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Thermo-Mechanical Integration of Waste Heat for Drying of Material During Milling
Waste Heat Utilization for Enhanced Material Drying
FILIP BOHM
HAMPUS TÄIKKÖ
Department of Industrial and Materials Science
Chalmers University of Technology

Abstract
This thesis experimentally and theoretically investigated the integration of waste
heat for drying of rock particles during milling, as well as the potential drying effect
of heated airflows inside of Comminution Reimagined’s ARBS mill. Pre-study tests
indicate that a cost effective side effect, drying of the crushed particles, occurs when
heat is added to the air system that extracts fine crushed rock particles. The drying
of crushed particles is key in order to improve crushing performance and fines ex-
traction. Previous research has left several knowledge gaps, mainly in terms of how
the drying effect can be controlled and predicted, i.e. the drying parameters.

Experimental data was used together with a broad literature study to gain an un-
derstanding of the drying effect and parameters as. A conceptual design was created
to illustrate a potential integration of the drying system for the current design of the
rock crushing mill. Our findings indicate that integrating waste heat into the rock
crushing mill can be done in an efficient way where the negative effects of moist rock
particles inside of the ARBS mill can be minimised, but requires further research
before implementation.

Keywords: Crushing, mill, drying, rock, waste, heat, sustainability.
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Terminology

Below is the list of terms that have been used throughout this thesis listed in alpha-
betical order:

Anemometer A device that measures air velocity and direction.

Bridging The blockading of the intake opening by particles. Whereas a single
rock is small enough to pass through the crushing elements, they
are prevented from doing so because of a buildup of material.

Fines Small particles of crushed rock. They are typically the byproduct
of rock crushing operations, although sometimes rock is speci�cally
ground to produce these �ne particles.

Flaking Occurs When moist �nes are compressed, and together form a hard
�ake.

FDM Stands for Fused Deposition Modelling and is a common type of ad-
ditive manufacturing principle where melted materials, most com-
monly di�erent types of plastic, are laid on top of each other to
form an object.

Formply A plywood sheet with a phenol-formaldehyde resin coating.

Monolayer A single, closely packed layer of entities. In this report, these enti-
ties are crushed rock particles.

Occupancy How much of the space between the crushing elements that is oc-
cupied by material, and not air. Expressed as a percentage.

P-regulator A p-regulator, or a proportional regulator, is a type of feedback
control system used to maintain a desired output by adjusting a
control variable.

U-type
Manometer

A device consisting of a U-shaped tube �lled with liquid, by mea-
suring the height di�erences between the liquid pillars pressure dif-
ference can be calculated.
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1
Introduction

This report aims to create an understanding of how this project was conducted and
its �ndings, from thoughts and ideas to models, methods and results. First, in this
chapter, the project scope and its limitations are presented, along with a description
of the current products of the company.

1.1 Background

Crushing rock particles and other materials to �ne sizes, typically below 150� m, is
an essential preparatory step for the recovery of valuable minerals from the rock ores
and is also used in many industrial processes. Comminution Reimagined Sweden
AB (CR 2024a [3])(henceforth referred to as CR), has developed a low-energy, dry
grinding technology for crushing material to �ne sizes below 1mm, called ARBS
(Accurate Rock Breakage System) (CR 2024b [4]). CR has proven the technology
at a pilot plant in Northern Sweden and will potentially supply their �rst mill to a
customer in Q3 2025.

CR's process has many bene�ts over existing crushing and milling technologies.
However, the process is sensitive to the moisture content of the feed material, with
a low moisture content being preferable, particularly in the �nal stages of crushing.
In real-world conditions, mill feeds may exceed the optimal moisture content. For-
tunately, the design of the CR mill may promote very e�ective drying if heated air
can be introduced to the milling process, and CR's planned �rst customer has both
a source of waste heat and a particularly demanding requirement for low moisture.

CR wishes to investigate the e�ectiveness of using such heated air to achieve the re-
quired level of drying and, if successful, incorporate air drying into its �rst mill. CR
has already built a test chamber, the air rig, with precise measurement capabilities
and has o�ered a Masters project in product development to demonstrate the feasi-
bility of air drying, and, at a minimum, propose the necessary design modi�cations
for the �rst mill.

The project was based at the company's laboratory in Gothenburg. The company
envisaged immediately incorporating the design recommendations into its �rst mills,
with respect to the results of the thesis.
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1. Introduction

1.2 Aim

The aim of this project are set out below.
ˆ Measure the degree of drying that can be achieved under a range of operating

conditions.
ˆ Understand and quantify the operating parameters and machine design ele-

ments that enhance or diminish the drying e�ectiveness.
ˆ Propose a set of changes to the mill design to enable the incorporation of

e�ective air drying into the �rst mill.
ˆ Ideally, incorporate the proposed changes into the �nal mill design (which

would've had to be �nalised by late May 2024).

1.3 Limitations

The limitations of the project are described in the list below.
ˆ Economic . The project did not have a predetermined budget for either its

development or the �nal deliverable. However, it was understood that any
expenses incurred during the project had to receive approval and authorisation
from CR. As the project progressed and a deliverable product took shape, i.e.,
a drying solution, it was essential to maintain active and dynamic collaboration
with CR management and engineers to ensure that the project's costs remained
within reasonable bounds and did not escalate excessively.

ˆ Time . The �nal date for presenting the thesis was set by university guidelines
for the 14th of June 2024, imposing a strict time constraint on the project's
completion.

ˆ General Scope . As this thesis project aimed at understanding and integrat-
ing the waste heat, it set a limit on what parts of the machine the outcome of
this project could a�ect. For instance, if the thesis project deemed it neces-
sary to change an integral part of today's ARBS, while it could be bene�cial,
limitations in both time and scope might have precluded extensive alterations
and modi�cations to any subsystem of the current ARBS system.

2



2
Theory

In the following sections, the theory surrounding the project is laid out. The theory
covers the ARBS mill, the air rig and a de�nition of sustainability, as well as a series
of equations for mass balance, energy drop and pressure estimation. The theory was
a result of the extensive literature studies conducted early on in the project.

2.1 Description of the ARBS milling principle

ARBS is a single particle monolayer rock crushing machine invented and developed
by CR. The name ARBS stems from an acronymisation ofAccurate Rock Breakage
System. Single particle breakage in a monolayer has been shown to be the most
energy e�cient way to reduce particle size by compression. This crushing principle
allows for greater precision in controlling the �nal particle size. The principle can
be seen in �gure 2.1

Figure 2.1: Visualisation of the ARBS milling principle. The grey dots represent
a falling curtain of rocks, getting crushed between a set of crushing elements. The
gap size between these two sets the output particle size.

2.1.1 Boliden pilot plant

The Boliden pilot plant is CR's scaled down ARBS-mill prototype, located in Boliden
outside of Skellefteå. It consists of two mills, where the �rst one does pre-crushing
and the second, larger mill, mills the feed down to the desired size. Material enters
via a longer conveyor belt on to the �rst tower and then travels vertically in a
curtain of particles between crushing elements with a decreasing gap. The material
is then lifted vertically to and fed into the top of the larger mill where the material
undergoes further crushing. The gap size between the crushing elements allows for

3



2. Theory

the material to get crushed until it comes out in particle sizes of 200-800 microns.
There are inlets and outlets for air to suck particle �nes out on the sides of the mill.

2.2 Drying parameters

This section covers the investigated drying parameters surrounding evaporation and
vapour transportation.

2.2.1 Drying of materials

According to Tsotas et al. (2005)[5], the de�nition of drying is "the separation
of volatile liquids from solid materials by vaporising the liquid and removing the
vapour", and heat is required in order to vaporise a moist solid. A method without
applied heat cannot strictly be de�ned as drying. It is mentioned that most moist
materials have three drying phases where the drying rates di�er. The �rst phase is
when unbound liquid vaporises from the material's surface. For the second phase, as
the surface of the solid dries out, liquid within cavities of the solid starts to vaporise.
The third phase includes the vaporisation of the residual moisture, which have been
sorbed by the material. During the �rst phase, the drying rate (which is the moisture
loss over time) is said to be close to constant[5]. The drying rate decreases with the
remaining moisture content during the second and third phase. It is also mentioned
that during the �rst phase when surface evaporation takes place the properties of the
material has no e�ect on the evaporation and only drying conditions e�ect the drying
rate. In Solids drying: Basics and Applications (2014)[6], Parikh explains that the
heat and mass transfer are critical factors while drying. Heat induces evaporation
and the transfer of mass leads to the removal of vapour from the particle surface.
Parikh (2014) also mentions that the inlet temperature and velocity also a�ect the
moisture holding capacity of the gas. This will be further investigated in 2.5.3 with
applied project dependencies.

2.2.2 Evaporation of moisture

According to the study carried out by Ajiwiguna and Putra (2017)[7] where the
e�ects of the velocity and temperature of the air�ow while drying farm products
were analysed. Experimental data was gathered and showed that the temperature
of the �ow is less signi�cant for evaporation when the air�ow velocity is high. It
also showed that evaporation tends to saturate at high temperatures for a constant
air velocity.

2.2.3 Transportation of vapour

According to Libal (2018)[8], when drying a material by evaporating moisture, a
transition from liquid to vapour takes place. This increases the humidity of the air.
when the vapour is cooled down, the water condenses. When the amount of evapo-
ration and condensation particles are the same, the air is saturated. This saturation
is reached at the saturated vapour pressurePs which depends on the temperature

4



2. Theory

T and can be found in table 1.1 in "Formel- och tabellsamling Termodynamik med
Energiteknik"[9]. When the temperature increases, the saturated vapour pressure
increases, which enables more vapour to occupy the air. The mass of vapour per
volume air is called absolute humidityAH . The absolute humidity can be calculated
from equation 2.1 [11].

AH =
RH � Ps

Rw � T � 100
(2.1)

RH is the relative humidity, which is de�ned as the percentile fraction of the mass
of vapour currently in the air and the possible mass of vapour that can occupy the
air. RH is equal to 100% as this yields the maximum vapour content of the air.
Rw is the speci�c gas constant for water. This is 461,52 kJ/kgK [12]. A graph of
the absolute humidity at di�erent air temperatures can be seen in �gure 2.2. It can
be used to evaluate the volume of air needed at di�erent temperatures to remove a
certain mass of water vapour.

Figure 2.2: Graph of the absolute humidity at di�erent temperatures.

A material feed rate _m of 30 000 kg per hour was examined, as this is a realistic
material feed rate for the pilot-sized ARBS mill, together with a material feed rate
of 500 kg per hour, as this is the air rig feed rate given from the results of the
material �ow test (see 6.1). Moisture contentsM p of 3, 2 and 1% were set as these
are realistic material moisture contents. This led to a mass of 900, 600 and 300 kg
for the ARBS mill and 15,10 and 5 kg for the air rig of water that had to be removed
per hour. By dividing the mass of water by the absolute humidity, the volumetric
air�ow needed to avoid vapour from condensation at di�erent temperaturesqv could
be calculated, see equation 2.2.
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qv =
_m � M p

AH � 100
(2.2)

The volumetric air�ow to a void condensation at di�erent temperatures for both
the Boliden pilot plant and the local air rig are shown in graphs 2.3 and 2.4. The
calculation does not take any losses into consideration or the e�ect of cool pipe
walls, which could induce condensation. The calculations yields a rough estimation
of theoretical �ows and air temperatures needed to transport evaporated moisture
from the air rig and the real life scenario. When running drying tests, the air�ow
and its temperature always exceeded the theoretical values to avoid condensation in
the system. For future implementation at the Boliden pilot plant, this should also
be taken into consideration when temperatures and air�ow are set.

Figure 2.3: Graph of the volume air�ow at di�erent temperatures needed to trans-
port moisture from a material �ow of 30000 kg per hour.
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Figure 2.4: Graph of the volume air�ow at di�erent temperatures needed to trans-
port moisture from a material �ow of 500 kg per hour.

2.3 Dolomite

The mineral which the study has been carried out on is a limestone called dolomite.
This mineral was used as it is one of the minerals which is currently being processed
in the mills by a future potential company customer. The Mineral is also accessible
for the work, as tests regarding wear of the crushing elements is being carried out
with the mineral at the Boliden pilot plant. Dolomite is naturally colourless with
a white or grey appearance, with some variation depending on impurities of other
minerals. Other characteristics is its crystal structure and relative low hardness.
according to Geo for CXC [13], limestone is a permeable mineral, meaning that
liquid can be sorbed through cracks and pores. For this reason it must be taken into
consideration that a signi�cant amount of evaporation may occur in the second and
third phase, as described in 2.2.1, where the drying rate is nonlinear.

2.4 Air rig

The drying of crushed rock particles is not the main reason to introduce air into
the system. The removal of material �nes has a signi�cant impact on the forces
introduced when breaking material, due to occupancy and �aking. In a previous
project, a rig was built in order to observe how small material particles behave and
can be removed in the machine utilising �owing air. This rig is referred to as the
Air rig , see �gure 2.5.

The air rig is a 1:1 scale accurate test rig of CR's working pilot plant in Boliden,
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representing a reduced section of the pilot plant. The air rig consists of its crushing
element surrounded by walls, on which air�ow nozzles are mounted to allow for
air�ow through the machine. The nozzles direct the air�ow through the curtain
of material that falls downwards after the crushing process, which allows for the
removal of �ne particles. The walls are made of transparent plastic sheets in order
to permit ocular observation of the particle behaviour.
The crushing elements are run by electric motors and the material is fed into the
machine through a cap made from foam core on a conveyor. The material is evenly
distributed onto the conveyor by a hopper, which holds material and has an ad-
justable gap. At the bottom o� the machine, there is a collection bucket which has
a foam core edge that it seals against the machine.

Crushing element speed and conveyor belt speed are controlled via a laptop using
a web interface that connects to a PLC system. This PLC system can also read air
velocities using a set of anemometers.

Vacuums ensure that the material �nes can be collected from the material curtain,
and a cyclone separates the material �nes from the air�ow, to ensure that the vacuum
does not clog up.

Figure 2.5: Picture of the air rig located in the lab at CR.

2.5 De�ning sustainability

The de�nition of sustainability is important due to the fact that it's a broad con-
cept. It generally refers to the ability to "meet the needs of the present without
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compromising the ability of future generations to meet their own needs". There is a
need to translate this de�nition and apply it to the thesis project while at the same
time taking into account how CR works with sustainability. Because of the nature
of the technology that CR works with, sustainability is always present in their work.
While the main sustainability focus is on the environmental and economical aspect,
the potential e�ects of their ARBS mill will have consequences for general social
sustainability as well. The sustainability aspect is evaluated further in section 6.10.
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3
Methodologies

This chapter covers the di�erent methodologies used in the project. A large part of
the methods came from the need to perform tests, as the �rst and second aim (see
1.2) deals with understanding drying parameters and drying e�ect.

3.1 Project work plan

This project followed a work plan that was based on acquiring relevant knowledge
in two ways: by conducting experiments and through literature studies. These two
methods were both done continuously and parallel to each other, where �ndings
from the experiments guided the progress in the literature studies and vice versa.

3.2 Material �ow test

The lack of a belt scale by the slit on the hopper that feeds material to the conveyor
belt made it exceedingly di�cult to calculate and/or estimate the material �ow,
measured in tph (tonnes per hour). In order to determine the current material
�ow rate and set a future material �ow rate, a series of 5 tests were conducted.
The two variables for the material �ow rate were the conveyor motor frequency,
which is measured in hertz (Hz), and slit distance (mm) of the hopper that sits on
top of the conveyor. The slit was set at 1,5 mm and the frequency was adjusted in
between sending 3000 grams of material through the hopper. 3000 grams of material
were used for each drying test, as a larger amount of material would compromise
convenience of the test procedure, while a smaller test sample could yield skewed
results. Together with a recording of the time it took for the material to pass the
air rig, a tph could be determined. A material �ow of 0,5 tph was then used for all
drying tests evaluated in the 6.8.

3.3 Insulation test

Before implementing insulation in phase 3, a simple test were made in order to
evaluate if the insulation could increase the input �ow temperature by minimising
the temperature drop through the inlet manifold and piping to it. The test was
performed by connecting the industrial construction fan heater to a 1650 mm long
duct pipe with a diameter of 100 mm which is the same size used for the manifold.
At the other end of the pipe, the anemometer with built-in thermometer was placed
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