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Abstract

This thesis has been developed through a collaboration between Politecnico di
Torino and Université Catholique de Louvain. It investigates the drying processes
of biomass, specifically focusing on wood chips and sawdust, using ANSYS Fluent
as computational fluid dynamics software. Biomass drying is a critical step in
various industrial applications, particularly in bio-energy production, as it increases
the fuel efficiency by reducing the moisture content. The research begins with
an overview of common biomass drying technologies, including rotary, conveyor,
and open-air drying systems, exploring their field of application and underlying
principles of operation. The core of this work centers on the application of the Fluent
software to model and simulate biomass drying processes. A multiphase Eulerian
model was used, combined with the Lee model for evaporation-condensation, to
accurately simulate the interaction between biomass and the airflow. The simulation
results were compared with experimental data from the work of Bengtsson on low-
temperature biomass drying. The results showed a close alignment between the
simulation and experimental findings, validating the computational model. The
study includes a case analysis of the drying system employed by Coopeos and
Intradel, two organizations active in biomass energy in Belgium. The findings from
this research contribute to enhancing biomass drying techniques and also highlight
the potential for optimizing key parameters through the model, which could drive
further improvements in similar facilities in the future.
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Chapter 1

Introduction

Biomass has emerged as a critical resource in the global shift towards renewable
energy solutions. As a sustainable and widely available material, it offers significant
potential for reducing reliance on fossil fuels and decreasing carbon emissions.
Biomass is not only used for heating and electricity generation but also serves as
a valuable input in various industrial processes. Among these, woody biomass,
including wood chips and sawdust, is one of the most commonly utilized forms due
to its accessibility and versatility [1].

A key step in the efficient use of biomass for energy and industrial applications
is the drying process. Reducing the moisture content of biomass increases its
lower heating value (LHV), improving its energy efficiency and making it a more
effective fuel source. Dry biomass burns more efficiently, generates higher energy
outputs, and reduces emissions, including harmful particulate matter and volatile
organic compounds. Furthermore, drying biomass before combustion enhances heat
production, reduces air emissions, and improves overall boiler operation. In boilers
or gasifiers, moisture in the fuel must first be heated and evaporated, consuming
significant amounts of energy. By removing moisture through a dedicated drying
process, this energy loss is minimized. Although drying equipment also requires
energy for heating and evaporating moisture, it operates more efficiently when
designed specifically for this purpose. If the heat for drying can be recovered
from other processes, such as boiler flue gas or gasifiers, the overall efficiency of
the system is further increased. Additionally, proper drying minimizes the risk of
fungal growth and decomposition, which can occur during storage or transportation
when the biomass retains a high moisture content. As industries strive for more
sustainable and cost-effective practices, optimizing biomass drying techniques has
become increasingly important [2].

Despite its importance, biomass drying poses several challenges. The moisture
content of biomass can vary significantly, and achieving an even and efficient drying
process requires careful control of multiple parameters, such as temperature, airflow,
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Introduction

and humidity. Traditional drying methods, while widely used, may not always
achieve the desired balance between energy consumption and drying efficiency.
Furthermore, factors such as environmental conditions, biomass particle size, and
storage configurations can impact the drying rate and overall effectiveness of the
process[3].

This thesis aims to address these challenges by applying computational fluid
dynamics using ANSYS Fluent to simulate the biomass drying process, with
a particular focus on wood chips and sawdust. Through the development of
a multiphase Eulerian model, coupled with the Lee model for evaporation and
condensation, this research investigates the complex interactions between biomass
and airflow during the drying process. The study draws on real-world case analyses,
including the drying systems of Coopeos and Intradel, two organizations actively
engaged in the field of biomass energy production in Belgium. By validating the
simulation results against experimental data and analyzing the drying performance
of an industrial system, this work aims to contribute to the improvement of biomass
drying methods.
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Chapter 2

Drying Technologies

Drying biomass, particularly wood chips, is a critical step in various industrial
processes, including energy production, material processing, and environmental
management. Effective drying reduces the moisture content of wood chips, en-
hancing their calorific value and making them more efficient as a fuel source.
Additionally, drying minimizes the risk of fungal growth and other degradation
processes that can occur in moist biomass, ensuring the material remains stable
during storage and transportation. There are various methods for drying biomass,
each tailored to specific needs based on the material’s characteristics and the
operational requirements of the facility. These methods are broadly categorized
into direct-fired and indirect-fired types, each offering distinct advantages and
suitable for different applications.

Direct-fired dryers are typically more efficient and faster, as the drying medium
(usually hot air or flue gas) comes into direct contact with the biomass, quickly
reducing its moisture content. This method is particularly well-suited for high-
throughput operations where time and energy efficiency are critical. However,
direct-fired dryers may require careful control to prevent scorching or uneven
drying, especially with sensitive materials like wood chips.

Indirect-fired dryers, on the other hand, involve a heating medium that does
not directly contact the biomass. Instead, heat is transferred through a barrier,
such as tubes or a rotating drum, making this method more suitable for materials
that are prone to contamination or require a more controlled drying environment.
While indirect-fired dryers are generally slower and less energy-efficient than their
direct-fired counterparts, they offer greater protection for the biomass and are often
used in applications where product quality is paramount [3].

Among the technologies employed for drying wood chips, rotary, conveyor and
open-air dryers are among the most prevalent. The choice of drying technology
depends on factors such as the initial and final moisture content of the wood chips,
the scale of operation, and the specific requirements of the end-use application.
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2.1 Rotary Dryers
Rotary dryers are one of the most widely used type of dryer for biomass processing.
Among the different variations, the directly heated single-pass rotary dryer showed
in Figure 2.1, is the most commonly employed. In this type of dryer, hot gases
are introduced into a rotating drum where they come into direct contact with the
biomass. As the drum rotates, internal flights lift the material, causing it to cascade
through the hot gases, thereby improving heat and mass transfer. If contamination
is not an issue, hot flue gases can be fed directly into the dryer. Alternatively, a
burner may be used to raise the temperature of the air entering the system.

Figure 2.1: Schematic of a rotary dryer. Heated air is introduced at the feed
side, and internal baffles facilitate mixing as the material moves through the drum,
exiting as a dry product. [4]

Typically, the biomass and hot air flow co-currently through the dryer, meaning
the hottest gases interact with the wettest material. However, when temperature
sensitivity is not a concern, the gases and solids can flow in opposite directions,
allowing the driest material to meet the hottest gases, thus achieving the lowest
moisture content at the dryer’s exit. This latter setup, however, poses a higher fire
risk as it exposes nearly dry material to high flue gas temperatures. The exhaust
gases from the dryer often require treatment to remove fine particles before release.
This may involve passing through equipment such as a cyclone, baghouse filter,
scrubber, or electrostatic precipitator (ESP).

The design of a single-pass rotary dryer can be adapted to allow the material
and air to pass through the system multiple times. Initially, the material enters an
inner cylinder where it contacts hot air. Smaller or drier particles are quickly moved
through this cylinder into a larger outer cylinder for a second pass, while larger
material is tumbled with the aid of flights. After the second pass, the material and
air pass through the outermost cylinder before exiting the dryer. This triple-pass
configuration is best suited for materials smaller than few centimeters (like sawdust
and tiny woodchips), as larger particles can cause clogging, whereas single-pass
dryers are capable of handling larger materials.
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2.2 Conveyor Dryers

Conveyor dryers operate by spreading feedstock onto a moving perforated conveyor,
which allows for continuous drying. Fans are used to blow the drying medium
through the conveyor and the material, either from above or below. When multiple
conveyors are employed, they can be arranged in series or stacked in a "multi-pass"
configuration. Although conveyor dryers are less commonly used for drying materials
like bark and shredded wood waste, which are processed through mechanical
shredders or grinders, they are highly versatile and can accommodate a wide range
of materials. These dryers present several advantages and some drawbacks when
compared to the more commonly used rotary dryers [3].

A significant benefit of conveyor dryers is their ability to capitalize on waste
heat recovery due to their lower operating temperatures compared to rotary dryers.
Rotary dryers generally require inlet temperatures starting at 260°C, with optimal
operation around 400°C. In contrast, some vacuum conveyor dryers can function
with inlet temperatures just slightly above ambient, though more typically, they
operate between 90°C and 200°C. This lower temperature range makes conveyor
dryers ideal for integration with boiler stack economizers, where heat is first re-
covered from boiler flue gases and then used for fuel drying. The lower operating
temperatures of conveyor dryers also offer a reduced fire hazard and lower emissions
of volatile organic compounds (VOCs). Another advantage is that the material
remains stationary during the drying process, which can result in fewer partic-
ulate emissions. However, fines may need to be screened out before drying and
reintroduced later, as they can fall through the perforations in the conveyor belt.

Single-pass conveyor dryers generally require more space than rotary dryers
of a similar capacity. However, multi-pass conveyor dryers, where conveyors are
stacked with material cascading down from upper to lower conveyors, are more
space-efficient. Due to their smaller footprint and cost-effectiveness, multi-pass
conveyor dryers are widely used across various industries.

In a classic single pass conveyor dryer, the wet biomass enters the system (1)
depicted in figure 2.2, a feeding screw (2) is responsible for the leveraging of the
product on the belt. The air pulled by the fan (6) passes through the heat exchanger
(5) is being heated, afterwards it goes across the product and the belt exiting from
the chimney. At the end of the belt the dry biomass is helped by the cleaning
brush to exit (3,8) and the washing device (9) is able to restore the initial condition
of the conveyor.
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Figure 2.2: Conveyor drying system scheme: 1.Wet product, 2.Feeding screw,
3.Dry product (discharge), 4.Even product layer, 5.Heat exchangers, 6.Main fan,
7.Discharge screw, 8.Cleaning brush, 9.Belt washing device [5]

2.3 Open Air Drying
Open-air drying, also known as natural or passive drying, is a traditional and widely
used method for reducing the moisture content of woody biomass (Figure 2.3). This
technology is particularly favored in regions with favorable climatic conditions due
to its simplicity, low operational costs, and minimal energy requirements. Unlike
artificial drying methods that rely on mechanical equipment and external energy
sources, open-air drying harnesses natural elements such as wind, sunlight, and
ambient temperature to gradually remove moisture from biomass materials.

The process typically involves spreading or stacking woody biomass, such as
logs, branches, or wood chips, in well-ventilated outdoor areas. The biomass is
exposed to the open air, allowing moisture to evaporate over time. Key factors that
influence the efficiency of open-air drying include the arrangement and size of the
biomass, the duration of exposure, and local weather conditions such as humidity,
temperature, and wind speed. Proper stacking techniques, such as placing wood
in cross-piles or aligning logs to maximize airflow, are crucial to enhancing drying
rates and preventing issues like mold growth or uneven drying.

When it comes to sawdust and wood chips, the open-air drying process becomes
more complex due to the smaller particle size and increased surface area per unit
of volume which require increased exposure to airflow for effective drying. Sawdust
and wood chips, tend to hold moisture more tenaciously and can form dense piles
that limit airflow, leading to slower drying rates and a higher risk of fungal growth
and decomposition.

For sawdust, frequent turning or stirring of the sawdust is often necessary to
ensure even drying and to prevent compaction, which can trap moisture and slow
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down the process. Additionally, protective coverings may be used during periods
of rain or high humidity to prevent the reabsorption of moisture.

Wood chips, while less prone to compaction than sawdust, still require careful
management in the drying process. Piles of wood chips should be kept relatively
shallow and well-ventilated to promote airflow. Some techniques involve the use of
perforated floors or raised platforms to allow air circulation from below, further
enhancing the drying efficiency. The shape and size of the wood chips also play
a role; smaller or irregularly shaped chips dry faster but may also require more
frequent handling to prevent issues such as spontaneous combustion, which can
occur if heat builds up within a poorly ventilated pile.

Figure 2.3: Picture of an Open-air drying plant featuring a roof and covered on
three sides[6]

More complex versions of open-air drying are commercially available, offering
a range of enhancements that significantly improve efficiency and meet specific
needs. One of the most common and straightforward improvements is the addition
of a cover to protect the biomass from environmental factors . Another frequent
enhancement is the implementation of mechanical ventilation to accelerate the
drying process. Additionally, the biomass can be elevated, or aeration channels
may be installed beneath it to further improve airflow and ensure more uniform
drying (figure 2.4 ).

Unlike natural seasoning, warm air-drying—such as in a convective dryer—offers
distinct benefits. It provides more effective moisture removal, better control over
the drying process, and ensures the biomass meets specific quality and storage
requirements. In these systems, ventilation can be enhanced by incorporating heat
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from various sources, such as waste heat from industrial processes, dedicated boilers,
or heat exchangers. Utilizing waste heat from industrial sources or other processes
to warm the air through heat exchangers is a common practice. This method
efficiently recycles energy that would otherwise be lost, thereby lowering overall
energy consumption and reducing operational expenses. With the introduction of
solar collectors to boost the drying process, the system becomes less dependent
on ambient conditions compared to traditional seasoning methods [7]. Although
the initial investment in solar collectors is higher than that for traditional boilers,
they offer significantly lower environmental impact, making them an sustainable
long-term solution.

Figure 2.4: Picture of an open air drying plant with mechanical turning [8]

Figure 2.5: Picture of a solar based open air drying plant (equipped with solar-air
collectors) [9]
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Chapter 3

Case Study: Coopeos &
Intradel

This work focuses on two key organizations: Coopeos and Intradel, both of which
play significant roles in the field of biomass transformation and utilization in
Belgium.

3.1 Coopeos
Coopeos is a Belgian cooperative involved in the design and installation of biomass-
based thermal systems, particularly wood-fired boilers. The organization’s mission
is to enhance the value of local wood resources by promoting sustainable heating
solutions for buildings. This involves transforming these resources into high-
quality wood chips for wood boilers, as well as designing, installing, financing,
and managing the boilers. Additionally, Coopeos is dedicated to raising awareness
about sustainable development among a broad audience. The cooperative provides
customer support and maintenance services, and although it is a relatively small
enterprise it has established itself in the Région wallonne, with a portfolio of
approximately 50 installations spread across schools, sports centers and residential
sites [10]. The cooperative’s design approach is notable for its use of repurposed
shipping containers to house entire customized installations. This strategy facilitates
transportation and reduces the need for specialized labor at the installation site. In
response to the growing demand for higher-quality biomass with improved energy
efficiency, Coopeos’s research department is currently focusing on the drying of
woody biomass. By reducing the moisture content, they aim to increase the calorific
value of the wood, making it a more efficient fuel source. Consequently, this study
will closely examine the methods and outcomes associated with the drying of woody
biomass.
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3.2 Intradel
Intradel is another key player, which mission focuses on sustainable waste manage-
ment by promoting recycling and responsible waste treatment, while also raising
public awareness about environmental protection. Additionally, their management
of waste and recycling facilities provides access to a significant supply of biomass
that can be economically leveraged. Intradel is focused on the collection and
processing of green waste, including sorting, cleaning, cutting, grinding, sizing
(with the relevant size range being 6-40 mm for this work), drying, and distribution
for energy production. The organization operates a facility specifically designed for
open-air drying of biomass, which is central to this study. Unlike standard open-air
drying setups, Intradel’s facility includes an aeration system located beneath the
ground level, enhancing the drying process. The facility also features a transparent
cover that protects the biomass from adverse weather conditions, ensuring consis-
tent drying performance. At the time of the site visit, this cover was being replaced
in preparation for the upcoming season. To provide a clearer understanding of the
infrastructure and layout of the Intradel facility, an image of the drying plant is
presented below. This image highlights the key components of the system, including
the underground aeration ducts and the transparent protective cover.

Figure 3.1: Intradel silo under study in this thesis, shown during the cleaning
phase. The metal grates have been temporarily removed from the air ducts for
maintenance

This thesis will focus on the drying system employed at the Intradel facility,
exploring its design and operational efficiency. The following section will provide
a detailed analysis of the system, accompanied by schematics to illustrate its
components and functionality.
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3.3 Open-air drying plant
The image 3.2 illustrates a top view of the Intradel drying silo, showcasing its
structural and functional elements. The walls of the silo, depicted in pink, are
constructed from prefabricated concrete blocks, forming the sturdy enclosure
necessary for the structural support and containment of the biomass. The green
lines represent the air ducts and the black lines indicate the dimensions of the
various components expressed in centimeters.

Figure 3.2: Technical drawing of the Intradel silo, top view section showing
internal layout and dimensions

In the subsequent Figure 3.3, a cross-sectional view of the silo is presented,
focusing specifically on one of the aeration channels. This section provides a
detailed look at the design and dimensions of the air channel, highlighting its role
in the overall ventilation system within the silo.
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Figure 3.3: Technical drawing of the Intradel silo, showing a cross-section at
ground level and below. The diagram illustrates the shape and dimensions of the
air ducts, as well as the size and placement of the aspiration grates

The plant under study includes a customized container housing a woodchip-fired
boiler, a fan, a damper system, and various sensors and control units to manage
and regulate the entire system. A simplified diagram of the plant is provided in
Figure 3.4

Figure 3.4: Conceptual diagram of the customized Coopeos container. 1.Container
frame 2.Boiler 3.Woodchip storage 4.Electrical control system, equipped with
various sensors and data-sharing mechanisms 5.Fan 6.Damper system 7.Air ducts
8.Connection to the plant’s air channels 9.Rear wall of the plant

The fan is installed inside the customized container alongside the boiler and,
through the system of dampers, allows for the air to be either pushed into or drawn
out of the ducts. The fan is connected to the ventilation system of the facility
via metal pipes on the exterior, where the aeration channels extend beyond the
containment wall at the furthest point from the entrance of the structure. The
design of this system enables dual functionality, depending on weather conditions,
operational needs, and the thermophysical properties of the surrounding air. This
allows for two distinct modes: winter and summer. In winter mode, the boiler inside
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the container burns biomass to produce hot water, which is then sent to a heat
exchanger to generate warm air. The fan pushes this warm air through the facility’s
ducts, gradually heating the biomass from below, as will be further analyzed in the
following chapters. In summer mode, the ventilation system operates in reverse.
Air is drawn from the area where the biomass is located and expelled outside. With
the presence of sunlight, the transparent cover allows solar radiation to heat the
upper surface of the biomass. This cover also helps retain the warm air that forms.
The fan then removes the air, which by this point contains a high level of water
vapor, from the silo, promoting effective drying.

The complete technical datasheet for the installed centrifugal fan is provided
at [11]. Below in Figure 3.5 the performance graph is presented. The perfomance
graph is the tool for understanding how the fan will behave under various operating
conditions. Indeed, the relation between pressure, airflow, and rotational speed is
illustrated. Each curve on the graph corresponds to a specific fan speed, measured
in revolutions per minute (RPM), and shows how the airflow (measured in cubic
meters per second) varies with pressure (measured in Pascals).

Figure 3.5: Performance graph - GROS 1RV1-11 [6]

In winter mode, the boiler is activated to burn wood chips, producing hot air
via a heat exchanger (HE). This hot air is then pushed by the fan into the ducts,
where it reaches the biomass that needs to be dried.
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It is important to note that the pressure drop in the model is accounted for
and not assumed to be zero. However, for the purposes of this study, the fan is
considered capable of maintaining a constant flow rate, regardless of the pressure
drop. The pressure drop caused by approximately 4.5 meters of wood chips can
affect the fan’s volume flow rate, which in turn might influence the temperature
of the hot air. To evaluate the drying model developed in Fluent, the following
nominal operating parameters (Table 3.1) are assumed as constants and applied
directly in the software.

Nominal condition
Volume Flow rate 5.5 m3/s

Temperature of the air - Ambient 5 ◦C

Relative Humidity of the air - Ambient 60 %
Temperature of the air - after HE 43 ◦C

Relative Humidity of the air - after HE 6 %

Table 3.1: Nominal condition of the plant in winter mode
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Chapter 4

Theory and Model
Assumptions

Consider a batch containing moist, solid, and irregularly shaped biomass particles,
such as sawdust, wood chips, or bark. These particles constitute a porous mixture
comprising both solid material and a gas phase (humid air). To facilitate the drying
process, a stream of hot air is passing through the porous structure. As the hot air
interacts with the moist particles, moisture is transferred to the air. This process
is depicted in Figure 4.1.

Figure 4.1: Setup for the model of drying biomass [12]

Where the height of the bed is denoted as L, the moisture content of the
solid particles is represented by MC(x, t) (in kgw/kgds ), and their temperature is
denoted by T (x, t) (in ◦C). Furthermore, x represents the vertical position and t
represents time, the porosity of the bed is defined as ε ( in m3

void/m3
tot cubic meters

of void space per cubic meter of batch). The inlet volumetric air flux is denoted as
qg0 (in m3/m2 s), with the inlet gas having a relative humidity of RH0 (indicated
with φ0 in Figure 4.1) and a temperature of T0 (in ◦C).
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4.1 Moisture Content and Fiber saturation point
The moisture content (MC) of the solid material, measured in kilograms of water
per kilogram of dry solid (kgw/kgds), is defined as the ratio of the mass of moisture
(mw) to the mass of dry matter (mds) within the material [12]:

MC = mw

mds

(4.1)

where mds is the mass of the oven-dried wood. In practice, the moisture content
of a given piece of wood can be calculated by:

MC = mwet − mds

mds

(4.2)

where mwet is the mass of the specimen at the given MC condition. In wood,
moisture can be present as either free water (liquid water or vapor within the
cells and cavities) or bound water (water retained within the cell walls through
intermolecular forces). The moisture content at which the cell walls are fully
saturated with bound water, but no free water remains in the cell lumina, is known
as the fiber saturation point (MCfs). The Fiber Saturation Point (FSP) is a critical
threshold in wood science, it generally occurs when the moisture content is between
25% and 30%. This point can vary slightly depending on the wood species, but the
overall concept remains consistent. Below the FSP, the moisture in the wood is
primarily in the form of bound water within the cell walls. Above the FSP, any
additional moisture is free water found in the cell cavities. This free water does
not significantly affect the mechanical properties or dimensional stability of the
wood but impacts other aspects such as weight [13]. Therefore, conceptually, the
fiber saturation point serves as the dividing line between the two forms in which
water is retained within wood.

4.2 Density and Bulk density
The intrinsic density of wood, while influenced by the moisture content, can be
determined through various experiments, one of which is helium pycnometry. This
technique, based on the principle of gas displacement, allows for an accurate
measurement of the true volume of the wood. The density obtained through
this method does take into account the interstitial pores present inside the wood,
effectively reducing the considered volume, especially in the case of highly porous
woods. Throughout this work, the wood density will be denoted as ρw, which
typically ranges from 1300 kg/m3 to 1500 kg/m3, as it has been found in the study
of Horabik Et al. [14].
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Bulk density (BD), on the other hand, is the density of wood that can be
measured without the need for complex methodologies. It is determined by weighing
and measuring the dimensions of the specimens under consideration. Bulk density
varies significantly depending on the form of the wood (e.g., sawdust, wood chips,
pellets, whole wood, etc.), for most species in ovendry situation it can range between
200 kg/m3 and 800 kg/m3 [13]. The volume considered in bulk density calculations
includes the volume of the pores within the wood and the volume due to the
packing of the biomass. For materials like sawdust, wood chips, or pellets, bulk
density can be measured under different levels of pressure to account for varying
storage methods [14].

In this context, bulk density varies significantly and, like ρw, is affected by
moisture content. For wood chips, bulk density is also highly dependent on the
porosity of the packed bed. Several studies have examined the bulk density of wood
chips in piled storage [15]. The most relevant large-scale estimates of woodchip
bulk density come from cone-shaped stockpiles at wood recycling facilities, with
reported values of 210 and 230 kg/m3 from Amato et al. (2020) [16] and 245 ± 49
kg/m3 from Subroy et al. (2014) [17].

4.3 Porosity

Porosity is a defining characteristic of materials containing both solid components
and void spaces, serving as a metric for the extent of these voids. Complex materials
such as wood chips and sawdust exhibit porosity at multiple scales. Firstly, at a
microstructural level, the porous nature of wood arises from its intricate composition
of cell walls and lumens. Furthermore, when aggregated together, wood particles
collectively contribute to porosity, forming a heterogeneous mixture of solid wood
particles interspersed with interstitial pore spaces [12]. The porosity (ε), measured
in cubic meters of void space per cubic meter of particles (m3/m3), characterizes
the packing density of a bed of particles and is defined as:

ε = Vg

Vg + Vs

(4.3)

Here, Vg represents the pore volume (m3) where the gas streams, while Vs denotes
the volume occupied by the solid material (m3). Therefore, the total bulk volume is
the sum of Vg and Vs. Alternatively, porosity can be calculated using the definition
of bulk density:

ε = 1 − BD

ρw

(4.4)
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4.4 Evaporated water

When performing biomass drying, there is an initial moisture content (MC0) and a
desired final moisture content (MCfinal). Based on this, it is possible to calculate
the amount of water that needs to be evaporated, and consequently, the theoretical
minimum energy required to evaporate that water. This theoretical energy can
then be compared with the actual energy used to transition from the initial MC to
the final MC. The amount of water evaporated can be calculated as:

mlw = mw0 − mw−final =

= mds
MC0 − MCfinal

100 =

= ρw Vtot (1 − ε)MC0 − MCfinal

100

(4.5)

4.5 Homogeneous Temperature

The temperature within the solid is assumed to be uniform, with no heat flux
occurring inside the particles. This indicates that the Biot number (Bi), which
compares the heat transfer at the particle’s surface to that within the particle itself,
is close to zero. The Bi is a dimensionless parameter, defined as:

Bi = hLc

k
(4.6)

where Lc is the characteristic length (often the volume-to-surface-area ratio), and
k is the material’s thermal conductivity. A Biot number smaller than 1 suggests
that heat conduction inside the particle is much faster than heat transfer at the
surface, resulting in a nearly uniform temperature within the particle. A low Biot
number (less than 1) indicates that the internal resistance to heat conduction is
negligible compared to the heat transfer at the surface, resulting in a nearly uniform
temperature throughout the material. In contrast, a high Biot number (greater
than 1) suggests significant internal temperature gradients, with the material
being thermally thick. Since wood is a material with insulating properties, its
thermal conductivity is among the lowest. Therefore, in this situation, the problem
is thermally thick (i.e., Bi > 1), and assuming a constant temperature is an
approximation. However, in this scenario, the energy within the wood is primarily
used to dilute the energy of the fluid phase. Consequently, the temperature
distribution inside the particle is not of special interest.
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4.6 Heat Capacity of the wood
Heat capacity refers to the amount of energy required to raise the temperature
of a unit mass (kg) by one degree (K or ◦C). For wood, the heat capacity is
influenced by both its temperature and moisture content, although it remains
relatively unaffected by the density or species of the wood [13]. The heat capacity
of dry wood, denoted as cp−ds (in kJ/kg K), can be estimated as a function of
temperature T (in K) using the following expression:

cp−ds = 0.1031 + 0.003867 T (4.7)
Furthermore, when wood contains moisture, its heat capacity increases. Below the
fiber saturation point, the heat capacity is a combination of the heat capacity of
dry wood and that of water (cpw), with an adjustment factor accounting for the
extra energy involved in the wood-water bond. Above the fiber saturation point,
the additional moisture influences the heat capacity according to the principle of
simple mixtures [13].

4.7 Humid Air
Humid air is composed of a mixture of dry air and water vapor. Dry air refers
to the combination of all the gases in the atmosphere (such as nitrogen, oxygen,
carbon dioxide, and noble gases), with the exception of water vapor. Since the
subject of study is humid air under conditions where the pressure is very close to
atmospheric pressure and the temperature is similar to ambient conditions (along
with the fact that water vapor has a relatively low partial pressure compared to
other gases present, and intermolecular forces are sufficiently weak under these
circumstances), it is assumed that humid air behaves according to the ideal gas
laws. Indeed, an ideal gas adheres to the general gas law, expressed as:

P V = n R TK (4.8)

Here, P stands for the total pressure (Pa), V for the volume (m3), n for the
number of moles of gas, R = 8.314 for the gas constant (J/mol K), and TK for
the absolute temperature (◦ K). The moles of gas, n, can be defined as n = m

M
,

where m denotes the mass (kg) and M represents the molar mass kg/mol [12]. The
density ρ (kg/m3) equals (m/V ), and the general gas law can be reformulated as:

P

R TK

= ρ

M
(4.9)

Humid air can be considered a mixture of at least two ideal gases: dry air with
a molar mass Mda = 0.029 kg/mol and water vapor with Mv = 0.018 kg/mol .
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The molar mass of dry air depends on its composition, which for standard air is
approximately 79% nitrogen and 21% oxygen [18]. The partial pressures of air, pda,
and vapor, pwv, are given by:

pda = R TK ρda

Mda

, pwv = R TK ρwv

Mwv

(4.10)

Here, ρda represents the dry air density and ρwv is the water vapor density, also
referred to as specific humidity (kg/m3). Dalton’s law of partial pressure states
that the total pressure P of a gas equals the sum of the partial pressures pn exerted
by its components. For humid air, Dalton’s law yields:

P = pda + pwv (4.11)

The density of humid air can be directly computed as the sum of the partial
densities of the dry air and the water vapor:

ρha = ρda + ρwv (4.12)

4.8 Absolute and Relative Humidity
Absolute humidity, denoted by x, is defined as the ratio of the mass of water vapor
to the mass of dry air within a given volume. Mathematically, it is expressed as:

x = mwv

mda

(4.13)

where mwv is the mass of water vapor, and mda is the mass of dry air. Alterna-
tively, absolute humidity can be written in terms of the partial densities of water
vapor (ρwv) and dry air (ρda):

x = ρwv

ρda

(4.14)

Furthermore, using the concept of partial pressures, absolute humidity can be
expressed as a function of the partial pressure of water vapor and the partial
pressure of dry air. Given the difference in molar masses between water vapor and
dry air, a proportionality factor is introduced, yielding the following equation:

x = 0.622 pwv

pda

= 0.622 pwv

p − pwv

(4.15)

This relationship allows for the calculation of absolute humidity using only the
partial pressures. Solving for pwv, we can determine the partial pressure of water
vapor:
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pwv = x

0.6220 + x
p (4.16)

On the other hand, relative humidity (RH) is defined as the ratio of the partial
pressure of water vapor in the air to the saturation vapor pressure at a given
temperature. Expressed as a percentage, relative humidity indicates how close the
air is to being fully saturated. At 100% relative humidity, the air is saturated, and
any additional water vapor will condense into liquid form. The RH serves as a
measure of humidity in the drying air. It can be computed as:

RH = pwv

pwv-sat(T ) (4.17)

In theory the value of pwv-sat is not only a function of T but also of but as it has
been proved by [18], the pressure in saturation condition of water vapour only
slitghtly depends on the presence of the dry air in the ambient gas. In the drying
process of woodchips, controlling relative humidity is essential, as high humidity
levels slow down evaporation, making the process less efficient and prolonging the
drying time.
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Chapter 5

Fluent Model

This chapter will describe the methodology used to simulate the biomass drying
process, specifically woodchips and sawdust, using ANSYS Fluent software [19].
Fluent is a powerful Computational Fluid Dynamics (CFD) tool that enables the
analysis and understanding of complex phenomena involving mass, energy, and
momentum transfer even in various phases. To accurately model the drying process
of woodchips, a multiphase approach is adopted. Specifically, the Eulerian model
is employed, allowing the interaction between the solid (biomass) and the fluids
(humid air and liquid water) to be described. This is essential for simulating
the heat and moisture transport mechanisms. The model also incorporates the
Ranz-Marshall correlation to calculate heat transfer coefficients, while accounting
for the flow dynamics through a porous medium, such as woodchips. In addition
to the multiphase model, the Lee evaporation-condensation model is implemented
to describe the phase transition between liquid water and vapor. Furthermore, the
Ergun equation is applied to evaluate pressure drop in the porous medium [20]. Its
important to specify that, the solid material, specifically the wood, is introduced into
Fluent solely through the definition of porosity. In practice, Fluent does not treat
the solid as physically present, but rather as a dilution of the energy and volume
within the multiphase mixture. Additionally, the solid is modeled as a momentum
sink in the momentum conservation equations, and it significantly impacts the
pressure losses occurring within the region defined as porous. Throughout this
chapter, the theoretical foundations behind each model will be discussed, explaining
how they have been used to build the simulation of the biomass drying process.
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5.1 Multiphase - Eulerian model
The Eulerian multiphase model in ANSYS Fluent is a powerful framework designed
to simulate the behavior of multiple interacting phases, which can be liquid, gas, or
solid. The Eulerian model treats each phase as interpenetrating continua, solving
conservation equations for mass, momentum, and energy for each phase. This
model is particularly suitable for flows where the interactions between phases are
significant, such as in the drying processes of lignocellulosic fibrous material where
moisture (liquid phase) evaporates into an airflow (gas phase). [21]

The Eulerian multiphase model allows for the simulation of an arbitrary number
of secondary phases, provided sufficient memory and computational resources are
available. The humid air phase is modeled using the species transport model,
representing a mixture of water vapor and air. One of the key characteristics of the
Eulerian model is that all phases share a common pressure field, simplifying the
interaction between the phases. The exchange of momentum and energy between
the phases is managed through interphase exchange terms, which account for forces
like drag and pressure differences between them. This makes the model particularly
suited for processes involving phase change, such as evaporation during drying. In
this scenario, liquid water remains stationary in the porous medium, while humid
air flows through, absorbing the evaporated water vapor and carrying it away from
the material. The ability to fix the velocity of the liquid water phase within the
porous structure, meaning it does not move during the simulation, is an important
advantage of the Eulerian model [22]. Indeed, this behavior is critical in drying
processes and other models do not offer this flexibility, making the Eulerian model
particularly well-suited as it accurately simulates the stationary nature of the liquid
phase while allowing the gas phase to flow freely through the medium.

5.1.1 Volume Fraction Equation
The description of multiphase flow as interpenetrating continua incorporates the
concept of phasic volume fractions, denoted as αq. Volume fractions represent the
space occupied by each phase, and the conservation laws of mass and momentum
are satisfied by each phase individually [22]. The derivation of the conservation
equations can be performed using the mixture theory approach. The volume of
phase q, Vq, is defined by:

Vq =
Ú

V
αqdV (5.1)

Where the sum of the volume fractions for all phases must satisfy the condition:
nØ

q=1
αq = 1 (5.2)
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For the specific case of two phases, humid air (denoted as αha) and liquid water
(denoted as αlw), the equation becomes:

αha + αlw = 1 (5.3)

5.1.2 Conservation of Mass
The Conservation of Mass principle is fundamental in fluid dynamics and multiphase
modeling. It ensures that the total mass in a system remains constant over time
unless there is a source or sink of mass (e.g., due to phase change or reactions). For
multiphase flow, each phase must individually satisfy the conservation of mass [22].
For a single phase q, the general conservation of mass equation can be written as:

∂(αqρq)
∂t

+ ∇ · (αqρqv⃗q) =
nØ

p=1
(ṁpq − ṁqp) + Sq (5.4)

In this equation, αq is as in 5.2. The term ρq refers to the density of phase q, while
v⃗q is the velocity vector of that phase. The left-hand side of the equation describes
the rate of change of the mass of phase q over time, combined with the mass flux
as it moves through space. The right-hand side of the equation includes the mass
transfer terms ṁpq and ṁqp, which account for the mass being transferred from
phase p to phase q and from phase q to phase p, respectively. These terms are
critical in describing phase interactions, such as evaporation or condensation. The
sum qn

p=1 includes all other phases interacting with phase q. Lastly, Sq is a source
term that represents external contributions or sinks of mass, and by default it is
set to zero unless additional sources are specified in the system. This equation
is particularly crucial for simulating drying processes, where mass is transferred
between liquid water and humid air. In this context, the term ṁpq represents the
evaporation of liquid water into the gas phase, while ṁqp account for condensation.
For the specific case of two phases, humid air and liquid water, the conservation of
mass equations take the following forms:

∂(αhaρha)
∂t

+ ∇ · (αhaρhav⃗ha) = ṁlw→ha − ṁha→lw (5.5)

∂(αlwρlw)
∂t

+ ∇ · (αlwρlwv⃗lw) = −ṁlw→ha + ṁha→lw (5.6)

The mass transfer term ṁlw→ha represents the rate of evaporation of liquid water
into the humid air phase. As liquid water evaporates, its mass decreases, which is
reflected as a negative term in the liquid water equation, while it adds mass to the
humid air, resulting in a positive term in the corresponding equation. However, it
is important to note that the opposite process, condensation, can also occur. In
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this case, the term ṁha→lw becomes significant, indicating the transfer of mass from
humid air to liquid water. During condensation, the mass of humid air decreases,
and that of liquid water increases. Since in each cell of the meshgrid all mass and
energy balances are computed, the equation can take different values depending on
the conditions within the specific cell. For instance, evaporation may dominate in
some cells, while condensation may prevail in others, leading to variable system
behavior and different solutions based on the spatial and temporal distribution of
temperature and pressure conditions across the computational domain.

The Sq terms have been simplified, as there are no sources or sinks present in
the system. Furthermore, the equation for liquid water can be simplified by noting
that the velocity of the water has been set to v⃗q = 0, which reduces the equation
to:

∂(αlwρlw)
∂t

= −ṁlw→ha + ṁha→lw (5.7)

5.1.3 Conservation of Momentum
The conservation of momentum equation describes how the momentum of each
phase changes due to various forces, including pressure, body forces (such as
gravity), and interphase interactions like drag. In multiphase flows, each phase has
its own momentum equation, and interactions between phases are accounted for by
interphase momentum transfer terms [22]. The general conservation of momentum
equation for a given phase q is expressed as:

∂(αqρqv⃗q)
∂t

+ ∇ · (αqρqv⃗qv⃗q) = −αq∇p + ∇ · τq + αqρqg⃗+
nØ

p=1

1
R⃗pq + ṁpqv⃗pq − ṁqpv⃗qp

2
+
1
F⃗q + F⃗lift,q + F⃗vm,q + F⃗td,q

2
(5.8)

In this equation, the term αqρqv⃗q represents the momentum of phase q, and the
first term on the left-hand side describes the rate of change of momentum over
time. On the right-hand side, the term −αq∇p accounts for the pressure gradient
force, and τq represents the stress-strain tensor. The gravitational body force is
given by αqρqg⃗. The summation term represents interphase momentum transfer,
where R⃗pq denotes the drag force between phases p and q, and ṁpqv⃗pq − ṁqpv⃗qp

accounts for the momentum transfer due to mass exchange between the phases.
Where, the interphase velocity, denoted as v⃗pq, is defined as follows. If ṁpq > 0
(indicating that mass is being transferred from phase p to phase q), then v⃗pq = v⃗p.
On the other hand, if ṁpq < 0 (indicating that mass is being transferred from
phase q to phase p), then v⃗pq = v⃗q. Similarly, if ṁqp > 0, the velocity v⃗qp = v⃗q,
and if ṁqp < 0, then v⃗qp = v⃗p. The term R⃗pq represents the interphase momentum
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exchange, which models the drag force between the phases. This force depends
on friction, pressure, cohesion, and other effects, and is subject to the conditions
R⃗pq = −R⃗qp, meaning the force between phases is equal and opposite, and R⃗qq = 0,
indicating no self-interaction within a single phase. The interphase interaction
term is modeled as:

nØ
p=1

R⃗pq =
nØ

p=1
Kpq(v⃗p − v⃗q) (5.9)

Here, Kpq is the interphase momentum exchange coefficient, which represents
the drag coefficient between phases p and q. This interaction term simplifies
the momentum exchange by assuming it is proportional to the velocity difference
between the phases. Additional body forces, such as lift (F⃗lift,q), virtual mass (F⃗vm,q),
and turbulent dispersion (F⃗td,q), complete the right-hand side of the equation 5.8.
For the humid air phase, the momentum equation remains in its general form,
capturing the evolution of momentum under the influence of pressure, gravity, and
drag forces exerted by the liquid water phase. For liquid water, since it is stationary
(v⃗lw = 0), its momentum equation reduces to a simpler balance. The simplified
momentum equation for liquid water is:

0 = −αlw∇p + αlwρlwg⃗ + Kha→lw(v⃗ha) +
1
F⃗lift,lw + F⃗wl,lw + F⃗vm,lw + F⃗td,lw

2
(5.10)

5.1.4 Conservation of Energy
The conservation of energy within the Eulerian multiphase model plays a crucial
role in capturing the heat transfer and phase change processes, which are essential
for simulating drying in biomass. The general form of the energy conservation
equation for a phase q is expressed as [22]:

∂

∂t

A
αqρq

A
eq +

v⃗2
q

2

BB
+ ∇ ·

A
αqρqv⃗q

A
hq +

v⃗2
q

2

BB
=

nØ
p=1

(Qpq + ṁpqhpq − ṁqphqp)

+ ∇ ·

αqkeff,q∇Tq −
Ø

j

hj,qJ⃗j,q + τeff,q · v⃗q

+ p
∂αq

∂t
+ Sq (5.11)

In this equation eq is the specific internal energy of the phase, the term hq refers to
the specific enthalpy of phase q, which includes the contribution of kinetic energy,
represented by v⃗2

q

2 . The left-hand side of the equation captures the time-dependent
change in energy, while the right-hand side represents the different modes of energy
transport and exchange. The term ∇ · (αqkeff,q∇Tq) represents the diffusion of
heat through the phase, with keff,q as the effective thermal conductivity. The
contribution qj hj,qJ⃗j,q accounts for the energy transported by the diffusive flux of
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species j within phase q. The term τeff,q · v⃗q describes the viscous dissipation in
phase q due to internal stresses. Energy exchange between phases is captured by
the summation over p, which includes several key terms. First, Qpq represents the
heat exchange between phases p and q. The term ṁpqhpq describes the heat related
to the mass transfer from phase p to phase q, with hpq representing the associated
enthalpy (for instance, water evaporating into air). On the other hand, the term
ṁqphqp accounts for the reverse mass transfer (for instance, water condensation).
The source term Sq accounts for any external sources or sinks of energy, such as
heat generated by chemical reactions or introduced by radiation.

5.1.5 Heat Transfer Coefficient
In multiphase simulations, particularly those involving phase changes like evapo-
ration during the drying of biomass, the heat transfer coefficient plays a crucial
role in determining how heat moves between phases. One available and widely
used model for estimating the heat transfer coefficient in the Eulerian systems,
such as the interaction between humid air and water vapor, is the Ranz-Marshall
correlation [21]. This correlation, applicable to systems where small particles (such
as liquid droplets or solid particles) interact with a surrounding fluid, computes
the heat transfer coefficient hpq between phases p and q as a function of the Nusselt
number (Nup), the Reynolds number (Rep), and the Prandtl number (Pr) [22]. The
Nusselt number relates the convective heat transfer to the conductive heat transfer
within the system, while the Reynolds number quantifies the flow regime (laminar
or turbulent) around the particle, and the Prandtl number gives the relationship
between momentum and thermal diffusivity. The heat transfer coefficient for two
phases is defined as:

hpq = kqNup

dp

(5.12)

where hpq (= hqp) is the volumetric heat transfer coefficient between phase p and
phase q, kq is the thermal conductivity of phase q, dp is the diameter of phase p
particles (or bubbles, depending on the system). The Nup is computed using the
Ranz-Marshall correlation as follows:

Nup = 2.0 + 0.6Re1/2
p Pr1/3 (5.13)

where Rep is the Reynolds number for phase p, and Pr is the Prandtl number of
the q-th phase. The Reynolds number is based on the diameter of the particles
and the relative velocity between the phases. The Prandtl number for phase q is
defined as:
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Pr = cp,qµq

kq

(5.14)

where cp,q is the specific heat at constant pressure for phase q, µq is the dynamic
viscosity of phase q.

In the context of biomass drying, this model is used to calculate the heat transfer
between the liquid water phase and the humid air phase. The Ranz-Marshall model
is particularly suitable for this situation as it applies to heat transfer between
dispersed systems, such as water droplets within an air stream, which is analogous
to water evaporation in porous biomass. The volumetric rate of energy transfer
between phases p (e.g., liquid water) and q (e.g., humid air) can be expressed as:

Qpq = hpqAi(Tp − Tq) (5.15)
where Qpq is the heat transferred from phase p to phase q, Ai is the interfacial
area between phases p and q, it represents the area over which the liquid water
interacts with the humid air. Tp and Tq are the temperatures of phases p and q,
respectively, the difference between the two phases, (Tp − Tq), plays a significant
role in determining the rate of evaporation, as a larger temperature difference
accelerates the phase change.

5.2 Evaporation condensation - Lee model
The Lee model is a mechanistic approach used to simulate interphase mass transfer
between liquid and vapor phases during processes such as evaporation and con-
densation. It provides a numerical solution to handle phase change phenomena
where mass is transferred between two phases based on the local conditions. The
model simplifies the complex physics of phase change by applying a user-defined
coefficient to determine the rate of mass transfer [22] [23]. Indeed, the Lee model
solves the conservation equations (2 for continuity, 4 for momentum, and 2 for
energy) along with the necessary constitutive correlations. As it has been expressed
previously, in 5.5 and 5.6, rates for mass exchange between phases are defined.
These rates inside the Fluent simulation are expressed in units of kg/m3s. The
rate of mass transfer with the use of the Lee model is driven by the temperature
difference between the phases, where mass transfer occurs from liquid to vapor if
the local temperature exceeds the saturation temperature (Tsat) and from vapor to
liquid if the temperature is below the saturation temperature. These temperature
regimes define the following mass transfer conditions:

• If Tlw > Tsat (evaporation):

ṁlw→ha = coeff · αlwρlw
(Tlw − Tsat)

Tsat
(5.16)
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• If Tha < Tsat (condensation):

ṁha→lw = coeff · αwvρwv
(Tsat − Tha)

Tsat
(5.17)

A critical aspect of the Lee model is the fine-tuning of the "coeff" parameter, which
acts as a relaxation factor. This user-defined coefficient directly controls the rate
at which phase change occurs, influencing how quickly the system responds to
deviations in temperature. It is important to note that the coefficient ("coeff") can
vary significantly between evaporation and condensation processes. In fact, the
parameter might differ between the two, being represented as coeffe for evaporation
and coeffc for condensation, respectively. This distinction is necessary due to the
differing physical dynamics in each phase change process. If coeffe and coeffc are
set too low, the mass transfer may be delayed, leading to underestimation of the
evaporation or condensation rate. Conversely, if set too high, the phase change may
be exaggerated, resulting in non-physical behaviors. Therefore, careful adjustment
and calibration of these coefficients are necessary to achieve a balance between
numerical stability and the physical realism of the simulation. The Lee model
requires the saturation temperature, Tsat, as an input. However, in reality, Tsat is
not constant; it varies with pressure, following the Clausius-Clapeyron equation:

dP

dT
= L

T (vv − vl)
(5.18)

where vv and vl are the inverse of the densities of the vapor and liquid phases
(volume per unit mass), respectively. L represents the latent heat (in J/kg).

5.3 Porous zone
In the simulation, the woodchips are modeled as a porous medium within the
control volume, not only to account for the intrinsic porosity of the wood itself but
primarily to simulate the air gaps and void spaces between individual woodchips.
Given that the material is loosely packed, air can flow through these voids, resulting
in substantial interaction between the phases. To capture this behavior in ANSYS
Fluent, the porous media model is applied, treating the woodchip bed as a porous
zone [19]. In Fluent, the Superficial Velocity Porous Formulation is utilized to
model the airflow through the woodchip bed. This formulation calculates the
superficial velocity based on the volumetric flow rate in the porous region. The
superficial velocity represents the bulk flow of the air, considering the porosity of
the region, and assumes that the flow velocity remains consistent within and outside
the porous medium. Although this method does not capture the local velocity
variations within the voids between woodchips, it offers a reasonable approximation
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of the bulk flow through the porous structure. While this simplification may
overlook some fine-scale details, it effectively represents the global pressure drop
and flow characteristics of the system. An important aspect of the simulation is
the treatment of the wood’s physical presence through the concept of porosity.
Rather than explicitly modeling the wood’s structure, its influence on the system
is incorporated by adjusting the porosity parameter. In ANSYS Fluent, porosity is
defined as follows:

ε = Vavailable

Vtot

(5.19)

where the Vavailable is the volume that humid air and liquid water are free to occupy,
while Vtot is the total control volume. With the introduction of porosity, the volume
fraction definitions differ from those described in 5.1.1. Specifically, the volume
referenced by the volume fractions is no longer the total meshgrid volume but the
volume available to the gas and liquid phases. Therefore, the equation can be
rewritten as follows, here expressed for the humid air phase:

αha = Vha

ε Vtot

= Vha

Vavailable

(5.20)

Additionally, the distribution of volumes within the control volume can be explained
using the following equation:

Vtot = Vw + Vavailable = (1 − ε) Vtot + ε Vtot(αlw + αha) (5.21)

where Vw is the volume of the wood.
For what concern the dynamic of the flow through the porous medium, it is

modeled by adding a momentum source term to the standard fluid flow equations.
This source term accounts for both viscous losses (described by Darcy’s law) and
inertial losses, which contribute to the overall pressure drop across the porous
medium. The source term, Si, representing the impact of the porous structure on
the i-th momentum equation (where i = x, y, z ), is defined as:

Si = −
3

µ
vi

α
+ C2

1
2ρ|v|vi

4
(5.22)

where Si is the source term for the i-th momentum equation (x, y, or z direction),
µ is the dynamic viscosity of the fluid, α is the permeability of the porous medium
(a measure of how easily fluid can pass through the porous structure), vi is the
velocity in the i-th direction, C2 is the inertial resistance coefficient, accounting for
the contribution of inertia to the pressure drop, ρ is the fluid density, and |v| is the
magnitude of the fluid velocity. Locally, a bed of irregularly shaped wood particles
results in non-uniformly distributed bed porosities. Furthermore, the viscous and
inertial resistance coefficients ( 1

α
and C2) vary depending on the flow direction. In
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Fluent, the porous zone is modeled as homogeneous in terms of porosity, with a
constant value across space and time. However, in reality, the material’s effects on
the flow differ based on the direction. Fluent allows for different values of 1

α
and

C2 to be specified for each direction: x, y, or z [22]. Based on the results from M.
Mayerhofer et al. (2010) [24], the values presented in Table 5.1 will be used for
the Fluent simulations in this study. It is important to note that the y-direction

Viscous and Inertial resistance
(1/α)x 3 × 107 1/m2

(1/α)y 5 × 107 1/m2

(1/α)z 3 × 107 1/m2

(C2)x 1500 1/m

(C2)y 4000 1/m

(C2)z 1500 1/m

Table 5.1: Value of Viscous and Inertial resistance coefficients based on the
direction (x, y, or z)

always refers to the direction perpendicular to the ground, which is also used to
represent the height of the woodchip pile. In the case of a 2D representation, the
z-coordinate is not considered.

5.4 Boundary conditions
In this simulation, boundary conditions are set to define the behavior of the
airflow and water phase entering and exiting the computational domain, crucial for
modeling the drying process of woodchips accurately. The boundary conditions
employed in ANSYS Fluent control the flow rates, temperature, and species
concentrations at the inlet and outlet other than the interaction of the fluids with
the walls [22].

5.4.1 Inlet Boundary Condition
A velocity-inlet boundary condition is applied at the inlet, with Fluent allowing the
user to specify the velocity, temperature, and species concentrations for both the
gas and liquid phases entering the domain. The velocity-inlet condition is chosen
because it ensures that the flow is driven by a prescribed velocity rather than
pressure. This is especially crucial in the case of forced convection (such as when
a fan is present), where the airflow is externally driven. The boundary condition
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is configured as follows: the velocity can be specified as a constant value or as a
profile, depending on the complexity of the flow entering the domain. In this model,
the velocity has been assumed to be constant in the inlet area’s. Fluent allows
the specification of different species concentrations or volume fractions at the inlet.
In this case, the inlet is defined for humid air, while the liquid water is set to a
null value, indicating the absence of liquid water entering the system. The inlet
temperature is specified to provide the thermal boundary conditions necessary for
calculating heat transfer between the incoming air and the porous medium. Fluent
uses this temperature as a driving factor in the heat exchange and evaporation
process. Indeed, it has a huge influence on the evaporation rate and drying time of
the process. [25]

5.4.2 Outlet Boundary Condition
At the outlet, a pressure-outlet boundary condition was defined to allow the fluid to
exit the computational domain freely. This condition was selected because it main-
tains a constant pressure at the outlet while letting the flow variables adjust based
on the simulation’s internal dynamics. The pressure-outlet boundary condition
is particularly suitable for systems where the outflow is pressure-driven, ensuring
that the boundary does not artificially constrain the velocity or temperature at
the outlet. The outlet is set to a gauge pressure of 0 Pa, representing ambient
atmospheric pressure. This allows Fluent to compute the outflow based on pressure
gradients within the domain, enabling the humid air and evaporated water vapor
to exit naturally. In the event of reverse flow, Fluent requires the specification
of backflow conditions for species concentration and temperature. The backflow
temperature can be set to the ambient one, and the backflow volume fraction of
liquid water is defined as zero to reflect the assumption that no liquid water is
expected to re-enter the domain from the outlet. In this case, since a level of free
space (humid air) is left upon the porous medium, backflow is not expected in this
type of simulation. Indeed, if it does occur, it could be typically an indication of
an error.

5.4.3 Wall Boundary Conditions
In Fluent, there are several options for modeling wall boundary conditions. In this
study, the walls are considered impermeable, meaning that no mass flow can enter
or exit the system through them, effectively preventing any losses or leakage. From
a thermal perspective, the walls are modeled as adiabatic, implying that there is
no heat exchange between the inside and outside of the control volume. Regarding
the impact of the walls on the fluid dynamics, two main boundary conditions are
described here. The first is the "no-slip condition", which enforces a zero velocity
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at the wall for the fluid in the immediate layer adjacent to it. This condition
accurately represents physical walls where frictional forces cause the fluid to come
to a complete stop at the boundary. This feature will be applied in Chapter 6.
The second option allows for defining zero shear stress at the fluid-wall interface,
which assumes that the walls do not induce any frictional losses on the flow. This
is particularly useful in cases involving symmetry or idealized scenarios where wall
effects are negligible, and it will be applied in Chapter 7 [19][22].

5.5 Computational Fluid Dynamics aspects

Computational Fluid Dynamics is a branch of fluid mechanics that employs nu-
merical methods to solve and analyze problems involving fluid flows. By solving
the constitutive equations governing fluid behavior CFD enables the prediction of
various phenomena like fluid flow, heat and mass transfer, and chemical reactions.
The strategy of CFD involves transforming the continuous problem domain into a
discrete domain by using a grid. Therefore, the fluid region of a flow is divided
into a finite set of control volumes. In this way the physical domain is discretized
and, in the case of Fluent, a mesh composed by those control volumes is obtained.
The governing equations for mass, momentum, and energy are then solved numeri-
cally within these control volumes. This process translates the partial differential
equations into a system of algebraic equations, which can then be solved iteratively
until the solution reaches convergence [26].

5.5.1 Transient Simulation

In transient situations, the simulation aims to capture time-dependent behaviors,
meaning that the solution changes at each time step as the system evolves. Con-
vergence in these simulations refers to the state in which the changes in solution
variables between successive iterations within a given time step become negligible.
In this context, achieving convergence at each time step is essential to ensure the
accuracy and reliability of the transient simulation. In transient CFD simulations,
the governing equations are solved iteratively for each time step. The solution at
each time step must converge before proceeding to the next one. In Fluent, the
criteria for convergence are typically defined based on residuals, which measure the
difference between the current solution and the solution from the previous iteration.
When these residuals fall below a pre-set threshold, the solution for that time step
is considered converged [22].
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5.5.2 Time Step Size
The choice of the time step is crucial. A time step that is too large may result
in significant errors, as the transient effects may not be captured adequately. On
the other hand, a very small time step increases the computational cost. The time
step must be chosen carefully to balance accuracy and efficiency, ensuring that the
simulation remains stable and converges within a reasonable number of iterations.
The use of the Courant-Friedrichs-Lewy (CFL) number is usefull to evaluate a
feasible timestep [26]. The CFL condition states that the distance (in length)
that any information travels within a timestep must be smaller than the distance
between mesh elements. In other words, during each time step, information from a
given cell or mesh element should propagate only to its immediate neighbors and
not extend beyond them. This ensures that the numerical solution progresses in a
stable and controlled manner, preventing the violation of physical principles. The
CFL is defined as:

C = v dt
dx (5.23)

where C is the CFL number, v is the flow velocity, dt is the time step and dx is
the spatial resolution of the mesh (the size of the control volume in the direction
of the flow velocity). In this study, a CFL value close to 1 is considered reasonable
for most cases. However, for high-speed flows, it may be necessary to reduce the
CFL value further, even below 0.5, to ensure stability and accuracy without any
issues [19][26].
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Chapter 6

Model Validation Through
Existing Experimental Data

The paper by Peter Bengtsson [25] focuses on the experimental analysis of low-
temperature drying of biomass particles, specifically wood chips and sawdust, to
prepare them for a gasification process. This process requires dry biomass as
the drying operation is critical and energy-intensive. The study evaluates the
effectiveness of using waste heat for drying, a technique that could significantly
reduce energy consumption and associated costs.

The primary objective of the study was to examine the influence of various
parameters, such as air temperature, air velocity, bed height, and type of wood,
on the drying rate, final moisture content, and pressure drop across the drying
bed. The early stages of the drying process are characterized by a constant-rate
period, followed by a falling-rate period, with the drying zone progressing irregularly
through the bed.

This paper is relevant to this work as it allows for a comparison between the
previously described model and the experimental results obtained by Bengtsson.
Specifically, it is valuable to analyze the model’s behavior in terms of the drying
rate and the time required to achieve complete drying.
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6.1 Experimental setup
The experimental setup includes a fixed bed dryer capable of drying 0.25 m3 of
biomass per batch. Heated air, warmed through an electric heater, is forced from
the bottom of the drying chamber, ensuring a controlled drying process. Various
sensors monitor the temperature and humidity of the air at the inlet and outlet,
as well as the pressure drop across the bed. In Figure 6.1 the scheme of the
experimental setup is represented:

Figure 6.1: Experimental setup of the drying chamber from Bengtsson’s paper,
illustrating the airflow system, sensor placements and the key components [25]

Three main airflow streams are used in this experiment, each controlled by a
valve to shut off the duct when necessary. The first stream, labeled as ’Inlet,’ draws
air from the outside, with temperature, humidity, and flow rate measurements
recorded. The ’Outlet’ stream represents the hot, humid air that is released to
the outside after passing through the drying chamber. A portion of this flow can
be diverted and recirculated back into the system to reduce energy consumption,
particularly during the preheating phase of the experiment. The flow rate of the
recirculated air is controlled by an electrically operated valve, which adjusts the
pressure drop across the line and regulates the amount of air passing through. The
inlet air, combined with the recirculated flow, is then pushed through the fan and
heated by the electrical heater. Before entering the drying chamber, the air passes
through a sensor array that measures the flow rate and thermodynamic properties.
A similar process occurs at the outlet of the drying chamber, where the air either
exits the system (Outlet stream) or is recirculated back into the system
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6.2 Drying chamber modelisation

In the paper [25], the drying chamber used was cylindrical, with a diameter of 0.8
m. However, in the Fluent model, the chamber is recreated as a parallelepiped with
a square base to simplify the computational process. The square base has sides
measuring 0.71 m, and the chamber was filled to a height of 0.42 m. The inlet and
outlet areas were maintained consistent with the original design to preserve the
same volume. The change in geometry altered the border effects, but these were
considered negligible. This square-based design allowed for the creation of a mesh
grid with cubic cells, which significantly reduced computational complexity and
enhanced the stability and convergence of the solution.

This square-based design allowed for the creation of a mesh grid with cubic cells,
each measuring 0.02 m. This uniform grid ensured an orthogonal quality of 1 for
each cell within the control volume, which is usefull to increase the reliability of the
simulation results. Additionally, the mesh grid includes 10 cm of cells filled only
with humid air both below the inlet and above the outlet. These air-filled cells are
strategically placed to smooth the transition between the differing conditions of the
input/output and the woodchips, particularly at the beginning of the simulation
when the differences are most pronounced. This setup helps prevent abrupt changes
in the simulation, enhancing both stability and accuracy. Below, Figure 6.2 is an
image of the mesh grid used in the simulation, illustrating the structure of the
cubic elements:

Figure 6.2: Meshgrid of the drying chamber in Fluent with the dx of 2 cm
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6.3 Thermodynamic condition of the experiment
Several graphs from the paper provide a comprehensive overview of the initial
conditions, illustrating the different variables such as temperature, specific humidity,
and other relevant parameters. Those are posted here below to depict the condition
used in the experiment:

Figure 6.3: Experimental airflow conditions showing the variation over time for
drying air, inlet/outlet flow, and recirculation [25]

Figure 6.4: Experimental temperature conditions over time, showing the chamber
inlet, chamber outlet, and outdoor temperatures [25]

At time t = 0 s, the conditions inside the chamber are characterized by the
temperature at the outlet reaching the wet bulb temperature. The wet bulb
temperature is the temperature at which the air cannot hold any more moisture
and is fully saturated. In the context of the drying process, this temperature
represents the point where the air has absorbed the maximum amount of moisture
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Figure 6.5: Experimental relative humidity conditions over time, illustrating the
chamber inlet, chamber outlet, and outdoor humidity levels [25]

from the wet material. This condition indicates that the drying experiment is
ready to start and that the pre-heating phase is complete. In the Fluent simulation,
the initial conditions are set such that the entire drying chamber has a uniform
temperature equal to the wet bulb temperature. This also means that, the relative
humidity is maximum and equal to 100 %. This ensures that the simulation reflects
the initial state of the experimental drying process, with the air fully saturated
and ready to exit from the outlet. The value of moisture content at the start of the
simulation is given in the text of the paper and it has been obtained through the
analysis of 3 different samples, resulting in an average value of 115 % [25]. Same
procedure has been used at the end of the experiment to evaluate the final moisture
content that corresponds to an average value of 5.6%. Regarding the velocity at
the inlet, it is assumed to be uniform across the entire inlet area. The flow velocity
is calculated as the ratio between the volumetric flow rate and the inlet section.
The initial condition are listed in Table 6.1 and the condition at the inlet of the
drying chamber used in the experiment are resumed in Table 6.2:

Starting condition
T0 32 ◦

RH0 100 %
MC0 115 %

Table 6.1: Starting condition of the drying chamber after the preheating period
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Inlet condition
V̇in 500 m3/h

Tin 57 ◦

RHin 20 %

Table 6.2: Inlet condition of the drying chamber during the experiment (preheating
phase excluded)

The following one includes the transformation of specific values to make them
compatible with Fluent requirements. The relative humidity is converted into abso-
lute humidity, a Fluent-compatible parameter, and moisture content is transformed
into a volume ratio of liquid water using Equation 4.5 and Equation 5.20.

Drying chamber initial condition
T0 305 K
x0 22.8 gwv/kgair

ε 0.6
αlw 0.25 m3/m3

Drying chamber inlet condition
uy 0.25 m/s
Tin 330 K
xin 22.1 gwv/kgair

Table 6.3: Simulated condition of the drying chamber inside ANSYS Fluent

6.4 Fluent simulation
The time step for the early stages of the simulation is carefully selected based on
the Courant-Friedrichs-Lewy number (CFL, as explained previously in 5.5.2). In
order to keep it equal or under the unity, the value of dt is evaluated:

dt ≤ dx
u = 0.02

0.25 = 0.08 (6.1)

Therefore a dt of 0.05 seconds is chosen to prevent convergence issues, ensuring
a smooth and efficient progression of the solution during the initial iterations.
Convergence is considered achieved when the residuals of each governing equation
(such as energy, continuity, momentum, volume fraction, etc.) are all below 1×10−3.
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In the simulation of this experiment, convergence is achieved from the very first
timestep, within the maximum number of iterations set to 50. After approximately
40 time steps, convergence is consistently achieved from the first iteration of each
new time step. After the convergence is reached constantly for several timestep,
the CFL constriction can be slightly relaxed and the dt has been carefully and
smoothly changed to higher values in order to reduce the total computational cost
and the operational time.

6.5 Results comparison
The purpose of this analysis is to compare the experimental results from the paper
with those obtained through simulation using the Fluent model. Data from the
software have been collected through the creation of datafile ASCII based every
30 seconds during the simulation. The ASCII files have been analyzed through a
Python script and graphical and numerical results have been obtained. Several
parameters can be examined to assess the accuracy of the model, with one of the
most important being the total time required to achieve the same level of drying.
In the experiment the process has been stopped at 482 minutes, when the relative
humidity at the outlet of the drying chamber dropped below 25%. In the simulation
results, analysis of the data using the Python script shows that the 25 % RH at
the outlet is reached at approximately 440 minutes. The difference between the
experimental and simulation times is significant. However, as mentioned in the
paper, potential lagging errors in the humidity sensor may have led to discrepancies
in the overall results. Assuming the 482-minute experimental value as correct, the
relative error is 8.7 %.

Another key parameter is the amount of water evaporated during the experi-
mental process, which was condensed, collected, and weighed at the end, totaling
31.4 kg. This value was also estimated through a mass balance using data from the
humidity sensors, yielding a result of 35.4 kg, indicating a difference of 12.7 %. In
the Fluent simulation, this value is not treated as a result, as the amount of water
is predefined in the initial conditions.

In the results presented in the paper, the graph shown in Figure 6.6 illustrates
the drying ratio (r), which represents the amount of water evaporated during the
drying process over a specific period. It was calculated based on a mass balance
using data from the two series of sensors located at the inlet and outlet of the
drying chamber. In Fluent, the drying ratio was computed in the same way, keeping
in mind that no liquid water entered or exited the drying chamber. The drying
ratio can be determined using the following Equation 6.2:

r = moutlet − minlet = (xoutlet − xinlet) uha Achamber ρair (6.2)
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Figure 6.6: Drying rate over time from Bengtsson’s paper, showing the transition
from the constant-rate drying phase to the falling-rate drying phase [25]

where x represents the water vapour content in the humid air, uha is the velocity
in the y direction, ρair is the density of the dry air and Achamber is the cross section
area of the drying chamber. The obtained value is measured in kg/s.

The graph in Figure 6.6 can be divided into three main phases. In the first
phase, during the initial minutes of the experiment, a sharp increase in the drying
ratio is observed, marking an initial transient period. Following this, the system
enters a second phase known as the ’constant-rate drying’ period, where the drying
ratio remains steady. During this phase, the wood, exposed to the incoming hot air,
releases sufficient moisture, causing the outgoing air to be saturated with humidity
(relative humidity at 100 %) as it exits the chamber. This period continues until
around 370 minutes. After this point, the third phase, known as the ’falling-rate
drying,’ begins. Here, the value of r decreases significantly, as the wood is no longer
able to release enough moisture to saturate the air. This final phase ends at 482
minutes when the experiment is concluded. Consequently, the paper suggests that
systemic errors may be present in the use and measurement of the humidity sensors.
Furthermore, the author notes in the conclusion that the air in this drying test was
heated above the wet-bulb temperature of the drying temperature, which led to an
unrealistically high drying rate at the beginning of the test. Additionally, the paper
mentions an unexpected small peak at the start of the falling-rate drying period,
indicating an increasing drying rate, likely due to lag in the humidity sensor [25].

To more effectively compare the drying ratio behavior between the experiment
and the simulation, the two resulting graphs are overlaid in Figure 6.7. For
consistency, the Fluent results were converted to kg/h by multiplying by 3600, and
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the experimental curve was reproduced graphically using Python.

Figure 6.7: Comparison between the drying rates: the red one obtained from the
humidity sensors in the paper and the blue one obtained with the Fluent simulation

The integral of the drying ratio curve represents the total amount of water
evaporated within the chamber. The red dotted line is the graphical reproduction
of the experimental data. While slightly imprecise, its integral gives an evaporated
water value of 35.4 kg, closely aligning with the value reported through the use of
humidity sensors in the paper. For the blue line, representing the Fluent simulation
results, the integral was computed using a Python function, yielding 31.2 kg. This
value is very close to the experimentally weighted water of 31.4 kg, with a margin
of error within 1 %.

To better evaluate the model results, other two key values are monitored:
temperature and relative humidity at both the inlet and outlet. These two variables
are shown in Figure 6.8 and 6.9.

6.6 Conclusions
Based on the various results discussed in the previous section, it can be concluded
that the model performs relatively well when compared to the experimental data. It
is important to note that these results are influenced by the fact that the material
used in the experiment was sawdust, not woodchips, as is the case in the study
presented in Chapter 3. The main differences between the experimental data and
the model lie in the initial transient phase, which in the Fluent model is much
slower and lacks a well-defined peak. Additionally, there is a secondary peak at the
beginning of the "falling-rate period," which can be disregarded due to the lagging
of the humidity sensors as explained in the reference paper. As for the behavior of
temperature and relative humidity, it can be stated that the model aligns well with
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Figure 6.8: Simulation of temperature over time in the Fluent model, showing
the inlet temperature remaining constant and the outlet temperature gradually
increasing before a sharp rise near the end of the process

Figure 6.9: Simulation of relative humidity over time in the Fluent model,
illustrating the constant inlet humidity and the decreasing outlet humidity as the
drying process progresses, particularly after 300 minutes

the experimental data, though in real scenarios it is naturally much more difficult
to maintain completely constant inlet conditions. It is also worth noting that in
the early moments of the simulation, the relative humidity in the Fluent model
exceeds 100 %, a result that is not physically accurate, as water vapor under those
conditions should have condensed more rapidly than predicted by the model.

Despite these discrepancies, the close match in drying times and the close amount
of evaporated water suggests that the model is suitable for the purposes of this
case study.
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Chapter 7

Fluent application

In this final chapter, the application of ANSYS Fluent to the case study is presented,
building on the theoretical foundation and methodology outlined in the previous
chapters. The simulation focuses on modeling the drying process in a woodchip pile,
taking into account the airflow dynamics and heat transfer mechanisms described
earlier. The setup of the simulation involves defining the meshgrid, material
properties, boundary conditions, and initial conditions specific to the case study.
These parameters have been carefully tailored to reflect the real-world operating
conditions of the system. The chapter also details limitations of the simulation,
and the adjustments necessary to fit within the computational resources available.
This practical application of Fluent provides a basis for analyzing the system’s
behavior under various conditions, offering insights into the drying phenomena and
system performance.

7.1 Meshgrid
A full 3D simulation covering the entire length of the channels would require a
professional license, as this would remove any restrictions on the maximum number
of nodes and cells available in the mesh grid (in this work, a Student license is
used).

To address this limitation, only a section of the total length is analyzed, with
the assumption that the drying behavior is consistent along the entire length of the
plant. This section is considered to have an infinitesimally small thickness, which
in Fluent is represented by a 2D simulation. The section includes the woodchip
pile, the five channels beneath it, and a thin layer of air above. The cement walls
on the sides are assumed to have minimal influence on the drying process due to
their significant thickness, which reduces thermal losses and has a relatively low
impact on airflow. Naturally, this is an approximation, and in reality, the biomass
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near the walls may remain wetter than the rest. Additionally, the section can be
simplified and reduced due to the presence of symmetries and periodicities. Each
channel has identical dimensions and exerts the same influence on the woodchips
directly above it. This concept is illustrated in Figure 7.1, where the boundary of
the influence of a single channel in the actual system is outlined in green.

Figure 7.1: Overlay of the woodchip pile and meshgrid dimensions on the real
case study plant. The green highlight shows the section modeled in the simulation

To reduce computational complexity, only a single channel is modeled in the
Fluent simulation, taking advantage of its vertical symmetry. As highlighted in
red in Figure 7.1, a symmetry axis is present, allowing the channel to be divided
vertically due to its symmetrical properties. This approach enables the generation
of a mesh grid that accurately represents half of the channel while preserving the
accuracy of the airflow and drying behavior simulations. Three distinct zones are
defined: the inlet zone, where a portion of the channel is represented to minimize
instability at the interface between the incoming air and the porous material; the
porous zone, where the woodchips are located; and the outlet zone, which serves
as a transition between the external environment (air) and the porous material.
This transition helps stabilize the boundary condition cells and reduces numerical
instabilities.
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7.2 Materials parameters
The materials and chemical compounds defined in Fluent for this case study are
categorized into three groups: woodchips, humid air, and liquid water, as previously
described. For air and water, the thermophysical and mechanical properties remain
unchanged from the default values provided by Fluent [19]. For the woodchips, the
"Wood" material from the software’s database serves as a reference, but both the
specific heat capacity and density are modified. The values used in this simulation
are derived from the explanations provided in Chapter 4. For the temperature
range between 5◦C and 50◦C, the formula in Equation 4.7 calculates a specific heat
capacity (cp) between 1.18 and 1.35 kJ/kg K. Based on literature and considering
the impact of the water content within the wood particles, along with the energy
required to break the wood-water bonds, a constant cp value of 1.25 kJ/kg K is
applied in the simulation [12]. Regarding the density, an average value is selected
from those found in the literature, as outlined in Section 4.2, resulting in a final
value of 1300 : kg/m3 [14]. An additional key parameter for defining the structure
of the woodchip pile and determining its porosity is the bulk density. Based on
the evaluation by Amato et al. (2020) [16], a bulk density of 245 kg/m3 is selected.
The bed porosity, ε, represents the fraction of the bed volume occupied by air. For
agricultural or woody biomass in packed beds, the porosity typically ranges from 0.6
to 0.9. For this application, using Equation 4.4, a porosity value of approximately
0.8 is obtained.

In the following Table the different parameters adopted for the simulation of
woodchips are resumed:

Material Paraameters
Cp 1.25 kJ/kg K

ρw 1300 kg/m3

BDw 245 kg/m3

ε 0.8

Table 7.1: Values adopted in the Fluent software to represent the woodchips

7.3 Boundary Conditions
As discussed in Chapter 5, the boundary conditions relevant to this study include
a fixed inlet velocity, a constant outlet pressure, and wall conditions. These
conditions are essential for accurately modeling the airflow and the interaction with
the surrounding environment.
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7.3.1 Inlet Velocity
To compute the velocity at the inlet of the control volume of the meshgrid described
in 7.1, several assumptions are necessary. It is assumed that no mass flow rate
losses occur along the channels, an even distribution of flow rate at every point
within the channels, and no pressure losses in the ducts between the fan and the
point of contact with the wood. Additionally, we consider that the grids separating
the wood from the channels do not introduce significant pressure drops.

Based on the previous assumptions and constraints, the volume flow rate through
each channel can be calculated as follows:

V̇channel = V̇tot

Nchannel

= 5.5 m3/s
5 = 1.1 m3/s (7.1)

The number of channels Nchannel can be obtained from the technical drawings
provided in Chapter 3, while the total flow rate is derived from Table 3.1, which is
based on the technical specifications of the fan. The air velocity at the inlet of the
meshgrid can then be determined using the equation 7.2:

vy = V̇channel

Ainlet

= V̇channel

L ∗ W
= 1.1 m3/s

24 m ∗ 0.3 m = 0.15 m/s (7.2)

Here, Ainlet represents the inlet area of the channels, which can alternatively be
described as the surface area of the grids or the top area of the channels. This area
is calculated by multiplying the length and width of a single channel.

7.3.2 Wall boundary condition
The walls of the meshgrid in this case study are treated as thermally adiabatic,
meaning no heat transfer occurs through them, ensuring that all thermal energy
is retained within the system. From a fluid dynamics standpoint, the walls are
defined with zero influence on the flow, characterized by a shear stress value of
zero. Their primary role is to contain the humid air flow and liquid water, acting
as impermeable barriers and preventing any form of leakage or energy loss from
the system.

7.3.3 Outlet condition
For the outlet condition of this study, the gauge pressure is set to 0 Pa in the Fluent
simulation, meaning that the outlet pressure is equal to the ambient atmospheric
pressure. This ensures that the airflow exits the meshgrid under the same pressure
conditions as the surrounding environment, maintaining a realistic simulation of
the outflow behavior.
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7.4 Initial Condition
In this study, it is assumed that both the woodchips and the surrounding air are
at the same conditions as the outside air when the simulation starts. Temperature
is set at 5◦C and relative humidity is constant at 60%, these two values are based
on typical average year winter conditions in Belgium [27]. These parameters are
specified using the patch function in Fluent, allowing for different values to be
assigned across the three zones previously defined.

7.4.1 Volume Fraction of Water
The moisture content data provided by the company Intradel, in accordance with
the EN 14774 standard, outline the initial and final moisture content of the available
wood biomass on a dry basis [28]. These values are presented in the table below:

Moisture Content
Initial MC 70% ± 10% kgw/kgdb

Final MC 30% ± 5% kgw/kgdb

Table 7.2: Moisture content on a dry basis of woody biomass according to EN
14774.

Fluent does not permit the direct input of moisture content into the simulation.
Instead, it requires the specification of the volume fraction (αlw) of liquid water as
an initial condition at t = 0s. To meet this requirement, the following formula is
applied, which is derived from Equation 4.5 and the definition of volume fraction
(5.1.1):

αlw = Vlw

Vavailable

= ρw

ρlw

Vtot

ε Vtot

(1 − ε)MC0 − MCfinal

100 (7.3)

In this context, Vavailable represents the volume that can be occupied by liquid
water and humid air, excluding the volume taken up by the wood itself, as described
in section 5.3. Therefore, the obtained value of αlw is 0.13.
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7.5 Addressing Computational Limitations: Re-
ductions and Adjustments

Once the model is implemented in Fluent, the velocity field is analyzed, with the
results separated into the velocity components along the X and Y directions, with
particular attention given to the first meter above the inlet, as shown in Figure 7.2.
This initial analysis suggests that the inlet significantly affects the velocity profile
up to approximately 80 cm. Beyond this point, the airflow becomes increasingly
linear, leading to an expected uniform moisture loss behavior in the woodchips.

Figure 7.2: Left side: velocity of humid air along X axis; Right side: velocity of
humid air along Y axis

Given the initial and inlet conditions, the drying rate can be estimated under
theoretical assumptions. Assuming that the air exiting the outlet is fully saturated,
the drying rate during the constant drying rate phase can be calculated using
Equation 6.2 provided in Chapter 6, with appropriate adjustments for area and
velocity the formula trasforms into:

r = (xoutlet − xinlet) uinlet Ainlet ρair (7.4)

Therefore, under the conditions expressed in Table 3.1 and Table 7.3 the drying
rate during the constant phase is estimated at approximately 0.73 kg/h. Considering
the large volume of the woodchip pile, its significant height, and the substantial
reduction in moisture content targeted, the total amount of water to be evaporated
is around 420 kg. As a consequence, given these constant conditions, the estimated
drying time is expected to extend beyond 24 days.

However, the simulation is further constrained by the fineness of the meshgrid
and the Courant–Friedrichs–Lewy number, which limits the time step (dt) to
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Theoretical Drying condition
T 5 ◦

xinlet 3.2 gwv/kgair

T 15 ◦

xoutlet 10.7 gwv/kgair

Table 7.3: Theoretical drying conditions used to estimate the drying rate, based
on inlet and outlet specific humidity (x) and temperature (T ) data

approximately 0.5 seconds. The computational speed achieved by the machine
used in this study was approximately 80 timesteps per minute, as observed in the
simulation discussed in Chapter 6. Given these constraints, a full simulation would
be impractical within the available time and resources. Moreover, performing such
a simulation would require a high-performance computing system, which exceeds
the capabilities available for this study.

To overcome these computational challenges, two key modifications are intro-
duced:

1. Reduction in Moisture Content Difference (∆MC): The moisture
content difference is reduced to 1%, significantly decreasing the amount of
water to be evaporated. This adjustment reduce the evaporated water mass
by a factor of 40, resulting in a new αlw value of approximately 0.00325.

2. Reduction in Woodchip Pile Height: The height of the woodchip pile is
reduced to one meter. This allow the simulation to capture the velocity and
pressure fields while maintaining the influence of inlet and outlet conditions.
Although simplified, this model still provides an accurate representation of
the drying process occurring in the case study, offering a reliable reference for
future full-scale simulations.

Table 7.4 concludes this section by summarizing all the initial values used in the
simulation, along with the new assumptions introduced. The values are organized
according to the respective zones where they are applied. As for the inlet conditions,
they remain unaffected by the reductions discussed in this section.
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Channel zone
Tha 278 K

x 3.2 gwv/kgair

Porous zone
Tha and Tlw 278 K

x 3.2 gwv/kgair

αlw 3.25 × 10−3 m3
lw/m3

Outlet zone
Tha 278 K

x 3.2 gwv/kgair

P 101325 Pa

Table 7.4: Table with the Initial Condition values used in the Fluent simulation

7.5.1 Updated Mesh Grid
Following the previous adjustments, a new mesh grid is created, as shown in Figure
7.3, with the dimensions updated accordingly. By analyzing the mesh grid using
the Check Case function [19], it is obtained that the orthogonal quality is 1 for
100% of the cells, ensuring high mesh quality. As shown in Figure 7.3, a grid
spacing (dx) of 0.05 cm is selected to ensure sufficient mesh refinement without
excessively increase the CFL number.

Figure 7.3: Simulation
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7.6 Time-step size and CFL number
The time step for the early stages of the simulation is selected based on the CFL
number as seen previously in Section 5.5.2). In order to keep it under the unity,
the value of dt is evaluated:

dt ≤ dx
u = 0.05

0.15 = 0.33 (7.5)

A time step (dt) of 0.1 seconds is chosen to prevent numerical instabilities and ensure
the accurate initialization of the first timesteps in the simulation. In this application,
convergence is achieved from the very first timestep, within the maximum number
of 50 iterations. After consistent convergence over several timesteps, the CFL
restriction can be gradually relaxed, allowing dt to be smoothly increased, with
a maximum value of 1 second applied during the constant drying phase of the
simulation.

7.7 Results
The results obtained from Fluent are saved every 30 seconds in ASCII files and are
subsequently analyzed using Python scripts. The key parameters are monitored
directly within Fluent using the Contour and Report functions.

The first value that can be evaluated is the total time necessary to complete the
drying process. As shown in the following Figures 7.4 7.5 7.6, the duration is about
10 hours. This value is determined when the Outlet relative Humidity reaches the
same level as the Inlet Relative Humidity.

The primary thermodynamic and physical variables analyzed include the tem-
perature, the relative humidity of the air, the drying rate, the mass of water present
in the wood zone, and the mass transfer occurring between the water phases within
the same zone. These variables are essential for evaluating the drying process and
understanding how the system evolves over time.

Regarding Temperature and Relative Humidity, three sections are analyzed to
generate the following charts: the inlet at y = 0, the mid-height at y = 0.6 meters,
and the outlet at the top of the meshgrid. For calculating the drying rate, the mass
difference between the inlet and the outlet is used, as explained in the previous
chapter.
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Figure 7.4: Simulation of temperature over time, showing the inlet temperature
remaining constant and the mid-height and outlet temperature gradually increasing

Figure 7.5: Simulation of the relative humidity over time, illustrating the constant inlet
humidity and the decreasing mid-height and outlet humidity

Figure 7.6: Drying rate obtained from the Fluent simulation as a difference of mass
flow rates between the inlet and the outlet
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The constant inlet air temperature (at y = 0) is significantly higher than the
ambient temperature due to preheating by the boiler. This preheating is crucial for
increasing the efficiency of the drying process, as warmer air has a greater capacity
to absorb moisture from the woodchips. Additionally, it results in very low relative
humidity at the inlet (around 7%), which is highly beneficial for promoting the
rapid evaporation of water from the woodchips.

During the initial phase of the process (approximately the first hour), as the
hot air moves through the system, the temperature at the outlet remains relatively
stable. This indicates that the air has transferred most of its thermal energy to the
woodchips and the moisture within the pile. This period can be classified as the
preheating phase, which would last much longer with a higher pile. During this
phase, the relative humidity remains highest in the mid-height zone, though it is
slightly lower at the outlet. This discrepancy is caused by the recondensation of
water vapor in the layers immediately above those where evaporation has occurred.

As the hot air penetrates deeper into the woodchip pile, the bottom layers have
already dried, allowing the thermal energy to reach new material, causing the
temperature at mid-height (y = 0.6) to start rising. The first part of the material
to show a noticeable temperature increase is located directly above the channel,
while the furthest left section (x = 0) is the last to be affected. This is due to
the reduced horizontal movement of air along the x-axis, as the channel primarily
directs airflow in a vertical direction. This behavior is more clearly illustrated
in Figures 7.7 and 7.8, where the contours of these physical values are shown
at 30 minutes and one hour, revealing the progress of the drying front with its
characteristic curved shape. The drying front marks the boundary where moisture
evaporation is actively occurring, separating the dried material from the wet. Its
curved form indicates uneven heat and moisture distribution, influenced by the
movement of hot air through the pile. After approximately one hour, the outlet
starts to be influenced by the incoming hotter air, leading to a gradual increase
in the average temperature in this final part of the control volume. This has a
positive effect on the drying rate, as hotter air can hold more water vapor, thus
accelerating the drying process. This effect is clearly visible in Figure 7.6, where a
sharp increase in the drying rate is observed, and in Figures 7.9, where the contours
at 2 hours are depicted. The RH at the outlet remains stable, while at mid-height
it begins to decrease, indicating that the moisture content below 0.6 meters is
no longer sufficient to provide enough water vapor to the air at these elevated
temperatures. In other words, part of the drying front has already surpassed
this height of the pile. During the period between one and four hours, the outlet
temperature shows a slight increase, while the RH remains stable. This leads to
a continued rise in the drying rate. In the case of a higher pile, this phase would
occur later, and the increase in the drying rate would be slower, as the process
would be more prolonged. In fact, the time difference between the spread along
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the x-axis and y-axis would become more accentuated, leading to some sections
of the pile reaching higher temperatures much earlier than others. The state of
the drying front at 4 hours is depicted in Figure 7.10. After 4 hours, the situation
changes rapidly. The drying rate drops significantly due to the lack of moisture
content in most of the control volume, as the drying front has largely reached the
outlet and the temperature is rising in this final section. The temperature rise is
also accompanied by a decrease in RH, since the absolute humidity remains nearly
constant. This process continues until complete evaporation occurs, with the final
hours of drying primarily happening at the furthest point from the channel (i.e.,
on the left side of the contour plot, which in the main plant corresponds to the
section between two channels). The evolution over 6 and 8 hours is depicted in
contour Figures 7.11 and 7.12, where the shape of the drying front continues to
develop, with the lower layers progressively drying until the upper layers are fully
reached. As the drying rate decreases, the time required to complete the drying
becomes much longer compared to the earlier stages of the process. In the case
of greater water content and a higher pile, as in a real-world scenario, this phase
would significantly extend the time needed to fully dry the entire biomass volume.

Figure 7.7: Contours of temperature, RH and mass transfer rate at 0.5 hours

Figure 7.8: Contours of temperature, RH and mass transfer rate at 1 hour
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Figure 7.9: Contours of temperature, RH and mass transfer rate at 2 hours

Figure 7.10: Contours of temperature, RH and mass transfer rate at 4 hours

Figure 7.11: Contours of temperature, RH and mass transfer rate at 6 hours

Figure 7.12: Contours of temperature, RH and mass transfer rate at 8 hours
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7.8 LHV and Energy Sustainability Index of the
Drying Process

The drying process in this system has a direct impact on the Lower Heating Value
of the woodchips, which is critical for improving the overall energy efficiency of
biomass as a fuel source. The LHV of woodchips decreases with higher moisture
content, as a significant portion of the energy is used to evaporate the water within
the wood. By reducing the moisture content, the drying process enhances the LHV,
making the woodchips more effective for combustion. Dry wood typically has an
LHV between 18 and 20 MJ/kg, depending on the type and species of wood. For
generic woodchips, an LHV of approximately 19 MJ/kg can be assumed [29]. The
LHV of woodchips with a given moisture content (LHVwb) can be calculated using
the following equation:

LHVwb = LHVdb(1 − MCwb) − 2.45 MCwb (7.6)

Where LHVdb is the Lower Heating Value of dry biomass, and MCwb is the
moisture content of the woodchips, 2.45 represents the heat of vaporization of
water in MJ/kg at ambient condition. The Lower Heating Value of the biomass
in its "as received" condition is initially 10.2 MJ/kg (MCdb equal to 70%). After
the drying process, the LHV improves significantly to 14.1 MJ/kg (with an MCdb

of 30%), resulting in an increase of 3.9 MJ/kg in the energy content. The total
amount of woodchips processed during one full cycle of the plant’s operation is
calculated by multiplying the total available volume of the drying chamber by the
bulk density of the woodchips. With a total volume of 972 m3 and a bulk density of
245 kg/m3, the total mass of woodchips processed in a single cycle is approximately
238 tons. The power input from the boiler is calculated based on the results from
the Fluent simulation. In the simulation, the enthalpy of the moist air at the inlet
section of the meshgrid, combined with the mass flow rate of the air provides the
power available. By multiplying the power at the inlet of the meshgrid by the total
number of channels and their entire length, the total netpower available for the
drying process is calculated. The result is approximately 162 kW. To determine
how many kilograms of woodchips are burned to complete one full drying cycle,
values from the literature for the efficiency of industrial woodchip burners with
similar power ratings were consulted [30] [31]. At full load, an average efficiency
with dry woodchips is assumed to be around 0.85. Assuming the burner in this
plant has a similar efficiency, an additional efficiency factor accounting for heat
losses through the heat exchanger and channels is considered to be 0.8. Based on
the drying time obtained from the Fluent simulation in the previous section, and
assuming its constant drying rate phase scales proportionally with the changes in
moisture content and the height of the pile, the total drying time is estimated to
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be approximately 630 hours, corresponding to 26 days. With this drying time, the
amount of woodchips burned during one complete cycle can be calculated using
the following formula:

mburnt = Pavailable tcycle

ηburner ηheat losses LHVwb

(7.7)

where the Pavailable corresponds to 162 kW and tcycle represents the total time
required to complete one full drying cycle with this plant. The total mass of
woodchips burned is calculated to be 39 tons. By knowing the energy content of
the biomass both before and after drying, and the quantity of biomass consumed,
it is possible to determine the mass yield in terms of woodchips and the Energy
Sustainability Index (ESI). However, it should be noted that this calculation does
not include auxiliary systems, except for the fan, which operates at a nominal
power of approximately 10 kW and is assumed to be in continuous use. The
results are shown in Table 7.5. One of the key metrics in this drying system is

Energy consumed 570 GJ/batch
Increase in Energy Content 927 GJ/batch

ESI 1.6
Mass Yield 0.84

Table 7.5: Summary of energy consumed, increase in energy content, energy
sustainability index (ESI), and mass yield for the woodchip drying process based
on Fluent simulation results

the mass yield, which refers to the percentage of woodchips that can be effectively
used outside of the plant. A portion of the woodchips must be burned as fuel to
complete the drying process of the next batch. The remaining woodchips, after
the process, are available as a high-quality fuel with improved energy content.
This self-sustaining cycle ensures that the plant operates efficiently. The system
maintains a high energy efficiency, making it highly effective in converting wet
biomass into a dry effective fuel. One of the key advantages of this drying system
is its ability to produce high-quality material with a medium to low final moisture
content, which significantly improves the LHV of the biomass. The system’s
ventilation reduces the risk of biodegradation and mass loss, while also ensuring
more uniform drying across the woodchip pile. However, the complexity and cost
of this system are significantly higher compared to simpler alternatives, such as
open drying systems without ventilation, which require only minimal infrastructure.
Nonetheless, by optimizing energy efficiency through a controlled drying process,
this type of system can effectively enhance the overall energy output from biomass.

63



Fluent application

This improvement contributes to one of the primary objectives of biomass energy
production: maximizing usable energy from renewable resources.
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7.9 Conclusions and future work
If the simulated moisture content had been 40%, as desired in the real plant, the
drying time would have been substantially longer. This is because a larger difference
in moisture content between the initial and final states requires significantly more
energy and time for evaporation. Given that the water content would be 40 times
greater than the simulated case, it is reasonable to expect a proportional increase
in drying time, assuming the drying rate remains constant. Moreover, the increased
height of the biomass pile would extend the overall drying time, as the hot air
would require more time to penetrate and dry the additional layers of material. In
comparison, the drying time for 1 meter of woodchips in this simulation has been
shown to be slightly longer than real-world examples of open-air drying [32] [33].
However, this discrepancy can be attributed to several factors not included in the
model, all of which contribute to the difference between simulated and real-world
results.

A key aspect to consider is the transfer mechanism of moisture from the solid
particles to the gas phase, which plays a central role in the drying process. In this
simulation, the moisture transfer is modeled based purely on the thermophysical
equilibrium between the water vapor in the drying air and the liquid water in
the pores of the woodchips. The moisture transfer is further governed by the
Lee model, which requires determining an appropriate Lee coefficient. However,
this coefficient ideally needs to be calibrated using experimental data that closely
matches real-world conditions. For instance, if the Lee coefficient were higher, it
would lead to a thinner drying front because the mass exchange between liquid
water and vapor would occur more rapidly. This accelerated exchange would also
result in a faster consumption of the thermal energy available from the drying air,
further influencing the drying dynamics.

Additionally, the model does not account for microbiological activity, which in
real situations raises the internal temperature of the woodchip pile, speeding up
the drying process. While this effect helps moisture evaporate faster, it also leads
to material degradation over time. Another important aspect, is the absence of
turbulent airflow in the porous woodchip structure. In reality, turbulence would
enhance heat transfer, allowing the water temperature to rise more quickly and
promoting faster evaporation.

Furthermore, this simulation assumes uniform thermophysical properties, such
as thermal conductivity, moisture content, and heat capacity, for all woodchips.
However, parameters like density and heat capacity in Fluent actually vary with
moisture content and temperature, and incorporating these variations in future
work would provide greater accuracy. In reality, woodchips exhibit considerable
variability. They may come from different species of wood or various parts of the
tree, such as heartwood, bark, or other sections, each with distinct properties.
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Additionally, woodchips vary in size, shape, and moisture content, all of which
influence the drying process. Another critical area for improvement is understanding
how wood retains water and the amount of energy required to release this moisture
beyond the energy needed for evaporation. The diffusion of water from the wood
should be taken into account, as it plays a crucial role in determining the rate
at which moisture is removed from the wood structure. Addressing these aspects
would refine the model’s energy consumption estimates and provide more accurate
predictions of the drying process. In future work, a more detailed analysis of
the drying process in the actual plant, supported by the installation of sensors
to monitor key variables such as temperature and relative humidity, would help
define and calibrate important model parameters. Incorporating this data, along
with addressing complexities like moisture transfer mechanisms, microbiological
activity, turbulent airflow, and woodchip variability, would bring the model closer
to real-world conditions.
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