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Abstract

The need for advanced biofuels produced from sustainable sources is stressed, both on
national and international level due to a global agreement to limit the Earth’s global
warming. The major goals in the Norwegian agreement on climate policy are to become
climate neutral by 2030 and to become a net-zero emission society by 2050. One of the
priority areas for action is to reduce the sources of greenhouse gases by speeding up
the introduction of low-emission alternative transport fuels, such as liquid transport

biofuels.

A well-known process for converting biomass resources into liquid transport biofuels
involves gasification, a thermochemical process that converts the biomass into a
gaseous mixture of syngas in the presence of heat and a gasifying agent. The syngas
consists of mainly hydrogen (Hz) and carbon monoxide (CO), and can be further
processed into biofuels. Among the different technologies applied for biomass
gasification, fluidized beds have industrial advantages due to the ability to process a
wide range of biomass under controlled operating conditions. The fluidized bed gasifiers
also offer several other advantages, including good mixing, high heat and mass transfer
and high productivity at a relatively low process temperature. However, processing
biomass-derived fuels in fluidized beds suffers from ash related problems. The major
challenge is associated with molten biomass ash and the formation of agglomerates that
cause fluid dynamic disturbances in the bed. If not counteracted, the bed disturbances
lead to operational problems that might result in decreased efficiency, high
maintenance costs and unscheduled shutdowns. Bed agglomeration and de-fluidization
are closely linked to the ash melting behaviour, and has been reported as one of the
problematic issue prohibiting an economical and trouble-free operation. Hence, the key
to unlocking fluidized bed biomass gasification as a viable route for biofuels production

is by solving the challenges related to the ash.

This PhD thesis addresses the key issues related to bed agglomeration and de-
fluidization in fluidized bed gasifiers. Experimental work and computational modelling

were combined in order to achieve a fundamental understanding, and insight into the
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underlying mechanisms of the ash melting behavior and the bed agglomeration
processes. The main objective was to develop effective and accurate methods and
models to be used in prediction of the agglomeration tendency of different types of
biomass during gasification in fluidized beds. The overall approach was divided into
three sections: (i) CPFD simulations combined with fluidization and gasification
experiments to gain necessary knowledge on the fluidization characteristics, (ii)
fluidization experiments to generate new sets of data that could form the basis for (iii)
a mathematical model for prediction of the critical amount of accumulated ash/bed
material in the gasifier. The experiments were carried out in three different fluidized
bed systems: (i) a cold flow model, (ii) a 20 kW laboratory scale model, and (iii) a micro-
scale model. The commercial CPFD software package Barracuda Virtual Reactor was
used for the computational part. The investigated biomass samples were grass, wood,

straw and bark.

The results point out that the operating temperature and the composition of the major
ash forming, in particular Si, K and Ca, are significant factors leading to ash melting
problems in fluidized bed processes. Additionally, the findings show that the ratios
between the major ash forming elements, K, Si and Ca, in the biomass play an important
role in the agglomeration process, and that different combination of those elements are
especially problematic when processing biomass fuels in fluidized bed systems. The
results also indicate that bark tended to have the highest tolerance limit of accumulated
ash in the bed for all the investigated temperatures. For example, the ash/bed material
was measured to 7% by weight at 900°C, compared to grass (3%), straw (1%) and wood

(1%).

A multiple regression was calculated to predict the mass ratio of accumulated ash/bed
material based on the operation temperature (T) and the mass ratios of (Si/K) and
(K/Ca). The final model expresses the amount of accumulated ash/bed material at the

onset of bed agglomeration and de-fluidization:

Accumulated ash/bed material (wt %) = 17.06 — 0.02-T + 4.04-(Si/K) + 1.05:(K/Ca)

\
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The overall regression was statistically significant (R? = 0.81, F (3, 30) = 38, p<0.0001).

Key words: Biomass gasification, Fluidized beds, Bed agglomeration, De-fluidization.
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1 Introduction

This chapter sets the overall background and the objectives of the PhD work.

1.1 Background

Climate changes are the most pressing environmental challenge the world faces today,
and there is an urgent need to promote the use of renewable energy sources in order
to ensure a sustainable future [1, 2]. The industrial revolution, along with the economic
growth and the rising global population that have taken place in the past few centuries,
have driven the energy demand upwards [3]. The increasing energy requirements
needed to meet the modern way of life have resulted in a rapid increase in the global
greenhouse gas (GHG) emissions. Consequently, the Earth’s average surface
temperature has experienced a sharp rise that causes a set of worrying changes to the
Earth’s climate [1]. The average surface temperature rose with roughly 1°C during the
period from 1880 to 2020, and of this 0.7°C from 1980 to 2020. Thus, two-third of the
global warming occurred in the last 40 years, meaning that the rate of temperature
increase has nearly quintupled during these years. Without mitigating policies, the
global average temperature is predicted to rise by 2°C - 6°C compared to pre-industrial
levels by the end of 21% century [4]. Figure 1-1 shows the deviation in the Earth’s
average surface temperature in the period from 1880 to 2020. The temperature

anomalies are calculated based on the average temperatures from 1951 to 1980 [4].
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Figure 1-1. Global land-ocean temperature index [4].
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The world emits around 50 billion tonnes CO; equivalents of GHG every year [5]. CO;
comprises for 76% of the global GHG emissions, methane, nitrous oxides and
hydrofluorocarbons contributes to 16%, 6% and 2%, respectively [6]. The primary
emission source is the conversion of energy, which make up nearly three-quarters of the
annual global GHG emissions. Within the energy sector, heat and electricity represents
about 31% of the 2016 global GHG emissions, followed by the transport sector that
stands for 16% [5]. Figure 1-2 shows the breakdown of global greenhouse gas emissions

by sector in 2016.

Agriculture, Forestry
and Land Use
18.4

Electricity & heat
31.5%

Figure 1-2. Global manmade Greenhouse Gas Emissions by sector in 2016. Based on data from [5].

Fighting the climate changes requires global action, and the importance of gathering
global consensus and cooperation to tackle the ongoing crisis is essential. National and
international climate policy guidelines include a global strategy to prevent the man-
made climate changes by reducing the emissions and stabilizing the levels of GHG in the
atmosphere. The global climate change mitigation is governed by commitments through
the Paris Agreement, which aims to limit the average global surface temperature rise to
well below 2°C above the pre-industrial levels by the end of the 215 century. In the long

term, the goal is even further below 1.5°C [7, 8].

Although the climate change is a global issue, each country must play its part by drawing
up comprehensive national climate action plans. Norway aims to be a driving force in
the international climate work. The Norwegian government’s goal is for Norway to

become climate-neutral by 2030, and a low-emission society by 2050. One of the priority

4
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areas for actions is to reduce the emissions from the transport sector. The transport
sector stands for 19% of the annual GHG emission in Norway, where the road transport
is by far the biggest emitter accounting for more than 12% of the GHG emissions in 2016
[5]. One strategy is to reduce the sources of these gases by speeding up the introduction

of low-emission alternative transport fuels, such as liquid transport biofuels [7, 9].

Liquid transport fuels are currently mainly produced from fossil fuels, which are non-
renewable resources such as petroleum, natural gas and coal [2, 10]. The challenges
with fossil fuels are, not only that the use of fossil fuels emits substantial amounts of
GHG, but the stocks are finite and the availability of these resources is limited. The
massive expansion in the transport sectors worldwide, and the rising fear over the effect
of climate changes, have brought to life the search for a climate-friendly alternative to
fossil fuels [11]. Biomass has become one of the key resources to reduce the
dependence on fossil fuels in the transport sector, and at the same time provide energy
in a more sustainable and climate-neutral manner [12]. Biomass refers to a broad variety
of feedstock including harvested wood, forestry residues, energy crops, agricultural
crops and residues as well as urban waste from commercial industry [13]. Unlike
underground fossil reserves, biomass is abundantly available. It is considered a
renewable energy source based on the concept that the plant material used can be
replaced through re-growth. Biomass energy does not generate any net additional CO;
into the atmosphere since the CO; emitted is already part of the biogenic carbon cycle.

Thereby biomass offer immediate reductions in the greenhouse gas emission.

New and efficient technologies that make it possible to produce transport fuels from
renewable sources, such as biomass, have lately become more popular. Fluidized bed
gasification is a promising energy conversion technology, which converts the biomass
into a high-quality syngas in presence of heat and a gasifying agent [14]. The syngas
consists of mainly H; and CO, and can be processed into any gaseous and liquid transport
fuels, as well as several other convenient chemical products [15]. However, processing
biomass in fluidized bed is challenging due to the complex high-temperature chemistry

of the biomass ash. The fluidized beds suffer from operational problems due to molten

w
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biomass ash that interacts with the bed material. The key to unlocking gasification as a
viable route for biomass to transport biofuels is therefore by solving the ash related

problems.

This PhD-work is part of project 280892 FLASH (Prediction of FLow behaviour of ASH
mixtures for transport biofuels in the circular economy). The research is funded by the
Research Council of Norway, program for Energy Research (EnergiX). The main objective
of the FLASH-project is to accelerate the implementation of biomass to biofuels via
gasification. The strategy is to mitigate the ash-related challenges, which still are the
main barrier for a commercial breakthrough of thermo-chemical conversion of biomass.
An important aspect is to discover the underlying ash mechanisms (ash behaviour and
ash chemistry) that currently separates the two dominating gasification technologies
(entrained flow and fluidized beds). The FLASH-project is divided into three work
packages, WP1, WP2 and WP3, where this PhD-work is part of WP3. The main objective
of WP1 is to increase the fundamental understanding of ash properties and ash
behaviour in thermal systems, and particularly thermal systems under reducing
conditions. The work package covers measured ash melting behaviour in correlation
with ash viscosity, compared with calculated thermodynamic predictions of ash
behaviour and viscosity (for ash speciation and phase distribution). WP2 proposes the
development of methods and models for predicting ash behaviour through
experimental investigation of ash viscosity. The viscosity data obtained are
implemented to suggest and develop new methods for ash viscosity measurement.
WP3 defines and tests strategies to mitigate ash-related challenges based on theoretical
and experimental studies of ash melt in bubbling fluidized bed reactors. The FLASH-
project group consists of partners from the University of South-Eastern Norway, SINTEF
Energy Research, University of Natural Resources and Life Sciences, Austria and Aalto

University, Finland.

1.2 Objectives

To improve the efficiency of biomass gasifiers, it is necessary to get a better knowledge

of the ash properties and ash behaviour in the reactors. This PhD-work aims to increase

6
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the fundamental understanding of how the biomass ash characteristics influence on the
bed agglomeration in fluidized bed systems. The flow behaviour was investigated at
different bed conditions to mitigate the operational challenges caused by bed

agglomeration. The main objectives of this research work were to:

1. Find a clear relationship between the biomass ash composition, high operating
temperatures and bed agglomeration and de-fluidization during gasification in
fluidized bed systems.

2. Develop methods and models to predict the agglomeration tendency for
different biomass fuels based on experimental studies of the flow behaviour in

fluidized beds.

1.3 Scope

The scope of this study is limited to investigation of biomass available in Norway. Other
limitations are the selection bed material, particle size and fluidizing agent. In order to
achieve the defined objectives, this work was planned with a combination of the

following experimental and modelling studies:

Experiments using a cold flow model of a bubbling fluidized bed to study the

fluidization characteristics under different flow conditions.

o Experiments in a bubbling fluidized bed gasifier to study the fluidization
characteristics and the onset of bed agglomeration under different hot flow
conditions.

o CPFD simulations to fully understand the relationship between the flow
behaviour and the agglomerated bed conditions.

o Experimentsin a micro-scaled model of a bubbling fluidized bed to study the de-
fluidized conditions and the agglomeration tendency for different biomass
ashes.

o Measurements of the critical amount of ash in the bed at different gasification
temperatures to develop a mathematical model for prediction of the onset of

de-fluidization.

~
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1.4 Main contribution

This work contributes to the field of biomass-to-liquid transport fuels and is related to
the operational challenges with ash melting in fluidized beds. Based on this research, a
more efficient and economical utilization of biomass can be obtained by adjusting the

operational conditions.

The critical amount of ash in the bed has been studied both in laboratory scaled
gasification experiments and in micro-scaled measurements. The experimental results
generated new data and formed a good basis for development of a mathematical
regression model. The model is capable of early detection of the formation of
agglomerates and de-fluidized bed conditions during biomass gasification in bubbling
fluidized bed. The developed method and model are new scientific tools that can be
used to determine critical amount of ash analytically, and thus providing the necessary

tools to accomplish a larger utilization of biomass in the future.

1.5 Outline

Including the introduction chapter, the thesis is divided into five chapters.

Chapter 2: Literature study

This chapter highlights the need for expanded research in advanced biofuel production
within the framework of a global transition to a net-zero emission transport sector. It
provides an insight into biomass gasification with particular focus on the fluidized bed
technology. A general introduction to fluidization is given, briefly explaining the
fundamental parameters that play an important role in the fluidization behaviour in the
fluidized beds. The minimum fluidization velocity is discussed based on the Ergun
equation. Furthermore, this chapter describes the bed agglomeration phenomenon
during biomass gasification in fluidized beds. The biomass ash characteristics and the
major ash forming elements that accelerate the agglomeration process in fluidized bed

systems are described in more detail. The last section of this chapter shortly reviews the

(o]
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current status of available knowledge and the research studies of bed agglomeration

due to ash melting.

Chapter 3: Materials and methods

This chapter presents the research methodology adopted in this work, including the
experimental setups and analytical methods used to collect necessary data for the study
of bed agglomeration in fluidized beds. The experimental results are used as input for
CPFD simulations of flow behaviour in agglomerated fluidized beds and form the basis

for a predictive mathematical model of the agglomeration phenomena.

Chapter 4: Summary of papers

This chapter presents a summary each of the scientific papers published through the

present study. Additionally, some non-published results are presented.

Chapter 5: Discussion of results

This chapter discusses the main findings and results from this study.

Chapter 6: Conclusion and suggestions for further work

This chapter draw the conclusions from the present study and presents suggestions for

future work.

o
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2 Literature study

This chapter covers the most important theoretical topics that are relevant for this PhD-
work. First, a brief overview of the current state of the global investment in advanced
biofuels is provided. The role of biomass in a sustainable future is highlighted, followed
by a short description of biomass gasification, with a major focus on bubbling fluidized
bed systems. This chapter also looks into the basic fluidization theory necessary to
follow this work. Finally, the chapter reviews literature, including important surveys and
findings regarding the operational challenges related to the behaviour of the biomass

ash at high temperatures.

2.1 Biomass-to-liquid transport fuels

In the light of the irreversible climate crisis, national and sectoral climate action plans
have been derived from the 2015 Paris Agreement [8]. The Paris Agreement sets
ambitious standards, requiring the signatory countries to take action in the fight against
the climate changes, and underlines the need for a long-term strategy to achieve net-
zero emissions. Among the action priorities are the development and rapid deployment
of renewable energy technologies, specifically in the fossil fuel-dominated transport
sector [8, 16]. The transport sector was the energy sector with the lowest share of
renewable energy in 2016 [16], and is the only one in which the GHG emissions still are
steadily rising [2]. There is an international scientific agreement that a shift from fossil-
based fuels to electric vehicles and liquid and gaseous transport biofuels is crucial for
achieving long-term net-zero emissions in the transport sector [2, 17, 18]. The
electrification of light-duty vehicles such as cars and SUVs is growing, and has already
started to transform the transport industry. However, some of the transport areas such
as aviation, maritime/shipping, heavy goods vehicles and long-distance transport are
dependent on high energy-density fuels and meet difficulties in converting to electrified
solutions [2, 16-18]. Therefore, biomass-to-liquid transport fuel technologies have
emerged as viable options for a more environmental friendly and clean energy
transformation, which can contribute to immediate reduction in the GHG emission from

the transport sector [11, 16, 17]. The biomass-to-liquid transport fuels are applied to
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fuels produced through a two-step thermochemical process. The first step is production
of a high-quality syngas via biomass gasification, and the second step is typically a Fisher-

Tropsch catalytic synthesis of the syngas into liquid biofuels [1, 19, 20].

Liquid biofuels are generally grouped into conventional biofuels (1%t generation biofuels)
and advanced biofuels (2"¥ and 3™ generation biofuels), depending on the origin of the
biomass used [21]. The 1%t generation biofuels are produced from crops that traditionally
are used for food or animal feed production, such as vegetable oils, sugar and starch.
Both 2" and 3™ generation biofuels use advanced conversion technologies to produce
biofuels from crops that do not directly compete with the food and animal feed. The 2™
generation biofuels take advantage of residues and wastes from forestry, agricultural
and industry sectors, or energy crops grown using less productive and degraded land.
The 3" generation biofuels are algae-based biofuels derived from specially engineered
energy crops [11, 17, 18]. Table 2-1 describes the biomass resources and the wide range

of biomass sources that are available for advanced biofuel production.

Table 2-1. Classification of biomass resources for advanced biofuel production. Based on [22].
Biomass resource Biomass source

Forestry waste and | Biomass wood from industry:

residues Waste from sawmills and timber mills, e.g. sawdust and bark.

Forestry residues:

Logs, branches, leaves, needles and bark

Agricultural waste | Residues and waste from agricultural harvesting and processing:

and residues Straws from cereals and pulses, seed coats, crop wastes like sugarcane,
trash, rice husk, coconut shells etc.

Energy crops High yield crops and plants that are exclusively grown for energy conversion:

E.g., Rapeseed, Poplar and Red canary grass.

Algae.
Industrial waste | Waste from industry:
and residues Wastes from paper mills, pulp wastes from food processing units, textile

fibre waste, food industry waste.

Municipal solid waste.

The liquid transport fuel industries around the world have found a growing interest in

biomass utilization. A contributing factor to the growing attention is that most industrial
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fossil fuel-fired gasifiers can easily process biomass in already existing infrastructures
and facilities, without the need for costly modifications. However, the chemical
properties of biomass differ significantly from fossil fuels, making it difficult to replace
the fossil fuels in large-scale gasifiers without changing the operational conditions [1,
11, 12, 15, 23, 24]. One shortcoming with biomass is a modest reduction in the thermal
efficiency of the gasifiers. Compared to fossil fuels, biomass has much higher ratios of
0/C and H/C. Woody biomass typically contains around 50% C and 45% O by weight,
while coal contains 70-95 wt % C and 5-20 wt % O depending on the coal rank [12]. The
biomass is also characterized with relatively high moisture content as well as high
fraction of volatile matters, and thus lower heating values than fossil fuels [22]. Another
drawback with biomass is the operational challenges due to large variations in the ash
characterization within the biomass sources. For example, the straw ash is typically rich
in Kand Si while woody ash has high Ca content. The composition of ash from fossil fuels
varies within a broad range, but generally are the fossil fuel ashes characterized with
high content of Si as well as high amount of impurities like nitrogen (N) and sulphur (S)
[12]. The ash content of average biomass is lower than that of average coal. For example,
coal will typically contain from 9-11% ash by weight while the ash content in woody
biomass often is below 1 wt % [22]. However, some biomasses can have ash content up
to 20 wt %, e.g. Straw-rice and Husk-rice [12]. Despite the relatively low ash content,
the biomass ashes are generally more troublesome than ash from fossil fuels, especially
those originating from biomass containing both alkali metals and Si. At high process
temperatures, these types of biomass are more chemically reactive and particular
susceptible to operational ash related problems that often lead to unscheduled plant-
shutdowns [12]. In Table 2-2, the variations in the characteristics of average fossil fuel
(Bituminous coal) and average biomass (forestry and agricultural residues) are

presented.
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Table 2-2. Variations in chemical properties of average fossil fuels and average biomass. Based on data
compiled from multiple sources [12, 22, 25].

Proximate analyses (wt %) Ultimate analyses (wt %) Ash components (wt %)
Moisture  Volatiles Ash HHV ' H C O N S a Si Ca K
Coal

Minimum 6 5 9 26 3 75 2 - - - - 4 -
Maximum 10 40 11 30 5 90 12 <15 <3 <01 <3 12 <0.03
Biomass
Minimum 25 70 05 17 5 45 35 - - - - -
Maximum 60 85 7 20 7 55 45 <02 <02 <1 <15 <15 <2

The potential for biomass-to-liquid transport fuels in a climate neutral future is
promising. With the transport sector continuously growing, energy experts predict that
the worldwide transport fuels demand will continue to rise [26]. This means that the
current actions for limiting the climate impacts from the different transport areas are
not sufficient. In order to achieve the global climate goals [8], the liquid transport fuel
industries are pressed to step up their share of renewable solutions by phasing out fossil
fuels already within the next decade [16]. This requires rapid and concerted actions that
suggest strong growth in the use of alternative domestic sources of biomass [16].
European countries have committed themselves to follow the 2030 Climate target plan
set by EU, which aims to ensure that all energy conversion from biomass has to be
sustainable and that the environmental impacts should be minimized. European
governments have implemented energy policies to ensure that biofuels are in line with
the sustainability criteria of the 2018 EU Renewable Energy Directive (REDII) regulations
[16]. The REDII also contains restrictions on the use of conventional biofuels, where the
long-term vision is to completely phase out biofuels produced from 1t generation
biomass. Consequently, the biofuels production must avoid competition with food
production and preferably come from better use of biomass resources from wastes and

residues [16, 27].

The development and deployment of biofuel technologies are limited by competing
niches of other sustainable produced biofuels, as well as the access to renewable

biomass sources. For the purposes of this PhD work, it was of interest to focus on the
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potential of biomass sources available for the biomass-to-liquid transport fuels for the
Norwegian market. In the search for alternative biomass sources, locally available 2
generation biomass is favoured to ensure that sustainability is preserved throughout the
production chain. Norway has large areas with important biomass resources available
from the forestry and agricultural sectors. Forestry residues are typically wastes from
timber production and sawmills, and represent the main potential of biomass resources
in Norway. While much of the agricultural residues such as straws, husks and grasses
are used for animal feed a proportion of underutilized leftovers and side streams are
still remained unused. However, it will always take energy to grow and harvest the
biomass as well as processing and distributing the biofuels. In order to make the best
possible use of the available biomass sources, the transport fuel industries should
incorporate their technologies into today’s Norwegian forestry and agricultural
industries. Both agriculture and forestry generate large amounts of residues, waste
products and by-products that are suitable for energy utilization through biomass-to-
liquid transport fuel technologies. These technologies have the benefit to make use of
the whole plant growth, rather than just the plant starches or sugars that are used for
1%t generation biofuels. In this way, low-quality, low-cost and abundantly available
biomass such as residues and wastes from agricultural and forestry sectors have great

potential to supply significant shares for advanced biofuel production [18].

2.2 Biomass gasification

The biomass gasification process includes a set of complex thermochemical processes,
which break the bonds of the organic materials and reform the intermediates into solids,
liquids and an energy-rich producer gas [28]. The process involves pyrolysis and partial
oxidation in a well-controlled oxidizing environment. The aim is to convert the biomass
into a syngas by supplying a restricted amount of oxygen. The syngas is defined as the
producer gas in which the main components is CO and H,. However, CO; and gaseous
H,0 as well as trace amounts of CH4 and N2 may also be present in the syngas [12, 19].

The generated syngas can be used directly as a fuel source for electricity and heat
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production, or it can be further processed into useful chemical feedstock and biofuels

[12, 15].

A sequence of overlapping processes take place in the gasifier, these include drying,
pyrolysis, combustion and gasification [1, 28]. Drying refers to the process by which the
moisture content in the biomass is converted to water vapour. Pyrolysis involves
thermal degradation in the absence of oxygen, where the dried biomass decomposes
into solid carbon (char), long-chain liquid hydrocarbons (tars) and small fractions of a
gaseous mixture. The combustion and gasification reactions include oxidation and
partial-oxidation of the remaining char into heat and syngas. The heat produced from
the combustion reactions provides most of the energy required to drive the
endothermic gasification reactions. The by-products from the entire gasification process
are tar and ash [1, 29, 30]. Figure 2-1 illustrates the overlapping stages in a general

biomass gasification process.
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Figure 2-1. Shematic overwiev of a general biomass gasification process.
The overall biomass gasification efficiency is most likely addressed by the char
conversion and the fraction of CO, Hy, CO,, CHs and tar in the syngas, as well as the ratio
between H; and CO [23]. The syngas composition depends on the biomass source and
the operating process conditions such as the process temperature and the equivalence
ratio. Furthermore, the choice of gasifying agent will affect the producer gas quality by
controlling its heating value [31]. The gasifying agents are usually either air, pure O,

steam, CO; or a mixture of these. Air is cheap and widely used as gasifying agent, but
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the high amount of N, in the air produces a dilute producer gas with low heating value.
By using pure O; instead, a more concentrated producer gas with increased heating
value is obtained. However, the operating costs by use of pure O; as gasifying agent are
high due to the production of the O,. Both CO, and steam gasification produces an
almost inert-free (N;-free) producer gas with high heating value. While steam
gasification typically results in high fraction of H, in the producer gas, CO; (with a catalyst
(Ni/Al)) can increase the H, and CO content by converting the char, tar and CHa. Both
steam and CO; require an external heating source for the endothermic reactions [1, 15,

31, 32].

The gasification technology has several alternatives to offer. Based on their mode of
operation, three different gasifiers are currently available for processing biomass,
namely fixed bed, fluidized bed and entrained flow gasifiers. The entrained-flow
gasifiers are suitable for finely ground particles and large-capacity units (50-1000 MW).
These gasifiers operate at very high temperature (1200 - 1500°C) and pressure (20 - 70
bar), and have the benefit of eliminating tar and condensable gases in the product gas.
An important aspect in the design of entrained flow gasifiers is that the molten ash forms
a glassy slag, which easily can be removed from the bottom of the reactor [12, 28, 32].
The fixed bed gasifiers are relatively inexpensive, easy to operate and are suitable for
small and medium units (< 10 MW). These gasifiers typically produce a producer gas
with a significant amount of CH4, as well as high content of tar and/or unprocessed char
due to the poor mixing and non-uniform heat transfer [15]. The fluidized bed gasifiers
are appropriate for intermediate units (5 — 100 MW), and are more complicated than
the fixed bed and more flexible than the entrained flow gasifiers. They operate at low
temperatures (typically 700-1000°C) to avoid ash melting that can cause severe
operational challenges [12, 15, 20, 28]. This work focuses on fluidized bed systems, and

thus following a brief description of the main principles of the fluidized bed technology.

The advantages with the fluidized bed gasification systems have been widely studied
and reported by several researchers [1, 15, 33]. These systems are well known for their

uniform temperature distribution, high heat and mass transfer and excellent overall
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process efficiency [1, 15]. The fluidized beds consist of bed particles that are kept in a
fluidized state by passing a proper gasifying medium through at a sufficient velocity [30].
Since moving particles transfer heat much more efficient than the fluid alone, the bed
material acts as a heat transfer and storage medium providing the fluidized beds to
operate under nearly isothermal conditions. Even for the most extreme exothermic
reactions the fluidized beds are able to maintain an isothermal profile within a few
degrees [10]. When the biomass enters the gasifier, it quickly mixes with the bed
particles providing the drying and the pyrolysis to proceed immediately. Further tar-
conversion and gasification reactions occur in the gas phase, while the remaining char
is partially oxidized inside the bed [29]. The combination of intense mixing and bed
material with large thermal capacity, ensure good distribution of fuel across the cross-
section of the reactor and allow the fluidized beds to handle a wide range of biomasses
[13]. These systems use back-mixing which leads to the efficient mixing between the
biomass particles entering the gasifier and the particles already undergoing gasification
[1]. The choice of bed material will influence on the optimization of the gasification
process. The most commonly used bed material for fluidized bed systems are quartz
sand (SiOz) and olivine (Fe2*,Mg>*(Si0O2)). Quartz is the cheap alternative. The quartz sand
is considered inert within the systems and does not have any influence on the quality of
the produced gas. Olivine has the advantage of being chemical active and can improve
both the gas composition and the rate of fuel conversion. Unfortunately, olivine
contains heavy metals (Ni and Cr) which after use need to be disposed in line with
environmental protection laws, which entails an additional cost. Other common
catalytically active bed materials are dolomite (CaMg(CO:s)2), calcite (CaCOs), alumina
(Al203), magnesite (MgC0Os) and feldspar (KAISizOs — NaAlSisOs — CaAl»Si;0sg). However,
each of these alternatives contribute a higher operating cost compared to quartz [1, 23,

34].

The fluidized beds are classified into two main types, bubbling fluidized bed (BFB) and
circulating fluidized bed (CFB), that are illustrated in Figure 2-2 [12]. The major
difference between the two fluidized bed systems is the velocity of the gasifying

medium. BFB gasifiers are generally designed to operate at low velocity, typically below
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1 m/s, so that the fluidized bed particles remain in the lower furnace. In a CFB, the
velocity is higher (in the range 3-10 m/s) resulting in the hot particles circulating
between the reactor vessel and a cyclone separator [28]. In this PhD-work, only the

bubbling fluidized bed system has been studied.

Produce -
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Figure 2-2. Schematic of (a) bubbling fluidized bed and (b) circulation fluidized bed.

2.3 Fluidization

Fluidization is the phenomenon in which particles are moved by an upward-flowing fluid
that passes through a bed of particles (the fluidized bed) [35-37]. The fluid can be either

gas or liquid. However, this work is solely focusing on gas-particle fluidization.

When the gas passes through the bed of particles, frictional forces (drag) from the gas
act on the particles. At low superficial gas velocities, the drag is too weak to move the
particles and the gas flows straight through the void spaces in the bed. In this regime,
the particles remain stationary in a fixed bed. As the superficial gas velocity increases,
the drag increases until the bed reaches a point where the gas fully suspends the
particles in a fluidized bed. In this regime, the bed of particles acts like a boiling liquid
where the particles move apart and float around. This fluid-like behaviour provides good
gas-particle mixing as well as efficient heat and mass transfer rates, promoting uniform
temperature distribution throughout all sections in the bed [33, 38]. The superficial gas

velocity at which this phenomenon occurs is called the minimum fluidization velocity
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(umf). Now, even with further increase in the superficial gas velocity, the bed pressure
drop remains constant due to the upward drag being balanced by the weight of the
suspended particles according to the following equation [38-40]:

Ap m
I Tp =9(1 = ems)(pp — pg) (1)

where (ATP) is the pressure drop per unit length trough any section of the bed. &, refers

to the void fraction at minimum fluidization, p, and p,, are the density of the gas and

the particles respectively and m,, refers to the weight of the particles.

The minimum fluidization velocity is a useful indicator for the transition between fixed
and fluidized bed conditions, and is thus a key parameter in process optimization of any
fluidized bed. The minimum fluidization velocity can be found experimentally or
theoretically. Experimentally, the minimum fluidization velocity is determined by
reading the pressure drop in the bed at increasing superficial gas velocity. The results
are plotted in a curve similar to Figure 2-3. The minimum fluidization velocity is detected
as the exact point where the bed is transferred from a fixed to a fluidized regime. Once
fluidization is achieved, the pressure drop flattens out and stabilizes as it is balanced by

the total weight exerted by the particles [38, 39, 41].
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Figure 2-3. Pressure drop versus minimum fluidization velocity. Based on [41].
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Theoretically, the minimum fluidization velocity can be determined by means of
mathematical expressions (drag models). A number of drag models exist, which all
provide approximations of the behaviour of a defined fluidized bed system. Common to
all drag models are that they are sensitive to changes in flow conditions, and by that
closely related to the bed porosity (&) and the particles Reynolds number (Re) [42]. One
of the frequently used drag models is the Ergun equation, which expresses the pressure
drop characteristics as a function of the superficial gas velocity in packed beds according

to [43]:

Ap  150upg(1 — €)? N 1.75p,uf(1 — &) 2)
L e3d e3d,,

where d,, is the particles diameter, ¢ is the bed porosity, u, is gas viscosity and u, refers

to the superficial gas velocity.

The Ergun equation is controlled by the particle volume fraction, and is based on a set
of experimental observations covering a wide range of particle size and shapes [43]. The
equation combines the terms for laminar and turbulent flow, and shows therefore good
approximations for the bed pressure drop for both flow conditions, as well as the
transient region [43]. By combining Equation (1) and Equation (2), the mathematical

expression for the bed conditions at minimum fluidization takes the form [40]:

2
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Where Uy, s is the minimum fluidization velocity and ¢,, the particles sphericity.

In laminar flows, the gas density is unaffected by the drag and thus the drag shows a
linearly dependency on the superficial gas velocity. The pressure drop in this region is
approximated by the first term in the Ergun equation, while the second term can be
ignored. In turbulent flow, the velocity drag kicks in and the second term of the Ergun

equation dominates the flow conditions. In this region, the pressure drop increases with
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the square of the superficial gas velocity and the first term of the equation can be
eliminated. For fluidized bed systems with small d;,, small &, (&< 0.5) and low
Reynold’s number (Re,,r < 20), simplifications and rearrangement of Equation (3)

gives the following equation for prediction of the minimum fluidization velocity [40]:

oGP —pg)d  Emsp @)
mf 150p, 1— s

Reynold’s number at minimum fluidization is defined as:

Pglmsdp (3)

Remf = u
g

2.4 Ash related challenges in fluidized bed systems during

biomass gasification

Ash related challenges have occurred in furnaces and boilers as long as solid fuels have
been used for energy conversion. The problems have been studied for years, but most
of the research within this field are related to coal. The growing interest in the use of
climate-friendly and renewable alternatives to fossil fuels such as biomass, has
introduced new kind of availability problems. Only a limited part of the coal-based
research can be used for biomass, and there is still a need for expanded technical

research within this field [44].

2.4.1 Bed agglomeration

During biomass gasification processes, high temperatures are preferred in order to
increase the carbon conversion and reduce the amount of undesirable tar and other by-
products. However, due to large fraction of alkali elements in the biomass ash, high
process temperatures may lead to severe ash related problems in fluidized bed systems.
These problems are generally associated with molten ash particles, which increase the
risk for slagging, fouling and bed agglomeration [34, 44-47]. Slagging involves the

creation of ash deposits on the surfaces of the reactor equipment and occurs mainly in
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the zones of the reactor that are directly exposed to flame irradiation. Fouling involves
condensation and deposition of the tar, char and ash in the convective zones of the
reactor [48]. Special attention has to be given to bed agglomeration, which can lead to
fluidization problems causing operational challenges and reduced availabilities for the
gasification plants. The process involves the growth of bigger particles (agglomerates)
due to interactions between the ash-forming elements and the bed material [49]. The
particle growth is highly coupled to the high temperature chemistry of the biomass ash,
and is proven especially problematic when Si-based bed material is used [14, 34, 44, 45].
Visser et al. [50] described two key mechanisms responsible for agglomeration in
fluidized beds, coating-induced agglomeration and melting-induced agglomeration. In
both mechanisms, ash-melting behaviour plays an important role. Most dominant
among the mechanisms is the coating-induced agglomeration. The coating-induced
mechanism is initiated by chemical reactions between alkali-species from the biomass
ash and Si from the bed material. When biomass ash particles deposit and melt on the
surfaces of the bed particles, a sticky alkali-silica ash-layer will form and result in growth
of agglomerates upon collision with other ash-coated bed particles [34, 51-55]. In some
cases, especially when the biomass has high relative content of Si and K, melting-induced
agglomeration can occur. Melting-induced agglomeration happens when the alkali-rich
biomass ash melts without prior deposition and react with Si from the ash particles itself,
before melting together with the bed material. In these cases, the agglomeration
process is initiated by formation of low-melting alkali-silicates, which form hard bridges
that glue the colliding bed particles together [14, 52, 56-58]. Under certain
circumstances, a combination of these two mechanisms has been present. Figure 2-4

illustrates the two agglomeration mechanisms.
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Figure 2-4. Coating-induced (a.) and melting-induced (b) agglomeration mechanism. Based on [50].

The ash melting behaviour is strongly dependent on the composition and concentration
of the inorganic ash forming elements that are stored in enzymes, cell walls and
membrane structures in the biomass. This means that the biomass ash composition
varies widely between the different biomass types, as well as among species from the
same biomass (depending on their stage of growth and their location) and within
specific parts of the biomass (twigs, shoots, seeds etc.) [28, 45]. For example, young
trees typically tend to have higher ash content than mature trees. In addition,
agricultural biomass that die at the end of the growing season will generally have a
higher ash content than forestry biomass, which is build up over years [14, 46, 59, 60].
Woody ashes typically have relatively large amounts of the alkali earth metals such as
Ca and Mg and to a minor extent of K, compared to ashes from the agriculture that have
a more diverse composition. Furthermore, straw ash tends to have relatively large
fraction of Si and alkali metals such as K and Na, while other agricultural species can
have large amounts of P, K or Mg depending on whether it is derived from seeds,
grasses, shells or husks [61-64]. Although many studies have been conducted to gain
more insight into the high-temperature ash chemistry of the biomass, the huge
variations in the ash characteristics make it difficult to define a melting behaviour that
applies to a general biomass ash [14, 23, 33, 34, 44]. Research focused on the various

biomass resources has shown that the most critical ash forming elements leading to ash
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melting problems in fluidized beds are Ca, Mg, K, Na, Si and P [49, 58, 61, 65-67]. Once
the organic materials in the biomass have been oxidized, the remaining mineral
substances form oxides corresponding to the ash-forming elements. Due to their low
ionization number (+1) in oxidized forms, the alkali metals are highly reactive and will
preferably exist as gaseous compounds, which might condense in the colder areas of the
reactor and then further interact with other ash-forming elements such as Si, Cl and S.
The alkali earth metals, on the other hand, have high ionization numbers in oxidized

forms and are preferably solid in all zones in the gasifier [65, 68].

Dzurenda & Priakovi¢ [69] and Vassilev et al. [62] have studied the major ash-forming
elements and their impact on bed agglomeration in fluidized bed gasification processes.
These studies concludes that the alkali earth elements Ca and Mg typically increase the
ash-melting temperature, whereas Si, P and the alkali metals K and Na decrease the
melting temperature. Vassilev et al. [62] also observed that the combination of high Si
content and high K and/or Na (K(Na)) content are especially problematic for fluidized
bed systems due to the formation of complex silicates (eutectics). These eutectics have
structural formulas K20-nSiO2 and Na20-nSiO, and are characterized by lower melting
points than the individual components [40, 50]. For example, K,0-2SiO; is characterized
with a melting point of 764°C and Na;0-2Si0; with a melting point of 874°C [70]. Other
research studies associated with the critical elements in biomass ash came to the same
conclusions, i.e. that biomass rich in K(Na) and Si(P) and low in Ca(Mg) typically give
higher risk for bed agglomeration [34, 49, 71-73]. Furthermore, the same studies
showed that biomass rich in K(Na) and Ca(Mg) and low in Si(P) favour the formation of
oxides from Ca and Mg. CaO (s) and MgO (s) are less reactive oxides and are most likely
to be released as fine particles during the gasification process. These particles will either
flow out of the gasifier as a dry and non-sticky dust together with the producer gas (fly
ash) or remain in the bed as bottom ash. High fraction of Ca(Mg) can outcompete K in
the interaction with Si from the bed material and by that lower the risk for coating-
induced agglomeration [49, 60, 71]. However, the portion of ash remaining in the bed
decreases with less Ca(Mg) present, and thus the K/Ca ratio is decisive for the

agglomeration tendency in these systems [49, 72]. On the other hand, high Si(P) in the
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biomass will always provide a risk for increased agglomeration tendency due to the
condensed K-component interacting with Si from the biomass itself, causing a higher

risk for melting-induced agglomeration. [59, 70].

Some of the ash forming elements that can contribute to reduced risk for agglomeration
are Fe and Al. These elements can readily react with the alkali elements to form chemical
compounds with increased melting point, for example X,Fe,04 (melting temperatures
typically around 1135°C) and K,O-Al;03-SiO, (melting temperatures typically around
1800°C)) [45, 70, 74].

2.4.2 De-fluidization

One of the major challenges with bed agglomeration in fluidized bed processes is the
issue of de-fluidization caused by sudden changes in the fluidization characteristics, i.e.
the minimum fluidization velocity, the bubble size and the bubble frequency [75]. In
such cases, the fluidized bed experiences flow disturbances that, without adjusting the
operating bed parameters, make it difficult to maintain a smooth bubbling fluidized bed
regime. The bed disturbances are represented by unevenly distributed bubble activity
and/or by obstructed gas-flow leading to formation of gas channels in the bed [45, 58,
74].The de-fluidization phenomenon is illustrated in Figure 2-5.
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Figure 2-5. Comparison of smooth bubbling regime and de-fluidized regimes with uneven bubble
distribution and channelling of gas.
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In a study conducted by Montes et al. [76], the bubble activity was compared by
measuring the bubble frequency in the different sections of normal and agglomerated
fluidized beds. The study concluded that the bubbles were evenly distributed
throughout the bed during normal fluidization. Agglomerated fluidization formed gas

channels and de-fluidized zones where little or no bubble activity was detected.
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Additional observations were that the agglomerated fluidized bed conditions
experienced a rapid decrease in the bed pressure drop at the onset of de-fluidization
[76]. Many research studies have showed that bed agglomeration leads to poor
fluidization conditions, where large fractions of the hot gas flows straight through the
bed in channels causing inefficient gas-particle mixing and reduced heat and mass
transfer rates [50, 70, 74, 75, 77]. The point of de-fluidization is typically recognized by
large fluctuations in the bed pressure drop, and subsequently loss of control of the
important bed operating parameters. The agglomerates consist of numerous bed
particles clustered together and appear in a large variety of shapes and size, as seen in
Figure 2-6. In general, systems with larger particle sizes, irregularly shaped particles or
heavy particles will require increased superficial velocity in order to achieve the efficient
gas-particle mixing. For agglomerated fluidized beds the minimum fluidization velocity
is no longer able to follow the theoretical value calculated by the initial drag equation
[74]. If not counteracted, the consequence is a complete de-fluidization of the bed

followed by total shutdown of the whole installation [50, 70, 75, 77].

Figure 2-6. Agglomerated particles from biomass ash and silica sand particles formed during bubbling
fluidized bed biomass gasification.
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3 Materials and methods

This chapter provides descriptions of the materials, the experimental setups and the
analytical and computational methods included in this work. Three different
experimental setups were used for fluidization and agglomeration tests: (I) a cold flow
model of a bubbling fluidized bed (CBFB), (Il) a 20 kW laboratory-scaled bubbling
fluidized bed gasifier (BFBG), and (Ill) a micro-scaled model of a bubbling fluidized bed
(MBFB). All setups are located at the University of South-Eastern Norway. In addition,
various analytical techniques such as ash melting microscope for ash melting behaviour,
laboratory sintering tests for ash sintering degree and SEM/EDS for structure and

morphology analysis were performed.

3.1 Materials

3.1.1 Biomass

The different biomass samples were selected to cover a wide range of variations in ash
content and composition of the ash forming elements. The biomass used represented
forestry residues from wood and bark, originated from Norwegian conifers, and
agricultural residues from grass and straw. The straw was from barley and the grass
samples were a mix of timothy, lucerne and clover. The biomass samples were analysed
by Eurofins Norway AS. All analyses were carried out according to standardized
methods. In all four biomass ashes, the dominating elements were Si, K and Ca. The
woody biomass was rich in Ca, and the bark was rich Si and Ca, while the straw was rich
in K and the grass samples was rich in Si and K. Figure 3-1 presents the ash content and

the major ash forming elements in the different types of biomass ash.
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Figure 3-1. Ash content (black) and the compositions (wt % in ash) of the major ash forming elements for
the grass, wood, straw and bark samples used in this study.

The experiments performed in the BFBG were carried out using pelletized wood and
grass as feedstock. The pellets were sized with a length of 5 to 20 mm and a diameter of
approximately 0.6 mm. The MBFB experiments used laboratory prepared ash samples
from wood, bark, barley straw and grass. The biomass samples were grinded and ashed

in a muffle furnace at 550°C.

3.1.2 Bed material

For all experiments, quartz with a solid particle density of 2650 kg/m? was used as bed
material. The size of the sand particles varied in the different experiments, ranging from
175 um to 600 um. Prior to all the experiments, the particle size distribution was
determined based on sieving analysis. The properties of the bed material are listed in

Table 3-1.

Table 3-1. Properties and chemical composition (wt %) of bed material.

Sand |Density Particle size Sphericity Shape @ SiO: Al203 KO Na:O CaO Fe:0s MgO TiO:2
[ke/m?*]  [um] [-] [-]

Quartz | 2650 200-600 0.86 Angular: 836 78 25 23 15 15 05 0.2
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3.2 Experimental setups

3.2.1 Cold flow bubbling fluidized bed

The cold flow bubbling fluidized bed (CBFB) model was used to study the fluidization
characteristics in the fluidized bed under different flow conditions. This setup was easy
to control, and due to the cold operating environment, it was possible to add
agglomerates and thus register how the agglomerated particles affected the important
operating bed parameters, i.e. the minimum fluidization velocity (umf) and the bed

pressure drop (Ap/L).

Figure 3-2 shows the CBFB system. The column is constructed with a transparent
material and has a diameter of 8.4 cm and a height of 140 cm. The gasifying medium is
compressed air at ambient temperature. The air flows into the column through a porous
plate, which ensures even air distribution throughout the bed. Sierra mass-flow
controllers are used to accurately adjust the airflow. Nine pressure transducers along
the height of the column are constantly monitoring the pressure drop across the bed.
The first pressure transducer is located 3.5 cm below the gas distributor and the second
transducer is located 6.5 cm above the gas distributor. The distance between the each
of the pressure transducers is 10 cm. The pressure transducers are connected to the
LabVIEW software for data acquisition. The top of the column is open to the

atmosphere.

The minimum fluidization velocity for the bed material in each experiment was
determined based on the measured bed pressure drop at the selected superficial air
velocities. The results were used for validation of CPFD models, which can simulate the

flow behaviour in any bubbling fluidized bed.
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Figure 3-2. Cold flow model of a bubbling fluidized bed gasifier (CBFB).

3.2.2 Laboratory scale 20 kW bubbling fluidized bed gasifier

The bubbling fluidized bed gasifier (BFBG) model was used to study the fluidization
characteristics under different hot flow conditions. By using the hot flow setup, it was
possible to provoke the formation of agglomerates and with this examine the
agglomeration tendency for different types of biomass. The flow behaviour and the
agglomeration tendency were studied for three separate works: (l) Study of the bed
conditions in agglomerated fluidized bed processes (Il) study and comparison of
agglomeration tendency for different types of biomass, and (lll) study of agglomeration

tendency for fluidized bed processes with different particle size of the bed material.

Figure 3-3 shows the 20 kW BFBG system. The gasification reactor is a cylindrical column
built in stainless steel, insulated with a refractory material on the inside and a 200 mm
thick fiberglass layer on the outside to minimize the heat losses. The inner diameter of
the reactor is 10 cm and the height is 1.3 m. The gasifying medium is preheated air that
flows into the gasifier through two 10 mm steel pipes placed 27.5 mm from the bottom
of the reactor. The air mass flow rate is controlled with a Brook air flowmeter. A screw
conveyor installed 21.2 cm above the air inlet, ensures a steady supply of biomass to the
process. The BFBG is typically operated with temperatures ranging between 700°C and

900°C. Three electrical heating elements are coiled around the wall of the reactor and
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are used for external heating of the gasification process. The gasifier is heated to 400°C
by the external heating source. Additional heating is obtained from the heat released
from the combustion of the biomass. Five thermocouples and five pressure transducers
placed along the height of the column are continuously monitoring the operating bed
conditions. The distance between the temperature and pressure sensors are 10 cm,
whereas the first sensor is at the same level as the air supply. Each pressure transducer
measures the gauge pressure, i.e. the air pressure in excess of the atmospheric pressure,
in the given position. The temperature and pressure sensors are connected to the
LabWiew software for data acquisition. The producer gas leaves the reactor from the

top.
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Figure 3-3. 20 kW bubbling fluidized bed gasification (BFBG).

The remaining bed particles, ash and any agglomerates were removed from the gasifier
after each of the test runs. According to the different types of biomass and the relevant
bed conditions, the morphologies and structures of the agglomerates were compared
and examined. The results were combined with CPFD modelling in order to simulate the
effect of bed agglomeration on bed de-fluidization, as well as to predict the critical

amount of agglomerates in the bed.
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3.2.3 Micro-scale fluidized bed reactor

The micro-scale fluidized bed (MBFB) model was designed to determine the onset of de-
fluidization and the agglomeration tendency for different biomass ashes. The MBFB
maintains stable operating conditions and provides relatively fast and flexible test runs

for controlled bed agglomeration processes.

Figure 3-4 shows the MBFB system. The fluidized bed is a cylindrical column built in
transparent quartz glass with an inner diameter of 43.6 mm and height 150 mm. The
gasifying medium is air that flows in 7 mm thick pipe and enters the bed from the bottom
of the column. The top of the bed is open to the atmosphere. The air flowrate is
controlled with a Sierra mass-flow controller and flows into the bed through a 5 mm
thick sintered disc distributor. The MBFB is placed in a Nabertherm muffle furnace to
ensure stable and controllable temperature conditions in the bed. The muffle furnace is
equipped with a quartz glass observation window that allows the user to see inside the
chamber without disturbing the ongoing process. The experiments were carried out at
temperatures of 700°C, 800°C, 850°C, 900°C, 950°C and 1000°C. The bed conditions
were continuously observed throughout the experiments. The results were based on
visual observations of changes in the fluidized conditions in the bed under different

operating temperatures.

43.6mm

150mm

Figure 3-4. Micro-scaled fluidized bed reactor (MBFB).
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The amount of accumulated ash in the bed was measured at the time of de-fluidization.
The observations gave a multiple variable data set that formed the basis for a
mathematical model for accurate predictions of de-fluidization and bed agglomeration
for different types of biomass. Any agglomerates formed during the experiments were

collected and examined with respect to their structural composition.

3.3 Analytical methods

3.3.1 Ash melting analyses

Ash melting analyses were carried out to provide indications of the ash melting
temperatures for the different types of biomass. Two different ash melting microscopes
have been used to determine the high temperature ash characteristic: Leco Ash Fusion
Determinator AF700 and Hesse Heating Microscope EM201-15 with image analysis. The
instruments have different design, but the principles of determination of the ash melting
behaviour are quite similar. Figure 3-5 illustrates a schematic of the principles of the ash
melting microscopy analysis. The ash melting behaviour is determined according to the
international standards DIN CEN/TS 15730-1:2006 (analyses performed in the EM201)
and ASTM D1857 (analyses performed in the AF700). The measurements are based on
a thermo-optical analysis where a cylindrical ash test piece with specified dimensions is
heated in a small tube furnace, at a defined heating rate. The analyses are mainly
focusing on the geometric shapes and the volume change of the cylindrical ash test piece

at four characteristic temperatures.
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Figure 3-5. Principle schematic of determination of ash melting behaviour [78].

The four characteristic temperatures that describe the melting behaviour of the ash are

presented in Figure 3-6 [78]. The ash melting behaviour was useful for the temperature
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settings in the experimental agglomeration and de-fluidization tests, as well as for the

CPFD simulations.

Start

ST Shrinking starting temperature (ST):
Initial deformation.
First sign of shrinking of the cylinder.

Deformation temperature (DT):
Spherical appearance with original sample height.

First sign of rounding due to melting of the corners of the cylinder.
DT is often identified as the ash fusion temperature.

HT ] Hemispherical temperature (HT):
The cylindrical test piece forms a hemisphere with half the original

. sample weight.
PR FT —

|
\'

Flow temperature (FT):
The cylindrical test piece has effectively melted and ash is spread
over the tile in a layer.

Figure 3-6. Ash melting analysis of biomass ash from wood, performed in AF700.
3.3.2 Ash sintering degree tests

Laboratory sintering tests were carried out to study the sintering degree of the different
biomass ashes. The chosen procedure was to heat the laboratory prepared ash samples
in a muffle furnace at selected temperatures. Accurately 0.1000 g of the ash sample was
transferred to an open alumina crucibles and placed in the preheated muffle furnace for
1 hour. The selected temperatures used for the sintering degree tests were 700°C,
800°C, 900°C, 1000°C, 1100°C and 1200°C. After heating, the weight loss was measured
and the sintering degree of the ash residues remaining in the crucibles was evaluated.
The evaluation was based on visual inspection of changes in the microstructure of the
remaining ash samples. Any sintering of ash particles was detected as molten phases,
either as spherical particles or as a shiny, glassy form. Five grades of sintering degrees

were defined, as described in Table 3-2.
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The ash sintering degree tests were used in combination with the ash melting analyses
for prediction of the critical temperatures for the MBFB experiments. The remaining ash
samples were examined by visual observations. The results from these observations are

not published.

Table 3-2. Grades of sintering degree.

Sintering degree | Ash structure

0 Loose ash particles

1 Slightly sintered ash, porous and fragile structure that easily breaks
2 Sintered ash, partially melted ash particles

3 Hard sintered ash that does not break

4 Completely melted ash

3.3.3 SEM/EDS analyses

Scanning electron microscopy equipped with energy dispersive X-ray spectroscopy
(SEM-EDS) was used to evaluate the morphology and elemental distribution of ash, bed
material and agglomerates collected after the different experiments performed in the

BFBG.

The equipment used was a Zeiss SUPRA 55-VP. The agglomerates were mounted on a
carbon tape and directly scanned using the SEM. After scanning, the agglomerates were
embedded in epoxy resin before being cut and polished for the SEM-EDS analyses of the
cross-sectioned agglomerates. Backscattered images were taken from one sample to

give a better view of the distribution of the chemical elements.

3.4 Modelling and simulations of ash melts and agglomeration

in biomass fluidized bed processes

The data achieved from the experimental works together with the analytical results
obtained from ash microscopy and ash sintering tests, were used for the computational
studies. The CPFD software package Barracuda VR version 17.3.0 and 17.4.1, and

Microsoft Excel 2016 were used to create the various prediction models.
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3.4.1 CPFD simulations

CPFD is a powerful tool to help providing a realistic view inside a reactor. In this PhD-
work, Barracuda VR was chosen as the CPFD platform for modelling and simulations of
fluidization processes in bubbling fluidized beds. Barracuda VR is a commercial CPFD
software package, specially designed for one single application: The Gas-Particle
fluidized reactors. The software package is capable of modelling all fluid flows and all
particulate-solid flows as well as thermal and chemically reacting behaviour inside
fluidized reactors [79]. However, the producer gas composition and the gasification
reactions are beyond the scope of this work. Reaction kinetics are not included in these
simulations. The Barracuda software package includes several drag models. In order to
find the most suitable model for the simulations, different drag models were tested
during this work. Barracuda VR uses the three dimensional Multiphase Particle-in-Cell
(3D-MP-PIC) based Eulerian-Lagrangian approach, where the Eulerian approach is used
for solving the continuous fluid phase and the Lagrangian computational particle
approach is used for solving the particle phase [80]. The output from the CPFD
simulations are either 3D-model files or text-based data files. The 3D data provides
insight into the flow behaviour in the bed, while the text-based data is useful for
comparison with experimental data. The information and the data achieved from the
fluidization experiments, the ash melting analyses and the agglomeration tests have
been implemented in the work related to development and validation of the CPFD

models.

3.4.2 Mathematical modelling

A mathematical model that can give approximate indications on the critical amount of
ash in the bed during fluidized bed gasification of biomass was created. The chosen
approach for the mathematical model was a multiple linear regression analysis, based
on the experimental data sets obtained from the MBFB. The multiple regression analysis
takes the number of independent variables into account at the same time, and can
model the property of interest (the dependent variable) with a great precision. The

dependent variable implemented in the regression model was the mass ratio of
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accumulated ash/bed material at de-fluidized bed conditions. The independent
variables were the operation temperature and mass ratios of the major critical ash
forming elements (Si/K and K/Ca). The regression coefficients were estimated using the
method of least squares, which makes the sum of squared residuals a minimum. The
residuals refer to the difference between the observed values and the predicted values
of the accumulated ash/bed material ratio. With relatively small data sets, these
coefficients are easy to calculate manually. In this study, however, the regression
analysis was based on a larger data set. Thus, computing the least squares estimators
relied on the use of matrix algebra. Microsoft Excel was used to model the linear
relationship between the variables by fitting the observed data into a mathematical
expression, but several other mathematical software could be applied for solving the

matrix algebra.

The estimated regression model is reliable and valid as the key assumptions for multiple

linear regression analysis were tested and proved to be true:

e There is a linear relationship between the dependent and the independent
variables.

e Thereis a multivariate normality, meaning that the errors between the observed
and the predicted variables are normally distributed.

e There is no multicollinearity in the data, meaning that there are no perfect or
exact relationship between the independent variables.

e There is no homoscedasticity, meaning the error term is the same across all

values of the independent variables.

The model describes a relationship between the accumulated ash in the bed at the
onset of de-fluidization and the distribution of the major ash forming elements Si, Kand

Cain the biomass.

3.5 Overview of research methods

The following delimitations and assumptions were made for this study:
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The experimental measurements are carried out with quartz sand as bed
material. In terms of this research work, quarts sand has the advantage of being

readily available and inexpensive.

Grass, wood, straw and bark were investigated. The biomass samples were
selected to represent a relatively broad area within Norwegian agriculture and
forestry. However, the bark and straw samples caused mechanical challenges in
the BFBG, as they tend to block the screw feeder. Therefore, these samples were

not included in the BFBG experiments.

Barracuda VR was used for the CPFD simulations. This software is very efficient

and especially suitable for particle-gas simulations.

The MBFB experiments were performed with relatively small bed particle size
and a narrow particle size distribution. A small particle size was nesseccary to fit
the size of the reactor, while a narrow particle size distribution prevented

segregation of the bed particles.

The flow chart in Figure 3-7 shows a schematic overview of the research methods.
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Figure 3-7. Overview of experimental and analytical studies carried out in the different experimental
setups.
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4 Summary of the papers

This chapter presents a summary of the scientific publications related to this study. The
summaries highlight the methodologies and key findings of the theoretical and
experimental results performed during this PhD-work. The papers are attached in Part

2.

4.1 Paper 1 - Flow behaviour in an agglomerated fluidized bed
gasifier
This paper comprehensively discusses the challenges with bed agglomeration with
respect to the flow behaviour in fluidized bed processes. Fluidization experiments were
performed to compare the characteristics of normal fluidized bed conditions with
agglomerated fluidized bed conditions. The experiments were carried out in the cold
flow bubbling fluidized bed model. The flow conditions in three different cases were
observed: (I) fluidization with only sand particles present in the fluidized bed, (ll)
fluidization with agglomerates located in the lower layer of the bed and (lll) fluidization
with agglomerates located in the upper layer of the bed. The agglomerates had been
previously produced during gasification experiments of wood chips carried out in the 20
kW bubbling fluidized bed gasifier. Plots of the bed pressure drops vs the superficial air

velocities for all the three experiments are shown in Figure 4-1.
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Figure 4-1. Experimental bed pressure drop vs superficial air velocity of fluidization in the cold flow
bubbling fluidized bed model. ums indicates the minimum fluidization velocity.
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The findings of this study reveal that in both of the agglomerated fluidization cases the
bed pressure drop decreases and the minimum fluidization velocity (umf) increases,
compared to the fluidization case where only sand particles are present. The
agglomerates, which consist of a number of sand particles glued together by molten ash,
are characterized by completely different physical properties than the original sand
particles. They are larger in size, have a hollow surface, low sphericity and low particle
density, all of which directly affect the operating bed parameters such as the pressure
drop and the minimum fluidization velocity. Other findings made during this study are
the visually observations of changes in the bubble distributions and activities in the
different cases. While the normal fluidized bed condition shows well-distributed
bubbling throughout the bed, both of the agglomerated cases experience disturbed
fluidized bed conditions. These disturbances typically occur because the agglomerated
particles tend to cause poor air distribution in specific zones of the bed, resulting in
instabilities with uneven bubble distribution and/or channelling of air.

The results from this work are further used to develop and validate a CPFD model for
investigation of the fluidization conditions of agglomerated beds. Additionally, the
information received during the investigation of the flow behaviour and the associated
bubbling regimes became useful in extended experimental studies related to de-
fluidization due to ash melting and bed agglomeration in fluidized beds. Figure 4-2
presents a schematic overview of the way in which the results from this paper were

useful to other studies related to this PhD-work.
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Figure 4-2. Schematic illustration of the link between Paper 1 and the works associated with Paper 2, 3, 4
and 8.
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4.2 Paper 2 - CPFD model for prediction of flow behaviour in an

agglomerated fluidized bed gasifier

In this paper, CPFD simulations are used to determine how the flow conditions are
affected of bed agglomeration during fluidized bed processes. The commercial software
package Barracuda VR, version 17.4.1, was applied for the CPFD modelling and
simulations. The experimental data collected from the cold flow experiments presented
in Paper 1 was used for development and validation of the CPFD model. The study
compared the CPFD simulations for four different fluidization cases: () fluidization with
only sand particles (ll) fluidization with sand mixed with 5% by volume agglomerates (ll1)
fluidization with sand mixed with 10% by volume agglomerates and (IV) fluidization with
sand mixed with 15% by volume agglomerates. The simulated agglomerates were sized
with a diameter from 0.5 to 1 cm, of which the limitations were set by the mesh size of
the computational grid. Figure 4-3 shows the outputs from the CPFD simulations

presented as plots of the pressure drops vs the superficial air velocities.
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Figure 4-3. Simulated bed pressure drop vs superficvial air velocity of fluidization in the cold flow
bubbling fluidized bed model. ums indicates the minimum fluidization velocity.

The verified CPFD model are used for simulations that predict the fluidized conditions in
agglomerated fluidized bed processes. The simulated outputs from the different

fluidization cases state that the agglomerates interfere with the fluidized bed conditions
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and consequently causes decreased bed pressure drop and increased minimum
fluidization velocity. The experimental results presented in Paper 1 showed the same
trend, which also support the validity of the developed CPFD model. Furthermore, CPFD
simulations of the agglomerated fluidized conditions predict changes in the flow
behaviour between the different cases. Notably, the minimum fluidization velocity
increases with increasing amount of agglomerates. The results suggest that with 10%
agglomerates by volume in the bed, the minimum fluidization velocity has almost
doubled and the particles has already lost their ability to be fluidized by the initially
defined superficial air velocity. With further bed agglomeration, the fluidized bed will
eventually reach a critical point where complete de-fluidization is unavoidable. Table
4-1 presents the experimental and simulated values of the minimum fluidization

velocities.

Table 4-1. Comparison of experimental and simulated minimum fluidization velocity.

Fluidization case Particle size Agglomerate size  Minimum fluidization velocity
[um] [em] [m/s]

Experiment

Sand 175 n/a 0.035

CPFD simulations

() Sand 175 n/a 0.039
(1) 5% agglomerates 175 0.5-1 0.045
(lll) 10% agglomerates 175 0.5-1 0.068
(IV) 15% agglomerates 175 0.5-1 0.074

Snapshots taken of the particle distributions in the bed during the CPFD simulations
show that the agglomerated particles are accumulated in the bottom layer of the bed,
creating air channels and de-fluidized zones. Similar observations are made during the
cold flow experiments, where the agglomerates prevent a proper fluidization of the
particles. Figure 4-4 compares the post-process images of the particle distribution at (a)

initial bed conditions and (b) fluidized conditions.
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Figure 4-4. Post process images of the simulation of particle distribution in the bed at (a) initial
conditions and (b) fluidized conditions.

The developed CPFD model is used for further investigations of the fluidized and de-
fluidized bed conditions during agglomerated bed processes. The link between the

different studies are shown in Figure 4-5.
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Figure 4-5. Schematic illustration of the link between Paper 2 and the works associated with Paper 3, 4
and 8.

4.3 Paper 3 - Study of agglomeration in fluidized bed gasification

of biomass using CPFD modelling

This paper aims at obtaining a valuable insight into how different agglomerated
conditions affect the flow behaviour in a bubbling fluidized bed gasifier. A computational
study was carried out using the CPFD simulation software Barracuda VR, version 17.4.1.
The previous developed and validated CPFD model, presented in Paper 2, was extended
for use in simulations of hot flow fluidization processes in a full-scale bubbling fluidized

bed gasifier. The CPFD model was scaled up using Glickman’s scaling rules. The upscaling
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of the gasifier allowed the CPFD model to define agglomerates with larger size, which
made it possible to simulate different and more realistic compositions of agglomerates
in the bed. Three different fluidization temperatures were studied, of which two
different combinations of amount and size of agglomerates were defined for each
temperature. The amount of agglomerates added to the bed varied from 0% to 30% by
volume, and the simulated agglomerates ranged from 1.0 to 4.0 cm in diameter. Figure
4-6 shows the simulated bed pressure drop as a function of the superficial air velocity

for the two different fluidization processes at temperature 900°C.
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Figure 4-6. Simulated bed pressure drop vs superficial air velocity for the fluidization process at 900°C.

The simulation results support the previous findings that bed agglomeration leads to
operational challenges in the fluidized bed processes. From the CPFD simulations, it is
clear that the flow behaviour is affected by the size and amount of agglomerates, as well
as the operation temperatures. The CPFD simulations show that the system s
particularly sensitive to changes in the amount and size of agglomerates in the bed. The
study reveals that when 20% agglomerates by volume with a mean diameter of 3-4 cm
are present in the bed, the efficiency of bed operations is significantly reduced due to
instabilities in the bed pressure drop. With further increase in agglomerated particles,
the fluidized bed can no longer maintain proper bed control for an appropriate fluidized
regime. With this, it can be assumed that the CPFD model can detect bed disturbances

and indicate the critical point of de-fluidization. Table 4-2 summarizes the details of the
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simulation conditions, and the simulated minimum fluidization velocities and bed

pressure drops for the different fluidization cases.

Table 4-2. Simulation results for fluidization at different temperatures and with various size and amount
of agglomerates mixed with the bed particles.

Fluidization | Temperature Amount of Size of Minimum Bed pressure
case [°C] agglomerates agglomerates fluidization velocity drop
[volume %] [em] [m/s] [Pa/m]
(1 850 0 n/a 0.039 11900
(n) 850 15 1-2 0.042 11000
(1) 900 20 2-3 0.048 11050
(1v) 900 20 3-4 0.081 10500
(V) 1000 20 3-4 n/a n/a
(V1) 1000 30 3-4 n/a n/a

The simulation results illustrate the importance of optimizing the operating conditions.
The findings provide useful information for further experimental works related to de-
fluidization due to ash melting and bed agglomeration. The CPFD model is also used as
a basis for a more accurate CPFD model modified for agglomerated fluidized bed
processes. Figure 4-7 shows a schematic overview of other studies related to this PhD-

work could make use of the findings of this study.

Paper 3 | crFD moded
|

| Faper 5 |

Characterization af
hubbling actiwity

| Paper ‘

Figure 4-7. Schematic illustration of the links between Paper 3 and the works associated with Paper 5
and 8.

4.4 Paper 4 - Computational modelling of fluidized bed

behaviour with agglomerates

In this paper, CPFD simulations are applied to calculate the critical amount of

agglomerates in the bed, causing flow disturbances during fluidized bed processes. The
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commercial software package Barracuda VR, version 17.4.1 was implemented for the
development of a CPFD model where the main objective was to provide valuable insights
into the flow behaviour in agglomerated fluidized beds. The developed CPFD model was
validated using data obtained from experiments performed in the cold flow bubbling
fluidized bed. The CPFD simulations showed good agreement with the experimental
data. However, this study aimed to focus on the agglomerated flow behaviour in a full-
scale gasifier, operating at high temperatures. To accomplish the full-scale predictions,
Glickman’s scaling rules were applied to scale up the cold flow bed so that fluid-dynamic
similarities were obtained between the fluidized bed systems. Further, the up-scaled
CPFD model was validated against the pressure drop from experiments performed in
the 20 kW bubbling fluidized bed gasifier. The validation showed a perfect fit to the
gasification experiments, which confirmed that the model also could apply to extended
studies related to hot-flow behaviour in a full-scale fluidized bed system. The CPFD
simulations were run with a bed operating temperature of 735°C and with a constant
superficial air velocity of 0.15 m/s. The mean bed particle size was 367 um, with a
calculated minimum fluidization velocity of 0.05 m/s. The chosen approach for the CPFD
simulations was to continuously feed agglomerates to the bed during the fluidization
process, and then use the calculated output to detect any flow disturbances. The mass
flow rate of the agglomerates was 1.0 kg/s. Figure 4-8 compares of the simulation results
of the normal fluidization process and the agglomerated fluidization processes in a full-

scale fluidized bed system.
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Figure 4-8. CPFD simulation of fluidization processes in full-scale fluidized bed gasifier.
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The simulation results indicate that bed disturbances are detected already after 20
seconds, which correspond to 20 kg (7% by volume) agglomerates in the bed. This was
in line with the simulations in Paper 2, where it was stated that 10% agglomerates by
volume were sufficient to create destructive flow disturbances in the bed. The post-
process images, which continuously depict the bed conditions during the fluidization
process, reveal that the agglomerates tend to clump together and distribute unevenly
inside the bed as the fraction of agglomerated particles increases. In addition, the same
post-process images indicate that the bubble activity changes as the fraction of
agglomerates in the bed increases. After 60 seconds of simulation, which corresponds
to 60 kg (26 % by volume) of agglomerates in the bed, the fluidized bed shows clear signs
that agglomerated particles have segregated at the bottom of the bed. This can also be
confirmed by how the bubbles are getting more blurry, i.e. the particle fraction in the
bubbles has increased. Figure 4-9 shows snapshot of the agglomerated fluidized bed at
the time where the 26% agglomerates were present in the bed.

Particle volume fraction

0.6
(@) (b) ' ‘

= Agglomerates
= Bed particles

Figure 4-9. Snapshots of simulated (a) particle distribution and (b) particle volume fraction after 60
seconds of simulations, corresponding to 26% agglomerates in the bed.

To gain more insight into the flow behaviour during agglomerated fluidization processes,
an additional CPFD simulation was performed in which 26% agglomerates by volume
were mixed with the bed particles. The simulation results confirm that bed
agglomeration poses significant challenges in maintaining an efficient fluidization in the
bed. The post-process images picture that the agglomerated particles are uniformly
distributed in the bed until the minimum fluidization velocity is reached. The minimum

fluidization velocity of the mixed bed is calculated to 0.055 m/s based on the simulation
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results. However, as the velocity increases above this point, the agglomerated particles
segregate in the bottom of the bed causing the air to flow in channels and result in poor
fluidization conditions. Figure 4-10 shows the post-process images of (a) particle
distribution at superficial air velocity of 0.085 m/s and (b) particle volume fraction at

superficial air velocity of 0.101 m/s for the agglomerated fluidization process.

Particle volume fraction

2 ‘ 06
b (e) (b) ' 054

0.48

0.42
= Agglomerates

= Bed particles 0.36

H 0.30
0.24

0.18

Figure 4-10. Snapshots of simulated (a) distribution of agglomerates in the bed at air velocity of 0.085
m/s and (b) particle volume fraction in the bed at air velocity of 0.101 m/s.

This study gives useful knowledge on the bubble distribution and activity in
agglomerated fluidized beds. The observations are useful for further experimental study
of bed agglomeration and the de-fluidized bed conditions. In Figure 4-11, a schematic
diagram where the connection between this study and other studies related to this PhD-

work is present.

| Paper 4 |
Observations of bubbling

actiwity and particle distribution
at de-fluidized conditions

N

|Paperl5 | |F"E|p:uer?Ir | |PaperE |

Figure 4-11. Schematic illustration of the link between Paper 4 and the works associated with Paper 6, 7
and 8.
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4.5 Paper 5 - Comparison of experimental and computational
study of the fluid dynamics in fluidized beds with

agglomerates

This paper uses a CPFD approach along with experimental data to evaluate the
relationship between the fluid dynamic behaviour and bed agglomeration in fluidized
bed processes. For the CPFD simulations, the commercial software package Barracuda
VR version 17.4.1 was used. The experiments were carried out in the 20 kW bubbling
fluidized bed gasifier. A number of fluidization experiments were performed using
quartz sand as bed material: (I) fluidization of sand particles for each of the
temperatures 300°C, 600°C, 700°C and 800°C and () fluidization of sand particles mixed
with agglomerates for the temperatures 700°C and 800°C. The agglomerates had been
previously produced during gasification experiments of grass pellets in the bubbling
fluidized bed gasifier. The size of the agglomerates ranged from 1.0 to 3.0 cm in
diameter. The amount of agglomerates added to the fluidization process was limited by
the diameter of the gasifier. For the experiments, approximately 5% agglomerates by
weight were mixed with the bed material. Figure 4-12 shows the experimental pressure
drops obtained at different superficial velocities during fluidization experiments at

700°C and 800°C.
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Figure 4-12. Experimental bed pressure drop vs superficial air velocity for fluidization of sand particles
(solid lines) and sand particles mixed with agglomerates (dotted lines) at 700°C and 800°C.
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The experimental measurements conclude that the bed pressure drop is closely related
to the operating temperature. The experiments also indicate that even for a very small
percentage of agglomerates in the bed, the fluidized bed conditions alter significantly.
These findings are associated with the drag model equations, which have a complex
dependency on both the Reynolds number and the void fraction. CPFD modelling is
added to the study to provide a deeper understanding of the actual relationship
between the fluid dynamics and the gas and particle properties. The CPFD simulation is
able to describe the fluidized bed conditions quite accurate by taking the shape, size and
density of the particles into consideration. The CPFD model is developed and verified
against the experimental data. Figure 4-13 show the simulated bed pressure for

fluidization with sand particles mixed with agglomerates at 700°C and 800°C.
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Figure 4-13. Simulated bed pressure drop vs superficial air velocity for fluidization of sand particles mixed
with agglomerates at 700°C and 800°C.

The simulation results show that CPFD modelling is a reliable method that can be
effectively used to predict the fluid dynamics in fluidized beds with very high accuracy.
The observations obtained from this study give room for improving the operational
fluidized bed conditions and are implemented in further experiments of agglomeration

tendencies of different types of biomass, as illustrated in Figure 4-14.

Observations of

| Article 5 | apglomerated | Article B |

bed conditions

Figure 4-14. lllustration of the link between Paper 5 and the work associated with 8.
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4.6 Paper 6 - Experimental study of agglomeration of grass

pellets in fluidized bed gasification

In this paper, the phenomenon of bed agglomeration and the main agglomeration
mechanisms are described. The study highlights varying degrees of bed agglomeration
by comparing the agglomerated fluidized bed conditions during gasification of grass
pellets at different air flow rates. An experimental method was conducted where
controlled agglomeration tests were carried out in the 20 kW bubbling fluidized bed
gasifier. The mean particle diameter of the bed material was 355 um. The fluidization of
three different air mass flow rates were investigated: (1) 2.0 kg/h, (1) 2.5 kg/h and (i)
3.0 kg/h. The gasifier was operated in the temperature range between 800°C and 900°C.
The experimental run-time was 30 minutes, or until the experiments were interrupted
due to bed agglomeration, observed as a total collapse of the fluidized bed. Table 4-3
summarizes the experimental bed conditions and the results obtained from the

performed agglomeration tests.

Table 4-3. Experimental bed conditions and the results from agglomeration tests of grass pellets in a
20kW bubbling fluidized bed gasifier.

Agglomeration| Air mass Equivalence uo/ums De- Experimental Onsetof Theoretical
test flow rate ratio! fluidization  run-time de- ash/bed
[kg/h] temperature [minutes] fluidization material ratio?
[°C] [minutes] [wt %]
n 2 0.13 5.0 860 24 14 2.3
(1) 2.5 0.15 6.3 860 30 18 2.9
(1) 3 0.19 7.6 860 30 n/a n/a

ICalculated based on a stoichiometric air/fuel ratio of 6.6.
2Assuming no ash and sand leaving the gasifier.
2Calculated based on initial mass of sand, Msang = 2.4 kg.

The results indicate that the air mass flow rate has a significant effect on the
agglomeration tendency of the grass pellets. Comparisons of the bed conditions at the
different air flow rates show that lower air flow gives higher risk for bed agglomeration
and early de-fluidization of the bed. A useful and practical way of measuring the
agglomeration tendency is by looking at the theoretical mass ratio between ash and bed
material. Note that the theoretical amount of ash is calculated based on the onset of

de-fluidization, in which the feeding of fresh grass pellets was stopped to prevent
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complete de-fluidization and avoid serious damage on the process equipment. Lower
air flow rates result in reduced levels of ash/bed material ratio, suggesting that less grass
is processed before the ash related challenges cause operational instabilities. On the
other hand, with higher air flow rates, it is observed that more grass remained
unprocessed and that small proportions of ash, char and sand particles have flown out

of the reactor together with the produced gas.

After ended experiments, agglomerates were found in the bed for all three air flow
rates. Visual examination of the produced agglomerates reveals that different
agglomeration mechanisms are involved in the agglomeration processes. The
agglomerates collected after fluidization with an air flow rate of 2.0 kg/h are clearly
characterized by large proportions of sand particles bound together with hard bridges
of molten ash. The agglomerates collected after fluidization with air flow of 2.5 kg/h are
smaller, and have a more diverse composition of fused areas and porous areas where
the particles are loosely bound together. The agglomerates found after fluidization with
3.0 kg/h are loosely bound particles that can be easily broken, and consist of large
fractions of unreacted grass material. Figure 4-15 pictures some of the agglomerates

that were removed from the gasifier after ended experiments.

Figure 4-15. Agglomerates formed during gasification of grass pellets with air flow rate (1) 2.0 kg/h, (I1)
2.5 kg/h and (1ll) 3.0 kg/h.

The findings of this study provide useful guidelines for further studies of the ash/bed
material mass ratio and its effect on bed agglomeration and de-fluidization in fluidized
beds. In Figure 4-16, a schematic diagram were the connection between this study and

other studies related to this PhD-work is present.
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Figure 4-16. Schematic illustration of the link between Paper 6 and the works associated with Paper 7
and 8.

4.7 Paper 7 - Experimental study and SEM-EDS analyses of

agglomerates from gasification of biomass in fluidized beds

This paper compares the agglomeration tendency of wood pellets and grass pellets
under normal gasification conditions in a bubbling fluidized bed system. The study
addresses a number of problematic challenges related to the high temperature
chemistry of the major ash forming elements and their interaction with quartz sand bed
particles. In addition, it points out how the composition of K, Si and Ca in the ashes plays
an important role in the agglomeration process, and how different combinations of
these elements are particularly problematic when processing biomass in fluidized bed
systems. A series of gasification experiments were carried out for each of the two types
of biomass. The 20 kW bubbling fluidized bed gasifier was used for the experiments,
which aimed to provoke the formation of agglomerates. The fluidized bed gasifier was
operated under normal gasification conditions where the operation temperatures were
maintained in the range between 700°C and 900°C. The size of the bed particles varied
from 200 pum to 600 um. The operating bed conditions and experimental de-fluidization
conditions are presented in Table 4-4.

The experimental findings concluded that that both grass and wood tended to form
agglomerates under normal gasification conditions. For all test runs, the fluidized bed
experienced de-fluidization where the onset of de-fluidization typically was detected as
fluctuations in the bed pressure and temperature profiles. However, the de-fluidized
bed conditions varied widely in the various test runs. For example, the agglomeration

and de-fluidization processes for grass pellets took place after shorter time and at lower
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temperatures than for wood pellets at comparable bed conditions. Grass pellets were
also the biomass that could withstand highest amount of ash in the bed before the
fluidized bed collapsed. It was noticed that higher operating temperatures resulted in
reduced levels of ash in the bed at the onset of de-fluidization, and thus expecting lower

ash/bed material ratios.

Table 4-4. Operating bed parameters and results obtained from bed agglomeration during bubbling

fluidized bed gasification.
Test |Equivalence uo/umf  Operating De-fluidization Onset of de- Theoretical
run ratio® temperature temperature fluidization  ash/bed material
[°C] [°C] [minutes] ratio? [wt %]
Grass
(1) 0.13 >25 <750 698 56 10
(1) 0.13 >2.5 700 — 800 750 29 5
(1) 0.13 >2.5 800 - 900 898 14 3
Wood
(1) 0.13 >25 700 - 800 815 153 1.5
(1) 0.13 >2.5 800 - 900 910 77 0.8

1Calculated based on a stoichiometric air/fuel ratio of 6.6 for the grass and 6.0 for the wood.
2Assuming no ash and sand leaving the gasifier.
2Calculated based on initial mass of sand, Msang = 2.4 kg

After each of the test runs, the agglomerates produced were collected and characterized
using the scanning electron microscope with energy dispersive X-ray spectroscopy
(SEM-EDS). Figure 4-17 and Figure 4-18 picture examples of SEM-images and the
corresponding EDS-plots for agglomerates derived from gasification of grass pellets at
operating temperatures < 750°C and wood pellets in the temperature range between
800°C and 900°C.

From the examination of the agglomerates, it is clear that large variations exist in the
morphology and in the elemental composition of the agglomerates. The agglomerates
from grass are mainly large in size, but have a relatively low weight. They are typically
composed of loosely packed particles in a more porous structure, compared to the
agglomerates from wood that are more dense and to a greater extent are characterized
by molten ash-bridges. The morphology examination supports that grass and wood
experiences different agglomeration mechanisms. It also appears that at increased

temperatures a combination of different mechanisms is involved.
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Figure 4-17. (a —b) SEM-images at different magnifications and (c) EDS-plot of an agglomerate derived
from grass pellets during gasification at temperatures <750°C.
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Figure 4-18. (a —b) SEM-images at different magnifications and (c) EDS-plot of an agglomerate derived
from wood pellets during gasification in the temperature range between 800°C - 900°C.

The SEM-EDS analyses reveal that Si is the predominant element on the surface of the
produced agglomerates from both types if biomass. Additionally, agglomerates from
grass have large fractions of Ca and K on the surface. Other elements such as Na, Al, Fe
and Mg exist in varying amounts on the surface of the agglomerates. The cross-sectional
analyses of the agglomerates conclude that Si, Ca and K are the ash forming elements
that play the most significant role in the agglomeration processes for both fuels. The

high Al content in the agglomerates mainly derive from the quartz sand particles.

The results from the SEM/EDS- analyses provide the basis for decisive choices made for
extended investigations of the relationship between the agglomeration tendency, the
operation temperature and the major critical ash forming elements. Figure 4-19 shows

a schematic illustration of the link between this study and the work related Paper 8.
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Figure 4-19. Schematic illustration of the link between Paper 7 and the work associated with Paper 8.

57



Furuvik: Modelling of ash melts in gasification of biomass

4.8 Paper 8 - Modelling of ash melts in fluidized bed gasification

of biomass

This paper assesses the relationship between the major ash forming elements and the
agglomeration tendency for grass, wood, straw and bark. The study focuses on visual
observations of changes in the flow behaviour and the bubble activity as ash
accumulates in the fluidized bed during high-temperature fluidization processes. The
results and observations obtained from previous works (Paper 1 -7) were helpful in
determining the bed conditions where the bed tended to de-fluidize. A number of
fluidization experiments were carried out for laboratory prepared ashes from the
selected biomass at specified gasification temperatures. The experiments aimed to
collect data that could form the basis for a mathematical model that was able to predict
the critical amount of accumulated ash in the bed at the onset of de-fluidization. The
chosen approach for the mathematical model development was a multiple linear
regression. The experimental method used the micro-scaled bubbling fluidized bed
system (MBFB), and involved adding small portions of ash samples to the fluidized bed
during the fluidization process. For each experiment the mass ratio of ash/bed material
at the time of de-fluidized bed conditions was calculated. The investigated temperatures
were 700°C, 800°C, 850°C, 900°C, 950°C and 1000°C. The critical mass ratios of
accumulated ash/bed material obtained for all experimental test runs are presented in
Figure 4-20.

Deviations in the de-fluidization characteristics were noticed, not only between the
different types of biomass but variations were also seen in the different test runs of the
same biomass. Common for all the four types of biomass is that they show the same
trend, where the critical amount of ash in the bed decreases as the temperature
increases. The results show that wood and straw experience quite similar agglomeration
tendencies in that they can withstand approximately the same amount of accumulated
ash in the bed at all investigated temperatures. Larger amount of accumulated ash in
the bed are found for bark, apparently about twice the grass and five times the wood

and straw.
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Figure 4-20. Mass ratio of the ash/Bed material vs temperature at the time of de-fluidization for
fluidization experiments of grass (green), wood (yellow), straw (red) and bark (brown).

The observations confirm that the bubble activity experiences disturbances due to the
accumulation of ash in the bed. The altered flow behaviour suggests that a melting
process of the biomass ash has been initiated, and thus changed the fluidization
characteristics of the quartz sand bed particles. The bed agglomeration and de-
fluidization are detected as flow disturbances, which is seen as channelling of air and/or
formation of air volumes in separated zones of the bed. The de-fluidized zones of the
bed cause irregular bubble frequency where larger air bubbles typically erupt in the
lower part of the column, instead of passing through the entire bed. Complete de-
fluidization is determined when the fluidized state no longer can be maintained, even
by increasing the air velocity. Figure 4-21 picture examples of de-fluidization

characteristics observed during the fluidization experiments.
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Figure 4-21. Examples of observed de-fluidization with de-fluidized air volumes (left) and channelling of
air (right).

Bed agglomeration was detected in most of the experiments that showed de-
fluidization. The agglomerates are identified as particles that are several times the size
of the original bed particles. They either appear as enlarged particles mixed with the bed
material, or as clusters of particles attached to the walls of the column. In Figure 4-22, a
number of agglomerates collected after the performed fluidization experiments for

grass, straw, wood and bark are pictured.

\J

Figure 4-22. Agglomerates formed during the fluidization experiments with (a) grass, (b) wood (c) straw
and (d) bark.

A multiple linear regression was carried out to determine if the operating temperature
and the fractions of the major ash forming elements could predict the agglomeration
tendency for different types of biomass during gasification in fluidized beds. The
selected variables for the regression model are the mass ratio of accumulated ash/bed
material (wt %), the gasification temperature in degree Celsius (T) and the mass ratios
of Si/K and K/Ca. The final model is based on a total of 30 measurements, which
represent average values of the results presented in Figure 4-20. The estimated
regression coefficient and the calculated probability (p) for each of the independent
variables are presented in Table 4-5, and the associated fitted regression model is

showed in Equation ((6).
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Table 4-5. Regression model coefficients.

Symbols a b C d R2
Indication Regression Regression  Regression  Regression R squared
coefficients coefficients  coefficients coefficients
Coefficient- value -0.02 4.04 1.05 17.06 0.814
Probability value (p) <0.0001 <0.0001 <0.01 <0.0001

Accumulated ash

(6)

_ _ . . (Si (K
Beod material (wt %) = 17.06 — 0.02 - T + 4.04 - ( /K)+1.05 ( /Ca)

The regression model expresses that the critical amount of ash in the bed decreases with
2% by weight for each 100°C increase in temperature, and decreases with 4.04% by
weight and 1.05% by weight for each unit increase in Si/K and K/Ca, respectively. Both
T, Si/K and K/Ca are significant predictors (p < 0.05) for the mass ratio of accumulated
ash/bed material (wt %) at the onset of bed agglomeration and de-fluidization. The
squared R (R?) explains the strength of the predicted model. R? = 0.81 indicates that the
three independent variables (T, Si/K and K/Ca) explain 81% of the variance in the critical
amount of accumulated ash/bed material. The overall regression was statistically

significant (R>=0.81, F (3, 30) =38, p<0.0001).

The model was validated against the complete set of 95 observations presented in
Figure 4-20. In Figure 4-23, the predicted values of the critical accumulated ash/bed
material are compared with the experimental values obtained from the MBFB
experiments. The R? of 0.72 indicates that the developed model fits the experimental

data well.
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Figure 4-23. Predicted values vs experimental values.

4.9 Unpublished work

This section presents works that are not published in the papers.

4.9.1 De-fluidized bed conditions during gasification of wood pellets in a
laboratory scale bubbling fluidized bed gasifier

Table 4-6 presents the operating bed conditions and experimental de-fluidized

conditions during a gasification experiment of wood pellets carried out in the 20 kW

bubbling fluidized bed. The results are part of the investigations performed related to

Paper 7. However, these results were not included in the publication. More details on

the experimental method and procedures are presented in Paper 7.

Table 4-6. Operating bed parameters and results obtained from bed agglomeration during bubbling
fluidized bed gasification.

Uo/Ums Operation De-fluidization Onset of Theoretical
temperature temperature de-fluidization  ash/bed material
[°C] [°C] [minutes] ratio® [wt %]
Wood >2.5 900-1000 951 58 0.7

2Assuming no ash and sand leaving the gasifier.
2Calculated based on initial mass of sand, Msang = 2.4 kg.
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4.9.2 Ash sintering analyses

Table 4-7 and Table 4-8 present the result of the ash sintering degree tests described in
Chapter 3.3.2. The results are part of a planned publication that will focus on melting
and sintering behaviour of ash from different types of biomass. In addition to the
presented results, the paper will include SEM-EDS analyses of the sintered ash and
agglomerates from micro-scales reactor, in combination with FactSage calculations of

the sintered biomass ash samples.

Table 4-7. Ash sintering analyses of grass, wood, straw and bark at different temperatures.

Grass 550°C 700°C 800°C 900°C 1000°C 1100°C 1200°C
Sintering:0  Sintering:1  Sintering:2  Sintering:3  Sintering:4  Sintering:n/a Sintering:n/a
Wood 550°C 700°C 800°C 900°C 1000°C 1100°C 1200°C

Sintering:0  Sintering:1  Sintering:1  Sintering:2  Sintering:2

™

Sintering:3  Sintering:4

Straw 550°C 700°C 800°C 900°C 1000°C 1100°C 1200°C

Sintering:0  Sintering:1  Sintering:2  Sintering:3  Sintering:3  Sintering:4  Sintering:n/a

Bark

550°C

700°C 800°C

900°C

1000°C

1100°C

1200°C

Sintering:0  Sintering:0  Sintering:1  Sintering:1  Sintering:2  Sintering:3  Sintering:4

Table 4-8. Weight loss of ash from grass, wood, straw and bark at different temperatures.

Biomass ash 700°C 800°C 900°C 1000°C 1100°C 1200°C
Grass 5.3 15.7 21.3 21.9 22.3 254
Wood 14.7 19.9 22 23.5 27.2 40.6
Straw 9.8 18.8 25 25 30 30
Bark 7.4 9 9.3 12.4 13.1 14.7
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4.9.3 Ash Density measurements

Table 4-9 presents the results of ash density measurements carried out for grass, wood,

straw and bark. The analyses were performed in a Micrometrics Autopyconometer,

model 1320. The results are used as a part of the investigations performed related to

Paper 8. However, these results were not included in the present publication.

Table 4-9. Ash density measurements of samples from grass, wood, straw and bark.

Ash Density [kg/m?3]
1 2 3 Average
Grass 2 844 2749 2773 2789
Wood 3110 3 086 2905 3033
Straw 2 898 2833 2909 2 880
Bark 3990 4979 4 356 4442
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5 Discussion of results

In this chapter, the main results from the theoretical and experimental works presented
in Chapter 4 are discussed. The experimental observations and developed models lead
to a better understanding of the flow behaviour in fluidized bed systems. Additionally,
the findings provide increased knowledge and competence within the field of bed
agglomeration and de-fluidization due to biomass ash accumulation during high-
temperature processes in bubbling fluidized beds. The developed predictive methods
and models contribute to improved efficiency of the biomass gasifiers in order to

accelerate the implementation of biomass-to-liquid transport fuel technology.

5.1 CPFD simulations of agglomeration and flow behaviour

The CPFD models simulate the flow behaviour in bubbling fluidized bed gasifiers, and
describe the presence of agglomerates as disturbances in the operating bed conditions.
The decreased bed pressure drop due to agglomeration is explained by the drag models,
which describe how the size, shape and density of the particles indirectly influence on
the fluidization characteristics in the bed. The agglomerated fluidized bed conditions
substantially differ from the normal fluidized bed conditions in terms of bubble
distribution and activity. This is in line with conclusions drawn from other research
studies related to the flow behaviour and the operational problems due to bed
agglomeration in fluidized beds [50, 70, 74, 75, 77]. The findings are also supported by
the visual observations made in the fluidization experiments in both the cold flow and
the micro-scale fluidized bed systems. However, the time when the bed disturbances
become irreversible and result in complete de-fluidization depends on the amount and
structure of the agglomerates, as well as their location in the bed. The simulation results
show that the fluidized beds can operate with small fractions of agglomerates in the bed
without significant changes in the flow conditions. This is also seen in other parts of this
study that conclude that by increasing the gas velocity or changing the fuel feed
conditions in the fluidized bed system, the onset of de-fluidization can be delayed. More
specifically, the intensive bed mixing allows the fluidization to continue due to breakage

of brittle and loosely bound agglomerates. Note that the equivalence ratio and the ratio
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between the superficial air velocity (uog) and the minimum fluidization velocity (umf) are
critical process parameters that should always be controlled within specified ranges
during the fluidized bed processes. Both parameters are closely related to the air flow
rate, and play important roles for both the quality of the gasification process and the
quality of the syngas. If the equivalence ratio and the uo/ums ratio are not controlled
correctly, the risk of poor gasification conditions with reduced energy conversion and

production of gases with low heating values increases.

The overall findings suggest that CPFD models can be effectively used to predict the flow
behaviour in fluidized beds with very high accuracy. The CPFD modelling and simulations
provide increased knowledge on the basic theory and terms used in the fluid dynamics.
This knowledge is necessary to fully understand the influence of agglomerates on the
fluidization characteristics, and thus be able to design and operate the fluidized bed
gasifiers properly. However, the progress in modelling and simulating ash melting and
bed agglomeration in biomass gasification processes is still lacking. The simulation
results pinpoint a significant challenge in using the CPFD models for the investigations
of the relationship between agglomeration and flow behaviour in unspecified systems.
The challenge involves the existence of agglomerates that comes in all size, shapes and
structures, which makes it difficult to identify a standard way of defining the particles
appropriately. Although, the Barracuda software is specifically designed to simulate gas-
particle flow in fluidized beds, it has no specification for merging particles during the
fluidization process. It is therefore not possible to model the ash behaviour nor the
formation process of agglomerates in a reasonable way. Thus, new methods and models
were developed that can predict the onset of bed agglomeration and de-fluidization

based on ash composition and operating temperature.

5.2 Methods and models for determining the critical amount of

ash

The gasification and fluidization experiments show that there is a clear relationship

between the mass ratio of accumulated biomass ash/bed material and the onset of bed
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agglomeration and de-fluidization in fluidized beds. The observations from the micro-
scale fluidized bed (MBFB) experiments conclude that the agglomeration tendency for
the different biomasses show similar trend where the mass ratio of accumulated
ash/bed material decreases with increasing operating temperature. On the other hand,
the investigated biomasses suggest large individual differences in the agglomeration
and de-fluidization characteristics, which explains the effects of the biomass ash melting
behaviour on the agglomeration tendency. Theoretical and experimental studies
conducted during this PhD-work point out that high temperature is a significant factor
leading to biomass ash melting problems and following bed agglomeration in fluidized
bed processes. The SEM-EDS study reveal that bed agglomeration also is closely
associated with the ash forming elements Si, K and Ca. These findings are consistent
with the results presented by several other researchers that have investigated the cause
of bed agglomeration during thermochemical conversion in fluidized beds [49, 58, 61,
65-67]. Based on the ash composition, in particular the Si, K and Ca content, the grass
and straw are expected to form complex chemical compounds that increase the risk for
formation of agglomerates during high-temperature gasification processes in fluidized
bed reactors where quartz sand is used as bed material. On the other hand, the
gasification of wood and bark is expected to preferably result in bottom ash with high
proportion of stable and unreactive oxides, which prevent rather than favour the bed
agglomeration process. Somewhat surprisingly, the wood and straw behave quite
similarly in terms of the amount of critical accumulated ash/bed material in the fluidized
bed. This is clearly shown in the block diagram in Figure 5-1, which summarize an
average of the experimental results presented in Paper 8. The findings give indications
that additional determining factors, other than the ash compositions and the operating
temperatures, contribute to the bed agglomeration processes. The agglomeration
processes, as well as the mechanisms by which the agglomerates are formed, are
obviously controlled by an ongoing competition between physical and chemical
mechanisms and reactions. The examinations of agglomerates derived from the various
experimental studies clearly indicate that the agglomerates may be the result of either

coating-induced or melting-induced agglomeration mechanism, or in some cases even a
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combination of these two mechanisms are present. There are therefore good reasons
to believe that the mass ratios of Si/K and K/Ca play major roles and are of great
importance in the bed agglomeration processes. This has also been highlighted in a
research study conducted at the Royal Institute of Technology in Stockholm (KTH) where
the formation of ash from different fuels during combustion was discussed [73]. They
found that the risk for agglomeration depends highly on the ratio between Si and K, and
suggested that increased Si content contributes to greater agglomeration tendency due

to an increased risk of involvement of more than one agglomeration mechanism.

700°C 800°C 850°C 900°C 950°C 1000°C

14
12

=
o

Average ash/bed material ratio {(wt %)
o N R O

M Bark M Grass Wood M Straw

Figure 5-1. Critical amount of ash in the bed resulting from experiments in micro-scale fluidized bed.
Although the agglomeration phenomenon in fluidized beds has been widely studied,
there is still work remaining for the development of tools for reliable predictions of the
ash melting behaviour in biomass gasification processes. Valuable outcomes from this
PhD-work are the identification of the different de-fluidized bed characteristics and the
definition of the critical accumulated ash/bed material. The information obtained
formed the basis for a mathematical model capable of predicting the agglomeration
tendency at given temperatures, based on chemical analyses of the raw biomass. The
model provides reliable predicted values that can be easily adapted to industrial
facilities in order to estimate the onset of bed agglomeration and de-fluidization in a
manageable, fast and inexpensive way. By introducing the dependent variable in terms
of the mass ratio of ash/bed material, it is possible to adapt the model to other fluidized

bed systems. The predicted results are validated against measured values from
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experiments performed in the laboratory scale bubbling fluidized bed gasifier and the
micro-scale bubbling fluidized bed. Figure 5-2 compares the predicted mass ratios of
accumulated ash/bed material with the experimental mass ratios of accumulated
ash/bed material for grass, wood, straw and bark. Note that the value presented for
wood from the bubbling fluidized bed gasifier in the temperature range from 900°C to
1000°C is not part of any publication, and is therefore presented as unpublished works

in chapter 4.9.1.
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Figure 5-2. Predicted and experimental values of accumulated ash/bed material for grass, wood, straw
and bark. The experiments are performed in a laboratory scaled (BFBG) and a micro-scaled (MBFB)
fluidized bed system.

The diagrams show that the predictive model estimates the amount of critical ash with
an acceptable accuracy. Although the samples from which data are gathered are
relatively small, they represent a wide variety of the biomass available for liquid
transport biofuel production in Norway. The experimental results can therefore provide
meaningful information that cover the main determining factors related to problems

with ash melting in biomass gasification. However, the model does not consider the
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relevant physical mechanisms that must be included to fully explain the ash melting
behaviour. As a consequence, the model poses challenges with unidentifiable
parameters that were initially omitted from the model development. This may be one
reason for the systematic errors that cause the model to fail to provide good fit to the
data in specific measuring areas. Furthermore, which determining factors that are
relevant or irrelevant may vary among the different biomass ashes, based on their
elemental composition as well as the operating bed conditions. The model shows best
fit in the temperature range between 800°C and 900°C. On the other hand, the model
turns out to be less predictive in the measuring areas with high systematic errors. It is
most likely to believe that this is caused by increasing complexity due to the un-
identifying parameters and underlying mechanisms that control the ash behaviour. The
measurements carried out in these areas were characterized by the need to add very
large amounts of ash, which made it difficult to determine the exact time of de-
fluidization due to increased particle size distribution that interfere with the fluidization
condition. This is especially prominent for the measurements at 700°C and samples with

low K/Ca ratio.

More information is needed to create a predictive model that can be generalized to
cover a broader range of biomasses. To improve the model, it is of great importance to
add more information on new ash compositions that can explore the limit of accurate
estimations in the regimes with high systematic error. Although the study conducted a
thorough survey, it is not sufficient to claim that the model can be extrapolated. This
gives the model certain limitations in terms of its validity outside the validated
measuring ranges. In addition, it should always be taken into account that the model
does not calculate the exact values but gives an estimated value with an accepted

inaccuracy. Thus, the model has the following limitations:

e 700°C<T<1000°C
e 0.5<Si/K<29
e 0.4<K/Ca<3.0

e Inaccuracy
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This PhD-work has applied experimental methods to develop a mathematical model that
gives a valuable contribution to improve the gasification efficiency and accelerate the
implementation of biomass-to-liquid transport biofuels in the future. Predicting the
onset of bed agglomeration and de-fluidization based on the ash composition provides
the opportunity to mitigate the operational problems caused by molten biomass ash in
the fluidized bed systems. The main goal is to avoid unscheduled, costly and resource-
intensive shutdowns of the large-scale industrial gasifiers. Although the mathematical
model has limitations, the predictions give approximate estimates that are acceptable
for the purpose of this model. The modelling results are useful for selecting a gasification
process with optimal process design and operation based on the calculated critical
amount of ash/bed material. The predicted value can be combined with specified
operating bed conditions to calculate the time limit for ash removal and/or recirculation
of bed material in fluidized bed systems. In addition, plant operators can be able to
differentiate promising alternative biomasses from biomass that potentially cause large

operational problems.

In order to meet the international climate goals of becoming a society with net-zero
emissions by 2050, the future biofuels have to depend on feedstock including the use of
low-quality feedstock, with diverse ash contents and ash compositions. A solution for
the poor quality might be blending of different biomasses. Consequently, the fluidized
bed gasification systems must handle larger ranges of biomasses, not only woody
biomass nor only agricultural biomasses, but a mix of biomasses that are dependent on
seasonal variations or other factors determining availabilities. The blending of
biomasses is demanding from an availability point of view, and new methods and
models based on good knowledge of the biomass and the ash melting behaviour are

needed for an optimal selection of biomass.

Optimal blending of different biomasses not only to avoid problems, but also to give
essential clean energy effect which can boost both the lifetime for existing equipment

and give useful guidelines for an environmental friendly design and operation.
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6 Conclusion and suggestions for further works

This chapter include the main conclusions drawn in the published scientific papers

related to this PhD-work, and the suggestions for further works.

6.1 Conclusion

The aim of this work was to assess the ash related challenges leading to bed
agglomeration and de-fluidization during gasification of biomass in fluidized beds.
Experimental work and computational modelling were combined in order to gain a
fundamental understanding and a deeper insight into the physical and chemical
mechanisms involved in the bed agglomeration processes. The agglomeration
tendencies for different biomasses were studied, where the main focus was on the ash
melting behaviour and the major ash forming elements Si, K and Ca. Grass, wood, straw
and bark were selected to represent general biomass samples with large compositional
variations, which cover a wide range of the biomass available for liquid biofuel

production in Norway.

For the experimental part, three different bubbling fluidized bed systems were used: (i)
A cold flow model, (ii) a 20 kW laboratory scale model, and (iii) a micro-scale model. The
commercial CPFD software package Barracuda Virtual Reactor was used for the
computational part. The results highlight the challenges with biomass ash melting and
subsequently formation of agglomerates during fluidized bed gasification. The
agglomerated particles change the fluidization characteristics, causing poor gasification
conditions due to bed instabilities with disturbed bubble activity and channeling of air.
The experimental results show that bed agglomeration is closely associated with high
operating temperature and the biomass ash composition. It is also revealed that the
ratios between the major ash forming elements K, Si and Ca in the biomass play an
important role in the agglomeration process, and that different combination of those
elements are especially problematic when processing biomass fuels in fluidized bed

systems.
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A micro-scaled fluidized bed was designed to perform accurate agglomeration and de-
fluidization experiments in an effective and controlled manner. The observations gave
accurate measurements of the amount of accumulated ash in the bed at the onset of
bed agglomeration and de-fluidization. The results indicate that bark tends to have the
highest tolerance limit of accumulated ash in the bed for all the investigated
temperatures. For example, the ash/bed material was measured to 7 % by weight at

900°C, compared to grass (3 %), straw (1 %) and wood (1 %).

The combination of basic knowledge about the fluidization characteristics and the key
findings from the experimental studies provided a good basis for development and
validation of a mathematical model capable of predicting the agglomeration tendency
of different types of biomass during gasification processes in fluidized bed systems. The
chosen approach for the model development was a multiple regression analysis that
resulted in a predictive model that estimates the critical amount of accumulated
ash/bed material (wt %) based on the operation temperature and the composition of
the ash forming elements Si, K and Ca. A significant regression equation was found (F (3,
30) =38, p<0.0001), with an R?=0.814. The weight percentage of accumulated ash/bed
material is equal to 17.63 — 0.02:T + 4.04- (Si/K) + 1.05 - (K/Ca), where the T is the
operating temperature measured in degree Celsius and (Si/K) and (K/Ca) are the mass

ratios.

6.2 Suggestions for further works

This PhD-work has contributed to the field of biomass-to-liquid transport biofuels, and
has provided methods and models that can improve the biomass gasification efficiency
and accelerate the implementation of biofuels. Although, the objectives of this thesis
have been fulfilled, other research questions have emerged during the course of this
study. The mathematical model are based on results and findings obtained from
investigations of four different biomasses, using one type of bed material and one
particle size distribution. More information is needed to create a predictive model that
can be generalized to fully cover a broader range of biomasses, and be adapted to use

in all types of industrial fluidized bed systems. The following extended studies are
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suggested for further research and development of a comprehensive and reliable model

that can help reduce the ash-related challenges in fluidized bed:

» Experiments with different particle sizes and distribution of bed particles.

o Experiments using steam or other types of gasifying medium.

o Experiments using Olivine as bed material.

« Investigations of biomass with ash compositions that can explore the limit of
accurate estimations in the regimes with high systematic error to make the
model more robust.

o Investigating blending of different feedstock for utilizing difficult and

troublesome types of waste material.
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Abstract

The global energy demand has increased over the last decades and the need for utilization of energy
produced from sustainable sources is stressed. Fluidized bed gasification of biomass is a thermochemical
conversion process that involves heating and converting of biomass into a gaseous mixture of syngas. The
syngas can be used for sustainable production of heat, power and biofuels for useful applications.
Agglomeration of bed material due to ash melting is one of the biggest challenges associated with fluidized
bed gasification of biomass. Inorganic alkali components from the biomass cause problems as they can
form a sticky layer on the surface of the bed particles and make them grow towards larger agglomerates
that will interfere with the fluidization process. The aim of this work was to study the effect of agglomerates
on the flow behavior in a fluidized bed gasifier. The experiments were performed in a cold-flow model of
a bubbling fluidized bed at ambient temperature. Three different experiments were carried out: (I) with
sand particles as bed material, (II) with agglomerates located at the bottom of the bed and (III) with
agglomerates located at the top of the bed. The results show that agglomerates lead to decreased pressure
drop and increased minimum fluidization velocity. The minimum fluidization velocity increased from
0.035 m/s in the normal fluidized bed to 0.041 m/s in the agglomerated fluidized bed where the
agglomerates were placed at the bottom of the bed. The minimum fluidization velocity increased further
to 0.057 m/s in the agglomerated fluidized bed where the agglomerates where added from the top of the
bed. This study also found that bed agglomeration causes channeling and poor fluidization conditions.
Copyright © 2019 International Energy and Environment Foundation - All rights reserved.

Keywords: Biomass gasification; Fluidized bed gasification; Fluidization, Agglomeration.

1. Introduction

In order to limit the earth’s global warming due to increased CO-emissions, there is an urgent need to
promote the use of sustainable alternatives to fossil fuels. Among all the renewable resources, biomass is
considered the most important source for sustainable energy production [1]. One of the promising energy
conversion technologies for biomass is fluidized bed gasification, which converts the biomass into a
gaseous mixture of syngas in presence of heat and a gasifying agent [2]. The syngas consists of mainly
hydrogen (H) and carbon monoxide (CO), which can be further converted into biofuels [3]. Fluidized bed
conversion is the leading technology for utilization of a broad variety of solid fuels, and is proved
particularly advantageous for biomass gasification technology [4]. In addition to their fuel flexibility,
fluidized bed gasifiers are noted for their uniform heating, excellent heat transfer, high efficiency and low
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environmental impact. Despite the advantages with fluidized bed technology, some difficulties appear
during the thermochemical conversion of biomass-derived fuels. Ash-related problems are the main
obstacles for successful applications of fluidized bed gasification of biomass [3]. The major challenge
associated with the ash produced in the gasification reactor is the formation of melted ash, which forms
agglomerates that deposit at high temperatures. Bed agglomeration decreases both the heat transfer in the
bed and the fluidization quality, resulting in poor conversion efficiencies and loss of control of the bed
operation parameters. In the most severe cases, bed agglomeration can lead to total de-fluidization of the
bed material [2]. The objective of this work is to study the effect of bed agglomeration on the flow behavior
in fluidized bed gasification of biomass. In the present study, sand particles with a mean diameter of 175
um are used as bed material. The experiments are carried out in a cold flow model of a bubbling fluidized
bed. The minimum fluidization velocity is measured from the pressure drop in the bed at different
superficial velocities. Bubble behavior in the bed is observed to study the fluidization characteristics of the
bed material in an agglomerated fluidized bed.

2. Theory

2.1 Fluidization theory

Fluidization is the phenomenon in which solid particles are kept in a fluidized state by passing a gasifying
medium through at an appropriate temperature. The gasifying medium can be steam, air or oxygen [6]. At
a very low superficial velocity, the frictional force (drag) between the particles and the gasifying medium
is too weak to suspend the particles, and the fluid passes straight through the void spaces between the
particles. In this condition, the bed essentially remains fixed and the pressure drop in the bed is given by
Ergun’s equation [7]. As the superficial velocity is steadily increased, the bed expands slightly. The drag
increases and at some point the particles begin to move. At a certain velocity, the upward-flowing fluid
will suspend the particles [8]. This state is referred to as the minimum fluidization and the corresponding
superficial velocity is the minimum fluidization velocity. The minimum fluidization velocity is useful as a
rough indication of the quality of the fluidization, and is an important parameter required for the design
and operation of a fluidized bed.

In fluidized state, the pressure drop through any section of the fluidized bed is equivalent to the weight of
the solid particles per unit area. In this condition, the suspended particles exhibit fluid-like properties. The
minimum fluidization velocity can be found both theoretically and experimentally. Theoretically, the
minimum fluidization velocity is determined based on [8].

2 2
1- —pp) = 150 2metr  (zemp) | g oo Py (1ems) 1
9(1= mr)(ps pf)) \ 50(%011[,)2 Ems3 + 75(,05dp Emp? | (D

| |

Weight of particles Drag force by upward moving fluid

Where &, indicates the bed voids at minimum fluidization condition, pf is the density of the fluid and
ps 1s the density of the bed material. uy,f is the superficial velocity at minimum fluidization, pf is the
viscosity of the fluid, @, is the sphericity of the solid particles and d,, is the particle diameter.

For fluidization of small particles and Reynolds number less than 20, the viscous drag force dominate the
process. The minimum fluidization velocity is then calculated by the mathematically expression [§].

_ 93(Pp=pf)9  Ems®E
150uf 1-&mf

umf B Remf <20 (2)

Where Rey, ¢ refers to Reynolds number.

Experimentally, the minimum fluidization velocity is determined by measuring the pressure drop in the
bed at different superficial velocities. The data are plotted in a curve similar to Figure 1. At u,, the bed
is at the boundary between fixed and fluidized conditions. As the velocity increases above ¢, bubbles
begin to form and the bed becomes fluidized.

The formation of bubbles in the fluidized bed depends on properties of the particles such as size, size
distribution and density [9, 11]. Geldart classified particles into four types: A, B, C and D based on their
fluidization behavior and mapped the particle types by its size and density in a diagram [12].
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In the present study Group B particles are investigated, they are characterized by fluidizing easily due to
good mixing of the particles in the bed. At the onset of fluidization, bubbles are formed. [8, 12].
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Figure 1. Pressure drop versus minimum fluidization velocity [10].

2.2 Bed agglomeration

Despite the widespread use of fluidized beds, the gasification process of biomass still has some difficulties
[5]. The main problem is the melting or the partial melting of ash components that forms agglomerates,
meaning the ash components adhere to each other to form larger entities [12].

During biomass gasification, inorganic alkaline components from the fuel can interact with silica from the
bed material to form low-melting silicates that coat the bed particles [12]. If the alkali content is high
enough, the coating melts and binds the bed particles together. Figure 2 illustrates how alkali-melt
compounds contributes to the agglomeration process in a bubbling fluidized bed. The phenomenon occurs
due to chemical reactions and physical collisions between the bed materials and the alkaline ash
components. A consequence of the collisions is attachment of ash particles on the bed particles, resulting
in formation of an adhesive and porous ash layer on the surface of the bed materials. As the ash particles
and the bed materials continue to collide, the ash coating grow thicker. Eventually, the bed particles grow
towards larger agglomerates that will interfere with the fluidization process. The agglomerates will become
too large to be fluidized, and consequently they will stick to the walls or sink to the bottom of the bed and
prevent the fluid to pass freely through. [12, 13].

Figure 2. (a) silica sand particle surrounded by an alkali layer, (b) agglomerate formation [12].

Smooth fluidization is essential for efficient and effective operation as it ensures good contact between the
particles, hence optimal heat transfer in the bed. Due to the distinctive shapes, sizes and densities,
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agglomerates are difficult to fluidize adequately. Figure 3 pictures the irregularity in structures and
compositions of agglomerates. The sticky and cohesive particles forms small volumes in the bed that are
not completely fluidized. These de-fluidized volumes will have decreased heat transfer leading to overall
increased temperatures in the bed. Moreover, higher temperatures will increase the stickiness of the particle
surfaces resulting in increased de-fluidized volume in the bed. Eventually, the bed takes a sluggish
appearance. The unwanted collapse of the fluidized bed is rarely recognized until sudden de-fluidization
occurs and often leads to shutdown of the whole installation [12].

Figure 3. Agglomeration of silica sand particles.

Agglomeration of bed material and ash sintering during fluidized bed gasification of biomass has been
reported frequently in the literature. Pietsch [ 14] defined agglomeration as “the formation of larger entities
from particulate solids by sticking particles together by short range physical forces between the particles
themselves, or through substances that adhere chemically or physically to the solid surface and form a
material bridge between the particles”.

Bartles et al. [12] presented an overview of research in the area of the mechanism of agglomeration.
According to this review paper, there is agreement among researchers that the agglomeration process in
fluidized bed gasifiers is a result of stickiness or adhesiveness of bed material produced by alkali
compounds derived from the biomass ash. Siegill [15] and Squires [16] describe the de-fluidization
phenomena as a direct consequence of stickiness. They also claim that stickiness of bed material can be
caused by changed properties of bed material at a certain temperature or due to presence of a liquid phase
(melt) that deposit on the surface of the particles [17].

Visser et al. [18] proposed two different routes for the initiation of the bed agglomeration: 1) ‘melt-
induced’ agglomeration and 2) ‘coating-induced’ agglomeration. The ‘melt-induced mechanism is direct
adhesion of the bed particles caused by alkali compounds (molten ash) that acts as a glue, forming hard
bridges between the particles. The ‘coating-induced’ mechanism refers to the formation of sticky uniform
coating layers on the surface of the bed particles due to chemical reactions between the bed materials and
the fluid phase.

Extensive studies performed on agglomeration in fluidized beds indicate that agglomeration and deposition
leads to decreased pressure drop and instabilities with bubbling and channeling of gas [8]. Tardos and
Pfeiffer [19] stated that bed material agglomeration dramatically changes the fluidization behavior of a
BFB, thus the fluidization characteristics of the bed such as the minimum fluidization velocity, the pressure
drop across the bed and the bubble behavior. Therefore, changes in bubble properties can be useful as an
indication of agglomeration in BFBs [5]. The bubble frequency are defined as the number of bubbles
passing through a specific area of the bed in a certain period of time. Under normal conditions, the bubble
frequency through different sections along the bed are similar. When agglomeration occurs, the fluidization
behavior changes and the bubble frequency through the different sections within the bed becomes different.
During an experimental study of standard deviation of bubble frequency (STDBF), Montes [5] observed
that the bed was channeling in some locations as illustrated in Figure 4 [5].

One widely used and more appropriate experimental method to study the status of a bubbling fluidized bed
is to measure the differential pressure. Under fluidized conditions, the pressure drop through the bed are
equal to the total hydrostatic pressure of the bed. Due to channeling and agglomerated zones, agglomerated
fluidized beds are characterized by lower pressure drop [5].
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Figure 4. Bubble frequency in a fluidized bed [5].

3. Material and methods

The experiments were performed in the cold flow bubbling fluidized bed shown in Figure 5. The fluidized
bed system consists of a cylindrical transparent column with height 140 cm and a diameter of 8.4 cm. The
static bed height was approximately 21 cm. The gasifying medium was ambient air introduced into the bed
through a porous plate distributor installed at the bottom of the column. The distributor ensures uniform
air supply. The top of the column was open to the atmosphere. Nine pressure transducers along the height
of the column were constantly monitoring the pressure drop across the bed. The pressure transducers were
connected to the systems engineering software LabWiew for data acquisition.

(]
e D
P9

140 cm P7

P5

10cm P4
. P3|

P2

e

- P1

!
Distributor

ai

N

flowmeter
Compressor

Figure 5. Cold flow model of bubbling fluidized bed.
The bed material used in the experiments were sand particles with a mean diameter of 175 pm and a bulk

density of 1431 kg/m3. According to Geldart fluidization diagram, the bed material corresponds to group
B particles. The agglomerates are porous, which give them low density. As they consists of a large amount
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of primary particles clustered together, the agglomerates have completely random shapes and sizes and are
therefore difficult to classify by Geldart diagram. [12] In the present experiments, the agglomerates varied
from approximately 2 cm to 8 cm and density approximately equal to 1510 kg/m?, as pictured in Figure 6.
The agglomerates were weighed and the density was calculated based on mass and volume. The volumes
of the agglomerates was found using a graduated cylinder. A precisely measured volume of sand particles
was poured into the cylinder. The agglomerate was submerged in the sand, and the volume of sand
displaced by the submerged agglomerate equals the volume of the agglomerate.

Figure 6. Agglomerates from fluidized bed gasification of biomass.

Prior to the experiments, a sieving analysis of the sand particles was carried out and the mean diameter
was determined from the mass fraction [20]. The bed material was weighed and the bulk density was
calculated based on the mass and volume. The agglomerates were introduced to the bed together with the
bed material and the superficial velocity (uy) was gradually increased. The pressure drop in the bed (Appeq)
was measured at different us, and the bubble behavior was observed during the whole fluidization process.
The experiments continued until slugging of the bed was observed. Three different cases of fluidization
processes were carried out: (I) with bed material (II) with agglomerates added at the bottom of the bed and
(IIT) with agglomerates added from the top of the bed. Detailed specifications for the experiments are listed
in Table 1.

Table 1. Details for the performed experiments.

Experiment Description Particle size Particle weight Particle density
I Bed material 175 pm - PBulk = 1431 kg/m?
II Agglomerates Smallest ~2 cm  Smallest: 2.9020 g pagglomerate = 1510
located at the Largest~8 cm  Largest: 754766 ¢ kg/m?
bottom of the bed
I Agglomerates Smallest ~2 cm  Smallest: 2.9020 g pagglomerate = 1510
located in the upper ~ Largest~8 cm  Largest: 75.4766 g kg/m3
layer of the bed

4. Results and discussion

Smooth fluidization is essential for efficient and effective operation as it ensures good contact between the
particles, hence optimal heat transfer in the bed. Smooth fluidization is a result of hydrodynamic,
gravitational and inter-particle forces, and due to of the balance of forces bed agglomeration will interfere
with the fluidization process. When agglomerates are present, the inter-particle forces are considerable and
hence they will take control over the bed behavior.

In the present study of flow behavior in the fluidized beds, it was observed that with the presence of
agglomerates, the bed was only partially fluidized. Figure 7 shows how Apj.q varies with us for
experiment (I) and experiment (II). Experiment (I) represents the flow behavior in a fluidized bed during
normal fluidization, and experiment (II) represent the flow behavior in an agglomerated fluidized bed. For
the agglomerated fluidized bed, App,.q Was decreased and u,, s was increased. Decreased Apyeq is a result
of the bed particles growing into larger entities. These agglomerates are too large to be fluidized, and thus
they will remain in the lower part of the bed and prevent the air from being evenly distributed. Moreover,
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bed agglomeration causes channeling and low particle-fluid contact, as the air tends to flow into the
openings between the agglomerates. The poor air distribution might lead to de-fluidized volumes in the
bed followed by complete de-fluidization.

The increase in u,, is a result of the increased void fraction causing decreased drag forces. U, increases
from 0.035 m/s in normal fluidization to 0.041 m/s in agglomerated fluidization. Lower u,,s means little
gas bypassing and is beneficial for good mixing and high rates of heat and mass transfer. A consequence
of the high wu,, is that the gasification process will be characterized by instabilities, with bubbling and
channeling of air. Higher u,,s means higher air flow and thereby more oxygen mixed in the bed, which in
turn may cause that the process will go towards combustion instead of gasification.
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Figure 7. Fluidization in a normal and an agglomerated fluidized bed.

Figure 8 shows the variation in Ap,.q when u; increases for experiment (II) and experiment (III).
Experiment (II) represent the flow behavior when agglomerates are placed at the bottom of the bed, and
experiment (III) represent the flow behavior when the agglomerates are placed at the top of the bed. It is
seen that the different location of the agglomerates lead to different fluidization processes. Agglomerates
that either stick to the wall of the bed or are located in the upper layer of the bed, entail higher u,,; and
higher Apy, 4, than agglomerates that are located at the bottom or in the lower part of the bed. u,, s increases
from 0.041 m/s in experiment (II) to 0.057 m/s in experiment (III). The increase in Uy, r and App,qy 1 a
result of the bed expanding causing rise in bed porosity. Increase in void fraction decreases the overall
drag until it is balanced by the total weight exerted by the solid particles.

As uy increases beyond uy, s, the bubble formation increases. Figure 9 shows snapshots obtained of the
bubbling behavior in the agglomerated fluidized bed during the fluidization experiments. When
agglomerates were present, it was observed that the bed was not fully fluidized. In the agglomerated
fluidized beds most of the bubbles collapsed at the bottom of the bed instead of passing through the entire
bed (Figure 9-a). Visual observation also revealed that the bed material was in motion at the top of the bed,
while the larger agglomerates remained at the bottom causing the gas to flow in channels between them
(Figure 9-b). The agglomerated beds showed almost no expansion, and as the measured pressure drop was
less than the bed weight indicating that the bed was not fully fluidized. In biomass gasification, this
phenomenon causes improper circulation of the biomass and non-uniform temperature distribution in the
bed. The non-uniform temperature distribution forms zones with de-fluidized volumes and increased
temperatures. Higher temperatures increase the stickiness of the particle surfaces and might result in
enhanced formation of agglomerates. Eventually, the bed takes a sluggish appearance.

ISSN 2076-2895 (Print), ISSN 2076-2909 (Online) ©2019 International Energy & Environment Foundation. All rights reserved.



62 International Journal of Energy and Environment (IJEE), Volume 10, Issue 2, 2019, pp.55-64

14000

12000

10000

8000

6000 —e— (lll) Agglomerates at the top

—e— (ll) Agglomerates at the bottom
4000

Pressure gradient (Pa/m)

2000

v

0.06 0.08 0.1 0.12 0.14

Superficial velocity (m/s)

Figure 8. Fluidization in a normal and an agglomerated bed.

Figure 9. (a) Bubbles collapse at the bottom of the bed (b) air flows in channels of the bed.

5. Conclusion

The objective of this work was to study how agglomerates affect the flow behavior in fluidized bed
gasification of biomass. The study included experiments performed in a cold flow model of a bubbling
fluidized bed. The experiments were carried out with 175 um sand particles as bed material. A mix of
agglomerates of different sizes was introduced to the bed. The pressure drop across the bed and the
minimum fluidization velocity were determined and the bubbling behavior was observed.

The formation of low-melting ash components such as alkali silicates creates problems in fluidized bed
reactors, as the formation of sticky glassy melt causes bed particle agglomeration. This can happen when
the ash particles on the bed particle surface stick together and sinter to form hard bridges between the
particles. Agglomerates have peculiar shapes, sizes and densities, which make them difficult to fluidize
and handle adequately. The formation of agglomerates cause instabilities with bubbling and channeling in
the bed, resulting in loss of fluidization. When channeling occurs in the bed, the particle-gas contact
becomes low and any heat and mass transfer operation is weakened. Consequently, de-fluidized volumes
occur in the bed, which often lead to complete de-fluidization of the bed, followed by unscheduled
shutdowns of the whole installation.
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The experiments indicate that bed agglomeration changes the flow behavior in fluidized beds. The
minimum fluidization velocity increased from 0.035 m/s in the normal fluidized bed to 0.041 m/s in the
agglomerated fluidized bed where the agglomerates were placed at the bottom of the bed. The minimum
fluidization velocity increased further to 0.057 m/s in the agglomerated fluidized bed where the
agglomerates were added from the top of the bed. During the experiments, it was observed that the pressure
drop decreased and the minimum fluidization velocity increased with the presence of agglomerates in the
bed. Additionally, channeling was observed in the bed, and the bubble formation and bubbles growth in
the bed was interrupted.
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ABSTRACT

Renewable energy sources have significant potential for limiting climate change and reducing green-
house gas emissions due to the increased global energy demand. Fluidized bed gasification of biomass
is a substantial contribution to meeting the global energy demand in a sustainable way. However, ash-
related problems are the biggest challenge in fluidized bed gasification of biomass. Bed agglomeration
is a result of interaction between the bed material and alkali metals present in the biomass ash. The
agglomerates interfere with the fluidization process and might result in total de-fluidization of the bed.
The study focuses on ash challenges related to the fluidization behavior in gasification of biomass.
A model is developed and verified against results from previous performed experiments in a cold flow
model of a bubbling fluidized bed. The commercial computational particle fluid dynamics (CPFD)
software Barracuda Virtual Reactor is used for the computational study. The simulations show that the
CPFD model can predict the fluidization process of an agglomerated fluidized bed gasifier.

Keywords: agglomeration, Barracuda VR, bubbling fluidized bed, CPFD simulation, flow behavior.

1 INTRODUCTION

Global warming is perhaps the most pressing environmental challenge in our time, and there
is an urgent need to promote the use of renewable energy sources in order to ensure a sustain-
able future. The massive expansion in the use of fossil fuels and the rising fears over the
effects of the increased CO, emissions have forced the countries to search for climate-friendly
alternatives to fossil fuels [1]. Biomass-based energy is presently the largest contributor of
renewable energy, and according to World Bioenergy Association, biomass annually accounts
for 10.3% of the global energy supply [2]. The leading energy conversion technology for
utilization of biomass fuels is fluidized bed gasification, which converts biomass into a
gaseous mixture in the presence of heat and a gasifying medium [3].

Fluidized beds are noted for their high heat transfer, uniform heating and high productiv-
ity. Despite being a promising technology for sustainable heat and power generation,
biomass gasification has operational problems that can restrict its commercialization [1].
Interactions between the bed material and the molten ash components cause formation of
agglomerates, resulting in the ash components adhering to each other to form larger entities
[4]. Bed agglomeration is the main obstacle for successful applications of biomass gasifi-
cation [5]. Presence of agglomerates in the bed alters the flow behavior in the gasifier,
causing changes in the fluidization properties and consequently loss of control of important
operating parameters such as pressure drop, minimum fluidization velocity and bubble
behavior. In the most severe cases, bed agglomeration can lead to total de-fluidization of
the bed [6].

Due to the operational problems caused by bed agglomeration, extensive studies have been
performed to gain more insight into the ash-related issues in biomass gasification. These
research activities have provided important knowledge about ash from biomass, and the rela-
tion between ash composition and the ash melting temperatures. However, only few data are
available on the ash melting and agglomeration, and its relation to the fluidization behavior
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in a biomass gasification reactor. Understanding the phenomenon of agglomeration is crucial
to optimizing the design and the operation conditions of a bubbling fluidized bed gasification
reactor. The objective of this work is to develop a computational particle fluid dynamics
(CPFD) model that describes how the agglomerates affect the fluidization process in a bub-
bling fluidized bed reactor.

The model is based on theoretical and experimental studies. The commercial CPFD soft-
ware package, Barracuda Virtual Reactor (VR) 17.1.0 is used for the computational study.
The CPFD model is validated against previous performed experimental results carried out in
a cold flow model of a bubbling fluidized bed [7].

2 BED AGGLOMERATION

Ash melting and subsequently formation of agglomerates is one of the major challenges in
fluidized bed gasification of biomass [4]. Bed agglomeration occurs due to chemical reactions
and physical collisions between the bed material and biomass ash with high content of alkali
species. The phenomenon is illustrated in Fig. 1, which is based on [8]. Bed agglomeration
happens as the inorganic alkali ash components interact with the bed material to form a sticky
layer on the surface of the bed materials. As the ash particles and the bed material continue
to collide, the ash coating grows thicker. Eventually, the bed particles grow towards larger
agglomerates that will interfere with the fluidization process [4].

The main problem with ash melting and agglomeration in fluidized beds is the issue of
de-fluidization. The agglomerated ash-particles (Fig. 2) differ considerably from the bed par-
ticles in shapes, sizes and densities, and are therefore difficult to fluidize adequately. At the
time of de-fluidization, a sudden decrease in the pressure drop over the bed is observed as the
sticky and cohesive agglomerated ash particles form small volumes in the bed. These volumes
are not fully fluidized, leading to improper circulation of the biomass and thereby non-
uniform temperature distribution and decreased heat transfer in the bed. Inside the de-fluidized
volumes, the temperatures will be increased, which in turn increases the stickiness of the
particle surfaces resulting in enhanced agglomeration [7].

The poor mixing and the decreased heat transfer that occur due to bed agglomeration
change the bubble behavior in the bed. While normal fluidization conditions give well-
distributed bubble frequency through all sections along the bed, the fluidization in the
agglomerated bed is characterized by instabilities with frequent bubbling and channeling of
fluid. Eventually, the bed takes a sluggish appearance. The unwanted collapse of the fluidized
bed is rarely recognized until sudden de-fluidization occurs, and might lead to shutdown of
the whole installation [4]. Figure 3 illustrates the bubble behavior in a normal fluidized bed
compared to the bubble behavior in an agglomerated fluidized bed.

Bed material
O
: L 4
vl

Biomass
ash components

Figure 1: Formation of agglomerates.
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Figure 2: Agglomeration of silica sand particles.
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Figure 3: Bubble frequency in a fluidized bed [9].
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3 MODEL DEVELOPMENT
3.1 Model description

The CPFD software package Barracuda VR 17.1.0 was used to simulate the flow character-
istics in an agglomerated bubbling fluidized bed. Barracuda VR uses the Multiphase Particle
In-Cell (MP-PIC) approach that is based on the Eulerian—Lagrangian approach, where the
transport equations are solved for the continuous fluid phase and each of the discrete parti-
cles are tracked through the calculated fluid field. The fluid—particle interaction is considered
as source terms in the transfer of mass, momentum and energy between the two systems.
CPFD simulations are hybrid numerical methods where the Eulerian approach is used for
solving the fluid phase, and the Lagrangian computational particle approaches for the mod-
eling of the particle phase [10]. Chladek ef al. [11] and Jayarathna et al. [12] describe the
transport equations in detail.

The Barracuda software package includes several drag models. In order to find the most
suitable model for the simulations of flow characteristics in an agglomerated fluidized bed
gasifier, different drag models were tested. The best fit between the numerical model (simu-
lation) and the experimental results was achieved with the Wen—Yu drag model. Wen—Yu drag
model is based on a variety of experiments performed by Richardson and Zaki [13]. The
correlation developed from the experimental data achieved by Richardson and Zaki [13] is
valid when the internal forces are negligible, meaning that the viscous drag forces dominate
the flow behaviour.

In general, the drag force caused by the fluid on the particles is calculated from:

F,=m,-D-(u;~u,) (1)

where m_ is the particle mass, D the drag function, u e the superficial velocity of the fluid and
u_the superficial velocity of the particles. The Wen—Yu drag function is dependent on the
fluid and the particle properties and is expressed by the drag coefficient (C)):

Ppeluy—u
D=§-Cd-M 2)
8 Py Ty

where Py and P, is the density of the fluid and the particle, respectively, and r, the particle
radius. C, is a function of Reynolds number (Re) and the fluid volume fraction ( Hf), and is
determined according to a set of conditions shown in eqn (3).
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Reynolds number is determined by

:2'ﬂf~rp~(uf—up) @)
Hy

Re

where ,is the viscosity of the fluid. More detailed information of the Wen—Yu drag model
are presented by Wen and Yu [14].

3.2 Computational setup

The cold flow model of the fluidized bed used in the experimental study is shown in Fig. 4.

A three-dimensional Cartesian coordinate system was used to describe the cylindrical
column with a height of 140 cm and a diameter of 8.4 cm. In the present study, the static bed
height was 21 cm. The computational grid is shown in Fig. 5. The mesh size was 0.01 m x
0.01 m x 0.01 m and the number of control volumes was 13,284. Isothermal temperature at
300 K was used, and the fluidizing gas was air at atmospheric pressure that was flowing
through the gas distributor from the bottom of the column. The total pressure was monitored
at positions 3.5 cm (P1) and 13.5 cm (P2) above the distributor. The simulation was run for
50 s with a time step of 0.001 s. The simulation parameters are summarized in Table 1. The
Wen—Yu drag model was selected, and the coefficient values Cgs €15 Cpp 11y and n, were equal
to 1.0, 0.15, 0.44, —2.65 and 0.687, respectively.

Quartz sand with a Solid density of 2,650 kg/m? was used as bed material. The particle
size of the sand ranged from 150 pm to 340 um with a mean diameter of 175 um. The particle
size distribution was determined by sieving analysis. The maximum close pack volume frac-
tion was set to 0.54, which was calculated based on the ratio of the bulk density and the
particle density. The maximum momentum from the redirection of particles collision was

SRE2I 333

Figure 4: Cold flow model of bubbling fluidized bed.
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Figure 5: Computational grid.

Table 1: Simulation parameters.

Parameter Value
Number of grid cells 13,284

Static bed height 21 cm
Fluidizing agent Air

Type of flow Isothermal @ 300 k
Superficial gas velocity 0.02: 0.005: 0.15 m/s
Simulation time for each flowrate 50s

Drag model Wen—Yu

Drag coefficients (c,, ¢,, ¢,, 1y, ;) Default values

assumed to be 40%, the normal-to-wall and tangential-to-wall momentum retention were 0.3

and 0.99, respectively. The particle properties are listed in Table 2.

The flow behavior in an agglomerated fluidized bed was studied by comparing three differ-
ent CPFD simulations, where agglomerates were present in the bed. The different cases were
defined with 5%, 10% and 15% of agglomerates. In order to simulate agglomerates, a coarser

Table 2: Particle properties.

Property
Mean diameter Close pack
Particle (um) Density (kg/m3) Sphericity  volume fraction
Bed material 175 2,650 0.86 0.54

Agglomerates N/A 1,506 0.6 N/A
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grid was used and the number of grid cells was reduced from 13,284 to 5,782. The size of the
agglomerates was limited by the chosen grid, which allowed a maximum particle size of
1.0 cm. The agglomerates ranged from 0.5 cm to 1.0 cm in diameter, with density equal to
1,506 kg/m?3. The density of the agglomerates was determined based on mass and volume [7].

4 RESULTS AND DISCUSSION

The Wen—Yu drag model was used in the CPFD simulations. The model was validated by
customizing it to the previous performed experimental results for sand particles with a mean
diameter of 175 um [7]. The pressure drop in the bed was plotted as a function of the super-
ficial air velocity. As the superficial velocity is steadily increased, the bed expands slightly.
The drag caused by the fluid on the particles increases and at some point, the particles begin
to move. At a certain velocity, the particles will be suspended by the upward-flowing fluid
[15]. This state is referred to as the minimum fluidization and the corresponding superficial
velocity is the minimum fluidization velocity (u ). Figure 6 compares the simulation with
the experimental result. The simulated minimum fluidization velocity was 0.039 m/s, which
is slightly higher than the experimental value of 0.035 m/s.

The deviation between the simulation and the experiment can be related to how the charac-
teristics of the particles influence on the fluidization processes, and how the numerical model
accounts for the particle size distribution. Barracuda uses the MP-PIC-based Euler—Lagrangian
approach, which means that instead of tracking each individual particle in the bed separately,
particles with the same properties are grouped into parcels. Each parcel is represented by one
computational particle, in which the equation for motion is solved as the discrete particle
moves through the flow field [16]. Another explanation for the deviation might be erroneous
assumptions for the drag model coefficients, Cgp €1 T and n,. The value of ¢, will notinfluence
on the results as it only has significance when Re > 1,000. Which is not the case for the present
work. In order to find the model that shows the best agreement with the experimental results,
several simulations with different values for the coefficients were performed. Finally, the
default values provided in Barracuda were chosen for all the coefficients. In Fig. 6, it is seen
that the simulation has a significant peak in the pressure drop at the onset of fluidization. How-
ever, the pressure drop decreases quickly after fluidization and stabilizes at approximately the
same value as in the experiment, corresponding to the weight of the particles [11].

11111

11111

8000

Superficial gas velocity [m/s]

Figure 6: Pressure drop as a function of increasing superficial
air velocity.



112 N. C. L. S. Furuvik, et al., Int. J. of Energy Prod. & Mgmt., Vol. 4, No. 2 (2019)

The result shows that the validated CPFD model describes the fluidization of the sand
particles with good agreement, and the model was used to simulate the fluidization conditions
in an agglomerated fluidized bed. Figure 7 shows how bed agglomeration changes the fluid-
ization characteristics of the bed. Smooth fluidization is a result of hydrodynamic, gravitational
and inter-particle forces. When agglomerates are present in the bed, the inter-particle forces
take control over the bed behavior, and the agglomerates will interfere with the fluidization
process. As the sticky particles grow into larger entities, the particles lose their original
weight and are no longer able to be fluidized by the initial gas velocity. Under fluidized con-
ditions, the pressure drop through the bed is equal to the total hydrostatic pressure of the bed,
but due to channeling and agglomerated zones, agglomerated fluidized beds are characterized
by lower pressure drop than normal fluidized beds.

The decreased pressure drop in the agglomerated fluidized beds indicates that the beds are
not completely fluidized, as the bubbles collapse at the bottom of the bed instead of passing
through the entire bed. Figure 8 illustrates the distribution of the particle species in the agglom-
erated fluidized bed, initially (Fig. 8a) and after fluidization (Fig. 8b). Blue color indicates bed
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Figure 7: Simulation of fluidization in normal and
agglomerated fluidized bed.
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Figure 8: (a) Initial particle species and (b) particle species
after fluidization.
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particles, while red color indicates agglomerates. The bed material are in motion at the top of
the bed, while the agglomerates remain at the bottom and one side of the column resulting in
the gas flowing in channels. In biomass gasification, agglomeration causes improper circula-
tion of the biomass and non-uniform temperature distribution in the bed. The non-uniform
temperature distribution forms zones with de-fluidized volumes and increased temperatures.
Higher temperatures increase the stickiness of the particle surfaces and might result in
enhanced formation of agglomerates. Eventually, the bed takes a sluggish appearance.

5 CONCLUSION
The objective of this study was to develop a CPFD model for simulation of the flow behavior
in an agglomerated fluidized bed gasifier. The simulations were performed using the com-
mercial CPFD software package Barracuda VR.

The agglomerates consist of a large amount of primary particles clustered together. They
have irregular shapes, sizes and structures, and are therefore difficult to fluidize and handle
adequately.

The simulations show that bed agglomeration influences the fluidization characteristics of
a bubbling fluidized bed. The pressure drop decreases and the minimum fluidization velocity
increases when agglomerates are present in the bed. Moreover, the formation of agglomerates
cause large instabilities with uneven distribution of bubbles and channeling that lead to loss
of fluidization. When channeling occurs in the bed, there is less contact between gas and
particles and the heat and mass transfer operation is weakened. Consequently, de-fluidized
zones occur, which in turn can lead to unscheduled shutdowns of the whole installation.
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Abstract

Fluidized beds have been widely applied for the
gasification of biomass. However, at high temperatures
ash melting and subsequently bed agglomeration may
occur. When biomass is used for thermal conver-
sion processes, inorganic alkali components present in
the biomass fuels can be responsible for major prob-
lems. Understanding the ash melting and ag-
glomeration in various gasification temperatures
is crucial to optimize the design and operation
conditions of a fluidized bed gasifier. This study fo-
cuses on the ash melting and the agglomeration
process in a bubbling fluidized bed biomass
gasification reactor. Using standard techniques, ash-
melting analyses were performed to determine the ini-
tial agglomeration temperature in laboratory prepared
ash samples from woodchips from Austria.
Computational Particle Fluid Dynamic (CPFD)
simulations were carried out using the commercial
CPFD software package Barracuda Virtual Reactor
(VR). The results show that the fluid dynamics gives
important indications of unwanted agglomeration
processes in a biomass gasification in a bubbling
fluidized bed.

Keywords: bubbling fluidized bed, biomass gasification,
agglomeration, CPFD simulations

1 Introduction

Climate changes are perhaps the biggest and most
challenging environmental problems the world faces
today. Greenhouse gas emissions from burning of fossil
fuels for heat and power generation are major
contributors to the earth’s global warming. Over the last
decades, it has been a growing attention to the use of
renewable energy as an effective tool to fight the climate
changes. On global basis, renewable energy were
estimated to account for 14.1% of the total 573 EJ of
primary energy supply in 2014, of which the largest
energy contributor was biomass (10.3%) (World
Bioenergy Association, 2017).

Fluidized bed gasification (FBG) is an important
route for conversion of biomass into useful gaseous
products, including syngas that can be further utilized
into biofuels. Fluidized bed gasifiers offer distinct
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advantages over other conversion technologies,
especially regarding to their uniform temperatures and
excellent heat transfers. (Basu, 2013) However, because
of the special ash-forming constituents of biomass fuels,
biomass ash has shown to be particularly problematic in
high temperature FBG processes (Wang et al., 2008).
Generally, these problems are associated with the ash
melting and following agglomeration of bed material
(Van der Drift, 1999). Bed agglomeration is a result of
interaction between the bed material and molten
biomass ash with high content of alkali metals. When
biomass is used for thermal conversion, alkali species
from the fuel can react readily with silica (Si) from the
bed material. As a consequence, the particles become
coated with an adhesive layer that glue the particles
together forming larger agglomerates. (Bartles et al.,
2008) Bed agglomeration leads to poor fluidization
conditions, and in the most severe cases it causes de-
fluidization and subsequently total shutdown of the
gasification process. Fundamental understanding of the
ash behavior in thermal conversion of biomass, is
necessary to improve the operational conditions in FBG
(Khadilkar, 2018).

The objective of this work is to (a) study the melting
behavior of woody biomass ash in correlation to
standard ash melting tests (b) use a previous validated
CPFD model to simulate agglomeration in a bubbling
fluidized bed gasifier.

The ash-melting analyses are performed using a Leco
Ash Fusion Determinator (AF700). In this test, the
temperature at which the ash starts to melt is determined,
giving a good indication of the temperature at which
agglomerates can be formed. Laboratory prepared ash
from woodchips from Austria are used for the ash
melting analyses. The CPFD model is developed to get
a better understanding of the problem with
agglomeration phenomenon in a bubbling fluidized bed
biomass gasification reactor. The connection between
the ash melting behavior, operating temperatures and
bed agglomeration in a FBG is investigated. The
simulations are carried out using the commercial CPFD
software package Barracuda VR.
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2 Theory

2.1 Bed agglomeration

In the literature, there is good agreement that alkali
metals are the main components causing problems with
bed agglomeration in FBG of biomass. (Bartles et al.,
2008) The agglomeration process happens in two ways,
either as melt-induced agglomeration or as coating-
induced agglomeration. The melt-induced mechanism is
direct adhesion of the bed particles because of alkali
compounds from the molten ash acting as a glue that
forms hard bridges between the particles. The coating-
induced mechanism happens due to chemical reactions,
between the bed material and the molten ash
components, causing formation of a sticky uniform
coating layer on the surface of the bed particles. (Visser
et al., 2008) Bed agglomeration is in most cases a result
of the inorganic alkali ash components combining with
Si, either from the bed material or from the ash itself, to
form low-melting silicates (eutectics) that coat the bed
particles. These eutectics are characterized by a lower
melting point than the individual components. If the
alkali concentrations are too high, the coating melts and
adheres the particles together. As a consequence of
repeated collisions between these sticky ash-coated
particles, the particles eventually grow towards larger
agglomerates. (Badhoilya, 2018) The phenomenon is
shown in Figure 1, an illustration based on (Moradian).

Bed material

o L
R AR5

Biomass
ash components

Figure 1. Agglomeration process.

Ash melting and following bed agglomeration is a
key concern in fluidized bed biomass gasification
reactors. The problems are mainly coupled to the high
temperature chemistry of ash, i.e. its melting at different
gasification temperatures. Proper fluidization of the
particles needs to be maintained in order to stabilize the
operational conditions of the fluidized bed (Badholiya
2018). As the agglomerated particles are of greatly
irregular shape, size and structure, they will interfere
with the fluid dynamics in the bed. In Figure 2
agglomerates from bubbling fluidized bed gasification
of biomass is pictured.

In FBG the particle movement is one of the most
important factors due to the corresponding transfer of
energy. Under normal conditions, this energy transfer is
so effective that the temperature difference across the
cross section of the bed is kept approximately equal to
zero. When agglomerates are present in the bed, the bed
mixing becomes more ineffective due to obstructed
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particle movement. If this agglomeration process comes
out of control, it can lead to severe agglomerate
formation and subsequently shutdown of the
gasification process. (Bartles et al., 2008, Badhoilya
2018) The obstruction in the particle movement can
result in local temperature deviations that in turn creates
de-fluidized volumes in the bed. De-fluidization is
described as a total collapse of the fluidized bed leading
to rapidly decreasing pressure drop and substantial
temperature changes. (Van der Drift, 1999)

Figure 2. Agglomerates from silica sand particles.

2.2 Ash melting

Biomass is greatly varying in its physical properties and
chemical composition, and the ash melting behavior is
greatly affected by the ash composition. The biomass
ash composition is in turn essential when it comes to the
efficiency of a FBG process. (Badholiya, 2016) Biomass
fuels with high ash content and low ash melting
temperatures have limited possibilities for successful
applications due to problems with ash melting, and
agglomeration that occur under certain conditions.
(Dragutinovic 2017) In general, woody biomass has
very low ash content, typically below 1 %, of which
approximately 40 % calcium (Ca), 15 % potassium (K)
and 20 % Si. (Vassilev et al., 2017)

Previous studies have indicated that the bed
agglomeration process is heavily dependent on the
chemical characteristics and melting behaviors of the
coating on the surface of the bed particles (Vassilev et
al., 2017). Typically, elements such as Ca and
magnesium (Mg) increase the ash melting temperature,
while Si, K and sodium (Na) decreases the ash melting
temperature. The combination of high Si and high alkali
content is especially problematic for fluidized bed
biomass gasification because of the formation of
silicates with low melting temperature. (BISYPLAN,
2012)

Apart from the chemical reactions that happens when
ash melts and interacts with the fluid dynamics in the
bed, the operating temperature is the most important
factor determining the time-scale of the agglomeration
process in fluidized beds. (Van der Drift, 1999) Good
knowledge about the ash melting temperatures is

Vasteras, Sweden, 13-16 August, 2019
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therefore of great relevance to avoid operational
problems during biomass gasification in fluidized beds.
In general terms, ash is used to describe the inorganic
matter in fuels. In biomass fuels, the content of the
critical inorganic alkali metals tends to vary within the
same type of biomass, as well as between the different
biomass species. (Badholiya, 2016) This makes it
difficult to determine the ash melting behavior on the
basis of the melting temperature of the individual
components. Another challenge when it comes to
determination of the melting behavior for biomass ash,
is that it under certain conditions can react to form
eutectics with lower melting point than the individual
components. (Dragutinovic, 2017) Performing ash
melting analyses can be a useful way to estimate the
tendency of bed agglomeration. The method for
analyzing the ash melting behavior involves heating the
ash in a controlled manner and then determining the
temperatures at which the ash begins to deform, soften
and completely fuse. This method gives a realistic
prediction of the initial agglomeration temperature, i.e.
the temperature where the first molten phases that are
able to glue particles together are visible. (BISYPLAN,
2012)

3 Material and methods

3.1 Ash melting analysis

The biomass fuel was ashed at 600°C using a muffle
furnace, and the ash was subsequently analyzed using a
Leco Ash Fusion Determinator (AF700). To prepare the
biomass ash sample for ash-melting analysis, the ash
was milled and wetted with a few drops of Dextrin
solution (Part no: 502-010) before it was pressed into a
cylindrical test piece (Figure 3) with specified
dimensions. The test piece was mounted on a ceramic
tray and placed in the high-temperature furnace.

Figure 3. Cylindrical test piece ready for ash melting
analysis.

For the ash-melting analyses, the Approved Standard
Test Method (ASTM) D1857 was used. This test
involves heating of the ash samples at a defined heating
rate in reducing conditions. Table 1 shows the ASTM
method specifications.
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Table 1. Ash melting analyses specifications.

Step 1 2 Unit
Start temperature 400 700 °C

End temperature 700 1500 °C
Ramp rate 20 10 °C /min
Ramp time 00:15 | 01:20 H:min
Hold time 00:00 | 00:00 H:min
Total time 00:15 | 01:20 H:min

Four characteristic temperatures were determined for
the ash sample: (ST) Shrinking starting Temperature,
(DT) Deformation Temperature, (HT) Hemispherical
temperature and (FT) Flow Temperature. Each of these
temperatures correspond to a specific shape of the
cylindrical ash test piece, and are described in Table 2
(BISYPLAN, 2012).

Table 2. Characteristic temperatures in ash melting
analyses.

Characteristic | Description

temperature

ST First sign of shrinking of the
cylinder

DT First sign of rounding due to
melting of the corners of the
cylinder

HT The cylindrical test piece forms a
hemisphere

FT The cylindrical test piece has
effectively melted and the ash are
spread out over the supporting tile
in a layer

3.2 CPFD model description

The CPFD software package Barracuda VR 17.1.0 was
used to simulate the agglomeration process in a biomass
bubbling FBG. Barracuda VR uses the Multiphase
Particle-in-Cell (MP-PIC) based Eulerian-Lagrangian
approach, where the transport equations are solved for
the continuous fluid phase and each of the discrete
particles are tracked through the calculated fluid field.
The fluid-particle interaction is considered as source
terms in the transfer of mass, momentum and energy
between the two systems. CPFD simulations are hybrid
numerical methods, where the Eulerian approach is used
for solving the fluid phase and the Lagrangian
computational particle approach is used for solving the
particle phase (Thapa and Halvorsen, 2013). Chladek et
al. (2018) and Jayarathna et al. (2017) have described
the transport equations in detail.

The Barracuda software package includes several
drag models. For the present simulations, the Wen-Yu
drag model was used. The CPFD model are previously
developed and validated against experiments performed
in a lab-scale cold flow model by Furuvik et al (2018).
The model was scaled up to a full-scale bubbling FBG
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reactor using Glicksman’s scaling rules that are based
on a set of dimensionless parameters. The scaling rules
are explained in detail by Thapa et al (2013).

A three-dimensional Cartesian coordinate system
was used to describe the cylindrical column with height
of 250 cm and 42 cm in diameter. In the present study,
the static bed height was 105 cm. The mesh size was
0.0466 m x 0.0466 m x 0.0466 m and the number of
control volumes was 4 536. The simulations were
carried out at three different temperature conditions: (1)
850 °C, (1) 900 °C and (I1) 1000 °C, and for each
temperature, two different agglomeration processes
were simulated. The fluidizing gas was air at
atmospheric pressure. Pressure transducers are placed
with an interval of 10 cm along the height of the bed,
and the first monitor point is 10 cm above the
distributor. The simulations were run for 50 seconds
with a time step of 0.001 s. The simulation conditions
are summarized in Table 3.

Table 3. CPFD simulation conditions.

Operating parameter Value

Number of grid cells 4536

Static bed height 105 cm

Fluidizing agent Air

Type of flow Isothermal @
(1) 850°C
(11) 900°C
(111) 1000°C

Superficial air velocity 0.02; 0.005; 0.15 m/s

Simulation time for each | 50 s

flowrate

Drag model Wen-Yu

Quarts sand with a solid density of 2 650 kg/m? was
used as bed material. The particle size of the sand were
300 um. The agglomerates ranged from 1.0 cm to 4.0
cm in diameter, with a particle density of 1 506 kg/m?3.
(Furuvik etal., 2018). The maximum close pack volume
fraction was set to 0.54. The maximum momentum from
the redirection of particles collision was assumed to be
40 %, the normal-to-wall and tangential-to-wall
momentum retention were 0.3 and 0.99 respectively.
The particle properties are listed in Table 4.

Table 4. Particle properties.

Property Bed material | Agglomerates
Diameter 300 um 1.0-4.0cm
Density 2650 1506
Sphericity 0.86 0.6

Close pack volume | 0.54 N/A

fraction

For the present simulations, it was assumed that the
agglomeration process started at the DT measured by the
ash melting analyses, and that the size and amount of
agglomerates accumulate once the process has been
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initiated. In total, six different simulation cases were
performed. Specific details on the agglomeration
processes in the different simulation cases are presented
in Table 5.

Table 5. CPFC simulation specification

Proceedings of SIMS 2019

850°C 900°C 1000-C
Amount of 0 20% 20%
agglomerates | 15% 20% 30%
Size of - 2-3cm 3-4cm
agglomerates | 1-2 cm 3-4 cm 3-4cm

4 Results and discussion
4.1 Ash melting analysis

Woodchips from Austria were used for the laboratory
prepared ash samples. The ash-processing temperature
was 600°C. In Figure 4, the form of the cylindrical test
piece is pictured for each of the defined characteristic
temperatures.

Figure 4. Results from ash melting analyses showing the
test piece at (A) ST, (B) DT, (C) HT and (D) FT.

In order to obtain reasonable results, three separate
measurements were carried out. The four characteristic
temperatures were determined for all the three
measurements. The results from the ash melting
analyses are listed in Table 6.

Table 6. Results from ash melting analyses.

ST DT HT FT

1 | 861°C | 870°C | 1466°C | 1492°C
867°C | 874°C | 1472°C | 1492°C
3 | 859°C | 865°C | 1463°C | 1490°C

For all the three measurements, the ash started to
show sign of shrinking around 860°C and deformation
and rounding were observed at approximately 870°C,
these are the temperatures that correspond to ST and DT
respectively. For biomass fuels, the DT is considered as
a valid indication for the tendency of the ash to cause
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problems during thermal conversion processes.
(BISYPLAN, 2012) In the present study, the received
data for the DT are further related to the initial
agglomeration temperatures.

4.2 CPFD simulations

The CPFD simulations were carried out at three
different temperatures, and with varying combination of
size and amount of agglomerates in the bed. The chosen
simulation temperatures were based on the measured
DT from the ash melting analyses, assuming the initial
ash-melting temperature will start the agglomeration
process. It was also assumed that the process continues
once it has been initiated. The CPFD simulation results
are presented as plots of the pressure drop in the bed as
a function of the superficial air velocity.

Figure 5 represents the results of the simulations at
850°C. The red line represents fluidization of the bed
material, and is used as a reference bed. The purple line
represents 15 % agglomeration in the bed. From the
figure it is seen that there is a clear correlation between
the fluid dynamics and the bed agglomeration processes.
The difference between the pressures drops in the two
cases increases with increasing superficial velocity until
the bed is fluidized, at about 0.06 m/s. The pressure drop
at minimum fluidization is approximately 14 000 Pa/m
in the reference bed, while it is decreased to
approximately 12 000 Pa/m in the agglomerated bed.

12000 |

10000 | —8— agglomerates-1-2cm (15%) at 850°C

—6&—sand at 850°C

8000 |

pressure gradient [Pa/m]

. L . . L . L . J
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
Superficial gas velocity [m/s]

Figure 5. CPFD simulations at 850°C, (I) silica sand, no
agglomeration (I1) agglomerate size 1-2 cm and 15%
agglomeration.

Figure 6 shows the results from the two simulation
cases at 900°C. In both of the cases 20 % agglomerates
are present in the bed. The blue line represents the case
with agglomerates of 2-3 cm, while the black line
represents agglomerates of 3-4 cm. The deviation
between the two curves indicates that the fluidization is
greatly affected by the size of the agglomerates. When
the maximum size of the agglomerates is increased from
3 cm to 4 c¢cm, the minimum fluidization velocity is
increased from about 0.05 m/s to 0.08 m/s. The
minimum fluidization velocity is a key parameter in
fluidized beds, and works as a rough indication of the
quality of the fluidization. Minimum fluidization is the
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point at which the bed conditions are at the boundary
between fixed and fluidized, and the corresponding
superficial velocity is referred to as the minimum
fluidization velocity. The superficial velocity should
therefore always be kept well above the theoretical
minimum  fluidization velocity to prevent de-
fluidization of the bed

12000 [

10000 -

8000

6000 —©— Bed with 20% agglomerates (2-3 cm) at 900°c ’»

—€—Bed with 20% agglomerates (3-4- cm)at 900°C

4000 -

pressure gradient [Pa/my]

2000 -

0 . | | ! " .
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
Superficial gas velocity [m/s]

Figure 6. CPFD simulations at 900°C, (I) agglomerate
size 2-3 cm and 20% agglomeration (I1) agglomerate size
3-4 cm and 20% agglomeration.

Figure 7 shows the results from the simulations at
1000°C. The size of the agglomerates is 3-4 cm in both
the simulation cases. The green line represents the case
with 20 % agglomeration and the yellow line is
simulation with 30 % agglomeration. The simulation
results displayed in Figure 5 indicates that
agglomeration causes decreased pressure drop in the
fluidized bed. From Figure 7, it is seen that as the
agglomerates grow larger it results in heavy instabilities
in the bed. The pressure drop across the bed start to
fluctuate as soon as the bed achieves fluidized state. The
fluctuation in the pressure drops becomes worse as the
amount of agglomerates increases. This improper bed
control indicates de-fluidization. Apparently around
20% agglomeration seems to be enough to initiate de-
fluidization of the bed.

16000

14000
12000
10000

8000

6000 0
Bed with 30% agglomerates (3-4cm) at 1000 “C

Bed with 20% agglomerates (3-4cm) at 1000 oc

pressure gradient [Pa/m]

4000

2000

0 . I . . ' .
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

Superficial gas velocity [m/s]

Figure 7. CPFD simulations at 1000°C, (I) agglomerate
size 3-4 cm and 20% agglomeration (11) agglomerate size
3-4 cm and 30% agglomeration.
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5 Conclusion

The objective of this work was to use a previous
developed and validated CPFD model to study the ash
melting and agglomeration in biomass gasification in a
bubbling fluidized bed. The study included ash melting
analyses, and CPFD simulations using the commercial
software Barracuda VR. Ash related problems are the
main obstacle in fluidized bed gasification of biomass,
and are generally associated with high content of alkali
components in the fuels. These elements might form
low-melting temperature compounds that will coat the
surface of the bed particles. If the coating have high
enough fraction of molten ash, it will cause bed
agglomeration.

The measurement of ash melting temperatures
provides a direct correlation between laboratory data
and the temperature at which the ash might have the
tendency to melt. The simulations shows that the
agglomeration process will affect the fluid dynamics in
a bubbling fluidized bed gasifier. Bed agglomeration is
often seen as a consequence of improper bed control.
The more and larger agglomerates, the more severe are
the problems. The point where agglomeration starts to
cause problems is characterized by a sudden drop or
instability in pressure. The simulations shows that
around 20% agglomerates seems to be enough to initiate
de-fluidization of the fluidized bed.
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Abstract

Fluidized bed reactors can be used for biomass
gasification. The product from biomass gasification is
syngas, which can be used for production of bio oil. The
main challenge when using fluidized bed for
gasification is ash melting and agglomeration of the bed
material. Agglomeration of the bed material influences
on the flow behavior in the fluidized bed reactor and
thus affects the gasification efficiency. A Computational
Particle Fluid Dynamic (CPFD) model is developed to
predict the flow behavior in a fluidized bed gasifier. The
CPFD model was validated against experimental data
from a cold fluidized bed. The model was then tested
against the results from a biomass gasifier, and a few
modifications were needed. Glickman’s scaling
parameters were used to scale up from a lab-scale to a
full-scale gasifier. Simulations using the modified
model were performed to study the flow behavior in a
full-scale gasifier with agglomerates. It was found that
the CPFD model is capable of predicting the effect of
agglomerates on flow behavior in a fluidized bed
gasifier.

Keywords: biomass, gasification, ash, agglomeration,
CPFD, Barracuda

1 Introduction

Biomass is considered a renewable energy source, and
it is crucial to make the biomass conversion processes
more energy effective. Biomass is converted via
gasification into a syngas consisting of mainly CO and
H.. Different technologies are used for gasification of
biomass, and one of the most promising technologies is
fluidized bed reactor. Fluidized bed reactors are used to
ensure proper mixing of biomass and fluidizing gas, and
thus increase the heat and mass transfer. Fluidized bed
reactors are also very flexible when it comes to the type
and quality of the biomass feed. The challenges when
using fluidized bed gasifiers are ash melting and
agglomeration of the bed material. Agglomeration may
disrupt the flow behavior in the fluidized bed and thus
affect the overall efficiency of the gasifier (Basu, 2013).

2 Ash melting and agglomerates

Ash melting is a big challenge in operation of biomass
fluidized bed gasifiers. The amount of ash from biomass
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varies a lot depending on the type of biomass used. The
typical content of ash in wood chips, straw and solid
municipal waste is about 1 wt%, 8 wt% and 50 wt%
respectively. However, even a small amount of ash can
harm the gasification process, and it is therefore
important to study how ash melting and agglomeration
affect the flow behavior in a fluidized bed. Biomass such
as grasses, demolition wood, and straw have a high
potential to create agglomeration, fouling, and corrosion
in a gasifier. (Basu, 2013)

The operating temperature for biomass fluidized bed
gasifiers is usually kept in the range of 700-900°C to
avoid ash melting. Ideally, the temperature should be
increased to obtain a higher quality of the syngas and to
avoid problems with tar. The ash melting temperature
varies depending on the composition of the biomass.
The melting temperature for spruce wood is 1170°C,
whereas the melting point for wheat straw is 915°C
(Basu, 2013).

The most significant ash-forming elements in
biomass are silica (Si), potassium (K), calcium (Ca),
magnesium (Mg), aluminum (Al), phosphor (P),
chlorine (CI), sodium (Na) and sulphur (S). (Balland
et al., 2017; Furuvik et al.,, 2020). The ash-
forming elements are released from the biomass
during the heating process. When the ash melts,
the inorganic elements from the melted ash can
create a sticky component, which functions as a glue
between the ash and the sand particles, and
agglomerates are formed. Figure 1  shows
agglomerates which are created by melted biomass
ash and sand particles. (Furuvik et al., 2019a; Furuvik
et al., 2019b). The agglomerates are of various sizes
and shapes, and may change the fluidization
properties in a biomass gasifier significantly.
An agglomerated bed creates instability in the bubble
frequency and can cause fluid channeling.
Agglomeration can also result in defluidized zones in
the gasifier. In the most severe cases, particle
agglomeration may lead to unscheduled shutdowns of
the whole installation. (Ohman et al., 2000)
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Figure 1. Agglomerates formed during gasification of
biomass.

3 Material and methods

3.1 Experimental set-up

Two different experimental set-ups have been used in
this study. One is a cold fluidized bed, where the fluid
dynamic properties and flow behavior are studied. The
other one is a biomass gasification reactor used to study
the gasification yield at different operation conditions.

3.1.1 Cold fluidized bed set-up

The cold fluidized bed consists of a transparent
cylindrical tube open to the atmosphere, and with a gas
distributor plate at the bottom. The height and diameter
of the cylinder are 140 cm and 8.4 cm, respectively.
Pressure transducers are installed along the height of the
bubbling fluidized bed, and the distance between the
transducers is 10 cm. The model is shown in Figure 2.
Experiments were performed with sand particles with
density 2650 kg/m® as the bed material. A sieving
analysis of the sand particles was performed and it was
found that the particles had a size range of 300-700 pm.
The weighted mean particle diameter was calculated to
535 um. An aspect ratio (bed height/bed diameter) of
2.5 was used in the experiments. Pressure drop in the
bed was monitored and plotted versus the superficial air
velocity.

D\ilthmov

Figure 2. Experimental set-up; cold fluidized bed
(Jaiswal et al, 2018).
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3.1.2 Biomass gasifier set-up.

A lab-scale bubbling fluidized bed reactor with a feed
capacity of 3-5 kg/h was used for the experimental
biomass gasification tests. A drawing of the reactor is
presented in Figure 3. The experimental rig is composed
of a feeding system, a fluidized-bed reactor, a pre-
heating system for the fluidizing gas stream, a sampling
line and an exhaust line. The biomass gasification rig is
made of stainless steel. It has three electrical heating
elements, which are installed externally. The gasifier is
insulated with refractory material on the inside, and a
200 mm thick fiberglass layer on the outside to
minimize the heat losses.

The feeding system consists of a silo followed by a
cold and a hot screw feeder. The cold screw feeder
conveys the feed from the silo to the hot screw feeder.
The hot screw feeder transports the feed into the reactor.
The reactor is a cylindrical vessel with an inner diameter
of 0.1 m and a height of 1.0 m. Air is used as the
fluidizing agent, and flows through a pre-heater with a
capacity of 18 kW. The exhaust line goes from the top
of the reactor and transports the product gases into a
flare. At the top of the reactor, there is also a sampling
line, where samples of the syngas are taken at regular
intervals and analyzed in a gas chromatograph (GC SRl
8610C). Two experiments were performed at
temperature 735°C using gas flow rates of 1.5 and 2
kg/h. The bed material was sand with a mean particle
diameter of 367 um and density 2650 kg/m®. The
pressure drop over the particle bed was monitored.

O s
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O 4 - 1atm
2 PT
B I
iomass supply T L o3
PIT
£ ho o IO, 4, |E
b E |2
3 [ | I" 2
-
i L&
—
e Air heater
Air suppl
anh supply

Figure 3. Experimental set-up; biomass gasifier.

3.2 CPFD modelling

Computational Particle Fluid Dynamics (CPFD)
simulations are used to predict the minimum fluidization
velocity and the flow behaviour in a cold fluidized bed
and in a gasification reactor. The bed dimensions and
the fluid and particle properties were the same as in the
experimental tests. The CPFD model is developed using
Barracuda VR. The CPFD numerical methodology

Virtual, Finland, 22-24 September 2020
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incorporates the multi-phase-particle-in-cell (MP-PIC)
method, where particles with the same properties are
grouped into parcels and each parcel is represented by
one computational particle (Snider, 2001; Amarasinghe,
2017). The gas phase and the particle phase are
modelled using the Eulerian and the Lagrangian
approaches respectively. Chladek etal. (2018) and
Jayarathna et al. (2017) have described the
transport equations in detail. Several drag models are
available in Barracuda, and five of them were tested
in this study. The five drag models are Ergun,
Wen-Yu, Wen-Yu&Ergun, Turton-Levenspiel
and  Nonspherical Haider-Levenspiel. The Ergun
drag model is derived based on dense bed systems,
and is only valid for gas volume fractions lower than
0.8. The Wen-Yu drag model (Wen and Yu, 1966)
is developed based on a series of experiments
performed by Richardson and Zaki in 1954. The
experimental data are available in (Richardson and
Zaki, 1997). The Wen-Yu correlation is valid when
the internal forces between particles are negligible,
meaning that the viscous drag forces dominate
the flow behavior. The Wen-Yu drag coefficient
is a function of the Reynolds number and the void
fraction.  Researchers  have  reported  good
agreement between experiments and simulations using
the Wen-Yu drag model (Furuvik et al., 2019). The
Wen-Yu & Ergun drag model, is a combination of
the two drag models. Wen-Yu’s drag model is
for dilute systems, and the Ergun drag model is for
dense systems. This blend of drag models is
controlled by the conditions set by the particle
volume fraction and close pack volume fraction.
Bandara et al. obtained good results when using the
Wen-Yu & Ergun drag model in simulation of a
circulating fluidized bed system (Bandara et al.,
2019). The Turton-Levenspiel model (Turton and
Levenspiel, 1986) and the non-spherical Haider-
Levenspiel model (Haider and Levenspiel, 1989;
Chhabra et al., 1999) utilize a single particle drag
function dependent on the fluid volume fraction.

3.3 Scaling

Fluidized bed reactors are operating under relatively
high temperatures, and it is difficult to observe the flow
behavior during operation. Therefore, cold fluidized
beds are often used for these types of studies. A CFD or
CPFD model can be developed and validated against
experimental data from cold bed tests. The model can
further be used for a biomass gasifier operating at high
temperatures. The cold bed has to be scaled based on
scaling rules to get the correct dimensions for the
particles and reactor, and to fit with the flow behavior
observed in the cold fluidized bed. Scaling rules are
used to scale from cold to hot, and also for up-scaling
from lab scale to pilot or industrial sized reactors. To
obtain the fluid dynamic similarities between two
reactors, properly developed scaling rules must be used.
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The most commonly used scaling rules for fluidized
bed reactors are the rules proposed by Glicksman
(Glicksman, 1984; Glicksman
study, a simplified set of Glicks
parameters is used. This simplified set is known
as Glicksman’s viscous limit set of dimensionless
parameters, and can be wused when Reynolds
number is less than 4. The dimensionless numbers
are: L L, U,

G L Uy

gL
where U, is the operating gas velocity,
minimum fluidization velocity,
diameter, L is a reactor dimension (eg. diameter, height,
bed height) and ¢ is the sphericity.

4 Results and discussion

4.1 Validation of CPFD model

A CPFD model of the cold fluidized bed was developed
and validated against experimental data.

was to find the drag model that gave the best fit
experimental data. The grid resolution was set to

cells, which resulted in a uniformly distributed grid of
9536 cells. Figure 4 shows the simulated pressure drop
versus the superficial velocity for the different drag
models.

The Turton-Levenspiel model fits well with the
experimental results in the fixed bed area (velocities
lower than 0.17 m/s), whereas the Wen
a good agreement with the experimental data in the
fluidized regime (velocity between 0.16 and 0.20 m/s).
A fluidized bed reactor will operate in the fluidized
regime, and therefore it was decided to use the Wen
drag function for the further validation of the CPFD
model.

—+—Wen-Yu
-é- 16000 -
e -
E; 14000 — WenYu-Ergun
& 12000 Ergun
2 10000
k=1
£ s000 Turton-Levenspiel
oo
3]
6000
§ Non-Spherical
& 4000 Haider-Levenspiel
a 2000 Experiment: Cold-
BFB
0
0.00 0.10 0.20 0.30

Superficial velocity (m/s)

Figure 4. Comparison of different drag models against
experimental data.

The next was to perform a grid resolution test. The
number of cells was reduced from 12000 to 4000, and it
was clear that using 4000 cells gave a significant
deviation from the experimental results.
was also run with 20000 cells, but this did not give any
significant difference compared to using 12000 cells.
Since simulation with 20000 cells are more time
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consuming, the further simulations were run with 12000
cells. A time step dependency test was carried out, The
time steps were changed from 0.001 s to 0.0001 s. The
results are presented in Figure 5. The plot shows that the
CPFD model using Wen-Yu drag model, 12000 cells
and time step 0.0001 s gives a good agreement with the
experimental data. This model is further used to
simulate agglomerates in an up-scaled fluidized bed
reactor.

Experiment Time step 0.001 s Time step 0.0001 s

0 0.05 0.1 0.15 0.2 0.25 0.3
Superficial gas velocity [m/s]

Figure 5. Comparison of simulations with different time
step.

Figure 6 shows a comparison of the minimum
fluidization velocity from the experiments and the
simulation using the final model. The simulated
minimum fluidization velocity is about 10% higher than
the experimental. The deviation may be due to small
differences in particle size distribution and the closed
packed volume fractions. The drag model could have
been tuned to fit the experimental data better. However,
the model is capable of predicting the flow behavior in
a fluidized bed with acceptable accuracy.
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Figure 6. Comparison of minimum fluidization velocity.
Dotted lines mark the minimum fluidization velocities.

The CPFD model was further tested against the results
from the biomass gasifier, and it gave a good fit
regarding the pressure drop over the bed at gas velocity
0.20 m/s.

4.2 Scaled model

The lab scale fluidized bed gasifier was up-scaled
using Glicksman’s viscous limit set of dimensionless

parameters. Before doing the scaling, the diameter ratio
of the two beds was set to 1:5, which means that the up-
scaled gasifier has a diameter of 0.5 m. The reason why
the geometry ratio was fixed, was to be able to simulate
large agglomerates by using the same number of cells as
in the simulation of the lab scale gasifier. In CPFD
simulations of gas particle systems, the particle sizes
cannot exceed the size of the computational cells. The
scaling parameter L/d, had to be neglected to avoid
unreasonably large sand particles to be used in the up-
2
scaled bed. The scaling parameters ﬂ, bt
gL Ly Uny
used for the up-scaling. The calculated parameters for
the scaled and the lab scale gasifier are presented in
Table 1. The highlighted values in the table are
calculated based on the scaling rules.

@ , were

Table 1: Parameters for the lab-scale and the up-scaled
gasifier.

Parameters Lab-scale Up-scaled
D 0.1m 0.5m

Hoed 0.21m 1.05m

T 735°C 735°C

Dp 2650 kg/m?® 2650 kg/m®
o 0.35 kg/m? 0.35 kg/m®
Hg 0.000042Pa's 0.000042Pa-s
dp 367 pm 549 um

Uy 0.153 m/s 0.342 m/s
Uns 0.051 m/s 0.114 m/s
daggl - 3-4 cm

Paggl 1506 kg/m® 1506 kg/m?®

Simulation with pure sand particles and with sand
particles together with agglomerates were performed.
The operating air velocity was set constant to 0.15 m/s
in both simulations. In the simulation with
agglomerates, agglomerates were fed continuously to
the gasifier at a mass flow rate of 1.0 kg/s. The
simulations were run for 90 s, and the pressure drop over
the bed versus superficial gas velocity was monitored.
The aim of these simulations was to find the amount of
agglomerates required to influence on the flow behavior
in the bed. Figure 7 shows the comparison of the
simulations with and without agglomerates. As can be
seen from the figure, there is a drop in the pressure for
the agglomerated bed already after 20 s (20 kg of
agglomerates fed to the reactor). The reason can be that
the average density of the bed decreases due to the
presence of agglomerates having a lower density than
the sand. The lower pressure drop can also be due to air
channeling caused by the large agglomerates. Between
45 and 70 s the pressure drop over the agglomerated bed
decreases gradually from 13500 Pa/m to 12300 Pa/m.
During this time interval, the mass of agglomerates in
the bed has increased from 45 kg to 70 kg, and it seems
that the agglomerates have started to affect the flow
behavior significantly. A higher concentration of
agglomerates may lead to higher degree of channeling
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of the air, which again gives a lower pressure drop over
the bed. The problem is that a large part of the air leaves
the bed through channels, and that the remaining air is
not sufficient to fluidize the bed. This can result in
defluidized zones in the bed, low mass and heat transfer
and uneven temperature in the bed. Zones with very high
temperature can occur, which promotes ash melting and
formation of more and bigger agglomerates. In the end,
the bed will collapse, and the gasification process has to
be shut down. Ash melting and agglomeration of bed
material can also plug the reactor totally, and thereby
lead to a dangerous situation. It is therefore crucial to
ensure that the gasifier is always running in the fluidized
regime.

—s—Without agglomerates = —e—With agglomerates

14500
14000
13500
13000
12500
12000
11500
11000
10500
10000
0 20 40 60 80 100

Time [s]

Pressure gradient [Pa/m]

Figure 7. Simulation of gasifier with and without
agglomerates. Gas velocity 0.15 m/s. Agglomerate
feeding 1 kg/s.

Figure 8 shows the distribution of agglomerates (red) in
the gasifier at time 0 s (no agglomerates), 60 s (60 kg of
agglomerates and 90 s (90 kg of agglomerates). The
agglomerates seems to segregate towards the bottom of
the bed as the fraction of agglomerates increases. Figure
9 shows the flow behavior in the bed with 14 kg, 60 kg
and 90 kg of agglomerates. The shape and frequency of
the bubbles (areas with low particle fractions) change as
the fraction of agglomerates increases. Also, the bubbles
are getting more diffuse, meaning that the fraction of
particles in the bubbles is increasing. This indicates that
most of the air is leaving the bed in channels or through
the emulsion.

Figure 8. Distribution of agglomerates in the bed at time
0s, 60 sand 90 s. Sand is blue, agglomerates are red.

Particle vol. frac.

I 0.6
0.54

Figure 9. Flow behavior in agglomerated fluidized bed.
Gas velocity 0.15 m/s, agglomerates 14, 60 and 90 kg.

The next simulations were run to predict the minimum
fluidization velocity for pure sand and for sand with 60
kg (26% by volume) of agglomerates. The results are
presented in Figure 10.

—s—\With agglomerates  —s—Without agglomerates

Pressure gradient [Pa/m]

0 0.05 0.1 0.15 0.2 0.25

Superficial gas velocity [m/s]

Figure 10. Minimum fluidization velocities (marked with
dotted lines) for sand bed and agglomerated bed.

The pressure drop over the bed is significantly lower for
the agglomerated bed than for the sand bed both in the
fixed bed regime and in the fluidized regime. The
minimum fluidization velocities are 0.05 m/s for the
sand bed and 0.055 m/s for the agglomerated bed, which
is significantly lower than the operating velocity of 0.15
m/s in the previous simulations. It is also observed that
the minimum fluidization velocity for the sand bed (0.05
m/s) is less than half of the scaled minimum fluidization
velocity (0.114 m/s). The reason is that the scaled
minimum fluidization velocity is calculated from the
Ergun’s equation using the mean particle diameter. The
minimum fluidization velocity very much depends on
the particle size and the particle size distribution, and the
smallest particles in a mixture influence significantly on
the minimum fluidization velocity (Jayarathne and
Halvorsen, 2009). In the simulations with Barracuda,
the particle size distribution is included, and the
simulations are therefore giving a more realistic value
for the minimum fluidization velocity.

Figure 11 shows the distribution of the agglomerates
(red) in the bed at minimum fluidization velocity (0.055
m/s) and at velocity 0.085 m/s. The volume fraction of
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agglomerates is 26%. At minimum fluidization velocity,
the agglomerates are uniformly distributed in the
gasifier. However, when the gas velocity is increased to
0.085 mfs, the agglomerates segregates towards the
bottom of the bed. Segregation of agglomerates can
have unfortunate consequences for the gasification
process, as it can lead to defluidized zones with high
temperature at the bottom of the bed. This can trigger
the formation of more and also larger agglomerates.

Figure 11. Distribution of agglomerates in the bed at gas
velocity 0.055 m/s and 0.085 m/s.

Figure 12 shows the comparison of the flow behavior in
the bed without agglomerates (left) and with 26%
agglomerates (right) at gas velocity 0.101 m/s. In the
sand bed, the bubbles seem to be well distributed in the
bed, whereas in the agglomerated bed it seems like the
gas (bubbles) is channeling through the bed in the
center. The channeling of the air will cause bad mixing
and limited mass and heat transfer. It is crucial to run the
gasifier at temperatures well below the ash melting
temperature to avoid agglomeration of the bed material.
Itis also important to operate the gasifier well above the
minimum fluidization velocity to avoid defluidization
and segregation of the larger particles if agglomeration
occurs. Reduction in pressure drop over the bed
indicates that formation of agglomerates has occurred.

' 06
0.54
0.48

0.42

0.18

0.12 S
l 0 —
Figure 12. Distribution of particles in bed without

agglomerates (left) and with agglomerates (right). Gas
velocity 0.101 m/s.

5 Conclusion

The objective of this study was to develop a model to
predict the flow behavior in a fluidized bed gasifier. A
CPFD model is developed using the commercial

software Barracuda VR. Experiments were performed
using a cold model of a fluidized bed reactor to study
the flow behavior and determine the minimum
fluidization wvelocity. Additional experiments were
performed in a lab-scale biomass gasifier 735°C to
determine the pressure drop over the bed.

The CPFD model was first validated against
experimental data from the cold fluidized bed. Grid
resolution tests, tests with different time steps, and tests
with different drag models were performed, and the final
model gave good agreement with the experimental
results. The average deviation between the experimental
results and the simulations regarding pressure drop and
minimum fluidization velocity was 6% and 10%
respectively. The model was further tested against the
results from the biomass gasifier, and it gave a good fit
for the pressure drop over the bed at gas velocity 0.20
m/s. A few modifications were needed to be able to
simulate an agglomerated fluidized bed gasifier.
Glicksman’s scaling rules were used to scale up the lab-
scale gasifier to a full-scale gasifier. Simulations using
the modified model were performed to study the flow
behavior in a full-scale gasifier with agglomerates. The
pressure drop over the bed decreased with increasing
mass of agglomerates. The minimum fluidization
velocity for the bed with 26 vol % agglomerates was
about 10% higher than for the sand bed. The bubble
shape and bubble frequency changed with the fraction
of agglomerates in the bed. This may be due to gas
channeling and segregation of agglomerates. The
developed CPFD model is capable of predicting the
effect of agglomerates in a fluidized bed gasifier.
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Abstract

Particle agglomeration is one of the obstacles for
successful application and commercial breakthrough of
fluidized bed biomass gasification. The problem is
generally associated with molten ash components that
interact with the bed particles, forming agglomerates
that interfere with the flow behavior.

In this work experimental and computational study
are combined in order to gain more insight into the fluid
dynamics in a bubbling fluidized bed gasifier. The goal
is to develop a Computational Particle Fluid Dynamic
(CPFD) model that can be used in further investigations
of the correlation between flow behavior and bed
agglomeration during biomass gasification in fluidized
beds. The experimental part was performed in a 20 kW
laboratory scale bubbling fluidized bed system. The
commercial CPFD software Barracuda Virtual Reactor
(VR) version 17.4.1 was used for the computational
study. Simulation results were compared to the
experimental data in order to validate the CPFD model.
Pressure drops predicted by the simulations were in
good agreement with the experimental measurements,
which indicate that the model is well capable of studying
the fluid dynamics in a fluidized bed system.

Keywords: biomass gasification, fluidized bed,
agglomeration, CPFD simulations

1 Introduction

Fluidized bed reactors have a broad use in various
industrialized applications and are common in both
petroleum and petrochemical processes, as well as heat
and power production. A typical fluidized bed system
consists of a cylindrical column packed with a suitable
bed material, which is kept in a fluidized state by
passing a fluid through at a velocity that is sufficiently
high to “loosen” the bed particles. The fluidized bed
design allows for good mixing in all directions within
the reactor, resulting in enhanced fuel/fluid contact and
thereby increased heat and mass transfer (Sansaniwal,
2017). As a result of the combination of intense solid
mixing and bed materials with large thermal capacity,
the fluidized beds can be operated under nearly
isothermal conditions. Additionally, they have the
benefit of continuous and controlled operations (Basu,
2013). Due to their homogenous operation conditions,
the fluidized bed reactors are capable of handling a wide

range of fuels, and compared to other conversion
technologies they are considered well suited for
processing highly reactive fuels such as biomass (Basu,
2013; Capareda, 2014).

Despite the many advantages with the fluidized beds,
some difficulties are reported related to the gasification
process of biomass-derived fuels. Generally, these
problems are associated with ash-melting and following
agglomeration of bed material. Biomass fuels refer to a
broad variety of feedstock, and are characterized as
heterogeneous with widely varying chemical and
physical properties (Capareda, 2014). Due to the
differences in chemical and physical properties, the
biomass fuel characteristics are associated with
diversity in composition of ash forming elements, which
may represent significant barriers for successful
fluidized bed gasification processes (Tiffault er al,
2018).

Understanding the fluid dynamics in the fluidized bed
is essential for maintaining ideal operational conditions
for an appropriate fluidized regime. This work is divided
into one experimental part and one simulation part. The
experimental setup is a 20 kW laboratory scale bubbling
fluidized bed gasifier. The laboratory scale model is
used to study the fluidized conditions at different
gasification temperatures. Additional experiments with
a mix of bed material and agglomerates are performed
to investigate the dependence of fluidization on particle
shape, size and density. For the simulation part, the
commercial CPFD software Barracuda VR version
17.4.1 is used for simulations of the flow behavior in a
bubbling fluidized bed gasifier. The data and
measurements achieved from the fluidization
experiments are used to develop and validate a CPFD-
model that can be used for further investigations.

2 Particle agglomeration in fluidized
beds

Ash related problems are a key concern in gasification
of biomass in fluidized beds. The problems are generally
related to alkali ash components that interact with the
bed particles, forming agglomerates that cause fluid
dynamic disturbances in the bed. The agglomerates
interfere with the flow behavior, change the fluidized
conditions and make further fluidization impossible.
During bed agglomeration processes, the solid mixing
becomes ineffective because the agglomerates tend to
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obstruct the particles movement, resulting in decreased
heat transfer and local temperature deviations that in
turn create de-fluidized volumes in the bed (Bartles et
al, 2008). De-fluidization is described as a total collapse
of the fluidized bed, and is recognized by a rapidly
decreasing bed pressure drop and/or a substantial
change in the bed temperature. In the most severe cases,
particle agglomeration results in unscheduled
shutdowns of the whole installation (Ohman and
Nordin, 2000).

Particle agglomeration in fluidized bed biomass
gasification is highly coupled to the high temperature
chemistry of the biomass ash, i.e. its melting and the
consequently appearance of an alkali liquid phase that
glue the ash to the surface of the bed particles (Ohman
et al., 2000). The mechanisms are dominated by a
combination of ash particles attaching the surface of the
bed material and chemical reactions that occur between
the ash-coated bed particles and the condensed gaseous
alkali components (Figure 1).

Gaseous alkali

»
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Ash particles (solid) 3
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Figure 1. Ash deposition onto the surface of silica sand
bed material (Ohman et al., 2000).

As a consequence of repeated collisions between the
ash-coated particles in the bed, the particles stick
together and eventually they grow towards larger
agglomerates. Figure 2 shows a photo of agglomerate
formed during gasification experiments with grass
pellets in a bubbling fluidized bed gasifier (Furuvik et
al, 2020).

Figure 2. Agglomerate of biomass ash and silica sand
particles, formed in a bubbling fluidized bed gasifier.

3 Experimental setup

The fluidization experiments were performed in a 20
kW laboratory scale bubbling fluidized bed reactor with
a height of 100 cm and an inner diameter of 10 cm. A
schematic of the experimental setup is shown in Figure
3. The fluidizing agent was air introduced into the bed
through two pipes from the bottom of the column. The

air mass flow rate was controlled with a Brook air
flowmeter, with an operating range between 0.5 kg/h —
4.7 kg/h. Five pressure transducers placed along the
height of the reactor were constantly monitoring the
operating conditions in the bed. Each pressure
transducer measures the gauge pressure in the given
position, i.e. the fluid pressure above the atmospheric
pressure. The temperature and pressure sensors are
connected to the LabVIEW software for data
acquisition. The locations of the pressure and
temperature sensors (P1/T1, P2/T2, P3/T3, P4/T4 and
P5/T5) are seen in Table 1.

P5/T5

100cm

p4/T4

P3/T3

P2/T2
v, | ™
22 < |T

Figure 3. Schematic of the laboratory scaled bubbling
fluidized bed used in fluidization experiments.

Biomass

Silica sand particles with a mean diameter of 305 um
and particle density 2600 kg/m® were used as bed
material. The sand particles were preheated to the
operating temperature by letting the air pass through a
preheated chamber before entering the reactor. The
experiments were run without feeding biomass to the
reactor. The externally heated reactor was operated at
temperatures that were kept constant throughout each
test run. Five thermocouples were used to determine the
temperature profile in the bed and to control the
temperatures at experimental conditions of 300°C,
600°C, 700°C and 800°C. For each temperature, a
fluidization experiment of the bed particles were
performed. The pressure drop in the bed were recorded
at different superficial air velocities ranging from 0.029
to 0.330 m/s. The superficial air velocities (us) were
calculated from the mass flow rate (), the area of the
reactor (A)and the air density at the specific
temperatures (pf):
m

(1)
Table 1 lists the operating parameters for the bubbling
fluidized bed reactor. The minimum fluidization
velocity for each experimental condition was calculated
using the equation for minimum fluidization derived
from Ergun’s equation (Kuuni and Levenspiel, 1991).

U = ——
f A-ps
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Table 1. Operating parameters for fluidization
experiments.

Description Value
300, 600, 700 and 800°C

Operating
temperatures

0.5-3.0kg/h

0.029 - 0.172 m/s @ 300°C
0.044 - 0.262 m/s @ 600°C
0.049 - 0.292 m/s @ 700°C
0.054 - 0.330 m/s @ 800°C

Air flow rate

Superficial air
velocity range

0.050 m/s @ 300°C
Calculated minimum | 0.038 m/s @ 600°C
fluidization velocity | 0.036 m/s @ 700°C
0.034 m/s @ 800°C

P1/T1:0.023 m

Pressure and P2/T2:0.143 m

ﬁiﬂeiaeﬁr;t P3/T3: 0.238 m
u P4/T4: 0.538 m
locations

P5/T5:0.838 m

The mass of the bed particles was 2.355 kg,
corresponding to a static bed height of 20 cm. For the
temperatures of 700°C and 800°C additional test runs
were carried out, for these runs a mix of agglomerates
of different sizes was introduced to the bed together with
the bed materials. The mass of agglomerates was 116 g
corresponding to a bed agglomeration of 5% by weight.
The agglomerates were produced from previous
performed gasification experiments (Furuvik et al,
2020). Detailed specification of the properties of the bed
material and the agglomerates are shown in Table 2.

Table 2. Specification of particle properties.

Particle properties Value
2.355kg

Mass of bed material

Bed material particle size range | 180 — 710 pm

Particle density of bed material | 2600 kg/m’
Mass of agglomerates 116 g

Size of agglomerates 1.0-3.0cm
Agglomerate density 1510 kg/m?3

4 Simulation model

4.1 CPFD model description

CPFD simulations are useful tools in modelling of fluid-
particle interaction in fluidized bed reactors. In this
study, the commercial software package Barracuda VR
was used to simulate the fluid dynamics in a 20 kW
laboratory scale bubbling fluidized bed system.
Barracuda VR uses the three-dimensional Multiphase
Particle-in-Cell (3D-MP-PIC) method for calculating
the fluid-particle flow. The method is based on the

DOI: 10.3384/ecp20176414
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Eulerian-Lagrangian approach, wherein the Eulerian
approach is used for solving the continuum phase and
the Lagrangian approach is used for solving the particle
phase. In the MP-PIC method, the solid particles are
modeled as computational particles with a proper size
and density distribution (Jayarathna et al, 2017; Thapa
and Halvorsen, 2014). The governing equations include
the conservation of mass, momentum and energy in the
system. The interphase momentum transfer is an
important term when modelling fluidized bed systems,
and is described in details by Chladek et al. (Chladek et
al, 2018) and Jayarathna et al. (Jayarathna et al, 2017).

The particle fluidization results from the drag forces
exerted by the fluid on the particles. The drag forces are
the main cause of transfer of mass, momentum and
energy between the different phases in the fluidized bed
system (Marchelli et al, 2020). In Barracuda VR the
drag forces (F) have their general form:

F = mpD(uf — up) (2)

Where my, is the mass of the particles, ur is the fluid
velocity, u, is the particle velocity and D is the drag
function (CPFD Software, 2020). The dimensionless
drag function is the fluid-particle interphase exchange
coefficient and differs for the different drag models.
Common for all systems are that D always has a
complex dependency on the bed porosity and the
particle Reynolds number (Re) (Marchelli et al, 2020).
The Re is defined as:

o= HoPry —Up) )

Ky

Where r;, is the particle radius, pris the fluid density and
uris the fluid viscosity. The drag models determine the
drag forces acting on the particles, and several drag
models are available in Barracuda. In order to study the
behavior of different drag models for the chosen system,
the Wen-Yu drag model (CPFD Software, 2020; Wen
and Yu, 1966), the Ergun drag model (CPFD Software,
2020; Ergun, 1952) and the Wen-Yw/Ergun drag model
(CPFD Software, 2020) were tested.

The Wen-Yu model is considered most valid for
dilute systems. The drag function for the Wen-Yu
model (Dwy) is dependent on the fluid conditions and
the particle properties, and is related to the drag
coefficient (Cq) (CPFD Software, 2020; Wen and Yu,
1966):

3 . prlur—uy)
Dwy = gCa s
Where p, is the particle density.

The drag coefficient (Cq) is defined as a function of
Re and is calculated by the following set of equations
(CPFD Software, 2020; Wen and Yu, 1966):

(4)
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24 Re < 0.5

Re f
2_49?0 (o + c,Rey Re<05<10000  (5)
Re

ng}lo Re > 10000

Where 0 is the fluid volume fraction, co, c1, c2, ng and n;
are model constants with default values 1.0, 0.15, 0.44,
-2.65 and 0.687 respectively.

The Ergun drag model is developed from dense bed
data and is primarily most suitable for picturing flow
through static packed beds. The drag function (Dg) is
given by (CPFD Software, 2020; Ergun, 1952):

k.0 Ur—u
Dy =05 (2 +k, pr Uy —up) (6)
OrRe PpTy

Where 6, is the particle volume fraction, ko and k; are
constants with default values 2 and 180 respectively.

Wen-Yu/Ergun drag model is a combination of the
Wen-Yu and the Ergun models. This allows it to be able
to work well in both dense and dilute systems. The drag
function (Dwye) is controlled by the close pack volume
fraction (8¢p) with a switch from Ergun to Wen-Yu at
defined values. Wen-Yu/Ergun uses the Ergun function
for 6, > 0.85-0,, and the Wen-Yu function at higher
voidage (CPFD Software, 2020).

( Dwy 9, < 0.750,,
Dyye =% Dewy 0.756,, = 6, > 0.856,, (7)
D 6, > 0.856,,
E
Where Dg wy is defined as:

DE,WY = (DE - DWY) (

0.856,, — 0.759@) + Dwr  (8)

4.2 CPFD simulations

CPFD simulations of a 20 kW laboratory scale
fluidized bed were performed. The 3D computational
grid was created using 10000 control volumes. The
reactor was initially loaded with silica sand particles
with mean particle diameter of 305 um and a particle
density of 2600 kg/m>. The particle size distribution is
determined based on the discrete mass frequency
distribution (Crowe et al, 2012), the result is shown in
Figure 4.
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Figure 4. Particle size distribution of bed material.

Fluidizing agent was air at atmospheric pressure. Flow
boundary conditions were applied at the bottom of the
reactor. The pressure in the bed was measured at
positions P1=0.023 m, P2 =0.103 m and P3 =0.183 m
above the bottom of the column. The simulations were
run for 70 s with a time step of 0.0001 s. Table 3 shows
the values of the model parameters used in the
simulations. In order to add agglomerates to the
fluidized bed a coarser grid was required, and the
number of grid cells was therefore reduced from 10000
to 5120. The size of the agglomerates was limited by the
chosen grid, which allowed a maximum particle size of
1.0 cm. In the present simulations, the size of the
agglomerates ranged from 0.5 cm to 1.0 cm with a
particle density approximately equal to 1510 kg/m?
(Furuvik et al, 2019).

Table 3. Model parameters used in the CPFD
simulations.

Description Value

Particle density 2600 kg/m?

Fluidizing agent Air
Isothermal@

Type of flow 300, 600, 700 and 800°C

Range: 180 - 710 um
Mean diameter: 305 pm
Close-pack volume 0.6

Particle size

fraction

Particle sphericity 0.86

Static bed height 0.20 m
Superficial gas 0.005 - 0.200 m/s
velocity

Agglomerate particle | 1.0 cm

size

Agglomerate density | 1510 kg/m’

5 Results and discussion

The bed pressure drop was measured experimentally at
different superficial gas velocities. The operating
temperatures were 300°C, 600°C, 700°C and 800°C.
Figure 5 shows that the pressure drops decrease with
increasing bed temperatures. The drag equations explain
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how the bed operating temperature alters the fluidized
conditions in the bed. All drag functions indicate that the
drag forces are strongly dependent on both the bed
porosity and the Re. Moreover, increased bed
temperature results in increased fluid viscosity (uf) and
decreased fluid density (pr), and hence lower Re. From
the Wen-Yu drag functions, equation (3) and (4), it is
obvious that changing the Re will cause a change in the
magnitude of drag forces exerted on the bed particles.
Stronger drag forces acting on the bed material give
lower pressure drop in the fluidized bed.

17000

14000 ._—_4.—-._._—.__.——4 $==T=300"C
——T=600"C

—4—T=700"C

12000 —4—T=800"C

Pressure drop [Pa/m]

Superficial velocity [m/s]

Figure 5. Comparison of experimental bed pressure drops
with different operating temperatures.

Additional two fluidization experiments were carried
out, where 5 wt% of agglomerates were mixed together
with the bed particles. The experimental temperature
conditions were 700°C and 800°C. Figure 6 shows that
adding agglomerates to the process alters the character
of the fluidized conditions. This can also be seen in drag
force calculations using the drag functions described in
equation (3), (5) and (7). The drag functions describe
how the relation between the superficial velocity and the
particle shape, size and density determine the bed
conditions during fluidization.

The agglomerates are relatively big, but porous,
which give them low particle density (p,). A change in
the pp alters the gravitational forces acting on the
particles. Looking at the drag equations, lower p, gives
increased drag function that further results in stronger
drag forces and decreased pressure drop.

The agglomerates are more angular compared to the
sand particles. Lower sphericity alters the packing
properties of the bed and leads to change in the
associated void spaces. Larger voids in the bed result in
higher fluid volume fraction, which based on the Wen-
Yu drag coefficient give increased drag forces and
thereby lower bed pressure drop.

17000
16000

e T=700°C
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14000 ——T=800°C

13000 gt T s
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Superficial velocity [m/s]

Figure 6. Comparison of experimental bed pressure drops
with and without agglomerates.

To predict the fluidized conditions in the bubbling
fluidized bed, the experimental setup was modeled
using CPFD calculations. The simulation model was
validated by comparing the measured pressure drop
from experiments with results from the CPFD
simulations. Wen-Yu, Ergun and the combined Wen-
Yu/Ergun drag models were tested in order to study the
behavior of the different drag models for the present
system. Figure 7 compares the experimental results and
the results from the simulations of the three different
CPFD models at bed temperature of 300°C. The results
show that the Wen-Yu drag function gives better
prediction compared to the other drag models.

The advantage of Wen-Yu is that the drag force only
depends on the fluid volume fraction and the Re, which
make it very suitable for predicting the fluid dynamics
in stabilized systems with isothermal bed conditions.
The Wen-Yu drag function is based on a dependence on
the Re, with a switch between different functions for
Re<0.5 and Re>1000. Re increases as the superficial
fluid velocity increases. However, Re will never exceed
1000 nor fall below 0.5 in the selected superficial
velocity range. For this system, Wen-Yu therefore uses
the same equation to calculate the bed conditions for all
measuring points during the simulations. As the bed
temperature is kept constant during the whole
simulation time, it can be assumed that both the fluid
conditions and the particle properties are unchanged.
Fluid volume fraction will admittedly fluctuate slightly
as a result of where and how bubbles are formed in the
bed. These fluctuations are relatively small, hence they
will not give large disturbances in the fluidized
conditions.

Ergun drag model is based on data from fixed bed
experiments and is therefore expected to be more
appropriate at higher packing fractions. The superficial
fluid velocity has large contribution to Ergun equation.
For low velocities, the bed conditions are mainly
controlled by the particle packing. As the superficial
velocity increases, the velocity takes more control over
the bed conditions. At higher velocities, Ergun gives
large fluctuations in the pressure drop. As seen in Figure
7, the drag model fails in the fluidized regime.

Wen-Yu/Ergun drag model is a combination of the
Wen-Yu model and the Ergun model, whereas the close-
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pack volume fraction (0.,) determines which drag
function that are used. For this system with 6., = 0.6, the
Ergun equation is applied when the particle volume
fraction (6,) > 0.51, and Wen-Yu is applied when 0, <
0.45. The results indicate that the only drag function
used for the present CPFD calculations is Ergun, which
explains why the simulated pressure drop for Ergun and
Wen-Yu/Ergun drag models are about the same.

A o~ Experiment
N
—— Wen-Yu
—&— Wen-Yu/Ergun

i —o— Ergun

Pressure drop [Pa/m]
o
=1
5
a

Superficial velocity [m/s]

Figure 7. Comparison of experimental result and
simulations using different drag models.

Figure 8 shows the experimental and the simulated
pressure drops in the fluidized bed for temperature
conditions of 300°C. The theoretical minimum
fluidization velocity (umf) for the particles was
previously calculated to Umfhcoretica = 0.05 m/s. From the
CPDF simulations, the minimum fluidization velocity is
found at approximately the same value, Umtsimutated= 0.05
m/s. Comparison of the experimental pressure drop and
the simulations using the Wen-Yu drag model shows
that the CPFD model can predict fluid dynamic behavior
of fluidized bed reasonably well.
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Figure 8. Comparison of experimental and simulated bed
pressure drops for 300°C.

Figure 9 shows the experimental and the simulated
pressure drops in the fluidized bed for temperature
conditions of 800°C. As seen in the figure, the minimum
fluidization velocities have decreased with the increased
temperature. Unr is indicated by black vertical lines in
the figure, which read off Umfheoretical = 0.034 m/s and
Umfsimulaed = 0.046 m/s. The large deviation between
Umf theoretical aNd Umfsimulaed Can be explained by the
theoretical calculation using the mean particle diameter
of 305 um, while the CPFD calculation use the particle
size distribution (Figure 4) where the particle diameter
ranges from 180-710 um. However, the CPFD

DOI: 10.3384/ecp20176414

simulation correctly predicts the fluidized regime and
pressure drops in the fluidized bed system.
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Figure 9. Comparison of experimental and simulated bed
pressure drop at 800°C.

Figure 10 and 11 compare the experimental and the
simulated pressure drops for fluidization of sand and
sand mixed with agglomerates for the temperature
conditions of 700°C and 800°C respectively. One
problem in the application of CPFD modelling of the
agglomerated fluidized bed systems is that the
agglomerates exist in all types of size, shapes and
structures, which makes it difficult to define the
agglomerated particles properties correctly. Although
the simulations show instabilities in the fluidized
regimes, the CPFD model maintains good agreement for
the fluidized operation conditions in the fluidized
regime.
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Figure 10. Comparison of experimental and simulated
pressure drop for agglomerated bed at 700°C.
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Figure 11. Comparison of experimental and simulated
pressure drop for agglomerated bed at 800°C.
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6 Conclusion

In this study, the fluid dynamics of a bubbling fluidized
bed  gasification system  were  investigated
computationally and experimentally. The study
included CPFD simulations of fluidization of silica sand
particles and agglomerates using the commercial
simulation software Barracuda VR version 17.4.1.
Comparison of experimental and simulated pressure
drops over the bed showed that the model can predict
fluid dynamic behavior of fluidized bed reasonably
well. Furthermore, the comparison showed that the
Wen-Yu drag model gave better prediction of the
fluidized conditions in the bed compared to the Ergun
and the Wen-YwErgun drag models.

The agglomerates are large sized and porous, which
give them low density. The fluid dynamics in the bed
depend upon the particle shape, size, density and
diameter. Thus, the agglomeration process disturbs the
fluidized conditions in the bed. The CPFD model is well
capable of predicting the effect of agglomerates on flow
behavior in a fluidized bed gasifier, and can be used for
further studies including ash from different types of
biomass.
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EXPERIMENTAL STUDY OF AGGLOMERATION OF
GRASS PELLETS IN FLUIDIZED BED GASIFICATION

NORA C. I. S. FURUVIK, RAJAN JAISWAL & BRITT M. E. MOLDESTAD
Department of Process, Energy and Environmental Technology, Faculty of Technology,
Natural Science and Maritime Science, University of South-Eastern Norway, Norway

ABSTRACT

The agglomeration tendency during gasification of grass pellets in a bubbling fluidized bed reactor was
studied. Particle agglomeration occurs as a consequence of interactions between the bed particles and
the biomass ash during the thermal conversion of biomass in fluidized beds. The continuous operation
and high efficiency of the fluidized beds are in these cases limited by partial or complete de-fluidization.
In order to study the agglomeration tendency of grass pellets at defined operating conditions, controlled
agglomerations tests are performed in a laboratory scaled 20 kW bubbling fluidized bed reactor. The
effect of the ratio between the superficial fluidization velocity (uo) and the minimum fluidization
velocity (umf) on the agglomeration tendency for grass pellets is reported. The results show that
agglomeration in the bed can be recognized by fluid dynamic disturbances in the bed, and if not
counteracted, de-fluidization will occur. The ratio uo/ums influences the agglomeration tendency and the
de-fluidization of bed. As the ratio uo/umf increases, the agglomeration tendency and the de-fluidization
time decreases. The de-fluidization temperature was not influenced by the changes in the superficial
velocity ratio.

Keywords: biomass fluidized bed gasification, particle agglomeration, de-fluidization.

1 INTRODUCTION

The massive expansion in the use of fossil fuels and the world-rising fear over the effects of
climate changes, have brought to light the search for a renewable and climate-friendly
alternative to fossil fuels [1]. Among the different sustainable energy conversion
technologies, fluidized bed biomass gasification is considered a promising contribution to
the shift towards renewable energy production. Fluidized beds offer homogenous operation
conditions and excellent fuel/gas contact, and are therefore ideally suited for converting
biomass into an energy-rich synthetic gas. The produced gas has several applications, and
can be used either directly for production of heat and power or it can be further processed
into biofuels and other conventional chemicals [2].

Despite the many advantages with fluidized bed biomass gasification, the process
introduces ash-related challenges that are the main drawback for the commercial
breakthrough [3]. These problems are generally associated with molten biomass ash that
interacts with the bed materials, forming agglomerates that create fluid dynamic disturbances
in the bed. Particle agglomeration is a key concern in fluidized bed biomass gasification. The
presence of agglomerates results in instabilities with bubbling and channeling in the bed,
which changes the fluidization character of the particles and makes further fluidization
impossible [4]. The phenomenon may further cause decreased heat transfer and local
temperature deviations followed by de-fluidized volumes in the bed [4]. De-fluidization is
described as a total collapse of the fluidized bed, and can be recognized as rapidly decreasing
pressure and substantial temperature changes during the gasification process. In the most
severe cases, particle agglomeration transforms the fluidized bed into fixed bed conditions
and may lead to unscheduled shutdowns of the whole installation [1]. Fig. 1 pictures a photo
of biomass ash particles melted together with bed material that are grown to a larger
agglomerate in a bubbling fluidized bed reactor.

WIT Transactions on Ecology and the Environment, Vol 246, © 2020 WIT Press
www.witpress.com, ISSN 1743-3541 (on-line)
doi:10.2495/EPM200021
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Figure 1: Agglomerates from biomass ash and silica sand particles.

Particle agglomeration during gasification of biomass in fluidized beds typically
originates from certain ash-forming elements, which are released from the biomass during
the heating process. The most significant ash-forming elements in biomass are silica (Si),
potassium (K), calcium (Ca), magnesium (Mg), aluminium (Al), phosphor (P), chlorine (Cl),
sodium (Na) and sulphur (S) [2]. The tendency of particles to agglomerate is highly coupled
to the physical characteristics and the high temperature chemistry of the biomass ash. Melting
processes and chemical reactions produce an alkali liquid phase that can form a bridge
between the ash and bed particles [5]. With increased bed temperatures, the viscosity of the
liquid phase will decrease and cause larger adhesive forces that glue the particles together.
The agglomeration process is initiated by ash deposition and formation of a coating layer on
the surface of the bed particles, and is dominated by a combination of the three mechanisms
illustrated in Fig. 2 [5]. First, the transfer of solid ash particles onto the surface of the bed
material (here: Silica sand, SiO») through van der Waals forces. The second mechanism is
the condensation of volatilized ash on the bed particles, while the third mechanism is the
attachment of molten or partially molten ash to the surface of the bed particles due to
chemical reactions between the gaseous alkali components and the particles (solid ash + bed
material) [5].

Gaseous alkali

ph-mA - - . LR, Y Mechanisms of coating formation:

Y 1) Attachment of small ash particles

2) Condensation of gaseous alkali species on bed particle
3) Heterogeneous gas-solid reactions

Si0, 1 (T R

B
— ~ -
.
Ash particles (solid)

»Time

Figure 2: Deposition of biomass ash on the bed particles.

The ash melting and following agglomeration process depends on the ash characteristics,
and can also be influenced by the bed operation conditions or the nature of the bed material
[2]. In most ash-layer coatings, Si is the dominating element [S]. The agglomeration process
happens as Si combines with other alkali ash components to form low-melting silicates
(eutectics), which are characterized by lower melting points that the individual components
[6]. The attachment of ash on the bed particles surface, and the subsequently growth of
agglomerates can follow two main routes: Melting-induced or coating-induced
agglomeration. Most dominant among the mechanisms is the coating-induced agglomeration,

WIT Transactions on Ecology and the Environment, Vol 246, © 2020 WIT Press
www.witpress.com, ISSN 1743-3541 (on-line)
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where the biomass ash attaches to the surface of the bed particles resulting in formation of an
ash-layer enriched in alkali metals. This coating tends to soften and will become sticky at
high temperatures, and thereby cause particles to agglomerate due to repeated collisions
between the sticky ash-coated particles. In some cases, especially with fuels that are rich in
Si and K, melting-induced agglomeration can occur. The melting-induced agglomeration is
aresult of direct adhesion of the bed particles due to alkali ash compounds that melt and form
a liquid phase at conventional gasification temperatures. The molten ash acts as a glue, which
forms liquid bridges between the particles and causes agglomeration. In Fig. 3, the two
agglomeration mechanisms between bed material particles (SiO;) and the biomass ash are
illustrated [5], [7].

Ash coating e
9e® @0 O
(a)

Molten ash Liquid bridge
Si0, ‘.. <02 Si0, Si0:
LN ]
(b)

Figure 3: Coating-induced (a); and melting-induced (b) agglomeration.

This study focuses on agglomeration during gasification of grass pellets in a bubbling
fluidized bed reactor. The fuel characteristics indicate that the major ash-forming elements
in the investigated grass pellets are K, Si and Ca. In addition, the grass pellets are enriched
with less amounts of P, Na, Mg and Al. The ash obtained from the grass pellets are composed
of various inorganic elements, which are present as oxides dominated by SiO, and K,O.

The main objective of this work is to study the agglomeration tendency of grass pellets
during a gasification process. The experiments are carried out in a 20 kW laboratory scale
bubbling fluidized bed gasifier under normal bed fluidization conditions. The effect of the
ratio of the superficial air velocity over the minimum fluidization velocity (uo/ums) in relation
to the agglomeration tendency of grass pellets is examined. The operating parameters, i.e. the
bed temperature (Tyeq) and bed pressure drop (APpeq) are continuously monitored throughout
the experiments in order to develop data to determine the de-fluidization time (tser) on the
onset of de-fluidization.

2 EXPERIMENTAL SETUP
The experimental set-up consists of a 20 kW laboratory scaled bubbling fluidized bed
gasifier; the system is divided into seven blocks as illustrated schematically in Fig. 4. The
reactor is a stainless steel cylindrical column with inner diameter of 10 cm and a height of
130 cm. Three electrical heating elements are coiled around the wall of the reactor and are
used for external heating of the gasification process. Five thermocouples and five pressure
transducers are placed along the height of the column, and are constantly monitoring the
operating conditions in the bed. The gasification agent is preheated air, which flows into
the reactor through two 10 mm steel pipes that are placed 27.5 mm from the bottom of the

WIT Transactions on Ecology and the Environment, Vol 246, © 2020 WIT Press
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column. The mass flow rate of air is controlled with a BROOK air flowmeter operating in
the range of 0.48—4.7 kg/h. The distance between the pressure and temperature sensors are
10 cm, whereas the first sensor is at the same level as the air supply. Each pressure transducer
measures the gauge pressure, i.e. the fluid pressure in excess of the atmospheric pressure, in
the given position. The biomass fuel is supplied through a screw conveyor and enters the
reactor 21.2 cm above the air inlet. The product gas leaves the reactor from the top and flows
through a pipe into the chimney where it is burned directly. Gas samples for use in analytical
setup are collected from a gas sampling point installed in the outlet pipe of the reactor.

The temperature and pressure sensors are connected to the LabView software for data
acquisition, and the bed conditions are continuously observed from the temperature and
pressure measurements. Fig. 5 pictures a screenshot of the control panel.

Gas flaring

Analytical setup

Product gas
1

A
Biomass supply — Reactor
130 cm
Airsupply ——p Gasheater
4+—>
10 cm v

Figure 4: Block diagram of the bubbling fluidized bed gasifier.
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Figure 5: LabView control panel.
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3 FUEL AND BED MATERIAL CHARACTERISTICS
Grass pellets sized in the range from 0.5 cm to 2.0 cm are used for the agglomeration tests.
Prior to the experiments, chemical analyses of the pellets and the ash were carried out by
Eurofins Environment Testing Norway AS. The analyses were performed in accordance with
the requirements of European Standards SS-EN 14961, SS-EN 15359 and EN 13656. The
fuel characterization is presented in Table 1, and the chemical properties of the grass pellets
and the ash are listed in Tables 2 and 3, respectively.

Table 1: Ultimate and proximate analyses of grass pellets, dry basis (wt %).

Ash content | Volatiles | Moisture | Fixed C C O H | N S
Fuel 9.5 75.9 8.4 6.2 469 | 337573203

Table 2: Major ash-forming elements of grass pellets, dry basis (mg/kg).

K Si Ca P Na Mg Al
Fuel | 20,000 | 16,000 | 6,500 | 3,400 | 2,100 | 2,000 | 340

Table 3: Ash composition of grass pellets, dry basis (mg/kg).

Si0» K,O CaO P,0Os MgO Na,O ALO; Other
Ash | 34,000 | 25,000 | 9,300 | 7,600 | 3,400 3,100 1,300 850

Quartz sand with particle size ranging from 200 pm to 425 pm was used as bed material.
The mean diameter of the particles is 355 pm, and the particle density is 2,650 kg/m>. The
sand particles are classified as round to angular. Table 4 lists the chemical composition of
the bed material.

Table 4: Chemical composition of bed material (wt %).

SlOz A1203 K20 NazO F6203 CaO MgO T102 LOI*

Bed material | 83.6 | 7.83 | 2.49 | 2.31 1.5 1.49 | 045 | 022 | 04
*LOI = Loss of Ignition.

4 EXPERIMENTAL PROCEDURE
The bed materials were filled into the bubbling fluidized bed reactor from the top, the mass
of the bed particles was 2.0 liters corresponding to a bed height of 20 cm. The agglomeration
tests were initiated by loading the grass pellets to the bed with a fuel feed ratio of 2.46 kg/h.
The air mass flow was controlled in the range between 2.0-3.0 kg/h. The reactor was operated
in a controlled gasification range, with bed temperature maintained between 800-900°C
throughout all experiments. The temperature sensor T3 was used as reference for the bed
temperature. Three agglomeration tests were carried out, where the ratio of the superficial air
velocity (up) over the minimum fluidization velocity (umf) varied. Prior to the experiments,
the minimum fluidization velocity for the bed particles was calculated to 0.0446 m/s from
Erguns equation [8]. The bubbling fluidized bed gasifier was operated according to the
parameters in Table 5. All three experiments were carried out continuously and separately
for approximately 30 minutes, or until the fluidized bed collapsed as a consequence of
particle agglomeration. The onset of bed agglomeration was determined by observing

WIT Transactions on Ecology and the Environment, Vol 246, © 2020 WIT Press
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fluctuations in bed temperature (Tveq) and bed pressure drop (APyeq). Agglomerates and the
bed material and ash were removed from the gasifier after each test.

Table 5: Operating parameters for the agglomeration tests of grass pellets.

Alr(ﬂgnzl)rate Fuel( li";:lcli)rate Thed (°C) | o (M/s) | ume (m/5) | uo/tims(-)
2.0 2.46 800-900 0.225 0.0446 5.0
2.5 2.46 800-900 0.281 0.0446 6.3
3.0 2.46 800900 0.338 0.0446 7.6

Ash melting behavior from laboratory prepared ash from the grass pellets was determined
according to the CEN/TS 15730-1:2006. Generally, the ash melting takes place over a
melting range where the solid phase coexists with its liquid phase [2]. The ash melting
behavior is useful to make a qualitative statement about the agglomeration tendency of the
fuel at given temperatures. The evaluation is done automatically by monitoring a shadow
profile of the sample where the changes of the geometry are documented, and the information
given from the images defines four characteristic temperatures that are explained in Table 6.

Table 6: Characteristic ash melting temperatures, based on [9].

. Shrinking Deformation | Hemispherical Flow
Characteristic
temperature temperature temperature temperature temperature
(ST) (DT) (HT) (FT)
Shadow profile . . .
Initial Spherical Hemispherical | The cylindrical
Descrintion deformation. appearance. form. test piece has
p First sign of First sign of Half the effectively
shrinking. rounding. original height. | melted.
5 RESULTS

The influence of the ratio uo/uns on the de-fluidization time is examined by changing the air
flow rate for three controlled bed agglomeration tests. The experimental results are shown in
Fig. 6, where the bed temperature (Tyeq) and bed pressure drop (APweq) are plotted as a
function of time for each of the test runs. De-fluidization can be clearly seen as an unusual
decrease in APpeq or/and an increase in Thpeq. For the test run where uo/ums = 5.0, the
gasification process reaches instabilities in the bed parameters after 14 minutes; the drastic
fluctuations in APpeq and Tyeq suggest the presence of agglomerations in the bed. If not
counteracted, the modifications in particle size result in segregation of the bed where the
agglomerated particles accumulate and either settle at the bottom or stick to the walls of the
reactor. Segregation is indicated by a slow decline in APyeq due to formation and build-up of
channels in the bed. Channeling creates de-fluidized volumes that act as “hot-spots”, which
are the cause of a heterogenous temperature profile. Complete de-fluidization finally occurs
at 24 minutes and is detected by a sudden decrease in the APpeg. For the test run where
Uo/ums = 6.3, the bed parameters are stable with no fluctuations in APyeq and homogenous Tieq
during the first 18 minutes of the run. At this time, the temperature profile makes a sudden
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change and shows a significant increase in the temperature gradient, suggesting onset of
particle agglomeration in the bed. However, the lack of variation in APyeq indicates that only
small fractions of the bed particles have been agglomerated. After 30 minutes, no de-
fluidization is observed. When uo/ums= 7.6, the bed conditions are recognized by higher APyeq
and higher Theq at the start-up of experiment. APyeq shows no fluctuations while Theq shows a
decreasing temperature profile during the first 8 minutes of the run. At this time, a sharp
reduction in APyq occurs at the same time as the bed reaches homogenous Tpeq, indicating
that agglomerates are refluidized as the APycq drops to a stable value. No disturbances or de-
fluidization were observed during the next 25 minutes of the test run. During normal
gasification conditions, APy is stabilized in the range between 10-15 mbar for all
experiments. When de-fluidization occurs, the differential pressure drops drastically with
over 10 mbar to below 3 mbar. From the observed bed conditions, it is found that u¢/ums does
not influence the de-fluidization temperature (Tqer). For grass pellets, de-fluidization of the
bed was observed when the temperature reached 860°C, Tqer = 860°C.
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Figure 6: Bed temperatures and pressure versus time for agglomeration tests.
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The results from the agglomeration tests indicate that higher ratio of uo/ums will decrease
the onset of agglomeration and increase the de-fluidization time. Increasing the air superficial
velocity gives better mixing of the particles, and may result in breaking of formed
agglomerates due to increased forces acting on the particles. Additionally, high fluidization
velocity reduces the amount of ash in the bed as some of the ash particles may flow out of
the reactor together with the producer gas. Increasing the ratio of uo/unms can slow the particle
agglomeration and prevent de-fluidization. However, upper limits for air mass flow exist
during the gasification process; if the amount of air exceeds the stoichiometric amount, the
process will go from gasification to combustion.

The observation of the bed material at the end of the agglomeration tests shows presence
of agglomerates of various sizes after each of the three experiment. The agglomerates are of
distinct types, as pictured in Fig. 7. For the test with the lowest uo/ums ratio, the agglomerates
are formed as result of melting-induced mechanism. These agglomerates clearly show that
the bed particles are melted together by hard bridges, resulting in faster agglomeration due
to increased adhesive forces between the particles. If the adhesive forces are equal or exceed
the drag forces, de-fluidization appears [10]. Once formed, this type of agglomerates tend to
stick to the walls of the reactor, or process equipment, causing increased de-fluidized
volumes with temperatures around the agglomerates. For the tests with higher uo/ums ratio,
the agglomerates are closely connected to the coating-induced agglomeration mechanism.
The agglomerates show that bed materials coated with ash have clustered together. These
agglomerates interfere with the flow behaviour in the bed. However, as long as the bed
maintains homogenous Tyeq and the fluidization velocity remains high enough to fluidize the
particles, these agglomerates will easily break into smaller particles. If not controlled, the
agglomerated particles might grow into larger agglomerates that cause de-fluidization.

Figure 7:  Agglomerates from grass pellets. (a) uo/ums = 5.0; (b) uo/ums = 6.3; and
(¢) up/ume="7.6.

The particle agglomeration tendency is represented by Ter. The agglomeration tests
indicate that Ter = 860°C for grass pellets, which are far below the characteristic
temperatures given by the ash melting analyses shown in Table 7. High Si and high K
characterize the content of ash-forming elements in grass pellets, and the low Tqer occurs
most probably because sticky K-silicates are formed during the thermochemical process.

Table 7: Ash melting behaviour of grass pellets.

ST (°C) | DT (°C) | HT (°C) | FT (°C) | Tust(°C)
1090 1150 1180 1190 860
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6 CONCLUSION

The objective of this work was to study the agglomeration tendency and the related de-
fluidization time in gasification of grass pellets in a bubbling fluidized bed gasifier. The
chemical analyses of the grass pellets show that the fuel is rich in K and Si, and has relatively
low content of Ca, P and other ash-forming elements. The ash content of the examined grass
pellets is 9.5 wt %. In order to develop data to determine the agglomeration tendency of the
grass pellets, agglomeration tests were carried out in a laboratory scaled bubbling fluidized
bed gasifier. Three different experiments were carried out, at different air mass flow. De-
fluidized condition in the bed was detected by observation of a sudden decrease in the
differential pressure in the bed, or by significant changes in the temperature profile in bed.
The de-fluidization temperature for grass pellets was determined to Tger= 860°C. As the ratio
of the superficial air velocity over the minimum fluidization velocity (uo/ums) increases, the
agglomeration tendency decreases and the de-fluidization time increases. The results indicate
Tqer is not affected by the uo/ums ratio.
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