150 g/Nm?3. Otherwise, they utilise combustion heat
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Figure 3.4: Schematic of a fixed-bed updraft gasifier [2].

very effectively, achieving high cold-gas efficiencies and increasing their suitability
for direct firing, where the gas produced is burnt in a furnace or boiler with no
cleaning or cooling required. Downdraft gasifiers, illustrated in Figl3.5] are co-
current reactors where the gasification agent enters the unit at a certain height
below the the pyrolysis zone. The biomass fuel and the gasification agent interact in
a co-current manner, resulting in the product gas leaving from the bottom through
a bed of hot ash.

Since it passes through the high-temperature zone of hot ash, the tar in the
product gas finds favourable conditions for cracking, resulting in significantly low
tar production rates as 99% of it is burnt in the combustion zone. This type of
gasifier is simple, maintains a low cost and the produced syngas can be used in
further gas turbines and internal combustion engines.

In a cross-flow gasifier, the biomass, fed at the top of the unit, moves downward
while the air enters from the side, resulting in the product gas leaving from the
upper side at about the same level of the biomass feed. This type of configuration is
mainly used for the gasification of charcoal with low ash contents. Unlike downdraft
and updraft configurations, this type of gasifier releases the product from the side

walls opposite to the entry point as indicated in Fig. [3.6l Excess O, in front of
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Figure 3.5: Schematic of a fixed-bed downdraft gasifier [2].

the nozzles facilitates combustion of the char, creating a high temperature zone (;
1500 °C). The remaining char is then gasified to CO downstream in the subsequent
zone. The combustion and gasification zones are formed around the air entrance,
resulting in ash being removed from the bottom. This unit is characterised by low

overall energy efficiencies with a gas having a high tar content [2,85].

3.3.2.2 Fluidised-bed gasifiers

Fluidised bed gasifiers are emerging as a convenient technology due to their fuel type
flexibility, boasting an advantage over fixed bed gasifiers because of their uniform
temperature distribution in the reduction zone. This is accomplished by using a bed
of fine granular material (e.g. sand). into which air is circulated, fluidising the bed.
One major problem in fluidised bed gasifiers is bed agglomeration causing loss of ad-
equate fluidisation. These gasifiers are appropriate for stationary processes, usually
suitable for medium to large scale installations. The gas temperature at the outlet
is relatively high (800-900 °C), containing alkaline vapours. This is due to thorough

mixing within these types of configurations, sustaining a constant temperature in
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Figure 3.6: Schematic of a fixed-bed cross-flow gasifier |2].

the reactor bed, allowing the gasifier to operate at high enough temperatures to
achieve an acceptable C conversion rate.

Two main types of fluidised bed gasifiers are in current use: circulating bed and
bubbling bed gasifiers. Fig)3.7]shows a circulating bed gasifier, which is based on a
mechanism of continuous circulation of the bed material between the reaction ves-
sel and a cyclone separator, where the ash is separated and the bed material and
char return to the reaction vessel. Capable of coping with high capacity biomass
throughputs, they can be operated at high pressures and deliver output gases with-
out requiring further compression. On the other hand, bubbling bed gasifiers, such
as the one in Fig3.§ pyrolyse the biomass, forming char, gaseous components and
tar in a fine bed material placed above a grate through which air is fed. High molec-
ular weight tar reacts with the hot bed material, delivering a product gas with a

lower tar content [85].

3.3.2.3 Entrained-flow gasifiers

Fig. [3.9 illustrates an entrained flow gasifier, in which fine particles and the gasifi-
cation agent are fed co-currently, resulting in the oxidant or steam surrounding or
entraining the solid particles as they flow through the gasifier in a dense cloud. They
operate at high temperature and pressure, characterised by a significant turbulent
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flow, causing rapid feedstock conversion, allowing high throughput. Gasification
reactions occur at an extremely high rate, with high carbon conversion efficiencies
(98 - 99.5%). Because of the high operating temperatures, entrained-flow gasifiers
melt ash into vitreous inert slag. This type of gasifier introduces additional water
through the use of slurry pumps, resulting in an increased Hy - CO ratio, but with

lower gasifier thermal efficiency [85].

——— Gas to pilot burner
Oxygen

Fuel — —‘]
Burner —_ ﬂ‘(

Pressure «——: s
water outlet

Cooling screen.

Pressure
water inlet

Quench
water

Cooling jacket
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«=-» Gas outlet

 Granulated slag

Figure 3.9: Schematic of an entrained-flow gasifier ||

3.3.3 Typical chemical reactions

During biomass gasification, the biomass primarily undergoes drying after which
the feedstock experiences thermal degradation in the pyrolysis zone. The pyrolysis
products react with themselves and with the gasification agent to form ultimate
gasification products. The char produced is a product containing unconverted car-
bon, some hydrocarbons and ash. While the quantity of char is largely dependent

on the reactor and operational conditions, the amount of ash depends on the type

95



of feedstock used. The following is a list of the most relevant chemical reactions

occurring in a gasification process [2]:
e Carbon Reactions

1. Boudouard

C+ COy — 2C0O ,

2. Water-gas or steam

C+H,O— CO+H,y,

3. Hydrogasification

C+2H2—>CH4,

C+0.50, — CO ,

e Oxidation Reactions

C+ OQ — COQ ,
CO + 0502 — C02 R
CH4 + 1502 — CO + QHQO ,

Hy + 0502 — HQO ,

e Shift Reaction

CO + H,0 — COy + Hy
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e Methanation Reactions

COQ + 4H2 — CH4 + QHQO , (R14)

e Steam Reforming Reactions

Depending on the modelling approach, all or some of the above chemical reactions
might be implemented. As will be seen subsequently, thermodynamic equilibrium
models only utilise independent chemical reactions, avoiding the computation of
repeated information. In a CFD model, most of the above chemical reactions will
be implemented alongside additional reactions describing the drying and pyrolysis
zones, further adding to the complexity of the model. Biomass char is typically more
porous and reactive than coke, maintaining a € ranging from 40-50%, while that of
coal char is between 2-18%.

The process of pyrolysis and char reactions are typically heterogeneous chemical
reactions, whereby the reactants are in two or more phases. Pyrolysis involves
the breaking down of the feedstock into the different pyrolytic products making
up the biomass and unreacted char reacts with the different pyrolytic products.
Simultaneously, chemical reactions amongst the evolved gases also take place which
are called homogeneous chemical reactions.

The key difference between heterogeneous and homogeneous reactions lies in the

phase of the reactants. Examples of heterogeneous reactions include (R3)) and (R4)),
whereas homogeneous chemical reactions include (R11)) and (R8)). (R3] to (R7))

depict how the char reacts with different gasification agents, such as Oy, COs, and

H,O, to produce lower-molecular-weight gases like CO and H,. The rate of (R6) is
the fastest of (R3], (R4)), (R5) and (R6)), rapidly consuming the Oy, leaving little
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amounts for other reactions. The rate of is 3 to 5 orders of magnitude slower
than that of , is 6 to 7 orders of magnitude slower and is the slowest
among the four [95].

The rates of the chemical reactions are an essential tool in the analysis of the
different pathways that the reactions can take. As will be seen when developing a
CFD model in Chapter 5, how fast and slow the reactions are and how well they

compete with each other effectively determine the syngas composition.

3.3.4 Operating conditions

The composition and quality of the producer gas leaving a gasifier are highly in-
fluenced by its operating parameters. One of the major challenges in biomass gasi-
fier design is to determine the appropriate range of operating conditions that will
yield the desired end-product. Moreover, with the involvement of a complex chem-
ical reaction scheme encompassing both homogeneous and heterogeneous reactions,
identifying suitable operating conditions becomes even more challenging.

To address this issue, researchers have extensively studied gasification models
and conducted numerous experimental investigations on state-of-the-art biomass
gasifiers. As a result, a range of operating conditions that are considered suitable
has been identified. This section delves into and discusses these operating conditions

and their significance in achieving desired gasification outcomes.

3.3.4.1 Gasifying agent

The choice of gasifying agent significantly impacts the composition and heating
value of the producer gas. Three commonly used agents are air, steam, and O,
each offering distinct characteristics and applications.

Air gasification is both straightforward and cost-effective, making it suitable for
small-scale applications. However, it results in a syngas with a relatively low LHV
- see section - due to the increased Ny content from the air.

On the other hand, O, gasification enhances the LHV by removing Ny, making
it an attractive option for generating syngas with high C sequestration and storage

capabilities. Nonetheless, it is important to note that utilising oxygen gasification
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comes with increased plant operating costs, as it necessitates the implementation of
an air separation unit and additional storage and distribution systems.

Lastly, steam gasification produces a high-quality syngas with elevated Hy con-
tent and a high LHV, and is often performed with steam/Oy mixtures to optimise
its efficiency [85]. The addition of Oy with steam can accelerate the gasification
reactions, facilitating the partial oxidation of the feedstock and leading to a faster
conversion of the hydrocarbons into syngas. By controlling the ratio of Oy and
steam, it is possible to manipulate the reaction pathways and the composition of
the syngas produced. For example, introducing steam into the gasification process
promotes steam reforming reactions, increasing the Hy concentration in the syn-
gas. Furthermore, adding Oy can help in partial oxidation reactions, which can
crack larger hydrocarbon molecules (i.e. tars) into smaller, more useful gaseous
components, reducing tar formation and improving the quality of the syngas. Fach
gasifying agent presents its own set of advantages and limitations, and selection of
the most suitable one depends on the specific requirements and objectives of the

gasification process.

3.3.4.2 Equivalence ratio

The ER is arguably the most critical operating condition affecting biomass gasifica-
tion. This parameter represents the ratio, in the case of air gasification, between the
masses/moles of air and biomass on a dry and ash-free basis under actual operating
conditions, which are the conditions supplied to undergo the process, compared to
the same ratio under stoichiometric conditions, which is the ideal amount required
for a complete reaction [96].

When the ER is 0, there is no oxidant present in the system, while an ER
equal to 1 indicates stoichiometric combustion. An ER greater than 1 signifies
fuel-lean combustion, whereas an ER lower than 1 indicates fuel-rich combustion.
Gasification, in some sense, can be viewed as fuel-rich combustion, where optimum
ER values for the best gasification performance generally range from 0.2 to 0.4 [2].

The ER has a profound influence on the gasification process, as it determines

the system’s temperature, Oy availability, syngas yield, and consequently the gas
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composition, heating value, and tar content. Identifying the optimal ER for a specific
gasification system is crucial, as it directly impacts the conversion of C into gas.
Lower ER values result in incomplete conversion of char into volatiles, leading to
higher tar production. This is one of the reasons why updraft gasifiers, which
typically operate with ER values below 0.25, produce high tar content [85].
The universally accepted definition of the ER is as follows |2]:
air

gasiﬁcationﬂ = ER x combustion— . (3.27)
fuel fuel

The gasification air-fuel ratio is the actual amount of air, which is made up of
approximately 79% Na and 21% Og by number of moles (76.6% Ny and 23.3% Oq
by mass) used in the system divided by the biomass feeding rate or consumption
rate. The combustion air-fuel ratio is a constant for a specific biomass feedstock and
can be calculated from the ultimate analysis of the biomass - see section [3.1.1] This
discussion proceeds from [2], in which they argued that in a combustor, the amount
of air supplied is determined by the stoichiometric (or theoretical amount) amount,
whereas in a gasifier, the air supply is only a fraction of the stoichiometric amount.

Depending on the units of the gasification and combustion air-fuel ratios, the
ER can be determined either on a molar or mass basis. The derivation of the ER
equation [87,97] comes from both the global reaction for gasification and combustion
of biomass in Oy. According to the global gasification reaction for a particular

feedstock [98]:

CHQO/BNAS5 + wH,0O + mgas(OQ + 376N2) — x1Hy + 22CO + 23C0O5

+ {L‘4HQO + I5CH4 + IGNQ + JZ7HQS s (Rl?)

where myqs is the number of moles of gasifier input air per one mole of biomass,
corresponding to the gasification air-fuel ratio in Eq. [3.27, z; to z7 represent the
stoichiometric coefficients of the various gaseous species, CH,O3N,S;s represents the
biomass feedstock with «, £, A, and § comprising the number of atoms of Hy, O,

and Ny, and S per number of atoms of C; where w is the number of moles of H,O
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per one mole of biomass and is calculated from the biomass MC on a wet basis.
These quantities can be obtained from the ultimate analysis - see subsection -
of the feedstock.

Conversely, the global combustion reaction for a particular feedstock is:

C HaOIQN)\Sg + mcombOQ — 21COQ + ZQHQO + 23802 -+ Z4NO , (R,18)

where z; — z4 are the stoichiometric coefficients of the respective gas species in the
combustion reaction, solved using elemental molar balances, m.,,, is the amount
of air needed for the combustion of one mole of biomass, corresponding to the
combustion air-fuel ratio in Eq. [3.27] The stoichiometric balance of which consists

of elemental molar balances for each of the following species C, H, O, N, S is given:

Cizxn=1, (3.28)
H:z= % , (3.29)
O: 221+ 20+ 223+ 24 = B+ 2Meomp » (3.30)
Nizg=A\, (3.31)
S:tzz=90. (3.32)

By substituting Egs. (3.28)), (3.29)), (3.31), and (3.32)) into Eq. (3.30)), the following

expression for Mm.qmp is obtained:

a [ A
—(1+=-24+245). .
Mecomb ( I 5) (3.33)

Next, using the definition of the ER in Eq. [3.27}

BR = Do _ e (3:34)
Mecomb (1+%_§+§+5)

Eq. can be written as:

A
mgas:<1+%—§+§+6)xER. (3.35)
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Thus the combustion reaction simplifies as follows:

CHQOBN)\Sg—i‘ (1+%—§+%+5> OQ —>COQ+%HQO+5SOQ+)\NO .

(R19)

Therefore, mgy,s is calculated from ER as per Eq. .

The gasification air-fuel ratio on a mass basis is calculated by dividing the mass
flowrate of the consumed Oy in the equivalent air (kg/s) by the biomass consumption
rate (kg/s) as such:

gasiﬁcation% = nZhLb:q : (3.36)
where 11, ¢ is the consumed air mass flowrate (kg/s) in the equivalent air and 7,

is the biomass consumption rate (kg/s). The combustion mass air-fuel ratio can be

expressed as follows:

. air a [ A Mo, + 3. 76 My
combustlon@ = (1 + 13 + B + 5) X < : . 2) (kgair/kehm) -
(3.37)

3.3.4.3 Temperature

The temperature of the system plays a crucial role in determining the distribution of
gaseous and solid species during pyrolysis, thereby affecting the equilibrium reactions
involved in the gasification process. Several authors, such as Mansaray et al. [99]
and Narvaez et al. [100], have reported that increasing temperatures lead to higher
syngas production and a reduction in tar content.

It is important to note that temperature is primarily considered an operating pa-
rameter at the laboratory scale. In actual gasification systems, temperature cannot
be directly controlled as it becomes a function of various factors, including the ER,
gas and solid flow rates, and thermal dispersions [85]. As a result, achieving precise
control over the temperature becomes more challenging in real-world applications.
Nonetheless, understanding the influence of temperature on the gasification process
remains crucial for optimising gasifier performance and achieving desired syngas

composition and tar content.
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3.3.4.4 Moisture content

The MC of biomass has a significant impact on its conversion into energy. When
biomass has a high MC level (which can be as much as 70% in its natural state), it
becomes challenging to maintain self-sustained combustion. Additionally, high MC
levels lead to a decrease in the heating value of the syngas, resulting in a reduced
overall energetic efficiency of the gasification process. Moreover, higher MC levels
also lower the oxidation temperature, leading to incomplete cracking of hydrocarbons
formed during pyrolysis.

Among fixed-bed gasifiers, downdraft ones are more sensitive to MC compared
to updraft ones. The tolerable limits for MC in downdraft gasifiers typically range
between 15% and 55% [85]. It is essential to carefully manage and control the MC of
biomass feedstocks to achieve optimal gasification performance and ensure efficient

energy conversion.

3.3.4.5 Superficial velocity

The superficial velocity (SV) is defined as the ratio of the syngas production rate at
normal conditions to the narrowest cross-sectional area of the gasifier. SV directly
influences the energy content of the syngas, the fuel consumption rate, and the rates
of char and tar production. When SV is low, slow pyrolysis occurs, leading to higher
char and tar contents in the syngas. This is unwanted as the main objective is to
reduce tar in the producer gas as much as possible and achieve a high C conversion.
On the other hand, high SV values result in fast pyrolysis, leading to lower amounts
of char and tar in the producer gas.

However, it is important to note that a high SV also reduces the syngas residence
time in the gasifier. This can have a negative impact on the efficiency of the tar
cracking process, which is essential for achieving a cleaner syngas. Thus, finding an
optimal SV value is crucial to balance the trade-off between minimising tar and char

content while ensuring sufficient residence time for efficient tar cracking [101].
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3.3.4.6 Particle size

The size of biomass particles is a critical factor in ensuring a specific consumption
rate and maintaining an appropriate pressure drop inside the reactor without the
formation of preferential channels. Therefore, the particle size must be carefully
chosen to ensure optimal gasification performance. The sphericity of the particles
also affects the heat transfer between the solid and gaseous phases. Smaller particles
have a quicker heating rate and react more rapidly compared to larger particles.
However, it is important to note that the particle size does not directly influence
the syngas composition. The composition of the syngas is primarily influenced by the
biomass’s chemical composition rather than its size [53]. Therefore, while particle
size has an impact on the gasification process, its effect on the resulting syngas

composition is indirect.

3.3.5 Tar formation and reduction

Tar is a thick, black, and highly viscous liquid that forms in the low-temperature
zones of the gasifier and can cause blockages in gas pathways, leading to fouling
and disruptions in the gasification system. Various definitions of tar have been
proposed in previous publications, with Neeft et al. [102] defining it as ”all organic
contaminants with a molecular weight larger than benzene.” Due to its complex
composition, tar is often assumed to possess the same thermodynamic properties as
benzene in modelling procedures, simplifying the mathematical model.

As an inevitable by-product of biomass gasification, efforts are focused on limit-
ing its formation rather than completely eliminating it. Tar is predominantly formed
in the pyrolysis zone of the gasifier, where the decomposition of biomass occurs at
temperatures ranging from 200-500°C. This breakdown of biomass components, such
as cellulose, hemicellulose, and lignin, leads to the formation of primary tar (also
known as wood oil or wood syrup). At temperatures above 500 °C, primary tars
undergo further reactions, transforming into smaller, lighter non-condensable gases,
as well as a series of heavier molecules known as secondary tars. At even higher

temperatures, primary tar products can be further degraded to produce tertiary
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tars [2].

Although tar formation is inherent in biomass gasification, it is essential to un-
derstand its behaviour and minimise its impact on the gasification process. The
amounts of tar generated in different types of gasifiers are provided in Table [3.5]
For the downdraft configuration, the average levels of tar was collected based on a
range of feedstocks and operating designs, except for the gasification agent which
was only tested for air gasification. Concerning the bubbling and circulating bed
gasifiers, the average tar levels were collected based on a plant power of 90 kW for
the bubbling-bed and 16,000 kW for the circulating-bed. The feedstock analysed is
wood in both configurations and the fuel MC is 14% and 15% respectively. The gasi-
fication agent in both configurations was air, which was varied in order to study its
effect on the tar content. Finally, for the entrained flow gasifier (EFG), the average
tar level collected under air-blown gasification conditions using solid-phase adsorp-
tion at an electrically heated EFG with temperatures ranging between 900-1300 °C

and varying ER values and feedstock types including raw biomass and lignite.

Table 3.5: Amount of tar produced in each type of gasifier [103].

| Gasifier types | Average tar levels (g/Nm?) | Reference |
| Updraft | 10-150 | [104] |
| Downdraft | 0.01-6 | [105] |
| Circulating fluidised bed | 1-30 | [106] |
| Bubbling fluidised bed | 1-23 | [106] |
‘ Entrained flow ‘ 0.02 ‘ [107] ‘

Several techniques are present for tar removal in experimental investigations
of biomass gasifiers, classified as: (a) primary and (b) secondary treatment [2].
Primary treatment examples include modifications such as the injection of secondary
gasification agents into the gasifier and passing the pyrolytic products through the
char which increases the temperature significantly and thus reduces the tar content.
Secondary treatments involve the implementation of a second reactor to degrade

and regenerate the tar content in the producer gas to an acceptable level [103].
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3.3.6 Gasification performance

Measuring gasification performance involves assessing various parameters and fac-
tors to evaluate the efficiency and effectiveness of the gasification process. Gasifi-
cation performance is measured in terms of both the quality and the quantity of
the gas produced [2]. The key procedures and measurements taken to evaluate the

performance of a gasifier are summarised below:

1. Syngas composition analysis: One of the primary measurements of a gasifier
is the composition of the producer gas. This includes concentrations of Hs,
CO, CHy, and COs, including traces of other gases. The syngas composition
will dictate the potential applications of the syngas, such as power generation

and biofuels production [39).

2. Gasification efficiency: The efficiency of a biomass gasifier is expressed either
as cold-gas efficiency (CGE) or hot-gas efficiency (HGE). The CGE is the
energy input over the potential energy output. In other words, it is the ratio
between energy of generated syngas to the energy of the biomass fed to the

gasification system [2,[108].

LHV .
LHV,,

CGE = X Nyas x 100% . (3.38)

where Ny, is the number of moles of the dry producer gas at standard temper-
ature. On the other hand, the HGE is the ratio between total chemical energy
and sensible heat of produced syngas to the chemical energy and sensible heat

of biomass fed to the gasification system and can be calculated as:

LHV o, + C,(Ty — Tp)

HGE =
G LHVy,,

x 100% , (3.39)

where Ty and Tj are the gas temperature at the gasifier exit and the fuel (i.e.

biomass) temperature entering the gasifier, respectively.

3. Gas yield: This performance indicator refers to the amount of syngas produced
per unit of feedstock, often expressed in terms of gas volume or energy content.
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High gas yields indicate efficient gasification.

4. C conversion efficiency: This factor measures the percentage of C in the feed-
stock that is converted into CO and H, in the syngas. Higher C conversion
efficiency indicates better utilisation of the C content and a high syngas pro-

duction.

5. Tar content: As mentioned previously, due to its complex structure of poly-
aromatic and condensable hydrocarbons, tar is a problematic by-product of
gasification which can give an indication of the gasification process perfor-
mance. The presence of tars and other impurities causes slagging, blockages
and corrosion problems by which the overall gasification process performance is
diminished. It also degrades the quality of the produced syngas, therefore lower

tar content is desirable to maintain a higher gasification performance [2,108]

Other factors and measurements can also indicate a gasifier’s overall performance
and efficiency, such as economic viability, by which the gasification performance
includes an economic assessment, considering factors like capital and operating costs,

feedstock availability and flexibility and the value of the syngas products.

3.4 Modelling of Biomass Gasification

Conducting experimental investigations to find the correct range of operating condi-
tions needed for a given feedstock, gasification agent, reactor design parameters and
thermal efficiency that greatly influence the performance of a gasifier, not to mention
the feedstock’s variety in terms of its composition and thermochemical properties,
is both a time consuming and expensive endeavour. Under these circumstances, de-
veloping mathematical models to analyse these parameters against a set of working
conditions becomes convenient. Although experimental investigations will result in
arguably a more accurate representation, mathematical models are an important,
good, and necessary performance tool to study a gasifier’s behaviour to optimise its
design and operation without resorting to physical experimentation.

Care needs to be taken while developing mathematical models in order not to
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overly simplify the process by making simplifying assumptions that fall beyond the
reality of the actual process system. As such, different kinds of models exist depend-
ing on the inclusion of all or some of the property specifications and the provision
of model assumptions. The more the model realistically represents the gasification
process, the better the results will compare to experimental data, providing a low
enough margin of error and increasing the model’s predictive reliability.
Nevertheless, mathematical models have been found to be effective in providing
qualitative guidance on the influence of working and design parameters on the gasifi-

cation process. Modelling approaches can be classified into the following categories:
e thermodynamic equilibrium models,
e kinetic models,
e computational fluid dynamics models, and
e artificial neural network models.

The following sections reviews the theory, possible assumptions and execution method-

ologies of each of the four approaches.

3.4.1 Thermodynamic equilibrium models

These serve as a tool to predict the concentrations of species in the producer gas,
relying on the assumption that the reactants undergo complete mixing and react for
an infinite period of time, providing a simplistic approach to their implementation. It
is essential to note that in practical applications, the available time for the reactants
to interact in the gasifier is finite, which may lead to variations in the gasification
process and the resulting gas composition. [2|. Such models are independent of
gasifier design and although thermodynamic equilibrium cannot be reached within
a gasifier, they offer a reasonable prediction of the maximum achievable yield for a
desired product, which is one of their major strengths. However, they are restricted
in not being able to analyse the influence of the associated fluid dynamics or design

parameters on the gasification process.
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Two thermodynamic equilibrium approaches can be adopted: stoichiometric,
where chemical equilibrium is determined from the equilibrium constant and non-
stoichiometric, where the chemical equilibrium is determined through the minimi-
sation of the Gibbs free energy [98]. Both approaches are reviewed, with a detailed

focus on the stoichiometric one.

3.4.1.1 Stoichiometric approach

Thermodynamic equilibrium models incorporating the stoichiometric approach in-
volve chemical reactions and the chemical equilibrium of gaseous species. In more
detail, the gasification process of a mole of biomass in mg,s moles of air can be
represented by the global gasification reaction [R17]

It is possible, as is the case in Chapter [4, to portray in terms of additional
species including tars and minor gasification products thereby increasing the reliabil-
ity of the mathematical model. Subsequently, atomic balances are performed on each
chemical species along with the definitions of the chemical equilibrium constants of
the chosen chemical reactions involved in the process. Calculations of equilibrium
constants must be performed for independent chemical reactions, as selecting non-
independent reactions results in the model computing repeated information; a more
simplistic explanation being that when a reactions group is written as a combination
of at least two of the others.

The most important gasification reactions to determine independent combina-

tions are (R3)), (R4), (R5), (R11)) and (R13]). Ten possible combinations stem from

these reactions; eight independent and two dependent, specifically the combinations
, and and , and . Two independent equilibrium
reactions are sufficient to model the gasification process with the species introduced
in . As will be seen later, it is possible to include more than two chemical reac-
tions, depending on the additional species being modelled using . The two sets
of equations (mass balance and equilibrium constants) can be solved simultaneously
to obtain the composition of the produced gas at steady state. Finally, an energy
balance is solved to predict the gasification temperature, considering the process is

adiabatic. Stoichiometric equilibrium modelling of biomass gasifiers are generally
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solved using the iterative Newton-Raphson method, although other possibilities are

available [98].

3.4.1.2 Non-stoichiometric approach

This approach involves the minimisation of the Gibbs free energy (GFE) of the
system, through the utilisation of only the elemental composition of the feedstock
obtained from the ultimate analysis and was not a direct focus of the research un-
dertaken. The GFE is a thermodynamic quantity that indicates the available energy
of a substance that can be used in a chemical reaction. It is related to the enthalpy
of a system or process minus the product of the systems entropy and absolute tem-
perature. As such, this approach neglects any specific chemical reactions, making
it suitable for cases in which all the possible chemical reactions that can occur in
the system are not fully known as in the case of gasification. As these methods
are based on an atom balance of reactants, specific cases involving biomass, with
unknown molecular formula can also be handled. The Gibbs free energy, g, of the

gasification product involving N species (i = 1, ..., N) is given by:

N N
g = Z n;Agy, + Z n; RTn <ZI\?—1) , (3.40)
i=1 i=1

i=1 1

where g3, is the standard Gibbs free energy of formation of species 7, at normal
pressure, R is the universal gas constant equal to 8.314 J/mol K and T is the
temperature in K . The equation must be solved for n; unknown values to minimise
g7, which is subject to the overall mass balance of the individual elements. For each

number j:
N

d o=agmi=A;, =123k, (3.41)

i=1
A; is defined as the total number of atoms of the j™ element reaction mixture and
a; ; is the number of atoms of the j element in a mole of the i species.

Several possibilities exist to minimise the GFE, with Lagrange multipliers yield-

ing satisfactory results. The Lagrange function (L), is formed through Lagrange
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multipliers ; = 1, ..., and defined as:

K N
=1

j=1

Dividing the above equation by RT and setting the partial derivatives equal to zero,

(gi) =0. (3.43)

Replacing the value of ¢ from Eq. (3.40) in Eq. (3.42) and taking its partial

the extreme point is found:

derivatives the Gibbs free energy can be expressed as follows:

oL Ags 1K N
I f7 —— . .. . f—
(ani) Zln ( Z 1 ) + RT ;%(; a;m;) = 0. (3.44)

The above equation can be formed in terms of a matrix with ¢ rows and can be solved
simultaneously by some iteration technique. As in the stoichiometric approach,
several modifications exist within the non-stoichiometric approach, but will not be

discussed in detail as they are beyond the research scope of this thesis.

3.4.2 Kinetic models

The limitations of the thermodynamic equilibrium model in correlating reactor de-
sign parameters with the final product gas composition have led to the development
of kinetic models for evaluating and predicting gasification performances. Kinetic
models consider both the kinetics of gasification reactions and the hydrodynamics
of the gasifier reactor, incorporating parameters such as reaction rate, residence
time, superficial velocity, diffusion rate, and reactor length [3,109]. This modelling
approach enables the prediction of gas composition and operating temperatures
profiles for specific operating conditions and reaction kinetic parameters. Kinetic
models are particularly suitable and accurate at relatively low temperatures where
reaction rates are significantly lower, leading to longer residence times, in contrast to
equilibrium models that are more suitable at higher temperatures. Kinetic models

play a crucial role in bridging the gap between thermodynamic equilibrium models
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and CFD models in the context of biomass gasification. They achieve this in the

following way:

1. Inclusion of reaction kinetics; while thermodynamic equilibrium models as-
sume instantaneous reactions and complete mixing, kinetic models consider the
kinetics of gasification reactions. They incorporate detailed reaction mecha-
nisms, including the rates at which various chemical species react and the time
required for these reactions to occur. This allows kinetic models to capture the
time-dependent behaviour of gasification processes and provide more realistic

predictions of species concentrations and gasification rates.

2. Incorporation of reactor hydrodynamics; through accounting for reaction rates
but also considering the hydrodynamics of the gasifier reactor. This includes
parameters such as residence time, SV, diffusion rate, and the flow pattern
within the gasifier. By incorporating reactor hydrodynamics, kinetic models
provide insights into the spatial distribution of species and temperature profiles

within the gasifier, which thermodynamic equilibrium models do not capture.

3. Prediction of species concentrations; by considering both reaction kinetics and
reactor hydrodynamics, kinetic models can predict the concentrations of dif-
ferent species in the producer gas as they evolve over time. This capability
allows kinetic models to simulate the gasification process more realistically
than thermodynamic equilibrium models, which provide only the final prod-

uct gas composition at equilibrium.

4. Advancement towards CFD models; through the inclusion of time-dependent
behaviour, heat transfer, and chemical reactions in the gasifier, kinetic models
are a stepping stone towards more complex and detailed CFD models, which
are more computationally intensive and require detailed information about

flow behaviour, heat and mass transfer and chemical reactions within the gasi-

fier.

Kinetic models can be validated and calibrated using experimental data from prac-
tical gasification systems, aiding in ensuring they better represent the actual gasi-

fication behaviour as clearly as possible, and can be trusted as reliable tools for
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predicting gasifier performance. Once validated, they can be used to develop more
advanced CFD models, capable of capturing even finer details of the gasification
process.

Kinetic models provide a more detailed and dynamic representation of gasifica-
tion processes compared to thermodynamic equilibrium models, making them an
important link between simple equilibrium models and complex CFD models in
understanding and optimising biomass gasification.

Rate laws and kinetic parameters are the important components in an effective
biomass gasification kinetic model, where the Arrhenius equations plays a funda-
mental role in demonstrating the temperature dependence of the reaction rates. As
such, the rate laws of the chemical reactions are expressed through the following

expression:

Q = kCHCR — ki2Ch (3.45)

where €2 is the rate of reaction, C; is the concentration of the component ¢, subscripts
A and B represent the reactants and P the product, superscripts n, m, and g are
the orders of the reaction with respect to the component concentration, and k is the

Arrhenius constant of the reaction, calculated from the following:

k= AXexp (—%) : (3.46)

In the above equation A is the pre-exponential factor and Fa is the activation
energy. A variety of software applicable platforms for modelling works exist such
as spreadsheets for quick and easy arithmetic calculations and numerical modelling
solvers such as Mathematica and the ordinary differential equation (ODE) toolbox

in MATLAB to solve mass and energy balances [6].

3.4.3 CFD models

Computational fluid dynamics (CFD) models maintain an essential role in the mod-
elling of a biomass gasification system, as they are sophisticated numerical sim-
ulation tools to scientifically estimate fluid flow, heat and mass transfer, chemical

reaction and other related phenomena by solving a numerical set of governing math-
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ematical equations based on the conservation equations of mass, heat, momentum,
and species over a defined domain or region within biomass gasification systems.
CFD models associated with downdraft gasification systems aim to provide insights
into the gasifier’s performance, optimise its design, and evaluate its efficiency and
emissions. The key aspects and components of CFD models for downdraft biomass

gasifiers can be summarised as follows [42,/110]:

1. Geometry and mesh generation; beginning with the creation of a multidimen-
sional digital representation of the gasifier’s geometry, including the reactor
chamber, gasification agent and biomass inlets and gas outlets. This is sub-
sequently followed by mesh generation which involves dividing the geometry
into discrete elements or computational cells to facilitate numerical calcula-

tions, forming the computational grid.

2. Multiphase modelling; including solid biomass particles, air and gas products.
It is essential to use multiphase modelling approaches to simulate the move-
ment and complex physical and chemical interactions between these phases.
Examples of multiphase modelling approaches are the Discrete Phase Model
(DPM), which involves tracking the trajectories of biomass particles and the
porous media assumption, which treats the solid phase matrix as a porous
region with specific properties rather than explicitly simulating the movement

and behaviour of individual biomass particles [111].

3. Flow regime; classified as either laminar or turbulent based on the gasifiers
operating conditions, primarily the Reynolds number (Re), geometry, and
flow characteristics. In small-scale gasifiers with low gas velocities, the flow
is often modelled as laminar. In larger gasifiers or regions with high velocity
and strong mixing, the flow is modelled as turbulent and a turbulence model
is integrated into the CFD model. Various turbulence models, such as the
Reynolds-Averaged Navier-Stokes (RANS) or Large Eddy Simulation (LES)
approaches can be employed to capture turbulence effects on mixing and heat

transfer |109].

4. Chemical reaction modelling; which is typically the most essential component
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within CF'D modelling of biomass gasification as it involves the conversion of
the solid biomass into gaseous products and other by-products. The more
sophisticated the chemical reaction mechanism, describing the various stages

of biomass gasification, the better the predictions.

5. Heat transfer modelling; including radiation and convective heat transfer mod-
els. They play a crucial role in biomass gasification as they account for heat

transfer between solid biomass, gaseous components and the surrounding walls.

6. Boundary and initial conditions; which specify the flowrates, temperatures
and various compositions at the gasifier’s inlets and outlets. Inlet conditions
typically involve the flow of air and biomass feedstock, while outlet conditions

involve the exit syngas production and gasification by-products.

7. Solver selection and numerical methods; which is a crucial component of CFD
modelling of biomass gasification, as it involves choosing an appropriate solver
that possesses the required capabilities to address the governing and trans-
port equation inherent to the specific gasification process. This selection pro-
cess also includes the seamless integration of any supplementary components
that might be necessary when incorporating sub-models into the simulation.
Additionally, numerical methods, such as the finite volume or finite element

methods, are used to discretise and solve these equations.

8. Post-processing and analysis; executed after simulation and involves analysing
the results to obtain information on gasification efficiency, temperature pro-
files, syngas composition, and other predictions associated with the model.
Furthermore, visualisation tools are used to present the simulation results in

a comprehensive manner.

9. Validation and calibration; involving the comparison of model predictions with
experimental data and fine tuning parameters to ensure the model accuracy

is close to reality as possible.

The proposed CFD model will be solved in OpenFOAM, which is an open-

source CFD software package, widely used for the simulation and the solving of
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complex fluid flow and heat transfer problems. As such, regarding the discretisation
method employed within the software, OpenFOAM primarily uses the finite volume
method (FVM) for solving the governing equations. In brief, the FVM discretise
the computational domain into finite volumes (or cells) and calculates the average
values of variables (e.g. velocity, pressure, and temperature) within these cells. It
is the most routinely used discretisation approach in CFD applications due to its
conservation properties and ability to handle complex geometries [6].

The FVM first divides the computational domain into a grid of finite volumes,
typically polyhedral or hexahedral encompassing a portion of the domain. Next, it
applies the conservation principles of mass, momentum and energy, which come in
the form of partial differential equations (PDE) for each finite volume. For each
control volume, the governing equations are integrated over the volume to obtain
discrete forms of the equations. After integration, the governing equations describing
the process model are discretised into algebraic equations for each control volume
which relate the average values of flow properties within the volume to the fluxes,
representing the flow of conserved quantities, at the faces of each finite volume. The
resulting algebraic equations form a system of linear or non-linear equations which
are solved numerically using iterative or direct solution methods. The solution
provides average values of flow properties at each control volume, representing the
state of fluid flow or heat transfer within the domain [110]. The transport equations
for modelling a downdraft biomass gasifier by utilising the porous media assumption,
as is the case for the proposed CFD model, are a set of PDE’s that describe the
conservation of mass, momentum, energy, and species transport within the gasifier.

The general overview of these equations are given below:
e Mass conservation (continuity):

dp =
- = 4

where ¥ is the velocity vector and S,, represents any mass source terms or
sinks (e.g. due to chemical reactions). This equation accounts for the mass

inflow, outflow, and accumulation within the porous media [112].
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e Momentum conservation (Darcy’s Law):

0 — —>— —
a(pu)—kv-(puu):—Vp+V-(ueffVu)+F, (3.48)

where p is the pressure, p.rs is the effective dynamic viscosity of the gas phase
in the porous media and F' represents the momentum source term induced by
the porous media. This general equation describes the flow of gas phase within
the porous media [112]. Eq also relates the fluid velocity to the pressure
gradient within the porous media through Darcy’s Law, a fundamental equa-

tion in porous media modelling [113]:

u = %Vp (3.49)

where K is the permeability of the porous media.

e Energy conservation:

oT
pCp% = V(keffVT) + Hr + Q 5 (350)

where H, represents the heat generation or absorption due to chemical reac-
tions and () represents external heat sources. This equation accounts for the
temperature distribution within the porous media due to heat transfer and

chemical reactions. [112].

e Species transport:

d(pYi —

QON) 4 S(piys) = VDV (o) + .. (3.51)
where Y; is the mass fraction of species i, D; is the species diffusivity, and R;
represents the rate of production/consumption of species i due to chemical reactions.
This equation describes the general transport of chemical species within the gasifier
[112]. Typically, Eq. (3.51) is formulated in the context of mass transport of a

particular species within the porous media.

Egs. (3.47), (3.48)), (3.50), and (3.51]) represent the fundamental conservation
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principles within the porous bed of the downdraft biomass gasifier. As will be seen
later, they are tailored to the specific application of the established porousGasi-
ficationFoam solver by including additional terms and modifying coefficients to
account for complex factors like chemical reactions, heat transfer and resistance

factors.

3.5 Summary

In this chapter, the fundamentals and properties of biomass and gasification were
thoroughly discussed, laying the necessary groundwork for subsequent modelling ap-
proaches in the thesis. Initially, biomass was clearly defined alongside its physical
and thermodynamic characteristics. Following that, a comprehensive overview of the
gasification process was provided, encompassing its various stages, types of gasifiers,
typical chemical reactions, and the diverse operating conditions involved. Numerous
methodologies for studying and analysing gasifier performance were explored. Subse-
quently, the formulations of different modelling approaches were outlined, including
the essential mass and energy balances, as well as the mathematical equations as-
sociated with each approach. This chapter will serve as a strong foundation to the
following chapters, which will detail two distinct mathematical models, developed

using different modelling approaches.
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CHAPTER 4

An Advanced, Comprehensive Thermochemical Equilibrium

Model of a Downdraft Biomass Gasifier

This chapter presents a thermodynamic equilibrium model that eliminates the need
for correction factors and accurately predicts CHy concentration in producer gas, a
challenge for previous models. Char yield is calculated via the boudouard reaction
, showing good agreement with experimental data. Tar yield is estimated using
a new empirical correlation fitted to experimental data from downdraft gasifiers,
as no equilibrium reaction exists for tar formation. Gasification temperature is
determined through an energy balance using a coupled equation system, enhancing
model robustness and convergence. The model also includes HsS production and
NHj3 formation via the NHj3 synthesis reaction.

The effects of MC and ER on syngas composition, tar and char yields, gasifi-
cation temperature, LHV, and CGE are thoroughly analysed and compared with
literature data. Consistent definitions ensure reproducibility. Feedstock properties,
determined through ultimate and proximate analyses, are summarised in Table [3.1]
with HHV calculated using Eq. - see section of Chapter These

properties form the basis for the gasification study.
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4.1 Problem formulation and method of solution

The assumptions underpinning the model are that:
1. The gasifier operates under steady state conditions;
2. the residence time is infinite;
3. Ny is considered inert;
4. the process is adiabatic;
5. the contribution of char and ash to the energy balance equation is negligible;

6. the total pressure is assumed constant (i.e. P, = 101,325 Pa), however the
partial pressure of the syngas components is not and is determined via their

chemical equilibrium;

7. reactants are at standard temperature (i.e. Ty = 298.15 K), while products

are at the unknown gasification temperature, 7.

8. tar, at standard conditions, is a mixture of liquid and gas, with its thermody-

namic properties taken to be those of benzene;
9. char is assumed to have the same thermodynamic properties as graphite.

The following global gasification reaction is an extension of (R17) of section
3.3.4.2)in Chapter [3] with some additional gaseous components taken into consider-

ation, and forms the basis for determining the various product species:

CHQOBNAS(s + U}HQO + mgas(Og + 376N2) — I1H2 + LL’QCO

-+ 333002 -+ 513'4CH4 + $5N2 -+ l'GNHg + $7HQS + iIZ'gHQO -+ .Z'9C6H6,200_2 -+ ill'loc s
(R20)

where w is calculated as follows:

YT 2My + Mo) x (1 - MC) '
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In the above, the terms x;, for ¢ = 1—10, indicate the number of moles of the various
chemical species produced. Among these, i = 1 — 7 represent components of dry
producer gas. The number of moles of Ny in the reactants is calculated based on
the relative amount of Ny to Oy in the air. The chemical formula used to represent
tar and char are C¢Hg2Op2 [114] and C, respectively.

The atom balance equations of C, H, O, N and S derived from the global gasifi-

cation reaction, are:

C: xota3+a4+6x9+210=1, (4.2)
H: 22y + 4x4 + 326 + 207 + 228 + 6.229 = o + 2w | (4.3)
O: x4+ 223+ 25+ 0.229 = B+ w + 2myqs (4.4)
N: 225 4+ 26 = A+ 7.52myqs , (4.5)
S: xr =19, (4.6)

respectively. The specific molar heat capacity for a chemical component is deter-

Table 4.1: Constants for the molar heat capacity of chemical species and their
corresponding enthalpy of formation, and GFE of formation [115].

Chemical A 103B, K= | 10°C, K72 107°D, K? | Thae | h$,J/mol| g3, J/mol
Species

| Ha | 325 | 0422 |- | 0083 | 3000 |- - |
| CO | 338 | 0557 |- | -0.031 | 2500 | -110,525 | 137,169 |
| CO;q | 5.46 | 1047 |- | -1157 | 2000 | -393,509 | -394,359 |
| CH,4 | 17| 9081 | -2164 |- | 1500 | -74,520 | -50,460 |
| N | 328 | 0593 |- | 004 | 2000 |- - |
| NH; | 358 | 3.02 |- | -0.186 | 1800 | -46,110 | -16,450 |
| HS 393 | 149 |- | -0.232 | 2300 | -20,630 | -33,560 |
| HyO(y) | 347 | 145 |- | 0121 | 2000 | -241,818 | -228,572 |
| Tar | -2.06 | 39.064 | -133 |- | 1500 | 82,930 | 129,665 |
| Char | 177 | 0T |- | -0.867 | 2000 |- - |
| NO | 339 | 0629 |- | 0014 | 2000 | 90,250 | 86,550 |
| SO, | 5.7 | 0801 |- | -1.015 | 2000 | -296,830 | -300,194 |
| HyOy | 871 | 125 | -018 |- | 373.2 | -285,830 | -237,129 |
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mined from the following [115] empirical relationship:
Cpi(T) = R(A; + BT + CT* + D;T?) (4.7)

where subscript ¢ denotes a particular chemical component, and A;, B;, C; and D;
represent the dimensionless thermodynamic empirical constants of each; their values
are provided in Table . is often used by researchers due to its ability to predict
the heat capacity of a given substance over a wide range of temperatures. This
makes it appropriate for modelling specific heats for gasification products typical
in gasification reactions where temperatures can range from 300 to 1500 °C. The
enthalpy for a specific chemical component [86], while ignoring the effect of pressure

for an incompressible material (i.e. solid char), is obtained from:

T

To

Bi Cz Di
Cp:dl = J;+ R <AZT + =T+ = T° — —) : (4.8)

where J; is a constant resulting from integrating the right hand side of Eq.(4.8)) and

incorporating h$;, namely:

(4.9)

BI? CT3 D
Jizhﬁi—R(AiTﬁ 04 =0 ) :

2 3 T

where h%,; is the enthalpy of formation at standard conditions for reactants and
products - see Table . (R22)) is at a constant total pressure pg, therefore its

enthalpy balance is equal to zero, namely:
AH(T) =Y vhi(T) =0, (4.10)

where v; is the stoichiometric number which is positive for products, v; = x; for
i = 1 — 10, and negative for reactants, v; = (—1, —w, —Myqes, —3.76My,s) and the
summation ), is repeated over all gaseous and solid components. However, note
also the enthalpy of moisture is taken in liquid state while the enthalpy of char and
ash is ignored. The energy balance, , is used to predict a uniform T for the

entire system in an adiabatic process.
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In a thermodynamic equilibrium model, equilibrium constants are used to model
chemical reactions - see section [3.4.1.1 in Chapter [3] The equilibrium constant are
related to the GFE via Eq. . To define the equilibrium constants, there is a
need to solve the GFE function of each equilibrium reaction involved in the system.
This necessitates the introduction of entropy as it is related to GFE via . At
thermodynamic equilibrium, the GFE of the system is minimised, meaning that
the changes in enthalpy and entropy balance each other out, resulting in no further
occurrence of chemical reactions, thus stabilising the system. The entropy of a

chemical component at temperature 7" can be written [86]:

e for an incompressible material (i.e. solid char) as:

Ch.i dh;
dsf = 24T = —* 4.11
TT T (4-11)
T T
Ch.i dh;
s (T :3°i+/ —p’ZdT:3°i+/ — 4.12
) =55 n T L (4.12)

where s%; is the entropy of formation at standard conditions and

e for an ideal gas as:

ds; = ds; — Edpi : (4.13)

)

(7o) = (1) Riog (2 | (414)

where p; is the partial pressure of a gaseous component. The GFE of a chemical

component is calculated [86]:

e for an incompressible material (i.e. solid char) as:
() () () - e

“(T) = ¢° —T/Thi(T)dT—J-—RT Ailog(T) + 2= + 2 4 =L 4
i =0t n 17 — 1108 2 6 27?2

(4.16)

where g%, is the GFE of formation at standard conditions given in Table

and [; is another integration constant determined from Eq. (4.17)) at standard
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conditions, namely:

Ji — g5, BT, C,T? D,

I; : A; log(T, : L0 L 4.1

; R, ( og(Ty) + —5— + . 2T02) ; (4.17)
e for an ideal gas as:
i gi R

d (-) —d (%) 4 Zap, 4.1
Z (T) + 2oy (4.18)
6. ) = g1(T) + RTlog (jj—) | (4.19)

0

If a reversible chemical reaction is at chemical equilibrium, then its GFE balance

equals zero, and as such:

pi\"
= v (T, p;) = v;g; (T)+RT lo (—) = AG*(T)+RTlogk(T) =0 .
Z:g( )Xi:g() g]:[po (T) g k(T)
(4.20)
Accordingly, the thermodynamic equilibrium constant, k(T"), of the reaction is de-

termined from Dalton’s law as follows:

log k(T logH( ) 1ogH(Nm) : (4.21)

where the multiplication []; is repeated over the reactions gaseous components only.
Nipt = Z?:l x; is the number of moles of the raw producer gas at temperature 7" and
the equilibrium constant is calculated via the standard gibbs free energy, AG*(T),

of a reaction:

log k(T) = AG = Z vigi(T) , (4.22)

where the summation ), is repeated over all the reactions gaseous and solid com-
ponents.

Four independent equilibrium reactions are implemented to model the gasifica-

tion process: (R3]),(R5), (R11), and the NH3 synthesis reaction (R21)):

N, + 3H, <3 2NH;  — 92,000 J/mol (R21)
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respectively. Thus, the model considered NH3 production by determining the equi-
librium constant of the NH3 synthesis reaction. Given the high temperatures in the
equilibrium model, the operating conditions strongly support NHs production and
decomposition. NHs, though unlikely to occur to a significant extent in reality due
to the prevailing high temperatures in biomass gasification which favours its decom-
position and not its formation, it is possible for it to be produced in small amounts
at low ER values and lower temperatures. Also, the availability of the reactants (Ny
from the biomass source and Hy from syngas) in the gasifier environment ensures the
production of NHj3 though at lower amounts for higher 7. As will be seen later on,
NHj is generated at lower ER, when the 7' is low, whereas when ER increases and
the T in the system is enhanced, NH3 decomposition starts to occur. progresses
rapidly with Hy being reduced to form CH, in the presence of C; increases
the Hy concentration at the expense of CO and describes the equilibrium between
the two in the presence of HoO. In the absence of steam and in the presence of air
as a gasifying medium, is dominant; therefore, it is implemented in order to
describe the conversion of C to CO in the presence of CO;y. As reported in Gam-
barotta et al [79], NHj is the most abundant nitrogen-based syngas contaminant
and its production is accounted for via [2]. Accordingly, the equilibrium con-

stants, kgrs, kri1, krs and kg9 for the above chemical reactions are obtained from

Eq.(4.21)) as follows:

24 X Nyt (12)? 1 X T3 x2 x N2,

hps(T) = T2 2000 (1) = —20 g (T) = iy = 0 ot

RS( ) x% 5 R5( ) T3 X Ntot ) Rll( ) Ty X Tg s WR19 T X .I':f
(4.23)

and at T are calculated from Eq..

Tar is modelled by taking its thermodynamic properties to be those of benzene.
To account for tar production, a unique empirical correlation is generated in the
form of an exponential best fit curve using appropriate tar data, gathered from
experiments performed on DBGs [53]54,57,(70,/71] using gas chromatography and
separation techniques. While corresponding data is available for other than DBGs,
it is either not provided in the preferred mass tar yield format or can be converted

into the same. Mass tar yield (% d.b.) offers a coherent dimensionless form that
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removes any dependence on the dimensional properties of biomass and gasifier length
scales. Accordingly, the above tar data (denoted in units of g/Nm?) was converted

to mass tar yield (wt.%) as follows:

tar Yleld Ngas X Vm

Mbm

tar content = where syngas yield = ;(4.24)

syngas yield x 100% ’

where Nyqs = Zzzl x; and V,,, = 22.4 L is the volume for an ideal gas at standard
temperature and pressure. This was done for all the associated ER values, obtain-
ing the amount of tar per unit mass of biomass, thus achieving consistency in the
determination of the mass tar yield between the respective experimental studies.
The resulting data points are plotted in Figld.1 The tar yield is primarily de-
pendent on the ER because it is the key factor influencing biomass gasification. ER
significantly impacts both the composition of the producer gas and T within the
gasifier. As T is an output parameter, its influence is not directly accounted for
in the resulting tar yield relationship. On the other hand, the MC of the biomass,
another operating condition, has a much lesser impact. This is because ER directly
controls the level of combustion within the gasifier, whereas MC primarily affects
gasification efficiency, overall process performance, and residence time. While MC
can indirectly influence tar content, its effect is generally considered secondary com-
pared to ER [2,|116]. The correlation is generated using the experimental data
of [53,54,70,71] and Matlab’s Curve Fitting Toolbox app. The tar data from Lv. et
al [57] was excluded from the correlation as it exhibits differing tar yields for identi-
cal ER values due to variations in other gasification conditions. While the tar data
presented in the literature varies widely, it is evident that there is a consistent decline
in tar yield with an increase in the ER of the system. This observation is supported
by an analysis of experimental tar data from existing literature on DBGs. The vari-
ability in reported tar yields can be attributed to differences in operating conditions,
including feedstock composition, gasification temperature, residence time, and reac-
tor design. Furthermore, differences in measurement techniques, sampling methods,
and analytical procedures among researchers and experimentalists contribute to the

observed variability in the collected tar data. The resulting empirical relationship
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Figure 4.1: Downdraft gasifier tar yield as a function of ER: showing corresponding
experimental data and best-fit relationship, Eq. (4.25)), based on the datasets [53,
54.,70,[71].

in equation form is given by:
tar yield = 0.8212 exp(—3.281ER) x 100% , (4.25)

with the molar tar yield, as used in the model formulation, given by:

M,
29 = 0.8212exp(—3.281ER) x —2=  for 0.155 < ER < 0.415 , (4.26)

tar

where M, = 6Mc + 6.2Myg + 0.2Mp is the molar mass of tar.

The empirical correlation, , encapsulates the thermochemical processes
governing biomass gasification. This relationship is dictated by the interplay be-
tween pyrolysis, oxidation, and reforming reactions, which collectively determine
tar formation and decomposition. As per the definition of ER - see , sec-
tion [3.3.4.2] Chapter [3|- pyrolysis predominates for ER values lower than 0.2, while

combustion dominates beyond 0.4. Pyrolysis-driven conditions results in higher tar
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yields, whereas excessive combustion compromises syngas efficiency. With increas-
ing ER, the availability of Oy enhances partial oxidation and secondary tar-cracking
reactions, leading to a progressive decline in tar yield. The observed empirical
trend aligns with these thermochemical principles, demonstrating higher tar yields
at lower ER, a steady reduction as ER increases to an optimal level, and a subse-
quent plateau at higher ER due to combustion dominance and diminished syngas
quality. The goodness of the fit is also assessed using the toolbox app, where R?, a
statistical measure of how well the regression line approximates the actual data, is
found to be 0.06282, which is a low value, suggesting that the curve does not explain
much of the variability in the dependent variable. In other words, the independent
variable (i.e. ER) does not strongly predict the outcomes of the dependent variable
(i.e. tar yield). Fig. shows that there is correlation between tar yield and ER as
when the ER increases, the tar yield decreases, plateauing at higher ER values, as
to be expected. However, this indicates that there might be other factors influenc-
ing the tar yield, such as type of biomass feedstock, gasification agent, ash content,
residence time, particle size, and pressure of the reactor. Table summarises the
gasifier operating conditions employed in the experimental investigations used to de-
velop the empirical correlation for tar yield. The variation in operating parameters
across these experiments is evident, which significantly influences tar production

and accounts for the observed variability in the resulting data.

Table 4.2: Gasifier conditions of the experiments used in the generation of the tar
empirical model.

Gasifier conditions ‘

Experiment

| | |
‘ ‘ Biomass | Feeding rate (kg/hr) | Particle size (cm) | MC (%) | Ash (%) |
\ |71] \ Corn stalk \ 7.5 \ 4-5 125 | 58 |
\ [70] | wood chips & pellets | 28-63 \ 0.8-5 | 4-149 | 0421 |
\ 53] | hazelnutt shell | 1.73 - 5.40 \ 1.79 | 1245 | 077 |
\ 54] | sewage sludge | 2.86-3.81 \ 35 | 1175 | 2351 |

All experimental investigations of biomass gasifiers inherently contain a level
of uncertainty and standard deviation. FErrors and uncertainties in experimental
studies can arise from instrument selection, conditions, calibration, observations

and reading, and test planning. It is also important to note that experimental
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investigations inherently contain uncertainties and are prone to a degree of standard
deviation, reflecting the natural variability and possible inconsistencies within the
measurements.

The system of Eqs. to as well as Eqs. , and consist
of 11 equations for the 11 unknowns i, xs, x3, ¥4, x5, Tg, T7, Ty, Tg, T19 and
T, and are solved numerically using Matlab’s built-in function ”fsolve” - details of
its implementation are provided in [117]. The solver "fsolve” is a Matlab function
used to solve systems of nonlinear equations and is part of Matlab’s optimisation
toolbox, designed to find the roots of a set of nonlinear equations where the number
of equations matches the number of variables. The solver’s main objective is to
minimise the sum of squares of the components to satisfy f(z) = 0, where x is a
vector of variables and f is a vector of functions. The solution z is found iteratively
starting from an initial guess.

The Trust-Region-Dogleg algorithm is implemented as it is the only algorithm
that is designed to solve non-linear equations, while the others attempt to minimise
the sum of squares of the function. It is efficient because it requires only one linear
solve per iteration. This algorithm approximates the function f with some simpler
function my, (called the model function) in a neighbourhood z;. Over the entire
domain, my will unlikely be a good approximation for f, and so the domain is
restricted to a region of radius rg, centred at the point xj, inside of which my is
reasonably close to f. my is then minimised over this region, and set xp,1 equal to

the minimiser:

Tp41 = mianB(a:k,rk) mk(l’) . (427)

The region B(xy, 1) is called the trust region as my is trusted to give a reasonably
accurate approximation of f in this region. my is commonly taken to be a quadratic

approximation of f based on its Taylor Series expansion as such:

ma(p) = fx) + DTV S (20) + Lo Hip. (4.23)

where Hj, is the Hessian matrix of f at zj and p is the step. The Trust-Region-Dogleg

algorithm combines this with the Dogleg method when selecting an appropriate
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minimiser of my. This method works by minimising m; along the Dogleg path,
which is a particular path extending from the origin out to the boundary of the
trust region. The Dogleg path consists of two steps: the steepest descent step and
the Gauss-Newton step. Computing both these steps allows for the construction of
the Dogleg path, after which the solution converges when the step size is sufficiently
small or an improvement in f is below a predefined threshold.

In this model, a set of solver options is specified to ensure an effective solution
process. First, the solver is configured to display iteration-level output, allowing
MATLAB to print information at each step, including residuals and updates. Sec-
ond, tolerance values are defined for both the function value and the solution, ensur-
ing that the solver stops when successive values fall below 10724, indicating sufficient
convergence. Lastly, the maximum number of iterations is set to 107, allowing the
solver to continue searching for a solution until convergence is achieved.

It is also important to select reasonable initial guesses for the species involved
to avoid divergence, improve numerical stability, and ensure meaningful predictions.
The 11 unknowns were assigned the following initial guesses (x;, i = 1 - 10, T') =
(0.3, 0.25, 0.15, 0.05, 0.35, 0.02, 0.01, 0.05, 0.01, 0.05, 1000). The initial guesses are
based on known experimental gasification data.

For all the results generated and discussed subsequently, the 11 unknowns were
assigned the same starting values. One of the advantages of the current approach
is determination of the gasification temperature, T, via a more robust fully coupled
solver offering better convergence properties.

The molar LHV of the dry producer gas at standard temperature (MJ/mol) is
given by:

1
LHV ;45 = — x;LHV; | 4.29
g N,
gas

i=1
where LHV; is the molar LHV of component ¢ at standard temperature calculated

from their complete combustion reactions as follows:

LHVy = h$, —h$g, LHVy = A, — A, LHV3 =0, LHV, = h§, — hG5 — Ry,

LHV5 - O 5 LHV6 - ;,6 - ;75 - ;,8 5 LHV7 - ;77 - ;,8 - ;7302 . (4.30)
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The volumetric LHV of producer gas at standard temperature (MJ/mol) is given

by the following:
LHV o5

LHVgasvol = v

(4.31)

The CGE [118], which is the ratio of the LHV of the syngas and the LHV of the
biomass feedstock, is calculated based on Eq. in section of Chapter .
Detailed evidence of the conservation of the system is provided via atom and
energy balances for the case of rubberwood at an ER = 0.2 and MC = 40%. In
rubberwood, there is no sulphur contained in the feedstock, therefore HyS is not
produced. According to , the value for mgy,s is calculated to be 0.2152. An

atom balance is performed, ensuring the mass conservation of the system:

CH; 541500.6225No.0034 + 0.8722H,0 4 0.2152(O5 + 3.76Ny) — 0.6119H +0.1209CO
+ 0.5725C09 + 0.1838CH,4 + 0.8105N;3 + 0.0004NH3 + 0.6589H,0

+0.0012C¢H;50q.2 + 0.1156C , (R22)

Similarly, an energy balance is performed to ensure the energy is conserved in the

system:

;,bm + 0.8722 x h;,HgO(l) = [L’1_9h;}c71_9 -+ 1'1_90p71_9(T — To) = —359172.67 J/mol
(4.32)

4.2 Results and Discussion

4.2.1 Model validation

The producer gas composition is initially compared with a set of experimental data
and corresponding model predictions, highlighting the satisfactory prediction of the
CH,4 concentration, with the species concentration of component ¢ at standard tem-

perature is given by:
Ty

x 100% . (4.33)

concentration =
gas
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Next, the predicted T is compared with experimental data, showing its influence
when the operating conditions are manipulated. Finally, the char yield is estimated

as a percentage of biomass on a dry basis (%d.b.) as follows:

M
char yield “”10]\;—0 % 100% | (4.34)

bm

and compared with existing experimental data, evidently demonstrating the relia-

bility of implementing the boudouard reaction.

4.2.1.1 Producer gas composition

The results of this section compare predicted and experimentally observed producer
gas compositions for different feedstock as a function of MC and ER. The comparison
is based on the main output gases forming the producer gas of a typical DBG (i.e.

HQ, CO, COQ, CH4 and NQ)

The predictions presented in Figures 4.2(a)| and [4.2(b)| show reasonably good

agreement with the experimental data from Jayah et al. [55] and Barrio et al. [51].
Any disparities observed can be attributed to the model’s incorporation of tar, char,
and minor gasification products, which enhances its reliability. Comparisons are also
shown for the corresponding solutions obtained by Gagliano et al. [22] for the same
feedstocks. Both sets of predictions overestimate the Hy and underestimate the CHy
concentrations, which is typical behaviour for equilibrium models. This phenomenon
has been justified by others [120,{121] on the basis that CH4 produced in the low-
temperature zone can bypass the reaction zone and avoid reduction, as explained
in Aydin et al. [26]. Specifically, the current model achieves a better prediction of
CH,4 concentration for rubberwood and wood pellets (1.03% and 0.78%, respectively)
when compared to the experimental data. It also demonstrates a more sophisticated
syngas composition. The main objective of developing biomass gasifiers is to increase
the amount of Hy and CO while keeping CO, and tars at relatively low levels.
Regarding the results obtained by [22], their model was calibrated to achieve a
more favourable outcome by introducing correction factors for reaction , thereby

shifting the reaction equilibrium towards more CHy and less Hy production, and for
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Figure 4.2: Comparison between predicted (Gagliano et al. and Ibrahim et

al. [119]) and experimentally obtained, [51}/55], producer gas composition for (a)
rubberwood (MC=16%, ER=0.314) and (b) wood pellets (MC=8% and ER=0.266).
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reaction , to promote more CO and less Hy production. However, it is evident
that the current model outperforms the equilibrium model of Gagliano et al. [22] in
predicting the concentration of CHy, and in some cases, the syngas composition as
well. This comparison is also preferable for the current model when considering the
experimental data of Barrio et al. [51], as shown in Fig. 4.2(b)|

Fig. 4.3 provides a comparison of the producer gas composition obtained using
the current model with experimental data from [64,/68]. Specifically, Fig. |4.3(a)l
pertains to the gasification of Rice Husk at an ER of 0.45 on a moisture-free ba-
sis. The predictions show excellent agreement with the data of Yoon et al. [64],
particularly for the Ny concentration. The model slightly overestimates the CO
concentration but still exhibits good alignment with the experimental study. Mov-
ing to Fig. 4.3(b)| it relates to the gasification of Bamboo at an ER of 0.3 and a
MC of 10%. Here, the model demonstrates overall good agreement with the data
of Dutta et al. [68]. Lastly, Fig. [4.3(c)| represents the gasification of Neem at an
ER of 0.3 and an MC of 20%. The predictions again show good agreement with
the experimental data from [68]. In all three cases, the current model’s producer
gas composition predictions align well with the corresponding experimental results,
highlighting its capability to effectively simulate gasification processes for different
feedstocks under varying operating conditions.

A comprehensive comparison between the estimated syngas composition and the
measurements conducted by [55] is presented in Table [£.3] from which it is evident
that as the MC decreases and the ER increases, the concentrations of Hy and CO,
decrease.. This is expected since higher ER values indicate an increased amount of
air in the system, leading to a rise in Ny levels. Under the same operating conditions,
the model’s predicted syngas composition aligns well with the corresponding mea-
sured values. However, the model overestimates the production levels of Hy and CO.
The experiment carried out by [55] presents a formal calibration of their measured
values with a gasification model. It was noted that the gas compositions predicted
by their gasification model are within 5.8% of the measured values. This underlies
a certain level of standard deviation inherent in experimental investigations. Fur-

thermore, it is important to highlight that almost all thermodynamic equilibrium
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Figure 4.3: Comparison of the producerggas composition obtained experimentally,

and predicted by Ibrahim et al. for (a): rice husk (MC=0%, ER=0.45),
(b): bamboo (MC=10%, ER=0.3) and (c): neem (MC=20%, ER=0.3).



models in the literature including [22,26] have reported high error difference between
equilibrium models and experimental measurements with errors reaching up to 40%

In some cases.

Table 4.3: Syngas composition (%) and absolute error (%), for different operating
conditions, predicted by the model and obtained experimentally [55].

| |MC |ER| H, | CO | CO; | CH; | N, |
| 185 [0.33 | 172 | 196 | 9.9 | 1.4 | 519 |
| Jayah et al. [55] | 16 035 | 183 [ 202 | 97 | 11 | 50.7 |
| | 147 [ 038 | 172 | 194 | 9.7 | 1.1 | 526 |
| | 185 [ 0.33 | 24.5 | 22.93 | 10.53 | 1.08 | 40.92 |
| Prediction | 16 |0.35|23.83|23.59 | 10.01 | 0.96 | 41.57 |
|
|
|
|

| 14.7 [ 0.38 | 22.21 | 26.33 | 7.96 | 0.67 | 42.8 |
| 18.5 [ 0.33 | 42.44 | 16.99 | 6.36 | 22.86 | 21.16 |
Error (%) | 16 |0.35]30.22[16.78 | 3.20 | 12.73 | 18.01 |
| 14.7 [ 0.38 | 29.13 | 35.72 | 17.94 | 39.09 | 18.63 |

Lastly, the model’s predicted syngas composition is compared to a broader range
of experimental datasets obtained from state-of-the-art small-scale DBGs currently
in operation, as depicted in Fig. [75]. This comparison is performed for dif-
ferent feedstocks, evaluating the producer gas composition at specific ER and MC
relevant to each technology. The predicted results show reasonably good agreement
with the experimental studies. Any differences observed can be attributed to other
significant operating conditions affecting gas composition in operational downdraft
gasifiers, such as thermal and electrical efficiencies, as well as gasifier design. In
equilibrium models, the ER holds the most significant influence on producer gas
composition, particularly the proportional relationship between ER and N, content.

Notably, the predicted CHy aligns well with the corresponding experimental values,

particularly for feedstocks in Figs. |4.4(a)l and 4.4(c)| showcasing the uniqueness of

the current model. This achievement has not been previously accomplished by equi-
librium models without the introduction of empirical correction factors. Regarding
H, prediction, there are instances where it is slightly overestimated, but this can

be reasonably explained by the aforementioned reasons. [75] performed a quantita-
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tive analysis on the overall gasifier efficiency and performance and found that the
maximum percentage error for the mass balance closure was associated with pel-
lets feedstock at 5.37%. With respect to the gasifier thermal losses, they vary from
2.5% to 26.5% for the 4 different gasifiers, while biomass conversion ranges between
66.2% to 91.3% for the 4 gasifiers. Overall, the model’s predicted syngas compo-
sition demonstrates promising agreement with experimental data, underscoring its

utility and potential in understanding gasification processes for various feedstocks.

Composition (%)
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Hydrogen  Carbon Monoxide ~ Carbon Dioxide Methane Nitrogen
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Figure 4.4: Comparison between predicted and experimentally obtained
producer gas composition for (a): pellets (MC=6.32%, ER=0.26), (b): wood chips 1
(MC=3.39%, ER=0.25), (c): wood chips 2 (MC=10.30%, ER=0.29) and (d): wood
chips 3 (MC=7.65%, ER=0.26).

4.2.1.2 Gasification temperature

Fig presents a comparison between the predicted T and the experimental data
from Upadhyay et al [74]. Both profiles exhibit a similar trend, with 7' increasing
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as ER rises. This outcome is expected since a higher ER indicates more air in
the system, leading to increased combustion reactions, and consequently, a higher
amount of heat released, thus promoting higher T'. The feedstock used is a mixture
of lignite and sawdust briquettes (70:30 wt%), and minor discrepancies between the
model and experimental results can be attributed to the various gasifier conditions
present in experimental studies. In contrast, equilibrium models primarily consider
the influence of ER and MC on T. Clearly, Fig demonstrates a favourable
comparison between the model’s predicted 1" and the experimental data obtained
by [74].

Fig4.5(b)| illustrates the impact of MC on the predicted T in comparison to
the experimental results of [73] at an ER of 0.25. Both the model and the exper-
iment demonstrate a decrease in 1" as MC increases, which is attributable to the
fact that higher MC in the feedstock promotes endothermic behaviour, leading to a
decrease in the reaction temperature, consequently lowering the 7' [122]. Notably,
The highest difference in T" between the predicted value and the experimental re-
sult is at an MC of approximately 21%, where the difference between the values is
9%. 73] also performed a regression analysis to present syngas calorific value, gasi-
fier capacity, and CGE and HGE as a function of gasifier operating setup. In this
model, they calculated the mean absolute error for the gasifier thermal capacity and
found it to be around 8.78%. As such, within the range of MC, there is reasonable
agreement between the model and the experimental investigation regarding 7'. It is
important to acknowledge that additional operating parameters influence the 7" in
experimental investigations, as demonstrated by [73].These factors include primary
and secondary air flow, fuel supply rate, and the thermal capacity of the gasifier. All
of these parameters have an effect on the resulting 7" during the gasification process.
Furthermore, it is noteworthy to reiterate that equilibrium models typically esti-
mates the average gasification temperature based on a global reaction, whereas in
experiments, the temperature is predicted from different reacting zones of the gasi-
fier. According to the Stefan-Boltzmann law, radiative losses scale with the fourth
power of the absolute temperature, meaning even small increases in temperature can

result in disproportionately large heat losses. By assuming an adiabatic process, the
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Figure 4.5: Variation of T with ER for (a) lignite (MC=12%) and with MC for (b)

wood chips 5 (ER=0.25).
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model retains more thermal energy internally than would occur in a real system,
leading to overpredicted equilibrium temperatures and possibly an overestimation

of reaction extent for endothermic reactions such as [R3l

4.2.1.3 Char yield

is utilised to factor in the C yield prediction, as it is the dominant reaction
when using air as the gasifying medium [2], rather than employing an empirical
correlation to describe the C fraction, a correlation representing the amount of C
involved in equilibrium reactions, as previously done in thermodynamic equilibrium
models - see for example [19,25]26,/123]. To validate the feasibility and reliability
of implementing , the predicted char yield is compared with results obtained
from experimental investigations of a DBG conducted by [70] in Fig. for a va-
riety of biomass feedstock and different operating conditions. Overall, the two sets
of data show reasonably good agreement. In thermodynamic equilibrium models,
the ER significantly influences main and by-product yields. Normally, the char yield
decreases with an increase in ER because higher ER promotes elevated bed tempera-
ture, leading to enhanced char reactions through and and, consequently,
a higher amount of gas formation. This explains the substantial variation in the
char yield comparison for softwood pellets, as the experiments were conducted at an
ER of 0.2. For both the model and the experiment, the lowest char yield is observed
for the gasification of mixed wood chips. In experiments, the variation of char yield
depends on many factors, including the amount of ash in the raw material, ER and
T. For instance, the mixed wood chips contain only 0.8% of ash, which is 24 times
less than the amount of ash found in softwood pellets. A high ash content results

in a lower temperature distribution in the gasifier, potentially increasing char yield.
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Figure 4.6: Comparison of predicted char yield with that obtained experimentally
by for mixed wood chips (ER=0.21), softwood pellets (ER=0.20), rape straw
pellets (ER=0.29), poultry litter pellets (ER=0.41) and sewage sludge - sawdust
pellets (ER=0.39).

Now, the focus shifts to utilising the model to investigate how operational factors,
such as MC and ER, influence the gasification process for both rubberwood and wood
pellets. Subsequently, we will examine the impact of NH3 and HyS concentrations

as constituents of the producer gas composition.

4.2.2 Effect of moisture content

MC is an essential property of biomass and an important operating parameter when
developing a gasifier since it can strongly influence the conversion of biomass into
energy. Increasing levels of moisture affects the self-sustainability of the combustion
process, ultimately decreasing the heating value of the syngas and reducing the

efficiency of the process. Furthermore, high levels of moisture reduce the oxidation
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temperature leading to an incomplete cracking of the hydrocarbons produced during
pyrolysis. Tolerable biomass moisture level limits range from 15% to roughly 55%
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Figure 4.7: Predicted variation of syngas composition with MC for rubberwood
(ER=0.326).

In Fig. [4.7] the effect of MC in rubberwood on the composition of the resulting
producer gas is revealed. As MC increases from 0% to 40%, the percentage CO
decreases from approximately 31% to 11%. The Ny concentration remains almost
constant with increasing MC, as expected due to it being an inert species, while the
CH, produced varies marginally from 0.5% to around 3.5%, indicating the improved
prediction of CHy by the current equilibrium model relative to experimental studies
of DBGs. As MC increases, is enhanced due to the increased levels of H5O.
This prompts the rise in concentrations of Hy and CO, from approximately 22% to
around 26% and from about 5% to 20%, respectively, alongside the corresponding
decline in CO levels due to increased consumption with HyO. These observations
align with the conclusions drawn by [8,124], who noted similar alterations in syn-
gas composition with rising MC. In their studies, the biomass MC emerged as a

significant operational parameter influencing the efficiency of biomass gasification,
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prompting detailed analyses of its impact on gasifier performance.

Figsi4.8(a)| and [4.8(b)| consider the LHV and the CGE, for both rubberwood

and wood pellets, respectively, as a function of the MC and a fixed ER of 0.326.
Both decrease with increasing MC, which is expected as a higher MC reduces the
efficiency of the gasifier. A higher MC indicates that more energy is required to
vaporise the water, reducing the amount of available energy for actual gasification
reactions. This means that as the MC increases, the heat available for gasification
is partially used to evaporate the water, leading to less C being converted to gas,
reducing the LHV and the CGE. In the case of the CGE, increasing MC decreases
the efficiency of the gasifier as T' decreases with MC resulting in a weaker production
of syngas.

The corresponding variation of tar content with MC is shown in Fig. [£.9] that for
rubberwood being slightly greater than that of wood pellets for the same operating
conditions. The decrease in tar content with MC is in line with the results of
[125] who studied the influence of MC on the tar characteristics of wood pellet
feedstock in a DBG using gas chromatography, mass spectrometry and gravimetric
analysis to identify and analyse the tar samples. In their study, they varied the
MC of wood pellets from 2% to 6% and found after performing mass spectrometry
and gravimetric analysis that the results showed a decrease in total tar formation
with an increase in MC. Although light tars decreased in their experiment, heavy
tars increased and caused major clogging. In the model, this influence might seem
counter-intuitive at first since normally when increasing the MC in the feedstock,
this will lead to more energy being consumed for water evaporation, which lowers
the temperature in the system and increases tar formation. However, there are a
number of reasons why the opposite trend is being observed in the model. The model
is mainly influenced by and an increase in MC shifts the equilibrium to produce
Hs and COs, increasing the driving force for tar cracking in an overall equilibrium
system. Furthermore, the tar yield in the model is mainly influenced by the ER
of the system and not by the MC and as such there is not real representation of
direct MC influence on tar yield. This is a demonstration of the various limitations

of equilibrium models to reflect the real influence of MC on tar yield.
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Figure 4.8: Predicted variation with increasing MC for (a) LHV 4, and (b) CGE for

two different biomass feedstocks (ER=0.326).
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Figure 4.9: Predicted variation of tar with MC for the same biomass feedstocks
(ER=0.326).

4.2.3 Effect of equivalence ratio

ER is the main operating parameter influencing biomass gasification, which is con-
sidered as a fuel rich combustion when the ER is less than 1. Typical values usually
range from 0.2 to 0.4, and strongly affect the gasification process as explained in
section of Chapter [3

The influence of the ER on the syngas composition at 18.5% MC for rubberwood
is shown in Fig. [4.10l The decrease in Hy suggests that the system is becoming more
oxidising with the introduction of more oxygen into the system and is in agreement
with the results of [74}/126//127]. Upadhyay et al. |[74] studied the effects of ER on
the performance of a downdraft biomass gasifier both experimentally and theoret-
ically. According to Le Chatelier’s principle [128], the increase of ER will lead to
an increase in 7T, shifting the equilibrium of exothermic reaction to produce
CO and consume COy and Hy. With increasing T', the rate of increases, but
Hs, production becomes less favourable thermodynamically. A higher CO concen-
tration with increasing ER also means that becomes active, producing more

CO as more Oy becomes available. This in turn will decrease the amount of CO,
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Figure 4.10: Predicted variation of producer gas composition with ER for rubber-
wood (MC=18.5%).

in the producer gas which explains the decline of COy as ER increases. The CH,
concentration is found to decrease fractionally from around 2.5% to 0.75%; this is
due to the fact that the higher T facilitates the rate of but decreases the rate
of . Finally, the Ny concentration in the producer gas increases because the Ny
is mainly in air and at a higher ER, more air is present in the system.

The predicted variation of tar content with increasing ER for both rubberwood
and wood pellets is considered in Fig/f.11] As mentioned earlier, increasing ER
enhances T as a result of a higher input air within the gasifier. Consequently,
a higher quality syngas is produced resulting in a reduction of the tar content.
The increased T also facilitates tar cracking and thus the tar may decompose into
lighter gases which may assist in increasing the combustible products in the syngas,
ultimately decreasing the tar content ,.

Fig. [4.12(a)| explores the variation of the LHV for rubberwood with MC for
different ER values. It is shown that the reduction of high heating value gases such
as Hy and CHy4 and heavier hydrocarbons, in addition to the dilution effects of Ny,

decreases the LHV of the producer gas with increasing ER. The same outcome was
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Figure 4.11: Predicted variation of tar production for different values of ER for both
rubberwood and wood pellet feedstocks (MC=18.5%).

obtained by Cho et al [130], who reported that increasing ER from 0.21 to 0.41 led
to a reduction of LHV from 13.42 to 7.05 MJ/Nm?3. A similar result was reported
by with the heating value decreasing from 11.3 to 5.17 MJ/Nm? for an increase
of ER from 0.2 to 0.45. At a low ER (< 0.25), the low quality syngas results in an
increase followed by a sudden decrease of Hy values, in line with the results of
and with the reasoning of . As this happens, and since the syngas LHV is
partly influenced by Hy production, the syngas LHV demonstrates this trend. The
variation of CGE with MC for increasing values of ER in Fig. [4.12(b)| shows a
general improvement of CGE with increasing ER. For dry feedstock, the CGE of
the gasifier increases from approximately 71% to around 83% between ER of 0.2
and 0.35. However, as ER increases further to 0.4, the gasifier becomes oxygen-rich

and complete combustion starts taking place, resulting in a lower CGE.

4.2.4 Minor gasification products

This section focuses on the minor gasification products encapsulated within the

model, HyS and NHj3. HsS is modelled using atom balances as S is only found in the
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biomass feedstock and not involved in chemical reactions in the model. Since the
sulphur in the biomass feedstock converts predominantly to HoS under gasification
conditions, the amount of HyS can be estimated directly from the sulphur content in
the biomass. The purpose of including them is to estimate the concentrations of the
primary sulphur-based and primary nitrogen-based contaminants within biomass
gasification. Although some previous authors have considered the production of
H,S [13], the production of NHj is novel in stoichiometric equilibrium modelling.

Fig illustrates the changes in NH3 and HsS concentrations for forest waste
residue under different ER values and increasing MC, respectively. Forest waste
residue contains 0.07% S in the feedstock according to Table In Fig. [1.13(a)] a
comparison is made with the modelling results of Gambarotta et al. [79]. At an MC
of 40%, the model’s predicted NHz and H,S concentrations show good agreement
with those estimated by Gambarotta et al. [79]. For instance, at an ER of 0.1275,
the NH3 concentration is approximately 0.0122% in the model, and around 0.015%
in [79], both displaying a sharp decrease as the ER increases towards 0.255. It is also
shown that the influence of ER on the minor gasification species results in agreed
behaviour as both NH3 and HsS decrease with increasing ER, highlighting the ef-
fectiveness of the parametric study of the model. This behaviour can be attributed
to a number of factors; including the enhancement of 7' at increasing ER values
which leads to a greater transformation of biomass into syngas, consequently reduc-
ing the production of volatiles, tar, char, and contaminating gases like NH3 and H,S.
Higher ER values often results in more complete combustion, promoting the conver-
sion of sulphur and nitrogen-containing compounds into less harmful compounds.
Additionally, it is worth noting that the output of the gasifier contains only trace
amounts of HyS since S is generally absent or present in very small quantities in the
feedstock. As a result, authors often neglect HyS as an output since its presence
does not significantly contribute to the main products of the gasifier.

In Fig. [4.13(b)] the variation of NH; and H,S concentrations with increasing
MC is shown. It is evident that the NH3 concentration increases with higher MC,
while the concentration of HyS remains almost constant. This behaviour is expected

as there is a higher likelihood of the formation of NH3 and HsS as the increased MC
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can promote the breakdown of organic matter in the biomass, leading to increased
availability of sulphur and Ny compounds, which can then react to form NH3 and
HsS. Also, with increased MC, the overall temperature distribution in the gasifier will
diminish due to the enhanced evaporation energy required to absorb the moisture,

potentially affecting the efficiency of certain reactions and favouring the formation

of NH3 and H,S.

Table 4.4: Error analysis between the model prediction and the experimental data
from [79].

| | Error (%) |
| ER | NH; | H,S |
| 0.1275 | 18.27 | 1.87 |
| 0.255 | 2385 | 20 |
| 0.3401 | 16 | 23.08 |
| 0.3826 | 16.13 | 25 |
| 0.4251 | 12.20 | 18.18 |

While there is a agreement between the experimental data and the model pre-
dictions of the contaminating species in gasification, especially with analysing their
influence against operating parameters, the error analysis presented in Table is
evidence that there remains an uncertainty when comparing experimental results
with predictions from equilibrium models. This further highlights the limitations of
equilibrium models, and ascertains the need for more sophisticated modelling ap-
proaches to have a better understanding the behaviour of contaminating by-products

in biomass gasification.

4.3 Summary

A thermodynamic equilibrium model is established to analyse biomass gasification
processes across various operating parameters. This model incorporates a newly
devised empirical correlation to estimate tar yield within the system, enhances pre-
diction of gasification temperature by integrating a coupled system of equations,

thereby improving overall robustness and convergence properties. Furthermore, the
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Figure 4.13: Predicted variation in NHz and H,S concentration for forest waste
residue for (a) different ER values compared with the model results of
(MC=40%) and (b) increasing MC (ER=0.326).

111



model comprehensively considers the formation of minor contaminating species and
examines their impact under different operating conditions. The study system-
atically analyses the effects of MC and ER on the gasification process, providing
valuable insights into process optimisation and performance enhancement. The re-
strictions of the equilibrium model, which can solely provide insight into the overall
gasification process yield without offering an intricate portrayal of the flow dynam-
ics within the gasifier, including the multi-phase characteristics inherent in biomass
gasification, create an opportunity for the formulation of a CFD model tailored
to biomass gasifiers. This CFD model can effectively address significant aspects

associated with the gasification process.
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CHAPTER b

A Thermochemical CFD (Thermo-CFD) Model of a

Downdraft Biomass Gasifier with Moving Porous Fuel Bed.

A 2D DBG model has been developed using a CFD approach, with a specific focus
on the porous media assumption - see section of Chapter [3l The model is
built using the porousGasificationFoam solver which, while previously applied
to pyrolysis and combustion, is now used for gasification for the first time.

The model includes two air inlets to accommodate the gasification agent’s flow.
The process begins with moist feedstock entering the system, transitioning to dry
feedstock in the pyrolysis and oxidation stages. The char bed ignition initiates chem-
ical reactions, consuming the porous feedstock and generating reaction products. A
key feature is its ability to differentiate between endothermic and exothermic reac-
tions while incorporating biomass replenishment via a moving porous bed.

The porous media assumption offers several advantages:

1. Improved computational efficiency; instead of resolving individual biomass
particles, the porous media approach models the packed bed as a one whole

medium, reducing computational costs.

2. Capturing flow distributions, particularly for gas and solid phase interactions.
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This is crucial for understanding the mixing and transport of reactants, species,

and heat transfer during the gasification process.

3. Allowing for the simultaneous occurrence of chemical reactions which sets the
model apart from the continuous flow assumption, where a direct output-input
relationship is assumed between reacting zones. This feature enables a more
representative portrayal of the processes taking place inside an actual biomass

gasifier.

The solver is capable of handling skew geometrical regions, allowing the con-
struction of a throated oxidation zone for the gasifier. Lastly, A pyrolysis model
presenting an effective approach to calculate distributed coefficients among pyrolytic

products is provided alongside the Thermo-CFD model.

5.1 Model description and methodology

5.1.1 Governing equations and assumptions

As with any multiphase process application investigated using a time-dependent
CFD mathematical model, conservation laws are applied for each phase involved.
Typically in a biomass gasification system, the two phases are gas and solid with the
conservation of mass, species, momentum, and energy applied to both phases, stem-
ming from the general transport equations highlighted in section [3.4.3, Chapter [3]
As the porous media assumption is invoked in this model, computational domain re-
gions filled only with gas and regions filled with porous media are established, where
each control volume V' considered in the computational domain is characterised by
€ as in Eqs. and in Chapter .

A spatial averaging procedure is applied to obtain space averaged conservation
equations to be solved over the computational domain. The space averaged gas
phase conservation equations are as follows in order of species mass conservation,

continuity, momentum, and energy conservation, with the source terms written on
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the right hand side of the equations [112]:

O e VNV (0 (0 ()~ V- (60 Degs YY) = ) +(1 =) (B, (5.1)

S V() = (1 - (R 5:2)

0

53 TV (0 (D)) +eV (p) =V (uV (@) =p'(F) = —uD- () =F-() , (5.3)

aatepfcf< )V +v-(pfog<T>f<U>)—v-v(ekeff ): Zh"zw,

_ Ccom)SA (<T>f _ <T> ) 1 _ 6 f Z sz z Sf,?“adzatwn> ] (54)

In the above, superscript f denotes gas phase (fluid), ¥ is the velocity vector of the
fluid, Y;f is the mass fraction of the individual gas species, D¢y is the fluid diffusion
coefficient, 1 is the dynamic fluid viscosity, ¢ is the acceleration due to gravity, and
SA is the surface area-to-volume ratio of the porous media. The symbol (-) stands
for the local phase average (integrated over the whole control volume), while (Y;)/
and (Y;)® are the local phase intrinsic averages for gas phase (integrated over the
fraction of control volume occupied by the fluid) and solid phase (integrated over
the solid occupied fraction of control volume), respectively [112,132]. S/radiation jg
the source term for radiation in the gas phase.

The subscript ef f includes the participation of the correlations generated by the
local averaging procedure |[112]. The term (w;) describes the volumetric mass change
rate for gas species ¢ resulting from homogeneous reactions, in which > ,w; = 0
within the gas phase as homogeneous reactions conserve mass. Homogeneous reac-
tions introduce the source term ), hoﬂ.(wi)f in the sensible enthalpy equation, cal-
culated from the mass source terms and the enthalpies of formation of each gaseous
component h$;. D refers to Darcy’s resistance to the flow through the porous media
completely analogous with the porous media assumption mentioned in section (3.4.3]
Chapter [3| It is linear with the fluid velocity and proportional to a tensor represen-

tative of the structure of the porous media, where in the limiting anisotropic case,
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D = D_.I. The Forchheimer term is modelled as:

where F is Forchheimer’s coefficient and |- is the Euclidean norm. The Forchheimer
term is modelled so that it has the same spatial direction as the Darcy term. It
is a modification or extension of Darcy’s law, accounting for the nonlinear effects
that arise at higher flow rates and describes fluid flow through porous media under
conditions where Darcy’s law alone may not be sufficient. Its omission is justified
based on the predominated viscous flow regime in which Darcy’s law applies. In the
Thermo-CFD model, Forchheimer’s model is not implemented and as such F = 0.

The corresponding solid-phase conservation equations are:

O () = (1 - R} (5.
a S S
s =0-0Y @y -7

k

O OT) — V- (1= IRk VAT = (1= ) Y b5 {Ri)*

—(1—¢) Z Cpi{ TV (Ri)* + CrpnoSA ((T) — (T)%) + (Seradiationy = (5.8)

where superscript s denotes solid phase, Y, is the mass fraction of the solid species
k, p® is the density of the solid matrix, and K is the anisotropy tensor of the solid

Ss,radiation

matrix. is the source term for radiation in the solid phase.

The assumptions underpinning the model are that:
1. Ny is considered an inert gas;

2. the contribution of ash is neglected;

3. reactants are at standard temperature Ty;

4. tar is a gaseous component and its thermodynamic properties taken to be

those of benzene;
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5. char possesses the same thermodynamic properties as graphite;
6. the flow is in the laminar regime;
7. the bed is randomly close packed with spheres (initial € = 0.4);

8. the Darcean resistance is low (i.e. D, = 10° m~2), introducing only a small

pressure change upstream.

5.1.2 Thermochemical reaction submodel

Biomass conversion includes comprehensive chemical and physical processes, one
of which is the reaction kinetics model involving homogeneous and heterogeneous
chemical reactions and can be formulated in the form of Arrhenius equations - see Eq.
(13.46)) in section of Chapter |3] where k is the rate coefficient for each reaction,

defined per 1 kg of solid reactant. From k, the reaction rate €2, is calculated as:

nl s\ns
q - P’ H1<Yzf) s L (Y) ok, T > T

0, r<Tt.,

where nff ; 1s the reaction order for gas specie reactant 4, n; ; is the reaction order for
the solid specie reactant k, and T, is the cutoff temperature which can be defined
for each separate reaction. The reaction rates are multiplied by the stoichiometric
coefficients VZ ; and v}, to calculate the source terms Rfii and R}, according to the
conservation equations.

Due to the potential participation of every substrate in more than one chemical
reaction, the net rate of species production and consumption is summed up over the
reactions r giving:

Ri=> vl (5.9)

for the source terms in Eq. (5.1)) and Eq. (5.2)) and

R => 15, (5.10)
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for the source terms in Eq. and Eq.. The summation of gas and solid mass
source terms in every control volume is equal to 0 to satisfy mass conservation. The
solid phase chemical reactions proceed at a gas-solid interface, limiting their rate
by the diffusive transport of gaseous reactants to the surface [133]. This is directly

linked to the dimensionless Damkohler number, Da;, for the specie ¢ given by:

Da; = ~411i (5.11)

Tchem,i

where 7477, is the characteristic diffusion time and 7.pem; the characteristic surface
reaction time. Two limits of the solid phase reactions are modelled; first when the
reaction is much slower than diffusion, Da; — 0 and when the reaction rate is faster
than diffusion, Da; — o00. As such ), should reflect the Da; number, therefore the

solid volume-average €2, based on the species diffusion is modelled as:
()% = CrnassSApT (Vi) — (;)surface) | (5.12)

where C,,.ss represents the mass transfer coefficient. In the Thermo-CFD model,
an initial € of 0.4 and diameter of the pore is equal to 6.4 mm, which gives an SA

equal to 468 m~! [7]. Finally, €, is evaluated over the entire range as:

Q) = L (5.13)

1
Q0 )aifs 0

whereby, adding a subscript kin, the solid volume-average of kinetics reaction rate

(Eq.(p.1.2)) is emphasised.

Another important property of the thermochemical reaction sub-model is deter-
mination of the source terms for the enthalpy in the solid phase according to the
heterogeneous reactions. The solver gives a choice of either calculating them based

on the enthalpies of formation of each specie involved as follows:

Sheter = (1= €) > h3 4Ry, (5.14)
k
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or based on the enthalpy of reaction AH,, provided by the user as:
Sheter = (1= €)Y AH,Q, . (5.15)

The absence of thermal equilibrium in porous media, introduces an alternative
method of energy transfer between solid and gas phases resulting from heteroge-
neous reactions. The reactions occur at the surface of the solid phase temperature,
(T)®, yet the released gases abruptly equilibrate their temperature with the gas
phase, (T')/. Consequently, the enthalpy:

Sheating = (]- - 6) (<T>f - <T>S) Z C]J:,ZRZ , (516)
is transferred between the solid and gas phases.

5.1.3 Heat transfer

In section of Chapter [3] different heat transfer submodels were discussed thor-
oughly. In the current CFD model, two separate convective and radiative heat
transfer models, between the gas and solid phases, are introduced. According to
the spatial averaging procedure of the energy equation, the convective heat transfer

between the gas and solid matrix is evaluated as:

(Geonv) = CeonuSA ((T) = (T)*) , (5.17)

where C,,, represents the convective heat transfer coefficient. The value for C,,,,
is taken to be a constant equal to 8 [134]. In addition to heat transfer by convec-
tion, heat is also exchanged through radiation. The primary radiation model is a
participating media approach based on the radiative transfer equation (RTE) [113]
in the form of the incident radiation, G. The RTE governs radiation propagation
in participating media, accounting for the overall balance of radiative energy trans-
port by considering the effects of absorption, scattering, and emission processes that
cause attenuation and augmentation of the radiative energy in the medium [135].

In porous materials, the RTE involves two components: the gas phase, represented
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as "gray gas,” and the solid phase, represented as ”gray body.” This setup enables a
mutual interaction between the energy conservation equations for both phases and
the RTE. The solver provides an option to incorporate a radiation model based on
the RTE, simplified using the P-1 approximation. This method is the the first or-

der spherical harmonics approximation of the RTE and it eliminates the wavelength

dependency, resulting in a diffusion conservation equation of GG, expressed as follows:

0T, oT?
V- (I'VG) +4r (a—g~|—a5—s) —(a+as)G=0, (5.18)
m m

where a is the gas mixture absorption coefficient, a, is the equivalent absorption
coefficient in the solid, and T is the radiation flux. o = 5.67 x 1078 W/m?K*, is the
Stefan-Boltzmann coefficient, taking into account the source of radiative energy due
to the gas and solid phases emitting radiation according to the Stefan-Boltzmann
law. In Eq. , the first term represents the spatial diffusion of radiative energy
in the medium, where radiation flows from high to low intensity regions. The second
term represents how much radiation is being generated locally by hot gas and solids.
The last term is a sink term and describes how much of the incident radiation is
absorbed by the medium. Eq. is simplified by using the P-1 approximation.

The following relation is obtained for I':

1
. , 5.19
(3(@ + as + Uscatter) + Co-scatte’l‘) ( )

where 0 cuer 1S the scattering coefficient and C' is the coefficient associated with
forward /backward scattering. I' is calculated locally in each control volume. This
approach is simple since it is only necessary to find a solution for G rather than
determine the direction dependent intensity. As such, the simplified equation de-
scribes how the incident radiation diffuses through the medium, with source terms
representing thermal emission from gas and solid phases. As a result, the source

term S/ radiation for the gas phase energy equation is:

4

o T
Gfradiation _ __ g <QM) +aG , (520)

™
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and the source term S*7edietion for the solid phase is:

4

- T
Ss,radzatzon — A (a50_5> + GSG . (521)
™

Table presents a list of values which are taken to solve the radiation model

in the Thermo-CFD model.

Table 5.1: Values used in the Thermo-CFD model needed to solve the radiation
model.

‘ a (m™1) ‘ 0.5 [7] ‘
| as (m™Y) [ 107 |
|G (W.m™?) | 187 |
|
|

O scatter ‘ 1 l7] ‘

C | 1]7] |

5.1.4 Flow regime

The flow regime, characterised as either laminar, transitional, or turbulent, is a
fundamental aspect of fluid mechanics, particularly in thermochemical processes like
biomass gasification. In biomass gasifiers, the flow regime depends on several factors,
including the gasifier’s design, operating conditions, and the physical properties of
the gases involved.

The flow regime in porous media modelling has been sporadically addressed in
the literature, with limited information available on the wide range of applications.
The understanding of flow regime within porous media is still in its early stages. A
key challenge lies in characterising the flow in macroscopic porous media, which is
the focus of the proposed CFD model. This issue has been raised and discussed by
several authors [136-140].

In order to determine the flow regime in the Thermo-CFD model and before
running the simulations, theoretical calculations of the Re are estimated at different

characteristic length scales across the geometry: at the inlet pipe, the gasifier throat,
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and the pore. The Re is given by:
Re = —, (5.22)

where d is the characteristic length scale (m), typically represented by the diameter
of the length scale in question. The Re is calculated at the maximum examined ve-
locity for the case of the inlet pipe diameter and the maximum average fluid velocity
for the remaining characteristic length scales. For example, if the calculation pro-
ceeds at the pore characteristic length scale, then the parameters used to calculate
the Re are taken at that specific region. To calculate the theoretical values of the
velocities used at the gasifier throat and the pore, u/, the following mass balance is

used:

Ugir X Pair X din = 0/ x p! % desy (5.23)

where d;,, is the inlet pipe diameter and d.s; is the effective flow diameter at the
examined region. For the gasifier throat region, d.ss is taken as the average length
between the oxidation zone throat and the gasifier outlet, dg.,4, equal to 0.143 m.

For the pore length scale, d.s¢ is calculated using the following:

deff = d(wg X \/E . (524)

By assuming the dry producer gas consists of 40% Na, 20% H, and CO each, 15%
CO2, and 5% CH4, p/ is calculated using the ideal gas law, following the same ratio

of producer gas:

f_P><M
- RxT

p (5.25)

Finally, the average u is taken to be equal to 2.55 x 10™° kg/m.s by assuming the
same producer gas ratio.

Several factors influence the Re in a biomass gasifier, including air inlet velocity,
gasifier dimensions, temperature distribution, and the porous properties of biomass.

The characteristic velocity is determined by the air supply rate at the inlet—higher
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inlet velocities lead to an increase in Re, making turbulence more likely. The gasi-
fier dimensions directly impact the characteristic length scale of each region. For
example, when analysing the flow regime at the air inlet, the characteristic length
is defined as the inlet nozzle diameter. In contrast, for the throat and outlet re-
gions, it is typically taken as the average of the throat diameter and the gasifier
outlet diameter. Additionally, temperature distribution across the gasifier affects
gas properties. According to the ideal gas law, gas density decreases with increas-
ing temperature, while Sutherland’s law dictates that dynamic viscosity increases.
Both effects contribute to a reduction in Re at higher temperatures. Lastly, ¢ and
pore size distribution significantly impact flow characteristics in the porous media
region. Here, the characteristic length is represented by the effective flow diameter,
which depends on €. As e decreases, the effective velocity within the pores increases,

leading to a higher Re, and vice versa.

Table 5.2: Calculated Re at the highest examined velocity in the Thermo-CFD
model and the critical Re for each region.

kg/mS ‘ d (m) ‘ K (kg/ms) ‘ Re ‘ Recrit

Region | w (m/s)

|
‘ Inlet pipe ‘ 1

0.599 | 0.016 | 3.017 x 10~ | 317.67 | 2000 [141]

1
‘ Gasifier throat ‘ 0.1343 1

0.499 | 0.143 | 2.55 x 107 | 376.05 | 2000 [141]

| Porous media | 0.2649 | 0.499 | 0.0064 | 2.55 x 10~° | 33.19 | 375 [142]

In Table 5.2 Re,q. represents the Reynolds number based on the maximum
fluid velocity used in the Thermo-CFD model, while Re..;; is the critical Reynolds
number marking the onset of laminar flow transition. Calculations confirm that, at
the various velocities examined in the Thermo-CFD model in different characteristic
length regions, the flow is strictly laminar. According to [142], the transitional
regime of the flow in porous media occurs for 375 < Re < 750, with Re numbers

greater than 750 indicating turbulent flow.

5.1.5 Materials properties

The conservation equations for the gas and solid phases Eq.(5.1) - Eq.(5.8) are

accompanied by the appropriate definition of the material properties of the gas and

123



solid. First, € of the biomass is defined. Together with €, the distribution of the
viscous resistance tensor D, is required, which can be used to introduce anisotropy
to the material. An additional required parameter is the density, p;, and mass, mj,
of the solid matrix, which is the material that constitutes the space unoccupied with
gas inside the porous media. It is calculated as the weighted average of the densities

of the solid components:

P = %k = (Z <Yk>8> : (5.26)

5.1.6 Porosity

The increase in € from its initial value demonstrates the conversion of one species to
another or the release of matter into the gas phase. This is a result of unequal solid
species densities and as the matter is transferred to the gas phase. This change is

modelled via the volume conservation equation:

d N1
se=—(1-¢) > =R, (5.27)

which states that the volume occupied by the gas phase changes with the mass

change of solid species k divided by its density p; [7].

5.1.7 Pyrolysis submodel

The most efficient method of establishing the coefficients of the char, tar and volatiles
in the pyrolysis stage of the gasification process is to carry out experimental inves-
tigations on a range of biomass feedstock, since different feedstocks will yield a
different decomposition. This is both a time consuming and expensive endeavour.
As such, a pyrolysis model is encapsulated within the current CED model in order to
appropriately predict the coefficient distribution between the pyrolysis components.
The model is based on Sharma’s approach in predicting the product composition in
the slow pyrolysis of wood [143]. In this approach, the thermal decomposition of

biomass is described on the basis of decomposition of its three main constituents,
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viz., cellulose, hemicellulose and lignin.

A complete elemental balance coupled with empirical correlations established
from data in the literature on the relationship between CO/CO,, HyO/ CO,, and
CH4/COq ratios is implemented for the determination of the product composition
as a function of pyrolysis temperature, T},,,,. Following from the assumption that

char is pure C, the process of pyrolytic decomposition can be represented as:

CHQOB — nlC + TLQCO + ’flgCOQ + n4H2 + TL5HQO + TLGCH4 + nytar . (R,23)

In the above, CH,Og is the chemical formula of the dry and ash-free biomass and
n represents the number of moles of a given species involved in the process. The
chemical formula of any biomass species can be obtained from its ultimate analysis.
The justification behind the chemical composition of the biomass feedstock in ,
including the omission of the Ny species in the pyrolysis model proposed by [143] is
due to the fact that it is assumed Nj is found in negligible amounts in the feedstock
and does not contribute significantly to the feedstock’s thermal decomposition.
Zaror and Pyle [144] reported that the char yield, n;, from biomass pyrolysis is
relatively insensitive to heating rate and temperature, therefore, the char residue
from biomass decomposition, namely the char mass fraction in the biomass, Y 4,
can be obtained from the mass fractions of cellulose, Y, hemicellulose, Y},., and

lignin, Y},, of the feedstock as follows:

Y;har - Y;:lfchar,cl + thfchar,hc + Yngchar,lg ; (528)

where feharcls feharhe, and fenarig are the fractions of char found in cellulose, hemi-
cellulose, and lignin, respectively. The values for these are fopara = 0.05, fenarhe
= 0.10, and feparyy = 0.55 according to Tillman et al. [145]. Y, is therefore the
equivalent of ny, but in mass basis. As rubberwood is a type of hardwood, and
as such, the values of hardwood are considered. This enables the fraction of the

remaining volatiles from dry and ash-free biomass, Y,,, to be found from:

Yoo =1 = Yenar - (529)
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The proportion of cellulose, hemicellulose and lignin for a range of biomass types
are provided in Table

Table 5.3: Proportion of cellulose, hemicellulose, and lignin in different types of
wood (dry basis) [146].

‘ Type of Wood ‘ Y. ‘ Y. ‘ Y, ‘ Ash + Extractives

|
| hardwood | 0.452 | 0.313 | 0.217 | 0.027 |
| softwood | 0.458 | 0.244 | 0.28 | 0.017 |
| woodbark | 0.248 | 0.298 | 0.438 | 0.016 |
| ricehusk | 0.313 | 0.243 | 0.143 | 0.319 |

As ny is computed from the constituent proportions of the biomass by solving
(5.28)) , the remaining 6 components, ny to n; require 6 equations. Performing an

elemental balance on (R23)) yields the following:

C: ni+no+ng+ng+6n;=1, (5.30)
H: 2n4+2n5 +4ng +6.2n; = o, (5.31)
O: N9 + 2713 + ns + 02717 = ﬁ s (532)

whereby an additional 3 equations are required to close the system. As such, the

YH,0 and YCH,

Y,
mass ratios in the biomass feedstock _CO were taken as a

'CO," 1COy’ CO,
function of T, as in Sharma [143], and the remaining 3 equations are:
Y 7730.3 5019898
—CO _ eqp (—1.845 + - ) , (5.33)
YCOQ Tpyro prro
Y
“H0 _ 1, (5.34)
Yco,
Y
Sy _ 5 107107508 (5.35)
Yco,

T

pyro 18 chosen to be 873 K in the Thermo-CFD model based on the value of

Salem and Paul [34]. The above 6 equations (3 elemental balances and 3 empirical
correlations) were solved numerically using Matlab’s ”fsolve” function following the
same numerical procedure described in Chapter ] This method represents a rig-

orous approach in the determination of the distributed coefficients of the pyrolytic
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products, including tar and char as it offers a method for selecting a wide range
of biomass feedstock, each of which will demonstrate a different decomposition dis-
tribution. As such, it is possible to characterise a pyrolysis process for a range of
feedstocks without resorting to experimental investigations. This demonstrates the
models capability to analyse different feedstock. The pyrolytic product coefficients,
with the exception of char, are initially determined in moles. Subsequently, they
are transformed into mass fractions using the molar masses of the substances to
align with the functionality of the solver. While rubberwood serves as the primary
feedstock in this model, alternative feedstocks can be incorporated by adjusting the
thermophysical properties of the solid matrix. By employing the thermochemical
pyrolysis sub-model, one can establish the pyrolytic product distribution specific to
the examined species for a given feedstock, enabling the flexibility to explore dif-
ferent materials in the simulation. Rubberwood’s stoichiometric devolatilisation is

expressed as:

CH; 5417006225 — 0.0144C + 0.1731CO + 0.1781CO4 + 0.3336H;, + 0.0729H,0

+0.0247CH, + 0.1016tar . (R24)

5.1.8 Chemical reaction scheme

The comprehensive heterogeneous chemical reaction scheme includes a drying reac-
tion, a pyrolysis reaction whereby the feedstock is decomposed into char, tar and
volatiles through a comprehensive pyrolysis model that determines the distributed
coefficients of the pyrolytic products, the boudouard reaction , the water-gas
reaction , the hydrogasification reaction , and the char oxidation reactions
and - see section of Chapter |3, Table lists the kinetic parameters
used for the calculation of the reaction rates in the model.

The heat of reaction of the drying reaction was obtained from [148]. As the
porousGasificationFoam solver characterises the heat of reaction in J/kg of sub-

strates, the heats of reactions for the remainder have to be converted from J/mol to
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Table 5.4: Heterogeneous chemical reaction scheme used in the CFD model.

Heterogeneous | Pre- Activation Cut-off Reaction
Reactions exponential Temperature | Temperature | En-
Factor (1/s) | (K) (K) thalpy
(J/kg)
| [147) | 513 x10° |  1.06x 10* | 300 | 2.26x 10° |
| [60] | 1.38x 10 | 1.90x 10" | 300 | 3.85% 10° |
| [112] | 5.61x 10° | 1.96x 10* | 300 -3.95% 10 |
| [112] | 5.61x 10° | 1.96x 10* | 300 | -8.94x 10° |
| [114] | 4.19 | 231x 10% | 300 -4.66x 10 |
| [114] | 3.62x 10 | 9.31x 10° | 300 | 3.07x 10° |
| [114] | 1.52x 107 | 1.46x 10* | 300 | 4.38x 10° |

J/kg. An example calculation is followed for (R3]), which can be written as:

1 mol (12g) C + 1 mol (44g) CO, = 2 mol (28¢g) CO which is equivalent to
12 C + 44 CO5 = 56 CO which is equivalent to

C + 3.66 COy = 4.66 CO

Normally the heat of the reaction is calculated on a mole basis, however in the
porousGasificationFoam solver, the heats of reactions are provided on the basis
of mass. As such, the value for the heat of reaction in J/mol must be divided by the
molar mass of the substrates (kg/mol) in order to determine the heat of reaction in
J/kg. In the above, the calculation of the heat of reaction, AH, proceeds from the

enthalpies of formation as:

AH, = [2(—110525)] — [(—393509) + (0)] = 172459 J /mol ,
172459 J /mol

AH, — —=227 7/ mo
0.056 kg/mol

=3.07 x 10° J /kg .

This calculation is repeated for all the remaining heterogeneous reactions in order
to determine the heat of the reaction in J/kg. The homogeneous chemical reaction

scheme is comprehensive, including reactions (RS)), (R9), (R10), (R11), (R15)), (R16)
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- see section of Chapter [3, and an additional tar cracking reaction (R25)):
tar + 302 — 6CO + 3H, s (R25)

as indicated in Table For the gas phase reactions, only the pre-exponential
factor A and the activation temperature 7, are required. The oxidation reactions
, and occur in the oxidation zone of the gasifier, while the shift
reaction (R11)) is the most important chemical reaction involved in gasification oc-
curring in the reduction zone. The steam reforming reactions and are
crucial reactions in the production of Hy, and finally a tar cracking reaction (R25)
is implemented in order to reduce the amount of tar produced from the pyrolysis

stage.

Table 5.5: Homogeneous chemical reaction scheme used in the CFD model.

Homogeneous | Pre- Activation
Reactions exponential Temperature
Factor (1/s) | (K)

| [149] | 1.00x 10 |  15155.16 |
| [149] | 4.40x 10" | 1515516 |
| [149] | 220x 10° | 1311042 |
| [150] | 2.778x 10> |  1510.705 |
| [150] | 4.99x 10" | 2436853 |
| [149] | 3.00x 10° | = 15034.88 |
| [150] | 1.58x 10'5 | = 2436853 |

The above gas and solid phase chemical reaction scheme was constructed based
on the complex, but essential processes occurring in a realistic gasifier. The proposed
chemical reaction scheme enables the prediction of the producer gas composition for

the respective gaseous species and solid species crucial in the gasification process.

5.1.9 Model geometry and mesh

The geometry of the CFD model is based on the shape and dimensions of that used
by Kumar and Paul [41] in their investigations as shown schematically in Fig. |5.1
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As can be seen, the gasifier converges in the oxidation zone and diverges in the
reduction zone in order to enhance the gasification process and control the reac-
tions taking place in the gasifier. This configuration is chosen in order to achieve
efficient conversion of biomass into syngas with minimal tar and char content. The
constriction in the oxidation zone promotes heat generation and helps ensure thor-
ough mixing and efficient combustion, necessary for the breaking down of complex

biomass compounds in a high temperature environment.

_ Fuelinlet 0.224m_

0.06m

Air inlet

Oxidation zone reactions

0.062m
Reduction zone reactions

Gasifier outlet 0.224m

Figure 5.1: Schematic of the 2D downdraft biomass gasifier.

In the reduction zone, the primary objective is to minimise oxygen and cre-
ate conditions conducive to producing syngas rather than continuing combustion.
Therefore, expanding the flow of hot gases from the descending biomass aids in pre-
venting excess oxygen exposure, which could lead to more complete combustion and
the generation of unwanted by-products like CO,. Other than that, the expansion
of the configuration aids in minimising the tar content, allowing high temperature
gases to break down tars into simpler gases. This occurs because the expansion

results in a lower flow velocity, giving the hot gases more time to stay in contact
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with hot char and undergo cracking and reforming.

The gasification agent is injected through the air nozzles from the side and the
porous media assumption allows for the entirety of the gasifier to be filled with
biomass feedstock except for gaseous regions, namely, the air nozzles and the reduc-
tion zone.

As for the computational meshing of the unit, this is shown in Fig. as being
fine and equally distributed in both coordinated directions. A key feature of the
solver is its adaptability for use with skew-like geometries as present in the oxidation
zone, where it is firstly reduced at the throat, before expanding again synonymous
with throated DBGs. The purpose of this is to allow the oxidation zone to be at
the narrowest part of the throat to force all the pyrolytic gases to pass through this
narrow pathway [2].

As the model forms a 2D symmetrical geometry, splitting the model down the
axis line and applying the symmetry plane boundary condition saves computational
resource enabling very fine mesh results to be generated that would be a significant
challenge for the full problem and the same fine mesh. The flow domain and typical
mesh used in the current model is show in Fig. |5.2|

Experimental configurations of DBGs differ in dimensions, shapes and sizes.
Some configurations are throatless (stratified) whereas others are throated (Imbert),
reduced at the throat and then expanded to promote the conversion of biomass
into gases. With commercial DBGs, there are small-scale, medium-scale and large-
scale configurations depending on the design and intended use of the unit. Most
commercial applications using DBGs are either small or medium scale. Table
offers the general dimensions of some of the experimental gasifiers investigated.
The data in Table [5.6] reveals a consistent pattern among medium-scale DBGs in

commercial designs, where the height and throat diameter exhibit close similarities.

5.1.10 Motion of the bed

Fig. 5.3 illustrates the essential aspects of the porous media motion model. At
the outset of the simulation, the porous media is initially delineated across the
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Figure 5.2: Computational mesh spanning the entire gasifier (left), together with

a magnified section highlighting the oxidation zone.

Note that only half of the

is shown since the flow can be considered

full solution domain shown in Fig.
symmetric about the vertical centre line.

Table 5.6: Downdraft gasifier configuration dimensions for a range of experimental

investigations.

Height of

Experimental gasifier

gasifier (m)

1.15

Jayah et al. [55] (Imbert)
| Babu and Sheth [59] (Imbert) |

1.1
1.05
0.85
1.03
0.81
1.06

Guo et al. [71] (Imbert)
‘ Gai and Dong ]| (stratified) ‘
‘ Striugas et al. || (Imbert) ‘

Dogru et al. || (imbert)
| Galindo et al. [72] (stratified) |

1.8

Ma et al. |151] (stratified)

geometric unit within user-defined regions, depicted in black in Fig. [5.3] As the

simulation progresses and chemical reactions commence with air inflow through the

unit, ongoing depletion of material occurs, indicated by gray shading. Consequently,
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¢ increases as material is consumed. Upon reaching a specified e threshold (i.e., €
= 0.99), denoting the conversion of biomass to gas, activation of the porous media
motion model is triggered, as shown in red. Execution of the porous media motion
model (depicted on the right side of the figure) enables the removal of depleted ma-
terial, displacing it, and replenishing it with fresh biomass at the gasifier’s top. This
process is automatically executed as biomass undergoes consumption. Fig.?? illus-
trates a flowchart explaining the porous media motion algorithm from the starting

position to the replenishment position in a cyclic process [114].

Execute porous media motion

Start Ongoing simulation Once threshold is Remove Displace Replenish
depletes material  reached

Figure 5.3: Visualisation of the porous media motion model, showing initial and
progressive simulation stages. White computational cells represent the gas phase,
while black cells represent the porous medium. The three sets of cells on the left
illustrate the starting and intermediate positions during the simulation, while those
on the right depict the execution phase of the porous media motion model.

5.1.11 Initial and boundary conditions

The initial and boundary conditions employed in generating results using the Thermo-

CFD model are listed below:

e Feedstock: Rubberwood is selected as the initial biomass feedstock. The initial
MC of rubberwood is taken to be 18.5% as in Jayah et al. [55] and Kumar

and Paul [41]. The remaining dry rubberwood, possessing an MC of 5%, is
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loaded across the pyrolysis and oxidation zones. This is shown explicitly in

both Figs. and [5.5]

Pressure: The gasifier outlet enforces a pressure outlet boundary condition,
maintaining atmospheric pressure at the outlet of the gasifier, while the walls

apply a zero gradient boundary condition for the pressure field.

Air velocity (ugir): The wug;, entering through the side inlets is adjusted to
regulate the ER. The values of u,;. explored using the Thermo-CFD model
include 0.2 m/s, 0.3 m/s, 0.4 m/s, 0.5 m/s, 0.6 m/s, 0.8 m/s, and 1 m/s. ug, is
interconnected, but not entirely dependant on the biomass consumption rate.
At the walls, the velocity adheres to the no-slip boundary condition, while the

outlet satisfies a zero-gradient boundary condition.

Gas phase temperature: The initial temperature of air injected through the
nozzles is 600 K. However, it is established that an air temperature of 600
K proves insufficient for achieving an optimal conversion of biomass into syn-
gas. Consequently, the air temperature is raised to 1000 K to enhance the

conversion efficiency.

Solid phase temperature: The temperature of the biomass feedstock is given
a value of 400 K throughout the gasifier, increasing to around 600 K at the
oxidation zone and 1200 K at the char bed to facilitate chemical reactions in
the form of an ignition strip (0.04 m in height). The initial distribution of the

solid phase temperature is shown in Fig. |5.6

Thermophysical properties: The thermophysical properties of the solid species
including rubberwood and char were taken from Park et al. [60]. This includes
Cppm = 2000 J/kg K, kerfpm = 0.23 W/mK, h$ pm = -109870 J/mol, and py,,
= 1050 kg/m?.

e: The initial € of the rubberwood feedstock was assumed to be equivalent to
that of biomass char (i.e. € = 0.4) [2], but subject to change depending on

the amount of moisture in the biomass, explaining the different e values in
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Fig. 5.7 A sample calculation of how these values are obtained is given in
Appendix [C|

— 9.5e-01
0.9

— Moist Feedstock:
Yrubberwood = 0.815 08

— 0.7

— 06
L Dry Feedstock:

Yrubberwood = 0.95
— 05

- — 04

— 03

0.2

0.1

0.0e+00

Figure 5.4: Initial rubberwood mass fraction spanning the computational domain.

The initial € field throughout the gasifier is shown in Fig. Notably, the reduc-
tion zone of the gasifier intentionally lacks any biomass to prevent machine clogging
and to enhance the conversion of biomass into gases, a practice commonly employed
to enhance gasification efficiency. In practice, biomass is exclusively present in the
drying, pyrolysis, and oxidation zones. The two air inlets are also devoid of biomass,
whereby € = 1 indicating gas phase only. The char produced from the pyrolysis zone
creates a char bed in the reduction zone to be further reacted as part of char gasi-
fication reactions. This explains the presence of only char below the oxidation zone

whereby € = 0.88. This value can be obtained from the distribution of rubberwood

into char from reaction (R24]).
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— 1.9e-01

Moist Feedstock:

Y|v|c = 0185 0.16

\

—0.14

Dry Feedstock: —0.12
r YMC = 005

— 0.1

— 0.08
— 0.06
0.04
0.02

0.0e+00

Figure 5.5: Initial humidity mass fraction spanning the computational domain.

The distribution of rubberwood and MC across the gasifier as indicated in Figs.
and is used to scrutinise the impact of MC on the gasification process using
these two distinct values. As the bed undergoes ignition and chemical reactions
unfold, the dry feedstock is initially consumed, eventually reaching a juncture in
which either all of it or most of it is exhausted, contingent upon the efficacy of the
chemical reactions under specific operating conditions, such as u,;, as will be seen in
section [5.2.5 Subsequently, the replenishment feature of the model comes into play,

introducing fresh feedstock and culminating in the consumption of wet feedstock.

136



1.2e+03
1150
1100
1050

=— 1000

— 950

— 900

— 850

— 800

Pre-heated oxidation zone
— 750

:I_ Ignition strip 70
— 650
600
550
500
450
4.0e+02

Figure 5.6: Initial solid phase temperature distribution spanning the computational
domain.
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Figure 5.7: Initial € field distribution spanning the computational domain.
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The ultimate and proximate analysis of the feedstock was obtained from Table

B.1

5.1.12 Running a typical simulation

The simulations conducted to generate the results are performed on ”Hamilton”, a
centrally managed supercomputer recognised as an HPC service (High Performance
Computing), accessible for researchers at Durham University. The initial time-step
used is typically small enough (around le™" seconds) due to the complexity of the
chemical reaction scheme. This means that some of the chemical reactions involved
are fast and others are slow. Large enough time steps can skip over fast reactions,
leading to divergence and numerical inaccuracies. Furthermore, at the start of the
simulation, the system experiences rapid changes in temperature, pressure, and
species concentration as the system adjusts to the initial conditions. A small enough
time step ensures numerical stability by preventing excessive fluctuations that could
cause divergence. The choice was made to adopt an adjustable time step control
instead of fixed one, but limiting the adjustability to a maximum allowed time step
beyond which the simulation does not exceed 0.0005 seconds. The rationale behind
incorporating this approach is to accelerate simulations in areas where the solution
exhibits smooth and gradual changes, while simultaneously imposing constraints to
preserve numerical stability.

Within the solver, two additional switches, stemming from the resolution of
chemical reactions, can be specified in the chemistryProperties dictionary. These
switches facilitate the reduction of the time step through mass balance equation
solvers, catering to both homogeneous and heterogeneous chemical reactions. The
computational time for a simulation to reach steady state from an initial condition
close to steady state of the chosen mesh size is approximately 72 hours, but can vary
depending on the operating conditions specified.

Numerical stability is physically justified based on the Courant-Friedrichs-Lewy
(CFL) condition, in which the dimensionless Courant number is calculated from the

chosen time step, characteristic velocity, and the spatial grid size, and is given by:
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uAt
FL = — )
C i (5.36)

where At is the representative time step and Az is the characteristic size of the
mesh cell. The CFL condition for stability in explicit schemes typically requires that
the maximum Courant number for transient multiphase simulations be less than or
equal to 1. The calculated Courant number for the maximum air velocity used in
the Thermo-CFD model (i.e. uq;, = 1m/s), taking into account the chosen time step
is 0.2632, given a grid size equal to 0.0019 m. This was obtained for a time step of
0.0005 seconds. As the CFL is less than 1, the simulations is resolved stably within
each time step.

It is also required to justify the chosen time step based on the rate of the fastest
chemical reaction. Based on this, the rate constant of the fastest chemical reaction
is 1.73 x 10! s7! and its characteristic time scale is 0.0578 seconds. In order to
ensure chemical stability, the time step should be several orders of magnitude smaller
than the characteristic time scale. As such, 0.0005 seconds is justifiably taken as a

maximum allowable time step, ensuring a stable process.

139



5.1.13 Grid independency test

70

T
I 6250 cells
I 25000 cells
60 || 221100000 cells
I 225000 cells

Composition (%)

H, co co, CH,

Chemical Species

Figure 5.8: Producer gas composition at the gasifier outlet predicted using different
mesh cell densities from 6250 to 225,000, for rubberwood.

A grid dependency test was carried out using four different computational grid
cells count, 6250, 25,000, 100,000, and 225,000 for the rubberwood feedstock, the
results of which are shown in Fig. Initially, simulated results were analysed
using 6,250 computational cells, followed by a refinements of the mesh to 25,000,
100,000, and finally 225,000 cells respectively. Regarding the outcomes observed at
the gasifier’s exit, minimal disparities are evident when using the 100,000 or 225,000
cells. As such, the grid containing 100,000 cells was chosen for all the simulated

cases presented subsequently.

5.2 Results and Discussion

This section presents findings from the Thermo-CFD model simulations. Initially,

a grid independence assessment was conducted to justify the chosen mesh configu-
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ration used to generate the results presented in subsequent sections. Final model
Predictions are confirmed through comparisons with experimental data and prior
modelling outcomes. Lastly, a parametric investigation is performed to scrutinise
how various operational factors impact the model’s predictions. The mass fractions
of the gaseous species are calculated from Eq. and converted to molar fraction

through the following;:

S/Z_f
M;

Xl =7 (5.37)
M;

where X7 is the mole fraction of species i and the summation is over all the main
gaseous species forming the producer gas (i.e. No, CO, COy, Hy, and CHy). In order

to time-average the molar fraction, the following calculation is performed [152]:

N
X/ = N > xi, (5.38)
t=1

where )_(if is the time-averaged molar fraction of species i, N is the total number of
time steps, and Xt{ ; 1s the molar fraction of species 7 at time step . X'Z-f is further
patch integrated over the gasifier outlet surface area in order to establish a consistent

representation of the molar composition of the producer gas:

1 _
Xip=— X/dA, , (5.39)

s Jpatch

where X; p is the integrated molar fraction over the patch and A, is the cross-
sectional area of the patch. After this is achieved, the molar composition is calcu-
lated using:

Xip
= x1 . 4
5= % 100% (5.40)

composition(%) =

5.2.1 Spacial variation of composition

To assess the model’s stability and justify the achievement of a stationary state, the
standard deviation of the gaseous species across the outlet is depicted in Fig [5.9

for a wu,, = 0.2m/s. The standard deviation, o;, of species ¢ is obtained from the
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following [153]:

oi (%) = \/(ZES X - XY x 100% | (5.41)

i
ts

where ts is the number of time steps. Due to the gasifier design, the producer gas

generated at the outlet of the gasifier is non-uniform along the exit of the unit, having

a maximum and a minimum value. Additionally, the model’s automatic replenish-

ment feature, which introduces fresh feedstock as biomass is consumed, coupled with

the movement of the porous media bed and the skewness of the geometrical unit,

causes variations in the bed dynamics which is the reason for this phenomenon.

1 1 1 — 1 1 1 1 1 1

0
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.112
Gasifier Outlet (m)

Figure 5.9: Standard deviation of gaseous components along the gasifier exit, with
0 denoting the outer edge of the outlet and 0.112 the gasifier’s vertical centre line,
for rubberwood.

These variations are influenced by u,;,. introduced through the air inlets. The
higher u,;., the higher the frequency of variations, and the greater the movement of
the porous media front. For a lower wu,;., less movement is observed in the porous
bed, indicating less conversion of biomass. As u,;, increases, and with the continuous
arrival of fresh feedstock to the reacting zone, the biomass feedstock is continuously

being consumed and replenished, causing the bed to behave in an oscillatory manner
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due to its movement feature. It is apparent that Fig[5.9] is reflective of the results
obtained from Fig. [5.10, which demonstrates how the producer gas composition
varies with time at the gasifier outlet.

It can be deduced that the major component variation is associated with Ny
whereby it deviates by a maximum of around 0.89%, mirroring the CO composi-
tion variance. The remaining components remain relatively constant throughout the
observed time period. The transient simulations exhibit a tendency to undergo reg-
ular variations, which is again attributed to the movement feature of the porous bed.
These variations are described as having a cyclic behaviour, causing the feedstock

to continually be consumed and generated.
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— H
50 - - CO
— CH

Composition (%)
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Time (s) «10%

Figure 5.10: Variation of the producer gas composition at the outlet with time, for
rubberwood

5.2.2 Model comparison

Initially, the producer gas composition generated from the model is compared with
a set of experimental [55] and corresponding model predictions ( [41] and [34])

under identical operating conditions of the biomass gasifier. It is important to
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distinguish the differences in the fundamentals of the Thermo-CFD model and the
model developed by [41]. The Thermo-CFD model accounts for a packed bed reactor
filled with porous biomass feedstock, whereas implement the continuous flow
assumption in their problem. As such, the predictions obtained from were not
used to validate the Thermo-CFD model, but rather as a means of comparison of

the end result.

70

T
I Jayah et al.
I Thermo-CFD model —
[ IKumar and Paul
I Revised Kumar and Paul ]
[ Salem and Paul
[ lbrahim et al.
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Figure 5.11: Comparison between predicted (Thermo-CFD model, Kumar and Paul

[41], Salem and Paul [34], and Ibrahim et al. [119]) and experimentally obtained
producer gas composition for rubberwood feedstock.

As per Fig. [5.10] the overall predicted producer gas composition compares rel-
atively well with experimental data and modelling results. It can be observed that
the Hy concentration deviates from the experimental result of , demonstrating
a lower yield than the comparisons. The remaining components compare well with
the predicted concentrations in the producer gas. The variations observed can be
attributed to the adoption of different modelling approaches. The Thermo-CFD

model utilises the porous media assumption to solve transport equations, while the
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model by incorporates the discrete phase model (DPM) using a Lagrangian
approach. Both models feature distinct formulations and divergent methods for
simulating process dynamics.

A detailed examination of the syngas composition reveals lower production of
Hy from the Thermo-CFD model compared to the kinetic model of Salem and Paul
and the equilibrium model of Ibrahim et al. [119]. Differences arises because
these models assume an equilibrium approach, whereas the Thermo-CFD model
relaxes this assumption. Equilibrium and kinetic models are not limited by transport
phenomena such as diffusion and mixing, whereas CFD models simulate detailed
fluid flow, heat and mass transfer, and reaction kinetics within the gasification unit.
Incomplete mixing, local temperature variations, and reaction zone spatial variation

leads to lower H, concentrations.

5.2.3 Flow distribution
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Figure 5.12: Flow distribution inside the biomass gasifier for rubberwood and ;,
= 0.5 m/s.
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Fig. shows the velocity distribution within the gasifier. As expected, the
velocity is the highest at the air inlet which is the point of injection. As the air
moves from the inlet towards the centre of the gasifier, its velocity decreases due to
biomass mixing coupled with the resistance imposed by the fuel bed. The velocity
drops in the oxidation zone due to the restricted flow through the dense char bed
and the presence of hot gases. The subsequent cooling of the air as it passes through
the oxidation zone and into the reduction zone results in the velocity increasing as

the air is being moved down, but also much lower than the velocity at the air inlets.

5.2.4 ER vs air velocity

0.7 T

= 600 K
w1000 K

0.3 B

0.2 B

0.1 I I I I I I I
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Air Velocity (m/s)

Figure 5.13: The influence of air velocity on the ER of the system, for rubberwood.

The utilisation of the porous media assumption makes it difficult to properly iden-
tify the ER in the system. However, from the mass balance of solid species, it can
be deduced that the biomass feed rate is proportionate to the rate of biomass con-
sumption (kg/s). Moreover, the Oy mass flowrate in the system can be obtained
from the following:

Mo, = Moy X Papparent X Uair X As (5.42)
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where 10, is the mass flowrate of the Oy in kg/s and mg, is the mass fraction of Os.
After determining mp, at the inlet and outlet, the Oy consumption is determined
via:

O consumption = inlet 7o, — outlet 1, . (5.43)

The Oy consumption when divided by the O, mass fraction in air (i.e. 23.3%)
gives the amount of equivalent air in the system. This value when further divided
by the rate of biomass consumption (kg/s) leads to the gasification air-fuel ratio
and subsequently via the combustion air-fuel ratio as per Eq. of Chapter ,
enables the prediction of the ER for a variety of u,;,. values.

Fig. [5.13] illustrates the impact of uu; on the ER at both 600 K and 1000 K.
It is evident that the relationship between ER and wu,, is directly proportional, as
anticipated. This is due to the fact that an increase in w4, results in greater oxygen
availability within the system, thereby leading to an increase in ER. According to
the model, a ugy;, lower than 0.2 m/s would result in the system extinguishing, as
the amount of air provided would be insufficient to sustain the necessary chemical
reactions and facilitate the advancement of the porous media’s reacting front. Con-
versely, a uq;, exceeding 1 m/s would compromise the quality of the producer gas,
as an excessive amount of air is introduced into the system. This would result in an
abundance of Ny at the gasifier outlet, occupying available space as an inert gas.

It is evident that the process yields a low quality syngas with an operating
temperature of 600 K, resulting in a large portion of the O, being left unreacted.
This is addressed by elevating the air inlet temperature, as detailed in section [5.2.8]
Consequently, the increased temperature promotes endothermic reactions of the
system, prompting the initiation of additional chemical reactions that were inactive

at 600 K to be active at an air inlet temperature of 1000 K.

5.2.5 Effect of air velocity

The air velocity, u.-, plays a significant role in influencing the performance of the
gasifier and ultimately the end product. wug;,. directly influences the value of the ER,

which is one of the main parameters affecting biomass gasification as mentioned in
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Chapters[3land [ In the Thermo-CFD model it influences producer gas composition,
the temperature of the system in both the gas and solid phases, and the tar and
char contents.

Fig. [5.14] shows the temperature profiles along the gasifier height halfway across
the configuration, for increasing u,;, values. The influence of u,;,. on the temperature
in the system is justifiable considering that in experimental DBGs, the temperature
in the system starts at around 400 K and reaches a peak at the oxidation zone. After
which, the temperature starts descending to reach a constant value at the reduction
zone. The temperature profiles show similar trends with that predicted by [41]
and that generated experimentally [71]. In commercial DBGs, the temperature
is relatively low in the drying zone, rising in the pyrolysis zone as the biomass
undergoes severe devolatilisation. In the oxidation zone, the temperature continues
increasing until it reaches a peak due to the triggering of char combustion and volatile
combustion reactions which are all exothermic. The temperature starts to descend
in the reduction zone as the O, starts diminishing and endothermic reactions are
triggered. The predicted temperature distribution along the gasifier is very different
to that predicted by the thermodynamic equilibrium model in Chapter [l In the
Thermo-CFD model, the temperature is predicted via solid and gas phase energy
transport equations and includes a radiation model to account for radiative heat
transfer. In the equilibrium model, the temperature is predicted uniformly via an
energy balance in an adiabatic system given a chemical composition of the feedstock
and a set of operating parameters and assumes no heat losses. This characterisation
of the temperature distribution along the gasifier height supports the reliability of

the model in predicting the temperature of the system with increasing ;.
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Figure 5.14: Gas phase temperature as a function of gasifier height for different
Uqir values for rubberwood, with 0 representing the top of the gasifier, and 0.95 the
bottom of the gasifier (gasifier outlet) - see Fig. |5.1

Fig. displays the average e distribution for different ;.. Beginning with
Fig. , Ugir = 0.2 m/s, it’s apparent that this low value, some unreacted
biomass remains at the centre of the unit. Additionally, the low u.;, leads to the
formation of a thin char bed at the end of the oxidation zone.

For ., = 0.5 m/s, see Fig. a gradual increase in char is observed and
the unreacted dry biomass is now entirely consumed by the reactions, leaving only
the replenished wet feedstock participating in chemical reactions.

Moving to g, = 0.8 m/s, shown in Fig. the char bed continues to ex-
pand, and the average € distribution illustrates how increased u,;. promotes chemical
reactions, particularly with regard to (R24)).

Finally, in Fig. [p.15(d)] the average e distribution for u,;, = 1 m/s demon-
strates the char bed expansion. This highlights the cyclic replenishment feature of
the model, where the char bed continuously collapses and regenerates, effectively

generating specific compositions of chemical species.
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Figure 5.15: Thermo-CFD predicted e distribution contours for (a) wa;,=0.2m/s,
(b) air=0.5m/s, (¢)uqir=0.8m/s, and (d) ug;,=1m/s, for rubberwood.
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Figure 5.16: Producer gas composition at the gasifier exit for increasing g, for
rubberwood.

Fig depicts reasonably well the effects of increasing the w4, on the compo-
sition of the primary components constituting the producer gas. As in the case of
the thermochemical equilibrium model developed in Chapter [d, an increase in g,
leads to the proportional increase in Ny concentration as more air is introduced into
the gasifier. CHy is typically produced in the lower temperature zones of the gasi-
fier, where partial combustion occurs. Higher u,;, can lead to higher temperatures
and more complete combustion, reducing the CH4 concentration in the producer
gas. Hy concentration is favoured at moderate temperatures and with sufficient res-
idence time. Increased u,;, can raise the temperature, leading to more complete
combustion of Hy and a reduction in its concentration. CO concentration decreases
as expected since it is mainly produced via partial oxidation of C. Increasing u;, will
enhance the availability of Oy in the gasifier, promoting more complete combustion
of C into COy rather than CO, thereby reducing the CO and increasing the CO,

concentrations.
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5.2.6 Gas species distribution

Fig. depicts the distribution of gas species representing the key components of
the producer gas for u,;, = 0.5 m/s. The contour plots showing the concentrations

of the producer gas, reveal important insights into the thermochemical processes

taking place inside the gasifier. Figs. [5.17(a)| and |5.17(b)| reveal that the genera-

tion of syngas predominantly occurs within the reduction zone. This zone is where
endothermic gasification reactions, specifically and , take place. Further-
more, Hy is formed from the decomposition of biomass during pyrolysis and CO
is also produced in the oxidation zone, where the partial combustion of C takes
place . These findings confirm the model’s predictive ability in representing the
typical behaviour of the syngas generated in a DBG.

Fig. represents the distribution of Ny within the gasifier. It shows that
Ny is mainly found in the oxidation zone, where the air inlet are situated. Being
an inert gas, No does not directly participate in the chemical reaction scheme, and
only fills up the spaces not occupied by other reactive gases. A higher ug;, could
potentially increase the amount of Ny present in the unit.

Fig. [5.17(d)| shows the distribution of CHy, which occurs during the later stages
of gasification, particularly in the tar cracking and reforming zones. CHy is not typ-
ically a major component of the gas produced in a DBG, as conditions are generally
unfavourable for its production. It can be seen that CH, is mainly found in the
pyrolysis zone, during the pyrolysis of the biomass feedstock and can also be formed
in the reduction zone via the methanation reactions - .

Lastly, Fig. depicts the distribution of COy within the unit. CO, is
mainly produced at the exit of the gasifier, during the reduction of the biomass, but
is also found in the pyrolysis zone. Efficient gasification processes aim to manage
and reduce the amount of CO, produced throughout the gasifier, while promoting
complete combustion and controlling gasification conditions to favour the production
of Hy and CO.

As it will become apparent in section [5.2.8] the gas species distributions demon-

strated in Fig. [5.17 represent an inefficient gasification process. From the distribu-
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Figure 5.17: Thermo-CFD model predicted producer gas composition distribution
for (a) Hy, (b) CO, (c) Ng, (d) CH4, and (e) COq, for rubberwood; s, = 0.5 m/s
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tion of gas species, it is evident that some O, escapes the porous media, avoiding

chemical reactions necessary for increasing the quality of the syngas.

5.2.7 Effect of moisture content

Table 5.7: Comparison of producer gas composition predicted by the Thermo-CFD
model for different feedstock MC.

| MC | 5% |18.5% |
| H, | 6.53 | 10.91 |
| CO |21.04| 2059 |
| CO, | 731 | 896 |
|
|

| CH, | 1.16 | 0.73
| Ny |61.96 | 58.79

Table. illustrates how MC impacts the composition of producer gas. This
comparison is consistent with that exhibited by the thermodynamic equilibrium
model - see Fig. 4.7]in section 4.2.2| of Chapter 4} The major influencing chemical
reaction when analysing different MC values inherent in biomass feedstock is the
water-gas shift reactions, . Biomass with a higher MC contains more inherent
water, highlighting the importance of . As the MC increases, the Hy con-
centration increases at the expense of CO. On the other hand, ensures that
CH, decreases with increasing MC. However, this might not always be the case if

incomplete gasification dominates due to lower temperatures.

5.2.8 Effect of inlet air temperature

Jayah et al. [55] state that in general, ambient air at 300 K is used for gasification.
However, Chen [154] concludes that a higher inlet air temperature (7,;.) improves
the conversion efficiency. The conversion efficiency of the process increases as Tg;,
increases due to hot air being introduced, providing additional enthalpy necessary
for chemical reactions to take place. This is especially true in the case of the Thermo-
CFD model, whereby increasing the temperature of the injected air will enhance the

ability of the system to convert biomass into useful gases, enhancing the gasification
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process. Using the Thermo-CFD model, it is evident that T, of 600 K results in Oq
by-passing the porous media reaction front, consequently prohibiting some chemical
reactions from occurring due to the presence of cold regions in the gasifier. This
causes some Oy to be present at the outlet of the gasifier. To increase the conversion

efficiency and enhance the gasification process, T,;, is increased from 600 K to 1000

K.
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Figure 5.18: Predicted Hy composition distribution for rubberwood for Thermo-
CFD model at Tp;=1000 K and u4;=0.2 m/s (left), and the prediction of Kumar
and Paul (right) [41].

Fig. [b.1§| illustrates the distribution of Hy composition throughout the entire
gasifier using the Thermo-CFD model for T,;. = 1000 K in comparison to the same
predicted by Kumar and Paul . In contrast to the prediction at 600 K, the H,
composition for the Thermo-CFD model, generated with T,;,. = 1000 K, exhibits
a more consistent distribution along the gasifier. The elevation in T,;. leads to a
more frequent production of Hy in the pyrolysis zone and a higher concentration
of Hy at the gasifier exit, achieving better agreement with the prediction obtained
by [41]. This is especially true because a higher T,; leads to accelerated pyrolysis
and decomposition of biomass and promotes and .
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A noteworthy observation is the similarity in the distribution patterns between
the two models, characterised by significant Hy production in the pyrolysis zone and
moderate production at the gasifier exit. Both the drying zone and air inlets remain

devoid of Hy in both model predictions, as expected.
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Figure 5.19: Predicted CO composition distribution for rubberwood for Thermo-
CFD model at Tp;;=1000 K and u4;,=0.2 m/s (left), and the prediction of Kumar
and Paul (right) [41].

Fig. displays the distribution of CO in the Thermo-CFD model at T,;,. =
1000 K and that predicted by Kumar and Paul . Clear disparities emerge in
the pyrolysis zone of the gasifier, where the prediction by shows a substantial
presence of CO, while that obtained from the Thermo-CFD model at 1000 K in-
dicates minimal CO production in the same zone, but better when compared with
the prediction obtained at 600 K. This improvement underscores the credibility of
the Thermo-CFD model in depicting a promising syngas composition when com-
pared with previous model predictions upon increasing the T,;.. Increasing the T,;,
promotes as it is highly endothermic and becomes favourable at higher tem-
peratures. As temperature increases, the equilibrium of shifts towards the
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production of CO, increasing CO concentration.
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Figure 5.20: Predicted Ny composition distribution for rubberwood for Thermo-
CFD model at T,;,=1000 K, uy;,=0.2 m/s (left), and the prediction of Kumar and
Paul (right) [41].

Regarding the Ny concentration distribution illustrated in Fig. [5.20] it is antici-
pated that a significant quantity of Ny will accumulate near the air inlet, as evident
by the two predictions. However, it is important to notice the differences between
the prediction of the Thermo-CFD model at 600 K and 1000 K. at 600 K, the Ny
was by-passing the reaction front and accumulating at the pyrolysis, oxidation, and
gasifier outlet. Upon increasing the temperature to 1000 K, N5 is no longer found
in abundance at the gasifier outlet.

Moving forward, Fig. [5.21| shows the CH, distribution predicted by the Thermo-
CFD model at T,; = 1000 K and that of Kumar and Paul [41]. Notably, CHy is
prominently generated in the pyrolysis zone, right above the air inlet. However, in
the case of the Thermo-CFD model at T,;, = 1000 K, CHy is absent at the gasifier
outlet. Instead, it is concentrated in the pyrolysis zone, forming a distinct strip

along the symmetry plane. This is in contrast to the prediction at 600 K, where
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the CH, was concentrated at the edge of the unit just below the air inlet and found
moderately at the gasifier exit. CH,4 requires elevated temperatures to break down
and the increased T,;. leads to enhanced steam methane reforming, producing H,

and CO. The prediction obtained by shows a heavy CH, concentration in the
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Figure 5.21: Predicted CH4 composition distribution for rubberwood for Thermo-
CFD model at Tp;=1000 K and u4;,=0.2 m/s (left), and the prediction of Kumar
and Paul (right) [41].

Finally, Fig. shows the distribution of COy predicted at 1000 K. The one
estimated by Kumar and Paul demonstrates an absence of COs in the drying and
pyrolysis zones, with a moderate production in the oxidation and reduction zones.
Likewise, the CO, distribution predicted by the Thermo-CFD model at T,;. = 1000
K resembles a similar distribution. Heavy production is observed in the oxidation
and reduction zones, with a minimal production in the pyrolysis zone. Increased
air temperature may result in more intense and complete combustion reactions,

promoting (R7)). This results in more COy being produced at the gasifier exit.
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Figure 5.22: Predicted COy composition distribution for rubberwood for Thermo-
CFD at T,;,=1000 K and u4;,;=0.2 m/s (left), and the prediction of Kumar and Paul

(right) [1).

Fig. shows how the syngas composition compares with the same predictions
as in Fig. , but including those estimated by the Thermo-CFD model at T,;. =
1000 K. A higher syngas composition is maintained at this temperature, with a lower
CH,4 and Ny concentrations. This proves that the Thermo-CFD model produces a

higher conversion efficiency when T,;, is increased.
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Figure 5.23: Comparison between predicted (Thermo-CFD model, Kumar and Paul
[41], Salem and Paul [34], Ibrahim et al. [119], and Thermo-CFD model (T,;. = 1000
K and uq;, = 0.2 m/s)) and experimentally obtained producer gas composition
for rubberwood.
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5.2.9 Effect of radiation
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Figure 5.24: Comparison of producer gas composition between predicted Thermo-
CFD model (T,; = 600 K and u,; = 0.5m/s) with and without radiative heat
transfer for rubberwood.

Fig. demonstrates the predicted producer gas composition comparison between
the Thermo-CFD model including and excluding radiative heat transfer model. In
the gasification system, heat is primarily transferred through convection and radia-
tion. Radiation improves the heat distribution, leading to more uniform temperature
profiles within the gasifier. This has a strong influence on thermal cracking of tars,
reducing their concentration in the producer gas and increasing the yield of lighter
gases like Hy and CO.
The pyrolysis, oxidation, and reduction gasification reactions are highly temperature-

dependent. With the inclusion of radiation, higher temperatures in critical zones

can accelerate endothermic reactions, such as (R3)), , and (R16|), shifting the

equilibrium of reactions towards the production of CO and H,, improving the overall

161



syngas quality.

5.2.10 Tar content

As mentioned in section Chapter [3] the management of tar is crucial in DBGs
as it can lead to issues such as equipment fouling, reduced efficiency, and a degra-
dation in syngas quality. In the Thermo-CFD model, tar is assumed to be in the
gaseous state and possess identical thermophysical properties to benzene, as in the
thermodynamic equilibrium model of Chapter [ In DBGs, tar primarily partici-

pates in the pyrolysis zone and the reduction zone of the unit.
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Figure 5.25: Tar molar composition generated with increasing u,; values at T,;,. of
600 K and 1000 K, using the Thermo-CFD model, for rubberwood

Fig. shows the tar concentration in vol% which is found in the producer
gas for increasing values of u,;, and at air inlet temperatures of 600 K and 1000

K. Higher u,;, means more O, is introduced into the oxidation zone of the gasifier,
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which enhances the rate of combustion and tar cracking reactions , leading to
higher temperatures. The increased temperatures favour the breakdown of complex
hydrocarbons such as tars into smaller molecules. As such, elevated temperatures
reduce overall tar yield by breaking down larger tar compounds, which is advanta-
geous for cleaner producer gas. Furthermore, higher u,;. can promote better mixing
and can extend the time biomass particles and intermediate products remain at high
temperatures. The prolonged exposure to high temperatures allows more time for
thermal cracking and reforming reactions, resulting in more complete breaking down
of tar components. The figure also shows the tar composition at T,;, = 1000 K where
the tar composition is significantly reduced at the examined u;,., proving the benefit
of elevated temperatures and its effect on reducing tar composition. The effect of
the tar cracking reaction is observed at T,;,. = 1000 K as the difference between the
tar composition at both temperatures is bigger for low ;.. This shows that at T,;,
= 1000 K, is more likely to occur, as the increased temperature accelerates the
reaction rate and makes it easier for tar molecules to break apart. It is important
to highlight that the tar composition behaviour as ug;, increases directly mirrors
the that estimated in the equilibrium model - see Fig. in section [4.1], Chapter
[l The increase in w4, promotes tar cracking reactions leading to a heavy decline
at the beginning, but starts to plateau at higher u,; due to combustion dominance
and diminished syngas quality. This justifies the tar empirical correlation generated

in the equilibrium model [155].

5.3 Summary

A 2D CFD model of a DBG with a specific focus on the porous media assumption
is developed. The model was developed using a newly established solver capable
of thermal and chemical conversion in porous media, integrated with pyrolysis and
heat transfer sub-models.

The Thermo-CFD model incorporates a moving porous media bed, where the
biomass feedstock is replenished from the top as it is consumed due to a comprehen-

sive chemical reaction scheme. It highlights the simultaneous occurrence of chemical
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reactions rather than a sequential output-input relationship between reacting zones.
The model estimates the producer gas composition and its distribution along the
geometry, temperature profiles in the solid and gas phases, and the effects of the
moving porous bed.

It is important to highlight that parameters such as T,;, and wu,; heavily in-
fluence the composition of the producer gas. Furthermore, radiative heat transfer
affects temperature distribution, which has an influence on syngas composition and

conversion efficiency.
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CHAPTER 6

Conclusions and Future Work

The main focus of this body of work is to provide comprehensive and reliable math-
ematical models aimed at better understanding the performance and predictive na-
ture of DBGs. Initially, a methodical examination was conducted on the funda-
mentals of biomass and the underlying principles governing the gasification proce-
dure, encompassing the diverse physical and thermochemical properties linked with
biomass, alongside the inherent physical and chemical occurrences and interactions
within a gasifier. Subsequently, a comprehensive examination of existing literature
was undertaken to grasp the characteristics, including the constraints and scope of
each modelling approach. The literature review also encompasses a detailed ap-
praisal of past modelling and experimental work performed in the field of biomass
gasification.

The above gave rise to two distinct and comprehensive mathematical models
capable of predicting the behaviour of downdraft biomass gasification systems. The
first model takes into account a thermochemical equilibrium approach, incorporating
a global gasification reaction that encompasses all gaseous species, as well as the tar
and char yields. The char yield is determined through the application of reaction
(R3)). Furthermore, the gasification temperature is computed by solving a fully
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coupled set of equations, and in improved convergence of the solver. To consider
tar production within the framework, a new exponential best-fit curve is created,
derived from previous experimental data concerning tar formation in downdraft
gasifiers. The resulting correlation is then employed to account for the molar tar
yield.

The predicted syngas composition, gasification temperature, as well as the pro-
jected tar and char yields, along with the concentrations of contamination gases,
exhibit a strong concurrence with values obtained through experimental means and
analysis of recent analogous gasification models.

From the results obtained from the proposed equilibrium model, the following

conclusions are drawn:

1. The concentrations of Hy and CO, increase with MC, while the CO concen-
tration decreases. The Ny concentration remains constant while the CH, con-

centration gradually increases with increasing MC of Chapter [4]

2. T increases with ER and decreases with MC for gasification reasons mentioned

n section 4.2.1.2

3. The tar yield decreases with increasing ER and MC due to a better quality

syngas.
4. Reaction is a reliable approach for predicting char yield.
5. The LHV and CGE decrease with an increase in ER and T'.

6. The concentration of NHj decreases with increasing ER values and increases
with increasing MV, while the concentration of HyS remains almost constant,

decreasing slightly with increasing ER and MC.

7. It is shown that equilibrium model are able to provide reliable predictions of

syngas composition.

The second model incorporates a comprehensive CFD framework through the
utilisation of a solver capable of thermal and chemical conversion in porous me-

dia, but has never before been tested on biomass gasifiers. A 2D model of a DBG
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is developed, which is integrated with a comprehensive pyrolysis sub-model. An
exhaustive chemical reaction scheme is incorporated, taking into consideration dry-
ing, pyrolysis, oxidation, and reduction reactions. The code incorporates a moving
porous bed, characterised by a replenishment feature that refills the gasifier with
fresh feedstock as it is being consumed. The chemical reactions occurring are not
restricted to specific zones of the gasifier and they occur simultaneously rather than
obeying an input-output relationship, resulting in a robust method of accounting
for both the gas and solid phase chemical reactions.

The resulting Thermo-CFD model has the capability to forecast the composition
of producer gas, tar and char yields, as well as distributions in both the gas and
solid phases and porosity. Additionally, it can predict the distributions of feedstock
and humidity while identifying regions where endothermic and exothermic chemi-
cal reactions occur. When the output is compared to experimental and previous
modelling results, it demonstrates favourable agreement with them.

From the results obtained using the Thermo-CFD model, the following conclu-

sions are drawn:

1. The producer gas composition reaches a maximum ratio at an optimum .,

and ER.

2. Ugir < 0.2 results in the chemical reactions dying out, while wuy; > 1 results
in excessive products of complete combustion being formed such as CO, and
H;0O at the expense of CO and H,, aligning with the conclusions of previous

studies.

3. The gas phase temperature follows a consistent pattern characteristic of down-
draft gasification systems, beginning with a low temperature in the drying
zone and gradually rising to reach a peak in the oxidation zone, followed by
a plateau in the reduction zone. It is clear that the gas phase temperature

exhibits an upward trend as u,;, increases.

4. gy is directly proportional with ER, exhibiting an increasing trend of ER as

Ugir INCTEASES.
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5. Ty = 600 K results in O, by-passing the reaction front, avoiding its partic-
ipation in chemical reactions. This leads to a reduction in the quality of the
syngas. To tackle this issue, T,;, is raised to 1000 K to improve the conversion
efficiency of the gasification process and enhance the quality of the resulting

syngas.

6. The movement of the porous media front exhibits distinct behaviour with
varying tgi,. A low w4, leads to minimal displacement of the porous media

front, while a high u,;, is associated with more pronounced movement.

7. The behaviour of the producer gas composition with respect to MC aligns with

that of the equilibrium model developed in Chapter
8. Tar cracking reactions involve elevated temperatures in order to occur.

9. It is concluded that the Thermo-CFD model is capable of demonstrating good
comparison of the producer gas composition with those of pertinent experi-

mental investigation and previous modelling predictions.

From the conclusions drawn, it is evident that both the equilibrium and CFD
models reported in this work are capable of delivering predictions that align with
each other, indicating their reliability in facilitating engineering simulations of gasi-
fication systems. Additionally, they underscore the models capacities in relation to

undertaking process design, evaluation, and optimisation of gasification technology.

6.1 Future work

Both models are ripe for further development. Concerning the equilibrium model

derived in Chapter [, it is important to consider the following recommendations:

1. Utilising different gasification agents, such as a combination of air and steam,
adjusting their proportions, and assessing their impact on the producer gas

composition.

2. Implementing additional species/chemical reactions to further improve the re-

liability of the model.
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3. As highlighted in section of Chapter [2, an intriguing approach involves
integrating the equilibrium model with a kinetic model. This should enhance
comprehension of the gasification process by incorporating reaction rates and

the kinetics of chemical reactions.
4. Explore avenues for tar cracking and cleaning to decrease the tar content.

5. Assess the economic feasibility of the biomass gasification process by consid-
ering factors such as capital and operating costs, energy efficiency, and the

potential for by-product utilisation.

Regarding the Thermo-CFD model developed in Chapter [3], it is crucial to take

into account the subsequent recommendations and areas for future investigation:

1. Explore the development of a mesh strategy to proficiently handle the varia-
tions outlined in section [5.2) of Chapter [f] arising from the dynamic nature of
the moving porous bed. This would aim to attain a state in which there is no

variations in gas composition over time.

2. Explore the implementation of different biomass feedstocks through the use
of the pyrolysis sub-model detailed in section of Chapter [l This will
increase the reliability of the Thermo-CFD model by assessing a wide range

of feedstock and assessing their impact on the gasification process.

3. Instead of assuming an initial pyrolysis temperature of 873 K, the temperature-
dependent pyrolysis sub-model proposed by Sharma [143] could be incorpo-
rated into the porousGasificationFoam solver. The aim would be to en-
compass a broad spectrum of pyrolytic product coefficients across different

pyrolytic temperatures.

4. Optimise the gasification process by pre-heating the solid walls of the config-
uration, leading to increased conversion efficiency and a higher tar cracking

ability and syngas ratio.
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APPENDIX A

Overview of OpenFOAM

OpenFOAM is an open-source Computational Fluid Dynamics (CFD) software known
as ”Open source Field Operation and Manipulation.” This powerful tool is built in
C++ and serves as a toolbox for crafting customized numerical solvers. It comes
equipped with pre- and post-processing utilities to tackle a wide array of continuum
mechanics problems, with a significant emphasis on CFD applications. OpenFOAM
finds widespread use in research organizations, academic institutions, and industries.

However, in the realm of biomass gasification, it hasn’t been as frequently em-
ployed. One key factor is that many users tend to gravitate toward the commercial
software package Ansys Fluent. This preference arises due to Fluent’s perceived
simplicity in handling fixed bed gasification problems.

Within OpenFOAM’s extensive library, you can discover numerous numerical
solvers designed to address specific problem scenarios. Nevertheless, users with a
solid foundation in the underlying methods, physics, and programming techniques
can craft their custom solvers and utilities by building upon existing ones. The
choice of which solver to use hinges on how closely the problem being modeled
aligns with the available solver options.

In the upcoming section, we will delve into the functionalities offered by Open-
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FOAM and provide guidance on pre-processing, running simulations, and post-
processing results for a standard test case problem. Typically, the steps involved in
a CFD procedure revolve around numerical algorithms capable of addressing fluid

flow challenges and encompass three main components |156]:

1. Pre-processing; whereby the definition of the geometry of the region of interest
is structured which is referred to as the computational domain. It includes also
grid generation, which is the sub-division of the flow region into a number of
smaller, non-overlapping sub-domains called a mesh (a grid of cells or control
volumes). This is extremely important since the solution of a flow problem is
defined at nodes or cell centres inside each cell, resulting in the accuracy of a
CFD solution depending heavily on the number of cells in the grid. Typically,
the larger the number of cells, the better the solution accuracy. Meshes with
optimal results are often non-uniform, with a finer mesh in areas where large
variations occur and coarser in regions with relatively minimal change, and will
be explained in heavier detail henceforth. Furthermore, pre-processing allows
for the definition of fluid properties and the specification of the appropriate
chemical and physical boundary conditions at cells which coincide with or

touch the domain boundary.

2. Solver; whereby the finite volume method will be implemented as it is central
to the most well-established CFD solvers a procedural outline will follow in a

sequence of steps mentioned previously.

3. Post-processing; whereby an analysis and visualisation are carried out on the
results obtained from the model. Typical elements of post-processing are:
definition of suitable cutting planes for visualisation, contour plots of proper-
ties/flow variables, vector plots, streamlines, line plots and balances. Several
post-processing tools exist including the commercial fluent built-in processing
tool, ensight and TecPlot, whereas open source tools include Paraview and

SALOME and OpenFOAM’s GNUPLOT option.

The basic directory structure for an OpenFOAM case, containing the minimum

set of files required to run an application is as such:
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e A constant directory; containing a full description of the case mesh and files

specifying physical properties for the intended application.

e A system directory; for setting parameters associated with the solution pro-
cedure. It contains a file responsible for setting run control parameters in-
cluding start/end time, time step and parameters for data output. fvSolution
and fvSchemes are also files in this directory, responsible for setting equation
solvers, tolerances and other algorithm controls and selecting discretisation

schemes used in the solution at run-time.

e The ’time’ directories; containing individual files of data for particular fields.
The data can either be initial values and boundary conditions that the user
must specify to define the problem, or results written to file by OpenFOAM.
The OpenFOAM fields must always be initialised, even when the solution does
not require it, as in steady state problems. Since simulations are normally
started from time ¢t = 0, the initial conditions are usually stored in a directory

named 0.

Meshes are an integral part of the numerical solution in OpenFOAM and must
assure certain criteria to ensure a valid and accurate solution. Meshes can be created
in OpenFOAM using a range of generating utilities including blockMesh; a utility
for generating simple meshes of blocks of hexahedral cells and snappyHexMesh;
a utility for generating complex meshes of hexahedral and split-hexahedral cells
automatically from triangulated surface geometries. Furthermore, there are options
available for conversion of a mesh, generated by third-party products into a format in
which OpenFOAM can read. In this thesis and for the models developed hereafter,
the blockMesh utility is used. blockMesh creates parametric meshes with grading
and curved edges. The mesh is generated from a dictionary file named blockMeshDict
located in the constant directory of the case. blockMesh reads this dictionary,
generates the mesh and writes out the mesh data to points, faces, cells and boundary
files in the same directory. The purpose of this utility is to decompose the domain
geometry into a set of 1 or more three-dimensional, hexahedral blocks, where edges
of the blocks can be either straight lines, arcs or splines. Each block of the geometry
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is defined by 8 vertices, one at each corner of a hexahedron.

A.1 porousGasificationFOAM

A.1.1 Solver - porousGasificationFoam

porousGasificationFoam is an OpenFOAM solver, capable of comprehensive sim-
ulation of thermochemical conversion processes in porous media. It is an extension
of the built-in solver reactingFoam and integrates gas flow through a porous media
with models of homogeneous and heterogeneous chemical reactions. As previously
detailed, the collection of solvers and libraries embedded in the standard Open-
FOAM distributions are capable of modelling pyrolysis using the fireFoam solver
and chemical reactions using the reactingFoam solver and even gasification in flu-
idised bed using the coalChemistryFoam solver, but none of them are appropriate
and usable in case of fixed-bed applications with heterogeneous reactions.

As such, porousGasificationFoam, along with its supported library porous-
GasificationMedia are developed to simulate an extensive range of processes and
applications related to heterogeneous reactions. Transient flow through and around
porous media, heat and mass transfer between gas and solid phases, modifiable
thermochemical properties in porous media and homogeneous and heterogeneous
reactions with enthalpies of reactions either defined directly or derived from the en-
thalpies of formation were implemented and integrated into the solver. The porous-
GasificationFoam solver solves coupled gas and solid phase conservation equations
- see section in Chapter [5] through the utilisation of the porous media assump-
tion. The porous media is defined by two fields: scalar porosity field (e, porosityF
in the code) and tensor viscous resistance field (D, Df in the code). The solver
allows for the complete gasification of the biomass porous media in some volume of
the computational domain, effectively changes from occupied by the biomass porous
media to occupied by the gas phase only as € reaches 1. The solution algorithm
for the gas phase equations is based on the algorithm used in the transient solver
reactingFoam, which is designed for reacting laminar or turbulent flows. The solid

phase equations are incorporated into the code to establish the porousGasifica-
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tionFoam solver, namely heterogeneous reaction model, porous media model and a
radiation model. The solver was developed by Zuk et al. |7| and their contributions

towards CFD modelling in this thesis has been extensively recognised.

MAIN

Loop PIMPLE
Loop

PISO
Loop

Figure A.1: Schematic showing the main loop of the porousGasificationFoam
solver featuring the PIMPLE algorithm. New additions in comparison to the re-
actingFoam solver are highlighted with bold font.

Fig. presents the procedure of iteratively solved equation algorithm in the
porousGasificationFoam solver. The steps for reactingFoam are presented in
regular font, while the bold font is used to highlight the elements of the solution
algorithm new in the porousGasificationFoam solver. The solution starts from
the initialisation of fields, physical models and variables, which are turbulence and
gas phase chemical reaction model prevalent in reactingFoam and heterogeneous
reaction model, porous media model, and radiation model that the new solver in-

troduces.
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The main computational loop begins with a block of calculations required to
evaluate the source terms for computing transport equations. This block involves
the calculation of the heat transfer due to radiation, source terms from heterogeneous
reactions, conservation of solid species, conservation of solid mass with the evolution
of porosity, conservation of solid energy, and the source terms from the gas phase
reactions.

Next, the main computational loop enters the PIMPLE (PISO-SIMPLE) loop,
used for computing the pressure-velocity coupling. The loop includes gas species
conservation equations and gas phase energy conservation equation. The PISO
pressure-velocity coupling involves solving the continuity and momentum equations.
It is corrected for the presence of the porous medium in accord with OpenFOAM
practice for the flow through the porous media (isotropic part of viscous resistance is
included implicitly and anisotropic explicitly in the velocity solution matrix). The
only difference is that the porous medium is contained inside the computational
domain and does not involve a separate domain on its own. Therefore, the addi-
tional resistance due to porosity is added only to the computational cells where the
porous medium is present. The gas-solid interaction in the solver can be switched
on or off in an appropriate control dictionary, in which case when switched off, the

reactingFoam solver functionality is retrieved [7].

A.1.2 Solver library - porousGasificationMedia

The library porousGasificationMedia that underlies the porousGasificationFoam

solver constitutes three separate parts:

1. porousReactingMedia: is the definition of a porous media and its mechanical

properties.

2. thermophysicalModels: is the definition of thermal, chemical, and radiation

properties of the solid phase.

3. heterogeneousPyrolysisModels: is assembling the previous two into the porous

media model.
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porousGasificationMedia

(new OpenFOAM library)
| porousRecatingMedia I I thermophyscialModels I | heterogeneousPyrolysisModel |
\ solid I I chemistryModel I IbasicSolidThermoI IsolidChemistryModelI I radiationModels

Figure A.2: Structure of the porousGasificationMedia library [7].

The structure is shown schematically in Fig. [A.2] The organisation of a case file
highlighting with bold borders the elements introduced from the porousGasifica-
tionFoam solver and those involving new elements in addition to the files present in
reactingFoam from the main OpenFOAM distribution are presented in Fig. [A.3l A
thorough analysis and discussion of the different fields containing initial and bound-
ary conditions for the gas and solid phases as well as the thermophysical models can

be found in [7].

case
|
0 I Ts I
p G SityF

| | I — |_—I Ysdefault I

| U Ydefault | | porosityFO H
—| Ys (eg. Ywood) I
| T Y(egNz) | I Dt I_ SNSRI EEEEEEEEEEEE
i anisotropyK E

| constant | -| system

—I solidThermophysicalProperties I —| controlDict

|

o |

I '_ —l chemistryProperties I —| fvSchemes |
g

—I radiationProperties I —| fvSolution |

l turbulenceProperties |—
—I pyrolysisProperties I — setFieldsDict
thermophysicalProperties l— """"""""""""""" ’

g S EEEEEEEESEEEEEEEEEEEEE, I hCatTraﬂSfCrPfOpCrliCS I
= specieTransferProperties =
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Figure A.3: Structure of the dictionaries and files in the computational case folder.
Inside the bold black frames are files modified or introduced (bold borders) with the
new solver, while dashing denotes files that are optional to specify [7].
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In the porousGasificationMedia library, the porousReactingMedia directory is
responsible for the implementation of the porosity model based on Darcy’s law,
highlighted and discussed in section [3.4.3, This model is introduced primarily by
two volume fields in the computational domain; volScalarField porosityF, which
denotes the void fraction € and volTensorField Df, which denotes linear viscous re-
sistance tensor D in Eq and can be arbitrarily defined in space. Additionally
there is the thermophysicalModels directory that contains the various submodels
interacting with the porous media such as numerical procedures and interfaces to
the OpenFOAM routines necessary for solving Ordinary Differential Equations and
radiational models containing procedures to calculate source terms for the radia-
tive heat transfer. Finally, the directory pyrolysisModels creates and manages all
necessary fields for the modelling of the solid phase and schedules calculations of
conservation equations for the solid phase, which will be detailed later on in section
5.1l it computes solid species evolution Eq. , mass conservation of the solid
phase Eq. , and energy conservation of the solid phase Eq. .
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APPENDIX B

Test case simulations

Following the development of the equilibrium model, test case simulations were con-
ducted using OpenFOAM to become familiar with the software. A sudden expansion
test case simulation was created, and its results were compared with experimental
data. The primary objectives of this simulation were to gain a deeper understanding
of OpenFOAM’s functionalities, learn how to set up and run cases, construct geo-
metric meshes, and appropriately refine them. Additionally, the simulation aimed
to develop proficiency in post-processing the results for further analysis and inter-

pretation.

B.1 Abrupt sudden expansion

A model for a turbulent flow through a plane sudden expansion of expansion ratio
R = D/d = 4 and aspect ratio A = w/h = 5.33 was developed and its results
compared with that of an experimental investigation by Escudier et al. [157]. One
of the main objectives of the experimental study was to investigate the assumption
that nominally two-dimensional sudden expansions produce two-dimensional flows.

The model is capable of implementing different turbulence models such as k — € and
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Figure B.1: Mesh of the sudden expansion geometry generated with blockMesh.

k — w and will analyse the flows under these varying conditions. Fig. shows
the geometrical mesh of the plane sudden expansion, generated with blockMesh and
refined accordingly on the walls of the pipe and at the point of sudden expansion.
The dimensions of the geometry, including all operating conditions such as inlet
velocity, type of fluid (water) and Reynolds number were all taken from [157] in
order to accurately validate their experimental results.

The Reynolds number was calculated to be 55,500 based on a mean bulk velocity
Up = 5.57m/s, and a duct height immediately upstream of the expansion, d =
10mm. Fig. |B.2| shows the axial velocity contour of the simulation, proving the
reported discussions of previous experimental studies that the flow downstream of
the expansion is found to be asymmetric about the XZ centre plane.

Fig. shows the velocity vector plots of the simulation, evidently establishing
two recirculation zones, one in the upper region and the other in the lower region.
This behaviour was also observed by [157], where the maximum axial turbulence
intensity occurred in the upper recirculation region with values as high as 26% of
the bulk velocity at the inlet, while the lower region exhibited values close to 20%.
This is also validated in the model as the upper region is much bigger and more
intense than the lower one.

In order to compare the results of the model with the experimental data of

|157], profiles of mean axial velocities across the expansion must be generated. As
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Figure B.2: Axial velocity contour for the plane sudden expansion.

—-1.6e+00

Figure B.3: Velocity vectors of the plane sudden expansion.
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Figure B.4: Mean axial velocity comparison between model predictions and experi-
ment for (a) 10 mm, (b) 20 mm, (c¢) 30 mm, (d) 40 mm, (e) 50 mm, and (f) 60 mm

from the expansion.
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Figure B.5: Mean axial velocity comparison between model predictions and exper-
iment for (a) 70 mm, (b) 100 mm, (c) 120 mm, (d) 150 mm, (e) 180 mm, and (f)

210 mm from the expansion.
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such, distributions of mean axial velocity were obtained at 12 axial locations (10
mm, 20 mm, 30 mm, 40 mm, 50 mm, 60 mm, 70 mm, 100 mm, 120 mm, 150
mm, 180 mm and 210 mm) from the expansion. Figs. and show the
comparisons, demonstrating the agreement of the model results with experimental
data. An agreement can be reached that the flow is symmetrical at and close to the
expansion, becoming asymmetrical the more the flow moves away from the expansion
with unequal recirculation regions at the top and bottom walls in accordance with

previous studies - see [157,/158].

B.2 Porous medium flow in a cylindrical gasifier

After conducting test case simulations to achieve familiarisation with the Open-
FOAM software, the intricate chemical reaction scheme of the Thermo-CFD model
was constructed, including the solid and gas phase reactions - see section Chap-
ter pl It was essential that the chemical reaction scheme be tested in a simplified
geometry and mesh to establish a propagating front. This procedure was significant
in confirming that the chemical reaction scheme will not extinguish the porous bed.

The geometry and mesh for this study was taken from Zuk et al. [7]. The height
of the slice (Rpottom, Ptop = 16 cm). The boundary conditions for the system are

taken:
1. Rubberwood is selected as the feedstock for the case

2. The gasifier outlet enforces a pressure outlet boundary condition, maintaining
atmospheric pressure at the outlet of the gasifier, while the walls apply a zero

gradient boundary condition for the pressure field.

3. The initial € of the wood feedstock was assumed to be equivalent to that of

biomass char (i.e. € = 0.4) as in the Thermo-CFD model.

4. Gas and solid phase temperatures: The porous bed is ignited at 1200 K, while
the initial temperature of the air is taken at 300 K. The temperature of the
occupying gas is kept at 400 K.
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5. The thermophysical properties of the wood and char were taken to be the same

as the case in the Thermo-CFD model.

6. The ugy;, entering from the bottom of the unit is taken to be 0.2 m/s, which is

the minimum u,;,- used in the Thermo-CFD model.

Only the porosity and temperature profiles were studied in this test case simulation.

OUTLET

2= how - - S

Z:htop - -

Z = hypottoni -
z=20

Figure B.6: Schematic of the system.

Fig. [B.7illustrates the distribution of porosity at the initial stage and subsequent
stages of propagation. As depicted in Fig. , the porosity field constitutes a
distinct segment of the cylindrical unit, with an initial value of ¢ = 0.33. Subse-
quently, as illustrated in Fig. [B.7(b)|, it becomes apparent that over time, ¢ begins
to escalate from the ignition point, indicating the progression of the chemical reac-

tion mechanism. The observed rise in € from 0.33 to approximately 0.8 signifies the
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(a) (b)

Figure B.7: The porosity distribution in a cylindrical gasifier for (a) the initial
condition and (b) post-propagation.

conversion of solid biomass into gas.

Fig. B.§ portrays the distribution of solid temperature both at the initial stage
(Fig. and subsequent stages after the establishment of the propagating
front (Fig. . It is evident that, with the passage of time, a self-sustaining
traveling front emerges, as indicated by the escalation in solid temperature from
the initial ignition temperature of 1200 K to approximately 2400 K. This rise in
temperature signifies the development of a sustained thermal reaction within the
system, ultimately contributing to the propagation and progression of the reaction
front. The observed increase in temperature highlights the progression of the thermal
conversion process within the cylindrical unit, pointing towards the generation of

significant heat and energy as a result of the ongoing reaction.
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Figure B.8: The solid temperature distribution in a cylindrical gasifier for (a) the
initial condition and (b) post-propagation.
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Figure B.9: Gas phase temperature showing a propagating front with increasing
time along the height of the unit. 900



Figure[B.9 demonstrates the successful formation of a propagating front using the
developed chemical reaction scheme. As time progresses, the gas-phase temperature
increases, leading to the propagation of the reaction front. This behaviour aligns

with the trends observed in Figure [B.§
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APPENDIX C

Porosity values sample calculation

Starting from Eq.(5.26]), mj can be expressed using the following:
m; =V’ X pp. (C.0.1)

The calculation of the porosity proceeds as follows:

e Drying zone: 81.5% dry rubberwood and 18.5% MC, therefore;

81.5
0 bherwood = o0 Meetal - (C.0.2)
18.5
mye = oo Motal - (C.0.3)
where, mf 1crwooq: Miic, are the masses of rubberwood and MC in the solid

matrix respectively, and my., the total mass occupying the solid matrix.

Starting from an initial porosity € = 0.4, the fraction of the volume occupied

by the solid matrix will be 1 — € therefore, the calculation will proceed:

miubberwood = (1 - 6) x 1050 = 630 kg . (004)
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Substituting the value of m? ;. wooq 1160 Eq. (C.0.2)):

81.5

630 = —~ Motal

100

Myt = 773.0061 kg .

Substituting the value of myy,; into Eq.(C.0.3)):

. 185
e = 700

x 773.0061 = 143.0061 kg .

Therefore, the volume occupied by the solid matrix is:

630

143.0061

s __ S S .
Vk — Vrubberwood + VMC -

1050

and consequently:

e=1-0.7434 = 0.2566 .

997

= 0.7434

(C.0.5)

(C.0.6)

(C.0.7)

(C.0.8)

(C.0.9)

e Pyrolysis and oxidation zones: follows the same calculation for 95% rubber-

wood and 5% moisture, and 100% char for the char bed.
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