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Resumo

O presente trabalho concentra-se no arranque da mais recente unidade experimental da
NET4CO02 de escala micrométrica, a P01, para operacao em continuo com vista a producao de
hidratos de CO;, como forma de separar gases de queima, através do recursso a reactores
NETmix que sdo a peca central da unidade. Esta dissertacao inclui estudos de transferéncia de
calor e massa no NETmix assim como analise experimental do processo em continuo de producao

de hidratos de gas e analise de amostras obtidas.

Os testes de transferéncia de calor envolveram trocas de calor no NETmix com vista a
determinar a capacidade da tecnologia de remover calor. Para estudar a transferéncia de massa
foram injetados juntamente no reactor agua e CO; sendo que a partir da quantidade de gas
capaz de ser absorvido estimou-se o coeficiente associado a dissolussao de CO,. A producao
continua de hidratos foi realizada para hidratos de CO; puros e de CO, com THF. Para varias
experiéncias foram alterados caudais de agua e de CO; assim como a pressao e concentracao
de THF, de forma a conhecer o impacto de cada um deste parametros na producao continua de
hidratos. Fez-se recolha de amostras obtidas a diferentes condicdes para estudar variacées na

composicao do solido obtido.

Foram realizados balancos energéticos aos reactores NETmix tendo sido obtidos coeficientes
globais de transferéncia de calor entre os 200 e os 4000 W-m?2-°C" demonstrando que a
tecnologia apresenta maior capacidade de remover calor do que outras tecnologias que sao
aplicadas industrialmente. Testes de dissolucao de CO, em agua permitiram obter coeficentes
volumétricos de transferéncia de massa entre os 2000 e os 6200 h™' provando que a taxa a que
a tecnologia dissolve gas em liquido é mais do triplo quando comparado com outras tecnologias
com aptidao para este tipo de processos. Na producao de hidratos de gas s6 a pressao e
concetracao de THF tiveram um impacto visivel tendo facilitado o inico da formacao de hidratos
assim como a sua producao continua. As amostras extraidas nao revelaram susceptibilidade as
diferentes condicdes a que foram obtidas tendo sido a concentracao de CO; em massa observada
entre 13,3-14,3%.

Este trabalho mostra que a tecnologia NETmix é promissora para a producao em continua de
hidratos de gas uma vez que revela qualidades importantes para esse processo: capacidade
extrema para remover calor libertado durante processos exotérmicos e qualidade para dissolver

grandes quantidades de gas numa fase liquida.

Palavras Chave: Hidratos, Transferéncia de calor, Transferéncia de massa, Producéo continua,

NETmix, Dioxido de carbono






Abstract

This work focuses in the start up of the latest experimental unit of micrometre scale from
NET4CO2, P01, that operates continuously in order to produce CO; hydratres, as a way of
separating exhaust gases using Netmix reactors, which work as the central piece of the unit.
This thesis includes studies of mass and heat transference in NETmix as well as experimental

analysis of the continuous process of gas hydrates and the analysis of the collected samples.

The tests of heat transference involved heat exchange in NETmix so as to determine the
technology’s capacity of heat removal. In order to study mass transfer water and CO, were
injected in the reactor and a coefficient related to the dissolution of CO; in water has been
estimated from the quantity of gas which had been absorbed. The continuous production of
hydrates has been conducted to hydrates of CO; pure and CO; with THF. In several experiments
the water and CO; flow have been altered and so has the pressure and concentration of THF,
as a way to learn about the impact of each of these parameters in the continuous production
of hydrates. Samples obtained in different conditions have been collected to study variations

in the composition of the resulting solid.

Energy balances have been conducted to the NETmix and global coefficients of heat transfer
between 200 and 4000 W-m2-°C™' have been recorded, thus showing that this technology
presents a larger capacity for removing heat than other existing technologies used/employed
by industries. Testing the dissolution of CO; in water has resulted in volumetric coefficients of
mass transference between 2000 and 6200 h™', therefore proving that the rate at which this
technology will dissolve gas in liquid triples when compared to other technologies that perform
similar processes. In the production of gas hydrates only the pressure and concentration of THF
have had a visible impact, which made the beginning of the formation of hydrates and the
continuous production far easier. The samples obtained have not proven susceptible to the
different conditions in which they have been collected, as they recorded a mass concentration
of CO; varying between 13,3-14,3%.

This work demonstrates that NETmix is a promising technology to be considered in the
continuous production of gas hydrates for it ensures fundamental qualities to this process:
extreme capacity to remove the heat released during exothermic processes and outstanding

ability to dissolve large quantities of gas in a liquid phase.

Key words: Hydrates. Heat Transference, Mass Transference, Continuous Production, NETmix,

Carbon Dioxide
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1 Introduction

Economic and population growth continue to be the most important drivers worldwide of
increases in CO; emissions from fossil fuel combustion. Energy is the major driving-force for
most economic activities around the world and fossil fuels are the primary resource for
electricity required by modern society and will most likely remain in the foreseeable future.
Even though the contribution of population growth between 2000 and 2010 remained roughly
identical to the previous three decades, the contribution of economic growth on energy

consumption has risen sharply!.

As a consequence of the increase in energy consumption, the emission of pollutant gases to the
atmosphere also increases. Greenhouse gases (GHGs) are of particular interest since their
emissions highly contribute to climate change. Climate change is defined as the shift in climate
patterns mainly caused by greenhouse gas emissions which cause heat to be trapped by the
earth’s atmosphere (greenhouse effect), and this has been the main driving force behind global
warming. Each of the last four decades has been successively warmer than any decade that
preceded it since 1850. According to the 2021 report of the International Panel on Climate
Change, global surface temperature in the first two decades of the 21 century was 1.10°C
higher than in the period 1850-1900[.

The greenhouse gases widely discussed in the literature are carbon dioxide (COz), methane
(CH4), nitrous oxide (N;0), and the fluorinated gases such as hydrofluorocarbons (HFCs),
perfluorocarbons (PFCs) and sulphur hexafluoride (SFs)P!. According to the emissions gap report
prepared by the United Nations Environment Programme in 20191, the total greenhouse gas
emissions in 2018 amounted to 55.3 GtonCO,e, of which 37.5 GtonCO.e are attributed to fossil
CO; emissions from thermoelectric power plants and industrial plants (such as steel mills and

refineries).

Global warming caused by the greenhouse effect does not only affect the climate as it also
endangers human life. In 2018 the world encountered 315 cases of natural disasters which are
mainly related to climate change. Approximately 68.5 million people were affected, and
economic losses amounted to $131.7 billion, of which storms, floods, wildfires and droughts
accounted for approximately 93%. In 2018 alone economic losses attributed to wildfires in 2018
alone are almost equals collective losses from wildfires over the past decadel®, which is quite
alarming. Although wildfires are part of the natural system, it is clear that human-induced
emissions are directly interfering and amplifying the impact of natural system emissions. It is
evident that human induced climate change is a major driving force behind many natural

disasters occurring globally.

Continuous CO2 Hydrate Production 1
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Being these planetary concerns, strict global regulations of CO, emissions to the atmosphere
have been imposed. Various industries need to deal actively with these regulations in order to
survive. It is by far evident that conventional mitigation efforts alone were not sufficient to
meet the targets stipulated by the Paris agreement, therefore, the utilization of alternative
routes appears inevitable. There is an urgent need to develop CO; reduction technologies, and
carbon capture and storage (CCS) has great potential to be one of the more important green
technologies in the future. Carbon capture from fossil fuel-burning power-generation plants
will be a necessity if CCS is to make a material impact on total anthropogenic emissions!®l. It is
also an area where the opportunity for a rapid reduction of emissions exists since some key

technologies have been developed and deployed in other industries.

1.1 Motivation and Relevance

Several technologies for carbon capture already exist and can successfully separate carbon
dioxide from gas mixtures. Unfortunately, all these technologies combine great energy
consumption or require expensive materials or processes. The main motivation for this thesis is
to assist NET4CO2 in the study of an hydrate gas to solid (HGtS) technology to separate CO;
from exhaust gases, with basis on the PhD thesis by M.F.Costa (2017), that aims to tackle these

main issues.

The Collaborative Laboratory NET4CO2, a private non-profit organization, is a network of
Research & Development competences and technologies with the goal of creating new
processes and products that make a significant contribution to the CO, sustainable circular

economy.

The NET4CO2 aims to mitigate the trend of atmospheric CO; increase without compromising
the quality of life we are used to. For that, technical solutions are being developed on two

main fronts:
« A safe, efficient, and profitable capture and separation of CO,.

» A competitive production of alternative fuels: synthetic fuels, which provide a route for CO;

and CH4 reutilization; and hydrogen which involves zero CO; emissions.

NET4CO02 has already produced gas hydrates using NETmix reactors at a lab scale (1 kg-h™) and
pilot scale (10 kg-h™"). A main goal for the Colaborative Laboratory NET4CO2 is to produce, in a
near future, 1 ton-h™" of hydrates which will be a great step to bringing this technology closer

to be implemented in industrial processes.
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1.2 Thesis Objective and Structure

The main objective of this work is to initiate the studies on a new microscale unit, called P01,
for continuous hydrate formation and gas separation that has a microNETmix reactor as its

central piece, as well as measuring its capabilities and testing its features.

The present thesis is divided as follows:
In Chapter 1 the motivation and relevance of the present work is provided, as well as the main

objectives.

In Chapter 2 a global overview of the main problem involved is presented. The necessity of
mitigating CO2 emissions is stated as well as the fundamental role of CCS technologies for this
purpose. The fundamentals of the CO; capture process, transport and storage are detailed. The
available capture technologies are explained with special attention to hydrate-based capture.
Gas hydrates are defined and fundamentals for its formation and previous works regarding CO;
hydrates are discussed. The NETmix technology is described as well as the available prototypes.

Previous works and applications of this technology are introduced.

In Chapter 3 the material and methods applied in this work are described. The materials used
are specified. The experimental unit P01 is presented as well as some of its features. Its process
flow diagram is thoroughly described, and special attention is given to the unit’s central piece,

the NETmix reactor. The experimental procedure for each following chapter is provided.

Chapter 4 introduces heat transfer and heat transfer coefficients and the heat performance of

the NETmix is presented.

Chapter 5 provides some theoretical background to mass transfer between phases and presents

an evaluation of the NETmix ability to dissolve CO; in water.

Chapter 6 is divided in two parts, the former where continuous CO; and CO,+THF hydrate
production is carried out and the latter where samples of the hydrate produced are subjected

to a gravimetric analysis.

Chapter 7 presents the main conclusions of the present work as well as suggestions for the

continuation of studies on this topic.

1.3 Main difficulties

Although a great deal of practical work is described in this thesis, a lot of setbacks had to be
dealt with during the period of experimental tests. For once, it started during the initial
lockdown phase which required some time to the student and ColLab to adapt to the situation.

Health issues due to the Covid-19 pandemic interrupted the practical work for a great deal of
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time, requiring the pace at which the tests presented in this thesis were performed to

accelerate.

Also, a great deal of work performed is not suited to be presented in this dissertation. Since
the experimental unit was new and not tested before a lot of repairing, tuning and equipment
change was required until each experiment was able to be carried out. This extra work required
not only manual work to fix leakages or substitute tubes and main equipment such as a heat
exchanger and a chiller, but also theoretical background to support the changes in the unit that

were successively carried out.

Continuous CO2 Hydrate Production 4



Gas separation via hydrate-based process: experimental, modelling, validation and optimization of a microscale HGtS unit

for continuous carbon capture

2 State of the Art

2.1 Carbon Capture and Storage

Rapid economic growth has contributed to today's ever-increasing demand for energy. An
obvious consequence of this is an increase in the use of fuels, particularly conventional fossil

fuels.

The abundant use of fossil fuels has become a cause of concern due to adverse effects on the
environment, particularly related to the emission of carbon dioxide (CO;), a major greenhouse
gas (GHG)!). Figure 2.1 shows the annual emission of anthropogenic GHG between 1970 and
2010. In 2011, according to the Emission Database for Global Atmospheric Research, CO, global

emissions reached 33.4 billion tonnes, which is 48% higher than two decades ago!®!.

+2.2%lyr

20002010
a6t
+13%0yr 20% =
19702000 62% I

1

GHG Emissions [GtCO,eq/yr]
w
(=]

Gas

65%

W FGases
M nNo
10 5% o,
55% 2% W co,fow
€O, Fossil Fuel and
Industrial Processes
0
1970 1975 1980 1985 1990 1995 2000 2005 2010 2010

Figure 2.1: Total annual anthropogenic GHG emissions (GtCO2eq/yr) by groups of gases 1970 -
2010 (IPCC, 2014)

To reduce their emissions, different approaches are being considered and adopted by different

countries, such as!:

¢ Improving energy efficiency and promoting energy conservation;
¢ Increasing usage of low carbon fuels, including natural gas, hydrogen or nuclear power;
¢ Deploying renewable energy, such as solar, wind, hydropower and bioenergy;

e Applying geoengineering approaches such as afforestation and reforestation;

Despite the fact that these measures prove to be an important step towards mitigation of the

release of GHG to the atmosphere, these do not act directly on the source of CO; emissions. At
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the same time research and development efforts into low- or zero carbon alternatives to fossil
fuels are carried out, the urgent need to stabilize anthropogenic CO; levels means that
measures such as the capture and storage of carbon, that would otherwise be emitted, might

play an important role during the period of transition to low-carbon alternatives.

Carbon capture and storage (CCS) is a promising route significantly replace the amount of CO;
emitted to the atmosphere, via the use of fossil fuels without changing neither industrial

processes nor their efficiency, that could arise from the change of the energy sourcel'®.

CCS can reduce the amount of CO; emissions, not only from power generation, but also from
industrial sectors, such as iron and steel, refining, petrochemical or cement manufacturing!",

and is estimated to be able to provide almost 20% of global emission cuts required by 2050.

2.2 Capture Process

The fundamental chemical process involved in the generation of power from carbon-based fuel
is the exothermic oxidation of carbon, and since CO; is the lowest-energy endpoint of the
oxidative reaction chain its production is unavoidable. The elimination of carbon from power

plant emissions therefore requires either!':

e Decarbonation of the fuel prior to combustion (pre-combustion capture)
e Separation of CO; from the products of combustion (post-combustion capture)
e Reengineering the combustion process to produce CO; as a pure combustion product

(oxyfuel combustion)

A simple description of each process for carbon capture is described in Figure 2.3.
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Power and heat
Fossil fuels or biomass
—) CoRibuStsH Flue gas co, ———p CO, to storage

L .
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Pre-combustion CO, capture
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or biomass Gasification/ yngas co, H,
reformin, ti > Combustion
Air ———p e separation ——— CO,lean flue gas
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Air =———p>

Oxy-combustion CO, capture

Fossil fuels or biomass =—— 1 1ion — > CO,tostorage
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Alf e
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Figure 2.3: CO; capture processe. Source: [9]
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2.2.1 Pre-Combustion

Pre-combustion capture involves decarbonation by gasification of the primary fuel (typically
coal or natural gas) to produce hydrogen through a combination of partial combustion,
reforming and water-gas shifting, and the separation of CO; from the resulting product

stream!""].

In this process, an initial reaction stage where syngas (a mixture of hydrogen, carbon monoxide
and carbon dioxide) can be obtained either via oxidation by adding oxygen or air, or steam
reforming by adding steam. After each of these reactions, the syngas is mixed with more steam,
in a catalytic reactor, to obtain more hydrogen and further reduction of CO to CO,!"3!. The result

is a H,/CO; flue gas with a CO, concentration over 20%.
2.2.2 Post-combustion

In post-combustion capture, CO; is removed from the combustion reaction product stream - the
flue gases - immediately before they enter the stack. Instead of being discharged directly to
the atmosphere, flue gas is passed through equipment which separates most of the CO;. In this
sense, it is thus an extension of the flue gas treatment for sulphur dioxide (50;), nitrogen oxides
(NOx), or particulate control on an existing facility, made more challenging since the CO; level
in combustion flue gas is normally quite low (i.e.7-14% for coal-fired and as low as 4% for gas-
fired). The flue gas that reaches the capture system is a mixture of mostly nitrogen and carbon

dioxide, with traces of water vapour, resulting from the combustion with air® 114,

The advantage of this approach is that it would allow retrofit at existing facilities that can
accommodate the necessary capturing hardware and ancillary equipment without having to
modify the plant itself'>. For this reason, post-combustion capture is often the preferred

economic solution, especially for older power plants.
2.2.3 Oxyfuel combustion

In oxyfuel combustion, oxygen instead of air is used for combustion. This reduces the amount
of nitrogen and thermal NOx and its compounds, such as NO and NO,, present in the exhaust

gas that would affect the subsequent separation process!'l.

The exhaust gas is then composed mainly by CO,, water vapour, particulate matter and SO,!"7\.

After removing particles and SOx the flue gas will contain a CO; concentration ranging from 80%
to 98 %, depending on the burnt fuel. However, the large oxygen consumption, coming from an
energy intensive air separation unit, results in high cost and the energy consumption increase

may reach over 7% when compared with a plant without CCS.
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2.2.4 Transport

The large-scale deployment of CCS will require the development of a transportation
infrastructure to interconnect capture and storage sites. While road and rail transport have
been used at a smaller scale, pipeline and marine transport are the only realistic options for

transporting quantities big enough to have an impact on global CO, emissions.

The technology for pipeline and marine transport is already well developed for transport of
liquefied petroleum gas (LPG). Carbon dioxide can be transported in the same way, but at

smaller scales due to its limited demand!'”..
2.2.5 Storage

Once captured, CO; is compressed and shipped or transported via pipeline, to be stored either
in the ground, ocean or as a mineral carbonate!'”). The main concerns with CO, storage and
feasibility of storage sites include the distance from CO; source, effective storage capacity,
economic constraints, possible leaks, and the related damage that a concentrated CO; stream

would cause if it escaped into the environment.

CO; injection into permeable rock formations - geological storage - is, to date, the only method
of carbon storage that has been applied at a commercial scale, probably presenting as one of
the most promising and viable options for storing the quantities needed to effectively reduce
global warming and related climate change. There is growing confidence in trapping CO; in
deep saline aquifers and oil or gas reservoirs since natural gas has been trapped in these
geological formations for millions of years by some of the very same mechanisms that are known
to trap CO;\.

2.3 Capture Technologies

Many chemical and physical CO, extraction methods are widely studied and available and,
although carbon capture can represent an important step towards CO; mitigation, the cons of
using those technologies withhold the industrial system from implementing them. A list of

separation techniques and processes, including its advantages, is presented in Table 2.1.
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Table 2.1: Advantages and disadvantages for existing CO; capture technologies. Source: [20]

Type Advantages Disadvantages
Capture efficiencies can achieve more than 90% .
Membranes | ) Huge energy penalties
in multi-stage systems
. . Depending on the process, active deposits can be
Work continuously and at ambient temperatures . o
frequent, affecting efficiency
Do not require additional chemicals
Relatively low installation costs
. ) Separation efficiencies are dependent on CO:
Absorption | Most mature process for CO2 separation )
concentration
. ) L Significant amounts of heat for absorbent
High separation efficiencies (>90%) ) )
degradation are required
Environmental impacts related to absorbent
degradation need to be better understood
Adsorption | Capture efficiencies from 85% to 90%
CO2 purity can achieve 95% in some processes Energy penalties and costs are still not competitive
Possible hydrogenation co-production
Chemical
Looping Avoids energy intensive air separation processes | There are no large-scale operations
Combustion
Impossibility of retrofitting existing power plants
Calcium Energy penalties are competitive with other _
. Underdeveloped technique
Looping technologies
It provides the possibility for a co-production of
syngas
A COz can be captured in different phases and so, | The required energy consumption for cooling can
Cryogenic . ) ) ) )
and additional compression stage can be avoided | increase energy penalties
Possibility for recovering high purity CO2 which | Some technologies performance is highly
is more valuable for the industrial market dependent on flue gas conditions

2.3.1 Hydrate Based Capture

Hydrate-based carbon capture (HBCC) technologies have been receiving increasing attention
due to its unique separation mechanism and formation under the favourable thermodynamic
conditions of low temperature and high pressure. Even though hydrates have been studied since
1934 when Hammerschmidt found its formation in pipelines transporting gas, this technique has

not been given much attention for carbon capture purposes.

Post-combustion CO; capture separates CO, from the flue gas at the downstream of fuel

combustion, which consists of approximately 15-20% CO; and 79-80% N,. In pre-combustion
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processes such as integrated gasification combined cycles (IGCC), CO; capture separates CO;
from the CO,/H; syngas, which consists approximately 40% CO; and 60% H,. As shown in Table
2.2, CO; has the lowest hydrate-forming pressure in comparison with the other mixed

components in exhaust gases??',

Table 2.2: Generation of various gas hydrates at 273K. Source: [15]

Gas H> N> CHa 0, CO,

P/ MPa 231 16,3 2,65 11,1 1,22

This means CO; is easier to form hydrate thus enabling the separation from the other gases
in the mixture and trapping CO; molecules in a solid phase that will be enriched with that

component. The CO; hydrate can be later dissociated by depressurization and/or heating?.

Compared with other CO; capture methods, HBCC process is free of contamination as water is
the raw material. Besides, one volume of CO; hydrate can hold as much as 160 volumes of CO;
(when compared to gaseous CO; at PTN conditions) which makes this method a potential way
to transport and store CO,1?2. This technology seems very promising for carbon capture and
storage since it can be proven useful in all its stages: capture, transport, and geological

storage.

2.4 Gas Hydrates

Gas hydrates are non-stoichiometric solid crystalline compounds where gas molecules (guests),
such as light hydrocarbons or air components, are trapped in water cage-like networks (host)
that are composed from hydrogen-bonded water molecules. Gas hydrates are a subset of
compounds known as clathrates or inclusion compounds, which are formed under conditions of
low temperature and high pressure. The hydrogen bonds cause the water molecules to align in
regular orientation to which certain compounds connect by weak Van der Waals force causing

the aligned molecules to stabilize and a solid mixture precipitates®*?*,

Hydrates are classified by the arrangement of the water molecules in the crystal, and hence
the crystal structure. There are plenty of structures, but the three common natural structures
of gas clathrate hydrate are: cubic structure | (sl), cubic structure Il (sll) and, although less

common, hexagonal structure H (sH)?®!. The properties each are described in Table 2.3.

The structure obtained is directly related to the guest molecule size, as each of these structures
own different arrangements and number of the water molecules, resulting in different number

and size of cavities available to host the guest gas molecules.
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Table 2.3: Gas hydrates structural properties (Costa, 2017)

STRUCTURE sl sII sH
CAVITY TYPE Small Large Small Large Small Medium Large
LABEL 512 51262 512 5126 512 4%556% 51268
NuM. CAVITIES 2 6 16 8 3 2 1
AVERAGE CAGE RADIUS 3.95 4.33 3.91 4.73 3.94 4.04 5.79
(A)
COORDINATION NUMBER 20 24 20 28 20 20 36
LATTICE SIZE (A) 12 17.3 12.2
NUM. WATER MOLECULES 46 136 34

2.4.1 Hydrate Formation

Hydrates are formed when free water is in contact with a hydrate-forming guest molecule, in
temperature and pressure conditions that are thermodynamically favourable. An example of
the range of conditions that need to be met for different gases are the hydrate phase equilibria
for N2/CO; represented in Figure 2.4. Hydrates formation should be treated as a crystallization
process and although it is not a chemical reaction, for there is no creation or destruction of

chemical bonds, it can be conceptualized as a reaction?*:

G+n,H,0 o G - n,H,0 (1.1)

Where n,, is the amount of water per guest molecule. Considering these are non-stoichiometric
materials, as nyis not necessarily integer and varies for each guest molecules. The value of n;,
can be determined considering the number of water molecules and the number of cavities
occupied by the guest molecules. In the case of CO,, the formed type | hydrate only has its
large cavities filled, since the guest molecule is too large to fit in the smaller cages. Therefore,
in theory only 6 molecules of carbon dioxide are encapsulated in the hydrate, leading to the

following theoretical hydration number!'%:

Ty _ 46 (1.2)

ny, = ? = 7.66

Nco,

Hydrate formation requires supersaturating conditions of the aqueous medium, which means
that the concentration of guest compounds must be higher than their solubility in water for the

crystallization process to occur. If the amount of gas is higher than the saturation
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concentration, the solution enters a second phase called nucleation, which is the phase where
the nuclei of hydrates are being formed but still not visible?®!. Thus, nucleation is a process
based on supersaturation and on its driving force, which is how favourable pressure and
temperature are in comparison with the equilibrium conditions.

The next stage, hydrate growth, occurs when most of the gas is consumed, and as a result,
interphase mass transfer from the gas phase to the liquid phase is of great importance. Both
gas dissolution and hydrate formation (nucleation and growth) processes are highly exothermal
processes, requiring high rates of continuous heat removal. When nucleation and growth occurs
at a system unable to remove the released heat from the hydration process, then the heat is
absorbed by the system’s medium, and the temperature increases up to values where hydrates
are not thermodynamically stable. Kang et al. (2001) made a comparison between enthalpies

of dissociation of pure CO, and N; hydrate obtaining values of 65.2 and 65.8 kJ-mol' ,

: 27
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Figure 2.4: Hydrate equilibrium conditions for CO2, N, and CO,/N, mixtures hydrate formation.
Source: [28,29]
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2.4.2 Chemical Additives

Chemical additives act as hydrate promoters that can reduce the equilibrium hydrate formation
pressure, shorten the induction time, increase the hydration rate, enhance gas uptake or
improve the selectivity of CO; in hydrate cages. These additives are generally divided into two
classes: kinetic promoters and thermodynamic promoters. While kinetic promoters increase the
rate of hydrate formation, by possibly increasing the gas dissolution rate in water, without
taking part in the hydrate formation itself, thermodynamic promoters are small molecules that
take part in the construction of structures enhancing their stabilization at moderate conditions
of temperature and pressurel'%20:30],

The most tested thermodynamic promoters for HBCC are TBAB (tetra-n-butyl ammonium
bromide) and THF (tetrahydrofuran). Kang et al. (2001) studied the influence of THF
(tetrahydrofuran) in the CO;/N; mixed system, determining the hydration number and the
dissociation enthalpy. They observed a shift in the hydrate structure from | to Il, which
increased the amount of guest species. However, the increase in water molecules on the
hydrate formed led to lower hydration numbers and the dissociation enthalpy increased by a
factor of 2, with just 1% THF. Further understanding on the shifts in the hydration heat can be

obtained by observing figure 2.5.

260
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Figure 2.5: CO2 hydrates dissociation enthalpy and the effect of THF [31]

Linga et al. also studied the addition of THF to a CO2/N; flue gas mixture observing the same
shift in hydrate structure from sl to sll and lower hydrate formation pressure®>**!, Nevertheless,
although induction time and operating pressure were reduced, and CO; recovery rate increased
to about 60%, THF molecules compete with CO; for large cavities, and thus, could not improve

gas consumption and CO; separation factor®*! described in equation 1.3.
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_ CLHOZ/CCGO2

(1.3)
CII\-’IZ/CIgZ

Where Cfp,, and C¢,, are the concentration of CO; in the hydrate phase and gas phase,
respectively and C,{?z and Cﬁz are the concentration of mixed gas without CO; in the hydrate
phase and gas phase, respectively.

Regarding other promoters it is claimed that CO; gas uptake in hydrates is larger when using
THF than TBAB or others, hence making them a less viable option for carbon separation and

capture.

2.4.3 Hydrate Production

Hydrates are rarely produced in high quantities since most processes developed are batch
processes, such as stirred tank reactors or fixed bed crystallisers®!. In stirred tank reactors,
agglomeration of crystals may occur, reducing hydrate formation rate®!. Fixed bed crystallisers
have been studied as an alternative to overcome this problem, and although it allows the
reduction of energy consumption and CO; recovery, it still remains as a batch process, being
hard to continuously replicate the process. Using silica as a focus of crystallization has proved
advantageous since its porous nature promotes the contact between water and gas, eliminating
the need for intensive mechanical agitation and water excess. These technologies have the

advantage of small energy penalty (6-8%).

With all the advantages found in carbon capture via hydrate, the great challenge that is posed
is to find or develop a piece of equipment capable of giving the water-gas mixture the intensive
mixing it requires while being capable of removing heat at high rates and operating

continuously.

2.5 The NETmix Technology

The NETmix is a new patented mixing technology (Lopes et al.,2005) consisting of a network
of static mixing chambers interconnected by transport channels. Networks are formed by the
repetition of unit cells, each unit cell consisting of one chamber and two inlet, and two outlet
half-channels oriented at a 45° angle from the main flow direction. These cells can either be
constructed from cylindrical chambers and rectangular cross section area channels or from
spherical chambers and cylindrical channels®®. All of the above mentioned features from the

network arrangement to the channels and chambers structures can be observed in Figure 2.6.
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(b) (c)

Figure 2.6: (a) NETmix network arrangement, (b) NETmix 2D channels and chambers and (c) NETmix 3D channels

and chambers. Source: [36]

Mixing in the NETmix reactor can only be achieved above a critical channel’s Reynolds number,
of about 150, where the flow inside the mixing chambers evolves to a self-sustained oscillatory
laminar flow regime that induces strong local laminar mixing®”), as demonstrated in Figure 2.7.
This occurs due to the geometric characteristics of the NETmix network, as well as the local
hydrodynamic instabilities induced by the jet’s interactions at the chambers, and, therefore,

no mechanical mixing equipment is present.

v ‘ s
Normalized velocity (m~s )
o
-
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Figure 2.7: Velocity magnitude contour maps of NETmix chambers for (a) Re.=70 (below critical Reynols number)
and (b) Re.=500 (above critical Reynols number). Source: [10], Adapted from: [38]

The channel’s Reynolds number is defined by

_ PUcdn (1.4)

Re
‘ u

where p and p are the fluid’s density and viscosity, respectively, 0, is the mean channel’s

velocity and d;, is the channel’s hydraulic diameter.
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Channels can be conceptualized as plug flow reactors and chambers as continuous stirred tank
reactors (CSTR), offering versatility to a wide range of chemical and physical processes. The
difference from stirred tanks and NETmix is further accentuated when coupling the specific
surface area and the heat transfer coefficient, resulting in about five orders of magnitude larger
in some conditions. Previous works have shown NETmix is capable of removing heat at a rate
that is almost one order of magnitude larger than microreactors (see Figure 2.8), due to laminar
mixing induced by oscillations. In microreactors, the flow is parallel, and mixing is mostly
achieved by molecular diffusion, because of the low convection rates that are observed, which

leads to smaller heat transfer coefficients!'.
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Figure 2.8: Specific heat transfer capacity comparison between typical heat exchange devices and NETmix.
(Costa, 2017)

2.5.1 Existing Prototypes

Three different NETmix prototypes currently exist, which were built for different purposes.
NETmix 3D (Figure 2.9a) was the first prototype ever built (Laranjeira, 2005) and had spherical
chambers and cylindrical channels. NETmix 3D was constructed from two acrylic slabs where

half chambers and channels were imprinted and then glued together.

The transition to the 2D configuration was introduced by Gomes (2011) and represents a
considerable decrease in the construction complexity since only one of the slabs has the
chambers and channels imprinted. The Lab-scale NETmix 2D (Figure 2.9b) is a small lab-scale

unit and was built for research projects with small throughputs. For larger throughputs, the
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Multi-Inlet NETmix 2D (Figure 2.9c) has the particularity of incorporating multiple inlet
injection points along the reactor.

The geometrical characteristics of the NETmix 3D and the two 2D NETmix reactors are
summarized in Table 2.4.

Table 2.4: NETmix 3D, Lab-scale NETmix 2D and Multi-Inlet NETmi 2D geomethrical characteristics. Source: [37]

Parameter Unit
. Lab-scale Multi-Inlet
NETMiX3D N ETmix 20 NETmix 2D
Number of rows, ny - 49 29 65
Number of columns, n, - 15 8 16
Chamber diameter, D mm 7 6,5 8,75
Channel diameter, d mm 1,5 1 1,5
Network depth, w mm - 3 5,9
Channel length, / mm 3,2 2,1 5,4
Network volume, V mL 140 23 1500
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Figure 2.9: NETmix prototypes: a) NETmix 3D; b) Lab-scale NETmix 2D; c) Multi-Inlet NETmix 2D. (Fonte,2013)

2.5.2 Application of the NETmix Technology

NETmix network plates prove extremely useful to a wide range of activities from material
production to separation processes.

A NETmix industrial reactor was developed by Fluidinova, a spin-off company from LSRE
(Laboratory of Separation and Reaction Engineering) at FEUP (Faculdade de Engenharia da
Universidade do Porto), to produce nanocrystalline hydroxyapatite materials, a biocompatible
material that can act as bone or dental fillers, substitutes, or replacements. The advantage of
using the NETmix for this process is due to the NETmix demonstrated capacity to produce
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nanoparticles without the need of thermal or mechanical treatments, which allows relatively
small particles to be created, as a result of the chaotic and oscillatory flow regime that is
observed.

Figure 2.10: Assembled microNETmix reactor. (Costa,2017)

The microNETmix unit showed above in Figure 2.10 was used in FEUP to continuously produce
CO; hydrates by M.F.Costa (2017). It is expected that hydrates nucleation and growth occurs at
larger rates using the NETmix technology, when compared to stirred tanks, since mixing and
both heat and mass transfer are enhanced, thus reducing transport resistances that are the

limiting steps in crystallization kinetics and assuring the continuous slurry flow in the reactor.

Most recently, a mesostructured NETmix reactor was assembled for Laboratory of Separation
and Reaction Engineering - Laboratory of Catalysis and Materials (LSRE-LCM) at FEUP to
continuously produce hydroxyapatite Pickering emulsions. In order to achieve the industrial
implementation of Pickering emulsions, continuous production and less intensive energy devices
are required, and this is why the NETmix was chosen for it provides the ideal characteristics
needed. Also, the local hydrodynamic instabilities induced by the immerging jet interactions at
the chambers induces successive repeated and well-localized mixing inside the chambers

throughout the reactor, which promotes an easily reproducible emulsification step’.

In all the previously described applications, NETmix presents itself as a competitive advantage
to both batch processes since the network can be easily scaled-up or numbered-up depending
on the process and production objectives. Furthermore, it has already proven to efficiently
handle multiphase and fast reactions, having unique capabilities to transport both mass and
heat to and from the system (Gomes 2011, Fonte 2013), and other heat transfer-limited

continuous processes.
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3 Materials and Methods

3.1 Materials

Hydrate production for carbon capture requires water and CO,. Gaseous carbon dioxide with a
purity of 99.995% and water concentration below 20 ppm was supplied by Air Liquide (Alphagaz™
C02 ) in bottles at approximately 60 bar. Tap water was supplied by Aguas do Porto, E.M., with
pH ranging from 6.5 to 9 (AdP, 2017). The cooling fluid is a mixture of ethylene glycol and
water, with a concentration of 30% in volume of ethylene glycol. In some experiments water
was mixed with THF as a way of shifting the temperature and pressure conditions required for

hydrate continuous production, as well as reducing the heat of hydration.

3.2 Experimental Unit

The experimental system used in this work (see Figure 3.1) is called PO1 and it is part of a
project led by CoLAB NET4CO2 - Network for a Sustainable CO; Economy for continuous hydrate

production.

Figure 3.1: PO1 experimental unit
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Even though this unit is installed at the ColLab facilities, it is placed inside a walk-in fume hood,
which guarantees safe operation conditions in case of gas leakage, and the electronic
components that control the process variables and conditions are placed in a separate

compartment to assure their integrity.

This unit allows simultaneous injection of liquid and gas to a NETmix unit as well as controlling
the conditions needed to produce hydrates safely and successfully at CO; flow rates ranging
from 0,5 to 2 kg-h™', and H,0 flow rates ranging from 5 to 30 kg-h™". It also allows the monitoring
of several variables that allow the analysis of the system, making it possible to perform energy
and mass balances to the NETmix units, providing more insight into the physical and

thermodynamical conditions that make hydrate production viable.

3.3 Process Flow Diagram

The P01 is a complex unit with multiple features and applications. Its process flow diagram is

presented in Figure 3.2 and a detailed description is provided below.

Water is fed to the system through a vessel (W-E-1) filled with fresh water controlled by an
automated ball valve (W-V-1). The vessel is at atmospheric pressure and its temperature is
monitored by a thermocouple (TT W-I-1). The filling of the vessel is controlled through two
level transducers (LT W-I-2 and W-I-3), installed at different heights. These act on the valve W-
V-1, opening the valve when the bottom-level transducer does not detect water, allowing the
filling of the tank, and closing the valve once the top-level transducer detects water. There is
a third float level transducer (LT W-I-4) that prevents the pump from being damaged in case of

water scarcity.

A diaphragm pump (W-E-2) pumps water into a plate heat exchanger (W-E-7) where its
temperature is controlled by means of a cooling fluid flowing in counter current. Upstream this
heat exchanger, a check-valve (W-V-3) is installed to avoid any backflow, and the valve (W-V-
4) placed immediately afterwards allows to prime the pump or purge of any undesired flows in
the system. An inline filter (W-E-6) is installed in the water line, to prevent the entry of solid
impurities in the system. Water flow rate is measured using a Coriolis flow meter (W-M-1).
Downstream the exchanger W-E-7, the temperature and pressure are monitored using a
thermocouple (TT W-I-6), pressure transducers and pressure gauges (PT W-1-7 and PG W-I1-8),
prior to entering the NETmix unit (H-E-1). A check-valve (W-V-6) is installed upstream the first

NETmix (H-E-1), once again to prevent backflow.
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Carbon dioxide and nitrogen are contained in pressure vessels and can be fed to the system
through lines gas 1 and gas 2, respectively. The setup also allows the feeding of a mixture of
N./CO, that replicates the desired flue gas, although N; has not been used for the work
produced in this thesis. The unit is designed so that customized gas mixtures can be fed, by
independently setting the flowrate of each gaseous component that constitutes the mixture.
The pressurized cylinders contain pressure reducers (G-V-1 and G-V-2) and the gas flows through
a line setup with inline filters (G-E-2, G-E-3 and G-E-5) followed by mass flow controllers (G-M-
1, G-M-2 and G-M-3). There are check-valves (G-V-3 and G-V-4) installed downstream these
MFC’s, to prevent cross-contamination of the controllers, as well as upstream the NETmix unit
(H-E-1), immediately after the thermocouple (TT G-I-4), pressure transducers and pressure
gauges (PT G-1-5 and PG W-I-6), which monitor and assure the desired conditions to the process.
A three-way valve (G-V-7) is set up so that CO; can be fed solely to a second NETmix unit (H-E-
7).

In the NETmix unit (H-E-1), both water and carbon dioxide meet each other. Simultaneously,
cooling fluid is fed to the NETmix cooling plates to remove heat released during gas dissolution
and hydrate formation. The cooling fluid is an aqueous mixture with 30% glycol which has its
flow rate regulated by a ball valve (C-V-2) and measured through a ultrasonic flow meter (C-M-
1), and it is in a closed loop between a central chiller (C-E-1) and the NETmix unit. The cooling
fluid inlet and outlet temperatures are measured through thermocouples (TT C-1-1 and TT C-I-
2). As it is important to perform the energy balances, monitor the hydrate slurry production
and pressure drop in the NETmix, temperature and pressure are also measured at this unit

outlet via thermocouples (TT H-I-4) and pressure transducers (PT H-I-2 and PG H-I-3).

The stream exiting the first NETmix enters a visualizing sampler window (H-E-2) and
downstream, it can either flow to a vessel (H-E-3) for sample extraction or be routed to a
second NETmix unit (H-E-7) through two pneumatically-actuated valves (H-V-2 and H-V-11). If
the stream flows to the vessel its pressure is monitored by a pressure transducer (H-I-5), to
control the conditions of the collected sample and prevent any damage to the unit, but, by
means of a three-way valve (H-V-3), it can also be purged to exhaust or to a vessel (E-E-3)
where the water is separated from the gas, and can either be recirculated to the water vessel
(W-E-1) or go directly to the sewer. If the stream is routed to the second NETmix, the setup
also allows it to bypass this second unit through means of two actuated three-way valves (H-V-
12 and H-V-14). The second NETmix outlet stream is monitored by thermocouples (H-1-9) and
pressure transducers (H-I-7 and H-1-8) to maintain safety to the unit and perform energy
balances. Similar to the first unit, an electronically flow regulating valve (Q-V-3) controls the
feed of cooling fluid to the NETmix and a flow meter (Q-M-1) measures the flow rate of this
fluid, while thermocouples (TT Q-I-2 and TT Q-I-3) monitor the temperature of the inlet and

outlet.
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After exiting the second NETmix, or bypassing it, the stream reaches a flash tank (H-E-10). The
pressure inside the tank is controlled through a back pressure regulator (BPR) installed
downstream the vessel (H-V-5 and H-V-10). There is a relief valve (H-V-16) installed in the flash
tank to ensure safe operation in case of pressure surge. Level transducers (H-1-11 and H-1-13)
allows the control of the level of the liquid phase in the tank, and a ball valve (H-V-18) purges
any excess. The temperature and pressure in the tank are measured through a thermocouple

(H-1-12) and a pressure transducer (H-1-14).

Most valves described are automatically controlled using a pneumatic system. This system uses
pressurized air which has a pressure reducer (Pn-V-1) to lower the pressure from the line to
around 10 bar. This air line is then fed to valves actuated through solenoid actuators (Pn-V-3
to Pn-V-12). The setup also uses high-pressure compressed air which is needed to control the
BPRs (H-V-10 and H-V-15) and pressurise the flash separator also through a BPR (H-V-17) at the
start of the process. This system requires air with different pressures since the equilibrium

pressure for hydrates can range from 15 to 30 bar.

An Optomotive Velociraptor high speed camera is placed facing the visualizing sampler window
(H-E-2) to observe changes in the outlet NETmix flow not visible to the naked eye as well as

record them.

Although not mentioned in this process flow diagram description, the unit presents many other
features such as measurement of differential pressure to determine fluid viscosities and gas
chromatography to analyse composition of outlet gases, among others. However, those features

were explored but not tested in this work.

3.4 NETmix Units

Despite the fact that this work is a continuation on M.F.Costa PhD thesis, the biggest difference
is the central piece of the unit, the NETmix. M.F. Costa’s work in continuous production of
hydrates used a microNETmix that presents different characteristics from the one used in this

work which are shown in Table 3.1.

Table 3.1: microNETmix and PO1 NETmix dimensions. Sources: [10,39]

Parameter Unit
microNETmix | P01 NETmix
Value
Plate length mm 140 73
Plate Height mm 120 620
Plate thickness mm 3 3
Chamber diameter mm 3,3 3,4
Number of rows in NETmix plate - 23 144
Number of columns in NETmix plate - 7-8-7 8-9-8
Number of NETmix plates - 3 1
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The NETmix unit has three types of plates which can be observed in Figure 3.3:

« A NETmix plate, where the networks of chambers and channels are machined, and which go
inside the reactor. Streams of CO; and water will continuously flow in these plates to form
hydrates.

» Two thermal plates made of an array of machined fins, which improve the transfer of heat
produced from the production of hydrates. The coolant will circulate in this plate, which can

be in counter flow or parallel flow to NETmix plate flow direction.

» Two closing plates, where the hydraulic connections will be connected, and through which
the sealing is done by the mechanical action of screws, to contain the internal pressures in the
NETmix plate of about 30 bar.

Figure 3.3: PO1 NETmix reactor with cooling plates and network plate detail. Source: [39]

3.5 Experimental Procedure

The described unit was tested to study and measure some of its major assets for
implementation, either in research and development or desired industrial projects, from

superior heat removal and mixing capability to a solution for carbon capture.
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3.5.1 Heat Transfer Performance

Continuous production of hydrates requires the removal of the heat released during both gas
dissolution in water and hydrate crystallization. For that matter it is very important to
determine if the NETmix heat transfer coefficient allows high amounts of heat to be completely
removed during a continuous process. Previous studies on the convective heat coefficient had
already been conducted, so only the effect of the increasing of the water flow rate on the

overall heat coefficient was studied throughout this work.

The NETmix was carefully insulated so that the amount of heat lost to the surroundings can be
negligible, and heat transfer would only occur between the cooling fluid and the water flowing
through the NETmix network plates. An external heater was added to the system using the same
thermal fluid which was fed to the plate heat exchanger to heat the temperature of the feeding
water up to 40°C, while the cooling fluid, fed to the NETmix, was cooled by the central chiller

to a temperature of -2°C.

The thermocouples at the inlet and outlet of the NETmix were thoroughly calibrated using a

single point with ice in water, to assure integrity of the data collected.

This procedure was replicated in both NETmix units to evaluate both the quality of the isolation

and validate the heat transfer performance of the equipment.
3.5.2 Mass Transfer Performance

To determine the capacity of the NETmix to promote dissolution of gas in liquid, both CO, and
water were injected simultaneously to the unit. Studies with N; were not carried out since the
installed mass flow controllers did not have enough resolution to allow this test to be

preformed.

Since solubility increases with temperature and pressure, both these parameters were shifted
in a large range slightly above hydrate formation conditions. Mass transfer coefficient is not
only controlled by the diffusion but also by the contact of phases which is increased by the
mixing intensity, meaning that both liquid and gas flow rate are an important factor to gas

dissolution.

Therefore, a set of conditions (temperature, pressure, and water flow rate) were kept constant
for each run, while the gas flow rate was carefully increased. A high-resolution and high-speed
camera was placed in front of the visualiser downstream the NETmix, so as to capture the exact

moment and flow rate at which the unit was unable to totally dissolve the CO; on the water.

Since this method had to be carried out slowly and carefully to assure its validation, the small
value of the gas flow rates required the mass flow controllers to be calibrated for each single

experiment.
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The experiments were performed at conditions slightly above the hydrate formation so that no

external factors, like hydrate nucleation, would affect the obtained results.
3.5.3 CO2 Hydrate Production

Hydrate production requires simultaneous injection of CO, and water as well as favourable
conditions of temperature and pressure. Nonetheless, heat removal is detrimental to meet
those conditions, as well as good mixing, which will meet the gas saturation levels that allows

hydrate formation.

A wide range of values for each variable of the continuous hydrate production were determined
and each run was performed for 30 minutes to assure steady state stability as well as to certify
the viability of long periods of hydrate production. In some of the runs, THF was added to the
water as a hydrate promoter, which allow gas hydrates to be produced at conditions that made
the continuous production smoother, such as higher temperatures, lower pressure, and

hydration heat.
3.5.4 Gravimetry Analysis

Following the production of CO; hydrate, for each pressure where hydrates were successfully
produced, a sample was extracted to determine the amount of gas in the sample collected.
The sample was stored in a freezer in a previously weighted and insulated container where it
stabilized and achieved a metastable state. In this state there is still residual gas release, so

the analysis was carried out as soon as it could possibly be.

After stabilizing, the container was carefully carried, to minimize the heat exchange, and
placed on a scale where the guest molecules slowly gasifies, reducing its weight. A point was

registered every 2 minutes to monitor the gas release rate.
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4 Heat transfer performance

The purpose of this set of experiments was to study the capacity of NETmix to remove heat
from the system, which is of great importance for the production of hydrates and adjacent

hydration heat released upon formation.

4.1 Introduction

4.1.1 Heat transfer
Heat transfer in this system occurs through two mechanisms: conduction and convection.

Conduction is the transfer of heat from one part of a body to another part of the same body
without significant displacement of its particles. This phenomenon was first described in a form

of an equation by Fourier in 18221 which for a plane wall can be written as:

0 =kA LT

(3.1)

Where Q is the heat transfer rate, in W; A is the area normal to the direction of the heat flow,
in m%;, T, — T, is the difference in temperature between the two points studied in the transfer
of heat, in °C; x is the thickness of the solid in the direction of the heat flow, in m; and k is

the material’s thermal conductivity, in W-m™.°C .,

Heat transfer due to convection involves the energy exchange between a surface and an
adjacent fluid. Even when a fluid is flowing in a turbulent manner past a surface, there is still
a layer, sometimes extremely thin, close to the surface where flow is laminar; also, the fluid
particles next to the solid boundary are at rest!*?!. These particles form a “film” where the flow
which is essentially in laminar motion and through which heat is transferred by molecular

conduction",

The rate equation for convective heat transfer was first expressed by Newton in 1701, and is

referred to as the Newton rate equation or Newton’s ‘‘law’’ of cooling:

Q = hA(T, — Ty) (3.2)

Where (Q is the heat transfer rate, in W; 4 is the contact area normal to the direction of the
heat flow, in m% T, — T; is the difference in temperature between the fluid and the surface of

the material, in °C; and h is the convective heat transfer coefficient, in W-m2.oC -,

Rewriting both Equations 3.1 and 3.2 in terms of (T, — T;)/Q , we get what can be described

as the resistance of the mechanism to heat transfer:
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R d_TZ_Tl_i (3.3)
cond — ot -

Q kA

T,—-T, 1
Roony = T (3.4)

The higher the resistance, the more difficult it is for the medium to transport heat. In a case

where the removal of heat has an important impact, low heat transfer resistance is desired.

Resistance by conduction in solids can only be altered by either changing the material or by
changing the thickness of the solid in the direction of the heat flow. In convective resistance,
on the other hand, the resistance of the film to heat flow depends not only on the fluid, but

also on the system hydrodynamic conditions!“2l.
4.1.2 Overall heat transfer coefficient

For systems involving combination of mechanisms, one can write the heat transfer rate as an
association of all these resistances found in the system. The global heat transfer coefficient in

the direction normal to the NETmix plate flow direction can be determined by the association

1 1

in series of the resistances of both NETmix ( ) and cooling plates ( ), at the liquid

ANETmix hcoolant

level through convection, and of the solid that separates both plates (%), through
plate

conduction!'®. Assuming equal area for heat transfer in each resistance, the global heat transfer

coefficient can be determined from:

) (3.5)
1 x 1\
U= ( + plate + >
hNETmix kplate hcoolant

Where U has units of W-m2.°C -1, A comparison between those terms allows one to understand
importance of each of the thermal resistances of the system, and optimize the system either

for minimizing or maximizing heat transfer.

In a device such as NETmix, where heat is removed from a fluid, the amount of heat can be

determined by the following equation:
Q =m - Cp (Tintet — Toutet) (3.6)

Where 1 is the water fluid flow rate, in kg-h™'; ¢, is the fluid specific heat, in J-kg™'-°C""; and
the temperatures are those obtained at the inlet and outlet of the system in study, in °C. This
can be useful to determine the overall heat coefficient since the amount of heat removed from

the fluid is the same amount transferred between water and coolant:

Q =m - Cp (Tintet — Toutet) = U - A - ATy, (3.7)
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Where, for countercurrent flow ATy, in °C, is

AT, _ (TNETmix,in - Tcoolant,in) - (TNETmix,out - Tcoolant,out) (3_8)
Im —

In TNETmix,in - Tcoolant,in

TNETmix,out — lcoolant,out

In Equation 3.8, TygTmixin @Nd TNeTmixout @re considered as the inlet and outlet temperatures
of the system and are obtained from the bottom and top of the reactor, respectively. T.oo1antin
and Teoolantout @re the temperatures of the cooling fluid at the top and bottom of the reactor,

respectively, as both fluids exchenge heat while flowing in contercurrent to eachother.

4.2 Results

In this work, the same conditions presented in table 4.1 were replicated in both NETmix
reactors.

Table 4.1: Conditions for heat transfer perfomance experiments

Fluid Inlet Temperature / °C Q/ kg - h'
Water 40 4-321
Coolant 2 -1,5 533

1 Water flow rate was increased 2 kg/h for each run. Some points were omitted due to difficulties in performing the experiment.

2 Due to the central chiller dimensions the inlet temperature determined for the coolant might suffer fluctuations.

The data collected from the experiment’s water and coolant temperatures are plotted below

in Figures 4.1 and 4.2, as well as the water flow rate shifts during each experiment.
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Figure 4.1: Data collected from NETmix H-E-1 temperatures during experiment
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Figure 4.2: Data collected from NETmix H-E-7 temperatures during experiment

The heat exchanged in the system is estimated by performing an enthalpy balance to the water,
instead of the cooling fluid. This justified by the fact that the water flowrate is lower than the
flowrate of the cooling fluid, and consequently, the temperature decrease is higher than the
temperature increase in the cooling fluid, and thus reducing the error associated to the
measurements. Moreover, the coolant is subject to oscillations during the runs, as the result of

the internal control algorithm of the chilling unit.

From this data and Equation 3.6, it is possible to estimate the overall heat transfer coefficient.
This coefficient, as well as the respective resistance, as a function of the water flow rate for
both NETmix units, are plotted in Figure 4.3:
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Figure 4.3: Left: Calculated overall heat transfer coefficient vs water mass flow; Right: Overall heat

transfer resistance vs water mass flow
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Figure 4.3 shows that the overall heat transfer coefficients for both NETmix units are in
agreement with each other ranging from 200 W-m.°C " for a channel’s Reynolds number of 80
to 4000 W-m2.°C * for a channel’s Reynolds number of 1250. Even though the increase in the
coefficient was higher after the flow in the reactor surpassed its Reynolds channel’s critical

number, its growth was fairly constant during the entire experiment.

Since the structural characteristics of the NETmix network plates are known as well the
convective coefficient from the coolant side (Appendix A), it was possible to determine the
convective heat transfer coefficient from the NETmix side from equation 3.4. Since all
resistances are now known, it is possible to study the weight of each one in the overall heat
transfer resistance. The percentage each resistance has in the heat transfer mechanism of the

NETmix is plotted below in Figure 4.4 as function of the water mass flow rate:

Channel’s Reynolds number
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100%

90% NETmix side

80% Coolant side
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60%
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N 0 5 10 15 20 25 30 35
Water mass flow rate / kg-h™!

Figure 4.4: Relative resistance for each NETmix resistance vs water flow rate

The flow rate of the coolant is already maximized and there is no possibility of changing the
material or the dimensions of the NETmix network plate, thus, the best way to increase heat
transfer rate is by working at a Reynolds higher than 800, in which the resistance of the NETmix
plate is similar to the other resistances in the system and, from this point on, the main
limitations to heat transfer become the convection in the coolant side and conduction through

the plate.

Moreover, being that not only temperature but also pressure are measured both at the outlet

and inlet of the NETmiX, it is possible to compare the pressure drop in the unit to its theoretical
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value with the mechanistic model proposed by Fonte et al. (2013). Both pressure data collected

and the theoretical model are presented in Figure 4.5.

7 7
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Figure 4.5: Pressure drop for NETmix H-E-1 (left) and H-E-7 (right)

The main reason why the data value differs from the theoretical model is that this equation
only considers the pressure drop in the network and the system tested has check-valves before
the NETmix reactors as well as gas injectors and manifolds which are not considered in the
mode. For NETmix H-E-7 the pressure drop from the data seems to be slightly higher then the
NETmix H-E-1 value which could be explained by the longer path the fluid has to travel to reach
the reactor. The model also has its basis on the fluid traveling along the shortest path (see
Figure 4.6), which is hard to achieve as the reactor is too complex to be physically possible for

all fluid molecules to take this same path.

Figure 4.6: Shortest path for traveling fluid along NETmi network. (Fonte, 2013)
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5 Mass Transfer Performance

The objective of this study is to determine whether the NETmix reactor has higher mass transfer
coefficients than other absorption devices available, many of them already implemented in an
industrial environment. This is of major importance for a process such as continuous production

of gas hydrates since supersaturation of the medium is detrimental for its formation.

5.1 Mass Transfer Between Phases

When material is transferred from one phase to another across an interface that separates the
two, the resistance to mass transfer in each phase causes a concentration gradient in each side
of the interface, a theory initially suggested by Whitman to explain this process!*?!. Figure 5.1

provides a visual representation of the mass transfer system and respective resistances.

Bukgas | Gasflim Liquid flim , Bulk liquid
| (stagnant) (stagnant) |
PAG : :
| |
| |
——ﬁ |
| |
N,
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| I
| |
| |

Gas/liquid
interface

Figure 5.1: Concentration gradients between two contacting phases where solute is transferred from gas to
liquid.

The concentrations of the solute in both phases adjacent to the interface are generally unequal
but usually are assumed to be related to each other by the laws of thermodynamic equilibrium
such as Henry’s law, for dilute solutions (Equation 5.1). Thus, it is assumed that the
thermodynamic equilibrium is reached at the gas-liquid interface almost immediately when a

gas and a liquid are brought into contact“!l.

C: =H-( (5.1)
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For systems in which the solute concentrations in the gas and liquid phases are low, i.e., in
dilute systems, the rate of transfer may be expressed by equations that predict that the rate
of mass transfer is proportional to the difference between the bulk concentration and the

concentration at the gas-liquid interface.

In many gas-liquid processes, the gas is sparged into a unit together with liquid that is mixed
by mechanical stirring. The unit promotes gas-liquid contact by breaking up the gas bubbles
and dispersing them throughout the liquid volume. A similar process can be conceptualized in
the NETmix when water and CO; are simultaneously injected, as a result of the chaotic and
oscillatory flow regime that can be observed. Due to the continuous collision of the gas
bubbles, the interfacial area for mass transfer is impossible to measure. Consequently,
measured mass-transfer coefficient for these units is reported as a capacity coefficient!*"! or

volumetric mass transfer coefficient!? K, a.

Neo, = Kpa - (C; — Cp) (53:2)

Where N, is the dissolution rate in mol-m3-s™", C, is the concentration in liquid and C; is the
concentration in liquid in equilibrium with the gas, both in mol-m?3, and the mass-transfer

coefficient, K; or K; in m-s”, is lumped together with the parameter a, which is defined as

_A; _ areawaliable for interphase mass transfer (m?) 5 3
*=y = liquid volume (m?3) (3-3)

5.2 Results

At the beginning of each run, the valve that controls the CO; flow rate is completely closed.
The flow rate is then gradually and slowly increased, so that steady state is reached, using
increase steps as small as allowable by the mass-flow controller, which is 0,01 kg-h™'. The flow
rate is increased until bubbles are visible in the visualizing sampler window, thus indicating
that CO; can no longer be absorbed by the water. Both situation of complete absorption and

saturations are evidenced in Figure 5.2a and 5.2b, respectively.

Since the main goal of the unit is to continuously produce hydrates, it is important to
understand whether supersaturation might be achieved and, for that reason, all experiments
(see Table 5.1) were performed at 5 °C as an indicative value close to the conditions that will

be needed later for the NETmix to be able to form hydrates.
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Table 5.1: Conditions for mass transfer perfomance experiments

Experiment Relative Pressure’ / bar | Water flow rate / kg-h"'
E-1 5-30 10
E-2 5-30 12,5
E-3 5-30 15
E-4 5-30 17,5
E-5 5-30 20
E-6 5-30 25

1 for each run of every experiment the pressure in the system was increased by 5 bar

After determining the maximum CO; flow rate for which gas is absorbed by the liquid phase,
the concentration of gas in the liquid can be calculated and, assuming constant pressure and
temperature inside the reactor and assuming that the concentration of CO; in water at the inlet
is zero, the volumetric mass transfer coefficient is estimated performing a mass balance in the
NETmix:

dc, )
Qu,0— = Kea - (€ — C) <=> (5.4)
av
Qu,0 Cr
<=> Ka = n(— )
t VNETmiX CL - CL

Where Viermix is the NETmix network internal volume, which is 6,3 cm®.

Figure 5.2: Two observed cases for mass transfer experiments: (a) complete absorption and (b) water saturation

The data obtained from applying equation 5.4 to the obtained values in the experiments is

plotted in Figure 5.3 as a function of the relative pressure in the NETmix:
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Figure 5.3: Liquid-side volumetric mass transfer coefficient for each water flow rate by the NETmix relative pressure

The NETmix could achieve volumetric mass transfer coefficient ranging from about 2000 h™' for
a Reynolds channel number of 264 to about 6200 h™' for a Reynolds channel number of 661,
which is considerably higher than other absorption equipment’s that can typically only reach

coefficients as high as 3500 h™' ] (see Figure 5.4).
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Figure 5.4: Volumetric mass transfer coefficient comparison between typical absorption

equipment devices and NETmix.
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The increase in volumetric mass transfer coefficient does not seem to be directly affected by
the water flow rate, apart from the constant increase the higher the flow rate is. Nonetheless,
a bigger difference can be observed for flow rates higher than 15 kg-h™', where the mass transfer

resistance seems to suffer a substantial decrease.

Another phenomenon observed in the data is the high increase in CO, consumption for pressures
of 25 bar and above which translates in an exponential increase in the capacity coefficient. The
reason for this might be that as the conditions for hydrate formation are approached, the
induction of nucleation might interfere with the system consuming more gas to achieve

supersaturation® (Figure 5.5).
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Figure 5.5: Gas consumption vs time for hydrate formation. (Sloan, 2007)
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6 Continuous CO; Hydrate Production

Once it has been proved the NETmix capabilities to both exchange heat and enhance gas-liquid
mass transfer, the following step is to assess the capacity of the technology to continuously
produce CO; hydrates. The main goal of this study is to check whether hydrate is formed or

not, and to monitor the unit’s variables to ensure the stability of the process.

6.1 Continuous CO; Hydrate Production

Taking into account the thermodynamic conditions at which hydrates can be formed, that are
already known, a set of runs was prepared. Also, with the data gathered in the dissolution
experiment results from Chapter 5, it was possible to design this experiment with confidence
that gas would be completely absorbed by water since supersaturation must be reached for

hydrate to fully form.

The operating conditions for the experiments are presented in Table 6.1.

Table 6.1: Conditions for continuous CO; hydrate production experiments

co2 co2
Water Water
Pressure / | Temperature flow Pressure | Temperature flow
Run q flow rate / Run a flow rate
bar /°C ke h1 rate / / bar /°C /kg-hl rate /
& kg-ht & kg-h
R-1 20 1-2 10 0,5 R-12 30 2-4 10 0,5
R-2 20 0,6-1,8 10 0,75 R-13 30 1,5-3 10 0,75
R-3 20 0,2-1,2 10 1 R-14 30 1,5-2,5 10 1
R-4 20 02-1 10 1,25 R-15 30 1-2 10 1,25
R-5 20 1-3 10 2 R-16 30 0,8-14 10 15
R-6 20 1,2-2.2 20 0,5 R-17 30 1,5-2,5 10 2
R-7 20 1-2 20 0,75 R-18 30 1-25 20 0,5
R-8 20 1-2 20 1 R-19 30 1-3,5 20 0,75
R-9 20 0,8-1,2 20 1,25 R-20 30 1,5-2,5 20 1
R-10 20 04-1,2 20 1,5 R-21 30 1,5-2,2 20 1,25
R-11 20 0,8-1,2 20 2 R-22 30 15-2 20 1,5
R-23 30 15-2 20 2

Regarding continuous production of hydrates, runs R-1 to R-5 were done to study the impact of
CO2 flow rate, R-6 to R-11 were carried out to evaluate the impact of changing water flow rate
and R-12 to R-23 were performed to study the impact of increasing pressure for all previous

runs.

The runs able to successfully form hydrates were R-4, R-20, R-21, R-22 and R-23. Although these
results do not provide a clear overview on the effect of shifting water or CO2 flow rate, hydrates
formation seems to be easier for higher pressure. This should be expected since pressure

increase represents an increase in the driving force.
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The telemetry for the runs R-10 and R-22 represented in Figures 6.1 and 6.2, while others can
be consulted in Appendix B.1. These were chosen as representative of a case where hydrates

are formed or not, at different pressures, for the same water and CO2 flow rates and similar
temperatures.
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Figure 6.2: Telemetry from run R-22
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Analysing both telemetries, both water and CO, flow rate were kept constant at all times,
although the gas suffered a slight decrease when hydrates were formed. This is due to the fact
that the mass flow controller needs to have a 8 bar pressure difference between the source

and the NETmix inlet to guarantee the desired flow rate is reached.

The fluctuations in temperature of the cooling fluid fed to the NETmix unit, both at the inlet
and outlet, are due to the control algorithm of the central chiller, in which the temperature

is controlled within a band around the setpoint, creating the fluctuations observed.

One may question whether ice is being formed, instead of hydrates. However, since the
temperature is always above 0 °C, and the formation of the solid is only observed when the gas

is introduced, it is known that hydrates, and not ice, are being produced.

The pressure drop in NETmix during both runs are presented in Figure 6.3.

Pressure drop / bar
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Figure 6.3: Pressure drop in the NETmix for R-10 (left) and R-22 (right)

The major differences between the experiments represented in Figure 6.1 and Figure 6.2 is
that when there is formation of hydrates, the temperature at the NETmix outlet stream
increases and so does the pressure at water and gas inlet. This shift on outlet temperature
inside the NETmix is due to the heat of hydration released upon hydrate formation. The pressure
drop inside the NETmix increases since a slurry of hydrates is now flowing inside the network
of chambers and channels. This slurry is more viscous than water, thus the pressure drop

increases.

While initially, the fluids flowing inside the NETmix network were being cooled by the cooling
plates and coolant flowing inside, once hydrate starts to be produced, a significant amount of
heat not removed by the cooling fluid is produced. This is detected by the increase of the
temperature at the outlet of the NETmix device once hydrate is being formed. Nevertheless,
despite these disturbances, the unit was able to keep the temperature within hydrate formation

conditions, and thus allowing continuous production, as shown in Figure 6.4.
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Figure 6.4: (a) Beggining of hydrate formation; (b) fully developed hydrate slurry

6.2 Continuous CO; + THF hydrate Production

For a second series of runs, a thermodynamic promoter, tetrahydrofuran, or THF, was added

to the water stream, and simultaneously in the NETmix with CO,. The objective is to assess the

impact the THF has on the hydrate formation conditions, that are milder, and, consequently,

should favour the continuous production even further.

While in the first set of experiments, water was continuously fed using a system that includes

the automatic filling of the water tank with tap water, in this set of experiments, the mixture

of THF in water is rerouted and recycled to the vessel where it is mixed to eliminate the need

to produce large amounts of the mixture and waste organic compound.

The operating conditions of the experiment are in Table 6.2.

Table 6.2: Conditions for continuous CO;+THF hydrate production experiments

Run Pressure [ bar | Temperature [ °C Wat;rk);li:/_vl rate | 02 ]IZ; ,Z-iate / e Cﬁ;iizt;)mﬁon
R-24 5 2,8-3,2 10 1 0,1%
R-25 10 2,5-3 10 1 0,1%
R-26 15 2,5-3 10 1 0,1%
R-27 20 2,5-35 10 1 0,1%
R-28 30 3 10 1 0,1%
R-29 5 2,5-3 10 1 0,5%
R-30 10 2-3 10 1 0,5%
R-31 15 2,5-3 10 1 0,5%
R-32 20 2-28 10 1 0,5%
R-33 30 2,5-3 10 1 0,5%
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The rate of success for hydrate formation was higher for this set of experiments, since R-27, R-
28, R-30, R-31, R-32 and R-33 were able to successfully form hydrates. Figure 6.5 shows the
telemetry for R-28 where hydrates were formed.
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Figure 6.5: Telemetry from run R-28

Although most parameters remained stable, the higher increase of the gas pressure, when
compared to the experiments with pure CO;, made the CO; injection less stable. The
differences in the outlet and inlet temperatures in the NETmix also increased if compared to
when no THF is present. Nevertheless, even though the temperature increased to 8 °C and

pressure drop was higher (see Figure 6.6), the continuous production of hydrates was still
possible.
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Figure 6.6: Pressure drop in the Netmix for R-28
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Even though water flow rate is halved, when compared with R-10, it was expected that the
difference between inlet and outlet temperature remained quite similar since the rate of
hydration was also halved. However that was not the case since a 5°C increase was observed,
and when compared to the 3°C increase in the first set of experiments, we can conclude that
the heat released is superior when hydrates are formed with CO; and THF for 0.1% molar of
THF. This increase in hydration heat was expected given that it is supported by the literature
from studies like those by Kang et all. (2001), Sabil et al.(2010) and Lirio et al. (2013) in which
adding increasingly higher concentrations of THF provided higher hydration heat, which doubled

for concentrations of 1-3% mol of THF.

In spite of the fact that the thermodynamic promoter proved to further allow the unit to easily
produce hydrates, when the concentration reached 0,5% mol and for pressures above 10 bar,
the recycled THF solution formed a foam in the storage vessel, which is undesired since it may
damage the pump. The impact of this foam can be detected in the telemetry, in the form of a
low-intensity noise in the water flow rate. Therefore, the experiments with 0.5% mol of THF
had to be immediately stopped once hydration formation started (see Appendix B.2) and only

the ones with 0,1% mol provided useful data.

6.3 Gravimetry Analysis

To extract a hydrate sample, the outlet stream of the NETmix is rerouted to a vessel (H-E-3) to
be detached from the unit and stored in the freezer when filled, to keep the extracted sample

in a metastable condition, for a 24h period.

Before sample extraction a drastic pressurization was performed at the beginning of a test run
and hydrates were formed. When the conditions were shifted back to those of runs which had
not formed hydrates, the continuous production would carry on. This happens since a “memory
effect” phenomenon allows hydrate to form more easily from gas and water obtained by melting
hydrate, than from fresh water with no previous hydrate history!". In the case of a reactor the
hydrate nuclei, not visible to the naked eye, will remain in its walls and promote the start of

hydrate formation.

Therefore, several runs from the previous set of experiments, with different conditions, were

handpicked to be collected and to estimate the gas uptake of the formed hydrate.

Since experiments using THF were not as stable, samples with both CO; and THF were not

analyzed.

The conditions of formation of the hydrate’s samples extracted are presented in Table 6.3:
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Table 6.3: Conditions for CO; hydrate sample extraction from continuous production

Sample Pressure | Temperature | Water flom_/ rate | CO2 flow_rate /
JAEE /°C /ke:h? kg-h*
S-1(R-3) 20 2-3 10 1
s-2(R-11) | 20 2-3 20 5
S-3 (R-14) 30 2-3 10 1
-4 (R22) | 30 2-3 20 15

After cooling the sample in the freezer, the vessel is slightly heated using tap water on its

surface, allowing the sample removal. The sample is then placed in a weighing scale to measure

the evolution of the mass decrease, while the trapped CO; leaks from the vessel, since gas will

leave the sample through gasification. The obtained gasification curves for each sample are

presented in Figure 6.7 and the main results in Table 6.4.

Table 6.4: Data from gravimetric analysis for C02 hydrate sample

i Initial weight | Final weight | CO2 amount | Hydration number
/8 /8 (Wt%) (nh)
S-1 5,90 5,11 13,3% 15,9
S-2 20,84 17,97 13,7% 15,4
S-3 12,79 11,83 7,5% 30,2
S-4 14,48 12,41 14,3% 14,7
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Figure 6.7: CO; relase upon hydrate dissociation
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The time required for the complete gasification and release of CO; can be noted to be
dependent on the weight of the sample. This happens because for every sample the maximum
carbon dioxide release rate is 0,3% w/w per minute, meaning that higher total mass or CO;

amount does not provide higher release rates.

There seems to be no direct relation between the amount of CO; and either pressure or water
flow rate. Nevertheless, the unit and method applied enable the production of hydrates with

CO; %w/w between 13 and 14% with some degree of consistency.

The hydration numbers obtained, although consistent, are still far from the theoretical value
of 7,6, from Equation 1.2. Using NETmix technology Costa (2017) has been able to produce
hydrates with an hydration number up to 11, which translates into about 18%CO, w/w. To obtain
better results, one should alter the extraction method, since sample manipulation can
significantly reduce the dissociation kinetics, but does not eliminate it completely. One must
highlight that the hydrate is at a metastable condition at the temperature of the freezer (near
-20 °C) and ambient pressure, meaning that even when the dissociation is very slow, it still
dissociates. When manipulating the sample, it absorbs heat from the environment and
gasification kinetics increases, even before the sample is placed in the scale. This means that

when the measurement starts, already a significant amount of gas has fled the sample.

Continuous CO2 Hydrate Production 45



Gas separation via hydrate-based process: experimental, modelling, validation and optimization of a microscale HGtS unit

for continuous carbon capture

7 Conclusions

The main goal of the present work was initiate the studies and evaluate the performance of a
new microscale unit for continuous hydrate production for CO2 separation from exhaust gases,

using the NETmix technology.

Studies of heat and mass transfer performance were performed to better understand the
advantage of using the NETmix technology for HGtS when compared to other separation
technologies. CO2 hydrates were continuously produced to evaluate the system ability to carry

out the process as well as study the properties of the hydrates obtained.

In Chapter 4, heat transfer performance was studied for both NETmix in the unit and was
concluded that both operate at similar conditions, as expected, with overall heat transfer
coefficient ranging from 200 W-m2-°C - for a Reynolds number of 80, to 4000 W-m™2-°C’* for a
Reynolds number of 1250. For a Reynolds number superior to 800, the NETmix network heat

transfer resistance becomes smaller than all the other resistances in the system.

Mass transfer performance tests were carried out, in Chapter 5, and the unit proved to have
volumetric mass transfer coefficients ranging from 1700 h™' for a Reynolds number of 264, to
8000 h™" for a Reynolds number of 661. The values obtained revealed to be far superior to other

gas-liquid mass transfer equipment.

Hydrate formation for both CO; and CO,+THF hydrates was achieved successfully in Chapter 6.
It can be stated with certainty that hydrates were formed, and not ice, since the temperature
conditions on the NETmix were always kept above 0 °C. For CO; hydrates, it was determined
that higher pressure and higher water flow rate promoted an easier formation. For CO;+THF
hydrates, its formation proved to be fairly easier to achieve when compared to hydrates without
the thermodynamical promoter. The amount of heat released by the formation of hydrates
containing THF was larger than those only containing CO,. The unit was able to isolate CO;
hydrate samples which upon further gravimetric analysis presented some degree of consistency
in forming structures with hydration numbers ranging from 14,7 to 15,9 which represents about
13,3-14,3% in CO; w/w.

7.1 Recommendations

Although this work was carried out without any major obstacles to the unit performance, some
improvements and studies can be suggested to further maximize the unit capability for future
experiments.

Regarding heat transfer, to fully understand the amount of heat released during hydrate
formation, overall heat coefficient studies with hydrate slurry flow can prove useful since all

temperatures are always known at every moment of production.
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The THF addition to the system should be carried out by using an auxiliar pump, which would
hinder the formation of foam and prevent the pump from being damaged. This should make
production of hydrates with concentrations of THF higher than 0,1% mol safe and achievable.
Lastly, the method for extracting samples has to be redesigned. Large amounts of CO; are lost
when the vessel containing the sample is heated for extraction, which means that the results
obtained will never reach the higher hydration numbers expected. The solution might be to
collect the samples in a vessel that can be weighed, thus removing the necessity of extracting
the sample, either by adding heat or by using an invasive mechanical method.

Nevertheless, the P01 is definitely promising in performing CO,/N, separation using the HGtS

technology, which should be the next step.
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Appendix

A Evaluate NETmix individual heat transfer resistances

Once the global heat coefficient U for the equipment is known, if there is enough data, it is

possible to determine the individual convective resistance for the NETmix side.

From CFD studies carried out by Lorenzoni (2020), a relation between convective heat transfer

in the coolant side, hcotant, With increasing flow rate is already established (Figure A.1).
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Figure A.1: Coolant side convective heat transfer coefficient along the longitudinal profile for PO1 unit
(Lorenzoni, 2020)

This data alowed to extrapolate the value for this coefficient to the flow rate used in P01’s
NETmix reactors. That flow rate is 530 kg-h™" from which was obtained a hcoolant Of about 10000
W-mZ.K",

To determine the resistance by conduction there needs to be a knowledge of the plate material

as well as the distance heat travels thorugh. The plate material is AlSI 316 stainless steel which
has a thermal condutivity of 16.27 W-m™-K". Figure A.2 provides the thickness of the plate

through where heat flows.

With this data, using equation 3.4, hnermix Was calculated.

|
N s e 3 i T = i i
Figure A.2: NETmix lateral view and detail (Costa, 2017)
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B Telemetry

B.1 Telemetry for COz; Hydrates Continuous Production

The telemetries for runs R-14 and R-20 (Figure B.1 and B.2 respectively) further evidence the
pattern observed when hydrates are produced.
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Figure B.4: Telemetry for R-20
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As seen in Chapter 6, when hydrates are formed the coolant outlet temperature doubles, the
NETmix outlet temperature suffers a drastic increase and the pressure inside the reactor also
gets increasingly higher. In Figure B.4, where hydrates were succesfully produced, the increase
of 3°C temperature at the NETmix outlet is similar to R-22 (see Figure 6.2) which should
represent a similiar hydration heat observed.

B.2 Telemetry for CO,+ THF(0,5% mol) Hydrates Continuous Production

The telemetry for run R-32 in Figure B.3 shows the pressure spike and noise in the mass flow

controllers that prevent the continuous hydrate production 0,5% mol THF to be carried out.
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Figure B.5: Telemetry for R-32

As it can be observed, as soon as hydrates formed, the pressure increased to levels higher

than the gas source which prevented gas to keep flowing and carrying on the experiment
could damage the whole unit.
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