CHALMERS

UNIVERSITY OF TECHNOLOGY

Evaluation of usage of plasma torches
in cement production

A heat transfer modelling study

Master’s thesis in Master Programme Sustainable Energy Systems

TOVE BURMAN
JOHANNA ENGVALL

Department of Space, Earth and Environment
CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2019






MASTER’S THESIS 2019

Evaluation of usage of plasma torches in cement
production

A heat transfer modelling study

TOVE BURMAN
JOHANNA ENGVALL

CHALMERS

UNIVERSITY OF TECHNOLOGY

Department of Space, Earth and Environment
Division of Energy Technology
CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2019



Evaluation of usage of plasma torches in cement production
A heat transfer modelling study

TOVE BURMAN

JOHANNA ENGVALL

© TOVE BURMAN, JOHANNA ENGVALL, 2019.

Supervisor: Fredrik Normann and Adrian Gunnarsson, Space, Earth and Environment
Examiner: Fredrik Normann, Space, Earth and Environment

Master’s Thesis 2019

Department of Space, Earth and Environment
Division of Energy Technology

Chalmers University of Technology

SE-412 96 Gothenburg

Telephone +46 31 772 1000

Cover: Picture of cyclone tower and rotary kiln of system 8 at Cementa, Slite.
Typeset in IATEX

Printed by Chalmers Reproservice
Gothenburg, Sweden 2019

iv



An Initial Evaluation of Usage of Plasma Torches in Cement Production
A Heat Transfer Modelling Study

TOVE BURMAN

JOHANNA ENGVALL

Department of Space, Earth and Environment

Chalmers University of Technology

Abstract

This work developed and evaluated a heat transfer model for the cement production pro-
cess, focusing on the rotary kiln but also including the cyclone tower. The purpose of the
model is to evaluate the implementation of new heat sources, in this case plasma torches.
The rotary kiln model is discretised in angular, axial and radial directions and describes
the heat transfer characteristics of the gas, walls, and material in the kiln. The heat
transfer includes a description of the radiation, convection, and conduction between the
cells. The model also includes the flow of gas and material as well as the mixing within
the bed due to the rotation of the kiln. The heat transfer in the cyclone tower is assumed
e [cieht and the units are described by simple heat and mass balances.

The model is validated against two distinctive cases of operational conditions of produc-
tion line 8 at Cementa in Slite. An important part of the work was to define and collect
data for the model validation. The model shows good agreement with the measured wall
temperatures, considering the outside cooling is not included in the model. The results,
such as product temperature and heat absorbed by the bed, are consistent with gathered
data using a reasonable gas temperature profile and found equilibrium data.

The requirements of the material to reach the desired quality is key to the process and
emphasis is put on how to incorporate these requirements into the heat transfer model.
The work concluded that a detailed description of the reaction kinetics and heat of re-
action is di Ccult to include in the model due to its complexity and the maturity of the
field. Instead this work recommends that seven heating zones are defined through the
kiln where the required residence time and heat is determined externally by experiments
or detailed modelling of the cement chemistry. In this way the heat transfer model and
bed model could in concert and in an iterative manner decide the required temperature
profiles and conditions (e.g. gas concentrations or particle loads) of the gas as well as the
dimensions of the kiln to achieve the desired product temperature.

The model was applied to evaluate the implementation of a plasma torch in the cement
kiln. Compared to today’s combustion of coal and other fuels, the plasma torch will
decrease the particle load and change the gas composition. The result shows that sig-
nificantly ( [40D°C) higher gas temperatures are required in the kiln with plasma torch
operation, to reach the desired bed temperatures. Furthermore, the example highlights
the importance of being able the predict the development of the gas temperature pro-
file through the kiln. Here the work recommend future work with measuring or detailed
modelling (CFD) of the gas phase temperature.

Keywords: Cement production, plasma torch, process modelling, heat transfer, rotary
kiln, equilibrium, CO, emissions, CCS.
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Introduction

This thesis was made in collaboration with the cement production company Cementa,
the largest producer of building materials in Sweden. Cementa has a vision to have zero
emissions of CQ during the life cycle of their products by year 2030. To achieve this, the
production cost of cement is estimated to be twice as high as of today, according to cost
analyses performed by Cementa, but with a better competitiveness of the product due to
radical emission reductions [1] . Cementa are continuously working with improving their
energy e ciency, to reach zero emissions energy e ciency measures are not enough. To
reach this target a project called CemZero has been initiated to investigate technologies
for reducing CGO, emissions. This thesis is part of CemZero and investigates the possibility
of implementing plasma burners in the cement production process, which is one of the
low-carbon technologies of interest. The report covers theory on cement production and
compares the current production process with production process based on electricity
which would decrease the CQemissions. [1] The focus of this thesis is to create a model
which describes the heat transfer in the current production process, which could then be
modi ed to investigate the process modi cations.

1.1 Background

The global warming caused by emissions of G@an be traced to urbanisation and human
activity. Worldwide cement production emits around 2.8 billion tonnes of CQannually,
equivalent to 8% of the global total, which is a greater amount than any given country
apart from China or the US. [2] The oor area of the world's buildings is projected to
double in the next 40 years, meaning that the cement production is set to increase by
approximately 5 billion tonnes by 2030, an expected yearly production rate increase of
25% compared to today's level [3]. It is therefore important to reduce the emissions from
this industry.

Considering the emissions from the process, approximately 35-40% of the total £€nis-
sions in the cement industry is associated with combustion of fossil fuels in order to heat
the raw material to temperatures high enough for the calcination and clinker processes
[4]. The remaining 60-65% of the CQemissions is due to the calcination reaction itself
[5] and cannot be decreased but the emissions could be managed by Carbon Capture and
Storage (CCS) or other methods [1]. The focus of this thesis is to investigate how the
heating method could be changed from combustion in order to reduce emissions, and to
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prepare for future implementation of Carbon Capture and Storage (CCS).

According to Cementa'’s preliminary investigations report, electri cation of the system is a
better economical alternative with less energy consumption to reduce their G@missions
than other CO, extraction methods, e.g. amine extraction. Implementing electri cation
would mean no combustion of fossil fuels in the process, leading to a decreased amount
of CO, out of the stack. In their investigation, existing possibilities, e ect on the elec-
trical system and business prerequisites were examined. The heating technologies they
have considered are plasma, electrical ow heaters, microwave heating, resistive electrical
heating, inductive heating, direct separation reactors and hydrogen combustion. Based
on the results of the investigation the preferred alternative for heating in the kiln is
plasma torches, with CQ as the preferred working gas. For the calcination, a pilot plant
with a direct separation reactor is to be put live in April of 2019 in what is called the
Leilac project. Another alternative for heating during the calcination is resistive electrical
heating. [1]

Sweden is one of few countries with an almost fossil free power system with what can
be considered high reliability [6]. The current yearly energy production on Gotland, the
island on where the investigated cement plant is situated, is about half of the current
need. This is produced by 180 MW wind power and 3 MW solar power installed on the
island. To be able to electrify the cement process on the island, an additional 600 MW
needs to be installed, as well as additional transmission capacity of 400 MW from the
mainland and reinforcements on the internal grid to increase voltage levels to the double
and to ensure the security of the grid. [1]

If electrifying a process, such as the cement industry with plasma burners, the limitations
associated to it has to be considered. By implementing plasma torches the gas ow
through the process can decrease while temperatures in the ame are signi cantly higher.
These factors together with the fact that plasmas are not widely used today, in large scale
industry, means that the knowledge about the behaviour and e ects that this transition
would have on the heat transfer is limited. Therefore it is important to model such a
process before implementation to get a rough idea of what happens to the process and
what parts might need to be altered.

1.2 Aim

The aim of this thesis is to create a model that predicts the in uence on the heat transfer
through out the cement process depending on the heat source. The model is applied to
evaluate the implementation plasma torches as replacement for oil and coal burners in
the rotary kiln. The intended outcomes of the project is; a functional model of the heat
transfer in a cement production process, a conclusion on its validity and initial results of
replacing conventional burners with plasma torches.
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Theory

This chapter contains theory on subjects relevant to the thesis, starting with a general
description of the process of producing cement clinker. Next, a detailed description of
the studied plant is presented. Basic theory on plasma torches and Carbon Capture and
Storage is presented, as well as some insight into usage of these in combination with a
cement production plant.

2.1 The Cement Production Process

The process of cement production is treating limestone, clay and sand with heat to pro-
duce clinker, consisting of calcium silicates and metals, which is ground and mixed with
additives to create cement. The dierent process steps of the cement production are;
preparation of raw materials, preheating of raw meal, calcination, clinker reaction, clinker
cooling and clinker grinding and storage. These are illustrated in Figure 2.1. [5]

Figure 2.1: A schematic overview of the cement production process
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The preparation of the raw material includes crushing of limestone rocks into ner ground
limestone, approximately 15-80 mm grains, and mixing with other raw materials such as
sand and clay to the desired proportions, see Table 2.1 for an example [7]. After mixing,
the raw material is sent to a grinding mill where it is ground further to raw meal, grains
of approximately 5-125 m, and is then dried. Thereafter the raw meal enters the cyclone
tower consisting of a series of cyclones where it is heated by swirling hot ue gases from
the kiln. After the cyclones the meal enters a calciner, which is part of the cyclone
tower, where it is heated through combustion of various fuels. The meal is then separated
from the gas in a nal cyclone and is fed into the kiln at approximately 90TC. At about
70C°C, which is reached in the cyclone tower and calciner, calcium carbonate goes through
decomposition into calcium oxide and carbon dioxide, see Reaction 2.1. This reaction is
endothermic and continues until all calcium carbonate has been decomposed. [5] However
only 95% of the decomposition occurs before the rotary kiln, to prevent clinkerisation in
the cyclone tower. [1]

CaCO;! CaO+CO, (2.1)

Flue gases exiting the cyclone tower passes through an electro- Iter or fabric bag to
separate the dust from the gases. Gases are then washed with mild limestone and water
in a scrubber to removeSQy, which forms gypsum that is used as an additive later on in
the process. [1] The hot meal enters the rotary kiln where reactions consuming calcium
oxide, called clinkerisation reactions, occur. Desired products from these reactions are
C3S and other calcium silicates.

The rotary kiln is usually 40-100 m long and has an inner diameter of 3-6 m. The outer
shell is made of steel and has an inner refractory lining for thermal insulation. The kiln is
inclined 1-3 and rotates with 1-5 rpm to ensure good mixing and a forward motion of the
meal. At the kiln out ow a fuel burner is placed to provide heat to the meal to initiate
the chemical processes. Primary air enters with the fuel while secondary air enters from
the cooler following the kiln. [5]

After the kiln, the produced cement clinker is cooled rapidly to ensure stability of the
calcium silicate minerals formed. If the cooling is too slow, alite (C3S), the desired
product, can partially transform back to belite (C2S) and free lime, which can lead to
decreased compressive strength in the nal product as well as problematic setting of the
produced cement. [5]

After the cooler, or in some plants within the cooler, the cement clinker is ground to a
uniform particle size. Gypsum and other additives are then added in the grinding mill.
Finally, the produced cement can be stored in e.g. a silo before being transported to the
customer. The storage time is limited due to cement clinker not being a stable material,
since it can react with water and carbon dioxide which can result in pre-hydration and
carbonation leading to solidi cation of the material. [5] [8]
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2.1.1 Process at site in Slite

This work was based on Cementas production plant in Slite, situated on the island of
Gotland in Sweden. Their process, focusing on system line 8, will be described below.
The information presented in this section was provided by employees at Cementa [9].

Limestone is mined from a quarry in the vicinity of the site in Slite. The material is
transported to a crusher and is mixed with sand and clay, see Table 2.1 for material
composition [7]. After being ground further the material is transported via a conveyor to
the cyclone tower, also called preheat tower.

Table 2.1: Raw meal composition at Cementa, Slite, January-April 2004 [7]

Raw Material Composition [%)]
Limestone 54.8
Sand 6.0
Marl 37.5
Iron ore 0.3
Fly ash/slag 1.4

The preheat tower consists of two parallel cyclone towers. Both towers start with a double
cyclone which is followed by three cyclones in series before the meal enters a calciner and
lastly the nal cyclone before entering the rotary kiln, see Figure 2.2. Meal is divided
by a meal scale into streams entering the two parallel towers, beginning with a double
cyclone. Meal enters below the double cyclones and is swirled up into the cyclones with
gas exiting cyclone 4. This gas-meal transport results in a highly e ective heat transfer
due to the large heat transfer area between the small meal particles and the hot ue gases.
Meal exits the cyclones at the bottom and enters below cyclone 4 and the same procedure
occurs for all the cyclones.

Raw meal exiting cyclone 2, however, enters the calciner where it is mixed with tertiary
air from the cooler at entry, which results in a swirling motion along the wall of the
calciner see Figure 2.3. This wall of swirling raw meal is heated by a ame located at
the top of the calciner. The wall of raw meal also works as heat insulation, ensuring that
the vessel wall is not damaged. The fuel used is a mixture of coal and shredded tires,
requiring an outlet temperature of 850C for su cient burnout. Poor burnout results in
high CO levels and energy losses. The meal and gas exiting the two calciners is mixed
with ue gases from the rotary kiln. The mixture enters a nal cyclone where hot meal

is separated from the gas and falls into the rotary kiln. The velocity of the ue gases
exiting the kiln needs to be increased before mixing with the ow from the calciners to
ensure that the meal does not fall down into the kiln. This is done by what is called a
diaphragm, seen in Figure 2.2, that decreases the cross-sectional area of the ow.
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Figure 2.2: Flow sheet of cyclone tower and calciners of system 8 at Cementa, Slite

Figure 2.3: Pictures of calciner showing inlet of gas, raw meal and ame
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Meal is then fed to the rotary kiln together with a stream of metallurgical slag, which is

a by-product from metallurgical industry. The calcination degree (94%) of the hot meal
entering the kiln is higher than normal for a system like this, due to the high temperature
of the gas exiting the kiln. Higher temperatures, which can be reached once the highly
endothermic calcination is nished, will create problems with clogging of meal in the
cyclone tower, and is the main reason for stopping at this calcination degree. However, if
too much non-calcinated meal enters the kiln the clinker reactions can be delayed which
leads to an increased energy need in the kiln due to the need for stressing the clinker
formation. [1] See Table 2.2 for the meal composition after calcination.

Table 2.2: Composition of materials in raw meal, after calcination. LOI is the amount
of mass lost due to calcination. [7]

Raw Composition [%)]

Material CaO SiO, Al,O; Fe,0; MgO K, 0 Na,0 SO, CI LOI
Limestone| 50.30 5.25 1.80 090 100 055 0.17 0.70 0.03 39.70
Marl 4230 1445 339 156 282 107 020 116 0.02 34.2
Sand 0 96.5 0 0 0 0 0 0 0 0.2
Iron ore 0.20 0.70 030 9370 050 0.02 003 003 001 o012
Fly ash 6.60 46.10 23.00 550 180 206 062 136 O 12.9

In the kiln, the hot meal is heated to about 1458C by a ame with the burner positioned

at the lower end of the 80 m long kiln, see Figure 2.4. The fuel mixture used in the
kiln burner is a mixture mainly between coal and so-called "Flu". The kiln is declining
slightly and rotates by approximately 3.7 rpm to ensure good mixing and forward motion
of the material. The second half of the kiln is cooled from the outside using air ows, see
Figure 2.5, to prevent the metal from becoming too hot. The inside of the kiln is lined
with bricks which work as a heat shield, protecting the metal from the hot meal and gases
inside the kiln. As the meal moves through the kiln, more and more clinker sticks to the
brick layer. Eventually it comes o and pulls parts of the brick with it, see Figure 2.6,
making it a part of the end-product. Towards the end of the kiln, this layer of meal on
the bricks can be up to 1 m thick after a year of production.

Figure 2.4: Schematic picture of the rotary kiln
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Figure 2.5: Picture of cooling air ow Figure 2.6: Picture of how parts of
nozzle on the outside of the kiln the brick lining is pulled o

Hot meal exiting the kiln falls into a grate cooler where it is cooled by air owing through
the meal from below, see Figure 2.7. The air ows come from a number of sections below
the grates to ensure an even distribution of air ow and cooling of the material. The hot
meal is moved forward by the line of grates, where every second one is moving and the
rest are static, see Figure 2.8. About half way through the cooler gypsum is sprayed onto
the meal from nozzles in the cooler roof, see Figure 2.9. After the primary cooler, hot
meal is dropped onto rotating crushers, see Figure 2.10, grinding lumps as big as 40 cm
in diameter, into more evenly sized particles. After the crushers, meal is dropped onto
rosters pushing it through a second smaller cooler, where it is cooled further before being
ground into product speci ¢ sizes and stored in silos.

Figure 2.7: Flow sheet of cooler, showing the di erent ows of air, clinker and gypsum.
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