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Abstract

Fossil fuel combustion is the dominant heat source in energy-intensive industries, why
electrification of these industries is essential for mitigating global warming. A major challenge
is the electrification of the cement industry rotary-kiln heat-treatment process, which has a high
energy demand and requires high temperatures. Thermal plasma technology presents a suitable
alternative for electrifying the rotary kiln. Plasma torches use electricity to produce a high-
enthalpy gas plume, capable of providing high temperature conditions. However, a change
from conventional burners to plasma torches entails a change in the complex heat transfer
conditions governing the rotary kiln process.

The heat transfer in combustion-based rotary kilns is dominated by radiative heat transfer, with
particle radiation from soot, ash and fuel particles being a major contributor. Hence, the lack
of suspended particles in the plasma heated gas poses a challenge for the implementation in
rotary kiln. Further, high peak temperatures near the torch expose the kiln refractory to new
temperature conditions. To facilitate implementation of plasma torches in industrial kilns,
modeling and experimental work on pilot- and demonstration scale is needed.

This thesis concerns modelling of a pilot-scale plasma-heated kiln, simulating industrial
conditions. The work assesses heat transfer conditions in plasma-heated rotary kilns to identify
how operational conditions may be adjusted to ensure sufficient heat transfer from the gas
domain to the bed material. Potential issues, such as overheating of the wall and impact on the
regenerative heat transfer, when implementing plasma heating are also assessed. Within this
work, two models are employed: a three-dimensional kiln heat transfer model that obtains
details on the heat transfer conditions and temperatures of the surfaces in plasma-heated kilns,
including a moving product bed, incorporating plasma torch measurement data to estimate the
gas temperature profile. The second model applies a one-dimensional conduction model that is
developed and coupled to the kiln model to assess the radial and angular temperature
distribution within the rotating wall.

By adapting operational parameters like directing the plasma torch towards the bed, increasing
bed feed rate, and particle injection, this thesis concludes on the potential for plasma torches
as the heat source in cement rotary kilns. While particle injection and tilting of the plasma torch
is shown to achieve sufficient heat transfer conditions for producing cement clinker, potential
overheating of the wall may be mitigated by increasing shell cooling and bed feed rate.
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Outline

This thesis consists of six chapters, providing a summary of the work and two appended papers.
Chapter 1 introduces the motivation of this work and the aim and scope of the thesis. The
background and theory related to this thesis, including previous research within the field, is
covered in Chapter 2. Chapter 3 summarizes the overall method of the thesis, and the modelling
approaches used in the two appended papers. In Chapter 4, selected results are presented and
discussed, concluding and presenting directions for future work in Chapters 5 and 6,
respectively.

Paper I assesses the heat transfer conditions from a plasma-heated CO> gas in an 8MWe
demonstration kiln for cement production, using a 3D rotary kiln heat transfer model. The
model implements a plasma temperature profile up-scaled based on measurements on a SOkWej
CO; plasma torch. The study evaluates the impact of kiln dimensions and operating conditions
on the heat transfer from the plasma-heated gas to the bed material, identifying approaches to
enhance the heat transfer conditions within the kiln.

Paper II focuses on the cyclic heat transfer within the kiln wall, and between the bed and wall,
employing a finite difference methodology to solve for the time-dependent temperature profile
in the wall of a pilot scale kiln. The effect of an asymetrical gas temperature profile, shell
cooling, and bed feed rate on the thermal load of the wall is assessed.
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1 Introduction

The Paris agreement states that the global temperature increase should be limited to 1.5°C
above pre-industrial level to mitigate global warming caused by human activities [1]. Energy
intensive industries such as the cement, iron, and petrochemical sector account for about a
quarter of CO» emissions globally, hence decarbonization of these industries is key for reaching
the targets of the Paris agreement. The cement sector alone is responsible for up to 7% of global
CO; emissions, generating approximately one ton of CO: per ton of produced cement [2].
During the past 20 years, the European cement production has been steadily increasing, with a
production of 165 million ton cement in 2020 [3]. Decarbonization of the cement industry poses
a major challenge due to the high-temperature heat requirements in the process, where
electrification through the use of plasma torches is one option to provide heat to the process

[4].

To produce Portland cement, mined raw material mainly consisting of limestone, undergoes a
series of heating steps. A central step in the production of cement is the calcination reaction,
where CO: is released from the limestone as it is heated. Approximately 60% of the associated
emissions originate from the calcination. The remaining emissions are related to the
combustion of fuels to supply heat for the calcination and following clinker reactions. Due to
the high temperatures required for the raw material to undergo the fundamental reactions, coal
is widely used as the main fuel in the process. The largest unit which also requires the highest
temperatures is the rotary kiln, where the product needs to reach 1450°C [5]. Transitioning
from fossil fueled systems to electrified systems entails a challenge in achieving sufficient heat
transfer that can provide similar conditions in the kiln for the bed material to undergo the
necessary stages to produce clinker. Conventional electric heating methods like induction
heating and resistive heating elements are restricted to lower temperatures due to material
constraints and are hence not suitable for clinkerisation. Instead, plasma torches are shown to
be a promising electric heat source, producing a high-temperature, flame-like plasma-heated

gas [4].

Different gases can be used as plasma forming gas, however one of the most attractive options
for cement rotary kilns is to use CO». As COz is inherently formed during limestone calcination,
itis already available at the plant and is chemically compatible with the cement process. Further
advantages of substituting combustion with plasma torch technology include elimination of
NOx formation, under the assumption that a gas tight process with no false air can be achieved,
and flue gases from the process will have a high CO> concentration, providing advantageous
technical and economic conditions for carbon capture [4].

A core difference between a flame produced by fuel combustion and plasma-heated gas is the
presence of suspended particles. Direct fired rotary kilns are strongly dominated by the
radiative heat transfer, and while plasma torches are shown to hold high temperatures, they are
also characterized by a short, highly radiative zone near the torch. Further downstream from
the torch, the plasma-heated gas transitions to a convection dominated zone [6]. These features
cause new heat transfer conditions to be accounted for when retrofitting existing rotary kilns,
or designing new kilns, in the transition from fuel burners to plasma torches. High temperature
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zones near the torch, and a reduced radiative contribution towards the bed material inlet can
cause large temperature distributions in the kiln wall, conditions which traditional kilns are not
necessarily designed to withstand. Industrial kilns are also under high mechanical load, making
them sensitive to thermal deformation. Predicting possible heat transfer conditions and the
resulting wall and bed material temperatures is of importance for assisting in the transition to
electrified kilns, requiring the development of models able to predict the wall temperature
conditions.

This thesis aims to contribute to the transition from combustion heating to electrically heated
cement rotary kilns by characterizing and quantifying the complex heat exchange between the
gas domain, wall, and moving bed. By applying models in both one and three dimensions, the
heat transfer conditions in rotary kilns at pilot- and demonstration-scale are examined, finding
options to adjust operational parameters to enable favorable conditions for producing cement
clinker with a plasma torch as the heat source.

1.1 Aim and scope

The over-arching aim of this thesis is to assess the heat transfer conditions in plasma-heated
cement rotary kilns, indicating possible advantages and challenges when implementing a
plasma torch in a rotary kiln and how to mitigate potential issues. The motivation lies in the
cement industry’s need to reduce CO> emissions, specifically targeting energy related
emissions. To facilitate implementation of plasma on industrial scale, it is necessary to first
model and evaluate conditions in smaller scale kilns. Hence, this work aims to assess the heat
transfer conditions in a smaller pilot-scale kiln, and a larger demonstration-scale kiln
replicating the operational and geometrical conditions of an industrial kiln. This works
contributes to the field by characterizing the heat transfer conditions in rotary kilns operating
with plasma as a heat source, indicating heat transfer enhancement options, and wall
temperature behavior. This thesis aims to:

e Evaluate the heat transfer conditions in plasma-heated rotary kilns by quantifying
relative contributions from radiation, convection, and conduction to the solid bed

e Identify how operational conditions of the kiln and plasma torch can be modified to
ensure sufficient heat transfer to the bed, and the impact of changing dimensional and
operational parameters

e Evaluate the cyclic wall temperature fluctuation and the effect of asymmetric gas
temperature profile and shell cooling

As the unit with the highest thermal energy demand in the cement production process, this
study is centered around the heat transfer conditions and resulting temperature distribution in
the rotary kiln. One kiln at demonstration scale, simulating industrial conditions, and one pilot-
scale kiln is modeled. Heat released and absorbed by reactions in the bed is accounted for, but
reaction mechanisms are not modelled. The scope of this thesis is limited to the rotary kiln
itself, excluding heat recovery of the flue gases leaving the kiln and the impact on mass and
heat balances of the process steps up- and downstream of the kiln. Future work aims to expand
the scope to include evaluation of the impact on process parameters of the preheating steps,
calcination, and cooler when transitioning from combustion to plasma heating.

12



2 Background

The theoretical background and related research are covered in this chapter. First, an overview
of the cement production process and possible options for reducing emissions related to the
process is presented, followed by a general description of plasma torches for industrial
applications. The second half concerns heat transfer in rotary kilns, and relevant approaches
applied in rotary kiln modelling.

2.1 The cement process

Production of cement starts with extraction of raw materials, mainly limestone, which are
transported to the plant. The raw material is crushed and milled together with additives to a
desired composition. The material is then ground to a fine meal, known as raw meal, where
limestone constitutes around 80wt% of the raw meal mixture. Figure 1 illustrates the heat
treatment steps, including preheater cyclones, calciner, rotary kiln, and cooler. The blue solid
lines represent the direction of the solids, and the orange dashed line the gas flow direction.
The meal is preheated in a preheater tower, consisting of a series of cyclones, where thermal
energy is recovered by utilizing hot exhaust gases from the downstream rotary kiln and calciner
to preheat the meal. At the bottom of the preheater tower, a combustion chamber known as the
calciner is located, where a majority of the meal is calcined and carbon dioxide is inherently
released from the limestone as shown by the calcination reaction presented in RI.
Approximately 40% of the thermal energy supplied to the plant is supplied to the calciner
through combustion [4].

CaCO3 + heat - CaO + CO, R1

The calcined meal enters the rotary kiln at ~900°C. The rotary kiln is typically 60-80m long,
with a diameter of 2-4m. As the kiln is tilted and continuously rotating, the raw meal is
transported downwards through the kiln towards the flame, where fuel is added to ensure
temperatures are sufficient for sintering of the material at around 1450°C. At the end of the
kiln, cement clinker is formed which is cooled rapidly to ensure stability of the formed
materials. The clinker is cooled using large amounts of air, and the air leaving the cooler at
around 1000°C is re-used as secondary air in the kiln, and tertiary air in the calciner. Lastly,
the clinker is ground to a fine meal together with gypsum and other additives [4].
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Figure 1. Schematic of the cement process, including temperatures of the gas and solids entering
and leaving each unit.

2.1.1 Preheater systems

Modern plants are today equipped with suspension preheaters and a calciner, known as
preheater-precalciner systems. In these systems, the meal is almost fully calcined as it enters
the rotary kiln, allowing for shorter kilns to be used [5].

The preheating system consists of a series of cyclones, typically between four to six cyclone
stages, arranged on top of each other in a tower. The raw meal is fed at the top, right before the
uppermost cyclone, where it is mixed with the exhaust gases as it enters the cyclone. In each
cyclone, the raw meal particles are separated from the gas as it leaves at the bottom and is again
mixed with the gas from the cyclone underneath. This is repeated at each cyclone stage,
alternatively mixing and separating the gas and solids. Figure 2 illustrates the mixing and
separation of the gas and solids stream in a cyclone stage. The temperature is gradually
increased for each stage, the top cyclone having the lowest temperature (~300°C) to the bottom
cyclone at the highest (~800°C). The repeated mixing and separating, in combination with large
contact surface area between the gas and solids at increasing temperature stages ensures
optimal heat transfer. Flue gases from the rotary kiln are fed to the bottom cyclone, and moves
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upwards through the stages [5]. In the preheater system, the temperature of the raw meal is
increased from around 60°C to ~860°C, and the temperature of the flue gases from the kiln is
reduced from ~1100°C to ~350°C as it leaves the top cyclone [4].

To top
cyclone From top
A cyclone A

bottom
To \l/ cyclone
bottom
cyclone

Figure 2. Schematic of mixing and separation of solids and gas in a cyclone, the gas stream
supplied from the cyclone stage underneath and mixed with the solids from the upper cyclone.

From the bottom cyclone, the meal is fed to a calciner. The calciner is a large combustion
chamber where supplementary firing occurs. Preheated air from the cooler bypasses the kiln
and is used as primary air for the combustion in the calciner, hence the efficiency of the pre-
calciner systems is strongly linked to the cooler design. Some calcination occurs in the cyclones
prior to the calciner, however the majority of the heat supplied to the calciner is used to calcine
the meal, achieving up to 95% calcination degree before entering the rotary kiln [5].
Operational parameters influencing the calcination degree in the calciner include the residence
time of the raw meal, gas/solids separation, temperature, and dust circulation. Systems with
shorter solids residence times show wide fluctuations in the degree of calcination. Preheater-
precalciner systems aim to reduce the heat demand in the rotary kiln, achieve a controllable
degree of calcination, as well as abate NOy emissions through use of alternative fuels [7].

2.1.2 Rotary Kkilns for cement production

Rotary kilns are used by multiple types of industries for material processing, including iron ore
pelletization, hazardous waste reclamation and cement clinker production. This widespread use
is attributed to their ability to handle a variety of materials with large variations in particle size
and to their ability to maintain specific environments. Rotary kilns operate as large counter
current heat exchangers, exchanging heat between the hot gas phase and the passing bed
material, allowing direct contact between the freeboard gas and the solid bed [8].

Most common in cement industry today is to use dry kilns, equipped with a preheater-
precalciner tower. The solids residence time in dry kilns equipped with preheater-precalciner
tower is typically around 20 minutes, while the residence time in the preheater towers itself is
around a minute [9]. The dry kiln is typically divided into four zones: the calcining zone (805-
1200°C), the upper-transition zone (1200-1400°C), the sintering zone (1400-1510°C), and the
cooling zone (1510-1290°C). Commonly, the upper transition zone and the sintering zone are
referred to together as the burning zone. In the upper-transition zone, the main reactions in the
bed are mostly a continuation of the calcination, and initial formation of belite (C2S), which
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continues into the sintering zone. The sintering reaction requires high temperatures, where
formation of alite (C3S) is the central reaction [10]. There is also significant formation of liquid
phase in the sintering zone, allowing clinker mineral formation to occur more rapidly [9]. The
final few meters of the kiln before the discharge is referred to as the cooling zone, where the
temperature of the clinker is reduced to around 1300°C before rapid cooling in the cooler to
ensure stability of the formed minerals, preventing the reversion of alite to belite [9, 10].

The bed motion can be categorized into two components, movement in the axial direction
which is the main influence on the residence time, and transverse movement, influencing heat
transfer rate and material mixing. Figure 3 illustrates the axial counter-current flow of the gas
and solid bed in the kiln, and the transverse bed motion with the bottom bed layer moving with
the wall and the top layer moving downwards. The transverse bed motion is determined by the
rotational speed of the kiln, typically categorized into six different modes: slipping, slumping
rolling, cascading, cataracting, and centrifuging, where centrifuging occurs at high rotational
speeds and slipping at low speeds [8]. Rolling bed motion is the preferred mode, providing
optimal heat transfer conditions due to good mixing. For rolling bed motion, the dynamic angle
of repose, defined as the angle of the bed surface to the horizontal, is near constant throughout
the kiln, achieving a somewhat even axial bed height [11]. The filling degree is one of the
major factors influencing the heat transfer process, relating to the heat transfer area [12].

Figure 3. Axial motion and counter-current flow of the bed and solids (left) and transverse solid
motion (right), defining bed height 4, dynamic angle of repose 6, and kiln inclination S.

The geometry and operational settings of a rotary kiln determine the solids axial and transverse
transport, directly impacting the solids residence time, mixing, and heat transfer characteristics
of the solid bed. Characteristics of the solids transverse and axial motion has been researched
by many [13-15], including efforts to predict the mean residence time of the solid bed [16-18].
The main operational parameters affecting the solids transport are the material feed rate, kiln
inclination, and rotational speed of the kiln, along with the kiln geometry, specifically the inner
diameter and length of the kiln. For a fixed kiln inclination, an increased rotational speed will
reduce the average filling degree of the kiln, reducing the solids residence time. Similarly,
increasing the kiln inclination while keeping the rotational speed constant reduces the residence
time [19]. When only the feed rate is increased, the residence time is reduced while the kiln
hold-up is increased, the effect is however marginal for kilns without an exit dam. Increased
filling degree due to increased feed rate results in a reduction in residence time, while an
increase in filling degree caused by changes in rotational speed or inclination of the kiln instead
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increases the residence time. The residence time is also increased with increasing inner
diameter and kiln length [20].

Fuel is introduced to the kiln via the main burner on a lance at the bottom end. The burner
produces a flame with temperatures of around 2000°C, and the flame is adjusted by the primary
air supply. Coal is the most widely used fuel in cement kilns, with oil and natural gas also
commonly used globally. For combustion of solid fuels, particle size highly influences the rate
of combustion, with smaller particles being heated at a faster rate, resulting in higher peak
temperatures essential for achieving clinker formation. High temperature combustion air is
required to ensure rapid combustion, hence secondary air from the cooler is mixed with ambient
temperature air and the finely ground coal to achieve sufficient momentum [21]. The flame
temperature in the kiln depends on the rate of fuel/air mixing, coal particle size, fuel moisture
content, temperature of the combustion air, and the amount of excess air in the process. Excess
air is allowed in the system to ensure complete combustion but also includes some false air
entering the process due to improper sealing. Insufficient mixing, large fuel particles or high
moisture content results in incomplete combustion, and the formation of ash and carbon
monoxide [7]. In direct fired kilns, ash from the solid fuel will be incorporated into the cement
clinker, which needs to be accounted for in the raw material composition [21]. Alternative fuels
of both fossil and biogenic origins are used in cement manufacturing today. Some alternative
fuels of fossil origin include used tires, plastics, and waste oil, and of biogenic origin include
agricultural waste and waste-water sludge. Refuse derived fuel (RDF) comprises a large
fraction of alternative fuels used in German cement plants. Challenges related to combustion
of alternative fuels include fuel composition, moisture content, and particle size. Minor
elements in alternative fuels are mixed with the clinker and can have a significant impact on
process stability and clinker reactivity, and high content of chlorine causes corrosion of steel
reinforcements in the final concrete. High moisture contents prevent fine milling during
preparation of the fuels, resulting in larger particle sizes that cause longer combustion time.
Hence, alternative fuels are more suitable for substitution in the calciner rather than in the kiln
[22].

Rotary kilns used for cement production are prone to the formation of a coating layer on the
inner wall, which occurs as the material solidifies from a liquid- or semi-liquid state. Coating
formation continues as long as the temperature of the coating surface is below the solidifying
temperature of the clinker bed, as the temperature at the coating surface exceeds solidifying
temperature the particles continues to melt and the coating continues to grow. However, when
the kiln is operating at stable conditions the coating is self-maintained and no new coating is
formed. As the surface temperature of the refractory is one of the most influential parameters
affecting the coating, the heat transfer from the heat source plays a significant role in the
formation of the coating layer [10]. Refractory materials used for rotary kiln must be able to
withstand various types of compressive and tensile stresses, at extreme temperatures.
Mechanical stress in the wall caused by temperature gradients in the refractory deforms and
reduces the load-bearing capacity of the kiln refractory. Some factors influencing the refractory
life include operational changes, unstable flame conditions, and temperature cycling, all of
which can cause cracking and erosion of the refractory [23].
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2.1.3 Clinker cooler

The clinker cooler serves dual purpose: reducing the clinker temperature to ensure good quality
of the clinker phases, and to recover heat to be used as secondary and tertiary air for combustion
in the rotary kiln and calciner. The clinker is cooled to around 1200°C during the final few
meters of the kiln, before entering the cooler. A wide variety of coolers are used in cement
manufacturing today, categorized into tube coolers (rotary or planetary), grate coolers
(traveling or reciprocating), and gravity coolers (shaft or vertical) [5].

Rotary coolers use the same principle as the rotary kiln but for reverse heat exchange, rotational
speed and internal lifters influence the performance of the cooler. Planetary coolers consist of
several cooling tubes attached at the discharge end of the kiln. It is not possible to efficiently
extract tertiary air in planetary coolers, making them incompatible with precalciner systems. In
travelling grate coolers, the clinker bed is transported on a moving grate, with cold air blown
in a crossflow from under the bed grate. Reciprocating grate coolers work by stepwise pushing
the clinker bed [5]. Grate coolers have a high heat transfer contact area, ensuring fast cooling.
Grate coolers also allow for high clinker capacities, making the grate cooler the preferred
system in modern plants. In gravity coolers cooling air never comes in contact with the clinker,
as the clinker descends over steel tubes cooled by air flowing through them. It has been shown
in practice that there is no significant difference in the clinker quality between the different
cooler types, instead the choice of grate design is more important for recovering heat from the
hot clinker. The rate of clinker discharge from the kiln may vary greatly for kilns prone to
coating and ring formation. An advantage of the rotary cooler is that the movement of clinker
can be controlled independent of the kiln discharge rate. Slow cooling in the kiln to around
1200°C followed by rapid cooling to around 100°C maximizes the formation of alite and
stabilizes belite phases [7].

2.2 Emission reduction options for the cement process

Around 60% of the emissions in the cement industry originate from the calcination reaction,
and the remaining 40% are fuel related emissions [4]. As of 2023, around 60% of the energy
supplied to Swedish cement plants comes from alternative fuels [24]. To reduce emissions from
the cement industry, multiple decarbonization strategies are currently explored, targeting both
the fuel and process related emissions. Three main CO2 mitigation paths are identified:

e Implementation of carbon capture technologies

e Reduction of process emissions from calcination by using alternative raw materials
and cement compositions

e Reduction of fuel emissions for thermal processes through kiln electrification and/or
use of alternative fuels

The International Energy Agency (IEA) states that carbon capture utilization and storage
(CCUS) will play the main role in reducing emissions from cement industry [25]. Due to the
inherent release of CO; during limestone calcination, flue gases from the cement industry
contain high CO» concentrations, strengthening the case for CCS. Carbon capture systems can
generally be categorized as: post-combustion and pre-combustion capture. Post-combustion
capture refers to CO: captured from flue gases produced by combustion of fossil- or bio-based
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fuels. Pre-combustion technologies involve reacting the fuel with air or steam to produce
syngas, composed of mainly CO and H». Flue gases from cement production contain around
15-30vol%, making post-combustion capture a suitable technology. Separation of CO; from
the flue gases is achieved by a chemical absorbent. The chemical absorbent then releases the
COg; after being heated and can be recycled for continued absorption. Implementation of post-
combustion carbon capture in cement plants will however require additional steam generation
to regenerate the solvent. Additional energy is also required to compress the captured CO> to
enable transport and storage [26]. The world’s first cement carbon-capture facility was
recently opened in Brevik, Norway, in June 2025, using an amine-based post-combustion
capture system [27].

Reduction of the calcination-related process emissions can be achieved by substituting a part
of the clinker with alternative raw materials. For Portland cement, it is possible to replace some
of the clinker constituents with materials known as supplementary cementitious materials
(SCM). Some SCMs include granulated blast furnace slag, fly ash, and pozzolanas. As these
materials partially replace clinker constituents, both energy related and process related
emissions are reduced [3]. Currently, up to 20% of the clinker produced by Heidelberg
Materials Cement Sverige is substituted with blast furnace slag and fly ashes [24].

Actions for reducing fuel related emissions include substitution of the currently used fossil fuel
by carbon neutral fuels such as biomass or waste, or transitioning from combustion by
electrifying the process. Cement rotary kilns are fuel flexible and can burn both waste derived
fuels and biomass. For economic reasons, biomass supply is focused on waste streams rather
than biofuels. However, the waste quality should be suitable for co-processing, thus high
moisture content, and high percentage of chlorine and heavy metals are not acceptable due to
deterioration of the kiln and trace elements impacting the clinker quality. Electrification options
for providing process heat include plasma, microwave heating, induction heating, and resistive
electrical heating [3]. A feasibility study performed within the CemZero project investigated
electric heating of a pilot scale rotary kiln, successfully concluding on the possibility of using
plasma torches or resistive heating elements (for calcination) as the heat source in a pilot scale
rotary kiln [4].

Some recent projects focusing on electrification of either the calcination step or clinkerization
include projects like LEILAC, Decarbonate, ELSE, CemZero, and ELECTRA. Within the
LEILAC project, an electrified direct separation reactor was developed to separate and capture
the CO as it is released during limestone calcination. The unit is designed to be fuel flexible,
using heat sources such as hydrogen, biomass, or electricity [28]. The Decarbonate project
analyzed limestone calcination in an electrically heated rotary kiln, using resistive heating
elements. Raw meal for cement production was successfully treated to fully calcined meal,
with similar qualities to that achieved in a traditional calciner [29]. Another project focusing
on electrifying the calcination step is the ELSE project. Process modelling in Aspen Plus
comparing a coal fired calciner to an electrified calciner showed a reduced clinker production
due to the reduced ash content, but a potential reduction of CO2 emissions of up to 78% for the
electrically heated calciner, along with a reduced energy demand if electricity is produced by
renewable sources [30]. In the ELECTRA project, a demonstration scale rotary kiln is currently
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being developed, using a CO» plasma torch as the heat source, enabling efficient CO> capture
[31].

Figure 4 presents a simplified process diagram of a conceptual design of an electrified process,
recirculating the CO> stream to two separate plasma generators supplying heat to the calciner
and rotary kiln. The concept was proposed in the CemZero project. Due to the calcination of
CaCOs, COz s constantly generated in the calciner, and a part of it vented to maintain the mass
balance in the system. The CO» leaving the preheater system is cooled and filtered before it is
used in the plasma generators. The cooler is divided into two sections, the first section uses
COz to cool the clinker, followed by a section using air for cooling, the two sections are
separated to prevent air leakage into the process. A major advantage of this concept is the
possibility to achieve 100% capture of the generated CO- leaving the process, as the CO> is
never mixed with air [4].

Heat

recovery |===Q==mm———— ->
+filter -Q
——> solids
-—-->CO,

e ———

Figure 4. Simplified process flow chart for showing the closed-loop CO, recirculation for a
conceptual design of an electrified rotary kiln and calciner process, dashed line showing the flow of
CO,, and solid grey lines the flow of solids, interpreted from [4].

A techno-economic assessment of four electrified Portland cement plant concepts, one fully
electrified case and two partially electrified cases, based on concepts developed in the CemZero
project, was carried out by Quevedo Parra et al. [32]. In the fully electrified case, the heat
demand in the calciner is met through resistive heating elements or magnetic induction,
assuming the same degree of calcination as the current reference plant. Air is used as the plasma
forming gas, mixed with secondary air from the cooler. The flow of plasma heated gas is
controlled to keep clinker outlet temperatures at 1450°C. The first partially electrified case
involves oxy-combustion of alternative fuels in the calciner and hydrogen combustion in the
rotary kiln. This concept is based on the indirect use of electricity in the rotary kiln through
combustion of hydrogen produced via solid oxide electrolysis, utilizing waste heat in the
process to produce the required steam. The second partially electrified case consists of an
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electrified calciner and a rotary kiln burning alternative fuels, coupled to an MEA based post-
combustion capture system. The heat requirement for the CCS unit is assumed to be obtainable
in the new plant configuration, capturing 95% of the CO; emissions from the rotary kiln. The
fully electrified case showed the largest reduction in fuel consumption, followed by the
partially electrified case with an electrified calciner combined with alternative fuels in the
rotary kiln. For all cases, an increase in heat demand was observed, partly related to the lack
of tertiary air to complement the heat demand in the calciner, and partly due to alternative fuels
having a lower heating value.

2.3 Plasma torches as heat source

Plasma is commonly referred to as the fourth state of matter, consisting of a mixture of
electrons, ions, and neutral particles, thermal plasmas contain only ionized atoms. Thermal
plasma can be generated by passing an electrical current through a gas, forming a highly
conductive gas. The temperature in the plasma can reach up to orders of 103 to 10*°C,
depending on the degree of ionization [33].

Mainly two modes of plasma are used in industrial processes: thermal plasma produced at high
pressures, generated using either an electric arc or through microwave heating, and non-
equilibrium plasmas generated and low pressures. Thermal plasma torches produce a plasma
beam, holding a high temperature, enthalpy and heat flux [34]. A wide range of applications of
thermal plasma technologies include coating techniques like plasma spraying, clean melting in
metallurgy, and destruction and treatment of hazardous waste materials [35]. There are two
types of plasma torches: transferred and non-transferred, the difference being the location of
the electrodes. In a non-transferred plasma torch, both the anode and cathode are placed inside
the housing, whereas one of the electrodes are located outside of the housing for transferred
systems [4].

Common carrier gases used for plasma torches include nitrogen, argon, air, and hydrogen [34].
While carbon dioxide is a less common plasma forming gas, advantages when applied in the
cement process include being compatible with process and eliminating the formation of NOx,
under the assumption that no air is present [4]. Within the CemZero project measurements on
a CO> plasma torch developed by the Swedish company ScanArc Plasma Technologies AB
were performed [4]. ScanArc develops DC non-transferred arc plasma torches, with the
possibility to implement as heat source in furnaces utilizing CO; as the carrier gas. Electrical
power inputs of up to MW are available, effectively heating the gas to 3000-5000°C [4, 36].
The design consists of a water-cooled anode and cathode, separated by a spacer. A high-voltage
high-frequency igniter is used to initiate the arc, which is then stabilized and sustained under a
controlled gas flow. A schematic of the plasma torch operating principle is shown in Figure 5,
including the water-cooled electrodes separated by a spacer, the gas flow through the torch,
and the electric arc. The thermal power output from the plasma torch is regulated by adjusting
the current and the gas flow supplied to the torch, with a resulting thermal efficiency around
80-90% [6].
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Figure 5. Schematic of the operating principle of a water-cooled plasma torch, the anode and
cathode separated by a spacer, based on the torch used in [6]
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Plasma torch technology is already widely used for applications such as plasma cutting,
welding, and production of high-purity metals [37], but is still not used as the single heat source
in continuous high capacity production units. Ko et al. [38] conducted a numerical analysis
investigating the heat flow variation in a cement rotary kiln equipped with a coal burner
combined with a thermal plasma. For plasma assisted combustion, the gas temperature
distribution in the kiln was found to be more uniform compared to conventional combustion.
Zaini et al. [39] used a 250kW DC plasma torch in a pilot scale furnace, heating the furnace
from ambient temperature to 1200°C using five different plasma forming gas mixtures.
Experiments showed a uniform temperature profile within the furnace, with no hot spots,
concluding on the potential to heat steel using plasma technology. Amarnath et al. [40]
developed a DC non-transferred thermal plasma torch utilizing both CO; and CH4 as plasma
forming gases, reaching plasma temperatures of up to 17800K and a thermal efficiency of 73%.

2.4 Rotary kiln heat transfer mechanisms

Figure 6 presents the different modes of heat transfer occurring in the rotary kiln with a bed
material, which includes convection and radiation between the gas and solids surfaces,
including particles suspended in the gas domain, conduction between and within the bed and
wall material, and radiation between the wall and bed. In direct-fired, combustion-heated kilns,
radiation is the dominating heat transfer mechanism in the freeboard, constituting around 90%
of the total heat transferred from the gas phase to the solids. Convective transfer heat between
the gas and solid surfaces occurs due to the turbulent flow of gases. Between the bed and
rotating wall, conduction is the main mode of heat transfer, including some radiation in cavities
between the wall to the bed. Convective and radiative heat losses occur on the shell of the kiln
from heat being conducted through the refractory wall to the outer surface [8].

Convective heat loss\ TRadiative heat loss
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i 1
Gas convection ‘\\ Gas inlet |

Reaction heat ~
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Figure 6. Heat transfer in the axial cross section of the rotary kiln

The thermal performance of the kiln is governed by the complex heat transfer conditions
between the gas domain, rotating wall, and solid bed. The relative contribution of each heat
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transfer mechanism varies throughout the kiln and depends on flame characteristics and
operational conditions. Closer to the burner end of the kiln, thermal radiation is typically the
dominant heat transfer mechanism. The radiative contribution increases strongly with
temperature, proportional to temperature to the power to four, in accordance with Stefan
Boltzmann’s law. Incomplete combustion of solid fuels leads to the formation of particles such
as soot, ash, and unburnt fuel, being suspended in the gas and contributing to the radiative
transfer. These particles may be referred to as broad-band emitters, continuously emitting and
absorbing radiation in a wide spectrum, significantly enhancing the radiative heat transfer [41].
Modelling of a full-scale coal-fired iron ore pelletization kiln showed that the overall heat
transfer due to radiation is around 81% along the kiln axis, around 10% from convection, and
5% from conduction [42].

Convection occurs due to the motion of the hot gases over the surfaces of the exposed bed and
inner wall surface. As the convective heat transfer coefficient is directly linked to the velocity
of the gas, the inner geometry of the kiln and operational conditions strongly affect the
convective contribution [43]. Tscheng and Watkinson experimentally determined the
convective heat transfer coefficient and how it is influenced by gas flow rate, rotational speed
and filling degree [12].

Conduction occurs between and within the solid bed and wall. A portion of the transferred heat
to the inner surface of the wall is reflected and radiated to the solid bed, and the remaining part
is absorbed by the wall. Of the heat absorbed by the wall, some is conducted through the wall
to the shell and lost to the surroundings, and the other part is transported with the kiln rotation
as the wall passes under the bed, transferring heat into the bed.[44].

Due to the rotation of the kiln, the bed imposes a cyclic temperature change on the wall,
cyclically exchanging heat between the wall and bed, commonly referred to as regenerative
heat transfer. The wall may hence be divided into two regions: an active inner layer at the inner
surface, which is affected by the cyclic temperature change, and a steady state layer not
experiencing the temperature variation, as stated by Gorog et al. [45]. The temperature cycling
is expected to be the largest at the hotter end of the kiln, or where the temperature difference
between the gas and solids is large [45]. Because of this cyclic variation, it is not a steady state
heat transfer problem, but a transient process [8].

2.5 Heat transfer modelling

Extensive experimental and modelling work on the heat transfer in rotary kilns using alternative
heating technologies has been carried out by our research group at Chalmers University of
Technology. Gunnarsson [41] developed and validated a 3D model for simulating the heat
transfer conditions in an iron ore kiln heated with coal or oil, and adapted it for cement
production. This model was further developed by Ehlmé to simulate the conditions from
hydrogen combustion [46, 47] and has been further modified within this thesis for plasma torch
heating application. Experimental work characterizing the heat transfer and temperature
profiles of plasma torches, and impact of different heat sources and bed material on the heat
transfer within a pilot scale rotary kiln was performed by Qasim [6, 48]. Experimental flame
characterization of co-firing coal and hydrogen was carried out by Colin, for applications in
iron ore kilns [49].
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Models of rotary kilns have been developed by many, using different approaches to handle the
gas and solids. Mastorakos et al. [50] used a 2D axisymmetric CFD model of the gas domain,
coupled to a 1D bed model. Radiation in the kiln was estimated using the Monte-Carlo method,
with an explicit finite volume methodology for conduction in the kiln wall. A 3D CFD gas
model coupled to a 1D bed model was developed Mujumdar and Ranade [51], applying a P1
radiation model to predict the influence of burner operational parameters. Agrawal and
Ghoshdastidar [52] modelled a lime kiln, modelling radiative heat transfer between gas and
solids by dividing the wall and bed into surface elements. A stand-alone CFD model was used
to determine local conduction coefficients, and a finite difference technique to describe
unsteady conduction in the wall. Solids and gas temperature profiles were assumed as well
mixed and uniform in the angular direction. Later, this model was further developed by Singh
and Ghoshdastidar [53] to include periodic boundary conditions at the inner wall to account for
the cyclic temperature variation caused by the bed. Wirtz et al. [54] coupled a 1D radial wall
conduction model to a 3D CFD gas model to determine the coating layer profile in a stationary
cement rotary kiln, without a bed material. A discrete ordinates method was used to study the
radiation, and steady state conduction assumed through the wall to a radiation-convection heat
loss boundary at the shell. Pieper et al. [55, 56] further developed the model by coupling a CFD
model coupled to a 1D clinker bed model for evaluating the impact of RDF combustion on the
coating layer formation with cells blocked-off for the fluid flow to account for the coating
layer. A modified discrete ordinates method with radiative properties estimated using a WSGG
model is used for radiation calculations, and a penetration model to model the regenerative heat
transfer in the wall from the bed.

Efforts to solve the dynamic temperature profile through the wall include the work by Ginsberg
and Modigell [57], and Spang [58]. An early 1D dynamic cement kiln model was developed
by Spang to evaluate the flame dynamics in the kiln and transient response to changes in gas
velocity and kiln speed. Ginsberg and Modigell developed a one-dimensional dynamic rotary
kiln model for calcination of titanium dioxide, applying a mixed numerical and analytical
approach. Both these models do however neglect the circumferential variation in wall and gas
temperature, only considering the radial temperature distribution. A recent model developed
by Ryan et al. [59] used a 2D CFD model for the gas domain, coupled to a 1D bed model to
predict the onset of calcination and degree of calcination at the outlet in a rotary lime kiln. This
model was further developed to study the transient behavior in the kiln, including the dynamic
bed temperature and location of the calcination reaction in the kiln [60].

These studies highlight the complex task of developing models that accurately capture the heat
transfer mechanisms in rotary kilns, and a lack of models accounting for the transient response
of circumferentially asymmetric gas temperature profiles.

Radiation

The radiative transfer equation (RTE) describes the relationship governing the change in
radiative intensive at a point along a ray due to emission, absorption and scattering. Exact
analytical solutions to the RTE are not possible, requiring methods such as the discrete
ordinates method (DOM) to study radiation in rotary kiln. In the DOM, the radiative transfer
equation is solved for a set of directions in the 4w solid angle. The radiative heat flux is then
obtained by summing all directional intensities weighted by their solid angle fractions [61].
This work employs a DOM, which divides the finite kiln volume into computational cells in
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the radial, angular, and axial directions. Properties such as temperature, gas composition, and
projected surface area of suspended particles are set at each cell node. In kilns with a present
bed material, the bed may be approximated as a flat surface under the assumption of an axially
even bed height [42].

Evaluation of the radiative properties of gases, such as absorption coefficients, needs to
consider composition, temperature and pressure of the gases present in the gas mixture. One of
the most widely used method for gas radiation approximation is the weighted-sum-of-grey-
gases (WSGG) model, where gases in the kiln are represented by a mixture of grey gases [61],
which is applied in this work.

Convection

Convective heat transfer from the freeboard gas to the exposed surfaces in the kiln are most
commonly modelled by applying Newton’s cooling law (Equation 1) to determine the heat
flux. Newton’s cooling law states that the rate of heat transfer between a surface area, A, at
temperature T,, and a gas at temperature Ty is proportional to the temperature difference by a

coefficient h.

Qconv = hA(Tg -T,) (D

Convective heat transfer coefficients may be obtained empirically through experiments, or
theoretically by solving boundary layer equations for the specific geometry [62], for which
CFD may be used. Empirical heat transfer coefficients determined by Tscheng and Watkinson
[12], Gorog et al. [45] and Barr et al. [63] are commonly applied in rotary kiln models. Applied
in this work are convection coefficients from the freeboard gas to solids obtained from Gorog
et al., and from Barr et al. for natural convection on the kiln shell.

Conduction

Due to the periodic heating and cooling of the wall from the kiln rotation, the conductive heat
transfer through the wall becomes a transient problem. Transient conduction in a one-
dimensional cylindrical wall section is described by the Fourier heat equation, expressed in
Equation 2.

oT _ k (0°T 10T )
at_pCp or? ror

The heat equation describes the temperature change, 7, as a function of time, #, and radial
position, , and material constants k, p, Cy, corresponding to thermal conductivity, density and

heat capacity respectively.

A common analytical approach for solving the transient heat transfer between wall and bed is
to apply a penetration model. Wes et al. [64] developed a penetration model for the rotary drum,
dividing the wall into an active and a passive layer at the calculated penetration depth. The
penetration depth is defined as the distance at which a linearly decreasing temperature would
reach a constant value, with the penetration depth increasing with contact time between the
bulk materials. At the penetration depth, the rate of change in temperature is near zero. Only
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heat conduction in the radial direction is considered, assuming temperature gradients in the
tangential and axial direction are small in comparison.

The penetration model is derived from the Fourier heat equation. Applying the boundary
conditions BC1 and BC2 yields the error function in presented in Equation 3, where t.ntqct 18
the contact time between the bed and wall [64].

BCL. T = Toyrpace atT = 0
BC2.T = Twall atr = o

_ T(r,t) — Tsurface T |kteontact

= erf _/ pCp (3)

daT
Twall - Tsurface 2

At the penetration depth, §, the temperature in the wall approaches the constant value T,,4;;.
The temperature distribution over the thermal penetration depth, dT, is set to vary from 0-0.99,
in other words the temperature in the wall T (8, t) varies from zero up to 99% of the temperature
difference between the surface temperature and temperature within the wall. The penetration
depth, at r = §, can then be defined according to Equation 4.

—-0.5 (4)
§= 2 <M) « erf~1(dT)
PGy

The penetration model developed by Wes et al. was further modified by Schliinder et al. [65],
Liet al. [66] and Herz et al. [44, 67]. Experimental studies carried out by Herz et al. measured
the contact heat transfer coefficient between the wall and bed in an indirectly heated rotary
kiln, and compared with penetration model calculations. They found that the contact heat
transfer coefficient increased with a higher rotational speed, larger particle size, and lower
filling degree. Further, it was found that the transverse motion of the bed has a significant
influence on the contact heat transfer. Sonovane et al. [68] applied a 2D finite element analysis
in ANSYS, determining the penetration depth in the wall of a rotary kiln, and evaluated the
cyclic wall temperature distribution. At higher rotational speeds and lower filling degree, it was
found that the penetration depth and cyclic temperature fluctuation is reduced.

Another approach to solve transient conduction problems is to apply a numerical approach such
as the finite difference method. To obtain the finite difference form of Equation 2, the geometry
is discretized in both space and time. A forward-difference approximation can be used for the
time derivative, as presented in Equation 5. T;, denotes the temperature (7) of each cell node
(n) at the previous time (¢) and the new time (¢+17), At is the time step size.

oT Tttt —-Tt (5)
at At
A central difference approximation may be used for the spatial derivative, evaluating the

temperature in each radial cell, shown in Equation 6. Here, Ar denotes the radial position of
each cell.
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The unknown temperatures at time #+/ can then be determined from known temperature at the
previous time ¢ by using an explicit solution method, requiring the initial temperature condition
at each node. Another solution method is the implicit method, by evaluating all other
temperatures at the new time instead of the previous time. To determine the unknown
temperatures at the new time, all nodal equations must be solved simultaneously [62].

This work applies both penetration models for the bed and wall, and an explicit finite difference
method for conduction through the entire kiln wall.
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3 Methods and modelling

In Paper I, the heat transfer conditions in a plasma-heated rotary kiln at demonstration-scale
were assessed in a three-dimensional kiln heat transfer model, focusing on quantifying the
contributions of the heat transfer mechanisms between the plasma-heated gas, wall, and solid
bed. Dimensions and gas flows were downscaled to replicate conditions in an industrial scale
kiln. Identified was a reduced radiative heat transfer, attributed to the lack of particles
suspended in the plasma-heated gas. A set of kiln dimensions was evaluated, finding only a
minor improvement on the total heat transfer from the plasma-heated gas to the bed material.
Tilting the plasma torch towards the bed as well as introducing particles into the plasma-heated
gas was investigated using the model, increasing the heat transfer from the plasma-heated gas
to the bed material. Identified in Paper I was locally high temperatures in the wall from tilting
the plasma. Thus, in Paper II, the wall temperature conditions and the heat transfer interactions
between the bed and wall were further assessed by developing a transient one-dimensional
model. The cyclic temperature variation in the wall imposed by the bed is investigated for a
plasma-heated kiln, along with estimations of the temperatures within the wall. This thesis
deals with kilns at two scales: an 8MW demonstration scale replicating industrial scale
geometries and gas flow conditions, and a 500kW pilot scale kiln with a smaller length-to-
diameter ratio and a thinner refractory lining. Dimensions of the two kilns are based on an
industrial kiln and a pilot kiln, both located at Heidelberg Material Cement Sverige’s site in
Slite.

Figure 7 presents the overall methodology and coupling of the two models. Main inputs and
the basis of defining the kiln input are presented on the left-hand side, with relevant outputs
from each model presented to the right. The method of upscaling the plasma temperature profile
and downscaling kiln dimensions from industrial scale to 8MW demonstration scale is
presented in Paper I and not further explained in this thesis. The 3D kiln heat transfer model
is employed in both papers, while the 1D wall model is developed, applied, and presented in
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Figure 7. Overall methodology and coupling of the 3D heat transfer model and 1D wall model
employed for the two appended papers.

3.1 Models

Two heat transfer models are used to assess the heat transfer within the kiln: a kiln model
solving the heat transfer conditions in three dimensions, and a one-dimensional conduction
model solving the temperature profile within the kiln wall and how it changes with the kiln
rotation. The two models are coupled at the surface of the inner kiln wall, where surface

temperatures are calculated in the 3D model and resulting temperatures in the wall determined
by the 1D.

3.1.1 3D kiln model

The kiln model employed in this work is a three dimensional heat transfer model, describing
the heat transfer conditions within a rotary kiln with a present bed material, a detailed
description can be found in Gunnarson et al. [41, 42]. As input, the model requires the
temperature profile and composition of the gas domain, along with the geometry and
operational parameters of the kiln. To solve the radiative transfer equation, a discrete ordinates
method is employed. The kiln is discretized in the radial, axial, and angular direction, each cell
holding parameter values of gas and particle temperature, gas concentration, and radiative
properties of the gas and solids present. Radiative properties of the gas are estimated using a
weighted-sum-of-grey-gases model (WSGGM) [47], using a set of four grey gases and one
clear gas to represent the gas mixture in the kiln.

The bed is accounted for as a flat surface partly filling the kiln, characteristic of rolling bed
motion. The bed is discretized in the angular direction and divided into two layers: a perfectly
mixed top layer and a bottom layer with no mixing. The bottom layer moves with no slip to the
wall in the angular direction, and the top layer moves in the opposite direction, falling down
along the bed surface. The surface layer is in contact with the gas domain, receiving heat via
radiation and convection, as well as some radiation from the wall. The bottom layer is subjected
to conduction and radiation from the covered wall. No heat transfer is assumed to occur
between the two layers. The axial variation of the bed height is accounted for by approximating
an average filling degree using the correlation of Saeman et al. [69], described further in section
3.2.3.

The temperature of the wall in contact with the bed, T,,;, is calculated from an energy balance
over each angular cell. Equation 7 presents the energy balance of the inner wall surface.
Underneath the bed, the hot wall transfer heat to the bed via conduction, Qy,p conq at the contact
points, and via radiation, Qy,p rqq, In gaps between the wall and bed particles. Some of the heat
is transferred through the wall due to conduction, @,y 1055, t0 the outer surface where it is lost
to the surroundings.

Cp,WVcell,wbpw(wa - wa,i) = _(wa,rad'I'wa,cond + wa,loss) (7)

Similarly, the temperature of the wall in contact with the gas, T,, 4, is determined from a heat
balance, where heat is transferred to the wall cell via radiation, Q,,4rqq, and gas convection,
Qwg,convs and removed from the wall by conduction through the wall and lost to the
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surroundings, Qu g 10ss» a8 €xpressed in Equation 8. The temperature of the wall in contact with

the gas is assumed uniform for each cell, while a temperature gradient over the penetration
depth is given from the unsteady-state penetration model for the cells in contact with the bed.

Cp,WVcell,wgpw (ng_ng,i) = ng,rad+ng,conv - ng,loss (8)

Here Typ,; and Ty, 4 ; are the initial temperatures of the wall cell at the previous angular step in
contact with the bed and gas respectively, and p,, is the density of the wall material at the inner
wall surface. Since the heat transferred to the wall surface is assumed to only partly penetrate
the wall, the cell volume receiving the heat is Veeyywg = Acetr8y,max for the wall in contact
with the gas, and Ve wp = Aceri 6y underneath the bed, where &y, and 8y, may 18 the penetration
depth of each cell. The penetration depth increases with the contact time, hence the volume of
the cells affected under the bed increases from first point of contact to the last. The
computational cells in the bottom bed layer move in parallel to the wall. When a bed cell has
reached the top cell, it is mixed into the surface layer. Similarly, the top layer moves
downwards and is mixed into the bottom layer.

The temperature of the bed material in each cell is determined using enthalpy data of a typical
raw meal composition in a high CO; atmosphere, accounting for the heat released and absorbed
due to reactions in the bed. Using the heat transferred from the wall and gas to the bed, the bed
temperature in each bed cell is updated. In industrial kilns, almost fully calcined meal enters
the rotary kiln, while kilns at demonstration- or pilot-scale may feed raw meal directly to the
kiln. If the meal is not calcined, the feed undergoes calcination in the rotary kiln, hence an
additional gas flow of carbon dioxide needs to be accounted for. The model checks if the
temperature of the bed has exceeded calcination temperature and adds an additional flow of

COo.

To close the overall energy balance over the kiln, the outlet flue gas temperature is iteratively
updated until the heat demand in the kiln equals the thermal input provided by the heat source,
as previously described in [46]. The heat balance comprises the heat transferred from the heat
source to the bed material, the heat remaining in the gas leaving the kiln, and the surface heat
losses. The total gas flow in the kiln is comprised of the plasma forming gas, the CO2 flow from
calcination, and an additional flow of CO at room temperature to account for false air in the
kiln.

3.1.2 1D wall model

The 3D kiln model is coupled to a one-dimensional conduction model, solving the transient
heat equation for the temperature profile in the kiln wall. A finite difference method is
employed to solve the one-dimensional Fourier heat equation in the radial direction. The kiln
wall is discretized into radial and angular cells. To account for the rotation of the kiln, each
angular cell corresponds to one rotational time step. Using an explicit solution scheme, the
radial temperature profile in each angular cell is determined from the temperature profile at the
previous angular cell.

The 1D wall model is coupled to the 3D kiln model at the inner wall surface. Accounting for
the bed motion and heat transfer to and from the wall from the recurring contact with the bed
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and gas. The 3D kiln model is employed to determine the inner wall temperature at each angular
position. Two boundary conditions are specified for the 1D wall model, one for the inner wall
surface (Equation 9) and for the kiln shell (Equation 10). The temperature at the inner wall
surface is calculated by the 3D kiln model (Egs. 7-8), and for the outer surface of the kiln a
heat balance is expressed for the surface transferring heat via radiation and convection to the

surroundings.
oT )]
—k— =T. .
ar - w,l
oT 4 4 (10)
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At the radial cells in the wall, a finite difference heat equation is expressed as each cell
exchanges heat with the adjacent cells. Equation 11 presents the heat balance for the internal
cells, where n denotes the present radial cell, n + 1 the cell one radial step towards the outer
wall, and n — 1 the adjacent cell one step closer to the inside of the kiln. The radial distance
from the inner wall surface to the computational cell is denoted r;,.

Tt =T _ k(T =20+ Tiy 1T, — T (ih
A oC, (Ar)? Ty 2Ar

The radial temperature profile is solved for at time t + 1, given a temperature profile at time ¢t.
Hence, an initial temperature profile is required, estimated as a linear temperature decrease
from the inner wall temperature at the last wall cell under the bed, to a shell temperature. Figure
8 illustrates the boundary conditions and discretization of the kiln wall in the 1D wall model,
the initial temperature profile, T, ;, of the wall is defined at t = 0, and for t > 0 the wall
temperature is calculated from the temperature at the previous time step. The initial temperature
profile is set as a linear decrease from the inner wall temperature under the top bed cell,
obtained from the 3D model, to a guessed value of the outer wall temperature.

Input from
3D model

Inital temperature
profile

Figure 8. Illustration of the angular and radial discretization of kiln wall, where each time step
corresponds to an angular position. Temperatures in all radial nodes from n;,, to n,,, are
determined from the temperatures at the nodes for the previous time step. Dashed arrows illustrate
how adjacent boundary cells determine the temperature at t + At, the same methodology is applied
for all inner nodes.
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3.2 Model inputs

The following sections present the method of determining selected inputs to the 3D model,
including estimation of the plasma temperature profile and average bed filling degree
determined from operational conditions.

3.2.1 Plasma temperature profile

The model requires a 2D temperature profile of the gas domain, which is then rotated in the 3D
model to an axisymmetric temperature profile. Hence, the temperature profile of the plasma-
heated gas is approximated as a matrix, each cell containing a value representing the
temperature in that position. For this reason, only one half of the temperature profile is required.
Further details are given in Paper I.

Estimation of the axisymmetric temperature profile is determined by establishing an empirical
temperature ratio, relating the axial and radial decrease in temperature from the plasma torch,
based on measurements on a S0kW, CO; plasma torch [70]. A conical shape of the plasma was
observed, and the geometrical constraints are maintained when scaling up the temperature
profile to higher heat inputs, assuming constant velocity scaling. The temperature profile of the
plasma-heated gas is assumed to be geometrically constrained by the cone and depend on the
temperature of the gas surrounding the plasma plume. The plasma is divided into a center line
temperature, T ;, and the temperature of the remaining gas in each radial position, T; ;. The
center line temperature is represented by the first row in the plasma temperature matrix and
described by a linear decrease from the peak temperature at the plasma torch to 72% of the
peak. Using the temperature ratio expressed in Equation 12, the temperature at each cell, T; ;,

1s calculated.

szj,j - TF%,]

X = ——
" Tc,j - Tsur (12)

Here x; ; is the temperature ratio in each plasma gas cell, determined from measurements on
the 5S0kWei plasma. The peak temperature at the plasma torch is estimated from the enthalpy of
CO», based on the electrical input and gas flow through the plasma generator. Figure 9 presents
the temperature profile of the 50kWe plasma, with labels corresponding to temperature
measurements. T, ; — T, g correspond to the center line, Ty,,,- the temperature of the surrounding
gas, and T; ; — Tq g the temperature of the plasma plume described by the correlation (Eq 12).
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Figure 9. Temperature profile of the 50kW plasma-heated gas, r9 corresponds to a radius of 0.02m
and Is a length of 0.14m
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3.2.2 Enhancing heat transfer

Modifications are done to the plasma temperature profile to enable tilting of the plasma torch
towards the bed, and adding particles in line with the plasma-heated gas. The plasma is tilted
by radially displacing the horizontal center line (T, ; — T,g), shifting the entire temperature
profile downwards until the center of the plasma meets the bed. Figure 10 displays the axial
temperature profile of the gas in the MW demonstration kiln. From the axial position where
the plasma meets the bed (6m) to the gas outlet at 18m, the temperature profile is linearly
interpolated. As the temperature profile is no longe axisymmetric, the top and bottom gas
sections are rotated separately to direct the plasma towards the bed.
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Figure 10. Axial gas temperature profile of the SMW plasma tilted 5° from the center line. Bed
inlet (and gas outlet) at length position 18m and gas inlet (and bed outlet) at length position 0.

Particles are added in line with the conical plasma-heated gas in terms of projected surface area
per hour (m? /h). The particles are assumed as spherical char particles with a radius of 45um,
but a potential option could be to add raw meal particles instead.

3.2.3 Bed motion
The model by Saeman et al. [69] is employed to estimate the axial bed height and hence the
filling degree as a function of the bed feed rate, rotational speed, kiln inclination and the kiln

geometry. Equation 13 shows the ordinary differential equation describing the axially varying
bed height.

dh  3TANO
dz  4mn

TAN 8 (13)
C0S @

V(R — (h(z) - R)?) 2 -

Where # is the axially (z) varying bed height, 6 is the dynamic angle of repose, n the rotational
speed of the kiln, V the volumetric material feed rate, R; the inner kiln radius, and 8 the
inclination of the kiln. Dynamic angle of repose is assumed constant and obtained from
literature. At the material outlet, a bed height corresponding to a set filling degree is used as
the boundary condition to solve the ODE.

The axially varying filling degree is determined from the bed angle, €, according to Equation
14, as done previously [15], and an average filling degree is then calculated which is
implemented in the model.

€, — sin(e,) (14)

FD, =
z 21
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Where the local bed angle is determined from the bed height in each axial section according to
Equation 15 [16].

h(z)
€, = arccos (1 — R_z (15)
The axial bed motion is accounted for by the axial kiln discretization, treating the kiln as a
series of batch reactors, moving a mass of bed from one axial position to the downstream
section. The axial residence time in each axial section, t,, is influenced by the kiln length,

Lyim, and the axial speed of the bed, v},.4, according to Equation 16.

_ Lrim (16)
© MyVheq
Where the axial bed speed is determined from the cross-sectional area covered by bed, Ap.q4,

and the volumetric feed rate, 1myeq/Ppeq, described in Equation 17.

Mpeq (17)

PvedAped

vbed,z =
Depending on the number of axial cells used, n,, each mass of bed will stay in each axial
position for t, seconds. During this time, the kiln completes a number of rotations, 1.y,
dependent on the angular discretization and rotational speed of the kiln (Equation 18). The
angular discretization of the kiln wall, n,,, accounts for the transverse motion of the bed. The
bed and wall move with an angular speed, Vpeq. = 27R;, with an angular residence time, ty,

in each angular cell, according to Equation 19.

t
Nyey = r er =t,0) (18)
P
- 1 (19)
v nwﬂ

3.3 Simulation approach

The modelling work covers two main cases: an 8MWe kiln at demonstration scale, and a pilot
scale kiln at 500kWe|. Parametrical studies were carried out for both cases, varying geometrical
and operational conditions of the two kilns, starting by establishing a base case for each kiln.
Geometry and operational conditions of the two reference cases are presented in Table 1.
Geometrical dimensions of the demonstration unit were downscaled from an industrial kiln at
a reference plant, applying a constant velocity scaling method to determine the inner diameter,
and a constant L/D ratio to determine the kiln length, details can be found in Paper I. To mimic
the conditions in a full-scale kiln, a secondary gas flow is supplied to the kiln, holding a
constant temperature of 980°C. The volumetric secondary gas flow in the simulation is set to
maintain the same cooling capacity in the cooler as in the industrial kiln, adjusted from air to
COa. Preheated, fully calcined meal is set to enter the kiln at 900°C. The inclination was not
accounted for in the MW, cases but was added in later versions of the model for estimating
the bed height and solids residence time.

The geometry of the pilot scale kiln is based on an experimental kiln, specifications can be
found in [48]. Raw meal is fed to the kiln at room temperature, hence the material needs to
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undergo both calcination and sintering in the kiln. There is no secondary gas flow, hence the
temperature of the gas surrounding the plasma plume is assumed to approach the wall
temperature.

Table 1. Geometrical and operational parameters of the reference cases for the two simulated kilns

Demonstration scale 8MW) | Pilot scale (S00kW)
Length (m) 18 2.9
Radius (m) 0.48 0.29
Material feed rate (kg/h) 1000 (calcined meal) 300 (raw meal)
Filling degree (%) 10 (constant) 10.54 (average, calculated)
Rotational speed (rpm) 3.8 6
Inclination (°) - 3
Plasma thermal power (MW) | 8 0.5
Plasma gas flow (Nm?/h) 2285 150

3.3.1 Cyclic temperature variation

As the kiln rotates, the wall is periodically heated by the gas and cooled by the bed, resulting
in a cyclic temperature variation. To evaluate the cyclic temperature variation in the wall, the
temperature is extracted for an angular cell as it moves with the wall. This is evaluated for each
axial section, following one angular cell for all rotations completed for the bed in that axial
position. For the pilot scale case with a rotational speed of 6rpm, the wall completes one
rotation in 10 seconds. The solids total residence time in the kiln is estimated to 33 minutes
(~2000s). With an axial resolution of 42 cells, the bed will stay in one section for 47s. During
this time, the wall completes four full rotations, before the bed is moved to the downstream
axial section where the wall completes another four rotations. Figure 11 presents an example
of the cyclic temperature change for one angular cell at an axial position close to the bed inlet,
for the pilot scale kiln at the inner wall surface and at two radial positions in the wall. During
all four complete rotations, the wall is heated when in contact with the gas (a-b-c), and the
temperature is then reduced when passing under the bed (c-d-e). As the heat is conducted
through the wall, similar cyclic behavior occurs in the wall, although at a lower temperature
and amplitude.

Wall temperature [°C]

0 5 10 15 20 25 30 35 40
Time [s]

Figure 11. Cyclic temperature variation at the inner wall surface, 2mm into the wall, and 4mm into
the wall for the pilot scale case.
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4 Selected results and discussion

This chapter presents and discusses the temperature profile of the up-scaled plasma torch, heat
transfer conditions and wall temperature distribution for the two cases: demonstration scale at
8MW¢ and pilot scale at 500kWe. Resulting heat transfer interactions for varying kiln
dimensions and operational parameters including feed rate, tilting of plasma and particle
injection are presented and discussed. This chapter is divided into two sections: the first section
focusing on the modes of heat transfer to the solid bed material, and the second section focusing
on the cyclic wall temperature variation caused by the rotation of the kiln and temperature
distribution within the kiln wall.

4.1 Heat transfer to bed

Quantifications of the heat transfer mechanisms are presented and discussed in the following
section, focusing on the interaction between the plasma-heated gas and the solid bed. Selected
results for a variety of kiln dimensions, particle feed rates, and tilting of the plasma are
presented.

Kiln dimensions

Impact of kiln dimensions are presented for the 8MW,. demonstration scale case. The
temperatures of the bed and flue gas are presented in 12 for increasing kiln length. For longer
kilns, the solids residence time is increased, resulting in an increase in the total heat transfer to
the bed. The increased heat transfer to the bed increases the peak temperature of the bed, as
well as reduces the flue gas temperature. The shell heat losses rise from the increased surface
area of longer kilns, further reducing the flue gas temperature. However, due to the plasma
torch producing a short, radiating plume, the peak temperature of the bed is located further
away from the bed outlet, as shown by the discrepancy between the outlet bed temperature and
peak bed temperature shown in Figure 12. This is not favorable, as the clinker requires rapid
and controlled cooling to ensure product quality. As the kiln length exceeds 20m, there is no
increase in the bed outlet temperature or reduction in the flue gas temperature, suggesting that
increasing the kiln length further will only cause further disagreement between the peak bed
temperature and outlet temperature. It is however notable that the material does not reach
sufficient temperatures for clinker formation near the bed outlet for any kiln length, requiring
other options for increasing the outlet bed temperature. High flue gas temperatures are observed
in all cases, further discussion on this may be found in Paper 1.

Figure 13 presents the heat transfer to the bed for a varying inner radius of the kiln. Total heat
transfer refers to the net heat transferred to the bed material. As the cross-section area is
increased, the heat transfer area of the bed is increased, resulting in improved radiative and
conductive heat transfer. However, gas velocities are reduced when the radius is increased,
causing a reduction in the convective contribution. It can be noted that the overall heat transfer
to the bed is increased until a breakpoint at a radius of 0.55m where the reduced convection
outweighs the increased radiation and conduction, causing an overall reduction in the heat
transfer to the bed.
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Figure 12. Peak and outlet temperature of the Figure 13. Total heat transfer to the bed and
bed material (left axis), and flue gas temperature contributions of radiation, convection, and
at the gas outlet (right axis) for the SMW case. conduction for increasing kiln radius for the

8MW case. Length is kept constant at 18m.

Tilting

Figure 14 presents the heat transfer modes to the bed for increasing plasma tilt angles at SMWe.
Tilting the plasma towards the bed shows a clear improvement of the total radiative and
convective heat transfer from the plasma-heated gas to the bed. Due to the high temperatures
in the plasma-heated gas being closer to the bed, the radiative heat transfer is increased, in
combination with the high velocities in the plume the convective contribution is also increased.
Tilting the plasma further than 35° show only minor increase in total heat transferred to the bed
for the MW demonstration scale kiln.
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Figure 14. Heat transferred to the bed via radiation, convection, and conduction for different
plasma torch tilt angles (SMW case)

o

Figure 15 presents the axial distribution of heat transfer to the bed, comprised of the conductive,
convective, and radiative contribution, for a case with a 35° tilted and non-tilted plasma, for
the 5S00kWei case. Where the tilted plasma meets the bed at 2.6m from the inlet, there is a visible
increase in the convective and radiative transfer, dominating the heat transfer in the hot section
of the kiln. Closer to the bed inlet, conduction is the main contributor. Tilting the plasma shows
a clear increase in the radiative contribution along the kiln axis, and a significant reduction in
the conductive contribution close to the plasma inlet (at 2.9m from the bed inlet). Note that at
1.8m, the total net heat transfer to the bed is negative, due to the bed having a temperature
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higher than that of the wall. The highest heat transfer rates are found near the bed inlet, due to
the high flue gas temperatures (~1800°) interacting with the cold raw meal (~30°).
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Figure 15. Heat transfer via conduction, convection, and radiation to the bed for each axial section,
for a case with a 35° tilted plasma (solid lines) and a case with a non-tilted plasma (dashed lines)
(500kW case)

As there is no secondary gas flow for the S00kW-case, there is no significant increase in the
convective contribution, contrary to the to the SMW-case in which there is a great improvement
in the convective heat transfer due to larger gas flows.

Particles

Increasing the projected surface area of particles increases the total radiative contribution to
both the bed and wall, increasing the conductive heat transfer. Figure 16 presents the radiative,
convective and conductive contributions for particle addition for the MW, case. The radiative
contribution is increased, showing the strong impact of the increased surface area in the plasma-
heated gas. Due to the higher radiative transfer, the wall temperature increases, and
consequently the conductive contribution. At higher particle feeds, the convective contribution

approaches negative value as temperature of the gas domain is reduced and the radiative
transfer strongly dominates.
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Figure 16. Heat transfer to the bed via radiation, convection, and conduction for increased particle
content in the plasma gas. Note that the x-axis does not start from zero, as values become negative
for high particle additions
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Figure 17 presents the heat transfer contributions to the bed for the 5S00kWe case, with and
without particles. A particle flow of 9500m?/h was added, approximately corresponding to the
projected surface area of a 500kW coal flame. The total heat transfer to the bed, and the
radiative contribution is significantly increased when particles are included. Near the bed inlet,
however, the case without particles has a higher total heat transfer due to the reduced gas flue
gas temperatures when introducing particles.
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Figure 17. Heat transfer via conduction, convection, and radiation to the bed for each axial section,
for a case with added particles (solid lines) and no particles (dashed lines), S00kW case.

4.1.1 Kiln heat balance

Table 2 presents the kiln heat balances for the MW demonstration scale kiln (with and without
tilted plasma), the pilot scale kiln (500kW, with tilted plasma) and the full-scale kiln (coal).
The heat balance is comprised of the total heat transfer to bed, the heat leaving the kiln with
the flue gases, and shell heat losses. The heat balance for each kiln is presented as a percentage
of the total heat demand in the kiln. The relative cumulative contributions of radiative,
convective, and conductive heat transfer to the bed are also presented in percentage of total
heat transfer to bed. For the 8MW case, tilting the plasma causes convection to become the
dominating heat transfer mechanism. Nevertheless, the total radiative heat transfer to bed
increases from 0.8MW to 1.06MW, but as the total heat transfer to bed is also increased the
relative contribution is reduced. For the 500kW tilted plasma case, the radiative and conductive
heat transfer contributions are nearly equal, showing similar proportions as the full-scale kiln.
Because of the thinner wall and large surface area to volume ratio, the shell heat losses are
larger for the pilot scale case than the demonstration scale and industrial kiln. Another major
difference is the amount of heat leaving with the flue gases, which are larger for the plasma-
heated kilns than for the coal-fired kiln.
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Table 2. Heat balances of the 8MW kiln with a 0° and 35° tilted plasma, the S00kW kiln
with a 35° plasma tilt, and industrial coal-fired kiln

MW 0° tilt MW 35° tilt 500kW 35° tilt Full scale (coal)
[71]

Heat transfer to bed

Radiation: 47% 38% 46% 51%

Convection: | 20% 42% 9% 5%

Conduction: | 33% 20% 45% 44%
Total heat 22% 34% 43% 79%
transfer to bed
Heat leaving 77% 64% 42% 18%
with flue gases
Shell heat losses | 2% 2% 15% 3%

Main differences between the plasma cases arise from the difference in bed material inlet
temperature and the amount of secondary gas. In the pilot kiln, raw meal is fed to the kiln hence
the relative heat demand of the bed material is larger as it needs to undergo calcination and
clinkerisation in the kiln, compared to the 8MW case and industrial full-scale kiln where
calcined meal at 900°C enters the kiln.
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4.2 Wall temperature conditions

The focus of this section is to present and discuss the temperature distribution within the kiln
wall and the cyclic wall temperature variation. Results are only presented for the 500kWe; pilot
scale case. The parameter study presented includes increased bed feed rate, tilted plasma,
particle injection, and forced convection on the shell.

Bed feed rate

Figure 18a shows the temperature distribution in the wall for the 500kW case for two different
feed rates 300kg/h (solid lines) and 350kg/h (dashed lines). The wall temperature is
significantly reduced for increased feed rates, owing to the increased heat demand in the kiln.
Figure 18b presents the cyclic wall temperature variation, AT,¢q¢ion, fOr the first rotation for
each axial position at the inner wall surface and at 2mm into the wall, for, 300kg/h (solid lines),
and 350kg/h (dashed lines). Where calcination occurs, the temperature difference between the
bed and wall is increased as there is almost no increase in the bed temperature due to the
endothermic reaction absorbing all the transferred heat. The higher feed rate results in lower
inner wall temperatures throughout the kiln, along with a reduced bed temperature,
consequently reducing the conductive heat transfer and the cyclic temperature variation.
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Figure 18. Temperature profile of the wall and (b) cyclic variation in the wall for feed rates 300
kg/h (solid lines) and 350 kg/h (dashed lines)
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Tilting

Figure 19 displays the temperature at six points inside the wall for a case with a 500kW non-
tilted plasma (solid lines) and for a 35° tilted plasma (dashed lines). The inner wall surface
shows a drastic temperature increase when tilting the plasma. The overall higher bed
temperatures from the increased temperature causes the reduced heat transfer from the wall to
the bed. Hence, the wall temperatures are higher compared to a case with a non-tilted plasma,
not only at the surface but through the kiln wall.
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Figure 19. Temperatures in the wall for the reference case (solid line) and the tilted plasma (dashed
line), at positions 0-20mm (a), and 30-50mm from the inner wall surface (b).

Figure 20 presents the cyclic temperature variation for the first rotation at each axial section
along the kiln axis, for a case with a tilted plasma and for a non-tilted plasma. Near the plasma
inlet where radiation is dominating, the amplitude of the cyclic variation is reduced for the
tilted plasma case compared to an axially aligned plasma. The wall temperature increases when
tilting the plasma, which increases the cyclic variation near the bed inlet. However, closer to
the bed outlet, the temperature difference is less, and the cyclic variation is reduced because of
the decrease in the conductive contribution. Hence, the impact on the amplitude of the cyclic
variation from the bed is stronger than the effect of an uneven gas temperature distribution,
showing that the bed will flatten out the variation caused by the circumferentially uneven gas
temperature profile.
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Figure 20. Wall temperature variation for each axial section in the kiln, for the reference case in
solid line and the dashed line representing the tilted plasma case.

Particles

Figure 21 presents the average cyclic temperature difference for the 500kWth case with
particles added to the plasma-heated gas. From the onset of calcination, there is a clear
difference between the two cases, where adding particles shows an increase in the cyclic
temperature variation of around 10°C. As the wall temperature reaches 1800°C near the plasma
torch, there is still a conductive heat exchange between the wall and bed, causing an increased
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cyclic variation compared to the case without particles, where there is no conductive heat
transfer to the bed near the plasma inlet.
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Figure 21. Average temperature difference at the inner wall surface along the kiln axis for the
500kWth case with and without particles suspended in the plasma-heated gas

Shell cooling

Figure 22 presents the average cyclic variation for the 500kWth case with and without
increased shell cooling, at the inner wall surface and on the shell. The convective coefficient is
increased at the angular cells before contact with the bed where the peak temperature of the
inner wall appears, at all axial positions. This induces an increased cyclic variation on the shell
but reduces the variation on the inner wall surface near the bed inlet. At 1m from the bed inlet,
the case with increased shell cooling has a greater cyclic variation, as the bed has a smaller
impact on the bed once approaching temperatures similar to the wall, the temperature cycling
caused by the shell cooling has a stronger impact.
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Figure 22. Average temperature difference per rotation at each axial position along the kiln
length, at the inner wall surface and shell, for the reference case (solid lines) and the case
with increase cooling (dashed lines).
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5 Conclusions

This work has examined the heat transfer characteristics of plasma-heated rotary kilns, at both
demonstration scale and pilot scale, quantifying heat transfer contributions from the gas domain
and wall to the solid bed. A transient one-dimensional model has been developed to further
investigate the wall temperature conditions and the interaction between the bed and rotating
wall.

In Paper I, a plasma-heated demonstration scale kiln was studied, with down-scaled
dimensions and gas flows emulating the conditions of an industrial kiln. The radiative heat
transfer contribution is found to be reduced in plasma-heated systems, highlighting instead the
importance of the convective contribution. The length and diameter of the kiln showed no
significant improvement of the heat transfer to the bed, requiring alternative measures such as
tilting the plasma torch towards the bed, or adding particles to the plasma heated gas. Due to
the extreme temperatures near the plasma torch, tilting and particle addition both result in high
wall temperatures, especially near the gas inlet. A lack of models describing the time dependent
temperature profile in the entire kiln wall was identified and developed in Paper II, to allow
investigation of the effect of tilting the plasma on the wall and shell temperatures. The transient
1D model enables estimations of the radial and circumferential temperature profile in the kiln
wall, and how it changes with the rotation of the kiln. This thesis concludes with the following
points regarding the heat transfer in plasma-heated kilns:

¢ Kiln dimensions play a minor role in achieving efficient heat transfer, requiring tilting
the plasma towards the bed and introducing particles into the plasma heated gas to
achieve favorable heat transfer conditions. Adjusting the material feed rate is important
for reducing the flue gas and wall temperature, the latter especially important when the
plasma is tilted to prevent over heating of the wall.

e While radiation is still the overall dominating heat transfer mechanism near the gas
inlet, conduction dominates towards the bed inlet. Overall, the convective heat transfer
plays an increasingly important role in plasma-heated kilns compared to coal-fired
kilns. Tilting the plasma greatly increases both the convective and the radiative heat
transfer, reducing the conductive contribution, while adding particles reduces the
convective heat transfer, instead increasing radiation and conduction to the wall and
bed.

e Tilting the plasma shows an increase in both bed and wall temperature, increasing the
temperature not only at the inner wall surface but also within the kiln wall. The cyclic
temperature variation in the wall near the plasma torch is reduced when the plasma
torch is tilted or particles are added. Axially asymmetrical gas temperatures caused by
tilting of the plasma do not significantly affect the cyclic wall temperature distribution,
as the bed has a stronger influence on the amplitude of the temperature variation.
Increasing the feed rate and increased shell cooling cause high cyclic wall temperature
variations at the surface and in the wall, indicating that temperature cycling within the
wall may not be overlooked.
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Overall, this work concludes on the possibility, from a heat transfer perspective, to produce
clinker in plasma-heated rotary kilns. Tilting the plasma and introducing particles improves
heat transfer from the plasma-heated gas, compensating for the reduced radiative heat transfer
from the gas domain when transitioning from fuel combustion to electrically heated kilns.
Over-heating of the wall caused by the extreme temperatures near the plasma torch may be
mitigated by carefully adjusting material feed rates and introducing shell cooling.
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6 Future work

Several directions for future research are indicated by this thesis, aiming to further explore and
understand heat transfer conditions in plasma-heated rotary cement kilns. The rotary kiln model
and the plasma temperature profile are to be validated and compared to measurement data of

the wall and/or CFD simulations. The scope should be expanded to study the impacts on
process conditions, mass flows, and energy balances when transitioning from combustion to
plasma heating. I have identified two main paths for continuing this research, focusing on
further understanding how plasma heating (or other alternative heat sources) impacts the heat

transfer interactions in the rotary kiln, and how conditions in the up- and downstream units are
affected.

Study the transient response in the rotary kiln from changing operational conditions,
examining temperature distributions in the bed, wall, and gas during unstable operation
or start-up/cool down of the kiln. Extending the model to include the formation and
build-up of a coating layer, and its interaction with the bed motion and the onset of
calcination and sintering reactions, and how new heat sources may affect the coating
layer profile. The one-dimensional wall model may also be applied to other heat
sources such as hydrogen. It would be interesting to study how the stability of the wall
temperature variation is affected during start-up of the kiln, fluctuation in the heat
release from the plasma torch, and for changes in the filling degree from a change in
rotational speed and feed rate. Further comparisons with combustion-heated kilns
would be valuable, and scale-up to industrial sized kilns to evaluate how the wall
temperature cycling is affected in larger scale plasma-heated kilns.

Expand the analysis to include the preheater cyclones, calciner, and clinker cooler to
examine how plasma heating in the rotary kiln affects up- and downstream process
units (preheater cyclones, calciner, and cooler). Specifically interesting would be to
understand how reduced gas flows and high flue gas temperatures affect the mass and
energy balances within the system, and to explore potential process layouts optimized
for plasma heating. It would also be interesting to see how plasma-heating in the rotary
kiln will impact the distribution of heat losses in the systems, and if it is possible to
utilize the high flue gas temperatures in the kiln to reduce the heat input in the calciner.
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