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𝑚̇ 𝑔

𝑠
 fuel mass flow 

𝑁 kW turbine power 

𝑝 Bar pressure 

𝑄̇𝑐𝑐 kW chemical energy rate  of combustion 

t ⁰C temperature 

𝑋 % mole fraction 

Greek Symbols 
  

𝜂 % efficiency 
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ASU - Air Separation Unit 

DCC - Direct Contact Condensation 

EHD 
- electrohydrodynamic 

PFD 
- Process Flow Diagram 

SEC - Spray Ejector Condenser 

WCC - Wet Combustion Chamber 
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I. Introduction 
 

1. Carbon capture and storage (CCS) 

Climate change, exacerbated by the accumulation of global warming agents including CO2, 

presents a critical threat to global environmental safety. Elevated concentrations of CO2 

amplify the retention of thermal radiation within the Earth's atmosphere, resulting in global 

warming and consequential disruptions to weather patterns, sea levels, and ecosystems. 

Effective mitigation of this crisis necessitates urgent actions to reduce CO2 emissions through 

sustainable practices and policies. Issues related to carbon capture fall into the category of CCS 

technologies and are perceived as playing a pivotal role in the endeavour to combat climate 

change. Carbon capture, often referred to as CCS, is a pivotal technology in the initiative to 

resist climate change [1-3]. This process entails the interception of CO2 emissions generated 

by the combustion of fossil fuels or industrial activities, effectively sequestering them to 

preclude their release into the atmosphere. This technology is essential because CO2 stands as 

a predominant greenhouse gas, significantly contributing to the phenomena of global warming 

and climate change [4]. The process of carbon capture typically encloses three fundamental 

stages: capture, transportation, storage or utilization into another useful product [5-8]. During 

the capture phase, CO2 is separated from the effluent gases of power generation facilities or 

industrial installations through the application of diverse methodologies, including absorption, 

adsorption, or chemical reactions [5-14]. Once captured, the CO2 is pressurized into a 

supercritical or dense fluid state for efficient transportation via pipelines, ships, or trucks to 

suitable storage sites. Alternatively, a technology can be applied to produce useful products 

such as methanol, synthetic fuels such as dimethyl ether (DME), or even synthetic methane 

[15]. The issue of CO2 management is not the topic of the present work. Storage of captured 

CO2 is usually done underground in geological formations. These subsurface structures offer 

reliable and enduring storage solutions where CO2 can be stored for thousands of years without 

leaking back into the atmosphere. Carbon capture technology is crucial for several reasons [2, 

16, 17]: 

 Mitigating climate change: Through the sequestration of CO2 emissions from energy 

generation and industrial processes, carbon capture technology plays a pivotal role in 

curtailing greenhouse gas emissions, thereby alleviating the adverse effects of global 

warming and mitigating the progression of climate change. 

 Fossil fuel use: Carbon capture enables the continued utilization of fossil fuels such as 

coal, natural gas, and oil, whilst substantially mitigating their environmental 

repercussions. This is especially important in regions where fossil fuels remain a 

significant part of the energy mix. 

 Industrial emissions: Many industrial processes produce significant CO2 emissions, 

including cement production, steel manufacturing, and chemical production. Carbon 

capture technology can be implemented within these industries to substantially mitigate 

their carbon emissions footprint. 

 Transition to renewable energy: While the ultimate goal is to shift towards sustainable 

energy alternatives like hydroelectric power, wind, and solar.  Carbon capture 
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technology can help bridge the gap during this transition period by reducing emissions 

emanating from incumbent fossil fuel-driven power generation facilities. 

Despite its benefits, carbon capture technology encounters obstacles, including substantial 

financial expenditures, energy requirements, and public acceptance [18]. Continued research 

initiatives are essential to enhance the efficiency and economic viability of carbon capture 

technologies and to develop policies and regulations that incentivize their deployment [19-23]. 

There are several methods employed for carbon capture  in power generation facilities, 

incorporating Ι) pre-combustion [24], ΙΙ) oxy-combustion [25, 26] and ΙΙΙ) post-combustion 

[21, 27, 28], which will be described in further detail. 

 

1.1 Pre-combustion method  

The pre-combustion method in power plants is a carbon capture technique that comprises 

capturing CO2 emissions before the fossil fuel combustion [29, 30]. In the pre-combustion 

process, syngas production can be achieved through two primary methodologies: steam 

reforming and oxidation [31-33]. Steam reforming involves incorporation of steam to primary 

fuel, resulting in a chemical reaction that produces a mixture of CO and H2. This method is 

particularly effective for processing natural gas and other hydrocarbon fuels. Alternatively, the 

incorporation of oxygen into the primary fuel leads to a process known as oxidation, which can 

be further categorized based on the state of the fuel. For gaseous and liquid fuels, this process 

is termed “partial oxidation”, while for solid fuels, it is referred to as “gasification”. Despite the 

differing terminologies, both methods operate on similar principles: the conversion of 

carbonaceous materials into syngas through high-temperature reactions with an oxidizing agent 

[34]. Reactions 1 and 2 for steam reforming and oxidation are as follows. 

 

Steam reforming: 

 

𝐶𝑥𝐻𝑦 + 𝑥𝐻2𝑂 ↔ 𝑥𝐶𝑂 + (𝑥 +
𝑦

2
)𝐻2 

(1) 

 

Gasification/partial oxidation: 

𝐶𝑥𝐻𝑦 +
𝑥

2
𝑂2 ↔ 𝑥𝐶𝑂 + (

𝑦

2
)𝐻2 

(2) 

 

Syngas production is subsequently followed by the water-gas shift (WGS) reaction, wherein 

carbon monoxide (CO) is transformed into CO2 and H2 through the introduction of steam: 

 

𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2  (3) 

 

Once the syngas is produced, various separation methods, including pressure swing adsorption 

(PSA), membrane filtration, or physical solvent absorption, are employed to isolate CO2 from 

H2. [35]. Table 1 presents an overview of the concepts, advantages, and drawbacks of the 

aforementioned technologies. 
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Table. 1 Evaluation of CO2 separation techniques in pre-combustion processes 

Technology Idea Advantages Drawbacks 

 

pressure swing 

adsorption (PSA) 

separates CO2 from 

syngas using porous 

materials that adsorb 

gases at different rates 

under varying 

pressures 

- effective separation 

of CO2 

- can be integrated into 

existing systems 

- relatively low 

operational costs 

- high maintenance 

costs for adsorbent 

materials 

- limited by the 

capacity of adsorbent 

materials 

membrane separation 

utilizes selective 

permeability of 

membranes to separate 

CO2 from hydrogen 

- high selectivity and 

efficiency 

- continuous operation 

- compact and scalable 

technology 

- high cost of 

membrane materials 

- potential fouling and 

degradation over time 

physical solvent 

absorption 

uses physical solvents 

like Selexol or 

Rectisol to absorb 

CO2 from syngas 

- highly efficient at 

high CO2 

concentrations 

- solvents can be 

regenerated and reused 

- suitable for large-

scale operations 

- energy-intensive 

regeneration process 

- requires careful 

handling and disposal 

of solvents 

 

These techniques exploit variations in physical or chemical properties between CO2 and H2 to 

selectively capture the CO2 while allowing the hydrogen to pass through. The concept of pre-

combustion capture is depicted in Fig.1 [36]. 

 

Fig.1 Pre-combustion capture technology in power generation [36] 

 

A principal merit of pre-combustion capture lies in the fact that it produces a concentrated 

stream of CO2, streamlining and more energy-efficient to capture compared to post-combustion 

methods. Additionally, integrating pre-combustion capture with other processes such as 

hydrogen production can provide additional economic benefits and synergies [37]. 

Notwithstanding, pre-combustion capture is not without its challenges, which encompass the 

complexity and cost of gasification or steam reforming processes, as well as the need for 

additional equipment and infrastructure for CO2 separation [34, 38]. Ongoing research and 

development endeavours seek to enhance the efficiency and economic viability of pre-

combustion capture technologies while simultaneously addressing the inherent challenges 
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associated with their implementation. Therefore, the pre-combustion method in power plants 

offers a promising pathway for reducing CO2 emissions and advancing towards a more 

sustainable energy future.  

1.2 Oxy-fuel combustion  

This method in power plants reflects a forward-thinking approach to carbon capture and 

combustion that aims to minimize CO2 emissions while generating energy [25, 39-41]. Unlike 

traditional combustion processes, where fossil fuels are burned in air, oxy-combustion entails 

combustion of fuels within an atmosphere composed of pure oxygen and recirculated flue gas, 

leading to a flue gas stream consisting primarily of CO2 and water vapour. In this method, 

oxygen is segregated from the air and supplied to combustion chamber, eliminating the presence 

of nitrogen, which makes up the majority of air. By eliminating nitrogen, the formation of 

nitrogen oxides (NOx) is also prevented, reducing the emission of these harmful pollutants. 

Oxygen can be generated through various methods, with the most common being cryogenic air 

distillation, subsequently preceded by oxygen transport membranes, PSA, electrolysis of water 

and chemical looping air separation [42]. The concepts of these techniques, along with their 

privileges and drawbacks, are detailed in Table 2, and the schematic of each technology is 

shown in Fig. 2. 

 

Table. 2 Comparison of oxygen production technologies: ideas, advantages, and drawbacks [43] 

Technology Idea Advantages Drawbacks 

cryogenic air 

distillation 

uses low-temperature 

distillation to separate 

oxygen from air. 

- high purity oxygen 

- scalable for large 

capacities 

- allows recovery of 

other industrial gases 

- very energy-intensive 

- high initial 

investment 

- large physical 

footprint 

pressure swing 

adsorption (PSA) 

utilizes adsorbents to 

selectively adsorb 

nitrogen from air 

under varying 

pressures. 

- lower energy 

consumption 

compared to cryogenic 

distillation 

- compact size and 

modular design 

- limited by adsorbent 

capacity 

- requires high-

pressure operation 

oxygen transport 

membranes 

relies on selective 

permeability of 

membranes to separate 

oxygen from air. 

- energy efficient 

compared to cryogenic 

methods 

- continuous operation 

- modular and scalable 

- limited by membrane 

lifespan and stability 

- high capital cost 

chemical looping air 

separation 

uses metal oxides to 

facilitate O2 

separation from air 

without direct contact 

between air and 

oxygen. 

- potential for lower 

energy consumption 

- integrated CO2 

capture capabilities 

- complexity in 

handling metal oxide 

materials 

- potential for 

operational challenges 

electrolysis of water 

electrochemically 

splits water into 

oxygen and hydrogen 

using electricity. 

- can utilize renewable 

electricity sources 

- produces high purity 

oxygen and hydrogen 

- high energy 

consumption 

- expensive electrolyte 

materials 

- requires water and 

electrolyte 

management 
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a)  b)  

 

 

 

c)  d)  

 

 

e)   

 

Fig. 2 Diagram of oxygen production technologies including a) cryogenic air separation unit, b) 

PSA process, c) O2 transport membranes, d) chemical looping air separation and e) electrolysis of 

water [43] 

 

 

By doing so, the resulting flue gas contains a more intense concentration of CO2, simplifying 

the mechanism of CO2 capture. After combustion, flue gas undergoes cooling, facilitating 

condensation of vapor, thereby leads to a concentrated CO2 stream. This captured CO2 can 

then be compressed for transportation and storage, typically in geological formations deep 

underground. One of the foremost benefits of oxy-fuel combustion is its capacity for achieving 

high CO2 capture rates with reduced operational complexities. By eliminating the need for 

extensive separation processes to sequester CO2 from exhaust gases, oxy-fuel combustion 

offers a more streamlined approach to carbon capture. Additionally, oxy-fuel combustion can 

be integrated with in-service power plant infrastructure, allowing for retrofitting of 

conventional plants to incorporate carbon capture capabilities. This integration can help 

minimize the costs and logistical challenges associated with deploying new carbon capture 

technologies. Moreover, oxy-fuel combustion holds the capacity to generate energy more 

efficiently compared to traditional combustion methods [44, 45]. The void of nitrogen in the 
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combustion process diminish volume of flue gas produced, leading to higher combustion 

temperatures and increased thermal efficiency. However, oxy-fuel combustion also presents 

certain challenges, including the need for oxygen production and the potential for corrosion and 

material degradation in combustion equipment due to the high CO2 concentrations. 

Additionally, the energy requirements for oxygen production has potential to alter overall 

effectiveness of the process [46]. In spite of these obstacles, persistent innovation and 

advancement initiatives are dedicated to boost oxy-fuel combustion technologies to enhance 

their efficiency, reduce costs, and address technical barriers [47, 48].   

1.3 Post-combustion capture 

This technique in power plants is a widely utilized approach for capturing CO2 emissions 

generated during incineration of fossil fuels [49, 50]. Unlike previous methods, which capture 

CO2 before or during combustion, this procedure focuses on extracting CO2 from the exhaust 

gas after combustion has occurred. In the post-combustion process, flue gas containing CO2, 

along with other gases such as nitrogen, water vapour, and pollutants, is extracted from the 

combustion chamber and passed through a carbon capture system. This system typically 

employs absorption, adsorption or membrane techniques (Table.3) to precisely sequester CO2 

from the exhaust gas while allowing other gases to pass through [51-55]. One significant benefit 

of capturing CO2 post-combustion is the potential for its subsequent implementation across 

different industrial domains. Utilization of captured CO2 in various products offers an 

opportunity to convert captured CO2 into worthwhile commodities, minimizing overall 

emissions and creating economic benefits. CO2 may be harnessed through a variety of 

applications, including the synthesis of chemicals, the generation of fuels, and the fabrication 

of construction materials. For instance, captured CO2 can be converted into methanol, which 

can serve as both a fuel and a chemical precursor. It can also be used in the production of urea 

for fertilizers, as well as in the manufacturing of synthetic fuels and polymers. By integrating 

CO2 utilization into post-combustion capture processes, it is possible to create a circular carbon 

economy, transforming a by-product into a valuable resource. while simultaneously addressing 

climate change challenges. 

Table. 3 Evaluation of post-combustion methods 

Method Concept Advantages Drawbacks 

chemical absorption 

CO2 reacts with a 

liquid solvent (e.g., 

aqueous amine 

solution) to form a 

stable compound. 

high capture 

efficiency, ability to 

handle large flue gas 

volumes. 

high energy 

consumption for 

solvent regeneration, 

potential solvent 

degradation over time. 

adsorption 

flue gas is passed 

through a solid 

adsorbent that 

selectively captures 

CO2 molecules. 

lower energy 

requirements for 

regeneration, variety 

of adsorbent materials 

available. 

limited capacity of 

adsorbents, potential 

stability and longevity 

issues. 

membrane separation 

CO2 is separated from 

flue gas using selective 

membranes that retain 

certain gases. 

compact size, lower 

operational energy 

requirements. 

membrane fouling, 

high costs of 

membrane materials, 

lower CO2 selectivity 

compared to other 

methods. 
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The technique employed in this thesis, following a post-combustion approach, involves 

integrating a SEC in combination with a separator. In this procedure, a mixture consisting of 

CO2, steam, and water has been fed into the SEC., where full condensation occurs. 

Consequently, at the outlet of the SEC (or at the inlet of the separator), a mixture comprising 

CO2 (as a non-condensable gas) and water is obtained. This mixture is then directed into the 

separator (either a cyclone or a T-junction) for the intent of refining the CO2. Figure 3 illustrates 

concept of the post-combustion section of power plant, which comprises a SEC and a separator. 

 

Fig. 3 Post-combustion section of nCO2PP including a SEC and a separator [56] 

Post-combustion capture technologies offer several advantages, including the ability to enhance 

operational power stations without necessitating substantial alterations to their combustion 

systems. [57, 58]. This makes post-combustion capture a cost-effective mechanism for 

addressing CO2 emissions in current fossil fuel plants. However, post-combustion capture also 

faces challenges, such as the energy requirements for capturing and compressing CO2, as well 

as the cost of implementing and operating carbon capture systems. Additionally, the efficiency 

of post-combustion capture processes may be significantly influenced by the presence of 

ancillary gases and impurities within the flue gas stream [59-61]. Despite these challenges, 

innovations such as the development of more efficient solvents and adsorbents, as well as 

process optimization techniques, are helping to advance the leading-edge in post-combustion 

capture. Therefore, post-combustion capture represents a critical strategy for curbing CO2 

emissions and mitigating climate change.  

In light of these advancements and growing urgency of addressing climate change, development 

of more efficient and innovative CCS solutions is critical. The necessity for effective CCS 

technologies has directly influenced the elaboration of the nCO2PP project, which focuses on 
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enhancing efficiency of CO2 capture. By utilizing advanced methods such as spray ejector 

condensers and separators, the project aims to curtail CO2 emissions in industrial activities and 

contribute to the achievement of negative emissions. This project not only conforms to global 

climate objectives but also offers a potential pathway for sustainable energy production, 

emphasizing importance of integrating innovative CCS solutions to combat climate change. 

This project consists of six work packages, each directing attention to different features of CO2 

emission reduction technologies. The partners involved in the project and their respective 

responsibilities are as follows: Gdańsk University of Technology – leading the technical 

feasibility study and conducting thermodynamic analysis of different circulation options. 

Responsible for tasks related to the design of the SEC, as well as various experimental and 

analytical activities throughout the project. AGH University of Science and Technology – 

responsible for collaborating with GUT on thermodynamic analysis and providing expertise in 

CO2 capture technologies and sludge valorization. SINTEF – leading research tasks on CO2 

utilization and alternative solutions, such as combining CO2 with H2 to produce methanol. 

They are also responsible for exergetic analyses and various aspects of the project focused on 

technology optimization. NTNU (Norwegian University of Science and Technology) – leading 

the evolution of waste heat utilization methods to improve system efficiency and optimizing 

multi-stage thermal valorization processes. IMP PAN – Leading the design and experimental 

testing of key components, including the combustion chamber. They are also involved in 

experimental work and performance verification. WUST (Wrocław University of Science and 

Technology) – leading several tasks related to the valorization of thermally treated sewage 

sludge, including the design of a control system for multi-stage thermal valorization processes, 

and coordinating activities related to the techno-economic analysis of carbon capture 

technologies. Also, some industrial partners involved in this project include the Institute of 

Power Systems Automation Ltd. and BROS CONTROL Sp. z o.o. Sp. K. Each of these work 

packages is interlinked, and the collective efforts of all partners will contribute to advancing 

carbon capture technologies, concentrating on improving effectualness and achieving negative 

CO2 emissions.  

My task in the project was to simulate the PFD of the project using Aspen HYSYS, followed 

by the simulation of the SEC analytically and its validation with experimental results. I 

conducted experimental tests in collaboration with Dr. Michal Klugmann to obtain the 

necessary data for validation. Additionally, I simulated the SEC numerically, taking into 

account the effect of thermophysical properties such as the pressure and temperature of water 

to address the challenge of using CO2, and explored an alternative solution involving a steam 

ejector condenser with electrohydrodynamic (EHD) actuators, validating the results with 

experimental evidence in the published work. I also simulated and optimized a cyclone 

separator and an alternative solution, the T-junction separator, validating both with 

experimental data from the literature. Furthermore, I numerically simulated oxy-fuel 

combustion with injected water to assess its impact on the system. The forthcoming section will 

deliver a detailed overview of the nCO2PP project, its structure, and the specific objectives and 

methodologies of each part. 
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2. A novel concept of the gas power plant  

 

Figure 4 depicts a trailblazing strategy to electricity generation, forming a part of an extensive 

research and development project [62]. This power plant comprises pre-combustion, oxy-

combustion, and post-combustion sections, each featuring its own unique novelty. One notable 

novelty in the pre-combustion sector is the conversion of sewage sludge into fuel, employing 

plasma technology for decomposition of Reactants. This underscores a commitment to waste 

recycling and reducing environmental impact. By employing oxy-combustion technology, the 

plant efficiently burns fuel in a novel concept of combustion chamber while minimizing 

emissions. The innovative use of a wet combustion chamber, utilizing injected water to enable 

a robust combustion process, regulates temperature and facilitates the separation of water and 

CO2. Furthermore, the compact SEC and separator, as a novelty of post-combustion part, 

enhance CO2 purification, ensuring only pure CO2 is seized and pressurized for either storage 

or commercial use. This advanced power plant cycle represents a significant breakthrough in 

sustainable energy production. Additionally, the establishment of a carbon capture unit (CCU) 

permits optional release of a gasifying agent, providing operational flexibility. Thus, this 

innovative power plant design signifies a promising step towards achieving carbon neutrality 

in electricity generation. 

The SEC and separator are integral components in the process, performing essential functions 

to ensure the production of pure CO2. The SEC is responsible for condensing the flue gas and 

separating it into its constituent components, while the separator further refines the process by 

separating the CO2 from other gases and impurities. These components are vital for achieving 

high-purity CO2, which is essential for various industrial applications and carbon capture 

processes. 

In this thesis, special prominence is accorded to the post-combustion section of the power plant, 

which includes both the SEC and separator. This section is of primary interest as it represents 

a critical stage in the carbon capture process. By focusing on the post-combustion section, the 

thesis aims to explore the performance, efficiency, and optimization strategies associated with 

the SEC and separator. Additionally, the thesis may delve into the design considerations, 

operational challenges, and potential enhancements of these components to improve overall 

CO2 capture efficiency and reduce environmental impact. In the following sections, detailed 

explanations of some of the important devices involved in the process have been provided. 
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Fig. 4 Flowchart of the advanced gas power plant  [63-67] 

  

2.1 Fuel preparation 

Fuel preparation is a critical step in the utilization of sewage sludge as a viable fuel source in 

power plants. Sewage sludge, a residue from wastewater treatment processes, undergoes a 

series of treatments to remove contaminants and optimize its properties for efficient 

combustion. This preparatory phase is essential to ensure consistent fuel quality, enhance 

combustibility, and mitigate potential environmental impacts. Procedure commences with the 

gathering of sewage sludge from wastewater treatment facilities. This sludge typically contains 

organic matter, moisture, and various contaminants such as heavy metals, pathogens, and other 

impurities. To render it suitable for use as fuel, the sludge undergoes several treatment steps 

[68, 69]: 

1. Dewatering: the first step involves removing excess moisture from the sludge. 

Dewatering processes such as centrifugation, belt pressing, or vacuum filtration are 

employed to reduce water content and strengthen concentration of solid matter in 

sludge. 

2. Stabilization: sewage sludge often contains organic compounds that can decompose and 

release odorous gases and volatile organic compounds (VOCs) during storage and 

handling. Stabilization techniques such as aerobic or anaerobic digestion, composting, 

or thermal treatment are utilized to reduce the organic content and stabilize the sludge, 

thereby improving handling characteristics. 
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3. Contaminant removal: various contaminants present in sewage sludge, including heavy 

metals, pathogens, and organic pollutants, must be removed or reduced to acceptable 

levels to ensure compliance with environmental regulations and safeguard human 

health. Treatment methods such as chemical precipitation, adsorption, filtration, or 

thermal desorption may be employed to effectively remove contaminants from the 

sludge. 

4. Drying: once stabilized and dewatered, the sludge may undergo drying processes to 

further reduce moisture content and increase its calorific value. Drying methods such as 

direct or indirect heat drying, fluidized bed drying, or solar drying may be employed to 

achieve the desired moisture content. Additionally, briquetting may be utilized to 

compress the dried sludge into uniform pellets or briquettes, facilitating handling, 

storage, and combustion. 

5. Quality control: throughout the fuel preparation process, rigorous quality control 

measures are implemented to ensure that the resulting fuel meets specifications for 

moisture content, calorific value, particle size distribution, and chemical composition. 

Analytical techniques such as proximate and ultimate analysis, calorimetry, and 

chemical characterization are utilized to assess fuel quality and performance. 

By effectively preparing sewage sludge as fuel through dewatering, stabilization, contaminant 

removal, drying, and pelletization, power plants can harness its energy potential while 

minimizing environmental impacts and ensuring compliance with regulatory requirements.   

 

2.2 Air separation unit (ASU) 

In the context of power plant operations, the ASU functions as a decisive component in the 

segregation of atmospheric air into its primary constituents, namely nitrogen (N2), oxygen 

(O2), and other trace gases [70-74]. This process is essential for facilitating efficient 

combustion within the power plant, as it ensures a readily available and concentrated oxygen 

supply for the combustion of fuels. Typically, ASUs employ advanced separation techniques 

such as cryogenic distillation to achieve the separation of air components [75]. Cryogenic 

distillation involves cooling the air to extremely low temperatures, causing it to liquefy and 

enabling the separation of its constituents based on differences in boiling points. Oxygen, with 

a lower boiling point than nitrogen, vaporizes first and can be collected as a separate stream. 

Alternatively, ASUs may utilize other separation methods like PSA [76] or membrane 

separation [77], depending on factors such as plant size, efficiency requirements, and 

operational constraints. Pressure swing adsorption involves the selective adsorption of gases 

onto solid adsorbent materials under pressure, allowing for the separation of oxygen from 

nitrogen. Membrane separation utilizes semi-permeable membranes to selectively permeate 

oxygen molecules, separating them from the nitrogen and other trace gases. Once separated, 

the oxygen obtained from the ASU serves as the oxidant for combustion processes within the 

power plant. Unlike traditional combustion methods that rely on atmospheric air for oxygen 

supply, utilizing oxygen from the ASU offers several advantages. By providing a concentrated 

oxygen stream, the ASU enables more efficient and controlled combustion, resulting in 

enhanced energy production. Additionally, absence of nitrogen in the combustion process helps 

minimize the formation of nitrogen oxides (NOx), contributing to improved environmental 

performance. Therefore, the ASU plays a crucial role in power plant operations by providing a 

reliable and concentrated source of oxygen for combustion processes. 
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2.3 Wet combustion chamber (WCC) 

The wet combustion chamber presents a pioneering approach to fuel combustion, wherein both 

the fuel and oxygen are introduced into the chamber along with injected water for temperature 

control [78]. This innovative method revolutionizes traditional combustion processes by 

leveraging the cooling properties of water to enhance operational efficiency and safety. In the 

wet combustion chamber, the prepared fuel, often derived from unconventional sources like 

sewage sludge, is introduced into the chamber alongside oxygen obtained from an ASU. This 

combination creates an environment conducive to combustion, facilitating the release of energy 

from the fuel. A key distinguishing feature of the wet combustion chamber is the incorporation 

of injected water for temperature reduction. Water is introduced into the chamber in controlled 

amounts to mitigate excessive heat build-up during the combustion process. This water serves 

as a coolant, absorbing heat energy and effectively moderating the temperature within the 

chamber. The injection of water into the combustion chamber effectively lowers the 

temperature, preventing overheating and potential damage to equipment components. By 

maintaining optimal operating temperatures, the wet combustion chamber ensures operational 

safety and prolongs the lifespan of critical infrastructure. In addition, the controlled reduction 

of temperature through injected water promotes efficient combustion of the fuel-O2 mixture. 

By preventing temperature spikes that could hinder combustion efficiency, the wet combustion 

chamber optimizes energy extraction from the fuel, resulting in higher thermal efficiency and 

energy output.  Moreover, the use of injected water in the combustion process contributes to 

environmental sustainability by reducing emissions of harmful pollutants. Lower combustion 

temperatures help minimize the formation of nitrogen oxides (NOx) and other pollutants, 

thereby mitigating the environmental impact of power generation operations. Therefore, the 

wet combustion chamber represents a cutting-edge technology in power plant design, offering 

efficient and environmentally conscious combustion of fuels. By integrating injected water for 

temperature control, this innovative approach enhances operational safety, combustion 

efficiency, and environmental performance, paving the way for sustainable energy generation 

practices. 

 

2.4 Spray ejector condenser 

 

Condensers are crucial components in thermal power cycles, refrigeration systems, and 

industrial processes, where they function to convert vapor into liquid by removing heat from 

the working fluid. Condenser design is critical to the efficiency and performance of any 

thermodynamic system. Broadly, condensers can be arranged into two dominant types: surface 

condensers and direct contact condensers, each with distinct operational mechanisms and 

applications (Fig.5).  

Surface condensers are widely deployed in power plants and industries where the working fluid, 

typically steam, has been condensed by indirect contact with a cooling medium. Vapor and 

coolant are separated by a solid surface, such as a series of tubes, through which heat is 

transferred. The condensed vapor is collected in a chamber, while the cooling medium (water 

or air) flows over or through the tubes. Surface condensers are particularly useful in applications 

requiring fluid separation, ensuring that the cooling medium and condensed liquid do not mix. 
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Fig.5 Classification of condensers [79] 

 

Direct-contact condensers enable condensation through the direct interaction between vapor 

and cooling liquid, promoting swift heat exchange. In these systems, the cooling fluid is injected 

into the gas phase, rapidly initiating condensation and optimizing thermal performance. Heat 

transfer occurs from vapor to cooling liquid, aligning condensate temperature with that of the 

outgoing liquid. However, if the cooling liquid contains impurities, condensate is not viable for 

repurposing as feed water. These condensers are frequently employed in processes where fluid 

mixing is permissible, as they deliver enhanced heat transfer rates by eliminating the need for 

a solid barrier between the vapor and the liquid. As illustrated in Fig. 5, direct contact 

condensation is categorized into parallel flow, counter flow, and ejector flow types. 

The cooling liquid is pumped into a parallel flow jet-type condenser or sprayed directly into the 

vapor stream. This direct contact allows for rapid heat exchange, enabling the vapor to condense 

quickly as it transfers its heat to the cooling liquid. The design of parallel flow jet-type 

condensers often includes features that maximize surface region for vapor-liquid contact such 

as nozzles or other atomization techniques. These features ensure that the cooling liquid is 

effectively dispersed within the vapor, enhancing the overall condensation process. 

In a counter flow jet-type condenser, the exhaust steam and cooling water enter the condenser 

from opposing directions, enhancing heat exchange efficiency. Typically, the exhaust steam 

ascends while the cooling water descends, allowing for a continuous interaction that maximizes 

condensation. In this design, as illustrated in Fig.7a, the steam enters the condenser chamber at 

a slightly lower position compared to a parallel flow jet-type condenser, while cooling water 

has been introduced from top. An air pump is strategically positioned above the condenser to 

create a vacuum, which aids in drawing the cooling water into the system. The vacuum 

effectively siphons the cooling water, which then cascades down and is collected by a hollow 

cone plate. This configuration allows falling water to mix with exhaust steam entering from 

below, thereby facilitating an efficient heat transfer process. 

Another variation of the jet-type condenser is the barometric condenser, as shown in Fig.7b. In 

this configuration, the condenser shell is elevated to approximately 10.363 meters above the 

hot well, eliminating the need for an extraction pump. This gravitational setup utilizes the 

natural pressure differential created by height of water column, enhancing efficiency of the 

condensation process while simplifying the overall design. 
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Fig.6 Parallel flow type condenser [79] 

 

  
a) b) 

 
Fig.7 a) Low-level and b) High-level counter-flow jet type condenser [79] 
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SEC is a crucial component in diverse industrial operations, notably in power stations and 

chemical facilities where the condensation of vapour is required [65, 66, 79-82]. Its primary 

function is to efficiently condense vapour into liquid form by utilizing a combination of spray 

water and steam/non-condensable gas. The SEC operates based on the principle of ejector 

technology, where steam is used to create a vacuum that draws in the vapour to be condensed. 

As the vapour enters the SEC, it comes into contact with a fine spray of water, which rapidly 

cools and condenses it (Fig.8). The condensed vapour then exits the SEC as liquid, while any 

remaining non-condensable gases are typically vented out. One of the primary strengths of the 

SEC lies in its aptitude for handling large volumes of vapour while maintaining high efficiency 

in condensation. Additionally, it offers flexibility in operation, as the condensation process can 

be adjusted by controlling parameters such as spray water flow rate, motive fluid pressure, and 

temperature [83, 84]. In power plants, the SEC fulfils an integral role in condensation of steam 

from the turbine exhaust, converting it back into water for re-use. This helps improve the overall 

efficiency of the power generation process by maximizing the utilization of steam. Moreover, 

the SEC is also utilized in various industrial applications where the condensation of vapour is 

required, such as in chemical processing plants for the recovery of solvents or in refrigeration 

systems for the liquefaction of refrigerants. Therefore, privileges of SEC can be summarised as 

follows [85]: 

 The SEC can achieve high condensation rates due to its ability to create a large surface 

area for vapour-to-liquid contact using fine water sprays. 

 SECs typically have a compact design, making them suitable for installations where 

space is limited. 

 SECs can handle a wide range of vapour flow rates and operating conditions, making 

them suitable for diverse industrial applications. 

 By utilizing steam to create a vacuum, SECs can effectively lower the pressure inside 

the condenser, reducing the energy required for vapour condensation. 

 SECs are robust and reliable devices with minimal moving parts, leading to reduced 

maintenance requirements and extended operational lifespans. 

And, its drawbacks can be categorised as [79]: 

 SECs require a continuous supply of water for spray generation, which can result in 

high water consumption, especially in large-scale applications. 

 While SECs are effective at condensing vapour, they may struggle to remove non-

condensable gases efficiently, leading to the accumulation of gases in the condenser and 

potential performance degradation. 

 Despite their robust design, SECs still require periodic maintenance, including cleaning 

of spray nozzles and inspection of internal components, which can add to operational 

costs. 

 The energy required to generate steam and maintain water supply for the SEC can 

contribute to operating costs, particularly in applications with high vapour loads. 

 SECs may have limitations in terms of operating pressure and temperature ranges, 

which could restrict their suitability for certain process conditions. 
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Fig.8 Ejector-flow jet type condenser [79] 

2.5 Separator 

Within the post-combustion stage of nCO2PP, the carbon capture process involves two main 

components: SEC and separator. SEC is responsible for fully condensing the flue gas, resulting 

in the production of CO2 and water at its outlet or the inlet of the separator. The separator 

functions to distinguish CO2 from water. In this thesis, two types of separators have been 

employed: cyclone separators and T-junction separators. These separators perform an essential 

function in the carbon capture procedure by effectively separating different components or 

phases of the fluid stream based on their respective densities or velocities. Cyclone separators 

utilize centrifugal force to extract particles or droplets from gas flow [64], while T-junction 

separators operate based on momentum transfer to separate phases based on their velocities and 

momentum [86]. Therefore, the combination of SEC and separators in the carbon capture 

section of the nCO2PP facilitates the efficient capture of CO2, contributing to the plant's 

negative CO2 emission capabilities. The utilization of cyclone and T-junction separators 

highlights the comprehensive approach to fluid separation in the thesis, ensuring effective 

separation of CO2 from water for further processing or storage. 

 

2.5.1 Cyclone separator 

In various industries, a cyclone separator is employed to differentiate particles or droplets from 

gas flows. It operates relying on centrifugal force as the fundamental principle, where swirling 

motion of the fluid inside the separator causes particles with higher densities to move towards 

the outer wall, while the cleaner fluid moves towards the center and exits through the top [87-

89]. Cyclone separators consist of a cylindrical or conical body with an inlet at the top for the 

gas stream and an outlet at the bottom for the separated particles or droplets. Upon entering the 

cyclone separator, the gas stream is compelled to rotate at high speed, creating a vortex. This 
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centrifugal force causes the heavier particles or droplets to move outward and downward, 

eventually collecting at the bottom of the separator. Cyclone separators find applications in 

various industries, including oil and gas [90], chemical processing [91], power generation [92], 

and environmental protection [93]. They are commonly used for dust collection, gas cleaning, 

and particle separation in processes such as pneumatic conveying, gas-solid separation, and air 

pollution control.  

Cyclone separators based on their inlet come in various classes, each designed to suit targeted 

purposes and operating conditions. Some common types of cyclone separators include: 

 

 Tangential-Flow Cyclones [94]: In tangential-flow cyclones, the gas stream enters the 

cyclone chamber tangentially, causing it to rotate in a spiral motion upward. This design 

allows for efficient segregation of particulates from gas stream due to centrifugal force 

generated. tangential-flow cyclones are often used in applications where high efficiency 

in particle removal is required (Fig.9a). 

 

 Axial-Flow Cyclones [95]: Unlike tangential-flow cyclones, axial-flow cyclones have a 

straight-through design, with the gas stream entering axially at one end and exiting at 

the other end. This design is advantageous in applications where space constraints are 

present or where the gas stream needs to be directed in a specific direction. Axial-flow 

cyclones are commonly used in ventilation systems and HVAC applications (Fig.9b). 

 

 
Fig. 9 Types of cyclones (a) tangential, (b) axial flow cyclones [95] 

 

In addition, Multi-Cyclones and High-Efficiency Cyclones can be considered based on their 

efficiency (Fig. 10). Multi-cyclones consist of multiple individual cyclone chambers arranged 

in parallel or series configurations within a single housing. This design increases the overall 

surface area available for particle separation, leading to higher efficiency and capacity 
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compared to single cyclone separators. Multi-cyclones are often used in large-scale industrial 

applications where high flow rates and particle loadings are present. Also, high-efficiency 

cyclones are designed with enhanced geometry and internal components to achieve higher 

separation efficiencies while minimizing pressure drop. These cyclones often feature 

specialized inlet designs, vortex finders, and outlet configurations to optimize particle 

separation. High-efficiency cyclones are suitable for applications requiring stringent emission 

regulations or where energy conservation is a priority. 

 

 

Fig. 10 a) Multi-Cyclones [96] and b) High-efficiency cyclones using a novel vortex finder [97] 

 

Therefore, the choice of cyclone separator type is shaped by considerations such as the intended 

purpose requirements, operating conditions, particle characteristics, and space limitations. Each 

type of cyclone separator offers distinct advantages and is selected based on its suitability for 

a) 

b) 
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the given application. In this thesis, a tangential cyclone separator is utilized as part of the 

carbon capture process. This type of cyclone separator is characterized by its tangential inlet, 

which directs the gas stream into the separator chamber in a swirling motion. The separator 

typically consists of several key components, including the cylinder section, conical section, 

and vortex finder. The tangential inlet is a crucial feature of the cyclone separator, as it induces 

a swirling motion in the gas stream as it enters the separator chamber. The centrifugal forces 

resulting from the swirling motion pushing particles or droplets toward the separator's outer 

edge. After entering the separator chamber, the gas stream moves through the cylinder section, 

where further separation of particles occurs. The cylindrical shape of this section allows for the 

smooth flow of the gas stream and helps to maintain the swirling motion initiated at the inlet. 

As gas stream progresses via cyclone, it enters the conical section, where the diameter gradually 

decreases towards the apex. This tapering geometry helps to increase the velocity of gas and 

enhances centrifugal forces exerted on the particulates, leading to improved separation 

efficiency. The vortex finder is a cylindrical or conical structure situated at center of cyclone, 

extending from top of cylinder zone to top of conical portion. Its primary function is to capture 

the clean gas exiting the separator and direct it towards the outlet. Additionally, the vortex 

finder helps to stabilize the swirling motion of the gas stream and prevents re-entrainment of 

separated particles. 

In this study, a mixture of CO2 and water enters the tangential cyclone separator, which offers 

several advantages for separating CO2 from water in the carbon capture process [98-100]: 

 

 Tangential inlet of cyclone induces a rotating motion within gas stream, creating 

centrifugal forces that promote efficient separation of CO2 from water droplets. This 

swirling motion helps to maximize the contact between the CO2 and water, facilitating 

effective separation. 

 

 Tangential cyclone separators have a relatively compact design, making them suitable 

for installation in confined spaces or retrofitting into existing process units. This 

compactness allows for flexibility in system integration and minimizes the footprint of 

the carbon capture equipment. 

 

 Tangential cyclone separators are capable of handling large volumes of gas and water 

streams, making them suitable for industrial-scale carbon capture applications. Their 

robust design and high throughput capacity ensure continuous operation and optimal 

performance in demanding operating conditions. 

 

 Compared to other separation technologies, tangential cyclone separators have fewer 

moving parts and minimal maintenance requirements.  

 

 Tangential cyclone separators can be easily adapted to accommodate variations in gas 

composition, flow rates, and operating conditions. This versatility allows for efficient 
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separation of CO2 from water in a wide range of industrial applications, including power 

plants, refineries, and chemical processing facilities. 

 

 By effectively separating CO2 from water, tangential cyclone separators aid in lowering 

greenhouse gas emissions and lessening environmental consequences This aligns with 

sustainability goals and regulatory requirements aimed at minimizing carbon footprint 

and promoting cleaner energy production. 

 

While tangential cyclone separators offer various advantages for separating CO2 from water in 

the carbon capture process, they also have some disadvantages [101, 102]: 

 Tangential cyclone separators are most effective for separating particles within a certain 

size range. Particles that are too small may not experience sufficient centrifugal force 

for effective separation, while larger particles may be prone to re-entrainment. This 

limitation can impact the overall separation efficiency, especially in applications with a 

wide range of particle sizes. 

 

 Variations in parameters like gas flow rate, pressure, and temperature may affect the 

swirling motion of gas stream and distribution of particulates within separator, leading 

to fluctuations in separation efficiency. 

 

 In some cases, tangential cyclone separators may experience particle re-entrainment, 

where separated particulates are conveyed back into gas stream and carried out of 

separator. This phenomenon can occur due to factors such as turbulence, improper 

design, or high gas velocities, resulting in reduced separation efficiency and potential 

contamination of the clean gas outlet. 

 

 Tangential cyclone separators require energy to maintain the swirling motion of the gas 

stream and achieve effective separation. This energy consumption can contribute to 

operating costs, especially in applications with high gas flow rates or where continuous 

operation is required.  

 

 While tangential cyclone separators are suitable for many industrial applications, they 

may have limitations in scalability for large-scale carbon capture projects. As the size 

of the separator increases, challenges such as pressure drop, residence time, and 

equipment complexity may become more significant, potentially impacting overall 

system performance and cost-effectiveness. 

 

 Tangential cyclone separators require periodic maintenance to ensure optimal 

performance and reliability. This may include cleaning of internal components, 

inspection for wear or damage, and adjustment of operating parameters. Maintenance 
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activities can result in downtime and associated costs, affecting the overall efficiency of 

the carbon capture system. 

 

Therefore, while tangential cyclone separators offer gains regarding effectiveness and 

simplicity, their disadvantages must be carefully considered and addressed to optimize their 

performance in CO2-water separation applications. 

 

2.5.2 T-junction separator 

 

It is another way to perform separation process and is a crucial component used for the 

separation of gases, and in our case CO2 in particular from water in carbon capture processes. 

In this separator design, the incoming gas and liquid streams are directed into a T-shaped 

junction, where they are subjected to a sudden change in direction. This change in flow direction 

induces a separation of the CO2 gas from the water, based on their differing densities and flow 

characteristics [103, 104]. Operation of T-junction relies on principle of phase separation 

through gravitational forces and fluid dynamics. As gas and liquid streams enter T-junction, 

heavier water phase is inclined to settle at the base of the junction, whereas the CO2 phase rises 

to the upper region. This separation process is facilitated by the differences in density and 

momentum between the two phases. Numerous configurations of T-junctions are utilized for 

separation of CO2 and water, each with its unique design and operational principles. Here are 

two main different types of T-junction separators commonly employed for this purpose: 

1. Horizontal Separator: In a horizontal T-junction separator (Fig. 11), the fluid streams 

enter the T-junction horizontally. Turbulence is generated by the collision between the 

incoming streams, aiding in mixing and enhancing phase separation. Horizontal 

separators are versatile and can be integrated into systems with specific flow 

orientations or space constraints. 

 

 
Fig. 11 Horizontal T-junction separator [105] 
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2. Vertical Impact T-Junction Separator: Vertical impact T-junction separators (Fig. 12) 

involve the introduction of fluid streams in a vertical direction. Gravity-driven 

separation occurs, with the heavier phase (water) settling at bottom and lighter one 

(CO2) rising to top. These separators are effective in large-scale industrial processes 

where gravity assists in phase separation. 

 

 
Fig. 12 Vertical impact T-junction separator [105] 

Each type of T-junction offers specific advantages and is selected based on factors such as 

separation efficiency, throughput requirements, and space constraints. The selection of a 

separator is determined by the specific requirements of the application and the desired outcome 

of the separation process. 

T-junction separators offer several advantages for the separation of water and CO2 in various 

industrial processes [106]: 

 

 T-junction separators have a straightforward design, making them easy to implement in 

different systems and processes. Their simplicity allows for cost-effective 

manufacturing and installation. 

 

 T-junction separators can handle a wide range of flow rates and fluid compositions, 

making them suitable for diverse applications across different industries. They can be 

adapted to various operating conditions and environments. 
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 T-junction separators effectively separate water and CO2 based on their density or 

velocity differences. The design of the separator promotes phase separation, ensuring 

the desired components are efficiently extracted from the mixture. 

 

 T-junction separators are often compact in size, making them ideal for use in space-

constrained environments or within existing infrastructure. Their small footprint allows 

for easy integration into different systems without significant modifications. 

 

 Due to their simple design and robust construction, T-junction separators typically 

require minimal maintenance. This reduces downtime and operational costs associated 

with regular servicing and repairs. 

 

 T-junction separators can be scaled up or down to accommodate varying processing 

capacities, from laboratory-scale experiments to large-scale industrial operations. This 

scalability makes them aptly tailored to a multitude of implementations. 

 

 In some configurations, T-junction separators operate without the need for additional 

energy input, relying on gravity or fluid dynamics for phase separation.  

 

 When properly designed and optimized, T-junction separators can achieve high 

separation efficiencies, ensuring the purity of the separated components. This is crucial 

for applications requiring precise separation and product quality control. 

 

While T-junction separators offer several advantages for the separation of water and CO2, they 

also have some limitations and disadvantages [107]: 

 

 T-junction separators may struggle to achieve high separation efficiencies, especially 

when dealing with complex mixtures or fine particulate matter. This can result in 

incomplete separation and contamination of the separated components. 

 

 The performance of T-junction separators can be sensitive to variations in flow rates, 

fluid properties, and operating conditions. Changes in these parameters may affect the 

efficiency of phase separation, leading to inconsistent results. 

 

 T-junction separators are susceptible to fouling, especially when dealing with fluids 

containing suspended solids or contaminants. Fouling can occur on the internal surfaces 
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of the separator, reducing separation efficiency and requiring frequent cleaning or 

maintenance. 

 

 While T-junction separators are scalable to some extent, they may not be suitable for 

extremely large-scale operations or high-throughput applications. Scaling up the 

separator can introduce challenges related to fluid dynamics, pressure drop, and 

equipment size. 

 

 Designing an efficient T-junction separator requires careful optimization of geometry, 

fluid dynamics, and operating parameters. Achieving optimal performance may involve 

iterative testing and modelling, which can be time-consuming and resource-intensive. 

 

 In certain configurations, T-junction separators may be prone to channelling, where 

fluid streams preferentially flow along specific paths, bypassing the separation 

mechanism. This can result in uneven distribution of separated components and reduced 

efficiency. 

 

 While T-junction separators are generally compact, they may still require significant 

space for installation and operation. In applications with limited space availability, 

accommodating the separator and associated equipment can be challenging. 

 Depending on the design and operating conditions, T-junction separators may consume 

energy for fluid pumping or agitation, leading to operational costs and environmental 

impacts associated with energy usage. 

 

Therefore, while T-junction separators offer advantages such as simplicity and versatility, their 

limitations must be carefully considered when selecting a separation solution for water-CO2 

separation applications. Mitigating these disadvantages may require advanced design strategies, 

operational controls, and maintenance practices. 

 

3. Development of crucial operational parameters in nCO2PP concept 

The core focus of this thesis revolves around the post-combustion CO2 capture process 

(SEC+separator) within the nCO2PP. Prior to delving into this, a comprehensive evaluation of 

the entire process flow diagram (PFD) is indispensable to establish boundary conditions 

required for simulating SEC and separator. The initial step in exploring the feasibility of a gas 

power plant involves conducting a feasibility study of the process flow diagram (PFD), which 

is simulated using Aspen HYSYS software. HYSYS is a formidable resource for simulating 

widely used in the industry for modelling and analysing various chemical processes. During the 

feasibility study, the PFD is developed to represent the proposed operation of the power plant, 

including all relevant components and process units. This includes the integration of 

technologies such as compressor of fuel and O2, oxy-combustion, gas turbines, heat exchanger, 
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separator other advanced systems aimed at achieving negative CO2 emissions. The simulation 

in Aspen HYSYS allows us to evaluate functionality and efficiency of the proposed system 

across a range of operating parameters and scenarios. It helps in analysing key parameters such 

as energy consumption, CO2 capture efficiency, and overall plant economics. By simulating 

the PFD using Aspen HYSYS, engineers can identify potential challenges, optimize the design, 

and assess the feasibility of implementing the negative CO2 emission concept. This step is 

crucial at the inception of the project. In the feasibility study for the nCO2PP, two types of fuels 

are utilized: methane and a mixture of gases denoted as mixture1. The components of mixture1 

are illustrated in Fig. 13. This mixture is composed of various gases, each contributing to the 

overall composition and properties of the fuel. By investigating the feasibility of using both 

methane and mixture1 as fuels, we can assess performance and efficiency of the power plant 

under different fuel compositions. This analysis is essential for understanding the potential 

impacts on process dynamics, emissions, and overall feasibility of the proposed power plant 

concept. 

 

 

Fig. 13 Fuel (mixture1) compositions for the analysed cycle in volume fraction [108] 

 

The process flow diagram (PFD) of the nCO2PP is divided into two distinct parts known as 

PFD0 and PFD1. PFD0 specifically focuses on the oxy-combustion stage of the nCO2PP, while 

PFD1 encompasses the entire process flow of the nCO2PP. In PFD0 as depicted in Fig.14, the 

emphasis is on the initial stages of energy generation process, including compression of fuel 

and O2, the subsequent wet combustion chamber reactions, gas turbines and heat exchanger.  

On the other hand, PFD1 (Fig.15) provides an overview of entire nCO2PP, incorporating all 

stages and components involved in the power generation process. This includes not only the 

oxy-combustion step but also the post-combustion processes such as spray ejector condenser as 

well as separator. 
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By dividing the PFD into PFD0 and PFD1, we can effectively analyse and optimize each stage 

of the power generation process independently while also considering the overall performance 

and efficiency of the entire nCO2PP. This division allows for a more detailed and systematic 

approach to design, operation, and evaluation of the power plant, consequently giving rise to 

improved performance and reduced environmental impact. 

 

 

Fig. 14 PFD0 of a gas mixture cycle (in Aspen HYSYS) 

 

Tables 4 and 5 illustrate the cycle nodal points of PFD0 for mixture1 and methane, respectively. 

Table 6 represents the summarised results of PFD0 for both mixture1 and methane fuels. In this 

stage of the process, it is observed similar outlet temperatures of 1100°C within the wet 

combustion chamber (WCC) for both Mixture1 and methane. However, upon the introduction 

of water into the system, a notable attenuate in temperature of WCC products is observed. To 

maintain desired temperature of 1100°C, distinct quantities of water are required: 66.48 
𝑔

𝑠
 for 

methane and 58.8 
𝑔

𝑠
 for Mixture1. Upon analysis of turbine power outputs, methane exhibits 

slightly superior values for turbine power 𝑁𝐺𝑇 (92.93 kW compared to 88.73 kW) and 𝑁𝐺𝑇−𝑏𝑎𝑝 

(68.49 kW compared to 65.64 kW), as well as for combined turbine gross power (161.42 kW 

compared to 154.37 kW). This disparity in performance can be attributed to methane's elevated 

calorific value when contrasted with that of Mixture1. Despite methane's superior turbine power 

outputs, Mixture1 demonstrates a marginally higher net efficiency of the system, reaching 44% 

compared to methane's 43.32%. This discrepancy implies that Mixture1 displays a slightly more 

efficient conversion of fuel to useful work, notwithstanding methane's higher chemical energy 

rate of combustion, recorded at 336.23 kW compared to Mixture1's 307.42 kW. To further 

elucidate these findings, a comprehensive examination of the intrinsic properties and 

combustion characteristics of both fuel types is warranted. Mixture1 derived from sources like 

biomass or coal gasification, exhibits distinct combustion kinetics relative to methane, a simple 

hydrocarbon. The compositional variance and molecular structure of each fuel profoundly 

influence combustion efficiency and heat release rates within the oxy-combustion framework. 
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Additionally, exploring the impact of operational factors including pressure, temperature, and 

oxygen concentration on the performance of both fuel types can offer valuable insights into 

optimizing the system for improved efficiency and power generation. Furthermore, a holistic 

assessment of the environmental ramifications and emissions associated with each fuel type is 

imperative in evaluating the overall sustainability and applicability of oxy-combustion 

technology across diverse domains. Moreover, further inquiry into potential technological 

advancements or modifications to system design aimed at augmenting the performance and 

efficiency of both fuel types would be beneficial. This avenue of investigation may encompass 

research into advanced turbine configurations, innovative combustion methodologies, or 

integration with CCS technologies to to curtail greenhouse gas emissions effectively. 

Table.7 shows the summarised results for Mixture1 and Methane of PFD1. The fuel mass flow 

analysis reveals substantial disparities between Mixture1 and methane, with Mixture1 

demonstrating a markedly higher flow rate (16.68 
𝑔

𝑠
) compared to methane (6.23 

𝑔

𝑠
) to attain 

similar temperatures within the WCC. This discrepancy underscores a higher consumption rate 

for Mixture1 in achieving the requisite temperature, a phenomenon attributable to disparities in 

fuel composition and energy content. Mixture1 encompasses a diverse array of hydrocarbons 

and gases derived from gasification processes, necessitating a greater mass of fuel for 

combustion relative to the comparatively simpler hydrocarbon methane. Regarding water mass 

flow in the exhaust, methane manifests a higher rate (82.90  
𝑔

𝑠
) compared to Mixture1 (76.50 

𝑔

𝑠
). This variance potentially reflects differences in combustion characteristics between the two 

fuels and the efficacy of heat exchange processes within the system. The elevated water mass 

flow in methane's exhaust implies a more thorough combustion process, likely resulting in 

enhanced heat transfer efficiency and lower exhaust temperatures relative to Mixture1. 

Remarkably, only Mixture1 reports Nitrogen Oxide (NO) mass flow in the exhaust, indicating 

disparities in nitrogen oxide emissions between the two fuel types, a salient environmental 

consideration. The absence of NO mass flow data for methane may suggest either substantially 

lower emissions or a paucity of monitoring pertaining to this specific pollutant, underscoring 

the necessity for comprehensive understanding and mitigation of NO emissions for 

environmental compliance and air quality management. Analysis of SEC Pump power 

consumption scenarios underscores the influence of operational conditions on system energy 

requirements, with methane exhibiting lower power consumption across both optimistic and 

non-optimistic scenarios relative to Mixture1. These variances may stem from differential 

pressure and temperature requisites inherent in the combustion processes of each fuel, alongside 

disparities in pump system efficiency. In terms of net efficiencies under optimistic SEC 

scenarios, methane evidences superior performance, boasting net efficiencies of 41.58% 

compared to Mixture1's 39.91%. This disparity suggests a more efficient conversion of fuel to 

useful work under optimistic conditions for methane, with factors such as combustion 

completeness, heat transfer efficiency, and overall system performance under varying 

operational conditions contributing to the observed differences. Gross efficiency for Mixture1 

and methane is reported at 55.18% and 52.10%, respectively, reflecting the overall energy 

conversion efficacy of the system for each fuel type. 
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Table. 4 Cycle nodal points for mixture1 (syngas) as a fuel in Aspen HYSYS 

Parameter Unit Value 

Node designation - 0 Fuel 1 Fuel 0O2 1O2 01-H2O 02-H2O
 1H2O

 2 3 4 5 

Mass flow 

(𝑚)̇  
g/s 18.0 18.0 23.2 23.2 58.8 58.8 58.8 100 100 100 100 

O2 fraction 

(𝑋𝑂2
) 

mol% 

 
- - 100 100 - - - 0.00 0.00 0.00 0.00 

CO2 fraction 

(𝑋𝐶𝑂2
) 

mol% - - - - - - - 11.75 11.75 11.75 11.75 

H2O fraction 

(XH2O) 
mol% - - - - 100 100 100 87.63 87.63 87.63 87.63 

NO fraction 

 (𝑋𝑁𝑂) 
mol% - - - - - - - 0.62 0.62 0.62 0.62 

Temperature      

(𝑡) 
⁰C 15 255.6 15 314.8 15 25.11 125.11 1100 672.5 324.7 178.6 

Pressure 

(𝑝) 
bar 1 10.5 1 10.5 1 300 300 10 1 0.078 0.078 

 

Table. 5 Cycle nodal points for methane as a fuel in Aspen HYSYS 

Parameter Unit Value 

Node designation - 0 Fuel 1 Fuel 0O2 1O2 01-H2O 02-H2O
 1H2O

 2 3 4 5 

Mass flow  

(ṁ) 
g/s 6.72 6.72 26.80 26.80 66.48 66.48 66.48 100 100 100 100 

O2 fraction 

(𝑋𝑂2
) 

mol% - - 100 100 - - - 0.00 0.00 0.00 0.00 

CO2 fraction 

 (𝑋𝐶𝑂2
) 

mol% - - - - - - - 8.47 8.47 8.47 8.47 

H2O fraction 

(XH2O) 
mol% - - - - 100 100 100 91.53 91.53 91.53 91.53 

Temperature      

(𝑡) 
⁰C 15 225.39 15 314.8 15 25.11 125.11 1100 667.3 318.4 158.6 

Pressure 

(𝑝) 
bar 1 10.5 1 10.5 1 300 300 10 1 0.078 0.078 
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Table. 6 Effect of different fuels (simulated by Aspen HYSYS) [63] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parameter 
 

Symbole 
Unit 

Mixture1 

(syngas) 
methane 

Temperature at the WCC outlet  t ⁰C 1100 1100 

Fuel mass flow  𝑚̇1−𝑓𝑢𝑒𝑙 g/s 18.00 6.72 

Oxygen mass flow  𝑚̇1−𝑂2 g/s 23.2 26.8 

Water mass flow  𝑚̇1−𝐻2𝑂 g/s 58.8 66.48 

Exhaust temperature  after HE   
𝑡5 

⁰C 178.60 161.10 

Turbine power GT  𝑁𝐺𝑇 kW 88.73 92.93 

Turbine power GTbap  𝑁𝐺𝑇−𝑏𝑎𝑝 kW 65.64 68.49 

Combined turbines  gross power  𝑁𝑡 kW 154.37 161.42 

Power for own needs  
𝑁𝑐𝑝 

kW 19.12 15.75 

Chemical energy rate  of combustion   𝑄̇𝑐𝑐 kW 307.42 336.23 

Net efficiency  𝜂𝑛𝑒𝑡 % 44.00 43.32 

Gross efficiency   𝜂𝑔 % 50.21 48.01 
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Fig. 15 Process flow diagram of a gas mixture cycle PFD1 (in Aspen HYSYS) [108] 
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Table. 7 Results for Mixture1 and Methane of PFD1 [63] 

Parameter Symbol Unit Aspen HYSYS 

Fuel type − - 
Mixture 

1 
Methane 

Fuel mass flow 𝑚̇1−𝑓𝑢𝑒𝑙 g/s 16.68 6.23 

Oxygen mass flow 𝑚̇1−𝑂2 g/s 21.21 24.86 

Water mass flow 𝑚̇1−𝐻2𝑂 g/s 62.11 68.91 

CO2 mass flow in exhaust 𝑚̇2−𝐶𝑂2 g/s 22.68 17.10 

NO mass flow in exhaust 𝑚̇2−𝑁𝑂 g/s 0.82 - 

Water mass flow in exhaust 𝑚̇2−𝐻2𝑂 g/s 76.50 82.90 

Water production 𝑚̇𝑝−𝐻2𝑂 g/s 14.38 14.00 

Exhaust temperature (before regenerative HE1, after GTbap) 𝑡4 ⁰C 321.4 317.1 

Exhaust temperature (after regenerative HE1, x=0.9999) 𝑡5 ⁰C 38.95 39.73 

Turbine power GT 𝑁𝐺𝑇 kW 91.05 95.38 

Turbine power GTbap 𝑁𝐺𝑇−𝑏𝑎𝑝 kW 66.14 69.04 

Combined turbines gross power 𝑁𝑡 kW 157.19 164.42 

Optimistic SEC Pump power consumption (x=0 in mixing part of SEC) 𝑁𝑃−𝑆𝐸𝐶,𝑜 kW 17.79 12.89 

Not optimistic SEC Pump power consumption (x=0.25 in mixing part of SEC) 𝑁𝑃−𝑆𝐸𝐶,𝑛 kW 54.93 53.18 

Power for own needs with optimistic SEC 𝑁𝑐𝑝,𝑜 kW 43.59 32.62 

Power for own needs with not-optimistic SEC 𝑁𝑐𝑝,𝑛𝑜 kW 80.63 72.91 

Chemical energy rate of combustion 𝑄̇𝐶𝐶  kW 284.88 311.72 

Net efficiency with optimistic SEC ŋ𝑛𝑒𝑡,𝑜 % 39.91 41.58 

Net efficiency with not optimistic SEC ŋ𝑛𝑒𝑡,𝑛𝑜 % 26.87 28.66 

Gross efficiency ŋ𝑔 % 55.18 52.10 
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4. Aim and scope of the study 

 

This dissertation aims to tackle the critical challenge of CO2 purification within post-combustion 

section of gas power plants. The majority of analysis were performed on the example of nCO2PP 

concept described earlier. The focal point revolves around pioneering methodologies that integrate 

spray or steam ejector condensers with separators like cyclones or T-junctions. Employing a 

multifaceted approach, the research amalgamates experimental, analytical, and numerical 

techniques to delve deep into CO2 capture via direct-contact condensation (DCC) within SEC, 

enhanced by various separators. 

The chief aim of the investigation is to gain a comprehensive understanding of intricate physical 

mechanisms governing DCC within the spray ejector condenser. This involves development of 

experimental setups and analytical framework to delve into DCC mechanisms, taking into account 

heat and mass transfer mechanisms. Furthermore, the interaction of SEC with cyclone separator 

will be explored to shed light on the operational dynamics and optimize CO2 purification. 

Another pivotal aspect is the exploration of strategies aimed at bolstering the efficiency of 

separators, particularly cyclones, through structural modifications and optimization of operational 

parameters. This entails a detailed analysis of single, dual and quadruple inlet as well as cone size 

of cyclones and assessment of the impact of thermophysical parameters on SEC performance. 

The dissertation delves into the optimization of cyclone separator by integrating vanes to Augment 

separation efficiency whilst alleviating pressure drop. This phase involves a combination of 

numerical simulations, experimental validations, and assessment of parameters such as volume 

fraction and droplet breakup within the SEC. These efforts are geared towards refining CO2 

purification processes and overcoming operational challenges. 

Moreover, the inclusion of T-junction separators expands the scope of the research to explore 

diverse methods for enhancing CO2 purification efficiency. The investigation into T-junction 

separators involves a detailed analysis of their operational dynamics and their interaction with the 

spray or steam ejector condensers. Specifically, the research aims to understand how 

thermophysical factors such as temperature and pressure of water influence condensation 

efficiency within the SEC when coupled with T-junction separators. By examining the interplay 

between these parameters, the dissertation seeks to identify optimal conditions for achieving 

superior CO2 capture efficacy whereas minimal energy expenditure. Additionally, the research 

explores alternative techniques for CO2 capture, including the utilization of steam ejector 

condensers with electrohydrodynamic (EHD) actuator. Overcoming challenges associated with 

CO2 presence in the steam phase is paramount, along with optimizing cyclone separators to 

achieve remarkable separation efficiencies. Through these endeavours, the dissertation seeks to 

push the boundaries of CO2 capture technologies. 

To put it in a nutshell, the aim and scope of the study are as follows: 

 Focusing extensively on understanding the physical dynamics of DCC within SEC through 

the development of experimental, analytical, and numerical models. 
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 Developing experimental setups and analytical models to investigate heat and mass 

transfer mechanisms in DCC. 

 Examining how thermophysical factors, such as water temperature and pressure, affect 

condensation efficiency within the SEC, with the intention of minimizing the ramifications 

of non-condensable gases (CO2) on heat transfer rates. 

 Exploring advanced CO2 capture techniques, including steam ejector condensers with 

electrohydrodynamic (EHD) actuators, to optimize condensation efficiency. 

 Optimizing cyclone separators by incorporating vanes to improve separation efficiency 

while reducing pressure drops. Analyzing multi-inlet configurations for cyclones and 

optimizing cyclone cone dimensions to maximize CO2 purification efficiency. 

 Investigating the potential of T-junction separators as an alternative to cyclones, aiming 

to achieve optimal separation efficiencies. 
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II. PAPER [A] - A Novel Concept of Enhanced Direct-Contact Condensation of 

Vapour-Inert Gas Mixture in a Spray Ejector Condenser 
 

1. Concept of the paper 

The paper postulates the development of an analytical model to elucidate the mechanism of direct 

contact condensation (DCC) within a newly proposed spray ejector condenser (SEC) framework, 

particularly accompanied with CO2. This model is constructed on foundational principles 

encompassing continuity, momentum, and energy equations that dictate the behaviour of the CO2-

steam mixture. It takes into account both concentration and heat transfer effects related to DCC. 

Moreover, the size of atomized droplets in a SEC significantly influences the condensation effect 

within the system. As the droplet size increases, there is a notable amplification of the condensation 

effect. Larger droplets possess a greater surface area-to-volume ratio, which enhances their 

capability to absorb latent heat from the surrounding steam-CO2 mixture. Consequently, larger 

droplets facilitate more efficient condensation by efficiently transferring heat to the droplets, 

leading to their rapid cooling and subsequent phase transition into liquid form. This phenomenon 

underscores the importance of controlling and optimizing the size of atomized droplets in the SEC 

to maximize condensation efficiency and overall system performance. In addition, optimizing the 

initial velocities of both the steam-CO2 mixture and the droplets is crucial for maximizing heat 

transfer rates and enhancing the performance of the spray ejector condenser. 

This study utilized MATLAB to solve for the temperature gradient of both droplets and the gas 

mixture, with subsequent comparison to experimental data. The investigation aimed to evaluate 

the influence of various parameters on system performance throughout its operational duration. 

Key parameters under scrutiny encompassed the initial velocity of the steam-droplet mixture and 

the characteristics associated with droplet diameter and breakup. 

 

2. Analytical model 

The analytical framework outlined in this paper delves into the intricate physical and mathematical 

depiction of a SEC utilized within nCO2PP. This ejector serves the purpose of effectively 

condensing steam from a mixture of vapour and inert gas, thereby augmenting the overall 

functionality and efficiency of the power plant. 

 

Comprising various essential components and phases, the model elucidates the following: 

 

In the Pre-Mixing Chamber, delineated as a converging-single-nozzle setup, condensation 

phenomena manifest within the mixing zone. Mathematical formulations are derived to ascertain 

the pressure and mass flow rate of the steam-inert gas blend at different points within the ejector. 

Within the Mixing Section, the interplay between the primary liquid flow and the secondary 

vapour-gas flow is expounded upon. Equations are formulated to prognosticate the fragmentation 

of liquid droplets, the dynamics of liquid droplet flow, and the vapour condensation onto subcooled 
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droplets. The ramifications of droplet breakup are addressed through equations predicting the 

characteristics and distribution of primary and secondary droplets resulting from the liquid jet 

disintegration. Liquid droplet flow is described through equations governing the motion of liquid 

droplets owing to condensation and aerodynamic influences. Vapour condensing on a subcooled 

droplet flow is governed by equations accounting for vapour condensation on liquid droplets, 

incorporating considerations of mass transfer and partial pressure. Thermal equilibrium of the 

droplet stream is achieved through energy balance equations determining the temperature of the 

liquid droplet stream as it interacts with the vapour-gas mixture. Mass and thermal equilibrium for 

the gas-steam mixture are established through equations delineating the mass and energy 

equilibrium for the steam-gas blend, facilitating the determination of temperature gradients and 

heat transfer rates. The following are the equations for the temperature gradient in the droplet and 

the gas mixture: 

 

 

𝑑𝑇𝑑

𝑑𝑥
= −(

𝑇𝑑

𝑚̇𝑑

+
ℎ𝑙𝑣

𝑐𝑝𝑙𝑚̇𝑑

)
𝑑𝑚̇

𝑑𝑥
+

𝜋𝑑𝑑
2 𝑛

𝑙
ℎ𝑚𝑔(𝑇𝑚 − 𝑇𝑑)

𝑐𝑝𝑙𝑚̇𝑑

 

(1) 

  

𝑑𝑇𝑚

𝑑𝑥
= −

𝑇𝑚

𝑚̇𝑚

𝑑𝑚̇

𝑑𝑥
−

ℎ𝑚𝜋𝑑𝑑
2𝑛

(𝐿 − 𝐿𝑗) 𝑚̇𝑚𝑐𝑝𝑚

(𝑇𝑚 − 𝑇𝑑) 
(2) 

 

 

Reduction in pressure within the mixing chamber is quantified by calculating the pressure decrease 

across the mixing chamber, accounting for factors such as friction and momentum. Therefore, the 

analytical framework offers a holistic comprehension of the physical processes unfolding within 

the ejector, enabling the prognosis of critical performance parameters such as pressure, 

temperature, mass flow rates, and heat transfer rates. This exhaustive scrutiny is imperative for 

refining the design and operation of the ejector within the CO2 emission gas power plant, thereby 

elevating its efficiency and efficacy. 

 

 

3. Experimental model  

The experimental setup focuses on investigating DCC processes within the throat section of a SEC. 

The test section comprises a tube with an 80 mm diameter, allowing for visual observation. The 

motive fluid, delivered via a nozzle with a diameter of 1 mm, consists of water with varying inlet 

pressures and temperatures, essential for initiating droplet formation and jet breakup. The throat's 

length is 600 mm, facilitating the DCC process. A mixture of water vapour and CO2 is introduced 

into the mixing length through the mixing chamber. The wet vapour, obtained from a generator, 

undergoes regulation to control vapour and CO2 feed rates. The resulting steam-gas mixture 

encounters droplets in the throat, initiating the DCC process. Experimental parameters, including 

flow rates and pressures, are accurately measured using specialized equipment, ensuring precise 
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control and data collection. Experimental temperature distributions of the steam mixture are 

compared with model predictions, revealing insights into the DCC efficiency. Increasing steam 

flow rates lead to higher inlet and outlet temperatures, while the presence of CO2 reduces 

temperature levels due to its impact on heat transfer. These findings underscore the importance of 

steam-CO2 flow rates in optimizing DCC efficiency. Therefore, the experimental setup provides 

valuable insights into the intricate dynamics of DCC processes and their sensitivity to operating 

parameters, enabling a robust comparison with the analytical model. The consistency observed 

between experimental results and the analytical model (Fig.16) validates the reliability of the 

proposed approach, confirming its applicability for accurately predicting the performance of DCC 

systems under various conditions. 

 

 

a) 
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Fig.16 Comparison between analytical predictions and experimental data for a liquid jet mass flow rate of 

29 
𝑔

𝑠
  for, a) the mixture temperature and b) condensation mass flow rate, at CO2 flow rate of 2.6 

𝑚3

ℎ
 [65] 

4. Conclusions 

The study presents a thorough investigation into DCC on a stream of subcooled droplets, 

combining analytical modelling and experimental analysis. Unique to previous research, the study 

explores the complex dynamics of DCC in the presence of inert gases, incorporating considerations 

of heat and mass transfer mechanisms. The findings underscore the intricate relationship between 

droplet characteristics and condensation efficiency. It suggests that factors such as droplet size, 

velocity, and initial conditions play crucial roles in determining how effectively condensation 

occurs. By understanding and optimizing these droplet characteristics, it becomes possible to 

enhance the efficiency and effectiveness of the condensation process, thereby improving the 

overall performance of the system. Calculations demonstrate that inert gases diminish 

condensation effectiveness by impacting mass transfer, with the analytical model consistently 

aligning with experimental results. The DCC model demonstrates that lower steam-CO2 flow rates 

induce a more substantial temperature drop within the mixing section, whereas higher steam flow 

rates yield a reduction in temperature, albeit with a diminished effect in the presence of CO2. 

Notably, increasing the steam mixture flow from 1.2 
𝑔

𝑠
 to 3.6 

𝑔

𝑠
 leads to a reduction in steam 

temperature from 25°C to 14°C at a CO2 flow rate of 6.8 
𝑚3

ℎ
. In contrast, in the absence of CO2, 

the temperature drops more drastically, from 56°C to 25°C within the same steam flow range, 

emphasizing the pronounced influence of CO2 on DCC efficiency. Thermal analysis uncovers 

notable trends: droplet temperature along the throat increases while steam mixture temperature 

decreases, influenced by DCC dynamics and the presence of CO2. Additionally, larger droplet 

diameters lower the droplet temperature but increase the steam mixture temperature, indicating 

b) 
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that smaller droplets improve DCC efficiency by providing more heat transfer surface area. For 

droplets with diameters of 1 and 1.5 mm, the peak temperature occurs at 8 cm and 12 cm, 

respectively (with a total throat length of 20 cm), followed by a slight decrease. For 2 mm droplets, 

the temperature increases up to 16 cm and then stabilizes. Overall, larger droplet diameters lead to 

lower droplet temperatures and higher steam mixture temperatures. Further investigation into 

droplet size distribution and the evaluation of droplet formation post-jet breakup are recommended 

avenues for advancing understanding of DCC mechanisms. 
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III.PAPER [B] – Analysis of cyclone separator solutions depending on spray 

ejector condenser conditions 
 

1. Concept of the paper 

The investigation conducted in this paper primarily focuses on understanding the operational 

dynamics of the SEC, both experimentally and analytically. Additionally, the study explores the 

impact of various factors, such as CO2 volumetric flow rate and droplet break-up, on the separation 

efficacy of the cyclone separator. Furthermore, the influence of cone size on cyclone performance 

is explored through numerical simulation. Firstly, the cone size of the cyclone separator is a critical 

parameter that significantly influences its performance. Through numerical simulations, the study 

investigates how variations in cone size impact the efficiency of CO2 purification. Different cone 

sizes alter the internal flow dynamics of the cyclone, affecting the separation efficiency and 

pressure drop across the separator. By systematically varying the cone size, the research aims to 

identify the optimal configuration that maximizes separation efficiency while minimizing energy 

consumption. Secondly, the CO2 volumetric flow rate plays a pivotal role in the purification 

process within the cyclone separator. The study explores how changes in CO2 flow rates affect the 

separation efficiency and pressure drop across the separator. Higher CO2 flow rates lead to 

increased pressure drop within the cyclone, impacting its performance and energy consumption. 

By analysing the relationship between CO2 volumetric flow rate and separation efficiency, the 

research aims to optimize operating conditions for efficient CO2 purification. Lastly, the 

phenomenon of droplet break-up of water droplets within the cyclone separator is investigated to 

understand its impact on CO2 purification. Droplet break-up influences the size distribution and 

behaviour of water droplets within the separator, affecting the overall efficiency of CO2 

separation. The study examines how droplet break-up phenomena vary with different operational 

parameters and how they can be controlled to enhance separation efficiency. By comprehensively 

studying these factors, the paper aims to provide valuable insights into optimizing the performance 

of cyclone separators for CO2 purification.  

 

2. Experimental and analytical model of SEC 

As the mixture of gas-steam flows into the throat, it encounters a finely dispersed spray of droplets, 

initiating the DCC process. This interaction involves atomization of droplets, heat transfer leading 

to steam condensation, and turbulent mixing facilitating efficient mass and heat transfer. The throat 

region facilitates vigorous heat and mass transfer processes, which are essential for the initiation 

of the DCC process. After entering the throat, the fluid jet experiences a breakup phenomenon 

dependent on the inlet water pressure. Weber formulated an equation to determine the size of 

secondary droplets. 

𝑑𝑑

𝐷𝑗
= 1.436 (1 + 3

𝑊𝑒0.5

𝑅𝑒
)

1/6

 
(3) 

𝑊𝑒 =
𝜌𝑙𝑢𝑙

2𝐷𝑗

𝜎𝑙
 

(4) 
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R𝑒 =
𝜌𝑙𝑢𝑙𝐷𝑗

𝜇𝑙
 (5) 

In this context, 𝐷𝑗 refers to the nozzle diameter, while 𝑢𝑙, 𝜇𝑙, 𝜎𝑙  and 𝜌𝑙 denote the velocity of the 

water, dynamic viscosity, surface tension and density respectively. The surplus CO2 and any 

vapour that has not undergone condensation are released through an outlet, controlled to maintain 

system efficiency. 

The Analytical Analysis of the SEC focuses on design considerations, emphasizing critical 

components such as the pre-mixing region, nozzle, and mixing sector. The analysis omits the 

diffuser component, presuming complete condensation within the mixing sector. The operational 

stages of the system are outlined, along with suggestions for alternative approaches, such as the 

utilization of a cyclone separator in lieu of a diffuser. Equations derived from conservation 

principles governing momentum, mass, and energy are utilized to understand fluid dynamics 

within the SEC. Model verification involves comparing analytical and experimental results to 

validate the precision and reliability of the model. Acceptable concordance between theoretical 

predictions and experimental observations is observed under varying conditions, confirming the 

model's accuracy. 

 

3. Numerical model of cyclone  

The section on numerical modelling of the cyclone separator delves into the intricate process of 

replicating the fluid dynamics within the separator using computational methods. This approach 

offers a cost-effective and efficient means of understanding the complex flow phenomena involved 

in cyclone separation. Numerical modelling begins with the creation of a detailed geometry of the 

cyclone, including its various components such as the conical and cylindrical sections, as well as 

inlet and outlet ports. This geometry is subsequently meshed to divide the computational domain 

into smaller elements, facilitating accurate numerical simulations. Meshing involves refining the 

mesh in critical regions to accurately capture flow features while minimizing computational costs. 

Once the geometry is meshed, computational fluid dynamics (CFD) simulations are performed 

using software like ANSYS Fluent 2021R1. These simulations employ mathematical models to 

solve the governing equations of fluid flow within the cyclone separator. The mixture model, are 

utilized to simulate two-phase flow, considering interactions between phases like CO2 and water.  

The equation representing mass conservation for the mixture is given as follows: 

𝜕(𝜌𝑚)

𝜕𝑡
+

𝜕(𝜌𝑚𝑢𝑚)

𝜕𝑥𝑖
= 0 

(6) 

                                                                

The equation governing the momentum of the mixture can be expressed as: 
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𝜕(𝜌𝑚𝑢𝑚𝑖)

𝜕𝑡
+

𝜕(𝜌𝑚𝑢𝑚𝑖𝑢𝑚𝑗)

𝜕𝑥𝑖
=

𝜕𝑃

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
𝜇𝑚 (

𝜕𝑢𝑚𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑚𝑗

𝜕𝑥𝑗
) + 𝜌𝑔𝑖 +

𝜕

𝜕𝑥𝑖
(∑ 𝛼𝑞𝜌𝑞𝑢𝑑𝑟,𝑞𝑖𝑢𝑑𝑟,𝑞𝑗

𝑛
𝑞=1 )         (7) 

 

In this context, 𝑢𝑚 represents the velocity averaged by mass, while 𝜌𝑚 refers to the density of the 

mixture, and 𝜇𝑚 indicates the viscosity of the mixture. 

𝑢𝑚 =
∑ 𝛼𝑞𝜌𝑞𝑢𝑞

𝑛
𝑞=1

𝜌𝑚
 , 𝜌𝑚 = ∑ 𝛼𝑞𝜌𝑞

𝑛
𝑞=1  , 𝜇𝑚 = ∑ 𝛼𝑞𝜇𝑞

𝑛
𝑞=1                                                        (8) 

The variable 𝑢𝑑𝑟,𝑞 represents the drift velocity of the secondary phase, which is calculated using 

the equation: 𝑢𝑑𝑟,𝑞 = 𝑢𝑞 − 𝑢𝑚. 

Boundary conditions are specified to define the behaviour of fluid at inlet and outlet ports, as well 

as along the walls of the separator. The simulation methodology adopts a transient approach to 

capture time-varying flow phenomena, with convergence criteria set to ensure accuracy. During 

simulation, the software iteratively solves the governing equations, predicting flow characteristics 

such as velocity profiles and pressure distributions. The SIMPLE algorithm is commonly used to 

couple pressure and velocity, while schemes like PRESTO and QUICK are employed for accurate 

discretization of equations. Grid independence tests are conducted to determine the minimum grid 

resolution needed for accurate simulations. This involves comparing results obtained with different 

grid configurations to ensure consistency and reliability of the numerical solution. Finally, model 

validation is performed by comparing simulation results with experimental data. This ensures that 

the numerical model accurately captures the flow dynamics observed in real-world cyclone 

separators, validating its capability to predict performance under various operating conditions. 

Therefore, numerical modelling of cyclone separators offers a comprehensive approach to 

understanding and optimizing their performance, providing valuable insights into the design and 

operation of these crucial components in industrial processes. 

 

4. Conclusions 

The results of this paper delves into the performance and behaviour of cyclone separators in carbon 

capture processes. In cyclone, maintaining a uniform particle distribution considers crucial for 

optimal separation efficiency. Irregular particle distribution can cause to instability in the CO2 

core, affecting separation performance. Different inlet configurations, such as single and dual inlet 

cyclones, are explored to address this issue, with dual inlet cyclones showing improved stability. 

The length of the cone (ranging from 0.2 to 0.5 m) and the cylindrical sections of cyclone 

separators influence their separation efficiency, which varies from 77.30% to 80.98%. 

Additionally, these dimensions affect CO2 recovery and pressure drop, which increases from 6.08 

Pa to 10.91 Pa. Adjusting these dimensions allow for optimization of performance while managing 

energy consumption and operational costs. Longer residence times within the cyclone facilitate a 

more efficient CO2 separation from water droplets. Furthermore, the mass flow rate of CO2 affects 
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separation efficiency and pressure drop within the system. Higher CO2 flow rates lead to increased 

separation efficiency but also result in higher pressure drop, necessitating a balance between 

efficiency and energy consumption. The discussion also delves into the dynamics of droplet 

formation within a SEC and its impact on separation efficiency. The investigation into droplet 

breakup has led to a significant increase in separation efficiency, rising from 50.98% to 100% for 

droplet sizes varying between 1 and 20 𝜇𝑚. Understanding surface wave dynamics and jet 

characteristics is crucial for optimizing SEC performance and improving CO2 capture 

effectiveness. Therefore, the findings highlight the importance of various parameters, such as cone 

size, CO2 mass flow rate, and droplet characteristics, in enhancing the performance of cyclone 

separators and SEC for carbon capture applications. 
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IV. PAPER [C] – Optimizing CO2 purification in a Negative CO2 Emission Power 

Plant 
 

1. Concept of the paper 

 

This paper aims to investigate the optimization of CO2 purification through the integration of a 

SEC and a cyclone. A thorough analysis is conducted, using a numerical method to simulate the 

cyclone separator's performance under different SEC outlet conditions. From a methodological 

perspective, the simulation is carried out using Fluent software, which accounts for three-

dimensional, transient, and turbulent dynamics. The model utilizes the mixture model and 

Reynolds Stress Model (RSM) to accurately simulate the turbulent two-phase flow. Structural 

elements are of paramount importance in this study, emphasizing the assessment of single and dual 

inlet cyclone separators to optimize CO2 purification efficiency. The investigation further 

addresses the role of crucial parameters, such as liquid volume fraction (LVF) and droplet size, in 

enhancing the separation efficiency. By varying these parameters, the study identifies optimal 

conditions for maximizing CO2 capture effectiveness while minimizing energy consumption. 

Additionally, the analysis investigates the effects of structural alterations, notably the introduction 

of vanes, on both the separation efficiency and the pressure drop in the system. 

 

2. Numerical Modelling of Cyclone Separator 

 

Numerous factors influence the efficiency of cyclone separators, necessitating precise modelling 

to optimize performance while minimizing pressure drop. Cyclone separators are categorized 

based on their structural configurations, with tangential inlet cyclones being particularly common 

due to their reliability and simplicity. Utilizing Computational Fluid Dynamics (CFD), the study 

employs the Fluent software to simulate fluid flow within the cyclone separator. The Euler-Euler 

approach, specifically mixture model, is chosen to handle multiphase nature of flow. The 

Reynolds-averaged Navier-Stokes (RANS) equations, continuity equation, and momentum 

equations form the basis for describing the fluid flow within the cyclone separator. Additional 

terms, including stress diffusion, shear production, pressure-strain, and dissipation, are 

incorporated to accurately model turbulence. Among turbulence models, the Reynolds Stress 

Model (RSM) is preferred for cyclone flow due to its ability to capture anisotropic turbulence 

phenomena. Unlike other models, such as the k–ε model or algebraic stress model (ASM), the 

RSM model comprehensively accounts for swirling, rotation, and rapid strain rate changes inherent 

in cyclone separators.  

Within the RSM, the transport equation is defined with a time step of 0.001 seconds, as outlined 

in [64]. 

𝜕

𝜕𝑡
(𝜌𝑢𝑖

′𝑢𝑗
′̅̅ ̅̅ ̅̅ ) +

𝜕

𝜕𝑥𝑘
(𝜌𝑢𝑘𝑢𝑖

′𝑢𝑗
′̅̅ ̅̅ ̅̅ ) = 𝐷𝑖𝑗 + 𝑃𝑖𝑗 + Π𝑖𝑗 + 𝜀𝑖𝑗 + 𝑆                                                (9) 
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The equation features two elements on the left-hand side: the first reflects the temporal rate of 

change in stress, while the second represents the convective transport term. On the right-hand side, 

five distinct terms are articulated, each encapsulating specific phenomena 

The stress diffusion term: 

𝐷𝑖𝑗 = −
𝜕

𝜕𝑥𝑘
[𝜌𝑢𝑖

′𝑢𝑗
′𝑢𝑘

′̅̅ ̅̅ ̅̅ ̅̅ ̅ + (𝑃′𝑢𝑗
′)̅̅ ̅̅ ̅̅ ̅̅ 𝛿𝑖𝑘 + (𝑃′𝑢𝑖

′)̅̅ ̅̅ ̅̅ ̅̅ 𝛿𝑗𝑘 − 𝜇(
𝜕

𝜕𝑥𝑘
𝑢𝑖

′𝑢𝑗
′̅̅ ̅̅ ̅̅ )]                    (10) 

The shear production term:  

𝑃𝑖𝑗 = −𝜌 [𝑢𝑖
′𝑢𝑘

′̅̅ ̅̅ ̅̅ 𝜕𝑢𝑗

𝜕𝑥𝑘
+ 𝑢𝑗

′𝑢𝑘
′̅̅ ̅̅ ̅̅ 𝜕𝑢𝑖

𝜕𝑥𝑘
]                                                                                             (11) 

The pressure-strain term: 

 Π𝑖𝑗 = 𝑝(
𝜕𝑢𝑖

′

𝜕𝑥𝑗
+

𝜕𝑢𝑗
′

𝜕𝑥𝑖
)

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
                                                                                     (12) 

The dissipation term: 

 𝜀𝑖𝑗 = −2𝜇
𝜕𝑢𝑖

′

𝜕𝑥𝑘

𝜕𝑢𝑗
′

𝜕𝑥𝑘

̅̅ ̅̅ ̅̅ ̅̅
                       (13) 

and 𝑆 is the source term.                                                                                                                           

The numerical simulation setup in ANSYS Fluent involves selecting appropriate boundary 

conditions, including velocity inlet, pressure outlet, and no-slip wall. The simulation employs 

algorithms such as SIMPLE for pressure-velocity coupling and PRESTO for handling high-speed 

swirling flows. To ensure accuracy, grid independence analysis is conducted, varying mesh 

configurations to validate results across different grid sizes. Additionally, model validation 

compares simulated data with experimental findings to assess predictive capability, confirming the 

reliability of the numerical model in predicting separation efficiency and other performance 

metrics. Therefore, the numerical modelling section provides a comprehensive methodology for 

simulating fluid flow within the cyclone separator, ensuring accuracy in predicting performance 

metrics essential for optimizing cyclone efficiency. 

 

3. Summary and conclusions 

 

The effectiveness of particle separation in diverse industrial settings is largely determined by the 

design and operation of cyclone separators, with the inlet configuration being a key factor 

influencing performance. This study investigates the effect of single and dual inlets on cyclone 

separator efficiency. Our objective here is to assess how these inlet configurations affect particle 

separation efficiency. To achieve this, we conducted computational flow visualization to analyze 

the internal flow structure of cyclones. Two types of cyclones, with single and dual inlets, were 

created to elucidate the flow mechanism. The comparison between single and dual inlet cyclones 

revealed a notable advantage for the dual inlet configuration in terms of separation efficiency. 
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Across various flow rates, the dual inlet cyclone consistently exhibited superior performance 

compared to its single inlet counterpart. Specifically, the dual inlet cyclone demonstrated higher 

separation efficiency when treating the CO2–water feed, indicating its effectiveness in achieving 

enhanced particle separation. Several factors contribute to these compelling findings. Firstly, the 

design of the dual inlet cyclone enables improved control and distribution of the incoming gas 

mixture, facilitating more effective separation. The enhanced uniformity in flow distribution 

within the cyclone is a key factor driving the observed increase in separation efficiency. The 

investigation into the influence of single and dual inlets on cyclone separator efficiency revealed 

significant disparities in performance. The dual inlet configuration demonstrated superior 

efficiency, particularly evident at higher flow rates, due to its ability to effectively separate CO2-

rich and water-rich cores. As results showed, the processing of the CO2-water mixture at a flow 

rate of 2.8 
𝑘𝑔

𝑠
 demonstrated enhanced performance in the dual-inlet cyclone, achieving a separation 

efficiency of 90.7%, which surpasses the 85.6% efficiency observed in the single-inlet cyclone. 

This underscores the critical role of inlet configuration in optimizing separator performance. In 

addition, an analysis of the outlet conditions of the Spray Ejector Condenser (SEC), specifically 

focusing on liquid volume fraction and water droplet diameter, revealed their substantial impact 

on separator performance. Lower liquid volume fractions and larger water droplet diameters were 

found to enhance separation efficiency significantly. Optimal operating conditions, particularly a 

liquid volume fraction of 10%, yielded a remarkable separation efficiency of 90.7%. The diameter 

of liquid droplets emerged as a crucial parameter influencing separator efficiency. Variations in 

droplet diameter underscored the importance of parameter tuning for achieving desired 

performance outcomes. Notably, the study identified optimal operating conditions, with a liquid 

volume fraction of 10% and larger water droplet diameters yielding superior separation efficiency. 

Moreover, the incorporation of vanes within the cyclone separator was found to be a pivotal factor 

in enhancing performance. Vanes led to a notable reduction in pressure drop by 16.8%, 

consequently lowering energy requirements and operational costs. Simultaneously, they boosted 

separation efficiency by 9.2% at a liquid volume fraction of 10%, ensuring efficient capture of 

CO2. Therefore, this study offers valuable insights into the optimization of CO2-water separators, 

particularly in the context of nCO2PP. The findings underscore the significance of inlet 

configuration of cyclone, outlet conditions of SEC, and vane integration in enhancing separator 

performance. These insights are crucial for industries aiming to improve gas-liquid separation 

processes, reduce energy consumption, and promote sustainable CO2 capture practices. Overall, 

this research contributes to addressing environmental challenges and advancing the development 

of cleaner energy solutions. 
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V. PAPER [D] – CO2 capture through direct-contact condensation in a spray 

ejector condenser and T- junction separator 
 

1. Concept of the paper 

The fundamental premise of this paper centers on the development of an innovative system tailored 

for condensation of steam and CO2 purification within gas power plants, with the overarching goal 

of mitigating CO2 emissions. Integral components of this system include a SEC and a separator, 

with a primary emphasis placed on optimizing heat transfer efficiency within the SEC and refining 

phase separation process in the T-junction separator. Employing a blend of experimental and 

numerical methodologies, the study underscores the detrimental impact of CO2 on resistance to 

diffusion and convective heat transfer within the steam and subcooled water phases. In response, 

the investigation systematically evaluates influence of key metrics such as temperature and 

pressure of the injected water, alongside the steam mass flow rates to ameliorate these effects and 

bolster heat transfer efficacy within the system. 

 

2. Modelling 

2.1 Numerical model of SEC 

 

The numerical modelling of the SEC in this study involves a computational investigation of the 

DCC process within an ejector setup. The layout of the ejector includes a centrally positioned 

water nozzle enveloped by a region containing steam and CO2. This arrangement enables direct 

contact between the motive fluid ejected via a 1 mm nozzle and the steam/CO2 mixture, leading 

to condensation. The SEC simulation employs a Eulerian-Eulerian multiphase model, where water 

and mixture of CO2 and steam constitutes the continuous and dispersed phases. Turbulent 

dynamics within the ejector are characterized using the standard k - ε model [109]. 

 

𝜕

𝜕𝑡
(𝑟𝛼𝜌𝛼𝑘𝛼) + ∇(𝑟𝛼𝜌𝛼𝑼𝛼𝑘𝛼) = ∇ (𝑟𝛼 (𝜇𝛼 +

𝜇𝑡𝛼

𝜎𝑘
) ∇𝑘𝛼) + 𝑟𝛼(𝑃𝛼 − 𝜌𝛼𝜀𝛼) 

(14) 

 

 
𝜕

𝜕𝑡
(𝑟𝛼𝜌𝛼𝜀𝛼) + ∇(𝑟𝛼𝜌𝛼𝑼𝛼𝜀𝛼) = ∇ (𝜇𝛼 +

𝜇𝑡𝛼

𝜎𝜀
) ∇𝜀𝛼 + 𝑟𝛼

𝜀𝛼

𝑘𝛼
(𝐶𝜀1𝑃𝛼 − 𝐶𝜀2𝜌𝛼𝜀𝛼) 

(15) 

 

Interfacial surface density between water and steam is computed to understand the heat transfer 

surface area [109].  

𝐴𝑠𝑤 =
6𝛾𝛽

𝑑𝛽
 

(16) 
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𝑑𝛽  represents the mean bubble diameter in dispersed phase, whilst 𝛾𝛽 refers to the gas volume 

fraction present in liquid phase. 

Momentum transfer between the gas and liquid phases has been analysed via drag force (MDα) and 

turbulent dispersion force mechanisms (MTDα).  

𝐌𝐷𝛼 = −𝐌𝐷𝛽 =
3

4

𝐶𝐷

𝐷𝛽
𝑟𝛽𝜌𝛼|𝐔𝛽 − 𝐔𝛼|(𝐔𝛽 − 𝐔𝛼) 

(17) 

 

                             𝐌𝑇𝐷𝛼 = −𝐌𝑇𝐷𝛽 = −𝐶𝑇𝐷𝜌𝛼𝜅𝛼∇𝑟𝛼 (18) 

 

𝜅𝛼 denotes the turbulent kinetic energy, an essential factor in evaluating turbulent flow behavior. 

On the other hand, CTD stands for the coefficient controlling the turbulent dispersion force, which 

is uniformly set to 0.3 for this analysis, ensuring a consistent reference for computational modeling 

and assessments. 

Heat and mass transfer between the phases are examined to address challenges posed by the 

presence of CO2, such as the reduction of convective heat transfer. Computational modelling 

involves setting boundary conditions for mass flow rates at the inlet, defining wall conditions, and 

using drag force and turbulent dispersion models to simulate interphase momentum transfer. 

 

2.2 Experimental model of Spray Ejector Condenser 

The experimental setup described in this paper mirrors the one detailed in Section III. The objective 

is to ensure The precision and dependability of the computational model by comparing its results 

with experimental data. Initially, the simulation is conducted without considering the presence of 

CO2. This enables an ability to make a direct comparison between the numerical results and 

experimental measurements under controlled conditions. The setup for the experiment takes into 

account critical parameters such as water mass flow rate, water temperature, water pressure, and 

steam temperature. The comparison typically focuses on key performance metrics of the system, 

such as outlet temperatures of the condenser, under various operating conditions, such as different 

steam mass flow rates. The satisfactory agreement between the simulated and experimental 

outcomes demonstrate the accuracy of the computational model in capturing the system's 

behaviour accurately in the absence of CO2. Subsequently, the computational model is extended 

to incorporate the presence of CO2, reflecting real-world scenarios where CO2 is involved in the 

process. The model's performance is then assessed by comparing its predictions with experimental 

data collected under similar conditions but with the inclusion of CO2. This comparison helps 

evaluate how well the computational model accounts for the effects of CO2 on the system's 

behaviour. Again, key performance parameters, such as inlet temperatures of the condenser, are 

compared across different volumetric flow rates of CO2. The significant consistency between the 

experimental and simulated results in this scenario indicates the model's ability to accurately 

predict the system's response to the presence of CO2. Finally, both numerical and experimental 
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condensation mass flow rates are examined under varying steam mass flow rates. This 

comprehensive comparison further reinforces the confidence in the computational model's 

predictive capabilities, as it demonstrates consistent alignment between numerical predictions and 

experimental observations across different operating conditions. 

 

2.3 T-junction separator 

 

The T-junction separator serves a pivotal function in the integrated system with the SEC by 

facilitating the separation of CO2 and water after fully condensation of steam within the SEC. 

Once the steam undergoes full condensation, the resulting mixture comprises CO2 and water, 

which are then directed to the inlet of the T-junction separator. In this setup, the T-junction 

separator acts as a pivotal component for phase separation, ensuring that the CO2 and water are 

effectively separated into distinct streams. This separation is essential for several reasons. Firstly, 

it allows for the efficient removal of CO2 from the system, which is vital for reducing emissions 

and improving the environmental sustainability of the process. Additionally, separating the water 

from the CO2 enables the recycled water to be reused within the system, minimizing water wastage 

and optimizing resource utilization. The T-junction separator achieves this separation through its 

design and operating principles, leveraging the difference in physical properties between CO2 and 

water. By utilizing the inherent characteristics of the T-junction geometry and employing 

appropriate boundary conditions, the separator effectively segregates the two phases, directing 

them into their respective outlets. The study explores the T-junction, investigating both horizontal 

and vertical configurations. Validation of T-junction separator's efficiency against experimental 

data and the horizontal counterpart's pressure drop against empirical findings forms the core of 

this comprehensive approach. Ensuring precise fluid flow in numerical simulations is paramount, 

thus precisely implementing boundary conditions from corresponding experiments was 

imperative. This step aimed to validate the simulation via Ansys Fluent 2021 R1, instilling 

confidence in the validity of the results. Although the main focus is on the vertical T-junction, the 

inclusion of the horizontal variant aims to verify the modeling approach, mirroring dimensions 

from prior research. Equations governing continuity, momentum, and turbulence, along with 

boundary conditions such as velocity inlets and outflows, ensure realistic replication of practical 

situations. Utilizing the standard k-ε turbulence model enables effective capture of turbulent flow 

dynamics. 

 

 

3. Summary and conclusions 

Addressing the diminishing convective heat transfer and escalating diffusion resistance in carbon 

capture systems requires a multifaceted approach, drawing upon insights derived from the research 

elucidated in the provided discourse. Firstly, optimizing the mass flow rate of incoming steam 

(2.2-4.6 
𝑔

𝑠
) stands as a paramount strategy. Modulating this parameter can intricately influence the 
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dynamics of the water plume within the SEC, thereby augmenting condensation efficiency. 

Through analysis of water volume fraction contours, valuable insights into mixing dynamics and 

condensation efficiency can be gleaned, thereby facilitating the maximization of carbon capture 

efficacy. It is imperative to ensure the presence of fully condensed water, as it serves as a linchpin 

for effective heat transfer processes. Secondly, management of CO2 and steam influence on SEC 

temperatures is essential. Vigilant monitoring and control of both inlet and outlet temperatures are 

indispensable for evaluating the system's thermal efficiency. Lower outlet temperatures signify 

proficient extraction of thermal energy from incoming streams, consequently fostering efficient 

condensation and heightened energy efficiency. Such control mechanisms are instrumental in 

upholding optimal conditions for heat transfer and condensation processes. Furthermore, fine-

tuning water temperature (20-40 ℃) emerges as a pivotal endeavour. The temperature of the 

coolant water significantly modulates heat transfer efficiency within the SEC. Lower temperatures 

of the coolant water bolster heat transfer efficiency, thereby engendering improved condensation 

efficacy and commensurately lower outlet temperatures. By optimizing water temperature settings 

in accordance with investigative findings, a judicious balance can be struck, minimizing energy 

consumption while maximizing condensation efficiency. Likewise, optimizing water pressure (12-

16 bar) warrants meticulous attention. Water pressure exerts a direct influence on heat transfer 

characteristics within the SEC, with elevated pressures facilitating greater temperature differentials 

between inlet and outlet streams. The optimization of pressure conditions thus assumes paramount 

significance in fostering efficient heat exchange processes and bolstering SEC performance. Such 

optimization attempts are instrumental in ensuring efficient carbon capture by maintaining ideal 

temperature gradients, as the effectiveness of SEC can be significantly enhanced by optimal 

combination of cooler water temperatures (20°C) and higher pressures (16 bar), which improve 

condensation effectiveness. Lastly, enhancing the functionality of T-junction separators represents 

a vital avenue for advancing fluid separation efficiency. These separators offer compact and cost-

effective solutions for fluid partitioning. An understanding of their operational dynamics and 

subsequent optimization thereof is crucial for realizing efficient fluid separation. The impact of 

factors like inlet mass flow rates on separation efficiency highlights the essential of fine-tuning 

operational parameters to achieve optimal fluid partitioning. In concert with the aforementioned 

strategies, an integrated approach that controls metrics like steam mass flow rates, CO2 flow rates, 

water temperature, and pressure holds the promise of realizing efficient condensation and 

separation processes. This integrated methodology, when judiciously applied, serves to elevate the 

overall effectiveness and carbon capture efficiency of system, thereby effectuating effective 

mitigation of CO2 emissions. 
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VI. PAPER [E] – CO2 capture using steam ejector condenser under electro 

hydrodynamic actuator with non-condensable gas and cyclone separator: A 

numerical study  
 

1. Concept of the paper 

This paper encompasses the application of a steam ejector condenser for the simultaneous tasks of 

steam condensation and CO2 separation within nCO2PP. This SEC facilitates the DCC of steam 

with CO2, utilizing a water jet, followed by the separation process to obtain pure CO2. However, 

presence of CO2 can impede efficiency of heat transfer owing to a decline in convective heat flux 

and increased diffusion resistance. To mitigate this issue, the investigation incorporates EHD to 

augment heat transfer mechanisms within the system. Furthermore, the investigation delves into 

the comparative efficacy of various inlet structure on the overall performance of CO2 purification. 

Initially, the impact of steam flow rate at the inlet and back pressure on steam volume fraction is 

analysed to define their effects on the system. Subsequently, the influence of CO2 on hydraulic-

thermal factors is investigated using EHD techniques in the system. Once the model is obtained, 

efficiency of the separator is evaluated considering multiple inlets. The study aims to estimate how 

different inlet configurations affect the separator's efficiency. Through CFD analysis, the flow 

fields and separation efficiencies of each inlet configuration are compared, providing insights into 

the optimal design for efficient CO2 capture. 

 

2. Numerical model 

2.1 Steam ejector condenser 

The study utilizes a Eulerian-Eulerian multiphase model, a common approach for handling 

complex flow phenomena, to accurately represent the dispersion of phases within the system. To 

account for turbulent behaviour in the flow field, standard k - ε model has been adopted. 

Determining interfacial area density is critical for accurately predicting steam condensation rates, 

a pivotal parameter in SEC simulations. This density, essentially representing the contact area 

between the two phases, profoundly impacts the heat transfer process. To calculate it, the 

simulation considers the existence of extremely small bubbles of gas, dispersed within the mixture. 

These bubbles, assumed to interact with steam and water phases, contribute to overall interfacial 

area, enabling a more precise estimation of condensation rates. This approach ensures that the 

simulation captures the intricate interplay between the different phases, facilitating a 

comprehensive understanding of the system operation. In addition, interphase momentum transfer 

is a crucial aspect of the simulation, as it directly influences the dynamics of the gas-liquid flow 

within the system. This momentum transfer between the liquid and gas phases has been primarily 

governed by two key forces including turbulent dispersion force and drag force. The drag force 

arises because of an interaction between the gas and liquid phases as they move through the 

condenser. It represents the resistance experienced by each phase due to the motion of the other, 
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effectively slowing down the movement of the phases. This force is instrumental in determining 

the overall flow pattern and distribution of velocities. On the other hand, the turbulent dispersion 

force accounts for the dispersion of momentum caused by turbulent fluctuations in the flow. 

Turbulence engages a significant role in mixing and redistributing momentum within the fluid, 

leading to enhanced transport phenomena. By accounting for this turbulent dispersion, the 

simulation can accurately capture the complex flow dynamics and momentum exchange occurring 

within the system. 

Moreover, interphase heat and mass transfer are vital to the performance of system, especially 

considering the presence of CO2 within the system. To accurately model the complex heat and 

mass transfer phenomena occurring among phases, a two-resistance model is implemented. This 

model accounts for the dual resistances encountered in heat transfer process: one on gas side and 

another on liquid side. The presence of CO2 gas on the gas side forms a barrier to diffusion, 

reducing the direct interaction between steam and subcooled water. This diffusion resistance 

reduces convective heat transfer among the phases, leading to decreased thermal efficiency. 

Regarding the liquid component, water promotes increased steam condensation, whereas the 

presence of CO2 gas counteracts this enhancement. The two-resistance model considers both 

enhancement and inhibition factors, providing a comprehensive framework for analysing thermal 

performance in the system. Additionally, the model incorporates convective and diffusive heat 

transfer mechanisms to accurately capture heat transfer processes among phases. Convective heat 

transfer accounts for bulk movement of fluid and heat exchange at the phase interface, while 

diffusive heat transfer accounts for heat transfer through molecular diffusion in the fluid. 

The presence of CO2 gas within a system can significantly impact heat transfer efficiency due to 

its effects on convective heat transfer and diffusion resistance. Firstly, CO2 can hinder convective 

heat transfer by reducing the effectiveness of fluid movement and mixing within the system. 

Convective heat transfer relies on the bulk movement of fluid to transport heat from one location 

to another. However, presence of CO2 can disrupt this process by altering the flow patterns and 

inhibiting fluid motion. As a result, the efficiency of convective heat transfer is reduced, leading 

to decreased thermal performance. Secondly, CO2 increases the diffusion resistance within the 

system, further impeding heat transfer processes. Diffusion resistance refers to the hindrance 

encountered by heat as it diffuses through a medium. When CO2 is present, it creates an additional 

barrier for heat to overcome, making it more difficult for thermal energy to be transferred between 

different regions of the system. This increased diffusion resistance leads to slower heat transfer 

rates and reduced thermal efficiency. 

However, to mitigate these challenges, innovative electrohydrodynamic (EHD) techniques are 

applied. EHD enhancement techniques entail the implementation of an electric field to induce 

additional fluid motion, thereby improving convective heat flux and addressing adverse 

effectiveness of CO2 on heat flux efficiency. Incorporating EHD techniques in model is a crucial 

feature of this study. The modelling for the electric field involves formulating governing equations 

for electric potential, electric field strength, and electric current density. These equations are 
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crucial for accurately capturing the electrohydrodynamic effects induced by the applied electric 

field.  

The electric force density has been composed of three integral components. 

Fe
⃗⃗⃗⃗ = ρcE⃗⃗ −

1

2
E⃗⃗ 2∇εs +

1

2
∇ [E⃗⃗ 2ρ(

∂εs

∂ρ
)] 

(19) 

 

In this context, ρc denotes the charge density (
𝐶

𝑚3
), and E⃗⃗  symbolizes the electric field strength 

(
𝑉

𝑚
). εs represents the dielectric permittivity (

𝐹

𝑚
).  

The Poisson equation is formulated as: 

∇2V = −
ρc

εs
 

(20) 

V stands for the electric potential (V).  

The corresponding expression for the electric field has been given as: 

E⃗⃗ = −∇V (21) 

 

The equation governing current continuity may be described: 

∇. j = 0 (22) 

j denotes the electric current density (
𝐴

𝑚2), defined by the following equation: 

j = ρ(ρcβE⃗⃗ + ρcu⃗ + De∇ρc) (23) 

 

Here, β refers to the ion mobility (
𝑚2

𝑉.𝑠
), and u⃗  represents the velocity vector (

𝑚

𝑠
). Additionally, De 

signifies the ion diffusion coefficient (
𝑚2

𝑠
). 

By incorporating EHD techniques, the study aims to enhance heat transfer efficiency and mitigate 

negative consequenceof CO2 gas on thermal performance. To implement and simulate the EHD 

effects, the study relies on the FLUENT software platform. FLUENT offers advanced features 

such as User-Defined Functions (UDF), User-Defined Memory (UDM), and User-Defined Scalar 

(UDS), which allow for the customization and integration of custom equations into the simulation 

model. These features enable the accurate representation of EHD phenomena and facilitate the 

evaluation of heat transfer enhancement techniques within the SEC. 
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2.2 Cyclone separator 

This research utilizes the mixture model, a streamlined adaptation of the Euler-Euler framework, 

chosen for its effectiveness in handling flows with high dispersed phase volume fractions 

exceeding 10%. The mixture model accommodates distinct velocities for the fluid phases and their 

mutual interaction, enabling the exchange of mass, momentum, and energy between them. 

Furthermore, the RANS equations are applied to resolve the dynamics of both the continuous and 

dispersed phases. Numerous studies have explored the efficiency of cyclones using diverse 

numerical approaches, such as the RSM, the RNG k-ε model, and the ASM. RSM model accounts 

for factors like streamline curvature and swirling, is considered the perfectly appropriate for 

modelling cyclone flow due to its ability to capture anisotropic turbulence characteristics 

accurately.  

 

3. Conclusions 

The findings from the numerical analysis offer valuable insights into optimizing the integration of 

SEC and cyclone separator for CO2 purification in nCO2PP. They reveal that adjusting steam inlet 

mass flow rates can significantly impact steam condensation efficiency, with lower rates 

expediting condensation but excessively high rates leading to steam plume expansion. 

Additionally, precise management of backpressure plays a crucial role in regulating condensation 

effectiveness. Elevated backpressure hinders condensation, while lower backpressure enhances 

condensation rates. Maintaining backpressure confined to a particular range, from 96 to 106 kPa 

is crucial for optimizing both static pressure distribution and condensation efficiency. EHD 

techniques and increased mass flux proficiently attenuates thermal resistance, thereby augmenting 

the heat transfer coefficient during the condensation. Also, with a steam mass flux of 51(
𝑘𝑔

𝑚2.𝑠
), the 

condensation heat transfer coefficients were recorded as 0.98, 1.029, 1.08, and 1.134 (
𝑀𝑊

𝑚2.𝐾
) 

corresponding to electrode voltages of 0, 20, 25, and 30 kV, respectively. Furthermore, cyclones 

with multiple inlets, particularly those with four inlets, demonstrate remarkable separation 

efficiencies, reaching up to 99.9%, compared to 95.1% for single inlets and 97.9% for dual inlets. 

This suggests that adopting cyclones with multiple inlets could enhance the overall system's 

effectiveness in practical scenarios. 

Overall, these findings underscore the potential for optimizing SEC-cyclone separator integration 

to achieve more efficient and effective carbon capture processes in power plants. 
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VII. SUMMARRY AND CONCLUSIONS 
 

The research conducted in this study aimed to overcome the obstacle of separation and purifying 

of CO2 in the post-combustion section of gas power plants. The purification process involves 

utilizing a spray or steam ejector condenser in conjunction with a separator, such as a cyclone or 

T-junction, to remove impurities from the CO2 stream. Throughout this study, various aspects of 

CO2 capture via DCC in an SEC aided by different separators have been explored. 

To address the challenge of investigating the physical processes of direct contact condensation 

(DCC) within the spray ejector condenser, an experimental facility and analytical model were 

developed. The experimental facility allowed for a detailed examination of DCC mechanisms, 

particularly focusing on the influence of CO2 and steam mass flow rates on heat transfer 

phenomena. Notably, the analytical model offered a novel approach by incorporating 

considerations for both heat and mass transfer mechanisms, a feature not commonly found in 

similar treatments. The experimental verification of the model demonstrated adequate consistency 

with the collected data, affirming its reliability in predicting condensation efficiency. The 

analytical model accounted for continuity, momentum, and energy equations for the mixture and 

considered DCC mechanisms. The results emphasized the significance of atomized droplet size 

and fluid flow parameters such as velocity of droplet and mixture of steam and CO2 in the 

condensation process.  

The core objective of this thesis was to explore innovative methodologies for CO2 capture in gas 

power plants, focusing on the integration of an ejector condenser and a separator. This combination 

aimed to achieve efficient steam condensation and CO2 purification, crucial for minimizing CO2 

emissions. The next phase of the investigations encompassed both experimental and analytical 

approaches, providing valuable insights into the operational dynamics of the SEC and its 

interaction with the cyclone separator. This phase of the study emphasized the significance of 

understanding the impact of SEC conditions on cyclone efficiency. Specifically, fluctuations in 

CO2 volumetric flow rate and droplet breakup in the SEC were examined to evaluate their 

influence on separation efficacy. Also, the effect of cyclone cone size on results was investigated 

through numerical simulations. It was observed that lowering the steam and CO2 flow rates led to 

enhanced temperature difference and heat transfer rate. Additionally, augmenting cyclone cone 

size enhanced separation efficiency while increasing pressure drop, indicating a trade-off between 

energy consumption and CO2 refinement. Moreover, investigation into droplet breakup within the 

SEC demonstrated its role in enhancing separation efficiency, highlighting the importance of 

droplet size in optimizing CO2 capture effectiveness. So, the integration of experimental and 

analytical modelling alongside numerical simulation proved instrumental in developing a 

comprehensive methodology to enrich efficiency of CO2 purification. By addressing variables 

such as steam mass flow rate, CO2 volumetric flow rate, cyclone cone size, and droplet breakup, 

this approach aims to guarantee the production of high-purity CO2 in the post-combustion sector 

of gas power plants. 

After investigating the SEC and cyclone, the focus shifts towards optimizing the structural and 

operational parameters that impact separator efficiency. This involves analysing the performance 
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of single and dual inlet cyclones and assessing influence of SEC outlet conditions on separator 

efficiency. Additionally, one of the challenges associated with cyclone separators is the surge in 

pressure drop, which can be addressed by addition of vanes. The results underscored the superior 

performance of dual-inlet cyclone in contrast to single-inlet, underscoring the significance of inlet 

configuration in optimizing separator efficiency. Furthermore, factors like water droplet diameter 

and LVF exert significant influence on separator performance, with lower liquid volume fractions 

and larger water droplet diameters enhancing separation efficiency. Also, the incorporation of 

vanes within cyclone leads to a notable reduction in pressure drop and a simultaneous enhancement 

in separation capability. This highlighted the potential for structural modifications to enhance 

separator performance and overcome operational challenges. 

Another viable option for use as a separator is the T-junction separator. Moreover, one of the 

challenges associated with the SEC is deterioration in convective heat transfer and an elevation in 

diffusion resistance attributable to the presence of CO2. Consequently, subsequent phase of the 

research focused on examining the influence of various thermophysical characteristics of the 

injected water, notably temperature (20 to 40 ℃) and pressure (12 to 16 bar), in conjunction with 

steam mass flow rates (2.2 to 4.6 
𝑔

𝑠
), to optimize and augment heat transfer rates within the SEC. 

The findings indicated that reduced water temperature, coupled with augmented water pressures, 

markedly facilitated the optimization of condensation efficiency, underscoring the significance of 

parameter optimization. Furthermore, gaining insights into the decrease in separation efficiency of 

T-junction with higher inlet mass flow rates proved invaluable for optimizing separation systems 

across diverse industrial applications. 

Another feasible alternative for ejector condensation is the steam ejector condenser. However, as 

previously noted, CO2 in the steam phase presents challenges, such as attenuated convective heat 

transfer and amplified diffusion resistance. To overcome these obstacles, an EHD was utilized to 

enhance heat transfer within the system. Furthermore, the study investigates the impact of different 

inlet configurations. Results demonstrated that increasing steam mass flux and voltage of the EHD 

actuator improves condensation heat transfer coefficient. Additionally, cyclone separators with 

multiple inlets exhibit notable advantages in separation efficiency, with a cyclone featuring four 

inlets achieving an impressive 99.9% separation efficiency. Moreover, precise management of 

backpressure proves essential for effectively regulating condensation efficiency within the SEC. 
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Further research 

 

Building upon the findings of previous research on spray or steam ejector condenser and separators 

such as cyclones or T-junctions, further investigations could delve into optimizing their operational 

parameters for enhanced CO2 purification efficiency. For instance, exploring novel designs or 

materials for ejector condensers to mitigate the impact of non-condensable gases, such as CO2, on 

heat transfer could be a promising avenue. Additionally, studying advanced control strategies for 

regulating the inlet conditions of ejector condensers and separators could lead to more precise and 

efficient CO2 capture processes.  

Moreover, future research could focus on developing innovative separator technologies that offer 

higher separation efficiencies while minimizing energy consumption and operational costs. This 

could involve exploring alternative separation mechanisms or geometries for cyclones or T-

junctions to improve their performance in capturing CO2 from the steam-water mixture. 

Additionally, investigating the integration of advanced materials or coatings to enhance the 

separation efficiency of these separators, particularly in scenarios with high CO2 concentrations, 

could be beneficial. Furthermore, studying the synergistic effects of combining different types of 

separators, such as cyclones and T-junctions, within a single CO2 capture system could provide 

valuable insights into optimizing the overall purification process. Overall, future research 

endeavours should aim to advance the state-of-the-art in CO2 capture technologies by addressing 

the challenges and limitations associated with spray or steam ejector condensers and separators. 
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ABSTRACT 
 

This thesis delves into the imperative task of purifying CO2 in the post-combustion sections of gas 

power plants, focusing on innovative methodologies centred around the integration of spray or 

steam ejector condenser with separators such as cyclone or T-junction. The research adopts a 

diverse approach, integrating experimental, analytical, and numerical techniques to 

comprehensively explore CO2 capture through direct-contact condensation (DCC) within SEC, 

supported by different separators. 

A substantial segment of the study is devoted to understanding the physical processes of DCC 

within SEC through the development of experimental facilities and analytical models. The 

experimental setup enables an examination of DCC mechanisms, while the analytical model 

incorporates considerations for heat and mass transfer mechanisms, offering a unique perspective 

on condensation efficiency. Additionally, the thesis investigates the operational dynamics of SEC 

and their interaction with cyclone separators, shedding light on factors such as steam and CO2 

flow rates and droplet breakup to optimize CO2 purification. 

The investigation extends to explore novel strategies to enhance separator efficiency, 

encompassing the analysis of single and dual inlet cyclones and the examination of thermophysical 

parameters affecting SEC performance. Moreover, the study explores the potential of utilizing 

electrohydrodynamic (EHD) actuators to overcome challenges associated with CO2 presence in 

the steam phase, alongside optimizing inlet configurations for cyclone separators. The findings 

underscore the importance of parameter optimization and structural modifications in achieving 

high-purity CO2 production while addressing operational challenges within gas power plant post-

combustion sections. 

The first phase of the study focuses on developing experimental facilities and analytical models to 

understand the physical processes of DCC within SEC. The experimental setup allows for a 

detailed examination of DCC mechanisms, particularly effect of CO2 and steam mass flow rates 

on condensation efficiency. Simultaneously, analytical model incorporates considerations for heat 

and mass transfer mechanisms, providing insights into condensation dynamics. The achievement 

of this phase lies in validation of analytical model through satisfactory agreement with 

experimental results, affirming its reliability in predicting condensation efficiency. 

Building upon the understanding of SEC operation, the research extends to investigate the 

integration of SEC with cyclone separators. This phase explores factors such as steam and CO2 

flow rates, droplet breakup, and cyclone cone size to optimize CO2 purification efficiency. 

Observations highlight potential of structural modifications in enhancing separator performance, 

thus contributing to the overall efficiency of CO2 capture systems. 

Another significant aspect of the study involves optimizing cyclone separators by integrating 

vanes. Through numerical simulations and experimental validations, the research evaluates the 

impact of vane addition on separation efficiency and pressure drop. Results underscore 

effectiveness of structural modifications and operation conditions of SEC like volume fraction and 
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breakup of droplet in improving separator performance, paving the way for more efficient CO2 

purification processes. 

Further advancements in CO2 capture technologies are explored through the integration of SEC 

with T-junction separator. During this stage, the study examines how thermophysical factors like 

temperature and pressure of water influence condensation efficiency within the SEC, aiming to 

alleviate the consequences of CO2 on heat transfer rates. Findings emphasize the importance of 

parameter optimization in enhancing CO2 capture effectiveness, providing crucial perspectives for 

subsequent investigations industrial applications. 

The final phase of the study explores innovative techniques for CO2 capture, focusing on the 

utilization of steam ejector condenser with electrohydrodynamic (EHD) actuators. This approach 

aims to overcome challenges associated with CO2 presence in the steam phase, enhancing 

condensation efficiency within SEC. Additionally, the investigation delves into the optimization 

of cyclone separators, highlighting the advantages of multi-inlet configurations in achieving high 

separation efficiencies. 
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STRESZCZENIE 

 

Niniejsza praca pogłębia zagadnienie separacji dwutlenku węgla po spalaniu w elektrowniach 

gazowych, w których końcowy bilans emisji CO2 jest ujemny, koncentrując się na innowacyjnych 

metodach integracji eżektorów z separatorami typu cyklon lub T-junction. Badania przyjmują 

wieloaspektowe podejście, łącząc techniki eksperymentalne, analityczne i numeryczne w celu 

wszechstronnego zbadania separacji CO2 poprzez bezpośrednią kondensację (DCC) w eżektorze 

dwufazowym (SEC), wspieranego przez kilka typów separatorów. 

Znacząca część badań jest poświęcona zrozumieniu procesów fizycznych DCC w SEC poprzez 

budowę instalacji doświadczalnej i opracowanie modeli analitycznych. Układ eksperymentalny 

umożliwia badanie mechanizmów DCC, a model analityczny uwzględnia mechanizmy wymiany 

ciepła i masy, oferując możliwość oceny efektywności kondensacji bezpośredniej. Ponadto, 

badania analizują dynamikę pracy SEC oraz ich interakcję z separatorami cyklonowymi, 

podkreślając wpływ takich parametrów jak przepływ pary i CO2 oraz rozpad kropli w SEC, w celu 

optymalizacji separacji CO2. 

Przedstawione badania obejmują także próby poprawy wydajności separatorów pary i cieczy 

poprzez analizę cyklonów z pojedynczym i podwójnym wlotem oraz badanie wpływu parametrów 

termofizycznych na efektywność SEC. W przeprowadzonych analizach zbadano także dodatkowo 

potencjał zastosowania aktuatorów elektrohydrodynamicznych (EHD) w celu intensyfikacji 

procesów separacji CO2 z mieszaniny parowo-gazowej, a także optymalizacji liczby i konfiguracji 

wlotów dla separatorów cyklonowych. Wyniki podkreślają znaczenie optymalizacji tych 

parametrów i modyfikacji strukturalnych w osiągnięciu produkcji czystego CO2. 

Pierwsza faza badań w pracy skupia się na opracowaniu instalacji doświadczalnej i opracowaniu 

modeli analitycznych celem głębszego poznania procesów fizycznych DCC w SEC. Układ 

eksperymentalny umożliwia szczegółowe badanie mechanizmów DCC, zwłaszcza wpływu 

strumieni przepływów CO2 i pary na efektywność kondensacji. Jednocześnie model analityczny 

uwzględnia mechanizmy wymiany ciepła i masy, dostarczając wglądu w dynamikę kondensacji. 

Osiągnięciem tej części pracy jest walidacja modelu analitycznego poprzez satysfakcjonującą 

zgodność z danymi eksperymentalnymi, co potwierdza jego niezawodność w przewidywaniu 

wydajności kondensacji. 

Bazując na zrozumieniu działania bezpośredniej kondensacji w SEC, badania rozszerzono na 

analizę integracji SEC z separatorami cyklonowymi celem dalszej puryfikacji CO2. Ta faza prac 

rozpatruje przepływy masy pary i CO2, rozpad kropli oraz wymiary geometryczne stożka cyklonu 

na zoptymalizowanie wydajności dalszej separacji CO2. Uzyskane wyniki podkreślają potencjał 

modyfikacji strukturalnych i optymalizacji parametrów w poprawie wydajności separatorów, 

przyczyniając się tym samym do ogólnego wzrostu efektywności systemów separacji CO2. 

Kolejny istotny aspekt badań dotyczy optymalizacji separatorów cyklonowych poprzez 

wprowadzenie do cyklonów kierownic. Poprzez symulacje numeryczne i walidacje 

eksperymentalne badania oceniono wpływ dodania kierownic na wydajność separacji i spadek 

ciśnienia w instalacji. Wyniki podkreślają skuteczność modyfikacji strukturalnych i warunków 
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pracy SEC, takich jak udział objętościowy fazy gazowej i rozpad kropel, w poprawie wydajności 

separatora, otwierając tym samym drogę do bardziej wydajnych procesów separacji CO2. 

Przeprowadzono także inne analizy możliwości separacji CO2 z mieszaniny parowo-gazowej 

poprzez integrację SEC z separatorem typu T-junction. Analizowano wpływ czynników 

termofizycznych, takich jak temperatura i ciśnienie wody, mających wpływ na efektywność 

kondensacji w SEC oraz dodatkowym elemencie separującym niekondensujący się gaz (CO2) 

poprzez współczynniki wymiany ciepła. Wyniki podkreślają znaczenie optymalizacji parametrów 

w poprawie skuteczności separacji CO2, dostarczając cennych wskazówek dla przyszłych badań i 

zastosowań przemysłowych. 

Ostatnia faza przeprowadzonych prac koncentruje się na nowatorskich technikach separacji CO2, 

skupiając się na wykorzystaniu eżektorów parowych z aktuatorami elektrohydrodynamicznymi 

(EHD). Podejście to ma na celu pokonanie wyzwań związanych z usuwaniem CO2 z fazy parowej, 

poprawiając w wyniku efektywność kondensacji bezpośredniej w SEC. Badania dodatkowo 

zagłębiają się w optymalizację separatorów cyklonowych, podkreślając zalety wielowlotowych 

konfiguracji w osiągnięciu wysokich efektywności separacyjnych. 
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Appendix 1. Article [A] 
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