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JUAN MANUEL RUBIO VANEGAS

Department of Environmental and Energy Sciences
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Abstract

Biomass-fired circulating fluidized bed (CFB) boilers are widely used because of
their fuel flexibility and efficient combustion with reduced emissions. Accurate pre-
diction of the gas-solid flow patterns and fuel conversion behavior is important for
design, optimization, and operational studies. High-fidelity, detailed modeling ap-
proaches, such as computational fluid dynamics (CFD), may be computationally
expensive. On the other hand, simplified, reduced-order models can provide less
detailed predictions at a lower computational cost.

The objective of this work was to develop a transient semi-empirical 1.5D model
capable of predicting the solid hydrodynamics and fuel conversion behavior of large-
scale biomass-fired CFB units. The model combines vertical discretization of the
furnace with a radial core-annulus structure to represent the main fluid-dynamical
structures. The hydrodynamic behavior was described through transient mass bal-
ances, employing empirical and semi-empirical correlations to describe the solids
entrainment, lateral solids transport, and back-mixing phenomena. Fuel conversion
was incorporated through source terms coupled to the mass balances, representing
the drying, devolatilisation, and char combustion of the fuel particles. The resulting
system of differential equations was solved numerically and validated against exper-
imental measurements of representative large-scale units.

The model captured the expected hydrodynamic trends and predicted vertical solids
concentration profiles with reasonable agreement with fluidization physics and the
experimental data. Sensitivity analyses showed strong dependence on the lateral
transport and operating conditions, such as the gas velocity. Fuel conversion simu-
lations demonstrated physically consistent evolution of particle properties and con-
version stages. The model achieved these results, preserving a relatively low compu-
tational cost, requiring less than 450 seconds to simulate over 2000 seconds of boiler
operation. The developed model provides an efficient framework for analyzing in-
dustrial CFB operation, and can support future extensions involving gas species
transport, more robust hydrodynamic considerations, and heat transfer.

Keywords: fluidization, circulating fluidized bed, combustion, semi-empirical, mod-
eling, transport, biomass, hydrodynamics, conversion, boiler.
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1

Introduction

1.1 Energy Context and Relevance of Fluidized
Bed Systems

As the energy transition progresses, fossil-fuel-dependent industrial sectors gradu-
ally move toward fully electrified configurations. The progressive reduction of fossil-
based electricity generation, the increasing variability of energy systems introduced
by the growing penetration of renewable power sources, and the need to ensure net-
negative CO5 emissions to the atmosphere create a demand for efficient and flexible
thermal power systems capable of supplying electricity with low environmental im-
pact.

Fluidized bed (FB) technology has undergone decades of development. Particularly,
advances in gas-solid FB systems have led to their wide application in the energy
and power industries [1]. In these reactors, a bed of solid particles develops fluid-like
behavior when a gas is injected at the bottom, exhibiting high mixing rates in both
the solid and gas phases, and resulting in high mass and heat transfer rates [2].
Furthermore, the large inventory of bed solids provides significant thermal capacity,
promoting homogeneous furnace temperatures that increase efficiency and reduce
emissions during combustion [2]. These characteristics, together with fuel flexibility
and the capability for in-bed emission capture [3], make FB technologies highly at-
tractive for future energy systems.

Circulating fluidized beds (CFB) are a type of FB reactor in which the use of higher
gas velocities to intensify the combustion process by increasing the energy release
density (W/m2) requires the implementation of a solids recirculation system, as
stronger gas flows introduced particle entrainment of the bed material [3]. The
high thermal mixing and inertia of CFBs [3], together with their flexibility and ef-
ficiency, make them highly attractive units for biomass combustion and gasification
[4]. Biomass fuels are an important component of climate mitigation strategies, as
they are potential carbon-neutral, renewable sources for heat and electricity gen-
eration [4]. Thus, biomass-fired CFB systems are of considerable environmental
and industrial interest due to their potential contribution to the global reduction of
greenhouse gas emissions and energy transition [5].
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1.2 Modeling of CFB Boilers

1.2.1 Role of Modeling in Fluidized Bed Systems

FB systems are applied in several processes and involve a wide variety of complex
phenomena that often require dedicated modeling [6]. Experimental techniques
used to characterize the FB behavior have undergone significant development in
recent years, but they still exhibit limited temporal and spatial resolution in the
acquired data [1]. Thus, modeling efforts focus on providing a deeper understanding
of FB systems through the characterization of the fluid dynamics, chemistry, and
heat transfer, with fluid-dynamic modeling having a central role due to its strong
influence on the other fields [7]. These models can generally be classified as ei-
ther macroscopic, based on empirical and semi-empirical formulations (i.e., relying
on experimental data to describe the flow fields instead of solving the momentum
equations [3]), or mechanistic models using computational fluid dynamics (CFD) [7].
Macroscopic modeling is very practical as it seeks to maintain high physical agree-
ment with the fluidization phenomena, while keeping relatively low computational
cost [7]. However, its dependence on experimental data may restrict its applica-
bility to similar conditions to those used in the development of its semiempirical
closures [3]. Therefore, it is of interest to develop generic FB models that apply to
a wide range of operating conditions, geometries, and applications, while remaining
physically consistent and computationally efficient.

1.2.2 Challenges in CFB Modeling

CFB modeling involves the consideration of multiple underlying phenomena.In par-
ticular, the gas-solid flow in CFB units is highly complex [1]. Time- and space-
dependent flow structures throughout the furnace, and may vary considerably with
operating conditions and geometry [8]. As described in Chapter 2, three main flow
regions are typically identified in large-scale CFB furnace: a dense region located at
the bottom, followed by splash and transport regions directly above it [3]. Each of
these regions, together with the solids recirculation loop, exhibits distinct dynamic
behavior and requires specific formulations. Consequently, different modeling strate-
gies can be adopted for CFB systems, depending on the desired level of information
and detail.

1.2.3 Modeling Strategies for CFB Boilers

Model complexity can range from global formulations (0D models) to high-spatial-
resolution approaches (2D and 3D models) [6]. As illustrated in Figure 1.1, increas-
ing the spatial resolution of a model provides a higher level of detail in the predictions
of the system’s behavior, at the expense of increased computational cost. There-
fore, the selection of the modeling approach depends on balancing computational
efficiency with the desired prediction accuracy and detail. The main categories for
modeling strategies are described below.
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Increasing spatial resolution and computational cost

0D 1D 1.5D 2D 3D

Figure 1.1: Schematic of increasing model dimensionality, from global 0D repre-
sentations to 3D models.

1.2.3.1 0D Models

Global or 0D models (also known as black box models) present an overall description
of a CFB system without spatial discretization, based mainly on on-site experimental
measurements. These models can provide useful predictions of representative state
variables such as the solids concentration in the boiler and the heat transfer in the
furnace [9]. However, the dependence on experimental data limits their validity to
the operating conditions and boiler geometry in which the measurements were taken

[9]-

1.2.3.2 1-1.5D Models

1D models make use of discrete cells to describe the vertical gradients of different
state variables in CFB units, such as gas and solid concentrations or temperature
[6]. These approaches typically employ empirical and semi-empirical correlations
to describe hydrodynamic behavior such as pressure drop and solids circulation
throughout the furnace height [10]. The development of 1.5D models gained rel-
evance after studies in the 80’s confirmed the lateral distinction of a core upward
flow and an annulus/wall layer downward flow [6]. As indicated in Figure 1.1, 1.5D
models represent an intermediate approach between 1D and 2D models, representing
radial variations in flow structures together with a complete vertical discretization
of the furnace. Hannes [6] made use of this approach to preserve a relatively sim-
ple model formulation, while achieving a good level of spatial resolution at a lower
computational cost than CFD simulations at the time. However, the author also
recognized that more comprehensive CFB models could be achieved through CFD
simulations.

1.2.3.3 2D-3D Models

2D /3D models achieve higher spatial resolution through detailed discretization of
the system. The complexity of these models is considerably higher and can vary
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based on the computational mesh resolution. More detailed spatial descriptions of
the system provide more information about the flows, such as local erosion sites,
accumulation points, or hot spots [6], but incur higher computational costs [8].
Different strategies can be applied to reduce the computational cost, as described
by Yang et al. [10], reducing computational time by using the results of semi-
empirical 1D models as initial conditions for 3D CFD simulations of CFB systems.
Nevertheless, the applicability and predictive performance are still conditioned by
the availability of computational resources.

1.3 Aim and Objectives

The purpose of this MSc Thesis is to develop a comprehensive 1.5D model of a
Biomass-Fired Circulating Fluidized Bed (CFB) boiler that can represent the oper-
ational behavior and yield values for key performance indicators like solids concen-
tration distributions from a set of inlet parameters comprising the operating condi-
tions of interest, such as fluidization gas speed, bed material, and geometry. To test
the model’s accuracy and effectiveness at representing real operating behavior, as
well as its generalizability, it will be validated with data from two industrial-scale
units: a large-scale CHP unit owned by the Danish utility company HOFOR and
Chalmers’ 12 MW boiler.

The main objectives of this work are to:

o Construct a robust reduced-order model of a large-scale biomass-fired CFB
boiler capable of capturing the main characteristics of industrial operation.

o Achieve a thorough representation of relevant physical phenomena such as
gas-solid interactions and reaction kinetics, through the use of empirical cor-
relations.

o Perform a model validation utilizing the provided industrial operation data
from HOFOR and Chalmers to corroborate the approximation effectiveness
and representativeness of the results.

o Assess the limitations and future improvements that the model could undergo
to achieve a higher level of accuracy and validity.

1.4 Scope of the Present Work

The modeling work in this thesis is restricted to large-scale biomass-fired CFB units
operating under industrially relevant conditions and using bed material particles
within the Geldart B classification. The developed model includes a detailed rep-
resentation of the gas-solid flow in the vertical direction, while accounting for ra-
dial flow variations through a core-annulus formulation. A constant temperature of
800°C is taken as a model input, as the heat balance is not closed in the present
work. In addition, simplified formulations are included to represent the effects of
secondary air injection and fuel conversion.



2

Theory

The focus of this chapter is to summarize the underlying phenomena that govern
the gas-solids flow and fuel conversion of CFB units, and to state the expressions
and assumptions used in their modeling. The structure and details, including in-
puts/outputs and balances, of the model developed in this work are presented in
Chapter 3.

2.1 General Fluidization Definitions

2.1.1 Particle Terminal Velocity

The terminal velocity plays a key role in the solids transport in the riser and repre-
sents the velocity at which the drag force balances the net gravitational force acting
on a particle [11]. In practice, the solids inventory of CFBs consists of a particle
size distribution (PSD). Particles within the distribution can have different sizes
and thereby terminal velocities (u;). The terminal velocity is calculated by Grace et
al.[11] using the dimensionless particle diameter, d;, and the dimensionless terminal
velocity, u;, given by Equation 2.1 and Equation 2.2, respectively:

& = d (ng(Ps - pg)>1/3 (2.1)

P P 2

Hy

p2 1/3
W= — 18 2.9
e (ugg(ps — pg)> (2:2)

Furthermore, the dimensionless terminal velocity can be correlated through spheric-
ity to the dimensionless particle diameter, yielding Equation 2.3, which is valid for
0.5 <¢<1][11]:

. [18 2.3348—1.743%]_1 23)

Uy = %2 + (105
D D

The above correlations are adopted throughout this work and are formulated for a
single particle suspended in a fluid. The model could be further refined by incorpo-
rating terminal velocity correlations developed for solids suspensions, such as that
of Win et al [12], which account for interparticle effects and provide more realistic
estimates of particle motion inside particle suspensions.
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2.1.2 Geldart Classification of Particles

Observations of the fluidization characteristics of different solids allowed David Gel-
dart to classify particle behavior into 4 distinct groups [13]. Ordered by increasing
particle size, these are: Group C (cohesive, or very fine powders); Group A (aerat-
able particles that fluidize easily at low gas velocities); Group B (sand-like particles
exhibiting vigorous bubbling behavior); and Group D (coarse, spoutable particles)
[14]. In industrial gas—solid systems, particularly in CFBs, Group B particles are
most commonly employed as bed material [15]. When particles in this group flu-
idize with velocities exceeding the minimum fluidization velocity, the development
of the bubbling regime facilitates efficient gas-solid mixing and rapid mass transfer,
making Group B particles widely used in combustion and catalytic applications [16].

The present modeling work is restricted to Group B particles, as it relies on correla-
tions and assumptions primarily developed and validated for large-scale CFB units
operating with such solids. This ensures consistency and a more accurate reflection
of the typical operating conditions of industrial CFBs.

2.1.3 Voidage and Solids Fraction

The flow in the furnace is composed of both a solid and a gas phase. It is necessary
to define the voidage, 4, as the fraction of the local volume occupied by gas phase
[11]. The corresponding solids fraction, e, is given by Equation 2.4.

es=1—¢, (2.4)

For a polydisperse solids mixture with constant particle density, the total solids
fraction can be expressed as the sum of the individual contributions from each
particle size class, as shown in Equation 2.5.

Es =Y s, (2.5)
If the total solids fraction and the mass fractions, w, obtained from a PSD are
known, the individual solids fractions can be approximated as:

€s; = WiEs (2.6)

This formulation assumes uniform particle density; modifications are required if
density varies across size classes. Under this assumption, the mass concentration of
particles of size 1, (Y, is defined as Equation 2.7.

Cs, = ps€s, (2.7)

2.2 Gas-solids Flow in CFB Boilers

The injection of primary at the bottom of the riser establishes a gas-solid flow
that evolves along the height of the furnace [17]. This evolution establishes three
characteristic flow zones (illustrated in Figure 2.1):

6
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« a dense bed zone at the bottom, where particles undergo continuous upward
and downward motion due to bubble wake [18], leading to solid clusters being
thrown up from the bed following bubble eruption [17].

e a splash zone, where the ballistic movement of the incoming solids clusters
creates intense back-mixing toward the dense bed [19].

« a transport zone, where a more dispersed solids phase experiences less back-
mixing. However, particles moving upwards tend to migrate to the wall layers
and then flow downward, creating a core-annulus structure [17].

The splash and transport zone make up the freeboard, which occupies most of the
riser height.

The formation of a dense bed is desirable for solid fuel combustion, as it promotes
fuel mixing across the furnace cross-section [17]. Maintaining the solids inventory
in the furnace requires continuous recirculation of the solids elutriated from the
riser. A fraction of the solids entrained to the top of the riser exits to the cyclone
carried by the flue gas [19]. Inside the cyclone (or cyclones, as larger units can have
more than one), finer particles and gas are separated from the circulation loop and
enter a convection pass to extract heat [17]. Heavier particles drop to a particle
seal (typically a loop seal as shown in Figure 2.1) which operates as a bubbling bed
moving solid particles back to the furnace bottom and feeds the solids back to the
lower part of the furnace [7].

Cyclone

Riser _._I_I_I_
( Top of the §
Furnace >
—- _l_ - f_\ _______ —
| ——~ |
— ot |
l W
1———_.\ r
K _ _-l ___________________ r
| ) LA //:

= bttt

Inlet Air

Figure 2.1: Fluid-dynamical regions in a CFB boiler
Previous studies of both industrial and laboratory-scale CFB units have allowed
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for detailed mathematical descriptions of the flow zones mentioned earlier. The
descriptions and correlations applied in the present work are included in the following
sections, with their corresponding constraints and assumptions.

2.2.1 Dense Bed Zone

Johnsson et al. [20] defined the dense bed as the region where the pressure drop is
constant with height, implying constant bed voidage and solids concentration. In
industrial CFB units, the control system of the circulation loop aims to maintain a
constant pressure drop by adjusting the bed inventory [21], making the dense bed
height an important operational indicator. The dense bed height is strongly influ-
enced by the fluidization gas velocity, u,. Increasing u, enhances solids entrainment,
thereby reducing solids hold-up in the lower region. Djerf et al. [22] showed that,
at sufficiently high gas velocities, the dense bed can be completely depleted. This
has a direct effect on solids entrainment and the existence of the splash zone.

2.2.1.1 Solids Mixing

Solids mixing inside the dense bed is primarily driven by bubble motion [23]. Fig-
ure 2.2 illustrates the main mixing mechanisms that can be found inside the dense
bed. In CFBs, bubble motion creates toroidal circulation paths, known as gulf
streaming, in which the bed material rises in the central region of the structure and
descends along its outer boundaries [9]. As a bubble rises, nearby solid particles
are drawn into its wake, contributing to lateral mixing. Simultaneously, the bub-
bles push bed material upward, contributing to axial mixing. Upon reaching the
bed surface, bubble eruption ejects clusters of particles into the freeboard, some of
which fall back to the bed while others get entrained. In addition, neighboring bub-
ble interactions and coalescence can further enhance the lateral mixing of solids in
the bed [23]. This solid flow ultimately drags the fuel particles. The mixing of fuel
inside the bed has a direct effect on residence times and conversion, with immersed
fuel particles experiencing higher heat transfer rates than those floating or entrained
in the freeboard [9].
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@i O i
R T ese Q

c -
o)

PTTTTTTTTTT

Inlet Air

Figure 2.2: Schematic of solids mixing inside the dense bed due to bubble motion
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All of the mechanisms described previously are dominated by the fluctuating be-
havior of the bubbling flow [24]. A common modeling approach is to group the
mechanisms and describe the overall solids mixing through a single diffusion equa-
tion, as shown by Equation 2.8:

oc, 0C, . (9C,\  oC, . (9C.\  aC, _ (dC,
at_OxDI<8x>+8yDy<8y>+82Dz<8z> (2:8)

where C is the mass concentration and D; are the dispersion coefficients in each
spatial direction. For the modeling of the dense bed zone in this work, the equation
is simplified assuming isotropic lateral mixing in the horizontal plane. Applying the
Divergence theorem, the second-order differential equation can be written as a flux
through an area such that the diffusive mass transfer, 7ig; ¢, can be expressed as:

. : : D D,
Maiff = Mdiff.h + Maiffo = IZAlatACs,h + A—ZAUACS,U (2.9)

where AC; ;, and AC, , represent the concentration differences between adjacent cells
in both directions. More details on how the diffusive transport terms are shown in
Chapter 3.

The dispersion coefficients account for both the convective and diffusive transport,
with Dj, considered constant in the horizontal plane, assuming an even distribution
of the primary air gas nozzles in the cross section [24]. D, typically takes values
between 0.1 and 1 m?/s, while Dj, ranges between 0.01 and 10 m?/s [25]. In the
present work, the value of D, is selected within the reported interval based on
model performance and convenience. However, the value of D, is chosen to be a
very big number (i.e. 10'°) to allow for infinitely fast horizontal solids mixing in
the dense bed, keeping the concentration in both cells of any horizontal plane the
same. Uneven horizontal mixing within this zone would create local variations in
the solids concentration, leading to spatially uneven bed voidage and pressure drop,
deviating from the characteristic dense bed definition.

2.2.2 Freeboard Zone

As illustrated in Figure 2.1, the freeboard is the region extending from the dense
bed surface to the top of the boiler [11]. Within this region, the solids concentration
decays exponentially with height, combining the effects of solids back-mixing and
entrainment. This decay is more pronounced within the splashing zone [26], as
evidenced in Figure 2.3. In a logarithmic solids concentration profile, the splash
and transport zones exhibit approximately constant slopes, with the splash zone
showing a steeper decline due to a faster decrease in concentration. The solids
concentration profile can be modified depending on the distribution of primary and
secondary air injections. Although an increase in gas velocity above the secondary air
injection level could be expected to reduce the solids concentration, experimental
observations show that secondary air may instead increase the concentration by
entraining particles that would have otherwise been back-mixed toward the dense
region, to higher elevations in the furnace [27].
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7/, Dense Bed
Splash Zone

Transport Zone

Solids Concentration, log C; [kg/m’]

Furnace height, h [m]

Figure 2.3: Typical logarithmic solids concentration profile, inspired by those built
by Djerf et al. [22]

The following sections describe in detail the two zones that make up the freeboard,
together with the main simplifications and assumptions used in the present work.

2.2.2.1 Splash Zone

The existence of the splash zone is conditioned by the presence of a dense bed at
the bottom of the furnace. The splash zone is formed by the ejection of solid clus-
ters from the dense bed surface by bubble eruptions. The clusters adopt a ballistic
trajectory, during which some particles detach and are dragged upwards by the gas
[26]. These dispersed particles leave the splashing zone and enter the transport zone.
The flux of particles leaving the dense bed and splashing zone regions, and entering
the transport zone is hereby defined as the solids entrainment [26].

Studies on the solids entrainment rates in large-scale units are limited, primarily due
to the need for high spatial resolution in the concentration profiles. One notable
contribution is the work of Djerf et al. [26], who combined experimental data from
both industrial- and laboratory-scale CFB units operating with Geldart B particles
with Monte Carlo simulations of ballistic particle trajectories. This enabled the
quantification of the decay coefficients for concentration and the development of a
comprehensive model for the solids entrainment flux, which depends on the gas and
particle terminal velocity. To compare different operation conditions, the authors
introduced the dimensionless solids entrainment flux, defined as:

Gi.= G (2.10)

PsUg

In turn, G, was correlated to experimental data, resulting in:

G, = 0.0054(¢ — 1)2, with £ = 2 (2.11)

Uy
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The entrainment mass flow, 1., can be defined by combining Equation 2.10 and
Equation 2.11, yielding;:

Mse = psttgGE A = 0.0054p,u, A(E — 1) (2.12)

In the present work, the splash zone is not explicitly resolved as a physical region
within the computational domain. Instead, Equation 2.12 is used to represent the
net loss of solids from the dense bed surface into the transport zone. The following
chapter introduces modifications to this expression to account for polydisperse solids
mixtures to represent size-dependent entrainment fluxes.

2.2.2.2 Transport Zone

Inside the freeboard, the macroscopic solids flow forms a core-annulus pattern. In
the core region, a fraction of the solids is transported downward due to differences
in particle size or density, leading to disengagement from the upward gas flow, while
the remaining solids are carried upward. Simultaneously, upward-moving solids are
continuously dispersed laterally into the annulus region, with downwards-flowing
wall layers that contribute to the solids back-mixing into the dense bed [28]. A
fraction of the solids that reach the top of the furnace is back-mixed into the wall
layers, quantified by the solids separation efficiency, 7,5 [29]. The remaining particles
leave the furnace and enter the cyclone. Figure 2.4 shows a simplified representation
of the flow patterns that are present in the upper part of the freeboard.
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Figure 2.4: Simplified representation of the flow patterns in the upper freeboard.
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2.2.2.2.1 Core-Annulus Pattern As discussed by Wu et al. [28], the coexis-
tence of upward and downward flows in the core region results in a net upward flow.
For this reason, the core region in this work is modeled as a unidirectional upward
flow, with particles moving at their slip velocity (defined as the difference between
the gas and particle terminal velocity) [7]. The resulting solids mass flow in the core
of the transport zone, 1Mcore, 3, is expressed as:

mcore,fb = Cs,coreAcore(ug - ut) (213)

where C; core is the solids concentration at the core and Ay is the cross-sectional
area of flow. Equation 2.13 assumes that the terminal velocity remains constant
along the furnace height, neglecting the effect of size segregation, which can alter
the effective terminal velocity [3].

For the annulus region, a constant downward wall velocity, u,,, is assumed. The
corresponding wall layer mass flow, g, 5, is formulated similarly to the core as:

mann,fb - Cs,zznnA Uy (214)

where Cj 4y, is the solids concentration in the annulus and A,,,, is the cross-sectional
area of flow. This flow area increases downstream due to changes in the wall layer
thickness, t,q1, as shown in Figure 2.4. The thickness increases as it gets closer to
the dense bed, depending only on height once circulation conditions are established.
Pallares et al. [7] described the change of ¢,4; as a height-dependent function: for
heights above a saturation height, H,,, the annulus thickness decreases linearly with
height. Below the saturation height, the flow is considered to be part of the splash
zone, where the solids flow pattern is different, and the thickness of the wall layer
is assumed constant. Thus, the wall layer thickness is modeled as:

twan(h) = 0.0108(Hy — h), for Hya < h < Hoyuer (2.15)

twall = 0.0648@h,f01" h S Hsat (216)

where Hguer 1S the cyclone duct height, Hy is the height of the furnace, and @y, is
the equivalent (hydraulic) diameter, defined as 4A/P, and with H,,,; defined as:

Hsat - HO - 6®h (217)

In large-scale CFB units, aspect ratios are typically lower than 10. Equation 2.17
takes an AR of 6 to estimate H,,;, as the transition to the splash zone is found at
heights with local ARs exceeding this value. Accurate representation of the wall-
layer thickness is fundamental, as it has a considerable impact on heat transfer
modeling [7].

12
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2.2.2.2.2 Lateral Transport of Solids As discussed before, solids transported
upward in the transport zone continuously migrate to the wall layers. In the present
work, the lateral mass transfer of solids, 7., is expressed as:

mlat =k- OsAlat (218)

Djerf et al. [30] proposed a model for the lateral transport of solids based on
simulations and experimental data for large-scale CFB units, where the mass transfer
coefficient, k, is given by:

k=0.029 - (u;, — u)"? - 29 (2.19)

This correlation considers typical gas properties for large-scale CFB combustion,
with p, = 0.33 kg/m?® and p, = 4.3 x 107° Pa - s, neglecting vertical dispersion of
solids to simplify the analysis. The mass transfer coefficient calculated by Equa-
tion 2.19 represents the net lateral solids transport, implicitly including both trans-
port directions, with the dominant solids transport contribution occurring from the
core to the annulus. For the representative systems analyzed by Djerf et al. [30], k
typically takes values between 0.01 and 1 m/s. The dependence of Equation 2.19 on
the slip velocity also suggests that secondary air injection, by increasing gas velocity
above the injection height, may increase the lateral mass transport, enhancing solids
transfer from the upward core flow to the downward annulus flow.

2.2.2.2.3 Solids Separation Efficiency As indicated by Figure 2.4, not all
particles exit the riser to the cyclone. The fraction of solids that remains in the
furnace contributes to the descending wall layers [29]. The solids separation effi-
ciency, 7ss, quantifies this behavior by relating the solids flow being back-mixed to
the annulus to the incoming solids flow into the top of the furnace:

Solids back-mixed to the wall layers

Tas (2.20)

~ Solids reaching the top of the furnace

Thus, the lateral mass transfer of solids back-mixed to the annulus at the top of the
furnace, 14t top, is defined as:

mlat = MNss * mcore,fb (221)

Wu et al. [29] analyzed the influence of outlet geometry and gas velocity through
CFD simulations. The resulting correlation for the solids separation efficiency is
given by:

S outlet H outlet H at
=1- 2.22
s f°f1< So )f2<Wouﬂet>f3<D) (2.22)

where Sguer 18 the cross-sectional area of the outlet duct, Sy is the cross-sectional
area of the riser, Hyuet and Wouer are the height and width of the outlet duct,
respectively, H,; is the distance between the roof of the riser and the top of the
outlet duct, and D is the characteristic length, taken as the normal distance from
the outlet duct to the riser wall (equivalent to the riser depth, Dy) [29].
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The f-terms are expressed as functions of the Stokes number, St, defined as:

d*u,p
St= L2~ 2.23
184D ( )
The individual terms are given by:
fo =0.99 — 0.091n(200 - St) (2.24)
SOU € SOU €
f ( i t) = 1—(0.161n .5t + 0.6) (1 — Zoud t) (2.25)
So SO
Houtlet>
=1 2.26
f2 <Woutlet ( )
Hat Hat)
=1-0. 2.2
f3<D) 0085(1) (227)

Together, these expressions describe the solids separation efficiency as a function
of particle characteristics, gas properties, and boiler geometry. The combined ex-
pression (Equation 2.22) is valid for St > 0.035. It is assumed in this work that
particles that have a Stokes number smaller than this are carried by the gas directly
to the cyclone, and their separation efficiency is 0. Furthermore, it is assumed for
simplicity that the solids mass flow leaving the furnace to the cyclone has the same
definition as the transport zone core region flow, given by Equation 2.13.

Wu et al. [29] derived this correlation for a boiler with a single cyclone. In the
present work, to account for multiple cyclones, the ratio of cross-sectional areas in
Equation 2.25 is multiplied by the number of cyclones. This is equivalent to dividing
the riser’s cross-sectional area into equal parts per cyclone.

2.3 Biomass Conversion Modeling

In the presence of a hot gas stream, solid fuel particles undergo three mechanisms
of mass loss: drying, devolatilisation, and char combustion [31]. These conversion
stages are strongly influenced by the physical properties of the fuel, as well as by
external conditions like temperature and heating rate [32]. In this section, the
biomass composition characteristics are described, followed by the key considerations
and assumptions adopted for the modeling of the conversion stages for biomass
combustion.

2.3.1 Biomass Composition

The knowledge of the biomass composition is highly relevant for modeling its ther-
mochemical conversion. As a high-volatile fuel, biomass typically exhibits a high
content of volatiles, between 65 and 85% on a mass basis [33]. Fixed carbon content
(the responsible for char formation) and moisture make up most of the remaining
mass fraction, each ranging between 10 and 30% [34] depending on the fuel source
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and prior treatments. Based on additional data reported by Kumar et al. [32],
Table 2.1 summarizes the typical composition for Swedish wood. The ash content
can usually be neglected, as it represents a minor fraction of the total mass (approx-
imately 0.1%).

Property Composition (wt%)
Moisture 10
Volatiles 78
Fixed Carbon 12

Table 2.1: Biomass composition from Swedish wood

2.3.2 Conversion Stages

Upon injection into the furnace, heat is convected and radiated to the biomass
particles’ surface, and is then conducted inwards. The water present in the fuel
(indicated by the moisture content) evaporates and flows outwards through each of
the particles’ pores [31]. Once the drying is completed, the temperature rises, and
the biomass particles decompose, releasing volatiles. For large fuel particles, such
as woodchips, the temperature distribution is uneven across the particle, leading to
localized conversion as the rates of drying and devolatilisation depend on temper-
ature [31]. After the volatiles are released, highly porous char remains. Oxygen in
the surrounding gas flows through the pores and starts the combustion process until
the remaining char converts into combustion gases like CO and CO,. This process
lasts much longer than the devolatilisation and drying stages [31].

In the present work, the conversion stages are modeled as first-order global reactions
to describe mass loss [31], based on characteristic times for conversion. As stated
by Gomez-Barea et al. [34], this approach is sufficient for initial estimates of the
biomass conversion. Fuel properties, taken from Table 2.1, are assumed to remain
constant during all conversion stages. The wet biomass woodchips enter the furnace
at a constant feeding rate, 1 fye1in, and undergo drying. The mass balance for the
wet biomass is expressed as:

v

dt - mfuel,in - Cwetvi (228)

1
where 7, is the characteristic drying time. As moisture is removed, the biomass
begins the devolatilisation stage. The mass balance for the dry biomass is then
defined as:

dCdry
dt
where 75 is the characteristic devolatilisation time. During drying, part of the

biomass mass is removed as water vapor, which mixes with the gases in the fur-
nace.

1 1
V = (]- - Xmoist)Cwetvi - Cdryvf (229)
1 T2
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A similar mathematical description applies to char formation and conversion:

dOchar o Xchar 1
S S Cowes o)

CaryV— — CoparV— 2.30
dt har + Xvol ary " ( )

1
T2 T3
where 73 is the characteristic char conversion time. Since biomass contains a high
fraction of volatiles, only a limited fraction of the dry fuel mass remains as char
after devolatilisation. Most of the mass is removed into the circulating gas phase as
volatiles.

The characteristic conversion times, 7, can be estimated analytically or experimen-
tally. The compendium on solid fuel conversion by Thunman [31] presents both
empirical correlations and analytical formulations for the characteristic times for
each stage. Such expressions are included in Appendix A for reference. Addition-
ally, Gomez-Barea et al. [34] performed empirical characterizations for the total time
to release 90% of the volatiles content from biomass pellets, with an as-received com-
position of 6.28% moisture and 75.89% volatiles. At a bed temperature of 850°C,
the combined drying and devolatilisation time was approximately 55 s.

In the present work, the characteristic times summarized in Table 3.9 are selected
based on a combination of analytical estimates and empirical observations for sim-
ilar fluidization applications. These values are intended to provide representative
conversion time scales rather than exact kinetic predictions.

Conversion Stage  Characteristic Time [s]

Drying, 7 20
Devolatilisation, 7 40
Char Combustion, 73 200

Table 2.2: Characteristic times for conversion stages

2.3.3 Size and Density Changes during Conversion

During conversion, biomass particles can undergo volumetric shrinkage and frag-
mentation [32]. Combined with the loss of solid mass through moisture evaporation
and volatile release, these processes lead to variations in particle size and density,
directly influencing conversion time and particle hydrodynamics. However, accurate
modeling of these phenomena can be highly complex, as many factors and properties
need to be considered [32]. In the present work, the size and density changes are
treated using a simplified stage-wise approach. The particle properties are assumed
to change instantaneously at the transition between stages and to remain constant
within each stage. The selected shrinkage rates are based on experimental results
found in the literature.

Rezaei et al.[35] proposed empirical correlations relating particle-size shrinkage dur-
ing drying to the initial moisture content. For the reference biomass composition

given in Table 2.1, the particle diameter after drying decreases by approximately
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7% relative to the as-received value. Furthermore, Kumar et al.[32] reported a volu-
metric shrinkage after devolatilisation ranging between 35.6 and 58.4% of the initial
biomass volume. In the present work, a fixed volumetric shrinkage of 42% is adopted
for the devolatilisation stage. To account for fragmentation following devolatilisa-
tion, an additional particle size reduction of 75% is assumed for char particles. The
fragmentation process is assumed to only affect particle size and does not have an
effect on the final char density. Table 2.3 shows the principal physical properties of
biomass during each stage. Despite losing 10% of the initial particle mass during
drying, the diameter shrinkage of 7% corresponds to a volumetric shrinkage close to
20%, causing the particle density of the dry fuel particles to increase. Additionally,
all biomass particle classes are assigned a sphericity, ¢, of 0.2.

State of the Particles Total Size Reduction [%] d, [mm]| ps [kg/m?]

As-Received - 20 500
Dried 7 18.6 559.45
Devolatilized (Char) 85.5 2.9 307.52

Table 2.3: Characteristic particle properties for each conversion stage. Detailed
explanation of the calculation of densities and sizes is provided in Appendix B.
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Method

3.1 Model Overview

In the present work, a transient 1.5D semi-empirical model is developed to describe
the solids hydrodynamics and fuel conversion inside an industrial CFB boiler. While
the model is developed with a particular focus on biomass-fired boilers, the formu-
lation aims to remain sufficiently general to be applicable to a wide range of CFB
systems.

The furnace is discretized vertically to account for the different fluid-dynamic re-
gions described in Chapter 2 and divided radially into core and annulus regions.
As illustrated by Figure 3.1, the model receives as inputs the geometrical and op-
erational characteristics of the boiler, together with the physical properties of the
gas and solid phases. The governing transient mass balances are formulated as a
coupled system of ordinary differential equations (ODEs), solved using the SciPy
library in Python. The solution of the ODE system provides the temporal and spa-
tial evolution of the solids concentrations, mass flows, and fuel conversion in the
furnace.

1.5D Transient CFB Model

t Hydrodynamics
- — * Solids concentration profiles o
Operatlon Conditions - .- «  Mass flow rates I_
0\ +  Air flows . . + Dense bed height
* Temperature v T
* Pressure ‘I’ '|‘
o Bed Material , N Fuel Conversion
« PSD v 1 » Conversion rate IC
~—#=%~ | « Density 1 A * Fuel invento
* Sphericity M ! ’ ¥
e —]
Fuel
‘ « PSD
*  Composition Y \'g

Annulus  Core

Figure 3.1: Model schematic showing inputs and outputs

3.2 Computational Mesh

The computational mesh spans the entire furnace region. The cyclone and loop seal
are not represented explicitly; instead, they are modeled as outgoing and incoming
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flow terms, respectively. The subdivision of the computational domain into different
fluid-dynamical regions is fundamental to the model formulation, since each zone
has a particular mathematical description. In the present work, the splash zone is
not represented as a separate physical region. Instead, its effect is accounted for
through an entrainment flow that transfers particles to the freeboard directly from
the dense bed (see Equation 2.11).

The position of the dense bed varies with time, causing the vertical layers associated
with the dense bed and freeboard regions to change dynamically during the simu-
lation. Thus, the extent/height of the dense bed must be continuously tracked to
identify which computational cells belong to the dense bed region and which belong
to the freeboard. Since this operation is performed at every solver step, computa-
tional efficiency needs consideration. To improve computational efficiency, Boolean
indexing is used to assign the vertical layers to their corresponding fluid-dynamical
regions. This vectorized approach simplifies the formulation of the governing equa-
tions and reduces computational cost. Figure 3.2 illustrates the computational mesh
and the indices assigned to the relevant vertical layers used in the model formulation.
Table 3.1 describes the layer indices. The red indices shown on the right-hand side of
the diagram denote subsets of the computational layers requiring specific mathemat-
ical treatment in the governing equations, such as the application of source terms or
region-specific formulations. A detailed description of the logical statements used
in their definition can be found in Appendix C.

tth

Freeboard < b feed

aml

ml T~

uml
Dense nl db

Bed

db nl db
db

L_Y_}\ v J

annulus core

Figure 3.2: Computational mesh layout with indexing.
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Index Meaning Description
tfb Top-of-the-Freeboard Topmost layer of the domain, cor-
responding to the top of the fur-
nace.
fb Freeboard Freeboard layers excluding the

top of the furnace and the layer
above the dense bed.

feed  Solids recirculation inlet Position in the Freeboard where
solids are recirculated into the
furnace from the feedback loop.

aml  Above Mixed Layer Layer directly above the dense
bed top. It is part of the Free-
board.

ml Mixed Layer Layer where the top of the dense
bed is currently located.

uml  Under Mixed Layer Layer directly below the top of
the dense bed.

db Dense Bed Dense bed layers.

nl db Dense Bed excluding bottom layer Layers in the dense bed excluding
the bottom boundary layer.

Table 3.1: Vertical indexing of the computational domain.

To provide higher spatial resolution in the dense bed region, where solids mixing is
most significant, while accounting for the annulus width variation along the furnace
height, a non-uniform computational mesh is adopted. Fine cells are concentrated
in the lower furnace region, while coarser cells are primarily used in the freeboard.
The mesh is constructed using two different cell heights, determined from the system
dimensions, the desired number of fine and coarse layers (ngne and nNeoarse, respec-
tively), and the layer height ratio, Ry, defined as:

hcoarse
Ry, = 3.1
" hﬁne ( )

The influence of the number of layers and the height ratio is investigated in Section
3.5. Details regarding the calculation of cell heights, areas, and volumes are provided
in Appendix C.

3.3 Governing Equations and Model Formulation

3.3.1 Conservation Equations

The solids species mass balance is formulated as the combined effect of hydrodynamic
transport and fuel conversion processes. For each computational cell, the transient
balance for a given solids species is expressed as:

dcs _
‘/cellﬁ = Tinet + S¢ + Se (3.2)
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where C, is the solids concentration, Ve is the cell volume, i, is the net mass
transport in the cell, and S; and S, represent the feeding and conversion source
terms, respectively.

The net transport term includes both diffusive and convective contributions through
the top, bottom (bot), and lateral (lat) cell faces:

Mpet = [Jtop + Jbot + Jlat]ceu + [Dtop + Dbot + Dlat] (33)

cell

with J and D denote convective and diffusive mass transport terms, respectively.
The sign convention of each face flux determines the direction of the mass transfer.
In turn, the formulation of the transport terms depends on the fluid-dynamic region
represented by the computational cell.

3.3.2 Solids Hydrodynamics Modeling

3.3.2.1 Dense Bed Layers Formulation

The dense bed formulation aims to represent the dynamic evolution of the bed
while preserving the solids mixing behavior described in Chapter 2. To identify the
computational layers belonging to the dense bed at a given instant, a local solids
fraction criterion is used:

€s+0 > Elayer > E5s— 0 (3.4)

where 0 is the comparison threshold used to determine whether a layer belongs to
the dense bed region. Layers up to uml are considered fully occupied by bed ma-
terial and therefore satisfy Equation 3.4. The ml layer is defined as a mixed layer,
since it may only be partially occupied by bed material, resulting in a lower local
solids fraction than the underlying layers. Due to the dynamic behavior of the bed,
the solids fraction in layer ml can increase or decrease. When the solids fraction in
the layer reaches the maximum packing limit, the layer becomes fully incorporated
into the dense bed, and the mixed layer shifts upward by one computational layer.
Similarly, when the solids fraction in layer ml decreases until approaching that of
layer aml, the mixed layer shifts downward. The position of the dense bed is there-
fore determined by the evolution of the mixed layer.

Once the dense bed region has been identified, the corresponding transport equations
can be formulated. In accordance with the definitions and assumptions described in
Chapter 2, transport within the dense bed is represented primarily through diffu-
sive mechanisms, with limited convective transport contributions, as illustrated in
Figure 3.3.

The hydrodynamic mass balance for the core and annulus regions of all dense bed
layers identified with index db is expressed as:

dC,
V::ellﬂ = Diop + Dot + Diat (3.5)
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with the exception of the layer at the bottom of the furnace, having:

Dbot — 0

uml I I B
db I "'"'D.Iat I Db()t
db I B I I
db il DL}OE — U

\ A J

Y Y
annulus core

Figure 3.3: Diffusive transport flows in the lower dense bed layers. Red arrows
indicate possible transport paths.

As described in Equation 2.9, the diffusive mass exchange within the dense bed
is represented through the dispersion coefficients and the concentration gradients
between neighboring cells. While the core-annulus structure is less relevant in the
dense bed region, the radial subdivision is retained in the computational domain for
consistency with the remaining model formulation. Thus, in the lateral direction,
the diffusive mass exchanges are defined as:

Dlat,core = DhAlat(Cs,annulus - Cs,core) (36)

Dlat,annulus = DhAlat(Cs,core - C’s,annulus) (37)

where the concentration gradients determine the direction of the mass transport.
The transport term is defined as positive when solids enter a given cell, indicating
higher neighboring concentrations than the local cell concentration. As mentioned
in Chapter 2, a sufficiently large dispersion coefficient is chosen to promote nearly
instantaneous mixing of solids in the lateral direction, maintaining approximately
uniform solids concentration within each layer. Consequently, the characteristic
transport length Az from Equation 2.9 is neglected in the formulation.

A similar formulation is applied for the vertical diffusive transport:

D,

DtOp = EAtop(Cs,upper - Cs,db) (38)
D,

Dyoy = KZAbot(Cs,lower - C(s,db) (39)

with the characteristic transport distance, Az, defined as the distance between the
centers of neighboring computational cells. Unlike the lateral transport, the verti-
cal transport length is retained since the vertical solids exchange is not assumed to
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happen instantaneously.

For the upper dense bed region (indices uml and ml), additional convective trans-
port terms are introduced, as illustrated in Figure 3.4. The hydrodynamic mass
balance is then expressed as:

acC

‘/CelthS = Dtop + Dyot + Diag + Jtop + Jbot + Jat (310>
aml | - jmp 4
v Hlat |
ml — - —
X Jbot
uml | |, <& Jiae s
db s * |
|\ }\1 jl
Y Y
annulus core

Figure 3.4: Transport flows in the upper dense bed region. Blue and red arrows
represent the convective and diffusive terms, respectively.

In layer uml, the upper-face diffusive transport terms are replaced by unidirectional
convective flows. These additional transport terms are introduced to maintain com-
munication between the dense bed and the tracking layers, and to preserve solids
mixing near the dense-bed surface. Solids returning from the freeboard annulus
induce a net flow of solids into the upper dense bed region. The resulting concen-
tration differences are redistributed through lateral and vertical convection between
the annulus, core, and layers. This recirculation loop enables solids entrained into
the freeboard to be replenished within the bed.

The convective transport terms are particularly important for polydisperse solids
systems, where each size class can experience substantially different entrainment
rates. Smaller and lighter particles tend to be entrained faster than larger particles.
Without the convection loop, diffusion alone may lead to unrealistic depletion of
specific size or density classes from the dense bed without a corresponding evolution
of the dense bed height. Thus, the introduced convective terms provide a mechanism
for consistent solids mixing at the upper dense bed.

The convective transport terms are defined from the volumetric flow of solids, V/,
entering the mixed layer of the dense bed from the freeboard annulus, moving at con-
stant wall velocity as defined in Equation 2.14. The total volumetric flow accounts
for all solids classes being recirculated into the dense bed:

Jtop,ml,annulus = s,aml,annulusAbot,aml,annulusuw (3 1 ]-)
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solids

JO mli,annulus /7
V= Z ””pl ) (3.12)

For each solids class, the convective loop terms are weighted according to their local
contribution to the total solids fraction within the corresponding computational cell.
The convective terms for each solids class i are expressed as:

y Es,i
Jtop,uml,core,i = _Jbot,ml,core,i = _vps,i : < ) (313)
s /7 uml,core
J - = V- 22 14
top,uml,annulus,i — — Jbot,ml,annulus,;i — V Ps,i <3 )
Es ml,annulus
J — = V- 22 1
lat,uml,core;i — lat,umlannulus,i — V Ps,i ° (3 5)
€s uml,annulus

Jlat,ml,i = Jbot,uml,i =0

Furthermore, the upper-face convective flow in the core region of layer ml corre-
sponds to the solids entrainment flow defined in Equation 2.12. Following the treat-
ment applied to the convective loop terms to avoid unrealistic depletion of specific
solid classes, the entrainment mass flow expression is conditioned by the local contri-
bution of each solids class to the total solids fraction. Thus, when the concentration
of a solids class approaches zero, so does its associated entrainment rate:

Jtop,ml,core,i = —Psyi - <Ug,topAt0pG:elgs Z) (316)
€s / ml,core
The lateral diffusive terms, D)., in the uml and ml layers employ the definition
given in Equation 3.6 and Equation 3.7. The bottom diffusive terms in layer uml
keep the formulation defined in Equation 3.9. The remaining diffusive terms are not
present for these layers, thus:

Dbot,ml = Dtop,ml = Dtop,uml =0

An important consideration must be made for fuel particles undergoing conversion.
During combustion, char particles sublimate and incorporate into the gas phase, re-
ducing their contribution to the solids fraction. Directly incorporating this reduction
into the dense-bed tracking procedure may lead to artificial changes in the identified
bed position. Since fuel conversion causes progressive loss of solids inventory, fuel
particles are excluded from the dense bed tracking criteria. Thus, the evolution of
the dense bed depends solely on the bed-material hydrodynamics. Fuel particles
still follow the same hydrodynamic formulations defined in this and the upcoming
sections, while inheriting the dynamic indexing from the bed-material-based dense
bed tracking.

The formulation of the convective loop terms is modified for fuel particles. Since
these particles do not contribute to the dense-bed tracking procedure, the solids-
fraction balancing mechanism is no longer required, and the lateral convective term
in layer uml, Jj,;, is removed, as indicated in Figure 3.5. Furthermore, the upper-
face convective terms in layer uml, J;.p,, together with the corresponding lower-face
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terms in layer ml, Jyo, are modified to preserve the incoming and outgoing flows
between the dense bed and the freeboard at the upper faces of the ml layer.

aml n )"m'p %
“lat I
ml P~ — "
Jbol
uml T it I Dbo[’
db ¥ 1 |
\ A J
Y h'd
annulus core

Figure 3.5: Transport flows in the upper dense bed region for fuel particles. The
term Jj; is absent in this formulation.

€S,i *
Jtop,uml,core,i = _Jbot,ml,core,i = —Psyi’ (Atop ) (ug’tOst’e’i)ml core (317)
s / uml,core ’
Jtop,uml,annulus,i - _Jbot,ml,annulus,i = C15,ml,annulus"4bot,n’ﬂ,annulusuw (318)

3.3.2.2 Freeboard Layers Formulation

The freeboard mass balance formulation is governed by convective transport terms.
The formulation remains largely uniform, with specific treatments applied to the
aml and tfb layers. The mass balance for the freeboard can be expressed as:

dC
‘/cellﬁ = Jtop + Jbot + Jlat (319>

A schematic representation of the transport mechanisms in the lower freeboard re-
gion is shown in Figure 3.6.

tJeop
¥ |

fb ""__)Fa
“ Jbot
I

|
aml | 7 <}
| 4
\ A J
Y '
annulus core

Figure 3.6: Transport flows in lower freeboard region.
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Upward transport in the core region is represented by the slip velocity, while down-
ward transport in the annulus region is given by a constant wall velocity. The lateral
mass transfer coefficient, k, controls the solids transfer from core to annulus. The
sign convention follows the definition introduced previously, where positive values
denote transport into the computational cell. The convective transport terms in the
mass balance for each solids class can then be expressed as:

Jtop,fb,core - _Cs,fb,core(ug,top - ut)Atop,fb,core (320)
Jtop,fb,annulus = C1‘<3,upper,annulusuwféltop,fb,annulus (321)
Jbot,fb,core = s,lower,core(ug,bot - ut)AbOt,fb,core (322)
Jbot,fb,annulus = _Cs,fb,annulusuwAbot,fb,annulus (323>
Jlat,fb,core = _Jlat,fb,annulus = _sz,fb,coreAlat,fb,core (324)

Layer aml requires special treatment because it represents the transition between
the dense bed and freeboard regions. Thus, the lower-face transport term is replaced
by the solids entrainment flow originating from layer ml:

6 .
* S,
Jbot,aml,core,i = Psi " <ug,topAtop s,e,i ) (325)
€ ml,core

s

A schematic representation of the upper freeboard is shown in Figure 3.7.

}
|
tfb “1 i
| f tap
. |
fb *‘jiat
| 1]bﬂf
¥ 1
Ik )’\ _/'
Y v
annulus core

Figure 3.7: Transport flows in upper freeboard region.

The mass balance defined by Equation 3.19 also applies for the tfb layer. However,
the convective transport terms require special treatment due to their location at the
top of the computational domain. The annulus region has no upper-face transport
term, Jiop, as this is the first annulus cell of the mesh. The only incoming transport
to the annulus region is the lateral transfer from the core, defined through the solids
separation efficiency, 7, as described in Chapter 2. The modified transport terms
for this layer are described ass:
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Jtop,tfb,annulus =0

Jlat,tfb,core = _Jlat,tfb,annulus = _nssCs,fb,core<ug,bot - ut)Abot,tfb,core (326>

3.3.2.3 Cyclone—Loop Seal Feedback Formulation

In the present work, the representation of the cyclone and loop seal is simplified as
outgoing and incoming flows, respectively. Figure 3.7 includes an arrow in the upper
face of the core region in layer tfb. This convective term, Jp,, represents the solids
flow entering the cyclone and is defined as indicated in Equation 3.20. Furthermore,
the cyclone is assumed to operate with a separation efficiency of 1, implying complete
solids capture. Thus, only gas exits the system, resulting in a closed solids inventory.

The returning solids flow from the loop seal is introduced into the annulus region
of the freeboard at layer feed. This allows the solids to return to the dense bed
through the downward flow of the annulus. The recirculated solids are incorporated
into the mass balance through a feeding source term, such that:

Sf,feed@nnulus = Jtop,tfbpore (327)

This treatment preserves mass conservation between the outgoing cyclone flow and
the returning solids stream. No residence time or solids accumulation is considered
in the external circulation loop.

3.3.2.4 Gas Velocity Considerations

In the present model, the primary air establishes the initial superficial gas velocity
at the furnace inlet. Additional contributions from secondary air are introduced at
prescribed heights in the furnace, producing local increases in gas velocity above the
injection points. The gas velocity at a given vertical position can then be expressed
as:

Ug(h> = UgpA T ug,SA(h) (328)

where u, pa and ug g4 represent the primary and secondary air velocity contributions,
respectively. In the absence of secondary air injection, the gas velocity remains
constant along the furnace height, since changes in gas flow due to fuel conversion
and gas-phase species evolution are neglected in the present work.

3.3.3 Reactions Modeling

Fuel conversion is represented through source terms added to the solids mass bal-
ance. Conversion is assumed to start as soon as the fuel enters the furnace, and the
conversion processes can take place in any spatial region of the furnace. For simplic-
ity, the fuel is injected in layer aml, allowing the fuel particles to reach the dense
bed rapidly and undergo solids mixing. As described in Chapter 2, fuel particles un-
dergo drying, devolatilisation, and char combustion, with continuous mass transfer
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between conversion states according to the fuel composition and characteristic con-
version times. The drying, devolatilization, and char combustion source terms are
defined over the whole furnace by Equation 2.28, Equation 2.29, and Equation 2.30,
respectively.

Fuel injection is given as a feeding source term in layer aml at a constant inlet mass
flow. Numerical activation of this feeding term is discussed in Section 3.4:

Sf,aml,annulus = mfuel,in (329)

3.4 Model Architecture and Numerical Implemen-
tation

3.4.1 Computational Framework

The model described in the previous sections was implemented in Python using a
modular computational framework. The implementation was structured to separate
the different physical and numerical components of the model, including system ge-
ometry, hydrodynamics and fuel conversion calculations, numerical integration, and
post-processing routines. Input parameters related to operating conditions, reactor
geometry, and solids properties were organized using Python DataClasses to facili-
tate parameter management and improve model readability.

The modular structure enabled the hydrodynamics and fuel conversion formula-
tions to be evaluated independently during model development and verification. In
addition, input loading, calculation routines, and post-processing procedures were
organized into separate scripts to improve maintainability and facilitate future model
extensions. A detailed overview of the script organization is provided in Appendix

D.

3.4.2 Data Structure

The dependence of the model variables on spatial regions and solids properties re-
quires a multidimensional data structure, capable of storing and retrieving model
information for any location within the discrete space and for any solids category.
For this purpose, the principal state variables and model parameters were orga-
nized in a five-dimensional structure consisting of two spatial dimensions and three
solids-properties dimensions:

(layer, region, family, size, state)

Within this structure, the first two dimensions locate the model information spa-
tially, where layer corresponds to the vertical position and region identifies either
the core or annulus regions. The remaining dimensions describe the solids char-
acteristics, specifically the solids family, particle size, and conversion state. Thus,
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each element within the data structure represents a specific solids category at a de-
fined spatial location within the furnace. Furthermore, together with the indexing
approach described in Section 3.2, the organizational structure facilitates the nu-
merical implementation of the model, allowing operations to be performed simulta-
neously across selected dimensions while preserving spatial and physical consistency.

The extent of each dimension is not fixed and depends on the system’s modeling
requirements. Particularly, the number of particle families depends on the solids
present in the system; the number of size classes depends on the desired particle-
size discretization; and the number of conversion states depends on the conversion
mechanisms considered. Thus, the structure proposed provides sufficient flexibility
to accommodate different boiler configurations and varying levels of model complex-

ity.

3.4.3 Numerical Solution Strategy

The system of coupled ODEs is solved using SciPy’s solver, solve__ivp. Different
time-marching methods were tested to assess the system’s stiffness characteristics
and identify the most suitable solution strategy [36]. Explicit methods based on
Runge-Kutta formulations showed poor numerical performance due to the stiff na-
ture of the system. Among the implicit methods available, the BDF method pro-
vided the most robust performance. Other implicit methods, such as Radau and
LSODA, did not provide significant improvements in computational cost or solution
accuracy, even for the most complex model configuration.

The BDF method employs adaptive time-stepping and controls the truncation er-
ror through absolute and relative tolerances. These tolerances can be adjusted to
achieve stable solutions at an acceptable computational cost. For the majority of the
simulations, a baseline tolerance configuration was adopted to provide increased lo-
calized accuracy in regions exhibiting larger gradients, specifically within the dense
bed tracking layers. This baseline configuration consisted of a relative tolerance,
rtol, of 107, and an absolute tolerance, atol, of 10~ for all layers and a stricter
value of 107¢ for the dense bed region. Together with these tolerances, the dense
bed tracking tolerance, §, was chosen between the range of 10~* and 10~°. In cases
involving more demanding model configurations with stronger stiffness or fast so-
lution variations, stricter tolerances were employed to improve solver stability and
performance.

3.4.3.1 Computational Measures

Additional computational measures were implemented to improve numerical perfor-
mance. Apart from vectorized formulations using Boolean indexing to reduce the
excessive use of conditional statements and iterative operations, arrays used for cal-
culation were preallocated and reused to avoid repeated memory allocation.

Furthermore, fuel and secondary air injection were introduced sequentially after a
first steady-state hydrodynamic condition was achieved. This measure was adopted
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to reduce abrupt changes in the variables and avoid excessive model stiffness. A
smooth injection profile was implemented in both cases to allow a gradual transition
towards a constant injection rate. The injection profile was expressed as:

I(t,7) = R (1 - e‘t?f“) (3.30)

where R; is the injection rate, t; is the starting time of injection, and 7; is the
injection characteristic time, with larger values of the characteristic time producing
more gradual transitions.

3.5 Numerical Checking

3.5.1 Test Matrix

Mesh sensitivity studies were performed to evaluate the variability and stability of
the solution with different mesh configurations. Three study groups, summarized in
the tables below, were defined to study the effect of the mesh resolution (group A),
fine-layer distribution (group B), and coarse-to-fine layer height ratio (group C) on
the solution of the system.

The studies were first performed using only the hydrodynamics model, since the
solids transport formulation determines the numerical stability of the complete
model. Mesh configurations exhibiting unstable solution behavior or high computa-
tional cost, even after applying stricter error tolerances, were excluded from further
testing. The most stable meshes were subsequently evaluated with the inclusion
of secondary air and fuel conversion to verify that numerical stability and solution
consistency were maintained under more complex conditions.

Case Fine Layers Coarse Layers Total Layers Height Ratio
Al Coarse 18 12 30 4
A2 Medium 24 16 40 4
A3 Baseline 30 20 50 4
A4 Fine 36 24 60 4
A5 Very Fine 42 28 70 4

Table 3.2: Group A Mesh Configurations, to study the effect of the mesh resolution.

Case Fine Layers Coarse Layers Total Layers Height Ratio
B1 Low 15 35 50 4
B2 Balanced 25 25 20 4
B3 Baseline 30 20 50 4
B4 High 35 15 50 4
B5 High 40 10 50 4

Table 3.3: Group B Mesh Configurations, to study the effect of the fine-layer
distribution near the dense bed region.
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Case Fine Layers Coarse Layers Total Layers Height Ratio
C1 30 20 50 2
C2 30 20 50 3
C3 Baseline 30 20 50 4
C4 30 20 50 6
C5 30 20 50 8

Table 3.4: Group C Mesh Configurations, to study the effect of the coarse-to-fine
layer height ratio.

3.5.2 Results

Figure 3.8 and the tables below summarize the initial mesh studies employing only
the hydrodynamics formulation, using an identical model configuration for consis-
tency. The performance metrics shown in Figure 3.8 were retrieved using Python
profiling tools. The number of Jacobian evaluations is directly related to the so-
lution process of the BDF method, indicating the frequency at which the solver
updates the Jacobian matrix to account for changes in the system dynamics, typical
under increased stiffness or strong gradients in the solution. In mesh configurations
where the dense bed jumped to adjacent layers, the number of Jacobian evaluations
increased.

Mesh Performance Metrics - Hydrodynamics Only
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Figure 3.8: Performance metrics for all converged meshes after hydrodynamics-
only runs.

The behavior of group A suggests a stable solution region for a total cell count be-
tween 40 and 60 layers. Figure 3.9 shows the temporal evolution of the dense bed
height during the first 500 seconds of simulation for the successful mesh configura-
tions in group A. All three meshes reached similar steady-state solutions, exhibiting
differences no bigger than 5 mm. Furthermore, the results indicate that dense bed
jumping does not significantly affect the dense bed evolution or the final steady-
state solution. However, the presence of dense bed jumps noticeably increased the
computational cost. Comparing the fine mesh A4 with the baseline mesh A3, the
computational time increased by approximately a factor of five.
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Mesh Status rtol atol local atol general ~§  Notes

Al Not converged 107° 107° 107° 10~* Early stop.

A2 Converged 107° 1076 107° 107* No dense bed
jump.

A3 Converged ~ 107° 10-¢ 107° 10~* Baseline. No
dense bed
jump.

A4 Converged 1076 1077 1076 107% Dense bed
jumped.
Stricter toler-
ances.

A5  Not Converged 1077 1078 1077 107% TFailed under

stricter toler-

alnces.

Table 3.5: Group A results with error tolerances and remarks.

Mesh Status rtol atol local atol general &  Notes
B1-B4 Converged 107° 107° 107° 107* Dense  bed
jumped.

B3  Converged 107° 10°¢ 107° 10~* Baseline. No
dense bed
jump.

B5  Converged 107° 1076 107° 10~* TFastest case.

No dense bed
jump.

Table 3.6: Group B results with error tolerances and remarks.

Mesh Status rtol atol local atol general ~§  Notes

Cl  Not converged 107° 1076 107° 10~* Insufficient
refinement.

C2 Converged 107° 1076 107° 10~* Dense bed
jumped.

C3 Converged 1075 106 1075 10~* Baseline. No
dense bed
jump.

C4  Not Converged 1077 1078 1077 107% Failed under
stricter toler-
ances.

Ch Not Run — — — —  Skipped

Table 3.7: Group C results with error tolerances and remarks.
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Figure 3.9: Dense bed height evolution for group A mesh configurations

Figure 3.10 summarizes the dense bed evolution for group B. Similar to group A,
most mesh configurations reached similar steady-state solutions, with mesh B1 hav-
ing a noticeable deviation in the final dense bed height. Although the difference
remained within millimetric range, the results suggest the existence of a minimum
fine-layer threshold beyond which further refinement produces minor changes in the
steady-state solution. The results also follow the trend observed for group A, where
dense bed jumps primarily affected the computational time rather than the steady-
state solution, reaching in some cases computational times up to 7 times longer than
the baseline. Interestingly, the configuration with the highest fine-layer count, B5,
had the shortest computational time of approximately 8 seconds.
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Figure 3.10: Dense bed height evolution for group B mesh configurations
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Figure 3.11 summarizes the dense bed evolution for the only two successful mesh
cases in group C. These results further confirm the trends observed in the previous
groups. Additionally, the results suggest that solution stability has a high sensitivity
to the layer-height ratio, with only two configurations achieving stable solutions. It
should be noted that the mesh configuration providing the most stable performance
may vary depending on the operating conditions and model inputs. The results of
group C suggest that, for the conditions used in the present study, height ratios below
3 and above 4 may lead to unstable numerical behavior. However, this observation
is not necessarily a general criterion, since the optimal height ratio, and also the
total mesh resolution and fine-layer distribution, may depend on the operating case
being analyzed.
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Figure 3.11: Dense bed height evolution for group C mesh configurations

Overall, the mesh sensitivity studies indicate that numerical stability depends on a
combined interaction between the coarse-to-fine layer height ratio, mesh resolution,
and fine-layer count. From the analyzed parameters, the height ratio exhibited the
strongest influence on solution stability, while the refinement and resolution primar-
ily affected the computational cost. From the analyzed meshes, only the baseline
case and configuration B5 were run with the full model, combining solids hydro-
dynamics with secondary air injection and fuel conversion. Similar steady-state
solutions to the ones indicated above were reached, so the primary comparison be-
tween the two full runs is done from a performance perspective.

Figure 3.12 summarizes the performance metrics for the two configurations studied.
Despite B5 having a computational time approximately 3 times shorter than the
baseline, the computational cost of both configurations is very similar when the full
model formulation is used. These results also suggest that mesh configurations in
which the hydrodynamics do not exhibit dense bed jumps can still experience high
computational costs when running the full model, indicating that fuel conversion
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and secondary air have an important effect on computational time. This behavior
can be attributed to the increased size of the matrices used in the full model to
account for additional particle states and source terms, together with the transient
effects from secondary air and fuel injection that can increase the stiffness of the
system.

Mesh Performance Metrics - Full Model
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Figure 3.12: Performance metrics for full-model runs.

Based on the combined assessment of numerical stability, solution consistency, and
mesh refinement for both the dense and freeboard regions, the baseline mesh configu-
ration was selected for the remaining simulations. This configuration provided stable
dense bed behavior, acceptable computational cost, and adequate spatial resolution.
Any mesh modifications introduced for specific cases will be described accordingly
in the Results chapter.

3.6 Model Runs and Validation

3.6.1 Validation Procedure

The solids hydrodynamics model was validated using two large-scale boilers as ref-
erence systems: HOFOR’s 500 MW CFB Boiler in Copenhagen for district heating
and electricity generation, and Chalmers’ 12 MW CFB boiler at Kraftcentralen for
district heating. Validation was performed primarily through comparison of the ver-
tical solids concentration distributions and circulation rates, since these quantities
directly reflect the hydrodynamic behavior captured in the present model.

Four solids concentration measurements at different heights are available for the
HOFOR boiler, together with the solids circulation at the cyclone exit at the top of
the furnace. The concentration values were estimated from the pressure measure-
ments during a period of stable operation at constant load between November 2025
and January 2026. These measurements were compared against the concentration
profile predicted by the model and the calculated solids circulation at the uppermost
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discretization layer.

Solids concentration profiles and PSDs from the Chalmers boiler were obtained from
the experiments on solids vertical distribution carried out by Johnsson and Leck-
ner for two operational cases [27]. The experimental measurements were compared
against the solids concentration profile predicted by the model.

Figure 3.13 presents the PSDs for the bed material in each of the analyzed boilers.
Furthermore, the tables below summarize the operating conditions and relevant
model inputs employed in the simulations for both boilers', including validation.
Any deviation from the operating conditions listed below is described in the corre-

sponding Results section.

Bed Material PSD - Chalmers KC
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Figure 3.13: PSDs for HOFOR and Chalmers, used for all corresponding model

runs.

Table 3.8: Baseline inputs for model runs in the HOFOR Boiler

Parameter Value
Primary air velocity, u, [m/s] 2.5
Secondary air velocity [m/s] 2.5
Air density, p, kg/m?] 0.33
Air viscosity, p, [Pa-s] 4.3e-5
Secondary air velocity [m/s] 2.5
Velocity at the wall layer, w,, [m/s] 8
Maximum solids fraction, €, 0.65
Initial bed height [m] 1.1
Particle density of sand, p, [kg/m?] 2600
Fuel injection rate [kg/s] 30
Wet biomass particle density [kg/m3] 500
Wet biomass initial size [mm)] 20

Exact HOFOR system dimensions are not disclosed due to company confidentiality. The
Chalmers KC dimensions and additional operating parameters were obtained from Tove Djerf’s

PhD Thesis [3].

37



3. Method

Parameter Value
Primary air velocity, u, [m/s] 2.7
Secondary air velocity [m/s] 0
Air density, p, [kg/m?| 0.33
Air viscosity, p1, [Pa-s] 4.3e-5
Velocity at the wall layer, u,, [m/s] 8
Maximum solids fraction, ¢, 0.65
Initial bed height [m] 0.58

Particle density of sand, p, [kg/m?| 2600

Table 3.9: Baseline inputs for model runs in the Chalmers KC Boiler

3.6.2 Sensitivity Analysis of Operating Conditions and Model
Parameters

A sensitivity study was conducted to evaluate the influence of operating conditions
and model parameters on the predicted system behavior.

The primary and secondary air velocities were varied to analyze their effect on the
vertical distribution of solids and circulation rates. These studies were performed
using HOFOR’s boiler operating conditions and geometry. Three primary air veloc-
ities, 1.5, 2.5, and 3 m/s, were evaluated using the hydrodynamics model, neglecting
the effects of secondary air injection and fuel conversion. Subsequently, three sec-
ondary air flowrates corresposnding to superficial velocities of 0, 1, and 2.5 m/s,
were compared while maintaining a constant primary air velocity of 2.5 m/s and
neglecting the effect of fuel conversion.

Additionally, the influence of the lateral transport intensity was analyzed. Three
lateral transport multipliers, 2, 4, and 5, were compared against the baseline case
without a multiplier. The comparison was done through the vertical concentration
distributions predicted by the model, while maintaining the primary and secondary
superficial air velocities at 2.5 m/s.

Finally, the effect of fuel composition was evaluated using a biomass composition
with higher initial moisture (30%) and reduced volatile content (58%). It was as-
sumed that the additional moisture increased the drying characteristic time, 7, to
40 s, and reduced the devolatilisation characteristic time, 75, to 20 s. These conver-
sion sensitivity studies were evaluated through comparisons of conversion evolution
curves.
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Results and Discussion

4.1 Model Validation

4.1.1 HOFOR Boiler

Figure 4.1 shows the steady-state solids concentration profile for the HOFOR boiler
together with the experimental validation points and their corresponding error bars.
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Figure 4.1: Vertical solids concentration profile for the HOFOR boiler.

The predicted profile shows an overestimation of the actual solids concentration
in the freeboard, and a slight underestimation of the solids concentration near the
upper secondary injection level. The discrepancy between modeled and experimen-
tal values might be associated with the effective solids inventory in the riser and
the simplifications applied to the recirculation flux passing through the cyclone and
loop seal. In large CFBs such as the HOFOR unit, most of the solids inventory
is contained within the loop seal, accumulating mainly the finer particles that are
more easily entrained from the dense bed. In the present model, the transport of
particles from the furnace exit to the lower regions is assumed to happen instanta-
neously, neglecting the residence time and accumulation effects inside the particle
seal. Thus, the progressive reduction of finer particle concentrations in the riser is
not captured in the model, maintaining a regular entrainment flow from the dense
bed and contributing to the overprediction of the freeboard concentration.
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Figure 4.2 presents the detailed concentration profiles for the individual particle
size classes within the PSD given in Figure 3.13, and the corresponding temporal
evolution of the average particle diameter distribution in the furnace. The results
indicate that the freeboard is primarily occupied by finer particles, which are more
easily entrained by the gas flow, decreasing the average particle diameter to approx-
imately 160 pm at steady state. In industrial boilers, the entrained particles pass
through the cyclone and the particle seal before returning to the furnace. This leads
to a progressive reduction of fine particle fraction in the riser’s inventory, and a
higher concentration of larger particles in the dense region. As larger particles have
higher terminal velocities and lower entrainment tendencies, the solids concentration
entrained into the freeboard decreases, which is consistent with the trend observed
in the HOFOR measurements.

In addition, the overprediction of the solids concentration leads to an overprediction
of the solids circulation, with a predicted value of 18.62 kg/m?s versus an experi-
mental value of 2.9 kg/m?s under high-load conditions.
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Figure 4.2: Detailed solids concentration profile for each size class at steady state
(left) and temporal evolution of the average particle size with height (right) for the
HOFOR boiler.

Furthermore, the validation points suggest a steeper decay of the freeboard concen-
tration than predicted by the model. This may suggest an underestimation of the
interior area on which the wall layers form, leading to an underestimation of the
lateral transport magnitude. Lower lateral transport of particles to the wall layers
increases the residence time of the solids in the core region, leading to higher pre-
dicted concentrations in the freeboard. The influence of lateral transport parameters
is further examined in subsequent sections.

4.1.2 Chalmers Boiler

Figure 4.3 shows the predicted solids concentration profiles for the Chalmers KC
boiler together with the experimental data points. The predicted concentration dis-
tributions show good agreement with the experimental measurements, reproducing
both the dense region concentrations and the observed transport zone decay. In
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addition, the agreement with the experimental points in the dense region suggests
a reasonably good prediction of the dense bed level under steady-state conditions.

Some discrepancy can be observed in the solids concentration between 1 and 2.5 m.
This deviation may primarily be associated with the assumptions and simplifications
adopted for the splash zone modeling, where the presence of solid clusters and strong
back-mixing can increase the local solids concentrations beyond the values predicted
by the model.
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Figure 4.3: Predicted solids concentration profiles for the two analysis cases with
different PSDs for the Chalmers KC boiler

Furthermore, the close agreement observed in the transport zone decay may partly
be related to the formulation of Equation 2.19, since the semi-empirical correlation
was developed using data from the Chalmers KC boiler and other industrial and
laboratory-scale units. Consequently, the correlation may provide a more represen-
tative description of the lateral transport behavior for this system.

4.2 Influence of Operating Conditions and Model
Parameters

4.2.1 Primary Air Velocity

Figure 4.4 compares the dense bed evolution and solids concentration profiles be-
tween the three primary air velocity cases.

The dense bed evolution exhibits a clear dependence on the primary air velocity,
with higher primary air velocities resulting in lower dense bed levels in steady-state
conditions. This behavior is consistent with fluidization physics, since increasing
the gas flow entering the furnace enhances solids entrainment from the dense bed
and increases the solids concentration in the freeboard, as shown by the predicted
profiles. The trend also suggests that sufficiently high primary air velocities may
significantly reduce the size of the dense region.
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Figure 4.4: Predicted dense bed evolutions (left) and solids concentration profiles
(right) for different values of primary air velocity.

This behavior is further corroborated by Figure 4.5, showing an increase in the
average particle diameter with higher primary air velocities. Higher gas velocities
increase the carrying capacity of the gas phase and enable larger particles to become
entrained into the upper regions of the furnace. Solids circulation at the furnace
outlet also exhibits an increase with higher primary air velocities, from 1.28 kg/m?s
at 1.5 m/s to 7.44 kg/m?s at 3 m/s, which is consistent with the enhanced entrain-
ment of particles.

Furthermore, both the dense bed evolution curves and average diameter contours
show a faster system stabilization at higher primary air velocities, reaching steady-
state conditions earlier than the lower velocities.
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Figure 4.5: Evolution comparison of the average particle diameter distribution for
primary velocities of 1.5 m/s (left) and 3 m/s (right).

4.2.2 Secondary Air Velocity

Figure 4.6 compares the dense bed evolution and solids concentration profiles for
the three secondary air velocity cases. Secondary injection was introduced for all
cases at t = 400s, with a characteristic injection time of 50 s.
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The dense bed evolution curves show an interesting behavior, with dense bed level
increasing with higher secondary air velocities. This behavior may be associated
with changes in the solids circulation patterns. The additional gas flow above the
injection heights increases particle transport and enhances lateral migration to the
wall layers, increasing the downward recirculation of solids toward the dense re-
gion. This behavior is further explained by the concentration profiles, indicating
more gradual decays in the transport zone as the secondary air velocity increases,
while simultaneously showing lower solids concentrations in the core region at lower
heights, suggesting the enhancement of lateral migration into the wall layers.
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Figure 4.6: Predicted dense bed evolutions (left) and solids concentration profiles
(right) for different values of secondary air velocity.

Furthermore, increasing the secondary air velocity leads to a substantial increase
in the solids circulation, going from 5.57 kg/m?s to 21.59 kg/m?s with a secondary
air superficial velocity of 2.5 m/s. The larger gas flow above the injection heights
carries more solids to the top of the boiler, which may explain the increase in solids
circulation at the furnace outlet.

4.2.3 Lateral Transport

Figure 4.7 shows the dense bed evolution curves and solids concentration profiles for
different lateral transport multipliers.

The evolution of the dense bed height follows an interesting behavior. As the lateral
transport multiplier increases, the dense bed growth effect induced by the secondary
air injection is progressively attenuated. For sufficiently high multiplier values, the
dense bed level even decreases after the secondary air introduction.
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Figure 4.7: Predicted dense bed evolutions (left) and solids concentration profiles
(right) for different magnitudes of lateral transport.

Enhanced lateral transport increases particle migration from the core region toward
the wall layers, reducing the solids residence time in the core and promoting recir-
culation to denser regions in the lower furnace. The concentration profiles further
reinforce this theory, as fewer particles remain suspended in the core region, leading
to lower predicted solids concentrations. Figure 4.8 shows an additional trend, with
average particle diameter increasing with height, at steady state, when the lateral
transport is enhanced. This suggests that finer particle sizes concentrate at the
bottom regions and do not reach higher elevations due to stronger lateral migration
into the wall layers and recirculation to the denser regions.
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Figure 4.8: Average particle diameter evolution for a multiplier of 1 (left) and a
multiplier of 5 (right).

The concentration profiles also suggest that, for a certain multiplier value above 5,
the predicted concentration profile exhibits a better agreement with the experimen-
tal values for the HOFOR case, supporting the hypothesis that the lateral trans-
port area may be underestimated in the geometrical representation of the current
model. Furthermore, the solids circulation decreases considerably, dropping from
18.62 kg/m?s at a multiplier of 1 to 0.66 kg/m?s at a multiplier of 5, indicating a
substantial reduction in solids transport toward the furnace outlet.
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4.3 Fuel Conversion

Figure 4.9 summarizes the fuel conversion predictions with the present model. Fuel
injection is initiated at ¢ = 600s, with a characteristic injection time of 30 s.

Based on the fuel composition with a low initial moisture and high volatile content,
the conversion evolution shows an accumulation of dry biomass over time. This
behavior is consistent with drying occurring at a faster rate than devolatilisation,
leading to a temporary build-up of dry biomass before further conversion into char.

The size reduction of the fuel particles during drying and devolatilisation causes the
produced char particles to become increasingly entrained by the gas flow and dis-
tribute along the furnace height. However, with the given biomass composition and
shrinkage rates, the attained char size and density lead to a relatively high particle
terminal velocity. Consequently, char particles’ vertical concentration distribution is
very low, with most of the char concentrated in the dense region. Char combustion
becomes vertically distributed in the furnace as a consequence of the entrainment
of a fraction of the char particles. However, the combustion source term remains
stronger in the dense bed region due to larger solids concentration and higher char
inventory. The drying and devolatilisation source terms take place primarily in the
dense region, since wet and dry biomass particles retain larger diameters and higher
particle densities, making them less prone to entrainment.
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Figure 4.9: Predicted fuel conversion evolution.

Figure 4.10 shows the effect of modifying the fuel composition on the conversion
evolution. The increased drying time required increases the concentration of wet
biomass in the system. Consequently, the shorter devolatilisation time leads to faster
char formation, increasing the magnitude and spatial distribution of the combustion
source term. However, char combustion is still primarily concentrated in the dense
bed regions, highlighting the importance of maintaining a dense bed in CFB units
to improve fuel conversion.
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Biomass Conversion vs. Time
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Figure 4.10: Predicted fuel conversion evolution for a biomass composition with
30% initial moisture and 58% volatile content.
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Conclusions and Future Work

A transient semi-empirical 1.5D model for biomass-fired CFB boilers was developed
to predict the hydrodynamic and fuel conversion behavior of large-scale units. The
model coupled solids transport formulations with fuel conversion mechanisms and
was validated against experimental data from industrial systems. The results showed
that the proposed approach produced physically-consistent behaviors while main-
taining computational efficiency. The main takeaways of the model development
and testing are listed below:

The validation against the HOFOR and Chalmers KC boilers revealed the
importance of accounting for the solids inventories in the return leg, as their
neglect results in considerable error in systems where a large share of the solids
is contained in the particle seal. However, the general qualitative consistency of
the results across units with different geometrical configurations and operating
conditions indicates a satisfactory degree of adaptability and generalization of
the model framework.

The sensitivity studies demonstrated a strong dependence of the predicted
hydrodynamic behavior on gas velocities and lateral transport mechanisms.
Primary air velocity significantly influenced solids entrainment and circula-
tion rates, while secondary air modified solids recirculation and dense bed
evolution.

Lateral transport sensitivity studies showed that, under higher lateral migra-
tion of particles to the wall layers, the concentration profiles reach a better
level of agreement with the experimental data for the HOFOR boiler, support-
ing the hypothesis that the current geometrical representation underestimates
the effective lateral transport area.

Fuel conversion predictions indicated that particle shrinkage and fuel compo-
sition changes strongly affect the spatial distribution of the conversion stages.
Char particles became progressively entrained due to their reduced parti-
cle diameter, resulting in vertically distributed combustion, which remained
stronger in the dense bed region.

The model’s computational efficiency is dependent on the system’s stiffness
and transient behavior. Events such as dense bed jumps to adjacent layers or
injection curves can increase the stiffness of the system, leading to increased
computational time. A good balance between accuracy and spatial discretiza-
tion, together with temporal staging of transient events, was found to be a
good approach to maintain computational efficiency with adequate solution
stability.

The proposed data architecture proved effective for variable handling and
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model formulation. The use of 5D arrays enabled flexible management of
solution quantities for different solids families and conversion states.

The model developed in the present work can be further refined to achieve a more
complete representation of large-scale CFB operation. A natural continuation in the
modeling work is the introduction of the gas phase balancing and gas species trans-
port. Such formulations would allow a tighter interaction between fuel conversion
and hydrodynamics and provide the necessary framework for heat transfer modeling.

The model is able to capture the dynamic behavior of CFB systems, tracking the
dense bed evolution with time. However, the tracking approach can still be further
improved to tackle the dense bed jumping effects on computational efficiency and
solution stability. The movement of the dense bed between layers increases sys-
tem stiffness and affects computational efficiency, making the tracking approach the
main computational bottleneck. Future developments should focus on improving
the dense bed tracking methodology to reduce the effects of dense bed jumps while
maintaining solution stability.

Furthermore, formulations for the recirculation loop, i.e. the cyclone and particle
seal, need to be included to attain more realistic solids distribution profiles. As was
observed with the validation results, the effective solids inventory in the riser is over-
estimated, leading to an overprediction in the solids concentrations and circulation.
An adjustment of the particle seal definition, introducing prolonged permanence of
finer particles inside the seal, can improve the prediction of the effective inventory
in the furnace.

Finally, the model’s fuel conversion module is still in early development. Despite
being capable of interacting with the hydrodynamics module, showing fuel mixing
within the dense bed and char entrainment in the freeboard, the results can still
become more realistic and industrially relevant through more robust formulations.
Additional inputs to the model, like fuel PSDs and improved considerations on
particle size evolution during conversion (such as multiple char size classes), could
aid in achieving more industrially relevant results.
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A

Equations to estimate fuel
conversion times

Heat-Transfer Correlations and Dimensionless Num-
bers

Particle Reynolds Number:

Re, — Lalta = u)dy (A1)
Hg

Correlation for Particle Nusselt Number of Spheres:
Nu =2+ 04Re)/*Pr'/? (A.2)

Convective and Radiant Heat-Transfer Coeflicients from Nusselt Number definition
and Stefan-Boltzmann law, respectively. The suffix "g" is for gas, "p" for particle:

N
B = K (A.3)
dp
heaa = €0 (T +T2) (T, + T,) (A.4)
Effective Heat-Transfer Coefficient:
heff - hconv + hrad (A5)
Drying

Time to heat the particle to the evaporation temperature:

MepCp(Tovap — Tpo)
theat = ——2 P P, A6
heat hefpr (Tg - Tevap) ( )

Time for evaporation at constant temperature, using the latent heat of evaporation.
The suffix "w" refers to water:

myh
Fovap = wihvap AT
v hett Ap(Tg - Tevap) ( )
T1 = Theat + tevap (AS)

I



A. Equations to estimate fuel conversion times

Devolatilisation

Devolatilisation time for a heating-rate-limited process. Kinetic-limited processes
apply to smaller particles. A, refers to the particle surface area, ¢, is the particle
specific heat, T, is the devolatilisation temperature:

MpCp T, - T,
~ — | A9
& Apheff ! (Tg - Tp,O) ( )

Empirical correlation for devolatilization time using the particle size, d,s, in mil-
limeters, and the bed temperaure in °C:

To.corr = 12.08 x 10* @24 T, 15 (A.10)

Char Combustion

Shrinking sphere restricted by mass transfer model. Applies for large particles in a
hot surrounding [31]. M. refers to the molar mass of carbon, €2 is the stoichiometric
ratio of moles of carbon to moles of oxygen, Co, « is the oxygen concentration in
the circulating gas, and Do, y, is the diffusivity of oxygen.

_ ped;,
8QM,Do, v, Coy o0

(A.11)

T3
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B

Density and size calculations for
biomass particles

Drying
The size reduction of biomass particles after drying can be expressed as:
dpdry = dpwet(1 —0.07) (B.1)

dp.dry = (20 mm)(1 — 0.07) = 18.6 mm

The dry solids mass can be calculated from the moisture content as:

Mry = Myer(1 — moisture) (B.2)

Thus, the dry density is defined as:

Mary . (1 — moisture)me (1 — moisture)

= - — e B.3
Prs =y, (1= 0.07)3d3,., /" (1= 0.07)3 (B3)

Pary = 559.45 kg/m®

Devolatilisation

A similar procedure is carried out for devolatilisation. An initial size value is calcu-
lated without fragmentation for the density calculation.

dp,cha'r,O = dp,wet(l - O42) (B4)
dp charp = 11.6 mm

The char mass can be calculated from the entire composition as:

fixed carbon
Mehar = Mayet(1 — moisture - B.5
h 3 ) <ﬁxed carbon + Volatlles> (B.5)
The char density can then be written as:
: fixed carbon
(1 - mOISture) (ﬁxed carbon—l—volatiles) (B 6)

Pchar = Pwet (1 — 042>3



B. Density and size calculations for biomass particles

Pehar = 307.52 kg/m®
The final size of char is then defined as:

dp,char - dp,char,l)(1 - 075)

dp char = 2.9 mm

IV
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C

Computational implementation
details

C.1 Logical Indexing Definitions

The referred indices in Figure 3.2 are defined after the identification of the ml layer
through the dense bed tracking procedure described in Chapter 3. All of the other
indices are defined through logical statements comparing vertical layer positions,
h, to the position of layer ml, h,,;. Thus, the logical statements used for in-mesh
indexing are defined as follows.

Layers are denoted with the db index if:
h <hgu—1 (C.1)
Layers are denoted with the uml index if:
h= Ry — 1 (C2)
Layers are denoted with the aml index if:
h=hp +1 (C.3)
Layers are denoted with the fb index if:
hmi +1 < h < Hy (C4)
Layers are denoted with the tfb index if:
h = Hy (C.5)

Any other indices are either defined manually or are a subset of one of the groups
described above. Indices ml, uml, aml, and tfb will always correspond to single
layers.

C.2 Cell Areas and Volumes

C.2.1 Layer Heights

The number of coarse cells, Ncoarse, the number of fine cells, ng,e, and the coarse-to-
fine layer ratio, Ry, are used, along with the system dimensions, to calculate layer

v



C. Computational implementation details

heights. This calculation divides the system into rectangular layers of constant depth
and width. Thus, the layer heights are defined from the following expressions:
Furnace volume:

Vf = HO X WO X DO = ‘/;:Oarse + ‘/}’me (06)
Layer volume:
W = hl X WO X DO = ‘/annulus + V;:ore (C7)
Fine layer height:
Vs
i WODO (nﬁne + ncoarseRh) ( )
Coarse layer height:
Peoarse = NeineLTn (C9>

C.2.2 Areas and Volumes

The calculation of areas and volumes is based on the diagram shown in Figure C.1.
The furnace is assumed to have a rectangular cross-section.

Annulus

Section A-A

twall,top

Core W, |‘_.| :
poptom by \ I / Ih‘
A A —

twall,bottom

Figure C.1: Furnace cross-section schematic for transport area and volume calcu-
lation.

In the top and bottom faces, the depth and width of the core are defined, respec-
tively:

Weoretop = Wo — 2tyal top (C.10)
Weore,bottom = Wo — 2twall bottom (C.11)
Deoretop = Do — 2tyal top (C.12)
D ore bottom = Do — 2twall bottom (C.13)

The areas of the top face of the core and annulus regions are described as:

Acore,top = core,top X Dcore,top (014)
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C. Computational implementation details

Aannulus,top - WODO - (Wcore,top X Dcore,top) (015)

The areas of the bottom face of the core and annulus regions are described as:

Acore,bottom = core,bottom X Dcore,bottom (Cl6>

Aannulus,bottom - WODO - (Wcore,bottom X Dcore,bottom) (017)

The side area used for the core-to-annulus transport is defined considering the 4 wall
layers. This area is taken as the projected rectangular area of the wall layers, such
that:

Aside - hl(QDO + 2VVO - 475wall,t0p - 4twall,b0ttom) (C]_8)

The volume of a truncated pyramid such that describes the volume of the core region
of a layer:

1
‘/l,core = §hl X (Acore,bottom + Acore,top + \/Acore,bottom X Acore,top) (Clg)

The volume of the annulus region of a layer is the remaining layer volume:

w,annulus = VZ - w,core (CQO)
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D

Script Organization

The scripts used for input loading, calculation routines, and post-processing proce-
dures in this work are listed below, with details on what they do and contain:

cfb.py: Main running code. Calls several scripts and organizes the parameters
for solving. Has the definition of the ODE system used by solve ivp during
time marching.

solhydro__funs.py: Contains the functions developed for calculation routines
such as fluidization parameter calculations, dense bed tracking, and transport
matrices building, among others. The functions are called by almost all scripts.
species.py: Contains the data classes and initialization functions for the gas
and solids species used in the model. All inputs on solids characterization,
such as densities, PSDs, etc., are given in this script, along with fuel particle
predefined size categories based on shrinkage rates. For the present work, only
the solids species were involved.

dimensions.py: Contains the system dimensions class, with information on
boiler dimensions and additional calculation routines if necessary.
operation.py: Contains the operating conditions of the system, including gas
velocities, maximum solids fraction, and initial bed height. For this work, the
gas properties like density and viscosity were also included.

fuel.py: Contains callable functions for cfb.py used for fuel injection and
conversion source term computation, during time marching.

mesh.py: Contains the mother and son data classes responsible for mesh
elaboration, including area and volume calculation. System dimensions are
loaded externally. The user specifies the number of coarse layers, fine layers,
and coarse-to-fine height ratio directly in this script.

cfb__post.py and sa.py: These are post-processing and sensitivity analysis
scripts, loading data classes saved from cfb.py. cfb__post.py mainly contains
callable functions to produce relevant plots. sa.py produces primarily loads
the saved data and produces plots accordingly.
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