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Summary:

About 70 % of the CO2 emissions are generated through calcination (decarbonization) in
a modern cement kiln system. The CaCO:s in the limestone is the primary source of COs-,
and the rest comes from fuel combustion. Electrification of the calciner, i.e., replacing fuel
combustion with electrically generated heat, will eliminate the fuel combustion exhaust
gases. The calciner exit gas will then be pure CO: and removes the need for a separate
CO: capture plant. For this reason, an electrically heated drop tube reactor was designed,
and the applicability and cost estimation of the reactor and adjacent units were estimated.

Three system designs were evaluated: 1) counter-current flow of gas and particles, not
considering cluster formations, 2) counter-current flow of gas and particles, applying
clustering effect, 3) co-current flow of gas and particles.

Python 3.8 was used for modeling and simulation of the three designs. A modified
shrinking core model, equilibrium pressure, and the partial pressure of CO2 were used to
determine the kinetics of calcination of calcium carbonate. Diameter of tubes, height, and
the number of tubes necessary to process the meal were simulated, varying the key
parameters: 1) velocity of CO: gas, 2) operating temperature.

Mass and energy balances were implemented to determine the net energy transfer required
to preheat and calcine the raw meal. A feed rate of 207 t/h raw meal requires an energy
supply of about 108 MW. Supertahl modules from Kanthal® APM are chosen as a viable
option for heat transfer.

Design (2) and (3) were both found to be feasible. To achieve 94% calcination, a diameter
of 5.3 meters, height of 23.2 meters, and four processing tubes result in an optimum
solution for the counter-current design. To achieve the same degree of calcination with
the co-current design, a diameter of 3.52 meters, height of 20.2 meters, and eight
processing tubes are necessary.

The new system can be implemented into an existing cement clinker process by minimal
alterations to the existing system. A de-dusting cyclone, two heat exchangers, and a fan
are required. An elevator to transport the raw meal may be implemented if the reactor
tubes are long.

Cost estimations show that the CAPEX for the counter-current design becomes about 104
MNOK and for the co-current design 105 MNOK. Cost of electricity is the major
contributor to costs, and the OPEX was calculated to 224.54 MNOK/year.

The cost per captured unit (ton) CO: for both designs was estimated to be about 522
NOK/tcoz.

The University of South-Eastern Norway takes no responsibility for the results and
conclusions in this student report.
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Nomenclature

Nomenclature
Symbol Description Unit
Across Cross-sectional area m?2
Aneat section Heat transfer area, general m?2
Aneat ph Heat transfer area, preheating section m?
Aneatcal Heat transfer area, calcination section m?
Asurface Surface area m?2
Afootprint Footprint of installation m?
Anmaintenance Space consideration maintenance m?
Ayx Heat transfer area, heat exchanger m?
Ap proj The projected area of particle m?
Ar Archimedes number -
A Frequency factor mol/m?skPa

Cy Cost of past unit $
Cp Cost of the present unit $
Cp Drag coefficient —

Cp Specific heat capacity J/kg K

Cp,phm Specific heat capacity preheated meal J/kg K

Cp phm,900°C Specific heat capacity meal at 900°C J/kg K

Cp.coz,cal Specific heat capacity of CO: produced J/kg K

by calcination
Cp.coz,nx Specific heat capacity CO: in a heat J/kg K

exchanger



Cp,air,HX

Ctube
Cmat
C2021
C2002
C202 1,euro
C2021,$

Cel

CernoK/kWh

CAPEXCOZ,captured

OPEXCOZ,captured

Ctotal,COZ,captured

Coo%,10¢/h

Co0%,21,10t/n

C fan,CS,2021,41m3

CHX,Inconel,Z 021,279m3

CHX,Z

C1n718

Specific heat capacity air in a heat
exchanger

Cost of tube

Cost of material

Cost in the year 2021
Cost in the year 2002
Cost in 2021 euro
Cost in 2021 dollar
Cost of electricity

Cost of electricity per kilo Watt-hour

Capital expenditures per captured unit of
CO:

Operational expenditures per captured
unit CO2

Cost of total CO: captured

Cost of the tube, 90% calcination degree
processing 10t/h

Cost of 21 tubes, 90% calcination degree,
10t/h

Cost of fan in carbon steel in 2021 with
capacity 41m3

Cost of heat exchanger in Inconel for
2021 and 279 m2

Cost of two heat exchanger units

Cost of Inconel 718 alloy

Nomenclature

J/kg K

euro

$
NOK

NOK /kWh

NOK /tco,

NOK /tco,

NOK

NOK

NOK

NOK

NOK

NOK



Ceye,ss316,2021,1445m3/s  COSt of cyclone in 2021 in stainless steel,

Ephm,in

Egen
Emeal,900°C
Egenpn

Eel,ph

Eel,supply,ph

Egen,cal
Eout,cal
Eel,cal

Eel,supply,cal

E cal

capacity 144.5 m3/s

Particle diameter

Diameter

Outer wall diameter

Inner wall diameter
Diameter of exit gas, cyclone
Activation energy

The energy of preheated meal entering
DTR

Generated energy

The energy of meal at 900°C
Generated energy preheating section
Energy supply to preheating section

Energy supply to preheating section
including the efficiency of electricity to
heat

Generated energy calcination section
Energy out of the DTR
Energy supply to calcination section

Energy supply calcination section
including the efficiency of electricity to
heat

The energy of calcination reaction

Nomenclature

NOK

kJ/mol

MW

MW
MW
MW
MW

MW

MW
MW
MW

MW

MW

10



E other,cal

ECOZ,cal

EAC

EA CCAPEX

EACOPEX

Fdead,load

H cal
H other,cal
I,

I

The energy of other meal-related
reactions

The energy of produced CO:
Equivalent annual cost

The equivalent annual cost of capital
expenditures

The equivalent annual cost of operation
expenditures

Normal force by the weight of the
structure

Wind force

Gravitational force

Buoyant Force

Frictional force

Future value

Inlet height cyclone

Enthalpy calcination reaction
Enthalpy other meal-related reaction
Electrical current

Second-order moment of inertia
Calcination rate

Cyclone constant

Length of the cone, cyclone
Length of the body, cyclone

Molar mass of a substance

Nomenclature

MW

MW
MNOK [y

MNOK [y

MNOK [y

= = = =

NOK

m

MJ]/kgcoz

MJ]/kgcoz

A
mt

mol/m?s atm

g/mol

11



Ntupes
Netements
Ny
NPV
NP VCAPEX

NPVopex

NPV e

PV

Pr
p*
Pco2
Q
Qsection
Qph
Qear

Molar mass of calcium carbonate
Molar mass of calcium oxide
Molar mass of CO2

Molar mass of air

Bending moment

Rotations

Number of tubes

Number of elements

Nusselt number

Net present value

Net present value of capital expenditures

Net present value of operational

expenditures

Net present value of electricity cost
Interest periods

Present value

Pressure

Prandtl number

Equilibrium pressure

The partial pressure of CO:

Duty

Sensible heat for a specific section
Sensible heat preheating section

Sensible heat calcination section

Nomenclature

g/mol
g/mol
g/mol

g/mol

Nm

NOK
NOK

NOK

NOK

NOK

bar

bar
bar
MW
MW
MW

MW

12



QW,HX
Qrefractory
Re
R
R,

T

Tphm

Tm,phm
Tref
Tcal
Twau

TCOZ,cooled

Tair,exc

Tair,exc,hot

Waste heat from the heat exchanger
Waste heat through refractory of DTR
Reynolds number

Universal gas constant

Electrical resistance

Temperature

Temperature of preheated meal
Median preheated meal temperature
Reference temperature

Calcination temperature

Operating temperature of DTR
Temperature of cooled CO:

Excess cooling air temperature, heat
exchanger

Excess hot air temperature, heat
exchanger

Surface temperature

Mean fluid temperature

Surface particle temperature

Hot temperature inlet, heat exchanger

Hot stream effluent temperature, heat
exchanger

Cold temperature inlet, heat exchanger

Cold temperature effluent, heat exchanger

Nomenclature

MW

MW

m3Pa/K mol

ohm

K

13



Nomenclature

Tin Inlet temperature, fan K
T Ambient temperature K
Toutside Temperature ~ outside  surface  of K

refractory, DTR

U Overall heat transfer coefficient W/m? K
1% Volumetric flow rate m3/s
Veoz Volumetric flow rate of CO- m3/s
Vituia Volumetric flow rate of fluid m3/s
1% Volume m3
V. Volume particle core m3
w Inlet width, cyclone m
W, Power, fan MW
X Calcination conversion factor -
ar Annuity factor —
dso Cut size diameter, cyclone m
d, Diameter particle m
do Initial diameter core m
e Exponent cost estimation -
fsafety Safety factor —
fre Total installation cost factor -
feces Total installation cost factor, carbon steel -
feq,cs Equipment cost factor, carbon steel —
fmat Cost factor material -

14



hout

hrad

hpn

hcal

hreq,94%
hreq,90%
helement

[

Ky

k

m

mpart

Myas

mhollow,cylinder

m
mphm,in

mCOZ,prod

Piping cost factor, carbon steel
Gravitational acceleration

Height of tube

Convection heat transfer coefficient

Convection heat transfer coefficient,
ambient

Radiation heat transfer coefficient

Heat transfer coefficient, preheating
section

Heat transfer coefficient, calcination
section

Height required for 94% calcination
Height required for 90% calcination
Height of heating element

Interest rate

Reaction rate constant

Conduction heat transfer coefficient
Mass

Mass of particle

Mass of gas

Mass of hollow cylinder

Mass flow rate

Inlet mass flow rate of preheated meal

Mass flow rate of produced CO:

Nomenclature

15



mmeal,cal
Myir hot
mCOZ,prod,year

Mo9o%,10t/h

Pout
Pin
q 12}
Awind
Aconv
Irad
q;,ection

n
qwall,part,rad

To

Mass flow rate of calcined meal
Mass flow rate of hot air
Produced CO: per year

Mass of tube when 90% calcination and
10t/h feed

Molar flow rate

Pressure effluent of fan

Pressure in front of the fan

Heat flux

Even distributed wind force
Convection heat flux

Radiation heat flux

Heat flux for a specific section, DTR
Radiative heat flux from wall to particle
Radius of unreacted core

Radius of core

Wall thickness

Operating hours per year
Calcination time

Particle residence time

Mean fluid velocity

Inlet velocity, cyclone

Velocity of CO: gas

Nomenclature
kg/s
kg/s
kg/s

kg

mol/s
bar
bar
W /m?
N/m?
W /m?
W /m?
W /m?

W /m?

16



Nomenclature

v Velocity m/s
Vair Velocity of air m/s
Vtp Terminal settling velocity, particle m/s

V¢ turb Turbulent settling velocity m/s
V¢ 1am Laminar settling velocity m/s
Vinid Median settling velocity m/s
Vuncalcinaed Uncalcined settling velocity m/s
V940 cal 94% calcined settling velocity m/s
V¢ counter Terminal settling velocity, counter- m/s
current
Ve co Terminal settling velocity, co-current m/s
Wcoz2,phm Weight fraction of CO: in raw meal —
Wcaco3phm Weight fraction of calcium carbonate in —
raw meal

a Absorptivity —
ag Absorptivity gas —

Aaiff Thermal diffusivity -

AT Temperature difference K

ATyx min Minimum temperature difference, heat K

exchanger

ATy, Logarithmic mean temperature K

Ah Height difference m
APpTR Pressure drop across DTR bar
APyx Pressure drop across the heat exchangers bar

17



Nomenclature

APy cione Pressure drop across the cyclone bar
APyt Total pressure drop bar
€ Emissivity —
& Emissivity gas —
n Efficiency -
Nfan Efficiency fan -
Nelheat Efficiency electricity to heat conversion —
u Dynamic viscosity Pas
Hgas Dynamic viscosity of a gas Pas
g Dynamic viscosity, specific Pas
p Density kg/m?
Pmat Density of a material kg/m3
Pair Density of air kg/m3
Pgas Density of a gas kg/m3
Pp Density of particle kg/m3
Pcoz Density of CO: kg/m?3
o Stefan-Boltzmann constant wW/M? K*
Op Bending stress MPa
Omax Maximum allowed stress MPa
o, Estimated stress MPa
Odead,load Stress by dead load MPa
Otensile,max Maximum allowed tensile stress MPa
Oyieldmax Maximum allowed shear stress MPa

18



Nomenclature

Transmissivity -

Kinematic viscosity m?/s

19



List of abbreviations:

IEA
DTR

FB
CAPEX
OPEX
PSD
LEILAC
SCM
XRF

HE

HX

CS

SS

1-2 STHE

List of abbreviations

International Energy Agency
Drop Tube Reactor

Fluidized bed

Capital Expenditures
Operational Expenditures
Particle Size Distribution

Low Emissions Intensity Lime And Cement
Shrinking Core Model

X-Ray Fluorescence

High efficiency

Heat Exchanger

Carbon Steel

Stainless Steel

STHE with a shell and 2 passes
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1 Introduction

1 Introduction

This chapter includes the background, description, and objectives of the study. Chapter 1.4
describes the organization of the report.

1.1 Background

One of the most used construction materials in the world is concrete. The key additive in
concrete is cement, and 4.1 billion tonnes of cement are produced globally every year. The
production results in 5-8% of global anthropogenic CO> emission. [1, 2]

Producing cement clinkers has two major sources of CO, emission: 1) calcination, 2) fuel
combustion. Equation (1.1) is the chemical reaction of the calcination process where limestone
(CaCO:s) is decarbonized to lime (CaO) and carbon dioxide (CO3). Calcination accounts for
about 65% of the CO. emission, while fuel combustion accounts for about 35%. [3, 4]

CaC03(s) + heat = CaO(s) + CO,(g) (1.1)

Cement production has remained relatively constant since 2014. However, as emerging
countries and regions - especially Asia and Africa - are developing their infrastructure, cement
demand is expected to increase. According to the International Energy Agency (IEA), the
annual production of cement is expected to grow 0.5% annually from 2020 to 2030. [5]

Several key strategies to face this demand include: [3]

Improving the energy efficiency of existing cement plants.
Usage of lower carbon fuels and green electricity.

Reduce clinker-to-cement ratio and total demand.
Advancing process and carbon capture technology.

The task background, description and a flow diagram is presented in Appendix A. Included in
Appendix A is a flow diagram of a cement kiln process. Appendix B presents the project's work
breakdown structure, and the project schedule is in Appendix C.

1.2 Problem description

Expecting a green future, the cement clinker process will be powered by renewable energy
sources, such as green electricity. Implementing green electricity to power the calciner instead
of fossil fuels can prove an efficient way to reduce CO> emissions. The CO. produced from
standard fuel combustion is eliminated, and the CO, produced from the calcination process is
pure, which implies that a more simple method of capturing the CO2 can be applied.

“Combined calcination and CO> capture in cement clinker production by use of CO-neutral
electrical energy” is an ongoing research project that USN is a part of. The acronym ELSE is
short for the project name. The goal is to replace carbon-containing fuels with electricity to
decarbonate the raw meal in the cement kiln process and capture the CO. from the
decarbonization of the calcium carbonate.

In the ELSE project, different reactors are investigated and evaluated to decarbonize the raw
meal. In this master thesis, an electrically heated drop tube reactor (DTR) is developed. The
meal is fed at the top of the tube and will drop down as it is heated and calcined by electrically
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heated tube walls. By replacing the traditional calciner with an electrically heated DTR, post-
combustion CO> capture facilities might be neglected, resulting in a less expensive operation.

Previously in 2020, a master’s thesis on “Calcination in an electrically heated bubbling
fluidized bed (FB) applied in calcium looping” was conducted by Nastaran Ahmadpour
Samani. The FB reactor is quite different from the DTR. However, some of the knowledge and
findings from Samani’s thesis can be adapted to this study. Energy requirements, cost
estimations, CO2 emissions, and recycling are topics included in Samani’s thesis of interest.
According to Samani, one of the challenges is the fine particle size distribution of limestone
particles and how to handle cohesive Geldart C particles — one proposal was to introduce
coarser Geldart B particles. A similar problem might be present in the current thesis. [6]

1.3 Objectives

The main objective of this study is to investigate how the calciner in a cement kiln process can
be designed as an electrically heated drop tube reactor (DTR) and evaluate the applicability
and cost of this concept.

Several sub-objectives needs to be completed to meet the requirements of the main goal:

1. Evaluating the DTR reactor and investigate its ability to calcine the raw meal using

resistance heating.

Suggesting a design for the DTR and create a flow diagram of a design reference case.

Investigating the need for gas recycling.

Identification and quantification of waste heat streams for the new system design.

Making mass and energy balances and calculate flow rates, temperatures, and duties.

Simulating the DTR calciner varying key parameters.

Creating flow diagrams of the selected cases.

Describing the impacts to the original kiln system by implementing the new calciner.

Evaluate the required size of the DTR calciner and other relevant equipment units.

0. Estimating the investment cost (CAPEX) and operational cost (OPEX) of the suggested
process per avoided CO2 unit (€/tco2)

ROO~NoOOGOR~WLN

Each introduction of the following main chapters has a list of questions that should be answered
to meet the above-listed sub-goals.

1.4 Outline of the thesis

This thesis consists of eight chapters. Chapter 1 describes the background and objective of the
study. Chapter 2 emphasizes the theory associated with the DTR concept. Fluidization, Kinetic
modeling, heating concepts, and the modern cement kiln system are topics being described.
The design of the system, mass and energy balances, pressure drop, specific heat capacities,
and heat transfer are discussed in Chapter 3. Three design cases: 1) counter-current flow of gas
and particles with single-particle theory, 2) counter-current flow of gas and particles applying
clustering effect, 3) co-current flow of gas and particles, and several calculation examples
regarding the design are discussed in Chapter 4. Chapter 5 includes the simulation setup.
Python 3.8 is used for the simulation where key parameters are varied. The cost estimation
theory is included in Chapter 6. Simulation results, results of cost estimation, and a discussion
regarding the three design cases are included in Chapter 7. Chapter 8 concludes the thesis.
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2 Theory

This chapter includes the general theory on fluidization, particle settling velocity, kinetics, heat
transfer, and theory necessary to understand the DTR concept. The following questions should
be answered within Chapter 2:

- What concepts are the DTR based upon?

- How are the particles influenced fluid mechanically and thermally at the top of the
drop tube?

- What conditions are influencing the particles settling?

- During the calcination process, what happens to the gas, and does the gas influence
the limestone particles?

- What are the advantages/disadvantages of a DTR compared to existing calcination
reactors?

- Which units in the existing system should be replaced or modified?

2.1 Electrically heated drop tube reactor concept

Figure 2.1 illustrates the concept of calcination by use of an electrically heated DTR. The tube
walls are heated in sections by electricity. At the top of the DTR, the raw meal, CaCO3, is
supplied. The tube walls heat the CaCO:s particles due to radiation heat transfer from the tube
walls, conduction heat transfer from particle collisions, and convection between the fluid and
the particles. As the particles are heated to the required calcination temperature (about 900 °C),
the COz is extracted from the CaCO3, and the product particles are CaO. Since the tube is heated
by electricity, the only gas existing is CO from the calcination process. Thus, the need for
advanced carbon capture facilities is eliminated. CaO particles can further be transformed into
cement clinkers by sintering in a kiln at a temperature of 1400 °C. [7, 8]

Preheati ng‘ Refractory

section Heating
elements

Reactor
tube

Air gap

Preheated meal

Calcinatioﬂ

section Calcined meal

—

CO: gas

Figure 2.1: Sketch of reactor concept with the arrangement: refractory material, heating elements on the edge of
the refractory, air gap, tube. Inside the tube is the preheated meal indicated with orange arrows, calcined meal
red arrows, and CO: gas are yellow arrows.
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A similar project, LEILAC (Low Emissions Intensity Lime And Cement), has been carried out
with support from the European Union. In the LEILAC project, the calcination of CACO3 was
performed in a steel reactor. The method of direct separation as done in the LEILAC project
indicates a potential of 60% reduction in CO, emissions. If fossil fuels are replaced with green
electricity, such as with the electrically heated DTR, the reduction in CO2 emissions can be as
high as 85%. [8]

2.2 Geldart’s classification

Geldart presented a classification system of powders/particles in 1973. The classification
system is widely accepted and accounts for the two most important particle properties, particle
density and size. The system is derived from experiments of fluidization in ambient air.
According to the classification, particles can be divided into four categories, A, B, C, and D,
illustrated in Figure 2.2 [9]. Geldart classification is often used for fluidized bed reactors.
However, using this classification system, the flow in the system can be determined to be dilute
or dense. Most likely, the system operates in an area between dense and dilute. [10]
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Figure 2.2: Geldart's classification of powders/particles [9]

According to Gas Fluidization Technology, reviewed by Geldart, the groups are divided by
particle size [10]:

e Group C: cohesive powders are in this category. This type of powders is complicated
to fluidize due to interparticle forces greater than those which the fluid can exert on the
particle. The size of these particles is very small (dp< 20 um). [10]

e Group A: aeratable powders, which fluidize well. The size of these particles is small
(20 pm < dp < 100 pum), and the density is relatively low (< 1400 kg/m®). Interparticle
forces are present for these particles. [10]

e Group B: sand-type powders. The size ranges of these particles depend on their density.
Interparticle forces are negligible for these particles. [10]

- 60 pm < dp < 500 pm when pp = 4000 kg/m®
- 250 um < dp < 1000 pm when pp = 1000 kg/m?®
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e Group D: Large or dense particles or a combination of both. Fluidization of these
particles can occur. The particles may have high momentum, and the particle interaction
is low. [10]

2.3 Terminal settling velocity

When moving in a quiescent fluid, the maximum velocity a particle can obtain is called the
terminal settling velocity. The terminal settling velocity depends on the particle characteristics,
flow conditions, and fluid characteristics. [11]

A single particle settling in a fluid is affected by three forces, gravitational, friction, and
buoyancy. The gravitational force pulls the particle in the settling direction while the friction
and buoyancy forces work in the opposite direction, illustrated in Figure 2.3. [12]

Fy

<7

Figure 2.3: lllustration of gravitational, friction, and buoyancy forces acting on a spherical particle in quiescent
fluid.

Equations (2.1 — 2.3) are describing the forces:
Fg=my-g (2.1)

Fy, = Mgas * g (2.2)

2.3
Ff:CD'E'pgas'vz'Ap,proj ( )

Where F,;, Fp,, Fr, [N] are the gravitational, buoyancy, and frictional forces, respectively.
my,, Myqslkg] are the masses of the particle and gas, respectively. Cp[—] is the drag
coefficient, pgqs [%] is the density of the gas, v [%] is the velocity and A, ,,; [m?] isthe
projected area.

Equation (2.4) is describing the force balance:

The terminal settling velocity is highly dependent on the flow regime and particle size. It is
expected that the settling velocity is lower with turbulent conditions than laminar due to the
random motion caused by eddies. The laminar settling velocity can be calculated using
Equation (2.5), assuming relatively small spherical particles in the Stokes regime (Re <<1).
[12]
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- g’ Dz% ' (pp - pgas) (2.5)
t 18- pu

Where D, [m] is the particle diameter, p, [%] is the density of the particle, and u [Pa s]
is the dynamic viscosity.
For bigger particles, where the Reynolds number is greater than 1, the settling is turbulent. The

terminal settling velocity is dependent on two dimensionless numbers, the Archimedes number
and the Reynolds number, described by Equations (2.6) and (2.7), respectively. [12]

Ar = Pgas * (pp - pgas) g DS (2.6)
r= e
Re = 0.1334 - Ar0.7016 2.7)

The terminal settling velocity in the turbulent flow regime can be calculated using Equation
(2.8).

" _ Re-pu (2.8)

t,turb Jas Dp
During the calcination process, the particle's mass reduces due to conversion from CaCOs to
CaO. Thus, the terminal settling velocity is reduced. Therefore, the velocity is determined as
the median value of an uncalcined particle and a 94% converted particle (Equation (2.9)).

_ Vuncalcined 1 Voay,caicined (2.9)

2.4 Kinetic models for the reaction of solids

Several models have been developed to predict the kinetics of solids. According to Levenspiel,
[13] the most appropriate model can be selected by investigating the reaction chemistry and
physical property of the particle in the reaction:

Is the particle porous?

Does the porosity change during the reaction?

Does a shell of the product surround the reactant core?

Does the product appear flaky?

Is the reaction a thermal decomposition?

Is the reaction a straight chemical action between constituents of the solid?
Is the reaction between two solids?

Is it a reaction between two solids and a gas?

The goal of using such a kinetic model is to describe reacting particles' behavior, using simple
mathematics adequately. [13]

2.4.1 Shrinking core model

The shrinking core model (SCM) describes the changes in solid particles during a chemical
reaction. Gas-solid heterogeneous reactions often consist of gaseous species in both reactants
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and products. However, in the calcination reaction, the only gaseous specie is in the reaction
product, namely CO-. [14, 15]

Thermal decomposition is a chemical reaction where a substance is decomposed caused by
heat. For most cases, the reaction is endothermic as the reaction requires heat to break the
molecular bonds in the substance that is decomposed. As mentioned above, the decomposition
of calcium carbonate produces a gaseous product of CO», and this gas may negatively impact
the reaction. Therefore, having a model such as the shrinking core model to understand the
kinetics can help define the necessary parameters and design of the DTR, such as residence
time, required heat, and the energy required. [15, 16]

According to Levenspiel [13], the controlling mechanisms of the reaction in a SCM are either
ash diffusion control or reaction control. The control mechanisms are dependent on particle
size, and large particles are controlled by ash diffusion. The limestone particles of interest in
this study are relatively small, thus, reaction control. As the reaction occurs, the solid reactant
(CaCO:s) depletes, and a more porous solid product (CaO) layer is formed. The CO; diffuses
through the porous product until the conversion is complete, indicated by Figure 2.4.

@ 0, (b) ©

Figure 2.4: Shrinking core of a single particle. (a) Illustrates a large core with a thin layer of product. (b)
illustrates the diffusion of CO: through the porous layer of CaO. (¢) Illustrates an almost fully calcined particle.

The classic SCM of decomposition is derived assuming the rate of change of volume of the
particle’'s unreacted core is proportional to the surface area of the unreacted spherical particle
(Equation (2.10)). [17]

%=—kr-4-n-rc3 (2.10)
Equation (2.11) is the formula for the volume of unreacted core V..
=1%o (2.11)
Where:
1_X=<£f 2.12)
To

By combining equations (2.11 and 2.12) with Equation (2.10) and integrating Equation (2.10),
the ratio between reaction rate and the initial radius can be found, assuming that the calcination
occurs at equal rates (Equation (2.13)). [17]
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ke 1-(1-X)3 (213)

To tcal

The above equations describe a simplified model of the reaction kinetics of limestone. The
classic SCM for calculating the conversion factor is given by Equation (2.14), substituting the
radius with the diameter.

k, 3 (2.14)
X = 1—(1——-tcal)
do

Equation (2.14) does not fit the reaction time expected when calcining CaCOs as the reaction
is more complex. However, a modified SCM is proposed by Milne et al. [17], where d, has a
slope of -0.6 should fit the reaction more correctly. Substituting the radius with the diameter
and implementing the slope to Equation (2.13) and solving for conversion factor X, the
conversion factor can be described with Equation (2.15). [17]

k, 3 (2.15)
X = 1 - 1 e tcal

0.6
do

0.6
Where k, [mT] is the reaction rate coefficient, dJ-® [m] is the modified diameter and ¢ [s]
is time. The reaction rate coefficient can be calculated using Equation (2.16).

—E
ky =Kp - (P* — Pco2) = [A - exp (ﬁ) < (P" = Peo2) (210

mol

Where A = 0.012—; is a frequency factor, E = 33.47 2L s the activation energy and
m<s kPa mol

T [K] is the calcination temperature [18]. The reaction rate coefficient is dependent on the
equilibrium pressure, P* [atm] described by Equation (2.17), and partial pressure of CO.,
Pco, [atm].

—20474
P* =4.192-10°- exp( > (2.17)

Rearranging Equation (2.15), the reaction time of the calcination can be calculated (Equation
2.18):

(11— (1-X)3%dS®) (2.18)
cal — kr

2.5 Residence time

The residence time for a particle can be defined as the time that a specific particle resides in a
vessel or stage during a continuous process. [19]

Several factors need to be considered to determine the residence time necessary for the
particles. During the calcination of CaCOs, CO> gas is released into the reactor tube (described
in chapter 2.4). Due to the density of the CO2 gas under atmospheric pressure at high
temperature, the gas will rise, and impact the smaller particles, since the buoyancy and
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frictional forces acting on the particles are more significant than the gravitational force. Particle
interactions such as collisions, cluster formation, frictional forces, and electrostatic forces need
to be considered. The particle size distribution naturally occurring when producing cement
from CaCQOz is wide. Due to the forces and flow regime described in chapter 2.3, the residence
time is different for each particle size.

Equation (2.19) can be applied to calculate the residence time, where the height of the reactor
is divided by the terminal settling velocity.

h, (2.19)

2.5.1 Sections of the DTR

The height of the DTR can be divided into a preheating section and a calcination section. The
preheating section of the DTR raises the temperature of the particles to the calcination
temperature. Thus, the height of the tube must be determined from the residence time of the
particles. The same approach can be applied to the calcination part, where enough heat must
supply the particles to reach the desired calcination degree. When dividing the reactor into
these two sections, some assumptions are made:

e The partial pressure of the produced CO: is 1 atm.
e The calcination reaction appears only at the calcination temperature (900 °C), i.e., the
calcination section.

2.5.2 CO2 atmosphere

The atmosphere inside the reactor consists of pure CO, which leads to more simple post-
processing of the gas. However, some challenges become apparent.

The gaseous CO> that forms during the calcination reaction has a low density due to the high
temperature. The gas will rise due to buoyancy and create a counter-current flow with the
particles. However, fine particles in the particle size distribution described later in Chapter 3.1,
some of the particles rise and exit with the gas at the top of the reactor. The dusty gas requires
de-dusting before the gas can be processed and stored. One additional benefit from the buoyant
CO: gas is enhanced convection heat transfer between the fluid and particles due to the high-
temperature gas.

Carbonation is the chemical reaction where CaO entraps CO2 and produces CaCOsz (Equation
(2.20)). [20]

CaO(S) + COz(g) - CG.CO3(S) (220)
The CaCOs forms at a temperature of about 650 °C, thus, below a modern calcination reactor’s
operational temperature (900 °C). i.e., calcination and carbonation reactions occur at the same

time within the reactor. The carbonation may inhibit the calcination of limestone. However, it
is expected that the operational conditions are favored calcination. [20]
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2.6 The modern cement kiln system

Figure 2.5 is a schematic of the kiln 6 system at Norcem AS Brevik [21]. The units of interest
regarding this master thesis are the cyclone towers, the pre-calcination unit, the rotary kiln, and
the clinker cooler.
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Figure 2.5: Sketch of kiln 6 system including bypass and GSA [21]

The system has two sets of 4-stage cyclone preheaters, which heats the raw meal to about 650
°C before the meal enters the pre-calcination reactor from cyclone tower (3.1) and (3.2). In the
pre-calcination reactor, the meal is heated to about 900 °C, of which the calcination of the meal
occurs. Pre-calcination is a process where the raw meal is thermally decomposed from
limestone to lime and CO: gas, and the degree of calcination is 94%. The pre-calcined meal is
then fed to the rotary kiln where the meal is calcined 100%, and the clinker is produced. The
operating temperature is usually 1400 °C. Thus, a cooler is used to obtain the desired
temperature of the clinker. [22]

Figure 2.5 is the basis for the process flow diagram discussed in Chapter 3.2, where the units
of interest are illustrated.

2.7 The electrically modified cement kiln system

The DTR is to be implemented in an existing cement kiln system, with as few changes as
possible, to reduce the impact of the system and the cost. However, some changes are required.
Figure 2.5 is the basis of the evaluation: 1) The DTR is replacing the pre-calciner, 2) de-dusting
cyclone(s) to clean the exiting gas, 3) Heat exchanger to cool down the CO- before it is stored,
4) a fan, to overcome the pressure losses of the DTR, cyclone and heat exchangers, 5) electrical
power supply to heat and calcine the raw meal.
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Some units in addition to the existing pre-calciner may also be excluded, such as a cyclone.
The quencher, bag filter, and additional recycle lines can also be expected to be excluded. A
process flow diagram shows the intended system with the units of interest in Figure 3.3.

2.8 Resistance heating and heat transfer

Conversion from electrical to thermal energy can be done through resistance heating. The rate
of the generated energy can be described by Equation (2.21), where the current, I [A], is
passing through a medium with a resistance (electrical), R, [Q]. [23]

Egen = I’R, (2.21)

Resistance heating ensures high electricity to heat conversion efficiency (typically 95-99%).
Losses related to the conversion to thermal energy may be due to the resistive material glowing.
A minor part of the electric energy is converted to light which may not contribute to the heat
transfer.

The heated medium, such as a metal vessel, can transfer the heat to another medium through
conduction, convection, and radiation. In this study, the reactor tube walls are heated by
resistance heating, and the heat transfer mechanisms are calcining the meal differently [4]:

e Conduction: If the limestone particles are directly in contact with the reactor wall.

e Convection: The reactor wall transferring the heat to the CO- gas generated from the
calcination.

e Radiation: From the reactor wall through the gas medium and directly affect the
limestone particles.

The limestone particles are moving continuously throughout the reactor. Thus, the contribution
of conduction heat transfer might be negligible. The contribution depends on the particles'
behavior inside the reactor - how the particles are fed into the reactor, the flow regime inside
the reactor, particle interaction, etc.

Small particles might be carried in the opposite direction of the falling particles due to the
buoyancy of CO: gas. By assuming these particles are calcined, the temperature of the particles
is about 900 °C. Thus, these hot particles transfer heat to the colder particles, which have a
lower temperature range of 650-900 °C (preheating section).

2.8.1 Convection heat transfer

Newton’s law of cooling is used to describe thermal convection, and this law states that the
cooling rate of a body is proportional to the difference between the body (surface) and the fluid

1

temperatures. Equation (2.22) expresses the convective heat flux, gzpne [%] as the product of

the convective heat transfer coefficient, h [%] and the temperature difference between the
surface, T [K], and the mean fluid temperature, T,, [K]: [23]

qgonv =h- (Ts - Tm) (2-22)

The convective heat transfer coefficient is dependent on the surface geometry, the fluid motion,
and several fluid thermodynamic and transport properties. Equation (2.23) can be applied to
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calculate the coefficient. Where, k [%] is the thermal conductivity, Nu [—], is the Nusselt
number, and D [m], is the diameter of the tube.[23]

. k- Nu (2.23)
)

2.8.2 Radiation heat transfer

Heat in the form of radiation is transmitted from an object with a nonzero temperature. Equation
w

(2.24) is the Stefan-Boltzmann law, which describes the radiation heat flux, q,,4 [ﬁ] In
Equation (2.24), the emissivity, € [-], has a value in the range (0 < &€ < 1), the Stefan-
Boltzmann constant, ¢ = 5.67 - 1078 [mZVK4], and Tyqre [K], is the surface temperature of the
particles and, T, [K] is the temperature of the surroundings. [23]

q;"lad =&:0- (Tz;}art - Ts%u*) (2'24)

For convenience, Equation (2.24) can be rewritten and expressed in the same form as Equation
(2.22). Equation (2.25) is the radiation heat transfer expressed with the radiation heat transfer

coefficient, h,.qq4 [%] [23]
q;“’ad = hyqa (Tpart — Tsur) (2.25)

Where the radiation heat transfer coefficient is described with Equation (2.26):

hrad =&-0- (Tpart + Tsur) ' (szart + Tszur) (2'26)

2.8.3 Combined heat transfer

In this thesis, the heat is transferred to the meal by convection and radiation. The radiation heat
transfer coefficient depends heavily on temperature, whereas the convection heat transfer
coefficient has a relatively weak temperature dependence.

By combining the heat transfer additions from both convection and radiation, the total heat flux
is given by Equation (2.27): [23]

QZZt = qgonv + q1’"’ad =h- (Ts - Tm) + hraq - (Tpart - Tsur) (2'27)
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3 Design

This section describes the necessary equations and theory in order to design the DTR and
adjacent units. The following questions should be answered:

What is the typical particle size distribution (PSD) of the raw meal?

What countermeasures can be implemented to process the particles influenced by
the buoyancy of the gas from calcination?

What are the requirements to modify/replace the units?

What sizes need to be specified to evaluate the design?

What should the design values be?

What is the total energy demand of the pre-heating and calcination process?

How long should the reactor be? What is the minimum required height?

Which factors affect the size of the reactor?

What equipment units should be included in the process flow diagram?

What reference case should be accounted for in the process flow diagram?

What reference case/design values are the mass and energy balances dependent on?
What are the resulting calculated values?

What conditions specified from sub-objective one are dictating the need for gas
recycling?

What is the required need for recycling?

What are the sources of heat loss?

Avre the heat losses an addition to existing losses?

At what temperatures are losses happening?

To connect all considerations of designing a DTR, an overview of the report is shown in Figure
3.1. The procedure is based on the upcoming chapters and includes dimensioning, energy
balances and heat transfer, strength analysis, tube arrangement, pressure drop, simulations, and
cost estimation.

‘ Total procedure ‘
v

1. The PSD and cumulative frequency of particles are investigated to
get an overview of fluidization properties.

9. Calculation example design 2: Counter-current flow of gas and
particles — applying clustering effect.

. Heat transfer correlations by convection and gas absorption
radiation are described.

15.Cost estimation theory, material selection, heating element
selection and adjacent units are described.

v v

8. Calculation example design 1: Counter-current flow of gas and
particles — single particle theory.

v v
2. A process flow diagram is created to get an overview of the DTR 10. Calculation example design 3: Co-current flow of gas and
system with adjacent units. articles.
v v
. Based on the process flow diagram, mass and energy balances are 11. Pressure drop calculation across the units within the system, and
created. The specific heat capacities are calculated. efficiency of de-dusting cyclone.
v v
ﬂ. Equations to determine the dimensions of the DTR are listed. 12. Reactor wall thickness calculations.
v v
5. The possibility of buckling, impact of wind force, and the outside 13. Simulations: Python script for evaluating the diameter, length
surface temperature are used to evaluate reactor wall thickness. and number of reactor tubes are included in Appendix K and L.
v v
. Dimensioning theory of cyclones, HX’s, and thg reqmrez_i power 14, Cost estimation theory.
of the fan to compensate for the pressure drop.equations are listed.
v v

16. Implementing the cost estimation theory, and estimating the total
cost (CAPEX, OPEX), including the cost per captured CO: unit.

v

17. Results, discussion, conclusion

[ eN e ey [ o\ e o) e (22 [ &

Figure 3.1: Overview of the following chapters
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3.1 Particle size distribution

Information regarding the particle size distribution (Appendix D) of the raw meal is collected
from Norcem Brevik in 1996. There have not been any significant changes to the meal since
1996, and the data is regarded as valid. The size of the particles ranges from 0.2 pum to 180 pum,
and the majority are small (d,, <30 um). From Appendix D the median of the PSD is 21.25

pm.

Figure 3.2 is the cumulative frequency of particles according to Appendix D. The figure
indicates that Geldart C particles are represented by approximately 48%, which are of particular
interest due to the challenging fluidization of the particles. The classification criterion is
described in detail in Chapter 2.2.

100 1
g0 -
A0 -
70 1
G0 -
&0 -
a0
0 -
20 4
10 4
0

Cumulative frequency of particles [%)]

107 1t 10
Particle diameter [um]

Figure 3.2: Cumulative frequency of particles based on Appendix D. Large fraction of the particles shows to be
included as Geldart C particles, approximately 48%.

3.1.1 Chemical composition of raw meal

The chemical composition of limestone particles can be determined by X-ray fluorescence
analysis (XRF). The analysis is conducted on the limestone particles by making a melt where
the particles are fully calcined. The melt mass is reduced as it is produced; this is mainly due
to off-driven CO. This reduction in mass is referred to as loss on ignition (Lol). Thus, the
composition of the particle-melt presented in Table 3.1 is on loss on ignition-free basis. The
chemical composition of the PSD presented in Table 3.1 is not the same as presented in Chapter
3.1. However, the difference in chemical composition is assumed to be negligible.
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Table 3.1: Chemical composition (data provided by Norcem AS Brevik)

Grain size [pm] >200 | 200-125 125-90 90-63 63-32 <32 Total

Portion [wgt%] 1.65 3.50 4.30 9.11 2545 | 5345  97.46
Si0, 4824 | 44.75 36.61 26.51 1898 | 17.01 & 20.80
Al,03 1257 8.72 6.85 5.18 3.97 421 | 466
Fe:0; 4.32 3.75 3.24 3.62 4.07 337 | 360
Cao 3719 = 4215 51.77 61.19 67.78 | 6955  65.99
MgO 1.41 1.66 2.21 2.55 3.01 322 | 297
SO, 0.91 0.91 0.91 0.91 0.91 091 0091
K0 2.66 2.21 1.72 131 1.01 1.00 = 113
Na,O 0.61 0.52 0.46 0.42 0.41 042 | 043
Sum 107.91 | 10464 | 107.77 | 101.69 | 100.14 | 99.69 = 100.49

Table 3.1 shows that the particle's chemical composition is very dependent on the particle size.

The larger particles (dp > 125 pum) have a high content of quartz (SiO2) compared to the smaller
particles (dp < 32 um). Opposite, the CaO content in the smaller particles is nearly twice the
amount of the larger particles. The high amount of SiO: in the large particles —a hard mineral
— indicates why these particles are not ground to such small size as the particles containing less
quartz and more calcite (CaO).

Assuming 100% conversion of CaCOs to CaO and all other oxides being weighted as the XRF
analysis determined in Table 3.1, the initial composition of the raw meal before calcination can
be determined. The chemical composition can be used to determine the particles' reactivity by
the individual particles' size and their chemical composition. The smaller particles, given the
high amount of CaCOs, are expected to thermally decompose more quickly — not only by the
small size — but also by the composition.

Table 3.2 represents the chemical composition of the raw meal. The content of CaCOs is based
on the CaO content in Table 3.1, and the weight of other oxides is kept constant. Thus, it is
assumed that none of these oxides undergo a reaction. All components of the compound have
been normalized. An Excel spreadsheet of the calculation is attached to Appendix E.
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Table 3.2: Calculated chemical composition of raw meal based on table provided by Norcem AS Brevik

Grain size [pm] >200 | 200-125 125-90 90-63 63-32 <32 Total

Portion [wgt%] 1.65 3.50 4.30 9.11 2545 | 5345 | 97.46
Si0, 3316 29.64 23.39 17.88 1434 | 1343 1528
Al,03 8.64 7.72 6.09 4.66 3.74 350 | 3.98
Fe:0; 2.97 2.65 2.09 1.60 1.28 120 | 1.37
CaCOs 5139  56.54 65.72 73.79 7898 | 80.31 | 77.60
MgO 0.97 0.87 0.68 0.52 0.42 039 | 045
SO, 0.63 0.56 0.44 0.34 0.27 025 | 0.29
K0 1.83 1.63 1.29 0.99 0.79 074 | 084
Na,O 0.42 0.37 0.30 0.23 0.18 017 | 0.19
Sum 100.00 | 10000 | 100.00 | 100.00 | 100.00 | 100.00 = 100.00

3.2 Cluster formation

Cluster formation of the particles is expected to occur. Based on Chapter 2.2, the Geldart C
particles tend to agglomerate. The particles can form relatively large clusters due to
intermolecular forces, particles melting on the reactor walls' surface, and sintering (the latter
two due to high temperature). This phenomenon is essential to address for industrial
applications, as the sintering can cause fluidization difficulties. [24]

Another phenomenon is the effect of mass load. Several models have been developed to address
this phenomenon in cyclones. If the ratio of mass load to gas load is high, the mass tends to
overload the cyclone and increases the cyclone's efficiency. The same phenomenon may occur
in the DTR, where the raw meal forms clusters and the effective particle size happens to be
much larger than the initial PSD suggest.

3.3 Process flow diagram

Figure 3.3 is an illustration of the DTR with nearby units of interest. The raw meal is preheated
in the cyclone between lines (1) and (2), which corresponds to cyclone three in the modern
cement plant at Norcem AS Brevik (presented in Chapter 2.6). The height difference between
cyclone three (2) and the expected height of the inlet of the DTR (3) requires an elevator (or
another conveying unit) to transport the preheated raw meal. During the transport, there are
heat losses. However, the losses are regarded as negligible for the setup of the process flow
diagram. Thus, the preheated raw meal is fed into the DTR at a temperature of 658 °C (3). The
feed rate is based on a capacity of 4968 t/d, resulting in 207 t/h [22, 25]. With the buoyancy of
CO:s: gas, small particles may be dragged with the gas upwards in the DTR. Thus, a cyclone
unit to de-dust the gas is installed between lines (6) and (7). The calcined dust is separated from
the gas in the de-dusting cyclone.
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Further, the dust follows line (10), connecting to the main-line (5). Pure CO: (7) exits the
cyclone, but due to the high temperature of 900 °C, a heat exchanger is installed, which utilizes
the air from the clinker cooler (11) to cool down the CO: gas (7). The hot air (12) produced at
the heat exchanger is recycled back to the preheating cyclones. A fan is used to effectively suck
the cooled CO: gas (8) from the heat exchanger, and further, the gas is sent to storage (9).

The DTR utilizes electrical energy to preheat the raw meal to 900 °C in the first section of the
DTR (preheat zone), then, at 900 °C, the electrical energy is used for calcination (CaC0; —
CO, + Ca0) of the raw meal (reaction zone). The supply of electrical energy is different for
the preheat zone and the reaction zone. Thus, in Figure 3.3, this is indicated using two coils.
The calcined meal exits the DTR at a temperature of approximately 900 °C (4), where the meal
line (4) is connected to the dust line (10) and is further sent to the rotary kiln for clinker
production (5).

Heated air recycled to
cyclone

A
|
o 12,
Preheated meal in €O, outincluding
658 °C, 207 t/h small particles Pure Cooled Fan COz2t0
900 °C

co._ _ C0o: ,@:“iag_‘i
7 8 9

| Air from clinker
| cooler
I 225°C

Cyclone
De-dustin

e

ical &
Electrical C§ Preheat

energy Jone 71t/h
1 Elevator
(transport)
Reaction > Solid
Electrical g zone 10
energy —_——— » Mix solid/gas
—— —— > Gas
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Figure 3.3: Process flow diagram of the DTR and units of interest.

3.3.1 Mass balance

Based upon Figure 3.3, a mass balance for the DTR can be derived. The system is evaluated
assuming steady-state conditions. Design basis values of the weighted calcium carbonate
content in the raw meal is calculated from the chemical composition discussed in Table 3.1.
The calcination degree is based on the typical value effectively used in modern cement clinker
production [25].
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Table 3.3: Design basis values - mass balance

Parameter Unit Design basis value
Mppm,in E 207
h
Wcaco3 phm kg 0.77
kg
X - 94%

By assuming steady state, Equation (3.1) describes the mass balance:

Mppm,in = Mcozprod T Mmeal,cal (3-1)

Where 111, in [ﬂ is the mass feed rate of the preheated raw meal into the DTR,

Moz prod [%] is the mass of the CO: gas produced during calcination and Myeq; car [ﬂ IS
the mass of the calcined meal.

The weight fraction of CO: produced in the calciner can be determined by the CaCOs content
in the raw meal (Equation (3.2)):

Mco, (3.2)

Wco2,phm = Wcaco3,phm Moo
Caco3

The weight fraction of the CaCOs (W¢aco3pnm) N the raw meal is listed in Table 3.3,
Moo [ﬁ] and Mcqcos3 [ﬁ] are the molecular mass of CO2 and CaCOs, respectively.

The mass of the CO: generated during calcination assuming 100% conversion can be found by
Equation (3.3):

Mco2,pim,100% = Wco2,phmMphm,in (3.3)

Equation (3.3) does not account for the calcination degree X. Thus, this correction is included
in Equation (3.4):

mCOZ,prod = mCOZ,phm,lOO% X (3.4)
The calcined meal flow rate (1,,,¢q; cq;) OUt Of the DTR can be calculated by Equation (3.5):

Mineal,cal = Mphm,in — Mco2,prod (3.5)

3.3.2 Energy balances

Based on Figure 3.3, three energy balances can be made to describe the DTR and the nearby
units of interest: 1) Calciner, 2) Heat exchanger.

Design basis values for the energy balances are collected partly from Samani’s master thesis
and a report from phase 1 of the ELSE project. The parameters are listed in Table 3.4 [6, 26].
R. Jacob’s master thesis, “Gas-t0-gas heat exchanger for heat utilization in hot CO: from an
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electrically heated calcination process,” is used to define the design basis values for the heat
exchanger energy balance [26].

Table 3.4: Design basis values - energy balances

Parameter Unit Design basis values
Tref °C 25 (pref =1 atm)
Tonm °C 658
T car °C 900

T air,exc °C 225
Tcoz cal °C 900
AT gx min K 100
Hq Mj -3.6
kgcoz
Hother,cal Mj 0.3
kgcoz
Nelheat - 98%
Mgy t 71
h

3.3.2.1 Energy balance DTR

The DTR can be viewed as a two-part system composed of two sections, where the top section
is reserved for preheating of the raw meal, and the bottom section is where the calcination
reaction occurs; thus, two energy balances can be derived. The heat loss from the DTR to the
surroundings is neglected.

Preheat zone:

Assuming steady-state, the energy balance of the DTR’s preheat zone can be described by
Equation (3.7), where the sum of the inlet energy, Eppm,» [MW], and the generated energy,

Egenpn [MW], equals the energy of the heated meal before calcination occurs, Epeqi900°c

[MW]:
Ephm,in + Egen,ph = Emeal,900°C (3.7)

The energy provided into the system is calculated using Equation (3.8) and consists only of the
raw meal's energy.

Ephm,in = mphm,incp,phm (Tphm - Tref) (38)

The mass flow rate, 1m,pm in [kTg] is given in Table 3.3, C, ,pm [kgLK] is the specific heat of

the preheated meal at constant pressure evaluated at the inlet temperature of the meal
(Tonm [K1) and T,..r [K] is the reference temperature listed in Table 3.4.
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Energy generated in the preheat zone, Eg,, ,, [MW] only consist of one element, the electric
energy for preheating the meal, E; ,, [MW], (Equation (3.9)).

Egen,ph = Eel,ph (3.9)

The electrical energy used in the preheat zone is calculated using Equation (3.10), which is the
energy the meal obtain just before calcination occurs minus the inlet energy:

Eel,ph = Emeal,900°C_Ephm,in (3.10)

Further, Ejear0000c [MW] is the energy used to heat the meal to calcination temperature from
the reference temperature, T,..¢[K], described by Equation (3.11):

Emeal,900°C = mphm,incp,phm,%o"c (Tcal - Tref) (3'11)

The energy supplied required to heat the meal to desired calcination temperature,
Eeisuppiypn [MW], can be determined by Equation (3.12):

Eeipn (3.12)

Eelsupply,pn =
nel,heat

The efficiency of transforming the electricity to heat is a design basis value (Table 3.1).
Reaction zone:

The governing energy balance of the reaction zone is expressed by Equation (3.13), where the
energy into the reaction zone is the outlet of the preheat zone, E,eq;9000c [MW] (described
by Equation (3.11)), plus the energy generated by the calcination, Egey cq [MW], minus the
energy out the DTR, E,,; [MW]:

Emeal,900°C + Egen,cal - Eout,cal =0 (3.13)

The energy out is the sum of the energy in the CO: gas, E¢p,q [MW], and in the calcined
meal, Epeqicar IMW] (Equation 3.14):

Eout,cal = ECOZ,cal + Emeal,900°C (3-14)

The generated energy in the reaction zone consists of three terms, energy due to electrical
heating, Eg cq [MW] , calcination, E., [MW] , and other meal-related reactions,
Eother,cal [MW] (Equation (3-15)):

Egen,cal = Eel,cal + Ecal + Eother,cal (3-15)
The energy provided by the CO- gas from the calcined meal is expressed by Equation (3.16):

ECOZ,cal = mCOZ,cale,COZ,cal(Tcal - Tref) (316)

Cp,coz,cal [kgLK] and Cpmeatcal [kgLK] are the specific heat of the CO: and meal at constant

pressure evaluated at T,,;[K], respectively.
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The generation terms for the calcination and other meal-related reaction are expressed by
Equation (3.17) and (3.18), respectively:

Ecar = mCOZ,cachal (3-17)
Eother = mCOZ,calHother (3-18)
.. MJ . M]
The enthalpy of calcination H,y [—] and other meal-related reactions H,iper ca [—
) ) ) "~ Lkgcoz ’ kgcoz
are listed as basis design values in Table 3.4.
Electrical energy for the calcination can be expressed with Equation (3.19):
Eel,cal = Eout,cal - Emeal,900°C - Ecal - Eother (3'19)

Thus, the supply of electrical energy required for calcination is obtained with Equation (3.20):

Eel,cal (3.20)

nel,heat

Eel,supply,cal =

The same conversion efficiency, 71 neqe [—1, is valid for both the preheat zone and calcination
zone. The design basis value for the efficiency is listed in Table 3.4.

3.3.2.2 Energy balance heat exchanger

The exiting CO: gas from the calciner carries a significant amount of sensible heat. To utilize
this heat, the heat should be transferred to another medium, such as air. Figure 3.3 includes a
heat exchanger that aims to cool down the CO: gas exiting the DTR and heat air used for
preheating purposes in the cyclone towers.

Two alternatives based on the heat capacity rate definition (C % mgqsC, 4qs) Can be applied
to calculate either the temperature of the exiting CO: gas, Tcpzcootea [K], OF the air exit
temperature, Tqir excnoe [K]- If the heat capacity rate is higher for the air than the CO: stream,

then Equation (3.21) can be applied. If the heat capacity rate is lower for the air stream than for
the CO: stream, Equation (3.22) can be applied.

The temperature of the cooled CO: gas is given as the sum of excess cooling air temperature
Tairexc [K] and a minimum temperature difference in the heat exchanger, ATyx min [K]
(Equation (3.21)):

TCOZ,cooled = Tair,exc + ATHX,min (3-21)

The excess hot air temperature can be calculated by subtracting the minimum temperature
difference in the heat exchanger ATyx min [K] from the hot CO: temperature, T.q[K]
(Equation (3.22)):

Tair,exc,hot =Tear — ATHX,min (3-22)

By applying a heat balance for the heat exchanger, the temperature of the excess cooling air
can then be given as in Equation (3.23):

mCOZ,cal ' Cp,COZ,HX ’ (Tcal - TCOZ,cooled) (3-23)

Tairexchot = Tair,exc ; C
Myir,hot p,air,HX
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J
Whel’e Cp,COZ,HX [kg_K

temperature of the hot side of the heat exchanger, C 4irnx [k;—K

constant pressure of the air at the average temperature of the cold side of the heat exchanger,
and Mgy ot [%] is the mass flow rate of air from the clinker cooler.

] is the specific heat at a constant pressure of CO: at the average

] is the specific heat at a

3.3.3 Specific heat capacity

The specific heat capacities [%] for CO- and air under constant pressure are found using

Equation (3.24), while the specific heat capacity of CaCO:s is found using Equation (3.25). [26]
C, =a+bT +cT? +dT? (3.24)

Cp=a+bT +cT? (3.25)

The parameters a, b, ¢, and d are listed in Table 3.5. [26]

Table 3.5: Parameters for calculating the specific heat capacities.

Compound | Temp. a b c d Validity
unit 10° 105 108 102 | [Temp. unit]
Calcium K] 82.34 4.975 -12.87-10% - 273-1033
carbonate
Carbon [°C] 36.11 4.233 -2.887 7.464 0-1500
dioxide
Air [°C] 28.94 0.4147 0.3191 -1.965 0-1500

Specific heat capacity is a temperature-dependent parameter, and the validity for the adjustable
parameters (a, b, ¢, d) are given in Table 3.5. The C, value calculated using this information
is assumed to be valid for CaCOs, though the temperature might be below the validity limit.

3.4 Design of DTR and adjacent units

The following subchapters describe equations and theories on designing the DTR and the
adjacent units of the DTR.

3.4.1 DTR

To effectively process the raw meal to desired calcination degree, the design of the DTR is
important. Essential design factors include:

The volumetric flow rate of raw meal

The volumetric flow of produced gaseous CO:2
Heat transfer rate

Cross-sectional area

Terminal settling velocity (particles)

Velocity medium (fluid)
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Diameter

Height

Arrangement of tubes

Simplicity regarding manufacturing
Number of units (tubes)

Footprint (area)

Costs

The volumetric flow rate can be determined by Equation (3.26), and equal to the mass flow
rate, 1 [2], divided by the density, p [2]
m (3.26)

p="
p

Applying the ideal gas law, the density of a substance can estimated (Equation 3.27).

_ M (3.27)
P=RT
m3Pa
K-mol

Where P [Pa] is pressure, M [%] is the molecular weight, R [ ] is the universal gas

constant, and T [K] is the temperature.

Based on the energy balances discussed in Chapter 3.3.2, the heat transfer rate can be
calculated.

The cross-sectional area is determined by the volumetric flow rate divided by the fluid velocity,
m - .
Un [?] given by Equation (3.28).

1% (3.28)

Further, by applying Equation (3.29), the diameter of a cylinder can be determined based on

the cross-sectional area.
! 3.29
D= 4 - Across ( )
T

The heat transfer area is determined by the heat transfer rate and the heat flux. Thus, the heat
transfer area for each section of the DTR is calculated with Equation (3.30).

_ Qsection (3.30)

Aheat,section 7
qsection

The height of each section of a cylinder can be equated by Equation (3.31) from the heat
transfer area.

h _ Aheat,section (331)
tsection —
' m-D
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3.4.1.1 Pressure drop
The height lead to a pressure drop across the tube and can be calculated with Equation (3.32).
[28]

Where p [%] is the fluid density, g [Sﬂz] is the gravitational accelerationand Ah [m] is the
height difference.

3.4.1.2 Strength analysis
To dimension the wall thickness of the reactor, some assumptions are made:

e The wind is the major external force acting on the DTR wall, which is the only
contributor to shear stress.

e The weight “dead load” of the reactor is the primary source of internal forces acting on
the DTR.

The impact of particle collisions on the inside wall and other minor contributors is assumed to
be minimal and neglected in this study.

The thickness of the wall can be estimated by evaluating the size of the stresses acting on the
DTR, with the allowable tensile and yield stresses for a specific material. To assess the impact
of dead load on the DTR, Equation (3.33) can be applied. [29, 30]

_ Fdead,load (3-33)

Odead,load — 2
cross

Where Fieqqi0aa [N] is the force of the dead load, and A.,.ss [m?] is the cross-sectional

area. The cross-sectional area is estimated using Equation (3.34) and the force by Equation
(3.35).

T
Across = Z : (Doz - Dlz) (334)

Where D,, D; [m] is the outer and inner diameter, respectively.

Fdead,load =m-g (335)

Where m [kg] is the mass of the cylinder, and g [Sﬂz] is the gravitational acceleration.
The mass can be calculated with Equation (3.36).
m = pmae -V (3.36)

3

cylinder and calculated with Equation (3.37).

Where ppmat [:‘;—g] is the density of a specific material, and V [m3] is the volume of the

V=23 =D}k, (3:37)

Where h; [m] is the height of the cylinder tube.
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The external wind force acting on the tube is by nature varying in intensity and strength. Thus,
to dimension the wall thickness, a guide such as NORSOK N-003 can be applied. [31]

In this study, the wind is regarded as an evenly distributed force acting on the reactor wall. The
reactor tube is fixed at the top and bottom to some sort of framework. Equation (3.38) is used
to calculate the wind force. [32]

CD * Pair * Asurface ' véir (338)
Fyina = 2

Where Cp [—] is the drag coefficient, pg;, [:l—g] is the density of air, Agyrace[m?] is the

3

surface area projected normal to the wind, and v;, [%] is the wind velocity.

The drag coefficient is different for all geometries, and for a tall upright cylinder, 0.8 is the
proposed value [32]. The projected area exposed to the wind can be regarded as half a cylinder,
i.e., the wind is blowing from one side and is calculated using Equation (3.39).

D 3.39
Asurface =" (E) “he ( )

In compliance with NORSOK N-003, the wind velocity must be based on wind measurements
over a period of time at the location of interest. Norsk Klimaservicesenter’s database of wind
measurements can be used (Figure 3.4). [33]

Heyeste middelvind (mnd)
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- Langeytangen Fyr

Figure 3.4: Wind measurements collected from Langgytangen Fyr. Measurement from 1974 to 1990. [33]

The impact of the wind force is regarded as an even distributed load. Since the cylinder is fixed
at both ends, the maximum stresses are largest in the middle. Equation (3.40) equates the evenly
distributed wind load:
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_ Fuina (3.40)
Qwind = h
t

The wind force applied to the reactor wall induces a bending moment on the cylinder, which
can be equated applying Equation (3.41).

Mb _ CIWing ’ hg (3-41)

The stress due to bending can be calculated with Equation (3.42).

M, 3.42
0 =" (3.42)

Where I [m*] is the second-order moment of inertia.

As before mentioned, the maximum allowable stress, yield and tensile, must be evaluated for
a specific material at specific operating conditions. An example of a maximum stress chart is
shown in Figure 3.5. [34]

Tensile Strength

~ Yield Strength /\
160 N\ /

R WA
| /

Elongation / \
N

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Temperature, °F

/

Stress, ksi

Elongation, %

0

Figure 3.5: Maximum yield and tensile stresses, Inconel 718 [34]

With specified allowable stresses and estimated stresses, a trial-and-error analysis can
determine the thickness of the reactor wall. The minimum thickness is found when the
allowable stress multiplied with a safety factor, and the calculated stress is equal (Equation
(3.43)).

Omax = Oe¢ * fsafety (3.43)

The heating elements should transfer heat efficiently to the particles through the reactor wall.
Thus, a thin wall is desired, which contradicts the requirement of the strength analysis.
Equation (3.44) is used to calculate the necessary outside surface temperature T, ¢sige [K].
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q" (3.44)
Toutside = Tinsidze + N
()
nlwi. w1l . . .
Where q is the heat flux, k |[—] is the thermal conductivity of the material, and
m2K mK

t [m] is the thickness of the wall. Further, the temperature on the outside must be evaluated
against the properties of the material.

3.4.1.3 Tube arrangement

Several tubes may be necessary to process the raw meal effectively. All the factors mentioned
earlier must be analyzed to find the optimized solution. The space available and the units
footprint, and how to optimize the space available must be considered. Three arrangements are
evaluated: 1) Single-tube, 2) several tubes with quadratic spacing, 3) several tubes in a circular
spacing. Some arrangements are illustrated in Figure 3.6.

Figure 3.6: Arrangement tubes of a single tube, four tubes arranged quadratically, and four tubes in a circular
arrangement.

The arrangement that impacts the total floor footprint can be evaluated by the cross-sectional
area of the tube (for the circular arrangement), including spacing for maintenance and
refractory, by Equation (3.45).

- D?

(3.45)
Afootprint = 4 + Amaintanance + Aref : Ntubes

Where A,gintanance Im?] is an extension of the cross-sectional area (evaluated for the
needed space for maintenance). A,.r [m?] is the required area of the refractory material.

3.4.2 Cyclone

In this thesis, there are two different uses of the cyclone: 1) co-current flow, where the calcined
meal and gas is sent from the effluent tubes to a manifold, then further sent to a cyclone, 2)
counter-current flow, where the gas exits at the top of the tubes are sent to a manifold, then a
cyclone is implemented to separate fine particles from the gas.

Briefly explained in Chapter 3.3, the cyclone’s purpose is to separate the dust particles from
the gas. One cyclone may not be enough to process the total flow. Thus, several small cyclones
may be implemented. In this thesis, only one cyclone is evaluated. Figure 3.7 shows an
illustration of a Lapple cyclone with design lengths.
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Figure 3.7: Lapple cyclone with design lengths [35]

Three cyclone design values depend on the application: 1) High efficiency, 2) Conventional,
3) High throughput. Design parameters for Lapple cyclones, with these three designs, are listed
in Table 3.6. [35]

Table 3.6: Lapple cyclone design parameters [35]

High Efficiency Conventional High throughput
Height of inlet: 0.5 —-0.44 0.5 0.75—-0.8
H/D
Width of inlet: 0.2-10.21 0.25 0.375-10.35
w/D
Diameter of exit gas: 04—-0.5 0.5 0.75
D./D
Length of vortex finder: 1.5-14 2.0 —1.75 1.5-17
S/D
Length of body: 1.5 - 1.4 2.0 —1.75 1.5-1.7
L,/D
Length of cone: 2.5 2 25-2
L./D
Diameter of dust outlet: 0.375—-0.4 0.25-0.4 0.375-0.4
D,/D

The cyclone must be able to separate fine particles from the gaseous flow, and the efficiency
can be calculated with Equation (3.46). [35]

3.46
1(dy) = (3.49)

d 2
1+ (ﬁ>
dp
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Where ds, is the cut size, i.e., particles with a diameter (d,,) larger than the cut size diameter
has more than 50% removal efficiency. [35]

Equation (3.47) describes the cut size.

L 5 toms W (3.47)
>0 Z'E'ui'N'(pp_pgas)

Where g4, [Pa s] is the dynamic viscosity of the gas, w; [?] is the inlet velocity of the gas,

Ppart [%] and pgqs [%] are the densities of particles and the gas, respectively. N is the

number of rotations the gas flow makes before turning upwards, given by Equation (3.48) and
defined by the length of the cyclone body, length of cone, and inlet height. [35]
L, + 1 L, (3.48)

2
N =
H

An essential characteristic of the cyclone is the pressure drop. The pressure drop is dependent
on design dimensions (H, W,and D, Table 3.6), aconstant K value in the range of 12-18 (16
recommended), the density of the gas, and the inlet velocity. Equation (3.49) describes the
pressure drop.[35]

_Apgas-ul-K-H-W (3.49)

AP
2 DZ

3.4.3 Heat exchanger

How to design a heat exchanger (HX) is not included in this thesis. However, to estimate the
number of HX’s needed to cool down the gaseous CO: to an appropriate storage temperature,
the pressure drop across the HX’s, and the cost, Jacob’s thesis is used as inspiration. [26]

The area of the HX is calculated applying Equation (3.50).

Ao Q (3.50)
~ UATy,

Where Q [MW] is the duty, and U [szVK] is the overall heat transfer coefficient. The

logarithmic mean temperature can be estimated by evaluating the hot and cold streams in and
out of the heat exchanger (Equation (3.51)). [26]

AT, = (Th,in - Tc,out) - (Th,out - Tc,in) (3-51)
fm In (Th,in - Tc,out)
Th,out - Tc,in

The pressure drop across the HX is dependent on several factors. However, according to Jacob,
the pressure drop mainly increase due to an increase in fluid velocity and the number of tube
passes. Figure 3.8 shows how the pressure drop along the tubes reduces with an increasing
number of HX’s in parallel. The same behavior is observed in the pressure drop along with the
shell (Figure 3.9). [26]
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Pressure drop along tube
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Figure 3.8: Pressure drop along tube with an increasing number of HX's, calculated by Jacob [26]
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Figure 3.9: Pressure drop along shell with an increasing number of HX's, calculated by Jacob [26]

3.4.4 Fan

The implemented fan must compensate for the pressure drops across the DTR, cyclone, and
HX(s). One of the design cases — the co-current flow of particles and gas — requires the fan to
do additional work to counteract the natural buoyancy of the CO- gas.

The power required to compensate for the pressure drop can be obtained using Equation (3.52),
assuming isothermal conditions for the fan. [36]

) R
_ Cp - Tin * Tico2 . Pout]@ 4 (3.52)
Pin

el

nfan

Where C, [%] is the specific heat capacity of the fluid, T;, [K] is the inlet temperature,
Nfuia [mTOI] is the molar flow of the fluid, 7¢4, [—] is the efficiency of the fan, p,,. [bar]

] is the

m3Pa
mol K

and p;, [bar] is the outlet and inlet pressures of the fan, respectively, and R [
universal gas constant.
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3.5 Heat transfer in the DTR

As mentioned in Chapter 2.8, the heat transfer from the reactor walls to the raw meal is
convection and radiation. How these heat transfer mechanisms affect the particles, the CO: gas,
relevant parameters, and other factors are described in this chapter.

3.5.1 Nusselt number

The Nusselt number can be determined from an empirical correlation. According to Incropera
etal., for a fully developed hydrodynamically and thermally turbulent flow in a smooth circular
tube, the empirical correlation of the Nusselt number (Equation 3.53) is recommended. This
correlation is based on the Reynolds number (flow regime), the Prandtl number (ratio of
momentum and thermal diffusivity), and the dynamic viscosity. [37]

4 1 (li)o.m (3.53)

Nup = 0.027 - Rej - Pr3 -
0.7 < Pr < 16700
Rep > 10000

L>1O
D=

All properties except u, should be evaluated at the mean temperature of the fluid T, [K].
The mean temperature is calculated by determining the maximum temperature the CO- gas will
be heated, by the contribution of radiative and convective heat transfer [37].

To use Equation (3.53), the Reynolds number must be above 10000, the Prandtl number must
be larger or equal to 0.7 and less or equal than 16700, and the ratio of height to the diameter of
the tube must be larger or equal to 10. [37]

The Reynolds number can be determined by Equation (3.54), where p, [:L—g] is the density of

3
the gas, u,, [%] is the mean velocity of the fluid, D [m] is the characteristic length of the
tube (diameter) and u [Pa - s] is the dynamic viscosity of the gas:

Pg - Um D (3.54)

The Prandtl number for the CO. gas is found by Equation (3.55), where v [mTZ] is the

Kinematic viscosity and ay;sr [mTz] is the thermal diffusivity. [37]

v (3.55)
Qaiff

Pr =

3.5.2 Gas radiation absorption

Gases with a dipole moment and higher polyatomic gases can emit and absorb radiation
(transmissivity T < 1, emissivity & > 0, absorptivity a > 0). Such gas is CO, which is the
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only gaseous specie within the DTR. To determine the maximum temperature the CO- gas can
be heated to, the impact of radiation heat on the gas must be determined. [37]

The heat flux between the CO2 gas and the reactor walls is given by Equation (3.56), where &
is the emissivity of the gas, T, is the temperature of the gas, and « is the gas absorptivity
[38]:

ngZ,rad = O'(Eng - aGTstr) (3.56)
Further, the characteristic mean beam length, which depends on the enclosure's geometry,

needs to be determined. Table 3.7 is a table adapted from Geankoplis' “Transport processes
and unit operations.” [38]

Table 3.7: Mean beam length for gas radiation, adapted from [38]

Geometry of enclosure Mean beam length, L
Sphere, diameter D 0.65D
Infinite cylinder, diameter D 0.95D
Cylinder, length = diameter D 0.60D

The total emissivity of CO- gas at a total pressure of 1 atm can be found using Figure 3.10. The
emissivity is found by multiplying the partial pressure of CO: with the characteristic mean
beam length (P;L) and read of the graph at temperature T,. The absorptivity can be found in

a similar matter. However, the temperature T,,- and the parameter (P; Z) is replacing
lar matter. H the t ture T, d th ter (PglL = |
G

(PgL). Finally, the value read of the y-axis is multiplied with (TT—G) to obtain the absorptivity
(ag)- [38]
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Figure 3.10: Emissivity diagram of CO: at a total pressure of 1 atm [38]
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3.6 Gas recycling and waste streams

One of the main objectives of this thesis is to assess the need for gas recycling. The reactor
does not require any recycling. However, investigating the surrounding system, heated air is
sent to cyclone towers to preheat the raw meal, as explained in Chapter 3.3. Throughout the
system of interest, there are sources of heat loss:

e Tall tubes may require the use of elevators to process the meal. Thus, heat loss due to
transport is expected.

e The hot gas exiting the heat exchanger contains heat with no use, which is expected to
be a significant loss.

e Heat losses from the surface of tubes.

e Heat loss through reactor refractory wall.

The waste heat from the HX can be estimated by Equation (3.57).
QW,HX =m- Cp : (TCOZ,cooled - Too) (3-57)

Where m [%g] is the mass flow rate, C, [kgLK] is the specific heat capacity of the mass,

Tcoz,cootea K] is the outlet temperature of the HX, and T, [K] is the ambient temperature.

A composite calculation approach can be used to determine the heat loss through the
refractory of the reactor. Equation (3.58) is the general formula for composite calculations.

q" =U-AT (3.58)
Where U [szVK] is the overall heat transfer coefficient calculated with Equation (3.59), and
AT [K] is the temperature difference of the inside and outside.
1
U= (3.59)
T, 1
h ' k/t

The conduction and convective heat fluxes can be expressed with Equation (3.60) and (3.61),
respectively.

n o _k 3.60

Qcona = e (Tin — Toue) ( )

Geonv = I - (Tout — Too) (3.61)

Where h [mZK] is the convective heat transfer coefficient, k [ﬁ] is the conductive heat

transfer coefficient, and t [m] is the thickness of the wall.

The heat loss can be calculated by Equation (3.62), where the flux is multiplied with the
surface area.

Qrefractory = q” 'Asurface (362)
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4 Design calculations

The following chapter determines the sizing of the system, both regarding dimensions and heat
transfer. The following questions should be answered:

- How are the residence time and settling velocity influenced by the particle size? —
Single particles and the entire PSD.

- What is the ideal heat transfer coefficient from the tube wall to the particle?

- How long do the particles need to be heated to inlet temperature, and how long does
it take to heat the particle to the calcination temperature?

- How significant are the losses?

a. If there are losses, can they be utilized to contribute to the system?

- What are the sizes, dimensions, numbers of equipment that are not already
accounted for in sub-objective 2?

- How is the maintenance of equipment/system accounted for (area)?

4.1 Design 1: Counter-current flow of gas and particles — single
particle theory

One of the main objects of this study is to determine the height of the DTR — most likely a big
contributor to total cost — and ultimately the determinator if the concept is realizable or not. To
do so, a calculation procedure (Figure 4.1) is developed. The procedure is based on the energy

balances listed in 3.3.2, an overall heat transfer coefficient U [mVZK], and a design basis feed
rate.

1. Choose a design basis feedrate.

v
2. Calculate the amount of CO. gas produced during
calcination. (94% calcination degree)

3. Calculate the heat transfer supplied both in the preheat
zone and calcination zone. (Q = Qpn + Qcal)
v

4. Determine the heat transfer area.

(Q=UAATy)
v
The raw meal consist of a wide range 5. Calculate the volumetric flow rate of the CO- gas.
of particles diameters, all with v

LG EL set@lmg alEel 6. Choose a mean velocity of the gas based on the terminal
Thus, the mean velocity of the gas——— . . .
settling velocity of the particles.

should be optimized such that only v

EE: ;&aléisct p:frtlz!seesosgecgfected by 7. Calculate the cross sectional area required for the DTR
yancy ot g : based on the volumetric flow rate and the mean velocity.
A
v

8. Calculate the diameter of the DTR. (D = sqrt(4Acoss/T))

v
9. Calculate the required length of the reactor.
(ht = Aheat,transfer/D)
v
10. Calculate the number of tubes necessary to process the
meal of interest. (Nypes = Navaitable)

Figure 4.1: Design calculation procedure, height DTR to evaluate the single particle theory of counter-current
flow of gas and particles.
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4.1.1 Calculation example assuming single particles (no clustering)

Following the steps suggested by the procedure (Figure 4.1), this example aims to determine
the height of tubes necessary in the DTR unit to process a chosen feed rate of raw meal. The
calculations are done on a mol-basis.

Table 4.1: Design basis values single particle theory procedure

Parameter Unit Design basis values
mphm,in E 10
h
Wcaco3 - 0.7760
Tref °C 25 (pres = 1 atm)
Tphm °C 658
Tcal °C 900
Tyau °C 1050
U w 250
m2 K
U m 0.2
S
H g MJj —0.1584
molco,
Hother,cal M] 0.0132
mol,y»
nel,heat - 98%

(1) The feed rate is given 10 [t/h]:

. kg
mphm,in =10 H = 2.78 ?
Mphm,in 2.78 mol
T in = = = = 27.75—
PRI T M caco,  100.0869 - 1073 s

(2) Applying Equation (3.2) and (3.4) the amount of CO: produced from the calcination
process can be determined:

_ Mooz _ 07760 =201 _ 43412
Wco2,proda = Wcaco3s MCaCO3 - 100.087 o

: : kg
Mco2,phm,100% — Wcoz,prod * Mphm,in = 0.3412 - 2.78 = 0.948 ?

: . kg
mcoz‘prod = mcoz‘phm‘loo% . X = 094‘8 . 094‘ = 0891?
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. 0.891 mol
Mcozprod = g1 10=3 - 2024

(3) The heat transfer rate (Q) from the reactor walls to the meal can be found as the sum of
heat transferred in the preheat zone (Qph) and the calcination zone (Q.4;). The specific
heat capacity of CaCO: is evaluated at an average temperature of 1052.15K,
(Cppnm = 133.52 ﬁ). The temperatures are given in Table 4.1. From the energy

balance equations derived in Chapter 3.3.2, the sensible heat is calculated.

. —E _ Eel,ph
Qph — Yel,supply,ph —
Nel,heat

Eel,ph = Emeal,900°C - Ephm,in
Ephm,in = flphm,in ' Cp,phm : (Tphm - Tref)
= 27.75-133.52 - (931.15 — 298.15)

Epnm,in = 2.34 MW

Emear,000°c = Ttpnmin * Copphm * (Tear — Tref)

= 27.75-133.52 - (1173.15 — 298.15)

Eearo00°c = 3.24 MW

Eeiph = Emearo00°c — Ephm,in = 3.24 —2.34 =09 MW

The effective heat transfer rate is calculated using the efficiency of electricity to heat
conversion of 98%, listed in Table 4.1.

0.9

Eelsuppiyph = mMW = 0.92 MW = Qyy,

The sensible heat for the calcination section (Q.4;), is calculated with the specific heat
capacity of the CO: gas is evaluated at the calcination temperature of 1173.15 K,

J
(Cp,COZ,cal = 589 )-

mol K

Eel,cal

Qcar = Esupply,cal =
Nel,heat

Eetcat = Eoutcal = Emeat900°c = Ecar — Eotner,cal

ECOZ,cal = flcoz,prod : Cp,COZ,cal : (Tcal - Tref)

= 20.24-58.9-(1173.15 — 298.15)

Ecoz.car = 1.04 MW

Eoutcal = Ecozcal T+ Emearoo0cc = 1.04 + 3.24 = 4.28 MW

The energies from the calcination and other meal reactions can be calculated as the
product of the molar flow rate of CO- and the enthalpies of the calcination and other
meal-related reactions, using Equation (3.17) and (3.18):
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M and H,ppy = 0.0132 —2

molcoz mOICOZI
Ecar = ficozprod - Hear = 20.24 - (—0,1584) = —3.21 MW
Eother.cat = Tcozprod - Hotner = 20.24 - 0.0132 = 0.27 MW

H.y = —0.1584

The electrical energy in the calcination zone is then:
Eorcar = 4.28 — 3.24 — (—3.21) — 0.27 = 3.98 MW/

) 3.98
Qcat = Esuppiy,cat = 0.98 =4.06 MW
The sensible heat contribution from both preheated and calcination zone is then:
0 = Qup + Qcar = 0.92 + 4.06 = 4.98 MW
(4) Calculating the heat transfer area can be done by applying Equation (3.50).
_Q
U - ATy,

AT, [K] is the logarithmic mean temperature and can be calculated for the preheated
section using the operating temperature of the reactor (T,q; = 1323.15K), the
calcination temperature (T,,; = 1173.15 K) and the temperature of the preheated meal
(Tynm = 931.15 K).

(Twall - Tcal) - (Twall - Tphm)
ATlm = T — T
In ( wall cal )

wall — Tphm

Q=U'A'ATlm_)Aheat=

_ (1323.15 - 1173.15) — (1323.15 — 931.15)

Tim = EBL-1BIT) = 19K
In

1323.15 -931.15

0.92 - 106
Aneatph = 55077519

The mean temperature in the calcination section (T, c4;) iS the average of the operating
temperature and the calcination temperature.

Twau + T
Trncal = w = 1248.15K

By substituting Tpp., With T, o4, the logarithmic mean temperature for the calcination
section becomes:

ATlm,cal = 1082 K
The heat transfer area required for calcination is then:

2 _ 4.06 - 10°
heatcal ™ 950 . 108.2
The total heat transfer area becomes:

Apear = 14.6 + 150.1 = 164.7 [m?]

= 14.6 m?

= 150.1 m?
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(5) By Equation (3.26) the volumetric flow rate of CO: gas can be found by dividing the
mass flow rate of CO: previously calculated in step (2) by the density of CO2, which is
given by the ideal gas law (Equation (3.27)) evaluated at the calcination temperature.

. mCOZ,prod
Veor =———

Pcoz
The partial pressure of CO: (P¢o,) is approximately equal to 1 atm. R = 8.314 Zz;
is the universal gas constant.
Peos = PCOZMW,COZ

RTcal

101325 - 44.01-1073 kg

Pcoz = g3 117315 0P
. 0.891 m3
Veoz = 0457 = 1.95 e

(6) The chosen mean velocity (u,, [?]) of the fluid is based on the terminal settling

velocity presented in Chapter 2.3. The higher the velocity, the more particles would be
influenced by the buoyancy of gas. However, too low velocity requires a larger cross-
sectional area, which ultimately leads to a large diameter of the DTR. In this example

Uy, =0.2 ? is chosen, but this might not be optimal.
(7) The cross-sectional area is found by Equation (3.28) by dividing the volumetric flow
rate by the mean velocity of the fluid.

Veoa 195
Across = u— = W = 9.75m?
m .

(8) The diameter of the DTR (cylinder) is then (Equation 3.29)):

b j4 Across _ \/4 975 _ oo
T T

(9) If the chosen amount of raw meal were to be processed and calcined in one tube, the
total height would then according to Equation (3.31) be:

N _Apeqr 1467
~ Dm 3527w

=13.26m
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4.2 Design 2: Counter-current flow of gas and particles —
applying clustering effect

The calculation procedure (Figure 4.3) assumes cluster formation. In practical systems,
clustering is expected. Thus, the effective particle diameter is 500 um. The terminal settling
velocity of this particle size is greater at this effective particle size than the 180 pum particles.
As a result, the fluid velocity can be higher, and the diameter of the tube becomes smaller. The
layout of the process is shown in Figure 4.2.

Heated air recycled to

cyclone

A

I

. CO; out including 10 |

Preheated meal in Il varticl
658 °C, 10 t/h small particles Pure Cooled Fan CO:to
’ 900 °C o, co, storag_e>
Cyclone 5 6 7

=t

De-dustin

PTR | Air from clinker

a | cooler
Electrical & preheat | 225 °C
energy ) one 71t/h

—> Solid

d Reaction —— = » Mix solid/gas
Electrical zone 8
energy ——— — 5 Gas

Calcined meal out
=900 °C Ly Inlet rotary kiln

-

2 3

Figure 4.2: Process flow diagram - counter-current flow of gas and particles. The gas exits at the top of the DTR
with some fine particles carried by the gas.
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1. Choose a design basis feedrate.

v
2. Calculate the amount of CO. gas produced during
calcination. (94% calcination degree)

v
3. Choose a mean velocity based on the settling velocity of
the effective particle cluster formation size.

v

4. Calculate the volumetric flow rate of the CO- gas.
A *
5. Calculate the cross-sectional area and tube diameter.

v
6. Calculate the convective and radiative heat flux to the
meal. (Both from reactor walls and gas)

v
7. Calculate the heat rate which is required to preheat and
calcine the meal. (Qgn and Qcay)

v
8. Calculate the heat transfer areas for both sections based
on the heat fluxes and heat rates.

v
9. Calculate the required height of the sections based on
the heat transfer area and diameter.

v

10. Calculate the total height of the reactor.

To optimize the system, the fluid

velocity can be altered. The chosen

fluid velocity will impact the sizing, ———
which ultimately could lead to big

differences in cost.

Figure 4.3: Calculation procedure with an effective particle size of 500 um to determine the necessary height of
one tube.

4.2.1 Calculation example with an effective cluster formation size of 500 um

Applying the calculation procedure (Figure 4.3), the height of the DTR is calculated. The feed
rate of raw meal is 10 % It can be expected that the heat transfer contribution from radiation is

much greater than the contribution from convection. Thus, the calculation is based on radiation
only. Radiation gas absorption discussed in Chapter 3.5.2 is neglected as the fluid is regarded
as non-absorbing for the following example. Appendix F consists of convection contribution
and how the absorbing CO: gas affects the heat transfer.
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Table 4.2: Design basis values cluster formation

Parameter Unit Design basis values
m,,hm,in E 10
h
Weacos — 0.7760
Tref °C 25 (Pres = 1 atm)
Tphm °C 658
T cal °C 900
Tywan °C 1050
&l — 0.9
Up m 1.0
S
Qph MW 0.9
Qcal MW 4.06

(1) Raw meal feed rate:

. kg

mphm'in = 10E = 2.78 ?

. R 2.78 mol
= - =27.75 —

Mptmin = 4 cos  100.0869 - 103 s

(2) CO2 produced (Equation (3.2) and (3.4)):

M .
Weo2 prod — Wceaco3s i = 0.7760 - ———= = 0.3412
’ Mcacos 100.087

. . kg
Mco2,phm,100% = Wco2,prod " Mphmin = 0.3412 - 2.78 = 0.948 ?
. . kg
mcoz'prod = mCOZ,phm,lOO% . X == 094’8 . 094' == 0891 ?

. 0.891 mol

Micozproa = 3357103~ 2024 5

(3) The mean fluid velocity is chosen based on the terminal settling velocity for an effective
particle cluster size of 500 pm.

m
Um = 1.0 ?

1 Emissivity of a grey body [39]
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(4) The volumetric flow rate is calculated by Equation (2.6):

. mCOZ,pTOd 0.891 m
Veor = = =195 —
coz Dcoz 0.457 s

(5) The cross-sectional area and diameter are calculated by Equation (3.28) and (3.29):
_Veop 195

Across = E = W = 1.95 mz

b j4-Am,ss _ \/4 195
T T

(6) The radiative heat flux from the wall to the particles can be calculated using the theory
listed in Chapter 2.8.2.

Preheat section:

The radiation heat flux from the reactor walls to the particles is dependent on two
temperatures, the operating temperature T,,,; [K], and the mean temperature of the
preheated meal T, ,nm [K].

The mean temperature of the raw meal is the sum of calcination temperature T,,; =
1173.15 K and inlet temperature of the meal Ty, = 931.15 K divided by two.

Tor + T
Ty phim = w = 1052.15 [K]

Radiation heat flux (Equation (2.25)):

qgh,wall,part,rad = hrad : (Tm,phm - Twall)

Where radiation heat transfer coefficient is according to Equation (2.26):
hrad,ph =&0 (Tm,phm + Twall) : (TT%L,phm + T\f/all)

. [39]

m2k#4’

The emissivity € = 0.9, ¢ = 5.67-1078

Rraapn = 0.9 -5.67 - 107% - (1052.15 + 1323.15) - ((1052.15) + (1323.15%))

w
hrad,ph = 3464 W

p w
Gpnwatipartrad = 3464 - (105215 — 1323.15) = 93874 —

Calcination section:

In this section of the DTR, the temperature of the raw meal is constant at calcination
temperature T,q; [K]. Thus, the radiation heat flux is given:

qé’al,wall,part,rad = hrad,cal ' (Tcal - Twall)
Rradgcar = 0.9 -5.67 - 107> - (1173.15 + 1323.15) - ((1173.15) + (1323.15)?)

hrad,cal = 398.3 m2 K
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w
Gealwatipartrad = 3983 - (1173.15 — 1323.15) = ~59745 —;

(7) The next step is to calculate the heat rate (Q,, and Q.4;). Both calculated in Example
4.1.1 for the same feed rate of the raw meal (10 t/h):

Qpn = 0.9 MW
Quar = 4.06 MW

(8) The heat transfer area is determined by dividing the heat flux by the respective heat rate
for each section.

Preheating section:
Equation (3.30):

0.9-105 W ,
Aneatpn = ——7 = 9-59m

93874 Z

Calcination section:
(Equation (3.30))

4.06-10°W

Apeat,cal = - w 67.96 m?
59745 Z

(9) Each respective height of section is determined with Equation (3.31) by dividing the
heat transfer area by the diameter and .

Aneatph _ 9.59 _
m-D - 1.57

h — Aheat,cal — 67.96
“™ mg.D " m-157

The total required height to process the chosen feed rate:

hy =19+ 13.8=157m

h'ph =

=13.8m

4.3 Design 3: Co-current flow of gas and particles

By forcing the fluid flow of CO. gas downwards by implementing a fan, as shown in Figure
4.4, the particles are not affected by the upwards motion of the gas. Thus, all particles will exit
the DTR at the bottom exit. The systems arrangement makes it possible to calcine particles of
fine size (0.2 — 20 um), which reduces the sizing of the DTR, and ultimately the cost.
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Figure 4.4: Process flow diagram: co-current flow of gas and particles. The gas exits with the calcined meal at
the effluent of the reactor. The fluid is sent to a manifold before entering the cyclone (manifold is not included
in process flow diagram)

4.3.1 Calculation example with Co-current flow of gas and particles

As stated in Chapter 4.2, the exact heat transfer mechanisms apply, radiation only, neglecting
the heat transfer of convection. However, the exit processing of the particles and gas changes.
The fluid flow and the particles are assumed to have equal velocity, which can be altered by
the design of the fan. This design arrangement forces the gas downwards with the particles,
and the troublesome buoyancy effect on the fine small particles is removed. Design values for
further calculations in this subchapter are listed in Table 4.3.

Table 4.3: Design basis values - Co-current flow of gas and particles

Parameter Unit Design basis values
My hm,in t/h 10
Wcaco3 - 0.7760

Trer °C 25 (prey = 1 atm)
Tphm °C 658
T cal °C 900
Twall °C 1050
& - 0.9
Uy, m/s 2.0
Qpn MW 0.9
Qcal MW 4.06
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Applying the calculation procedure presented in Chapter 4.2, it is shown in Table 4.4 that the
same heat transfer occurs. However, since there is more freedom to choose a fluid velocity, the
dimensions of the reactor are different based on the selected fluid velocity.

Table 4.4: Calculated values co-current flow of gas and particles.

Calculated parameter Unit Value

Vcoz m? 1.95
S

Across m? 0.97

D m 1.11

Aphwallpartrad w 93874
m2

dcatwallpartrad w 59745
mZ

Aheatph m? 9.59

Apeat,cal m? 67.96

Lyn m 2.87

Lear m 20.00

4.4 Residence time and tube height

The residence time and the terminal settling velocity are used to determine the necessary tube
height. Table 4.5 includes design basis values.

Table 4.5: Design basis values - tube height based on residence time

Parameter Unit Design basis values
Uy, m 0.5
S
Vep m 1.2
S
Lres94 S 35
tres,90 N 22

The terminal settling velocity is different from the counter-current and co-current design cases.
The counter-current settling velocity becomes:

Ut,counter = Vtp — Um
m
Vi counter = 1.2 — 0.5 = 0.7?

While the co-current becomes:

Vtco = Vtp + Uy
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m
Vico = 1.2+ 0.5 = 1.7?

According to the required residence time of the particles, i.e., to achieve 94 % or 90 %
calcination, the required height of the tubes for the co — and counter-current designs is
calculated, rearranging Equation (2.19):

hreq,co,94 =V treglg4 =1.7- 35 = 59.5 m
hreq,co,go =V tres,90 =1.7-22=374m
hreq,counter,94 = vt . tres,94 = 07 . 35 = 245 m
h

req,counter,90 — Vt tres00 = 0.7-22=154m

4.5 Pressure drop calculations

The pressure drop of the DTR and the adjacent units needs to be evaluated to calculate the
required power of the fan. Pressure drop calculations across the cyclone are based on equations
from Chapter 3.4.2, while the pressure drop for the HX is based on the results calculated by
Jacob, discussed in Chapter 3.4.3 [26].

4.5.1 DTR

The large volume of the DTR and the low fluid velocity does not increase the unit's pressure
drop. However, the elevation does, and the pressure drop can be calculated by applying
Equation (3.32) in Chapter 3.4.1. The pressure drop is calculated using the design basis values
listed in Table 4.6.

Table 4.6: Design basis values to calculate pressure drop, DTR.

Parameter Unit Design basis values
Pcoz kg 0.457
m3
g m 9.807
SZ
Ah m 20

APprg =p - g -Ah
APprr = 0.457 -9.807 - 20 = 89.64 Pa

4.5.2 Cyclone

Based on the dimensions of the cyclone discussed in Chapter 3.4.2, the diameter can be
determined by choosing a maximum allowed pressure drop. Table 4.7 consists of design basis
values for the pressure calculation.
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Table 4.7: Cyclone design values.

Parameter Unit Design basis values
AP Pa 1000
K2 - 16
Pg kg 0.457

m3
Vfluid m3 41
s
Ppart kg 2711
m3
Kfluid Pa-s 4.65 - 10_5
D, um 30

By trial and error, the suggested diameter of the tube (from the manifold to cyclone) must be
1.76 meters in diameter to achieve the desired pressure drop. The following values have been
calculated.

The inlet velocity:

szuid

D2 aed . 1o8
n(3) = ()

The inlet height H [m], width W [m]And the diameter of the exit gas D, [m] is calculated
using the following relations, tabulated in Table 3.6:

H=047-D =047-1.76 =0.83m

W =0.205-D =0.205-1.76 = 0.36m

D,=045-D=045-1.76 =0.79m

The pressure drop across the cyclone becomes by Equation (3.49):

_ 1pgas-uf -K-H-W 10.457-16.85%-16-0.83 -0.36
2 D2 2 0.792

u; =

AP =988 Pa

4.5.2.1 Cyclone efficiency

The efficiency of the cyclone can be described as a function of particle size and calculated by
Equation (3.46).

1
n(Dp) = Rt
1+ (3)

p

Where the cut size (Ds, [um]) is calculated using Equation (3.47).

2 Suggested value of 16 [35]
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9- Hgas w
D5y = —
2-m- u - N - (ppart pgas)

Where N is the number of rotations the gas flow makes before returning upwards and found
by Equation (3.48).

1
CLy+yl
H

Referring to Table 3.6, the dimensions L, and L. are:
L, =145-D =1.45-1.76 = 2.56 m
L.=25-D=25-176=44m

Further:
256+ 5 4.4
And the cut size:
o 9-4.65-10-5-0.36 oss
50 |2 7-1685-5.75- (2711 — 0.457) > M

Efficiency for a particle size of 30pum:

ncyclone(Dp = 30!””) = > =0.9079 = 90.79%

4.5.3 Heat exchanger

The pressure drop across the shell side of the HX’s is collected from the results of Jacob’s
master thesis, as discussed in Chapter 3.4.3. Jacobs’ system basis is quite similar to the basis
of the design in this thesis. Thus, the required work of the DTR is expected to be like Jacobs’s
results. [26]

Two 1-2 STHE are chosen, which gives a pressure drop of 0.18 bar over the shell. [26]

4.6 Reactor wall thickness

Based on Chapter 3.4.1.1, the thickness of the reactor wall can be estimated. In the following
calculation example, an assumed material with good heat transfer and mechanical properties is
chosen. To find the optimized thickness w.r.t. stresses, a trial-and-error approach is applied.
The outer diameter is based on the results obtained from Chapter 4.3.1. Design basis values for
the stress analysis are listed in Table 4.8.
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Table 4.8: Design basis values - wall thickness.

Parameter Unit Design basis values
atensile,max3 MPa 20
o'yield,max MPa 20
D, m 1.11
D; m 1.10
Pmat kg 8193
m3
g m 9.807
52
h m 30
fsafety - 1.3
Vair* m 40
s
Cq — 0.8
T gir (K] 293.15
P Pa 101325
M ;i g/mol 28.97
R m3Pa 8.314
K mol
1 m* 0.00548
q’ w 93874
m2
k K 30
K

4.6.1 Stress analysis
First, the axial stress by the weight of the cylinder is calculated by Equation (3.33).

_ Fdead,load
adead,load - A
Ccross

3 Inconel 718 is the inspiration of the maximum allowed tensile and yield stresses. The material described in
this chapter is not Inconel 718. [34]

4 The velocity of the wind is based on Figure 3.4.
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The cross-sectional area of a hollow cylinder can be calculated by applying Equation (3.34)
and the chosen inner and outer diameter listed in Table 4.8.

T
Across = Z : (Doz - Dlz)

T
Across = 7+ (1.11° = 1.10%) = 0.01736 m

The force of the dead load is the product of the mass multiplied by the gravitational acceleration
(Equation (3.35)).
Fdead,load =m-g

The mass of the cylinder is found with Equation (3.36) by the density of chosen material,
multiplied by the volume of the shell.

m = Pmae "V

Further, Equation (3.37) is used to calculate the volume.
V= Acyoss -h =7 (DF=D?) - h

V = Agross - h =0.01736 - 30 = 0.521 m3

The mass becomes:

m = 8193 - 0.521 = 4266 kg

And the force of the dead load:

Fieadioaqa = 4266 -9.807 = 41839 N

The axial stress becomes:

o — Fdead,load — 41839
deadtoad Across 0.01736

The next step is to evaluate the bending of the cylinder due to wind force with Equation (3.38).

= 2410462 Pa = 2.41 MPa

2
CD * Pair * Asurface *Vair

Fyina = 2

The density of air is calculated using the ideal gas law (Equation (3.27)):
P-M 101325-2897-1073 kg

Pair = = =1.204—
R Ty, 8.314 - 293.15 m3

It is assumed that the surface area affected by the wind is half the cylinder, thus Equation (3.39)
can be utilized.

D, 1.11 5
Asurface =T - (7) +h=m- (T) -30=52.3m

The wind force becomes:

Cp -« Poir - A v 0.8-1.204-52.3- 402
med: D * Pair ;urface alr: - — 40319 N

The evenly distributed load is found with Equation (3.40), across the height of the cylinder:
Fyi 40319 N
ind _ — 134
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The bending moment can be calculated with Equation (3.41) by evaluating the height of the
tube and the wind force acting on the surface.

_ Gwina h? _ 1344 307

M, 3 8 = 151196 Nm

Finally, the shear stress by the wind according to Equation (3.42) becomes:
M, 151196

op = T = m = 27.58 MPa

The allowable stress is given by Equation (3.44).
O'b'max = fsafety . ayield,max =1.3" 2758 = 3586 MPa

The impact of the wind is far greater than the dead load of the vessel. Thus, this force is
evaluated when deciding on an appropriate thickness of the reactor wall. By trial-and-error, the
minimum thickness is found and shown in Table 4.9. The calculation sheet is included in
Appendix G.

Table 4.9: Thickness results.

Thickness Shear stress

10 mm 74.19 MPa Failure

12 mm 61.20 MPa Failure

25 mm 30.29 MPa Below criti_cal stress, not

optimum

18 mm 41.67 MPa Failure

20 mm 37.60 MPa Failure

21 mm 35.86 MPa Ok!

The calculated thickness can be used to determine the required outside temperature of the
reactor with Equation (3.44). This temperature must be considered when deciding on material.
The highest heat flux is apparent in the preheating section of the DTR. Thus, this is used in this
calculation.

q" 93874
Toutside = linsige T —7C = 1323.15 + ————=1389 [K]

(%) (zr107)
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4.7 Waste stream calculations

To calculate the heat losses of interest, the design basis values in Table 4.10 are used.

Table 4.10: Design basis values - heat loss.

Parameter Unit Design basis values
Toail K 1373.15
T K 293.15
TCOZ,cooled K 616
k w 0.2
mK
houe w 5
m2 K
t m 0.2
Asurface m? 250
Moz kg 18.3
Cpcoz kj 1.086
kg K

Heat loss through refractory:
The heat flux through the refractory to the ambient can be expressed by Equation (3.58):

C[” =U- (Twall - Tout)
Conductive and convective heat fluxes given by Equation (3.59) and (3.60):
qgond = ? “(Twau — Tout)

Geonv = hout * (Tout — Teo)
The heat fluxes must be equal.

" 1 I
Qcond = Yconv = 4

Thus:
qll qll qll qII
—(T —T =—(T —Ty) > 5—+—= —T + T — T
E wall out) hout( out ) E h wall out out
t t
This leads to:
T, —T, 1373.15—-293.15 W
n = wall = = 895.83 —
1 1 11 m?
k/t TR 02/02 "5

The heat loss is found by Equation (3.62), multiplying the flux by the area of the cylinder
(neglecting top and bottom).
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Q=q"-A=89583:250 =223957.5W = 0.224 MW
Heat loss from gas exiting HX:
The heat loss can be found by Equation (3.57):

Qux = Mcoz * Cpcoz * (TCOZ,Cooled — Too)
Qux = 18.3-1.086 - 103 . (616 — 293.15) = 6416256 W = 6.42 MW
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5 Simulations of DTR design

The cases described in Chapter 4 are implemented to Python 3.8 to be simulated. Two key
parameters are expected to have the most significant impact on the DTR design: 1) Fluid
velocity, 2) Operating temperature. The optimized diameter, height, and the number of tubes
necessary to process the raw meal can be determined by changing these key parameters.

The following questions should be answered in this chapter:

- What are the interest for each case?

- What is the purpose of each case?

- Which key parameters are of interest to vary?
- What are the new resulting outputs?

- Which parameter influences the system most?

5.1 Simulation cases

To optimize the design of the DTR, several cases with varying key parameters are simulated
in Python 3.8. The simulation programs are attached to Appendices J and K. All the simulated
cases are based on the same design basis values, which are also included in Appendices J and
K.

5.2 The effect of fluid velocity

The first parameter expected to have the most significant influence on the system is the fluid
velocity. Included in Appendix K is the code used to simulate the effext of fluid velocity. The
diameter is a function of fluid velocity, and by reducing/increasing this parameter, the diameter
IS expected to change accordingly. First, the cases are simulated by keeping the operating
temperature constant.

Table 5.1 shows the key parameters of each simulation case.

Table 5.1: Simulation cases varying fluid velocity.

Case Fluid velocity [m/s] Operating temperature [K] Available height [m]
Case 1 0.5 1323.15 30
Case 2 1.0 1323.15 30
Case 3 2.0 1323.15 30

This simulation aims to determine the optimum height and number of tubes by varying only
the fluid velocity. Further, in Chapter 7, the simulation results are discussed and evaluated
against cost estimates to find the most viable designs.

5.3 The effect of temperature

To evaluate the effect of temperature, the fluid velocity is kept constant, while a set of selected
temperatures and the effect of these temperatures are simulated (Appendix L). The cases are
listed in Table 5.2.
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Table 5.2: Simulation cases with varying temperature.

Case Fluid velocity [m/s] Operating temperature [K] Available height [m]
Case 4 1.0 1500.00 30
Case5 1.0 1400.00 30
Case 6 1.0 1323.15 30
Case7 1.0 1200.00 30

The expected outcome of the temperature-based simulation is that the height is drastically
reduced by implementing a higher temperature. Accordingly, the height is reduced by
lowering the temperature. Thus, higher temperature increases the calcination rate of the
particles, leading to a reduced requirement in size and number of heating tubes.
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6 Cost estimation

One of the primary objectives of this thesis is to estimate the economic feasibility of the
electrically heated DTR implemented in an existing cement plant. The cost estimation aims to
establish an overview of the total cost and the uncertainties of the DTR project.

The following questions need to be answered:

- Which elements are contributing to CAPEX?

- Which elements are contributing to OPEX?

- How should the avoided CO> be calculated?

- Which estimation methods can be applied?

- What are the most important factors affecting the cost?

6.1 Theory

Several methods of estimating costs for the DTR can be implemented based on the information
at hand. In this thesis, two factor methods are applied, the detailed factor estimation and the
capacity factor method. Further, time adjustment, net present value, and cost per captured unit
CO: are discussed.

6.1.1 Detailed factor estimation

This estimation method relies on a factor that accounts for the cost of equipment and the non-
equipment items, such as piping, electrical power, etc. The detailed factor estimation considers
direct cost, engineering cost, administrative cost, and cost of material types and different sizes.
The method is used to estimate the total capital cost of any equipment unit in a plant, such as
the DTR. [40]

N. H. Eldrup at USN Porsgrunn created a detailed factor table (Table 3.1) valid for 2020. The
equipment cost is given in carbon steel. If a material other than carbon steel is used, the
equipment cost can be calculated using a material factor. [41]

The installation cost factor for any material can be determined using Equation (6.1). Where,
ftc 1s the total installed cost factor, f. s is the total cost factor using carbon steel, fq s is
the equipment cost factor using carbon steel, f,; s is the piping cost factor using carbon steel
and finq: IS the material cost factor.

ftc = ftc,cs - feq,cs + (feq,cs ' fmat) - fpi,cs + (fpi,cs ’ fmat) (6'1)
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Table 6.1: Detailed factor estimation table [40]
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6 Cost estimation
6.1.2 Capacity factor method

This method utilizes information about a similar existing plant or equipment unit to determine
new equipment costs. The accuracy of the method is dependent on the similarities of the
equipment compared. The method is an order of magnitude estimate and given by Equation
(6.2). [40, 42]

CB>e (6.2)
Where Cg is the cost of the new equipment, C, is the cost of old equipment and e is an

exponent in the range 0.4 — 0.9. An average value of e = 0.65 is used for many process
facilities. [42, 43]

$B/SA = (Cap ,/Cap,)°

Cost
\logarithmic
scala)

$D

$C
$B
$SA

Cap, Cap, Cap, Cap,

Capacity (ogarithmic scale)

Figure 6.1: Capacity factor illustration [42]

6.1.3 Net present value

The net present value (NPV) is used to analyze the profitability of a project, thus, applied in
capital budgeting. By evaluating the difference in present value of cash inflows and outflows
over a period of time, the NPV can be determined. [43]

The present value of money is given by Equation (6.3), where PV is the present value
(discounted value), Fy is the future value, i is the interest rate (based on the length of one
period), and N is the number of interest periods.

_ (6.3)
PV = Fy e m
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Table 6.2: Discount factors —— vs. number of years. [44]

(1+p)Ni

Discount rate (% per year)
2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5 30.0
0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1 0.98 0.95 0.93 0.91 0.89 0.87 0.85 0.83 0.82 0.80 0.78 0.77
2 0.95 0.91 0.87 0.83 0.79 0.76 0.72 0.69 0.67 0.64 0.62 0.59
3 0.93 0.86 0.80 0.75 0.70 0.66 0.62 0.58 0.54 0.51 0.48 0.46
4 0.91 0.82 0.75 0.68 0.62 0.57 0.52 0.48 0.44 0.41 0.38 0.35
5 0.88 0.78 0.70 0.62 0.55 0.50 0.45 0.40 0.36 0.33 0.30 0.27
B 0.86 0.75 0.65 0.56 0.49 0.43 0.38 0.33 0.30 0.26 0.23 0.21
7 0.84 0.71 0.60 0.51 0.44 0.38 0.32 0.28 0.24 0.21 0.18 0.16
E B 0.82 0.68 0.56 0.47 0.39 0.33 0.28 0.23 0.20 0.17 0.14 0.12
g, 9 0.80 0.64 0.52 0.42 0.35 0.28 0.23 0.19 0.16 0.13 0.11 0.09
'5 10 0.78 0.61 0.49 0.39 0.31 0.25 0.20 0.16 0.13 0.11 0.09 0.07
o 11 0.76 0.58 0.45 0.35 0.27 0.21 0.17 0.13 0.11 0.09 0.07 0.06
= 12 0.74 0.56 0.42 0.32 0.24 0.19 0.14 0.11 0.09 0.07 0.05 0.04
13 0.73 0.53 0.39 0.29 0.22 0.16 0.12 0.08 0.07 0.05 0.04 0.03
14 0.71 0.51 0.36 0.26 0.19 0.14 0.10 0.08 0.06 0.04 0.03 0.03
15 0.69 0.48 0.34 0.24 0.17 0.12 0.09 0.06 0.05 0.04 0.03 0.02
16 0.67 0.46 0.31 0.22 0.15 0.11 0.08 0.05 0.04 0.03 0.02 0.02
17 0.66 0.44 0.29 0.20 0.14 0.09 0.06 0.05 0.03 0.02 0.02 0.01
18 0.64 0.42 0.27 0.18 0.12 0.08 0.05 0.04 0.03 0.02 0.01 0.01
19 0.63 0.40 0.25 0.16 0.11 0.07 0.05 0.03 0.02 0.01 0.01 0.01
20 0.61 0.38 0.24 0.15 0.09 0.06 0.04 0.03 0.02 0.01 0.01 0.01
21 0.60 0.36 0.22 0.14 0.08 0.05 0.03 0.02 0.01 0.01 0.01 0.00
22 0.58 0.34 0.20 0.12 0.07 0.05 0.03 0.02 0.01 0.01 0.00 0.00
23 0.57 0.33 0.19 0.11 0.07 0.04 0.02 0.02 0.01 0.01 0.00 0.00
24 0.55 0.31 0.18 0.10 0.06 0.03 0.02 0.01 0.01 0.00 0.00 0.00

Equation (6.4) is used to calculate the cumulative discounted cash flow at the end of a project
(NPV). [44]

al 1 (6.4)
NPV = ) Fy——
v 2 N+ v
N=0

6.1.4 Equivalent annual cost

The equivalent annual cost (EAC) includes all cost aspects of assets over the entire lifespan.
This includes owning, operating, and maintaining the asset. To calculate the EAC, an annuity
factor needs to be determined. The annuity factor is based on the time value of money and is
calculated using Equation (6.5). [26, 45]

11 (6.5)

0 = (1+ )V
a i
Further, the EAC can be determined by dividing the NPV by the annuity factor, ar (Equation
6.6).
NPV
EAC = — (6.6)
ar

Since the EAC includes all costs, the capital and operational expenditures can be determined
using Equations (6.7, 6.8). Where the net present value of the capital costs (NPV;4pgx) iS the
total installed cost of all equipment, while the net present value of the operational costs
(NPV,pEx), such as electricity for operating the process, salaries, etc.
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NPV¢apex 6.7

EACcpppx = —— (6.7)
ar

NPVopgx 6.8

EACoppx = ———— ©8)
ar

6.2 Material selection

Material selection is a significant cost aspect of the DTR design, and several factors need
consideration when selecting the appropriate material:

Cost

Manufacturing and fabrication
Resistance to withstand high temperature
Good heat transfer properties
Availability

Wear of materials

Sustainability requirements

In this thesis, the two criteria of significance are: 1) Resistance to withstand high temperature,
2) Good heat transfer properties. The challenge is to find a material to satisfy both criteria.

Materials used in high-temperature industrial applications such as calcination reactors, Kilns,
and heaters must consist of high-quality materials classified as exotic materials. Applying a
material that should withstand the high temperature and have good heat transfer properties may
ascend the classification of a super-exotic material has to be selected. [46]

Figure 6.2 is an illustration of the categorization of materials when accounting for corrosion
and temperature. Material factors are listed and dependent on whether the equipment is
machined or welded. [40]

Mareral factors Welded Machined

cs 1,00 1,00 . . .
T 175 130 CS*= CS with corrosion allowance
GRP 1,00

Exotic 2,50 2,50

Corrosion

Non metal
Refectory lined
Special care

-40 0 80 450 950

Temperature Degree C

Figure 6.2: Material selection table [40]
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6.2.1 DTR material selection

In Chapter 6.2, the important factors of material selection are listed. This thesis is based on the
feasibility of an electrically heated DTR concept operating at a high temperature. Thus, a
material factor based on an artificial material is discussed.

Given the material requirements of enduring high temperature and have good heat transfer
properties, it results in a high material factor. A factor of 3.00 is assumed for the super exotic
material when calculating the cost.

Two alternatives of arranging the heating elements in the DTR are evaluated: 1) Heating
elements on the outside of the reactor wall, illustrated by Figure 2.1 (Cloak, heating elements,
air gap, reactor wall), 2) Heating the DTR construction with a current.

In this thesis, the alternative (1) arrangement is further studied. Alternative (2) may be a valid
option. However, there are some problems regarding safety when passing a significant current
through the entire construction.

6.2.2 Heating elements

The heating elements must ensure the correct operating temperature of the reactor tube.
Kanthal APM delivers heating element solutions, and for this study, Superthal modules are
selected. The Superthal concept is based on Kanthal® Super molybdenum disilicide and is
sufficient to deliver the required heat flux. O. Stadum at Kanthal APM provided a calculation
of a module with the specification of inner diameter 250mm, and height 200 mm, which is
included in Appendix M. The cost estimation is based on these dimensions. Figure 6.3 shows
the element. [47]

Figure 6.3: Kanthal APM Superthal module, provided by Kanthal APM [47]

6.3 Adjacent units

The adjacent units must be considered when evaluating costs to implement the DTR to an
existing cement clinker production system. The units are described in Chapter 2.7 and include
a fan, cyclone tower, and a heat exchanger.

6.3.1 Fan

The fan implemented in the system should draw the CO: gas through the cyclone and the heat
exchanger. The temperature of CO: exiting the heat exchanger is calculated in Appendix H to
be about 600 K. Thus, the fan needs to fulfill the following requirements:

85



6 Cost estimation

e Temperature of about 600 K.
e Dilute stream of CO- gas (some dust present since the cyclone is not 100% efficient).
e Medium capacity.

A centrifugal radial fan is selected. The details about the fan are neglected as it is not the unit
of interest.

6.3.2 Cyclone

The cyclone’s purpose is to separate the fine particles in the CO: gas exiting the DTR. Different
cyclone designs separate dust from gas, such as high throughput (HT), conventional, or a high-
efficiency cyclone. However, due to the fine particles, a HE cyclone is applied.

6.3.3 Heat exchanger

Jacob’s master thesis, “gas-to-gas heat exchanger for heat utilization in hot CO: from an
electrically heated calcination process,” is used to obtain necessary design values for cost
estimation calculations. [26]

Table 6.3: Parameters necessary to calculate the area of heat exchanger

Parameter Unit Design basis value
Q Mw 7.6
U w 250
m? K
Thin K 1173.15
Thout K 616.77
Tein K 498.15
Teout K 1073.15

The logarithmic mean temperature becomes ATy, = 109 K, and the area of the heat exchanger
A =279 m?

The design of the HX unit is outside the scope of this thesis. Thus, based on Jacob’s results, it
is assumed that a total of two 1-2 STHE HX’s are necessary to cool down the hot CO.. [26]

6.4 Cost estimation DTR and adjacent units

To estimate the cost of the reactor tubes and the adjacent units, several methods can be applied.
However, in this study, the cost is partly based on previously estimated units and adjusted to
the appropriate unit price for 2021.

The cost estimation for the reactor tubes is based on the material cost and weight of the tube.
To calculate the mass of the hollow cylinder, Equation (6.9) is applied. [48]

D,N\* (D, 2 (6.9)
Mhpoliow,cylinder = T * he - (7) - (7 - t) * Pmat
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Where D, [m] is the outer diameter, h [m] is the height, t [m] is the thickness, and
Pmat [%] is the density of the material. Further, the cost can be found by multiplying the mass

of the cylinder with the specific cost of material C,,,; [%] (Equation (6.10)):

Crupe = Mpoliow,cylinder * Cat (610)
Cost data for the heat exchanger, centrifugal radial fan, and cyclone is collected from a cost
estimation website, which calculates the estimated cost for the year 2002 [49]. To adjust the

data to the current year (2021), the time value of money, currency, and installation factor needs
to be accounted for.

Adjustment time:

A US inflation calculator has been used to find the inflation of USD from 2002 to 2021, listed
in Table 6.4. [50]

Table 6.4: Inflation USD [50]

Year usD
2002 100
2021 147.24

Equation (6.11) can be used to calculate the present cost of the unit.

Value of present money) (6.11)

= o
2021 7 #2002\ yglue of past money

Adjustment currency:

To adjust for the currency from dollar to euro, a calculator from Den Norske Bank (DNB) and
Equation (6.12) can be used [51]. The currency is changed to euro later to be implemented in
the total installation factor.

Ceuro (6-12)

C2021,euro = Czoz1,$ : C

C
Where =22

[euro
Cs

s ] is the exchange ratio.

Installation cost:

The total installation cost in euro is calculated with Equation (6.13) and the total installation
factor (Equation (6.1)).

Cunit,newmaterial,zoz1,euro = ftc ' Cunit,material,ZOZl,euro (6-13)

6.5 Electricity cost estimation

The cost of electricity can be calculated as the present cost of electricity per kilowatt-hour,
multiplied by the effective operating hours of the system and the total electrical demand
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(Equation 6.14). The cost of electricity is excluding taxes and grid rent. Data are listed in Table
6.5 and collected in April 2021 [52].

Ceor = Cel,NOK/kWh “top Eel,supply (6-14)

Table 6.5: Cost of electricity in Norway, April 2021 [52]

Electricity prices in the end-user market, quarterly. @re/kWh
4th quarter 2020 Change in per cent

Bre/KwH Last 3 mos. Last 12 mos.
Households. Total price of electricity, grid rent and taxes 524 13.0 -26.6
Electricity price 2232 542 526
Grid rent 286 0.0 -1.0
Taxes 3.6 57 -137
Households. Electricity price by type of contract. Exclusive taxes
New fixed-price contracts-1 year or less 743 ans A2 g
New fixed-price contracts-1 year or more ! 323 -152 227
All other fixed-price contracts 337 12 5.4
Contracts tied to spat price 02 65.6 554
Variable price (not tied to spot price) 285 250 458
Business activity. Electricity price. Exclusive taxes
Services 183 7 575
Manufacturing excl. energy-intensive manufacturing 176 e 582
ManufacturiEnergy-intensive manufacturing 283 04 -11.0
1 New fixed-price contracts are entered during the measuring period, and older fixed-price contracts are entered earlier.

6.6 Cost per CO; unit captured

Assuming all CO: gas exiting the DTR is stored/captured, the amount of produced CO: during
calcination calculated in Appendix H together with the equivalent CAPEX and OPEX values
can estimate the cost per captured unit of COs..

Yearly produced CO: is the hourly production (1ico2 proa [ﬂ) multiplied by the operational
hours of the system per year (t,, [ﬁ]) given by Equation (6.15).

Mco2 prod,year = Mco2,prod * top (6.15)

The CAPEX per captured unit of CO2 can be determined by Equation (6.16):
EACcapex (6.16)

CAPEXCOZ,captured ==
mCOZ,prod,year

The OPEX per captured unit of CO- can be calculated with Equation (6.17):

EACopgx (6.17)

OPEXCOZ,captured =
mCOZ,prod,year
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The total cost per unit CO: captured can be calculated with Equation (6.18):

Ctotal,COZ,captured = CAPEXCOZ,captured + OPEXCOZ,captured (618)
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7 Results and discussion

This chapter includes both the results and discussion. The first part consists of the general
design results obtained from the simulations described in chapter 5. Further, the three design
cases are evaluated against the simulations. Finally, the costs are discussed for the most
promising cases. The following questions should be answered:

- What are the resulting time, human resources, expenses to alter a system in this
manner?

- What is the total footprint area of the new system?

- What is the impact of the new footprint area?

- How many reactors are necessary to meet the required volume of clinker
production?

7.1 Simulation results

A modified shrinking core model has been applied to investigate the kinetics of a PSD (0.2-
500um) of calcium carbonate with different requirements in calcination degree, shown in
Figure 7.1. A difference is apparent by reducing the calcination degree from 94% to 90%. The
calcination degree is a function of particle diameter. Thus, calcining a particle of 180 um to
94% means that the particles below this size will have a higher calcination degree. Oppositely
for the larger particles. The Python 3.8 program used to calculate the conversion time is
included in Appendix |.

Several benefits may be achieved by reducing the calcination degree, such as 1) reduced sizing
of equipment/units, 2) reduced power demand, 3) reduced CAPEX and OPEX. Negatively, the
diffused CO: in the reactor reduces. Figure 7.2 shows the conversion of particles as a function
of size, where the curves represent the particles when exposed to certain calcination times.

Conversion time as a function of particle size

30 4
—— 94% calcination degree

—— 90% calcination degree

0 100 200 300 400 500
Particle diameter [um]

Figure 7.1: Conversion time as a function of particle diameter. Calcination temperature 1173.15 K.
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Calsination degree as a function of particle size

100 % 0 —$-0-0-0 3-8
0%
80%
70%
60%

50 %

Conversion

40 %

30%

20%

10%

0% - _om 9

0,0001 0,0002 0,0003 0,0004 0,0005
Diameter [m]

o

—8—t=01s —@—t=05s t=1s t=3s —@—1t=55 —@—i=7s —@—(=10s —@—i=12s —@—i=155 —@—(=20s

Figure 7.2: Conversion factor of particles. The curves represent the particles calcination degree with a specified
calcination time, ranging from 0.1 — 20 seconds. Calcination temperature 1173 K.

Figure 7.3 shows the terminal settling velocity of the PSD. The particles are free falling, and
intermolecular interaction is neglected. The terminal settling velocity in the laminar regime
increases exponentially. In contrast, the increase is linear after the transition to the turbulent
regime due to the particles being slowed down by eddies. The Python 3.8 program used to
calculate the terminal settling velocity is included in Appendix J. The smaller particles have a
relatively low settling velocity, which is a problem regarding the buoyant CO: gas.

Settling velocity, Drop Tube Reactor

124 —— Laminar
—— Turbulent
1.0 A

0.8 1
0.6 1
0.4 1

0.2

Terminal settling velocity [m/s]

0.0 A

0 100 200 300 400 500
Particle size [um]

Figure 7.3: Terminal settling velocity, free falling particles in laminar and turbulent regime.
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The diameter of the reactor is based on the velocity of the fluid medium. An increase in velocity
reduces the diameter, as shown in Figure 7.4. For a fluid velocity of 2 m/s, the diameter must

be about 5 meters to process 207 t/h of raw meal in one tube. 0.5 m/s fluid velocity requires a
diameter of above 10 meters to process the same amount.

Diameter as a function of raw meal feed rate

104 —— up, =2 [m/s]
— Up =1[m/s]
— U, = 0.5 [m/s]
8_
£
6T
]
et
1]
&
o 44
[m)]
2-.
0_

0 50 160 150 260
Feed rate [t/h]

Figure 7.4: Reactor diameter with varying fluid velocity, operating temperature 1323.15 K.

Figure 7.5 shows that increased fluid velocity increases the height of the reactor. Thus, with
reduced diameter and increased fluid velocity, the number of tubes to process the meal
increases, shown in Figure 7.6.

Height as a function of raw meal feed rate

100 + —— upy = 2 [m/s]
— Um =1[m/s]
—_— Um = 0.5 [M/s]
80 A
.E. 60 -
e
=
o
£ 401
20 +
0_

0 50 1(|)0 150 2(|)0
Feed rate [t/h]

Figure 7.5: Height of the reactor tube, temperature 1323.15 K, 94% calcination degree.
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Number of tubes as a function of raw meal feed rate

s uy=2[m/s]

0 50 100 150 200

e Uyp=1[m/s]

14 T—

0 50 100 150 200

Number og tubes

* Uy =0.5][m/s]

0 50 100 150 200

Feed rate [t/h]

Figure 7.6: Number of reactor tubes. Available height = 25 m, temperature 1323.15 K, calcination degree 94%.

The second key parameter that significantly influences the sizing of the reactor is temperature.
Reducing the operating temperature increases the height of the reactor. Between 1200 K to
1323.15 K, there is a substantial difference of several hundred meters. However, when
increasing the temperature from 1323.15 K to 1500 K, the reduction in height is minimal, as
shown in Figure 7.7. The same phenomenon is shown in Figure 7.8, where the required number
of tubes decreases with increased temperature.

Height as a function of raw meal feed rate

—— T=1500[K]
4001 —— T=1400[K]
— T =1323.15 [K]
T = 1200 [K]
300 -
£
c
S 200 A
Q
I
100 -
0 | //
0 50 100 150 200

Feed rate [t/h]

Figure 7.7: Height of tube evaluated at different temperatures, fluid velocity = 1.0 m/s.
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Number of tubes as a function of raw meal feed rate

2.0
e T=1500[K]
1.5 1
1.0 ;
0 50 100 150 200
2.0
=  T=1400 [K]
w
Q 1.5 A
0
S5
-
o 10 ‘ | | ‘
o 0 50 100 150 200
—_ 3
@ o T=132315[K]
e .
3 21
=
1 1 T
0 50 100 150 200
T=1200 [K
15 [K]
104
5
0 50 100 150 200

Feed rate [t/h]

Figure 7.8: Number of reactor tubes with varying temperature. Fluid velocity = 1.0 m/s, calcination degree 94%,
available height =25 m.

The radiation heat flux for the preheating and calcination section was simulated with varying
operating temperatures, shown in Figure 7.9 and Figure 7.10.

The energy balances show that the preheating of the raw meal requires less heat than the
calcination reaction, which resulted in a big difference in section height. As a result of the
preheating section's short height, the required flux becomes much larger than for the calcination
section. The preheating flux is about 93 kW/m?. In comparison, the calcination flux is about
60 kW/m?, operating with an inner wall temperature of 1323.15 K. The critical flux indicates
amount of energy the heating elements must deliver to the system. Thus, heating modules from
Kanthal ® APM seem a reasonable choice.
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Radiation heat flux preheating section

X T =1500 K] 0
180 - T = 1400 [K]
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Figure 7.9: Radiation heat flux in preheating zone with varying temperature. The simulation was done with a
constant fluid velocity of 1.0 m/s and 94% calcination degree.

Radiation heat flux calcination section
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Figure 7.10: Radiation heat flux in calcination zone with varying temperature. The simulation was done with a
constant fluid velocity of 1.0 m/s and 94% calcination degree.

7.2 Design cases

Three design cases were evaluated in Chapter 4: 1) counter-current flow of gas and particles,
2) counter-current flow of gas and particles applying a clustering effect, 3) co-current flow of
gas and particles. Each case is evaluated in the following sub-chapters against the simulation
results. The operating temperature is set optimal to 1323.15 K (1050 °C) based on the
simulation results in Figure 7.7.
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7.2.1 Counter-current flow — single-particle theory

Chapter 4.1.1 is a calculation example, where 10 t/h of raw meal is processed. At this low feed
rate, the diameter of the tube must be above 3.5 meters because of the low terminal settling
velocity of the particles and the requirement of low fluid velocity. If 207 t/h of CaCOs were to
be processed, the diameter was calculated to be about 16 meters. This design is proven not
feasible and will not be further discussed.

7.2.2 Counter-current flow — applying clustering effect

By applying a clustering effect, the effective particle diameter was evaluated at 500 um. The
fluid flow can be relatively high, resulting in a much smaller diameter (1.76 meters) than
obtained with single-particle theory.

The effective particle size results in a terminal settling velocity of about 1.2 m/s. By
implementing a fluid velocity of 0.4 m/s, the terminal settling velocity becomes 0.8 m/s.
Simulation by a modified SCM (Figure 7.1) shows that a calcination degree of 90% and 94 %
is achievable with calcination times of about 25 and 29 seconds, respectively. The minimum
required height of the tubes for calcination is calculated: 1) 90 % calcination = 20 meters, 2)
94 % calcination = 23.2 meters. Design results are listed in Table 7.1.

Increasing the fluid velocity reduces essential design factors, such as the diameter, because of
the increased residence time of the particles. A fluid velocity of 0.8 m/s, resulting in a terminal
settling velocity of 0.4 m/s, was investigated. 90 % and 94 % calcination can be achieved in
tube heights of 10 and 11.6 meters. Design results are listed in Table 7.1.

There are no specifications on the available space regarding the height or floor area available
for the tubes. Thus, 30 meters, including the framework, and a 30 cm spacing between each
tube are assumed. The footprint results in Table 7.1 are only based on floor area.
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Table 7.1: Results design counter-current flow

Cale. | . [ % Dia[miter Hfrir?]ht Top [K] | Newves[=1  Apooe[m?] | o [?] - [?]
90 % 207 111 20 1323.15 3 293 0.4 08
90 % 50 55 20 132315 8 193 0.4 0.8
90 % 10 2.43 20 132315 21 104 0.4 08
90 % 1 0.77 20 132315 207 159 0.4 08
90 % 207 7.84 10  1323.15 7 340 0.8 0.4
90 % 50 3.85 10 1323.15 16 191 08 0.4
90 % 10 1.72 10 1323.15 42 111 08 0.4
90 % 1 0.55 10 1323.15 207 112 0.8 0.4
94 % 207 11.4 232 132315 2 205 0.4 08
94 % 50 5.3 232 1323.15 4 90 0.4 08
94 % 10 2.36 232 1323.15 21 99 0.4 08
94 % 1 0.79 232 132315 207 164 0.4 0.8
94 % 207 8.01 116  1323.15 6 305 08 0.4
94 % 50 3.94 116  1323.15 12 150 08 0.4
94 % 10 1.76 116 1323.15 42 115 0.8 0.4
94 % 1 0.56 116 1323.15 207 114 0.8 0.4

Based on the above results, the most promising designs are with a feed rate of 50 t/h or 10 t/h.
These configurations have a height that utilizes most of the available space. The diameter is
not too big, which eases the manufacturing. The optimal designs are highlighted in green, and
the worst designs are in orange, in Table 7.1.

The cost of the different “green” designs is calculated by applying the cost estimation theory
from Chapter 6.4. As stated for the material selection of the DTR, a super exotic material is
used, but this is not specified. Thus, the calculations are based on the material properties of
Inconel 718, which may be similar to the desired material. An estimate is shown for the 90%,
10 t/h feed rate design. The rest are listed in Table 7.2.

The mass of the hollow cylinder is calculated by Equation (6.9), where the outer diameter and
height are collected from Table 7.1, the thickness from the stress analysis in Chapter 4.6.1, and
the density of Inconel 718 is 8193 kg/m? [34].

Do\* (D,
Mooy, 10¢/h = T * he - (7) — (7 — t) * Pmat = 26043 kg

The cost per kg Inconel 718 is evaluated from several vendors, and the average cost of 30 $/kg
is used [53]. Thus, the cost of one tube can be calculated with Equation (6.10).

Coo%,10t/n = Moo%,10¢/n * Cin71s = 26043 - 30 = 781268 $
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The cost for all tubes become:

C90%,21,10t/h = C90%,10t/h * Neypes = 781268 - 21 = 16406633 $

Adjustment to NOK:
8.67NOK

C90%,21,10t/h,nok = C90%,21,10t/h T = 142.25 MNOK

Table 7.2: Cost estimation of tubes, counter-current flow.

% Do [m] ht [m] t[m] k_g m [kg] $ Ntubes CNOK [MNOK]
Pm (3 Civ|7—
m kg
90 2.43 20 0.021 8193 26043 30 21 142.25
90 1.72 10 0.021 8193 9184 30 42 100.32
94 5.3 23.2 0.021 8193 66199 30 4 68.88
94 2.36 23.2 0.021 8193 29331 30 21 160.21
94 1.76 11.6 0.021 8193 10904 30 42 119.11

Based on the cost estimation of the tube, it can be argued that the cheapest set of tubes are the
most viable option. However, the impact of the diameter in terms of manufacturing is not
included. This could be assessed in future work.

An important observation is that the 94% calcination degree design is the most promising. This
results from the increased time required for calcination - the height of the tubes increases —
making the total number of tubes less than the design of 90% calcination. However, the
diameter is large, and manufacturing may be costly. The tubes are tall, and it may be necessary
to implement an elevator for raw meal transport. An elevator will impact the system, where the
temperature of the preheated meal reduces due to heat losses, which alters the requirement of
the preheated zone and ultimately affects the total cost.

7.2.3 Co-current flow of gas and particles

Forcing the gas down through the effluent of the DTR seems to be a promising concept.
Problematics such as the particles being dragged with the gas upwards, as for the counter-
current concept, are eliminated. This concept makes it so smaller PSDs can be processed in
smaller process facilities. The fan can alter the velocity of the fluid flow and particles.

The fluid velocity is chosen 0.8 m/s, making the terminal settling velocity of the particles to be
1.1 m/s (180 um). The relatively high velocity has a significant impact on the residence time
and required height for calcination. To achieve a calcination degree of 90 % and 94 %, the
required height of the tube becomes 15.4 and 17.1 meters, respectively. If the effective particle
size is 500 um, it would require about 50.6 and 77 meters to achieve the necessary residence
time. Thus, the feasibility of processing large clusters of particles with this design is not further
discussed.

The sizing required to process particles of 180 pm is evaluated at both a fluid velocity of 0.8
and 1.0 m/s. The results are listed in Table 7.3.
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7 Results and discussion
Table 7.3: Results co-current flow of 180 um particles

Cale. | o [ % Dia[miter Hfrir?]ht Top [K] | Newves[=1  Apooe[m?] | o [?] - [?]
0% 207 7.84 15.4 132315 5 243 0.8 11
90% 50 3.86 15.4 132315 12 144 0.8 11
0% 10 173 15.4 132315 21 56 08 11
% 1 0.54 15.4 1323.15 207 110 08 11
0% 207 7.01 18.2 132315 4 155 1.0 13
0% 50 3.45 18.2 1323.15 8 78 1.0 13
0% 10 1.54 18.2 132315 21 46 1.0 13
0% 1 0.49 18.2 1323.15 207 102 1.0 13
%% 207 8.01 17.1 132315 4 203 0.8 11
94% 50 3.94 17.1 1323.15 8 100 08 11
9% 10 1.76 17.1 132315 21 58 08 11
%% 1 0.56 17.1 1323.15 207 114 0.8 11
94% 207 7.17 20.2 132315 4 163 1.0 13
94% 50 3.52 20.2 132315 8 81 1.0 13
94% 10 1.58 20.2 132315 21 48 1.0 13
9%4% 1 0.50 20.2 1323.15 207 103 1.0 13

The green design options listed in Table 7.3 are most promising based on the dimensions.
Similarly, with the counter-current flow, the feed rates of 50 t/h and 10 t/h have the most
favorable results.

Table 7.4: Cost estimation tubes, co-current flow

% D, [m] ht [m] t[m] Pm [kg m [kg] Civ [$ Ntubes Cnok [MNOK]

Jm3] /kg]
90 173 154  0.021 8193 14226 30 21 77.70
90 345 182 0021 8193 33733 30 8 70.19
90 154 182 0021 8193 14943 30 21 81.62
94 176 171 0021 8193 16074 30 21 87.79
94 352 202 0021 8193 38204 30 8 79.49
94 158 202 0021 8193 17022 30 21 92.98

The cheapest set of tubes are eight tubes, each processing 50 t/h, at the cost of 70.19 MNOK
(90%) and 79.49 MNOK (94%). Reduced height of the pipes is desirable as the necessity of an
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7 Results and discussion

elevator may not be needed. Thus, processing 10 t/h to 90 % calcination with 21 tubes 15.5
meters high may be optimal.

7.2.4 Cost of heating elements

As described in Chapter 6.2.2, Kanthal Superthal modules are chosen to heat the reactor tube.
It is assumed that the entire height of the tubes is covered with elements. Thus, the total
number of elements required for each design is calculated as the tube height, divided by the
element’s height.

hy

Netements = A
element

The designs evaluated are the two cost optimum ones, and the cost of elements are listed in
Table 7.5. The cost of one element is based on websites, such as Alibaba, to select an
assumed cost of 10 kNOK/unit. [53]

Table 7.5: Cost of heating elements based on the required number of elements.

Case ht [m] helement [m] Niupe Neiement . NOK Cer [MNOK]
el,umt[ : ]
unit
C.C° 94% 23.2 0.200 4 116 10000 1.16
C.0° 90% 18.2 0.200 8 91 10000 0.91

7.3 Footprint

Two footprints, both in height and floor space, are compared illustratively from the above-
determined values. Figure 7.11 is the isometric view of the arrangements to emphasize the
height difference, while Figure 7.12 highlights the circular floor arrangement. The most cost
optimum result from Table 7.4 and the second most cost optimum from Table 7.2 is used to
illustrate the differences. The required footprint for each tube includes the tube, spacing for
refractory, and space needed for maintenance. Thus, fewer tubes may be more viable if it is
limiting floor space.

5 Counter-current.

6 Co-current,
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I

Figure 7.11: 4 tubes, 23.2 meters vs. 21 tubes, 15.4 meters.

Figure 7.12: Arrangement 4 tubes vs. 21 tubes.
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7.4 Pressure drop and fan power

The pressure losses across each unit can be determined as described in Chapter 3.4. Across the
DTR, there is a slight pressure drop due to elevation. The height of the two most promising
cases previously described is used to calculate the pressure drop (Table 7.6).

Table 7.6: Pressure drop across DTR.

Case Pgas [kg/m3| g [m/s?] h; [m] APprg [Pa]
Counter-current 0.457 9.807 23.2 104.0
Co-current 0.457 9.807 20.2 90.5

Pressure drop across the heat exchangers are calculated by Jacob [26]:

The HX’s described in Jacobs’ thesis are designed for a similar system described in this thesis.
Thus, the same HX’s are assumed to fit the system. Two 1-2 STHE units are chosen. [26]

Only one cyclone unit is described in this thesis. A high-efficiency cyclone is used for both the
counter-current and co-current cases. The meal is sent through the lines into a manifold from
the exit tubes, which further collects the flows into one line and sends it to the cyclone. The
counter-current cyclone's purpose is to de-dust the gas before it is cooled down by the HX’s
and sent to storage. Thus, this cyclone needs to separate fine particles from the gas. The co-
current cyclone must process the entire flow of gas and calcined meal. As described in Chapter
4.5.2, the maximum allowed pressure drop across the cyclone is 1000 Pa.

The total pressure drop across all units of interest evaluated for the largest pressure drop across
the DTR in the system becomes:

APyoy = APpr + APyy + APeycione = 104 + 18000 + 1000 = 19104 Pa

To compensate for the pressure drop, a radial centrifugal fan with an efficiency of 75% is
implemented, as described in Chapter 3.4.4 and 6.3.1. The power required to run this fan is
calculated using Equation (3.52):

. R
W, = Cp “Tin * Nco2 ) pout]cp 1
n Pin

8.314
B 47.32-616 -416.76 [101325 47.32

Wer = 0.75 82221

-1 |=061MW

7.5 Cost of adjacent units
Applying the theory from Chapter 6, the unit cost can be estimated.

7.5.1 Centrifugal radial fan

The fan is assumed to have the capacity to process all CO: produced during calcination. Thus,
the volumetric flow of CO: calculated in Appendix H is the design basis for the calculation.
Table 7.7 consists of cost estimation data collected. [49]
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7 Results and discussion
Table 7.7: Cost estimation data centrifugal radial fan 2002. [49]

Unit Material Size Year Currency Cost
Centrifugal Carbon steel m3 2002 usD 26259
radial fan 41 5

Equation (6.11) adjustment time:

Value of present money)

C 3=C 3. (
fan,CS,2021,41m fan,CS,2002,41m Value Of paSt money

147.24
Cran,cs2021,41m3 = 26259 - ( 100 ) = 38664 USD

Equation (6.12) adjustment currency (USD to euro):
Cran,cs2021,41m3,euro = 38664 - 0.9103 = 35195 euro
Total installation factor:

Carbon steel can withstand the temperature of the CO- gas due to effective cooling by the HX’s.
Thus, the total installed factor (Equation (6.1)) does not need to be altered regarding the
material.

fte = fre,cs = 8.54

Cran,cs2021,41m3,euro = 8:54 - 35195 = 300570 euro

Adjustment currency (euro to NOK):

Cran,cs2021,41m3 N0k = 300570 - 10.48 = 3149979 NOK = 3.15 MNOK
Table 7.8: Estimated cost of centrifugal radial fan 2021.

Unit Material Size Year Currency Cost
Centrifugal Carbon steel 41m3 2021 MNOK 3.15
radial fan

7.5.2 Heat exchangers

The heat exchanger cost estimation is calculated applying the area specified in Chapter 6.3.3
and the total installed cost factor calculated for Inconel 718 by Jacob (f;;. = 19.26). [26]

The information presented in Table 7.9 has been collected from the cost estimation website for
the calculated area. [49]

Table 7.9: Cost estimation heat exchanger 2002. [49]

Unit Material Size Year Currency Cost
Heat Carbon steel 279 m? 2002 usD 40689
exchanger

Adjustment time:

Value of present money)

C 2=C 2 - (
HX,CS,2021,279m HX,CS,2002,279m Value Of paSt money
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c 40689 (147.24
HX,CS,2021,279m? — 100

Adjustment currency (USD to NOK):
Cux.cs2021.279m?nok = 99910 - 8.63 = 517027 NOK

) = 59910 USD

Equations (6.1) and (6.13) adjusts material and installation:
CHx,inconel,2021,279m2 = fric - CHX,CS,2021,279m2,N0K
Chix inconel,2021,279m? = 19.26 - 517027 = 9957949 NOK = 9.96 MNOK

To sufficiently cool down the CO- gas, two of the chosen HX are necessary for the system.
Thus, the total cost of the HX is multiplied by two.

Cux2 =9.96-2=19.92 MNOK
Table 7.10: Estimated cost heat exchanger 2021.

Unit Material Size Year Currency Cost
Heat Inconel 718 279 m? 2021 MNOK 9.96
exchanger
Total Inconel 718 279m? x 2 2021 MNOK 19.92
7.5.3 Cyclone

The cyclone must endure the high temperature CO: gas, and stainless steel 316 (SS316) can be
applied for this unit.

Table 7.11 shows the cost estimation data collected for a cyclone from the cost estimation
website. [49]

Table 7.11: Cost estimation for cyclone 2002. [49]

Unit Material Size Year Currency Cost

Cyclone Carbon steel 9 m3 2002 usD 123601

S

Adjustment size:

New size\°
Ccyc,CS,2002,144.5m3/s = Ccyc,CS,2002,90m3/s ’ (W)
0.65
Ceyecs20021445m3s = 123601 - (%) = 74143 USD

Adjustment time:

147.24
Ceyecs2021,1445m3s = 74143 - (W) = 109168 USD

Adjustment currency (USD to euro):
Ceyecs,2021,144.5m3/s,euro = 109168 - 0.9103 = 99376 euro

Total installed cost factor and material:
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ftc,55316 = ftc,cs,cyclone - feq,CS,cyclone + (feq,CS,cyclone ' fmat,cyclone) - fpi,CS,cyclone
+ (fpi,CS,cyclone : fmat,cyclone)

fessate = 854 —1+(1-1.75) — 1.22 + (1.22 - 1.75) = 10.21

Ceycss316,2021,1445m3/s = 10.21-99376 = 1014627 euro

Adjustment currency (euro to NOK):

Ceye,ss316,2021,144.5m3/svox = 1014627 - 10.48 = 10633287 NOK = 10.63 MNOK
Table 7.12: Estimated cost cyclone 2021.

Unit Material Size Year Currency Cost
Cyclone SS316 " m3 2021 MNOK 10.63
S
7.5.4 CAPEX

Table 7.13 includes all previously calculated capital expenditures. Both options of tube costs
are implemented in the table. The value to the left is the cost of the counter-current case.

Table 7.13: Total capital cost DTR and adjacent units

Unit Material Currency Cost
Reactor tubes Chapter 6.2.1 MNOK 68.88 70.19
Heating elements Superthal module MNOK 1.16 0.91
Fan Carbon steel MNOK 3.15
Heat exchanger Inconel 718 MNOK 19.92
Cyclone Stainless steel 316 MNOK 10.63
Total - MNOK 103.74 104.80

7.6 Cost of electricity

The cost of electricity is based on the necessary electrical supply to the reactor and running the
fan. By implementing Equation (6.14), the yearly cost of electricity can be calculated. The
systems operational hours per year are based on a similar system and are assumed to be 7315
hly [4].

Cor = Cel,NOK/kWh “Top Eel,supply

The process is considered an energy-intensive manufacturing process. Thus, according to Table
6.5, Ceinok/kwn = 0.283 %. The total energy consumption is the necessary energy supply

calculated in 4.2 and the fan.
MNOK
y

Cer = 0.283 - 7315 - ((107.855 + 0.61) - 10%) = 224.54
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7.6.1 NPV electricity

The NPV of electricity is calculated applying Equation (6.4), assuming an interest rate of 8%,
and the number of years to buy electricity is 25, based on Samani’s master thesis. [6]

N
1
NPVCel = z Cel (1 + l)N
N=0

NPVioy = Cop + Cop - + o+ Cpp -

1 1
A+t aroztle ayos A+ D)1

1
NPVgy = 224.54 + 224.54 - — 4 . 4 22454 -
cel * d+oosy T (11008251

NPV, = 2588.67 MNOK

7.6.2 Equivalent annual cost estimation

The NPV of capital expenditures (CAPEX) is the total installed cost previously calculated.
Counter-current case:

NPV appx = 103.74 MNOK

Co-current case:

NPV sppx = 104.80 MNOK

Assuming the only operational cost is electricity:

NPVypgx = NPV, = 2588.67 MNOK

The annuity factor is calculated using Equation (6.5):

N SR T
CEDL (11 0.08)5
- - = 10.67
el i 0.08

Thus, the equivalent annual cost of CAPEX (Equation (6.7)) is:
Counter-current case:

EAC _ NPVguppx 10374 MNOK
CAPEX ™ ar 1067 7 year

Co-current case:

EAC _ NPVguppx 10480 MNOK
CAPEX ™ ar ~ 10,67 7 year

Furthermore, the equivalent annual cost of OPEX (Equation 6.8) is:

NPV, 2588.67 MNOK
EAC,pgy = OPEX _ _ 1

ar  10.67 7 year
7.6.3 Cost per captured CO; unit

Assuming all CO2 gas exiting the DTR is stored/captured, the amount of produced CO- during
calcination, together with the equivalent CAPEX and OPEX values, can estimate the cost per
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7 Results and discussion
captured unit of CO. with Equation (6.15). Yearly produced CO: is the hourly production

(Mco2,proa [%]) multiplied by the operational hours of the system per year (t,, L&])

. , t
mCOZ,prod,year = mcoz‘prod . top = 6603 . 7315 == 4830095;

The CAPEX per captured unit of CO2 (Equation 6.16)):
Counter-current case:

CAPEXco2,capturea = = EACcarex = 0.72 - 10° =20.12 NOK

’ Mcozprodyear 483009.5 tcoz captured
Co-current case:

EACcuppy  9.82 106 NOK
CAPEXcorcapuured = G avear | 4830095 0 s e
The OPEX per captured unit of CO- (Equation (6.17)):
OPEX o3 communen = = EACopsx _ _24261:10° .  NOK
' Mco2 prod,year 483009.5 tcoz,captured

The total cost per unit CO2 captured for both designs are shown in Table 7.14 and calculated
with Equation (6.18):

Table 7.14: Cost per avoided CO: unit

Design EACcspEx EACopgx Cnok/cap
Counter-current 20.12 NOK/t 502.29 NOK/t 522.41 NOK/t
Co-current 20.33 NOK/t 502.29 NOK/t 522.62 NOK/t
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8 Conclusion

The main objective of this study was to investigate how the calciner in a cement kiln process
could be designed as an electrically heated DTR and evaluate the applicability and cost of this
concept. The combination of buoyant gaseous CO: and the fine particle size proved to be a
challenge.

Various system designs were studied:

e Counter-current flow of gas and particles, not considering cluster formations.
e Counter-current flow of gas and particles, applying clustering effect.
e Co-current flow of gas and particles.

A modified SCM was implemented to study the kinetics of CaCOs. The only gas inside the
reactor is CO.. Thus, the partial pressure of CO: is approximately 1 atm which favors
carbonation and inhibits the calcination reaction. The equilibrium pressure and the partial
pressure of CO2 were implemented to the reaction rate to account for the inhibition. Required
time for calcination for a PSD ranging from 0.2 — 500 pm, with 94% and 90% calcination
requirements, were simulated in Python 3.8.

Python 3.8 was used to simulate the design cases. The terminal settling velocity was evaluated
based on the PSD, flow regime, and the assumption of free-falling particles. The fluid velocity
reduces the velocity of particles in the counter-current design, and some of the smaller particles
will exit with the gas at the top of the DTR. Oppositely for the co-current case, where the
particle velocity is increased by the fluid velocity, making this design has a degree of freedom
to choose a broader range of fluid velocities, which the counter-current is impaired.

The diameter, height, and the number of tubes necessary to process the meal were determined
by altering the key parameters fluid velocity and operating temperature. The fluid velocity
showed a significant impact on the overall design, as it is the determining factor of the tube
diameter and terminal settling velocity. The temperature showed a great impact of the sizing in
the temperature range 1200 - 1323.15K, where the total height reduced from several hundred
meters at 1200 K to about 80 meters with an operating temperature of 1323.15 K. By increasing
the temperature from 1323.15 — 1500 K, the height-reduction was minimal.

The sizing of the most optimum designs for the counter-current case was:

1) 90% calcination — 1.72 meters diameter, 10 meters height, and 42 tubes,
2) 94% calcination — 5.3 meters diameter, 23.2 meters height, and 4 tubes.

Co-current case yielded:

1) 90% calcination — 3.45 meters diameter, 18.2 meters height, and 8 tubes,
2) 94% calcination — 3.52 meters diameter, 20.2 meters height, and 8 tubes.

Arrangement of tubes and the footprint, both to respect of floor space and height, were studied.
More tubes reduces the height but increase the floor space. If the tubes are tall, there is need of
an elevator to transport the meal. The elevator is a source of heat loss, and the preheated meal
will be fed into the reactor at a lower preheated temperature. Also, by having tall tubes, it may
be necessary to skip preheating cyclones, which ultimately increases the reactor's preheating
time.

Implementing the DTR to an existing cement kiln system requires few modifications. A de-
dusting cyclone to separate the buoyant gas containing fine particles (counter-current) or
separate the exiting meal and gas at the effluent of the DTR (co-current). Heat exchangers to
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cool down the pure CO: gas before further processing and storing. Elevator to transport meal
(long tubes). Centrifugal radial fan to compensate for the pressure drop. From the existing
system, the quencher, bag filter, and recycle lines can be removed.

Energy and mass balances were implemented to determine the net energy transfer required to
preheat and calcine the meal to 94%. The reactor’s electrical power supply was found to be
about 108 MW. To generate and transfer the heat, Superthal modules from Kanthal® APM are
chosen.

Recycle lines are proven not to be necessary for the DTR system. However, sources of waste
heat are present. Some heat is lost through the refractory of the reactor, 0.224 MW. The most
significant heat loss is apparent in the gas exiting the HX’s — the gas holds a temperature of
about 600 K — which results in a heat loss of 6.42 MW.

The material of the reactor is not specified in this study. However, to determine several design
values and costs, the material properties of Inconel 718 alloy have been used as inspiration. By
evaluating buckling and wind force, the thickness of the tube walls is calculated to be a
minimum of 21 mm.

Detailed factor estimation and the capacity factor method are applied to calculate the CAPEX
for units of interest in the system. The CAPEX of both the counter-current and co-current
designs was 103.74 MNOK and 104.80 MNOK, respectively. The highest impact of costs
originates from the OPEX — because of electricity — and was calculated to be 224.54
MNOK(/year. The cost per captured CO: unit (ton) for both designs was calculated 522.41
NOK/tco2 for the counter-current and 522.62 NOK/tco2 for the co-current. The cost of the
designs is almost equal, and which concept to implement into an existing cement clinker system
should be based on the PSD to be processed and the available space (footprint).

The way forward for this project should include:

e Reactor material study.

- Material’s resistance to high temperature.

- Material’s heat transfer properties.

Manufacturing costs, i.e., how much does the sizing impact manufacturing.
CFD analysis to study particle behavior.

Effectiveness and sizing of co-current design on very fine PSDs (0.1-10pm).
Need of an elevator.
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Appendix A: Signed task description
FMIH606 Master's Thesis

Title: Calcination in an electrically heated drop tube calciner
USN supervisors: Lars-André Tokheim (main supervisor) and Ron M. Jacob (co-supervisar)
External partners: Norcem AS Brevik

Task background:

USN is ane of the partners in the research project "Combined colcination and C0, capture in
cement clinker production by use of CO,-neutral electrical energy”. The acronym ELSE' is used as a
short name for the praject, Phase 1 of the project was completed in April 2019, and Phase 2 was
started in April 2020, The goal of the ELSE project is to utilize electricity (instead of carbon-
containing fuels) to decarbonate the raw meal in the cement kiln process while at the same time

capturing the C0; from decarbonation of the calcium carbonate in the calciner. A regular kiln
system |5 shown in Figure 1,

-
& &

|
Pre- Pre- "
4 heater heater g
1 2 -
Y Y
| ¥

i T
4

[

=5’ &
a

Figure 1: A regular cement kiln process with two preheater strings.

Different concepts to implement electrification of the calciner have been discussed. One
alternative is to use electricity (through resistance heating) to generate heat that is indirectly
transferred to the calciner, where it is used to calcine the meal (CaC0:=3Ca0+C0y). Different
reactor types may be used as a calciner, for example a drop tube. The meal is then fed at the top

L ELSE is short for *ELektrifisert SEmeniproduksjon’ (Norwegian) meaning “electrified cement production”.
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of the tube and will drop down as it is heated and calcined by the heat being transferred from the
electrically heated tube wall.

When the hot kiln gas, the tertiary air and the carbon-containing fuels are no longer supplied to
the calciner, then N, can be eliminated from the calciner exit gas, which will be more or less pure
C0,, which can be stored (or utilized in some way).

Such a concept may be less expensive than a regular post-combustion system applied to CO,
capture from the cement plant. Moreover, as the fuel generated CO; will be eliminated, less CO; is
produced in the calcination process.

Task description:

The task may include the following:
# Describe the drop tube concept and explain how a drop tube may be used to calcine the
meal

+« Describe how heat generated by resistance heating may be transferred to the meal in the
drop tube

» Suggest a drop tube design and make a sketch to illustrate it
s |nvestigate whether any gas recycling is required in the system
e |dentify and guantify waste heat streams in the new system

s  Make a mass and energy balance of the system and calculate mass flow rates,
temperatures, duties, etc.

» Make a process simulation model of (part of] the system and simulate different cases,
varying key paramaters in the system

s« Make a process flow diagram with process values for selected cases
= Describe required constructional changes to the kiln system
« Determine the required size of the drop tube and other relevant equipment units

s« Make estimates of investment costs (CAPEX) and operational costs (OPEX) of the
suggested process, including calculation of costs per avoided CO; unit (€/ 0

Student category: EET or PT students
Is the task suitable for online students {not present at the campus)? Yes, both online and campus

students may select the task.

Practical arrangements:
There may be meetings with Morcem to discuss the task and the progress, maost likely via
Skype/Teams/Zoom (due to the corona situation).

Supervision:
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As a general rule, the student is entitled to 15-20 hours of supervision. This includes necessary
time for the supervisor to prepare for supervision meetings (reading material to be discussed, etc).

Signatures:
.;" .:"l. Ay .-,r‘_, =
Supervisor (date and signature); 14.01.2021, / @7 A8 [ Oisdises

Student (write clearly in all capitalized letters): MARTIN HAGENLUND USTERUD

Student [date and signature): . ol a2 | /E’;ﬁv M .ﬂéﬁi—?r
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Appendix B: Work break down structure

Calcination in an electrically heated drop tube calciner

— Project — Literatura study | — Design — Calculations Case studies = System = Report
management
) Mass, energy ) . Constructional »
— Meetil — Droptub t — D tub — 1 1
eetings rop & CONCep’ rop e balance Simulations Tiem Writing report
Informal Explain how to Mass flow rates,
llustrate " i i i
‘{ mestings ‘ 4{ calcine mezl ‘ 4{ ‘ - Key parameter 1 | | | Required dimensions 4* Template
duties, etc. LY}
Formal meetings . Ke ameter 2 i
- encing | || cosrcys o | [ e/
- | | Other t?q_ulpmem
sizing
Key parameter 3
7 WES Heat transfer to ol
Spellcheck and
meal in DT (- Waste heat Reference system L] pellcheck an
control
| based on design and — Cost estimation
calculations
€02 from cakcination
— Risk analysis '  processacten
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L | Process flow CAPEX
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Presentation
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Appendix D: PSD raw meal data

7D ~Acipmel

Version 1.2 28. Nov 1996 13:10
Kalkmel ‘Run Number 28
Dato:96.11.28. Ki.
Laborant:il
CaCo3:
Sample File Name: KALKMEL , Record: 1112 Source: Analysed
Measured on: 28. Nov 1996 13.07 Last saved on: 28. Nov 1996 13.07
Presentation: 2$$D
Very Polydisperse model Volume Resuit Focus = 100 mm.
Kill Result Low = 1 High= 0
Residual = 0.128 % Concentration = 0.012 % Obscuration = 15.00 %
d(0.5)=_21.25 ym d0.1)= 191um d(09)= 10493 um
D[4,3]= 38.10pm Span= 4.85 Slope (D75/D25) = 7.832
Sauter Mean (D[3,2] )= 6.03 ym Gj.24 pm= 53.27 ym Mode = 36.38 ym
Bilaine = 0.9954 sq. m./gm Gj.30um= 5931 pm Density = 1.00gm. /c.c.
Size (Lo) Result In Size (Hi) Result Size (Lo) Result In ‘Size (Hi) Result
pm - pm | Below% pum % pm Below %
0.20 0.77 0.48 0.77 8.48 367 10.27 3242
0.48 0.77 0.59 1.54 10.27 411 12.43 36.53
0.59 0.77 071 232 12.43 452 15.05 41.05
0.71 1.02 0.86 334 15.05 488 18.21 4593
0.86 127 1.04 461 18.21 5.04 22.04 50.97
1.04 1.50 1.26 6.10 22.04 5.16 26.68 56.14
1.26 1.69 1.52 7.80 26.68 5.18 3229 61.32
152 1.83 1.84 9.63 32.29 5.31 39.08 66.63
1.84 1.90 223 11.63 39.08 521 47.30 71.84
223 1.92 270 13.46 47.30 493 57.25 76.78
2.70 1.99 327 15.44 57.25; 448 69.30 81.25
3.27 213 3.95 17.57 69.30 415 83.87 85.40
3.95 235 479 19.91 83.87 3.94 101.52 89.34
479 261 5.79 2252 101.52 3.75 122.87 93.09
579 2.94 7.01 25.46 122.87 358 148.72 96.67
7.01 3.28 8.48 2874 | 1 48'72J 333 180.00 100.00
.| ST S .. Yolume % NPT A 1100
80
'
s 70
T
60
10 50
/ 40
'd 30
4+ 20
e = 3 10
(] I = 1 . i e e P
0.1 1.0 10.0 100.0 1000.0

Particle Diameter (um.)
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Appendix E: Chemical composition

Appendices

Symbol Unit Basis Raw meal [New raw meal|% of components Remark
mbasis kg Lol-free 1,0000 XRF analysis
wCaO kg/kg Lol-free 0,6599 XRF analysis
mCaO kg Lol-free 0,6599 Calculated here

m_Other_old kg - 0,3401 Calculated here
wSiO2 kg/kg Lol-free 0,4824 XRF analysis
wAI203 kg/kg Lol-free 0,1257 XRF analysis
wFe203 kg/kg Lol-free 0,0432 XRF analysis
wMgO kg/kg Lol-free 0,0141 XRF analysis
wS03 kg/kg Lol-free 0,0091 XRF analysis
wKk20 kg/kg Lol-free 0,0266 XRF analysis
wNa20 kg/kg Lol-free 0,0061 XRF analysis
MCaO kg/mol - 0,0560 Constant
nCaO mol - 11,7839 Calculated here
nCO2 mol - 11,7839 Calculated here
MCO2 kg/mol - 0,0440 Constant
mCO2 kg - 0,5185 Calculated here
mCaCO03 kg Raw 1,1784 Calculated here
mnew kg Raw 1,5185 Calculated here
wCaC03 kg/kg Raw 0,7760 0,7760 Calculated here
m_other_new kg Raw 0,2240
wSiO2_new kg/kg Raw 0,3177 0,1528 0,6821 Calculated here
wAI203_new kg/kg Raw 0,0828 0,0398 0,1777 Calculated here
wFe203_new kg/kg Raw 0,0284 0,0137 0,0611 Calculated here
wMgO_new kg/kg Raw 0,0093 0,0045 0,0199 Calculated here
wS0O3_new kg/kg Raw 0,0060 0,0029 0,0129 Calculated here
wK20_new kg/kg Raw 0,0175 0,0084 0,0376 Calculated here
wNa20_new kg/kg Raw 0,0040 0,0019 0,0086 Calculated here
Sum weight 1,0000 1,0000
Sum other 0,4657
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Appendix F: Convection and radiation
absorption by CO; gas.

Calculation heat absorbed by the CO: gas:
The heat flux between the CO- gas and the reactor walls is described:
q’CIOZ,rad =0- (SG : T(? — Og - Ts%u’)

Here:

o: Stefan-Boltzmann constant = 5.67 - 1078 [mZVKJ

&+ Emissivity = to be calculated

ag: Absorptivity = to be calculated

T¢: Temperature of gas = 1173.15 [K] = 900 [°C]

Te.r- Wall temperature = 1323.15 [K] = 1050 [°C]

The characteristic mean beam length can be determined with a chosen diameter of 0.3m:
L=0.60-D=0.60-0.3m=0.18m

The partial pressure of CO: in the reactor is assumed to be equal to 1 atm, thus:
P;-L =1atm-0.18m = 0.18 atm - m

Read of the emissivity using emissivity figure:

& = 0.13

. TS‘LLT.

Calculate the absorptivity of the gas using P; - L —
G

a; = 0.162
The heat flux to the gas is then:

w
GCozraa = 567107+ (0.13 (1323.15)* — 0.162 - (1173.15)*) = 5193.15 —

122



Appendices

Convection heat transfer, diameter 0.3m and height of reactor 3m:
The heat flux of convection can be calculated:
Geony = h - (Ts — Trn)
Where:
T,: Wall temperature = 1323.15 [K] = 1050 [°C]
T,,: Guessed value fluid = 1173.15 [K] = 900 [°C]
The convective heat transfer coefficient is described by:
b k-Nu
D
k: thermal conductivity coefficient = 0.0651 [%]

. dynamic viscosity = 4.65 - 107> [N . %]

The Nusselt number is determined using the empirical correlation:

4 % 10\ 014
Nu = 0.027 - Re}, - Pr (—)
Us
0.7 < Pr<16700
Rep > 10000
L > 10
D2

Determine the flow regime by calculating the Reynolds number:

‘U, + D
Re, = Pcoz " Um
7

The mean velocity u,, of the fluid needs to be determined based on the terminal settling
velocity of the particles. The velocity of the gas must not drag the majority of particles upwards
in the reactor. Hence, a guessed value of the mean velocity of the gas:

m
Uy = 04?

The density of CO: is found by using the ideal gas law at the calcination temperature (1173
[K], Pcoz [Pa] is the partial pressure of CO2, M¢p, [%] is the molecular mass of COx,

m3-Pa] . .
R [K~mol] is the universal gas constant:

Pcoz - Mco, 101325 -44.01-1073 kg
pcoz = = = 04‘57_
R-T 8.314 -1173.15 m3

Rep = 20763 (Ok! according to Nu correlation)

Pr = 0.706 (Ok!according to Nu correlation)
Ratio of the length (height) to diameter:

L 3
D=03° 10 (Ok! according to Nu correlation)

The dynamic viscosity evaluated at the wall temperature:
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S
Hs =508-10"N - —

The Nusselt number is then:
Nu = 67.52
The convective heat transfer coefficient is then:

h—1465W
U m2K

Finally:

w
Giony = 1465 - (1323.15 — 1173.15) = 2197.5 —

Maximum temperature of CQO: gas heated by radiation and convection. What is the
average temperature of the gas?

The total heat flux that is heating the gas:

Qe = qlg + gy = 5193.15 + 2197.5 = 7390.65

m2K
The maximum temperature of the gas can be found:

Gtot * P
Tcozmax(X) = Tm + #x
Neo2 * Up,co2
Where:

P: Perimeter of the cylinder (not top and bottom)

0.3
P=2-T[-r=2-3.14-(7)=0.942m

Choosing x = 0.15 (center of reactor).

The maximum temperature is then:

Teozmax = 1173.15 + 739065 2826 0.15 = 1300.5 K
’ 417.76 - 0.0589

The average temperature:

T +T
Teorave = W = 1236.8K = 963.7 °C

Convective heat transfer by gas absorption:
Preheat section:

Wall to fluid. The operating temperature T,,,; = 1323.15 K, and the fluid is assumed to have
a temperature equal to the calcination temperature T,.,; = 1173.15 K at which the gas is
produced.

1 _
qph,wall,gas,conv - hwall,gas ) (Twall - Tcal)

The convective heat transfer coefficient evaluated at the fluid calcination temperature:
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h _ kT,cal : Nuwall,gas
wall,gas — D

w
Where kp 4 = 0.0651 —

The Nusselt number can be calculated using the empirical correlation, if the criteria for
Reynolds number, Prandtl number and the ratio of length to diameter are within the limits.

4 1 0.14
Nup = 0.027 - Re; - Pr3 - <u_)
S

Where Pr(T = 1173.15) = 0.7024, p = 4.65- 1075 [Pa s], s = 5.08 - 107> [Pa s]
Reynolds number is:

‘U, + D
Re, = Po tm '~
U
p, 045710157
o =T 165-105

Both the Prandtl number and Reynolds number are valid. Thus, the calculation with the Nusselt
number correlation continues.

4 1 /4.65-1075\""
Nup = 0.027 - 154895 - 0.70243 - (

5.08-10-5
Nup = 53.15
The convective heat transfer coefficient becomes:
L _ 0.0651 - 53.15 — 92 w
wall.gas 1.57 m2 K

Finally, the heat flux:

n W
Gphwallgas.cony = 2:2 - (1323.15 — 1173.15) = 330 —

Fluid to the particles. The convective heat transfer is evaluated at T,,; for the fluid and an
average temperature T, ,nm for the particles.

17 _
Qph,gas,part,conv — Ngas,part * (Tcal - Tm,phm)
The average temperature:

Toar + T
Tophm = w =1052.15 K

Convective heat transfer coefficient is evaluated at the average temperature:

h _ kTm,phm : Nugas,part
gas,part — D

w
m2K
0.14
(NTm,phm)
v

Where: k. pnm = 0.0771

4 1
Nup = 0.027 - Re} - Pr3

Where:
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Pr(T = 1052.15) = 0.77095: ok!
Wrmphm = 4.30-107° Pa s,p = 4.65- 107> Pa s

The Reynolds number becomes:

po. . 0:510-10-157
®0 = 7430-10-5
Nusselt number:

= 18620: ok!

430-10-5\""
Nup = 0.027 - 18620%/5 - 0.770951/3 . < )

4.65-10-5
Nup = 63.82
The convective heat transfer coefficient:
b _ 0.0771 - 63.82 ~ 313 14
gaspart 1.57 m2 K

And the heat flux:

n W
Gphgasparteony = 313 (1173.15 — 1052.15) = 379 —

The radiation heat absorption:

" _ 4 4
Aph,absrad = 0 ° (SG : TG — Qg - Twall)

Where ¢ = 5.67 - 1078 —— T, = 1173.15 K, T,q = 1323.15 K
m

2 g4’
To find the emissivity &, and absorptivity a, of the gas, the mean beam length must be
calculated, using the geometry of enclosure “infinite cylinder”:

L =0.95-D =0.95-1.57 = 1.49 mFurther, the parameter P;L can be calculated assuming
a partial pressure of CO2 (P; = 1 atm):

PeL=1-149=149atm- m
Using the appropriate temperature and the P - L value, the emissivity is found.
& =02

The absorptivity is determined with P - L - (%)

G

T, l
P'L'(Wa

) =1.68atm- m

The heat absorbed by the gas:

w
Gphabsrad = 567 <107 (0.2 (1173.15)* — 025 - (1323.15)") = ~19819 —;

Further, the actual heat flux from the heated gas (T, 445) to the particles is calculated using the
convective heat transfer correlations:

17 _ 2
qabs,conv,ph - habs,conv : (Tm - Tm,phm)

The temperature of the heated gas:
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Aph,absrad * P 19819 - - 1.57
Ty = —_— =1173.1 = 14652 K
m = ea ¥ 750 3+ 1204 65

Where: P = perimeter [m]
The average temperature of the heated gas:

m _ 1465.2 -|—21173.15 — 13192 K
Reynolds number:

Rep = 12578.5

Prandtl number:

Pr = 0.706

Nusselt number:

Nu = 46.86

Convective heat transfer coefficient:

habs,conv =29 m2 K

And the heat flux:

n W
Qilbs,convpn = 2.9+ (1319.2 = 1052.15) = 7745 —

Calcination section:

The convective heat flux from the wall to fluid is the same as the preheat section.

" I —
QCal,Wall,gas,conv - Qph,wall,gas,conv = 330 mz

Appendices

The particles and the fluid in the calcination section have the same temperature. i.e., no heat

exchange.

Radiation from the wall to the gas calculations is the same as in the preheated meal section.
However, it is the mean heated gas temperature T,,, and the calcination temperature T,,; that

apply.

" _ ™
qabs,conv,cal - habs,rad (Tm - Tcal)

The temperature difference is minor. The parameters describing the Nusselt number, Reynolds
number, and convective heat transfer coefficient are approximately the same as the calculated

parameters in the preheat section of the example.

n W
Qabs.convcar = 2:9(1319.2 — 1173.15) = 4235 —
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Appendix G: Stress calculations

Wall thickness calculation:

Wall thickness 0,021 m
Buckling stress

Outer diameter 1,11 m
Inner diameter 1,089 m
Cross-sectional area 0,0362689 m2
Density Inconel 718 8193 kg/m3
Height 30 m
Volume 1,08806705 m3

Mass cylinder
Gravitational acceleration

8914,53337 kg
9,807 m/s2

Force, dead load

87424,8288 N

Calculated buckling stress

2,41046253 MPa

Maximum allowed stress 36 MPa
Wall thickness calculation:

Wall thickness 0,021 m
Bending - Shear stress

Outer diameter 1,11 m
Inner diameter 1,089 m
Cross-sectional area (not shell) 52,3075177 m2
Height 30 m
Drag coefficient 0,8 -
Ambient pressure 101325 Pa

Universal gas constant
Ambient temperature
Molar mass
Density air
Velocity air
Wind force

8,314 m3 Pa/K mol
293,15 K
0,02897 kg/mol
1,20438459 kg/m3
40 m/s
40318,9556 N

Even distributed load

1343,96519 N/m2

Bending moment
Moment of inertia

151196,083 MPa
0,00548119 m4

Bending stress

27,5845593 MPa

Safety factor 1,3 -
Bending stress w/ safety factor 35,8599271
Maximum allowed stress 36 MPa
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Appendix H: Mass and energy balances

Calculation example: Determine the calcined meal flow rate M, eqical [%] out of the
DTR.

Mass balance:
mphm,in = mCOZ,prod + mmeal,cal

Find the weight of CO: produced during calcination:
Mco>

Wco2,prod = Wcaco3 M
Caco3

The molecular mass of CO» and CaCOs are 44.01—Z and 100.087 —L, respectively.
kmol kmol

1100.087
The mass flow rate of produced CO2 when the meal is 100% converted is:

Wco2,prod = 0.77 = 0.3393

Mco2,phm,100% — Wcoz2,prodMphm,in
t
h

To find the correct flow rate of CO2 produced, the calcination degree X needs to be accounted
for:

t
mCOZ,phm,loo% = (03393 ) 207) E == 7024‘

mCOZ,prod = mCOZ,phm,lOO%X
t t
mcoz,pmd = (70.24 - 0'94)E = 66'03E

The outflow of calcined meal:

Mumeal,cal = Mphm,in — Mco2,prod
t

t
Mumeatcat = (207 = 66.03) - = 140.97
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Calculation example: how much energy [MW] must be supplied the calciner in the
preheat zone and the reaction zone? What is the total necessary supply assuming the
electricity to heat efficiency is 98%?

The energy balance for the preheat zone of the reactor assuming a steady state system:

Ephm,in + Egen,ph = Emeal,900°C

To find the energy provided by the preheated meal:

Ephmin = Mpnm,inCpphm Tphm — Tref)

The specific heat of the preheated meal:
J

mol K

The specific heat capacity has the unit mole, thus, either the mass flow rate needs to be
converted to mole flow rate or the specific heat needs to be converted to mass basis. In this
calculation example mole basis is used.

Cpphm = 0.13352 - 103

Molar flow rate of the preheated meal into the system can be calculated by dividing the mass
flow rate myp.,,, With the molecular weight of the raw meal (in this example assumed

CaCo0s):

n'lphm,in _ 207 ) 103 _ 5745m_ol
M,, caco.  100.0869 - 103 3600 P

Eppmin = 574.5 - 0.13352 - 103 - (658 — 25) = 48.56 MW

nphm,in -

The generated energy for the preheat zone is the electrical energy for preheating the meal, and
the electric energy:

Eel,ph = Emeal,900°C - Ephm,in

The energy necessary to preheat the meal to 900 °C:

Emeat,000°c = Mpnm,inCpphm(Tear — Trer)
Emeat000°c = 574.5 - 0.13352 - 10 - (900 — 25) = 67.12 MW
The energy of the preheated meal is then:
Eopn = (67.12 — 48.56)MW = 18.56 MW
The required supply of electrical energy is then:
18.56

Eel supplypn = WMW = 18.94 MW

A second energy balance is used to describe the reaction zone of the DTR:

Emeal,900°C + Egen,cal = Eout,cal

Further the energy out of the calciner can be found:
Eout,cal = ECOZ,cal + Emeal,900°C

Ecoz,cat = Mcoz,cat * Cp,COZ,cal : (Tcal - Tref)

The mass flow rate of CO: produced needs to be changed to molar basis — same procedure as
for the inlet mass flow rate — to determine E¢p; cqa;-
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) mol
nCOZ‘Cal = 41676T

k]
Cp,COZ,cal = 00589 mol K

Ecozcar = 416.76 - 0.0589 - 10% - (900 — 25) = 21.479 MW
Thus, the outlet energy:

Eoutcar = (21.479 + 67.12) MW = 88.60 MW

The energy generated in the reaction zone:

Egencat = Eercar + Ecat + Eother,cal

Where:

Ecar = Mco2,cal * Heqr, Eother,cal = Mco2,cal * Hother

The enthalpies are converted to molar basis:

M k M
H.y = —3.6 / -44.01 - 10‘3M = —0.158436—]
kgco- mol mol
Mj kgcoz Mj
H =0.3 -44.01-1073—===10.013203 —
other,cal k.gCOZ mol mol

The reaction energies become:

Ecqt = Ticoncar  Heat = 416.76 - (—0.158436) = —66.03 MW
Eother.cat = 416.76 - 0.013203 = 5.50 MW

The electric energy can be found:

Eeicat = Eout,cal = Emear,900°c = Ecat = Eother

E.q = (88.60 — 67.12 — (—66.03) — 5.50) MW = 82.01 MW

The supply of electrical energy can be calculated:

Eetcar _ 82.009

E ! = =
el,supply,cal 0.98
Nelheat .

= 83.683 MW

Finally, the total energy supply can be calculated as the sum of the electrical energy supply:
Eeisupply = Eetsuppiyph + Eetsupply,car = (18.94 + 83.683)MW = 107.855 MW

Heat exchanger: determine the temperature of the cooled CO: gas.

This calculation example is molar based.

First, determine the specific heat capacity of the air and the CO. gas, then select the proper
temperature equation.

def S
C = MmyasCp gas

To determine the heat capacity, an average temperature of 900 K is guessed for the COs: side.

C = 1206-9_ 4401102 %9 _ 00530 _
PCOZHX = 22" kg K~ mol mol K
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The average temperature of the air side is guessed to be 600 K and the air is regarded as dry,
thus, the molecular weight is 28.97 kg/mol:

c o= 1.05-9 . 2897.102 %9 _ 90304
parHX = =T kg KT mol mol K

The specific heat capacities for CO: and air are then:

Ceoz = 416.76 - 0.0530 = 22.088

C,ir = 680.78 - 0.0304 = 20.696

Ccoz > Cair

ATyx min = 100 K

Teozim = 900 °C = 1173.15 K

Tairin = 225 °C = 498.15 K

Tairexcnot = Tcoz.cat — ATxmin = 1173.15 — 100 = 1073.15K

The average temperature of airstream can then be calculated:
Tairin + Tairexchor _ 498.15 +1073.15

Taverage,air = 5 = > = 785.65 K

Then the specific heat capacity of air at the average temperature is found:
_ 3 _ k]

Cp,airux = 1.0897 - 28.97 - 107> = 0.03157m0l e

The temperature of the cooled CO- can then be found:

naiGC,air,HX (Tair,exc,HX - Tair,in)

TCOZ,cooled = TCOZ,in - : C
Nco2lp,coz,Hx

; _ 117345 _ 68076003157 (1073.15 — 498.15) C13.67 K
co2,cooled = : 416.76 - 0.0530 ST

To get a more correct answer, more iterations are required determine the proper outlet
temperature of the cooled CO- gas.

The average temperature of CO: gas:
Tco2,in + Tcoz,cootea  1173.15+ 613.67

Taverage,COZ = > = 5 =89341K
The new specific heat capacity of COs: is then:

_ kj
Cpcoztxnew = 1.211-44.01-1073 = 0.053296m

The new temperature:

naiGC,air,HX (Tair,exc,HX - Tair,in)

TCOZ,cooled,new = TCOZ,in - B I
Nco2Cp,coz,HX new

TCOZ,cooled,new =616.77K

The temperature of the cooled CO: is relatively close to the first iterated temperature, thus the
second iteration might not be necessary.
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Appendix I: Python 3.8 - calcination time

@author: Martin Hagenlund Usterud

mmn

%% Shrinking core model reaction time calculations
%% Libraries

import numpy as np
import matplotlib.pyplot as plt
from xlwt import Workbook, easyxf

#%$%Input parameters

# PSD [micron]

Dp=[0.2, 0.48, 0.59, 0.71, 0.86, 1.04, 1.26, 1.52, 1.84, 2.23,
2.7, 3.27, 3.95, 4.79, 5.79, 7.01, 8.48, 10.27, 12.43, 15.05,
18.21, 22.04, 26.68, 32.29, 39.08, 47.3, 57.25, 69.3, 83.87,
101.52, 122.87, 148.72, 180, 200, 250, 300, 350, 400, 450, 500]

T = 1173.15 # [K] Calcination temperature

X = 0.94 # Conversion factor (1 = 100% conversion)
X1 = 0.90 # Reduced conversion factor

A = 0.012 # [mol/m2 s kPa] Frequency factor

E = 33.47 # [kJ/mol] Activation energy

R = 8.314 # [m3 Pa/K mol] Universal gas constant

P eqg = 1.087276653 # [atm] Equilibrium pressure

P CO2 =1 # [atm] Partial pressure of CO2

#%% Empty store arrays for plotting

t = np.zeros(len(D p))
t X1 = np.zeros(len(D p))

#%% Equation (s)

k = 0.003440816* (P_eg-P_CO2) # Reaction rate
#%% Simulation loop
for i in range(0, len(D p)):
t[i] = ((1—(1—X))**3)*(D_p[i]*10**—6)**O.G/k
t XI[1] = ((1-(1-X1))**3)*(D p[i]*10**-6)**0.6/k

#%% Plotting
plt.figure (1)

plt.title('Conversion time as a function of particle size', size = 14)
plt.plot(D p, t, 'g-+', label = '94% calcination degree')
plt.plot (D p, t X1, 'r-+', label = '90% calcination degree')
plt.grid()

plt.legend()

plt.ylabel ('Time [s]', size = 12)

plt.xlabel ('Particle diameter ' r'[$\muSm]', size = 12)

plt.savefig('Conversion time as a function of particle size',
transparent = True, dpi = 1000)
#%% Export to Excel

wb = Workbook ()

ns = wb.add sheet ('Reaction time') #new sheet
style = easyxf('font: name Calibri') #change font
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ns.write (0,0, 'Particle diameter' r'S$\[muSm]', style)
ns.write (0,1, 'Time [s]', style)

#Store data in excel cells

for i in range (0, len(D p)):
ns.write(i+1,0, D p[i], style)
ns.write(i+1,1, t[i], style)

wb.save ('Reaction time.xls')

Appendices
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Appendix J: Python 3.8 - terminal settling
velocity

@author: Martin Hagenlund Usterud

wnn

import numpy as np

import matplotlib.pyplot as plt

#%% Parameters

g = 9.807 [m/s2] Gravitational acceleration

D p = np.linspace (1, 500, 500)*10**-6 [m] Particle diameter

1590 [kg/m3] Density product particle

=
o
@)
T
Il

rho 1 = 1.9022 [kg/m3] Density CO2 at T 1

rho 2 1.7730

[kg/m3] Density CO2 at T 2

T = 928 + 273.15 Inlet temperature

R N N T T T T S
~

T 1 = 1200 [K] Min temperature

T 2 = 1250 [K] Max temperature

my 1 = 478*10**-7 [Pa s] Dynamic viscosity at 1200 K
my 2 = 493*10**-7 [Pa s] Dynamic wviscosity at 1250 K
#%% Interpolated values

rho g = rho_l+((rho_2—rho_1)/(T_2—T_l))*(T—T_l) # Density CO2 at T

my = my 1 +((my_2—my_l)/(T_Z—T_l))*(T—T_l) # Dynamic viscosity at T

#%% Arrays for storing

Ar = np.zeros(len(D p))

v_t turb = np.zeros(len(D p))
Re D t = np.zeros(len(D p))
Re D = np.zeros (len(D p))

v_t lam = np.zeros(len(D_p))
v_t = np.zeros(len(D p))

v_t2 = np.zeros(len(D p))

D p lam = np.zeros (len(D p))

D p turb = np.zeros(len(D _p))
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#%% Simulation loop

for i in range(0, len(D p)):

v_t lam[i] = (g*(D p[i]**2)* (rho p-rho g))/(18*my) # Laminar velocity
Re D[i] = (rho g*v_t lam[i]*D p[i])/my # Reynoldsnumber Stokes regime
if Re D[i] <= 1: # If Re is less than 1 = Stokes Regime

v _t[i] = v_t lam[i] # Velocity is laminar

D p lam[i] = D pl[i] # Particle size laminar in laminar regime
else:

Ar[i] = (rho g*(rho p-rho g))*g*(D p[i]**3)/ (my**2)# Archimedes nr.

Re D t[i] = 0.1334*Ar[i]**0.7016 # Turbulent Reynolds number

v_t turb[i] = (Re D t[i]l*my)/(rho g*D p[i]) # Turbulent velocity
D p turb[i] = D pli] # Particle size turbulent regime
v_t2[1i] = v_t turbli] # Velocity storing array

#%% Sorting values of interest

v_t lam = np.array(v_t) # Laminar array for plotting
v_t lam = v_t lam[v_t lam != 0]
D p lam = D p lam[D p lam !=0] # Exclude all particle sizes that are

not laminar

v_t turb = np.array(v_t2) # Turbulent array for plotting
v_t turb = v_t turb[v_t turb != 0]
D p_turb = D p turb[D p_turb != 0] # Exclude all particle sizes that are

not turbulent

#%% Plotting
plt.figure (1)

plt.title('Settling velocity, Drop Tube Reactor', size = 14)

plt.plot(D p lam*10**6, v t lam , '-', label = 'Laminar')
plt.plot (D _p turb*10**6, v _t turb, 'r-', label = 'Turbulent')
plt.grid()

plt.legend()

plt.xlabel ('Particle size [pm]', size = 12)
plt.ylabel ('Terminal settling velocity [m/s]', size = 12)

plt.savefig('Terminal settling velocity', transparent = True, dpi = 1000)

136



Appendices

Appendix K: Python 3.8 - diameter, height
and number of tubes with varying fluid
flow velocity

@author: Martin Hagenlund Usterud

wnn

# Simulations varying fluid flow velocity

#%% Libraries

import numpy as np

import math

from matplotlib import pyplot as plt

#%% Design values

m_total = 207 # [t/h] Max feedrate of raw meal
T phm = 931.15 # [K] Temperature preheated meal inlet of DTR
T cal = 1173.15 # [K] Calcination temperature
T ref = 298.15 # [K] Reference temperature (ambient)
T wall = 1323.15 # [K] Operating temperature (Reactor wall temperature)
eta = 0.98 # [-] Efficienct conversion from electricity to heat
U = 250 # [W/m2 K] Overall heat transfer coefficient,

# contribution from convection and radiation.
P CO2 = 101325 # [Pa] Partial pressure of CO2 = 1 atm
R = 8.314 # [m3 Pa/K mol] Universal gas constant
k = 0.0651 # [W/m K] thermal conductivity coefficient (calculated
from excel)
k T m=0.0771 # [W/m K] 1052.15K thermal conductivity coefficient
(calculated from excel)
k 2 =0.0971 # Thermal conductivity at average Tm gas
my = 4.65*10**-5 # [Pa s] Dynamic viscocity evaluated at 1173.15 K
my s = 5.08*10**-5 # [Pa s] Dynamic viscocity evaluated at 1323.15 K

my g p = 4.30%*10**-5 #[Pa S] Dynamic viscosity evaluated at 1052.15 K

eps = 0.22 # Emissivity gas absorption graph.

epsl = 0.9 # Emissivity grey body (Textbook page 740 and 939)
alpha = 0.25 # Absorptivity -"-

sigma = 5.67*10**-8 # Stefan Boltzmann constant

X = 0.94 # calcination degree

um-= 2.0 # [m/s] mean velocity fluid
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um2 =1.0 # [m/s] mean velocity fluid

um3 =0.8 # [m/s] mean velocity fluid

C p CO2 = 120.4 # [J/kg K] Specific heat capacity CO2 gas at
L max = 24.8 # [m] Available height tubes

#%% Feedrate

m phm = np.linspace (1, 207, 207) # feedrate t/h

m phm in = m phm*10**3/3600 # feedrate kg/s

Appendices

#%%How much CO2 is produced during calcination with specified feedrate

w_CaCO3 = 0.7760 # Design basis value
Mw CO2 = 44.01*10**-3 # Molecular weight CO2
Mw_ CaCO3 = 100.087*10**-3 # Molecular weight Calcium carbonate

w_CO2 prod = w _CaCO3* (Mw_CO2/Mw_CaC03) # Weight fraction of CO2

# Array for storing mass flow rate calculations

m CO2 prod = np.zeros (len(m_phm))

m CO2 prod 94 np.zeros (len(m_phm))

n Co2 prod 94

np.zeros (len(m_phm))

# Find mass flow rate of CO2 w/ 100 % calcination

for i in range(len(m phm)) :
m CO2 prod[i] = w CO2 prod*m phm in[i] # produced CO2
m CO2 prod 94[i]

m CO2 prod[i]*X # produced CO2

n CO2 prod 94[i] = m CO2 prod 94[i]/Mw_CO2 # produced CO2

#%% Volumetric flow of CO2

rho CO2 = (P_CO2*Mw_CO2)/(R*T cal) # Density of CO2 at 900 °C

# Arrays for storing dimensional data
V_flow CO2 = np.zeros (len(m phm))

A cross = np.zeros (len(m phm))

D = np.zeros (len(m _phm))

A cross2 = np.zeros (len(m phm))

D2 = np.zeros (len(m _phm))

A cross3 = np.zeros (len(m phm))

D3 = np.zeros(len(m phm))

for i in range(len(m phm)) :
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V_flow CO2[i] = m CO2 prod 94[i]/rho CO2 # [m3/s]

A cross[i] = V_flow CO2[i]/u m # The cross sectional area of the DTR
A cross2[i] =V _flow CO2[i]/u m2

A cross3[i] =V _flow CO2[i]/u m3

D[i] = np.sqrt(4*A cross[i]/np.pi) # The required diameter of the DTR
D2[i] = np.sqrt(4*A cross2[i]/np.pi)

D3[i] = np.sqrt(4*A cross3[i]/np.pi)

#%% Preheat section

# Wall to particle radiation - Preheating

T m ph = (T cal+T phm)/2

h rad ph = sigma*epsl* (T _m ph+T wall)* ((T_m ph)**2+ (T wall) **2)
g _rad ph wall part flux = h rad ph* (T m ph-T wall)

# Total heat flux - preheating

g _tot ph = abs(g rad ph wall part flux)

#%% Calcination section
# Wall to particle radiation - Calcination
h rad cal = sigma*epsl* (T cal+T wall)* ((T_cal)**2+ (T _wall)**2)

g rad cal wall part flux = h rad cal* (T cal-T wall)

# Total heat flux - Calcination

g_tot cal = abs(g rad cal wall part flux)

#%% Energy supply required to heat meal (Heat rate)
# From energy balances / Preheat zone
n phm in = m phm in/Mw_CaCO3 # Molar flow rate of preheated meal

Cp_phm = 0.13352*10**3 # Specific heat capacity of raw meal at 1052.15 K

E meal 900 = n phm in*Cp phm* (T cal-T ref)*10**-6 # Energy of the meal at
T cal

E phm in = n phm in*Cp phm* (T phm-T ref)*10**-6 # Energy of the preheated
meal

E el ph = E meal 900-E phm in
E supply ph = (E el ph/eta) # Necessary electricity supply of ph in MW

Q_ph = E_supply ph

# From energy balances / Calcination zone
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Cp_CO2 cal = 0.0589*10**3 # Specific heat capacity of CO2 at T cal

E CO2 cal

n CO2 prod 94*Cp CO2 cal* (T cal-T ref)*10**-6 # Energy of CO2

E out cal = (E CO2 cal + E meal 900) # Energy out of the reactor

H cal = -3.6*Mw_CO2 #Enthalpy of calcination
H other = 0.3*Mw_CO2 #Enthalpy of other reactions
E cal = n CO2 prod 94*H cal # Calcination reaction energy

E other = n CO2 prod 94*H other # Other reactions energy

E supply cal = ((E out cal-E meal 900-E cal-E other)/eta)

Q cal = E supply cal

# Total heat required

Q = Q_ph+Q cal

#%% Heat transfer area
# Preheating section

A heat ph = (Q ph*10**6/g tot ph)

# Calcination section

A heat cal = ((Q cal*10**6)/g tot cal)
#%% Length of sections
# Preheating section

L ph = A heat ph/(D*np.pi)

# u m2

L ph2 = A heat ph/(D2*np.pi)

# u m3

L ph3 = A heat ph/(D3*np.pi)

# Calcination section

L cal = A heat cal/(D*np.pi)

#u m2

L cal2 = A heat cal/(D2*np.pi)
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#u m3

L cal3 = A heat cal/(D3*np.pi)

# Total length of DTR at given feedrate

L =L ph+ L cal

#u m2

L2 = L ph2 + L cal2

#u m3
L3 = L ph3 + L cal3

#%% Number of tubes necessary

n tubes = (L/L max)

n_tubes rounded = [math.ceil (number) for number in n tubes]

# u m2

n tubes2 = (L2/L max)

n_tubes roundedZ = [math.ceil (number) for number in n tubes2]
# u m3

n tubes3 = (L3/L max)

n_tubes rounded3 = [math.ceil (number) for number in n_ tubes3]

#%%Plotting

plt.figure (1)

plt.title('Diameter as a function of raw meal feed rate', size = 14)
plt.plot (m phm, D, label = 'u$ m$ = 2 [m/s]')

plt.plot (m phm, D2, 'g', label = 'u$ m$ = 1 [m/s]"')

plt.plot (m phm, D3, 'r', label = 'u$ m$ = 0.5 [m/s]")

plt.grid()

plt.legend()

plt.xlabel ('Feedrate [t/h]', size = 12)

plt.ylabel ('Diameter [m]', size = 12)

plt.figure (2)

plt.title('Length as a function of raw meal feed rate', size = 14)
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plt.plot (m phm, L, label = 'u$ m$ = 2 [m/s]")
plt.plot(m phm, L2, 'g', label = 'u$ m$ =1 [m/s]"')
plt.plot (m phm, L3, 'r', label = 'u$ m$ = 0.5 [m/s]')
plt.grid()

plt.legend()

plt.xlabel ('Feedrate [t/h]', size = 12)

plt.ylabel ('Length [m]', size = 12)

fig, (axl, ax2, ax3) = plt.subplots(nrows=3, ncols=1, sharex = False)
fig.set size inches (9, 6)

plt.suptitle ('Number of tubes as a function of raw meal feed rate', size =

20)

axl.plot(m _phm, n tubes rounded, '.', label = 'u$ m$ = 2 [m/s]"')
axl.grid()

axl.legend(loc = 'upper left')

ax2.plot (m phm, n tubes rounded2, 'g.', label = 'u$ m$ =1 [m/s]")
ax2.grid()

ax2.legend(loc = 'upper left')

ax3.plot (m _phm, n tubes rounded3, 'r.', label = 'u$ m$ = 0.5 [m/s]')
ax3.grid()

ax3.legend(loc = 'upper left')

fig.text (0.5, 0.04, 'Feedrate [t/h]', ha='center',6 size = 17)

fig.text (0.04, 0.5, 'Number og tubes', va='center', rotation='vertical',
size = 17)

#fplt.savefig('Diameter of tube with changing gas velocity', transparent =
True, dpi = 1000)
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Appendix L: — Python 3.8 - diameter, height
and number of tubes with varying
temperature

@author: Martin Hagenlund Usterud

wnn

# Simulations impact of temperature
%% Libraries

import numpy as np

import math

from matplotlib import pyplot as plt

#%% Design values
m

total = 207 # [t/h] Max feedrate of raw meal
T phm = 931.15 # [K] Temperature preheated meal inlet of DTR
T cal = 1173.15 # [K] Calcination temperature
T ref = 298.15 # [K] Reference temperature (ambient)
T wall = 1500 # [K] Operating temperature (Reactor wall temperature)
T wall2 = 1400 # [K] Operating temperature (Reactor wall temperature)
T wall3 = 1323.15 # [K] Operating temperature (Reactor wall temperature)
T walld = 1200 # [K] Operating temperature (Reactor wall temperature)
eta = 0.98 # [-] Efficienct conversion from electricity to heat
U = 250 # [W/m2 K] Overall heat transfer coefficient,

# contribution from convection and radiation.
P CO2 = 101325 # [Pa] Partial pressure of CO2 = 1 atm
R = 8.314 # [m3 Pa/K mol] Universal gas constant
k = 0.0651 # [W/m K] thermal conductivity coefficient
k T m= 0.0771 # [W/m K] 1052.15K thermal conductivity coefficient
k 2 =0.0971 # Thermal conductivity at average Tm gas
my = 4.65*10**-5 # [Pa s] Dynamic viscocity evaluated at 1173.15 K
my s = 5.08*10**-5 # [Pa s] Dynamic viscocity evaluated at 1323.15 K

my g p = 4.30%10**-5 #[Pa S] Dynamic viscosity evaluated at 1052.15 K

C p CO2 = 120.4
L max = 25

#%% Feedrate

m phm = np.linspace(l, 207, 207) # feedrate t/h
m phm in = m phm*10**3/3600 # feedrate kg/s

[J/kg K] Specific heat capacity CO2 gas at
[m] Available height tubes

eps = 0.22 # Emissivity gas absorption graph.
epsl = 0.9 # Emissivity grey body (Textbook page 740 and 939)
alpha = 0.25 # Absorptivity -"-
sigma = 5.67*10**-8 # Stefan Boltzmann constant
X =0.94 # calcination degree
um-=1.0 # [m/s] mean velocity fluid
#
#

[oNge)

s$How much CO2 is produced during calcination with specified feedrate
w _CaCO3 = 0.7760 # Design basis value

Mw CO2 = 44.01*10**-3 # Molecular weight CO2

Mw CaCO3 = 100.087*10**-3 # Molecular weight Calcium carbonate

w_CO2 prod = w_CaCO3* (Mw_CO2/Mw_CaCO03) # Weight fraction of CO2

# Array for storing mass flow rate calculations
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m CO2 prod = np.zeros (len(m_phm))

m CO2 prod 94 = np.zeros(len(m phm))

n CO2 prod 94 = np.zeros (len(m phm))

# Find mass flow rate of CO2 w/ 100 % calcination
for i in range(len(m phm)) :

m CO2 prod[i] = w _CO2 prod*m phm in[i] # produced CO2

m CO2 prod 94[i] = m CO2 prod[i]*X # produced CO2 with calcination
degree

n CO2 prod 94[i] = m CO2 prod 94[i]/Mw _CO2 # produced CO2 at molar
basis

#%% Volumetric flow of CO2
rho CO2 = (P_CO2*Mw_CO2)/(R*T cal) # Density of CO2 at T cal

# Arrays for storing dimensional data
V_flow CO2 = np.zeros (len(m phm))

A cross = np.zeros (len(m_phm))

D = np.zeros (len(m _phm))

for i in range(len(m phm)) :

V_flow CO2[1i] = m CO2 prod 94[i]/rho CO2 # [m3/s]
A cross[i] = V_flow CO2[i]/u m
D[i] = np.sqgrt(4*A cross[i]/np.pi) # The required diameter of the
DTR
#%% Preheat section
# Wall to particle radiation - Preheating
T m ph = (T _cal+T phm)/2

h rad ph = sigma*epsl* (T _m ph+T wall)* ((T_m ph)**2+ (T _wall) **2)
g_rad ph wall part flux h rad ph* (T m ph-T wall)

h rad ph2 = sigma*epsl* (T m ph+T wall2)* ((T_m ph)**2+ (T wall2)**2)
g rad ph wall part flux2 h rad ph2* (T m ph-T wall2)

h rad ph3 = sigma*epsl* (T m ph+T wall3)* ((T_m ph)**2+ (T wall3)**2)
g_rad ph wall part flux3 h rad ph3* (T m ph-T wall3)

h rad ph4 = sigma*epsl* (T m_ph+T_wall4)*((T_m_ph)**2+(T_wall4)**2)
g rad ph wall part flux4 h rad ph4* (T m ph-T wall4)

# Total heat flux - preheating

g tot ph = abs(g rad ph wall part flux)
g_tot ph2 = abs(g rad ph wall part flux2)
g_tot ph3 = abs(g rad ph wall part flux3)
g_tot ph4 = abs(g rad ph wall part flux4)

#%% Calcination section

# Wall to particle radiation - Calcination

h rad cal = sigma*epsl* (T cal+T wall)* ((T cal)**2+ (T wall)**2)
g rad cal wall part flux = h rad cal* (T cal-T wall)

h rad cal2 = sigma*epsl* (T cal+T wall2)* ((T_cal)**2+(T wall2)**2)
g rad cal wall part flux2 = h rad cal*(T cal-T wall2)

h rad cal3 = sigma*epsl* (T cal+T wall3)* ((T _cal)**2+ (T wall3)**2)
g rad cal wall part flux3 = h rad cal3*(T cal-T wall3)
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h rad cald = sigma*epsl*(T_cal+T_wall4)*((T_cal)**2+(T_wall4)**2)
g rad cal wall part flux4 = h rad cald*(T cal-T walld)

# Total heat flux - Calcination

g tot cal = abs(g rad cal wall part flux)

g_tot cal2 = abs(g rad cal wall part flux2)
g_tot cal3 = abs(g rad cal wall part flux3)
g_tot cald = abs(g rad cal wall part flux4)

#%% Energy supply required to heat meal (Heat rate)

# From energy balances / Preheat zone

n phm in = m phm in/Mw CaCO3 # Molar flow rate of preheated meal

Cp_phm = 0.13352*10**3 # Specific heat capacity of raw meal at 1052.15 K

E meal 900 = n phm in*Cp phm* (T cal-T ref)*10**-6 # Energy of the meal at
calcination temp

E phm in = n phm in*Cp phm* (T phm-T ref)*10**-6 # Energy of the preheated
meal

E el ph = E meal 900-E phm in
E supply ph = (E_el ph/eta) # Necessary electricity supply of ph in MW
O _ph = E_supply ph

# From energy balances / Calcination zone

Cp CO2 cal = 0.0589*10**3 # Specific heat capacity of CO2 at calcination
temp

E CO2 cal = n CO2 prod 94*Cp CO2 cal*(T cal-T ref)*10**-6 # Energy of CO2
at calcination

E out cal = (E CO2 cal + E meal 900) # Energy out of the reactor
H cal = -3.6*Mw_CO2 #Enthalpy of calcination

H other = 0.3*Mw_CO2 #Enthalpy of other reactions

E cal = n CO2 prod 94*H cal # Calcination reaction energy

E other = n CO2 prod 94*H other # Other reactions energy

E supply cal = ((E out cal-E meal 900-E cal-E other)/eta)
Q cal = E supply cal

# Total heat required
Q = Q ph+Q cal

#%% Heat transfer area
# Preheating section
A heat ph = (Q ph*10**6/q tot ph)

A _heat_ph2 = (Q_ph*10**6/g_tot ph2)
A _heat_ph3 = (Q_ph*10**6/q_tot_ph3)
A _heat_ph4 = (Q_ph*10**6/q_tot_phd)

# Calcination section

A heat cal = ((Q cal*10**6)/g tot cal)

A heat cal2 = ((Q cal*10**6)/q tot cal2)

A heat cal3 = ((Q cal*10**6)/g tot cal3)
(

A heat cal4 = ((Q cal*10**6)/q tot cal4)
#%% Length of sections

# Preheating section

L ph = A heat ph/ (D*np.pi)

L ph2 = A heat ph2/(D*np.pi)
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L ph3 = A heat ph3/(D*np.pi)
L ph4 A heat ph4/(D*np.pi)

# Calcination section

L cal = A heat cal/(D*np.pi)

L cal2 = A heat cal2/(D*np.pi)
L cal3 = A heat cal3/(D*np.pi)
L cal4 = A heat cald4/(D*np.pi)

# Total length of DTR at given feedrate
L =L ph+ L cal

L2 = L ph2 + L cal2

L3= L ph3 + L cal3

L4 = L phd + L cald

#%% Number of tubes necessary

n _tubes = (L/L max)

n tubes2 = (L2/L max)

n tubes3 = (L3/L max)

n tubes4 = (L4/L max)

n_tubes rounded = [math.ceil (number) for number in n tubes]

n_tubes rounded?2
n_tubes rounded3
n_tubes rounded4

[math.ceil (number) for number in n tubes2]
[math.ceil (number) for number in n tubes3]

[math.ceil (number) for number in n tubesd]

$%Plotting
plt.figure (2)
plt.title('Height as a function of raw meal feed rate', size = 14)
plt.plot (m phm, L, label = 'T = 1500 [K]"')
plt.plot (m _phm, L2, 'g', label = 'T = 1400 [K]"')
plt.plot (m phm, L3, 'r', label = 'T = 1323.15 [K]")
plt.plot (m phm, L4, 'y', label = 'T = 1200 [K]")
plt.grid()
plt.legend()

plt.xlabel ('Feed rate [t/h]', size = 12)
plt.ylabel ('Height [m]', size = 12)

plt.figure (3)

plt.title('Radiation heat flux preheating section', size = 14)
plt.plot (T wall, g tot ph*10**-3, 'x' , label = 'T = 1500 [K]'")
plt.plot (T wall2, g tot ph2*10**-3, 'x' , label = 'T = 1400 [K]"')
plt.plot (T wall3, g tot ph3*10**-3, 'x' , label = 'T = 1323.15 [K]"')
plt.plot (T walld4, g tot ph4*10**-3, 'x' , label = 'T = 1200 [K]"')
plt.grid()

plt.legend()

plt.xlabel ('Temperature [K]', size = 12)

plt.ylabel ('"Heat flux [kW/m$"2$]', size = 12)

plt.figure (4)

plt.title('Radiation heat flux calcination section', size = 14)
plt.plot (T wall, g tot cal*l0**-3, 'x' , label = 'T = 1500 [K]"')
plt.plot(T wall2, g tot cal2*10**-3, 'x' , label = 'T = 1400 [K]'")
plt.plot (T wall3, g tot cal3*10**-3, 'x' , label = 'T = 1323.15 [K]"')
plt.plot (T walld4, g tot cald*10**-3, 'x' , label = 'T = 1200 [K]")
plt.grid()

plt.legend()

plt.xlabel ('Temperature [K]', size = 12)
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plt.ylabel ('"Heat flux [kW/m$”2$]', size = 12)

fig, (axl, ax2, ax3, ax4) = plt.subplots(nrows=4, ncols=1, sharex = False)
fig.set size inches (10, 8)
plt.suptitle ('Number of tubes as a function of raw meal feed rate', size =

20)

axl.plot (m phm, n tubes rounded, '.', label = 'T = 1500 [K]")
axl.grid()

axl.legend(loc = 'upper left')

ax2.plot (m _phm, n_ tubes rounded2, 'g.', label = 'T = 1400 [K]")
ax2.grid()

ax2.legend(loc = 'upper left')

ax3.plot (m phm, n tubes rounded3, 'r.', label = 'T = 1323.15 [K]")
ax3.grid()

ax3.legend(loc = 'upper left')

ax4.plot (m _phm, n tubes rounded4, 'y.', label = 'T = 1200 [K]")
ax4.grid()

ax4.legend(loc = 'upper left')

fig.text (0.5, 0.04, 'Feed rate [t/h]', ha='center',K size = 17)
fig.text (0.04, 0.5, 'Number og tubes', va='center', rotation='vertical',
size = 17)

plt.savefig('Number of tubes with varying temperature', transparent = True,
dpi = 1000)
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Appendix M: Excel calculation heating
element. Kanthal® APM [47]

APM U Tube Element Calculation.

Customer
Project
Drawing no

ELSE Il
Drop tube calciner
XX

Tube element data:

Date
Sign
Rev no

05.05.2021
O Stadum
0

Electrical data:

Heating zone |Outer dia. 260,00 mm Rating |No of elements 16 In parallel
Inner dia. 238,00 mm Total rating 10,52 MW
Le 15 000 mm Element voltage 42,00 Volts DC
No shanks 1 pcs Current 251 kKA
c-CA 0 mm
Cross section 8605 mm 2 Element data|Tube temp 1175 °C <
Tube length 15 000 mm Ct factor r 1,042 ct
Surface area 122 522 cm? Resistance 0,002682 Ohm
Resistance Le 0,002528 Ohms @ 20°C Res. ratio 98,3 % Le/Lu

Element rating 657 702 Watts

No terminals 2 pcs Element current 15 660 Amperes

Terminals Terminal W 250,0 mm Weight Le 1120,35 kg
Terminal T 250,0 Weight Lu 518,75 kg
Terminal Lu 500 mm Weight Bridge 15,12 kg
Cross section 62 500 mm 2 Element weight 1639,10 kg
Surface area 5000 cm?
Resistance Lu 0,000023 Ohms @ 20°C
Total surface 10000 cm?
Tot resistance 0,000046 Ohms @ 20°C
No bridges 0 pcs Process temp: 1050 °C

Serial bridge [Bridge W 100,0 mm Element temp calc: 1175 °C
Bridge T 36,0 mm
Bridge Lu 246 mm
Cross section 3600 mm 2
Surface area 669 cm?
Resistance Lu 0,000000 Ohms @ 20°C
Tot resistance 0,000000 Ohms @ 20°C

Data per element

Voltage Current Power Le  |Surface Lo. Le| Power per Lu [ Surface Load Lu [Elem. power Tot Power
42,00 15660 645 846 5,27 5 689 1,1 657 225 10515,60
Volts Amperes Watts Wicm 2 Watts Wicm 2 Watts kw
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