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l. 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 I) pre-combustion [24], II) oxy-combustion [25, 26] and III) 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:
CoH, + xHy0 © xCO + (x + %)H2 (1)
Gasification/partial oxidation:

X
Cully +5 0, © XCO + (%)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 + H,0 & CO, + H, ?)

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

membrane separation

permeability of
membranes to separate
CO2 from hydrogen

efficiency
- continuous operation
- compact and scalable

Technology Idea Advantages Drawbacks
separates CO2 from - effective separation - high maintenance
pressure swing syngas using porous of CO2 costs for adsorbent
adsorption (PSA) materials that adsorb | - can be integrated into materials
gases at different rates existing systems - limited by the
under varying - relatively low capacity of adsorbent
pressures operational costs materials
utilizes selective - high selectivity and - high cost of

membrane materials
- potential fouling and
degradation over time

technology
- highly efficient at
high CO2
concentrations

- energy-intensive

uses physical solvents .
regeneration process

physical solvent like Selexol or | b ; ful
absorption Rectisol to absorb - Solvents can be - requires caretu
regenerated and reused | handling and disposal
CO2 from syngas

- suitable for large- of solvents

scale operations

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].

CO2 storage |<==| CO2 compression
steam

CcO2
I Y
exhaust 4-[ Power generation }T[ CO2 capture }T[ Water gas shift *Tﬁ reforming /partial oxidation ]4_ fuel

I H2 CcO2 T

H2 02
. |
air .
exhaust 4—[ air separation J‘— air

steam

power | 4————

syngas

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
- high purity oxygen | - very energy-intensive
crvogenic air uses low-temperature - scalable for large - high initial
d%stgilllation distillation to separate capacities investment
oxygen from air. - allows recovery of - large physical
other industrial gases footprint
utilizes adsorbents to - lower energy .
. consumption - limited by adsorbent
. selectively adsorb . .
pressure swing . . compared to cryogenic capacity
- nitrogen from air S i .
adsorption (PSA) . distillation - requires high-
under varying . .
- compact size and pressure operation

ressures. .
P modular design

- energy efficient

relies on selective

L compared to cryogenic | - limited by membrane
oxygen transport permeability of methods lifespan and stability
membranes membranes to separate . . ! .
- continuous operation - high capital cost

oxygen from air.
Y - modular and scalable

uses metal oxides to

o ) . - complexity in
_ o faC|!|tate 02 _ potential for Iovyer handling metal oxide
chemical looping air separation from air energy consumption .
. i - ) materials
separation without direct contact - integrated CO2 .
. o - potential for
between air and capture capabilities .
operational challenges
oxygen.
- high energy
electrochemically - can utilize renewable consumption
. - - - expensive electrolyte
. splits water into electricity sources X
electrolysis of water ; . materials
oxygen and hydrogen | - produces high purity . q
using electricity oxygen and hydrogen - requires water an
' electrolyte
management
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Fig. 2 Diagram of oxygen production technologies including a) cryogenic air separation unit, b)
PSA process, ¢) 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 Drawbacks

Concept

Advantages

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.

CO;

CO; + water

-l:

water

60
4440

water
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: Gdansk 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 (Wroctaw 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 0.0. 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. |
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. | also simulated and optimized a cyclone
separator and an alternative solution, the T-junction separator, validating both with
experimental data from the literature. Furthermore, | 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
(02), 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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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.


http://mostwiedzy.pl

A\ MOST

29| Milad Amiri, PhD Thesis

Injection Cooling Water

Cold Water| —_ - Non-return
Nozzle —7T—~. — ~Valve

T~ —| A~ Exhaust
Hollow e f-""'ﬁ%?team
Truncated, —. — :
Cones -

Diverging| |
Cone i

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).

— > Inlet air flow rate

= Outlet air flow rate
s Exhaust air flow rate

O 9

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.

b)

Gas flow direction

A-A
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
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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.

e

AS

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.

K/
°e

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

L)
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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]:

R/
A X4

L)

*

K/

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.
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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.

Top outlet

(8
>
~
o/

E D,
Inlet )
S’
D,

Down outlet
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.

s 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.

A\ MOST


http://mostwiedzy.pl

A\ MOST

36| Milad Amiri, PhD Thesis

L)

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]:

*
A X4
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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 mixturel. The components of mixturel
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 mixturel 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.

/@ Cco CO2 CH4 @ C3H8 H2 @ NH3|

Fig. 13 Fuel (mixturel) 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
PFDO0 and PFD1. PFDO specifically focuses on the oxy-combustion stage of the nCO2PP, while
PFD1 encompasses the entire process flow of the nCO2PP. In PFDO 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 PFDO 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.
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Fig. 14 PFDO of a gas mixture cycle (in Aspen HYSYYS)

Tables 4 and 5 illustrate the cycle nodal points of PFDO for mixturel and methane, respectively.
Table 6 represents the summarised results of PFDO for both mixturel 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 Mixturel 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 % for
methane and 58.8 % for Mixturel. Upon analysis of turbine power outputs, methane exhibits

slightly superior values for turbine power Ny (92.93 KW compared to 88.73 kW) and Ngr_pap
(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 Mixturel. Despite methane's superior turbine power
outputs, Mixturel demonstrates a marginally higher net efficiency of the system, reaching 44%
compared to methane's 43.32%. This discrepancy implies that Mixturel 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 Mixturel'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. Mixturel 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 Mixturel and Methane of PFD1. The fuel mass flow
analysis reveals substantial disparities between Mixturel and methane, with Mixturel

demonstrating a markedly higher flow rate (16.68 %) compared to methane (6.23 %) to attain

similar temperatures within the WCC. This discrepancy underscores a higher consumption rate
for Mixturel in achieving the requisite temperature, a phenomenon attributable to disparities in
fuel composition and energy content. Mixturel 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 %) compared to Mixturel (76.50

%). 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 Mixturel.
Remarkably, only Mixturel 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 Mixturel. 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 Mixturel'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 Mixturel
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 mixturel (syngas) as a fuel in Aspen HYSYS

Parameter Unit Value
Node designation - Q Fuel 1 Fuel 02 192 QIH20 | g2H20 | 1H20 2 3 4 5
Maz;f)'ow o/s | 180 | 180 | 232 | 232 | 588 | 588 |588 100 | 100 100 100
fracti 0
Oz fraction mol% | - 100 | 100 - - - 0.00 | 0.00 0.00 0.00
(Xo,)
CO, fraction mol% | - - - - - - - 1175 | 1175 | 1175 11.75
(Xcoz)
H0 fraction mol% | - - - - 100 | 100 100 87.63 | 87.63 | 87.63 87.63
(XHQO)
NO fraction moloe | - ) ) ] - - - 0.62 0.62 0.62 0.62
(Xno)
Tem?g""t“re oC 15 255.6 15 | 314.8 15 | 2511 | 12511 | 1100 | 6725 | 324.7 178.6
Pri;s;re bar | 1 105 1 105 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 002 102 Q-H20 | (QzH20 1H20 2 3 4 5
Mas(; ‘;'OW gls | 6.72 672 | 2680 | 2680 | 6648 | 66.48 | 66.48 100 100 100 100
Oz fraction mol% | - - 100 100 - - - 0.00 0.00 0.00 0.00
(Xo,)
CO fraction moloe | - ) ] ) ; - - 8.47 8.47 8.47 8.47
(Xco,)
H20 fraction mol% | - . - - 100 100 100 9153 9153 9153 9153
(Xm,0)
TemFE;rat“re oC 15 225.39 15 314.8 15 2511 | 125.11 1100 667.3 318.4 158.6
Pre(;)s)“re bar | 1 105 1 105 1 300 300 10 1 0.078 0.078
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Table. 6 Effect of different fuels (simulated by Aspen HYSY'S) [63]

Mixturel

Parameter Symbole Unit (syngas) methane

Temperature at the WCC outlet t °C 1100 1100

Fuel mass flow M1 fuel als 18.00 6.72

Oxygen mass flow M1-02 als 23.2 26.8

Water mass flow M4 20 als 58.8 66.48
Exhaust temperature after HE s °C 178.60 161.10
Turbine power GT Ner kw 88.73 92.93
Turbine power GT"® Ner—-pap kW 65.64 68.49
Combined turbines gross power Ny kw 154.37 161.42
Power for own needs Nep kw 19.12 15.75
Chemical energy rate of combustion Qcc kw 307.42 336.23
Net efficiency Mnet % 44.00 43.32

Gross efficiency Ng % 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 Mixturel and Methane of PFD1 [63]

Parameter Symbol | Unit Aspen HYSYS
Fuel type - - Mixlture Methane
Fuel mass flow My_fuer | OfS 16.68 6.23
Oxygen mass flow My _o7 als 21.21 24.86
Water mass flow My_py20 | OfS 62.11 68.91
CO; mass flow in exhaust My_cop | OfS 22.68 17.10
NO mass flow in exhaust My_no als 0.82 -
Water mass flow in exhaust My_pao | OIS 76.50 82.90
Water production Mp_pz0 | OfS 14.38 14.00
Exhaust temperature (before regenerative HE1, after GT®) ty °C 321.4 317.1
Exhaust temperature (after regenerative HE1, x=0.9999) ts °C 38.95 39.73
Turbine power GT Ngr kw 91.05 95.38
Turbine power GT"® Ner-pap | KW 66.14 69.04
Combined turbines gross power N, kw | 157.19 164.42
Optimistic SEC Pump power consumption (x=0 in mixing part of SEC) Np_sgco | KW 17.79 12.89
Not optimistic SEC Pump power consumption (x=0.25 in mixing part of SEC) | Np_sgcn | KW 54.93 53.18
Power for own needs with optimistic SEC Nepo kW 43.59 32.62
Power for own needs with not-optimistic SEC Nepno kW 80.63 72.91
Chemical energy rate of combustion Qcc kw | 284.88 | 311.72
Net efficiency with optimistic SEC Dnet.o % 39.91 41.58
Net efficiency with not optimistic SEC Dnet no % 26.87 28.66
Gross efficiency Ng % 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:

e 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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1. 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:

n
de _ Td hlv dm + T[dé Thmg (Tm - Td) (1)
dx Mg CpiMg) dx CpiMg
dT, T, dm h,,tdin 2
_m=_'_m__m—‘d(Tm_Td) 2)
dx My dx (L —Lj) Mpcpm

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.
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A Experimental Model
Analytical Model

b)

Condensation Mass flow rate (g/s)

2 3 4
Mass Flow Rate of Vapour (g/s)

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

3
29 % for, a) the mixture temperature and b) condensation mass flow rate, at CO, flow rate of 2.6 mT [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 % to 3.6 % leads to a reduction in steam

3
temperature from 25°C to 14°C at a CO2 flow rate of 6.8 mT 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
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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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I11.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 W€0'5 1/6 (3)
—=1436(1+3
Dj ( + Re )
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Re = piwD; (5)
1]
In this context, Dj refers to the nozzle diameter, while u;, y;, a; and p; 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:

0(pm) | 9(PmUm) _ (6)

0
ot axi

The equation governing the momentum of the mixture can be expressed as:
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In this context, u,, represents the velocity averaged by mass, while p,,, refers to the density of the
mixture, and u,, indicates the viscosity of the mixture.

n
— Yq=1%qPqlq

u
m Pm

v Pm = ZZ:l AgPq » Um = ZZ:l Aglg (8)
The variable u,, , represents the drift velocity of the secondary phase, which is calculated using
the equation: ug, ; = Uug — Up,.

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
Pato 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 um. 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—e 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].
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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:

a T a7 YL u' 0 vl
Dij = =5 ['Dulujuk + (P'u) 0y + (P'ur) i — 'u(a_xkuluj)] o

The shear production term:

7 0uj T Oy
P;=—-p [uluk 6_x;J< + wuy, EL] (11)
The pressure-strain term:
_ 2
My =pGy +33) (12)

The dissipation term:

dul ou;
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gij =

(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 2 demonstrated enhanced performance in the dual-inlet cyclone, achieving a separation

S

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 - € model [109].

d U 14
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Interfacial surface density between water and steam is computed to understand the heat transfer
surface area [109].

6y (16)
Agy = d_ﬁ
B


http://mostwiedzy.pl

60| Milad Amiri, PhD Thesis

dp represents the mean bubble diameter in dispersed phase, whilst y; refers to the gas volume
fraction present in liquid phase.

Momentum transfer between the gas and liquid phases has been analysed via drag force (Mp,) and
turbulent dispersion force mechanisms (Mpy,).

3Cp 17)
Mpe = —Mpg = 7 5-73Pal|Up = Uq|(Up — Uq)
B
M7pe = —Mrpg = =CrppakaVy, (18)

K, denotes the turbulent kinetic energy, an essential factor in evaluating turbulent flow behavior.
On the other hand, C+p 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 I11. 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-¢ 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 %) stands as a paramount strategy. Modulating this parameter can intricately influence the


http://mostwiedzy.pl

62| Milad Amiri, PhD Thesis

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 °C) 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 - € 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.

(19)

Fo = oo — 5 E20e, 4 29 [E20(50)]
e — pC 2 sS 2 p(ap)
In this context, p. denotes the charge density (%), and E symbolizes the electric field strength
(%). €, represents the dielectric permittivity (%).

The Poisson equation is formulated as:

Pc (20)

V stands for the electric potential (V).

The corresponding expression for the electric field has been given as:

E=-VV (21)

The equation governing current continuity may be described:

V.i=0 (22)

J denotes the electric current density (%), defined by the following equation:

T = p(pcBE + pcl_i + D:Vpe) (23)

2
Here, B refers to the ion mobility (%), and U represents the velocity vector (%). Additionally, D,

signifies the ion diffusion coefficient (mTZ).

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-¢ 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(1555), the

MW

mz.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.

condensation heat transfer coefficients were recorded as 0.98, 1.029, 1.08, and 1.134 (

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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VIL.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 °C) and pressure (12 to 16 bar), in conjunction with

steam mass flow rates (2.2 to 4.6 %), 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 poglebia zagadnienie separacji dwutlenku wegla po spalaniu w elektrowniach
gazowych, w ktorych koncowy bilans emisji CO2 jest ujemny, koncentrujgc si¢ na innowacyjnych
metodach integracji ezektorow z separatorami typu cyklon lub T-junction. Badania przyjmuja
wieloaspektowe podejscie, taczac techniki eksperymentalne, analityczne i numeryczne w celu
wszechstronnego zbadania separacji CO2 poprzez bezposrednig kondensacje (DCC) w ezektorze
dwufazowym (SEC), wspieranego przez kilka typow separatorow.

Znaczaca cze$¢ badan jest po§wigcona zrozumieniu procesow fizycznych DCC w SEC poprzez
budowe instalacji doswiadczalnej i opracowanie modeli analitycznych. Uktad eksperymentalny
umozliwia badanie mechanizméw DCC, a model analityczny uwzglgdnia mechanizmy wymiany
ciepta i masy, oferujagc mozliwos¢ oceny efektywnosci kondensacji bezposredniej. Ponadto,
badania analizuja dynamike pracy SEC oraz ich interakcje z separatorami cyklonowymi,
podkreslajac wptyw takich parametrow jak przeptyw pary i CO2 oraz rozpad kropli w SEC, w celu
optymalizacji separacji CO2.

Przedstawione badania obejmuja takze proby poprawy wydajnosci separatoréw pary i cieczy
poprzez analiz¢ cyklonow z pojedynczym i podwodjnym wlotem oraz badanie wptywu parametrow
termofizycznych na efektywnos¢ SEC. W przeprowadzonych analizach zbadano takze dodatkowo
potencjal zastosowania aktuatoréw elektrohydrodynamicznych (EHD) w celu intensyfikacji
procesow separacji CO2 z mieszaniny parowo-gazowej, a takze optymalizacji liczby i konfiguracji
wlotow dla separatorow cyklonowych. Wyniki podkreslaja znaczenie optymalizacji tych
parametréw 1 modyfikacji strukturalnych w osiagnieciu produkcji czystego CO2.

Pierwsza faza badan w pracy skupia si¢ na opracowaniu instalacji doswiadczalnej i opracowaniu
modeli analitycznych celem glebszego poznania procesow fizycznych DCC w SEC. Uktad
eksperymentalny umozliwia szczegdélowe badanie mechanizmoéw DCC, zwlaszcza wplywu
strumieni przeptywoéw CO?2 i pary na efektywno$¢ kondensacji. Jednocze$nie model analityczny
uwzglednia mechanizmy wymiany cieplta i masy, dostarczajac wgladu w dynamike¢ kondensacji.
Osiagnieciem tej czesci pracy jest walidacja modelu analitycznego poprzez satysfakcjonujaca
zgodno$¢ z danymi eksperymentalnymi, co potwierdza jego niezawodno$¢ w przewidywaniu
wydajnosci kondensacji.

Bazujac na zrozumieniu dziatania bezposredniej kondensacji w SEC, badania rozszerzono na
analiz¢ integracji SEC z separatorami cyklonowymi celem dalszej puryfikacji CO2. Ta faza prac
rozpatruje przeptywy masy pary i CO2, rozpad kropli oraz wymiary geometryczne stozka cyklonu
na zoptymalizowanie wydajnosci dalszej separacji CO2. Uzyskane wyniki podkreslajg potencjat
modyfikacji strukturalnych 1 optymalizacji parametrow w poprawie wydajnosci separatoréw,
przyczyniajac si¢ tym samym do ogolnego wzrostu efektywnosci systemow separacji CO2.

Kolejny istotny aspekt badan dotyczy optymalizacji separatorow cyklonowych poprzez
wprowadzenie do cyklonow kierownic. Poprzez symulacje numeryczne 1 walidacje
eksperymentalne badania oceniono wptyw dodania kierownic na wydajnos¢ separacji i spadek
cisnienia W instalacji. Wyniki podkreslaja skuteczno$¢ modyfikacji strukturalnych i warunkow
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pracy SEC, takich jak udziat objetosciowy fazy gazowej i rozpad kropel, w poprawie wydajnosci
Separatora, otwierajac tym samym droge do bardziej wydajnych procesow separacji CO2.

Przeprowadzono takze inne analizy mozliwosci separacji CO2 z mieszaniny parowo-gazowej
poprzez integracjc SEC z separatorem typu T-junction. Analizowano wptyw czynnikow
termofizycznych, takich jak temperatura i ci$nienie wody, majacych wplyw na efektywnos¢
kondensacji w SEC oraz dodatkowym elemencie separujgcym niekondensujacy si¢ gaz (CO2)
poprzez wspotczynniki wymiany ciepta. Wyniki podkreslaja znaczenie optymalizacji parametrow
w poprawie skuteczno$ci separacji CO2, dostarczajac cennych wskazowek dla przysztych badan i
zastosowan przemystowych.

Ostatnia faza przeprowadzonych prac koncentruje si¢ na nowatorskich technikach separacji CO2,
skupiajgc si¢ na wykorzystaniu ezektorow parowych z aktuatorami elektrohydrodynamicznymi
(EHD). Podejscie to ma na celu pokonanie wyzwan zwigzanych z usuwaniem CO2 z fazy parowej,
poprawiajac W wyniku efektywnos$¢ kondensacji bezposredniej w SEC. Badania dodatkowo
zaglebiaja si¢ w optymalizacje separatorow cyklonowych, podkreslajac zalety wielowlotowych
konfiguracji w osiggnigciu wysokich efektywnosci separacyjnych.
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ABSTRACT

Keywords:

Spray ejector condenser
Direct-contact condensation
Jet breakup

An analytical model of direct steam condensation (DCC) in the novel idea of spray ejector condenser (SEC) in the
presence of inert gas has been developed. It is based on continuity, momentum and energy equations for the
steam-carbon dioxide mixture and direct contact condensation mechanisms due to heat transfer and concen-
tration. Crucial in the process of DCC is atomisation of the motive fluid in the ejector. The effect of atomised
droplet size is exhibiting a significant amplification influence with increasing size of the droplet. Motive fluid is
driving the secondary fluid-mixture of steam and inert gas in the Venturi nozzle and is cold enough to cause
direct condensation. The intensity of heat transfer process from steam to water when the phases are in direct
contact is much higher than the heat transfer intensity in surface heat exchangers. The analytical model pertains
to a subcritical flow of a mixture of steam and gas in SEC. The model exhibits satisfactory agreement with
experimental data. The model of DCC predicts higher values of temperature drop between inlet and outlet from
the mixing section for the case of smaller steam-CO, flow rates. Increasing the flow rate of steam mixture from
1.2 g/s to 3.6 g/s results in a reduction of steam mixture temperature from 25 °C to 14 °C respectively, at CO2
flow rate of 6.8 m®/h. Condensation without presence of CO, in the same range of steam flow rate, i.e. from 1.2
g/s to 3.6 g/s results in reduction of steam mixture temperature from 56 °C to 25 °C respectively, confirming in
such way the effect of CO, presence on the efficiency of DCC. Such model allow for discussion of parameters
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affecting process of condensation in SEC and ability of application such condenser in power plants.

1. Introduction

Direct-contact condensation (DCC) plays a pivotal role for both en-
gineering and natural sciences that has been exploited in many fields
[1-5]. DCC is when a gas/vapour stream comes into direct contact with
a subcooled liquid, Mazed et al. [6]. Such process is associated with
much higher heat transfer coefficients than in conventional heat ex-
change processes [7]. DCC of vapour with inert gas on a spray of sub-
cooled liquid exists in a number of technical applications such as for
example in the nuclear industry (e.g. depressurization under normal
operating conditions, (see e.g. Celata et al. [8]), safety analyses) and in
the chemical industry (e.g. mixing-type heat exchanger, degasser, sea
water desalting). Another application is when the supersonic steam jet
flows combines with cold water in the mixing nozzle in the emergency
cooling system of nuclear reactor, causing DCC. The condensing-injector
is envisaged as a potential heat exchanger or energy-efficient pump due
to its higher heat exchange coefficient, low-grade thermal energy

* Corresponding author.
E-mail address: dariusz.mikielewicz@pg.edu.p (D. Mikielewicz).
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utilization and ability to pressurize without rotating components [9].
Novel applications of SEC pursuit by Authors are considered in gas
power cycles for condensing steam in exhaust gases [4,5,10]. As a result,
the inert gas with a high purity can be separated from the steam-carbon
dioxide mixture. The phenomenon of direct-condensation heat transfer
is primarily characterized by the transport of heat and mass through a
moving vapour-liquid interface. Accurate predictions of the properties
of DCC, particularly the heat and mass transfer phenomena near the
vapour-liquid interface, are crucial for upgrades and designs. Literature
survey shows that this problem is not sufficiently understood and
described [11-16]. This is particularly the case for DCC at
sub-atmospheric pressure, see Lo Frano et al. [17]. Condensation of
vapour on a spray of drops is an even more complicated process. Drop
size distribution, drop velocity, and condensation on droplets should be
all investigated in detail in order to characterize it. A jet coming out of
the nozzle dissipates and breaks up into various-sized drops. Conden-
sation of vapour on the drops occurs when saturated vapour comes into
contact with subcooled drops (their temperature is lower than the
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Nomenclature

a thermal diffusivity, m?/s,

cp specific heat, J/(kg K)

(& constant

g gravitational acceleration, m/s>

Py mass transfer coefficient,

hpmg convection heat transfer coefficient, W/m?K

K¢ loss coefficient

Le Lewis number

In distance between the centres of neighbouring droplets

m mass flow rate, kg/s

m, mass flow rate of condensation of vapour on the droplet
surface, kg/s

N total number of droplet

ny number of droplets being within distance x

p pressure, N/m?

q heat flux, W/m?

R individual gas constant, kJ/kgK

Re Reynolds number

Sh Sherwood number

t time, s

T temperature, °C

Ty Temperature of droplet, °C

T Temperature of mixture of steam, °C

We Weber number

u velocity in the x-direction, m/s

X coordinate along the flow measured from throat outlet

Xo thermal entry (development length, m)

zZ ratio of droplet velocity to mixture velocity

Greek Symbols

o local heat transfer coefficient, W/(m? K)

5 liquid film thickness, m

1l dynamic viscosity, kg/(m s)

v kinematic viscosity, m%/s

p density, kg/m®

c surface tension, N/m

T shear stress, N/m?

® mass fraction

K the ratio of specific heat at constant pressure to specific
heat at constant volume

Subscripts

c condensation

1 liquid,

0 initial parameter (at the slit outlet)

v vapour

t turbulent

X axial component

w wall

Superscript

- dimensionless value

Acronyms

DCC direct contact condensation

SEC spray ejector condenser

saturation temperature of the vapour at the given pressure). Instead of
the drop size distribution that occurs in the spray, Brown [18] applied
mean diameters (arithmetic mean diameter for the trajectory of drops
and Sauter mean diameter for the heat transfer rate) in his analysis of the
process. Heat transfer coefficients up to 27,200 W m 2 K~ ! have been
achieved in his experimental research of steam condensation on a spray
of subcooled water drops (dia. 125-520 pm), suggesting the high effi-
ciency of this type of condensation, providing a further incentive to the
present study. A one parameter drop size distribution function and the
volume mean diameter were utilized in the analysis of Isachenko et al.
[19]. Comparing the experimental and theoretical results, they have
found that the obtained rate of the process is larger than that theoreti-
cally expected [20]. Madejski et al. [21] concluded that their review of
the numerical investigation shows that various types of direct contact

condensation modelling approaches are still developing because of the
immense diversity and complexity of the phenomenon.

In this paper, an analytical approach of DCC in a SEC in the presence
of inert gas (CO3) has been postulated to study the phenomenon. The
model is based on consideration of the twofold influence on the process,
namely due to the convective heat transfer of the mixture of steam and
CO, and the mass flow due to difference in concentration of vapour on
interface of droplets. Such analytical model allows to analyse the in-
fluence of various parameters on the DCC process, which subsequently
develops knowledge on better design procedures of SEC. Moreover, ef-
fect of breakup of jets on droplets is investigated and best estimate for
droplet diameter has been obtained. Also, impact of initial velocity of
droplet and mixture of steam and inert gas on temperature of droplet
and mixture of gases as well as the effect of diameter of droplet and

m,=mg4m, o

m

m T4
water iprimarv flow)

CO,+steam (secondary flow)

Fig. 1. Schematic of mixing chamber with multi- nozzles.
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s mixing length diffuser
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Fig. 2. General outlay of the ejector.

geometry of throat has been examined. SEC is a combination of an
ejector providing pressure lift and a condenser allowing for steam-gas
mixture condensation. The flow of steam-gas mixture is of subsonic
character. Such condensers are rarely used in power plants in spite of the
fact that they have many advantages as they can be smaller, cheaper,
and have a simpler construction than the surface, shell and tube con-
densers. When a supercritical flow of such a mixture of steam and gas
and cooling water is considered, a shock wave is formed, rendering
condensation of the steam under conditions of thermodynamic non-
equilibrium. Such condensation can arise without the cooling water.
This kind of modelling with CFD is pretty common in literature [22,23],
but is not a topic of the present study.

The purpose of this paper is to develop analytical model of SEC for
the case when a subcritical flow is formed from a mixture of steam and
gas and cooling water. Such a model allows for a wide discussion of
parameters affecting process of condensation in SEC and ability of
application such condenser in power plants, which in a perspective can
be competitive to existing power plant condensers, especially in the view
of the fact that separation of the carbon dioxide can be an added value to
the condensation process.

2. Physical ejector model and its mathematical description

The theoretical analysis in the paper concerns the issue of DCC of
vapour with inert gas within ejector creating a subcooled water spray.
The physical situation considered is shown in Fig. 1.

In order to maximize the device efficiency a proper ejector design
and analysis is required. The ejector, being the crucial component of a
considered thermodynamic cycle, which in our case is a negative CO,
emission gas power plant [4,5,10], determines the overall performance
and efficiency of the condensing steam from mixture of vapour-inert gas
system. For the ejector design, the study should focuses on the ejector
nozzle, pre-mixing chamber, mixing section and the diffuser part.
However the latter element of the device is not a subject of analysis here
due to the fact that it is assumed that the complete condensation takes
place in the mixing section and the diffuser acts only on the pure carbon
dioxide flow to transfer it to subsequent sections of the system.

2.1. Pre-mixing chamber

The considered spray ejector condenser is basically a converging-
single nozzle with the condensation in mixing section inside combined
with diffuser. Fig. 2 demonstrates the division of the ejector into
elementary control volumes from the inlet up to the exit. Alternatively a
cyclone separator of droplets can be implemented instead of the diffuser.

It is assumed that the inlet properties of the fluids, which are sup-
plied at a state denoted as “inlet” in Fig. 2, are all known. At that location
the liquid jets have a subscript “I” whereas the mixture of vapour and
non-condensable is denoted as “g”. In order to determine the properties
at state “0” the procedure of reduction of inlet parameters due to change
of flow geometry and friction is required. Before premixing section (state
0), the liquid jet inside the nozzle and a mixture of gases (around the
nozzle) are flowing as single phase fluids. It ought to be borne in mind
that the mixture of gases flowing with the velocity higher than 0.3 Ma
number should be treated as a flow of compressible fluid. In the paper

Uy, pg,l

A

Fig. 3. Terms present in the analysis of the state “0" and “1”.

non-compressible fluids are considered. Presented model is devoted to
the case when in the mixing length there is a subcritical flow of the
mixture of steam and inert gas with cold liquid droplets. Their velocities
are below Mach number less than 0.3. Such parameters are also common
in traditional condensers as the heat transfer occurs at moderate ve-
locities of vapour not exceeding 40 m/s.

Of our subsequent interest is determination of the pressure and mass
flow rate of the steam-inert gas mixture at state “1”. That location is the
starting point of steam condensation process. For this purpose, the
conservation equations of mass, momentum and energy have been
applied in the analysis. In the view of solving the arising equations some
thermodynamic relations such as Clausius-Clapeyron equation, ideal gas
equation etc. are applied.

In order to calculate, for a particular ejector design, the suction mass,
mg and the pressure at the beginning of the mixing zone, it is necessary
to know the equations resulting from the flow in the inlet zone resulting
from mass, energy and momentum conservation equations for gas
mixture. The continuity equation between locations denoted by indices
“inlet” and “0" from Fig. 3 yields:

my = UginP (A gin = UgP, (AO = AJ') @

Bernoulli equation for real gases (with losses) can replace the mo-
mentum equation in the course of evaluation of the state “0", which is
different with respect to state at “inlet” due to the fact that there is ge-
ometry of the flow change. The equation yields:

1 ) 1 5
Pg.in + E'l)g.ﬂu;.m =Pgo F 5'/%.0“;,0 e 2 Aphm.v.l (2)

The pressure drop due to losses can be evaluated from the classical
expression for the pressure losses [24]:

Peo Uz
2
There are no information about evaluation of Ky, in literature. For the

sake of present calculations it has been assumed as Kp=0.0015. As will

be seen later the results of calculation agree well with the experiment.
Suction pressure pg; of mixed gases caused by liquid jet can be
determined from the balance of momentum between pre mixing section

and entrance to the mixing section, that means between states 0 and 1.

Precise values of mass flow rates of steam-carbon dioxide mixture and

Aplu.\.\:l = Ky 3)
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motive fluid mass flow rate together with respective temperatures are
required to determine the pressure at the beginning of condensation
process, namely location 1. Transition from location 0 to location 1 can
be determined from the momentum balance equation of the mixture:

Pe0Ag0 + Mgligo + PiAj + myuy = pe Ay + (n'zg + n'l,)u/ 4)

Eq. (4) represents forces due to acting pressures on suitable areas of
cross sections and momentum due to mass flow rate crossing boundary
of considered control volume. The model is 1D and for simplicity the
frictional losses are neglected. Such approach is common in literature for
relatively small distances.

Determination of pressure in locations 0 and 1 can be accomplished
when we assume values of inlet velocity of motive liquid and steam-gas
mixture, i.e. u; and ug. Then the respective mass flow rates can be
determined. Due to mixing after location 1 the total mass flow rate has
velocity u stemming from (4).

My = Ugp, (Ao —Aj) (5)

In the subsequent analysis it is assumed that myo = m,, = m,. We
assume also that the liquid velocity will not change over that distance, u;
value is assumed for the entire flow. Following re-arrangements, the
pressure after pre-mixing is obtained:

my (u, - Ltg)

Y 6

Pe1 = Pgod + pib —

In (6) two terms related to surface area ratios are introduced, namely
__Ags A
a=7 and b = i

From the Eqs. (1)-(3) we can determine:

1 i s
Pgin — Pg0 = E/)g“io(l + Km) = Epg"‘;m (7)

Substituting the relation for mass flow of gas mixture into (7) we
obtain the expression:

«2
1 m, A
MG (8)
/)KAO Ain

Pgin — Pgo = 5

Hence the mass flow rate of steam-inert gas mixture reads:

1+ m_i")'

A

9

lfll‘, = Ao

The pressure at location 1 can be determined from the expression (6).

At the location 0, we determined the mass flow rate of the mixture
which subsequently will take place in the condensation process and the
pressure at location 1, described by Eq. (6).

Conditions leading to state 2 can be found by a marching procedure
outlined in the next section. In order to determine the properties at state
2 after an increment distance dx, the conservation equations and ther-
modynamic relations are applied. The aforementioned equations are
applied successively for every given distance until the exit of the nozzle
is reached.

2.2. Mixing section

2.2.1. Determination of state 2

The cylindrically-shaped region of the ejector with a constant-area is
the mixing section. It is where the primary and secondary fluids start to
interact. Then a fully mixed flow travels towards the inlet of the diffuser.
Having a trial value of mass stream of vapour gas, we can determine
molar concentration of vapour in the mixing chamber. This allows
finding a partial pressure of vapour and gas. Partial pressure of vapour
permits to evaluate temperature of saturation from which varies from
location 1 to location 2. The above initial value allows to proceed cal-
culations forward to subsequent values of coordinate x.

In order to get the values in state 2 conservation equations for mass,

International Journal of Heat and Mass Transfer 216 (2023) 124576

2

/
(mg+m|)lu|'pg,2 mgl u]' pg,3
A — | — A3
2 m
: Tm Td I

Fig. 4. Terms taking place in the analysis of state “2".

energy and momentum were applied together for the adiabatic process.
The details of the terms taking place in the analysis have been provided
in Fig. 4.

A cold liquid stream creating the jet has the inlet mass flowrate my,
temperature, Ty, velocity, uyo, and flows along the ejector driving a
vapour-gas stream having the mass flow rate mp, o, velocity vgo and
temperature Ty>Tgy — where the saturation temperature on interface
depends on gas concentration in the gas-vapour mixture. Coordinates
are chosen in such a way that the y axis is directed from the interface
outward the liquid spray, and its origin is always located on the inlet
cross section of the entrance of sub cooled liquid, whereas the x axis
origin is located at the inlet cross section. The following assumptions
and simplifications are made in the analysis:

1. Parameters at the inlet (state denoted in Fig. 2 as “inlet”) to SEC are
known, i.e. sub-cooled motive liquid mass flow rate is my g, its tem-
perature Ty, and velocity u = uj o. Initial mass flow rate of steam and
inert gas mixture mg is also known. Mixture temperature at inlet is
Tm,0 and pressure pg;

2. Breakdown of liquid jets into droplets occurs after some distance
from the injection of liquid to mixing chamber. At the beginning of
calculations this distance is assumed zero;

3. Diameter of droplets after breakdown is dg;

4. Both phases are flowing under steady-state conditions. The amount
of droplets in the mixing throat is constant for a given flow rate of
liquid;

5. Physical properties of the liquid droplets and vapour-gas mixture are
constant;

6. Thermal diffusivity of liquid layer a is constant. The distribution of
temperature in liquid spray and gas mixture due to vapour conden-
sation on interface is described by mass and energy conservation
equations.

2.2.2. Effect of breakup of droplets

Firstly, it is assumed that there will be an extra length of jet prior to
the liquid breakup into droplets, followed by the breakup. The liquid jet
breaks into droplets under the influence of waves formed on the surface
of the jet, due to instability. These waves cause a loss of stability and the
formation of primary droplets. The size of these droplets results from the
volume of the wave on jet and depends on jet diameter and length of
waves. Developed droplets feature a minimum surface energy, Jain et al.
[25]. For certain outflow conditions of a liquid jet, there is an optimum
wavelength whose length is greater than the jet circumference, at which
the wave amplitude increases and the liquid jet bursts. The droplets so
formed during primary atomization further undergo secondary breakup
resulting in much smaller droplets. Weber developed a relation for the
size of secondary droplets [26]:

Web3 1/6

%:1.436 <1+3 I;e ) (10)

J

PU;D;
a

nozzle diameter.

where: We = — Weber number, Re = #i - Reynolds number, D; -
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The criterion for the beginning of primary droplets breakup is We
> We.. Following Jain et al. [25] the value We, = 12 has been
assumed.

The distance from the nozzle exit to the location where the break-
down of the jet into primary droplets is observed is named the breakup
length, L;. For turbulent liquid jets it can be calculated is [27]:

L _ sowes 1)
D;

Secondary droplet breakup occurs under the influence of aero-
dynamic forces with account of viscous forces. Primary droplets are
deformed and broken up by aerodynamic drag forces and surface tension
forces. The maximum secondary droplets size can be determined from
the definition of Weber number relationship with We=12.
Bl a2)

o — )

The average droplet size can be assumed as [28]:

Dl"ﬂ.\‘
D, ~—— 13
3 13)

A more accurate value could be calculated from the droplet size
distribution spectrum [29]. The mean drop diameter, dp, can be
approximately predicted using Nukijama-Tanazawa equation:

1.8300
(VA’ - V’)/’l

The most probable droplet diameter is equal to half of the mean
diameter d,,, = d,/2 which can be found from the size distribution:

dy = (14)

) 'VI,‘,,L).
P(d,) :4gg’—e ( as)

m

In the present work we would like to show the underlying physics of
the DCC model so Eq. (13) was used in calculations.

2.2.3. Liquid droplet flow

Let us now consider the averaged mass and force balance equations
for the liquid drops. Stream of drops leaving the supplying water nozzles
has the mass flow rate the same as the stream of liquid on inlet channel,
so the mass of droplets is the same as the mass of liquid within the length
of mixing chamber:

5

m dap,

iy = n=nmyg= (L-L) p (16)
Where: n - total number of droplets in one jet exchanging mass and

heat in mixing chamber, L - length of the mixing section.
2 :
n= %(%) %L—’—) denotes total number of droplets in mixing zone
n, - number of droplets in one jet being within distance x.
X
n=-———Xn

(L-L)

The motion of the liquid due to condensation of droplets in the x-
direction is described by the force balance of inertia and drag forces in
line with the equation:

d(myu, Cd(ug(x d(m, 1 _ _zzd_(2
( i ik d’i st + & d,‘)ua = = PuColwa — Ty’ 2% A7)
where: d% = m, denotes the mass flow rate of droplets with condensa-

tion of vapour on the droplet surface, which will be determined in the
later.
Rearranging (17) we get:
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Y Y
% lp,,,CD(u,, - llm) _-ti oE m_‘ -0 (]_8)
dx 8 Mgty my
Following separation of variables in (18) and integrating the
resulting relation we obtain the expression for the function linking the
ratio of velocities, z = %, in function of the distance x:

Um
4 1 &
/ zd. : — /)mCD” ddx ) (19)
23—2(1—%)z+1 8  my
PmACplm ulj

In general, the integral on the left hand side of (18) can be presented
in a closed form:
for (b> —4) >0

zdz 1 5 1 b 2z+b— Vb2 -4
.,7:—ln(z“+bz+l) —i= In
Z24+bz+1 2 2Vb2—4 \2z+b+ Vb2 —4
(20)

for4—b>>0

zdz b 2z+b
= t 21
/22-bz+1 \/4_b2ang< 4—b2> @D

where: b = — 2(1 = 2::?)'
m d

Exact solution of Egs. (20) and (21) can be sought with the following
boundary conditions:

forx =0u; =ug and z=1 (22)

The solution can be obtained in the form:

o (A(z) ;A(l)) (23
where e = 372dy, p, = %—frﬁa“d Py= ﬂ"fr_m

We can formulate a simple approximate relation, corresponding
motion of droplet in stagnant environment, which can be serving as a
first iteration of the problem in numerical procedure allowing to solve
(18) as:

3p,C
Uy = u,,uexp( - %;A) 24)
ap

2.2.4. Condensation of vapour on subcooled droplet stream
Mass balance on the droplet’s interface gives the relation:
dm,,
e pw,ad> (26)
Where: m, = p,w, - mass flux of condensing vapour, which will be
analysed later.
The mass flux of condensing vapour can be determined taking
advantage of the Fick’s Law:
dp,
P Wy = —D\ﬁ (27)
dn
Introducing Eq. (27) to (26) returns the expression for the rate of
change of droplets in function of mass fractions in the vicinity of the
droplet and freestream concentration:
dmy do

~p.D 22l . —pp PP
v 7 v

= Vi~ Ot 2
dr v Vean il " (28)

Where: @ = p,/p,, yields the mass fraction, whereas wq — @ is a
difference in concentrations between the vicinity of the droplet and the
freestream concentration, which lead to the differences in partial pres-
sures between these locations, and subsequently promoting the
condensation process.

After rearranging (28) and introducing the definition of Sherwood
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number Sh the following form of the rate of mass droplets is obtained:

dmy d"D =

T ‘lm a),/)Sh = (29)

Where 1, represents the distance between the centres of neigh-

2

bouring droplets, [,, = %(%{L) ;
Following the introduction of the chain rule of differentiation, i.e. &

= (£)(%) = (£L)uy(x), the change of the mass of droplets along the
distance of the mixing chamber is obtained:

dmg _ 7p,diD\ (0 —wa) , S
dx ug(x) ' uq(x)

(30)

Where S is defined by Eq. (29).

In our subsequent calculations we will also utilise the following re-
lations for the longitudinal rate of mass of droplets:
dig A5 B @1
dx dx dx

Where the definition of the Sherwood number Sh denotes the
dimensionless concentration gradient at the droplet surface:

dy
Sh = h"'D_v (32)

The Sherwood number can be expressed from established empirical
correlations. In the present study the Ranz-Marshall correlation has been
used, which takes into account the difference in velocity between the
droplet and the surrounding gas, when information about the Reynolds
number and the Schmidt number are known [25]:

Sh =2 + 0.6Re">Sc"3 (33)

Where the droplet Reynolds number yields:

Re — dd("d . llm) (34)

Vi
And the Schmidt number reads:

v
se—Y 35
¢ D (35)
In (32) h, denotes the mass transfer coefficient, which can be
approximately evaluated through the Lewis number definition, Le = 7,
in relation to the convection heat transfer coefficient hy, g:

hm.g

PrvgCprg

hn = (36)

Bearing in mind that the mass flow rate of vapour and gas is known
we can determine the molar concentration of vapour and inert gas at the
arbitrary throat location in function of the flow rate of mixture of gases.
Concentration of inert gas yields:

M,
M T
Where the amount of droplets condensing from the flow can be
evaluated from the mass continuity:

my(x) = myy —

/@dx = My — nS x = myy —nS . B (38)

(L-1L)

This allows to find the partial pressure of water vapour and inert gas:

niy(x)
P = n(x) p (39)

py(x) = N
Tt

Where, p denotes the total pressure. Partial pressure of gas fraction
results from the Dalton’s Law:
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Pe=P—pv (40)

The mass fraction difference in concentrations between the vicinity
of the droplet and the freestream concentration wq — @, can be calcu-
lated using the equation of state for ideal gas:

pv=pRT, 41

When a non-condensable gas is present in the condensation space,
both heat and mass transfer must be analysed. There exists a boundary
layer in which the partial pressure of the condensable vapour p, de-
creases from the constant concentration in the free stream to the value
Psat, Where the vapour is condensing to a liquid. The condensing liquid
must diffuse through this boundary layer to the liquid-vapour interface.
The partial pressure of the non-condensable gas pg on the other hand
increases from the pressure in the core p,, to the value pg, at the liquid
-vapour interface. At any point in space and time the summation of the
partial pressures of this mixture must equal the total pressure, p=py+pg
(Dalton’s Law).

Decreasing partial pressure of vapour in the end approaches the
pressure at the interface and its corresponding saturation temperature
Tsat(pv)-

The pressure of condensing vapour above the liquid droplet can be
determined from Clausius -Clapeyron equation:

Y (42)
dT,/ (U\- = UI)TL[

Assuming that specific volume of vapour is significantly greater than
that of liquid, vy--v) and taking advantage of the equation of state we
get:

dT; RT3

d[h . ’71\-17“ (43)

Integrating (43) we obtain the distribution of vapour pressure:

) hy,
pr==C eAp( & T‘,> 44)

where C is a constant dependant on the fluid, hy, — latent heat of
condensation dependant on the fluid.
In effect the total mass flow rate of droplets is:

my(x) = my + ny /%w

0

(45)

Taking advantage of (28) and (31) we can find approximate values of
liquid mass flow rate:

(x) = rity + 1y § = ritgg + ——— S (46)
my(x) =myg +n, S =my
(L-1L)

The length required for a particular stream of droplets to completely
condensate from the mixture of gases can be determined approximately
from the mass balance equation, assuming that steam occupies the total
volume of the mixing chamber:

4nS

Lend B e 47
‘=5 47)

2.2.5. Heat balance of droplet stream

The energy balance can be used to determine temperature of a
stream of droplets. That means that on one side the change of enthalpy
of a stream of droplets and heat obtained due to condensation are
forming the rate of heat transferred to the mixture of vapour and non-
condensable gas:

by . dO
c,,,n'z,,T,,) + T—Idm = —Q (48)

ol
dx dx dx
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That rate of heat is subsequently transferred by convection to the
interface of the droplet surface:
do , n
— = 1d;— ’m Tm_T 49
dc d(Lij)7_e( d) (49)

where hyg is a convective heat transfer coefficient, whereas %";i is
described by (28).
Introducing (29) and (49) to (48) and rearranging the longitudinal
droplet temperature gradient is obtained:
”d‘?)_hmg(Tm e Td)

dly _(T(I+ hyy ) @+ (L-1)

dx my  Cymg) dx Cpliy

(50)

Eq. (50) is a first order ordinary linear differential equation with
variable coefficients.

To find the solution for temperature T4 the knowledge of tempera-
ture of flowing vapour-gas mixture Ty, is required. For this purpose,
balance of energy for the mixture of vapour will be developed.

2.2.6. Balance of mass and heat for vapour-gas mixture
Balance of mass for the mixture of vapour and gas rate yields:

(/

P (X) = Hipp — /d(”;ﬂdx (51)
X
0
Incorporating into the Eq. (51) the Eq. (31) the following expression

is obtained:
[ d0iy(x)
. . mg(x o xXn
My (x) = myg —n, [ ———2dx =myg——— S 52
(x) =t — [ L s (52)
0
Mass flow rate of mixture vapour-gas allows calculating velocity
distribution of mixture, assuming the cross section area of the flow is not
changing:

My (x)
7 hm()

u,,,(x) = Uy (53)
Temperature of flowing vapour-gas mixture can be determined from
the balance of heat for the mixture of vapour-gas flow:

h,,,lrdf;n

_‘Cpmd(".lme) = dQ — rL)
7

(Tm - Td)dx (54)

or in the form when the left hand side of Eq. (54) is expanded:

hymdon

_cpm(’hdem + d".'m Tm) s (
L-L;)

(Tm o Td)dx (55)
Eq. (54) describes the mechanism of condensation of the steam-gas
mixture. Left hand side describes the heat removed from the mixture,
whereas the right hand side the transfer of that heat to the droplets.
Eq. (55) can be rearranged to provide the equation for temperature
gradient for the mixture of gases:
dr, T, dm hyrdin
M md (T 56
dx ’hm dx (L . Lj) ’hm(‘pm ( d) ( )
As can be seen we obtained a first order ordinary linear differential
equation with variable coefficients.
Egs. (50) and (56) can be solved numerically. To find approximate
solution we subtract eq. (50) from (56) obtaining:

d(Ty — Ta) h,,,lrdjn 1 1 Ty T hy, dm
+ ) = (L =
dx (L—L;) \tCpm  riycy My Mg WCpy ) dx

(57)

In line with Eq. (30) & = ﬁn

are not changing too much and are approximately constant we can find

Assuming that coefficients in Eq. (57)
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the solution for the difference of temperatures (T, —Tq) assuming the
following initial conditions:

Forx = 0—>T,,, = T,,,oande = T,l() (58)
The solution to Eq. (57) yields:

BnS

(Tm = T{l) = (L——-L,)f

(1 —exp(fx)) + (To — Tao)exp(—f) (59

where:

Ty Tw hy,wdin 1 1
B:(.—d—.—'f'. ! ) f= : ( e )
My, Mg My Cpm (L - Lj) My Cpm mcp

Having the above difference of streams temperatures, we can
determine temperature of the vapour- inert gas mixture as well as that of
the cold water on which vapour is condensing.

Introducing (56) to (59) we obtain the temperature gradient of
vapour-inert gas mixture:

dTm — hmﬂdjn(Tm - Td) Tm dm . K(Tm i Ttl) Tm nS

=— - - — 60
B " T (LL) e T 5 e L-L) 0
Where K = — Mkl

(L—Lj) MmCpm
Integrating eq. (60) with initial conditions, for x = 0 Ty, =Ty the
temperature of the mixture is obtained:

T,=_In_"5
My (L - Lj)
hm”d,?}n _(Tm = Td) BnS ( L’XP(—f\'))
o - exp(fx) + X+
(L == LJ) ’nmcpm |: f (f (L = Ll) f f
+ C;
(61)
Where:
hyd®n —(Ti—T4) BnS
Cy= Tm 4 62
k o + (L - LJ) ’hm“hm |V f + (L - LJ) f ( )

Having determined temperature Tp, and temperature difference be-
tween streams we can find temperature of droplets surface T4 as:

Tzl = _(Tm = Td) + Tm (63)

Egs. (59) and (61) have terms containing expression S responsible for
process of condensation.

To see the effect of condensation, for comparison S = 0 can be
assumed in Eqs. (59) and (61), which means the lack of condensation on
droplets. In such case we can also get approximate equations describing
the problem and by applying a similar procedure we determine the
difference of streams of temperatures and then temperatures of the
streams themselves.

Heat obtained from the mixture of vapour and inert gas yields:

hymdin
(L-1L)

dQ = —('[»u".deT,,, = (Tm — Td)dx (64)

Heat transferred to the droplet surface:

dQ = —cputiadT; = ("L’idL’f) (T, — Ta)dx ©5)
Determining the difference between the two of them we obtain:

d(Tw—Ts) =~ (,"'Lp m‘(p) (h L’"f"z:') (T — Ty)dx (66)
Solution of (66) yields:

Ty — Ta = (Too — Two)exp(—fx) (67)
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hmrd?n
Wh > 1 1 Y
ere'f - (ni,,.cp,,. + n'uc,,l) L-Ly)"

From (67) we can determine temperature of the mixture of gases and
water flow:

hyadin

dTm = T e e —
(L - Lj) My Cpm

(Two — Tao)exp(—fx)dx (68)
Integration of eq. (68) leads to determination of the mixture of gases
and droplet temperatures, respectively:

h,, lrds n

Tw=Tw—F7—~"T—
(L = Lj) My Cpm

(1 —exp(=fx)) (69)

Td = Tm - (Tm() - Td())exp(_fx) (70)

The process of condensation stops when temperature of the drops
will reach temperature of saturation.

2.2.7. Pressure drop in mixing chamber
The pressure drop of the Venturi throat is the sum of friction and
momentum terms [29]:

o (1=x1)® i (1=x)

Ap:2'Gz.1_+(;2. i - (71)

pd " ¢ 1—g Py 1=

z=z1 =20
Where:

=z
L= / foxPpldz (72)
= (1+C-X+X?) (73)
X is the Lockhart-Martinelli parameter, defined as follows:

—2.£-G%(1 —x)?
X — fi ( X) 74)

prd

f, = B-Re)" (75)
fi = B-Re;" (76)

Where B = 0.079 and n = 0.25 or B = 16 and n = 1 for the turbulent
and laminar flow, respectively. The value of the constant C differs
depending on the flow regime associated with the vapour flow alone
through the Venturi throat. In the research studies presented in the
current paper only two flow regimes have been considered, namely
turbulent (vapour)-turbulent (liquid) and turbulent (vapour)-viscous
(liquid) two-phase flow. Accordingly, the value of the parameter C used
in the calculus was 20 or 12, respectively. Following Butterworth, the
general form of the void fraction correlations is introduced through the
following equation [29]:

L=x\" (p\" (m\"
o=[reor () ()G o
and ¢, and ¢, were computed using formula (77). In the current research
studies there were set the following values of the parametersBg = 1, n;
=1,n, =1, n3 =0, corresponding to the homogenous two-phase flow
regime [29]. The analytical two-phase fluid flow pressure drop was
calculated using formula which is commonly known and available in the
literature. In the pressure drop calculus all needed parameters such as
the friction factor for vapour coming alone in the tube, the quality, the
two-phase multiplier and the void fraction come from the analytical
model results. The pressure drop was calculated in two ways. In the first
one there were used the two-phase fluid flow parameters for the total
flow in the Venturi. In the second one there were used parameters of the
core of the flow. The total pressure drop and the pressure drop in the
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Table 1
Calculated and input parameters.
Calculated Parameters Input data Value
Udo 20-100 (m/s)
l‘d I,”l

= ()
“x  1—-x \m3
X 5 1-x \m

Psteam P _inert gas

dy 1-20 (mm)
Umo 0-45 (m/s)
My, . xn kg
oo ~ 7155 (5)
m,
0 Mteam + Minert gas (k?g)
M,
Mteam Tsteam X Mg X I\;::
Un Minert gas Tinet gas X Mg X Minert gas
‘mix
mg (Ao —Aj) X pg X Umo (’i—g)
Miteam kg
18 (kmol
Minen gas kg
44 (kmol
T'steam 0.9
Tinert gas 0.1
Py Ps M g
RuTmO m3
ln ds (D1\?
2\ Dy
s = 1.5x 1072 ('"—2)
s
oo 1.573
wq 0.062
s % 31.6 x 10°° (’"_2)
) s
g ; xn
Mgo + _(L = Lj) S
he 2460.6<H)
kg
Ta Cpl kJ
100 ()
n Eq.16
1 0.2 (m)
h
. 580.5 x 1076 (?) (Eq.36)
Tm Cpm

kJ
Tsteam-Cpt + Tinert gas-Cpiengas < )

kg K
kJ
0.971 (k—g K)

Cpinn gas

flow core should be equal. Calculating the pressure drop based on the
core flow parameters requires the knowledge about the flow
morphology in the core which results directly from the analytical model
results presented in the paper. The core pressure drop was calculated
with use of the following equation [29]:

" 5 (1-x,)?
2.G> .
Ap:ﬁ.]ﬁ,cl (p’_»ﬁ#

core

v P
z=z1
‘_(2) A —x9)*
2 2 2
=G’ | o=~ T g 78)
Peo Peo
=20
= PEY
Py Uy 79)

e =1 _"mm _1
Py Uy X
Above equation was derived for the purpose of the core void fraction
estimation. After substituting the needed parameters mentioned just
above, the core pressure drop can be estimated. If the two-phase flow is
fully mixed pressure drop in core flow is the same as total pressure flow
in throat.
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Fig. 5. Distribution of droplet temperature for different initial velocity of
steam-gas mixture at Udp=50 m/s and diameter of droplet 1 mm.
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Fig. 6. Distribution of steam-gas mixture temperature for different initial
mixture velocity at Udy=50 m/s and diameter of droplet 1 mm.

3. Results and discussion

In this section, the effects of initial velocity of mixture of steam and
droplets, diameter and breakup of droplets and throat diameter have
been investigated with respect to the length of the process. For calcu-
lation ofuy, S, My (x) anduny(x), Egs. (24), (29), (52) and (53) have been
used, respectively. Calculations have been using the MATLAB code. The
MATLAB code applies an iterative solution approach in which the value
of x is assumed and the T4 and Ty, values are to be determined. Location
x for calculation of Tq and Ty, is a location along the mixing section, i.e.
the location where droplets are formed after the distance L;j from the
nozzle outlet. Since the solution method exploits an iterative process all
other parameters will be given as inputs (Table 1) and the dependence of
parameters on Ty and Ty, is evaluated. The parametric study has been
accomplished by varying the dependant parameters (ug, Uy, and n),
whilst keeping other as constants. The convergence of the solution has
been acquired by keeping the error tolerance as 1 x 10~°. As mentioned
earlier, the length required for a particular stream of droplets to
completely evaporate can be determined as 2.ng = mm%ﬁ, where 2.4 is
the length of condensation zone and if z.,4 > L, it means that L = 0.2 (m)
is appropriate assumption. So,
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Fig. 7. Distribution of temperature of droplet for different initial velocity of
droplet at Umy=20 m/s and diameter of droplet 1 mm.
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Fig. 8. Distribution of temperature of mixture of steam for different initial
velocity of droplet at Um(=20 m/s and diameter of droplet 1 mm.

My = Fsteam M (80)

Taking the data for case study from Table 1, the value of 2.4 is
greater than L, so in this study L = 0.2 m has been considered.

3.1. Effect of initial velocity of mixture of steam

Temperature of droplet and mixture of steam are depicted in Figs. 5
and 6, respectively. It can be seen vividly that temperature of droplet
along the length of throat is faced with a rising trend, whereas tem-
perature of mixture of steam is experiencing a decreasing trend. In
addition, having studied the data from Figs 5 and 6 it can be considered
that temperature of droplet at the length of throat (x = 0.2 m) for up,o =
0, 5, 15, 25, 35 and 45 m/s is 331.55, 332.08, 333.25, 334.66, 336.50
and 339.54 K, respectively, whilst temperature of mixture of steam for
mentioned umo is 339.31, 340.24, 342.40, 345.15, 348.99 and 356.21 K,
respectively. So, increasing the value of uyo not only results in
increasing the droplets temperature, but also leads to rise in temperature
of mixture of steam at the length of throat. Moreover, the lowest value
for temperature of droplet and mixture of steam is when the drop is
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Fig. 9. Distribution of temperature of droplet for different diameter of droplet
at Udp=50 m/s and Umy=20 m/s and diameter of throat Dy = 9 mm.
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Fig. 10. Distribution of temperature of mixture of steam for different diameter
of droplet at Udy=50 m/s and Um=20 m/s and diameter of throat Dy = 9 mm.

moving in stagnant environment (¢, (x) = 0). In such case, there is a lack
of motion of the steam-gas mixture, and the droplets feature the inertia
resulting from their initial velocity from the nozzle.

3.2. Effect of initial velocity of droplet

Figs. 7 and 8 indicate the temperature of droplet and mixture of
steam along the length of throat for wide range of initial velocity of
droplet (20-100 m/s), respectively. Results show that temperature of
droplet faces a rising trend for Udy = 20, 50 and 100. In addition,
increasing the value of initial velocity of droplet from 20 to 100 (m/s)
causes decline the temperature of droplet at the length of throat (x = 0.2
m), so that its value for 20, 50 and 100 m/s is 336.56, 331.9848 and
328.11 K, respectively. On the other hand, the temperature of mixture of
steam has been faced with a falling trend for mentioned initial velocity
of droplet. Moreover, increasing the initial velocity of droplet from 20 to
100 m/s result in decline the temperature of mixture of steam, so that it
decreases by 4% between 20 and 100 m/s at the full length of throat (x
=0.2m).
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Fig. 11. Schematic diagram of the experimental facility: 1 — measuring section,
2 — motive water input, pump and nozzle, 3 — compressed carbon dioxide, 4 —
vapour generator, 5 — mixing chamber, 6 — separation chamber, 7 — vapour by-
pass, 8 — water and condensate outlet and titration, 9 — carbon dioxide and
vapour outlet to atmosphere.

3.3. Effect of diameter of droplet

According to Eq. (17), there is a direct relation between the number
of droplet and its diameter under the constant geometry of the throat.
Distribution of temperature of droplet and mixture of steam at different
diameter of droplets have been represented in Figs. 9 and 10, respec-
tively. Initial velocity of droplet and mixture is 50 m/s and 20 m/s,
respectively, and diameter of throat (D;) is equal to 8 mm.

Results demonstrate that although temperature of droplet except for
1, 1.5 and 2 mm of diameter has a surging trend along length, temper-
ature of mixture of steam is faced with a decreasing trend. For 1 and 1.5
mm of diameter of droplet, maximum value of temperature of droplet
takes place at 8 and 12 cm of length, respectively, and then exhibits a
slight reduction. For 2 mm, it boosts up to 16 cm of length and then
remains approximately constant. In addition, increasing the diameter of
droplet leads to decrease the temperature of droplet and rise the tem-
perature of mixture of steam. As it can be seen, distribution of temper-
ature of mixture of steam for 1 mm, apart from a brief rise again from 8
to 12 cm, gradually declined from 12 to 20 cm of length of throat.

4. Experimental facility

The process of direct contact condensation is taking place in the main
part of SEC that is in the throat. In the developed facility the physical
processes in the throat only are investigated experimentally by authors
of the present paper, as the processes in converging and diverging parts
of Venturi nozzle are pretty well known in literature for single or two
—phase flow [30]. The test section of the spray ejector throat is made in
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Table 2
Measurement accuracies in the SEC experiment.
No.  Measurement device Accuracy of
measurements
2 €9 nozzle inlet - Atrato AT740 ultrasonic flow metre, + 1% of the range
measuring range of 83 g/s
2. titration at location (8) - Fig. 11 Menzotube - + 0.125
g/s
Balance weight - +
0.5g/s
3. Trafag NAH pressure gauge (range of 25 bar, class + 0.038 bar
0.15)
4. Temperature of steam, CO,, inlet and outlet sections +0.3K
- T-type thermocouples
o Nozzle feed water temperature - class A resistance + 01K
thermometer
6. condensate temperature - liquid thermometer +0.1K

the form of a transparent tube of 80 mm internal diameter. A schematic
diagram of the facility together with a photograph is presented in
Fig. 11. A motive fluid is supplied through the 1 mm nozzle. The nozzle
is fed with motive water at average inlet temperature of 8 °C and
pressure ranging from 5.68 to 10.17 bar at the nozzle inlet that corre-
sponds to mass flow rates of water ranging from 17.56 to 22.90 g/s. The
value of inlet pressure equal to 5.68 bar has been noticed as a minimum
value at which the spray of drops is formed and the jet breakup takes
place. The length of the throat is 600 mm.

A mixture of water vapour and carbon dioxide is fed into the mixing
length through the mixing chamber and an inlet manifold. The wet
vapour is received from the Battistella Saturno MAX/S generator at the
pressure close to atmospheric and temperature of about 100 °C. The
maximum vapour feed used for experiment is 6 g/s and its regulation
takes place with the use of precision valve and a by-pass. Maximum
carbon dioxide feed is 6.7 m®/h. The mixing chamber with a volume of
2.4 x 107> m® ensures mixing, temperature equalization and removal of
the excess water condensate.

The steam-gas mixture is fed to the throat where it meets spray of
drops and the process of direct contact condensation occurs. The process
of jet breakup is not taking place right away, but after some distance
(depending on the inlet pressure of motive water). Then the products of
the process go to the separation chamber, 6, with a volume of 1.9 x 107>
m® through the outlet manifold. The vapour - all or partially, depends on
experimental conditions — goes out from the siphoned outlet on the
bottom of mixing chamber and is collected for titration or weighing. The
subtraction of the known amount of water from the nozzle from the total
volume gives information about the amount of condensed vapour during
the process. Carbon dioxide with possible excess, non-condensed vapour
is released into the atmosphere through the outlet located on the upper
part of the separation chamber, 9.

The water feeds the nozzle under municipal water supply pressure (3
bar), raised by the Lead Fluid model CT3001S gear pump. This device
ensures a pulse-free flow and, under measurement conditions, stabili-
zation of the flow with an accuracy of +5 ml/min. A flow rate mea-
surement is made using Atrato AT740 mass flowmeter and is
independently verified by a titration at the beginning and the end of
each measurements series.

The measurement series consists in going through the full vapour
input range for a fixed spray of drops feed and, optionally, a fixed carbon
dioxide flow rate or in going through the full carbon dioxide input range
at a fixed rate of vapour and spray of drops. The vapour and carbon
dioxide flow rates are measured using appropriately calibrated Krohne
glass rotameters. Water pressure measurement at the nozzle inlet is
performed with the Trafag NAH type 8253.80.2317 transducer. The
measurements are carried out using T-type thermocouples with an ac-
curacy of +0.3 K. Location of the thermocouples is presented in Fig. 11.

The measurement accuracies are presented in Table 2.

The experimental distributions of temperature of mixture of steam
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Fig. 12. Distribution of inlet steam temperature at liquid jet mass flow rate =
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Fig. 13. Distribution of temperature difference at liquid jet mass flow rate = 29
(8/s).

were compared with predictions resulting from the model described
earlier. Figs. 12 and 13 show the distribution of temperature at the inlet
and the temperature difference between the inlet and outlet of mixing
length, respectively, for different mass flow rates of steam (1.2, 2.4 and
3.6 g/s) for a constant mass flow rate of the motive liquid jet set to 29 (g/
s). It is apparent that increasing mass flow rate of steam leads to
increased levels of temperature at the inlet and outlet of the mixing
length, whilst at the constant mass flow rate of steam, increase of the
flow rate of CO3 causes both inlet and outlet temperature of the mixing
length to decrease. This is apparent as carbon dioxide as an inert gas
strongly impairs the heat transfer. The distributions of temperature
along mixing length for different mass flow rate of steam (1.2, 2.4 and
3.6 g/s) when flow rate of CO, is 0, 2.6, 4.6 and 6.7 (m3/h) at liquid jet
flow rate = 29(g/s) have been illustrated in Fig. 14. Fig. 13 has been
constructed in such a way that presentation of the results is in the form
of the temperature difference obtainable at different steam mass flow
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Fig. 14. Distribution of temperature along mixing length for flow rate of CO, (m®/h): a) 0, b) 2.6, ¢) 4.6 and d) 6.7 (m3/h) at liquid jet flow rate = 29 (g/s).
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Fig. 16. Condensation mass flow rate at CO, flow rate = 2.6 (m®/h) and liquid
jet flow rate = 29 (g/s).
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Fig. 17. Validation of pressure distribution along the Venturi scrubber [31].

rates and different amounts of supplied carbon dioxide. The model of
DCC predicts higher values of temperature drop between inlet and outlet
from the mixing section for the case of smaller steam-CO; flow rates.
Increasing the flow rate of steam mixture from 1.2 g/s to 3.6 g/s results
in a reduction of steam mixture temperature from 25 °C to 14 °C
respectively, at CO; flow rate of 6.8 m®/h. Condensation without pres-
ence of CO5 in the same range of steam flow rate, i.e. from 1.2 g/s to 3.6
g/s results in reduction of steam mixture temperature from 56 °C to 25
°C respectively, confirming in such way the effect of CO3 presence on the
efficiency of DCC. Fig. 14 is just another way of presenting the findings
in Fig. 13.

5. Model validation
5.1. Throat model validation

For validation purposes of the present model, different mass flow
rate of steam was set as: 2.4, 3.6, 4.8 and 6 (g/s), respectively. The re-
sults of comparisons of distributions of temperature of mixture of steam
and condensation mass flow rate have been presented in Fig. 15. As it
can be seen in Fig. 15a good agreement was achieved between the
experimental results data. In Fig. 16 is presented the rate of acquired
condensate from the flow in function of mass flow rate of supplied
vapour. As can be noticed, at the 4.8 g/s of mass flow rate of vapour,
there is a complete condensation.

5.2. Pressure distribution validation in the throat

The analytical pressure data calculations were compared with pre-
dictions resulting from the experimental models described by Silva [31].
In the experimental Venturi scrubber facility the throat was of a diam-
eter of 125 mm and a total length of 1.27 m. The throat gas velocity was
within the range between 34 and 70 m/s and the liquid flow rate was set
between 0.013 and 0.075 (kg/s). For validation of the present model, the
liquid flow rate of 0.038 kg/s was considered and gas flow rate was set
as: 0.483, 0.736, 0.861 and 0.987 (kg/s), respectively. The results of
comparisons of pressure at inlet from to the test section as well as at the
outlet has been presented in Fig. 17. As it can be seen a good agreement
was achieved between the experimental results data taken from the
studies by Silva [31]. That consistency is showing up for all values of
velocities considered. Unfortunately, there were no temperature values
found for the relevant comparisons.
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6. Conclusions

In the paper a comprehensive simple analytical model and experi-
mental study of direct contact condensation on a jet of subcooled
droplets is presented. The direct condensation process is complex in the
presence of inert gases in vapour. In the process of DCC heat and mass
transfer mechanisms have been considered, which is not common in
similar treatments. This mass transfer due to presence of inert gases
renders the process of condensation less effective. Accomplished cal-
culations confirm that. The satisfactory agreement of presented novel
modelling with experimental results were obtained. The model of DCC
predicts higher values of temperature drop between inlet and outlet
from the mixing section for the case of smaller steam-CO> flow rates.
Increasing the flow rate of steam mixture from 1.2 g/s to 3.6 g/s results
in a reduction of steam mixture temperature from 25 °C to 14 °C
respectively, at CO5 flow rate of 6.8 m®/h. Condensation without pres-
ence of CO5 in the same range of steam flow rate, i.e. from 1.2 g/sto 3.6
g/s results in reduction of steam mixture temperature from 56 °C to 25
°Crespectively, confirming in such way the effect of CO5 presence on the
efficiency of DCC.

Through the thermal analysis of studied case, the following results
were found:

e Temperature of droplet along the length of throat is experiencing a
rising trend, whereas the temperature of mixture of steam is
featuring a decreasing trend. That is due to the DCC mechanism in
the flow. With a larger presence of carbon dioxide the process of
reduction of mixture temperature is smaller.

e Larger diameters of droplets lead to decrease of the temperature of
droplet and rise of the temperature of mixture of steam. The larger
the number of droplets at the same mass flow rate (smaller size of
droplets) the better the effectiveness of DCC due to increased heat
transfer surface.

e Droplet size distribution was correlated with considering extra zone
prior to the liquid breakup.

e Studies into evaluation of a number of droplets as a result of jet
breakup are necessary.
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ARTICLE INFO ABSTRACT
Keywords: The core design strategy for minimizing CO, emissions in gas power plant entails combining a spray ejector
Direct-contact condensation condenser (SEC) and separator to accomplish steam condensation and CO, purification. This innovative process
Cyclone separator involves direct-contact condensation of steam with CO,, facilitated by interaction with a subcooled water spray,

Spray ejector condenser

00 capinss along with a cyclone separator mechanism intended for generating pure CO,. The investigation of the SEC
2

section, both experimentally and analytically, provides crucial insights into its operational dynamics. Given the
susceptibility of cyclone efficiency to fluctuations in SEC conditions, this research endeavors to examine the
impacts of CO, volumetric flow rate and droplet break-up within the SEC on the separation efficacy of the
cyclone separator. Additionally, the impact of cone size on the performance of the cyclone has been investigated.
Here, a three-dimensional, transient, and turbulent cyclone separator is numerically simulated using Ansys
Fluent 2021 R1. The Reynolds Stress Model is employed to simulate turbulent flow, while a mixture model is
utilized to replicate swirl two-phase flow within the separators. The findings revealed that reductions in steam
and CO; flow rates were associated with a decrease in outlet temperature but an increase in SEC inlet temper-
ature, leading to a rise in temperature difference and heat transfer rate. Furthermore, an augmentation in cyclone
cone size (from 0.2 to 0.5 m) resulted in enhanced separation efficiency (from 77.30 % to 80.98 %) alongside an
elevation in pressure drop (from 6.08 Pa to 10.91 Pa), suggesting a compromise between CO purification and
energy consumption. Additionally, elevated CO, flow rates induced a rise in pressure drop and separation effi-
ciency, ultimately achieving maximum efficiency at a rate of 24 £. Moreover, the exploration into droplet breakup
manifesting in a boost in separation efficiency from 50.98 % to 100 % across droplet diameters ranging from 1 to
20 ym.

garnered considerable global interest and is increasingly recognized as a
vital approach to minimizing greenhouse gas emissions. By capturing
CO; from industrial processes and power plants, carbon capture tech-
nology has the potential to lower the overall expense of emission
abatement efforts and enhance the flexibility of achieving greenhouse
gas emission targets [6]. Capturing CO; stands as the initial and pivotal
stage within CCUS, serving as a crucial component in conserving energy,
mitigating emissions, and managing the greenhouse impacts. Because of
variations in pressure, composition, and operational needs of emission
sources, capture methods associated with it differ, categorized into pre-
combustion, post-combustion, and oxy-fuel combustion enhancement
methods [7]. Pre-combustion capture involves extracting CO> prior to
the fuel’s mixture with air for complete combustion, commonly applied
in integrated gasification combined cycle (IGCC) power generation

1. Introduction

Implementing CO2 capture technologies in industrial processes is
essential for mitigating global climate change by reducing the emission
of greenhouse gases [1-3]. Carbon Capture Utilization and Storage
(CCUS) technology encompasses a range of industrial engineering pro-
cesses aimed at extracting CO5 from industrial emission sources [4]. This
extracted CO; is then transported to a designated location where it can
either be used for various purposes or securely stored to mitigate CO,
emissions. CCUS technology involves multiple stages consist of CO5
capture, sequestration, transportation and utilization [5]. Carbon cap-
ture technology plays a crucial role in mitigating CO emissions without
compromising the utilization of fossil fuels. This technology has
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Nomenclature Greek Symbols
l liquid density (51%)
: 4 J
Cp ;pc:lclﬁcl he:t capac1t(y ()@) P density (%)
Dy, ydraulic diameter (m : i ke
ture d
Dj diameter of jet (m) Pm b ety )
Dy stress diffusion term (:X%;) Him mixture viscosity (T’:.%)
Dy diameter of mixing length (m) 3 ke
dg diameter of droplet (m) My e .
hm mass transfer coefficient I dynamic viscosity (mk‘-;)
hmg convection heat transfer coefficient, (%) o ™
Img mixing length (m)suction mass ('—‘5) “ dlssq)at.lon ter.nT Gs)
2 n separation efficiency (%)
n total number of droplet o
- o surface tension (%)
P static Pressure (pa) m
Pjipg1 shear production term (HN_; )suction pressure (pa) Apiess  Pressure:drop (pa)
Re Reynolds Number subscript
Rep Two-phase Reynolds Number 1 liquid
S source term g steam and CO>
T temperature (K) d droplet
u velocity vector (Z)
Ugrq drift velocity for secondary (%) Acronyms . .
DCC direct contact condensation
We Weber number : .
nCO,PP negative CO, emissions power plant
SEC spray ejector condenser

setups [8]. Utilizing oxygen-rich combustion method, carbon capture in
combustion entails replacing the combustion air within current power
station boiler systems with high-purity oxygen [9-11]. Post-combustion
decarburization method involves capturing and isolating CO, from the
exhaust gases produced during industrial activities, particularly from
the combustion of fossil fuels, followed by compression and purification.
This method is predominantly applied in facilities such as petrochemical
plants, coal-fired power plants and synthetic fuel facilities, where sub-
stantial CO, emissions occur. This study explores a post-combustion
carbon capture approach that incorporates a spray ejector condenser
(SEC) and cyclone separator. This approach signifies a groundbreaking
advancement over conventional post-combustion methods through its
integration of a SEC and cyclone separator, which synergistically

augment thermal transfer efficacy, optimize condensation mechanisms,
and enable the attainment of superior purity in CO2 separation.

Fig. 1 depicts an innovative gas power plant with negative CO3
emissions (nCO,PP) [12-15]. The nCO,PP concept revolves around
utilizing sewage sludge, which undergoes conversion into syngas before
being combusted in a wet combustion chamber (WCC). An ASU sepa-
rates oxygen from air and the separated oxygen is then used in the
gasification process in order to produce a syngas mixture consisting of
Hj, and CO. The produced syngas is then passed through the water gas
shift reactor (WGSR) to produce carbon dioxide (CO5) and hydrogen
(Hz) from the carbon monoxide (CO) of the syngas and the added water.
The produced carbon dioxide (CO5) can then be captured and the pro-
duced hydrogen (Hz) can be fed to the power generation device as the
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Fig. 1. Flowchart of the Gas Power Plant with Negative CO, Emission [12,13].
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working fuel. The high concentrations of carbon dioxide (COz2) in the
produced mixture (CO5 + Hp) leaving the WGSR facilitates the capture
process of CO2 when compared with the process of CO» capture from
normal exhaust flue gas (mixture of NOy, SOy, O3, Np, and unburned
hydrocarbons) out of a conventional combustor. There are different
mechanisms for CO; separation from the gas mixture leaving the WGSR
including absorption, adsorption, cryogenic separation, and membrane
separation. Therefore, fuel is generated through a thermochemical
process in the gasifier (R) using dry sewage sludge in the presence of a
gasifying agent [13,14]. This agent can be optionally released after gas
turbine (GT) from a carbon capture unit (CCU) at ambient pressure. The
agent’s properties, including CO5 and steam content, temperature, and
pressure, can be adjusted. Notably, syngas is classified as a renewable
fuel, leading to a net reduction in CO;, emissions from the power plant.
Within the post-combustion unit of the nCO,PP, exhaust gases from heat
exchanger 1, along with water, are directed into a SEC. Upon complete
steam condensation in the SEC, both water and CO, are directed to the
cyclone separator for CO3 purification.

The initial stage of the carbon capture method utilized in this study
involves the operation of the SEC, which facilitates direct contact
condensation (DCC) to transform water vapor from exhaust gases into
liquid. Through the injection of a cooling liquid via spraying into the gas
zone, the condensation process is accelerated, thereby significantly
increasing the surface area available for contact between the vapor and
the liquid. This process enhances heat transfer efficiency by facilitating
rapid heat exchange between the hot gas and the cool liquid droplets. As
the small liquid droplets come into direct contact with the hot gas, they
absorb heat energy, causing the gas to cool and promoting the
condensation of water vapor. This accelerated condensation not only
reduces the residence time required for complete condensation but also
improves the overall performance of condensers in efficiently removing
water vapor from the gas stream. Furthermore, the rate of heat transfer
and condensation efficiency are notably influenced by the presence of
additional gases [16]. Amiri et al [15] examined how the implementa-
tion of an electrohydrodynamic actuator (EHD) in a steam ejector
condenser enhances convective transfer for DCC by mitigating resis-
tance. They also examined how different properties of injected water,
such as temperature (20-40 °C) and pressure (12-16 bar), as well as
varying steam mass flow rates (2.2-4.6 £), could enhance heat transfer
rates in the SEC [17]. This was aimed at overcoming reduced convective
heat transfer and increased diffusion resistance between subcooled
water and steam phases induced by CO». Mikielewicz et al [ 18] explored
an innovative approach to enhance DCC of a vapor-inert gas mixture
within a SEC. Their research delved into the breakup of droplets and
heat and mass transfer mechanism. Findings indicated that an increased
quantity of droplets at identical mass flow rates led to improved DCC
effectiveness because of the increased surface of heat transfer. Kus and
Madejski [19] examined the impact of different gas inlet velocities and
the existence of CO3 on the performance of the SEC, numerically. Their
study revealed that the boiling/condensation model forecasts an in-
crease in condensation effectiveness and a decrease in suction pressure
compared to the Spalding/evaporation model. Also, Madejski et al. [20]
conducted a numerical investigation into the advancement of SEC. Their
findings revealed that both the average droplet diameter and the method
of supplying motive water substantially influence the intensity of
condensation.

In this study, the cyclone separator serves as the second component
of the carbon capture process being examined. Gas-liquid cyclone sep-
arators are utilized across various industries for the efficient separation
of gas and liquid phases. Common applications include the oil and gas
industry, petrochemical plants, chemical processing, environmental
protection, pharmaceuticals, biotechnology, and the food and beverage
industry. They play a crucial role in processes such as phase separation,
purification, pollution control, and product clarification, contributing to
process efficiency, product quality, and environmental compliance

Applied Thermal Engineering 257 (2024) 124235

[21,22]. Gas-liquid cyclone separators come in several types, each
tailored to specific applications and operational needs. One notable type
is the Stairmand cyclone [23], distinguished by its unique design fea-
tures aimed at optimizing separation efficiency. A cyclone separator’s
efficiency is contingent upon a multitude of factors, comprising both its
structural configuration and operational parameters such as gas veloc-
ity, particle dimensions and characteristics of phases [24]. Amiri et al.
[25] studied the impact of implementing vanes in a cyclone separator,
achieving a significant 16.8 % decrease in pressure drop and improving
separation efficiency by 9.2 %. Yoshida et al. [26], conducted an
investigation utilizing various types of apex cones positioned at the dust
box inlet. They observed that the impact of the apex cone angle on
collection efficiency diminishes under high inlet velocities. Further-
more, studies have probed the efficiency implications of elongating a
cyclone with a vertical tube [27,28]. Studies have documented the effect
of an opposing cone situated at the base of a cyclone separator on its
operational efficiency [29,30]. Brar et al. [31] and Prasanna et al. [32]
investigated the impact of cone and cylinder length on both pressure
drop and separation efficiency. Osama Hamdy et al. [33] conducted a
numerical investigation on the conventional cyclone, systematically
altering the length and angle of the cone. The research findings indicated
that variations in the angle and length of the cone significantly affect
both the internal flow dynamics and separation efficiency.

This paper presents the design of a SEC, both experimentally and
analytically, as well as a cyclone separator simulated numerically using
Ansys Fluent 2021 R1, to achieve the intended high-purity CO3 stream
for the Negative CO, Emission Gas Power Plant (nCO5 PP) [34]. Initially,
experimental and analytical models of SEC are developed to enhance the
efficiency of the CO, capture unit by investigation of effect of volumetric
flow rate of CO, and steam mass flow rate on inlet and outlet temper-
ature of SEC, respectively. Subsequently, condensation mass flow rate at
different steam mass flow rate is investigated. After obtaining fully
condensation of steam on SEC, cyclone separator is modelled to simulate
CO, —water. To enhance purification of CO, effects of cone size, mass
flow rate of CO2 and break-up of droplets are conducted.

2. Exploring spray ejector Condenser: Experimental and
analytical perspectives

2.1. Experimental feasibility study of SEC

The core of the SEC, particularly its throat, is where the DCC process
eventuate. This section entirely concentrates on investigating the
physical occurrences in this throat area, considering the thorough
recording of procedures in the converging and diverging segments of the
Venturi nozzle for various flow conditions [35]. Characteristics of throat
are listed in Table.1.

The thermophysical characteristics of water injected by the nozzle
are detailed in Table 2. The recorded minimum inlet pressure, standing
at 5.68 bar, represents the critical threshold necessary to trigger both the
formation of drop spray and the subsequent breakup of the jet within the
system.

The introduction of the steam and CO; blend takes place through an
inlet manifold, followed by their admixture within the mixing chamber
located within the designated mixing length of the system (Fig.2).
Table 3 presents a comprehensive overview of the measuring in-
struments employed in the experimental tests, detailing their respective
models and the levels of accuracy they offer.

Table 1

Dimensions of throat.
parameter unit value
Internal diameter of throat mm 80
Nozzle diameter mm 1
Length of throat mm 600
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Table 2 Table 4
Thermophysical parameters and flow rates of water. Thermophysical parameters and flow rates of steam.
parameter unit value parameter unit value
average inlet temperature °C 8 temperature °C 100
pressures bar 5.68—10.17 pressures bar 1
mass flow rates g 17.56—22.90 mass flow rates g 1.2-48
s s
Table 5
Thermophysical parameters and flow rates of CO,,
parameter unit value
temperature °C 25
pressures bar 1
mass flow rates m3 2.4-8.7
h

Sl 1O |

Fig. 2. Illustrative layout of the experimental setup: 1 — measurement segment,
2 — motive water supply, nozzle and pump, 3 — pressurized carbon dioxide, 4 —
steam generator, 5 — blending chamber, 6 — separation unit, 7 — steam bypass, 8
- water discharge and condensation for titration, 9 — CO, and steam release into
the atmosphere.

Table 3
Measuring instrument and their models.
Measuring Sourced Model Accuracy
instrument
Generator Steam Battistella Saturno MAX/S -
Gear pump water Lead Fluid model CT3001S +5 ml/min
Inlet of nozzle water Atrato AT740 +1%
Pressure gauge CO, Trafag NAH type +0.038
—steam 8253.80.2317 bar
Temperature gauge CO, type T thermocouples +0.3K
—steam
Flow rates CO, Krohne glass rotameters -
—steam

Steam, controlled to nearly atmospheric pressure and around 100 °C,
can be supplied at a maximum rate of 6 £, while the CO can be delivered
at amaximum rate of 8.7 '—’,’li The boundary conditions for steam and CO2
are detailed in Tables 4 and 5, respectively.

As the gas-steam mixture flows into the throat, it encounters a spray
of droplets. This interaction between the gas-steam mixture and the

droplets is crucial, as it initiates the DCC. During this interaction, several
physical phenomena occur. Firstly, the high-velocity gas-steam mixture
collides with the droplets, causing them to break apart into smaller
droplets due to the momentum transfer. This process, known as atomi-
zation, increases the surface area of the droplets exposed to the gas-
steam mixture. Secondly, the collision between the gas-steam mixture
and the droplets causes rapid heat transfer. The high-temperature gas-
steam transfers heat to the cooler droplets, causing the steam to
condense into liquid water. This release of latent heat of vaporization
further increases the temperature of the droplets, promoting further
vaporization of the liquid water. Thirdly, the turbulent mixing between
the gas-steam mixture and the droplets ensures efficient mass and heat
transfer. Turbulent flow enhances the contact between the gas-steam
mixture and the droplets, facilitating rapid condensation and vapor-
ization processes. Overall, the interaction between the gas-steam
mixture and the spray of droplets in the throat region promotes
intense heat and mass transfer processes, leading to the initiation of the
DCC process in mixing chamber (2400 cm®). After entering the throat,
the jet of fluid experiences a breakup phenomenon at a certain distance
from the throat inlet. This breakup occurrence is dependent on the inlet
pressure of the water. To understand the amount of condensed vapor
produced during the process, a method involves subtracting the known
quantity of water from the total volume at the nozzle. In the system,
there exists an outlet located at the upper portion of the separation
chamber (chamber 9). This outlet serves a specific purpose: it allows for
the controlled release of any surplus CO3 and any vapor that has not
undergone condensation back into the atmosphere.

2.2. Analytical analysis of SEC

This section presents a discussion on the design considerations per-
taining to a spray ejector, with specific emphasis on critical components
including the pre-mixing region, nozzle and mixing sector. However, it
notably omits the analysis of the diffuser component, positing the pre-
sumption that complete condensation is achieved within the mixing
sector. The diffuser’s primary function lies in facilitating the transfer of
CO; to subsequent segments of the system. The described SEC funda-
mentally adopts a converging nozzle configuration, wherein condensa-
tion predominantly occurs within the mixing section. Furthermore, the
segmentation of the ejector, extending from the inlet to the exit, is
visually depicted in Fig. 3. This illustration elucidates the distinct
operational phases of the ejector, delineating the flow dynamics of gases
and liquids throughout the system. Additionally, it proposes an alter-
native strategy whereby a cyclone separator could be employed in lieu of
the diffuser, suggesting avenues for potential variation in the conden-
sation process. It is elucidated the assumption regarding the inlet
characteristics of fluids introduced into a given system, delineated by
the designation “inlet” within the schematic representation provided in
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Fig. 3. Details of SEC.

Fig. 3. Within this context, the attributes of these fluid mediums are
perceived to be comprehensively understood at this specific juncture.
Notably, the liquid constituents within the fluid stream are designated
with the subscript “l,” whilst amalgamated form comprising steam and
non-condensable constituents has been allocated as “g.” Moreover, the
narrative underscores the imperative of an established protocol for
discerning the attributes corresponding to the state denoted as “0.” This
procedural undertaking entails the systematic reduction of inlet pa-
rameters attributed to the transformative effects induced by alterations
in flow geometry and the exertion of frictional forces. To expound
further, as the fluid medium traverses through the structural confines of
the system, traversing varied flow regimes, the initial characteristics
exhibited at the inlet undergo progressive modifications. Such modifi-
cations are intrinsically influenced by manifold factors including alter-
ations in geometric configuration and the manifestation of frictional
interactions.

The focal point on determining the mass flow rate and pressure of the
steam- CO, mixture at point “1,” representing initial phase of the steam
condensation procedure. This pursuit is facilitated through the utiliza-
tion of conservation equations governing momentum, mass and energy.
In the context of a designated ejector design, the comprehension of
parameters such as suction mass (m,) and pressure at the commence-
ment of the mixing chamber necessitates a profound understanding of
the equations derived from the conservation principles that regulate
flow dynamics within the inlet zone. These equations emerge from the
application of mass, momentum and energy principles to the mixture
under consideration. Furthermore, the narrative underscores the pivotal
significance of ensuring continuity amidst points labeled “inlet” and
“0".” This imperative for continuity encompasses the seamless propa-
gation of properties and flow attributes from the inlet region to state “0,”
thereby fostering an exhaustive comprehension of the intricate fluid
dynamics and behavioral manifestations inherent within the system.

My = UginPeAgn = UgoPy(Ao — Ay) 1)

From Bernoulli equation:

Pgin +% . Pg.oug.m =Pgo+t % ® g0 ”;.o + APioss1 (2)
Ascertaining the suction pressure (pg,1) arising from the interplay of a
liquid jet with gases has been delineated. Suction pressure through the
alignment of momentum considerations between distinct states within
the system, specifically the pre-mixing sector denoted as “state 0" and
the ingress point to the mixing section referred to as “state 1.“

Pg0Ago +Mgligo + PiA; + My = pg1Ay + (mg + Tfl1> u 3)

A procedural framework aimed at determining parameters at state 2
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within the system has been elucidated. This endeavor entails the
simultaneous application of conservation equations pertaining to mass,
momentum and energy, contextualized within an adiabatic process
setting. Furthermore, in scenarios where CO, coexists within the
condensation environment, the analysis necessitates a comprehensive
examination incorporating both heat and mass transfer phenomena.
This analytical endeavor draws upon the utilization of equations and
methodologies previously expounded upon in the authors’ antecedent
analytical inquiries [18]. These inquiries encompassed diverse facets,
including the condensation process of vapour upon a subcooled droplet
stream, the attainment of heat equilibrium within the droplet stream,
and the reconciliation of mass and heat balances within the vapour-gas
mixture.

2.2.1. Thermal equilibrium of droplet flow

This section proposes the application of an energy balance method-
ology to specify the temperature of a droplet stream. This approach
entails analyzing the alteration in enthalpy of the droplet stream and the
thermal energy acquired during the condensation process. These factors
collectively influence the rate of heat transfer to the vapour- COy
mixture. Fundamentally, the energy balance equation facilitates the
quantification of thermal energy exchange within the system, incorpo-
rating considerations of heat release during condensation and conse-
quent temperature variations within the droplet stream.

d( . hy .. dQ
a (Cplded> +aldnl = E 4

The heat transfer rate is then conveyed through convection to the
boundary of the droplet surface.

dQ n

a — ]TdiThmg(Tm == Td) (5)

Here, hy,g represents the coefficient for convective heat transfer.
Droplet temperature gradient:

iy | J, B d—m+”d§%h"'g(T.'"_Td) (6)
dx mg Cpmg dx Cpimg

2.2.2. Equilibrium of mass and thermal energy for steam-CO2 mixture
The mass equilibrium equation for the gas-vapour mixture results in:

l .
Fit(X) = Tt — / dma(x) g, @

dx
0

The mass flow rate of the gas-vapour mixture enables the calculation of

the velocity profile of the mixture, under the assumption of constant

flow area.

Tl (X)
mmO

®

Up (x) = Umo

The temperature of the streaming gas-vapour mixture may be ascer-
tained using the heat equilibrium equation for the gas-vapour flow,
expressed as:

—Cpmd (m,,,rm) —dQ = ﬂ(m — Tg)dx ©)
or
~ G (mdem 4 drﬁ,,.T,,.) = h'"”ldg" (T — Ta)dx (10)

And the temperature gradient for the mixture of gases:
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Ty dm hprdin
My cpm

(Tm_Td) (11)

Used boundary condition have been presented in Table.6.
The details of the equations and their discretization elaborated in our
previous study [18].

2.3. Model verification

This section outlines a procedure aimed at validating the precision
and dependability of a model through the comparison of analytical and
experimental outcomes. Initially, this comparison was conducted be-
tween analytical results generated without considering the presence of
CO; and experimental data obtained within our laboratory setting
(Fig. 4a). The experimental setup encompassed specific parameters,

including a water mass flow rate (Myqer) of 29 (§), water temperature

(Twazer) set at 18 C, water pressure (Pyq.r) maintained at 14.7bar, and a
steam temperature (Tyeqm) of 100 C. The investigation primarily focused
on assessing the outlet temperature of the SEC under varying steam mass
flow rates, which revealed an acceptable concordance between the
theoretical predictions and experimental observations. The percent de-
viations between analytical and experimental results for the outlet
temperature of SEC were found to be 2.38 %, 1.61 %, 1.62 %, and 0.87 %

for steam mass flow rates of 1.2, 2.4, 3.6, and 4.8 (§>, respectively. In

sequence, an analysis was conducted to evaluate the model’s reliability
in the presence of CO,. Experimental data pertaining to the inlet tem-
perature of the SEC across different volumetric flow rates of CO2 were
juxtaposed against the theoretical model’s predictions. This comparison
highlighted a notable consistency between the experimental results and
the distribution derived from the theoretical model, as evidenced by
Fig. 4b. The percent deviations between the analytical and experimental
results were all below 1 %. Additionally, both analytical and experi-
mental condensation mass flow rates were scrutinized under various
steam mass flow rates, as depicted in Fig. 5. Remarkably, a commend-
able alignment between the theoretical outcomes and experimental
observations was evident. The discrepancies between analytical and
experimental results in condensation mass flow rates were 3.7 %, 6.5 %,

2.3 %, and 1.1 % for steam mass flow rates of 1.2, 2.4, 3.6, and 4.8 (§) 5

respectively.
3. Cyclone separator
3.1. Modeling

The capability of cyclone separators is subject to a variety of factors,
necessitating precise calibration of component dimensions to achieve
maximum separation effectiveness while mitigating pressure drop.
Cyclone separators are typically classified into two primary categories
according to their structural designs: those with tangential inlets and
those with axial inlets. Cyclone separators with tangential inlets are
extensively employed across diverse industries due to their established
reliability and relatively straightforward design, generally consisting of

Table 6
Boundary conditions.
parameter unit value
Unmo m 0-45
S
my kg (Ao — Aj) X py X Unmo
s
hy, KJ 2460.6
kg
G KJ 4.190
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conical and cylindrical parts. As depicted in Fig. 6, a three-dimensional
representation of a cyclone separator with a tangential inlet showcases
its design layout. After fully condensation of steam along SEC, mixture of
water- COs is introduced into the separator with significant tangential
velocity, inducing swift swirling motion in the annular gap between the
cylinder and exhaust pipe. The resulting centrifugal force propels water
droplets within the mixture are hurled to the wall, and then fall down
along the wall because of the combined impacts of momentum and
gravitational forces. Afterward, they are discharged through the
underflow outlet. Concurrently, the purified CO, ascends through the
central region of the separator and is discharged through the exhaust

pipe.
3.2. Governing equations

Computational Fluid Dynamics (CFD) offers several advantages in
fluid dynamics research and engineering applications [36,37]. It allows
for the simulation of fluid flow in complex geometries and diverse
conditions, aiding in the optimization of designs across industries [38].
CFD provides detailed insights into fluid flow characteristics, such as
velocity profiles and pressure distributions, enhancing understanding of
fluid behavior. Compared to experimental testing, CFD is cost-effective
and allows for rapid exploration of design parameters and operating
conditions [39]. Numerical modeling plays a crucial role in CFD by
enabling the simulation of fluid flow phenomena with high accuracy and
efficiency. In CFD, numerical models are employed to address the gov-
erning equations of fluid flow, like the Navier-Stokes equations, within a
computational domain. These models discretize the domain into a grid
or mesh and solve the equations iteratively to predict the behavior of the
fluid. Fluent is a leading software package widely used for CFD simu-
lations, offering advanced capabilities for modeling complex fluid flow
phenomena, including two-phase flow. Two common approaches for
simulating two-phase flow in Fluent are the Euler-Lagrange and Euler-
Euler methods. The Euler-Lagrange approach is utilized to model
dispersed phase particles, bubbles, or droplets within a continuous fluid
phase. In this method, the dispersed phase is tracked individually using
Lagrangian particle tracking techniques, while the continuous phase is
characterized by solving governing equations of fluid flow. Fluent

Applied Thermal Engineering 257 (2024) 124235

implements the Euler-Lagrange approach for simulating scenarios where
the dispersed phase comprises a small volume fraction (under 10-12 %)
of the total flow. On the other hand, the Euler-Euler method regards both
phases as continuous entities that interpenetrate, where each phase
occupies distinct volumes within the computational domain. This
method involves solving separate sets of equations for each phase,
including mass and momentum conservation equations, while consid-
ering interactions between the phases. Fluent offers various Euler-Euler
multiphase models, such as the Eulerian, Volume of Fluid (VOF) and
mixture models, each suitable for different types of two-phase flow
scenarios [40]. This investigation delves into the application of the
mixture model, also known as an algebraic slip method. This model
serves as a simplified alternative to the Euler-Euler model and is tailored
for simulating flows characterized by a significant presence of dispersed
phases (>10 %), including particles, droplets and bubbles, where inter-
particle collisions exert considerable influence. Unlike the Eulerian
approach, which treats the phases as distinct continua, the mixture
model accommodates varying velocities among fluid phases and permits
their intermingling. The transfer of mass, momentum, and energy be-
tween phases is enabled by this feature, rendering it well-suited for
capturing the intricate interactions inherent in multiphase flows.
Furthermore, successful applications of the mixture model have been
observed in CFD modelling, particularly in the study of turbulent swirl
multi-phase flow through liquid-gas cyclone separators.

The continuity equation for the mixture can be formulated as fol-
lows:
Pm) , OPptim) _ a2

ot ()xi -

Mixture momentum:

()([)mllmi) +0(/),,,um,-umj) . dp+ 0 m<allm,' 0[1,,"

ot x o o a—x,.+a—x,.)+/’gf

PR (13)
i (Z AgPUargilldr gj)
ax '

Here, u,, signifies mass-averaged velocity, p,, stands for the mixture
density and y,, denotes mixture viscosity.

Underflow outlet

*
*
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Fig. 6. Geometry of the cyclone separator and its dimensions (in m).
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Uy = u,pm = Zaqpq‘”m = Z Aghy (14)
Pm g=1 q=1

The term ug 4 refers to the drift velocity associated with the secondary
phase, determined by the relation: ug,q = ug —up.

Many scholars have conducted research on the separation efficiency
of cyclone separators through various means, including numerical
modelling, theoretical examination and experimental investigations.
Three main approaches are used to investigate the flow field through
cyclone separators numerically: Reynolds stress model (RSM) [41], RNG
k —e numerical model [42] and algebraic stress model (ASM) [43]. RSM
is considered the most applicable model for cyclone flow. It addresses
various flow characteristics such as streamline curvature, swirling,
rotation, and rapid strain rate changes by solving transport equations for
each component of Reynolds stress. This approach allows for the accu-
rate capture of the anisotropic turbulence character of cyclone separa-
tors. However, it is worth noting that the RSM model requires more
computational resources compared to other models due to its detailed
calculations [44]. On the other hand, the RNG model, which assumes
isotropic turbulence, may not be suitable for cyclone flow characterized
by anisotropic turbulence. This limitation makes it less appropriate for
accurately capturing the complex flow behavior within cyclone sepa-
rators. Similarly, the algebraic stress model (ASM) has its constraints.
While it may be adequate for certain flow scenarios, it may not accu-
rately predict features such as the recirculation zone and Rankine vortex
in strong swirling flow conditions typically encountered in cyclone
separators. Furthermore, in comparison to large eddy simulation (LES),
RSM is regarded as the most favorable choice for modeling turbulence
within cyclones, striking a balance between prediction precision and
computational cost [45].

In the RSM with a time step of 0.001 s, the transport equation is
formulated as follows.

a ey e a 0 e
5 (puiuj) + s (pukuiuj) =Dy +P;j+1Il+¢&+S (15)
Describing the terms in the equation, left side comprises the local time
derivative of stress and the convective transport term, represented by

the first two terms. On the right side, there are five terms that elucidated
as:
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of the expected substantial interaction between water and CO3 phases in
the swirling conditions through the cyclone. The modelling adopted a
transient method, with a convergence criterion set to achieve an accu-
racy of 10°® to ensure the reliability of the results. In order to achieve a
compromise between precision in simulation and computational ex-
penses, 0.001(s) of time step was opted for, and surface tension effects
were incorporated into the model. The simulation utilized the SIMPLE
algorithm to effectively couple pressure and velocity in the continuity
and momentum equations. Furthermore, the PRESTO scheme was cho-
sen for its adeptness flows in curved areas and in handling high-speed
swirling steams. To discretize the momentum, volume fraction, and ki-
netic energy equations, the QUICK method was employed owing to its
capability to yield more precise results for rotational swirling flows in
comparison to first- and second-order schemes, which might introduce
higher errors [46]. Detailed boundary conditions employed in the
simulation are delineated in Table 7. This comprehensive simulation
methodology ensures a robust representation of the intricate multiphase
flow dynamics within the cyclone separator, thereby facilitating an in-
depth analysis of its performance and behavior across a spectrum of
operating conditions.

3.4. Assessment of computational model

The study focused on computing the separation efficiency, a funda-
mental parameter in cyclone separator performance assessment [15]:

i

— Mg

n= x 100 (20)

mliquidnn'nler

where m refers to the mass flow rate.

Evaluating pressure drop as a means to assess the system’s perfor-
mance enhancement is considered. Pressure drop, delineated as the
variance between inlet and CO; outlet pressures, emerges as a pivotal
parameter for gauging system efficiency. The calculation involves
determining pressure drop (AP) by subtracting the inlet pressure (P;,)
from the CO» outlet pressure (P,,), as denoted by equation (21).

AP = Pj — Poye 21

The two-phase Reynolds number is expressed as follows [21]:

N 0 [ ——= ; ; 0 =
The stress diffusion term : Dy = — o {pu,-ujuk + (Pu}) o + (P'u;) o — ;l(a—xku,-uj) (16)
thmj)
. ,—,011 ﬁau Rep, = ——2 (22)
The shear productionterm : Py = —p [uiukd_x,]( - ujukg] a17) . o

T where Dy, represents the hydraulic diameter of the inlet, p,, denotes the

The pressure — strain term : Il = p(% + g) 18) mixture density and y,, stands for the mixture viscosity.

il i
3.4.1. Mesh independence

The disdhationt —— ()u;- t)u} 19 Grid independence is a critical concept in numerical modeling,
e issipationterm = & = — e %y (19 particularly in CFD. It ensures that simulation results are not

and S is the source term.

3.3. Computational modeling and boundary conditions

The simulation methodology employed to accurately replicate the
multiphase flow of CO, and water through a cyclone separator using
ANSYS Fluent 2021 R1. This methodology was deemed crucial because

Table 7

Boundary conditions.
Boundary Types
Inlet Velocity inlet
Outlets Pressure Outlet
Wall No Slip wall
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significantly affected by changes in the grid or mesh used to discretize
the computational domain. This is essential for obtaining reliable and
accurate results that accurately represent the underlying physics of the
simulated problem. The importance of grid independence stems from
the direct influence of grid resolution on the accuracy of the numerical
solution. Coarse grids may lead to the underestimation or over-
simplification of flow characteristics, while overly fine grids can result
in excessive computational costs without substantial improvements in
accuracy. Therefore, it is crucial to determine the minimum grid reso-
lution needed to adequately capture the relevant flow phenomena. The
assessment of grid independence typically involves conducting simula-
tions with varying grid resolutions and comparing the results to identify
the point at which further grid refinement does not significantly alter the
solution. Once grid independence is achieved, confidence in the reli-
ability of the numerical model increases. Grid independence offers
several advantages, including enhanced accuracy, efficient allocation of
computational resources, improved validation of numerical models, and
increased robustness of the model across different resolutions and
computational domains. In Gambit 2.4.6, the geometry of the cyclone
separator was created, representing its intricate structure and compo-
nents. This involved accurately defining the various geometrical fea-
tures such as the cylindrical and conical sections, inlet and outlet ports.
Subsequently, the created geometry was meshed in Gambit to discretize
the computational domain into smaller elements suitable for numerical
simulation (Fig 7). Meshing involves dividing the geometry into smaller
elements, such as lines, faces, and volumes, to enable the numerical
solution of governing equations. In Gambit, meshing operations were
performed to refine the mesh in areas of interest, such as near walls,
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sharp corners, or regions with complex flow patterns, to ensure accurate
representation of the flow physics. Mesh refinement was achieved by
adjusting the density of mesh lines, increasing the number of mesh faces,
and refining the mesh volume. This process aimed to achieve a finer
mesh resolution in critical regions of the geometry, where flow gradients
or boundary layer effects are significant, while maintaining a coarser
mesh in less critical areas to minimize computational costs. To generate
a mesh suitable for CFD simulations, Tet/Hybrid elements and the TGrid
type were employed in Gambit. Tetrahedral and hybrid elements are
well-suited for complex geometries and flow domains with irregular
shapes or intricate internal structures, such as the cyclone separator.
These elements offer flexibility in capturing flow features accurately and
efficiently, particularly in regions with high curvature or geometric
complexity. The TGrid type, a feature in Gambit, allowed for the gen-
eration of structured or unstructured grids based. This capability
enabled the creation of cells that conform well to the geometry of the
cyclone separator, ensuring that the mesh accurately represents the flow
domain and facilitates efficient numerical simulations [47,48]. To
validate the independence of results from the grid size, we examined
mesh-independent solutions for the cyclone separator by employing
various grid configurations. The graph in Fig. 8 displays the variations in
separation efficiency and tangential velocity for different node counts.
Notably, the results obtained with 250,042 and 500,172 grids exhibit
disparities compared to the other grids (751,052 and 1,056,010). While
the outcomes for 751,052 and 1,056,010 nodes are approximately
similar, we opted for the 751,052 nodes to reduce computational costs.

Fig. 7. Mesh of cyclone separator.
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Fig. 9. Comparison of a) pressure drop and separation efficiency and b) tangential velocity between experimental data (Wang et al) and numerical modelling.

3.4.2. Model validation

Estimated deviations in pressure drop, separation efficiency, and
tangential velocity, as delineated in Fig. 9, are compared with the
experimental observations documented by Wang et al [49]. In the
experimental study conducted by Wang et al., a controlled introduction
of air was initiated into the inlet of cyclone, and its rate of flow was
examined utilizing a flowmeter. Both constituents, exhibited a uniform
velocity of 20 m/s throughout the experimental test. The discharge
conduit of the cyclone remained open to the atmosphere, while gas
pressure at apex of vortex finder was rigorously regulated to maintain a
constant pressure of 1 atmosphere. Furthermore, the proportion of
second phase was set at 10 %. To ascertain pressure and velocity dis-
tributions within the gas field, Wang et al. employed five-hole probe,
which was constructed with an adaptable frame housing five pressure
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transducers. These transducers facilitated the generation of voltage,
subsequently amplified post-placement through gas flow field.
Enhanced voltage was collected utilizing a data collection apparatus,
which was furnished with and interfaced with a personal computer and
microprocessor. The comparison delineated in Fig. 9 accentuates a
robust concordance between the experimental data acquired by Wang
et al. and the numerical findings procured in the present study. This
congruence between experimental and numerical outcomes confers
validation and instills confidence in the precision of the numerical
simulation, signifying that the model adeptly encapsulates the intricate
flow dynamics and behavioral nuances within the cyclone separator.
Such alignment between empirical and numerical results augments the
reliability of the numerical model and underscores its efficacy for sub-
sequent analyses and refinements aimed at optimizing the performance
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of cyclone separators.

4. Results and discussion
4.1. Effect of cone size

In cyclone separators, ensuring a uniform distribution of particles is
imperative to optimize the separation efficiency of particles from the gas
stream. The uniformity in particle distribution guarantees that all par-
ticles experience comparable centrifugal forces, thereby maintaining
consistent separation performance across the cyclone. Conversely, an
irregular distribution of particles can induce instability in the CO, core
within the gas stream, a phenomenon known as wavering CO2 core,
resulting from uneven particle dispersion. Such instability can lead to
fluctuations within the CO, core, compromising separation efficiency
and potentially diminishing the purity of the extracted CO». Therefore,
the maintenance of uniform particle distribution stands as a funda-
mental aspect in preserving stable and effective separation processes,
thereby mitigating wavering phenomena in the CO; core and enhancing
the purity of the isolated CO3. Several factors, including cyclone ge-
ometry, significantly influence particle distribution and should be
optimized to attain optimal separation performance. As a strategic
approach to address this concern, the utilization of single and dual inlet
cyclone separators has been considered (Fig. 10), driven by previous
studies suggesting an enhanced efficiency with an increased number of
inlets [15]. In single inlet cyclones, the presence of a wavering flow
pattern presents obstacles to efficient separation. This wavering flow
results in droplets positioned close to boundary where the flow reverses
to be transported upward in conjunction with CO,, thereby diminishing
the effectiveness of separation. On the other hand, dual inlet cyclones
exhibit a stable and unwavering flow structure. Therefore, cyclones with
dual inlets has been considered for further investigation of the results.

The length of the cone and cylinder sections plays a critical role in
determining the separation efficiency of cyclone separators utilized in
gas—solid or gas-liquid separation processes. Modifying the dimensions
of these sections allows for the optimization of the cyclone’s perfor-
mance to achieve maximum CO, recovery while minimizing the carry-
over of water droplets at the gas outlet. By comprehending how
alterations in cone size and cylinder section impact separation
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Fig. 10. Velocity vector of water- CO, with a) single and b) dual inlets.

Applied Thermal Engineering 257 (2024) 124235

efficiency, engineers can design cyclones that effectively segregate CO2
from water droplets. Additionally, appropriately sizing the cone and
cylinder section is imperative for managing pressure drop across the
cyclone separator. In scenarios involving a mixture of water and CO,
excessive pressure drop can lead to heightened energy consumption and
operational expenses. Investigating the influence of cone size and cyl-
inder section on pressure drop empowers engineers to engineer cyclones
that strike a delicate balance between separation efficiency and pressure
drop, thereby optimizing the overall performance of the system.
Furthermore, the duration for which particles remain within the cyclone
is influenced by both cone and cylinder sections. Prolonged residence
times facilitate more thorough separation of CO, from water droplets.
Through an examination of the effects of cone size and cylinder section
dimensions on particle dynamics, researchers can design cyclones that
guarantee adequate particle residence time for complete CO, recovery,
thereby enhancing separation efficiency. Moreover, meticulously
designed cyclone separators ensure the uniform distribution of particles
throughout the separation process. Variations in cone size can impact
particle distribution and flow patterns within the cyclone. A thorough
investigation of these parameters facilitates the design of cyclones that
promote uniform particle distribution, mitigating issues such as chan-
neling or bypassing of particles and enhancing overall separation effi-
ciency. Therefore, comprehending the impact of cone size is vital for
scaling up cyclone separators for industrial applications. By selecting the
appropriate dimensions, engineers can develop cyclones that seamlessly
integrate into larger carbon capture systems. Investigating these pa-
rameters facilitates the development of cyclones that fulfill the scal-
ability and performance requirements of industrial carbon capture
processes. Fig. 11 depicts the geometry and mesh of the cyclone sepa-
rator with varying cone sizes, ranging from 0.2 m to 0.5 m, while
maintaining a constant length of cyclone.

Fig. 12 presents the separation efficiency and pressure drop across
various cone sizes within a cyclone separator, with a water droplet
diameter of 10°°, a CO, mass flow rate of 12 (%), and a liquid mass flow
rate at the inlet of 100 £. As the cone size progresses from 0.2 to 0.5 (m),
there is a consistent decline in the mass flow rate of water at the gas
outlet, diminishing from approximately 0.022651 (kx—g) for the smallest

cone length to around 0.018986 (ks—“’) for the largest cone length.
Concurrently, the pressure drop between the inlet and gas outlet of the
cyclone shows a progressive increase, rising from 6.08 Pa for the
smallest cone length to 10.91 Pa for the largest cone length. This
augmentation in pressure drop signifies elevated flow resistance within
the cyclone as the cone size expands. Notably, despite the augmented
pressure drop associated with larger cone sizes, there is an overall
enhancement trend in separation efficiency. Commencing at 77.30 % for
the smallest cone size, the separation efficiency gradually rises and
culminates at 80.98 % for the largest cone size. This trend implies that
while larger cone sizes entail increased pressure drop, they also foster
more efficient separation of CO» from water droplets, resulting in
elevated separation efficiencies. The observed trend can be attributed to
several factors. Firstly, larger cone sizes provide greater centrifugal
forces, leading to more effective separation of CO, from water droplets
due to enhanced particle inertia. Furthermore, the increase in pressure
drop with larger cone sizes may promote better droplet coalescence,
thereby enhancing separation efficiency. However, it is essential to
consider the trade-off between separation efficiency and pressure drop,
as higher pressure drops may translate to increased energy consumption
and operational costs. Therefore, the selection of cyclone geometry
should be guided by the specific objectives of the application. While
longer cone lengths may be preferable for maximizing collection effi-
ciency, shorter cone lengths may be favored to minimize pressure drop.
In this study, where CO, purification at the gas outlet while considering
areasonable pressure drop is the primary criterion, a cone size of 0.5 (m)
has been deemed optimal.
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Fig. 11. Geometry and mesh of cyclone at different cones size (in m).

4.2. Effect of mass flow rate of CO2

In our post-combustion carbon capture section, including SEC and
cyclone separator, understanding how variations in CO2 mass flow rate
influence separation efficiency and pressure drop is key to enhancing
overall system performance. Efficient CO; capture relies on maximizing
separation efficiency while minimizing energy consumption and

operational costs. By investigating the impact of CO3 mass flow rate on
separation efficiency, optimal operating conditions can be identified
that ensure high CO2 capture rates. Additionally, understanding how
changes in CO2 mass flow rate affect pressure drop within the carbon
capture system is crucial for maintaining system integrity and mini-
mizing energy requirements. The non-condensable nature of COy pre-
sents a unique challenge in the design and operation of SEC within
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Fig. 11. (continued).
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Fig. 12. Separation efficiency and pressure drop at different cone size with a
water droplet diameter of 10° when oz = 125 Myguidaine: = 100%
and..Re, =5 x 10*

carbon capture systems. Unlike steam, which readily condenses into
liquid form under appropriate temperature and pressure conditions, CO2
remains in its gaseous state throughout the condensation process. This
distinction is significant because SECs are typically designed to
condense steam, with the assumption that the non-condensable gases
present in the mixture, such as CO,, will be separated and removed from
the system. The presence of CO3 as a non-condensable gas in SECs in-
troduces several considerations for system design and performance.
Firstly, the presence of CO3 affects the overall mass and energy balance
within the SEC, as it does not undergo condensation like steam. This
necessitates careful consideration of the thermodynamic properties and
behavior of CO2 within the SEC to ensure accurate modeling and pre-
diction of system performance. Additionally, CO, can impact the effi-
ciency of steam condensation within the SEC by altering the

thermodynamic properties of the gas-liquid mixture. The presence of
CO2 may affect the saturation pressure and temperature of the steam, as
well as the heat transfer characteristics of the condensing fluid. This can
result in changes to the overall condensation rate and efficiency of the
SEC, potentially impacting the system’s ability to capture CO; effec-
tively. Furthermore, the presence of CO5 as a non-condensable gas in the
SEC necessitates the inclusion of separation and purification mecha-
nisms to remove CO, from the condensed liquid stream. This typically
involves additional processes, such as cyclone separators or distillation
columns, to separate the CO2 from the condensed water before it is
discharged from the system. The efficiency and effectiveness of these
separation mechanisms are critical for ensuring high-purity condensate
and maximizing the overall performance of the carbon capture system.
Therefore, the non-condensable nature of CO presents both challenges
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Fig. 13. Separation efficiency and pressure drop at different mass flow rate of
CO, with a water droplet diameter of 10°° and I.,,.0.5m at. Myguidaintee = 100%
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and opportunities in the design and operation of SECs within carbon
capture systems. Fig. 13 illustrates the impact of varying mass flow rates
of CO3 on the separation efficiency and pressure drop within the cyclone
separator, considering a water droplet diameter of 10”° and a fixed cone
size of 0.5 m, with a constant liquid mass flow rate at the inlet set to 100
%. An increase in the mass flow rate of CO» leads to an increase in the
pressure drop across the cyclone separator. Specifically, the pressure
drop values correspond to 5.1, 10.91, 30.2, 40.1, 44.9, and 60.1 Pa for
CO, mass flow rates of 10, 12, 14, 16, 18, and 24 %, respectively. This
phenomenon can be attributed to the higher volumetric flow rate of the
gas mixture passing through the cyclone, resulting in increased resis-
tance to flow and higher frictional losses within the cyclone geometry.
Consequently, a higher mass flow rate of CO correlates with a higher
pressure drop across the cyclone separator. In addition, the provided
data demonstrates a significant correlation between the mass flow rate
of CO; and the separation efficiency of the cyclone separator. Firstly, as
the mass flow rate of CO increases from 10§ to 24 §, there is a noticeable
decrease in the mass flow rate of liquid at the gas outlet. This trend
suggests that higher mass flow rates of CO5 result in more efficient
separation of CO, from the liquid phase, leading to reduced liquid
carryover at the gas outlet. Secondly, the separation efficiency of the
cyclone separator exhibits a corresponding increase with higher mass
flow rates of CO,. Specifically, as the mass flow rate of CO, increases
from 10 £ to 24 £, the separation efficiency improves from 74.97 % to
100 %, respectively. This trend indicates that higher mass flow rates of
CO; contribute to more effective separation of CO, from the liquid
phase, resulting in higher separation efficiencies. Higher mass flow rates
of CO3 lead to increased turbulence and mixing within the cyclone
separator. This enhanced interaction between the gas and liquid phases
promotes more efficient contact. Also, as the mass flow rate of CO, in-
creases, the momentum of the gas phase also increases, resulting in
greater centrifugal forces within the cyclone separator. These centrifu-
gal forces play a crucial role in driving the separation process by causing
the denser water droplets to move towards the outer wall of the cyclone
while allowing the lighter CO> to concentrate towards the center. With
higher mass flow rates of CO,, the stronger centrifugal forces facilitate
more effective separation of CO, from the liquid phase, contributing to
increased efficiency.

4.3. Impact of droplet break-up in SEC on separation efficiency

The process of primary droplet genesis within a SEC, underscoring
the pivotal role of surface waves on the streaming medium. These un-
dulations prompt the formation of primary droplets, with their size
modulated by the magnitude of the wave and the endeavor to minimize
surface energy. Under specific outflow conditions of the liquid jet, an
optimal wavelength manifests. This wavelength surpasses the jet's
circumference, inducing an augmentation in wave amplitude and
consequentially resulting in the break-up of the liquid jet into smaller
droplets. This observation underscores the intricate interplay between
surface wave dynamics and jet attributes in dictating droplet dimensions
within the SEC. To further deepen comprehension, scholarly inquiries
may delve into how alterations in wave properties, such as wavelength
and amplitude, influence droplet generation. Furthermore, investigating
the impact of jet characteristics, including velocity and viscosity, on
wave dynamics and droplet size distribution could furnish valuable in-
sights into refining the design and efficacy of SECs across diverse ap-
plications. Following the initial production of droplets during primary
atomization, a secondary breakup phenomenon occurs, yielding smaller
droplets. Weber established a correlation to quantitatively characterize
the size of these secondary droplets. Understanding the dynamics of
secondary droplet formation holds paramount importance in optimizing
SEC performance for vapor capture and condensation, thereby aug-
menting the efficacy of carbon capture processes. Moreover, delving into
the mechanisms underpinning secondary droplet breakup can furnish
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valuable insights into methodologies for regulating droplet size and
distribution, thus attaining desired separation efficiencies in carbon
capture systems [18,50]:

d 0.5\ 1/6

Fj,: 1.436(1 +3”:e ) (23)
2D.

We — Ei:ﬂ (24)
!
DA

Re— ’% (25)
1

where Dj, p;, 01, jy and y; represent diameter of nozzle, water density,
surface tension, dynamic viscosity and velocity of water, respectively.
In addition, the velocity of the droplets ejected from the water nozzle
remains consistent with that of the liquid stream along the throat’s
length in the system. Consequently, the droplets generated exhibit a
mass equivalent to that of the liquid throughout of the throat [18].

2
md:@wmm:%@—w’ 26)
_ 3 D(L-L)
n= 2(dd) @ (27)

where n, L, dg and D indicate total number of droplet, mixing length,
diameter of droplet and diameter of mixing length, respectively.

So, there is a direct relationship between number of droplet and
diameter of droplet. Exploring the diameter of droplets within a SEC is
imperative for the optimization of carbon capture processes. Droplet size
directly influences the efficiency of condensation [18] and subsequent
CO, separation. A detailed analysis of simulation outcomes offers
valuable insights into the correlation between droplet diameter and
cyclone efficiency. As droplet diameter increases from 1 to 20 (um), a
discernible trend emerges in the mass flow rate of water at the gas outlet
(Tble.5). The downward trajectory in mass flow rate indicates that
bigger droplets result in reduced water carryover in the separated gas
stream, a critical factor for achieving heightened purity levels of
captured COs.

Moreover, there is a notable enhancement in separation efficiency as
droplet diameter increases. The escalation in separation efficiency from
50.98 % to 100 % as droplet diameter rises underscores the significance
of droplet size in augmenting CO3 capture efficacy (Table.8).

Fig. 14 provide insights into the distribution of water droplets at
different diameters. Specifically, at a droplet diameter of 1 ym, where
the separation efficiency is 50.98 %, the contour shows a relatively
uniform distribution of water droplets throughout the cyclone separator,
albeit with less concentration compared to higher efficiency scenarios.
As the droplet diameter increases to 5 ym and the efficiency improves to
69.12 %, the contour depicts a more concentrated presence of water
droplets, particularly towards the outer regions of the cyclone separator.
At a droplet diameter of 10 yum and an efficiency of 89.24 %, the contour
illustrates even greater concentration of water droplets, particularly
along the walls of the cyclone separator. Finally, at a droplet diameter of
20 ym with 100 % efficiency, the contour demonstrates the highest

Table 8
Separation efficiency at different diameter of water when..l;ne = 0.5m, Mgy, =

8 e = 1008
162, Myaer = 1002

Diameter of water droplet (um) Separation efficiency,%

Miiquidatgasoutlet (T)

i ! 0.0489 50.98
5 0.0308 69.12
10 0.010739 89.24
20 0 100
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Volume fraction of water
1.00e+00
9.50e-01
9.00e-01
8.50e-01
8.00e-01
7.50e-01
7.00e-01
6.50e-01
6.00e-01
5.50e-01
5.00e-01
4.50e-01
4.00e-01
3.50e-01
3.00e-01
2.50e-01
2.00e-01
1.50e-01
1.00e-01
5.00e-02
0.00e+00

a) b)

Fig. 14. Volume fraction of water at diameter of droplet of a) 1 ym, b) 5 um, c)
10 ym and d) 20..um

concentration of water droplets, densely packed towards the periphery
of the cyclone separator, indicating optimal separation performance.

5. Conclusion

To improve the purging procedure within nCO2PP, a comprehensive
methodology was implemented, integrating experimental and analytical
modeling of the SEC alongside numerical simulation of the cyclone
separator. The integrated approach seeks to enhance the efficiency of
the separation unit, guaranteeing the production of high-purity CO5 in
the post-combustion sector of nCO,PP.

Key findings include the following insights:

¢ Integration of SEC and cyclone separator offers a practical solution
for CO,, purification, focusing on variables like steam mass flow rate
and CO» volumetric flow rate to enhance heat transfer.

¢ Analyzing variations in cyclone cone size, CO, flow rate, and droplet
breakup reveals trade-offs between separation efficiency and energy
consumption.

¢ Higher CO, mass flow rates improve separation efficiency but in-
crease pressure drop, crucial for effective CO; capture.

¢ Understanding droplet breakup in SEC highlights the impact of
droplet size on CO capture efficiency.

In conclusion, optimizing these variables is essential for maximizing
CO» capture effectiveness while managing energy consumption in in-
dustrial applications.

6. Future research directions

In addition to the findings above, future research will focus on
expanding the capabilities of the system. One avenue of exploration
involves increasing the number and variety of nozzles used for water
injection into the SEC. This enhancement aims to optimize the distri-
bution and interaction of water and CO2 within the system, potentially
improving overall purification efficiency. Furthermore, experimental
studies are planned to complement the numerical simulations conducted
on the cyclone separator. These experiments will provide a more robust
foundation for industrial-scale applications. By integrating experimental
data with computational models, the aim is to refine the design and
operation of the cyclone separator, ensuring optimal performance in
real-world conditions.
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Milad Amiri' Optimizing CO, Purification in a Negative CO,

Jarostaw Mikielewicz? Emission Power Plant
Pawet Ziotkowski'

Dariusz Mikielewicz'

In the pursuit of mitigating CO, emissions, this study investigates the optimiza-
tion of CO, purification within a negative CO, emission power plant using a
spray ejector condenser (SEC) coupled with a separator. The approach involves
direct-contact condensation of vapor, primarily composed of an inert gas (CO,),
facilitated by a subcooled liquid spray. A comprehensive analysis is presented, em-
ploying a numerical model to simulate a cyclone separator under various SEC outlet
conditions. Methodologically, the simulation, conducted in Fluent, encompasses
three-dimensional, transient, and turbulent characteristics using the Reynolds
stress model turbulent model and mixture model to replicate the turbulent two-
phase flow within a gas-liquid separator. Structural considerations are delved into,
evaluating the efficacy of single- and dual-inlet separators to enhance CO; purifica-
tion efficiency. The study reveals significant insights into the optimization process,
highlighting a notable enhancement in separation efficiency within the dual-inlet
cyclone, compared to its single inlet counterpart. Specifically, a 90.7 % separation
efficiency is observed in the former, characterized by symmetrical flow patterns
devoid of wavering CO, cores, whereas the latter exhibits less desirable velocity
vectors. Furthermore, the investigation explores the influence of key parameters,
such as liquid volume fraction (LVF) and water droplet diameter, on separation ef-
ficiency. It is ascertained that a 10 % LVF with a water droplet diameter of 10 um
yields the highest separation efficiency at 90.7 %, whereas a 20 % LVF with a water
droplet diameter of 1 um results in a reduced efficiency of 50.79 %. Moreover, the
impact of structural modifications, such as the addition of vanes, on separation effi-
ciency and pressure drop is explored. Remarkably, the incorporation of vanes leads
to a 9.2 % improvement in separation efficiency and a 16.8 % reduction in pressure
drop at a 10 % LVE The findings underscore the significance of structural consid-
erations and parameter optimization in advancing CO, capture technologies, with
implications for sustainable energy production and environmental conservation.

Keywords: Computational fluid dynamics, Cyclone separator, Gas-liquid separation,
Separation efficiency, Vanes
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1 Introduction tainable solutions for heat generation [9]. Furthermore, there is
increasing acknowledgment of the potential of integrated plants
Carbon dioxide is widely recognized as a significant factor in (10] in natural gas processing to address challenges such as gas

the context of global warming [1-3]. Due to its substantial in-
fluence on climate change, there has been a growing focus on

developing various strategies in recent years to control carbon Milad Amiri (milad.amiri@pg.edu.pl), Pawet Ziétkowski, Dariusz
emissions, encompassing techniques such as carbon dioxide cap- Mikielewicz

ture [4] and storage [5]. Carbon capture and storage (CCS) is Faculty of Mechanical Engineering and Ship Technology, Gdarsk
recognized as an essential technology, facilitating the efficient University of Technology, ul. Gabriela Narutowicza 11/12, Gdansk
reduction of CO, emissions [6, 7] from fossil fuel-reliant power 80-233, Poland.

plants. In the long term, widespread adoption of carbon-negative 2Jarostaw Mikielewicz

emission technologies could bring atmospheric CO, levels back Polish Academy of Science, Institute of Fluid-Flow Machinery ul,

to pre-industrial concentrations [8] and could also provide sus- Fiszera 14, Gdansk 80-231, Poland.
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flaring and contribute to energy sustainability [11-15]. Concur-
rently, studies [16, 17] shed light on the exergetic sustainability,
emissions patterns, and improvement potential of sectors like the
Nigerian transport sector, underscoring the importance of ad-
dressing emissions and enhancing energy efficiency for future
sustainable transport pathways. With these concerns in mind,
innovative approaches for generating electricity with negative
CO, emissions are gaining traction. One such method involves a
combination of pre-combustion, oxy-combustion [18], and post-
combustion technologies within a power plant setting. In this
study, the focus lies particularly on post-combustion processes,
which include the utilization of a spray ejector condenser (SEC)
and cyclone separator to purify CO,. Within this advanced neg-
ative CO, emission power plant cycle, multiple components play
crucial roles. Following oxy-combustion within the wet com-
bustion chamber, the resultant mixture of water and steam-CO,
proceeds to the SEC, where complete condensation of steam oc-
curs. Subsequently, the condensed mixture, comprising water
and CO,, exits the SEC and enters the cyclone separator for the
purification of CO,.

Cyclone separators find extensive applications across various
industries, such as mineral processing, chemical engineering, en-
vironmental management, and petroleum refining, where they
serve the purpose of efficiently separating gases from solids
or liquids [19, 20]. There are various types of gas-liquid cy-
clones. The most commonly used type is the Stairmand cyclone
[21], which features a cylindrical section, tangential inlet, vortex
finder, and conical section. Cyclone separators can be classified
into axial and tangential types based on the direction of the inlet
flow toward the cyclone. A tangential cyclone has a tangential in-
let flow that generates an outer vortex. The flow is then reversed
at the end of the vortex and exits axially from the top. The ex-
istence of the density difference and two-phase interface allows
for the separation of the mixture through centrifugal separation
rather than relying on energy-consuming equipment like per-
meable membranes that consume significant energy resources.
Therefore, using a cyclone separator is both practical and cost-
effective. The liquid-gas flow in a cyclone is a complicated
process that has garnered significant interest. The centrifugal
force in a cone cyclone is the main factor in deaeration, although
it results in some loss of flow pressure [22]. Different dimensions
and types of cyclones result in varying pressure drops and cen-
trifugal forces. The pressure distribution and tangential velocity
in cyclones have been investigated in the literature, showing a
drastic centrifugal effects and significant pressure changes in the
cyclone [23]. Cyclones are devices that create a swirling flow by
using high-velocity fluids entering through one or two (or more)
tangential inlets. This generates a vortex core within the device.
Mixing can be enhanced by this swirling flow through turbulence
and vorticity effects, leading to the separation of higher-density
particles or fluids from the base fluid. This refers to a cyclone
separator, specifically a cone cyclone, which uses turbulence and
physical instabilities to enhance mixing. The design consists of
a cylinder with an outer cone, where the flow is injected tangen-
tially into the cylinder, and the liquid exits through the underflow
outlet, while gas exits through the overflow outlet.

The efficiency of a cyclone separator is impacted by a range of
factors, encompassing its structural geometry [24-27] and op-
erational variables like particle size, gas velocity, and properties
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of the phases being separated [28]. Vehmaanperi et al. [29] in-
dicated that modifying the overflow pipe has a significant effect
on the performance of the cyclone separator in terms of sepa-
rating efficiency. Studies have also looked into the impact of the
cone dimension on the performance of the cyclone separator [30,
31]. Studies have demonstrated that when the cone size is bigger
than the gas outlet, decreasing the cone size improves collection
efficiency without causing a noticeable increase in pressure drop.
Yoshida et al. [32], examined a study using different types of apex
cones at the inlet of the dust box. They discovered that the influ-
ence of the angle of the apex cone on the collection efficiency
reduces when the inlet velocity is high. Studies have also delved
into the impact of elongating a cyclone separator with a verti-
cal tube on its efficiency [33, 34]. The impact of a counter-cone
located at the bottom of a cyclone separator on its performance
has been reported [35, 36]. Brar et al. [37] and Prasanna et al.
[38] conducted studies to examine how the length of the cone
and cylinder influences separation efficiency and pressure drop.
Hamdy et al. [39] performed an investigation on the standard
cyclone numerically, varying the length and angle of the cone
gradually. The study concluded that the length and angle of the
cone have a substantial influence on the separation efficiency
of a cyclone separator and the internal flow pattern. The effect
of adding a tangential cavity has been studied by Mazyan et al.
[21]. Their experiment work showed that the separation effi-
ciency of particles, particularly for small particles, can further
be enhanced.

In addition, the use of a guide vane has been found to create
a strong swirling effect, causing a small pressure drop, and pro-
viding the best separation performance. Umeny et al. proposed a
cyclone separator design that separates multiphase flow by rotat-
ing it through guide vanes fixed at the inlet of the cyclone. Luping
et al. confirmed that using a spindle structure or a better stream-
lined cone for the guide fluid can effectively reduce pressure loss
resulting from the rapid change of speed [40]. Li et al. [41] an-
alyzed steam-water separators equipped with wave-type vanes
and the behavior of the droplets in wave-type flow channels. The
results revealed that the most significant mechanism for the for-
mation of secondary droplets under operating conditions is the
breakup of droplets due to impingement on liquid film. Zhou
et al. [42] conducted experimental and numerical studies on the
impact of spiral guide vanes on the performance of a cyclone
separator. The results showed that as the number of spiral guide
vane turns increased, the turbulence intensity in the cyclones
gradually decreased, particularly in the cylinder section.

However, notwithstanding the burgeoning enthusiasm sur-
rounding CSS [43, 44], a notable lacuna persists in comprehend-
ing the intricacies of integrating and refining post-combustion
methodologies within power plants [45-47] for the purposeful
capture and sequestration of CO, emissions. This study aims
to address these gaps by focusing on the post-combustion pro-
cesses, especially the use of an SEC [48] and cyclone separator for
the purification of CO, emissions from power plants. The study
is motivated by the need to develop cost-effective and efficient
solutions for CO, capture in power generation, with the ultimate
goal of reducing greenhouse gas emissions and mitigating cli-
mate change. The novelty of this research lies in its thorough
examination of the design and optimization of a tangential-
flow CO,-water separator, along with the investigation of
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Figure 1. Process flow diagram (PFD) of the negative CO, emission gas power plant (nCO,PP): (a) Overall plant layout, (b) CO, capture
component (spray ejector condenser [SEC- and cyclone separator), (c) PFD simulation using Aspen HYSYS, and (d) Mixture 1 compositions

in volume fraction [50, 51, 53]. ASU, air separation unit.

parameters such as volume fraction and droplet diameter of
water for the SEC, specifically tailored for the negative CO, emis-
sion gas power plant (nCO,PP) [49]. In order to establish a
numerical model and enhance the separator’s performance, the
initial step involves defining single- and dual-inlet separators.
Subsequently, an appropriate value for the liquid volume fraction
(LVF) and the diameter of water droplets is determined based
on the conditions of the SEC, utilizing the separation efficiency
as a guiding parameter. This process allows for the execution
of numerical simulations encompassing various LVF values. By
considering volume fractions ranging from 10 % to 20 % for the
water liquid and diameters of water droplets spanning from 1 to
10 um, the model is comprehensively developed. After obtaining
the model, the performance of the separator affected by vanes
can be estimated. Finally, using vanes and dual inlets, the opti-
mum value of the separation efficiency and pressure drop can
be calculated.

Chem. Eng. Technol. 2024, 47, No. 9, e202300568
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2 Description of Negative CO, Emission
Power Plant (nCO,PP)

The schematic representation of the innovative gas power plant
designed to achieve negative CO, emissions is depicted in Fig. 1
[50-52]. Fuel production commences with a thermochemical
process within the gasifier (R), where dry sewage sludge inter-
acts with a gasifying agent. Optionally, this agent can be released
post-gas turbine from a carbon capture unit (CCU) operating
at ambient pressure, with adjustable properties such as CO, and
steam content, temperature, and pressure. Oxygen compression
(Co2) isachieved through an air separation unit. Within the pro-
cess, exhaust from heat exchanger 1 enters an SEC, where the
resulting condensed steam and CO, mixture undergoes separa-
tion in a cyclone separator. The separated CO, is directed to the
CCU, with a portion available for use as a gasifying agent or in
various chemical reactions, while the remainder can be stored
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Figure 1. Continued

or utilized in processes like methanol production. Fig. 1b illus-
trates the composition of the separation unit in post-combustion
section of nCO,PP, consisting of the SEC and cyclone separa-
tor. The SEC’s primary role is to efficiently condense water vapor
from exhaust gases while maintaining a compact system design,
featuring two inlets for suction and motive fluids and a single
outlet. At the outlet of the SEC, both liquid water and CO, are di-
rected into the cyclone separator to facilitate CO, purification. In
our previous study [50], the illustrated process flow diagram was
simulated using Aspen HYSYS (depicted in Fig. Ic) and subse-
quently validated against Aspen Plus and Ebsilon. Two fuel types,

Table 1. Results for Mixture 1and methane in Aspen HYSYS [50].

0-2-H20"

methane and mixturel, were utilized, with the composition of
mixturel detailed in Fig. 1d. A subset of the findings was then
summarized in Tab. 1 [50].

3 Modeling
3.1 Cyclone Separator

Numerous factors influence the efficiency of cyclone separators,
achieving optimal performance while minimizing pressure drop

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl
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Parameter Symbol Unit Methane Mixture 1
CO; mass flow in the exhaust 1iy_co, [gs™!] 17.1 227
Turbine power output N [kW] 164 157.1
Chemical energy rate of combustion QCC [kW] 311.8 284.9
Emission of carbon dioxide eCO; [kg MWh™] 0.0 —720.0
Relative emissivity of carbon dioxide et - €CO;, [%kg MWh™] 0.0 —286.70
Avoided emission of carbon dioxide Avoid eCO, kg MWh™] 475.33 1440
Avoided relative emissivity of carbon dioxide Avoid nypet - €CO; [%kg MWh™!] 197.45 573.40
Net efficiency Mnet [%] 415 39.9
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Figure 2. Cyclone separator’s geometry and its dimensional details.

hinges on precisely calibrated component dimensions. Cyclone
separators fall into two main categories based on their struc-
tural configurations: those featuring tangential inlets and those
with axial inlets. Tangential inlet cyclone separators, renowned
for their reliability and straightforward design, consist typically
of cylindrical and conical sections. Illustrated in Fig. 2 is the in-
tricate design of a three-dimensional cyclone separator with a
tangential inlet. Upon entry, the CO,-water mixture enters the
separator with considerable velocity in a tangential trajectory,
inducing rapid rotation within the annular space delineated by
the exhaust pipe and the cylinder. Driven by centrifugal force,
water droplets within the mixture are propelled toward the pe-
riphery, where they subsequently descend along the wall, aided
by gravity and the mixture’s momentum. Exiting through the un-
derflow outlet, they leave behind purified CO,, which ascends
through the central region and is expelled via the exhaust pipe.
Tab. 2 outlines the dimensions of the three-dimensional tangen-
tial single inlet cyclone separator, providing crucial insights into
its structural specifications.

Table 2. Cyclone dimensions (D = 0.2 m).

a b De s h H B
D D D D D D D
0.25 0.5 0.5 0.625 2 4 0.25
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3.1.1 Governing Equations

Computational ~ fluid  dynamics

......... (CFD) offers a cost-efficient means

Upper Outlet

to model fluid flow, complementing
experimental and theoretical ap-
proaches in fluid dynamics [54-57].
Its extensive application in turbulent
flow analysis renders it an indis-
pensable facet of fluid dynamics
research. CFD simulations offer
several benefits, including enhanced
Inlet performance optimization, the capa-
bility to replicate non-reproducible
conditions, provision of comprehen-
sive data and enhanced visualization,
cost-effectiveness, and minimized
environmental footprint [58]. Nu-
merical modeling holds a pivotal
role in conducting CFD simulations,
facilitating the attainment of precise
and comprehensive results. As a
frontrunner in CFD, Fluent presents
an advanced solution for simulating
and analyzing fluid flow phenomena,
including two-phase flow, which
involves the concurrent movement
of distinct phases like liquid and
gas. Fluent offers two methodologies
for multiphase flow simulation: the
Euler-Lagrange and Euler-Euler
approaches. The Euler-Lagrange
method delineates a dispersed phase
within a continuous fluid phase by
tracking numerous particles, bubbles, or droplets throughout the
flow field, computed using the Navier-Stokes equations. This
method enables the exchange of momentum, mass, and energy
between the two phases. However, it assumes a low volume frac-
tion for the dispersed phase, typically below 10-12 %, despite
its significantly higher mass loading. On the other hand, the
Euler-Euler approach treats both phases as mutually penetrating
continua, where the volume of one phase cannot be occupied by
the other. This approach introduces the concept of volume frac-
tion as a continuous function across space and time, summing up
to one. Fluent offers three Euler-Euler multiphase models: vol-
ume of fluid (VOF), mixture, and Eulerian. The VOF model is
well-suited for stratified or free-surface flows, while the mixture
and Eulerian models are preferable for flows with dispersed-
phase volume fractions surpassing 10 %. In scenarios involving
simpler problems, the mixture model emerges as a more fa-
vorable option, compared to the Eulerian model, requiring the
solution of fewer equations and consuming less computational
resources [59].

In this study, we utilized the mixture model, also known as the
algebraic slip model, as a simplified version of the Euler-Euler
approach. This model is particularly well-suited for scenarios in-
volving flows laden with droplets, bubbles, or particles, where
the volume fraction of the dispersed phase exceeds 10 %, en-
suring significant inter-particle collisions. The mixture model

(CO,+water)
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accommodates variations in fluid phase velocities, allowing for
the interpenetration of fluid phases and facilitating the exchange
of mass, momentum, and energy between them. Moreover,
the mixture model has been applied in CFD simulations, es-
pecially in turbulent swirl two-phase flow within gas-liquid
cyclone separators. However, the computation for the continu-
ous and dispersed fluid phases is conducted using the following
techniques:

The Reynolds-averaged Navier-Stokes equations, which in-
clude both the continuity and momentum equations, are utilized
to solve for the continuous phase [60].

3o d(pw) _
ot 0X;

0 6))

3 (pu;) & 3 (ouiw;)

ot X,

3P+ R] 82ui+32u,- 25 Ay 2 B]
C0X o oX \U aX? o aX? 370X ) ' aX

(—piriy)

(2

32ui 32uj 2 auk
=t |tk —2 |~ p et O
( pulul) et (asz + X2 3 (P +ﬂtaxk) j 3)

The equation describing the continuity of the mixture can be
expressed as follows [60]:

ot aXi

Mixture momentum is as follows [60]:

a(pm) 4 3(,0mum) =0 (4)

0 (pmumi) d (pmumiumj)
ot N 3)(1

__ 0P i b (aumi 4 aumj) 2
T ax; 0x; Pan 0x; 0x; &

a n
+ PY Zaqpqudr.qiudr.qj (5)

! q=1

where u,, represents the mass-averaged velocity, p,, stands for
the mixture density, and p,,, denotes the viscosity of the mixture.

n
Zq:l AqPqlq

Un = :
Pm

n n
Pm = Z AqPghm = Z QAgqfhq, (6)
q=1

q=1

The term uy, 4 denotes the drift velocity for the secondary
phase, which is determined by the equation ug,q = tq — tm.

Numerous researchers have explored the separation efficiency
of cyclone separators using diverse methodologies, including
numerical simulations, theoretical analyses, and experimental
investigations. Presently, three primary approaches are employed
for numerically examining the flow dynamics within cyclone
separators: the Reynolds stress model (RSM) [61], RNG k — ¢ nu-
merical model [62], and the algebraic stress model (ASM) [63].
The k — & model assumes isotropic turbulence, rendering it un-
suitable for cyclone flow characterized by anisotropic turbulence.
Conversely, the ASM model proves inadequate in predicting

Chem. Eng. Technol. 2024, 47, No. 9, €202300568
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the recirculation zone and Rankine vortex in instances of in-
tense swirling flow. In contrast, the RSM model, which addresses
a transport equation for each component of Reynolds stress,
is widely considered the most suitable model for cyclone flow
[64]. It comprehensively captures phenomena such as stream-
line curvature, swirling, rotation, and rapid strain rate changes,
effectively capturing the anisotropic turbulence inherent in cy-
clone separators. Consequently, it is better suited for intricate,
swirling, and rotational flows, providing more accurate predic-
tions of complex flow phenomena in cyclones, albeit requiring
greater computational resources. Moreover, when compared to
large eddy simulation, RSM emerges as the preferred choice for
modeling turbulence within cyclones, striking a balance between
prediction accuracy and computational efficiency [65].

In the RSM with a time step of 0.001 s, the transport equation
is expressed as follows [60].

0 I 9 T
a (puiuj) —+ a—xk (pukuiuj) = D‘J + Plj + l'[,) + eij —+ S (7)

The equation encompasses two terms on the left side, de-
lineating the local time derivative of stress and the convective
transport term. On the right side, five terms are delineated, each
encapsulating distinct facets [60]:

The stress diffusion term:

D; = o wuu + (P’u' S + (P'uy) 8y — iﬁ
ij = axkpijk i ) Oik iJkMaxkij
(8)
The sh duction term: R, 5 i IR
e shear production term: B; = —p | u,u, — + w1, —
p j p K ot 1% ey
9)
u; 314;
The pressure-term: I = p + — (10)
an Bxi
The dissipation t g, 2 )
e dissipation term: &;; = —2pu— —
p d Maxk 0xy

and S is the source term.

3.1.2 Numerical Simulation and Boundary Conditions

To capture the intricacies of the CO,-water multiphase flow
within the cyclone separator, the multiphase mixture model in
ANSYS Fluent 2021 R1 was employed. This model was selected
for its formidable robustness in managing the significant inter-
actions between the CO, and water phases within the turbulent,
swirling environment of the cyclone separator. Utilizing the in-
terpenetrating continuum approach, CO, was designated as the
primary (continuous) phase, ensuring an exhaustive represen-
tation of its dominant behavior, while water was treated as the
secondary (dispersed) phase, facilitating a detailed analysis of
droplet interactions and coalescence. The model integrated sur-
face tension effects to accurately depict the interfacial dynamics
between the two phases. The simulation utilized the SIMPLE al-
gorithm to couple pressure and velocity in the continuity and
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Table 3. Boundary conditions.

Boundary Types

Inlet Velocity inlet
Outlets Pressure outlet
Wall No slip wall

momentum equations, ensuring both stability and convergence.
This method was paramount in attaining a stable and conver-
gent solution, particularly for the intricate flow regimes within
the cyclone separator. The PRESTO scheme was chosen for
pressure interpolation due to its superior efficacy in handling
high-speed swirling flows and flows within curved domains. This
scheme was especially effective in mitigating numerical diffusion
and preserving the integrity of the pressure field in regions of
intense vorticity. For the discretization of the momentum, vol-
ume fraction, and kinetic energy equations, the QUICK method
was employed. The QUICK method was favored over first- and
second-order schemes due to its superior accuracy in capturing
the rotational swirling flows characteristic of cyclone separa-
tors. This method significantly reduces numerical errors and
enhances the reliability of the simulation results.

Boundary conditions were defined to emulate realistic opera-
tional scenarios [66]. The specific boundary conditions applied
in the simulation are detailed in Tab. 3. The inlet boundary was
set as a velocity inlet to accurately prescribe the inflow con-
ditions, while the outlet boundaries were defined as pressure
outlets to ensure the correct exit flow behavior. The walls of the
cyclone separator were modeled as no-slip walls to guarantee that
the tangential and normal velocities were zero at the boundaries,
accurately reflecting the physical constraints of the separator.

32 SEC

Direct contact condensation involves the dynamic transfer of
heat and mass across a moving vapor-liquid interface. Accu-
rate predictions of the properties of direct contact condensation,
especially phenomena near the interface like heat and mass trans-
fer, are essential for upgrades and designs. This process entails
complex interfacial mass and energy transfer, including turbu-
lent transport, multiscale evolution, and pressure waves. The
liquid-vapor interface, a thick layer of a few molecules, plays
a crucial role in mass and energy transport. Condensation on
a spray of droplets adds further com-
plexity, requiring analysis of drop size
distribution, velocity, and condensa-
tion behavior. Condensation occurs
when saturated vapor contacts sub-
cooled droplets exceeding a critical
size, while evaporation occurs when
droplets are smaller than this critical
size. Building upon our prior ana-
lytical model [67, 68], we define the
fluid properties at the inlet as the “in-
let” state in Fig. 3. To determine the
suction mass (mg) and pressure at the

Inlet

Chem. Eng. Technol. 2024, 47, No. 9, €202300568

: L =

Ao

initiation of the mixing zone, we utilize equations derived from
the flow conditions within the inlet region:

Mg = Ugin Pg Ag,in = Ugo pg(AO —A) (12)

From Bernoulli equation:

1 1
Pg.in + 5 ® pg.O uf;.in = pg.() R E * pg.Ou;o S Aploss.l (13)

The suction pressure (pg,) resulting from the interaction of
the liquid jet with the gases can be determined by equating the
momentum between the pre-mixing section (State 0) and the
entrance to the mixing section (State 1).

Pg.OAg.() + Mglg o + PIAI +mu = Pga A+ (mg + ml) U
(14)

To determine the parameters at State 2, we apply conservation
equations for mass, energy, and momentum within the context
of an adiabatic process. In the presence of a non-condensable
gas (CO,), it becomes necessary to analyze both heat and mass
transfer. We rely on equations and methodologies from our
previous analytical investigations [67-69], including vapor con-
densation on a subcooled droplet stream, heat equilibrium of
the droplet stream, and mass and heat balance for the vapor-gas
mixture.

3.2.1 Effect of Diameter of Liquid Droplet

An essential parameter influencing the separation efficiency of
the cyclone separator within the SEC is the diameter of droplets.
As the discussion shifts to the internal dynamics of the SEC, it
is notable that primary droplets originate from the formation
of waves on the surface of the fluid stream. The volume of the
wave and the need to minimize surface energy determine the
droplet size. Under certain liquid jet outflow conditions, there
is an optimal wavelength that, when greater than the jet circum-
ference, results in an increase in wave amplitude and break-up of
the liquid jet [70]:

D We3\ /¢
= 1.436 (1 +3 B ) (15)
] e

2D s
where We = ﬂ;ll—' — Weber number, Re = 2“2 _ Reynolds
number, Dj: diameter of jet, o|: surface tension, p;: liquid density,
uy: liquid velocity, p: dynamic viscosity.

e ©® @) ’ . re As

©2024 Wiley-VCH GmbH

w

Figure 3. Schematic of the SEC [67-69].
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In addition, the stream of drops
from the water nozzle moves with the
same velocity as the liquid stream, re-
sulting in droplets with equal mass to
the liquid along the throat length.

nm —ngpln—m —nDdl
4= =mp = — P

(16)

where

n= %(%) i is total number of
droplets, Dj: diameter of mixing
length, I: mixing length, d4: diameter
of the droplet.

4  Evaluation of
Numerical Model

The flow characteristics of the cy-
clone separator under scrutiny were
scrutinized utilizing ANSYS Fluent
2021 R1. As a primary metric, the
separation efficiency was ascertained,
delineated as per Eq. (17) [60]:

©)

- (rhliquid at inlet — 'hliquid at gas oullel)

rhliquid at inlet
x 100 17)

where m represents the mass flow
rate.

Figure 4. (a) Cyclone separator meshing, (b) line mesh, and (c) surface mesh.
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Figure 5. Grid independence for (a) tangential velocity and (b) separation efficiency of single inlet cyclone at 2.8 (kg s ') with a 10 % volume
fraction of water.
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Figure 6. Comparison of experimental model (Wang et al.) and numerical simulation for (a) pressure drop, (b) tangential velocity, and (c)

separation efficiency.

41 Grid Independence

The geometry and mesh of the cyclone separator, as created in
Gambit 2.4.6, are depicted in Fig. 4. In order to ensure the pre-
cision of calculations, every edge within the model was meshed.
Recognizing the sensitivity of specific regions, particularly the
cyclone inlet, we applied a mesh refinement ratio in Gambit, set-
ting it to 1.01 and 0.99 for the grid lines approaching the inlet
(Fig. 4b). This adjustment aimed at achieving a finer mesh at the
cyclone inlet. Subsequently, all faces and volumes were subjected
to meshing. For this meshing process, Tet/Hybrid elements
and the TGrid type were employed to generate cells that were
well-suited for the geometry involved in CFD simulations. A
high-quality mesh was deemed essential to mitigate errors stem-
ming from numerical diffusion. To validate the independence
of results from the grid size, we examined mesh-independent
solutions for the cyclone separator by employing various grid
configurations. The graph in Fig. 5 displays the variations in

Chem. Eng. Technol. 2024, 47, No. 9, €202300568

©2024 Wiley-VCH GmbH

tangential velocity and separation efficiency for different node
counts. Notably, the results obtained with 40 574 and 80 974 grids
exhibit disparities, compared to the other grid configurations
(120 654 and 160 214). While the outcomes for 120 654 and 160 214
nodes are approximately similar, we opted for the 120 654 nodes
to reduce computational costs.

4.2 Model Validation

Fig. 6 illustrates the predicted variations in pressure drop, tan-
gential velocity, and separation efficiency, which are compared
to the findings reported by Wang et al. [71]. During the physical
experiment, they introduced air into the cyclone’s inlet and mon-
itored its flow rate using a flowmeter. Both phases were flowing at
avelocity of 20 m s ™! during the experiment. The outlet tube was
exposed to the atmosphere, and the gas pressure at the top of the
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-l vortex finder was kept at 1 atm. The
i volume fraction of the second phase
was 10. Velocity and pressure mea-
W surement‘s in the gas field were ¢on:
N [—] ducted usinga five-hole probe, which
\ consisted of an adjustable frame and
. five pressure transducers. The volt-
s age signals produced by these five

( ) k ge sig p Y

pressure transducers on the five-hole

0.05

@
probe were amplified after being po-
sitioned within the gas flow field. The
amplified voltage signals were gath-
ered by a data acquisition system that
was equipped with a microprocessor
' and a personal computer. As shown
in Fig. 6, there was a good agreement
between the experimental data and
the numerical results obtained from
Wang et al’s studies.

43 Geometry and Mesh
Configuration of Single
and Dual Inlets

The efficiency of particle separa-
tion in various industrial applica-
tions heavily relies on the design
and operation of cyclone separators.
Among the design parameters in-

0.05 O ﬂuencing separa?or performance, tbe

e inlet configuration plays a crucial
S L role. This section investigates the ef-
= Q fect of single and dual inlets on cy-
= clone separator efficiency. A single

t inlet configuration features one en-

® trance for the incoming fluid, while

0.05 a dual-inlet configuration includes
two entrances. Our objective here
is to assess how these inlet con-
figurations affect particle separation
efficiency. To achieve this, we con-
ducted computational flow visual-
ization to analyze the internal flow
structure of cyclones. Two types of
cyclones, with single and dual in-
lets, were created to elucidate the flow
mechanism. Fig. 7 illustrates the ge-
ometry and mesh of the dual-inlet
cyclone. Upon reviewing existing lit-
erature [72, 73], it becomes appar-
ent that different design approaches
have been employed for cyclone sep-
arators. Some studies have main-
tained a consistent total inlet area for

Figure 7. Geometry and mesh of dual-inlets cyclone.
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Figure 8. (a) Vanes and its meshing and (b) cyclone separator integrated with vanes and its meshing.

both single- and symmetric-inlet cyclones [74], while others have
opted for equal inlet areas, resulting in the double inlet cyclone
having twice the inlet area of the single inlet cyclone [75]. How-
ever, from an engineering perspective, it is often essential for
cyclones to handle a uniform gas flow rate. Varying the total
inlet area leads to inconsistent inlet gas velocities, impacting
velocity distribution within the flow field and consequently in-
fluencing overall performance. In our study, we aimed to achieve
a uniform total inlet area by exclusively modifying the inlet
height.

Chem. Eng. Technol. 2024, 47, No. 9, e202300568

©2024 Wiley-VCH GmbH

4.4 Structural Layout and Meshing Details of a
Cyclone Equipped with Vanes

Vanes and tangential inlets are not widely used features in in-
dustrial applications to improve the centrifugal separation of
gas-liquid and liquid-liquid phases. However, when combined,
as illustrated in Fig. 8, they offer a significant advantage by
notably reducing the pressure drop experienced within the sep-
arator. This reduction in pressure drop is crucial for cyclones’
efficient operation, as it leads to lower power requirements and
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ﬁ Single Inlet [_] Dual Inlet

60
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Separation efficiency %

20

1.4 (kg/s) 2.8 (kg/s)

Figure 9. Separation efficiency of single- and dual-inlet cyclones
at different flow rates with a 10 % water volume fraction.

more manageable fan specifications. Consequently, this configu-
ration is particularly appealing for both new plant designs and
the enhancement of existing systems. This section shows in-
corporating vanes within the cyclone separator. Fig. 8a visually
represents the vanes installed inside the cyclone, showcasing
their distinctive shape. Notably, Fig. 8b depicts the integration
of eight vanes, each complete with its respective meshing.

5 Results and Discussion

5.1 Effect of Single and Dual Inlets

The performance of single- and dual-
inlet cyclones was evaluated in terms
of separation efficiency, with notable
results favoring the dual-inlet cy-
clone configuration. At a flow rate
of 14 (kg s'), the dual-inlet cy-
clone demonstrated an efficiency of
79.8 %, surpassing the 70.6 % effi-
ciency achieved by the single inlet
cyclone. Similarly, treatment of the
CO,-water feed at 2.8 (kg s™') show-
cased superior performance of the
dual-inlet cyclone, yielding a separa-
tion efficiency of 90.7 %, compared
to 85.6 % for the single inlet cyclone
(Fig. 9). Several factors contribute
to these compelling findings. First,
the design of the dual-inlet cyclone
enables improved control and distri-
bution of the incoming gas mixture,
facilitating more effective separation.
The enhanced uniformity in flow dis-
tribution within the cyclone is a key
factor driving the observed increase

Chem. Eng. Technol. 2024, 47, No. 9, €202300568
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in separation efficiency. Moreover, the dual-inlet cyclone’s ver-
satility in accommodating varying flow rates, exemplified by
its performance in treating the CO,-water feed, underscores
its suitability for applications requiring consistent and superior
separation performance.

5.2 Assessment of Cyclone Separator Efficiency at
Different SEC Outlets

In this section, we aim to optimize the separation efficiency of cy-
clone separator by investigating parameters within the SEC, such
as volume fraction and droplet breakup.

5.2.1 Effect of Volume Fraction

The SEC and cyclone separator were integrated as the separation
components of a negative CO, emission power plant to achieve
high-purity CO, production through direct-contact condensa-
tion of vapor with inert gas (CO,) on a subcooled liquid spray
(water) within the SEC (Fig. 3). The ejector’s performance is
influenced by two choking phenomena: one occurring in the pri-
mary flow through the nozzle and the other in the entrained or
suction flow. The latter arises from the acceleration of the en-
trained flow, transitioning it from a stagnant state at the suction
port to a supersonic flow within the mixing chamber. Several
factors affect the entrained flow rate or the entrainment ratio
of an ejector, including supersonic flow, shock interactions, and
turbulent mixing within the ejector enclosure. Additionally, the
liquid jet exiting the nozzle undergoes dissipation and breakup,
leading to the formation of droplets of varying sizes. The liquid
stream disintegrates into droplets due to surface waves caused by

volume fraction (phase2)

<)

Figure 10. Contours of the liquid volume fraction (LVF) for an inlet mass flow rate of 2.8 (kg s™')
at different feed stream LVFs: (a) 10 %, (b) 15 %, and (c) 20 %.
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Table 4. The separation efficiency of a dual-inlet cyclone at differ-
ent feed stream liquid volume fractions (LVFs) with a water droplet
diameter of 107,

LVE [%] mliquid at inlet mliquid at gas outlet Separation efﬁdency

(kgs™"] (kg s™'] (n %]
10 2.74649 0.254949 90.7
15 4.1197319 0.43964297 89.33
20 5.4929759 0.68230528 87.58

inherent instability, leading to initial droplet formation. Subse-
quently, secondary droplet breakup occurs due to aerodynamic
forces, including aerodynamic drag and surface tension, which
deform and break up the initial droplets. Consequently, the vol-
ume fraction of liquid water varies. In this section, we present the
analysis conducted using a numerical model for various cyclone
separator cases with different SEC outlet conditions. Specifically,
we considered liquid water volume fractions of 10 %, 15 %, and
20 %. Fig. 10 illustrates the contour of liquid water volume frac-
tion for a dual-inlet cyclone with an inlet mass flow rate of 2.8 (kg
s7!) under feed stream conditions of 10 %, 15 %, and 20 % LVE.

In order to comprehensively investigate the influence of the
LVF on the internal configuration’s separation performance, we
conducted a rigorous assessment. The separation efficiency was
computed at various LVFs using Eq. (17), and the resulting data
were analyzed for meaningful insights. The results of this investi-
gation, which included the assessment of separation efficiencies
alongside the inlet and outlet liquid mass flow rates (1), are
thoughtfully presented in Tab. 4. An examination of the table
reveals a noteworthy trend: As the LVF decreases, the separa-
tion efficiency improves. This trend is particularly evident in
the data, where the highest separation efficiency was remarkably
achieved at a LVF of 10 %, with an impressive efficiency rating
of 90.7 %. A lower LVF translates to a higher gas-to-liquid ratio
within the separator. This enhanced ratio is conducive to more
effective phase separation, as it minimizes the chances of en-
trainment and promotes the swift ascent of gas bubbles within
the cyclone. Additionally, the reduced LVF results in a less con-
gested environment within the separator, allowing for a more
streamlined and efficient separation process. Moreover, the de-
creased LVF minimizes the likelihood of liquid carryover to the
gas outlet, further bolstering the overall separation performance.
Furthermore, the ability to achieve a 90.7 % separation efficiency
ata 10 % LVF underscores the remarkable adaptability and effec-
tiveness of the internal configuration, particularly in scenarios
where gas-liquid separation is crucial. This finding holds sig-
nificant promise for industries and applications that demand
optimal separation performance while operating with varying
LVFs, as it highlights the potential for superior results under such
conditions.

5.2.2 Effect of Diameter of Liquid Droplet
As mentioned in Sect. 3.2.1, there is a direct relationship between

the number of droplet and the diameter of droplet. In this study
1, 5, and 10 (um) of diameter of water droplet have been investi-

Chem. Eng. Technol. 2024, 47, No. 9, e202300568
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Table 5. Mass flow rate of liquid phase at the inlet and gas outlet
for different diameter of water liquid and LVF.

LVF [%]  Diameter of water Mliquid at inlet Miquid at gas outlet
droplet [um] [kgs™] [kgs™']
1 2.746488 1.3458184
10 5 2.746488 0.85150968
10 2.746488 0.254949
1 4.1197319 2.02284
15 5 4.1197319 1.3411002
10 4.1197319 0.43964297
1 5.4929759 2.7027527
20 5 5.4929759 1.8741025
10 5.4929759 0.68230528

gated based on the length and diameter of mixing length as well
as number of droplets of SEC. Tab. 5 shows the mass flow rate of
the liquid phase at the inlet and gas outlet for different diameter
of water liquid and LVE

Having perused the data from Fig. 11, for 1, 5, and 10 (um) of
diameter of water droplet and 20 % of LVE, it can be understood
that separation efficiency is 50.79 %, 65.88 %, and 87.58 %, re-
spectively. For 15 % of LVF, separation efficiency has been faced
with an increase of 0.1 %, 1.57 %, and 1.75 % for the aforemen-
tioned diameter of water droplets, respectively, while this rising
for 10 % of LVF is 0.2 %, 3.11 %, and 3.12 % in comparison to 20 %
of LVE In addition, maximum and minimum of separation ef-
ficiency have been obtained at 10 % of LVF/10 (um) of diameter
of water droplet and 20 % of LVF/1 (um) of diameter of water
droplet so that their values are 90.7 % and 50.79 %, respectively.

5.3 Effect of Vanes

To gain insight into the flow dynamics facilitated by vanes,
streamline and vector illustrations are presented in Fig. 12.
The presence of two inlet ports generates a symmetrical flow
field, promoting a relatively even distribution of flow through-
out the guide channels. This innovative configuration of vanes
and tangential inlets holds the promise of revolutionizing cy-
clone separator performance, providing a more energy-efficient
and cost-effective solution for gas-liquid and liquid-liquid
separation in industrial settings. Further exploration of the
study will uncover how these components work in tandem to
achieve enhanced separation efficiency while minimizing power
consumption.

Tab. 6 provides a comparison of pressure drop and separation
efficiency in dual-inlet cyclones, both with and without vanes.
Upon examination of the data presented in Tab. 6, the incorpora-
tion of vanes into the cyclone setup leads to a notable reduction of
16.8 % in pressure drop while simultaneously yielding a 9.2 % im-
provement in separation efficiency, a particularly striking result
when observing the conditions at a 10 % LVE The calculation of
pressure drop, representing the difference between inletand CO,
outlet pressures, is fundamental in evaluating the performance
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Separation efficiency (%) enhancement brought about by the
introduction of vanes. This calcula-

tion is executed as follows:

AP = P, — Pout (18)

where P;, and P, are static pressure
at the inlet and pressure of CO, out-
let, respectively.

One of the key observations from
Tab. 6 is the substantial reduction in
pressure drop when vanes are em-
ployed. Pressure drop is a critical
parameter in cyclone separators, di-
rectly affecting the energy require-
ments of the system. By minimizing
pressure drop, as demonstrated by the
data, less energy is needed to main-
tain desired flow rates and separation
efficiency. This reduction in pressure
drop results in lower power con-
sumption, contributing to improved
energy efficiency. Simultaneously, the
presence of vanes leads to an en-
hancement in separation efficiency, a
crucial aspect for any separation pro-
10 12 14 16 18 20 cess, directly influencing the quality

A: Liquid Volume Fraction (%) of the separated components and the
overall effectiveness of the cyclone
separator. The data clearly indicate
that the addition of vanes contributes
to a more efficient separation process,
allowing a higher percentage of the
¥ oo desired component (CO,) to be puri-
90 X w&:‘ S — fied. This improved efficiency means
that fewer resources are wasted, and
the desired product can be obtained
with less energy input.
¢ Combining the reduced pressure
70 COSCK = drop and improved separation effi-
ciency, it becomes evident that the
use of vanes contributes to substan-
tial energy savings. When less energy
is required to achieve the desired
separation, operational costs associ-
ated with power consumption are
reduced. This is particularly signifi-
s cant for industries where energy costs
10 — : 20 constitute a substantial portion of
operational expenses.

B: Diameter of water droplet (um)

60

50
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B: Diameter of water droplet (um) 12 A: Liquid Volume Fraction (%) 6 Conclusion
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A numerical simulation was per-
Figure 11. Separation efficiency of dual-inlet cyclone at different diameters of water liquid and ~ formed to enhance the efficiency of
LVF. the design for a tangential-flow vanes
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Figure 12. Streamline and vector around the vanes.

CO,-water separator in the context of a nCO,PP. This optimiza-
tion aimed to achieve a high-purity CO, output. The simulation
employed a transient RSM for turbulence and utilized a three-
dimensional model. The impact of single and dual inlets on
separation efficiency was analyzed, and the effects of SEC out-
let conditions, such as water LVF and diameter of water droplets,
on separator performance were studied. The optimized condi-
tions were then used in a simulation of the separator with added
vanes.
The key findings are outlined as follows:

« The analysis of single- and dual-inlet cyclones revealed signif-
icant differences in their performance. The dual-inlet cyclone

Table 6. Comparison of pressure drop and separation efficiency
of dual-inlet cyclone without/with vanes at 10 % LVF and 10~° of
diameter of the water droplet.

Separator performance Without vanes With vanes
AP [kPa] 54.31 45.2
Separation efficiency [%] 90.7 99.9

Chem. Eng. Technol. 2024, 47, No. 9, 202300568

© 2024 Wiley-VCH GmbH

demonstrated superior efficiency, particularly at higher flow
rates, by effectively separating CO,-rich and water-rich cores.
This insight underscores the importance of inlet configuration
in optimizing separator performance.

The study delved into the influence of outlet conditions of
SEC, specifically focusing on LVF and water droplet diam-
eter. These parameters were found to play a crucial role in
shaping separator performance, with lower LVFs and larger
water droplet diameters contributing to enhanced separation
efficiency.

The research identified optimal operating conditions for the
separator, highlighting that a LVF of 10 % yielded the high-
est separation efficiency of 90.7 %. Additionally, variations
in water droplet diameter further underscored the impor-
tance of parameter tuning for achieving desired performance
outcomes.

The adding of vanes within the cyclone separator emerged as
a pivotal factor in the quest for improved performance. The
presence of vanes led to a notable reduction in pressure drop
by 16.8 %, lowering energy requirements and operational costs.
Simultaneously, it boosted separation efficiency by 9.2 % at a
LVF of 10 %, ensuring that a higher percentage of CO, was
efficiently captured.
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In conclusion, this study provides valuable insights into the
optimization of CO,-water separators in the context of nCO,PP.
The findings presented here underscore the significance of in-
let configuration, outlet conditions of SEC, and vane integration
in enhancing separator performance. These insights have impor-
tant implications for industries seeking to improve gas-liquid
separation processes, reduce energy consumption, and promote
more sustainable CO, capture practices. The knowledge gained
from this research contributes to the ongoing efforts to ad-
dress environmental challenges and advance the development of
cleaner energy solutions.
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Symbols used

Dj [m] Diameter of jet
Dj [kg-m™-s7?]  Stress diffusion term

Dy [m] Diameter of mixing length
dy [m] Diameter of droplet

l [m] Mixing length

m [kgs™'] Suction mass

n [-] Total number of droplet
P [pa] Static pressure

P; [Nm™] Shear production term
P [pa] Suction pressure

Re [-] Reynolds number

S [-] Source term

u [ms™] Velocity vector

Udrg [ms™] Drift velocity

Greek letters

01 [kg m~] liquid density

p [kg m™] density
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Pm [kg m~3] mixture density

T [kg-m™-s7']  viscosity of the mixture
IT;; [kg-m™'-s7?] pressure-strain term

M [kg-m™-s7']  dynamic viscosity

&j [kg-m™'-s°] dissipation term

n [%] separation efficiency
o [Nm™] surface tension

Apiossy  [pal pressure drop
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ARTICLE INFO ABSTRACT

Keywords:

Direct-contact condensation
Spray ejector condenser
Separator efficiency

CO;, capture

The design principle underlying the steam condensation and CO2 purification in a gas power plant with a focus
on reducing CO2 emissions encompasses the deployment of a spray ejector condenser (SEC) and separator. This
innovative system facilitates direct-contact condensation of steam with non-condensable gas (CO2) by inter-
acting with a spray of subcooled water, seamlessly integrated with a T-junction separator mechanism aimed at
yielding pure CO2. Because of decreased convective heat transfer and heightened diffusion resistance between
the subcooled water and steam phases caused by CO2, the research examined the effects of various thermo-
physical parameters of the injected water, specifically temperature (20-40 C) and pressure (12-16 bar) along
with steam mass flow rates (2.2-4.6 £) to improve heat transfer rates within the SEC. The SEC utilizes a Eulerian-
Eulerian multiphase model, wherein water is considered the continuous phase while the mixture of steam and
CO2 constitutes the dispersed phase. Turbulence within the ejector is represented applying standard k-e model.
Furthermore, the separator employs turbulence and operates in three dimensions using the control volume
method. The simulation of turbulent two-phase flow in the gas-liquid T-junction separator is conducted utilizing
standard k-e turbulence model and a mixture model. The results imply that the maximum temperature difference
(AT) between inlet and outlet of SEC is observed when the steam mass flow rate is 2.2 (g/s) without CO2, while
the presence of CO2 leads to a reduction in AT. Additionally, the performance of the SEC is notably affected by
the optimal settings of water temperature and pressure, where lower coolant water temperatures (20 C) and
higher water pressures (16 bar) contribute to improved condensation performance. Furthermore, the study ex-
plores the decrease in separation efficiency associated with elevated inlet mass flow rate, attributed to maldis-
tribution in the vertical impact T-junction separator.
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1. Introduction

Reducing the release of CO2 from fossil fuel combustion in power
generation plays an indispensable role in addressing global climate
change [1]. Implementing effective carbon capture methodologies in
power generation facilities is crucial to alleviate CO2 emissions.
Currently, researchers are exploring three distinct methods for capturing
CO2 emissions from power plants: 1. pre-combustion 2. oxy-combustion
3. post-combustion, so that Pre-combustion capture focuses on extract-
ing CO2 before combustion initiates. Hence, this method is impractical
in traditional steam power facilities but finds application in Integrated
Gasification Combined Cycle (IGCC) plants. These plants operate by
gasifying fuel, purifying the gas, and incorporating the resultant gas into

* Corresponding author.
E-mail address: milad.amiri@pg.edu.p! (M. Amiri).

https://doi.org/10.1016/j.icheatmasstransfer.2024.107596

Available online 21 May 2024

a combined cycle system. Pre-combustion is primarily employed in
power plants handling natural gas or coal. These processes involve
intricate and costly initial fuel conversions. However, pre-combustion
offers advantages such as elevated CO: concentrations and heightened
pressure in the discharge flow, which streamline subsequent CO: sepa-
ration steps [2]. The elevated CO2 concentration achieved through pre-
combustion enables the use of sorbents of a physical nature, simplifying
separations compared to post-combustion methods that rely on chemical
absorbents like amine-based solvents. Typically, due to its operation at
higher pressure resulting in elevated CO: concentrations, the opera-
tional costs associated with CO:z capture in pre-combustion are sub-
stantially lower compared to post-combustion methods [3]. The oxy-fuel
method, another carbon capture and storage (CCS) strategy,

0735-1933/© 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.
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circumvents the challenges of capturing CO2 from large flue gas streams
by burning pure oxygen with fuel. Consequently, the concentration of
other gas constituents in the flue gas can be minimized, allowing for the
recovery of CO2 through water condensation. To control the combustion
temperature, cold recycling of flue gas is necessary. Nevertheless, this
method significantly affects the power plant’s operation and compli-
cates the process of retrofitting existing plants. Oxyfuel is applicable for
power generation in facilities utilizing solid coal, syngas, natural gas and
liquid petroleum fractions up to medium hydrocarbons. The key features
of employing oxyfuel combustion for COz capture involves enhancing
CO: concentration, eliminating NOx with pure oxygen [4]. The post-
combustion capture of CO2 method involves extracting CO2 and other
gases emitted from the combustion of fossil fuels through either physical
or chemical adsorption/absorption processes [5]. Post-combustion CO2
mitigation represents a direct method and serves as the foundation of the
existing infrastructure in CCS. Although pre-combustion and oxy-fuel
capture offer unique benefits, it's improbable that these techniques
will entirely supplant post-combustion capture worldwide. A recent in-
depth analysis delved into the core principles of these varied approaches
and their economic ramifications [6]. This study provides a post-
combustion carbon capture technology including a SEC and T-Junc-
tion separator.

The spray ejector condenser (SEC) functions by employing direct
contact condensation to convert water vapor from exhaust gases into
liquid form. Direct contact condensation (DCC) is a prevalent technique
applied across diverse industries, and direct contact condensers repre-
sent apparatuses that employ this method for condensation purposes.
For more than a century, DCC has found extensive application across
various industrial sectors including chemical and petroleum engineer-
ing, desalination plants, and power generation facilities [7]. Direct-
contact condensers facilitate direct interaction between liquid and gas
phases. Cooling liquid can be introduced into the gas zone via spraying,
initiating rapid condensation to optimize the performance of condensers
in terms of heat transfer. The presence of other gases significantly affects
the rate of heat transfer and condensation efficiency [8]. Sideman and
Moalem-Maron [9] noted that the benefits of DCC over traditional
methods employing metal transfer surfaces stem from its simpler design,
reduced issues with scaling and corrosion, decreased maintenance ex-
penses, enhanced transfer rates and greater specified transfer areas.
Recent researches have focused on optimizing condensation processes to
improve efficiency and reduce mechanical damage caused by droplets.
Studies have explored innovative methods such as determining optimal
surface heating and wetness at the inlet of turbines using the TOPSIS
method [10], optimizing inlet steam superheat degree and blade pitch
[11], implementing drainage grooves on turbine blades [12], and opti-
mizing hot steam injection into turbine cascades [13]. These approaches
aim to enhance condensation efficiency, reduce condensation losses, and
minimize erosion rates, ultimately leading to improved performance and
lower operational costs. Amiri et al. [5] examined how the imple-
mentation of an electrohydrodynamic actuator (EHD) in a steam ejector
condenser enhances convective transfer for DCC by mitigating resis-
tance. Mikielewicz et al. [14] explored an innovative approach to
enhance DCC of a vapor-inert gas mixture within a SEC. Their research
delved into the breakup of droplets and heat and mass transfer mecha-
nism. Findings indicated that an increased quantity of droplets at
identical mass flow rates led to improved DCC effectiveness because of
the increased surface of heat transfer. Ghazi [15] conducted experi-
mental research to explore heat transfer mechanism through direct
contact, which involved injecting air via bubbling at a constant tem-
perature. This study revealed a significant rise in air temperature,
ranging from approximately 100% to 200%. Zong et al. [16] and Fu
et al. [17] investigated experiments to examine the influence of steam-
water variables on flow patterns. Reddick et al. [18] reported the find-
ings from an experimental assessment on the efficacy of a steam ejector
in managing CO2 and steam.

In this study, the T-junction separator serves as the second
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component of the carbon capture technology under investigation. T-
junctions are commonly employed across various engineering applica-
tions, including petroleum [19], refrigeration systems [20], nuclear re-
actors [21], owing to their uncomplicated design, compact size, and
affordability. The injection of fluids into the primary conduit via the
bypass pipeline results in varied flow patterns, influenced by the
differing rates of flow for two-phase fluids and properties [22,23]. When
a two-phase flow of liquid and vapor enters a T-junction, there’s an
inevitable uneven distribution of vapor and liquid, which can potentially
lead to harmful consequences downstream due to mass flow rate and gas
quality disparities. Conversely, this maldistribution can also serve as a
means for separating the phases. Azzopardi et al. [24] examined how T-
junctions perform in separating phases for air-water mixtures, particu-
larly in chemical plant settings. Tuo et al. [20] utilized T-junctions for
separating two-phase refrigerants within refrigeration systems based on
vapor compression. Sliwicki and Mikielewicz [25] examined the
behavior of two-phase flow within a horizontal T-junction, considering
an annular mist flow distribution at the inlet of T-junction. Xu et al. [26]
introduced an innovative approach to constructing a thermodynamic
cycle utilizing T-junctions as component separators, resulting in a 22%
[27] improvement in cycle efficiency compared to traditional thermo-
dynamic cycles. Numerous factors influence phase separation process in
T-junctions. The contributing factor factors were classified by Yang et al.
[28] into fundamental and direct categories. Direct factors encompass
operational conditions and geometric aspects, while fundamental fac-
tors consist of gravity, surface tension, centrifugal force and inertia. The
efficiency of phase separation in a T-junction, especially one with hor-
izontal branching, is limited. Several studies [28,29] suggest that aug-
menting the quantity of branches may enhance the efficiency of phase
separation. Mohamed et al. [30] conducted experimental investigations
on full separation of air-water mixtures using a single impacting T-
junction. Their findings suggested that achieving full separation through
a single T-junction at elevated inlet flow rates might not be feasible, but
it could potentially be accomplished by employing multiple T-junctions.
Soliman and Noor [31] divided the annular flow of air-water into two
vertically impacting T-junctions to investigate the inlet velocities of the
two phases required for complete phase separation. At the constant inlet
air velocity, the range of liquid phase velocities for achieving full phase
separation in the two T-junctions is nearly double that of a single T-
junction. While numerous scholars have explored separation in T-junc-
tions, the majority of these investigations utilize steam-water or air-
water mixtures. Only a handful of investigations delve into the separa-
tion of CO2-water, which could hold practical significance for integra-
tion into advanced negative CO2 emission gas power plant (nCO2PP),
[32-34] as depicted in Fig. 1. The concept of nCO2PP relies on the
utilization of sewage sludge, which is converted into syngas and then
combusted in a wet combustion chamber (WCC). Following this, CO2 is
separated from the moist exhaust gases in a SEC and subsequently
sequestered in cyclone or T-junction separators. It's noteworthy that
syngas is considered a renewable fuel, resulting in a net reduction of
CO2 emissions in the power plant.

This paper presents the design of a SEC, both experimentally and
numerically, as well as a T-junction separator (numerically) to achieve
the intended high-purity CO2 stream. The integration of a spray ejector
condenser with a removed diffuser section and T-junction separator for
CO2 separation in negative gas power plants represents an innovative
approach that has not been previously explored or extensively
researched in existing literature. While prior studies, such as those
conducted by Madejski et al. [35,36] and Kus and Madejski [37], have
investigated aspects of vapor condensation using a SEC with a diffuser
section, the specific combination of components in our study presents a
unique solution for enhancing CO2 capture efficiency within power
generation facilities. This study addresses a significant research gap by
examining the performance of this novel combination and elucidating
the intricate dynamics within the ejector. Through a comprehensive
examination employing computational analyses and precise
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Fig. 1. Flowchart of the Gas Power Plant with Negative CO2 Emissions [32,33].

experimental methods, we aim to deepen our understanding of ejector makes significant contributions to the development of more efficient and
dynamics and contribute valuable insights to the field of carbon capture environmentally sustainable power generation practices. The imple-
and power generation. By addressing these research gaps, this study mentation of our proposed SEC and T-junction separator in negative gas

Fig. 2. Geometry of a spray ejector condenser and its dimensions.
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power plants holds promise for significantly reducing greenhouse gas
emissions, thereby advancing efforts towards a cleaner and more sus-
tainable energy future. For this purpose, initially, a numerical model is
developed to enhance the efficiency of the CO2 capture unit. The impact
of varying steam inlet mass flow rates on the water volume fraction is
examined. Subsequently, the effect of steam mass flow rate and the
volumetric flow rate of non-condensable gas (CO2) on the inlet and
outlet temperatures of the SEC is investigated. Numerical simulations
are conducted for varying values of inlet mass flow rate of steam
(ranging from 2.2 to 4.6 £) and volumetric flow rate of CO2 (ranging

from 0 to 10 1",,3). By examining the effects of water temperature and
pressure, a comprehensive model for the SEC is derived. Once the SEC
model is obtained, the efficiency of the vertical impact T-junction
separator can be assessed.

2. Modeling
2.1. SEC

An experimental and computational investigation was undertaken to
examine the DCC process involving a subcooled water jet interacting
with steam and CO2 within an ejector. This investigation was conducted
following the layout of the water-steam/CO2 ejector depicted in Fig. 2.
The ejector comprises a central water nozzle surrounded by a steam/
CO2 region. A motive fluid has been introduced through a 1 mm nozzle,
where it makes direct contact with the steam/CO2 mixture in the
chamber. This interaction leads to condensation. Fig. 2 provides a
schematic depiction along with the dimensional specifications of the
ejector.

2.2. T- junction

The geometries of the 3D horizontal and vertical T-junctions are
depicted in Fig. 3. In the validation section, separation efficiency of the
vertical impact T-junction separator compared with experimental re-
sults. However, the authors emphasize the importance of validating the
fluid flow in numerical simulations. Therefore, the pressure drop of the
horizontal T-junction separator was also compared with experimental
results. Consequently, both the horizontal and vertical geometries of the
T-junction separators are discussed in this section. In order to ensure the
reliability of our simulation results, regarding pressure drop and sepa-
ration efficiency, we began by implementing the boundary conditions
outlined in the corresponding experimental study. This step was crucial
to verify the fidelity of our simulation approach within the Ansys Fluent
2021 R1. By aligning our computational setup with the experimental
conditions, we aimed to enhance the confidence in the validity of our
simulation outcomes. Therefore, the primary objective of this investi-
gation is on the vertical T-junction geometry. However, the inclusion of
the horizontal T-junction is intended solely to validate the simulation
process in Ansys Fluent 2021R1. For the horizontal configuration, each
leg has a length of 0.5 m, and the diameter is 3.81 cm, following the
parameters outlined in Saba et al. [38]. While Saba et al. examined the
pressure drop in a horizontal T-junction separator experimentally,
validation of the separation efficiency in the vertical impact T-junction
separator involved an experimental investigation conducted by Tuo and
Hrnjak [20].

3. Governing equations
3.1. SEC

In this investigation, the flow pattern reveals an irregular distribu-
tion of both liquid and gas phases, creating a significant discrepancy

between them. In order to precisely depict the phenomenon, a Eulerian-
Eulerian multiphase model was utilized, allowing for separate treatment
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Fig. 3. a) horizontal T-junction geometry and b) vertical impact T-junc-
tion separator.

of the gas and liquid phases. Here, water serves as the representative of
the continuous phase, whilst the dispersed phase comprises a mixture of
gas including CO2 and steam. The standard k - € model is applied to
characterize the turbulent dynamics within the ejector. In this model,
the liquid phase () corresponds to the liquid water, while the dispersed
gas phase (B) is considered. The modeling of the liquid phase involves
the equations for turbulent kinetic energy (k) and its dissipation rate (¢)
that are characteristic of the standard k - € turbulence model, enabling a
detailed examination of the flow dynamics within the system.

%(r,,p,,k,,) +V(repUska) =V (r,, (ua +l;ﬂ> Vk, ) +Ta(Pa—poga) (1)
k

J Hia Ea

¥ (Tapyta) + V(Tap,Uata) = V| p + = Veq+r e (CaPy — Ceap,ta)

2

The equations provided utilize symbols representing various prop-
erties: density (p), volume fraction (r), velocity vector (U), turbulent
kinetic energy (k), and turbulent dissipation rate (¢). The turbulent
viscosity of the liquid phase (4,,) can be calculated using the following
formula:

2
oy = @
Eq

In this context, the parameters C,;, C.2, C,, 6x and o, are assigned
values of 1.44, 1.92, 0.09, 1.0, and 1.3, respectively [39]. To calculate
the turbulent kinematic viscosity for the gas phase, which encompasses
a and f phases, the equation mentioned below is employed:
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o=— 4
147

In this formula, ¢ denotes a parameter termed the turbulent Prandtl
number, fixed at a value of 1 within the model [40]. Derived from the
turbulent viscosity of the liquid phase, the turbulent viscosity for the gas
phase is determined.

. /) /1/“ ta

Hyp = Pa (5)

3.1.1. Interfacial surface density between water and steam

In this study, the analysis of steam condensation rate delves into the
significance of the heat transfer surface area shared between the steam
and water phases, which serves as a focal point of investigation. To
model the dispersed phase accurately, it is represented as clusters
comprising standard spherical particles. Furthermore, the assumption of
minute gas bubbles as spherical entities aids in determining the density
of interfacial area. This calculation is pivotal for understanding the
interphase interaction dynamics and optimizing the efficiency of steam
condensation processes. The equation elucidating the computation of
interfacial area density is provided below, offering a quantitative
approach to evaluate this critical parameter.

/)

=3, (6)

Agy

In this formula, d, signifies the average diameter of bubbles within
the dispersed phase, whereas y, denotes the fraction of gas volume
within the liquid phase [41,42].

3.1.2. Momentum transfer of interphase

In this context, the exchange of momentum between the liquid and
gas phases is examined through two distinct mechanisms: the drag force
(Mp) and turbulent dispersion force (Mrpe). Mpq acts as a resistive force
opposing the motion of the dispersed phase within the continuous phase.
It arises due to the interaction between the fluid phases and is crucial for
understanding the overall momentum transfer dynamics in multiphase
flows [43]:

3¢
Mp, = —Mps == —"1sp, |Up — U| (Us — U,,) )
4 Dy
The integration of the drag force coefficient, symbolized as Cp, into
the Schiller-Naumann drag force model is feasible.

Cp= max((% (1 +0.15Re"%¥7) .0,44> ) ®

The Lopez-de-Bertodano model is utilized to compute the Mrp,:
Mmu — = MTD/i — CTD/)(,KHVr,, (9)

The k, represents the turbulent kinetic energy, a crucial parameter in
turbulent flow analysis. Meanwhile, Crp refers to the coefficient gov-
erning the turbulent dispersion force, which remains consistently 0.3
throughout this particular analysis, providing a standardized basis for
calculations and simulations.

3.1.3. Heat and mass transfer of interphase

In the context of the SEC system, the introduction of CO2 results in
the formation of a gas layer adjacent to the phase interface, which im-
pedes the diffusion of steam into subcooled water and reduces convec-
tive heat transfer between the phases. To address these challenges, a
two-resistance model, grounded in the diffusion-conduction principle,
is employed [44]. On the gas side, CO2 creates a barrier layer hindering
direct contact between subcooled water and steam, resulting in a
reduced density of the interfacial area in comparison to a pure steam
flow. However, typically, the heat transfer coefficient overcomes this
resistance [45]. On the contrary, within the liquid domain, the existence
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of undercooled water encourages the condensation of steam, whereas
the occurrence of non-condensable gas hinders this phenomenon. The
conveyance of overall heat flow from steam to the phase interface is
delineated as follows [40]:

Qs = mgH, (10)

The steam condensation rate, denoted as my,, contributes to the
complete heat flow from the interface of phases to the subcooled water,
encompassing both the enthalpy of convective heat exchange and water
between interface and water.

Qw = mstw + thsw(Tsat S Tw) (11)

The determination of the coefficient of heat transfer (liquid phase),
denoted as h,,, relies on the physical properties inherent to the mixture
as well as the Nusselt number:

AwaNi
hw === oo (12)
dq
The Nusselt number of the liquid phase [45]:
Nu. | 2+ 06REPIE 0 < Re, <7760 < Prya < 250 o
e 2+ 0.27Re*%*Pr%3 Re, > 776 0 < Pry, < 250

Relative motion and shear effect between the gas and liquid phases
defined as [40]:

_ Pwa|Ug — Una|dy
Hywa

The following correlations are utilized to determine the physical
properties [40]:

Re, 14

_ Qyhy + Uada

Y Yol M e i 15
wa % ik (15)
awﬂw + amua
_ 16
e Ay + g (a6
Pi Pr,
Prg e DT T Bar T a7)

Ay + Qg

Mass-weighted average velocity determines the velocity of the
mixture, considering the momentum transfer between CO2 and water
[40].

_ awp,, Uy + @ap,Ua

Upa = 18
“ APy T Uafq ( )

Using the previously mentioned equations, it’s noted that the dy-
namic viscosity, Prandtl number and thermal conductivity of the gas
mixture decline with an increase in the CO2 mass fraction, in line with
theoretical [44] and experimental [46] data. In accordance with two-
resistance model, thermal equilibrium has been achieved at the phase
interface, where Q, equals Q,,. The combination of Egs. (10) and (11)
allows for the determination of the rate of condensation per time and
unit volume.

_ i T T}

My, = H. 0, (19)

T, denotes the temperature at which water reaches its saturation
point corresponding to the local steam partial pressure. The steam
partial pressure of steam has been determined using the following
procedure:

= > (20)

P, =P,
s sm‘(as‘i‘(la
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3.2. T-junction separator

The modeling approach adopted in this study, employing a Eulerian-
Eulerian model, treats both phases as continuous entities and integrates
phase coupling into the analysis. Within this framework, there is no
exchange of mass or heat between the phases, and an assumption of a
smooth, adiabatic wall serves as the boundary condition. Furthermore,
the computation of near-wall flow dynamics incorporates the use of the
non-equilibrium equation, providing a comprehensive understanding of
the system’s behavior near the boundaries.

Formulated below are the continuity equations:

V. (otpnPpn Vpn) = 0 (21)

The correlation between the two phases is articulated as follows:

> =1 (22)

The term a,, signifies the fraction of voids, with “ph” denoting either
the gas or liquid phases. The equations governing the conservation of
momentum have been deduced as outlined in the reference [47]:

V. ((xphpphvphvph) = — ap,,Vp + V.‘tph + QphPpn8 + f+S

Tph = Gph (Ilph +l‘z,,.) (vah + Vvlh) + Oph ('lph *% (ﬂph +l‘:,,.) )V‘VPhI
(23)

P denotes static pressure, S stands for surface tension, g represents
gravitational acceleration, and drag force coefficient defines as f. The
drag force coefficient has been computed using the formula:

¢, — { 24(1+0.15Re’“”) /Re Re < 1000
P 0.44 Re > 1000

= CDRe
f= 24
Re = pglv, —vg|dy /pg (24)

The droplet diameter, represented by d,, is assumed to be 1075,
Boundary conditions consist of velocity inlet and outflow. The following
equations determine the inlet velocity:

Vg =M X1/psQc
v = ml(l —X])/ﬂL(XL (25)
The flow simulation utilizes the standard k-¢ turbulence model.

V. a¥nk) = V. (4 +52) K ) 4 Gom
k

V.(pVme) = V. ( (/l,,, +”;'"

£

) Ve) +£ (CxGis— Caiid) — B (26)

The parameters o, and o, have been assigned specific values crucial
for characterizing turbulent flow behavior: 1.3 and 1, respectively. Also,
Cyand C, are 1.44, and 1.92, respectively. y,, defines the turbulent
viscosity of the mixture, p,, represents mixture density, V,, indicates the
mixture velocity. Their definitions are as follows:

N
Pm = Z OphPph

ph=1

N
Hm = Z Oph Hph

ph=1

N N
Vi =) %npouVon / D Gpnpp,
ph=1 ph=1
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Pem = PuCul® & (27)

InEq. (27), N encompasses 1 (for gas) and 2 (for liquid) and the value
of C, is 0.0845 [47]. The formulation for turbulent kinetic energy (Gim)
from the average gradient is:

Gikm = Hym[VVim + VVI] /VVn (28)
4. Experimental feasibility study of a spray ejector condenser

DCC process occurs within the primary section of the SEC, specif-
ically within the throat. This study exclusively focuses on examining the
physical phenomena within this throat region, given the extensive
documentation of processes within the Venturi nozzle’s converging and
diverging sections for both single and multi-phase flow scenarios [48].
Utilizing a transparent tube with an 80 mm internal diameter, the
experimental setup serves as the SEC’s test section, as illustrated in
Fig. 4. A 1 mm nozzle delivers the motive fluid, comprising water with
an average inlet temperature of 8 °C and pressures ranging from 5.68 to
10.17 bars, corresponding to water mass flow rates between 17.56 and
22.90 g per second. The minimum inlet pressure required for drop spray
formation and jet breakup is noted at 5.68 bar. The throat extends over a
length of 600 mm. Introduction of the steam and CO2 mixture occurs
through an inlet manifold and mixing chamber within the mixing length.
Sourced from the Battistella Saturno MAX/S generator, the wet vapor,
regulated at near-atmospheric pressure and approximately 100 °C, has a
maximum feed rate of 6 g/s, with the CO2 reaching a maximum feed rate
of 8.7 1";,3 The mixing chamber (2.4 x 103 m®) aids in mixing, equalizing
temperatures, and eliminating excess water condensate. As the gas-
steam mixture enters the throat, it interacts with a spray of droplets to
initiate DCC process. Jet breakup occurs after some distance from the
throat inlet, contingent upon inlet pressure of water. Information
regarding the condensed vapor within the process is obtained by sub-
tracting the known quantity of water from the total volume at the
nozzle. An outlet at the upper section of the separation chamber (9) is
employed to release excess CO2 and any non-condensed vapor into the
atmosphere. Water sourced from the municipal supply, regulated by the
Lead Fluid model CT3001S gear pump, is delivered to the nozzle under a
pressure of 3 bars, ensuring a pulse-free flow and stabilizing with an
accuracy of +5 ml/min. Flow rate measurements utilize a mass flow-
meter (Atrato AT740), independently confirmed via titration performed
at the onset and conclusion of each measurement series. During these
series, the entirety of the vapor input range is explored while main-
taining a constant feed of spray droplets, and optionally, constant flow
rate of CO2. Alternatively, entire range of CO2 input is examined while
maintaining a constant vapor and spray droplets rate. Water pressure
measured (by Trafag NAH type 8253.80.2317 transducer) at the nozzle
inlet, while temperature measurements employ type T thermocouples
with an accuracy of +0.3 K, their positions indicated in Fig. 4. The flow
rates of CO2 and vapor are measured using calibrated Krohne glass
rotameters.

5. Computational modeling and boundary conditions
5.1. SEC

The water-steam/CO2 ejector condenser incorporating CO2 is also
subject to numerical simulation using Ansys Fluent 2021 R1. Boundary
conditions for mass flow rates are prescribed at the inlet for both steam
and water streams. The ejector wall is set to adhere to no-slip adiabatic
conditions, and the simulation of flow within the boundary layer grids
employs a scalable wall function. To address interphase momentum
transfer, utilizing the drag force model proposed by Schiller and Nau-
mann [49] and the turbulent dispersion model introduced by Lopez de
Bertodano [50] and the turbulent dispersion model introduced by Lopez
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Fig. 4. Illustrative layout of the experimental setup: 1 — measurement segment, 2 — motive water supply, nozzle and pump, 3 — pressurized carbon dioxide, 4 — steam
generator, 5 — blending chamber, 6 — separation unit, 7 — steam bypass, 8 — water discharge and condensation for titration, 9 — CO2 and steam release into

the atmosphere.

de Bertodano The proposed approach in [44] to model forces in the flow
proved to be suitable in modeling of hydrodynamics in bubbly two-
phase flow [51]. Also, time step is 0.001 s.

5.2. T-junction separator

To precisely replicate the CO2-water flow within the T-junction, the
mixture model within Fluent 2021 R1 utilized. This model was specif-
ically selected to capture the significant interaction between the CO2
and water phases. The boundary conditions encompass both outflow and
velocity inlet specifications. The outlet and branch pipe exit boundary
conditions are outlined as follows:

=0

= constant (29)

&8 BE

The variables u, s, and p represent the velocity along the flow

direction, a direction parallel to u, and the static pressure, respectively.
At the terminations of the exit and branch pipe, outflow boundary
conditions are enforced, mandating a zero diffusion flux while incor-
porating a correction mechanism to ensure overall mass balance. This
process guarantees that conditions at the outflow plane are meticulously
extrapolated from the internal domain, effectively insulating them from
any upstream influence. Consequently, adjustments to the outflow ve-
locity and pressure are orchestrated to conform with the presumption of
fully-developed flow. Furthermore, all solid boundary walls are pre-
supposed to exhibit adiabatic and smooth characteristics, thereby up-
holding a no-slip boundary conditions. Additionally, the simulation
integrates gravitational acceleration, precisely set at 9.81 %. The
boundary conditions for both the SEC and T-junction separator are
detailed in Table 1.

The coupling of pressure and velocity was accomplished utilizing the
SIMPLE (Semi-Implicit Method for Pressure Linked Equations) algo-
rithm [52,53], ensuring strong convergence in the modeling. To pre-
cisely capture high-velocity swirling flow, particularly in bent domains,
the PRESTO (PREssure STaggering Option) scheme was employed,
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Table 1
Parameters for SEC and T-junction separator
T-junction SEC
Boundary Types Boundary unit Values
Inlet Velocity inlet Steam inlet temperature (K) 383
Outlets Outflow Water inlet pressure (bar) 12-16
Wall No Slip wall Water inlet temperature (K) 293-313
Water mass flow rate (é_f) 29
s

enhancing the faithfulness of the results. Discretization of key variables
including kinetic energy, volume fraction, and momentum equations
executed utilizing the QUICK (Quadratic Upstream Interpolation for
Convective Kinematics) technique. This method offers superior accu-
racy, especially in modeling rotational swirling flows, surpassing the
limitations of traditional 1st and 2nd order schemes. It is essential to
avoid dependence on first-order discretization techniques, as they can
introduce Greater inaccuracies and yield unreliable outcomes [54]. As a
convergence criterion, the residual was meticulously reduced to 1075,
ensuring the stability of the simulation. Additionally, maintaining a
stable mass flow rate at each outlet throughout the computation is
crucial for obtaining trustworthy results. The summarized multiphase
model and discretization are presented in Table 2.

6. Assessment of numerical model
6.1. Mesh Independence

SEC and T-junction separator geometry and mesh were meticulously
crafted using Gambit 2.4.6, as illustrated in Fig. 5. To uphold precision
in the computations, meshing was performed on all sides of the model,
followed by meshing of surfaces and three-dimensional shapes. Tet/
Hybrid elements, coupled with the TGrid format, were employed for
volumetric meshing, guaranteeing the production of cells suitable for
computational fluid dynamics (CFD) analyses. Ensuring a top-notch
mesh quality is crucial to minimize errors stemming from numerical
diffusion. Consequently, the independence of mesh solutions concerning
the SEC and T-junction separator was validated through simulations
using diverse grid setups.

In order to assess the independence of the mesh and its impact on the
results of the SEC, an evaluations were carried out on condensation mass
flow rate and temperature distribution across various nods (Fig. 6). The
investigation unveiled notable differences between the outcomes
derived from the 500,222 and 750,124 node setups compared to those at
1000036 and 1,250,328 node setups. Furthermore, results obtained
from the 1,000,036 and 1,250,328 node setups demonstrated a sub-
stantial level of concurrence. Hence, considering computational effi-
ciency and precision concerns, the configuration comprising 1,000,036
nodes identified as the best choice. This selection ensures enhanced
computational efficiency while maintaining simulation accuracy.

The concept of grid independence refers to the consistency of
calculation results despite variations in grid density, where the impact of
truncation error becomes negligible in numerical simulations. It’s
crucial to emphasize that grid independence analysis should be con-
ducted in areas pivotal to the simulation’s objectives or where outcomes
are significantly influenced. To ascertain the solution’s robustness

Table 2
Summarized multiphase model and discretization

Components Solution Method

multiphase model mixture model

pressure-velocity coupling SIMPLE
pressure PRESTO

kinetic energy QUICK
volume fraction QUICK
momentum QUICK

International Communications in Heat and Mass Transfer 156 (2024) 107596

against mesh resolution, an analysis of mesh sensitivity was conducted
for the T-junction separator. Four distinct meshes, as outlined in Table 3,
underwent thorough investigation. Notably, there were no discernible
alterations in the pressure drop and separation efficiency between Mesh
3 and Mesh 4. Consequently, Mesh 3 with 10° number of nodes was
identified as the optimal computational mesh for further calculations.
The boundary conditions used for the results obtained in this table are
explained in the following section.

6.2. Model validation

6.2.1. SEC

To ensure the precision and reliability of the model, a comprehensive
comparison was conducted between simulation results incorporating
CO2 and those without it, as depicted in Fig. 7. Initially, numerical re-
sults without CO2 juxtaposed against the experimental data collected in

our laboratory. The experimental conditions encompassed Myqaer =

29 (g)_rm, = 18'C,Pyaer = 14.7 bar and Tyeqm = 100 C. The exami-

nation of the outlet temperature of the SEC under assorted steam mass
flow rates, depicted in Fig. 7a, reveals a satisfactory alignment between
the simulated and experimental findings.

Following this, a computational analysis was conducted to authen-
ticate the robustness of the model when considering various volumetric
flow rate of CO2. Illustrated in Fig. 7b is the experimental determination
of the inlet temperature of the SEC across various volumetric flow rates
of CO2, revealing a noteworthy consistency with the distribution
derived from the simulated model. Furthermore, numerical and exper-
imental investigations were conducted to analyze the condensation mass
flow rates at different steam mass flow rates, with the water mass flow

rate set at 29 (f) and the CO2 volumetric flow rate at 2.6 ("’—h—s), as

illustrated in Fig. 7c. Notably, a commendable alignment between the
numerical outcomes and experimental observations is evident.

In addition, the breakup of droplets plays a crucial role in the
condensation process and overall system performance. Droplet breakup
in a SEC occurs due to several mechanisms, including aerodynamic
forces, surface tension effects, and shear forces induced by the sur-
rounding gas or vapor flow. As the droplets travel through the chamber,
they are subjected to high-velocity gas flow, which can cause deforma-
tion and fragmentation of the droplets. Aerodynamic drag forces acting
on the droplets can lead to elongation and distortion, eventually
resulting in breakup into smaller droplets or ligaments. Surface tension
effects also contribute to droplet breakup, particularly at small length
scales where surface tension dominates over inertial forces. Variations in
surface tension across the droplet surface can lead to instability and the
formation of surface waves, ultimately causing breakup into smaller
droplets. Additionally, shear forces induced by turbulent gas flow can
exert stresses on the droplets, causing deformation and breakup. Our
previous study [14] thoroughly analyzed the breakup behavior of
droplets, employing detailed analytical techniques. In Fig. 8, a com-
parison is made between the numerical simulations and the analytical
results [14] concerning the temperature at the outlet of the SEC. The
comparison reveals a noteworthy concurrence between the numerical
and analytical outcomes, indicating a strong agreement between the two
methodologies.

6.2.2. T-junction

Validation of the T-junction separator involves two parts: the hori-
zontal T-junction and the vertical impact T-junction separator. The
simulation of the horizontal T-junction separator was conducted, and
the outcomes were contrasted with the experimental research carried
out by Saba et al. [38] for validation. The experimental investigation
emphasized the importance of accurately determining two-phase flow
patterns within complex, branching conduits for analysing loss-of-
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Fig. 5. Meshing of a) SEC and b) T-junction separator.

coolant accidents (LOCAs) in light water nuclear reactors (LWRs). To
facilitate observation of phenomena, a tee test made of Plexiglas was
specially designed. This section was horizontally installed within a
sizable liquid/gas loop at Rensselaer Polytechnic Institute (RPI) [38].
The dataset included various liquid and gas inlet and outlet flow
rates, inlet pressures and pressure drop. The pressure variance at the tee
junction derived through extrapolation based on the measured pressure
drop. In every instance, side 1 serves as the entrance, side 2 acts as the
run, and side 3 pertains to the branch. Out of the 45 distinct experi-
mental runs conducted, two were chosen to validate our numerical
horizontal modeling against the experimental conditions. For this

validation, run 1 and run 10 (Table 4) were selected. The flow regime in
Runl indicates a single-phase scenario, indicating that only the liquid
phase (water) is simulated. Conversely, in Runl0, both the liquid and
gas phases have been considered.

Static pressure distribution along the inlet and run sections for Runs
1 and 10 is illustrated in Fig. 9, respectively. Based on the data available
in Table 4, the pressure differential (AP2_1j) is 890 Pa for Run 1 and
3510 Pam for Run 10. There is a notable consistency between the nu-
merical and experimental results for both single-phase flow (Run 1) and
two-phase flow (Run 10).

The second part of the validation process for the T-junction involves
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Table 3
Mesh independency
Grids Mesh 1 Mesh 2 Mesh 3 Mesh 4
Nodes 500,000 750,000 1,000,000 1,250,000
(Ap2-1); 3180 3360 3510 3510
Separation efficiency 84.3 88.12 91.5 91.5

comparing our numerical vertical impact T-junction simulation with an
experimental research conducted by Tuo and Hrnjak [20]. They per-
formed an experimental study on the segregation of gas and liquid in
vertical impacting T-junctions for a gas pressurization system. The study

involved exploring various mass flow rates ranging from 10 to 35 (f),

aiming to replicate the operations seen in air-conditioning systems
integrating with cooling capacities ranging from approximately 1.5 to 6
kW. Their experimental setup comprised a test section, specifically
vertical impacting T-junctions, along with a storage container, an elec-
tric heater and mass flow meters for gas and liquid (MFl and MFv).
Fig. 10 demonstrates the alignment between experimental data [20] and
numerical simulations concerning separation efficiency at an inlet mass

flow rate of 25 (§) affirming a robust agreement between the two

datasets. The discrepancy between experimental and numerical results
for five various input quality (ranging from 0.11 to 0.3) is 01%, 0.8%,
1.2%, 1.4%, and 1.89%, respectively.

7. Results and discussion
7.1. Impact of steam inlet mass flow rate

The water plume is a pivotal component in comprehending the
intricate dynamics of mass, momentum and heat transfer within a SEC.
Its characteristics vary significantly based on the particular properties of
inlet steam. Upon injection of subcooled water into the steam flow, a
closed water cavity, known the water plume, forms at the outlet of the
nozzle. It is imperative to acknowledge that the dynamics of the water
column are significantly impacted by the mass flow rate of the incoming
steam, especially as it nears sonic or supersonic speeds. Continuously
replenished by the nozzle’s water supply, the water column experiences
condensation while engaging with the entrapped steam. Evaluating the
water plume involves a thorough examination of contours representing
the volume fraction of water. From these contours (Fig. 11), Diverse
variables could be derived, with particular emphasis on the maximum

penetration length.

By examining the outlines of water volume proportion and taking
into account the maximum penetration distance, valuable observations
can be acquired regarding the conduct and qualities of the water plume
amid changing inlet mass flow rates. By examining the volume fraction
of water, insights into how effectively water vapor is mixed with the
injected subcooled water and how efficiently condensation occurs can
be gained. Variations in the volume fraction of water across different
mass flow rates of steam can indicate areas of optimal mixing and
condensation efficiency within the SEC. Also, the volume fraction of
water contours provides valuable information about the distribution and
extent of condensation within the SEC. Analysing these contours at
varoius steam flow rates leads to assess the dynamics of phase change
processes under varying operating conditions. This understanding is
crucial for optimizing SEC performance and enhancing its fully
condensation capabilities. Fully condensed water refers to the state
where all water vapor within the SEC has undergone condensation,
resulting in the complete conversion of vapor into liquid water.
Achieving fully condensed water is a desirable outcome in SEC operation
as it maximizes heat transfer efficiency and ensures optimal perfor-
mance for carbon capture. As depicted in Fig. 11, it is evident that the
configuration of the water plume is directly correlated with the inlet
mass flow rate of the steam. When the steam mass flow rate at the inlet is

2.21 (ﬁi—s), the penetration shape adopts an ellipsoidal form. Never-

theless, fully condensation is observed across all three scenarios.

7.2. Impact of CO2 and steam on inlet and outlet temperatures of SEC

The inlet temperature of SEC provides insights into the system’s
initial thermal state. Understanding the temperature of steam and CO2
streams leads to assess the energy input into the condensation process.
Deviations from the expected inlet temperature can indicate variations
in operating conditions or potential issues in the upstream processes.
Also, the outlet temperature of the SEC is a crucial indicator of the
effectiveness of the condensation process within the system. It reflects
the thermal state of the effluent leaving the condenser after the
condensation of water vapor into liquid form. At a given inlet temper-
ature, a lower outlet temperature indicates that the condensation pro-
cess has efficiently removed thermal energy from the system, causes to a
cooler effluent. Efficient heat transfer, as indicated by a lower outlet
temperature at a given inlet temperature, is vital for several reasons.
Firstly, it ensures that the SEC effectively meets its primary objective of
removing heat from the incoming steam and CO2 streams, facilitating
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their transition from vapor to liquid phase. This is particularly important
in applications where maintaining specific temperature conditions is
critical for downstream processes or equipment. Furthermore, efficient
condensation and heat transfer contribute to the overall energy effi-
ciency of the system. By effectively removing thermal energy from the
incoming streams, the SEC helps minimize energy losses and maximizes
the utilization of available resources. This is especially relevant in
energy-intensive industries where optimizing energy usage is para-
mount for reducing operational costs and environmental impact.
Monitoring outlet temperature variations over time or under different
operating conditions provides valuable insights for engineers. It allows
them to assess the performance of the SEC and identify any deviations
from expected behavior. For example, at a specified inlet temperature,
an increase in outlet temperature beyond expected levels may indicate
inefficiencies in the condensation process, such as inadequate cooling or
reduced heat transfer efficiency. By closely monitoring outlet tempera-
ture variations, engineers can identify potential issues early on and take
corrective actions to optimize operating parameters. This may involve
adjusting parameters such as steam and CO2 flow rates, temperature
settings, or the design of heat exchange surfaces to improve condensa-
tion efficiency and overall SEC performance. Figs. 12 and 13 illustrate
the distribution of inlet and outlet temperatures of SEC across varying
mass flow rates of steam and CO2, under constant conditions of Tyger =

20 C, Pyaer = 12 bar and mygrer = 29 (f) The investigation covered a

range of steam mass flow rates, including 2.2, 3.4, and 4.6 (%) , alongside

varying volumetric flow rates of CO2 (0, 2, 4, 6, 8, and 10 '"Ta). The re-
sults indicate a clear correlation between steam mass flow rates and the
inlet and outlet temperatures of the SEC. Decreasing steam mass flow
rates lead to a decrease in both inlet and outlet temperatures, resulting
in a lower mixture temperature overall. This situation can be explained
to the reduced condensation of steam due to lower mass flow rates,
thereby limiting the amount of thermal energy transferred to the system.
On the other hand, the investigation revealed that decreasing the
volumetric flow rate of CO2 corresponded to an increase in both inlet
and outlet temperatures of SEC. For instance, the minimum inlet tem-
perature of 70 °C was observed when the steam mass flow rate was 2.2

(%) and the volumetric flow rate of CO2 was 10 (—",‘;), whereas the

absence of CO2 resulted in the maximum inlet temperature of 102 °C.
This trend can be attributed to the thermal properties of CO2, which acts
as a cooling agent when present in the mixture. Further analysis
revealed that the minimum outlet temperature of 55 °C occurred when
the steam mass flow rate was at its minimum (2.2 £) and the volumetric

flow rate of CO2 was at its maximum (10 ’"Tg). Conversely, the maximum
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Table 4
Data regarding phase separation in a horizontal T-junction separator [38].
Run Gy x10°  x1(%)  x2(%)  x3(%) W2 pi(kPa) (Ap2-1);
kg Wi (kPa)
hr.m?
1 4.88 0 0 0 0.3 41.37 0.89
10 4.88 0.5 0.0130 0.695 0.3 48.26 3.51

outlet temperature of 87 °C was observed in the absence of CO2 and with
the maximum steam mass flow rate of 4.6 (f) In this scenario, the

absence of CO2 eliminates the cooling effect, while the high steam mass
flow rate increases the thermal energy input into the system, resulting in
higher outlet temperatures. But, the temperature difference (AT) be-
tween the inlet and outlet of the SEC is a critical parameter in assessing
heat transfer efficiency within the system. A larger AT typically in-
dicates a more effective heat transfer process, as it implies that a greater
amount of thermal energy is being removed from the steam and CO2
streams, leading to a cooler effluent. In the context of the SEC, achieving
a significant AT is desirable as it reflects the system’s ability to effi-
ciently condense steam and remove thermal energy, ultimately
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contributing to enhanced performance and energy efficiency. Fig. 14
depicts the distribution of temperature difference (AT) of the SEC at
various mass flow rate of steam and COj for Tyaer = 20 C, Puater =

12 bar and Myqer = 29 (f) It can be seen vividly that the maximum AT
can be obtained at Mgeqm = 2.2 (§) and in the absence of CO2. For

instance, examining the specific data for mseam = 2.2 (f), it is observed

that with CO2 volumetric flow rate of 0, 2,4, 6, 8 and 10 L"hi, the AT
values are 29.1, 22.7, 21.3,19.9, 16.8 and 12.9, respectively. As Fig. 14
shows, the presence of CO2 induces a reduction in AT, primarily due to
increased diffusion hindrance and reduced convective heat transfer be-
tween the subcooled water and steam phases.

Fig. 15 displays the volume fraction contour of steam at 4.6 (f) and

temperature contours for the SEC under varying steam mass flow rates,
while keeping the CO2 mass flow rate constant at 2 <'"71) , with an inlet

water temperature of 18 C and a water pressure of 18 bar, along with a
water mass flow rate of 29 (%) as well as consistent chamber inlet

temperature of 113 °C. Fig. 15a demonstrates complete condensation of
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Fig. 11. Water volume fractions at varying inlet flow rates of steam.

steam into water, while CO2 is treated as a non-condensable gas, with
the assumption that the inlet mass flow rate of CO2 equals the outlet
mass flow rate of CO2. Fig. 15b serves to elucidate how alterations in
steam mass flow rates impact the overall cooling performance of the SEC
and its steam condensation efficiency. The findings indicate that with a
consistent chamber inlet temperature of 113 °C, the outlet temperatures
vary, with values of 55.92 °C, 60.69 °C, and 65.40°C corresponding to

steam mass flow rates of 2.2, 3.4, and 4.6 (f), respectively. This

observation suggests that an increase in steam mass flow rate correlates
with a reduction in AT, highlighting the influence of steam flow dy-
namics on thermal behavior.

7.3. Effect of water temperature on outlet temperature of SEC

Water temperature plays a critical role in regulating the temperature
discrepancy between the incoming steam and CO2 streams and the
coolant water within the SEC. A lower coolant water temperature fa-
cilitates more efficient heat transfer from the steam and CO2 streams to
the coolant water, resulting in a lower outlet temperature (at constant
inlet temperature and specific CO2 flow rate). Conversely, higher
coolant water temperatures may reduce the temperature difference and
hinder heat transfer efficiency, leading to higher outlet temperatures. In
addition, the outlet temperature of the SEC is closely tied to the extent of
condensation occurring within the system. As mentioned earlier, lower
outlet temperatures at constant inlet temperature and specific CO2 flow
rate indicate more effective removal of thermal energy from the steam
and CO2 streams, resulting in higher rates of condensation and greater
liquid formation. By investigating how water temperature influences
outlet temperature, coolant water conditions to maximize condensation
efficiency and enhance overall SEC performance can be optimized.
Moreover, monitoring outlet temperature variations helps prevent
thermal overload within the SEC. Excessive outlet temperatures can
indicate inadequate heat transfer or cooling capacity, potentially lead-
ing to system overheating and operational issues. The relationship be-
tween water temperature and outlet temperature (at constant inlet
temperature and specific CO2 flow rate) can be understood, and mea-

sures can be implemented to maintain optimal operating conditions and
prevent thermal overload, ensuring the reliability and safety of the SEC.
Also, optimizing water temperature can contribute to improved energy
efficiency of the SEC. Lower outlet temperatures (at constant inlet
temperature and specific CO2 flow rate) result in reduced energy con-
sumption for cooling purposes, as less energy is required to maintain the
desired outlet temperature. By fine-tuning water temperature settings
based on the investigation results, energy consumption can be mini-
mized while condensation efficiency is maximized, ultimately
enhancing the overall energy efficiency of the SEC. Figs. 16 and 17 de-
pict the distribution of outlet temperature of the SEC across various
water temperature and mass flow rates of CO2, maintaining a constant
water pressure (Pyaer = 12 bar) and mass flow rate (Myqer = 29 £) while
varying the mass flow rates of steam (Mseam = 2.2 and 3.4 %). Inlet

temperature for 0, 2, 4, 6, 8 and 10 E'hi of CO2 volumetric flow rate is
102, 92, 85, 80, 75 and 70 °C, respectively. The findings reveal a direct
correlation between the temperature of water and the outlet tempera-
ture of SEC. As the water temperature decreases, there is a corre-
sponding decrease in outlet temperature of the SEC. For instance, when

the mass flow rate of steam is 2.2 (§) and without presence of CO2, the
outlet temperature of the SEC decreases from 80.2 °C to 72.8 °C as the
water temperature decreases from 40°C to 20°C. Similarly, when a
volumetric flow rate of 10 (L"hi> of CO2 is introduced, the outlet tem-
perature decreases further, ranging from 60.9 °C to 57.3 °C across the
same temperature range. In the case of a mass flow rate of steam of 3.4
(%) and in the absence of CO2, the outlet temperature of the SEC varies

from 91.6 °C to 80.8 °C as the water temperature decreases from 40 °C to
20°C. Introducing a volumetric flow rate of 10 ("7‘;3> of CO2 leads to

additional reductions in outlet temperature, ranging from 70.3 °C to
60 °C over the same temperature range. These results underscore the
significance of water temperature in influencing the outlet temperature
of the SEC at constant inlet temperature and specific CO2 flow rate.
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Fig. 12. Inlet temperature of SEC at different mass flow rate of steam and CO,
for Tyaer = 20'C, Pyaer = 12 bar and ttyater = 29 (8).

7.4. Effect of water pressure on outlet temperature of SEC

Water pressure directly affects the boiling point of water, which in-
fluences the heat transfer characteristics of the SEC. Higher water
pressures result in higher boiling points, facilitating more efficient heat
transfer from the steam and CO2 streams to the coolant water. By
investigating how changes in water pressure affect temperature differ-
ence, water pressure settings can be optimized to maximize heat transfer
efficiency and enhance overall SEC performance. Also, investigating
water pressure’s effect on AT contributes to overall system reliability. By
identifying optimal pressure conditions, the risk of temperature-related
equipment failures or performance degradation can be minimized,
ensuring consistent and reliable operation of the SEC over time. Fig. 18
depicts the distribution of temperatures difference between inlet and
outlet of SEC across various water pressures (Pq.r) and mass flow rates
of CO2, under constant conditions of water temperature (Tyqer = 20 C),
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Fig. 13. Distribution of outlet temperature for SEC at various mass flow rate of
steam and CO5 for Tyaer = 20°C, Puaer = 12 bar and nityaser = 29 (g)

water mass flow rate (yaer = 29 %), and steam mass flow rate (Mseeam =
2.2 £). The data reveals a distinct pattern in the impact of pressure on
temperature difference (AT). Increasing pressure from 12 bar to 14 bar
and 16 bar generally results in an upward trend in AT across corre-
sponding CO2 flow rates. At 12 bar, as CO2 flow rate rises from 0 to 10
m3/h, AT gradually declines from 30.5 to 14.5, suggesting lower pres-
sures correlate with reduced AT and potentially decreased heat transfer
efficiency. Also, at 14 bar and 16 bar, with AT decreasing from 35.6 to
17.85 at 14 bar and further from 41 to 19.6 at 16 bar across the same
CO2 flow rate range. This indicates that higher pressures promote a
larger temperature difference between inlet and outlet, thereby
enhancing heat transfer efficiency.

Overall, both coolant water and a mixture of steam and CO2 are
introduced into the SEC. The findings indicate that complete
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Fig. 14. Distribution of temperature difference for SEC at various mass flow
rate of steam and CO, for Tyaer = 20 C, Pyaer = 12 bar and myqer = 29 (f)

condensation occurs under the specified boundary conditions, resulting 500 2 4 6 8
in the complete condensation of steam. Consequently, at the SEC outlet, Volumetric flow rate of CO2 (m3/h)
the components present are CO2 and water. Hence, a separator is

essential to separate the CO2 from the water, aligning with the objective ~ Fig. 16. Outlet temperature of SEC at different Tyaer and mass flow rate of CO,
of this study, which aims to capture CO2. The subsequent section will for Pyuer = 12 bar, Myger = 29 (f) and Migegm = 2.2 (§)
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Fig. 15. Contour of a) volume fraction of 4.6 (§) of steam and b) temperature for SEC at various mass flow rate of steam for mcoz = 2 <’%§), Tuirer =18°C; Pioaer. =

18 bar and riyaer = 29 (£)).
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Fig. 18. Distribution of temperature difference of SEC at different P, and
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22 (8).

delve into the detailed utilization of a T-junction separator for this
purpose.

7.5. T-junction

7.5.1. Classification of T-junctions

T-junctions, with their versatile capabilities, offering the flexibility
to either combine or divide fluid streams as needed. As a combining T,
they efficiently merge two inlet streams into a single outlet, streamlining
flow paths and simplifying system configurations. Conversely, as a
dividing T, they facilitate the separation of a single inlet stream into two
distinct outlets, enabling precise control over fluid distribution. How-
ever, in applications where a gas-liquid mixture encounters a dividing T-

International Communications in Heat and Mass Transfer 156 (2024) 107596

junction, challenges arise due to inevitable maldistribution. This phe-
nomenon leads to variations in the qualities of the outlet streams,
potentially resulting in undesirable scenarios such as uneven liquid or
gas distribution across outlets. Remarkably, in certain cases, intentional
maldistribution proves advantageous, particularly when the tee func-
tions as a separator, allowing for selective extraction of specific com-
ponents. Comprehend the alignment of inflowing streams concerning
the outgoing flows is important for the classification of T-junctions. Two
primary types emerge: the run type and the impact type (Fig. 19). In the
run type, the inlet branch aligns with one of the outlet branches, pro-
moting a smooth flow transition. Conversely, impact type is character-
ized by outlet branches diverging in opposite directions, while the inlet
flow directly strikes the junction of the outlet branches, resulting in
unique flow behaviors. Fig. 20elucidates the pathlines and vectors
associated with both types of T-junction separators. In Fig. 20, it is
crucial to delve deeper into the underlying principles driving the sepa-
ration phenomenon and elucidate the key parameters influencing this
process. The separation mechanism within the T-junction separator is
multifaceted and warrants a comprehensive analysis to better under-
stand its intricacies. Specifically, exploring the factors contributing to
the selective extraction of CO2 from the water stream is paramount in
discerning the efficiency and effectiveness of the separation process. One
critical aspect to consider is the flow dynamics within the T-junction
separator, including factors such as flow velocity, pressure gradients,
and fluid properties [55]. These parameters play a pivotal role in
determining the distribution of CO2 and water across the outlet
branches, influencing the overall separation efficiency. Additionally, the
design characteristics of the T-junction separator, such as the geometry
of the junction and the orientation of the inlet and outlet branches, can
significantly impact the separation performance [56]. Furthermore, it is
essential to assess the influence of operational conditions, such as inlet
flow rates, on the separation process [57]. Variations in these parame-
ters can alter the phase behavior of the fluid mixture and affect the
degree of CO2 extraction from the water stream. By analysing the
interplay between these factors, optimizing the design and operation of
T-junction separators for enhanced CO2 capture efficiency can be
gained. Moreover, practical considerations related to the implementa-
tion of T-junction separators in real-world applications can be discussed
[24]. Factors such as scalability, reliability, and maintenance re-
quirements can be addressed to assess the feasibility of integrating these
separators into larger-scale carbon capture systems [58]. Additionally,
considerations regarding energy consumption and cost-effectiveness can
be evaluated to ensure the economic viability of utilizing T-junction
separators for CO2 separation [24].

As described in preceding sections, a mixture comprising steam,
CO2, and water is introduced into the SEC. With the complete conden-
sation of steam, the resultant output in SEC comprises water and CO2.
Subsequently, a T-junction separator is utilized to capture the CO2 from
the water. The purified CO2 is directed to the compressor, while the
water is routed to the pump and the wet combustion chamber [59] to
decrease the temperature of the products of oxy-fuel combustion
(Fig. 1).

7.5.2. Separation efficiency

T-junction separators offer several advantages, including their
compact size, cost-effectiveness and simple geometry in comparison to
conventional separators. However, existing literature predominantly
focuses on single via type T-junctions or combinations of multiple ones.
[47,60,61]. Mohamed et al. [60] executed a study investigating to
explore how the efficiency of complete separation in an impact T-junc-
tion is affected by the superficial velocities of the inlet gas and liquid,
varying the outlet inclination angle from 0 to 90°. Notably, their findings
underscored that a 90-degree angle, where two outlet tubes are posi-
tioned vertically, yielded optimal separation performance across various
inlet conditions.

The separation efficiency, concerning both liquid (water) and non-
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Fig. 20. Pathline and vector of mixture of water and CO2 for a) run type, b) impact type T-junction separator.

condensable gas (CO2), was quantified as follows [5]:

Mliquid at inlet — Miiquid at gas outlet

x 100 (30)

= -
Miiuid at inlet

As previously noted in this study, a lower outlet temperature signifies

efficient removal of thermal energy during the condensation process,

resulting in a cooler effluent. The lowest outlet temperature is achieved

with a volumetric flow rate of 10 (%) of CO2 and 2.2 (f) of steam.
Considering fully condensation of steam, the mass flow rate of water
would be 31.2 (%) Fig. 21 illustrates the separation efficiency at diverse

inlet mass flow rates. As the inlet mass flow rate augments, the sepa-
ration efficiency reduces. This decline is attributed to the higher ve-
locities of liquid and gas flow at the T-junction. The elevated velocity
results in gas phase drag force and stronger liquid inertial force, both of
which contribute to the entrainment of liquid towards the top outlet,
opposing the downward gravity. When the incoming liquid jet collides
with the vertical pipe, it splits into downward and upward directions,
with the distribution between the two primarily determined by gravity
forces and relative magnitudes of inertial.

To put it in a nutshell, direct contact condensation (DCC) in the SEC

and T-junction separation are two distinct methods employed in thermal
systems for phase separation and component extraction. DCC in the SEC
involves the direct interaction between two fluid streams of different
temperatures, leading to the condensation of vapor and subsequent
separation of phases. On the other hand, T-junction separation utilizes a
geometric configuration to divert a single-phase fluid stream into two
separate outlets, enabling the selective extraction of specific compo-
nents. In terms of efficiency, DCC offers a straightforward approach to
phase separation, leveraging the natural thermodynamic properties of
the fluid streams to achieve condensation. This method is particularly
effective for systems where a mixture undergoes a phase change, such as
the condensation of steam in a power plant. DCC typically requires
minimal additional equipment and can be implemented with relatively
low energy consumption, making it a cost-effective solution for many
applications. In contrast, T-junction separation provides a more
controlled approach to phase separation, allowing for the selective
extraction of specific components from a fluid stream. By diverting the
flow into multiple outlets, T-junction separators enable precise control
over the distribution of phases and components, making them well-
suited for applications requiring high purity separations or complex
phase behavior. In this study, a mixture of steam and a non-condensable
gas (CO2) is introduced into the SEC. Following the complete
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condensation of steam into water within the SEC, a T-junction is
employed to separate the water and CO2 components, facilitating the
purification of CO2.

8. Conclusion

To enrich the purging process in negative CO2 emission power plants
(nCO2PP), a comprehensive approach was undertaken involving both
numerical and experimental modeling of SEC and numerical simulation
of the T-junction separator. This integrated strategy aims to optimize the
separation section, ensuring the generation of CO2 with high-purity in
the post-combustion part of nCO2PP. By combining the SEC and T-
junction separator, a practical solution is proposed for CO2 purification.
This approach addresses key factors such as optimizing steam conden-
sation, controlling water temperature and pressure to regulate the outlet

reliability. For example, the outlet temperature of the SEC decreases
by approximately 9.22% without CO2 and by approximately 5.89%

with a CO2 volumetric flow rate of 10 (—"7']3) as the water temperature

decreases from 40 °C to 20 °C.

Investigating the impact of water pressure on the temperature dif-
ference reveals that higher pressures enhance heat transfer effi-
ciency, which has practical implications for optimizing SEC
operation in industries reliant on efficient heat exchange processes.
For instance, in the absence of CO2, AT increased by approximately

34.43% (from 30.5 to 41), and when CO2 = 10 ("‘%), AT increased

by about 34.48% (from 14.5 to 19.6).
Understanding the decrease in separation efficiency with higher inlet
mass flow rates due to maldistribution in vertical impact T-junction

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl
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temperature of the SEC, and assessing the impact of non-condensable
gas (CO2) and steam mass flow rate on both inlet and outlet tempera-
tures of SEC, as well as enhancing separation efficiency. The results from
the calculations confirm that the proposed model closely aligns with
experimental observations.

separator provides valuable insights for industries reliant on efficient
separation processes. Implementing strategies to mitigate maldistri-
bution can enhance the performance and reliability of separation
systems in various industrial applications.

Through numerical and experimental investigations on the SEC and Nomenclature
numerical simulations of the vertical impact T-junction separator, the
ensuing outcomes were derived: G Drag force coefficient

dy Mean bubble diameter (m)

e Understanding the water plume’s behavior within the SEC, influ- H Enthalpy (J/kg)

enced by parameters like steam mass flow rate, is crucial for opti- hy, Heat transfer coefficient on liquid side (w/m2.k)

mizing performance, enhancing condensation efficiency, and k Turbulent kinetic energy (J/kg)

achieving fully condensed water, thus maximizing heat transfer and Mgy Steam condensation rates

carbon capture efficiency. Mpq Drag force
e Monitoring inlet and outlet temperatures of the SEC provides crucial Mrpa Turbulent dispersion force

insights into the system’s initial thermal conditions and the effec- Re, Relative Reynolds number

tiveness of condensatl.on. ) Q. Total heat flux transfers from steam to phase interface (W)
e Water temperature of jet profoundly influences outlet temperature of - Volitine fraction

the SEC at constant inlet temperature and specific CO2 flow rate, U
with lower coolant water temperatures enhancing heat transfer ef-
ficiency (at constant inlet temperature and specific CO2 flow rate),
lowering outlet temperatures, and optimizing condensation effi-
ciency, thereby improving energy efficiency and operational

velocity vector (m/s)
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Greek symbols

c Turbulent Prandtl number

p Density (kg/m®%)

Jisi Viscosity of the mixture (kg.m '.s7!)

Hea turbulent viscosity in the liquid phase (kg.m~'.s!)
Hyp Turbulent viscosity in the gas side (kg.m™1.s71)

€ Turbulent dissipation rate (J/kg/s)

7 gas volume fraction in the liquid phase
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ARTICLE INFO ABSTRACT
Editor: S. Yi The concept for condensation of steam and CO, separation in a negative CO, emission gas power plant involves
the utilization of a steam ejector condenser (SEC) for direct-contact condensation of vapor with inert gas (CO5)
Ke}'WWd.SI on a spray of subcooled liquid, integrated with a separator to produce pure CO,. Due to the increasing diffusion
Steam ejector condenser resistance and reduced convective heat transfer between the steam and subcooled water phases in the presence of

gli:r;cbcontact condensation non-condensable gas (CO,), the study utilized an electrohydrodynamic (EHD) actuator to enhance heat transfer

sl st rate in the SEC. To optimize CO, purification, the effect of single, dual and quadruple inlets on separation ef-

EHD ficiency was analysed. In the SEC, the Eulerian-Eulerian multiphase model is employed, treating water as the
continuous phase and the compressible gas mixture (steam and CO) as the dispersed phase. The standard k-¢
model is chosen to depict the turbulence in the ejector. The separator is transient, turbulent, and three-
dimensional, using the control volume method. The RSM turbulent model and mixture model are utilized to
simulate the turbulent two-phase flow in the gas-liquid separator. The findings indicated that when the mass flux
of steam and voltage are increased, the condensation heat transfer coefficient also increases. For a mass flux of
steam of 51 (mki%)’ the condensation heat transfer coefficients were measured to be 0.98, 1.029, 1.08, and 1.134
(M%) at electrode voltages of 0, 20, 25, and 30 kV, respectively. In addition, a single-inlet cyclone attains a
separation efficiency of 95.1 %, while incorporating two inlets improves the performance to 97.9 %. However,
the most remarkable outcome is witnessed in cyclones with four inlets, where an impressive separation efficiency
of 99.9 % is achieved.

The negative CO2 emission power plant cycle comprises various com-
ponents, with the steam ejector condenser and separator playing an
indispensable role in obtaining pure CO2. Fig. 1 depicts the process flow
diagram (PFD) of a gas power plant with negative CO2 emissions [3-6].
In Fig. 1b, the separation unit consists of the SEC and cyclone separator.
The main function of the SEC is to condense water vapor from the
exhaust gases while maintaining a compact system design with two in-
lets and one outlet. At the outlet of the SEC, the condensed water and
CO2 are expected to enter the cyclone separator for the purpose of
purifying the CO2.

The process of heat transfer in steam ejector condensers is of utmost
importance as it greatly impacts the efficiency and performance of the
system. Experimental and numerical results [7,8] indicate that the
expansion of the steam plume and the heat transfer between phases are
substantially hindered when non-condensable gas is present. Even a

1. Introduction

The emission of carbon dioxide (CO2) through the burning of fossil
fuels in the power generation sector is a primary contributor to global
climate change [1]. To mitigate CO2 emissions and ensure a reliable
power supply, it is essential to implement efficient carbon capture
technologies in power plants. In addition, capturing CO2 presents sig-
nificant economic opportunities. Carbon capture technologies for power
plants have gained worldwide attention, and multiple power plants can
collaborate to collect CO2 [2], often with penalties for non-compliance.
A novel approach to achieving electricity generation with negative CO2
emissions involves oxy-combustion in a wet combustion chamber, fol-
lowed by the separation of water and CO2 using a steam ejector
condenser (SEC), and the subsequent compression of the separated CO2.
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Nomenclature

Drag force coefficient Cp

Turbulent dispersion force coefficient Crp
Specifies diffusion coefficient of ions (m? /s) D.
Stress diffusion term D

Mean bubble diameter (m) d;

Corona initiating electric field (¥) E,

Electric field strength vector (V/s) E

Heat transfer coefficient on liquid side (w/m2.k) h,
Turbulent kinetic energy k

Electric current density (A/m?) j

Steam condensation rates my,

Drag force Mp,

Turbulent dispersion force Mryp,

Static Pressure (Pa) P

Steam partial pressure (Pa) P;

Shear production term P

Total heat flux transfers from steam to phase interface (W) Q,
Equivalent cylinder radius (m) rey

Volume fraction r

Source term S

Velocity vector (m/s) o

Water saturation temperature (K) T,
Mass-averaged velocity (m/s) up

Drift velocity for secondary (m/s) ugq
Corona onset voltage (V) Vp

Electric potential (V) V

Relative Reynolds number Re;

Greek Symbols

Ton mobility (m?/(V-s)) p

Density (kg/m%) p

Mixture density (kg/m>) D

charge density (C/m?) p,

Viscosity of the mixture (kg.m '.s71) u,
Pressure-strain term [T;

turbulent viscosity in the liquid phase (kgm™1.s71) p,,
Turbulent viscosity in the gas side (kg.m'.s7!) uy,
Turbulent dissipation rate &

Dissipation term &;

Dielectric permittivity (F/m) &

Turbulent kinetic energy «,

gas volume fraction in the liquid phase y,

small fraction of non-condensable gas, as low as 1 % in mass, can lead to
a reduction in the heat transfer coefficient by approximately 10-40 %
[9]. Heat transfer in flows can be improved through three techniques:
passive, active and a combination of passive and active methods. Passive
methods can operate independently without requiring external inputs
like mechanical actuation or electrical power [10]. On the other hand,
active methods rely on external inputs to function. One type of active
heat transfer enhancement technique is electrohydrodynamic (EHD)
techniques, which involve the application of an electric field in a
dielectric fluid medium. In recent years, the use of electrical fields in
systems with dielectric mediums has emerged as a promising method for
enhancing heat transfer. Electrohydrodynamic (EHD) techniques have
been effectively applied in systems involving condensation and evapo-
ration processes, especially in scenarios where significant energy is
required for phase changes. Two-phase flow systems exhibit distinctive
flow regimes determined by various factors, including volume fraction,
phase velocities, and flow orientation. To accurately predict the transi-
tion between different two-phase flow patterns, several flow patterns
have been developed. In the context of condensation, the heat transfer
mechanisms are strongly influenced by whether the flow is gravity-
driven (e.g., stratified, stratified wavy, and slug flows) or shear-driven
(e.g., annular flows). This distinction is critical as it directly affects the
heat transfer mechanism based on the phase that makes contact with the
heat transfer surface [11]. The application of EHD in multi-phase flows
presents greater complexity compared to single-phase flows. This
complexity arises from the inherent intricacies of multi-phase flows, as
well as the inclusion of force components in the EHD equation and the
interactions between free charges and the liquid-vapor interface. Ap-
plications of electric field can introduce additional body forces to lig-
uid-vapor phase flow systems [ 12]. These forces primarily stem from the
distribution of the electrical field and the variations in the specific
dielectric constant of the phases. As a result, they disturb the boundary
layer near the surface and may cause redistributions of the two phases.
The condensed liquid is subsequently collected in a separator, where
centrifugal force is employed to separate the liquid from non-
condensable gas (CO2).

Cyclones play a significant role in numerous industries such as
mineral, chemical, environmental, and petroleum engineering, where
they are employed for the separation of gases from solids or liquids

[13,14]. Gas-liquid cyclones come in various types, with the Stairmand
cyclone [15] being the most commonly utilized. This particular type of
cyclone comprises a cylindrical section, a tangential inlet, a vortex
finder, and a conical section. Cyclone separators can be categorized as
either axial or tangential, depending on the direction of the inlet flow
towards the cyclone. The tangential cyclone is designed with a tangen-
tial inlet flow, creating an outer vortex. The flow is then reversed at the
end of the vortex and exits from the top in an axial direction. This unique
configuration takes advantage of the density difference and two-phase
interface, enabling the separation of mixtures through efficient centrif-
ugal separation. Unlike energy-intensive methods such as permeable
membranes, cyclone separators offer a practical and cost-effective so-
lution for separation processes, minimizing the consumption of valuable
energy resources. The liquid-gas flow within a cyclone is a complex
phenomenon that has attracted significant attention. In the case of a
cone cyclone, the primary mechanism for deaeration is the centrifugal
force, which inevitably leads to some loss of flow pressure [16]. Cy-
clones come in various dimensions and types, resulting in different levels
of pressure drops and centrifugal forces. Extensive research in the
literature has investigated the pressure distribution and tangential ve-
locity within cyclones, revealing significant changes in pressure and the
profound effects of centrifugal forces [17]. Cyclones are devices that
induce a swirling flow by introducing high-velocity fluids through one
or more tangential inlets. This creates a vortex core within the device.
The swirling flow enhances mixing through turbulence and vorticity
effects, leading to the separation of higher-density particles or fluids
from the base fluid. Specifically, this is referring to a cone cyclone, a type
of cyclone separator that employs turbulence and physical instabilities
to promote efficient mixing. This design consists of a cylinder with an
outer cone, where the flow is tangentially injected into the cylinder. The
liquid phase exits through the underflow outlet, while the gas phase
exits through the overflow outlet. The effectiveness of a cyclone sepa-
rator is determined by multiple factors, including its structural geometry
and operational parameters [18]. Gao et al. [19] conducted a compar-
ison between single and double inlet cyclones, focusing on the charac-
teristics of the vortex lines. They observed that single inlet cyclones
exhibited significant eccentricity, while double inlet cyclones show-
cased a more stable flow field. The presence of dual inlets in cyclones
promotes continuous and smooth operation. However, specific


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

-
Z -
e

M. Amiri et al. Separation and Purification Technology 329 (2024) 125236

quantitative data regarding the performance changes between the two analyzed the flow fields of single, double, and quadruple inlet cyclones
configurations were not provided in their study. Dong et al. [20] con- and concluded that the quadruple inlet cyclone achieved the highest
ducted a computational fluid dynamic (CFD) analysis and highlighted tangential velocity, efficiency, and pressure drop. Le [23] also supported
that the double inlet cyclone exhibited a smaller vortex eccentricity, the finding that the quadruple inlet cyclone outperformed the single
resulting in higher efficiency. However, this configuration also incurred inlet cyclone in terms of efficiency and pressure drop.
a higher pressure drop. Examining the velocity distribution, Zhao et al. In this paper, SEC and tangential-flow CO,-water separator was
[21] investigated the flow field and performance of single, double, and designed to obtain the desired high-purity CO, flow for the Negative CO4
quadruple inlet cyclones. They suggested that symmetrical inlets emission gas Power Plant (nCO2PP). To obtain a numerical model and
increased the tangential velocity and, subsequently, the separation ef- optimize the performance of capturing CO2 section, firstly, effect of inlet
ficiency, but it also led to an increased pressure drop. Vahedi [22] mass flow rate of steam and back pressure on steam volume fraction
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Fig. 1. (a) Negative CO, emission gas power plant process flow diagram (PFD), (b) Capturing CO, part consist of steam ejector condenser (SEC) under electro
hydrodynamic actuator and cyclone separator [3.5].
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could be defined. Then, effect of Non-Condensable Gas (CO2) on hy-
draulic- thermal parameters can be obtained using EHD in SEC, so that
the numerical simulation on different value of steam inlet mass flux and
voltage of electrode is conducted, and by applying 20 up to 30 (KV) and
40.8 (El%) up to 51 (Hki%) of mass flux of steam, the model is derived. After
obtaining the model of SEC, the performance of separator affected by
single, dual and quadruple inlets can be estimated.

2. Modeling
2.1. Steam ejector condenser (SEC)

In order to investigate the direct contact condensation (DCC) process
of a steam jet in subcooled water within a two-phase ejector, a numerical
study was conducted based on the design of the steam-water condensing
ejector described below. The ejector consists of several components,
including a central steam nozzle, a surrounding water nozzle, a mixing
chamber, a throat, and a diffuser. Saturated steam at high pressure is
ejected from the steam nozzle and comes into direct contact with sub-
cooled water in the mixing chamber. During this interaction, conden-
sation occurs. The resulting mixture then passes through the throat and
diffuser section before exiting the outlet. The schematic diagram and
dimensional parameters of the ejector are illustrated in Fig. 2.

2.2. Cyclone separator

The performance of a cyclone separator is influenced by various
factors, and achieving optimal separation efficiency and minimal

|

S e

‘\
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pressure loss requires careful consideration of component dimensions.
Cyclone separators are commonly categorized into two types based on
their structural characteristics: tangential and axial inlets. The tangen-
tial inlet type is widely used in industrial applications and is considered
well-established, featuring a simple structure typically comprising a
cylindrical and conical section. Fig. 3a illustrates the three-dimensional
geometry of a tangential inlet cyclone separator. In this design, a CO2-
water mixture enters the separator tangentially, generating rapid rota-
tion within the annular space between the exhaust pipe and the cylinder.
Under the influence of centrifugal force, water droplets in the mixture
are propelled towards the wall and subsequently descend along it due to
the combined effects of gravity and momentum. These water droplets
are then discharged through the underflow outlet. Meanwhile, the pu-
rified CO2 rises upward through the central region and is expelled via
the exhaust pipe. The dimensions of the three-dimensional tangential
single inlet cyclone separator are indicated in Fig. 3b.

3. Governing equations
3.1. Steam ejector condenser (SEC)

In this study, the flow field exhibits non-uniform distribution of the
gas and liquid phases, resulting in a significant imbalance between the
two phases. To accurately capture this behavior, a Eulerian-Eulerian
multiphase model is employed, treating the two phases separately.
The continuous phase is represented by water, while the dispersed phase
consists of a compressible gas mixture containing steam and non-
condensable gas (CO2). In order to characterize the turbulent

50 80

30 110
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Fig. 2. Schematic and dimensions of steam-water injector [24] (in mm).
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Fig. 3. (a) Geometry of the cyclone separator seen from different views and (b) its dimensions.
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behavior within the ejector, the standard k -¢ model is selected. The
continuous phase, denoted as «, represents the liquid water, while the
dispersed phase, denoted as p, represents the gas phase. The liquid phase
is modeled using the k and € equations associated with the standard k -¢
model.

d
E (ra/)aka) . s V(ru/)aUuku) = v (ra (Ilu + %) Vka ) ¢ ru(Pu - /)ueu) (1)
k

&

k’ (Ct'lPa - CL'Zpaetl)

(2)

d
E (I',,/),,é',,) . V(I‘(,/)‘,U,,E‘,) =V (llu +%) Ve, + 14

In the equations provided, p, 1, k, U and ¢ represent the variables for
density, volume fraction, turbulent kinetic energy, velocity vector, and
turbulent dissipation rate, respectively. The turbulent viscosity for the
liquid phase can be calculated using the following equation:
Cupks

Hia = ‘;‘T (3)
Here, C,,C,1, C;2, 0k and o, have values of 0.09, 1.44, 1.92, 1.0, and 1.3,
respectively.

For the gas phase, which incorporates the turbulent kinematic vis-
cosity of both the a and p phases, the following equation is utilized:

17
&= 4)
UI/J‘

In this equation, o represents a turbulent Prandtl number, which is set as
1 in the model. The turbulent viscosity for the gas phase can be obtained
based on the turbulent viscosity of the liquid phase.

p/}/"!a
p(l

Hyp = )

3.1.1. Interfacial area density between steam and water

The heat transfer area between the two phases, which is crucial for
calculating the steam condensation rate, is determined by the phase
interface area per unit volume. In this study, the dispersed phase is
modeled as clusters of standard sphere particles. The interfacial area
density is computed by assuming the presence of tiny gas bubbles as
spherical particles. The equation for calculating the interfacial area
density is as follows:

Ay = i/ (6)
In this equation, d; represents the mean diameter of the bubbles (or the
characteristic length scale/interaction length) of the dispersed phase,
while y, represents the volume fraction of gas in the liquid phase. This
equation is widely utilized in numerical simulations of submerged steam
jet condensation in subcooled water pools or pipes [25,26].

3.1.2. Interphase momentum transfer
In this model, the momentum transfers between the gas and liquid
phases are accounted for through two forces: drag force (Mp,) and
turbulent dispersion force (Mypy). Drag force, Mp,, is determined as:
G

3
Mp, = —Mp; = 7 Ej‘;r/‘pu|Uli —Uq|(Up — Uy) (7)

The drag force coefficient, denoted as Cp, can be incorporated into the
Schiller-Naumann drag force model.

24
Cp = max(o= (1 +0.15Re" ™), 0.44) 8)
e

The turbulent dispersion force, Mrpy, is calculated using the Lopez-de-
Bertodano model:

Separation and Purification Technology 329 (2024) 125236

Mipe = =M = — Crppka Vs, )

where x, represents the turbulent kinetic energy, and Crp is the turbu-
lent dispersion force coefficient, which is set to 0.3.

3.1.3. Interphase heat and mass transfer

In the presence of non-condensable gas in the steam jet condenser,
the non-condensable component creates a gas layer near the phase
interface. This gas layer enhances the diffusion resistance of steam to
subcooled water and decrease the convective heat transfer between the
two phases. To account for these effects, a two-resistance model that
relies on the conduction-diffusion model [7] is implemented. In the gas
side, the presence of non-condensable gas results in the formation of a
layer that hinders direct contact between the steam and subcooled
water. As a result, the interfacial area density is significantly lower
compared to a pure steam jet. However, the heat transfer coefficient is
typically large enough to consider zero resistance [27]. On the liquid
side, the presence of subcooled water enhances steam condensation,
while the non-condensable gas inhibits this effect. To simplify the nu-
merical model, the subcooled water and non-condensable component
are considered as a mixture when calculating the heat transfer coeffi-
cient on the liquid side. It is important to acknowledge that when
calculating the characteristic number, the physical properties and ve-
locity of the mixture differ from those of subcooled water. The transfer
of total heat flux from steam to the phase interface can be explained as
follows [9]:

Qs = msts (1 0)

Where my, is the condensation rate of steam. The total heat flux from
the phase interface to the subcooled water is composed of the enthalpy
of water and the convective heat transfer between the interface and the
water.

Qw = mstw & thsw(Tsal - Tw) (11)

The heat transfer coefficient on the liquid side, h,,, is determined by the
physical properties of the mixture and Nusselt number.

AwalNu,,
,“‘ = wa wa 12
= —— (12)

8

where Nuy, is computed using the following equation [27]:

oy o { 2 + 0.6Re?*Pr’0 < Re, < 7760 < Pry, < 250 -

2+ 0.27Re>PPr)¥Re, > 7760 < Pr,,, < 250

The relative Reynolds number, Re,, is utilized to capture the relative
motion and shear effect between the liquid phase and gas phase. It is
defined as follows [9]:

— Pwa |UQ - Uh‘ll dg

Hua

Re, (14)

The calculation of the physical properties in the above equations is
carried out using the following relationships [9]:

Ava = Quhy + Aaha (15)
a, + a,
a"':uu' + au#u
by 16
b= Ta (16)
“'P ‘M' HP ‘u
Prll'(l = a ' + a d (17)
a\l' + all

To account for the momentum transfer between water and CO2, the
velocity of the mixture is determined using the mass-weighted average
velocity of non-condensable gas and subcooled water [9].
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U,, = PuUw + Aup, (18)
awp,, + Aapy

By utilizing the equations mentioned earlier, it is observed that the
thermal conductivity, dynamic viscosity and Prandtl number of the gas
mixture decrease as the CO2 mass fraction increases. Consequently, both
the resistance to gas diffusion and convection decrease with the increase
of CO2 mass fraction, which is consistent with theoretical [7] and
experimental [8] findings. Based on the two-resistance model, the phase
interface is in a state of thermal equilibrium, meaning that Qs is equal to
Qy at the phase interface. By combining Equations (10) and (11), it is
possible to determine the rate of steam condensation per unit volume
and time.
hyAg(Toq — T))

I . 19
i H,— H, a4

where Ty, illustrates the saturation temperature of water under steam
local partial pressure. The steam partial pressure can be calculated as
follows:

Ps = Pg,
L stat (ax Ta,

a_> ©20)

3.1.4. Modeling for electric field

The EHD enhancement method arises from the application of an
electric field, which induces an electric force density (body force) acting
on the molecules of a dielectric fluid. This electric force density is
comprised of three terms [28].

— = 1=32 1 —2 0Og
F.=p.E —=E e+ — E 2
e=PE—3 Ve5+2V[ p(ap)]

@1

Where p, and E represent the charge density (C/m>) and electric field
strength vector (V/s), respectively. & denotes the dielectric permittivity
(F/m). The first term in the equation accounts for the influence of the
electric field on free charges, specifically known as the electrophoresis
or Coulomb force. The second and third terms in the equations represent
the dielectrophoresis and electrostriction force densities, which corre-
spond to the polarization forces induced by the electric field. However,
in practice, these terms can be neglected due to the constant electric
permittivity. As a result, the electrohydrodynamic force is primarily

determined by the Coulomb force (pcf), which is included as a source
term in the momentum equation. The governing equations for electro-
hydrodynamics are calculated using the following equations [29].

The Poisson’s equation can be expressed as follows:

V2V = —% (22)

V Represents the electric potential (V)
The electric field is formulated as:

=3
E=—-VV (23)
The current continuity equation can be illustrated as follows:

V.7 =0 (24)

Where j represents the electric current density (A/m?) as expressed
below:

7 = p(p.PE +p.T +D.Vp,) (25)

The variables p and T represent the ion mobility (m2/(V-s)) and ve-
locity vector (m/s), respectively. D, expresses the diffusion coefficient of
ions (m?/s). The three terms on the right side of Equation (25) corre-
spond to the contributions drift, convection, and diffusion of electric
charge, respectively. It is important to note that the diffusion of electric
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charges (D.Vp,) is highly negligible in micro-scale ionic flows and can
be disregarded. In the case of gases, the charge convection term (p, ) in
Equation (25) is approximately two orders of magnitude smaller than

the drifting term of ions (pcﬁf). However, this assumption is not
applicable to liquids due to their low ion mobility (in gases, the ion
mobility is relatively high, and the ratio of f is typically on the order of
0.1 or even less than 0.1). In the case of liquids, the mentioned term
(p. ) is considered since the fluid used in this study is water.

Based on these assumptions, the reformulated expression for the
electric current density is as follows:

V.(pou—ppVV) =0 (26)

Hence, equations (22) and (26) serve as the main equations governing
the electrohydrodynamic effect. To analyze the electrical body force,
these equations need to be solved simultaneously. FLUENT, a widely
used commercial software for simulating heat transfer and fluid flow,
lacks a default module for analyzing electrohydrodynamic phenomena.
In this study, a simulation of the steam ejector condenser (SEC) in
FLUENT has been developed using its UDF (User-Defined Function),
UDM (User-Defined Memory), and UDS (User-Defined Scalar) features.
The electric current density and Poisson’s equations (Equations (22) and
(26)) are defined through the UDS to calculate p, and V. Subsequently,
the UDM is implemented to obtain E from Equation (23). Lastly, the UDF
is employed to solve the source terms (p_E in the momentum equation

and T.E in the energy equation). Detailed instructions on adding
equations and their respective source terms in FLUENT can be found in
our previous study [28].

3.2. Cyclone separator

Computational fluid dynamics (CFD) has emerged as a cost-effective
method for simulating fluid flow, complementing experimental and
theoretical approaches in the field of fluid dynamics. Its extensive uti-
lization in the study of turbulent flows has made it an invaluable tool in
understanding fluid behavior. CFD simulations offer several advantages,
including the optimization of performance, the capability to simulate
conditions that are difficult to reproduce experimentally, the acquisition
of comprehensive information, improved visualization of flow phe-
nomena, cost savings, and reduced environmental impact [30]. Nu-
merical modeling is a vital component of CFD simulations, enabling the
generation of precise and detailed results. As a prominent leader in
Computational Fluid Dynamics (CFD), Fluent offers advanced capabil-
ities for simulating and analyzing fluid flow phenomena, including
multiphase flow involving the simultaneous flow of different phases
such as liquid and gas. Fluent provides two distinct approaches for
multiphase flow simulation: The Euler-Lagrange approach and the
Euler-Euler approach. The Euler-Lagrange method focuses on modeling
a dispersed phase within a continuous fluid phase by tracking a large
number of particles, bubbles, or droplets throughout the flow field using
the Navier-Stokes equations. This approach facilitates the exchange of
momentum, mass, and energy between the two phases. However, it is
important to note that the Euler-Lagrange method assumes a low volume
fraction of the dispersed phase, typically below 10-12 %, despite its
higher mass loading. In contrast, the Euler-Euler approach treats both
phases as interpenetrating continua, with each phase occupying a
distinct volume without overlapping. This approach introduces the
concept of volume fraction as a continuous function that varies in space
and time, always summing to one. Within Fluent, three Euler-Euler
multiphase models are available: Volume of Fluid (VOF), mixture, and
Eulerian. The VOF model is well-suited for simulating stratified or free-
surface flows, while the mixture and Eulerian models are more appro-
priate when the volume fractions of the dispersed phase exceed 10 %.
For simpler problems, the mixture model is often preferred over the
Eulerian model due to its reduced computational requirements and
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Table 1
Boundary conditions for SEC and cyclone separator.
Cyclone SEC
Boundary Types Boundary Values
Inlet Velocity inlet Steam inlet pressure (kPa) 140
Outlets Pressure Outlet Steam inlet temperature (K) 382
Wall No Slip wall Water inlet pressure (kPa) 96
Water inlet temperature (K) 290
Ambient pressure (kPa) 96
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fewer solved equations [31]. In this study, the mixture model is utilized,
also referred to as the algebraic slip model, which is a simplified version
of the Euler-Euler approach. This model is specifically suitable for
simulating flows containing a significant volume fraction of dispersed
phases, such as bubbles, droplets, or particles (>10 %), where inter-
particle collisions are prominent. The mixture model allows for
different velocities of fluid phases and permits their interpenetration,
facilitating the exchange of mass, momentum, and energy between the
phases. Moreover, the mixture model has been successfully employed in
CFD simulations of turbulent swirl two-phase flow within gas-liquid
cyclone separators.

However, the continuous and dispersed fluid phases are computed
using the following techniques:

The Reynolds-averaged Navier-Stokes equations, along with the
continuity and momentum equations, are employed to solve for the
continuous phase.
dp i d(pu;)

ot OX,

(27)

=0

a)
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Pu; Fu; 2.0 0
e uj uk‘f'—)(—l’W)

o(puin;)
ox;

6P+ i) " 2
C0X;  0X ”axf x> 30X,
S o u; Oy 2 Ouy
(= pugy) = p, (d—X,: & 0Xf) ~5 </)k+/l,0—xk) dij

The equation governing the continuity of the mixture can be expressed

as:

alpu,)
a T ox

(28)

(29

9p,) | 0P, tm)
m m - 0
o +—0x,- (30)
Mixture momentum:
0(/),,,11,,,,-) a(ﬂm“mi“mj) o 0P 0 a“mi a“ny'
x T am o at\ay oy P8
(31)

0 n
¥ 'a—- E aq/) q Uy gilUdr.qj
I \ =

Where u;, represents the mass-averaged velocity, p,, denotes the density
of the mixture, and y,, corresponds to the viscosity of the mixture.

n n
Pm = § :qjl(l‘/pq‘ Hm = E :(F,aq.“q

Where ug, 4 denotes the drift velocity for the secondary phase, which is
calculated as: ug,q = uq —up, (the difference between the velocity of the

secondary phase (ug) and the mass-averaged velocity of the mixture

n
D1 Pyl

Un = (32)
/)/n

Fig. 4. Meshing of (a) Steam Ejector Condenser and (b) cyclone separator.
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(um)).

Extensive research has been conducted by numerous scholars to
investigate the separation performance of cyclone separators using
various approaches, consist of experimental studies, numerical simula-
tion and theoretical analysis. Currently, three primary methods are
employed to study the flow field within cyclone separators numerically:
The Reynolds Stress Model (RSM) [32], the RNG k-¢ numerical model
[33], and the Algebraic Stress Model (ASM) [34]. Among these, the k-¢
model assumes isotropic turbulence, which limits its applicability to
cyclone flow characterized by anisotropic turbulence. The ASM model
exhibits shortcomings in predicting the recirculation zone and Rankine
vortex in strongly swirling flow. On the other hand, the RSM model,
which solves a transport equation for each component of Reynolds
stress, is widely regarded as the most suitable model for cyclone flow
[35]. It accounts for important factors such as streamline curvature,
swirling, rotation, and rapid strain rate changes, allowing it to capture
the anisotropic turbulence characteristics of cyclone separators. This
makes the RSM model better suited for modeling complex swirling and

rotational flows, enabling more accurate predictions of complex flow
phenomena in cyclones, albeit at the cost of increased computational
resources.

The transport equation for Reynolds Stress Model (RSM) can be
expressed as follows.

% () + % (puia) = Dy + Py + T4+ (33)

where the first two terms on the left side illustrate the local time de-
rivative of stress and the convective transport term, respectively. The
five terms on the right side can be described as follows:

The stress diffusion term : Dy

a U 7 7 a =T
= F ™ puuy + (Pu;) oy + (Pu;) o —F(Euillj)

(34)


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

e

M. Amiri et al. Separation and Purification Technology 329 (2024) 125236

W T T T T
A 140— ....................
Lol R e S S G i U B R L R i o S T o SR L O S B O [ eridee A Experimental Model (Shah et al)
fodedind ok i Numerical Model
e e e 120 fiesirerivend
— . ol doe
I Lk fdaiadnbndidoiofds bododnd slepwbspuiogrsdeusg
£ 200 it — [
= ekl A Experimental Model (Shah et a) Q
o e e Numerical Model R RGN R E R ER RS
fd D06 00080 0 T S R
a) =3 Liaskraaad) 0 RiiE 5 | .
g 150 B bbb
a R RO
CE T 0 | 0 E M B
=
o 100 — [ S
2 e S RS EEREN TER ISR ERENE RN
0 0 0 0 0 0 0 0 0 0 e 10 00 0 0
L ": A A
0~||||I|1|ll|1||l||||l||1|l|||| 20_lllllllllllllllllllllllllllll
0 50 100 150 200 250 300 0 50 100 150 200 250 300
X (mm) X (mm)
335 F
330
< 325 :— A Experimental Model (Qu et al)
o] [ Numerical Model
5320: 3 aosd 5
b) E_ &
PRI ' 0 47 O 0 30 4 0 R 00 G 0
(] [ i 3
= [ A A A 7 A A
Lo 0 i e i O 7 7 O T
305 -
i) = S O e
0 5 10 15 20 25 30

r(mm)

Fig. 7. Validation of SEC a) without non-condensable gas at mass flow rate of steam: 0.01 kg/s, temperature of steam: 398 K, mass flow rate of water: 0.49 kg/s,
temperature of water:290 K, Pout = 96 kPa. b) With condensable gas at total mass flux: 235.5 (%) and Steam mass fraction: 91.58 % at y = 18 mm.

. ——0u;  ——0u; a superheater, the steam at the nozzle inlet is assumed to be in a satu-

“This e ROECVR; £y =)} [“""*E+ Y "“XJ (35) rated state under stagnation conditions. The ejector exit is treated as an
opening boundary with a pressure equal to the back pressure. The wall

¢)u—0u of the ejector is assumed to have no-slip adiabatic conditions, and a
=D (a—)" + a—;) (36) scalable wall function is employed to simulate the flow in the boundary
7 : layer grids. CO2 is chosen as the non-condensable gas component. The

— Schiller-Naumann drag force model [36] and Lopez de Bertodano tur-
_2}‘% % 37) bulent dispersion model [37] are used to account for the interphase
Ox;. Ox momentum transfer, with the turbulent dispersion coefficient set to 0.3.

The pressure — strain term : IT;

The dissipation term : &; =

and the source term : S (38) TR —

# Numeneal stivulatianid bownddey coninois The multiphase mixture model in Fluent 2021 R1 was employed to
accurately simulate the CO2-water flow in the cyclone separator. This
model was chosen to account for the strong interaction between the CO2
and water phases in the swirling environment of the separator. The
coupling between pressure and velocity was established using the SIM-
PLE (Semi-Implicit Method for Pressure Linked Equations) algorithm. To
accurately estimate high-speed swirling flows and flows in curved do-
mains, the PRESTO (PREssure STaggering Option) scheme was

4.1. Steam ejector condenser (SEC)

In this study, the steam-water ejector condenser with non-
condensable gas (CO2) is numerically simulated using the FLUENT
2021 R1. The steam and water inlets are assigned a mass flow rate inlet
boundary condition. Since most devices that generate steam do not have

10
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Fig. 8. Pressure drop, tangential velocity and separation efficiency comparison of experimental model (Wang et al) and current simulation.

implemented. Discretization of the volume fraction, kinetic energy and
momentum equations was performed using the QUICK (Quadratic Up-
stream Interpolation for Convective Kinematics) method, which offers
improved accuracy for rotational swirling flows compared to first- and
second-order schemes. It is important to avoid using first-order dis-
cretization, as it can lead to higher errors and unreliable results [38].
The simulation employed a transient time-based approach, and during
the iterative process, a convergence criterion was established with an
accuracy level of 10 To optimize the balance between simulation
precision and computational costs, a time step size of 0.0001 s was
selected. The boundary conditions for both the SEC and the cyclone
separator are provided in Table 1.

5. Evaluation of numerical model
5.1. Grid independence

The geometry and mesh of the steam ejector condenser (SEC) and
cyclone separator were created using Gambit 2.4.6, as depicted in Fig. 4.
In order to ensure accuracy in the calculations, all edges of the model
were meshed, followed by meshing the faces and volumes. Tet/Hybrid
elements and the TGrid type were employed for meshing, which pro-
vided suitable cells for the computational fluid dynamics (CFD) simu-
lations. A high-quality mesh was crucial to prevent errors resulting from
numerical diffusion. Therefore, the mesh independence of the solutions
for the SEC and cyclone separator was verified by conducting simula-
tions with different grid configurations.
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5.1.1. Steam ejector condenser
To evaluate the mesh independence and its impact on the results of
the SEC, an analysis was performed on the static pressure distribution
along the central line of the SEC and the pressure ratio at different nodes
(see Fig. 5). The analysis revealed significant differences between the
outcomes obtained from the 100,125 and 201,025 node configurations
compared to those from the 300,675 and 401,118 node configurations.
Furthermore, the results from the 300,675 and 401,118 node configu-
ations exhibited a high level of agreement with each other. Therefore,
onsidering computational efficiency and accuracy, the configuration
7ith 300,675 nodes was selected as the optimal choice. This selection
nsures enhanced computational efficiency without compromising the
ccuracy of the simulations.

.1.2. Cyclone separator
To investigate the grid size independence in the cyclone separator,
1e tangential velocity and separation efficiency were analyzed using

different node configurations, as depicted in Fig. 6. The results indicate
that the outcomes obtained from the 40,574 and 80,974 node grids
differ from the other configurations (120654 and 160214). Although the
results from the 120,654 and 160,214 node grids are relatively similar,
the 120,654 nodes were chosen to reduce computational expenses while
maintaining accuracy.

5.2. Model validation

5.2.1. Steam ejector condenser

To validate the accuracy of the model, a comparison was made be-
tween the simulation results obtained with and without the presence of
the non-condensable gas. Firstly, the numerical results without the non-
condensable gas were compared with the experimental data from Shah
[24], who conducted experimental studies on the transport phenomena
of direct contact condensation (DCC). Shah’s experiments involved
different geometries, which were designed, fabricated, and assembled

12


http://mostwiedzy.pl

M. Amiri et al.

1 T »'—‘-‘T; :
- ‘1‘
Lodedodod bt b i i1
0.8 =i ‘lf ~— @— BackPressure=96 (kpa)
E L S st i BackPressure=101 (kpa)
o L2 58 H S0 8| —+— BackPressure=106 (ipa)
B A‘
@ i 14l
S 06~ ‘.
= - it
o i
5 Bt s
£ ol i
w 04r- J-iy
[ L e I
E .
3 KEikE i
[+] - : ‘
> 02p Lig
0 o i i o i i |A&
0 0.05 0.1 0.15 0.2 0.25
x(m)
a)

Separation and Purification Technology 329 (2024) 125236

250
200
g — -#— - BackPressure =96 (kpa)
- ~ +—  BackPressure = 101 (kpa)
;’ ——+—— BackPressure = 106 (kpa)
S
2 150
e
o
2
-
8
@ 100
50 i b i bl bl R B A R R SRR
I T T e SR O T i N ol B O R 1 i [
0 0.05 0.1 0.15 02 0.25
x (m)
b)

Fig. 11. A) volume fraction of steam and b) static pressure at different backpressures when.mgeam = 10(%). Tseam = 398(K), Myarer = 490(%), Twaer = 290(K).

600

500

——=a—— Mass Flow Rate of Steam= 0.008 (kg/s)
— 4A—  Mass Flow Rate of Steam= 0.009 (kg/s)
— -¢— - Mass Flow Rate of Steam=0.01 (kg’s)

/\__/__\> MOST WIEDZY Downloaded from mostwiedzy.pl

e

o
o
o

300

Velocity of Steam (m/s)
N
3

6.15-
X (m)

0.2

0.25 0.3

Fig. 12. Distributions of steam velocity along axis of SEC at different steam mass flow rate and 0.03 of CO, mass fraction.

1to an experimental setup. The operating conditions for the experi-
1ents included a mass flow rate of steam: 0.01 ’—‘f, temperature of steam:

98 K, mass flow rate of water: 0.49 %, temperature of water:290 K and
utlet pressure: 96 kPa. The comparison of axial static pressures and
2mperatures, as shown in Fig. 7a, demonstrates a satisfactory agree-
1ent between the numerical and experimental analyses.

Subsequently, a numerical simulation was performed to validate the
eliability of the steam jet condensation model with non-condensable
as using a submerged steam-non-condensable gas mixture jet in

subcooled water [39]. Fig. 7b presents the experimental measurement of
the axial steam temperature, which exhibits a close agreement with the
distribution obtained from the numerical model. The successful com-
parison between the experimental and numerical results provides
additional validation for the accuracy and reliability of the steam jet
condensation model with non-condensable gas.

5.2.2. Cyclone separator
The predicted variations of pressure drop, tangential velocity, and
separation efficiency were compared to the experimental results of

13
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Fig. 13. Distributions of static pressure along axis of SEC at different back
pressure and 0.03 of CO, mass fraction.

Wang et al. [40], as shown in Fig. 8. In their experimental setup, non-
condensable gas was introduced into the cyclone inlet, and its flow
rate was measured using a flowmeter. The velocities of both phases were
set to 20 m/s. The outlet tube was open to the atmosphere, and the gas
pressure at the top of the vortex finder was maintained at 1 atm. The
volume fraction of the second phase was 10 %. Velocity and pressure
measurements in the gas field were conducted using a five-hole probe
equipped with pressure transducers. The amplified voltage signals from
the pressure transducers were collected by a data acquisition system.
The comparison between the experimental and numerical results, as
depicted in Fig. 8, demonstrates a good agreement between the two,
corroborating the accuracy of the numerical model based on the studies
by Wang et al.

6. Results and discussion
6.1. Effect of inlet mass flow rate of steam on its volume fraction

In previous visualization research, the steam plume has been iden-
tified as a crucial element for understanding the heat, mass, and mo-
mentum transfer between steam and water. It exhibits diverse forms
contingent upon the specific parameters of the inlet steam. When steam
is injected into subcooled water, it generates a closed steam cavity,
known as a steam plume, at the nozzle outlet. However, it is important to
note that the behaviour of the steam plume is highly influenced by the
mass flux of the steam at the inlet, particularly when it attains sonic or
supersonic speeds. The steam plume continuously receives a supply of
steam from the nozzle, which subsequently undergoes condensation as it
interacts with the entrained water at the interface. The evaluation of the
steam plume can be accomplished through a comprehensive analysis of
the contours representing the steam volume fraction. Various parame-

ars can be derived from these contours, with the maximum penetration
:ngth being of particular significance. This length predominantly re-
ects the variations in the volume of the steam plume. By closely
xamining the contours of the steam volume fraction and taking into
ccount the maximum penetration length, valuable insights can be
ained regarding the behaviour and characteristics of the steam plume
nder different inlet mass flow rates. In order to investigate the steam
lume in different regions (mixing chamber and throat), contours of
team volume fractions at different steam inlet mass flow rates have
een represented in Fig. 9.

Separation and Purification Technology 329 (2024) 125236

As observed, the ellipsoidal shape of the steam plume is directly
related to the inlet steam mass flow rate. For a steam inlet mass flow rate

of 15.31 (m—k‘;;), the maximum penetration occurs within the mixing

chamber. However, as the steam inlet mass flow rate increases to 30.62
(Ek-f;) and 45.93 (;kig;) grams per second, the maximum penetration shifts
to the throat of the SEC.

In our present investigation (Fig. 1.), the range of steam inlet mass
flow rate for the SEC is 8-10 (g/s). Fig. 10a presents the detailed vari-
ation of axial steam volume fraction along the SEC. Initially, as the steam
passes through the nozzle with isentropic expansion, there is some
spontaneous condensation, although it can be considered as an
approximate single-phase flow where the steam volume fraction remains
nearly unchanged VFS (volume fraction of steam) = 1. As the high-
velocity steam entrains and condenses onto the liquid water in the
mixing chamber, the axial steam volume fraction continues to stay at
VFS = 1 in the steam plume region. Subsequently, it experiences a sharp
decrease at the two-phase mixing layer and eventually reaches VFS =
0 at the condensation terminus. Finally, the axial steam volume fraction
at VFS = 0 indicates a single-phase liquid flow through the diffuser.
Notably, the condensation terminus shifts downstream with an increase
in the steam inlet mass flow rate. So, when the steam inlet mass flow rate
is low, the condensation of steam occurs at a faster rate compared to
higher steam inlet mass flow rates. However, as the steam inlet mass
flow rate increases, the additional steam supplied exceeds the capacity
of the water for condensation. To accommodate this increased steam
volume, the steam plume expands its boundary, which enhances the
condensation rate in the liquid phase. Consequently, with an increase in
the steam inlet mass flow rate, the steam plume travels a longer distance.

Fig. 10b illustrates the centerline steam velocity along SEC at various
steam inlet mass flow rates. For a steam inlet mass flow rate of 10 (¢) the
steam velocity at the nozzle outlet exceeds 600 m/s. This high velocity
generates lower pressure, leading to a more powerful suction effect. As
the steam inlet mass flow rate increases, the maximum steam velocity
achieved at the nozzle outlet also rises.

6.2. The influence of backpressure on steam volume fraction and the
position of condensation shock

The backpressure has a significant impact on the steam ejector
condensation process and the volume fraction of steam along the central
line of the steam ejector condenser (Fig. 11a). When the backpressure is
increased, it creates a higher resistance for the condensing steam,
resulting in a decrease in the condensation rate. This leads to a reduced
volume fraction of steam along the central line of the condenser. On the
other hand, when the backpressure is decreased, it reduces the resis-
tance for steam condensation, resulting in an increased condensation
rate and a higher volume fraction of steam along the central line.
Therefore, controlling the backpressure is crucial for regulating the
condensation efficiency and the distribution of steam volume within the
steam ejector condenser.

The observation is evident in Fig. 11b when the backpressure is
increased from 96 kpa to 106 kpa, it leads to a higher resistance for the
condensing steam, causing the condensation shock to move upstream.
This shift in the condensation shock position alters the distribution of
static pressure within the condenser. Specifically, the static pressure
increases in the region where condensation occurs due to the increased
resistance. On the other hand, decreasing the backpressure reduces the
resistance for steam condensation, resulting in a downstream shift of the
condensation shock. Consequently, the distribution of static pressure
within the condenser changes, with a decrease in the pressure at the
condensation region.
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Fig. 14. Applied electrode in SEC.
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Fig. 15. Electrical potential contour at voltage 30 KV.
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Fig. 16. Electric charge contour at voltage 30 KV.

6.3. Effect of Non-Condensable gas (CO2) on hydraulic- thermal
Ground plate parameters

\

\ 6.3.1. Hydraulic parameters
1 In general, a small amount of non-condensable gas is often mixed
h with the steam jet or subcooled water. When there is a minor leakage in
pipeline systems or when non-condensable gas is dissolved in subcooled
d water, the presence of non-condensable gas is usually so minimal that it
Wire has little impact on the flow dynamics within the SEC equipment.
However, in certain industrial situations, like the aforementioned PFD
]_ illustrated in Fig. 1, where a substantial quantity of non-condensable gas
—I_ ‘ is produced, its influence on flow and heat transfer becomes significant

N
1

and cannot be overlooked.
Evaluating the performance of a SEC requires assessing the distri-
= bution of hydraulic parameters within the ejector. Numerical simulation
enables us to obtain comprehensive information about the flow fields.
Fig. 17. Schematics of a single unit wire-plate [44]. Figs. 12 and 13 illustrate the variations in steam velocity and static

ﬂk A
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ressure at different steam inlet mass flow rates and back pressure. As
1e steam mass flow rate increases, the steam velocity rises while the
ressure drops. This implies that the expansion and compression waves
1 the mixing chamber intensify progressively with higher steam inlet
1ass flow rates. With the increase of back pressure (Fig. 13), the steam
ressure and density in mixing chamber tends to become higher, which
aduces the intensity of the expansion and compression waves.

6.3.2. Thermal parameters

Experimental and numerical studies [7,8,39] have demonstrated the
significant influence of non-condensable gas on the expansion of the
steam plume and interphase heat transfer. Remarkably, even a small
amount (1 %) of non-condensable gas can reduce the heat transfer co-
efficient by 10-40 %. Under specific conditions, an optimal quantity of
non-condensable gas can stabilize the steam plume, leading to dimin-
ished pressure oscillations in both the condensation oscillation regime
and stable condensation regime [41]. Conversely, an inappropriate gas
content can exacerbate pressure oscillations [42]. When non-
condensable gas is introduced into the steam-water condensing
ejector, the presence of constricted channels complicates the alteration
of the steam plume shape and pressure oscillation, consequently
impacting the ejector’s performance. The steam-water mixing layer
exhibits high-speed flow and vigorous turbulence, promoting rapid
steam condensation and effective momentum transfer between the two
phases. However, the introduction of non-condensable component
hampers the convection-diffusion effect between steam and water. Non-
condensable gas forms a layer near the phase interface, impeding the
diffusion of steam into subcooled water and reducing convective heat
transfer between the phases.

Heat transfer enhancement in steam ejector condensers brings
several benefits to improve their overall performance. By enhancing the
heat transfer coefficient, condensers achieve greater heat transfer rates,
leading to cost savings in terms of required heat transfer area. This
enhancement also improves efficiency, reduces fouling, and lowers
backpressure, resulting in lower operating costs and a reduced envi-
ronmental impact. The enhancement of heat transfer in steam ejector
condensers is achieved through the manipulation and reduction of the
condensate film on the heat transfer surface. The application of elec-
trohydrodynamic (EHD) techniques for heat transfer enhancement
during condensation strongly relies on the pre-existing flow pattern.
Specifically, in tube geometries, the EHD heat transfer enhancement is
most pronounced when the flow pattern exhibits stratification or
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Fig. 21. Velocity vectors of mixture of CO, and water liquid, a) single inlet; b) quadruple inlets.

stratified-wavy characteristics, with gravity playing a dominant role in
establishing this flow pattern [43]. In the stratified flow regime, char-
acterized by lower vapor velocities, the condensate film becomes
thicker, providing greater opportunities for EHD body forces to thin the
film and enhance convection within the layer. The primary mechanisms
responsible for heat transfer enhancement through EHD techniques
involve the extraction of condensate from the heat transfer surface by
liquid extraction and the dispersion of this liquid through electric body
»rces. Higher applied voltages lead to increased electric body forces,
ffectively extracting more condensate from the surface, thereby
nhancing heat transfer. Specifically, the liquid phase of the SEC, pos-
essing a high dielectric permittivity, is drawn away from the inner
urface of the tube toward the electrode surface. The findings indicate
1at a stronger electrical field yields improved performance of the heat
-ansfer system. The dominant electric body force density acting on the
ondensate arises from the permittivity gradient, represented by the
econd term in Eq. (21). This force attracts condensate, which has a
igher permittivity than the surrounding vapor phase. Determining the

most suitable electrode placement hinges on various considerations tied
to the fluid dynamics and heat transfer intricacies within the system.
Introducing the electrode into the mixing chamber has the potential to
promote interaction among the incoming steam, CO;, and water.
However, the rapid and turbulent mixing in this zone might constrain
the electrode’s efficacy in boosting heat transfer, as the electrode’s in-
fluence could be diffused amidst the turbulent flow dynamics. Alterna-
tively, locating the electrode at the throat could offer a prospect for
heightened heat transfer efficiency. Another possibility lies in siting the
electrode within the diffuser segment, where the fluid expands and
gradually decelerates, thereby affording an extended duration for heat
exchange processes to unfold. It is noticeable that evaporation results
from shock wave is neglected. Fig. 14 illustrates a graphical represen-
tation of the computational domain of electrode in SEC. The results of
the electric potential and charge density are presented in Figs. 15 and
16. These figures demonstrate the presence of applied electric potentials
on the surface of the discharge wire. Additionally, the charges are
observed to be transported along the electric field, which is formed by
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Fig. 22. Separation efficiency of single, dual and quadruple inlets cyclone at 0.03 of CO, mass fraction.

the divergence of the electric potential. Notably, the electrical potential
and charge exhibit increased strength in the vicinity of the emitters.

It is crucial to recognize that the applied voltage can vary within a
specific range, which is influenced by the geometry and conditions of the
problem (Fig. 17). This range typically spans from the threshold voltage
needed to initiate the electrohydrodynamic phenomenon to a voltage
that causes the fluid to reach its breakdown limit. The determination of
the threshold voltage for the onset of the electrohydrodynamic phe-
nomenon can be achieved using the following relationship [44]:

4h . h

i far <9 (39)
o (T,P T,P
= 3
0=13x IOf{ +0.07 \/PToro (40)
v Teff
o = rvEgln(—) (41)

w

Vhere Vo (V),re(m) and Eg (%) are the corona onset voltage, the equiv-
lent cylinder radius and the corona initiating electric field, respec-

tively. In addition, f (dimensionless), To(K) and P (atm) refer to
roughness factor of the corona wire, temperature constant (293 K) and
free-stream gas pressure, respectively. ro (m) and r,, (m) are radius of
corona sheath and radius of corona wire, respectively. Py (atm) is
pressure constant. So, corona initiating electric field (Ep) and corona
onset voltage (V) are 7.0249 (%) and 14.82 (KV), respectively.

Fig. 18 presents a comprehensive comparison, illustrating how the
axial heat transfer coefficient varies along the axis of SEC at different
steam inlet mass flux values. The heat transfer coefficient, represented as
'h’, was computed using the methodology detailed in our previous study
[28]. When high-speed steam is injected into the subcooled water flow,
it imparts both momentum and heat to the water across the interface. As
the steam mass flux rises, the relative velocity of the liquid phase at the
steam-water interface also increases. This amplifies the turbulent in-
tensity within the hot water layer near the interface. Consequently, the
local heat transfer coefficient on the liquid side exhibits an augmenta-
tion with higher steam mass flux values.

Fig. 19 shows the variation of the condensation heat transfer coef-
ficient with different electric fields in the SEC. As condensation occurs,
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the thickness of the liquid film gradually grows, causing an escalation in
thermal resistance and subsequently reducing the heat transfer coeffi-
cient. Nevertheless, studies have demonstrated that the application of
electrohydrodynamic (EHD) techniques and an increase in mass flux can
effectively mitigate this phenomenon. Consequently, the heat transfer
coefficient exhibits enhancement when both EHD techniques and mass
flux are increased.

6.4. Cyclone separator

6.4.1. Effect of single, dual and quadruple inlets

The efficiency of particle separation in various industrial applica-
tions is a critical aspect directly impacted by the design and operation of
cyclone separators. Among the factors influencing their performance,
the inlet configuration plays a crucial role in determining how the fluid
isintroduced into the system. This section delves into an investigation of
the effects of different inlet configurations, specifically single, dual and
quadruple inlets, on the efficiency of cyclone separators. In the single
inlet configuration, the fluid enters the system through a single entrance,
while the dual and quadruple inlet configurations feature two and four
entrances, respectively. The primary objective of this section is to
thoroughly assess the impact of these inlet configurations on the effec-
tiveness of particle separation. To achieve this goal, an analysis of the
cyclone’s internal flow structure has been conducted using state-of-the-
art computational flow visualization techniques. The visualization of the
dual and quadruple inlet cyclones’ geometry and mesh can be observed
in Fig. 20.

Fig. 21 illustrates the velocity vectors obtained from cyclones
equipped with single and quadruple inlets. In the case of the single inlet
cyclone, the intended purpose of the inlet chamber, designed to stabilize
the flow upon entry, proved ineffective, resulting in irregular swirling
motion within the cyclone. The velocity vectors in this configuration
exhibit a fluctuating CO2 core accompanied by wavering velocity vec-
tors directed towards the overflow outlet. On the other hand, the ve-
locity vectors observed in the quadruple inlet cyclone demonstrate
symmetrical patterns, with no wavering CO2 core along the cyclone’s
axis. The velocity distribution is highest near the cyclone walls and
gradually diminishes towards the center. The turbulence present in the
single inlet cyclone introduces an undulating nature to the flow, leading
to inadequate separation between CO2 and water droplets and conse-
quently diminishing the overall separation efficiency. The flow pattern
within the cyclone, as well as the segregation and concentration of CO2
and water, are significantly influenced by the number of tangential in-
lets. This phenomenon was explored by Osei et al. [45], who highlighted
the importance of the internal flow structure in determining the distri-
bution of axial and tangential velocities within cyclones. The wavering
nature of the flow in a single inlet cyclone detrimentally affects sepa-
ration performance, as water droplets located near the boundary of
reverse flow are carried upwards along with the CO2-rich fluid, ulti-
mately exiting through the overflow outlet. In contrast, the unwavering
flow structure observed in the quadruple inlet cyclone facilitates effec-
tive separation by enabling efficient segregation of CO2-rich and water-
rich cores.

The separation efficiency achieved from the use of the single, dual
and quadruple inlets cyclones indicated significant performance from
the use of the quadruple inlet cyclone.

The separation efficiency was calculated, which was defined as fol-

HWS:

= | Pusbdaites — Puaidogmornie, | . o) (42)

Miiguidatinlet

Where m is the mass flow rate.
The data in Fig. 22 reveals that increasing the number of inlets in
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cyclones improves the separation efficiency of water and CO2. A cyclone
with a single inlet achieves 95.1 % separation efficiency, while two in-
lets enhance the performance to 97.9 %. However, the most remarkable
result is seen in cyclones with four inlets, which achieve separation ef-
ficiency of 99.9 %.

7. Conclusion

In order to optimize the separation sections and ensure the produc-
tion of high-purity CO2, a comprehensive numerical simulation was
conducted. Integrating the SEC and cyclone separator offers a viable
strategy for CO2 purification in Negative CO2 Emission Power Plants
(nCO2PP). This integrated approach creates a dedicated separation
section capable of achieving high-purity CO2 production. Implementing
this combination presents a practical means to enhance the purification
process within power plants focusing on enhancing steam condensation,
effective backpressure management, optimizing heat transfer with EHD
techniques and enhanced cyclone separation efficiency. Accomplished
calculations validate that the novel presented model aligns well with
experimental findings.

By conducting numerical analysis on the examined scenarios, the
following results were obtained:

e Lower steam inlet mass flow rates expedite steam condensation,
yielding efficient phase transition. However, higher mass flow rates
surpass water’s condensation capacity, leading to steam plume
expansion. This results in intensified condensation in the liquid
phase as the plume travels further. Implementing an inlet mass flow
rate of around 10 g/s could enhance condensation efficiency. Addi-
tionally, controlling the steam inlet mass flow rate could potentially
influence steam velocity at the nozzle outlet, facilitating adjustments
in pressure and suction effects. These insights can guide operational
decisions to achieve optimal steam condensation rates.

Adjusting backpressure offers a mechanism to regulate condensation
efficiency. Increased backpressure impedes steam condensation,
leading to reduced volume fraction of steam. Conversely, lower
backpressure minimizes resistance, increasing condensation rates
and steam volume fraction. Precise backpressure management is
paramount for adjusting condensation efficiency within the steam
ejector condenser. Monitoring backpressure within a range, such as
96 to 106 kPa, allows optimization of static pressure distribution.
Practical applications can involve real-time backpressure control
systems to ensure effective condensation.

When high-velocity steam is injected into a subcooled water flow, it
imparts both momentum and heat to the water at the interface. As
the steam mass flux increases, the relative velocity of the liquid phase
at the steam-water interface also rises, intensifying the turbulence
within the hot water layer nearby. This results in an augmentation of
the local heat transfer coefficient on the liquid side, particularly with
higher steam mass flux values. However, during condensation, the
thickness of the liquid film gradually increases, which elevates
thermal resistance and subsequently reduces the heat transfer coef-
ficient. Nevertheless, research has demonstrated that the application
of electrohydrodynamic (EHD) techniques and an increase in mass
flux effectively mitigate this phenomenon. Consequently, both EHD
techniques and mass flux contribute to enhancing the heat transfer
coefficient.

Augmenting the number of inlets in cyclones significantly improves
separation efficiency for water and CO2. Cyclones with more inlets
exhibit remarkable separation efficiencies; for instance, a cyclone
with four inlets attains 99.9 % separation efficiency. In practical
scenarios, adopting cyclones with multiple inlets could lead to
improved separation performance, enhancing the overall system’s
effectiveness.
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