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Abstract
Increase in global energy demand has brought to a massive rise in greenhouse gases emissions. In
particular, the continuously increasing atmospheric concentration of carbon dioxide is a major concern
among the scientific community. This paved the way for an intense research of 𝐶𝑂ኼ emissions miti-
gating technologies. Those ones including carbon capture, storage and utilisation are seen as part of
the solution for this global problem. In this framework, Zero Emission Fuels (ZEF), a startup company
located in Delft (The Netherlands) set the ambitious goal of developing a micro process plant producing
methanol from ambient air and sunlight only.

Part of the process involves direct capture of 𝐶𝑂ኼ from the atmosphere (direct air capture) with the
use of a pure tetraethylenepentamine (TEPA) absorbent. ZEF sets itself aside from the rest of the
industry developing an absorber which collects 𝐶𝑂ኼ with no support structure by continuously flowing
TEPA inside open channels. Previous research shows how this approach brings limitations connected
to slowly diffusing 𝐶𝑂ኼ molecules in the absorbent liquid film in proximity of the gas-liquid interface.

In this framework, circulation of TEPA particles from the gas-liquid interface into the bulk of the flowing
absorbent is seen as a viable solution to improve the process. This thesis focuses on investigating
this hypothesis by inducing mixing on the liquid side. That is done by building two experimental se-
tups investigating both passive and active mixing. Experimental results show that active mixing can be
used to improve the rate of 𝐶𝑂ኼ absorption, while passive mixing does not bring significant advantages.

Results from the passive mixing experiments are further investigated by modelling the fluid dynamics
of the process through a Direct Numerical Simulation of the particular Stokes’ flow in the engineered
absorption channel.

The process is characterized with the definition of a theoretical framework describing mass transfer
in the liquid side. Following an analogy with ice formation on top of a frozen lake, this theory, also
known as the ”Ice-Sheet” theory, shines some light on the way this diffusion limitations are happening
at a molecular level. In particular, a highly viscous, heavily loaded layer of sorbent on the gas-liquid
interface is believed to be the cause for observed 𝐶𝑂ኼ diffusion limitations.

This theory is backed-up by defining its mathematical equivalent in the form of a mass transfer model.
Comparing the results of the model with experimental results, a very good agreement is observed. That
is believed to add credibility to the proposed theory. Moreover, that is also found to be in line with the
latest knowledge available in literature about 𝐶𝑂ኼ absorption in TEPA films.

Finally, the experimental results and the developed models are used to engineer a new iteration of
ZEF’s absorber on a cost reduction basis.
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1
Introduction

The global warming emergency, related to a substantial increase in worldwide 𝐶𝑂ኼ emissions, is unan-
imously referred to be the biggest challenge that mankind will have to face in the 21st century. In
the following chapter, this problem is briefly outlined, together with the different technologies that are
currently used as a mitigation strategy. In this framework, the specific case of Zero Emission Fuels is
defined and, finally, objectives for the following thesis project are outlined.

1.1. Rise in global energy demand and 𝐶𝑂2 emissions
As reported by the BP statistical review of world energy, the global energy consumption has increased
by 2.9% in 2018 [1]. This growth is the strongest since 2010 and, as shown by figure 1.1, fossil fuels
accounts for more than 83% of the overall energy production. Carbon dioxide, together with methane
and nitrous oxide, are among the main emissions resulting from the burning of these fuels. There-
fore, it comes with no surprise that global 𝐶𝑂ኼ emissions are increasing in correlation with the always
increasing energy demand [24].

Figure 1.1: Global energy consumption in million tonnes of oil equivalent [1]

As stated by the Intergovernmental Panel on Climate Change (IPCC) [25], observations shows that
the massive release in the atmosphere of these type of gases, also known as greenhouse gases, is
the only reason that can explain the rise in the average temperatures of the Earth’s climate system.
Figure 1.2 shows how the average global surface temperature has risen with respect to pre-industrial
levels in the last 50 years. This effect, better known as global warming, constitutes a very serious

1
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threat to the equilibrium of the Earth’s ecosystem. It is reported how the global average will reach and
possibly overshoot, the 1.5 ∘C by 2050 [26]. Extreme weather conditions such as heavy precipitation,
drought of coastal regions and frequent heat waves in most land regions are predicted to have impact
on human systems and well-being in the foreseeable future [27]. In this framework, reduction of 𝐶𝑂ኼ
emissions via a more sustainable industrial and social development has top priority in ongoing research.
Various types of 𝐶𝑂ኼ mitigating technologies are being developed, some of which will be discussed in
the following paragraph.

Figure 1.2: Increase in global average temperature range with respect to pre-industrial levels according to NASA’s Goddard
Institute for Space Studies [2]

1.2. 𝐶𝑂2 emissions: mitigating technologies
In order to reduce the carbon release in the atmosphere, different approaches are possible. Reducing
the environmental impact of existing processes through the introduction of energy efficient technologies
is a valuable way of dealing with the global warming problem without the necessity of disrupting the
way we currently convert and utilize energy. On the other side, the capture of 𝐶𝑂ኼ from large emitting
sources, gives the possibility to reduce the emissions either by storage of the captured 𝐶𝑂ኼ, carbon
capture and storage (CCS) technologies, or by converting the captured gases into higher economic
value products, carbon capture and utilisation (CCU) technologies. In this section, those three ways of
reducing the environmental impact of human activities are briefly reviewed.

1.2.1. Energy efficient technologies
Energy efficiency can be defined as the ratio of a system’s energy input to its output. As stated by the
Industrial Development Report from the United Nations Industrial Development Organization (UNIDO)
[28], in engineering, energy efficiency can be interpreted as the proportion of the energy input which
is available as a useful output. Improving the energy efficiency of a certain process will reduce the
necessary energy input for obtaining a certain output, thus reducing the overall energy consumption.

This 𝐶𝑂ኼ mitigation strategy can be applied to multiple sectors like residential, industrial and com-
mercial. For example, the energy efficiency demonstration report from the Electric Power Research
Institute (EPRI) [29], has identified six categories of technologies that can reduce the energy usage in
U.S. buildings. Those include the use of heat pumps water heater, light-emitting diodes for street light-
ning and novel technologies for ”white goods” like refrigerators and washing machines. Similar analysis
exists for different industries like the iron and steel ones [30] or the automotive one [31]. Figure 1.3
shows emissions abatement scenarios up until the year 2035. It can be seen how 𝐶𝑂ኼ emissions will be
above 36 Gt by that time and how the different abatement strategies are predicted to reduce this num-
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ber below 22 Gt. Clearly, different technologies will contribute to that with energy efficient technologies
accounting for almost half of the overall abatement between 2010 and 2035.

Figure 1.3: ፂፎᎴ emissions abatement scenario [3]

1.2.2. Carbon capture, storage and utilisation technologies
The ability of capturing and, eventually, using or storing 𝐶𝑂ኼ includes a series of different processes for
𝐶𝑂ኼ capture, separation, storage and monitoring [32]. Multiple technologies are, therefore, involved in
this overall process.

Figure 1.4: Overview of TRL for multiple technologies involved in ፂፎᎴ mitigation [4]

Figure 1.4 gives an overview of the current development in these technologies on the TRL (tech-
nology readiness level) scale. As it can be seen, multiple 𝐶𝑂ኼ capture technologies are already well
established (TRL of 9) as well as ways for transporting the captured gases. The use of post-combustion
amines is particularly relevant to this thesis project since amines are the sorbent used to pursue the
investigation. Having a TRL of 9, multiple commercial-scale post-combustion facilities using amines to
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capture 𝐶𝑂ኼ already exist like the Petranova facility in the U.S. [33].
Regarding the storage of carbon dioxide, an increasing interest is placed in using geological forma-

tion having otherwise no other practical use [32]. Prior to a proper selection, geological formations can
hold up to tens of millions tonnes of 𝐶𝑂ኼ [34]. On the other side, some projects are focusing on using
the captured flue gases to produce higher value products like in the production of urea and methanol
[35] or to help with the cultivation of crops and algae [36].

1.3. The case of ZEF (Zero Emission Fuels)
This research project is conducted on behalf of Zero Emission Fuels (ZEF B.V.). This start-up, located
in the Process & Energy laboratory of the TU Delft and in close collaboration with both the university
and TNO, has the ambitious goal of engineering a micro process plant able to produce zero emission
methanol using sunlight and air as its only inputs. The company is based on the concept of numbering
up rather than scaling up. That allows the installation of multiple micro farms in convenient low cost
locations where there is abundance of sun light [37].

The concept of the micro farm consists in a modular design of four different subsystems each one
powered by electricity coming from solar panels. Figure 1.5 shows an overview of the micro plant
conceptual design.

Figure 1.5: ZEF microplant concept [5]

A brief explanation of the four subsystems is given below:

• Direct air capture subsystem: This system is composed of an absorption and desorption part.
𝐶𝑂ኼ and 𝐻ኼ𝑂 are directly captured from air by an amine based absorber, while the desorption
side separates the captured gases and sends them to a methanol synthesis reactor (𝐶𝑂ኼ) and an
electrolyser (𝐻ኼ𝑂) for further processing.

• Electrolyser: The water captured by the absorption system is split into oxygen and hydrogen via
the following reaction:

2𝐻ኼ𝑂 ↔ 2𝐻ኼ + 𝑂ኼ (1.1)

Oxygen is released into the atmosphere, while hydrogen is sent to the methanol synthesis reactor.

• Methanol synthesis reactor: This subsystem is capable of synthesising the main product methanol
(𝐶𝐻ኽ𝑂𝐻) and by-product 𝐻ኼ𝑂.
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• Distillation unit: Finally, the products of the methanol synthesis are further processed by the
distillation unit which separates methanol and water to obtain a methanol of up to 99.8% purity.

The research pertaining to this thesis is based on the Direct Air Capture (DAC) subsystem. Currently,
ZEF is developing that system based on the temperature-swing-absorption principle. The process is
carried with the use of two different subsystems: the absorption and desorption stages. This project is
focused on the absorption part of the system.

The goal of the absorption stage is to capture a certain amount of 𝐶𝑂ኼ and 𝐻ኼ𝑂 using a specific
type of amine: TEPA (Tetraethylenepentamine). This sorbent is flown over a plate at a certain mass
flow rates. When TEPA is exposed to air, it will capture water and carbon dioxide.

Being a novel absorption process, different challenges were identified in previous research at ZEF
[38], [14]. The main findings from ZEF’s research, their systems and how that influences this research
project are reviewed in greater detail in Chapter 2, but here is a collection of different aspects of the
process that are currently being investigated:

• It seems that 𝐶𝑂ኼ diffusion into the amine happens with a very low diffusion coefficient. Therefore,
the process seems to be diffusion limited. In particular, when the sorbent flows inside a channel,
only the layer of sorbent in contact with the free air seems to be loaded with water and carbon
dioxide. Therefore, it seems necessary to induce a form of mixing to change the layer of sorbent
in contact with the stream of air.

• Very few channel geometries have been tried for the absorption process. Due to the huge surface
tension effects on the flow, the absorption performance may vary significantly when changing the
geometry of the channel. Therefore, an optimum channel geometry which reduces the amount
of the sorbent necessary for obtaining a certain amount of 𝐶𝑂ኼ and 𝐻ኼ𝑂 should be investigated.

• ZEF is planning on installing micro plants in different regions in the world having very different
atmospheric conditions. However, the effect of different environmental relative humidities and
temperatures on the absorption performance are still to be investigated.

• The absorption subsystem has not been modelled yet. Ideally, the model would consist of a fluid
dynamic part to describe how the sorbent is flowing on the plate and a mass transfer part to
understand the absorption of water and carbon dioxide from ambient air. Eventually, coupling
those two models, one could obtain a full description of the process.

The above-listed challenges constitutes part of the background of this thesis project. From those, a
series of research questions and research goals are defined and mentioned in the following section.

1.4. Research goals and objectives
The aim of this thesis is to study, understand and improve a DAC absorption process. The research is
based on a novel process developed by ZEF. The relevant research questions are collected below:

1. In a continuous absorption process where a viscous polyamine flow is driven by gravity on an
absorption channel, is it possible to circulate particles from the top surface of the channel
into the bulk of the flow?

• Are absorption performances of the channel improved because of that?

2. Previous research underlined how the process is diffusion limited. How is that happening at a
molecular level?

The listed research questions are answered by achieving certain goals in the experimental and mod-
elling part of the thesis. These are:

• Induce mixing in the absorption process. That includes the design and fabrication of one or more
experimental setups where mixing experiments can be performed.

• Model the fluid dynamics and mass transfer aspects of the absorption process.

Reaching the goals and answering the research questions is in the framework of proposing an itera-
tion of ZEF’s current absorber that satisfies the requirements collected in table 1.1.
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Requirement

Operational rich loading [𝑚𝑜𝑙ፂፎᎴ/𝑘𝑔ፓፄፏፀ] >2
𝐶𝑂ኼ capture rate [𝑔ፂፎᎴ/8 ℎ𝑟] >825
𝐻ኼ𝑂 capture rate [𝑔ፇᎴፎ/8 ℎ𝑟] >2475

Table 1.1: Absorption column requirements

1.5. Thesis overview & report outline

Figure 1.6: Thesis flow chart
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This thesis project lasted several months, different models were developed and multiple aspects of the
absorption process were investigated. Figure 1.6 shows an overview of the different tasks of this
project in the order they were tackled.

After a literature investigation, passive mixing experiments were designed and performed in order to
evaluate how absorption can be influenced by that. A CFD model based on direct numerical simulation
(DNS) of Navier Stokes (NS) equations was coded in Matlab to simulate the fluid dynamic aspects of
the flow of TEPA in channels engineered for passive mixing. That brought to an overall evaluation of
this mixing strategy and, in turn, to the design of new experiments investigating active mixing instead.
After that, a mass transfer model was developed based on a detailed theoretical framework: the ”Ice
Sheet Layer” theory. This mass transfer model was validated using data collected in active and pas-
sive mixing experiments and finally used to engineer an absorption column able to satisfy the original
absorption requirements.

This report starts with a summary of relevant knowledge available in literature. Chapter 3 and 4
describe the experimental investigation and the models developed with it. The mass transfer model is
based on a very specific physical interpretation that is described in chapter 5. Basically, justification
of why the mass transfer is modelled in a certain way is given after the description of the model itself.
Together with that, chapter 5 is all about collecting the main results and giving the main interpretations
for the observed phenomena. Finally, in chapter 6, the engineering of the absorption column iteration is
described and chapter 7 collects the main recommendations for continuing this research in the future.





2
Literature review

This chapter provides the review of relevant literature concerning this thesis project. In particular, fo-
cus is given on the problem of capturing 𝐶𝑂ኼ in industrial applications as well as how team ZEF has
approached and is currently approaching that. Efforts from previous teams are described to give a
framework on which this thesis is based. Firstly, a general overview on industrial 𝐶𝑂ኼ capture from flue
gases is given and two technologies are described in more details: absorption and adsorption. The
first one is particularly relevant for this project, therefore both the theory behind it and the industrial
applications are reviewed. For the second one, only different industrial applications are considered.

After that, the specific problem of direct air capture (DAC) is reviewed both at industrial level and in
the specific case of ZEF. With that, the main characteristics of the sorbent used in the experimental in-
vestigation, TEPA, are described. Finally, mixing strategies for very viscous flows at very low Reynolds
number is reviewed. The chapter is concluded by listing relevant lessons learned.

2.1. 𝐶𝑂2 capture in industry
Even though the focus of this thesis project is placed on DAC technologies, that only constitutes one
among the different methodologies for reducing the amount of carbon dioxide in the atmosphere. The
broader picture involves the capture of 𝐶𝑂ኼ directly within the gas emitting power plant.

Since the idea of this thesis is to propose means for improving a novel 𝐶𝑂ኼ capture process, look-
ing also at technologies different than DAC is considered to be relevant to understand all the
different ways with which ZEF’s process could be improved.

Sifat and Haseli provide an extensive overview of existing 𝐶𝑂ኼ capture technologies in fossil fuel-
based power plants [39]. Their investigation can be summarized with figure 2.1.

Figure 2.1: Overview of carbon capture technologies within power plants

Among the separation technologies, absorption is presented as the most mature one [39] [40],

9
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although attention toward equipment’s corrosion and solvent’s regeneration cost still needs to be fully
addressed. Moreover, the real environmental impact requires further studies.

In general, post combustion carbon capture technologies can be applied to already existing power
plants, without the need of disrupting the existing plant layout. In pre-combustion carbon capture, the
fossil fuel is further processed before combustion. That involves the formation of syngas (a mixture of
mainly 𝐶𝑂 and 𝐻ኼ) at high pressure. The 𝐶𝑂ኼ that is formed in the process can be easily separated
because of the high pressure [41]. Once that is done, a fuel containing manly hydrogen is combusted,
thus significantly reducing the formation of 𝐶𝑂ኼ as exhaust of the combustion process.

A novel approach in 𝐶𝑂ኼ capture during power generation consists in burning the fossil fuel with pure
oxygen instead of air. The result is that the combustion products will mainly consist of 𝐶𝑂ኼ and steam.
Eventually, by simple water condensation, it is possible to capture the exhaust 𝐶𝑂ኼ. Most commonly,
pulverized coal is combusted together with (almost) pure oxygen and recycled flue gas [42].

Among all the different technologies for carbon capture with separation, it is believed that
absorption and adsorption technologies are currently the most suitable ones for use in power
plants [43]. In this framework, the challenges to integrate the carbon capture technology into the power
plant mostly regards the type of sorbent to be used and/or the type of equipment to perform the 𝐶𝑂ኼ
capture efficiently and at a reduced cost. Those type of challenges are present in the DAC case as well
and, as a consequence, in this thesis project. Therefore, specific focus is placed in reviewing means
for capturing 𝐶𝑂ኼ in power plants with the use of either absorption or adsorption technologies.

2.1.1. Absorption technologies - Theory & Industrial Application
Due to the nature of this thesis project, it is crucial to understand how absorption of gases by
liquids works. Firstly, the physics and chemistry governing the problem are studied, then focus is
given in reviewing the main types of industrial absorption technologies.

Theory Gas absorption is a topic which covers multiple disciplines of engineering like fluid mechan-
ics, molecular diffusion and chemical reaction kinetics. Therefore, it is no easy task to underline all the
relevant aspects in a typical absorption process.

A pioneer paper in convective mass transfer theory comes from W. G. Whitman in 1923 [44]. The
author underlines the lack of a solid theoretical framework capable of handling the nature of every gas-
liquid absorption process. Since then, multiple papers were published in this field. Danckwerts [45]
propose to focus on the specific case of absorption of carbon dioxide since the kinetics of the reaction
accompanying the process are relatively well understood.
Among the models available at that time, he chooses to focus specifically on two of them. The first
one, the ”film” model, was firstly introduced by Nernst in 1904 [46]. According to that model, a liquid
flows over a surface while it is kept thoroughly mixed by turbulence in the bulk. However, in the im-
mediate neighbourhood of the free surface (the surface where the gas contacts the liquid), turbulence
is reduced enough to leave a very thin film which can be considered to be stagnant. Molecules can
pass through that film only by molecular diffusion. On the other hand, a ”surface renewal” model
assumes that part of the liquid particles on the free surface are periodically replaced by fresh liquid
brought up from the bulk of the layer [47]. The replaced surface absorbs faster since the concentration
of the solute is smaller. Thus, this model assumes that the free surface on the liquid side is a mosaic
of elements which have been in contact with the gas phase for different amount of time and which will
have, therefore, different absorption rates. The distribution of the exposure times gives the distinction
between the different surface renewals models [48] [49]. A particularly relevant one was proposed
by Higbie and better known as the penetration theory [50]. Perhaps the most simple surface renewal
theory, the model assumes that all the eddies reaching the surface are in contact with the interface for
the same amount of time. These two main theories, the film theory and the surface renewal theory, are
illustrated in figure 2.2.

Thesemodels can be applied to the two different absorption processes: physical and chem-
ical absorption. The first one implies that absorption happens without any chemical reaction taking
place, while, in the second one, gases are absorbed into liquids with which they chemically react. When
dealing with a chemical absorption process, the situation suddenly becomes quite complex since the
reactants concentrations are usually not uniform due to the fact that chemical reactions happen simul-
taneously with the diffusion process. Therefore, making useful predictions becomes quite a challenge
[45]. Modelling of the chemical absorption process is, therefore, considered to be outside the
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Figure 2.2: Mass transfer models: a) film model; b) surface renewal model [6]

scope of this literature review. However, it is still interesting to look into mathematical expres-
sions describing the physical absorption process instead. According to the two models mentioned
before, the physical absorption process can be described by the two equations below, the first one ac-
cording to the film model and the second one to the surface renewal model:

𝑁ፀ =
𝐷ፀፁ
𝛿 (𝑐ፀᑚ − 𝑐ፀᑓ) =

𝑐𝐷ፀፁ
𝛿 (𝑥ፀᑚ − 𝑥ፀᑓ) (2.1)

𝑁ፀ = √
𝐷ፀፁ
𝜋𝜏 (𝑐ፀᑚ − 𝑐ፀᑓ) (2.2)

Where:

• 𝑁ፚ is the instantaneous molar transfer per surface area [፦፨፥፦Ꮄ፬ ]

• 𝐷ፀፁ is the diffusivity of specie A into specie B [፦
Ꮄ

፬ ]

• 𝛿 is the film thickness [𝑚]

• 𝑐ፀᑚ , 𝑐ፀᑓ is the concentration of specie A at the interface and bulk respectively [፦፨፥፦Ꮅ ]

• 𝑥ፀᑚ , 𝑥ፀᑓ are dimensionless concentrations at the interface and bulk respectively

• c is a volumetric concentration factor [፦፨፥፦Ꮅ ]

• 𝜏 is the characteristic time related to the exposure of particles at the interface due to surface
renewals [𝑠]

Referring to figure 2.2, mass is transferred from the gas phase 𝐴 into the liquid phase 𝐵. Phase equilib-
rium is assumed at the interface so that 𝑐ፀᑚ is related to the solubility of 𝐴 in the liquid phase. Therefore,
solubility relations like Henry’s law can be used to estimate 𝑐ፀᑚ :

𝑐ፀᑚ = 𝐻ፀ𝑝ፀ (2.3)

Equation 2.3 indicates that the concentration at the interface is related to the partial pressure of specie
𝐴 in the gas bulk 𝑝ፀ times a solubility constant like, for instance, the Henry constant 𝐻ፀ. Looking at
equation 2.1, it is general practice to replace the ratio ፃᐸᐹ

᎑ with an empirical mass transfer coefficient,

𝑘፜, in [፦፬ ] obtaining 2.4
𝑁ፀ = 𝑘፜𝑐 (𝑥ፀᑚ − 𝑥ፀᑓ) (2.4)
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In this thesis, 𝑘፜ and 𝑐 are grouped in a term referred to as the Space-Time Yield (𝑆𝑇𝑌) and having
units [፦፨፥፦Ꮄ፬ ]. Therefore, the general equation used to describe the mass transfer in the notation of this
project is:

𝑁ፀ = 𝑆𝑇𝑌 ⋅ (𝑥ፀᑚ − 𝑥ፀᑓ) (2.5)

Both film theory and surface renewals theories assume a proportionality with respect to the diffusivity
of the solute into the liquid solvent 𝐷ፀፁ. Here the two models diverge since the film model predicts
the rate of mass transfer to be proportional to 𝐷ፀፁ, while the surface renewals model to √𝐷ፀፁ.
Moreover, both models assume a proportionality with respect to the driving force (𝑐ፀᑚ − 𝑐ፀᑓ).

Since gas-liquid absorption processes involve a multi phase contact, it is important to consider mass
transfer resistances coming from both phases as suggested by Whitman in 1923 [44]. He proposes an
extension of the film theory that considers two films in series instead of a single one.

Figure 2.3: Two film theory with a) ideal and b) more realistic concentration gradients [6]

Looking at figure 2.3, one can write an equation including an overall mass-transfer coefficient
which accounts for resistances coming from both the liquid and gas phases.

𝑁ፀ = 𝐾ፋ (𝑐∗ፀ − 𝑐ፀᑓ) (2.6)

1
𝐾ፋ
= 𝐻ፀ
𝑘፩
+ 1
𝑘፜

(2.7)

where

• 𝐾ፋ is the overall mass transfer coefficient based on the liquid phase [፦፬ ]

• 𝑐∗ፀ is a fictitious liquid phase concentration of 𝐴 that would be in equilibrium with the bulk gas
phase [፦፨፥፦Ꮅ ]

• 𝑘፜ and 𝑘፩ are mass transfer coefficient driven by variations in concentration (for the liquid phase)
and pressure (for the gas phase) respectively [፦፬ ]

• 𝐻ፀ is the Henry’s constant for relating the concentration of specie 𝐴 at the interface with the partial
pressure of specie 𝐴 in the gas bulk

A similar expression can be obtained for an overall mass transfer coefficient based on the gas phase.
Clearly, the equation for the mass transfer takes into account the difference in partial pressure of the
gas phase as the driving force [6].

One can imagine a simplification of equation 2.7 when the conditions in the absorption process
make one of the two films more relevant with respect to the other one. In this way, it is possible to
simplify the mathematical treatment of the problem. A year after proposing the two film theory,
Whitman pointed out how the importance of the two films in the absorption process depends
mainly upon the solubility of the solute [7].
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Figure 2.4: Very soluble gases [7]
Figure 2.5: Low solubility gases [7]

He distinguishes three different cases:

• Very soluble gases. In this case, once it reaches the surface of the liquid, the gas is rapidly
moved into the liquid film, thus generating a very high gradient of concentrations across the inter-
face. In figure 2.4, a sudden rise in concentration at the interface is shown because even a very
low partial pressure at the interface is in equilibrium with a quite high concentration in the liquid
phase due to the great affinity of the gas with the liquid. In this case, the mass transfer through
the gas layer is limiting the process and the resistance of the liquid film can be ignored.

• Low solubility gases. With this type of gases, the rate of absorption is low because of the low
tendency of the gas to dissolve at the interface. For that reason, only small concentration differ-
ences can be established across the liquid film. Moreover, since a very low amount of particles
are crossing the interface, the drop in partial pressure across the gas film is very limited as shown
in figure 2.5. When that is the case, the gas phase can be ignored in the calculations since the
limit to the process comes from the liquid phase.

• Intermediate solubility gases. There are cases where the solubility of the gas is not high enough
to permit disregarding of the liquid phase, but not low enough to accept disregarding of the gas
phase. In that case, one should refer to equations 2.6 and 2.7 for a mathematical treatment of
the problem.

Absorption in industry The previously discussed theory can be applied to the absorption of any gas
by a liquid. In this section, the specific case of 𝐶𝑂ኼ absorption in industry is reviewed. Once
again, the different technologies for 𝐶𝑂ኼ absorption can be divided into two different classes: physical
and chemical absorption [43].

In physical absorption, based on Henry’s law, 𝐶𝑂ኼ is absorbed at high pressure and low tempera-
ture in order to increase the gas solubility, while desorption happens at the opposite conditions of low
pressure and increased temperature. Chiesa et al. [8] propose a re-engineering of an Integrated
Gasification Combined Cycle (IGCC) with minimal changes to the gas turbine (figure 2.6).
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Figure 2.6: IGCC equipped for ፂፎᎴ physical absorption. The components added to the cycle are in black [8]

After cooling the syngas, the shift reactor converts almost all the 𝐶𝑂 into 𝐶𝑂ኼ so that the physical
absorption unit can dissolve efficiently the gas with a Selexol process. When that is done, the gas can
be prepared for transportation and storage into a separation and liquefaction unit. 90% 𝐶𝑂ኼ emissions
reduction are predicted with, however, an overall increase of the electricity cost of about 45%. Even
though many commercial physical absorption processes exist [43], Selexol process can be used to
separate both 𝐶𝑂ኼ and 𝐻ኼ𝑆 under a low temperature operation [51].

On the other hand, for post combustion 𝐶𝑂ኼ absorption, an absorber and a stripper are used to
chemically capture 𝐶𝑂ኼ from the flue gases. In this configuration, a 𝐶𝑂ኼ absorbent is used in a packed
bed where the flue gases are sent counter-currently in order to remove the gas. When that is done, the
𝐶𝑂ኼ rich absorbent flows into a stripper for thermal regeneration and, after that, is pumped back into
the packed bed for further absorption. This type of technology generally uses alkanolamines as
absorbent. These include primary, secondary and tertiary amines and, among them, the more widely
used are monoethanolamine (MEA) and diethanolamine (MDEA). The chemistry of reaction between
𝐶𝑂ኼ and primary, secondary and tertiary amines has been extensively studied due to the huge potential
of alkanolamines as an absorbent for 𝐶𝑂ኼ capture [52], [53], [54], [55]. Relevant publications regarding
the reaction mechanism are from Caplow [56] and Danckwerts [57]. they explain how, in primary (𝑅𝑁𝐻ኼ)
and secondary (𝑅ኼ𝑁𝐻) amines, a two step reaction occurs in the absorption of 𝐶𝑂ኼ. In the first one
(eq: 2.8), an amine group reacts with a 𝐶𝑂ኼ molecule to form a zwitterion molecule. In the second
reaction (eq: 2.9), the zwitterion will react with a free base (either water or another amine group) to
form carbamate. The reaction equations are shown for secondary amine groups:

𝐶𝑂ኼ + 𝑅ኼ𝑁𝐻 → 𝑅ኼ𝑁𝐶𝑂𝑂𝐻 (2.8)

𝑅ኼ𝑁𝐶𝑂𝑂𝐻 + 𝑅ኼ𝑁𝐻 → 𝑅ኼ𝑁𝐶𝑂𝑂ዅ + 𝑅ኼ𝑁𝐻ዄኼ (2.9)
On the other hand, tertiary amines (𝑅ኽ𝑁) react differently with 𝐶𝑂ኼ. In fact, they cannot form carbamate
due to the absence of a free proton [52]. Instead, bicarbonates are formed (equation 2.10):

𝑅ኽ𝑁 + 𝐶𝑂ኼ + 𝐻2𝑂 → 𝑅ኽ𝑁𝐻ዄ𝐻𝐶𝑂ዅኽ (2.10)
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Loading capacity is different for the different amines lying between 0.5-1.0 mole of 𝐶𝑂ኼ per
mole of amine for primary and secondary groups and being 1.0 mole of 𝐶𝑂ኼ per mole of amine for
tertiary amines [43]. Because of the different advantages of the various amine groups, mixed amines
can be used to increase 𝐶𝑂ኼ loading capacity and reduce regeneration costs in the stripper.

More recently, other types of sorbent that can be used to capture 𝐶𝑂ኼ both physically and chemically,
are Ionic Liquids (IL). Their usage has attracted a lot of attention due to their particular properties such
as negligible vapor pressure and high affinity with the 𝐶𝑂ኼ gas [58]. For these reasons, research has
focused on describing 𝐶𝑂ኼ solubility for different ILs studying the influence of temperature, the presence
of other gases and trying to describe the various reaction mechanisms [59]. Particularly relevant is the
use of IL in chemical absorption. In fact, Task-Specific Ionic Liquids (TSIL) able to act selectively in 𝐶𝑂ኼ
absorption can be synthesized. Bates et al. [60] report that TSIL can chemically absorb three times as
much 𝐶𝑂ኼ than a simple IL in a physical absorption process.

2.1.2. Adsorption technologies - Industrial Application
An alternative to aqueous amines absorption is the use of a solid adsorbent in order to achieve
the wanted 𝐶𝑂ኼ loading. A huge advantage in using solid adsorbents is given by the high diffusion of
the gas within the mesoporous adsorbent. That is reported to be three orders of magnitude higher than
that for amine-based absorbents [61]. However, before practical application of adsorption technologies
becomes feasible, research still needs to address problems related to low 𝐶𝑂ኼ adsorption capacities
at low pressure and contaminants’ influence on the process [43].

Carbonaceous adsorbents are an example of physical adsorbent widely used due to their low cost,
high thermal stability and wide availability [43]. As specified before however, this technology presents
major drawbacks related to their ability of only treating high pressure gases. That makes it very difficult
to use them in post combustion processes, thus severely limiting their application in treating flue gases.
Of more interest are amine-based chemical adsorbents. Compared to aqueous based amines, they
provide for a lower heat of regeneration due to the low heat capacity of the solid supports. Those types
of adsorbents can be classified based on the interaction between the amine and the support as amine-
impregnated and amine-grafted materials [62]. The first category exhibit a higher amine loading, while
the second one performs better in terms of adsorption rate [43]. Moreover, a large diffusion resistance
is reported for impregnated materials [63].

2.2. Direct Air Capture (DAC)
While capturing 𝐶𝑂ኼ directly from the source of emission like industrial power plants might seem a
good solution, it must be considered that about half of the anthropogenic 𝐶𝑂ኼ emissions come
from small and distributed sources like houses and cars [26]. Moreover, while the capture from
high concentration sources can only decrease the carbon addition to the atmosphere, capturing 𝐶𝑂ኼ
from the air could potentially be used to achieve negative 𝐶𝑂ኼ ”emissions”. Finally, a Direct Air
Capture (DAC) facility, could be installed in any part of the world since a local buildup of depleted 𝐶𝑂ኼ
is very unlikely and no contaminants like 𝑁𝑂፱ and 𝑆𝑂፱ are present in air compared to flue gases [64].

For these and other reasons, companies like ZEF are looking with increasing interest in DAC tech-
nologies. In this section, the main industrial solutions for 𝐶𝑂ኼ capture from the atmosphere are
reviewed. Special focus is given in describing the way that ZEF has approached the problem in past
years to give a background on which this thesis project is based.

2.2.1. DAC in industry
Ambient air contains around 400 ppm (by volume) of carbon dioxide against 100,000 to 150,000 ppm
by volume of an average coal power plant [65]. Therefore, it is reasonable to expect that, while for
conventional capture from flue gases, it can be advantageous to modify the incoming flue gases for
better 𝐶𝑂ኼ capture, that is not the case for DAC systems [66]. This excludes all capturing technologies
that put energy into the air like heating, cooling or pressurizing.

Brohem et al. [67] divides the currently available DAC technologies in three different cate-
gories based on their operating mediums:

• Acqueous solutions of strong bases,

• Amine adsorbents
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• Inorganic solid sorbents

It is specified how the first approach is the more developed one for near-term implementation compared
to the other two. The same classification is used here to review DAC technologies.

Aqueous Solutions of Strong Bases Aqueous solutions suggested for DAC systems include strong
bases like sodium hydroxide (𝑁𝑎𝑂𝐻), potassium hydroxide (𝐾𝑂𝐻) and calcuim hydroxide (𝐶𝑎(𝑂𝐻)ኼ).
In a so-called contactor, these solutions are brought into contact with a flow of air in order to take up
𝐶𝑂ኼ. Since the gas is chemically bonded to the solution, a regeneration process is needed to return
the solution to its useful lean state [67]. In this way, three are the critical components in the system:
the solution, the contactor and the regeneration system.

For example, a realistic design for a plausible DAC system using 𝐾𝑂𝐻 as solution is provided by
Keith et al. [9]. Their system consists of two cycles connected in a loop (figure 2.7).

Figure 2.7: Example of a DAC system using a ፊፎፇ solution [9]

The first cycle uses the alkali capture fluid to chemically bond 𝐶𝑂ኼ in an aqueous solution of 𝐾ኼ𝐶𝑂ኽ.
After that, the solution is sent to a causticizer reactor together with calcium hydroxide in order to recover
the potassium hydroxide and to form calcium carbonate (𝐶𝑎𝐶𝑂ኽ). The now lean 𝐾𝑂𝐻 is sent back to the
air contactor for further absorption, while the 𝐶𝑎𝐶𝑂ኽ goes in a calciner for 𝐶𝑂ኼ release. The byproduct
of the reaction is a solid calcium oxide (𝐶𝑎𝑂) which is finally reacted with water in a slaker to produce
the calcium hydroxide needed in the pellet reactor. The calciner unit needs temperature of up to 900
∘C to release 𝐶𝑂ኼ. This contributes to an overall energy demand of 1420-2250 kWh per ton 𝐶𝑂ኼ for
this system [10]. Moreover, oxygen is used in order to provide enough heat for the process introducing
extra 𝐶𝑂ኼ that needs to be separated again [9]. This process bottleneck is present in systems using
sodium hydroxide instead of potassium hydroxide as well [64].

Amine Adsorbents The use of amines for 𝐶𝑂ኼ capture is not only interesting for applications in large
power plants, but also for DAC systems. In particular, their regeneration process follows different and
advantageous thermodynamic rules compared to the aqueous bases. That is, they can be regenerated
by multiple means including pressure, temperature and humidity and some of them do not require large
temperature swings for regeneration [67].

In a typical system, ambient air is either naturally driven or moved through the 𝐶𝑂ኼ capturing device
with the help of fans. This process occurs at ambient conditions and continues until the adsorption unit
is fully saturated with the gas. 𝐶𝑂ኼ poor air leaves the system and, when this phase is over, the fans are
switched off and the system is prepared for the regeneration step. Depending on the adsorbent, the
system is generally heated to a certain temperature so that 𝐶𝑂ኼ and 𝐻ኼ𝑂 can be collected, transported
and purified in a different section of the DAC plant. A good illustration of this process is shown in figure
2.8.
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Figure 2.8: Example of a process using amine
adsorbents [10] Figure 2.9: The Climeworks DAC unit

Some companies are already actively proposing systems applying this type of solution. A swiss
company named Climeworks uses a composition of cellulose fibers and amines as a filter for the ad-
sorption unit [68]. Being powered by renewable energy only, their collectors can be stacked to build
machines solely powered by renewable energy (figure 2.9). Another company worth mentioning is the
American Global thermostat [69] proposing a full cycle time of less than 30 minutes and a regener-
ation temperature below 100 ∘C.

Being novel technologies, a lot still needs to be addressed and skepticism exists related especially
to the longevity of the amine used and the fact that a low concentration of carbon dioxide in the atmo-
sphere massively increases the energy requirements of the DAC plant since a lot of unused gas still
needs to be pushed through the system [70].

Inorganic Solid Sorbents The study of materials to be used in DAC systems under various condi-
tions, includes also solid materials like zeolites and 𝑁𝑎 or 𝐶𝑎 based solids [67].
In dry air, some zeolites can be used for 𝐶𝑂ኼ adsorption. For instance, a lithium low silica type X zeolite
(𝐿𝑖−𝐿𝑆𝑋) employed in a fixed-bed adsorber is shown to reach an adsorption capacity of up to 1.34 mol
of 𝐶𝑂ኼ per kilogram of adsorbent [71]. In desorption, a combination of temperature swing adsorption
(TSA) and vacuum swing adsorption (VSA) is used to achieve a 𝐶𝑂ኼ concentration higher than 93%.
However, in line with what observed from zeolites, the same authors specify a huge decrease in ad-
sorption capacity of the zeolite when increasing environmental relative humidity.

The use of sodium or calcium based inorganic solids is studied by the group of Nikulshina in multiple
papers [72], [73]. All discussed processes involving the use of 𝑁𝑎-based sorbents include a carbona-
tion reaction when extracting the 𝐶𝑂ኼ gas. The slow reaction kinetics for carbonation is described as
the main limiting factor in making the process technically and economically viable due to the very high
sorbent mass flow rate that would be needed for capturing a reasonable amount of 𝐶𝑂ኼ per unit of time
(1 mol per second). On the contrary, 𝐶𝑎-based cycles show a more favourable reaction kinetics at the
expenses of a higher reaction temperature with respect to 𝑁𝑎 -based cycles. A solution proposed by
the same research group involves the use of concentrated solar energy to drive the necessary reactions
[73].

2.2.2. DAC at ZEF
Zero Emission Fuels has been actively researching the best way for capturing 𝐶𝑂ኼ and 𝐻ኼ𝑂
within their micro plant for methanol production. Over the years, multiple teams have produced a
series of more or less successful prototypes that gave the opportunity for learning a series of important
lessons that are reflected in the various iterations of the absorption system designs, including the latest
one, which this thesis project aims to further improve.
In this section, an overview of the different prototypes is given in order to underline previous efforts
relevant to this project.

ZEF’s DACprototype 1 As reviewed before, adsorption with solid materials impregnated by polyamines
can be used for direct air capture. In the first prototype, developed by February 2018, polyethyle-
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neamine (PEI) impregnated on a silica-based material constituted the adsorption packed bed.
the prototype consisted of two of those packed bed to be used alternatively for desorption and adsorp-
tion in order to have a continuous capture and release of 𝐶𝑂ኼ and 𝐻ኼ𝑂 [74]. The process is based on a
temperature-vacuum swing operation. During a 1 hour adsorption window, a fan is used to suck the air
into one of the two chambers. After that, the impregnated material is considered to be fully loaded and
the chamber is closed so that the desorption step can start. In that, the chamber is sealed, vacuumed
to 0.1 bar and heated to about 120 ∘C in order to release the useful products [74]. Figure 2.10 shows
an isomeric view of the prototype.

Figure 2.10: ZEF’s DAC prototype 1 [11]

Figure 2.11: ZEF’s DAC prototype 2 [12]

Evaluation of the first prototype underlined that the volume of the system was excessively large for
the amount of captured gases. This is connected with a lot of unused volume in the final assembly.
Therefore, a monolith reactor was suggested as the next iteration [11].

ZEF’s DAC prototype 2 Together with the use of monoliths as support for the sorbent, two different
polyethyleneamines of high molecular weight 1,200 (PEI 1.2k) and 10,000 (PEI 10k) were evaluated
during the design of the second prototype. Experimental results indicate that the choice of an ad-
sorbent is not straightforward since the PEI 1.2k has faster adsorption kinetics, while the PEI 10k
absorbs more 𝐶𝑂ኼ and is less easily degraded by oxygen [75]. The prototype 3 is shown in figure 2.11.
Once again, a temperature-vacuum swing process was used in operation.
Despite the use of a better support structure, the design showed a lot of flaws when being practi-
cally implemented. Those included difficulties in correctly impregnating the monolith material due to
the very high brittleness of the active carbon monoliths, leak tightness in the chamber was very difficult
to be achieved as well and gravity made the sorbent distribution inhomogeneous in the prototype [75].

ZEF’s DAC prototype 3 Due to the difficulties encountered when building and operating a DAC sys-
tem serving both for 𝐶𝑂ኼ capture and release, ZEF started the development of a system having
separate units for absorption and desorption. Moreover, for the absorber development, the use of
amine-loaded solid sorbents (monoliths or silica-based materials) was abandoned in favour of simply
using bulk amines to be flown on a plate for capturing 𝐶𝑂ኼ and 𝐻ኼ𝑂. The new concept included
the use of a fan blowing air counter currently to the amine flow. That marked the evolution from an
adsorption-based DAC system to an absorption-based one. Moreover, the widely used batch sorbent
DAC system was abandoned in favour of a system able to continuously capture and release 𝐶𝑂ኼ since
the absorber and desorber are now developed and used separately. The idea was that a continuous
system would save energy by reducing the amount of active elements like pumps and valves
[14]. Different experiments performed with test setups (figure 2.12) were used to develop this new
concept and tackle the main encountered problems. Those mostly included difficulties in getting an
homogeneous sorbent flow on the plate (figure 2.13) and the sorbent not being loaded until saturation
[13].
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Figure 2.12: Test setup for the novel absorption process [13]

Figure 2.13: Inhomogeneous sorbent flow
(acrylic test) [13]

In this framework, huge steps forward were achieved with the work of Sinha [14]. A uniform sor-
bent flow was obtained with the use of a channel to contain and guide the amine flow on the
plate. Moreover, the use of a new experimental setup (figure 2.14 and 2.15) gave insight into various
aspects of the novel absorption process. Results of this work constitute the baseline for this thesis
project, therefore, the most important ones are reported here.

The experimental setup used for the investigation consists in a PMMA plate fixed to an aluminium
frame. The plate has a channel milled at its center along whole of its length. A fan provides the
plate with the necessary air mass flow rate while a syringe pump is used to fix the sorbent mass flow
rate. Eventually, a thermal imaging camera fixed to the aluminium frame is used to investigate thermal
aspects of the absorption process. The investigation performed with the use of this setup gave multiple
insights into the novel absorption process. The performance of the single absorption channel is inves-
tigated in terms of 𝐶𝑂ኼ or 𝐻ኼ𝑂 absorbed per sorbent used (weight ratio) and in terms of Space-Time
Yield measured in ፦፨፥

፦Ꮄ፬ . This latter parameter, already introduced in this chapter, is a measure of the
mass flux per unit area of 𝐶𝑂ኼ or 𝐻ኼ𝑂.

Sinha [14] performed multiple experiments that showed the main characteristics of the process, the
factors limiting the absorption and which type of sorbent yielded the best performances. It is found that
increasing the mass flow rate of the sorbent in the channel will decrease the 𝐶𝑂ኼ and 𝐻ኼ𝑂 concentra-
tion measured at a certain distance on the plate, but the absolute captured amount of the two gases
will actually increase. Changes in the mass flow rate of the air provided by the fan were investigated
as well suggesting that the concentration of 𝐶𝑂ኼ and 𝐻ኼ𝑂 measured in the sorbent is affected by the
depletion of the two gases in the air side. That is, when the mass flow rate of the fan is decreased too
much, zones of the channel far away from the fan showed very little to none concentration of 𝐶𝑂ኼ and
𝐻ኼ𝑂. Regarding the Space-Time Yield, the best performance was observed using a pure sorbent (0%
𝐶𝑂ኼ and 0% 𝐻ኼ𝑂 at initial concentrations). Moreover, the sorbent mass flow rate was not found to have
an influence on the measured Space-Time Yield.



20 2. Literature review

Figure 2.14: Schematic of test setup for single-channel
absorption experiments [14]

Figure 2.15: Test setup for single-channel
absorption experiments [14]

Based on the experimental results, it was possible to describe the limiting factors in the absorp-
tion process. These are listed below [14]:

• 𝐶𝑂ኼ diffusion in the sorbent layers. Perhaps the most important phenomenon influencing the
absorption of 𝐶𝑂ኼ is the gas diffusion into the sorbent layers. In fact, experiments showed that
both water and carbon dioxide are absorbed on the free surface and then they slowly diffuse
through different layers of the sorbent. Analysis of 𝐶𝑂ኼ and 𝐻ኼ𝑂 concentrations in the polyamine
showed that a relevant part of the lower sorbent layers is not being used for capturing the gases.
This brought to the conclusion that the absorption process is limited by the slow diffusion of the
gases into the various layers of the sorbent. A further proof of this limitation was observed when
the flow in the absorption channel was mixed using external elements in order to renew the free
surface with fresh amine molecules. Indeed, as shown in figure 2.16, the relative loading of 𝐶𝑂ኼ is
significantly higher in the mixed experiment. Moreover, also the Space-Time Yield was observed
to be higher in the case of induced mixing meaning that the flux of 𝐶𝑂ኼ particles can be increased
significantly when the top surface of the sorbent is renewed.

Figure 2.16: ፂፎᎴ over sorbent mass ratio with and without induced mixing [14]
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• Sorbent and air flow rate. Figure 2.17 shows the 𝐶𝑂ኼ loading at different distances on the plate
for two different sorbent volumetric flow rates. The conclusion is that an inverse proportionality
exists between the sorbent flow rate and the amount of captured carbon dioxide gas per amine
utilisation. This shows that the sorbent flow rate should be carefully chosen as it is another factor
that could limit the absorption process.
Variations in the air flow rate were investigated as well and observed that they have an influence
on the achieved loading at a certain distance on the plate. In fact, as shown in figure 2.18, the
use of a fan increases the relative loading of the sorbent. Moreover, the figure shows that the
𝐶𝑂ኼ concentration, for an experiment where the fan is not being used, reaches a plateau after
the sorbent has travelled a certain distance on the plate. That indicates a local depletion of air
throughout the channel length. That is, the flow rate of air displaced by the fan should be high
enough to avoid this effect [14].

• Sorbent selection. Another important aspect of the novel absorption process that was inves-
tigated regards the choice of the sorbent used in the process. Sinha [14] investigated the use
of two different polyamines in the process: tetraethylenepentamine (TEPA) and polyethilenimine
MW 600 (PEI-600). Based on experiments, it was concluded that TEPA performs better in the
investigated absorption process since it showed a higher Space-Time-Yield as well as higher 𝐶𝑂ኼ
loading per amine usage. The use of TEPA as absorbent constitutes one of the starting point
of this thesis investigation.

Figure 2.17: ፂፎᎴ loading at different sorbent flow rates [14] Figure 2.18: loading at different air flow rates [14]

The evaluation of the results from the experimental investigation were used to design what is currently
the last prototype for ZEF’s DAC system (figure 2.19).
That consists of an absorption column formed by multiple channels where the sorbent is flown accord-
ing to the specifications optimized via the single channel experiments. The column was designed in
order to provide a certain mass flow rate of 𝐶𝑂ኼ. Constraints included the power consumption of the
system as well as the total dimensions of the column according to ZEF’s requirements.
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Figure 2.19: Design specification of ZEF’s DAC prototype 3 [14]

2.3. TEPA as the working fluid

The sorbent chosen for the experimental investigation of this thesis project is a polyamine named
tetraethilenepentamine, or TEPA. Therefore, it is considered relevant to review its most important char-
acteristics in order to understand its behavior during the investigation process.
TEPA contains primary and secondary amines. Therefore, as explained in section 2.2, the capture
of 𝐶𝑂ኼ involves a two steps reaction where zwitterion is formed at first and later deprotonated to form
carbamate. On the other side, the interaction with 𝐻ኼ𝑂 is different since the aminogroups do not react
with it, thus generating a physical absorption process rather than a chemical one [52]. Figure 2.20
shows the structure of a typical molecule of TEPA while figure 2.21 shows a relationship between the
viscosity of the polyamine and the applied shear rate. Since the measured shear stress and the applied
shear rate follow a linear relationship, it can be concluded that TEPA is a Newtonian fluid.

Figure 2.20: Structure of a molecule of TEPA [15]
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Figure 2.21: TEPA viscosity as a function of shear rate [16]

TEPA viscosity Apart from the newtonian/non-newtonian liquid behavior, viscosity is an important
sorbent characteristics for this thesis project. In fact, since multiple experiments are performed
giving different results in term of sorbent loading (concentrations of 𝐶𝑂ኼ and 𝐻ኼ𝑂), it is important to
realize how the viscosity of TEPA will change with that since the flow behavior will be strongly related
to its viscosity. In a preliminary investigation at ZEF, TEPA viscosity was measured at different
ambient conditions and at different loadings. Results are shown in table 2.1.

Gas concentration in sorbent Viscosity (𝑝𝑎 ⋅ 𝑠)
Sorbent 𝐻ኼ𝑂(𝑤𝑡%) 𝐶𝑂ኼ(𝑤𝑡%) 11 ∘C 20 ∘C 29.2 ∘C 38 ∘C

TEPA 0 0 0.1981 0.09403 0.04877 0.02723
TEPA 10 0 0.4947 0.2227 0.1144 0.06534
TEPA 20 0 0.9484 0.3815 0.1822 0.09629
TEPA 30 0 0.9815 0.3836 0.1744 0.09114
TEPA 40 0 Crystal 0.2005 0.09762 0.05473
TEPA 10.32 2.32 1.84 0.7826 0.363 0.1811
TEPA 15.55 5.17 11.3 3.876 1.525 0.6904
TEPA 10.25 3.2 3.114 1.283 0.5714 0.2774
TEPA 20.195 2.46 2.645 1.008 0.4249 0.2016
TEPA 20.25 3.2 4.156 1.54 0.6433 0.2986
TEPA 30 1.56 1.417 0.577 0.2583 0.1273
TEPA 30 4 2.185 0.8728 0.3755 0.1855
TEPA 30 5.725 4.704 1.764 0.7335 0.3508
TEPA 30 9.43 17.35 5.438 2.102 0.9252
TEPA 31.27 16.03 41.08 14.44 5.779 2.544

Table 2.1: TEPA viscosity at different gas concentrations and different temperatures [14]

For no loading of 𝐶𝑂ኼ, at ambient temperature, an increase in 𝐻ኼ𝑂 concentration brings the viscosity of
TEPA to a maximum at about 25 wt% of water. This interesting phenomena is confirmed by literature
as well [76], [77] and it is associated to the fact that aqueous solutions of amines contains multiple polar
species that can build or break hydrogen bonds. The viscosity peak is associated with formation of
hydrogen bonds within the solution. On the contrary, an increase in 𝐶𝑂ኼ loading will exponentially
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increase the viscosity of the sorbent of a degree depending on the water loading.

Influence of temperature Regarding the influence of ambient temperature on 𝐶𝑂ኼ absorption when
using polyamines, it is reported that the reaction of 𝐶𝑂ኼ with amine groups is an exothermic process
[52], [78] and the absorption temperature has an influence on the process’ performance. In fact, when
increasing the temperature of the liquid sorbent near the gas-liquid interface, two opposite effects are
observed [79]. On the one hand, a temperature increase will influence the reaction kinetics, making
the speed of absorption higher, on the other hand, the solubility of the gas will be reduced with an
increase in temperature. For roughly understanding how temperature affects the process, one can
look at experiments like the one performed by Mebane et al. [17]. That consists in loading a sample of
a polyethylenimine (PEI) impregnated sorbent with 𝐻ኼ𝑂 and 𝐶𝑂ኼ via adsorption and desorption steps
at different temperatures using as absorbed gas a mixture of inert nitrogen, 𝐶𝑂ኼ and 𝐻ኼ𝑂 at multiple
relative concentrations.
Without the necessity of going into too many details, figure 2.22, shows how the 𝐶𝑂ኼ uptake varies
when the temperature of the sorbent is changed and various dry mixtures (i.e. 0% 𝐻ኼ𝑂) of 𝐶𝑂ኼ and 𝑁ኼ
are used in absorption.

Figure 2.22: Results from the dry loading experiments [17]
Figure 2.23: Results from the wet loading experiments [17]

From the picture, it is clear how the experiment is performed in steps that lasted 90 minutes each. For
some of them, the weight fraction of adsorbed 𝐶𝑂ኼ is increasing (adsorption step), for some other is
decreasing (desorption step). The figure shows that, independently on the concentration of carbon
dioxide in the gas (black, red or blue line), decreasing the absorption temperature (green line) will
increase the weight fraction of absorbed 𝐶𝑂ኼ.

Influence of water An interesting result appears when a wet mixture is used for absorption instead
of a dry one (figure 2.23). Upon the introduction of water, there is a weight gain in absorbed 𝐶𝑂ኼ if
one compares the loading curves at 10% 𝐶𝑂ኼ (red line in figure 2.22 and blue line in figure 2.23).
This behavior is associated with an increase in diffusion when water is present in the mixture
[17]. That is, the presence of water has an influence in the absorption performances of polyamine-
based absorbents. As a consequence, in a DAC system, the relative humidity of the absorbed air
will have an influence on the 𝐶𝑂ኼ captured within the system. In absorption from flue gases, the
concentration of water in exhaust gases will have a similar effect. For these reasons, the effects of
humidity on 𝐶𝑂ኼ absorption using primary, secondary and tertiary amine groups have been extensively
researched [80], [81], [82], [83]. In tertiary amines, bicarbonate formation is observed in the presence
of humid 𝐶𝑂ኼ even under supported amine sorbents. The bicarbonate formation is associated with a
dramatic increase in 𝐶𝑂ኼ capture and, since the presence of water will eventually enhance its formation,
a humid gas mixture will increase the 𝐶𝑂ኼ capacity. However, even accounting for that phenomena,
the formation of bicarbonate in tertiary amine sorbents still shows a quite low 𝐶𝑂ኼ capacity over the
formation of carbamate in primary and secondary amines [80]. Li et al. [81] underlines that, in the
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two step reaction occurring in 𝐶𝑂ኼ absorption using primary and secondary amine groups, carbamate
formation happens through a deprotonation of a zwitterion molecule via a free base. For that, both
an amine group and a water molecule can act like a free base. Therefore, it is expected that water
will decrease the sorbent consumption reducing the amine-carbon dioxide stoichiometric reaction ratio
[81], [82]. In a recent investigation on TEPA-impregnated mesoporous carbon, this effect is explored
even further and concluded that, together with the decrease of the TEPA-𝐶𝑂ኼ molar reaction ratio, an
excess of water molecules will occupy adsorption sites, thus decreasing the 𝐶𝑂ኼ adsorption capacity
of the loaded solid sorbent [82].

2.4. Mixing at very low Reynolds number
As described in section 2.2, previous research on the novel absorption process strongly points toward
a diffusion limited type of process [14]. That is, one of the main goal of this thesis project is to provide
ways for mixing the sorbent while it flows on the absorption channel. This way, the free surface of the
sorbent will be renewed, thus theoretically improving the absorption performance of the channel. Since
that will be investigated in the experimental section of this project, it is found to be relevant to review
the main ways with which mixing can be provided in channel flows. Firstly, the fluid dynamic aspects
of the flow specific to this project are studied to understand the flow behavior. Then, multiple
mixing strategies are reviewed.

2.4.1. Stokes flow theory
The Reynolds number is a dimensionless parameter used to define the regime of flow fields [84]. It
is defined as the ratio of inertial forces to viscous forces:

𝑅𝑒 = 𝜌𝑢𝐿
𝜇 = 𝑢𝐿

𝜈 (2.11)

Where:

• 𝜌 is the density of the fluid of interest in [ ፤፠፦Ꮅ ]

• 𝑢 is the characteristic velocity of the problem in [፦፬ ]

• 𝐿 is the characteristic length of the problem in [𝑚]

• 𝜇 is the dynamic viscosity of the fluid of interest in [ ፍ፬፦Ꮄ ]

• 𝜈 is the kinematic viscosity of the fluid of interest in [፦
Ꮄ

፬ ]

Reynolds number in ZEF’s process The density of TEPA is 998 ፤፠
፦Ꮅ while the viscosity can be taken

from table 2.1 in section 2.3. The flow velocity and relevant length scale of the absorption process can
be taken from the experiments previously performed by Sinha [14]. The result is a Reynolds number
on the order of 10ዅኽ when a volumetric flow rate of about 5 ፦ፋ

፡፫ is used at the inlet of the channel.
Since 𝑅𝑒 << 1, the flow in the absorption channel falls in the dynamic regime usually referred
to as Stokes flow or creeping flow. The theory relevant to this type of flow is explained below and
taken from the book of Childress [84].

Stokes flow governing equations Stokes flows are encountered when dealing with either extremely
small length scales, very viscous liquids or very small velocities. Based on the definition of the Reynolds
number, in a stokes flow field, viscous forces will dominate over inertial forces. That brings to the fact
that Navier Stokes equations can be significantly simplified when mathematically describing this
kind of flow.

𝑅𝑒 (𝜕u𝜕𝑡 + u ⋅ ∇u+ ∇𝑝) + F = ∇ኼu (2.12)

∇ ⋅ u = 0 (2.13)
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Looking at the dimensionless Navier Stokes equations (equations 2.12 and 2.13), where vector fields
are indicated with bold text, it is possible to reduce those equations to a much simpler form by taking
the limit 𝑅𝑒 → 0, i.e., by imposing the Stokes regime. Result is shown in equations 2.14 and 2.15.

∇𝑝 − ∇ኼu+ F = 0 (2.14)

∇ ⋅ u = 0 (2.15)

It must be noted that it is chosen to keep the pressure in the equation since, even if the reduced Navier-
Stokes equations without the pressure term are still a formulation of a Stokes flow regime, they do not
encompass all the different Stokes flow of interest [84]. A huge advantage when mathematically solv-
ing the reduced equations is the disappearing of the non linear terms.

Having recognized the flow type for the problem of interest, the main ways to induce mixing in
such a flow are reported below.

2.4.2. Micromixing: high Peclet number, slow diffusive mixing
. For low Reynolds number, looking at Stokes flow theory, the flow of sorbent proceeds along the
channel in a laminar and uniaxial fashion. Therefore, mixing can only occur through molecular diffusion.
However, this diffusive mixing can be extremely slow if compared to the advection of material along the
channel. If the flow behavior can be understood by quickly estimating the Reynolds number, a glimpse
of the mass transport behavior can be understood by computing the Peclet number:

𝑃𝑒 = 𝜌𝑢𝐿
𝐷 (2.16)

Where 𝐷 is here introduced as the diffusion coefficient in ፦Ꮄ
፬ . The Peclet number can be see as the ratio

of advective mass transport over diffusive mass transport. For problems where the flow proceeds at
very low Reynolds number, the advective mass transport is very slow or almost non existent and, when
diffusion is very slow as well, thus high Peclet number, the result is a flow with very low advection
mixing and an even lower diffusion mixing. In the case relevant to this thesis, Diffusion coefficient
of 𝐶𝑂ኼ in the polyamine sorbent, as estimated in previous research at ZEF [14], [38], shows a very high
Peclet number, thus slow diffusive mixing. The result is that the channel length required for complete
mixing is prohibitively long. In this framework, mixing of the flow targets an increase in the advective
mass transport rate.

The word ”mixing” is used for describing a lot of different processes and can be applied to multiple
physical transport phenomena like heat or mass transfer and can be done in multiple ways like by
generating cahotic advection [85], [86] or by imposing a high Reynolds number to the flow [87]. In our
case, mixing refers to a way for reducing as much as possible the time it takes for molecular diffusion
to homogenize an initially inhomogeneous concentration gradient. Since the flow of interest has a
Stokes flow behaviour, there is basically no advection (no bulk transport) and it takes a very long time
for diffusion to ”distribute” the absorbed 𝐶𝑂ኼ molecules until homogeneity is reached. Moreover, the
region we are interested in mixing is the free surface of the sorbent flow. That is, mixing in this case
means to renew the sorbent particles on the free surface.

Active Micromixing Mixing in Stokes flow behaviour is very common in very small geometries such
as micromixers, microreactors or microchannels. A way for classifying micromixers is as either
passive or active mixers [88]. In a passive micromixer, the specific geometry of the channel or of
external elements is used to induce improvements on the mixing process. No external energy input is
necessary for a passive mixer to work. On the contrary, active mixers are generally units that create
disturbances in the flow by means of external pulsating energy fields.
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Figure 2.24: Example of two inlet channel segment [18]

Figure 2.25: Ultrasonic micromixer [19]

Research shows than, when dealing with a multifluidc system as the one shown in figure 2.24,
the higher degree of mixing is obtained when pulsating both inlets out of phase [18]. Another way
of actively mixing two fluids is with the use of acoustic stirring created by ultrasonic waves [19]. As
shown in figure 2.25, phenolphthalein (red) is mixed in a solution of sodium hydroxide and ethyl alcohol
(yellow) with the use of transducers (black squares) able to introduce ultrasounds in the flow stream.
The acoustic stream is induced perpendicularly to the flow direction and it is observed that, if the flow
rate is increased, the power level of the transducers need to be increased as well in order to get a
uniform mixing across the channel. Those are just two examples of active micromixing, multiple others
exist like the use of fluctuating electric fields [89] or magnetic ones [90].

Passive Micromixing Differently from that, passive micromixers do not rely on active elements,
but rather on very specific ways for engineering the channel geometry where the sorbent is flown.
For example, channels are engraved with ridges of different shapes in order to create an anisotropic
resistance to the viscous flow [20].

Figure 2.26: Channel with Obliquely Oriented ridges. A)
Schematic diagram of the channel B) Optical micrograph

showing mixing for a red and green stream C) Fluorescent
confocal micrograph of different channel’s cross sections [20]

Figure 2.27: Channel with ridges shaped as Staggered
Herringbones. First one-and-a-half cycles A) Schematic

diagram of the channel B) Confocal micrograph of different
cross sections of the channel [20]

Figure 2.26 shows the effect of the anisotropic resistance on the flow. In fact, by orienting the
ridges at a certain angle with respect to the flow direction, there will be a reduced resistance on the flow
in a direction parallel to the engraved ridges. As a result, the axial pressure gradient in the 𝑦ᖣ direction
will generate a mean transverse motion (along 𝑥) of fluid particles. Those motion will make the fluid to
circulate back across the top of the channel as shown in figure 2.26 A). It is reported that, within the
Stokes flow regime, the form of the flow is independent of the specific Reynolds number [20]. That is,
as it can be seen from figure 2.26 C), it is expected that the engraved ridges are able to twist the flow
to the top of the channel and circulate it back at the bottom of it by creating helical streamlines as the
fluid proceeds along the channel. This way of passive mixing can be further explored by designing the
so-called Staggered Herringbone Mixer (SHM) as shown in figure 2.27. In this particular design, the
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chaotic mixing is further enhanced by subjecting the fluid to local rotations in opposite directions. Look-
ing at figure 2.27 A), a single mixing cycle is composed of two regions of ridges symmetric with respect
to the centerline of the channel (𝑦 direction). This switch in the asimmetry of the single herringbones
after every half cycle will further enhance chaotic mixing. The result is that the flow will exhibit a similar
pressure gradient as the one described previously, both for the short and for the wide arms of the her-
ringbone. That will generate a fluid motion in the 𝑧 direction on both sides of the centerline. As shown
by confocal micrograph of a mixing experiment done by injecting two streams of a fluorescent solution
on both sides of a transparent solution (figure 2.27), after half cycles, ripples in opposite direction are
being generated and chaotic mixing behavior is observed after a full cycle. Once again, it is reported
a non-dependence between the form of the flow in the SHM and Reynolds number in the Stokes
regime. That is, it is expected to observe similar mixing path also at 𝑅𝑒 << 100.

Reported micromixers for Reynolds numbers closer to zero value (0.2-75) include the use of sinu-
soidally shaped channel’s side walls. As shown in figure 2.28 and reported by literature [21], phase-
shifting the walls has the effect of generating Dean flows between the two fluids to be mixed. In this
case, maximum mixing is observed for a phase shift 𝜙 = 3𝜋/4 and 𝜋/2. The authors also report that
this mixing geometry works for a minimum Reynolds number of 0.2.

Figure 2.28: Micromixers with sinusoidally shaped side walls at different phase shifts (CFD and experiments) [21]

Figure 2.29: Kenics mixer geometry [22]

Perhaps of more interest is the use of an external passive mixer to be inserted inside the channel to
generate chaotic advection in the flow. For example, a Kenics mixer is made of a long tube containing
helical blades alternatively oriented clockwise and counterclockwise with respect to the flow direction
as shown in figure 2.29. The blade connection is such that the fluid flowing trough the mixing elements
is separated in two parts after every change of blade. Computational Fluid Dynamics simulations of
a Kenics Mixer at different Reynolds numbers indicate that identical velocity profiles are obtained in
Stokes flow behaviour and deviation occurs only for 𝑅𝑒 > 10 [91].
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2.5. Lessons learned
Sources of this literature review included books about general mass transfer theory, previous research
projects part of ZEF’s knowledge and papers about absorption of 𝐶𝑂ኼ and 𝐻ኼ𝑂 in polyamine sorbents.
The most important insights from this literature research are reported below:

1. This project is mostly about the absorption of 𝐶𝑂ኼ. However, it is recognized how the presence
of water might have a huge influence on that. Therefore, water loading should always be kept
in mind. That will be helped by monitoring the ambient relative humidity during every
experiment. Moreover, it is expected that experimental data will show very different loading
curves for the two gases. In fact, apart from the differences in the absorption driving forces, they
are also absorbed in two completely different ways since 𝐻ኼ𝑂 is physically absorbed, while
𝐶𝑂ኼ is chemically absorbed when using polyamine absorbents.

2. Absorption performances can be evaluated in terms of 𝐶𝑂ኼ captured per amine utilization (𝐶𝑂ኼ/𝑎𝑚𝑖𝑛𝑒)
and in terms of Space-Time Yield (STY). The first parameter is related to decreasing the sorbent
consumption, while the second parameter, equivalent to the flux of 𝐶𝑂ኼ within the sorbent, is re-
lated to reducing the size of the absorption equipment and the time needed to absorb a certain
amount of gas.

3. From previous research at ZEF, it is described how the process of 𝐶𝑂ኼ absorption is diffu-
sion limited on the neighborhood of the free surface. Therefore, it is suggested to renew the
surface of the sorbent in contact with the air by mixing it as it flows downstream on the absorp-
tion plate. Moreover, it is understood how the expected flow behaviour for this absorption
process is a Stokes flow one with a characteristic Reynolds number of about 10ዅኽ.

4. Various mixing strategies have been analyzed for Stokes flow regimes and some channels ge-
ometries are found to be more interesting than others:

• Staggered Herrinbone Mixer (SHM) and Obliquely Oriented Ridges (OR): they could po-
tentially provide for mixing since it is reported that they work independently on the Reynolds
number value in Stokes regime

• Sinusoidally shaped walls are of no interest since no mixing is reported when 𝑅𝑒 < 0.2
and mixing does not happen in a direction perpendicular to the channel floor (toward the free
surface)

• Kenics Mixer: it looks promising, but our specific process requires to always have a free
surface on top of the channel. Therefore, it is not known how not entirely enclosing the mixer
in a cylindrical shaped channel will influence the Kenics mixing performance.

• Active mixing is interesting. However, it might be a challenge to use the same active mixing
strategies as observed in literature. Coming up with creative ways for actively mixing the
sorbent while maintaining a continuous flow on the plate might be necessary.

Most micromixing technologies work for 𝑅𝑒 > 1. The flow relevant to this thesis is several order
of magnitude below that. Therefore, it might be that mixing is way more difficult to be achieved in
that conditions.

5. A clear theory describing mass transfer in this specific absorption method is still missing.
The reviewed mass transfer theory gives some insight into possibly applying one of the classic
mass transfer theory like the two film theory or the penetration theory in order to explain the mass
transport. However, it is not to be excluded the necessity of formulating a different physical theory
for explaining this absorption process. This also applies in the formulation of a mass transfer
model able to predict 𝐶𝑂ኼ capture performance for this novel absorption process.
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Experimental investigation

In order to reach the research goals, an experimental investigation is necessary. This chapter describes
the experimental setup and experimental methodology used for addressing the research questions
relevant to this thesis. An experimental plan is proposed and assumptions specific to the setup are
mentioned. Two different setups are used. The first one is used to investigate passive mixing in the
novel absorption process, the second one deals with active mixing instead.

3.1. Previous work

The starting point of this work is a direct air capture setup developed in previous studies at ZEF. As
reviewed in section 2.2, a setup was designed and built for performing experiments on 𝐶𝑂ኼ and 𝐻ኼ𝑂
capture when a polyamine sorbent is flown inside a single channel milled into a PMMA plate. In partic-
ular, the setup consists of an aluminum frame to allocate the plate and all the different equipment for
performing the experiment. This aluminium frame was already shown in section 2.2 and can be seen
in figures 2.14 and 2.15.

The mechanical robustness of the frame, together with the possibility of sliding the different beams
relative to each other, make this setup perfect for pursuing the passive mixing experiments relevant to
this thesis project.

Together with the frame, few other components, namely, a fan and a syringe pump are used. The
first is an AD12038GP plastic fan of 120 by 120 𝑚𝑚 from the company ADDA. It has a rated power of
up to 20 Watts (at 12 Volts) and can provide a maximum air flow of 5.247𝑚3/𝑚𝑖𝑛 at a max pressure of
1.8𝑚𝑏𝑎𝑟 [92]. While the fan is used to provide continuous flow for the sorbate (air), a KDS100 syringe
pump from KD Scientific is used to provide continuous flow for the sorbent (TEPA). The internal diam-
eter of the used syringe is taken as the only input for the internal control of the pump. The used pump
is rated to work with syringes having internal volumes ranging from 10 microliters to 100 milliliters [93].
For the purpose of this work, a 30 𝑚𝐿 syringe from BD Plastic is used. The syringe pump can be used
with two different dispense modes: dispense volume mode and run mode. Since continuous absorp-
tion is investigated in this thesis, the latter is used during the experiments. The syringe is clamped on
the pump’s syringe holder and a flexible plastic hose is connected to the syringe outlet in order to drive
the sorbent flow rate to the inlet of the absorption channel. Basically, those two devices are used for
providing and controlling the sorbent and the air flow rates necessary for the experimental investigation
(figures 3.1 and 3.2).

31
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Figure 3.1: The fan used to provide the air flow rate Figure 3.2: The syringe pump used to provide the sorbent flow rate

Together with equipment for the collection of loaded samples, measurements equipment for check-
ing the concentrations in the loaded samples are provided. In particular, a Cary 630 FTIR (Fourier
Transform Infra-Red) Spectrometer [23] figure 3.3, is used for analyzing the different samples col-
lected during the experiments. Such device is able to generate interactions between the matter and
electromagnetic fields in the Infra-Red (IR) region. Molecules of the sample are excited by absorbing
IR radiation. The radiation that goes back to the machine will contain information about the species
present in the sample since various light wavelengths are absorbed by different species [94]. Peaks in
the plot of the specific IR spectrum of the sample (measured IR intensity versus wavelength) can be
used to identify the various molecules present in the sample and their weight concentration. However,
in order to do that, it is necessary to obtain the spectrum of known samples and compare them to the
unknown spectra of every collected samples. This was done during previous research at ZEF with the
use of the software ”TQ Analyst” to collect a database of ”known spectrum” corresponding to different
sorbent concentrations [14]. Basically, this database contains a collection of spectrum for TEPA at var-
ious relative concentrations of 𝐶𝑂ኼ and 𝐻ኼ𝑂. This allows a direct comparison with unknown spectrum
to obtain the concentrations in the collected samples.

Figure 3.3: Cary 630 FTIR Spectrometer [23]
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3.2. Passive Mixing Experiments
The equipment described above is used as part of the equipment for performing the first set of ex-
periments in this thesis project: the passive mixing experiments. In particular, the syringe pump, the
aluminium frame and the fan are used in the same fashion of previous investigation at ZEF [14]. How-
ever, instead of the PMMA plate, newly engineered mixing channels are used in order to test the
effects of different mixing elements. In this section, requirements of this first experimental investigation
are defined. Those are considered when engineering the mixing channels geometries and in defin-
ing a solid experimental procedure. Finally, an experimental plan is proposed, together with the main
assumptions that are considered during this investigation.

3.2.1. Requirements
Based on previous experiences of the DAC team at ZEF and on the research questions specific to
this thesis project, different requirements of the experimental setup are defined. Engineering and man-
ufacturing of the equipment used during the experiments is planned and executed based on those
requirements.

1. Among the main difficulties traced when using TEPA as a 𝐶𝑂ኼ and 𝐻ኼ𝑂 absorption medium, there
is the difficulty in obtaining repeatable results [14]. For example, collection of the loaded sample
by manually using a spatula in the channel, constitute a source of uncertainty in the experimental
result since the loaded gases will be influenced by the time it takes to collect the sample, the
impossibility of properly collecting the sample without leaving any residue in the channel and the
ability of the operator to collect the sample at the right location in the channel. As a consequence,
the experimental setup is required to provide a reliable way for repeating the experiments via
reducing as much as possible the influence of human error on the final result.

2. Connected to the requirement mentioned above is the necessity of collecting samples at mul-
tiple distances on the channel without interfering with the sorbent flow on the plate.

3. Since the absorption length is not known beforehand, it is necessary to have a modular con-
figuration for the channel used to flow the sorbent. That gives the possibility of experimenting
with channels of different lengths without the necessity of manufacturing new pieces, but sim-
ply by adding more sections to the channel assembly. This modularity requirement introduces
the added challenge of providing for a complete seal of the connection parts of the different
modules in order to avoid a flow rate reduction as the flow proceeds through the channel.

4. The approach of this passive mixing experiments is based on trying multiple type of channels to
verify which one works better. For this reason, it is not known how many channels will have to be
manufactured. Therefore, a requirement is that the channels are easily produced within the
equipment accessible at the university to avoid as much as possible delays due to the manu-
facturing process. That is, rapid prototyping and low cost are requirements of the manufacturing
process.

5. Regarding the specific design of the channel geometries, it is required to experiment at different
sorbent flow rates. This means the geometry of the channel needs to be able to accommodate
multiple volumetric flow rates without problems like flow separation or accumulation on the sides.
This requirement is defined after previous investigation at ZEF underlined difficulties in obtaining
a uniform flow with polyamine sorbents [13].

6. Reviewed literature underlined how variations in ambient relative humidity and temperature can
have a massive influence in the outcome of the experiment. Therefore, it feels necessary to
measure ambient relative humidity and temperature for this set of experiments due to the
high variability in Dutch’s weather conditions. Therefore, that is included as an experimental
requirement as well.

3.2.2. Setup Description
The requirements mentioned before are fulfilled via engineering of the channel for sorbent collection
with the use of the CAD software Fusion360 and selecting a suitable manufacturing technique. Results
of that work are described in this section.
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Multiple channels are designed and manufactured. Therefore, for illustrating the main features
of the design job, the so-called Empty Channel (EC) design is used. That is the simplest channel
used for the passive mixing experiments and it is supposed to give information about a base scenario
where no mixing elements are present. In fact, the other channel containing passive mixing elements
are made using this type of channel as the starting point with the addition of, for instance, engraved
herringbones. The rest of the channels are described in this section in the experimental plan. An
orthographic view of the channel made via the 3D CAD software is used for illustrations of the channel’s
features.

Figure 3.4: Empty Channel, front view

Figure 3.5: Detail of channel dimensions

Figure 3.6: Empty Channel, top view

Figure 3.7: Clamps dimensions

The experimental setup is based on a modular configuration of 100 𝑚𝑚 long modules to be con-
nected in series. Figures 3.4 and 3.6 show a frontal and top view of the modules respectively, while
figure 3.5 shows a detail of the module to highlight the dimensions of the channel. As it can be seen,
the sorbent is flown on top of the module and a tunnel-like configuration at the end and beginning of
each module allows the series connection. All dimensions are in millimeters and the technical drawings
are obtained with the use of the software Fusion360. The relevant engineering features of the module
are described below:

• Each module can be connected to the sequent one via the use of the clips shown in figure 3.7. The
role of the two clips is exactly the same and two of them are used because of redundancy in order
to make sure it is less likely that the whole connection fails during an experiment. To eliminate
the inconvenience of the sorbent flowing out from the channel at the connection points, an O-ring
groove is included at the beginning and end of each module. The groove dimensions are shown
in figure 3.4 and they are based on specifics taken from the Eriks O-Ring technical handbook [95]
for a 6x2 mm O-Ring. In order to obtain a high degree of compression, thus reducing as much as
possible leakages, a silicone O-ring is used instead of a plastic one. Those silicone O-rings are
manufactured in-house by using a 3D printed mold. Pouring silicone in the mold and waiting 8
hours for hardening, one obtains the desired result.

• In order to prevent the sorbent from accumulating on the sides of the channel due to viscosity
effects, fillets of 0.6𝑚𝑚 of radius are added on the lateral walls of the channel (figure 3.5). The
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aspect ratio of the channel (width/depth) is kept higher than 1 (8.3 in this case), to reduce once
more the effects of sorbent accumulation on the sides of the channel. That is used to strengthen
the assumption of a flat flow surface. This assumption is important especially when modelling the
flow over the ridges via the Matlab model described in chapter 4.

• Regarding the influence of different ambient relative humidity and temperature on the experimen-
tal outcome, the measuring tool shown in figure 3.9 is used to perform measurements of relative
humidity and temperature during an experiment. The device is a simple analog psychrometer
able to measure temperatures with a wet and a dry bulb. Subtracting the temperatures and
referring to a table coming with the device, one can find the ambient relative humidity.

Once the geometrical parameters of the channel are decided, the most suitable manufacturing tech-
nique for the purposes of this thesis is selected to be 3D printing technology. In particular, Ultimaker
3D printers are used to manufacture the modules and clamps for the experiments (figure 3.8). Poly-
actic acid (PLA) is used as the material for the 3D printer due to high availability and good mechanical
strength. The choice of 3D printing the modules allows for rapid prototyping of different channel geome-
tries both with respect to the specific channel dimensions (width, depth, fillet radius) and to allow for
experimenting with multiple mixing strategies. Moreover, the high availability of 3D printers within the
university, reduces lead times for production to the mere time required for the printer to actually com-
plete the printing task. That is especially true since multiple printers can be used at once and overnight
to significantly speed up the manufacturing process, thus allowing for multiple design iterations.

Figure 3.8: A Ultimaker 2+ 3D printer
Figure 3.9: Analog sling psychrometer

The final assembly for passive mixing experiments is shown in figure 3.10. It can be noticed how
the different modules are assembled and how the fan and syringe pump are placed at two opposite
ends of the aluminium frame. That is, air will flow counter currently with respect to the flow of
the sorbent. Once the assembly is completed, a precise experimental procedure is followed for each
and every experiment. Once again, defining this beforehand makes much easier to obtain repeatable
results and, eventually, it also makes the whole experimental investigation much faster.
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Figure 3.10: Final assembly of the experimental setup for passive mixing experiments

3.2.3. Methodology
In order to collect samples for data analysis that are repeatable as much as possible, a very strict
experimental procedure is defined (appendix A.1). The goal of the experimental procedure is to give
the researcher a structured way of collecting the samples which, together with the specific design of
the setup, will increase the probability of obtaining reliable and repeatable data. For the passive mixing
experiments, the selected experimental parameters are collected in table 3.1. After the parameters are
selected, relative humidity and temperature are measured and the experiment is started. The residence
time is measure with a stop watch and samples are collected as described in appendix A.1.
The experimental plan relevant to this investigation is presented in the next section.
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Parameters
Plate (or channel) inclination
Channel type
Channel length (or number of modules)
Sorbent initial conditions
Sorbent flow rate
Fan operating voltage

Table 3.1: Experimental parameters: passive mixing

3.2.4. Experimental plan
The main goals of this first experimental investigation is to find out if passive mixing can be used
to improve the performance of the absorber. Following from the literature review, three different
channels geometries are selected for this investigation:

• Empty Channel (EC) geometry

• Staggered Herringbone Mixer (SHM) geometry

• Bridges (BR) geometry

The first of these geometries, the EC one, is already described in this section when giving an example
about a channel design. Therefore, only the description of the SHM and BR geometries follows.

Staggered Herringbone Mixer geometry The SHM geometry is selected because it is reported that,
in a stokes flow behavior, the mixing performance is independent on the specific Reynolds number [20].
Experimenting with this geometry serves to understand if engraving mixing elements into the channel
floor can provide top surface renewals while the sorbent is flowing downstream in the channel. This
geometry is chosen over simple diagonally engraved ridges because the presence of herringbones is
expected to generate opposite sorbent circulation on both sides of the herringbone, thus enhancing
mixing. Details about the design of the herringbones are shown in figure 3.11 and 3.12.

Figure 3.11: Staggered Herringbone Mixer, top view
Figure 3.12: Staggered Herringbone Mixer,

perspective view

Every dimension of the module design shown in figure 3.11 is exactly the same as in the Empty
Channel case. In fact, the only difference between the two channels is the presence of herringbones
engraved in the channel floor. The design of the herringbones is based on suggestions from Stroock
et al. [20], in particular, the design parameters shown in figure 2.27 are selected. Those are reported
in table 3.2.
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Parameter Value Unit Description

p 2/3 - Herringbone’s asimmetry
w 5 𝑚𝑚 Channel width
h 0.6 𝑚𝑚 Channel height
𝛼 0.3 - Herringbone’s depth over channel height
q ᎝

ᎎ፡ 𝑚𝑚ዅኻ Herringbone’s spacing
# 10 - Number of herringbones per half cycle

Table 3.2: SHM geometrical parameters, refer to figure 2.27

It is suggested that selection of 𝑝 and other geometric parameters like 𝛼 is very important for con-
trolling the efficiency of mixing. Once again, those are selected following suggestions from [20].

Bridges geometry The BR geometry is selected following suggestions from [14]. In fact, it was found
that the presence of bridges stopping the top layer of the flow had a positive influence in the absorption
performance. The channel designed following that suggestion is reported in figures 3.13 and 3.14.

Figure 3.13: Bridges, top view

Figure 3.14: Bridges, cross sectional
view

According to the writer of this report, increase in absorption performance can be associated with the
creation of a pressure differential between the upstream and downstream flow over the bridge. In fact,
by stopping the top layer of the sorbent, flow accumulation upstream the bridge will generate a higher
pressure as compared to the pressure of the flow after the bridge. In theory, since the flow moves from
a higher to a lower pressure, the lower pressure downstream the bridge should be able to move the
sorbent from the bulk toward the free surface, thus providing for surface renewal. This effect should be
enhanced by the pressure differential, therefore, by how much flow is accumulated before the bridge.
For that reason, the clearance between the bottom of the bridge and the floor of the channel is chosen
to be as small as possible, that is, 0.2 𝑚𝑚 (figure 3.14). Clearly, in order to have surface renewals,
there must be a difference of pressure between the free surface sorbent layers and the bulk sorbent
layers. Therefore, even if the bridge is actually generating a pressure differential in the flow direction,
that does not mean that there is a pressure differential in a direction perpendicular to the flow direction
as well. That must be considered and verified with the experimental investigation.

After having defined which type of channels will be used in this first experimental investigation, the
experimental plan is reported in table 3.3.
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Experiment Number Channel Type Sorbent Flow Rate
[𝑚𝐿/ℎ𝑟]

Channel Length
[𝑚𝑚] Sorbent Initial Conditions Channel Inclination Fan Voltage

[𝑉]
1 EC 0.3 500 Pure TEPA 45∘ 7
2 0.7 500 Pure TEPA 45∘ 12
3 1.5 700 Pure TEPA 45∘ 12
4 3 700 Pure TEPA 45∘ 12

5 BR 1.5 500 Pure TEPA 45∘ 7
6 3 500 Pure TEPA 45∘ 7

7 SHM 1.5 700 Pure TEPA 45∘ 12
8 3 700 Pure TEPA 45∘ 12

Measured Parameters:
Ambient relative humidity and temperature, sorbent residence time and sorbent composition at the end of each module

Table 3.3: Passive mixing, experimental plan.

3.2.5. Assumptions
The assumptions relevant to this experimental investigation are described below:

• The main target of the experiments is to verify if passive mixing happens with the designed
geometries and, especially in the case of the Empty Channel, understand the influence of
varying the sorbent flow rate in terms of Space Time Yield and 𝐶𝑂ኼ and 𝐻ኼ𝑂 loadings.

• The residence time is expressed by the time required by the first droplet of sorbent to flow through
the different modules. It is assumed that the average particle flowing in the channel will
take the same time to reach the end of each module as the particles of sorbent in the first
injected droplet.

• All the experiments are performed in the same laboratory. Due to the climatized environment, it
is observed that ambient temperature stays more or less constant around 21 ∘C. Therefore, it is
assumed that temperature variations have no effect on the experimental results.

• Differently from temperature, ambient relative humidity is observed to change significantly de-
pending on atmospheric conditions. It is assumed that the ambient relative humidity has
no effect on the absorption of 𝐶𝑂ኼ, but, for absorption of 𝐻ኼ𝑂, the ambient relative humidity
at which the experiment is performed is taken into account when interpreting data about 𝐻ኼ𝑂
absorption.

• Following recommendations from previous works at ZEF [14], the fan is used at a voltage higher
than 7 Volts in order to avoid air depletion. Therefore, air is considered to be always well mixed
in proximity of the sorbent interface.

3.3. Active Mixing Experiments
Passive mixing experiments use a single channel where the sorbent is flown at very low flow rates. For
some of the experiments, the sorbent took hours to reach the end of the channel and mixing is only
induced with the use of static elements.

Another approach of imposing mixing is by actively stirring the sorbent after it flows on the
plate and then re-pumping it back at the inlet of it. Therefore, if passive mixing experiments were
investigating absorption performance of a slow sorbent flown into a single channel where no energy
input is used for mixing, the goal of the active mixing experiments is to investigate how absorption is
affected when the sorbent flow rate is orders of magnitude higher and mixing is actively imposed by
investing energy into the process.

3.3.1. Requirements
The requirements of the active mixing experiments are listed below:

1. The main requirement of this experimental setup is to actively mix the sorbent while the ab-
sorption process is happening. Moreover, it is required that data can be collected in a reliable
way without stopping the experiment to do that.
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2. The flow rate of the sorbent on the flowing plate, and, therefore, its residence time, must be
controllable.

3. The same applies to the air flow rate.

4. The sorbent flow rate is expected to be higher, therefore, the use of a single channel is not of
practical interest for this experiments and a plate containing multiple channels is rather used.
That will increase the surface area of the experiment allowing to use way higher flow rates.

5. Due to variation in sorbent viscosity when absorption is happening, it is expected that the mass
flow rate will vary as well. Therefore, the setup should allow for measuring the sorbent mass
flow rate while the experiment is running.

6. Once again, the experiments are performed in the same laboratory where passive mixing exper-
iments are performed. The variability in the weather conditions makes necessary to measure
ambient relative humidity and temperature.

3.3.2. Setup Description
Once again, the assembly of the experimental setup is built in Fusion360 before production. Parts of
this setup were designed during previous works at ZEF [96].
A schematic describing the experimental assembly is shown below in figure 3.15.

Figure 3.15: Schematic of the active mixing experimental setup

In order to explain the working principle of the setup, the main components are listed and their role
in the assembly is described.

• Gear pump This component provides the flow of the sorbent in the setup. A simple 12 volts
gear pump from Surflo (series KGP-001) is used for that [97]. The pump can reach an operating
nominal power of 14.4 𝑊. The low pressure side of the pump is connected to a reservoir where
the sorbent ends up after flowing in the absorption plates. The high pressure side of the pump
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is connected to a T-split junction to divide the flow in the two absorption plates. The operational
voltage of the pump is used to increase or decrease the sorbent mass and volumetric flow
rate. That can be easily done powering the pump with a power supply. A picture of the pump is
shown in figure 3.16.

Figure 3.16: Surflo KGP-001 gear pump Figure 3.17: Absorption plate CAD model and dimensions (front and
bottom view)

• Flow distributors This component has the role of distributing the sorbent flow rate into the various
absorption channels. Describing the design of these distributors is outside the scope of this
report. However, they are provided by ZEF and they are designed to have a single lateral inlet
and multiple outlets in a direction perpendicular to the inlet. That is, the flow enters horizontally
from the T-split junction and exits vertically divided into the different channels that are present in
the distributor. Two distributors are used in this design so that to have two plates with channels
in the assembly. That means absorption happens in a total of 4 faces in order to increase the
absorption surface area and, therefore, speed up the experiment.

• Plate with channels Directly connected to the flow distributors are plates with channels shown
in figure 3.17. As it can be seen from the picture, a total of 30 channels are present on the single
plate (15 channels every face). Therefore, since two plates are used in parallel, 60 channels
are present in the full assembly. Those plates are 3D printed for reasons similar to the ones
explained in section 3.2. Therefore, the flow coming from the pump is firstly split into the two
distributors, then into all the various channels present in the two plates and, after absorption has
happened, a flow collector drives the sorbent into the container with stirrer. The CAD model of the
assembly containing the distributors, the plates and the collector is shown below in figure 3.18

Figure 3.18: Distributors, plates and collector assembly



42 3. Experimental investigation

• Container with stirrer In order to provide for active mixing, the sorbent is collected in a laboratory
graded glass beaker placed on top of a Dlab MS-H280-pro magnetic stirrer [98]. The stirrer will
provide for active mixing before repumping the sorbent back at the inlet of the two distributors.
This will allow for an experiment where the sorbent is continuously flown over the absorption
plates, mixed and pumped back at the inlet of the cycle.

In the setup, the air flow rate is once again provided by the fan used in the passive mixing experiments
(section 3.2). Figure 3.19 shows how the active mixing experimental setup looks during an experiment.
It can be noticed the dark yellow colour of loaded TEPA and also that some liquid was spilling out when
dripping from the end of the absorption plates into the flow collector. This problem was later solved by
increasing the wall height of the flow collector.

Figure 3.19: Working active mixing experimental setup

Finally, similarly to the passive mixing experiments, spectrometry is used to measure the weight
concentrations of the collected samples.

3.3.3. Methodology
The methodology of the active mixing experimental investigation includes the selection of the following
parameters:

Parameters
Plate inclination
Sorbent initial mass
Plate length
Sorbent initial conditions
Sorbent flow rate (or pump power)
Number of plates
Fan operating voltage

Table 3.4: Experimental parameters: active mixing
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The sorbent is collected at the outlet of the flow collector at specified time intervals. Moreover, once
every couple of hours, the mass flow rate generated by the pump is measured. At the end of the day,
the experiment is stopped by collecting the sorbent in a sealed container. For a more detailed and
complete overview of the active mixing experimental methodology, please refer to appendix A.2. Once
again, the experimental plan follows below.

3.3.4. Experimental plan
The main goals of the active mixing experimental investigation is to understand the absorption perfor-
mance of the setup and the effects of the sorbent flow rate and the air flow rate. The full experimental
plan is described in table 3.5.

Experiment number
Pump voltage

(affects sorbent flow rate)
[𝑉]

Fan voltage
(affects air flow rate)

[𝑉]
Sorbent initial condition Plate inclination Plate length

[𝑚𝑚] Number of plates Sorbent initial mass
[𝑔]

1 7 7 Pure TEPA vertical 50 2 140
2 7 4 Pure TEPA vertical 50 2 164
3 11 7 Pure TEPA vertical 50 2 183.8

Table 3.5: Active mixing, experimental plan.

3.3.5. Assumptions
The assumptions relevant to this experimental investigation are described below:

• As for the passive mixing experiments, the change in ambient temperature is assumed to
have no effect on the experiment results and variation in ambient relative humidity is assumed
to only affect 𝐻ኼ𝑂 absorption, but not 𝐶𝑂ኼ one.

• When interrupting the experiment, it is impossible to completely collect all the sorbent inside the
container. That is, some sorbent will continue to drip from the collector during the night. This
sorbent amount is collected in a glass and put back into the collector when the experiment is
started again in the morning. A sample is collected before stopping the experiment and another
one after the dripped sorbent is put back in the bulk. It is observed that the concentrations of
these two samples are exactly the same. That is, it can be assumed that no further absorption
happens during the night and also that the sorbent which drips in the glass overnight can
be put back in the sorbent bulk without altering the experimental results.

• Collecting the samples will eventually reduce the overall amount of sorbent present in the exper-
iment. However, since less than 1 𝑚𝐿 is collected, it is assumed that the initial amount of
sorbent is conserved during the experiment.

• While measuring mass flow rate, 10 𝑚𝐿 of sorbent are momentarily removed from the overall
sorbent amount. The process of measuring lasts for a maximum of 2 minutes. Therefore, since
the removed amount is very small and the sorbent removal only lasts a couple of minutes, it is
assumed that measuring the mass flow rate has no effect in the experimental outcome.
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Modelling

This chapter describes the models developed during this thesis project. Emphasis is placed on as-
sumptions and models’ relevance. Based on the specific research questions, the developed models
are focusing on the fluid dynamics aspects of the passive mixing experiments and on the mass trans-
fer aspects of the absorption process. Some of the proposed models are independent on the data
collected during the experiments, some others rely on measurements done and experimental results.

4.1. Stokes Flow DNS Solver
Together with the CFD model developed in AutodeskCFD (appendix B), a Matlab DNS solver is used to
model the sorbent flow in the Staggered Herringbone Mixer channel. The goal of the model is to have
a structured and reliable way for simulating the effects of the ridges that are engraved on the channel
floor for mixing purposes. Results from the model are used to interpret experimental ones. Since
the considered flow has a Stokes’ flow behavior (creeping flow), it is possible to develop a Direct
Numerical Simulation (DNS) of a simplified version of the Navier Stokes (NS) equations that do
not include the advection terms (bulk transport of matter). In fact, since the Reynolds’ number of this
specific problem is of the order of 10ዅኽ, the viscous forces are dominant over the inertial ones, thus
allowing for the simplification of the NS equations:

𝜌𝜕U𝜕𝑡 = −∇𝑃 + 𝜇∇
ኼU+ F (4.1)

∇ ⋅ U = 0 (4.2)

Where vector fields are indicated in bold text and:

• U is the velocity field in [𝑚/𝑠]

• P is the pressure field in [𝑝𝑎]

• 𝜇 is the dynamic viscosity of the fluid of interest in [𝑝𝑎 ⋅ 𝑠]

• 𝜌 is the fluid density in [𝑘𝑔/𝑚ኽ]

• F is the vector field of external forces like, for instance, due to gravity acceleration

Equation 4.1 is the momentum NS equation simplified for the Stokes’ problem and written in vectorial
form, while equation 4.2 is mass conservation. Both equations are solved with a DNS model coded in
Matlab. The starting point of the DNS solver is an old group assignment for the course ”Modelling of
Thermo and Hydrodynamic systems (ME45155)” [99].

It must be noted that, apart from being a dimensional equation, 4.1 is different from the typical stokes
flow momentum equation shown in section 2.4. In fact, for a generic creeping flow, the unsteady term
(left-end side of the equation) is usually neglected. However, as it will be explained later, this model
is built on an Adam-Bashfort time discretization scheme and it solves the flow iterating in time until
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a steady state solution is reached. Therefore, for coding purposes, the unsteady term needs to be
present in order to provide for the above-mentioned iterative scheme. It is recognized that solving
the equation including a term that could be neglected could mean to add unnecessary complexity to
the problem. However, since that term is necessary for the chosen discretization scheme, it is also
recognized how the added complexity pays off when writing the model’s algorithm. Since the extra
term does not make the solution less valid (as it would happen when doing the opposite, i.e., removing
a term which is necessary), it is chosen to consider the unsteady equation for this model.

4.1.1. Model description
The flow over the SHM has no exact analytical solution due to the complexity of the grooves. How-
ever, the same research group that proposed the experimental investigation relevant to the SHM geom-
etry [20], also published another paper describing a simple analytical model to simulate the flow over
such geometry [100]. The fully three-dimensional flow can be decoupled into an unperturbed
open channel flow (𝑌𝑍 plane) and a lid-driven cavity flow in the cross section of the channel (𝑋𝑌
plane). This simple physical model can yield an approximate solution for the three-dimensional prob-
lem. The model is justified by the observation that the net effect of the diagonal grooves is to generate
a slip velocity at the flat boundary located at the average position (along 𝑦) of the grooved surface.

Figure 4.1: Staggered Herrinbone Mixer, CAD model view with axis

Figure 4.1 shows a representation of the simulated geometry including the two perpendicular 𝑋𝑌
and 𝑌𝑍 planes where the physical model is represented. The geometry of the channel is the same one
described in chapter 3. That strategy turns out to be quite advantageous since both the open channel
flow and the lid-driven cavity flow in Stokes regime can be solved numerically by discretizing the NS
momentum equations in the 𝑋, 𝑌 and 𝑍 directions.
The nomenclature for the velocity projections in the various directions is as follow:

• 𝑢, velocity component in the 𝑋 direction

• 𝑣, velocity component in the 𝑌 direction

• 𝑤, velocity component in the 𝑍 direction
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Before describing the model in greater details, an overview of the model inputs and outputs is shown
in figure 4.2.

Figure 4.2: ”Black box” view of the DNS solver

The considered fluid properties include density and viscosity, while the channel geometry is de-
scribed with the channel width and channel length. Bulk velocity and film thickness are calculated
based on the input conditions and then they are used internally during the evaluation of the Stokes flow
equations. The following equations are used to calculate those two parameters [101]:

𝑤፛፮፥፤ =
�̇�

𝐿፱ ⋅ 𝐿፲
(4.3)

𝑓𝑖𝑙𝑚 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 = √ 2𝜇𝑤፛፮፥፤𝜌𝑔 cos𝛼 (4.4)

where:

• 𝜇 is the dynamic viscosity of the sorbent in [𝑃𝑎 ⋅ 𝑠]

• 𝐿፱ and 𝐿፲ are the channel width and channel height respectively in [𝑚]

• �̇� is the sorbent volumetric flow rate in [𝑚ኽ/𝑠]

• 𝜌 is the sorbent density in [𝑘𝑔/𝑚ኽ]

• 𝑔 is the acceleration of gravity in [𝑚/𝑠ኼ]

• 𝛼 is the plate inclination

• 𝑤፛፮፥፤ is the sorbent average bulk velocity

The next subsections describe the domain and governing equations of the two solved flow: the open
channel and lid-driven cavity flow. After that, it is illustrated how the DNS solver is built in Matlab.

Open channel flow (𝑌𝑍 plane) Figure 4.3 shows the geometry and the various surface types for the
open channel flow (𝑌𝑍 plane).
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Figure 4.3: Open channel flow problem illustration

As it can be seen from the picture, the inlet boundary condition is a uniform velocity in the 𝑍 direction.
This velocity is the bulk flow velocity and it is calculated using equation 4.3. On the adiabatic no slip
wall, a zero velocity in the 𝑍 and 𝑌 direction is imposed, while for the free surface, zero shear stress is
imposed for the velocity component in the 𝑍 direction. The governing equation for zero shear stress is
the following one:

𝜏 = 𝜇𝑑𝑤𝑑𝑦 = 0 (4.5)

The free surface is located at the interface between the liquid sorbent and the surrounding air. The
location of this interface in the 𝑌 direction is equal to the film thickness calculated with equation 4.4. As
explained in the assumptions of the model, it is assumed that the free surface is completely flat. This
is necessary since this is not a multiphase flow simulation, but just the fluid dynamics of the sorbent is
considered.

For the inlet and free surface boundary, velocity in the 𝑌 direction is imposed to be zero. Before
applying the boundary conditions, the governing equations (4.1 and 4.2) are expanded:

𝜕𝑤
𝜕𝑡 = −

1
𝜌
𝜕𝑃
𝜕𝑧 + 𝜈 (

𝜕ኼ𝑤
𝜕𝑧ኼ +

𝜕ኼ𝑤
𝜕𝑦ኼ ) +

𝑔 cos𝛼
𝜌 (4.6)

𝜕𝑣
𝜕𝑡 = −

1
𝜌
𝜕𝑃
𝜕𝑦 + 𝜈 (

𝜕ኼ𝑣
𝜕𝑧ኼ +

𝜕ኼ𝑣
𝜕𝑦ኼ)

−𝑔 sin𝛼
𝜌 (4.7)

𝜕𝑤
𝜕𝑧 +

𝜕𝑣
𝜕𝑦 = 0 (4.8)

These equations are discretized and numerically solved on a staggered grid. The approach, together
with the various steps and methodologies which are used in the code are described in a later subsection.
An argument similar to the one made for the open channel flow is made for the lid-driven cavity flow.
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Figure 4.4: Lid-driven cavity flow problem illustration

Lid-driven cavity flow Similarly to the open channel flow case, figure 4.4 shows the geometry of the
problem, together with the various surface types, for the lid-driven cavity flow problem. The height of
the two adiabatic no slip walls is once again given by the calculated film thickness. Zero velocity in the 𝑌
and 𝑋 direction is imposed on those walls. Regarding the free surface, a zero-shear stress condition is
imposed. On the other side, at the bottom of the domain, a slip velocity is used as boundary condition.
The value of this slip velocity depends on the geometry of the ridges on the floor of the channel and
it is a projection of the velocity at the average height of the grooved surfaces which is calculated after
the open channel flow is solved.
The equations governing this problem are shown below:

𝜕𝑢
𝜕𝑡 = −

1
𝜌
𝜕𝑃
𝜕𝑥 + 𝜈 (

𝜕ኼ𝑢
𝜕𝑥ኼ +

𝜕ኼ𝑢
𝜕𝑦ኼ) (4.9)

𝜕𝑣
𝜕𝑡 = −

1
𝜌
𝜕𝑃
𝜕𝑦 + 𝜈 (

𝜕ኼ𝑣
𝜕𝑥ኼ +

𝜕ኼ𝑣
𝜕𝑦ኼ) (4.10)

𝜕𝑢
𝜕𝑥 +

𝜕𝑣
𝜕𝑦 = 0 (4.11)

As it can be observed from the governing equations, the 𝑣 component of the velocity field (𝑌 direction)
is calculated once again. Eventually, the magnitude of this velocity component will be added to the
magnitude of the v component calculated for the open channel flow case. This can be done since
the simplified NS equations considered for this problem do not have the nonlinear components from
the advection contribution, thus making it possible to add up the velocity components from the open
channel flow problem and the lid-driven cavity flow problem.

This concludes the description of the physical model for the three-dimensional flow in an open
channel with a grooved surface. Next is proposed the description for a mathematical model coded in
Matlab and used to obtain a solution for the two problems resulting from the physical model.

4.1.2. DNS solver
The equations and methodology reported in this section are used to numerically solve in Matlab the
simplified Navier Stokes equations for the case of a creeping flow applied to a lid-driven cavity flow
and an open channel flow. The two DNS solvers developed are identical to each other, with the only
difference being the location on the grid where the boundary conditions are applied and the velocity
components of the three dimensional flow that are solved (𝑢 and 𝑣 for the lid-driven cavity flow and
𝑤 and 𝑣 for the open channel flow). Eventually, the two solvers are using the same structure and
assumptions. Therefore, for the sake of brevity, only the DNS solver built for the lid-driven cavity
flow problem is extensively described.

The solver is built on a staggered grid as shown in figure 4.5. The staggered grid is selected
since it allows to avoid the pressure-velocity decoupling that is necessary in a collocated grid where
the pressure and the velocity components are all computed in the same location. This grid is defining
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the domain of the problem. Therefore, whenever indexing a certain variable, please refer to figure 4.5
for understanding the location of the variable in the domain.

Figure 4.5: Staggered grid

The two velocity components 𝑢 and 𝑣 are represented by white and black dots respectively, while
each element of the pressure field is represented by a cross in the center of each cell. The user decides
the number of elements on the grid by specifying the values 𝑖፦ፚ፱ and 𝑗፦ፚ፱. A finer grid will give more
precise results in terms of numerical error but requires longer computational time.
The algorithm describing the DNS solver is schematically represented in figure 4.6.

Figure 4.6: DNS solver algorithm

Initially, the unsteady equations for the velocities (equations 4.9 and 4.10) are discretized without
the pressure term (𝑢∗, 𝑣∗). The time discretization is done using an Adam-Bashforth discretiza-
tion scheme, while spatial derivatives are computed using a second-order central difference
discretization. Applying those, one obtains the following equations for the time discretization of the
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momentum equation in the 𝑋 and 𝑌 direction:

𝑢∗፧ዄኻ።,፣ − 𝑢∗፧።,፣
Δ𝑡 = 3

2𝑅𝐻𝑆
፧
።,፣ −

1
2𝑅𝐻𝑆

፧ዅኻ
።,፣ (4.12)

𝑣∗፧ዄኻ።,፣ − 𝑣∗፧።,፣
Δ𝑡 = 3

2𝑅𝐻𝑆1
፧
።,፣ −

1
2𝑅𝐻𝑆1

፧ዅኻ
።,፣ (4.13)

Where 𝑅𝐻𝑆 and 𝑅𝐻𝑆1 are obtained via the second order central difference spatial discretization of the
velocity terms:

𝑅𝐻𝑆።,፣ = 𝜈 (
𝑢።,፣ዅኻ − 2𝑢።,፣ + 𝑢።,፣ዄኻ

Δ𝑥ኼ +
𝑢።ዅኻ,፣ − 2𝑢።,፣ + 𝑢።ዄኻ,፣

Δ𝑦ኼ ) (4.14)

𝑅𝐻𝑆1።,፣ = 𝜈 (
𝑣።,፣ዅኻ − 2𝑣።,፣ + 𝑣።,፣ዄኻ

Δ𝑥ኼ +
𝑣።ዅኻ,፣ − 2𝑣።,፣ + 𝑣።ዄኻ,፣

Δ𝑦ኼ ) (4.15)

At this point, the boundary conditions for the velocity fields are imposed following the geometry of the
two problems as described before (figures 4.3 and 4.4). The boundary conditions are imposed by
overwriting the velocity profiles obtained after the discretization.

In the case of the open channel flow, mass conservation needs to be ensured since the geometry
of the problem contains and inflow and outflow of matter. This is done by calculating the difference
between the mass flow at the inlet cells and the mass flow at the outlet cells. Eventually, the outlet
velocity is modified according to the value of the mass deficit calculated before. The following two
equations describe this procedure:

Δ𝑀 = 𝑀።፧ −𝑀፨፮፭ (4.16)

𝑢∗።,፣ᑞᑒᑩ = 𝑢
∗
።,፣ᑞᑒᑩ + Δ𝑀 ⋅

𝑢∗።,፣ᑞᑒᑩ
𝑀፨፮፭

(4.17)

Looking at the algorithm presented in figure 4.6, the next step in the DNS solver is to solve the pois-
son equation in order to determine the pressure contribution in the velocity fields. Please note that, up
to now, only the momentum equations have been treated in the solver. That is, the divergence equation
is not satisfied by the velocity fields up to this point. Therefore, the next step includes the calculation
of the pressure field by imposing a divergence free velocity field. Substituting into the divergence free
equation the velocity fields corrected with the pressure contribution, one obtains a poisson equation:

∇ኼ𝑝 = 𝜌
Δ𝑡 (

𝜕𝑢∗
𝜕𝑥 + 𝜕𝑣

∗

𝜕𝑦 ) (4.18)

Discretization of the poisson equation yields to the following one:

𝑝።,፣ዅኻ − 2𝑝።,፣ + 𝑝።,፣ዄኻ
Δ𝑥ኼ +

𝑝።ዅኻ,፣ − 2𝑝።,፣ + 𝑝።ዄኻ,፣
Δ𝑦ኼ = 𝜌

Δ𝑡 (
𝑢∗።,፣ − 𝑢∗።,፣ዅኻ

Δ𝑥 +
𝑣∗።,፣ − 𝑣∗።ዅኻ,፣

Δ𝑦 ) (4.19)

Equation 4.19 can be used to obtain the following linear system of equations:

𝐴𝑝 = 𝐵 (4.20)

In this way, a direct solver can be built to calculate, with a simple matrix operation, the pressure field.
Since the value of 𝐵 has already been calculated when finding 𝑢∗ and 𝑣∗, only the matrix 𝐴 needs
to be specified. Moreover, since the boundary conditions for the velocities have been included in the
calculation of 𝐵, the matrix 𝐴 only needs to include the boundary conditions for the pressure. Those
simply are zero gradient for the pressure across the walls of the domain defined by the staggered grid
in figure 4.5.
When 𝑝 is found, velocities can be finally corrected adding the pressure contribution via the following
equations:

𝑢፧፞፰።,፣ = 𝑢∗።,፣ −
Δ𝑡
𝜌 ⋅

𝑝።,፣ዄኻ − 𝑝።,፣
Δ𝑥 (4.21)

𝑣፧፞፰።,፣ = 𝑣∗።,፣ −
Δ𝑡
𝜌 ⋅

𝑝።ዄኻ,፣ − 𝑝።,፣
Δ𝑦 (4.22)

This procedure is repeated until the difference between the velocities for a certain time step and the
velocities for the previous time step are negligible. That is, until steady state is reached.
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4.1.3. Model assumptions
This model is built upon a set of assumptions that is worth mentioning:

• As described in chapter 5, the DNS model is validated by computing an analytical solution
for the open channel flow and comparing that with the predicted results. Since the lid-driven
cavity flow uses the same code with different boundary conditions only, the validation is assumed
to hold for that code as well.

• The grooves present on the floor of the channel are assumed to have no influence when solv-
ing the open channel flow. As specified by Strook et al. [100], the perturbation of the flow
due to the grooves could be represented by imposing a slip velocity that counteracts the axial
displacement of the flow. However, it is also specified that the magnitude of this slip velocity is
very weak when compared to the open channel flow. Therefore, when solving the open channel
flow, it is assumed that the floor of the channel is flat.

• The cross-section of the channel (𝑋𝑌 plane) used to perform the experiments is not perfectly
rectangular since the 3D printing manufacturing process will not deliver a perfectly flat surface.
Moreover, in the design, fillets are present between the vertical walls and the floor to avoid flow
accumulation on the vertical walls of the channel (see section 3.2). The irregularities due to the 3D
printing process are neglected since the resolution of the 3D printer used for the experiments is on
the order of 20 microns [102], thus smaller than the relevant distances in the problem. Regarding
the meniscuses on the lateral walls, those are neglected as well since the aspect ratio of the
channel (width over height) is much bigger than one. Those assumptions result in a perfectly
rectangular domain for the DNS solver.

• The free surface of the flow (that is, the gas-sorbent interface) is considered to be flat. This
assumption is needed to build the whole solver. In fact, assuming a non-flat surface means to
build a solver for a multiphase flow simulation that would add a considerable amount of complexity
to the proposed solver. That is considered to be outside the scope of this model.

• The fluid properties are considered to be constant in each and every part of the domain. This
assumption is quite a strong one because it is known from previous experiments (see section
2.3), that the properties of the sorbent change considerably in the absorption process, especially
regarding the viscosity of the fluid. In fact, as the sorbent flows over the channel, it will absorb 𝐶𝑂ኼ
and 𝐻ኼ𝑂. This means that the viscosity of the fluid near the end of the channel will be higher than
the viscosity at the beginning of the channel. Moreover, since absorption only happens on the free
surface, viscosity will vary both in the 𝑍 and 𝑌 direction. Constant fluid properties are assumed
for the sake of simplicity. In the future, it would be interesting to couple a mass transfer model
to the fluid dynamics model and simulate how the flow field is affected by the variation in fluid
properties due to mass transfer between the sorbent and air.

4.2. Mass transfer model
One of the main research goals of this thesis project is to build and validate a mass transfer model able
to describe how absorption is happening in this novel process. In this section, that model is described.

Its goal is to have a tool for predicting the absorption of 𝐶𝑂ኼ molecules and, as a consequence,
being able of making predictions about the performances of the engineered absorption column. Sim-
ilarly to the fluid dynamic model, this one is nothing else than a mathematical description of a certain
physical interpretation. For the fluid dynamic model, the physical interpretation is provided by a
paper [100] and the mathematical description is coded in Matlab via a DNS solver. For the mass
transfer model, both physical and mathematical interpretations are provided by the author of
this report. The physical interpretation of the absorption of 𝐶𝑂ኼ molecules is perhaps the strongest
statement of this thesis project and an extensive description of that is provided in chapter 5 when talking
about the main results and conclusions of this project. As a consequence, this section is only intended
to describe how the model is built, list the governing equations and provide an overview of the most
important assumptions. It is not a goal of this section to justify why the model is built in this way
nor to prove its validity. That will happen in chapter 5 where the physical interpretation backing
up this model is explained and the results of the model are compared with the experimental
results.
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4.2.1. Model description
From the literature review, it is described how absorption of 𝐶𝑂ኼ molecules into a polyamine absorbent
involves the reaction of the gas molecules with the amines present in the sorbent. To understand how
the model is built, it is enough to assume that, before the 𝐶𝑂ኼ molecules can react with the amine
molecules, they have to diffuse through a layer of heavily loaded sorbent which we will refer to
as the ”Ice-Sheet” (IS). That is, the modelled absorption process is a Unimolecular Diffusion (UMD)
of 𝐶𝑂ኼ molecules into this layer. According to that, an image showing the stated problem is reported in
figure 4.7.

Figure 4.7: Unimolecular Diffusion (UMD) model

Looking at the picture, few things need to be clarified:

• 𝑦 is a measure of a distance. The thickness of the ice layer (𝑦ኻ), is not constant, but a function of
time 𝑡 because, while absorption is happening, the thickness of the ”Ice-Sheet” is increasing.
In fact, as soon as a 𝐶𝑂ኼ molecule is able to diffuse through the layer, it will react when in contact
with the Liquid Film, and start to be itself part of the ”IS”, thus contributing to its growth.

• In the ”Ice-Sheet”, the concentration of 𝐶𝑂ኼ molecules is indicated by 𝐶ፂፎᎴ ,ፈፒ, while, in the liquid
film, that is 𝐶ፂፎᎴ ,፛፮፥፤.

The relevant theory used to define the governing equations of this problem is taken from section 3.1 of
the book ”Separation Process Principles, Chemical and Biochemical Operation” [6]. It is reported here
for clarity.

Relevant theory When considering a binary system, one can write the molar average mixture veloc-
ity, 𝑣ፌ as:

𝑣ፌ =
𝑁ፀ + 𝑁ፁ

𝜌 (4.23)

where 𝑁 is a molar flux [፦፨፥፦Ꮄ፬ ] and 𝜌 is the total molar (volumetric) concentration of the system formed

by specie 𝐴 and 𝐵 [፦፨፥፦Ꮅ ]. In general, one can write the velocity of species 𝑖 in terms of its molar flux
and molar concentration 𝜌። as:

𝑣። =
𝑁።
𝜌።

(4.24)

Where the relative and overall (volumetric) concentration are related by the molar concentration 𝐶።:

𝜌። = 𝜌𝐶። (4.25)

Combining equations 4.23, 4.24 and 4.25, one obtains another expression for the molar average mix-
ture velocity:

𝑣ፌ = 𝐶ፀ𝑣ፀ + 𝐶ፁ𝑣ፁ (4.26)
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Defining the diffusion velocity of species 𝑖 as 𝑣።ᐻ , one can write the velocity of species 𝑖 as the sum of
the average mixture velocity and the diffusion velocity:

𝑣። = 𝑣ፌ + 𝑣።ᐻ (4.27)

Combining 4.24 and 4.27,
𝑁። = 𝜌።𝑣ፌ + 𝜌።𝑣።ᐻ (4.28)

Fick’s law of diffusion can now be introduced as:

𝐽ፀ = −𝜌𝐷ፀፁ
𝑑𝐶ፀ
𝑑𝑦 (4.29)

This equation describes the molar flux of 𝐴 to be proportional to a diffusion coefficient of species 𝐴 in 𝐵,
𝐷ፀፁ in [፦

Ꮄ

፬ ] and to the variation of the molar concentration of specie 𝐴 in the direction of diffusion (𝑦).
The minus sign is present since diffusion happens from a region of higher concentration to a region of
lower concentration (similarly to the Fourier law of heat conduction). Combining equations 4.23, 4.24,
4.28 and 4.29, one can obtain an expression for the molar flux of both the specie present in the binary
mixture:

𝑁ፀ = 𝐶ፀ𝑁 − 𝜌𝐷ፀፁ (
𝑑𝐶ፀ
𝑑𝑦 ) (4.30)

𝑁ፁ = 𝐶ፁ𝑁 − 𝜌𝐷ፀፁ (
𝑑𝐶ፁ
𝑑𝑦 ) (4.31)

Where the first right-hand side terms are fluxes resulting from bulk flow and the second terms are the
diffusion fluxes.
At this point, the theory defines two main important cases:

• Equimolar counterdiffusion (EMD)

• Unimolecular diffusion (UMD)

Referring to figure 4.7, it is assumed that the mass transfer of 𝐶𝑂ኼ happens in a stagnant ”IS”. Therefore,
𝑁ፁ = 𝑁ፈፒ = 0 and 𝑁 = 𝑁ፀ = 𝑁ፂፎᎴ and only the second of the two cases is relevant in this case.

Unimolecular Diffusion of 𝐶𝑂ኼ in the ”Ice-Sheet” From equation 4.30, one can write:

𝑁ፂፎᎴ = −𝜌𝐷
𝑑𝐶ፂፎᎴ
𝑑𝑦 + 𝐶ፂፎᎴ𝑁ፂፎᎴ (4.32)

Where:

• 𝑁ፂፎᎴ is the molar flux in (፦፨፥፦Ꮄ፬)

• 𝜌 is the molar density of the entire system. In our case, that is the density of the ”Ice-Sheet” in
(፦፨፥፦Ꮅ )

• 𝐷 is the diffusion coefficient of 𝐶𝑂ኼ into the ”Ice-Sheet” in [፦
Ꮄ

፬ ]

• 𝐶ፂፎᎴ is the dimensionless carbon dioxide concentration

Equation 4.32 can be rearranged in:

𝑁ፂፎᎴ = −
𝜌𝐷

1 − 𝐶ፂፎᎴ
𝑑𝐶ፂፎᎴ
𝑑𝑦 (4.33)

Integrating this equation in space between 𝑦ኺ = 0 and 𝑦ኻ(𝑡) and in concentration between 𝐶ፂፎᎴ ,፛፮፥፤
and 𝐶ፂፎᎴ ,ፈፒ, one obtains:

𝑁ፂፎᎴ =
𝜌𝐷
𝑦ኻ(𝑡)

𝑙𝑛 (
1 − 𝐶ፂፎᎴ ,፛፮፥፤
1 − 𝐶ፂፎᎴ ,ፈፒ

) (4.34)
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So far, the encountered equations are quite general and they can be applied to solve countless diffusion
problems. With respect to that, giving an equation for 𝑦ኻ(𝑡)means to go into more details in the solution
of our specific problem. In this framework, 𝑦ኻ(𝑡) can be seen as the average distance that our average
𝐶𝑂ኼ molecule has travelled after a certain time 𝑡. Since diffusion is a random process, 𝑦ኻ(𝑡) can be
referred to as a spacial extent of a random motion. In statistical mechanics, the most common measure
of spacial extent of random motion is the mean square displacement (MSD), defined as:

𝑀𝑆𝐷 ∶= 1
𝑁

ፍ

∑
።዆ኻ

∣ 𝑥።(𝑡) − 𝑥።(0) ∣ኼ (4.35)

Where:
• 𝑥(𝑡) is a position of particle 𝑖 at time 𝑡
• 𝑁 is the number of total particles

In our case, we are interested in the MSD for a diffusion motion, i.e., a Brownian motion [103]. That
is, particles that are randomly moving suspended in a fluid medium. Using statistical mechanics, it can
be shown that the MSD for a brownian particle in 𝑛 dimensions is [103]:

𝑀𝑆𝐷 = ⟨(𝑥(𝑡) − 𝑥ኺ)
ኼ⟩ = 2𝑛𝐷𝑡 (4.36)

Where:
• 𝑛 is the number of dimensions

• D is the diffusion coefficient

• 𝑡 is time

• <> brackets are indicating an average
Following equation 4.36, because we are looking at a one-dimensional problem, we can write 𝑦ኻ(𝑡) =
√2𝐷𝑡. Substituting this expression into equation 4.34, integrating in time and multiplying by the overall
surface area of the process of interest 𝐴, one can find the moles of 𝐶𝑂ኼ that are captured in a certain
time 𝑡 as:

𝑚𝑜𝑙ፂፎᎴ = 𝐴∫
፭

ኺ
𝑁ፂፎᎴ 𝑑𝑡 = 𝐴𝜌√2𝐷𝑡𝑙𝑛 (

1 − 𝐶ፂፎᎴ ,፛፮፥፤
1 − 𝐶ፂፎᎴ ,ፈፒ

) (4.37)

According to the author, it is interesting to note that, for the process of interest, the model predicts
a direct proportionality with respect to √𝐷 for the flux of 𝐶𝑂ኼ molecules. This is in accordance with
information found in papers like the one from Dankwerts [45] and in theories like surface renewals or
penetration theory [6].

Once again, this model is coded in Matlab and validated with experimental results coming from
both the passive mixing (EC only) and the active mixing experiments. The algorithm used in the Matlab
code can be summarized by figure 4.8

Figure 4.8: Unimolecular Diffusion (UMD) model: code algorithm
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In calculating the ”Ice-Sheet” constants, it is necessary to know the composition of it. It is assumed
here and explained in chapter 5 that the ”Ice-Sheet” is nothing else than a layer of fully-loaded
TEPA sorbent. The composition of this layer is taken from an old experiment performed at ZEF where
an amount of TEPA was loaded until saturation with 𝐶𝑂ኼ and 𝐻ኼ𝑂. The resulting composition of the
loaded sample was:

• 𝐶ፂፎᎴ ,፦ፚ፱ = 0.19 [𝑤𝑡%]

• 𝐶ፇᎴፎ,፦ፚ፱ = 0.33 [𝑤𝑡%]

• 𝐶ፓፄፏፀ,፦ፚ፱ = 0.48 [𝑤𝑡%]

Two other things are worth mentioning:

• Equation 4.37 is solved having time as variable and the amount of absorbed 𝐶𝑂ኼ is given by
simply solving that equation. For the passive mixing experiments (EC), that is the time necessary
for the sorbent to flow past the different modules, that is, the residence time measured during
the experiments. On the other side, for the active mixing experiments, that is the time necessary
for the sorbent to flow past the absorption plates. That time is measured as well during the
experiments.

• No data is fitted to the model, except for a starting condition. In fact, the model assumes
that the process is driven (limited) by the 𝐶𝑂ኼ diffusion in the ice layer. That is, the model can be
compared to experimental data if, and only if, the data point is limited by the liquid phase
of the process. For the Empty Channel experiments, that is always the case and the starting
point is the first available data point (at 100 𝑚𝑚 distance). On the other hand, for the active
mixing experiments, as it will also be observed and explained in the results section, initially, it is
the air phase that is driving the rate of absorption. Therefore, the first fit point is the first data point
recognized not to be air side limited.

4.2.2. Model Assumptions
The assumptions relevant to this model are the following ones:

• The ”Ice-Sheet” theory is assumed to hold for this model. That is, it is assumed that the mass
transfer of 𝐶𝑂ኼ occurs through stagnant, but growing ice. That is, diffusion of 𝐶𝑂ኼ molecules
in the ”IS” is much faster than diffusion of ”IS” molecules in TEPA molecules.

• Molar densities and diffusion coefficient in the ”Ice-Sheet” are not influenced by the presence of
diffusing 𝐶𝑂ኼ molecules

• In a real process, the absorption of 𝐶𝑂ኼ molecules happens together with the absorption of 𝐻ኼ𝑂
molecules. This model aims at describing only the former. Therefore, it is assumed that the
”IS” has reached a full loading of 𝐻ኼ𝑂 and also that the liquid film of the sorbent is fully
loaded with water. This assumption is considered to be quite strong in the case of modelling the
active mixing experiments. In fact, experiments show that the first modelled data point (that is,
the first one to be liquid phase limited), is already close to water saturation. Regarding the empty,
single channel experiments, it is not necessary to consider the presence of water in the bulk of
the sorbent because, since there is no mixing involved, the concentration of 𝐶𝑂ኼ in the bulk (that
is, 𝐶ፂፎᎴ ,፛፮፥፤ in equation 4.37) is independent on how many water molecules are present in the
bulk simply because 𝐶ፂፎᎴ ,፛፮፥፤ = 0 always.

• It is considered that the sorbent properties stay constant during absorption. That will have
a direct influence on the residence time (𝑡) in equation 4.37 since 𝑡 will always stay constant as
a consequence of viscosity staying constant. In reality, it is observed that the sorbent viscosity
is changing during absorption. However, for the passive mixing experiments, it is observed that
the residence time is almost linearly increasing with the distance on the channels. That could
be explained by the fact that the sorbent molecule in contact with the channel are actually pure
sorbent since 𝐶𝑂ኼ molecules will never diffuse through the entire film thickness during the ex-
periment, therefore, the friction between the channel and the sorbent does not change so much.
Regarding the active mixing case, during the experiments, it is observed that the residence time
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on the plate will firstly increase and then decrease again as a consequence of a first increase in
viscosity and then decrease of viscosity when the loading of 𝐶𝑂ኼ increases. Therefore, 𝑡 is taken
as a mean value between the different ones measured during the experiments. Moreover, it is
observed that the oscillation of the residence time is not so significant (+- 2 seconds) and, also,
that within that oscillation, the results given by the model are not diverging so much.

• When modelling active mixing experiments, it is assumed thatmixing happens instantaneously.
That is, after equation 4.37 is used to calculate how many moles of 𝐶𝑂ኼ are captured, those moles
are assumed to be immediately and uniformly distributed in the bulk of the sorbent. That is, 𝐶፛፮፥፤
is immediately updated every time the sorbent has flown over the plate (with a residence time 𝑡).





5
Results

The main goals of this research project include to find a way of inducing mixing in a novel absorption
process. The idea is that mixing can improve the process in terms of Space-Time Yield (STY), i.e., the
flux of absorbed gases and in terms of relative loading of 𝐶𝑂ኼ and 𝐻ኼ𝑂. Moreover, research goals and
objectives include the investigation of the fluid dynamics and mass transfer dynamics of the process via
the formulation of a CFD and Mass Transfer model. Finally, all the different answers obtained with the
investigation have to be used for engineering an absorption column able to capture a certain required
amount of 𝐶𝑂ኼ and 𝐻ኼ𝑂 in the most efficient way.

In this chapter, all the relevant obtained results are collected. That includes results from the
experimental investigation as well as results from the developed models. Eventually, the theo-
retical framework behind the formulation of the mass transfer model is proposed and validated
by comparing the model’s results to the experimental ones and looking at confirmations from literature.

Figure 5.1 is intended to give an overview of the main results discussed in this chapter. As it can
be seen, three main sections are proposed: mixing experiments, modelling and a formulation of the
process’ physical interpretation. In general, results are shown and discussed/validated. Finally, it is
underlined what is the contribution of these research topics to the main research questions, goals and
objectives.

59
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Figure 5.1: Overview of the main results presented in chapter 5
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5.1. Mixing Experiments
This section presents the main results obtained with the experimental setups and experimental plans
presented in chapter 3. Results are collected and discussed in separate paragraphs with one section
dedicated to the passive mixing experiments and another one to the active mixing experiments. It
must be noted how results and conclusions are presented in two separate paragraphs in order
to distinguish between the measured experimental results and the interpretation that is given
to them. Finally, a third section is included to compare the two mixing strategies in order to justify the
selection of the one used for the absorber design.

5.1.1. Passive Mixing Experiments
For the passive mixing experiments, the collected results include a flow rate sensitivity analysis per-
formed on the Empty Channel (EC) geometry and results from passive mixing using the Staggered
Herringbone Mixer (SHM) and the Bridges (BR) geometries. It is shown how no mixing is observed
when using passive elements and how flowing the sorbent at different flow rates can influence
the experimental outcome in terms of Space-Time Yield and relative 𝐶𝑂ኼ and 𝐻ኼ𝑂 loading.

Regarding the Space-Time Yield calculation, multiple ways exists for doing that. Therefore, as a
matter of clarity, it is important to specify which way of calculating the Space-Time Yield is used to in-
terpret the results coming from the different experiments. This is especially important when comparing
results or when using the STY for design purposes. In the following results plots, the STY is calculated
as a cumulative one with the following equation (please note that, for 𝐻ኼ𝑂, the same equation holds):

𝑆𝑇𝑌፜፮፦፮፥ፚ፭።፯፞ =
�̇�፬፨፫፛፞፧፭ ⋅ 𝜌 ⋅ 𝐶𝑂ኼ/𝑎𝑚𝑖𝑛𝑒

𝑀𝑊 ⋅ 𝑑 ⋅ 𝑤 (5.1)

Where:

• �̇�፬፨፫፛፞፧፭ is the volumetric flow rate used in the experiment in [፦
Ꮅ

፬ ]

• 𝜌 is the density of the sorbent in [ ፤፠፦Ꮅ ]

• 𝐶𝑂ኼ/𝑎𝑚𝑖𝑛𝑒 is the measured gas concentration in [ ፤፠ᐺᑆᎴ፤፠ᑋᐼᑇᐸ
]

• 𝑀𝑊 is the molar weight of 𝐶𝑂ኼ
• 𝑑 is the distance on the channel where the sample is collected in [𝑚]

• 𝑤 is the width of the channel in [𝑚]

Flow rate sensitivity analysis (EC only) Figure 5.2 and 5.3 show the relative loading of 𝐶𝑂ኼ and𝐻ኼ𝑂
at different distances on the plate for the different volumetric flow rates used during the experiments.

Figure 5.2: ፂፎᎴ per amine loading at different distances in
the channel, for different volumetric flow rates

Figure 5.3: ፇᎴፎ per amine loading at different distances in
the channel, for different volumetric flow rates

The two figures show that the 𝐶𝑂ኼ and 𝐻ኼ𝑂 loadings are increasing at longer distances on the
channel. Moreover, for 𝐶𝑂ኼ, it looks like the lower is the flow rate, the higher will be the relative loading
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at the same distance in the channel. That is not observed to always be the case for the 𝐻ኼ𝑂 case,
where it seems that there is no clear correlation between the flow rate and the relative water loading at
a certain distance on the plate.

Regarding the Space-Time Yield, figures 5.4 and 5.5 show the STY calculated at different distances
on the channel for different flow rates in the case of 𝐶𝑂ኼ and 𝐻ኼ𝑂.

Figure 5.4: ፂፎᎴ STY at different distances in the channel,
for different volumetric flow rates

Figure 5.5: ፇᎴፎ STY at different distances in the channel,
for different volumetric flow rates

It can be seen how the Space-Time Yield is decreasing as the sorbent proceeds in the channel.
That is, the flux of water and carbon dioxide molecules is decreasing for longer distances on the plate.
Moreover, opposite to the loading vs flow rate plots, a generally higher Space-Time Yield is observed
at higher volumetric flow rates.

Conclusions on flow rate sensitivity analysis Looking at the experimental results presented in
figures 5.2, 5.3, 5.4 and 5.5, the following conclusions can be made:

• For every flow rate, the loading curves obtained in figure 5.2 show that the concentration of 𝐶𝑂ኼ
in the samples reaches a plateau after a certain distance in the channel. Moreover, the higher is
the flow rate, the lower is the relative loading at a certain channel distance. A higher flow rate
means a higher film thickness and, as a consequence, higher dilution of 𝐶𝑂ኼ in the bulk.
This suggests that layers sufficiently distant from the free surface are not reached by diffusing
𝐶𝑂ኼ and are not contributing to the absorption process. That is, the process is diffusion limited
at the sorbent side. That is in agreement with previous research at ZEF [14]. Since it can be
assumed that for equal residence times, the penetration of gas molecules is the same, the effects
of different film thicknesses can be seen also when plotting the relative loading with respect to
the residence time. Figure 5.6 shows that, for the same residence time (same penetration),
the lower is the flow rate (the lower is the film thickness), the higher is the relative sorbent
loading.

Figure 5.6: ፂፎᎴ per amine loading as function of the
measured residence time and sorbent flow rate

Figure 5.7: ፇᎴፎ per amine loading as function of the
measured residence time and sorbent flow rate

• Concerning water loading (figure 5.3), differently from carbon dioxide loading, it looks like there is
no direct correlation between the sorbent flow rate and the relative loading. That could explained
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by the fact that the relative loading does not depends only on the flow rate of the experiment, but
also on the driving force, that is, the ambient relative humidity, present in the room the day of
the experiment. The higher relative humidity was measured for the 3 and the 1.5 𝑚𝐿/ℎ𝑟 experi-
ments (70%) while a 30% humidity was measured for the 0.3 𝑚𝐿/ℎ𝑟 experiment and 43% for the
0.7 𝑚𝐿/ℎ𝑟 experiment. Looking at 5.7, the higher relative loading corresponds to a higher
relative humidity, thus higher driving force, measured the day of the experiment.

• On the other side, the plots for the Space-Time Yield in figure 5.4 and 5.5, are showing a decrease
in the flux of the gases at longer distances on the channel. However, the shape of the curve is
substantially different for the two gases. In fact, for 𝐶𝑂ኼ, the STY suddenly decreases after the
first 100 𝑚𝑚 and then the curve reaches an almost flat shape, with STY staying almost constant
at different locations on the plate. For 𝐻ኼ𝑂, the decrease is more linear and continues up until
the last collected data point. Moreover, the magnitude of the STY for water and carbon dioxide
is orders of magnitude different. That suggests that the absorption of 𝐶𝑂ኼ and 𝐻ኼ𝑂 are two,
very different, processes. That is in agreement with reviewed literature describing the former
as a chemical absorption process and the latest as a physical absorption process. The
physical interpretation of the absorption of 𝐶𝑂ኼ presented in this chapter will shine some light on
the way the absorption of that gas is happening. Regarding the influence of the flow rate, it can
be seen how, in general, a higher STY is observed at a higher flow rate (same distance on the
channel). For 𝐶𝑂ኼ, the STY calculated for the 3 𝑚𝐿/ℎ𝑟 experiment is relevantly higher than the
STY calculated for the other flow rates. That could explained by the fact that, being a chemical
absorption process, the reacted 𝐶𝑂ኼ on the free surface of the sorbent stream will have less time
to prevent further absorption of 𝐶𝑂ኼ when the flow rate, therefore the sorbent travel speed, is
higher. Figure 5.2 and 5.4 underlines a trade-off between a higher relative loading and a lower
average 𝐶𝑂ኼ flux when the sorbent is flown at different flow rates in the channel.

Mixing with passive elements Figures 5.8 and 5.9 show 𝐶𝑂ኼ and 𝐻ኼ𝑂 loading at different distances
on the channel, for the different mixing geometries at 3 𝑚𝐿/ℎ𝑟 sorbent flow rate, while 5.10 and 5.11
show the same at 1.5 𝑚𝐿/ℎ𝑟 flow rate.

Figure 5.8: ፂፎᎴ per amine loading at different
distances in the channel, for different channel

geometries, at 3 ፦ፋ/፡፫ flow rate

Figure 5.9: ፇᎴፎ per amine loading at different
distances in the channel, for different channel

geometries, at 3 ፦ፋ/፡፫ flow rate

Figure 5.10: ፂፎᎴ per amine loading at different
distances in the channel, for different channel

geometries, at 1.5 ፦ፋ/፡፫ flow rate

Figure 5.11: ፇᎴፎ per amine loading at different
distances in the channel, for different channel

geometries, at 1.5 ፦ፋ/፡፫ flow rate
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In those figures, the EC geometry is used as a base case channel where no mixing elements
are present. Therefore, comparing the EC geometry with the mixing geometries (SHM and BR), one
can understand if passive mixing can be achieved with the proposed channels’ designs. However,
looking at the loading curves for both 𝐻ኼ𝑂 and 𝐶𝑂ኼ, no significant divergence is observed between
the different channel geometries. That is, it looks like the channel with bridges and the channel with
engraved staggered herringbones are diffusion limited in the same way as the base case channel. That
can be said of all loading curves obtained with either 3 or 1.5 𝑚𝐿/ℎ𝑟 flow rate. Due to that, also the
Space-Time Yield curves show similar results for all the different passive mixing geometries.
That is shown in the following pictures:

Figure 5.12: ፂፎᎴ STY at different distances in the channel,
for different channel geometries, at 3 ፦ፋ/፡፫ flow rate

Figure 5.13: ፇᎴፎ STY at different distances in the channel,
for different channel geometries, at 3 ፦ፋ/፡፫ flow rate

Figure 5.14: ፂፎᎴ STY at different distances in the channel,
for different channel geometries, at 1.5 ፦ፋ/፡፫ flow rate

Figure 5.15: ፇᎴፎ STY at different distances in the channel,
for different channel geometries, at 1.5 ፦ፋ/፡፫ flow rate

In the next paragraph, the results of the passive mixing experiments are commented and possible
reasons explaining the observed behaviors are presented.

Conclusions on mixing with passive elements Following the results shown in the last paragraph,
it is possible to draw the following conclusions about improving the novel absorption process via mixing
with passive elements:

• Regarding the SHM geometry, one could be tempted to say that mixing is not happening because
the grooves are present on the floor of the channel. Therefore, since the downstream flow velocity
is zero at that location, the velocity projection (in the ridges direction) of a zero velocity equals,
of course, zero. However, this explanation does not cope with the fact that the grooves in the
channel have a certain depth and, as specified as well by Stroock et al. [100], the effective
slip velocity generated by the grooves is located at the average vertical position of the
grooved surface. At that location, the axial velocity (in the flow direction) is very small, but not
zero. Therefore, it rather looks like some slip velocity is being generated, but since we are talking
about a projection of an extremely small velocity (axial flow has 𝑅𝑒 = 10ዅኽ), it comes with no
surprise that also the magnitude of the projected velocity is extremely small. Therefore, it
can be concluded that the induced mixing effect is too small to be appreciated in the experimental
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results. The DNS model will shine some light on the magnitude of the slip velocity that one could
expect when having such flow condition. It will be observed that, even projecting the highest
observed velocity, the lateral slip velocity is extremely small.

• The bridges geometry is not showing any mixing as well. Figure 5.16 highlights a close up view
of the flow over a single bridge during an experiment.

Figure 5.16: Detail of a BR geometry during an
experiment

Figure 5.17: ፂፎᎴ per amine loading when mixing is induced using
bridges at different distances on the channel, per [14]

As predicted, it looks like the presence of a bridge is generating flow accumulation upstream of
it and, therefore, a pressure gradient in the flow direction. Still, no mixing is observed. A reason
could be that, even if a pressure drop is present in the flow direction, there is no pressure
drop generated in a direction perpendicular to that, that is, from the bulk of the stream
toward the free surface. Therefore, it looks like the effect of the bridge is simply to accumulate
some of the top surface flow upstream of it. It must be underlined how this result is in opposition
with the one described by previous work at ZEF [14]. In fact, previously, it was found that the
presence of bridges will generate an (almost) linear increase of the loading with respect to the
distance on the channel (figure 5.17). That clearly diverges from the results observed in those
experiments. However, as of today, it was not possible to develop a satisfactory explanation for
that. It might be that the results are diverging because the experiments were performed in slightly
different ways, especially the collection of the samples. In fact, in [14], a sample consisted of all
the sorbent collected in between each bridge, while, in this case, only the sorbent flowing at the
end of each modules is collected. Also, it could be that the bridges designed in [14] were more
effective in inducing mixing.

• Despite for the reasons behind, it can be concluded that, for the novel absorption process, pas-
sive mixing is not a promising solution for significantly improving the absorption rate.
That is, it is not possible to provide for top surface renewals with the designed passive
mixing geometries. That answers part of the first research question. In the next subsection, the
same question is answered using active mixing instead.
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5.1.2. Active mixing experiments
For the active mixing experiments, the collected results include plots of Space-Time Yield as a function
of the 𝐶𝑂ኼ and 𝐻ኼ𝑂 per amine concentration in the sorbent bulk. Following table 3.5, results are shown
for the three performed experiments.
In this subsection, the Space-Time Yield is calculated as a cumulative STY in the following way:

𝑆𝑇𝑌፜፮፦፮፥ፚ፭።፯፞ =
∑፭፭዆ኺ 𝐶𝑂ኼ, 𝑚𝑜𝑙𝑒𝑠(𝑡)

𝑡 ⋅ 𝐴 (5.2)

Where:

• ∑፭፭዆ኺ 𝐶𝑂ኼ, 𝑚𝑜𝑙𝑒𝑠(𝑡) is the total amount of moles captured up until time 𝑡 in [𝑚𝑜𝑙]

• 𝑡 is the time at which the sample is collected in [𝑠]

• A is the surface area of the collection plates used in the experiment in [𝑚ኼ]

Active mixing, experiment #1: reference Figures 5.18 and 5.19 show the results obtained for 𝐶𝑂ኼ
and 𝐻ኼ𝑂 absorption in the first experiment using the active mixing setup.

Figure 5.18: STY in function of ፂፎᎴ per amine loading,
reference active mixing experiment

Figure 5.19: STY in function of ፇᎴፎ per amine loading,
reference active mixing experiment

In both pictures, it is clear how a lower STY (thus, lower flux) is experienced when the concentration
of 𝐶𝑂ኼ and 𝐻ኼ𝑂 are increasing within the bulk of the sorbent. Moreover, it looks quite clear how the
rate of decrease of the STY is very different between the 𝐶𝑂ኼ and 𝐻ኼ𝑂 cases. In fact, for 𝐻ኼ𝑂, the
STY is steadily decreasing up until an equilibrium is reached (sorbent saturation) at about 0.5 𝐻ኼ𝑂 per
amine [𝑘𝑔/𝑘𝑔]. On the other side, the STY for 𝐶𝑂ኼ experiences a sudden drop in the first part of the
graph (very low loading) and then the STY stays almost constant (it is still slightly decreasing) until the
end of the experiment. Conclusions from those results are presented in the next paragraph.

Conclusions on active mixing, experiment #1: reference Results from the first active mixing ex-
periment already show some interesting insights in the absorption process. Those are collected in this
paragraph.

When referring to a ”limitation”, example: mass diffusion in the liquid side, it means that is the
slowest phenomenon happening in the process, that is, the one deciding the rate of absorption. For
example, when the limitation comes from diffusion in the liquid side, it means that the gas molecules are
diffusing much slowly in the liquid phase than in the gas phase. Being the slowest among the different
phenomena, the rate of absorption (or STY), will be decided by how long it takes for the gas molecules
to diffuse in the liquid molecules. The active mixing experiments were designed with the goal of
reducing the absorption limitations coming from the liquid side. That is done by actively mixing
the sorbent in order to provide for fresh amine molecules at the interface.

Since it is known that the single channel experiments are diffusion limited, it is interesting to compare
the results of this first active mixing experiment with the single channel, passive mixing experiments
to see whether actively mixing the sorbent can actually reduce the diffusion limitation coming from the
liquid side. Figures 5.20 and 5.21 are used to show that.



5.1. Mixing Experiments 67

Figure 5.20: STY in function of ፂፎᎴ per amine loading,
comparison between the reference active mixing experiment

and single channel experiments

Figure 5.21: STY in function of ፇᎴፎ per amine loading,
comparison between the reference active mixing experiment

and single channel experiments

For the 𝐶𝑂ኼ case (figure 5.20), it can be seen how, for low amine relative loading, the STY value
observed for the repumping (active mixing) experiment is significantly higher than the one observed
for the single channel (passive mixing) experiments. After the initial drop, the STY of the repumping
experiments reaches values comparable to the ones reported in the passive mixing experiments. It
can be concluded that, for the initial part of the graph, the active mixing experiment is not limited
by diffusion in the liquid phase, but from transport in the gas phase instead. That is, the rate of
absorption is decided by how quickly the molecules of 𝐶𝑂ኼ can reach the proximity of the gas-liquid
interface. This hypothesis is tested in the second active mixing experiment by repeating it with
reducing the air flow rate generated by the fan. Regarding 𝐻ኼ𝑂, figure 5.21, shows similar trends for
the STY of both passive and active mixing experiment. It can be concluded that, differently from the
𝐶𝑂ኼ case, the water absorption is still limited by diffusion in the liquid phase from the start to
the end of the experiment. The averagely lower STY observed for the EC, 0.7 𝑚𝐿/ℎ𝑟 flow rate can
be explained with the fact that the relative humidity measured that day was 43 %, lower than the one
during the other experiments. Therefore, the driving force was lower as well.

Activemixing, experiment #2: changing the air flow rate Once again, the goal of this experiment
is to observe the effect of decreasing the air flow ratewhile activelymixing the sorbent. It must be
underlined that this experiment was designed after comparing the results of active mixing, experiment
#1 with the results coming from the passive mixing experiment. Therefore, the goal is to verify if, at the
beginning of the experiment, limitations are coming from the air side and not from the liquid side.

Figures 5.22 and 5.23 show a comparison of results obtained for 𝐶𝑂ኼ and 𝐻ኼ𝑂 absorption between
the reference and lower air flow rate active mixing experiment.

Figure 5.22: STY in function of ፂፎᎴ per amine loading,
comparison between the reference and lower air flow rate

active mixing experiment

Figure 5.23: STY in function of ፇᎴፎ per amine loading,
comparison between the reference and lower air flow rate

active mixing experiment

For the 𝐶𝑂ኼ case, it must be underlined the substantial difference of reported STY values for the
initial part of the graph (low relative amine loading). A similar behavior is observed for the 𝐻ኼ𝑂 case.
Conclusions traced from that follows below.
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Conclusions on activemixing, experiment #2: changing the air flow rate Before diffusing into the
liquid phase, 𝐶𝑂ኼ and 𝐻ኼ𝑂 molecules have to be transported into the gas phase toward the interface.
Figures 5.22 and 5.23, underline how, if the air mass flow rate is reduced enough, transport in the
gas phase can actually be slower than diffusion in the liquid phase. When the two curves merge
again, it means that the liquid phase starts to be a limit for the process. In fact, due to the increase in
concentration, diffusion in the liquid sorbent stream will slow down until not all the molecules reaching
the interface can be dissolved in the liquid phase. That is, until the (possible) flux of molecules in the gas
phase is greater than the (possible) flux of molecules in the liquid phase. Due to mass conservation,
the lower flux will be the one ”deciding” the rate of absorption.

It must be underlined that, increasing the air mass flow rate indefinitely, does not mean that the STY
will keep increasing indefinitely. In fact, there will be a certain air flow rate for which the liquid phase
will start again to be a limit even at very low concentrations. A third experiment using a higher air flow
rate would be interesting to find out about this ”upper bound”.

Active mixing, experiment #3: changing the sorbent flow rate After having discussed about the
limitations coming from the gas phase, one last active mixing experiment is performed to shine some
light on the limitations coming from the liquid phase instead. Figures 5.24 and 5.25 compare the results
from this last experiment with the results from the reference experiment.

Figure 5.24: STY in function of ፂፎᎴ per amine loading,
comparison between the reference and higher sorbent flow

rate active mixing experiment

Figure 5.25: STY in function of ፇᎴፎ per amine loading,
comparison between the reference and higher sorbent flow

rate active mixing experiment

For the pictures, it is clear how the effect of increasing the sorbent mass flow rate is an averagely
higher STY at a certain 𝐶𝑂ኼ loading. Moreover, for both 𝐻ኼ𝑂 and 𝐶𝑂ኼ, the two curves diverge only after
a certain concentration is reached.

Conclusions on active mixing, experiment #3: changing the sorbent flow rate The main con-
clusions from figures 5.24 and 5.25 are collected in this paragraph.

• At the beginning of the curves, that is, for low loading, the curves are basically the same.
Since the only difference between the two experiments is the sorbent mass flow rate, it means
that, at the beginning of the experiments, it is not absorption in the liquid phase which is deciding
the rate of capture of gas molecules. That is, this is in agreement with the statement that the
process is limited by the gas phase in that region.

• The curves diverge when the limit to the absorption process is influenced by an experimental
parameter which is different between the two experiments. That is, the curves diverge when
the process is liquid phase limited and a variation in the sorbent flow rate is able to affect
this limitation. In particular, it looks like a higher sorbent flow rate is able to increase the resulting
STY.
Describing the specific way a higher sorbent flow rate is able to affect the flux of captured
gases is not a straightforward task. One could be tempted to say that, looking at the two film
theory, a higher sorbent flow rate decreases the liquid film thickness in proximity of the gas-liquid
interface and, as a consequence, it decreases the time needed for the gas molecules to cross this
film. However, that would assume some sort of turbulent flow region in the liquid phase and we
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know that, in this specific process, the flow in the liquid phase is completely laminar. Therefore,
no turbulent region is present in the absorption plate. Therefore, there is no point in talking about
a film thickness for the liquid phase. Please note that this is a film generated by the fluid dynamics
of the process. What if one assumes that a resistance layer is being formed not because
of the fluid dynamics of the process, but because of the chemical absorption behavior of
the process? In particular, if one assumes that there is a layer of heavily loaded sorbent near
the gas-liquid interface and that diffusion in this heavily loaded sorbent layers is what is limiting
the process; it is reasonable to imagine that a higher sorbent flow rate will decrease the sorbent
residence time on the plate and, as a consequence, it will decrease the time this heavily loaded
layer can grow before active mixing happens. That will, in turn, decrease the thickness of the
layer and also the time needed for gas molecules to diffuse within it. That is, it will speed up
diffusion in the liquid phase. This thought is at the basis of the physical interpretation given
to the process and presented at the end of this chapter.

5.1.3. Selection of the mixing strategy
The main results of this section, related to the relevant research questions and goals are presented
below:

• Due to the way the active mixing experiments were performed, it can be concluded that the
designed mixing strategy is able to provide for surface renewals. Moreover, that is asso-
ciated with an increase in the performance of the absorption process.

• In fact, since the active mixing experiments performed way better than the passive mixing ones
in terms of Space-Time Yield at the same 𝐶𝑂ኼ per amine loading and also in terms of relative
loading that can be reached with that specific absorber design, it can be concluded that, for
the specific active and passive mixing strategies selected in this project, active mixing
performs better.

• As a consequence, for reaching the goal of engineering an optimization of the absorption column,
the active mixing strategy is selected for the design.

5.2. Modelling
This section contains a collection of relevant results from the models presented in chapter 4. Firstly,
results from the DNS model are commented and used to evaluate the performances of the passive
mixing channels. In particular, the SHM geometry is simulated and results from the model are
used to explain results observed during the experiments. After that, results from the unimolecular
diffusion mass transfer model are presented and compared with the experimental results of both the
active mixing experiments and the passive mixing ones.

5.2.1. DNS Model
The model for solving the Navier-Stokes equations applied to the SHM channel was developed following
a physical interpretation of the flow in the channel. As extensively described in chapter 4, the flow in
the SHM channel geometry is decoupled as a flow in an open channel plus a lid-driven cavity
flow. That is, results from the open channel flow are used to give the slip-velocity boundary
condition for solving the lid-driven cavity flow.

The results presented in this section are from a simulation run with the input conditions collected
in table 5.1. These input conditions are the same of experiment #8 in table 3.3 for the passive mixing
experiment with the SHM geometry.

Parameter Value
Channel height [𝑚𝑚] 0.6
Channel width [𝑚𝑚] 5

Inlet flow rate [𝑚𝐿/ℎ𝑟] 3
Sorbent type Pure TEPA

Table 5.1: Input conditions CFD model
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Flow in an open channel has a very well known parabolic profile. Here, we are interested at
the velocity magnitude in order to define a boundary condition for solving the lid-driven cavity flow
problem.

Figure 5.26: Velocity profile for the open channel flow in the ፘ direction with validation

Figure 5.26 shows the velocity profile for the simulated experiment. Validation of this profile, thus
of the DNS solver, is done by computing the residuals between an analytical solution and the predicted
profile. Details are collected in appendix C.

It can be seen how the (maximum) predicted velocity is on the order of 10ዅኾ𝑚/𝑠. This velocity
value can be used to define a slip boundary condition for the lid-driven cavity flow. When that is done,
The same DNS model (with different boundary conditions) is used to solve the lid-driven cavity flow
problem.

Figure 5.27: Velocity vectors and streamlines for the lid-driven cavity flow

Figure 5.27 shows a plot of the velocity vectors and the streamlines for the lid-driven cavity flow
problem solved for the case of the SHM. In fact, since the herringbones have two branches in opposite
directions, the result is that two circulations in opposite directions are generated within the cross section
of the channel. Clearly, the model is predicting that a circulation is being generated because of the
specific boundary conditions when solving the lid-driven cavity flow problem. With the assumption that
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the model is reproducing what is happening in the experiment, the following conclusions can be traced:

• The order of magnitude of the predicted circulation velocity is 10ዅ኿ 𝑚/𝑠. That is, with the
channel dimensions specified in table 5.1, the average circulation time for a particle which is
theoretically moved from the top of the channel to the bottom and then back on top of the channel
is about 16 minutes. That is, if one considers that the residence time of the experiment for a 700
𝑚𝑚 channel was about 23 minutes, only a single circulation is predicted during the entire time of
the experiment.

• Moreover, figure 5.27 shows another reason why the passive mixing strategy is far from being an
optimum one. In fact, due to the stokes flow behavior, the particles will have the tendency of
remaining within their trajectory over and over again. That is, even if circulation is present,
assuming constant fluid properties, always the same particles will be subjected to the ”usefull”
circulation path. That is, the one which brings sorbent molecules in contact with the gas-liquid
interface and then back into the bulk.

Therefore, even if far from being able to exactly simulate the flow in the SHM mixing channel, this model
is still able to show why no significant mixing was observed when using a staggered herringbone mixer
for passive mixing purposes. In fact, according to the model, it can be concluded that no mixing is
observed with the SHM channel geometry because of a very small circulation velocity coupled
with a tendency from particles subjected to a stokes flow behavior of always remaining within
their fixed trajectories. That is, no chaotic mixing can be generated in this way.

5.2.2. UMD mass transfer model
Results from the Unimolecular diffusion (UMD) mass transfer model are presented in this section. As
specified in chapter 4, this model is directly linked with the physical interpretation for the absorption
process of 𝐶𝑂ኼ molecules within the investigated DAC process. In fact, this model is nothing else
than the mathematical formulation of the physical interpretation. That is, testing the validity of the
proposed model is also a way of testing the validity of the proposed theory. Therefore, the physical
interpretation, its mathematical equivalent and data from experimental results are directly linked. Figure
5.28 shows the way they are connected with each other.

Figure 5.28: Connection between physical interpretation, mass transfer model and experimental results

Model validation Comparison between results from the model and the experiments is shown both
by plotting the results together and by calculating the coefficient of determination, 𝑅ኼ and the mean
absolute error, 𝑀𝐴𝐸. Table 5.2 shows a list of the modelled experiments with respective values for 𝑅ኼ
and 𝑀𝐴𝐸.
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Experiment Type Experiment # 𝑅ኼ 𝑀𝐴𝐸
Active mixing 1 0.7953 9.3 ⋅ 10ዅዀ

Active mixing 3 0.9619 1.1 ⋅ 10ዅ኿

Passive mixing 1 0.9293 1.6 ⋅ 10ዅዀ

Passive mixing 2 0.9646 3 ⋅ 10ዅዀ

Passive mixing 7 0.9613 1.6 ⋅ 10ዅዀ

Passive mixing 4 0.9418 2.3 ⋅ 10ዅዀ

Table 5.2: Coefficient of determination and mean absolute error for the UMD mass transfer model

Together with table 5.2, a direct comparison between the model results and the experimental results
is shown in the pictures below. For comparison with the active mixing experiments, results are shown
in figures 5.29 and 5.30. Please note that, once again after showing the experimental results, a
cumulative STY is considered:

Figure 5.29: UMD mass transfer model validation: active
mixing experiment #1

Figure 5.30: UMD mass transfer model validation: active
mixing experiment #3

Regarding the passive mixing experiments, results are shown below:

Figure 5.31: UMD mass transfer model validation: passive
mixing experiment #1

Figure 5.32: UMD mass transfer model validation: passive
mixing experiment #2
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Figure 5.33: UMD mass transfer model validation: passive
mixing experiment #7

Figure 5.34: UMD mass transfer model validation: passive
mixing experiment #4

The following conclusions can be traced from the depicted pictures:

• Comparison with experimental results has shown a good agreement between the predictions from
the model and the data collected during the experimental investigation. This is considered to be
a good result especially because the model contains no fit of experimental data and the pre-
dictions are made just by solving the governing equations of the proposed physical interpretation.
That is, this model can represent the experimental data with a satisfying degree of accuracy
and also, it adds credibility to the proposed physical interpretation (described in the next
section).

• The model is coherent with experimental data when the coefficient for diffusion of 𝐶𝑂ኼ in
the heavily loaded top sorbent layer (”Ice-Sheet”) is 10ዅኻ኿ 𝑚ኼ/𝑠. This coefficient is smaller
than the one estimated in previous works at ZEF [14], [38]. This divergence is to be expected
when considering that previous calculations were made for diffusion through the whole sorbent
bulk. That is, while in the model presented in this thesis, the diffusion coefficient is specific for
𝐶𝑂ኼ diffusion in the IS, the one found in previous studies was more an estimated coefficient for
diffusion in a mixture of ”Ice-Sheet” and pure sorbent.

• The model predicts an increase in the absorption performances when the sorbent flow rate on the
absorption plates is increased. Or, equivalently, when the residence time of the sorbent on the
absorption plates is decreased. This is in agreement with experimental results and it also means
that the model provides a useful tool in the engineering of the absorption column since
it can be used to predict the resulting STY at a certain sorbent loading in function of the
sorbent residence time on the absorption plates.

5.3. Process’ physical interpretation: the ”Ice-Sheet” equivalence
This section is finally focused on describing the absorption of 𝐶𝑂ኼ molecules in the investigated pro-
cess. Firstly, it is described with a step-by-step approach how the process works from a molecular
level. At the end, conclusions and consequences of this theory are presented. The theory is ex-
plained considering only diffusion in the liquid phase. It is assumed that diffusion in the gas
phase happens instantaneously and that the time for reaction between 𝐶𝑂ኼ molecules and sor-
bent molecules is much smaller than the diffusion time.
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Figure 5.35: Absorption of ፂፎᎴ in a polyamine sorbent, step #1

Referring to figure 5.35, at time 𝑡 = 0, the sorbent (in yellow) starts to flow on the absorption plate.
The presence of a flow of air will bring 𝐶𝑂ኼ molecules in contact with the gas-liquid interface. Please
note that only the liquid phase is considered here.

Figure 5.36: Absorption of ፂፎᎴ in a polyamine sorbent, step #2

If it is assumed that 𝐶𝑂ኼ molecules react extremely fast, at a time still close to zero, the first
molecules in contact with the interface will react until saturation is not reached in proximity of the gas-
liquid interface. That is, on the free surface of the sorbent flow, an infinitely thin, fully loaded sorbent
layer will be formed (figure 5.36). From now on, we will refer to this layer as the ”Ice-Sheet”. Reason
for that will be given later in this section.
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Figure 5.37: Absorption of ፂፎᎴ in a polyamine sorbent, step #3

Figures 5.35 and 5.36 are describing the absorption process when the elapsed time is very close to
zero. Clearly, while the first ”Ice-Sheet” is being formed, 𝐶𝑂ኼ gas molecules will keep diffusing toward
the gas-liquid interface. As a consequence of that, for a time different from zero, since the ”Ice-
Sheet” is now present at the interface, molecules cannot react instantaneously with the sorbent,
but they have to diffuse through this layer of ice before being able to react and, therefore, being
absorbed. Figure 5.37 show that, if one considers a time interval bigger than zero and takes into account
a distance on the plate different from the inlet region, it can be imagined how the thickness of the ”Ice-
Sheet” will vary moving downstream on the plate. In fact, as the sorbent proceeds on the plate, 𝐶𝑂ኼ
molecules will have more time to diffuse through the layer, thus increasing its thickness. Clearly, this
happens because ice sheet-free sorbent is coming from the inlet of the plate. The absorption process
is diffusion limited because diffusion of 𝐶𝑂ኼ molecules in this saturated sorbent layer is extremely slow
(𝐷 = 10ዅኻ኿ 𝑚ኼ/𝑠 according to the mass transfer model). Moreover, a slower sorbent will generate
a thicker ”Ice-Sheet”, thus slowing the absorption process even more for longer plate flowing times.
Assuming this theory holds, figure 5.38 shows how a possible concentration profile looks like.
Please note that, for the air side, it is assumed the existence of a turbulent region (”bulk gas”). Clearly,
depending on the magnitude of the air flow rate, it could also be that a laminar region only exists.
Within the bulk (liquid film), before mixing happens (before breaking the ice), the concentration stays
always at zero. In fact, as soon as the 𝐶𝑂ኼ molecules diffuse through the ”IS”, they react with fresh
TEPA molecules and, instead of continuing to diffuse in the bulk, they become ”IS” themselves, thus
increasing the thickness of the layer.

Figure 5.38: Concentration profile according to the ”IS” theory
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With a bit of imagination, one can trace an analogy between mass diffusion in this absorption
process and heat transfer in a frozen lake. In fact, as soon as a layer of ice is formed on the
surface of an iced lake, the ”Ice-Sheet” will act as a natural insulator to heat transfer between the (still)
liquid water of the lake and the atmosphere, thus preventing the entire lake to freeze down. Here, a
very similar process is happening with a top surface layer preventing (mass) transfer between what is
above an below the layer, thus slowing down the whole process. As we have seen with the mixing
experiments, a solution to this problem is to ”break the ice” by actively mixing the sorbent
stream.

Literature’s back-up In 2014, Wilfong et al. presented a study about absorption of 𝐶𝑂ኼ molecules
on Tetraethylenepentamine (TEPA) films [104]. They describe how, for a film thickness higher than 20
𝜇𝑚, ”a thick, interconnected surface network of strongly adsorbed species” is formed. And more, they
describe how this network contains ”a high concentration of ammonium ions which slows down 𝐶𝑂ኼ
gas diffusion and diminished access of the bulk amine groups”. Moreover, they confirm that, in thick
TEPA films, there is a ”low concentration of adsorbed 𝐶𝑂ኼ within the bulk due to diffusion limitations”.

In the experimental investigation relevant to this thesis project, the film thickness was in the order of
tens of 𝜇𝑚, very similar to the film thicknesses investigated in that study. Therefore, it does not look
far from the truth to imagine that what is called the ”Ice-Sheet”, is nothing else than a layer of
highly interconnected network of ammonium ions slowing down the diffusion process. Clearly,
that is yet to be proven.

Conclusions from the ”Ice-Sheet” theory Main conclusions from the physical interpretation to the
absorption process presented in this section are collected below:

• The ”IS” theory is developed in the framework of explaining the absorption process at amolec-
ular level. It is believed that this theory resembles reality and proofs of that are provided through
the validation of the mass transfer model with experimental data and confirmations obtained from
international research studies about 𝐶𝑂ኼ absorption using the same amine absorbent.

• With previous research, it clearly appeared how the 𝐶𝑂ኼ absorption was diffusion limited and that
mixing would help solving this issue. However, it was not very clear/proven, what was happening
layer-wise in the sorbent and in which way mixing would help solving this issue. One of the main
outcomes of this thesis is that the process is limited by 𝐶𝑂ኼ diffusion into the ”IS”. That
is, a homogeneous layer made of heavily loaded, highly viscous TEPA that limits, thus
“decides”, the rate of 𝐶𝑂ኼ absorption. For diffusion through that layer, via a mass transfer
model, a diffusion coefficient of 𝐷 = 10ዅኻ኿ 𝑚ኼ/𝑠 is estimated.

• To improve the process, it is now clear that it is needed to “break” this ”Ice-Sheet” and
make room for fresh amine sorbent on the top of the channel. That will avoid the diffusion
limitations coming from the layer.

• It must also be specified that, together with 𝐶𝑂ኼ diffusion in the ”IS”, also the whole layer is
diffusing through the bulk TEPA. The mixing process should have the double task of braking the
ice as much as possible in order to avoid limitations from slowly diffusing 𝐶𝑂ኼ and also of quickly
homogenizing the fresh TEPA with the ”IS”. That is, dissolving it into the bulk of sorbent as much
as possible in order to have TEPA with a very low concentration of 𝐶𝑂ኼ molecules on the free
surface. In an ideal world, one could look at this problem as built up in layers. Ideally, you
would want to have 100% TEPA on the free surface always, thus, ideally, you would want
to “collect” all the ”Ice-Sheet” layers somewhere in the bulk of TEPA without mixing them
with the fresh sorbent, thus maximizing the free “reaction spots” on the free surface.

• Finally, When talking about absorption of 𝐶𝑂ኼ in TEPA, we are actually talking about diffusion of
𝐶𝑂ኼ in a very dense, very loaded sorbent layer, then reaction of diffused 𝐶𝑂ኼ molecules with free
polyamine molecules and a free base in a two step reaction and, finally, diffusion of the reaction
product into the polyamine bulk. In designing the absorption column it must be considered how
all these phenomena could limit the process and how to reduce their influence.
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Absorption column engineering

The common goal for all the different research questions and task addressed in this project is to engi-
neer a new version of ZEF’s absorber for 𝐶𝑂ኼ and 𝐻ኼ𝑂 capture. As specified in chapter 5, active mixing
is selected as the mixing strategy for the column. That is, the column is designed similarly to the active
mixing setup.

In this chapter, the design of the absorber is presented. Firstly, the design of the sorbent side of the
column is described. That is done together with a sensitivity analysis on the main design parameters.
After that, the air side design is presented and, finally, a cost analysis is used as a tool for selecting the
main design parameters. The last section includes an overview of the column’s conceptual design.

6.1. Sorbent side design
The main tool in the design of the column’s requirements on the sorbent side is the UMD mass transfer
model presented in chapter 5. After comparing the model results with the experimental results and
because the model is backed up with information available in literature, the model is considered to be
a powerful tool for predicting the flux of 𝐶𝑂ኼ molecules in function of the sorbent residence time
on the absorption plate and the 𝐶𝑂ኼ bulk concentration in the case of active mixing configuration.

Sorbent side design: assumptions In designing this part of the absorber, the following assumptions
are considered:

• The design is based on a mass balance between the rate of 𝐶𝑂ኼ desorbed in the stripper
unit and the rate of 𝐶𝑂ኼ captured in the absorber unit. Those two are balanced over a daily
operational period of 8 hours.

• During operation, the stripper will continuously remove rich sorbent and inject fresh one. It is
assumed that this process does not influence the operating concentration of the absorber since
the mass of 𝐶𝑂ኼ removed by the stripper is always balanced with the mass of 𝐶𝑂ኼ coming from the
absorber. For this assumption to be true, it must be assumed that mixing of the fresh sorbent
with the loaded sorbent is a uniform and quick process.

• The mass is balanced in a steady state operation at a certain operational sorbent bulk loading.
That is, the transition of the absorber frompure sorbent to sorbent loaded at the operational
concentration is not considered in this analysis.

• When the stripper removes a certain mass flow of loaded sorbent, together with 𝐶𝑂ኼ, it will also
remove a certain mass flow of 𝐻ኼ𝑂. It is assumed that the absorber is able to balance the re-
moval of 𝐻ኼ𝑂 by capturing water at a certain rate. Due to a lack of mass transfer model predicting
the flux of 𝐻ኼ𝑂, this assumption is verified by calculating how much flux of 𝐻ኼ𝑂 the experimental
setup was producing when close to 𝐻ኼ𝑂 saturation. It is observed that the rate of 𝐻ኼ𝑂 capture is
more than 3 times higher than the rate of 𝐶𝑂ኼ captured at the operational concentration. More
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than enough to satisfy the design requirements.

Therefore, while the 𝐶𝑂ኼ capture rate is predicted via the mass transfer model, the 𝐻ኼ𝑂
capture rate is taken from the experiments.

• The sizing of the absorption column is done assuming a constant absolute Space-Time Yield (flux
for 𝐶𝑂ኼ and 𝐻ኼ𝑂, equation 6.1) always in the column. That is, the performance of the absorber
is constant across all of its length. This performance is calculated with a mass transfer model
which assumes that the process is limited by the liquid phase. More specifically, that the rate of
diffusion of 𝐶𝑂ኼ in the liquid phase (in particular, in the ”Ice-Sheet”), is the slowest in the entire
process. This is assumed to hold even when air concentration decreases toward the end of the
column.
This assumption can be (partially) justified considering that the diffusion coefficient for the air
side (𝐷ፚ።፫ = 1.6 ⋅ 10ዅዀ) is 9 orders of magnitude higher than the predicted diffusion coefficient
for the liquid side (𝐷ፈ፜፞ዅፒ፡፞፞፭ ≈ 10ዅኻ኿). Therefore, it is reasonable to expect a huge difference in
𝐶𝑂ኼ diffusion speed, between the liquid Ice-Sheet and the diffusion boundary layer in proximity
of the gas-liquid interface.
It must be specified however, that the diffusion problem at the air side is not investigated
in this thesis. A mass transfer model including transport of 𝐶𝑂ኼ in the air side as well as
the liquid side, would solve/verify this assumption.

• The viscosity of the sorbent at the operational concentration is taken from table 2.1.

Sorbent side design: main algorithm The design of the sorbent side of the absorption column is
done in Matlab by defining a certain algorithm. This algorithm relies on inputs coming from three,
very distinct, sources:

1. Parameters selected by the user (for design optimization)

2. Parameters coming from ZEF’s requirements for the absorption column

3. Parameters calculated with the mass transfer model

The link between the parameters coming from the sources above defines the algorithm used in the
design of the sorbent side. That is shown in figure 6.1.

Figure 6.1: Main algorithm in the design of the sorbent side of the absorption column

As described above, it can be seen how the 𝐶𝑂ኼ Space-Time Yield is defined with the mass transfer
model as a function of the stripper operating concentration (i.e. the operational concentration of the
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absorber) and the sorbent residence time on the plate (i.e. the time required by the sorbent to flow
from the inlet to the outlet of the plate). As a consequence, the absorber area will be a function of
the operational concentration and the sorbent residence time. The influence of those and other
design parameters is described in a sensitivity analysis presented in next section.

Sorbent side design: Space-Time Yield calculation As specified before, the absorber is designed
at a certain specific operating concentration. For this reason, the considered equation for the calculation
of the Space-Time Yield is different from equation 5.2. In fact, that equation calculates a cumulative STY
summing up all the captured moles of 𝐶𝑂ኼ and considered the total elapsed time. For the absorber
design, the specific STY at the operating concentration (absolute STY) is rather used:

𝑆𝑇𝑌ፚ፛፬፨፥፮፭፞ =
𝑚𝑜𝑙𝑒𝑠ፂፎᎴ(𝐶፛፮፥፤)

𝐴 ⋅ 𝑡፩፥ፚ፭፞
(6.1)

It can be seen how this equation calculates the STY considering the moles of 𝐶𝑂ኼ captured on a
single passage on the plate at a certain rich loading concentration. More information about how
the absolute and cumulative STY evolves with bulk concentration can be found in appendix D.

6.1.1. Sensitivity analysis on sorbent side design
Figure 6.1 shows that multiple parameters can be varied in the conceptual design of the absorption col-
umn. Observing the influence of each parameter is a useful way to understand the design methodology
better and, also, to check the various algorithms used in the design.

Area function of rich loading and sorbent residence time on the plate The surface area of the
absorber is calculated in the following way:

𝐴 = 𝐶𝑂ኼ 𝑐𝑎𝑝𝑡𝑢𝑟𝑒 𝑟𝑎𝑡𝑒
𝑆𝑇𝑌ፚ፛፬፨፥፮፭፞

(6.2)

Where the source of the various parameters follows the schematic presented in figure 6.1. As seen
before from the experimental and model results, the Space-Time Yield is a function of the 𝐶𝑂ኼ con-
centration in the sorbent. Therefore, also the area will be a function of that. Figure 6.2 shows this
dependence and, also, how that is influenced by the sorbent residence time on the plate.

Figure 6.2: Absorber area in function of the operational rich loading and sorbent residence time on the plate for a certain ፂፎᎴ
capture rate
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It can be seen how the absorber area increases together with the 𝐶𝑂ኼ concentration in the bulk.
In particular, it approaches an infinite value when the concentration is about 9 moles of 𝐶𝑂ኼ per kilogram
of TEPA. This is in line with the fact that diffusion in the liquid phase depends on a difference in
concentration between the ”Ice-Sheet” and the sorbent bulk. The 𝐶𝑂ኼ concentration in the ice
layer is nothing else than the saturation concentration for TEPA. That was found to be about 9 moles of
𝐶𝑂ኼ per kilogram of TEPA in previous experiments at ZEF. When the operational concentration of the
absorber (𝐶ፂፎᎴ ,፛፮፥፤) goes to that value, the driving force goes to zero. Therefore, for that operational
concentration, the STY has zero value and, because of equation 6.2, the area goes to infinity. Moreover,
the curves are logarithmically approaching infinity because the absorption performances are predicted
via the mass transfer model with equation 4.37. That is, this trend is according to the developed model
and, in particular, the developed ”Ice-Sheet” theory.

Regarding the influence of the sorbent residence time on the plate, it is predicted an increase in
the area requirements when the residence time increases. This is in accordance with the observed
experimental results where a higher sorbent mass flow rate, thus a lower residence time, yielded better
performances in terms of STY. Regarding the developed theory, this increase in area is explained with
an increase in the Ice Layer thickness corresponding to an increase in the sorbent residence time. This
will limit more the diffusion in the liquid side, thus increasing the absorber area.

Area function of 𝐶𝑂ኼ capture requirements and sorbent residence time on the plate The various
features of the absorber will be presented later, for now it is enough to consider that it is designed to
operate at a concentration of 5 moles per kilogram of TEPA and to capture a total of more than 825
grams of 𝐶𝑂ኼ every 8 hours of operation. Figure 6.3 shows how the area of the absorber changes in
function of the required capture of 𝐶𝑂ኼ over 8 hours at an operational concentration of 5 moles per
kilogram of TEPA.

Figure 6.3: Absorber area in function of the required ፂፎᎴ capture and sorbent residence time on the plate for a rich loading of
5 moles of ፂፎᎴ per kilogram of TEPA

As expected, since the absorber area and the required 𝐶𝑂ኼ capture are directly proportional as
shown in equation 6.2, a linear increase of the required area is predicted when increasing the
carbon captured amount.

In the engineering of the sorbent side for the absorption column, the operational loading and the sor-
bent residence time on the plate are the main design parameters. The influence of secondary design
parameters like those related to the geometry of the absorption plate and the channels is collected in
appendix D.
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6.2. Air side design
In parallel to the design of the absorber’s sorbent side, the air side is engineered as well. The goal of
this design is to find the necessary air inlet flow rate to provide for the absorption requirements.

The design of the sorbent side estimates the rate of 𝐶𝑂ኼ and𝐻ኼ𝑂mass capture, since the transferred
mass is coming from the air side of the absorber, the design is based on a simple mass balance between
the mass of air entering the absorber, and the mass transferred from the air side to the liquid side. Once
again, it is assumed that the absorption performance of the absorber does not change over the length
of the column. Therefore, the rate of mass transfer is assumed to be always constant and not affected
by the decrease in the 𝐶𝑂ኼ and 𝐻ኼ𝑂 concentrations.

Air side design: main algorithm Once again, the parameters used in this design can come from
three different sources. Figure 6.4 shows the main algorithm used in this design together with the
source of the various parameters.

Figure 6.4: Main algorithm in the air side design of the absorption column Figure 6.5: Mass balance for the air side:
control volume

The governing equations for the mass balance are written for the control volume shown in figure
6.5:

�̇�ፚ።፫,፨፮፭ = �̇�ፚ።፫,።፧ − �̇�ፂፎᎴ ,ፚ፛፬፨፫፛፞፝ − �̇�ፇᎴፎ,ፚ፛፬፨፫፛፞፝ (6.3)

�̇�ፂፎᎴ ,።፧ = �̇�ፂፎᎴ ,፨፮፭ + �̇�ፂፎᎴ ,ፚ፛፬፨፫፛፞፝ (6.4)

�̇�ፂፎᎴ ,፨፮፭ = �̇�ፚ።፫,፨፮፭ ⋅ 𝐶ፂፎᎴ ,ፚ።፫,፨፮፭ (6.5)

�̇�ፂፎᎴ ,።፧ = �̇�ፚ።፫,።፧ ⋅ 𝐶ፂፎᎴ ,ፚ።፫,።፧ (6.6)

The equations above constitutes a system of four equations in four unknowns when including the fol-
lowing known parameters:

�̇�ፂፎᎴ ,ፚ፛፬፨፫፛፞፝ = 𝑆𝑇𝑌ፂፎᎴ ⋅ 𝐴 ⋅ 𝑀𝑊ፂፎᎴ (6.7)

�̇�ፇᎴፎ,ፚ፛፬፨፫፛፞፝ = 𝑆𝑇𝑌ፇᎴፎ ⋅ 𝐴 ⋅ 𝑀𝑊ፇᎴፎ (6.8)

𝐶ፂፎᎴ ,ፚ።፫,።፧ = 412 𝑝𝑝𝑚 (6.9)

𝐶ፂፎᎴ ,ፚ።፫,፨፮፭ = 𝑢𝑠𝑒𝑟 𝑖𝑚𝑝𝑜𝑠𝑒𝑑 (6.10)

Solving those equations, one obtains the mass balance for the air side in the case of 𝐶𝑂ኼ transfer.
Similar equations can be written for the case of 𝐻ኼ𝑂 as well. Those are collected in appendix D.3.

From the mass balance, it is clear how the air inlet flow rate strongly depends on the chosen 𝐶𝑂ኼ
outlet concentration.
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Figure 6.6: Required air flow rate in function of designed ፂፎᎴ outlet concentration

Figure 6.6 shows that, when the air outlet concentration is imposed to be closer and closer to the air
inlet concentration (412 𝑝𝑝𝑚𝑣), the required inlet flow rate increases significantly. The optimal value
for the 𝐶𝑂ኼ outlet concentration is the minimum value that does not limit the absorption process
in the gas phase more than it is already limited by the liquid phase. That is, choosing an optimum
value is related to the discussion in section 6.1.

In this case, the outlet concentration is imposed to be 350 𝑝𝑝𝑚𝑣. The evolution of the 𝐶𝑂ኼ concen-
tration over the column length is shown in figure 6.7.

Figure 6.7: ፂፎᎴ concentration in air over the column length

The predicted trend is linear because the Space-Time Yield is considered to be constant over all
the column length.
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6.3. Cost analysis
This chapter underlines how the size of the absorption column depends on multiple parameters. It is
also observed how, with this particular design, the highest influence is coming from the selected sorbent
residence time on the plate. In fact, according to the mass transfer model, that will directly influence
the absorber area requirements and the sorbent flow rate requirements. In order to select an optimum
value for the design, a cost analysis is built. The cost analysis includes parts of both the operational
and capital costs. Table 6.1 collects the considered inputs to the cost analysis.

Parameter Value
Payback period [𝑦𝑒𝑎𝑟𝑠] 20

Area cost [€/𝑚ኼ] 10
Energy cost [€𝑐𝑒𝑛𝑡𝑠/𝑘𝑊ℎ] 2

Table 6.1: Inputs to the cost analysis

Using the parameters in table 6.1, it is possible to give an estimate for the material costs coming
from the size of the absorber (defined in function of the absorber area) and energy costs coming from
the pump and the fan used for the sorbent and air flow rate. Estimating the pump and fan energy
consumption requires to calculate the pressure drop in the pipes where the sorbent is flown and the air
pressure drop across the column. The pressure drop in the sorbent and air side is calculated with the
following equation:

𝑃 = 𝜌𝑔ℎ + 128𝐿𝜋 𝜇 �̇�𝐷ኾ (6.11)

Where:

• 𝑃 is the pressure drop of either the sorbent or air in [𝑝𝑎]

• 𝜌 is the sorbent or air density in [ ፤፠፦Ꮅ ]

• 𝑔 is the acceleration of gravity in [፦፬Ꮄ ]

• ℎ is the absorber height in [𝑚]

• 𝐿 is an estimate for the total length of the pipes for 𝑃 = 𝑃፬፨፫፛፞፧፭, and is the plate length for
𝑃 = 𝑃𝑎𝑖𝑟.

• 𝜇 is the dynamic viscosity of either the sorbent or air in [𝑝𝑎 𝑠]

• �̇� is the sorbent or air volumetric flow rate in [፦
Ꮅ

፬ ]

• 𝐷 is the equivalent diameter in [𝑚]

Equation 6.11 is a sum of head pressure losses (first term, right end side) and friction losses due to
laminar flow in the duct (described by the Darcy-Weisbach equation [105]). Being a gas, the head
pressure losses in the case of air can be neglected. Moreover, the air flow will be in a square duct.
Therefore, while 𝐷 for the sorbent is simply the internal diameter of the pipes, for the air flow it is
necessary to calculate an equivalent diameter to use in equation 6.11 [106]:

𝐷፞ = 1.3
(𝑎𝑏)ኺ.ዀኼ኿
(𝑎 + 𝑏)ኺ.ኼ኿ (6.12)

Where 𝑎 and 𝑏 are the dimensions of the square section.
Moreover, for the air flow, it is interesting to find out the Reynolds number. The hydraulic diameter 𝐷፡
is used when dealing with flow in square ducts:

𝐷፡ =
4𝐴
𝑃 (6.13)
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𝑅𝑒ፚ።፫ =
𝑢𝐷፡
𝜈 = 1057 (6.14)

That falls in the laminar regime.

It is found that the most relevant pressure drop, thus the most relevant source of energy
cost comes from the pressure drop in the liquid phase. Therefore, it is chosen to neglect from
the analysis costs coming from the use of the fan. It must be considered that this assumption
might fall as soon as a more accurate way for estimating the pressure drop in the air side will predict a
different, higher result for the pressure drop. This is very likely to be the case since this pressure drop
estimation is only considering pressure losses due to air flowing in between two consecutive absorption
plates. It is realistic to expect pressure losses also due to the expansion of air (since the fan section is
smaller than the column section) and losses due to the presence of flow distributors in the column.

At the designed 𝐶𝑂ኼ capture rate, knowing a required payback time, it is possible to estimate the cost
of capturing a single tons of 𝐶𝑂ኼ for the designed absorber. The cost is obtained by simply multiplying
the calculated pressure drop with the required flow rate (air or sorbent). Since this design excludes
components selection, the operational efficiency of the pump and the fan are not taken into
account. Figure 6.8 shows the two main contributors to the cost of the absorber (pump energy and
absorber’s area) as function of the sorbent residence time on the plate (plate flowing time). The costs
are obtained for a system which operates at the designed conditions of 5 moles of 𝐶𝑂ኼ per kilogram of
TEPA and 825 grams of 𝐶𝑂ኼ captured every 8 hours of operation.

Figure 6.8: Area and pump energy cost in function of sorbent plate residence time and pipe’s internal diameter

The following conclusions can be traced from figure 6.8:

• As seen before, the area of the absorber depends on the sorbent residence time on the
plate (or sorbent flowing time). As a consequence, also the area cost will depend on that. In
particular, the higher the sorbent residence time on the plate, the higher is the area cost. That is in
agreement with a reduction in the STY when the sorbnet residence time on the plate is increased.

• On the other side, the cost of the energy of the pump is decreasing as the sorbent residence
time on the plate increases. This happens because a slower flowing sorbent (higher plate
residence time) also means a lower mass flow rate generated by the pump. That will decrease
the pressure drop in the pipes and, in turn, the energy cost of the pump.
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• Figure 6.8 shows the cost of the pump also in function of the pipe’s diameter. In fact, equation
6.11 describes a power 4 relation between the pressure drop in the pipe and the pipe’s diameter.
That is, the choice of the pipe’s diameter has a massive influence on the overall energy
consumption of the pump.

Total cost and parameter selection The total cost of the absorber can be found by summing the
cost of the surface area with the cost for the pump’s energy. The result is shown in figure 6.9

Figure 6.9: Total cost of the absorber

1 𝑐𝑚 is considered to be a reasonable value for the internal diameter of the pipes since a value bigger
than that would add significant material costs. It can be seen how the light blue curve in figure 6.9
presents a minium at around 32 seconds for the sorbent residence time on the plate. Targeting
cost minimization, this value is selected for the conceptual design of the absorber.

It is also interesting to compare the cost of the designed system with the cost of an industrial-scale
DAC system. Already mentioned in section 2.2, the cost of the Climeworks system is estimated as 440
€ per ton of captured 𝐶𝑂ኼ [107]. Clearly, this comparison is just a qualitative one because the cost
estimated for the Climeworks plant takes into account the whole DAC system, while the analysis pre-
sented in this thesis only considers the cost of the absorber. However, it is still an interesting exercise
to note that, for being the cost of the absorption column only, it is predicted a very high cost. That
is believed to be the case because this design is done using pure TEPA as absorbent and, also, de-
signing the absorber to operate at a very high rich loading. Those are far from being optimal operating
conditions.
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6.4. Absorber overview

In this section, a summary of the main features of the absorption column are presented via a collection
of cartoons. The design parameters are selected following the sensitivity and cost analysis described
earlier in this chapter.
Figure 6.10 shows an overview of the absorption column:

Figure 6.10: Summary of the main features of the absorption column

It can be seen that the overall layout of the column is made with active mixing in mind. The amount
of sorbent circulations is computed over a period of 8 hours. The air is flowing counter currently to the
sorbent and the stripper is sucking rich sorbent from a container at the bottom of the column.
An exploded view of the absorber is shown in Figure 6.11:
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Figure 6.11: Exploded view of the absorber

This image underlines how the plates are distributed in parallel within the absorber and gives some
information about the overall amount of captured 𝐶𝑂ኼ and 𝐻ኼ𝑂.
Looking at the absorber operating concentration in figure 6.10 and at the total amount of captured
𝐶𝑂ኼ and 𝐻ኼ𝑂 in figure 6.11, it can be concluded that the proposed conceptual design satisfies the
requirements proposed in chapter 1.
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Conclusions & Recommendations

In this chapter, the main conclusions of this research project are collected. Those conclusions are
taken directly from chapter 5 and 6 and they are organized here with respect to the relevant research
questions and goals.
Finally, recommendations for future research are included.

7.1. Conclusions
The main conclusions are taken from results of the performed experiments, models and design. Refer
to chapter 1 for the relevant research goal and objectives, and to chapter 5 and 6 for a detailed expla-
nation of the reported conclusions.

Conclusions from the passive mixing experiments:

1. An experimental sensitivity analysis on the Empty Channel (EC) geometry, underlines how ab-
sorption of 𝐶𝑂ኼ in this novel absorption process is limited by slowdiffusion of 𝐶𝑂ኼmolecules
in the liquid phase. In particular, it is shown how only the sorbent layers near the liquid-gas in-
terface are contributing to effectively capture 𝐶𝑂ኼ molecules. In fact, slow diffusion toward the
sorbent bulk prevents distant sorbent layers from contributing to the absorption process. That
is backed up by experimental results in section 5.1.1 and agrees with previous research at ZEF
[14].

2. Experimental results on the passive mixing channels, show no change in absorption per-
formance, with respect to a base case experiment (Empty Channel). In fact, it is observed
that the Empty Channel geometry performs equally to the designed passive mixing geometries.
That is explained in section 5.1.1.

• In particular, results from the Direct Numerical Simulation model shown in section 5.2.1,
can be used to estimate the magnitude of the circulation velocity generated by the
designed passive mixing channels. It is concluded that mixing is not generated be-
cause the circulation velocity is extremely small for the investigated experimental
conditions. Moreover, due to a stokes flow behavior, circulation can not be used to
induce chaotic mixing between different sorbent layers. For the passive mixing exper-
iments, for channels where mixing grooves are present on the floor, the Direct Numerical
Simulation model is a tool for the describing the fluid dynamics of the investigated process.

It is observed a divergence of reported results for mixing induced with the Bridges (BR) geometry.
In fact, work from [14], shows that mixing can be induced using that geometry, while in this thesis
that is not observed to be the case. It is believed that the divergence can be explained looking at
different experimental methodologies and/or at different bridges design. However, as of today, it
was not possible to develop a satisfactory explanation for that.

89
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3. Either way, results from the passive mixing experiments can be used to partially answer the fol-
lowing research question: ”Is it possible to circulate particles from the top surface of the channel
into the bulk of the flow?” Answer: ”Experiments suggest that no circulation is being generated
because of the use of passive mixing elements in the channel. In particular, even if the DNS
model predicts that extremely slow circulation might be induced, that is completely irrelevant in
the context of improving the investigated absorption process because the circulation velocity is
extremely small.” This also implies that passive mixing is not suggested for the design of the
absorption column.

Conclusions from the active mixing experiments:

4. Designed to reduce limitations coming from slow 𝐶𝑂ኼ diffusion in the liquid phase, results on
the active mixing experiments showed much more promising results than the passive mixing
experiments. It is concluded that, for the investigated experimental conditions, at very low rel-
ative 𝐶𝑂ኼ loading, mass transfer in the air side can actually be slower than diffusion in
the liquid phase. That is believed to be a very interesting result since, so far, it was possible to
observe mass transfer limitations coming from the liquid phase only. This conclusion is based on
experiments performed with different air flow rate and reasons for the conclusion are explained
in section 5.1.2.

5. Following results from active mixing, experiment #3, it can be concluded that a higher sorbent
flow rate gives a higher cumulative Space-Time Yield with respect to the same experiment
using a lower sorbent flow rate, at the same relative 𝐶𝑂ኼ and 𝐻ኼ𝑂 loading. This conclusion is
relevant in the framework of designing an absorber for the investigated process. In fact, it can be
concluded that the flowing velocity of the sorbent stream on the absorption plate, has an
effect on the reported cumulative STY for a certain relative bulk concentration. In particular,
the higher is the flowing velocity, the higher is the reported cumulative STY. This conclusion is
backed up also by results coming from the developed mass transfer model when different sorbent
flowing speed are modelled.

6. Following the active mixing experimental results, it is possible, once again, to give an answer to
the research question: ”Is it possible to circulates particles from the top surface of the channel
into the bulk of the flow?” Answer: yes, with the engineered active mixing experimental setup, it
is possible to actively mix the top surface of the sorbent stream with the bulk of it. Moreover, now it
is also possible to answer a research subquestion: ”are absorption performances improved be-
cause of that?” Answer: ”yes, comparison between single channel flow experiments and active
mixing experiments, show that actively mixing the sorbent increases the reported Space-Time
Yield at the same relative 𝐶𝑂ኼ loading. Thus, absorption performances are improved because of
that.”

7. For that experimental results, it is also worth noting a divergence in behavior between 𝐶𝑂ኼ and
𝐻ኼ𝑂. In fact, figure 5.21 shows that the reported STY values for water capture are the same for
both active and passive mixing experiments. It can be concluded that, while active mixing is
effective in improving 𝐶𝑂ኼ capture rate, the same can not be said about 𝐻ኼ𝑂. It is believed
that is the result of a significant physical difference in the way those two gas are absorbed.
In fact, 𝐶𝑂ኼ is chemically absorbed, while 𝐻ኼ𝑂 is physically absorbed. That is, 𝐻ኼ𝑂 can diffuse
into the amine bulk quite quickly, while 𝐶𝑂ኼ is only diffusing very slowly in the (chemically formed)
”Ice-Sheet” on the top surface of the sorbent stream. That is, ”breaking the ice” works for 𝐶𝑂ኼ
absorption, but not for 𝐻ኼ𝑂.

8. Conclusions about the passive mixing experiments show that the research goal of ”inducing mix-
ing in the absorption process” is reached. Moreover, that justifies the use of active mixing in the
design of the absorber.

Understanding the reactive absorption of 𝐶𝑂ኼ:



7.1. Conclusions 91

9. Following the interpretation of the experimental results, it was possible to develop an understand-
ing of mass transfer in reactive 𝐶𝑂ኼ absorption. That converged in the definition of a theory
called the ”Ice-Sheet” equivalence. This theory, described in greater details in section 5.3, de-
scribes how the firstly absorbed 𝐶𝑂ኼ molecules will form a heavily loaded, highly viscous layer
of sorbent, in proximity of the gas-liquid interface. This layer will slow down further absorption
because the 𝐶𝑂ኼ molecules coming from the air side will have to diffuse through that layer before
being absorbed. According to the theory, a concentration profile for this process can be drawn
(figure 5.38).

10. Validation of the theory is done in a dual way by looking at confirmations from literature
and by building a theory-basedmass transfer model to be compared with the experimental
results.

• A recent study from Wilfong et al. [104], concludes that, for absorption of 𝐶𝑂ኼ in TEPA films,
due to diffusion limitations, a low concentration of 𝐶𝑂ኼ in the bulk is observed. Moreover,
it is explained how the diffusion limitations are due to a highly interconnected network of
ammonium ions generated on the top surface of the sorbent stream. It can be concluded
that this paper adds credibility to the proposed theory. In fact, even if the presence of
ammonium ions in the investigated process is not proven (and not investigated), the
way the diffusion limitations are described to happen is recognized to be very similar
to the formation of the ”Ice-Sheet” described by the theory.

• Regarding the mass transfer model, that is nothing else than the mathematical formula-
tion of the ”Ice-Sheet” theory in the form of unimolecular diffusion of 𝐶𝑂ኼ in the ”Ice-Sheet”.
Section 5.2.2 is believed to show very good correlation between the model predictions
and the experimental results for both active and passive mixing experiments.

From the above described results, it is possible to give an answer to the following research
question: ”how is diffusion limitation happening for the investigated process?” Answer: ”diffu-
sion limitation on the liquid phase is happening due to the formation of a fully loaded sorbent layer
in proximity of the gas-liquid interface. This layer, also referred to as the ”Ice-Sheet”, significantly
slows down 𝐶𝑂ኼ diffusion, thus jeopardizing 𝐶𝑂ኼ absorption. The validity of the theory is proven
via the validation of a theory-based mass transfer model and looking at confirmations from recent
literature.”

11. After validating the mass transfer model, it can be concluded that an estimated value for the
diffusion coefficient of 𝐶𝑂ኼ into the ”Ice-Sheet” is on the order of 10ዅኻ኿ 𝑚ኼ/𝑠.

Conclusions on the absorber design:

12. The main research goal of this thesis project is to propose a conceptual design for an iteration of
ZEF absorber, which satisfies requirements described in table 1.1. Looking at results presented
in section 6.4, it can be concluded that the presented design satisfies the requirements de-
scribed in table 1.1. Moreover, from the engineering process, the following conclusions can be
traced:

• The area of the absorber goes to infinity when the operating concentration (rich load-
ing) is 9 moles per kilogram of TEPA. An extensive explanation of this behavior is reported
in section 6.1.1.

• The required absorber area increases linearly with the 𝐶𝑂ኼ capture rate.
• The absorber is designed on a cost reduction basis. The biggest contributions in the cost
of the absorber are believed to come from the energy expenses for the pump used
to flow the sorbent and from the material costs of the absorption plates’ area. It is
understood, that this conclusion may not be true anymore, when a proper way of calculating
pressure drops on the air side is defined.

• It is understood that the predicted cost of the absorber is very high. It is believed
that the cause lies in the use of pure TEPA as sorbent and in the very high rich loading
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concentration. In fact, pure TEPA brings the limitations connected to the formation of the ”Ice-
Sheet”, while the high operational loading increases the viscosity of the sorbent significantly,
thus making the operation of the absorber far from an optimum one since the absorber area
significantly increases with an increase in the operating concentration.

7.2. Recommendations
This section collects a series of suggestions for continuing the research targeted by this thesis project.
All the experiments, models and theories presented in previous chapters, converged into the
definition of a theoretical framework for the absorption of 𝐶𝑂ኼ in continuously flowing TEPA.
Also refereed to as the ”Ice-Sheet” theory, it underlines how the absorption process is limited by
the formation of a heavily loaded layer of sorbent on the top surface of the free-flowing TEPA
stream. Therefore, a series of recommendations for solving that problem in future iterations of the
absorber are collected. Moreover, since this investigation focused on multiple aspects of the process,
it is recognized that some of them could be investigated and described in a more detailed way. Those
type of suggestions, relative to this thesis’ specific investigation, are included in the second part of this
section.

7.2.1. Recommendations for future research
1. Change the sorbent type. In this process, the use of pure TEPA is connected with 𝐶𝑂ኼ diffusion

limitation in the liquid phase generated by the formation of the so-called ”Ice-Sheet”. The result
is a very high absorber cost. Since this thesis proves that the formation of the ”Ice-Sheet”
happens in the case of pure TEPA sorbent, it is suggested to use a different sorbent type.
For example, reducing the viscosity of the sorbent might be helpful since, according to the Stokes-
Einstein diffusion equation, a lower viscosity means a higher diffusion coefficient. However, at
this point, it is not very clear how a lower sorbent viscosity would affect diffusion in the ”Ice-Sheet”
(which is what is really limiting the process). Research should focus on that as well.
Another interesting investigation might target validation of results from [104]. In fact, even if not
proven yet, it might be that the ”Ice-Sheet” is formed by the same type of ammonium ions on the
top surface of the sorbent film. If that is proven to be the case, one could try to use a sorbent
which does not form those kind of interactions when absorbing 𝐶𝑂ኼ.
In conclusion, while it is not clear which type of sorbent could remove diffusion limitations
in the liquid side, it is quite clear that pure TEPA is far from being the right sorbent for this
process because of the ”Ice-Sheet” formation.

2. Decrease the film thickness In [104] it is specified that ”CO2 adsorbed onto the 4 𝜇𝑚 film as
ammonium carbamate ion pairs and zwitterions, rapidly diffused into the bulk”. On the other side,
”increasing the film thickness to 20 𝜇𝑚 resulted in a thick, interconnected surface network of
strongly adsorbed species”. Once again, the film thickness in the considered experiments was
observed to be around 10 𝜇𝑚. IF future research succeeds in proving that the ”Ice-Sheet”
is actually formed by a network of ammonium ions, it would then be extremely interesting
to design an absorption geometry able to generate a very thin film. In that framework, a
flowing channel does not look promising. For instance, TEPA flowing onto a very thin string of
some plastic material could be a better idea. The surface tension effects would keep the sorbent
together and a very thin film, concentric to the string, could be obtained. Clearly, obtaining a very
thin film for the very viscous pure TEPA might be extremely difficult and unpractical to achieve.

3. Map the effects of relative humidity and temperature. In previous chapter, it was underlined
how a variation in ambient relative humidity can have an influence in the absorption rate of 𝐻ኼ𝑂.
However, a correlation between the ambient relative humidity and the absorption of 𝐶𝑂ኼ is still
missing. In section 2.3, it was reviewed how absorption differs for wet and dry amines. That as-
pect of the process still needs to be investigated. Moreover, since ZEF plans to install microplants
in different regions of the world, it makes sense to understand, together with the effects of am-
bient humidity, also the effects of ambient temperature. For example, a setup similar to the
one used for active mixing experiments could be used inside a climate chamber. That way, the
experiments performed following table 3.5 could be repeated in a controlled environment.
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7.2.2. Recommendations for improving this research project
Regarding improvements of the investigation described in this report, some suggestions are collected
below:

1. Explore process’ limitations in a more detailed way.Despite the promising performances, due
to time constraints, only three experiments were performed with the active mixing experimental
setup. Therefore, it is suggested to add at least two experiments to the experimental plan defined
in table 3.5. Firstly, it is suggested to perform an experiment with a high air flow rate, then another
one with a low sorbent mass flow rate. Table 7.1 collects the experimental parameters for the two
proposed experiments.

Experiment number
Pump voltage

(affects sorbent flow rate)
[𝑉]

Fan voltage
(affects air flow rate)

[𝑉]
Sorbent initial conditions Plate inclination Plate length

[𝑚𝑚] Number of plates Sorbent initial mass
[𝑔]

4 7 10 Pure TEPA vertical 50 2 140
5 4 7 Pure TEPA vertical 50 2 140

Table 7.1: Active mixing, additional experiments

These two extra experiments are proposed to have at least three experiments targeting limita-
tions in the air and three targeting limitations in the liquid side of the process. That should
help in defining the boundaries for the two limitations.

2. Combine passive and active mixing. The active mixing experiments showed that the process
can be improved by ”breaking the ice” on the top surface of the flowing TEPA stream. That
process could be improved by combining active and passive mixing with a smart, more complex
design of the flowing plates. For instance, Staggered Herringbones or other mixing patterns could
be included on the plate (figure 7.1). In fact, since active mixing works with fast flowing sorbent,
passive mixing performances should be improved as well.

Figure 7.1: Example of plate design for combining active and passive mixing

3. Build a comprehensive mass transfer model which models the gas phase as well. The main
features of the model should include:

• Connected to the extra proposed experiments, once the boundaries for gas and liquid phase
limitations are know, it should be possible to couple the UMD mass transfer model pre-
sented in chapter 4 with a model describing diffusion in the gas phase. That should
significantly increase the ability of making predictions about the absorption process. More-
over, diffusion in the gas phase should be easier to model since no chemical reaction is
involved and coefficients for diffusion of 𝐶𝑂ኼ and 𝐻ኼ𝑂 in air are well known.

• The model should be able to predict which phase is limiting the process and adjust the
absorption rate accordingly. For instance, depletion of 𝐶𝑂ኼ in the air side can shift the limit
from the liquid to the gas phase.
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• Ideally, reaction kinetics of 𝐶𝑂ኼ with TEPA should be included in the model.
• Diffusion of 𝐻ኼ𝑂 in the gas phase and, later, in the bulk of sorbent could be easily included

since no reaction is involved with that gas. Including water absorption rate is important
since the presence of water influences the relative concentrations in the bulk, thus
the driving force for diffusion.

4. Understand is stirring is really necessary. In the active mixing experiments, a magnetic stirrer
is used to ”break the ice” by mixing the loaded sorbent inside a container. However, it is not clear
yet if active stirring is necessary or not. In fact, pumping the sorbent from the container to the
inlet of the channel might be sufficient for mixing of the bulk. That can be easily investigated by
repeating one of the experiment without the use of the stirrer. This investigation is relevant
in the framework of reducing the absorber cost by reducing energy consumption.



A
Detailed experimental methodology

A.1. Passive mixing experiments
The experimental methodology used to collect samples for the passive mixing experiments is the fol-
lowing one:

1. In this thesis, a typical experiment is started by selecting the experimental parameters. These
are the following ones:

• Plate (or channel) inclination
• Channel type
• Channel length (or number of modules)
• Sorbent initial conditions
• Sorbent flow rate
• Fan operating voltage

2. Once all the parameters are selected, the modules are assembled using clips and O-Rings. In
order to check for eventual leakages, laboratory blue paper is taped at the connection points.
That kind of paper has high absorbing characteristics, therefore a leakage, if present, will become
evident.

3. After that, the syringe pump is prepared by setting the correct volumetric flow rate and by plugging
the rubber hose at the end of the syringe nozzle.

4. At this point, environmental relative humidity and temperature are measured.

5. The experiment can now start: the syringe pump and the fan are activated. Air flow must be
present over all the length of the assembled plastic modules in order to avoid any air depletion.

6. For future data analysis, the residence time of the sorbent on the plastic modules needs to be
measured. For that, a simple stopwatch is used to note down the time taken by the first droplet
to reach the end of each module.

7. When the first injected sorbent reaches the end of the last module, the total residence time is
known. At that point, at least 50% of the overall residence time is waited before the sample
collection can start in order for the experiment to reach steady state conditions.

8. The samples collection can now start from the end of the last module. At least 0.1 𝑚𝐿 of sorbent
are collected.

9. The last module is disconnected and the remaining modules are slided down toward the fan.
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10. This procedure is repeated until the sorbent from the end of the first module is collected. Please
note that, in the collection, the sorbent is taken only from the end of each module. This means
that collection happens at single distances from the beginning of the assembled modules.

11. When the samples from each module are collected, all the modules are properly clean to make
sure no sorbent residue is present when a new experiment is started.

When cleaning the modules, it was noted that TEPA can penetrate into PLA and soak wet the plastic
material. That happens especially when the 3D printer leaves some clearance in the printed parts. For
that reason, the modules are periodically substituted.

A.2. Active mixing experiments
The methodology of the active mixing experimental investigation is described here. Similarly to the
passive mixing experiments, the goal is to give the researcher a structured way for performing the
experiments and collecting the relevant results.

1. Once again, the first step is the selection of the relevant experimental parameters. These are:

• Sorbent flow rate. Please note that this parameter is imposed indirectly by actually imposing
the pump power. That is, the sorbent flow rate is a consequence of operating the pump at
a certain power (voltage). That is, the real imposed parameter is the pump power while the
sorbent flow rate is measured during the experiment.

• Fan operating voltage
• Sorbent initial conditions
• Sorbent initial mass
• Plate inclination
• Number of plates
• Plate length

2. Ambient relative humidity and temperature are measured similarly as in the passive mixing ex-
periments

3. The sorbent is placed in the container and part of it is injected into the hose connected to the low
pressure side of the pump with the use of a syringe. This way the pump can be primed before
being powered.

4. The fan, pump and stirrer are turned on and the experiment can begin

5. The sorbent is collected at the outlet of the flow collector at specific time intervals. This is done
because, at the beginning of the experiment, the sorbent is fresh and a lot of gases are captured.
Therefore, it is requested to have a higher resolution of data at the beginning of the experiment
compared toward the end of it. More or less, that is how collection happens:

• Collect a sample every 10 minutes for the first hour of experiment.
• Collect a sample every 30 minutes after the first hour of experiment, until the end of the first

day of experiment.
• Collect a sample every 90 minutes after the first day of experiment, until the experiment is

over.

6. Once every couple of hours the mass flow rate (and also the volumetric flow rate) is measured in
the following way:

• Fill a 10 𝑚𝐿 plastic container by placing it below the stream of sorbent exiting the collector.
• While that happens, with a stop watch, measure the time it takes to fill the container.
• Weight the full container and subtract the weight of the container to the result.
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• Knowing the mass of the sorbent and the time it takes for that to flow, the sorbent mass flow
rate can be calculated.

• Put the collected sorbent back into the container.

7. These experiments are predicted to last around a full week. That means the methodology should
account for interrupting the experiment overnight and starting it again the next morning. For that
to happen, at the end of the day, all the equipment is switched off and the container with all the
sorbent is sealed with a plastic glove to prevent absorption overnight. The next morning, the
experiment is started again from point #2 of the methodology.

8. The experiment is interrupted when the viscosity of the sorbent is so high that the magnetic stirrer
does not work anymore.

9. Finally, the setup is cleaned by running water into it for at least 30 minutes.





B
Autodesk CFD model

Before the development of the DNS fluid dynamics model, a quick CFD simulation in Autodesk CFD
was performed on the passive mixing experiments. The goal of this simulation was simply to give a
qualitative, but not quantitative evaluation of mixing performance of the selected channels. Being a
very preliminary simulation, the idea was to include multiple channel geometries apart from the ones
selected for the experiments (EC, SHM, BR). Eventually, this simulation turned out to be a useful tool in
evaluating the qualitative flow behaviour for different channels, especially because of the possibility of
performing simulations in a three-dimensional environment. That gave the possibility of, for instance,
discarding some channels geometry from the passive mixing experiments. However, results are not
considered to be reliable enough (quantitatively) to include them in the report mostly due to the lack of
in-depth knowledge of the software from the author of this report. That is why this part of the research
is presented in the appendix.

B.1. General overview of the simulation
The channels’ geometries investigated in this simulation are the following ones:

• Staggered Herringbone Mixer (SHM), figure B.1

• Oblique Ridges (OR), figure B.2

• Sinusoidal Channel (SC), figure B.3

• Obstructed Channel (OC), figure B.4

• Kenics Mixer (KM), figure B.5

The top view of the channels geometries for this simulation is the following one:

99



100 B. Autodesk CFD model

Figure B.1: Staggered Herringbone Mixer

Figure B.2: Oblique Ridges

Figure B.3: Sinusoidal Channel Figure B.4: Obstructed Channel

Figure B.5: Kenics Mixer

For performing the CFD simulation, the liquid phase only is considered. That is, the control volume
for the simulation is the ”negative” of the one shown in the pictures above. The imposed boundary
conditions are the following ones:

• Inlet: Velocity boundary condition

• Walls: No slip boundary conditions
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• Free surfaces (top and outlet): Zero pressure (gage) boundary condition

And table B.1 shows some more information about the sim ulation’s settings.

Fluid Properties 20∘C Pure TEPA

Inlet Flow Rate [፦፬ ] 4.3𝑒ዅኾ

Gravity Direction
(wrt flow direction) 45∘

Mesh Resolution
(# of elements) >300k

Maximum residual magnitude < 10ዅ኿

Table B.1: CFD simulation general info

B.2. Results of the simulation
Results for this simulation are shown with respect to the streamlines predicted by the software and the
vorticity in the direction of interest. Regarding the latter, the idea is to find a parameter which could
give an idea bout the tendency of the flow of generating surface renewals. In this framework, vorticity
is a measure of the tendency of the flow particles to rotate. Therefore, in this case it is of interest to
quantify vorticity toward the top free surface of the domain. The vorticity equation is the following one,
where 𝑢 is the velocity field:

(∇ × u) ⋅ �̂� (B.1)

SHM results Figure B.6 and B.7 show the results for the Saggered Herringbone Mixer simulation:

Figure B.6: SHM, traces
Figure B.7: SHM, vorticity

Results show that surface renewals are generated with this geometry. In fact, figure B.6, depicts
stream lines moving from a region of higher speed (top of the channel) to a region of low speed (bottom
of the channel, inside the grooves), then again to a region of high speed. That is, it looks like circulation
toward the free surface of the channel is possible. This result is coherent with the voritcity plot (figure
B.7) showing that particles rotate upward and are moved toward the lateral wall of the channel in doing
so.

B.2.1. OR results
Results for the Oblique Ridges geometry is shown below:
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Figure B.8: OR, traces
Figure B.9: OR, vorticity

The oblique ridges geometry is showing surface renewals as well. In this case, since the shape of
the ridges is not an herringbone, there is a single circulation across the width of the channel. However,
compared to figure B.6, it looks like the velocity of circulation is higher. That could be explained by a
lower pressure drop across the channel length. In the vorticity plot, figure B.9, it can be observed how
the vorticity intensity follows the shape of the ridges toward the lateral wall of the channel. It seems
like that vorticity intensity is lower as compared to the SHM case.

B.2.2. SC results
Sinusoidal Channel results are shown below:

Figure B.10: SC, velocity vector
Figure B.11: SC, vorticity

Figure B.10 shows the velocity vectors for the SC channel geometry. As it can be seen, in the
middle of the channel, the flow is simply laminarly flowing and no velocity vectors are pointing toward
the free surface of the flow. That seems to happen in proximity of the channel wall, but it is a though of
the author that this effect is only present since the CFD software is solving the mass balance equation.
The same can be said about figure B.11: it looks like some vorticity is present in proximity of the wall,
but only because of mass conservation of an incompressible flow field.
This result was predicted in section 2.5 since the Reynolds number of this simulation is orders of mag-
nitude smaller than the one of the results described in literature.

B.2.3. OC results
Results for the Obstructed Channel geometry are shown in B.12 and B.13.

Figure B.12: OC, traces

Figure B.13: OC, vorticity
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This simulation only shows once again how the flow of interest has a Stokes flow behavior. In fact,
figure B.12, shows how the streamlines are simply going over the obstructions and then down again
to proceed toward the end of the channel. This ”slime” type of behavior is typical of a Stokes flow. It
comes with no surprise that very little to none vorticity is observed in figure B.13.

B.2.4. KM results
Regarding the Kenics Mixer:

Figure B.14: KM, traces
Figure B.15: KM, vorticity

The streamlines depicted in figure B.14, are showing how the traced particles follow the geometry
of the mixer, therefore, picture B.15 shows high vorticity in proximity of the external passive mixing
element. Clearly, this is an ideal situation where the external mixer has perfect clearance with respect
to the channel walls and, therefore, the fluid is perfectly following the mixer geometry. Different 3D
printed prototypes showed major difficulties in 3D printing a channel with the same characteristics of
the simulated one. Moreover, in this simulation, the channel is entirely full with liquid, while in reality,
that will not happen since an open surface is necessary for contacting the amine flow with the stream
of air. That will massively influence the mixer ability of displacing the fluid in the required way.





C
DNS model validation

An analytical solution for stokes flow in an open channel can be obtained by directly solving the NS
momentum equations in the 𝑧 and 𝑦 direction (referring to the nomenclature in chapter 4 and figure
C.1).

Figure C.1: Open channel flow problem illustration

The two governing equations are:

𝜇𝜕
ኼ𝑤
𝜕𝑦ኼ =

𝜕𝑃
𝜕𝑧 + 𝑔 cos𝛼 (C.1)

𝜕𝑃
𝜕𝑦 + 𝑔 sin𝛼 = 0 (C.2)

Referring to equation C.2, since the flow is fully developed, 𝑣 = 0 always. Therefore, we can imme-
diately say that 𝑃 is not a function of 𝑦 and proceed with the integration of the 𝑧 momentum equation
(equation C.1) in the 𝑦 direction:

∫
፲

ኺ
𝜇𝜕

ኼ𝑤
𝜕𝑦ኼ 𝑑𝑦 = ∫

፲

ኺ

𝜕𝑃
𝜕𝑧 + 𝑔 cos𝛼 𝑑𝑦 (C.3)

That equals:

𝜇𝜕𝑤𝜕𝑦 − 𝜏፰ፚ፥፥ =
𝜕𝑃
𝜕𝑧 𝑦 + 𝑔𝑦 cos𝛼 (C.4)

Where 𝜏፰ፚ፥፥ is the shear stress at 𝑦 = 0:

𝜏፰ፚ፥፥ = 𝜇
𝜕𝑤
𝜕𝑦 |ኺ (C.5)
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Let’s now compute an expression for Ꭷፏ
Ꭷ፳ looking at 𝑦 = 𝑓𝑖𝑙𝑚 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 = ℎ. Due to the free surface,

we know that the shear stress is zero at that location, therefore we can write:

𝜏 = 𝜇𝜕𝑤𝜕𝑦 |፡ = 0 (C.6)

Please note that 𝜏 ≠ 𝜏፰ፚ፥፥. Evaluating equation C.4 at 𝑦 = ℎ one can write:

0 − 𝜏፰ፚ፥፥ =
𝜕𝑃
𝜕𝑧 ℎ + 𝑔ℎ cos𝛼 (C.7)

or, equivalently,
𝜕𝑃
𝜕𝑧 = −

𝜏፰ፚ፥፥
ℎ − 𝑔 cos𝛼 (C.8)

Substituting this result into equation C.4, one obtains:

𝜇𝜕𝑤𝜕𝑦 = 𝜏፰ፚ፥፥ (1 −
𝑦
ℎ) (C.9)

Integrating once again in the 𝑦 direction:

𝑤(𝑦) = 𝜏፰ፚ፥፥
𝜇 𝑦 − 𝑦

ኼ

2ℎ
𝜏፰ፚ፥፥
𝜇 (C.10)

or:

𝑤(𝑦) = 𝑦𝜏፰ፚ፥፥𝜇 (1 − 𝑦
2ℎ) (C.11)

Moreover, 𝜏𝑤𝑎𝑙𝑙 can be computed from the DNS solver with the following expression computed in
proximity of the wall:

𝜏፰ፚ፥፥ =
𝑤(𝑖) − 𝑤(𝑖 − 1)

Δ𝑦 (C.12)

Equation C.11 gives the analytical solution for the problem. The calculated velocity profile can be
compared with the predicted one shown in figure 5.26 to obtain a plot of the residuals. Results are
shown in figure C.2 in function of the film height.

Figure C.2: Residuals for the open channel flow

The magnitude of the residuals are on the order of 10ዅዀ, two order of magnitudes lower than the
velocity magnitude. That is believed to add credibility to the developed model.



D
Detailed absorber design

D.1. Detailed sensitivity analysis
Apart from the operational loading and the sorbent residence time on the plate, other design parameters
have an influence on the absorber design. Those are listed below:

• Plate width: this parameter influences the width of the absorption plate. Given a certain channel
dimensions, that will also influence the number of channels in the single plate, thus the amount of
plates necessary in the absorber. That has influence on parameters like the cost of the absorber
and the sorbent flow rate.

• Channel depth: this parameter directly affects the cross sectional dimension of the absorption
channels. In particular, a lower cross section means a higher sorbent average speed. As a
consequence, the smaller is this parameter, the lower is the sorbent residence time on the plate
and, therefore, the absorber area. Clearly, this parameter cannot be reduced too much due to
the risk of overflowing the sorbent outside of the various channels.

• Channel length: this parameter has a direct influence on the total absorption area of the single
absorption plate. This also means that the longer are the absorption channels, the higher the
length of the column, but, also, the lower the amount of total required absorption plates.

• Clearance between the plates: this parameter influences the spacing between the different
absorption plates forming the absorber. The higher is the spacing, the lower the pressure drop
on the air side. Moreover, a higher spacing also means an overall larger column.

D.2. Cumulative vs. absolute STY
The Space-Time Yield can be calculated in multiple ways from both the experimental data and the mass
transfer model. Two main definitions for the STY can be considered to be when either averaging the
STY over all the operational concentrations (cumulative STY) or just calculating the STY at a single
operational concentration. The two different equations follows:

𝑆𝑇𝑌፜፮፦፮፥ፚ፭።፯፞ =
∑፭ᑖᑟᑕ፭዆ኺ 𝑚𝑜𝑙𝑒𝑠ፂፎᎴ(𝑡)

𝐴 ⋅ 𝑡፞፧፝
(D.1)

𝑆𝑇𝑌ፚ፛፬፨፥፮፭፞ =
𝑚𝑜𝑙𝑒𝑠ፂፎᎴ(𝐶፛፮፥፤)

𝐴 ⋅ 𝑡፩፥ፚ፭፞
(D.2)

Since the absorber is designed to operate in steady state conditions (at the operational rich loading),
the absolute STY (equation D.2) is used in the design.
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108 D. Detailed absorber design

D.2.1. Cumulative vs. absolute STY: influence of rich loading
It is considered to be interesting to understand how both the cumulative and absolute STY change in
function of the operational loading:

Figure D.1: Absolute STY in function of the operational
loading and the sorbent’s plate residence time

Figure D.2: Cumulative STY in function of the operational
loading and the sorbent’s plate residence time

D.3. Air side design: governing equations for 𝐻2𝑂 mass balance
In designing the air side of the absorber, the following equations hold in the mass balance for 𝐻ኼ𝑂. The
water inlet concentration is estimated assuming an avergae relative humidity [105].

�̇�ፇᎴፎ,።፧ = �̇�ፚ።፫,።፧ ⋅ 𝐶ፇᎴፎ,ፚ።፫,።፧ (D.3)

�̇�ፇᎴፎ,፨፮፭ = �̇�ፇᎴፎ,።፧ − �̇�ፇᎴፎ,ፚ፛፬፨፫፛፞፝ (D.4)

𝐶ፇᎴፎ,ፚ።፫,፨፮፭ =
�̇�ፇᎴፎ,፨፮፭
�̇�ፚ።፫,፨፮፭

(D.5)

D.4. Extra images for the conceptual absorber design
Images showing more details of the conceptual design of the absorber are shown below:

Figure D.3: Absorber design: circuit for the pump Figure D.4: Absorber design: top view

Figure D.5: Absorber design: channel view



E
Extra plots

E.1. Active Mixing: absolute Space-Time Yield
In chapter 5, results are shown for a cumulative STY (equation 5.2). Figures E.1 and E.2 show the
experimental results computed with equation D.2, the absolute STY.

Figure E.1: Active Mixing: absolute STY in function of ፂፎᎴ
per amine loading

Figure E.2: Active Mixing: absolute STY in function of ፇᎴፎ
per amine loading

E.2. Active Mixing: other plots

Figure E.3: Active Mixing: ፂፎᎴ per amine loading vs. time Figure E.4: Active Mixing: ፇᎴፎ per amine loading vs. time
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Figure E.5: Active Mixing: ፂፎᎴ capture rate vs. time Figure E.6: Active Mixing: ፇᎴፎ capture rate vs. time

E.3. Passive Mixing: absolute Space-Time Yield

Figure E.7: Passive Mixing, 1.5 mL/hr: ፂፎᎴ absolute STY in
function of space

Figure E.8: Passive Mixing, 1.5 mL/hr: ፇᎴፎ absolute STY in
function of space

Figure E.9: Passive Mixing, 3 mL/hr: ፂፎᎴ absolute STY in
function of space

Figure E.10: Passive Mixing, 3 mL/hr: ፇᎴፎ absolute STY in
function of space

Figure E.11: Passive Mixing, sensitivity analysis: ፂፎᎴ
absolute STY in function of space

Figure E.12: Passive Mixing, sensitivity analysis: ፇᎴፎ
absolute STY in function of space
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