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Lay Summary 

The post-combustion capture process is a crucially important climate change 

mitigation technology. The thesis explores the connection between the liquid holdup 

and the optimal process control and operation of the post-combustion capture process 

by using Electrical Capacitance Tomography (ECT). ECT is a non-destructive imaging 

technique that monitors the permittivity distribution in a confined space. Compared 

with other imaging techniques, ECT has the advantages of low cost, fast imaging speed, 

non-destructive and non-invasive nature. Therefore, it has been widely applied in 

industrial process tomography, including multiphase flow imaging, fluidized beds 

imaging, bubbling beds imaging, and flame imaging.  

This thesis aims to apply ECT to real-time packed column imaging and improve the 

performance of ECT in liquid holdup calculation. The successful development of an 

online measurements system using ECT would result in an effective solution to the 

requirements of carbon capture applications that need to in situ diagnosis of packed 

column. To achieve this objective, the thesis demonstrates the design and 

implementation of the ECT sensor, from the perspective of data collection system 

improvement, a more convenient flooding diagnosis method, a highly accurate and 

precise liquid holdup estimation method and better tomographic image reconstruction 

methods for the test rigs. Lab-scale test campaigns were carried out at two different 

post-combustion test rigs to investigate the effects of varying packed column process 

variables on CO2 capture efficiency. The first experiment was carried out on a counter-

current flow packed column, while the second was carried out on a cryogenic carbon 

capture packed column. The knowledge of packed column cross-sectional images and 

hydrodynamics were used to demonstrate, for the first time, diagnostics of the packed 

column using in situ online measurements using ECT. These novel methods can be 

used in combination with advanced process control strategies to improve the safety, 

flexibility and efficiency of post-combustion capture plants.  
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Abstract 

Climate change is commonly acknowledged as a result of increased greenhouse gas 

levels in the atmosphere. The excess use of fossil fuels and consequential emission of 

greenhouse gases is causing global warming. Global warming or climate change is a 

global issue that requires concerted efforts on a planetary scale to reduce the amount 

of carbon accumulated into the atmosphere. Post-combustion capture with amine 

solvents is the most matured technology and plays an essential role in addressing the 

issue of CO2 emission. Flooding phenomenon is an operation problem exists in post-

combustion process, which reduces CO2 capture efficiency and causes potential 

damage to the equipment. This process must be avoided to ensure continued carbon 

dioxide absorption. However, knowledge of the flow regime transition process 

involved in flooding is currently limited due to a lack of an in situ diagnostic technique 

for process monitoring and a lack of comprehensive datasets which reflect the practical 

carbon capture process. Furthermore, the nature of interface of air and liquid during 

flooding onset is not well known and according to correlations for flooding point and 

packed column capacity estimation, which have uncertainties of up to ±30%. The 

inability to accurately operate the carbon capture process could lead to a decrease in 

CO2 capture efficiency, safety issues, oversizing of the packed column and increased 

CO2 capture costs. 

The work described in this thesis proposes to diagnose packed columns in the post-

combustion capture process through electrical capacitance tomography (ECT) as a 

real-time qualitative and quantitative imaging method. Comprehensive packed column 

models have been built for each post-combustion carbon capture system, using 

COMSOL Multiphysics with MATLAB as the simulation software. To ensure an 

objective simulation of the performance of ECT in different post-combustion carbon 

capture systems, the representation of packed column geometry structure and material 

electrical permittivity have been verified and calibrated based on real-scenario test 

conditions. For each carbon capture system, many parametric simulations were 

performed to evaluate the effect on tomographic imaging. The correctional images of 

post-combustion carbon capture packed column were reconstructed from the 

simulation data and the feasibility of ECT for packed column diagnosis was evaluated. 
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To further validate the feasibility of ECT, a laboratory-scale test campaign on two 

different types of post-combustion test rigs were conducted to investigate the effect of 

different packed column process variables on tomographic images. The column 

constitutes a transparent pipe filled with packing material, in which is easy to observe 

the flooding onset and flow regime transition. The liquid distribution and holdup are 

monitored through ECT, which allows variations in the predominant characteristics of 

flooding events to be investigated in greater detail than in previous research. 

Furthermore, combined with Convolutional Neural Networks (CNN), ECT enables a 

high degree of accuracy with only ±1% error on liquid holdup calculation and greater 

robustness in environments affected by flooding with strong turbulence flow. In 

addition, ECT technology has attracted great interest in the field of cryogenic carbon 

capture, which captures CO2 by cryogenically desubliming CO2 out of the flue gas as 

CO2 frost on the cold surfaces of the heat exchangers. The technique was found to 

provide half the cost and energy of the state-of-the-art carbon capture methods. 

However, this process could lead to several operational problems, such as plugging. 

ECT could help a process engineer to understand the process of frost formation and 

provide key tomographic images and process parameters to facilitate cryogenic carbon 

capture implementation. The successful development of an ECT system would result 

in an in situ, agile, non-intrusive and low-cost monitoring tool for the requirements of 

packed column diagnosis. 
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Chapter 1 Introduction  

1.1 Background and motivation 

The World Health Organisation (WHO) has declared that climate change is the greatest 

threat to global health in the 21st century [1]. Climate change and global warming are 

widely believed to be a result of greenhouse gas (GHG) emissions, primarily CO2 [2]. 

Greenhouse gases stay in the atmosphere, where they are transparent to sunlight. When 

the Earth emits that heat as infra-red (IR), radiation, the greenhouse gases absorb it 

and reflect the heat back to earth. This creates a greenhouse effect and increasing levels 

of CO2 emitted to atmosphere is causing global warming. 

Post-combustion capture (PCC) technologies are essential in addressing the problem 

of CO2 emission [3]. The chemical absorption and scrubbing process are mature and 

proven methods of capturing CO2 from point sources [4]. However, carbon dioxide 

absorption rate in packed column will be limited by the tendency of the column to 

flood [5]. The occurrence of flooding is a significant drawback of various counter-

current operations such as amine-based carbon capture [6]. To avoid flooding, the PCC 

packed column design needs to consider the flooding point. The pressure drop is a key 

factor indicating the flooding phenomenon in packed columns. However, the pressure 

drop cannot provide information about the liquid distribution holdup and liquid holdup 

of packed columns [7]. The liquid holdup is interesting as it could indicate flooding, 

hydrodynamics and mass transfer in a packed column [8]. In addition, both liquid and 

vapour maldistribution could significantly affect packing efficiency [9]. Therefore, 

real-time monitoring of liquid holdup and liquid distribution is imperative for safely 

operating packed columns. 

First developed in the late 1980s, ECT is a tomographic imaging modality to visualize 

the conductivity distribution within the sensing area [10]. ECT's basic working 

principle is to apply electric voltage to selected electrodes and measure the 

corresponding capacitance. Since its development, ECT has been widely used for 

monitoring industrial processes to estimate key process parameters, e.g., liquid holdup, 

and capture fast-change phenomena [7]. ECT has the benefit of simplicity, non-

intrusiveness, rapid response time and low cost. Relevant cases include the use of ECT 
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for liquid distribution and holdup measurements, like fluidized bed pneumatic 

conveying systems, bubbling beds, and counter-current flow packed columns [7, 11-

15].  

In various carbon capture operation processes, a non-intrusive real-time monitoring 

method with a good temporal resolution is highly desirable for studying 

hydrodynamics and mass transfer [16]. The liquid distribution and holdup obtained 

would provide crucial insights into process engineering analysis. Previous research has 

validated ECT for measuring the liquid distribution and holdup [14]. Although ECT is 

less competitive than X-ray tomography in terms of spatial resolution, it could easily 

meet the demands of high-speed and real-time multiphase flow imaging [17]. Using 

tomography to detect and image liquid distribution in counter-current flows, engineers 

can easily diagnose the flooding phenomenon and packing efficiency, enabling a better 

understanding of hydrodynamics, mass transfer and design optimisation of the packed 

column [7]. Although the development of ECT to date is inspiring, research into the 

improvement of the technology is ongoing, and the challenges still exist in industry-

scale carbon capture applications. 

 

1.2 Aims and objectives 

This project mainly focuses on exploring and developing the ECT technique for lab-

scale experiments, with particular emphasis on absorption packed column and 

cryogenic packed column diagnosis. The primary goals are firstly, to exploit agile, 

adaptable and reliable ECT systems for real-time flooding monitoring and 

maldistribution diagnosis during packed column operation. Secondly, ECT will be 

combined with machine learning methods to characterise liquid distribution, holdup 

and monitor the flooding phenomenon. Finally, ECT will be applied to measure frost 

distribution at cryogenic carbon capture. To achieve the aims of this project, the work 

described in this thesis uses simulation and lab-scale experimental studies to: 

 Design and construct a test rig which can be used to observe the on-site 

flooding for counter-current flow.  
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 Demonstrate the feasibility of applying ECT for packed column liquid 

distribution imaging. 

 Conduct numerical and experimental studies on real-time flooding monitoring. 

Develop models to demonstrate the correlation between the flooding in the 

packed column and ECT data. 

 Develop a machine learning model for liquid holdup prediction more 

accurately and flooding prediction. Perform experimental validation of 

developed machine learning method. 

 Test ECT’s the functionality in providing real-time, continuous measurements 

of frost formation for cryogenic carbon capture. 

 

1.3 Main contributions 

The work in this thesis is separated into two areas, the first of which involves ECT for 

amine-based, counter-current flow, packed column diagnosis, while the second of 

which describes ECT for cryogenic packed column diagnosis. The main contributions 

of this thesis are outlined below for each scenario: 

 Amine-based counter-current flow packed column 

o The first use of ECT for packed column flooding imaging. A flooding 

index was developed for early warning of on-site flooding and is 

identified as the key metric for achieving optimised capture plant 

operation. 

o A CNN-aided ECT method was developed for high accuracy liquid 

holdup calculation and greater robustness in environments affected by 

flooding with strong turbulence flow. The proposed model is validated 

using experimentally measured ECT profile data. 

o A dataset of simulation and real packed column flooding scenarios was 
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obtained using a multimodal measurement system. The superiority of 

ECT is verified by comparing the results of different methods. 

 Cryogenic packed column  

o The feasibility of ECT for cryogenic packed column frost formation 

imaging was investigated by comparing the reconstructed images with 

simulation results. This can be used to demonstrate, for the first time, 

an ability to monitor the cryogenic carbon capture process using real-

time tomography. 

o A dataset is obtained for defining real-time CO2 frost and frost 

accumulation process within a cryogenic packed column. 

 

1.4 Thesis layout 

The thesis consists of 6 chapters, the rest of which are summarised as follows.  

Chapter 2 reviews the background of carbon capture, the foundations of packed 

columns and ECT, the ECT reconstruction algorithms, and the novel applications of 

ECT. Different methods of packed column diagnosis are also compared with their 

fundamentals introduced.  

Chapter 3 details the design and construction of the ECT used for counter-current flow 

packed column diagnosis. The performance of the ECT system and flooding index 

method is evaluated in the experiments.  

Chapter 4 proposes a high-accuracy and robust method for flooding monitoring using 

CNN-aided ECT. Results from the proposed method are compared to results from 

conventional methods. The compatibility of these results is also discussed. 

Chapter 5 investigates the potential to apply ECT for cryogenic carbon capture 

applications. Ceramic beads packing were wetted as a preliminary step to simulate 

CO2 frost formation. The simulations and experimental campaigns demonstrate real-
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time monitoring of frost formation using ECT. The results show that ECT could 

effectively monitor the changes in relative permittivity caused by the frost formation 

in real time. 

Chapter 6 summarises the overall conclusions from this work. Recommendations for 

future work are also discussed based on the novel development produced in the thesis.
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Chapter 2 Literature review 

2.1 Introduction 

This thesis focuses on developing of an ECT system and utilising the system to 

diagnose the packing column in CO2 capture. In order to achieve the research goals, it 

is essential to thoroughly study the existing literature to determine the research that 

has been conducted and those applicable to this thesis. This chapter will seek to 

identify research gaps that must be filled in order to advance the development of the 

diagnostics of the packing column. This thesis focuses on the tomographic analysis of 

the fundamentals of packed column flooding and cryogenic carbon capture packed 

column frosting. 

In the following contexts, a detailed description of carbon capture and the need for an 

in situ diagnosis tool are provided, covering the conventional methods of flooding 

monitoring that have been studied. A brief description of the ECT system will be 

presented and the existing ECT systems for packed column imaging will be discussed. 

In addition, the recent advances in ECT image reconstruction algorithms and liquid 

holdup calculation methods are briefly summarised. Finally, a brief review of other 

ECT applications will be given. This chapter provides background and justification for 

the research undertaken and related studies conducted in the literature are discussed. 

 

2.2 Background about carbon capture 

Business-as-usual (BAU) scenarios have long been considered a baseline scenario that 

examines the consequences of continuing current trends in population, economy, 

energy, technology, and human behaviour [18]. The world’s total energy consumption 

is projected to increase by around 25% in the BAU  scenario [19]. Scientific evidence 

suggests that one of the dominant causes of climate change is the excessive emissions 

of CO2 into the atmosphere [20]. The ambitious target of net zero-carbon emissions by 

2050, agreed by the UK and other countries, has made carbon capture and storage 

(CCS) necessary to achieve those targets [21]. The UK is considering the long-term 
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development of the carbon capture utilisation and storage (CCUS) strategy and plans 

to implement large-scale deployment of the CCUS technology [22]. 

The removal of the greenhouse gas CO2 from the burning of fossil fuels is known as 

carbon capture and storage technology [3]. By injecting CO2 at a depth of several 

thousand metres into a geological reservoir, such as depleted oil or a saline reservoir 

rock [23, 24], it is possible to stop the accumulation of CO2 in the atmosphere and 

permanently isolate it from the carbon cycle. The three main categories of carbon 

capture techniques are oxy-fuel combustion [25], post-combustion [26], and pre-

combustion [27]. Adsorption [28], chemical or physical absorption [29], cryogenic 

[30], membrane separations [31], and chemical looping combustion (CLC) [32] are 

the main pre- and post-combustion carbon capture techniques. 

The background of carbon capture, its necessity, and the methods of carbon capture 

that are now known will all be covered in this chapter. This literature review will 

examine studies done on amine-based post-combustion capture and cryogenic carbon 

capture, two of the most recent carbon capture methods. 

 

2.2.1 Amine-based post-combustion carbon capture  

Post-combustion capture is the most mature and most effective technology currently 

among the various carbon-capture technologies [33]. Post-combustion capture refers 

to the removal of CO2 from flue gases after the combustion process occurs. This allows 

carbon capture and storage to be directly integrated with many industry's CO2 emission 

sources, such as a power station, without making any change to the base design of 

industrial processes. It also means that it is possible to design new power stations in 

anticipation of the addition of carbon capture. Post-combustion capture relies on 

absorption and uses a solvent solution to capture CO2 by the chemical or physical 

reaction. Among the carbon capture technologies, chemical absorption is the most 

mature and is widely employed due to its excellent selectivity and effectiveness at 

capturing CO2 at low concentrations [34]. The recommended option is amine-based 

absorbents like monoethanolamine (MEA) [35].  
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One of the world's first and largest commercial amine solvent technology CCS 

integrated coal-fired power plants is the SaskPower Boundary Dam CCS Project in 

Estevan, Saskatchewan, Canada [36]. The plant was opened in 1959, and the CCS 

facility became operational in 2014 [37]. Canadian federal regulations limit the amount 

of CO2 that can be released from a coal-fired unit that is reaching the end of its useful 

life of 50 years [38]. With boundary dam's Unit 3 reaching that mark, it was the perfect 

candidate for carbon capture. Unit 3 has been retrofitted with carbon capture 

technology, replacing the turbine. This will prolong its useful life by decades, allowing 

SaskPower to capture up to 90% of all greenhouse gases from this unit. Until February 

2022, the CCS facility at Boundary Dam Power Station captured 41,584 tonnes of 

carbon dioxide [37]. The average daily capture when using CCS was 2,796 tonnes per 

day, with maximum capture in one day of 2,950 tonnes [37]. Building on the lessons 

learned here, SaskPower's case study can be applied to the most of coal-fired power 

stations around the world. 

The main drawbacks of absorption technology include the need for large amounts of 

amine and large absorber columns for the solvent to effectively capture CO2 as well as 

the energy-intensive regeneration of the solvent and CO2 desorption requirements, 

which have a significant impact on the operational costs [39]. Amine-based solvents 

are now the most widely used post-combustion CO2 capture technique. However, 

current technologies are too energy-intensive for widespread adoption, and emerging 

lower energy alternatives will require more development and demonstration under 

realistic conditions [40]. Other post-combustion carbon capture techniques are more 

suitable for large emitters. [41]. Experimental study or pilot-scale tests with inner 

column diameters ranging from 19 mm to 597 mm and various packing methods have 

been detailed in earlier research on the variables influencing post-combustion carbon 

capture absorption efficiency [42].  

While it is possible to measure a number of process parameters in real time; including 

CO2 concentration at the absorber's intake and outlet [43], stripper pressure, fuel gas 

flow rates, and solvent flow rates, it is still challenging to assess the solvent distribution 

and liquid holdup continuously [14]. This prevents it from being used as a control 

variable and makes it difficult to conclude how liquid flow rates react to dynamic 
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operations. Although studies indicate that amine-based absorption has almost reached 

its maximum efficiency [44], other methods, such as cryogenic carbon capture [30] 

and direct air capture [45], may still have the opportunity for growth.  

 

2.2.2 Cryogenic carbon capture 

Cryogenic carbon capture enables the physical phase change method of CO2 separation 

from flue gas instead of a chemical separation method. There is growing interest in 

cryogenic carbon capture to address the need for new methods to capture CO2 to tackle 

the present challenge of climate change [30]. This technique can offer a high CO2 

removal level and produce high purity of CO2, which can be used in the food industry 

or to make chemicals [46]. Cryogenic processes typically use very low temperatures 

(about −100 °C or below) that physically separates CO2 by desubliming out CO2 and 

generating a frost. Tuinier et al. [47] show that in the presence of identical favourable 

circumstances and a ready cold source, cryogenic carbon capture would be a more 

cost-effective method of carbon capture than amine-based absorption and membrane 

technologies [48]. 

Ali et al. [49] had previously conducted investigations on energy minimisation in 

cryogenic beds during the purification of natural gas with a high CO2 component. They 

examined how process variables such as the initial temperature of the cryogenic bed, 

feed composition, and feed flow rate affected the energy used, bed saturation, bed 

pressure, and cycle time. Font-Palma et al. [30] reviewed the different cryogenic 

carbon capture techniques in development, their advantages, and the challenges 

preventing their commercialisation. Modelling work has been done to help the 

prediction of CO2 frost points of natural gas in liquefied natural gas (LNG) systems 

[50]. However, the excessive accumulation of CO2 frost on a heat exchanger's surface 

reduces heat transfer rates, which in turn reduces process efficiency [51, 52]. Previous 

research identified the necessity of employing packed beds in advanced arrangements 

that provide periodically transition between CO2 collection, sublimation, and bed 

cooling conditions [53]. Another configuration overcomes this limitation by using a 

moving packed bed, the advanced cryogenic carbon capture (A3C) process, which 
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feasibility has been assessed through modelling and economic analyses [54]. The 

moving bed architecture enables continual regeneration of the frosted bed material, 

which is subsequently recycled back into the capture column. Additionally, the 

velocity of CO2 frost advance within a static packed bed could enable the construction 

of a moving bed column that would provide continuous CO2 removal. [46].  To allow 

the cooling of bed material and CO2 frost formation simultaneously, the effectiveness 

of different types of bed material was investigated for a moving bed system, and 

combining the precooling and capture steps within the cryogenic capture column is 

illustrated by Cann et al. [55]. 

The ability to operate at near-atmospheric pressure is an advantage of cryogenic carbon 

capture. But it also has problems with heat transfer efficiency. The method loses heat 

transfer efficiency over time as CO2 is trapped as a layer of frost on the heat transfer 

surface. The capture system must periodically be shut down for regeneration in order 

to recover the frost from the heat transfer surface. The factors that affect overall CO2 

removal quality and efficiency in cryogenic carbon capture systems are, therefore, the 

initial bed temperature, inlet CO2 fractions, packing material and the frost layer 

produced on the surface of packing material [56]. Water in moist air or refrigeration 

cycles is the main topics of research in crystal (or nucleation) and frost development. 

There is one report available regarding binary data of nitrogen and CO2 mixtures for 

the variation of frost thickness, density and thermal conductivity in a cryogenic plate 

used visual inspections and images taken through the transparent packed column pipe 

[57]. However, these can only provide information about the frost layer at the outer 

circle of the packed column, and the exact amount of frost cannot be directly calculated. 

Thus, the study in this thesis will address this research gap through the application of 

ECT to better understand CO2 frost formation under varying factors. Understanding 

the mechanism of frost formation within a packed column aids in the design of a new 

cryogenic carbon capture system. 
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2.3 Fundamentals of packed column 

2.3.1 Properties of a packed column 

A packed column is an essential equipment in many chemical unit processes, such as 

CO2 absorption [58]. Due to its large capacity, low price, and high efficiency, it has 

drawn a lot of attention [59]. Structured packing is composed of a repeating geometric 

pattern and consists of a multitude of channels where a gravity-driven falling liquid 

film flows downwards along the packing walls in the presence of an upward flowing 

gas at a constant pressure gradient [60], shown in Figure 2-1. It is used in the packed 

column to ensure that there is a large contact area between the combustion gas and the 

chemical solvent to maximise carbon capture efficiency [61]. 

 

Figure 2-1: Comparison between pressure drop and pressure drop gradient across the 

whole packed column. 

Chemical post-combustion carbon capture has a number of drawbacks, including the 

need for very densely packed columns and difficulty in scaling down economically for 

industrial applications like fertilisers, steelmaking, and refineries [39, 46]. Among the 

existing post-combustion carbon capture technologies, few focus on column design 

optimisation, which is essential for reducing the cost of investment in the capture 

process. It can be achieved either by developing new high-performance packing or an 

adequate design of packed columns [62]. However, flooding occurs in packed columns 
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when either the gas or liquid flow is increased beyond the capacity of the column, 

accompanied by a sharp increase of the pressure drop, loss of mass transfer efficiency, 

and heavy entrainment [63]. Features used to identify flooding regimes include the 

appearance of flow reversal, excessive entrainment, a sharp rise in pressure drop, a 

sharp rise in the liquid holdup, and a sharp fall in efficiency [6]. In this context, 

accurate prediction of the onset of flooding is of critical importance. Therefore, it is a 

common practice to design and operate absorption columns below the flooding point 

and achieve the best mass transfer with lower gas velocities and thus lower pressure 

drops. Lower gas velocities effectively cause packed column diameters to be oversized, 

which raises capital costs. 

 

2.3.2 Flooding in packed columns 

Flooding occurs in packed columns when either the gas or liquid flow is raised above 

the capacity of the column, accompanied by a sharp increase of the pressure drop, loss 

of mass transfer efficiency, and heavy entrainment [63]. Flooding provides a 

significant concern for counter-current flow in a vertical packed column. Flooding not 

only significantly reduces mass transfer efficiency but also has other negative effects, 

such as forcing liquid into gas pipelines and subsequently destroying equipment [7]. 

A higher pressure occurring at the bottom of the column and connected pipes can result 

in equipment damage, pipe leakage and even explosion. In order to provide a better 

explanation of the packed column flooding mechanism, the terminologies involved 

will be presented in detail. 

 Loading point: At the loading point of a column, the gas velocity is high 

enough to destabilise the liquid film and influence the liquid flow. After this 

point, the liquid will accumulate in the column and lead to higher liquid holdup 

and higher pressure drop until flooding happens. 

 Flooding point: Flooding point is the upper limit of the packed column 

operation. At this point, there is an excessive accumulation of liquid in the 

entire packed column. 
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 Liquid holdup: Liquid holdup is an important hydrodynamic property to 

estimate packed column performance and is defined as the ratio of the volume 

of a packed column occupied by the liquid to the total volume of the packed 

column. 

Flooding points, as an indication of the upper capacity limit of a packed column, will 

affect packed column design. In a counter-current packed column, operating in the 

loading zone between the loading and flooding points is recommended to achieve a 

high mass transfer rate [64]. Therefore, a counter-current packed column is generally 

designed to 70-80% of the flooding point velocity [64, 65], or a lower boundary of 60% 

for safety concerns [66]. This practice provides a sufficient margin to (a) allow 

uncertainties associated with the prediction of the flooding point and (b) to keep the 

designed point away from the region where efficiency rapidly diminishes (just below 

the flooding point). However, this method leads to oversized packed column diameters, 

which reduces efficiency. When employed for CCS operations with MEA and other 

amines, the flooding point of structured packings may be greatly overestimated, 

resulting in the oversizing of packed columns for CCS operations [67]. 

Numerous experimental and numerical research has been conducted to determine how 

to prevent flooding in counter-current flow packed columns. Some studies optimised 

packing sizes and operating parameters [68] or packing arrangements [69] to push the 

flooding limits towards much higher throughputs in counter-current set-ups. However, 

these practices come at the expense of reducing the mass transfer rate. Furthermore, 

flooding still occurs accidentally even if the above measures are taken. Therefore, a 

safety factor, typically a percentage of the flooding velocity, is implemented to select 

operating gas velocities when sizing packed columns and to avoid detrimental effects 

on absorption efficiency. In order to prevent packed columns from flooding during 

operation, various empirical and theoretical flooding models have been used to predict 

the gas velocity at the flooding point [70, 71]. However, the accuracy of these forecasts 

always depend on empirical parameters related to the packed column applied, which 

is difficult to obtain. Failure to effectively estimate and avoid flooding may lead to a 

reduction in production, equipment damage, safety problems, and  an oversizing of 

column diameters once large safety factors are implemented. 
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2.4 Packed column monitoring methods 

2.4.1 Pressure drop 

Pressure drop, liquid holdup and packed column flooding are closely linked [6]. It is 

generally recognised that the pressure drop inside the column is the most crucial 

variable for flooding prognosis [72, 73]. In the past decade, several empirical or semi-

empirical correlations have been developed to determine the loading and flooding 

points and pressure drop in the pre-loading and loading zones for either random or 

structured packing [74-77]. However, there are great differences between the various 

correlations documented in the literature [78]. 

The most common pressure drop (∆𝑃) calculation is the Ergun equation, which could 

predict the dry packing pressure drop within the packed column: 

∆𝑃 =
150×𝜇×𝐿

𝐷𝑝
2

(1−𝜀)2

𝜀3 𝑣𝑠 +
1.75×𝐿×𝜌

𝐷𝑝

(1−𝜀)

𝜀3 𝑣𝑠|𝑣𝑠| (2.1)  

where 𝑣𝑠 the superficial velocity of the fluid, 𝜇 the kinematic viscosity of water, 𝐿 the 

total height of the packed column, 𝐷𝑝 the particle diameter of bed material and 𝜀 the 

bed void fraction. The first and second terms in the equation represent the viscous 

energy losses and kinetic energy losses within the packed column, respectively. While 

many cases may be covered by this equation, other scholars have worked to construct 

pressure drop equations for particular fields. 

Stichlmair et al. [79] extended the applicability of Ergun equation to describe the 

pressure drop of an irrigated bed. The irrigated pressure drop is obtained by iterative 

calculations. As a starting point, the irrigated pressure is assumed to be equal to the 

dry pressure drop. 

∆𝑃𝑖𝑟𝑟

𝜌𝐿𝑔𝑍
=

∆𝑃𝑑𝑟𝑦

𝜌𝐿𝑔𝑍
×

{1−𝜀[1−
ℎ0
𝜀

[1+20(
∆𝑃𝑖𝑟𝑟
𝜌𝐿𝑔𝑍

)
2

]]}

(2+
𝑐
3

)

1−𝜀

× [1 −
ℎ0

𝜀
[1 + 20 (

∆𝑃𝑖𝑟𝑟

𝜌𝐿𝑔𝑍
)

2

]]

−4.65

(2.2)
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where ∆𝑃𝑖𝑟𝑟 is the pressure drop through an irrigated bed, 𝜌𝐿 is the density of liquid, 

𝑔 is the gravitational constant, 𝑍 is the total height of packing, ℎ0 is the liquid holdup 

below the loading point. The results of the pressure drop from equation (2.2) on the 

first iteration could replace the dry pressure drop for further iterations. The above steps 

are repeated, and the final results are obtained until iterations do not change the 

pressure drop quoted. Razi et al. [80] concluded a large number of studies in the 

literature establishing correlations for predicting pressure drop and flooding point in 

packed column. The majority of cutting-edge techniques monitor pressure drop, which 

increases noticeably just before flooding occurs [74]. However, online flooding 

detection by invasive pressure transducers may delay action since proper identification 

of the loading point and flooding point needs a full curve of pressure drop [7]. 

 

2.4.2 Liquid holdup 

The alternative to identify flooding is to monitor the increase in liquid holdup in the 

packed column [81]. Below the loading point, the holdup is a function only of the 

liquid rate. According to Jammula et al. [82], liquid holdup and film thickness in a 

structured packed column increases with increasing gas flow rates above the loading 

point. The region where there is an influence on the gas rate is commonly known as 

the loading region. In the loading region, the liquid will accumulate in the column and 

lead to higher liquid holdup and higher pressure drop until flooding happens. Several 

liquid holdup correlations were developed during the past few decades. The results 

from different correlations vary greatly and depend on the assumptions and packing 

type used. 

For example, Billet [78] concluded in his work that the global liquid holdup below the 

loading point can be predicted using the following equation. 

ℎ0 = 0.555𝐹𝑟𝐿

1

3 (2.3)  

where the Froude number is defined as  
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𝐹𝑟𝐿 = 𝑈𝐿
2 𝑎

𝑔𝜀4.65
(2.4)  

where 𝑈𝐿  is the liquid loading, 𝑎  the specific surface area of packing, 𝑔  the 

gravitational constant and 𝜀 the packed column void fraction. Due to the change in 

flow pattern after flooding occurs, the mechanism of liquid holdup is also changed. 

Therefore, for liquid holdup above the loading point a new correlation is required.  

Since global pressure drop and global liquid holdup are closely linked [6]. Stichlmair 

et al. [79] concluded in their work that the influence of gas friction and the effect of 

the pressure gradient can be combined in a single dimensionless pressure drop term in 

the form ∆𝑃𝑖𝑟𝑟/(𝑍𝜌𝐿𝑔) and the following correlation can be used for liquid holdup 

above the loading point. 

ℎ = ℎ𝑜 [1 + 20 (
∆𝑃𝑖𝑟𝑟

𝑍𝜌𝐿𝑔
)

2

] (2.5)  

The best example of a model that uses liquid holdup as a principal component in 

pressure drop and mass transfer model development is the Billet random packed model 

[83]. However, a major limitation of this model is its dependency on packing specific 

constants for model predictions. So models similar to the Billet model are necessary 

for structured packing without any of the Billet model’s limitations.  

In previous studies on packed column flooding, only the global liquid holdup has been 

measured between the packed column liquid inlet and outlet [80]. However, 

measurement of global liquid holdup by draining the packed column is unrealistic for 

CCS applications. 

 

2.4.3 X-ray tomographic techniques 

X-ray tomography is a “hard field” tomographic technology, which has the advantages 

of high spatial resolution and high temporal resolution [84]. Radiation-based 

tomographic techniques can image the cross sections of the packed column at different 

axial positions [85], providing information on liquid holdup, and hydrodynamic liquid 

spreading patterns of rotating packed beds [86, 87], bubbling fluidized beds [88] and 
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counter-current flow distillation columns [85]. Janzen et al. [89] used X-ray 

tomography to investigate liquid holdup, liquid distribution and hydrodynamics in 

structured packing under flooding conditions. Furthermore, Janzen et al. [90] applied 

ultrafast electron beam X-ray tomography to overcome the disadvantages of the slow 

sampling frequency of the conventional data acquisition system. Thus, the system with 

a high temporal resolution of 2,000 images per second could obtain the dynamic liquid 

holdup and the real-time liquid distributions. However, the shortcomings in X-ray 

tomography include radiation hazards and expensive equipment [91]. Therefore, X-

ray tomographic techniques are difficult to use for a long time and on a large scale in 

an industrial environment. 

 

2.4.4 Comparisons for packed column monitoring methods 

Each of the previously listed packed column monitoring technologies has its own 

advantages and disadvantages. The application of these process variables into packed 

column monitoring depends on the compatibility with the present technology and 

packing material in industry. Table 2-1 shows the comparison of the above-mentioned 

methods for packed column diagnosis. 

Table 2-1: Comparison of monitoring methods for packed column diagnosis. 

Monitoring 

technology 
Advantages Challenges 

Pressure 

drop 

Simple, cheap, most 

mature technology. 

Intrusive, limited information from points 

measurement. Require a full pressure drop 

curve to diagnose flooding. 

Liquid 

holdup 

Cheap, highly mature 

technology. 

Interrupt operation process. Conventional 

draining methods are difficult to measure liquid 

holdup.  

X-ray 

tomographic 

techniques 

Non-invasive, high 

temporal resolution and 

spatial resolution. 

Radiation hazards, expensive equipment, slow 

data acquisition  

ECT 

Non-radiative, non-

invasive, fast, low-cost, 

high temporal resolution. 

ECT will struggle to image systems that utilise 

a grounded metallic packing [14]. 
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As a non-radiative, non-invasive, fast and low-cost tomographic modality, ECT can 

possibly be implemented directly to the process scale, and it may be possible to gain 

operational insights to operate packed columns closer to the flooding point safely [92]. 

Relative to the x-ray tomographic techniques introduced in the previous section, the 

non-linear effect is often referred to as the “soft-field effect” inherent in ECT systems. 

Subsequent sections will specify the principles and applications of ECT. 

2.5 Fundamentals of electrical capacitance tomography 

ECT is a tomographic technique focusing on detecting permittivity changes inside the 

sensing area [92], as shown in Figure 2-2. The measured capacitances are used to 

retrieve the cross-sectional permittivity distribution within the sensing area based on a 

pre-calculated sensitivity map. For the forward problem of ECT, the linearised model 

describing the relationship between normalized capacitance data Cnorm and the 

normalised permittivity change 𝑔 is given by: 

𝐶𝑛𝑜𝑟𝑚 =  𝑆𝑔 (2.6)  

where 𝑆 is the matrix giving a sensitivity map for each electrode pair. Therefore, the 

inverse problem of ECT is to calculate the relative permittivity distribution from the 

measured capacitances. An ECT sensor suffers a non-linear behaviour, particularly for 

high permittivity media such as water and a thick pipe wall. The problem of non-linear 

sensor behaviour is of a fundamental nature, with its roots in the equations governing 

the behaviour of the electrical field [93].  

 

Figure 2-2: Simulated electrodes and area of interest. 
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Image reconstruction is the objective of solving the ECT inverse problem. But this 

process is ill-conditioned and inherently non-linear. For the problem of non-linearity, 

a change in such local coefficient produces a change in the underlying field solution 

that does not follow a linear relationship with coefficient. The accuracy of the final 

solution for the estimated permittivity distribution is determined by the degree of such 

non-linearity and the number of available independent capacitance measurements. The 

number of capacitance measurements is usually much smaller than the number of 

pixels to be determined so the image reconstruction process is also ill-conditioned. The 

ill-posed problem also affects how noise and small perturbations on the measured data 

influence the reconstructed image quality. Common image reconstruction algorithms 

can be referred to in Yang and Peng [94]. 

Although various normalising methods have been created and published in literatures, 

the parallel and series normalisation are most commonly used [95]. The parallel 

scheme assumes that the total capacitance between a pair of electrodes is the sum of 

many smaller banks of different dielectric regions running in parallel from electrode 

to electrode [92]. For the parallel normalisation, the intermediate pre-pixel normalised 

capacitance at each measured electrode pair under the condition of gas-liquid flow is 

given by: 

𝐶𝑛𝑜𝑟𝑚 =
𝐶𝑚𝑒𝑎(𝑗)−𝐶𝑙(𝑗)

𝐶ℎ(𝑗)−𝐶𝑙(𝑗)
, 𝑗 = 1,2, … , 𝑁 (2.7)  

where j is index of the measurement, N the maximum number of measurements. Cmea(j) 

is the measured capacitance at the jth electrode pair. Cl(j) and Ch(j) are the reference 

capacitances at the jth electrode pair when the sensing field is full of low permittivity 

media (air) and high permittivity media (water), respectively.  

On the other hand, the series normalisation scheme assumes a series connection and 

performs normalisation by using the reciprocal of the capacitances. For the series 

normalisation scheme, the intermediate pre-pixel normalised capacitance at each 

measured electrode pair under the condition of gas-liquid flow is given by: 

𝐶𝑛𝑜𝑟𝑚 =

1

𝐶𝑚𝑒𝑎(𝑗)
−

1

𝐶𝑙(𝑗)
1

𝐶ℎ(𝑗)
−

1

𝐶𝑙(𝑗)

, 𝑗 = 1,2, … , 𝑁 (2.8)  
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Recent studies have shown that either the two-end or the single-end calibration 

methods can be used for normalising the measured capacitances [14]. For the two-end 

calibration method, the ECT sensor is calibrated between the lowest and the highest 

permittivity limits. However, it is less practical in industrial applications to do the 

calibration with high permittivity media as it requires the column cross section to be 

filled with water. For the single-end calibration method, only single reference media 

is needed [14]. The single-end normalisation model is expressed as: 

𝐶𝑛𝑜𝑟𝑚 =
𝐶𝑚𝑒𝑎(𝑗)

𝐶𝑟𝑒𝑓(𝑗)
, 𝑗 = 1,2, … , 𝑁 (2.9)  

where Cref(j) is the reference capacitance when the packed column is full of low 

permittivity media, i.e. air with packing. However, this reference capacitance is not 

constant. It is affected by the real experimental conditions such as wetting and pre-

flooding of the packing. 

Under a linear approximation, the relationship between permittivity distribution and 

the measured capacitance is expressed as: 

𝐶𝑚𝑒𝑎(𝑗)

𝐶𝑟𝑒𝑓(𝑗)
≈

∑ 𝜀𝑚𝑒𝑎(𝑘)𝑠𝑗,𝑘(𝜀𝑚𝑒𝑎(𝑘))𝑤
𝑘=1

∑ 𝜀𝑟𝑒𝑓(𝑘)𝑠𝑗,𝑘(𝜀𝑟𝑒𝑓(𝑘))𝑤
𝑘=1

(2.10)  

where k is the pixel number of the sensitive field and w the maximum number of pixels. 

The measured and reference permittivity at the kth pixel is represented by 𝜀𝑚𝑒𝑎(𝑘) and 

𝜀𝑟𝑒𝑓(𝑘), respectively. The sensitivity matrix S can be calculated using the finite element 

method (FEM) in advance.  

 

2.6 ECT system for packed column diagnostics 

2.6.1 System architecture and principle of operation 

Figure 2-3 shows a schematic view of ECT measurement system, which consists of 

sensors, control circuits, data acquisition, and a computer with image visualisation 

software. The ECT sensing problem corresponds to the reconstruction of the dielectric 
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distribution in an imaging domain from a set of capacitance measurements taken at the 

domain boundary, from between a set of electrodes placed around the domain. 

 

Figure 2-3: Diagram of ECT measurement system. 

In an ECT system, the total number of available independent capacitance 

measurements 𝑀, measured using the 𝑛 sensors, is given by equation (2.11).  

𝑀 =
𝑛(𝑛−1)

2
(2.11)  

Each electrode produces a different electric field and imaging area. All capacitance 

measurements need to be normalised so that they can be used simultaneously for image 

reconstruction [92]. In this thesis, the development of a lab-scale ECT system will be 

demonstrated in Section 3.2.1. 

 

2.6.2 Image reconstruction algorithms 

In the previous sections, both the forward and inverse problems of ECT are introduced. 

Image reconstruction is the objective of solving the ECT inverse problem. To date, 

several studies have investigated image reconstruction algorithms for ECT [94, 96]. 

There are two main types of imaging reconstruction algorithms for ECT: algebraic and 

optimisation techniques [92]. The imaging domain is initially segmented into tiny 

pixels for this purpose. Then, the electric field is computed inside the imaging domain 

when one single electrode is excited with a unit potential while the others are 

grounded. The sensitivity matrix can be calculated with following equation: 

𝑆𝑖𝑗 = 𝑉0𝑗𝐸𝑠𝑖(𝑥, 𝑦, 𝑧) ∙ 𝐸𝑑𝑖(𝑥, 𝑦, 𝑧) (2.12)  
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where 𝐸𝑠𝑖 is the electrical field distribution at the voxel 𝑗 location given the source 

electrode in pair 𝑖 is activated with unit voltage and other electrodes are grounded. 

Similarly, 𝐸𝑑𝑖 is the electrical field distribution produced at voxel 𝑗 location given the 

detector electrode of pair 𝑖  activated with unit voltage and other electrodes are 

grounded. 𝑉0𝑗 is the volume of voxel j. The linear relationship between the capacitance 

response to a perturbation on any given pixel permittivity is defined in equation (2.12). 

This is a rough estimation since it overlooks the non-linearity brought on by 

interactions between many pixel disturbances at various places [92]. This significantly 

influences the resultant electric field and thus the measured capacitance values. The 

first-order Born approximation in scattering theory is analogous to the approximation 

that the sensitivity matrix in equation (2.12) undergoes mathematically. The results 

produced by equation (2.12) can be accuracy if the contrast between the dielectric 

constants of different materials is not too high and the fractional volume of the 

perturbed pixel area is small [92]. 

1) Linear back projection 

The first attempt to reconstruct images for ECT was made using linear back-projection 

(LPB) [97]. The sensor response to dielectric distribution can also be simplified as 

linear with respect to the sensitivity matrix. The solution obtained using LBP algorithm 

can be expressed as: 

𝑔̂ = 𝑆𝑇𝜆 (2.13)  

where 𝑔̂ is the pixel values, 𝑆𝑇 is the transpose of the sensitivity matrix, and 𝜆 is the 

measured capacitance vector. The calculation solution of LBP is very fast, especially 

suitable for some applications that require real-time imaging [94]. But since it is a 

linear approximation, the reconstructed images are suffered from visible artefacts. 

Those artefacts are caused by the “soft-field” (non-linear) nature of the ECT problem. 

2) Landweber algorithm 

To reduce these artifacts to obtain improved images or high-precision quantitative 

information, iterative algebraic methods can be applied to solve the ECT problem. In 

those approaches, the initial pixel values can be calculated using a simple algorithm 
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images [98], e.g. LBP. The discrepancy between the original measured data and the 

forward solution is then minimised iteratively. This method significantly improves the 

reconstructed image quality. The Landweber algorithm is a variation of the steepest 

gradient descent method, which is the most common type of iterative algebraic 

reconstruction utilised in ECT [96]. This is defined in equations (2.14) and (2.15). 

𝑔̂𝑘+1 = 𝑔̂𝑘 − 𝛼𝑆𝑇(𝑆𝑔̂𝑘 − 𝜆) (2.14)  

where a fixed relaxation factor 𝛼 is set in the beginning of the iteration process [98], 

which is chosen base on the following constraint. 

0 < α <
2

‖𝑆𝑇(𝑆𝑔̂𝑘−𝜆)‖
2 (2.15)  

The image from the last iteration can be forward projected directly onto the sensitivity 

matrix. Since it utilises the same sensitivity matrix calculated in advance, this allows 

Landweber algorithm to iteration quickly. However, it is also limited by the 

linearisation error from representing the soft-field ECT problem using linear 

superposition of the sensitivity matrix [96]. The accuracy of iterative reconstruction 

approaches can be achieved by solving the forward problem using more accurate 

methods, e.g. FEM. However, this method needs to calculate the corresponding 

sensitive field in advance using the FEM. This makes iterative algorithms unsuitable 

for real-time imaging applications. 

3) Deep leaning algorithms  

With the rapid development of deep learning algorithms, data-driven ECT techniques 

have been validated for the optimisation of image reconstruction in many applications. 

Jin et al. [99] applied a deep learning-based method to accomplish image 

reconstruction from ECT.  
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Table 2-2: Comparison of the state-of-the-art image reconstruction algorithms for ECT. 

Image 

reconstruction 

algorithms 

Advantages Challenges 

LBP 

Linear approximation could provide a 

fast solution. It can be used in fast 

data acquisition and real-time 

imaging applications. 

Suffers from visible artefacts 

caused by the “soft-field” (non-

linear) nature of the ECT 

problem. 

Landweber 

algorithm 

Iterative algebraic approaches could 

significantly improve image quality 

and mitigate the artefacts. The same 

sensitivity matrix calculated in 

advance could get results quickly. 

The computational cost for the 

sensitivity matrix is significant 

and leads to slow data acquisition 

and offline imaging applications. 

Deep learning 

algorithms 

Features are automatically deduced. 

Process parameters, such as liquid 

holdup, can be obtained from the 

reconstructed images. Some mature 

networks can be directly applied to 

new ECT applications. Deep learning 

method is reliable when sufficient 

data and accurate data labels are 

available. 

It may require a large amount of 

data to obtain good-quality 

images. The computational cost 

for training is expensive. 

Depending on the ECT 

application, selecting different 

parameters and training methods 

may be necessary. 

 

Grzegorz et al. [100] used the long short-term memory network for intelligent selection 

of the best image reconstruction methods depending on the reconstructed case. There 

are a number of large cross-sectional studies which suggest a deep learning and 

regularisation-based hybrid algorithm further improves the ability to process a large 

amount of data in real time imaging [101-103]. In a recent study, Fabijańska and 

Banasiak [104] applied a graph convolutional network to improve 3D ECT images. 

This method improved the results of the best non-linear reconstruction algorithm. 

Compared with traditionally computational imaging algorithms, deep learning 

algorithms could take advantage of dealing with multiple input parameters and 

massive data. In addition to image reconstruction, some authors use ECT combined 

with deep learning for flow regime identification [105].  

The previously discussed ECT imaging algorithms have different advantages and 

disadvantages. Applying these ECT image reconstruction algorithms to other CCS 
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applications depends on the compatibility with the needs in industry. Table 2-2 shows 

the comparison of the state-of-the-art image reconstruction algorithms for ECT. 

 

2.6.3 Liquid holdup estimation 

Studies have shown that either the ECT quantitative permittivity image reconstruction 

algorithm or ECT quantification of water to liquid ratio (WLR) methods can be used 

for liquid holdup estimation [106]. Li et al. [107] used the LBP algorithm to 

quantitatively derive the WLR and the thickness of the liquid layer of the annular flows. 

The liquid holdup calculation procedures are shown below.  

𝐶𝑛 =

1

𝐶𝑚(𝜀𝑚)
−

1

𝐶𝑙(𝜀𝑙)

1

𝐶ℎ(𝜀ℎ)
−

1

𝐶𝑙(𝜀𝑙)

(2.16)  

where 𝐶𝑛 is the normalised, capacitance. 𝐶𝑚 is the measured raw capacitance, and 𝐶𝑙 

and 𝐶ℎ  are the low-permittivity and high-permittivity calibration capacitances, 

respectively. The mixture permittivity model is derived from Ramu-Rao’s model and 

proposed by Li et al. [7] to achieve a physics-based quantification of water liquid ratio 

from the raw capacitance measurements. 

𝜀𝑚 =
1

𝐶𝑛(
1

𝜀ℎ
−

1

𝜀𝑙
)+

1

𝜀𝑙

(2.17)  

where 𝜀𝑚 is the mixture permittivity, 𝜀ℎ is the permittivity of water in this study, and 

𝜀𝑙  is the permittivity of gas. The quantitative permittivity images are given by 

quantitative permittivity image reconstruction algorithm (LBP or iterative algorithms).  

𝜀̂(𝑥, 𝑦) =
∑ ∑ (𝜀𝑚)𝑖𝑗𝑆𝑖𝑗(𝑥,𝑦)

𝑁
𝑗=𝑖+1

𝑁−1
𝑖=1

∑ ∑ 𝑆𝑖𝑗(𝑥,𝑦)
𝑁
𝑗=𝑖+1

𝑁−1
𝑖=1

(2.18)  

The image reconstruction algorithms are also used to generate images for real-time 

liquid distribution monitoring. Then, the quantitative permittivity images could be 

applied in oil-water dielectric mixing model for WLR calculations. 

𝑊𝐿𝑅 =
𝜀𝑙𝑖𝑞𝑢𝑖𝑑−𝜀𝑜𝑖𝑙

𝜀𝑙𝑖𝑞𝑢𝑖𝑑+2𝜀𝑜𝑖𝑙
(2.19)  
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For a gas/oil/water three phase flow, the liquid holdup calculation is given by the gas-

liquid dielectric mixing model. 

𝛼𝑙𝑖𝑞𝑢𝑖𝑑 = (
𝜀𝑚−𝜀𝑔𝑎𝑠

𝜀𝑙𝑖𝑞𝑢𝑖𝑑−𝜀𝑔𝑎𝑠
)

1

𝑥 (2.20)  

where 𝛼𝑙𝑖𝑞𝑢𝑖𝑑  is the water liquid ratio, 𝜀𝑔𝑎𝑠  the permittivity of air, 𝜀𝑙𝑖𝑞𝑢𝑖𝑑  the 

permittivity of water, and x is a measurement path-dependent empirical parameter. 

However, the image reconstruction process could suppress quite a good amount of 

information from the capacitance data and can be directly used to calculate the liquid 

holdup. The liquid holdup could be estimated without the reconstructed image [107] 

as illustrated in Figure 2-4. This model has been used in previous literature as a simple 

method for liquid in mixture ratio calculations. Examples include Wu et al. [1], Li et 

al. [107], Wang et al. [108] and Xie [109].  

 

Figure 2-4: Calculation of liquid holdup based on image reconstruction method and the 

proposed new method. Reprinted with permission [107]. 
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2.7 Electrical capacitance tomography applications 

Commonly applied in multiphase flow measurement, process tomography has evolved 

significantly over the past decades. As a non-radiative, non-invasive, fast and low-cost 

tomographic modality, the application of ECT has been initialised to study the 

multiphase flow regime [110, 111]. ECT was employed previously by Wongkia et al. 

[112] to research the flooding capacity of counter-current gas-liquid flow in inclined 

packed beds equipped with small packings. Similarly, ECT was used to investigate 

pulse flow and pulse velocity in co-current trickle bed reactors [12], solid-phase 

distributions in a gas-solid fluidised bed [13, 15] and determination of the onset of 

bubbling and slugging in a fluidised bed [113]. Strazza et al. [114] used a simple two-

electrode capacitance sensor for liquid holdup measurement in core-annular flows. 

However, the two-electrode sensor can only obtain one independent capacitance 

measurement without any spatial information about the target flow. 

Various recent studies have shown that an ECT system can measure the liquid flow 

distribution and thus obtain the velocity measurement of two-phase flows [115, 116]. 

Several studies have used ECT to better understand the hydrodynamics of co-current 

flow in packed columns [117], dynamic liquid distribution in a fixed bed column [118] 

and monitor gas voids in a packed bed column [119]. 

Although ECT has been successfully used to measure liquid holdup and distribution 

in the packed column [11, 14, 117], imaging of liquid distribution has been barely 

studied under the flooding phenomenon or imaging frost formation process at the 

cryogenic packed column that enables timely warning of the occurrence of flooding or 

indicates the frosting of CO2. This is also a motivation of this study. 

 

2.8 Conclusions 

This chapter provides background information necessary to understand the 

fundamentals of multi-disciplinary topics in this work.  To achieve the goal of carbon 

neutrality, carbon capture and storage is an indispensable technology. Among the 

carbon capture technologies being studied, post-combustion capture has the potential 
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to be applied on a large scale because it can be retrofitted to existing power plants. The 

purpose of the chapter is to help understand the state-of-the-art carbon capture 

techniques and ECT techniques. While the impact of flooding involved in amine-based 

CO2 capture and extremely low temperatures involved in cryogenic carbon capture on 

an ECT sensor is unknown. The diagnostic capabilities of ECT for packed columns 

are well established [14]. Even though the literature contains references to many of the 

individual basics, no attempt has been made to apply ECT to detect flooding or frosting 

and combine them into a unified technique. Subsequent chapters will describe the 

innovative work and scientific contributions made in the study. 
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Chapter 3 ECT for flooding monitoring 

3.1 Introduction 

The literature review shows a significant research gap in the diagnosis of packed beds 

in post-combustion CO2 capture. Ultimate increasing the gas flow rate to increase the 

efficiency of CO2 capture can lead to liquid accumulation and even full flooding in 

vertical packed columns. This reduces the mass transfer efficiency of the packed 

column and results in a larger pressure drop. Pressure drop measurement is the most 

established technique for predicting floods. However, they provide limited information 

for packed columns and do not meet the information required to develop high-

performance packed columns with new solvents or operate the reaction process 

flexibly [7]. Therefore, it is timely to investigate the flooding process since it could 

potentially have useful applications in mass transfer processes for CO2 capture. This 

chapter aims to develop an ECT-based flooding monitoring technology and quantify 

the differences between the conventional packed column flooding monitoring methods 

in the literature and the novel ECT method proposed by this work. 

 

3.2 Methods 

3.2.1 System design 

The methodology used in this work has been fully characterized by Wu et al. [14], 

which investigated the effectiveness of the equipment and accuracy of the liquid 

holdup calculation. They also found that the ECT could measure the liquid distribution 

and calculate the liquid holdup inside the packed column with a liquid holdup up to 

13%. With a flooded packed column, the performance of ECT is not precise because 

near the flooding point, water, as the dominant phase, may affect the accuracy of the 

measurement.  

A schematic diagram of the ECT system with packing [17] is shown in Figure 3-1.  

Eight 100 mm long electrodes are mounted outside the packed column and surrounded 

by two grounded guard electrodes. The excitation signal is a sinusoidal wave voltage 
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with 14 Vp-p and 200 kHz frequency. In between the electrodes and the computer is a 

data acquisition system which is a control circuit that allows all acquired signals to be 

conditioned by the C/V circuit [120] and transmitted to the computer through USB 2.0. 

The data acquisition device of ECT is connected to the computer, and the image is 

reconstructed through Visual Multiphase Flow software to realize real-time liquid 

distribution imaging. The frame rate of the ECT system is 714 frames per second. The 

maximum signal-to-noise ratio (SNR) is 76.73 dB, and the minimum SNR is 62.25 dB. 

 

Figure 3-1: Schematic diagram of the ECT system with packing. 

 

3.2.2 Simulation of flooding in packed column using ECT 

To investigate the feasibility of ECT in imaging the liquid phase distribution in a 

packed column at flooding state, a 3D geometric model with Sulzer Mellapak 250Y 

packing is established in COMSOL Multiphysics software. Figure 3-2 shows the 

photos of Sulzer Mellapak 250Y packing being simulated in the models. To be 

consistent with the experimental setup, the packing material used in the simulation was 

also chosen to be plastic. The relative permittivities of the plastic, air and water used 

in the simulation are; 𝜀𝑝𝑙𝑎𝑠𝑡𝑖𝑐=2, 𝜀𝑎𝑖𝑟=1, and 𝜀𝑤𝑎𝑡𝑒𝑟=78, respectively. 

 

Figure 3-2: Photos of Mellapak 250Y packing.  
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A flow diagram for the simulation process is shown in Figure 3-3. Since the 

distribution of the liquid in the packed column is very complex, the liquid was 

simplified as a simple sphere. A packed column contains 129 dispersed liquid droplets 

with a diameter of 8 mm, and the air fills the void space between the droplets, as shown 

in Figure 3-3 (a). Figure 3-3 (b) shows the setup of the ECT sensor with 8 electrodes 

and 2 guard electrodes around a plastic pipe [121]. The height of each electrode is 100 

mm, and the length is 70.4 mm. The 8 electrodes are evenly distributed on the pipe 

surface with a gap of 8.5 mm. The basic ECT measurement strategy [10] was adopted 

in simulation to obtain the boundary capacitance data. Using this strategy, a completed 

data frame is composed of 28 independent measurements. Furthermore, Figure 3-3 (b) 

shows the pipe and ECT were covered with a shield electrode. A total of 6-layer 

droplets were added to the packing, as shown in Figure 3-3 (c). Figure 3-3 (d) shows 

the FEM mesh of the simulation model for forward problem calculation. The mesh 

was solved using COMSOL integrated solver. The sensitivity matrix was calculated 

by using the combination of COMSOL Multiphysics and MATLAB based on the 

created 1:1 sensor model as shown in Figure 3-3 (d). 

 

Figure 3-3: 3D schematic diagram of (a) 129 liquid droplets and simplified packing model, 

(b) pipe with ECT, (c) combination of packing model with droplets and ECT, (d) the final 

3D simulation model and a mesh model for inverse problem calculation. 
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The purpose of the simulation is to determine the feasibility of liquid distribution 

imaging in packed columns with the liquid holdup higher than those in the previous 

study [14]. The permittivity of each droplet can be switched between liquid and gas 

through COMSOL to simulate high liquid holdup during flooding [122]. To monitor 

the flooding phenomenon of the packed column, the difference between the liquid 

distribution images was evaluated by quantitatively adjusting the overall liquid holdup. 

The static liquid holdup is calculated by the proportion of the liquid retained in the 

void spaces and the total pipe volume [123]. 

 

3.2.3 Experimental setup and campaign 

When the simulation is completed, a counter-current flow packed column is built to 

monitor flooding with the ECT sensor, which is a 1130 mm height vertical column 

made out of polytetrafluoroethylene (PTFE), inside diameter (ID) of 190 mm, and 

outer diameter (OD) of 200 mm. The column is filled with four sections of structured 

packing Mellapak 250.Y manufactured by Sulzer Chemtech Ltd, as shown in Figure 

3-4. The diameter of packing is 180 mm with the heights of packing as 315.0 mm, 

157.5 mm, 157.5 mm and 315 mm from top to bottom, respectively. The void fraction 

of the selected packing material is about 88%. The packing geometry is characterized 

by an inclination angle of the flow channels with a horizontal direction of 45°. The 

packing elements, made of plastic, were alternately rotated around the axis of the 

column by 90° relative to each other to enable uniform liquid distribution. The 

schematic of the lab-scale experimental set-up for the flooding experiments is shown 

in Figure 3-4. 

The column is operated in a counter-current flow configuration with liquid entering at 

the top of the column using a liquid distributor and the air entering at the bottom using 

a gas distributor. The liquid distributor used for liquid feeding has a diameter of 90 

mm, and orifices of 4 mm in diameter. Liquid flow is controlled with an adjustable 

bypass valve with the liquid loads ranging from 13.4 to 38.9 m3/(m2h) and monitored 

with an electromagnetic flowmeter (OMEGA, FMG71B-A-BSP, with an accuracy of 

±2.0%). Two blowers (Windjammer, 119153) introduce air into the column from the 
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bottom. In the experiments, the air volumetric flow rate was increased from 0.0104 to 

0.0226 m3/s in small increments. Liquid distributions were imaged via the ECT sensor 

at various longitudinal positions illustrated in the orange zones of Figure 3-4. The 

different locations of the measurements were chosen to examine the liquid distribution 

along with the column height. Two pressure transducers record the pressure at the top 

and bottom of the column, as shown in Figure 3-4. 

 

Figure 3-4: Schematic diagram of the experimental rig with ECT sensors. 

The reference capacitances (Cl and CF) were measured first. As mentioned above, Cl 

is the capacitance when the column is filled with plastic structured packing and 

stagnant air, as shown in Figure 3-5 (a). CF is the capacitance when the packed column 

is filled with water, as shown in Figure 3-5 (b). The liquid flow rate was set at a 

constant value, while the gas flow rate was adjusted to the desired value. The real status 

of the column was photographed, and ECT images of the column were reconstructed. 

The gas flow rates were increased in the smallest increments of air volumetric flow 

rate until the column was flooded. At each gas flow rate, calibration measurement for 

ECT was firstly taken. Then, ECT data at each gas flow rate were collected for a period 

of 20 seconds and averaged for offline data analysis. Meanwhile, pressures at the top 

and bottom of the column are measured simultaneously.  
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Procedures of simultaneous measurements of pressure drop and ECT images were 

similar except that the ECT measurement at each flow condition was obtained from an 

independent run using two different calibration methods. In another normalisation 

method, as shown in Figure 3-5 (c), capacitance in flooding condition Cf is used as 

high permittivity limit to replace CF. To avoid inaccuracy of capacitance reference, Cf 

is the average of 20 s measurement, rather than a single measurement, so that the 

variation of the normalised capacitance Cnorm could be restricted. 

 

Figure 3-5: Photograph of the packing at different operating conditions: (a) empty, (b) 

submerged in water and (c) onset of flooding.  

 

3.2.4 Development of flooding index theory 

Liquid distribution, liquid holdup and packing efficiency are significantly affected by 

different operation regime in the structured packing column. There are three main 

operation regimes, i.e. pre-loading regime, loading regime and flooding regime [124]. 

Pf is used here to refer to the degree of local flooding or the local maximum liquid 

capacity of the packed column. The liquid entrainment may become excessive if Pf at 

a certain point is too high. The real-time liquid distributions were imaged at various 

longitudinal positions using the LBP algorithm [94] based on Cnorm. To evaluate the 

stage of flooding quantitatively, the Pf is formulated in equation (3.1), where G(j) is the 

value of normalized permittivity at the jth pixel and M is the total number of the pixels 
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of a reconstructed image. M is 3228 in this work. Pf represents the degree of a state 

approaching local flooding. 

𝑃𝑓 =
∑ 𝐺(𝑗)

𝑀
𝑗=1

𝑀
(3.1)  

In addition to pressure drop, Pf and ECT images of liquid distribution are able to 

quantitatively and qualitatively indicate the developing process of flooding in the 

packed column. The degree of local flooding and Pf are simplified as a linear 

relationship. 

 

3.3 Results 

3.3.1 Results from numerical simulation for the packed column 

flooding 

The feasibility of monitoring the flooding phenomenon in a packed column with ECT 

was firstly validated by simulation. Figure 3-6 shows the image reconstruction of the 

packed column over a range of 0 to 750 liquid droplets. Water has a much larger 

permittivity than that of the plastic packing and the air. The permittivity is gradually 

increased when a larger number of liquid droplets are involved. The colour bar shown 

in Figure 3-6 is set for comparing the difference between the reconstructed images 

before and after the occurrence of flooding. The results suggest that the liquid is 

distributed in a 160 mm diameter circle in the centre of the packing. The maximum 

permittivity value is 0.1 when 750 droplets are added inside the packing. The minimum 

permittivity value is 0 when no droplet exists. Within the range of 0 to 750, the 

permittivity of the packing with droplets is increasing from 0 (0 droplets) to 0.1 (750 

droplets), which can be clearly indicated by the reconstructed images before the 

occurrence of flooding. All these results demonstrate that ECT can accurately measure 

liquid holdup and can be used to diagnose the flooding phenomenon in packed 

columns. 
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Figure 3-6: Reconstruction images of the packed column at a range of water droplets 

(from 0 to 750). 

 

3.3.2 Results from experiment of counter-current packed column 

The operating regions of a packed column can be identified, in principle, via visual 

inspection of a transparent column. The majority of industrial columns are, however, 

non-transparent. Monitoring pressure drop along the column is the conventional way 

of monitoring loading and flooding. Pressure drop in the packed column can be 

estimated using the empirical models [79, 125]. In these experiments, the liquid rate 

remained at 38.9 m3/(m2 h). Pressure drop is plotted in Figure 3-7 against an increasing 

volumetric flow rate for air from Q=0.0104 m3/s to Q=0.0219 m3/s. As illustrated in 

Figure 3-7, it is difficult to directly identify the loading point on the discrete pressure-

drop points and the regression curve. The gradient rapidly increases from Q=0.0196 

m3/s, which indicates the loading point of the packed column. After the loading point 

is reached, liquid starts to accumulate at the bottom of the column. The operation of 

the packed column changes from the loading regime to flooding regime. The 

continuous increase of gas flow rates causes higher liquid holdup, which in turn causes 

a higher pressure drop and liquid starts bypassing the packing bed [69]. 
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Figure 3-7: Pressure drop and gradient of pressure drop across the packed column for 

varying volumetric flow rates for air. 

The flow regimes in the counter-current packed column are photographed, while ECT 

images are reconstructed over the column cross-section for the bottom position without 

packing and the lower position with structured packing. The ECT sensor was removed 

for visual observation in the structured packing area. In these experiments, the high 

capacitance reference was taken from the column filled with water, in order to monitor 

the transition process of gas-liquid distribution from pre-loading regime to flooding 

regime. Table 3-1 presents the measured liquid distributions at various volumetric flow 

rates for air from 0.0138 m3/s to 0.0217 m3/s. Red areas in the images represent higher 

liquid holdup, while the blue areas represent lower liquid holdup. ECT images are 

analysed separately in terms of the bottom and lower sections of the column.  

Initially, a smooth falling liquid film could be seen when the volumetric flow rate for 

air is lower than 0.0162 m3/s. Hydrodynamic instability corresponds to a transition 

from pre-loading regime to the loading regime, which associates with a significant 

increase of liquid holdup [126]. In the pre-loading regime with volumetric flow rate 

from 0.0138 m3/s to 0.0162 m3/s, the ECT images of the bottom section show that the 

liquid holdup and distribution patterns are stable. The liquid is uniformly distributed 

around the inner area of the column, and liquid holdup at the inner area is slightly 
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higher than that of the peripheral area. With the increase of volumetric flow rate for 

air from Q=0.0162 m3/s onwards, visual observations during the experiments also 

confirm that there are droplets entrainment and flow reversal occurs in the packed 

column. Red patches and a red ring appear on the boundaries of the ECT images, 

indicating liquid is accumulated with a larger extent near the wall of the column than 

that in the centre of the column. Another possible explanation for this is that the fringe 

effect of electrical capacitance, i.e. the electric field distribution depends on the 

material distribution, and the electric field spreads to a large volume at both ends of an 

ECT sensor [127]. This field distortion at end of electrodes is referred to as the fringe 

effect. Therefore, the red circle area close to the electrode will be more sensitive to the 

liquid. 

Table 3-1: Photos of the column and the reconstructed ECT images across the packed 

column for varying volumetric flow rates for air.  

 

Structured packing in the lower section prolongs residence time of the liquid phase. 

Therefore, volumetric flow rate for air up to Q=0.0162 m3/s, the liquid holdup in the 
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lower section is higher than that in the bottom section. After the loading point is passed, 

the liquid flow across the lower section remains evenly distributed, namely, more 

liquid is homogeneously distributed in the packing area. Less liquid is distributed 

around the gap between packing and the column wall than that in the middle of the 

section. It implies that gas-liquid mass transfer will take place in the centre of the 

packing rather than the void space between the packing and column wall. A sudden 

transfer from the loading regime to flooding regime takes place from Q=0.0206 m3/s 

to Q=0.0211 m3/s. Excessive liquid accumulation occurs near the wall of the column. 

Since the liquid bypasses structured packing, the liquid holdup in the peripheral area 

is higher at Q=0.0217 m3/s. By now, the gas kinetic energy is sufficiently high to 

destabilise the liquid film and reverse the liquid flow, leading to column flooding. 

These results demonstrate the advantage of using ECT over a conventional pressure 

drop method, as ECT can provide detailed spatial information at different stages of the 

flow regime in the packed column. 

Monitoring flooding with ECT allows for a spatial determination of liquid distribution 

compared to a reference state. The flooding index Pf is introduced and determined in 

equation (3.1) to represent the degree of local flooding. Pf =1 implies that the cross 

section of packing has reached a state of liquid accumulation corresponding to flooding. 

In these experiments, the high capacitance reference was taken when the column was 

flooded. Reconstructed images and the corresponding Pf are shown in Table 3-2. 

Reconstructed images illustrate the liquid distribution at different column heights 

against volumetric flow rate for air. As volumetric flow rate increases, ECT images at 

the lower, middle and upper locations display the same transition before and after local 

flooding. For each section of packing, the structured packing holds liquid 

preferentially towards the centre of the column, before flooding occurs. When the 

volumetric flow rate reaches certain values, i.e. 0.0224 m3/s, 0.0219 m3/s, and 0.0211 

m3/s for the upper, middle and lower sections, respectively, the column is flooded 

quickly. As expected, local flooding starts first in the lower section of packing, then 

propagates to the middle and upper locations. Under this set of experiments, it is most 

beneficial for the ECT sensor to be installed at the bottom position if the loading point 

needs to be identified early. If the flooding point needs to be identified, the ECT sensor 

should be installed at the top position of the column. Although tomographic images 



40 

 

have relatively low spatial resolution, they are still able to indicate liquid distribution 

in the packed column, which is valuable for the opaque reaction columns. 

Table 3-2: Reconstructed images corresponding to different sections of packed column for 

varying volumetric flow rates for air. 

 

The calculated Pf values were compared with the measured pressure drop. Figure 3-8 

shows the influence of gas velocity on the Pf at the bottom of the column and pressure 

drop gradient. Error bars are derived based on the maximum and minimum value of 

measurements. It can be observed that the Pf at the column bottom starts to increase 

from Q=0.0152 m3/s, while the pressure drop gradient has an obvious increase after 

0.0196 m3/s air volumetric flow rate. It is worth noting that the pressure drop describes 

the change of pressure across the column, while the ECT monitors the flooding index 

locally in the bottom section of the column. These results indicate that Pf obtained 

using ECT can provide more sensitive and accurate information for an early prognosis 

of flooding. It is also possible to detect flooding locally, and, by extension, increase 

confidence in operating with gas velocities closer to the column flooding velocity. 
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Figure 3-8: Comparison between flooding index Pf at the bottom section and pressure 

drop gradient across the whole packed column. 

Figure 3-9 illustrates the influence of the volumetric flow rate for air to Pf at lower, 

middle and upper sections of the column. Three Pf curves of lower, middle and upper 

position have a similar developing trend. As the column is sequentially flooded across 

the lower section, the middle position and the upper position, three Pf curves reach the 

top sequentially. During this flooding process, the pressure drop against the volumetric 

flow rate is plotted in Figure 3-9 for clarity. There is no apparent inflection point on 

the pressure drop curve. In contrast, Pf extracted from ECT image can quantitatively 

indicate a degree of local flooding and reveal a sudden appearance of local flooding, 

for example, Pf=0.11 at Q=0.0206 m3/s in the lower position. The transition of flooding 

took place rapidly and intensively between Q=0.0206 m3/s to Q=0.0217 m3/s. Large 

Pf variation at Q=0.0211 m3/s reflects severe flow turbulence, which can be visually 

observed in the photos in Table 3-1. The same phenomenon is demonstrated on the 

curves of the middle and upper sections.  
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Figure 3-9: Comparison between flooding index Pf of different packing sections and 

pressure drop across the whole packed column. 

The standard deviation of flooding index in Figure 3-8 and Figure 3-9 is caused by 

turbulent flow itself. High imaging rate of ECT, i.e. 714 frames per second, enables a 

fast snapshot of one individual cross-sectional image to truly reflect the nature of 

turbulent flow in the flooding process. It is worth mentioning another phenomenon. Pf 

always goes down first before flooding occurs, which indicates that the liquid holdup 

decreases then increases suddenly towards flooding. Taking the lower section as an 

example, the Pf drops from 0.16 to 0.09, then rises to 1.0. This phenomenon is 

consistent with results obtained in previous studies [128]. This phenomenon was 

repeatedly captured at all three sections. These results suggest that the use of Pf 

obtained using ECT can provide new insights into column operation for the early 

prognosis of local flooding compared to the traditional pressure drop method. 

 

3.4 Conclusions 

In this chapter, the details of the ECT system for diagnosis of packed column are 

presented. Simulations for the packed column from the loading point to the flooding 

point are developed in COMSOL Multiphysics. The simulations show that the ECT 

system is able to reconstruct the liquid phase distribution in the packed column and 

analyze the fluid dynamic characteristics, e.g. loading point and flooding point of the 

packed column. Furthermore, experimental results demonstrate the effectiveness of 
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ECT as a powerful tool for studying hydrodynamics in the packed column, which can 

be used to diagnose the flooding phenomenon in post-combustion CO2 capture 

applications. The flooding index inferred from real-time measurements is a 

quantitative method to evaluate the degree of local flooding. The experimental results 

demonstrate that flooding can be predicted using the flooding index curve. In addition, 

the importance of ECT installation location for flooding prevention is demonstrated. 

Because ECT is a non-intrusive, portable imaging method, it could be deployed at the 

bottom of the packed column for the earliest detection of flooding. 

This project is the first comprehensive investigation of ECT for packed column 

flooding applications. However, the flooding index model is too biased and imprecise. 

Future work should develop a more accurate quantitative method for flooding 

diagnosis by using ECT. The following chapter will use Convolutional Neural 

Network (CNN) aided ECT to predict the phenomenon of flooding within the test rig.  

 

Publications from this chapter: 

 Z. Li, Y. Chen, Y. Yang, C. Liu, M. Lucquiaud, J. Jia, Flow regime transition 

in counter-current packed column monitored by ECT, Chemical engineering 

journal 420 (2021) 129841. 

 Y. Chen, Z. Li, Y. Yang, J. Jia, C. Liu, M. Lucquiaud, Simulation of Flooding 

Phenomenon in Packed Column using Electrical Capacitance Tomography, 

2019 IEEE International Conference on Imaging Systems and Techniques 

(IST), IEEE, 2019.
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Chapter 4 CNN aided ECT for flooding prognostic in 

packed columns 

4.1 Introduction 

In chapter 3, the feasibility of liquid distribution and flooding monitoring using ECT 

was verified. This chapter investigates the feasibility of ECT and CNN as an 

intensified alternative to conventional flooding prediction methods. The unique local 

measurement feature of ECT allows variations in the predominant characteristics of 

the flooding phenomenon to be better investigated than the conventional methods. 

Combined with CNN, the ECT system enables high accuracy on liquid holdup 

calculations and strong robustness in turbulent flow measurements [129].  

This chapter also provides comprehensive comparisons between the packed column 

monitoring methods collected in chapter 3 in this thesis and methods from the wider 

literature. The liquid holdup predicted according to the conventional Maxwell equation 

did not match the measured values at high gas flow rates, showing discrepancies of up 

to 68%. In contrast, CNN is much superior to the Maxwell equation method at high 

gas flow rates, giving only 1% mean of difference than the reference liquid holdup. 

ECT supported by CNN shows great fidelity for non-invasive monitoring of local 

liquid holdup, allowing for more accurate, localised prediction of loading point and 

flooding point in packed columns [129]. 

 

4.2 Methods 

4.2.1 Simulation setup and campaign 

A packed column has an advantage in the application of CO2 capture, where complex, 

three-dimensional (3D) packing structures maximize the gas solvent’s contract area 

and, therefore, maximizes reaction efficiency [34]. The study of packing hydraulics, 

liquid distribution and its effects on carbon capture efficiency makes real-time 

quantitative imaging ability essential, among which diagnosis of flooding and liquid 
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maldistribution monitoring in real-time are regarded as particularly helpful [14]. 

Recent work reported in [130] demonstrates ECT has great potential for such purposes.  

This study uses ECT to investigate the hydrodynamic of counter-current flow and 

liquid distribution in a counter-current flow packed column. A CNN is designed to 

build the relationship between ECT measurements and liquid holdup. In order to verify 

the performance of the proposed CNN model, a preliminary test dataset is generated 

by FEM. Our previous study [5] shows that the simulation datasets with different levels 

of liquid holdup generated by FEM could be used to evaluate the effectiveness and 

performance of this method. 

 
Figure 4-1: Simulation models of the packed bed shown from various perspectives: (a) a 

real packed bed; (b) a section of Mellapak 250.Y structured packing; (c) water droplets; 

(d) ECT sensor; (e) zoomed-in packing to show flow channel arrangement; (f) zoomed-in 

water droplets; and (g) final 3D simulation model. 

In order to reveal the feasibility of predicting packed column liquid hold up, a selected 

number of liquid droplets were added into the packing to simulate variable levels of 

the liquid load. Figure 4-1 illustrates simulation models of a packed column with 

packing and an ECT sensor. In order to vary liquid holdup from 0% up to 17.8%, a 

maximum of 1323 droplets were added to the 3D packed column model. The diameter 

of each droplet is 4.5 mm. The real value of liquid holdup was calculated with the 
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number of droplets in the simulation, then compared with the predicted liquid holdup 

using CNN.  

 

4.2.2 Experiment apparatus 

The packed column test rig shown in Figure 4-2 is used to simulate a lab-scale counter-

current absorption carbon capture application. The experimental rig is made of a 

transparent glass pipe to visually observe the flooding phenomenon in the column [65]. 

The packed column was built with an ID=190 mm, OD=200 mm, h=1130 mm. The 

packed column has been tested using polypropylene structured packings Mellapak 

250.Y from Sulzer Chemtech Ltd. Four sections of 180 mm diameter packing with 

height equal to 315.0 mm, 157.5 mm, 157.5 mm and 315.0 mm are equipped in the 

packed column from bottom to top. As specified by the manufacturer, the Mellapak 

250.Y packing have a low volume fraction, 𝛼=12%. 

The column is operated in a counter-current flow configuration. The liquid from a 

water tank is supplied to the liquid distributor using a pump with an electronic 

controller and an OMEGA FMG71B-A-BSP magnetic inductive flow meter with an 

accuracy of ±2.0%. Air from two Windjammer 119153 air blowers is injected into the 

column filled with structured packing through an air distributor at the bottom of the 

column to allow gas to flow into the column uniformly. The air flow rate is regulated 

by a voltage controller and measured by a TSI airflow TA465 multifunction 

anemometer with an accuracy of ±3.0%. For a given liquid flow rate, the gas flow 

increases incrementally from a minimum value of 1.11 m/s up to 6.89 m/s. Two Cole-

Parmer T-68075-10 pressure transducers, with a precision of ±0.25%, are placed at 

the top and bottom of the column where the gas flow and liquid flow are introduced to 

the packed column. A WIKA FLM-S Magnetostrictive level transmitter with an 

accuracy of ±0.5 mm is used to monitor the amount of liquid inside the water tank. By 

accounting for the liquid inventory staying in the piping of the system, the global liquid 
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holdup can be calculated. The measured liquid holdup is then used to verify the liquid 

holdup calculated by Maxwell equations. 

Figure 4-2: (a) Photo and (b) schematic diagram of the experiment rig. 

Before the experiments, the ECT sensor is calibrated with an empty pipe. In the 

experiments, the ECT sensor is positioned firstly at the bottom of the column, as shown 

in Figure 4-2 (a). Pressure differential readings are taken using the two pressure 

transducers placed at the top and bottom of the column, respectively. The level 

transmitter placed in the water tank is used to estimate the global liquid holdup within 

the region where the ECT sensor is mounted. In all experiments, the packed column is 

operated at a constant liquid flow rate (21.17 m3/m2h) whereas the gas flow rate is 

increased in the minimum increment until the column is flooded. The liquid flow rate 

is the rate (m3/m2h) at which the water moves down through the packed column during 

operation. The liquid flow rate is calculated by dividing the flow rate (m3/h) by the 

cross-section area (m2) of the packed column. The gas flow rate is changed every 3 

minutes to ensure the flow pattern is stabilized after the change of the gas flow rate. 

Therefore, the data is acquired simultaneously using the ECT sensor, the pressure 

sensor, and the level meter for both unsteady-state and steady-state flows. The 

sampling frequencies of ECT are 714 fps. The sampling frequencies of pressure 

sensors, flow meters and the level meter are 10 Hz. 

      
                           (a)                                                           (b) 
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4.2.3 Dataset Construction 

The first step in the dataset construction is to collect the flooding data for all the packed 

column experiments. The data from two scenarios, i.e. ECT installed on the bottom 

and top sections, are collected. When the flow pattern of the process is stable, a large 

amount of repeated data will be collected, which will possibly lead to overfitting. Only 

the most important section containing information about transients in the process is 

used [131]. The second step is to identify appropriate flooding indicators. Based on a 

previous study by some of the authors, the ECT measured capacitance can be a good 

indicator of flooding for the packed column [7]. Other variables, e.g. pressure drop 

and global liquid holdup, measured during the process will be used for comparison. 

An operating liquid load of 21.17 m3/m2h is used for all test conditions. The operating 

temperature is approximately 20 oC at 1.01 bar. Gas flow velocities from a minimum 

value of 1.11 m/s up to 6.89 m/s are tested to collect the data from the full range of 

available conditions to avoid data selection bias. The liquid holdup will constantly 

change as the gas flow velocities increase incrementally at the ECT measured location. 

The liquid holdup data is collected over 30 seconds at a rate of 10 Hz. For each scenario, 

35 sets of different air flow rates are generated, each set with 300 samples. Therefore, 

a dataset with a total of 10,500 samples is created. The basic ECT measurement 

strategy is adopted [10] and a completed measurement cycle containing 28 capacitance 

measurements. Each sample contains an 8*8 Electrical Capacitance Image (ECI) 

which represents capacitance measurements and a true local liquid holdup derived 

from level meter measurements.  
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Figure 4-3: A schematic diagram of ECI obtained from the 8-electrode ECT sensor. 

Figure 4-3 shows an ECI of capacitance distribution. ECI could better reflect the nature 

of the symmetrical geometry of ECT sensors compared with the conventional 

capacitance measurement vectors method [132, 133]. Each ECI is mapped by the 

normalized 56 capacitance measurement with the rest padded with 0 [132]. For each 

capacitance value, the left number on subscript corresponds to the excitation electrode, 

while the right one corresponds to the measurement electrode. Capacitance 

measurement C1-2 is assumed to be the same as C2-1. Therefore, the 28 capacitance 

measurements are doubled to 56 capacitance measurements. The duplicate data plays 

a part in the speed of training. However, the redundant knowledge has been used in 

previous literature as a method for providing the possibility of better explanations. 

Examples include Sidi and Keasar [134] used down-weights redundant entries rather 

than discarding them to help machine-learning methods achieve better accuracy. Cells 

with the same number on subscript are padded with 0, e.g., C1-1, because an electrode 

is not possible to work as an excitation electrode and measurement electrode at the 

same time. The ECI also gives better generalisation for the CNN structure when a full 

ECT measurement is implemented with 56 measured capacitances. In noisy industrial 

environment, all the 56 measurements could be obtained since the measured 

capacitance may not be equal when the excitation electrode and the measuring 



50 

 

electrode are interchanged, e.g., C1-2≠C2-1. Figure 4-4 shows COMSOL Multiphysics 

simulation models to show the superior features of ECI. The colour bar represents the 

values of capacitance. In these cases, the proposed ECI significantly facilitates the 

implementation of the neural network as the 56 measurements can be directly filled 

into the existing network. The data from each scenario is randomly divided into a 

training set with 8,925 samples and a test set with 1,575 samples. The training data set 

is used to develop the CNN-aided liquid holdup predictors while the test data set is 

used to evaluate the predictors. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4-4: COMSOL Multiphysics simulation setup for analysis of the stratified model of 

air-water flow. (a) Water at bottom. (b) Water at top. (c) and (d) ECI for corresponding 

simulation shows the centrosymmetric feature of ECT.  
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4.2.4 CNN Network architecture 

Different CNN architectures are tested on both the simulation dataset and the 

experiment dataset whilst changing certain parameters to evaluate their significance 

with regards to the classification accuracy results. Then, a CNN is established to 

predict the local liquid holdup using the network structure shown in Figure 4-5. The 

CNN contains four convolution layers, four average pooling layers and a fully 

connected layer. The input is the capacitance measurements with dimensions of 8*8*1. 

The real-time local liquid holdup values are calculated as reference labels. ECT 

training data with liquid holdup labels is pretreated by using the average method 

because capacitance and liquid holdup is collected at different frequencies. The weight 

matrix size of the kernel function is chosen as 2*2 due to the small size of the input 

data. The depth of the convolution layer increases from 32 and ends up with 128. 

Finally, a regression layer is connected to the output of the fully connected layer, 

performing as the final output layer of the CNN, that is, the predicted liquid holdup. 

Detailed hyperparameters of the CNN is shown in Table 4-1.  

 
Figure 4-5: Schematic of a CNN structure for flooding prediction. 
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Table 4-1: Units for magnetic properties hyperparameters of CNN implemented in this 

work. 

Layer 
Input 

dimension 

Output 

dimension 

Weight matrix 

size 
Stride Padding 

Conv1 8×8×1 5×5×32 4×4 (1,1) 0 

Average pool 1 5×5×32 2×2×32 2×2 (2,2) 0 

Conv 2 2×2×32 2×2×64 2×2 (1,1) 0 

Average pool 2 2×2×64 2×2×64 2×2 (2,2) 0 

Conv 3 2×2×64 2×2×128 2×2 (1,1) 0 

Average pool 3 2×2×128 2×2×128 2×2 (2,2) 0 

Conv 4 2×2×128 2×2×128 2×2 (1,1) 0 

Average pool 4 2×2×128 2×2×128 2×2 (2,2) 0 

Fc 1 512 1 2×2 - - 

 

4.2.5 Training 

The ECI is represented as 𝑐, the output liquid holdup as ℎ𝐿̂, and the network CNN-ECI 

as 𝑓 (·; 𝜃), where 𝜃 denotes the hyperparameters of CNN-ECI. 𝑐 can be mapped to ℎ𝐿̂ 

by 𝑓 (·; 𝜃): 

ℎ𝐿̂ = 𝑓 (𝑐; 𝜃) (4.1)  

ℎ𝐿̂ is expected to be as close as possible to the reference liquid holdup ℎ𝐿. This purpose 

can be achieved by adjusting 𝜃 to minimise the loss function 𝐸(𝑐, ℎ𝐿; 𝜃): 

𝐸(𝑐, ℎ𝐿; 𝜃) =  𝐸‖ℎ𝐿 − 𝑓 (𝑐; 𝜃)‖2
2 (4.2)  

To avoid overfitting, an 𝐿2 regularisation term is added as a weight to the loss 

function 𝐸(𝑐, ℎ𝐿; 𝜃) [135]. The weighted loss function with the 𝐿2 regularisation term 

is derived from the equation: 

𝐸𝑅(𝑐, ℎ𝐿; 𝜃) = 𝐸(𝑐, ℎ𝐿; 𝜃) + 𝜆𝛺(𝑤) (4.3)  



53 

 

where 𝑤 is weight vector, 𝜆 is regularisation coefficient. The regularisation function 

𝛺(𝑤) is given by: 

𝛺(𝑤) =
1

2
𝑤𝑇𝑤 (4.4)  

Stochastic gradient descent with a momentum (SGDM) algorithm [135] is employed 

to optimise the networks in this work. The initial learning rate is 10-5. L2 regularisation 

is employed to prevent the networks from overfitting with the penalty factor set as 10-

5. The training and validation loss curves are shown in Figure 4-6, where RMSE is the 

root mean square error of the predicted liquid holdup. The number of training epochs 

depends on the degree of complexity of experiments. In this experiment, the number 

of epochs is set as 30 for adequate convergence. The batch size of each update is 128. 

The smallest validation loss appears at the 8th epoch. When trained with more epochs, 

the validation loss converges at a slightly higher value, meaning that the network is 

overfitted. The network is implemented with Deep Learning Toolbox in MATLAB on 

a computer with an Nvidia 1660 Ti GPU. 

 

Figure 4-6: Training and validation curves. 
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4.3 Results and discussion 

ECT measurements are first used to reconstruct the liquid distributions. Then, the 

reconstructed distributions are used to compute the local liquid holdup by using the 

Maxwell equations. The benefit of the CNN method is that it could directly predict the 

local liquid holdup without image reconstruction. Reference measurements of liquid 

holdup are available at the test rig. This allows the liquid holdup calculated by the 

Maxwell equations and the CNN method to be compared with the true liquid holdup. 

The effect of gas flow on the pressure drop and liquid holdup can be analysed based 

on experiment results. The ECT is installed on the top and bottom to measure the local 

loading point. Local loading points and local flooding points obtained in the ECT 

experiments are compared to global loading points and global flooding points obtained 

by measuring pressure drop and liquid holdup to assess the performance of the CNN-

aided ECT method. 

 

4.3.1 Results based on simulation data 

The local liquid holdup predicted by CNN is validated with true liquid holdup. Figure 

4-7 (a) explicitly shows the results produce a linear relationship between the predicted 

liquid holdup and the reference. The mean of difference and standard deviation of 

CNN predicted results are found to be approximately 0.02% and 0.18%, respectively. 

The difference between the CNN estimates and ℎ𝐿 shown in Figure 4-7 (b) indicates 

that prediction results at high liquid holdup are relatively more stable than those with 

low liquid holdup. 
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Figure 4-7: Prediction results of CNN on simulation test samples: (a) CNN liquid holdup 

prediction results with true liquid holdup; (b) difference of liquid holdup prediction results 

with true liquid holdup. 

The predicted results agree well with real liquid holdup since most predicted results 

are bounded within the Mean ±1.96 standard division error range. Therefore, the CNN 

method can be validated as a powerful tool for predicting the liquid holdup. These 

results demonstrate the utility of ECT as an agile, low-cost, non-invasive and non-

destructive method for characterising hydrodynamics in post-combustion carbon 

capture packed column. It offers advantages over other liquid holdup measurement 

techniques and the proposed CNN method is expected to achieve good performance 

for the liquid holdup measurement. However, the simulation data does not add any 

noise, and the ECT may be disturbed by environmental or system noise. To verify the 

practical effect of the proposed CNN method, the CNN model should be validated with 

real experimental data. 

4.3.2 Results based on bottom section of packed column flooding 

experiment data 

1) Real-time measurement of local liquid holdup 

Real-time liquid distribution of structured packing obtained in previous studies using 

an ultrafast electron beam X-ray tomography technology indicated that the presence 

of packing in counter-current flow resulted in different scales of liquid maldistribution 

[85, 136]. Figure 4-8 shows the ECT reconstructed images of the liquid distributions 
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for the given gas flow rates. The maximum holdup value in the liquid holdup map is 

set to 100% for all results in order to have good contrast on pictures. Figure 4-8 shows 

that the images at the bottom section clearly show liquid accumulation for gas 

superficial velocities higher than 4.49 m/s due to the liquid loading at the bottom of 

the column. 

 

Figure 4-8: Reconstructions of permittivity across the whole packed column in a 

representative liquid holdup distribution. Cross‑sections of conductivity changes at the 

bottom (0 mm) of the packed column at given gas superficial velocities. 

The ECT could monitor local liquid holdup online without disrupting process 

operations and is, therefore, a preferable method to monitoring flooding. The local 

liquid holdup values computed using the Maxwell equation are plotted against those 

measured using the level meter, as shown in Figure 4-9. With a relatively lower liquid 

holdup (<13%), the Maxwell equation method predictions agreed with measurements 

to within 4%. Another important finding is the vertical pattern in the data points in 

Figure 4-9 (a). According to these results, it can be inferred that a maximum value of 

reference liquid holdup was obtained at approximately 57.8% since the capacity of 

packing is limited. This also explains the inclined pattern in the data points in Figure 

4-9 (b). With the increase of liquid holdup, the Maxwell equation method suffers from 

large errors, showing an increase in maximum error from 4% to 68% compared to the 

reference liquid holdup. This level of agreement is likely not going to be satisfactory 

for packed column design. Those errors mainly come from the following two aspects: 

(a) linear simplification of Maxwell equation does not fit for the high liquid holdup, 

and (b) highly turbulent flow under flooding produces larger signal fluctuations. 

Therefore, a more accurate prediction method is desirable because adjustments of 

packings and solvents can lead to a higher value of liquid holdup. In the following 

context, the proposed CNN-aided ECT technique is examined to acquire accurate 

liquid holdup.  
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Figure 4-9: At the bottom section of the packed column, (a) Maxwell equation predicted 

local liquid holdup and reference local liquid holdup and (b) their differences. 

 

2) Convolutional Neural Networks predicted local liquid holdup  

In this subsection, the local liquid holdup predicted by CNN is validated in the same 

way as the local liquid holdup derived by the Maxwell equation, by comparing the 

reference local liquid holdup measured with the level meter. Figure 4-10 explicitly 

shows the results exhibit general linear relationships between the predicted liquid 

holdup and the reference. By comparing Figure 4-9 and Figure 4-10, it is obvious that 

a significant improvement is obtained in the majority of cases, and such improvement 

becomes more obvious with liquid holdup higher than 13%. The mean of difference 

and standard deviation of CNN predicted results is found to be 1% and 1.3%, whereas 

for the Maxwell predicted results are 5% and 13.1%, respectively. The difference 

between the CNN estimates and the reference liquid holdup shown in Figure 4-10 (b) 

indicates that predicted results at low liquid holdup are relatively more stable than 

those with high liquid holdup. The divergence of the data from the expected linear 

relationship for a higher value of liquid holdup (>13%) may be caused by the larger 

signal fluctuations possibly produced by the highly turbulent flow under flooding. 
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Figure 4-10: At the bottom section of the packed column, (a) CNN predicted local liquid 

holdup and reference local liquid holdup and (b) their differences. 

 

3) Determination of Flooding 

In order to provide a better explanation of the results, the terminologies involved will 

be presented in detail. 

 Pre-loading zone: In the pre-loading zone, liquid flows freely onto the 

structured packing without any influence from the counter-current vapor flow. 

Therefore, the liquid holdup is only a function of liquid film formed on the 

structured packing surface. This zone will last until the loading point of a 

column, where the gas velocity is high enough to destabilise the liquid film and 

influence the liquid flow. 

 Loading zone: When the operating column transitions from preloading zone to 

the loading zone, vapor flow rate starts to influence the liquid film formed over 

the packing. The point where this transition occurs at ECT monitored area is 

the loading point. The load point can be defined as the critical point at which 

the vapor kinetic energy is sufficient to destabilize the liquid film and influence 

the liquid flow. In the loading zone, the liquid gradually accumulates in the 

packed column due to the counter-current vapor flow and eventually 

completely submerged the entire packed column. 
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According to previous studies [137], loading points are established by a rapid increase 

in pressure drop and liquid holdup. Loading could be identified visually through the 

transparent glass pipe, indicated by a turbulent layer of liquid accumulating at the 

bottom of the column, as shown in Figure 4-11 (d). Flooding could also be identified 

visually through the transparent glass pipe, indicated by the entire column being filled 

with liquid and the high turbulent flow with a large amount of bubble going through 

the packing voids, as shown in Figure 4-11 (d). The flooding point is identified visually 

when the top of the column is flooded. All these physical phenomena observed in the 

experiments are in agreement with the literature [81]. However, the loading or flooding 

points determined by visual observation could cause large errors [137]. In this study, 

the local loading point and global loading point are determined when the gradient of 

each process variable reaches a value above 10% to help with quantitative calculations. 

Results of global liquid holdup and pressure drop are used to identify global loading 

point, whereas results of local liquid holdup are used to identify local loading point. 

The earliest detection of the loading phenomenon will indicate the transition from pre-

loading zone to loading zone. In the pre-loading zone, mass transfer efficiency is 

independent of flow rate. In the loading zone, liquid will start to accumulate or “load” 

at the bottom of the bed. Partial flooding could occur at higher gas rates in this zone to 

achieve maximum mass transfer efficiency. 
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Figure 4-11: Photos of bottom end of the packed column with (a) ECT sensor, (b) no flow, 

(c) non-flooding water flow, and (d) flooding and entrainment. 

 

4) Global loading point 

In Figure 4-12, the global liquid holdup measured by the level meter is plotted against 

the gas superficial velocity at a specific liquid load of 21.17 m3/m3h. As the gas 

superficial velocity increases, the global liquid holdup shows continual growth. The 

liquid holdup of the entire column remains relatively constant until the gas flow 

velocity reaches 5.26 m/s. Beyond this point, a small increment of the gas flow results 

in a sharp increase of global liquid holdup that reaches between 33.9% and 36.5% of 

liquid holdup at 6.89 m/s. The global loading point is identified here as the gradient of 

global liquid holdup measurements reaches 10%. In this instance, the global loading 

point occurs at a gas velocity ranging from 5.26 m/s to 5.34 m/s. After the global 

loading point, the curve maintains a clearly rising slope, indicating rapid accumulation 

of liquid in the column. 
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Figure 4-12: ECT installed at the bottom section of the packed column. Dependence of 

level meter measured global liquid holdup and pressure drop on gas superficial velocity. 

Typical results of pressure drop across the whole column are also shown with purple 

squares in Figure 4-12. The abscissa in the figure indicates the gas superficial velocity, 

while the secondary ordinate indicates the pressure drop. It can be seen that the general 

trend of the pressure drop curve is the same as the global liquid holdup curve. The 

pressure drop of the entire column remains relatively constant until the gas flow 

reaches 5.26 m/s. Then, the pressure drop increases dramatically reaching values 

between 116.2 mbar/m and 129.6 mbar/m at 6.89 m/s. In this case, the global loading 

point is identified where a rapid increase of gradient (>10%) occurs in the pressure 

drop curve. Green solid squares are used to indicate global loading point in Figure 

4-12. However, the loading point determined according to the gradient of the pressure 

drop and the global liquid holdup did not match the observations, showing 

discrepancies of 19% slower than accumulation of liquid been observed. After the 

global loading point, the pressure drop curve maintains a positive slope, meaning that 

the accumulation of liquid reduces the cross-section area occupied by the gas phase 

and therefore accelerates the pressure drop rise. Green hollow squares are used to 

indicate global flooding point in Figure 4-12, which was identified visually when top 

of the column is flooded. 
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5) Local loading point 

Local liquid holdup predicted by Maxwell equation and CNN is illustrated using the 

red triangle and sky blue cross lines on Figure 4-13. Results from both methods are 

relatively consistent with global liquid holdup in the pre-loading zone. Interestingly, 

in the pre-loading zone, the local liquid holdup initially decreases from 10.9% to 9.3%, 

forming a minimum value, and then increases up to 57.8%. Prior studies [7, 128] also 

observed a similar phenomenon. A possible explanation is that the increase in gas flow 

breaks up the falling liquid film and causes liquid flow reversal. 

 

Figure 4-13: ECT installed at the bottom section of the packed column. Dependence of 

Maxwell equation and CNN predicted local liquid holdup on gas superficial velocity. 

The local liquid holdup predicted with CNN remains relatively constant for gas 

velocities below 4.43 m/s, then increases dramatically to a plateau of 56%. The same 

local loading point is identified with a rapid increase in local liquid holdup calculated 

with the Maxwell equation at 4.43 m/s gas flow, shown as the red solid point at 4.43 

m/s. The local loading points determined according to the gradient of the local liquid 

holdup matched very well with the observations. However, the gradient of the pressure 

drop and the global liquid holdup with respect to gas velocity had no significant change 
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up to gas velocity of 5.26 m/s. These results indicate that detection of localised loading 

can be achieved by ECT at lower gas velocities than with conventional methods. After 

the local loading point, it can be seen that the plateau reaches maximum values 

between 55% and 56% with CNN and remains constant to the end of the experiment. 

The local flooding point, marked as red hollow point, is identified here as flooding was 

identified visually above the ECT. However, the Maxwell equation calculated local 

liquid holdup at the plateau is very unstable at a range between 27.7% and 57.8%.  

To summarise this section, the occurrence of the local loading point can be detected 

using the ECT at the bottom of the column. The increase in liquid accumulation in the 

loading zone corresponds to an increase in high relative permittivity material (water), 

which is detected by the ECT. Physically, because the local liquid holdup 

accumulation is much faster than the global liquid holdup, the Maxwell equation 

method and CNN method are both good indicators of loading point. The main 

difference lies in the trend after the loading point, where local liquid holdup shows a 

greater than 70% increase but global liquid holdup shows only about a 20% increase. 

The direct comparison with pressure drop and global liquid holdup with level meter 

measurement shows the validity of using ECT for the detection of liquid loading on 

packing. 

 

4.3.3 Results based on top section of packed column flooding 

experiment data 

1) Real-time measurement of local liquid holdup 

Similar to the experiments at the bottom section, Figure 4-14 shows the image 

reconstruction of liquid distribution for the selected gas flow rates at the top section of 

the packed column. Images at the top section show liquid accumulation from 6.74 m/s 

gas superficial velocity due to the liquid loading from the base upwards. The results 

suggest that the distribution of liquid holdup can be reconstructed, but the structural 

detail, such as small-scale maldistribution due to packing channels, cannot be observed 

in the images. 
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Figure 4-14: At the top section of the packed column, (a) CNN predicted local liquid 

holdup and reference local liquid holdup and (b) their differences. 

The liquid holdup values calculated using the Maxwell equation, for gas flow rates 

from non-flooding to flooding, are plotted against those measured using the level meter, 

as shown in Figure 4-15. Before the red doted loading line, the measured liquid holdup 

agreed with the estimations of liquid holdup to within 2%.  

Figure 4-15 (b) shows that Maxwell equation estimations have the smallest relative 

error on samples before the red doted loading line, at about 10%, but the largest relative 

error on relative high liquid holdup, at approximately 39%. This is a clear drawback 

of using the Maxwell equation to predict local liquid holdup as the predicted results 

with large error after flooding onset occurs at the top section. Therefore, the larger the 

liquid holdup value is, the more significant deviation between the two measurements.  

 

Figure 4-15: At the top section of the packed column, (a) Maxwell equation predicted local 

liquid holdup and reference local liquid holdup and (b) their differences. 
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2) Convolutional Neural Networks predicted liquid holdup for flooding in packed 

column 

The CNN predicted local liquid holdup results are shown in Figure 4-16. The results 

exhibit generally linear relationships between the CNN estimated liquid holdup and 

reference liquid holdup. The difference between CNN estimates and reference liquid 

holdup in Figure 4-16 (b) shows that lower liquid holdup (<10%) are relatively more 

stable than higher liquid holdup (>10%). By comparing Figure 4-15 and Figure 4-16, 

it is evident that a significant improvement is obtained in most cases, and such 

improvement becomes more obvious for the higher liquid holdup (>10%). The mean 

of difference and standard deviation of CNN predicted results at the top section data 

sets are between 0.3% and 1.3%, whereas for the Maxwell predicted results are 1% 

and 2.4%, respectively. These results indicate that the CNN model better predicts local 

liquid holdup in the packed column, especially at high liquid holdup. 

 

Figure 4-16: At the top section of packed column (a) CNN predicted local liquid holdup 

and reference local liquid holdup and (b) their differences. 

 

3) Determination of flooding point 

Similar to the experiments at the bottom section of the packed column, Figure 4-17 

shows a comparison between the process variables such as pressure drop and liquid 

holdup used for flooding prognosis. According to Billet and Schulets [64], the 
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phenomenon of flooding includes liquid accumulation at the top of the bed. Our study 

uses experimental data sampled from the top section of the packed column to 

determine the local loading point as an early warning of flooding point, as shown in 

Figure 4-18. Flooding can be identified visually through the transparent glass pipe 

given a turbulent layer of liquid upon the top of the column. Therefore, the experiment 

is stopped when the flooding and entrainment are spotted at the top of the column, as 

shown in Figure 4-17 (d). 

 

Figure 4-17: Photos of top end packed column with (a) ECT sensor, (b) no flow, (c) non-

flooding water flow, and (d) flooding and entrainment. 

Global liquid holdup and global pressure drop are plotted for all the 35 air flow rates. 

It can be seen from Figure 4-18 the overall trends of the pressure drop curve and global 

liquid holdup curve are similar to those at the bottom section, under the same 

experimental conditions. Green solid squares are used to indicate the global loading 

point. The global loading point is identified here as the gradient these measurements 

have achieved a value of 10%. However, the gradient of pressure drop increases more 

rapidly than that at the bottom section. It is most likely that the pre-flooding causes 

this phenomenon by improving packing wetting degree [138]. 
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Figure 4-18: ECT installed at the top section of the packed column. Dependence of level 

meter measured global liquid holdup and pressure drop on gas superficial velocity. 

 

 

Figure 4-19: ECT installed at the top section of the packed column. Dependence of 

Maxwell equation and CNN predicted local liquid holdup on gas superficial velocity. 

As shown in Figure 4-19, the Maxwell equation calculated local liquid holdup and the 

CNN estimations range from 8.4% to 37.1% during the flooding experiment. In the 

pre-loading zone, a small change of the gradient of local liquid holdup is observed at 
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the top section of the packed column. Before the local loading point (marked as the 

red solid circle), no temporary accumulation of liquid at the top of the bed is observed. 

More importantly, the gas velocity does not affect the local liquid holdup until the 

local loading point at the top is achieved. It can be concluded that the local liquid 

holdup is independent of air flow rate, leading to low interfacial area and gas-liquid 

interactions at the top section [64]. The two curves show a very similar tendency, with 

a sharp rise observed when the flooding front has advanced up. The Maxwell equation 

predicted local liquid holdup remains relatively constant until 6.59 m/s gas flow, then 

increases to a peak at approximately 6.89 m/s gas flow. In addition, the CNN predicted 

local liquid holdup is relatively consistent with the Maxwell equation predicted ones 

and global liquid holdup in the pre-flooding zone, but increases much faster in the local 

flooding zone. The local liquid hold up may be underestimated using the Maxwell 

equation as the maximum liquid holdup of 30.4% is much smaller than the global 

liquid holdup, i.e. 37% at the same gas flow rate. In contrast, CNN estimations agree 

well with the global liquid holdup close to the flooding point. The local liquid holdup 

profile demonstrates a rapid increase of gradient in Figure 4-19 at around 37%, which 

signifies that the local loading point is found at approximately 6.59 m/s flow rate. This 

is followed by a small increase in gas velocity and excessive entrainment at top of the 

column was observed at the experiment, which indicates gas velocity has also achieved 

global flooding point (marked as green hollow squares in Figure 4-18). Therefore, it 

can be concluded that the local liquid holdup at the top section of the packed column 

can be used as the early warning of the flooding. 

 

4.4 Conclusions 

This chapter presents the first attempt at CNN-aided flooding prognostics in a packed 

column using ECT. The proposed CNN methods provide results that align well with 

ground truth liquid holdup values. ECT with CNN accurately predicts the local liquid 

holdup, enabling the detection of the loading point at the bottom of the packed column 

and the detection of the flooding point at the top of the packed column. These findings 

confirm that a local measurement of liquid holdup tends to be the earliest prognostic 

of flooding than a global pressure drop or liquid holdup. Therefore, ECT is highly 
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suitable for accurately predicting the occurrence of flooding and can be deployed in 

packed column operation to allow for active management of the flooding and 

optimised capture plant operation.  

 

Publications from this chapter: 

 Y. Chen, C. Liu, Y. Yang, M. Lucquiaud, J. Jia, Flooding Prognostic in Packed 

Columns based on Electrical Capacitance Tomography and Convolution 

Neural Network. IEEE Transactions on Instrumentation and Measurement, vol. 

71, pp. 1-14, 2022. 



70 

 

Chapter 5 Monitoring Frost Formation during 

Cryogenic Carbon Capture using ECT 

5.1 Introduction 

As illustrated in section 2.2.2 of Chapter 2, cryogenic carbon capture is a potential 

technological solution to reduce CO2 emissions and a more cost-effective method of 

carbon capture than amine-based CO2 capture technologies [48]. However, there is a 

lack of research on frost formation of CO2 within packed bed systems, despite the 

influence of the CO2 frost layer on thermal conductivity leading to high cooling costs. 

Understanding the rate of CO2 frost accumulation within a packed bed is critical to the 

design of the capture column. Therefore, online measurements of frost accumulation 

become increasingly desirable to study the CO2 frost formation during cryogenic 

carbon capture. This chapter aims to test the functionality of a novel online ECT sensor 

and its ability to provide in-situ, real-time measurements of CO2 frost formation in a 

fixed packed bed. 

This chapter focuses on the evolution of frost formation distribution during the capture 

process. It has been investigated in detail by experiments, elucidating the effect of the 

bed material type and bed material temperature. An ECT sensor was constructed to 

measure frost distribution and elucidate the mechanisms of CO2 frost formation by 

first testing on water ice frost in the packed bed. Results show that ECT could 

effectively monitor the changes in relative permittivity caused by the frost formation 

in real time [139]. These results indicate that ECT has the potential to be a novel 

technique for monitoring CO2 frost formation during cryogenic carbon capture. 

 

5.2 Materials and methodology 

5.2.1 Predictive simulation 

In cryogenic carbon capture processes, a non-intrusive online sensing technique with 

the good temporal resolution is greatly desirable for study of CO2 frost formation and 

online monitoring of fast gas dynamics. However, few techniques possessing such 
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capabilities have been investigated and maturely applied to date. Moreover, the 

existence of packed column packing raises a challenge for CO2 frost formation 

imaging attributed to the spatial constraints imposed by the packing structure on the 

change of gas dynamics. In order to reveal the feasibility of imaging CO2 frost 

formation with ceramic beads by ECT, as well as the effect of ceramic beads on 

imaging quality, a geometric model with a regular shape random packing is established 

in COMSOL Multiphysics together with the presented ECT sensor. 

 

Figure 5-1: Modelling of ECT sensor with random packing. (a) Typical 2D ECT sensor; 

(b) 2D ECT sensor with simplified random packing. 

In this work, a typical eight-electrode ECT sensor is studied, as shown in Figure 5-1 

(a). Figure 5-2 shows the real random ceramic packing used in the experiment. To 

simplify the complexity of real random packing applied in this study, the blue circle 

arrays in Figure 5-1 (b) are used to emulate the random packing, while the rest grey 

area is referred to as void space. The presented model with ID=72 mm and OD=95 

mm. The permittivity values of CO2 frost and air are set as 1.6 and 1, respectively. 

Ceramic beads were selected as the random packing medium with a permittivity of 

approximately 30. The random packing radius is set to be 0.85 mm, as indicated in 

Figure 5-1 (b).  
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Figure 5-2: Ceramic beads used in the experiment. 

 

5.2.2 Experimental set up 

The capture column test rig consists of a small-scale cryogenic carbon capture 

application as shown in Figure 5-3, located at the University of Chester. More details 

of the test rig can be found in [46]. The experimental rig is made from a PTFE pipe, 

with ID=72 mm, OD=95 mm and h=1000 mm. Two feed gas injector pipes feed into 

the capture column, i.e. a vertical cooling gas injector and a horizontal mixed gas 

injector. The gas injector pipes are made from copper pipes with a series of 1 mm 

width perforations, across the length of the pipe that is located inside the column, on 

opposite sides of the copper pipe to allow gas to flow into the column uniformly. The 

ECT electrodes are located approximately 120 mm from the bottom of the column. 

The capture column was tested using small ceramic beads of Zirconia partially 

stabilised with Yttria from Chemco Advance Material Co., Ltd., ranging from 1.4 mm 

to 1.7 mm in diameter. The temperature of the bed material is recorded using 

thermocouples and data loggers. The thermocouples are inserted into the capture 

column from the top of the column and are adjusted to an appropriate height above the 

horizontal mixed gas (–60 °C) injector. 
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Figure 5-3: Lab scale fixed bed experimental flow loop. 

Nitrogen and CO2 for the gas streams are supplied by BOC cylinders, with purities of 

99.98% and 99.8%, respectively. The two gas injectors are used for the cooling step 

and capture step. The vertical cooling gas injector feeds nitrogen gas that is firstly 

cooled to –140 °C by passing through the liquid nitrogen bath, which cools down the 

ceramic bed material. The horizontal mixed gas injector feeds in a mixture of nitrogen 

and CO2. The mixed gas is controlled by two automatic Bronkhorst El-Flow mass flow 

controllers, which set the flow rates for CO2 and nitrogen gas before mixing the two 

gas streams together. The mass flow controllers provide a mixed gas flow at a specific 

CO2 concentration v/v. The mixed gas is partially cooled by passing through a liquid 

nitrogen bath and further cooled by the bed material in the capture column. When the 

mixed gas is sufficiently cooled, the CO2 present in the gas phase will desublime out 

of the gas phase and onto the bed material as a frost. 

The composition of the mixed gas before entering the capture column and after leaving 

the capture column are measured with GSS CO2 gas sensors, which have a precision 

of 0.001%. The in-line sensor before the capture column can detect between 0-20% 
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vol. CO2 and the gas sensor in place at the outlet of the capture column can detect 

between 0-5% vol. CO2. 

 

5.2.3 Sensor optimisation for cryogenic carbon capture 

According to the size of the cryogenic packed column, an ECT sensor with eight 

electrodes was designed in this study. Figure 5-4 (a) shows the schematic illustration 

of the sensor. The sensors are made of copper foil. Eight electrodes of 60 mm length 

are mounted outside the cryogenic packed bed and enclosed by an earthed guard 

electrode. In order to reduce the damage to the insulation during the cryogenic capture 

process due to the installation of the ECT unit, bubble wraps are used to reduce heat 

transfer in the freezing column and in the environment. Figure 5-4 (b) illustrates the 

picture of the manufactured sensor equipped with a bubble wrap for insulating 

operation and shield electrode.  

 

Figure 5-4: Picture of (a) the manufactured ECT sensors with guard electrode and 

(b) bubble wrap with shield electrode. 

 

5.2.4 Experimental campaign 

The experimental procedure begins with an empty air-filled pipe ECT reference 

calibration measurement to check if all electrodes are operating correctly. Next, the 

dry ceramic beads are added into the column and a second ECT measurement is made 

for calibration with dry ceramic beads. The position of thermocouples is adjusted 

based on ECT images. The temperature profiles from the thermocouples placed above 
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and below the ECT were used to estimate the temperature of the bed material within 

the region of the ECT sensor. 

For CO2 frost experiments, the cooling stage delivered nitrogen gas at –140 °C to the 

bed material. When the bed material reached the desired temperature of roughly –120 

°C, the cooling stage was ended by shutting off the cooling gas stream. The ECT 

measurement procedure began when a cold ceramic-filled pipe ECT reference 

calibration measurement was taken for the ceramic packing with low permittivity 

material. The capture stage started by feeding a mixture of CO2 and nitrogen through 

the mixed gas injector. The mixed gas, fed into the column at 40 litres per minute 

(LPM) with 18% CO2 v/v, is partially cooled by passing through a liquid nitrogen bath 

to reach roughly –70 °C. Heat transfer between the bed and the mixed gas within the 

capture column would then provide sufficient cooling to the mixed gas to cause CO2 

to desublime out of the gas phase as a frost and deposit onto the bed material. 

The temperature profiles would be expected to show an increase in temperature and 

plateau at the desublimation temperature of CO2, for a gas of 18% CO2 v/v, the 

desublimation temperature would be –97.2 °C (estimated using the Span and Wagner 

equation of state [140]). The presence of this plateau in the temperature profiles 

identifies that CO2 frost is forming within the bed and has reached equilibrium. As 

mixed gas continues to pass through the column, the temperature plateau will 

destabilise due to CO2 defrosting at a faster rate than it is desubliming. Using the 

thermocouples above and below the ECT sensor help to estimate the temperature when 

frost formation would be occurring within the region of bed material that the ECT 

sensor was measuring. When CO2 starts defrosting, a second ECT measurement is 

made to determine ceramic packing with high permittivity material. Finally, after these 

two calibration references are taken, the ECT is connected to a computer where 

visualisation of the real-time images can be accessed on the computer screen, to 

determine whether the ECT sensor is able to detect frost formation. Also, ECT 

measurements are used to reconstruct the permittivity distribution off-line using the 

calculation method introduced in Section 2.6. 
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5.3 Results and discussion 

5.3.1 Simulation 

Figure 5-5 shows the image reconstruction of the modelled phantom. The different 

blues shapes in the COMSOL models simulates ceramic packing. In this study, five 

different blues shapes of phantom are reconstructed and compare: ellipse, rectangle, 

two circle, triangle and single circle. All of them are symmetric and have a relative 

permittivity value of 30. The background simulates a packed column filled with air, 

which has a relative permittivity value of 1. Note that in the reconstructed images the 

red colour denotes the permittivity is larger than the blue background (air). The 

reconstructed images show the cross sections of the packed column sensing domain. 

The simulation results suggest that the outline and position of ceramic can be 

reconstructed in the images. Next step of work will be experimental validation of the 

presented sensor and image reconstruction methods on practical CO2 frost imaging. 
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Figure 5-5: Image reconstruction of the different phantoms. The column on the left shows 

the algorithm used for reconstruction and on the right shows the reconstructed images. 

5.3.2 CO2 frosting experiment 

Figure 5-6 shows that ECT profiles at different bed temperatures do not change much, 

particularly at lower capacitance values. A small relative change of capacitance 

indicates that the relative change of permittivity is small, which means the relative 

permittivity change caused by CO2 frost is insufficient to be detectable by the ECT 

sensor. A greater relative change of capacitance means that the change of actual size 

and position of the relative permittivity differ from the original value, thus the 

reconstructed image can be a good presentation of the CO2 frost change.  
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Figure 5-6: ECT measured capacitance for ceramic bed versus different temperature. 

The temperature profiles in Figure 5-7 show that the temperature below the ECT 

reached a plateau at approximately 150 seconds. The presence of the temperature 

plateau shows that indeed CO2 frost is forming on the bed material. 

 

Figure 5-7: Temperature profiles of thermocouples above the ECT sensor, below the ECT 

sensor and gas injector under 40 LPM 18% v/v CO2.  

As shown in Figure 5-7, the capture step starts at roughly 80 seconds and the 

thermocouple below the ECT records a temperature profile roughly 70 seconds into 
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the capture step. The plateau destabilises after 400 seconds as the temperature starts to 

rise again, indicating the bed material is beginning to defrost. These results are 

consistent with data obtained in experimental analysis of CO2 frost front behaviour 

studies [46]. According to Tuinier et al. [53], deposition of CO2 causes a rise in bed 

temperature to an equilibrium value of approximately −93 °C and CO2 breaks through 

after approximately 200 s. In our study, the equilibrium temperature of approximately 

−92.8 °C was recorded by a thermocouple above the ECT sensor and CO2 breaks 

through after approximately 130 s. The temperature profile for the thermocouple above 

the ECT did not demonstrate a plateau, which makes it uncertain how fast frost 

accumulated in the capture column. Comparison with the ECT sensor readings during 

the CO2 capture step is less accurate as a result. 

Frost front velocity cannot be accurately predicted experimentally as the temperature 

profile above the ECT did not form a stable plateau. However, simulated predictions 

can be made for this experimental work and compared with simulated predictions 

using experimental results from Tuinier et al. [52] using correction factors derived in 

[46]. The correction factors consider the differences between flow rates, column 

dimensions, and bed material between the experimental set-ups, using equation (5.1) 

provided below: 

𝑑𝑣𝑑𝑦

𝑑𝑐𝑝𝑑𝜌
(5.1)  

where 𝑦 represents the volume fraction of CO2 in the gas phase and 𝑣 represents the 

superficial velocity, 𝑐𝑝 represents the specific heat capacity of the bed material and 𝜌 

represents density of the bed material. Simulated frost front velocities were calculated 

from equation (5.2):  

𝑈𝑓𝑟𝑜𝑠𝑡 =
𝑄𝑔

𝐴𝜌𝑐𝑝𝑑𝑇
(5.2)  

where 𝑈𝑓𝑟𝑜𝑠𝑡  is the frost front velocity, 𝑄𝑔  is the cooling duty required by the gas 

phase, 𝐴 is the cross-sectional area of the capture column and 𝑑𝑇 is the temperature 

change. Table 5-1 compares simulated results produced for conditions in this work and 

for experimental conditions from Tuinier et al.’s experimental work, which differ 
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slightly by 18%. One modification is made to Tuinier et al.’s work before applying the 

correction factors which is to alter the starting temperature of the bed to match this 

work.  

Table 5-1: Frost front velocity comparison between this work and data from literature. 

Simulated results Frost front velocity (mm/s) 

This work [139] 1.12 

Tuinier et al. [14] 1.33 

 

The reason the temperature profile above the ECT sensor does not show an obvious 

plateau is likely due to the ECT sensor. The ECT sensor attached to the capture column 

required the removal of insulation around the capture column, this caused the 

temperature of the bed material to be slightly higher than what the capture column can 

usually achieve. Applying the insulation around the ECT sensor affected the sensor’s 

readings by increasing the effect of random artefacts that in the reconstructed images. 

The ECT measurement procedure begins when the capture stage is started by feeding 

a mixed gas of CO2 and nitrogen through the mixed gas injector. Figure 5-8 show that 

the ECT capacitance has little change during the entire CO2 frost capture progress. In 

contrast, the presence of the temperature plateau in the temperature profiles in Figure 

5-7 shows that CO2 frost is forming on the bed material. Based on the experimental 

results, it was concluded that the designed ECT sensor and proposed image 

reconstruction methods could not properly estimate the permittivity change within the 

packed column in CO2 frost capture progress. 



81 

 

 

Figure 5-8: ECT measured capacitance for ceramic bed during CO2 frost formation 

progress (RC: relative change of capacitance). 

The experimental rig fed through a gas mixture containing 18% v/v CO2, CO2 frost 

could not be detected by the ECT sensor. Increasing the concentration of CO2 in the 

gas mixture would increase the mass of frost being deposited on the bed material which 

may have been detectable by the sensor. However, the experimental rig designed to 

feed up to 20% CO2 would not be able to accurately measure the concentration of the 

gas mixture and would risk desublimation of CO2 frost within the liquid nitrogen 

precooler. Since detecting CO2 frost at lower concentrations would be more difficult 

for the ECT sensor to detect, sensitivity analysis of the CO2 frost experiments is not 

continued. 

The tomography sensor could not accurately detect CO2 frost growth on the surface of 

the bed material. This could be due to the relative permittivity of CO2 in the solid and 

vapour phase as well as the ceramic bed material or the setup of the experiment is 

ineffective. Further experiments were conducted to determine whether the 

tomographic sensor is able to detect frost growth of water droplets, which would show 

a much larger change in relative permittivity from phase change compared to CO2.  
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5.3.3 Wet packing frosting experiment 

Since the ECT sensor could not effectively detect CO2 frost, the experimental 

procedure is changed to use water frost to explore the gas dynamic during ice frost 

formation progress in the packed column. The purpose for these experiments is to 

investigate two factors: firstly, whether the ECT sensor would detect water frost and 

subsequently whether tomography sensors are suitable for use with the experimental 

rig; and secondly, whether the freezing of water on the surface of the bed material 

gives any indication on the flow of gas through the capture column. If the ECT sensor 

detects water frost across the entire cross section of the capture column equally then 

that is evidence that the flow of gas through the capture column is uniform and 

predictable. Water is used as a replacement for CO2 frost as the change in relative 

permittivity from water to ice (from 80 to 3.2) is substantially larger than that from 

CO2 gas to frost (from 1 to 1.6). Relative permittivity of water is 88 at 0 °C and drops 

with rising temperature, e.g. to 55.3 at 100 °C. However, water (ice) relative 

permittivity is about 3.2 at −2 °C. The relative permittivity of the PTFE pipe is 

approximately 2.1. First, the ceramic bed material was wetted with water before being 

fed into the capture column, as the water would otherwise freeze inside the gas pipes 

when passing through the liquid nitrogen bath. Then nitrogen cooling gas was fed into 

the column at −15 °C to freeze the water present in the capture column. The nitrogen 

gas fed into the mixed gas line was used as the cooling gas for water related 

experiments, in order to simulate the mechanism of frost formation between the mixed 

gas and the bed material. The flow of cold gas through the column of wetted bed 

material causes water to freeze. Thus, observing the freezing of water through the ECT 

showed the general flow pattern of cold gas through the bed material. 

Figure 5-9 shows the temperature profiles for the water frost and ceramic bed material 

experiments under different cooling gas flow rates. The gas injector's temperature 

profile mostly fluctuates within the range of −10 °C to −20 °C. Keeping the 

temperature of the cooling gas stable proved to be more difficult due to the high 

cooling duty the liquid nitrogen supplies to the cooling gas. 

The temperature profile below the ECT sensor is dependent on the flow rate of gas. 

The temperature profile reaches 0 °C at roughly 250 seconds and −10 °C at 400 
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seconds for the 100 LPM graph (Figure 5-9 (b)), whereas the temperature profile 

reaches 0 °C at 500 seconds and −10 °C at 1000 seconds for the 50 LPM graph (Figure 

5-9 (a)). The temperature profiles above the ECT sensor still have difficulty reaching 

the freezing temperature of the water. Due to the water being present on the bed 

material, the cooling duty must be supplied by the cooling gas. The ceramic bed 

material and water densities are far higher than that of the cooling nitrogen gas. As a 

result, the poor cooling duty supplied by the gas phase slows down the cooling of the 

bed material. 

 

Figure 5-9: Temperature profiles of thermocouples above ECT, below ECT and gas 

injector under (a) 50 LPM (b) 100 LPM (100% N2). 

Unexpectedly, the temperature profiles do not show a temperature plateau at 0 °C. The 

reason for this is not entirely known. The most likely reason for the lack of a 

temperature plateau is that the ceramic bed material is wetted before being added to 

the capture column, which means there is minimal water presenting on the 

thermocouples during the experimental runs. Whereas in CO2 frost experiments, the 

CO2 frost desublimes out of the gas phase onto the bed material and likely desublimes 

onto the thermocouples as well. With no water freezing on the thermocouples, no 

temperature plateau is measured. The ECT sensors record a significant change in 

relative permittivity of the capture column, which indicates that water is freezing 

inside the capture column. Furthermore, samples of bed material taken from the 

capture column after the capture step show that frost presents on the bed material.  
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Figure 5-10 shows the ECT profiles for the water frost and ceramic bed material 

experiments during the water ice forming progress. Due to the different physical 

properties of water and CO2, ECT for the wet packing frosting experiments needs to 

be calibrated separately. Based on the temperature profile, the temperature below ECT 

is 0 °C at approximately 4 minutes. Two minutes later, the ECT capacitance reached 

a peak value and this point is used as high calibration in the image reconstruction. A 

few minutes later, capacitance is keeping stable, and those points are used as low 

calibration in the image reconstruction. The calibration measurements are not made 

instantaneously, rather they are averaged over 60 seconds at a rate of 714 frames per 

second. This curve is consistent with the change of water relative permittivity with 

temperature. The reconstructed imaging therefore is expected to gradually change in 

permittivity distribution as high relative permittivity material (water) is frosting to low 

relative permittivity mater (ice). 

 

Figure 5-10: ECT measured capacitance for ceramic bed and water frost experiments. 

5.3.4 Real-time measurement of frost distribution 

In this section, dynamic imaging of ceramic packing cooling and water wetted ceramic 

packing frosting progress is carried out to validate the performance of the designed 

sensor. In ECT analysis, the capacitance change is used as an indicator to infer the 

frost formation in the packed column. Figure 5-11 shows the reconstructed permittivity 
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images for the experimental time sequence of frost development after the ceramic 

beads are wetted. The colour map of the reconstructed images is set to the same scale 

to facilitate the comparison. Two-end and single-end calibration methods used have 

been already described in Section 2.6.  

In Figure 5-11, the processes in the bed over time are reconstructed in real-time with 

two calibration methods. The overall trend of the two calibration methods is the same. 

While for the two-end calibration method, the full calibration with high permittivity 

media is inconvenient to acquire as it would require the packed bed to be completely 

filled with water. Therefore, this calibration method can be less accurate as water only 

exists on the surface of ceramic packing during our experiment. Comparing the image 

in the single-end calibration group and the two-end calibration group shows that the 

high permittivity material (water) has the highest proportion at the beginning of 

frosting progress and the low permittivity material (ice) almost fills the column after a 

10-minute treatment in the cooling gas.  

The single-end calibration method was chosen because it significantly reduces the 

error caused by inappropriate high calibration required to reconstruct the image when 

compared to the two-end calibration method and is therefore more suitable for a new 

technology to monitor real-time frost progress. The absent of high calibration could 

have a detrimental effect on the accuracy of the results. To compare the results with 

and without high calibration, the root mean square error, 𝐸𝑅𝑀𝑆 under the single-end 

calibration condition is evaluated from the following equation: 

𝐸𝑅𝑀𝑆 = (
∑ ∑ (𝐶𝑛𝑜𝑟𝑚(𝑖,𝑗)−1)

2𝑀
𝑗=𝑖+1

𝑀−1
𝑖=1

𝑀(𝑀−1)

2

)

1

2

(5.3)  

where M is the number of electrodes, 𝐶𝑛𝑜𝑟𝑚(𝑖,𝑗) is the normalised capacitance of the 

electrode pair i-j. According to Yang [141], the average ERMS of the single-end 

calibration method is 7.1% compared with two-end calibration method. The 

quantitative assessment in this work shows an acceptable decline in accuracy with the 

single-end method using the values of low calibration data only, with ERMS≈5% (using 

equation (5.3)).  The results of the single-end calibration group show that a clear 
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boundary of a circle shape can be identified in the centre area of the reconstructed 

images. Results from Figure 5-11 show that the cooling progress has less effect on the 

permittivity located at the centre of the packed column. In the experimental data, liquid 

on the surface of ceramic beads causes the ECT capacitance to change from 0.41% in 

the first minute to 2.96% after ten minutes, which shows a clear effect of permittivity 

change during frost forming progress. A reasonable explanation for the result is that 

water has permittivity changes in a different form (liquid and solid). Prior to frost 

formation, the wetted ceramic beads with high permittivity are kept in the packed 

column. Later, the frost formed during the cooling results in the change of overall 

permittivity distribution after the frost appears. Consequently, the permittivity within 

the packed column is decreased and ECT monitors the change of permittivity 

distribution. However, the reconstructed images in both methods have some red area 

close to the boundary of the image. The most likely explanation for those red dots is 

that there is considerably less water at the boundary close to the pipe wall than the 

centre area, so the frost formation permittivity change contributes significantly less at 

these areas. It has been proved that for cylindrical ECT sensors, the average spatial 

resolution greatly increases near the electrodes. Therefore, the teeth around the edges 

could be an artefact caused by ceramics beads as the cylindrical packing are filled up. 

Figure 5-11 (c) shows the image reconstruction of the packed bed using the single-end 

calibration method and MSBP algorithm [142]. In comparison with the two-end 

calibration method result shown in Figure 5-11 (a), the single-end calibration method 

shows better reconstruction accuracy and better noise tolerance. 
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Figure 5-11: Image reconstruction of the wetted ceramic packing with (a) two-end 

calibration method with Landweber algorithm (b) single-end calibration method with 

Landweber algorithm (c) single-end calibration method with MSBP algorithm from 0 

minutes to 10 minutes. 

The reconstructed images show the phase of water in the bed material from liquid 

droplets to solid frost. The reconstructed images show that the colour change is roughly 

uniform across the cross section of the capture column, and as previously mentioned, 

indicate that the gas flow through the pipe is relatively uniform. However, there 

appears to be some areas close to the wall which did not change in colour due to 

permittivity close to the wall not changing over time. This is most likely attributable 

to water not being present close to the wall due to the experimental set-up. The 

calibration method would therefore record no change at the wall.  

It is found that in CO2 frosting experiments shown in section 5.3.2, ECT results are 

affected by selection of packing material. The results presented for water frost show 

potential for the application of ECT to cryogenic carbon capture. However, the high 

relative permittivity of the ceramic bed prevents the ECT sensor from detecting the 

small relative change in permittivity of CO2 phase change. It would therefore be 

recommended in future work the selection of a bed material with a lower relative 

permittivity. It is anticipated that a packing material with lower permittivity, such as 

glass beads, should improve the detection of CO2 frost. In addition, the preliminary 

model used in this work predicted that ceramic bed material with a high relative 

permittivity would see a significant decrease in relative permittivity when CO2 frost 

forms on the surface. Complete coverage of CO2 frost on the ceramic surface would 

affect the total permittivity of the ceramic material. It was expected that a bed material 

with high relative permittivity would show the greatest level of change in experiments. 



88 

 

However, this has not been the case in the experiments, which could mean that CO2 

frost is not fully coating the bed material. The possible reason for this is either that the 

bed material will have points of contact with each other to prevent frost completely 

surrounding each individual bead or that the frost nucleation and growth does not 

uniformly cover the surface of the bed material. Future modifications to the testing rig 

such as using a transparent column would help the observation of CO2 frost formation 

phenomena. In order to perform sensitivity analyses, it is recommended to change 

more experimental conditions and variables to test their impact on frost distribution. 

Considering the low-temperature environment, the effect of change in temperature on 

the measurement capacitance must be recompensed. 

 

5.4 Conclusions 

In this chapter, the application of ECT for frost formation monitoring relevant to 

cryogenic carbon capture is investigated. This work found that the ceramic bed's high 

relative permittivity prevents the ECT sensor from detecting a small relative change in 

permittivity. Early experiments show challenges in detecting CO2 frost formation 

using ECT. The experimental results with wetted ceramic packing showed that ECT 

could detect the permittivity change inside the packed column due to the frost 

formation progress with a high temporal resolution. ECT could strengthen the current 

understanding of CO2 frost formation on fixed packed beds. Therefore, it would be 

recommended in future work that ECT be used to demonstrate control of cryogenic 

carbon capture with a moving bed packed column using real-time images, combined 

with knowledge of frost front velocity and thermal equilibrium. 

 

Publications from this chapter: 

 Y. Chen, D. Cann, J. Jia, C. Font-Palma, Preliminary Study of CO2 Frost 

Formation during Cryogenic Carbon Capture using Tomography Analysis, 

Fuel, vol. 328, p. 125271, 2022.
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Chapter 6 Conclusions and future work 

6.1 Thesis overview 

CCS is an essential technology for addressing global warming. ECT can accurately 

predict liquid retention and monitor liquid distribution, and if applied, can optimise 

packed column design and improve CO2 capture rates. However, gaps in the state-of-

the-art measurement methods prevent capture plants from operating optimally, leading 

to the vast majority of existing designs being too conservative. In addition, the 

parameters measured in real-time by existing plants cannot detect flooding in real-time. 

This thesis advances the current understanding of flooding and CO2 frosting in the 

packed column by conducting simulation and experiments. The application of ECT 

could monitor, diagnose and optimise the performance of post-combustion capture 

technologies in terms of safety and CO2 absorption efficiency. 

 

6.2 Summary of findings 

6.2.1 Key Findings - Diagnosis of Packed Column  

In Chapter 3, a feasibility study is presented to investigate the potential of ECT for 

packed column flooding monitoring. A qualitative study of ECT images to discover 

liquid distribution in a counter-current flow packed column at different flow regimes. 

In addition, the ECT provides quantitative research of capacitance data to evaluate the 

relationship between flooding and a flooding index. The evolution from pre-loading to 

flooding status in the cross-sectional liquid distribution along the axial direction of the 

column is recorded and examined. 

 Reconstructed images by ECT can provide a spatial distribution of liquid 

across different sections of a column, thus indicating the transition of flow 

regimes and the formation process of flooding. 

 ECT is a non-intrusive, portable imaging method. It could be deployed at the 

carbon capture process to optimise packed column performance. 
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 The experimental results demonstrate that flooding can be predicted by using 

the flooding index method. The standard deviation of the flooding index is 

caused by turbulent flow. 

 Dynamic datasets are obtained for three scenarios using ECT installed at the 

bottom position of the packed column 

o Packed column pre-loading region 

o Packed column loading region 

o Packed column flooding region 

 Dynamic datasets are obtained for three scenarios using ECT installed at the 

top position of the packed column 

o Packed column pre-loading region 

o Packed column loading region 

o Packed column flooding region 

 

6.2.2 Key Findings - Dynamic Flooding Monitoring 

In Chapter 4, for the purpose of dynamic flooding monitoring, a portable monitoring 

strategy using CNN-aided ECT is proposed. A portable ECT sensor is employed for 

free movement in the longitudinal direction of the packed column. At each axial 

position, pressure drop, liquid holdup and flow information data is simultaneously 

recorded at the same sampling rate at the lab-scale test rig. This study shows that the 

flooding can be detected earlier by local liquid holdup than global liquid holdup or 

pressure drop. Compared with the conventional liquid holdup calculation model, the 

newly introduced CNN-aided method is more accurate, especially for data from 

dynamic flooding test campaign. 

 As observed in experiment, transient disturbances flooding can result in large 
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fluctuations in ECT estimated local liquid holdup. 

 A novel CNN with a relatively large data set is employed to predict the local 

liquid holdup within 1% mean of difference and 1.3% standard deviation. The 

flooding experiment results have verified the performance of the CNN with the 

largest relative error of 8.5%. 

 Results confirm that a local measurement of liquid holdup tends to be the 

earliest prognostic of flooding than the conventional pressure drop method or 

the liquid holdup method. The comparison among varying process variables 

shows that the local liquid holdup estimated by ECT gives the earliest detection 

of loading point and early warning of flooding. 

 ECT is highly suitable for accurately predicting the occurrence of flooding and 

may be deployed in packed column operation to allow for a closer process to 

the flooding point and reduce column size and capital costs. 

 Dynamic datasets with 3 quantitative variables (capacitance, pressure drop, and 

liquid holdup) are obtained for three scenarios at the bottom position of the 

packed column 

o Packed column pre-loading region 

o Packed column loading region 

o Packed column flooding region 

 Dynamic datasets with 3 quantitative variables (capacitance, pressure drop, and 

liquid holdup) are obtained for three scenarios at the top position of the packed 

column 

o Packed column pre-loading region 

o Packed column loading region 

o Packed column flooding region 
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6.2.3 Key Findings - Cryogenic Carbon Capture Testing 

In Chapter 5, ECT is used to monitor the growth of frost from the cryogenic carbon 

capture progress in a packed bed. A ECT sensor which is suitable for cryogenic packed 

column was constructed. This study enables a better understanding of the behaviour of 

CO2 frost formation from a mixture of gases during controlled experiments in a packed 

column. With a ECT aided design, real-time imaging of frost formation on a cryogenic 

packed column could provide valuable information about the deposition process 

within the column. Investigators or operators can modify the flow of fuel gas according 

to the ECT images. 

 The tomographic sensor could not accurately detect CO2 frost growth on the 

surface of the bed material. This could be due to the relative permittivity of 

CO2 in the solid and vapour phase as well as the ceramic bed material or the 

setup of the experiment is ineffective. 

 Considering the low-temperature environment, the effect of change in 

temperature on the measurement capacitance must be recompensed. 

 Inference from theoretical models and ECT results show that CO2 frost is not 

fully coating the bed material. The possible reasons for this are either that the 

bed material will have points of contact with each other to prevent frost from 

fully insulating each individual bead or that the frost nucleation and growth do 

not uniformly cover the surface of the bed material. 

 Dynamic datasets are obtained for three scenarios using ECT installed at 

cryogenic carbon capture packed column 

o Cryogenic packed column pre-cooling process 

o Cryogenic packed column deposition process 

o Cryogenic packed column desublimation process 
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6.3 Recommendations for future work 

Although this study initialises a new in situ packed column analysis method for carbon 

capture applications, there are still many research directions to continue this work 

further: 

 Evaluating different packings: In future work, a wider variety of packings 

can be tested, with packing void fraction and material permittivity appearing 

to have the most significant impact on ECT imaging. With the help of ECT, 

efforts can be made to design and evaluate new packings. For example, amine-

based direct air capture technology captures CO2 directly from the atmosphere. 

 Design of new sensors: With regards to the development of the ECT system, 

a further simplification of ECT sensors is worth studying. A 2-electrode 

configuration may be sufficient to detect frost front or flooding front and 

provide quantitative measurements, although the 2-electrode setup cannot 

provide spatial distribution information and reconstructed images. 

 Diagnosing maldistribution inside packed columns: One of the challenges 

in improving mass transfer efficiency is the timely detection and diagnosis of 

liquid maldistribution inside packed columns. Portable and mobile features of 

ECT make it convenient to be applied in different locations to diagnose 

suspected maldistribution in packed columns. 

 Analysis of moving bed: Powders or small particles could lead to powder 

fluidisation and ultimately to flooding [143]. ECT could detect powers 

distribution and prevent excessive accumulation of powders using real-time 

images. Quantitative methods can also be developed to demonstrate the control 

of an ECT-aided moving bed.  

In the long term, a more general ECT system should be promoted to capture the critical 

plant operating parameters in real time for carbon capture control systems, as 

differences in carbon capture design significantly impact capture efficiency. 

Completing these goals would represent a significant step toward implementing 
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comprehensive measurement systems for the carbon capture process, allowing the 

carbon capture plant to operate as safely as possible and save operating costs.
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Appendix A - Further analysis on pressure drop 

using Ergun’s equation and Stichlmair’s equation 

This chapter will use Ergun's equation and Stichmair's equation to estimate the 

pressure drop and compare it with actual measurements from the experiments in 

Chapter 3. Ergun’s equation can estimate the pressure drop of dry packing. 

Stichlmair’s equation can estimate the pressure drop of irrigated packing. The 

derivation steps of both equations are shown below.  

Calculate the pressure drop for a polypropylene Sulzer Mellapak 250 Y structured 

packing under the following conditions: 

Gas velocity: UG = 1.64 m/s 

Liquid loading: UL = 38.9 m3(m2 h)-1 = 0.0108 m3(m2 s)-1 

Properties:  

Gas density 𝜌𝑔=1 kg m-3 

Liquid density 𝜌𝑙=1000 kg m-3 

Kinematic viscosity of air = 1.416 × 10−5 m2 s-1 at 10 ⁰C [144] 

Kinematic viscosity of water = 1.307 × 10−6 m2 s-1 at 10 ⁰C [145] 

Packing type: Polypropylene Sulzer Mellapak 250 Y structured packing (𝛼= 250 m2 

/m3; 𝜀= 0.85) 

Total height of packing: two sections of Mellapak 250.Y pp of 315mm and two 

additional section of 157.5 mm. Total height h=0.945 m 

Calculation of the dry packing pressure drop by using Ergun’s equation 
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∆𝑃 =
150×𝜇×𝐿

𝐷𝑝
2

(1−𝜀)2

𝜀3 𝑣𝑠 +
1.75×𝐿×𝜌

𝐷𝑝

(1−𝜀)

𝜀3 𝑣𝑠|𝑣𝑠|

=
150×1.307× 10−6×0.945

(3.6×10−3)2

(1−0.85)2

0.853 𝑣𝑠 +

1.75×0.945×1

3.6×10−3

(1−0.85)

0.853 𝑣𝑠|𝑣𝑠|

= 303.8 𝑁 𝑚−2 (𝑎1)

  

Steps above are repeated with gas velocity increased from 1.64 to 3.47 m/s. The results 

are plotted in Figure A-1. 

Calculation of the pressure drop by using J. Stichlmair's equation 

Firstly, the equivalent diameter of the packing is calculated by using following 

equation. 

𝑑𝑝 =
6(1−𝜀)

𝛼
=

6(1−0.85)

250
= 3.6 × 10−3 𝑚 (𝑎2)  

Then the friction factor for a single particle is calculated. 

𝑓0 =
𝐶1

𝑅𝑒𝑔
+

𝐶2

𝑅𝑒𝑔

1
2

+ 𝐶3 (𝑎3)
  

where Reynolds number for the gas is given by 

𝑅𝑒𝑔 =
𝑑𝑝𝑈𝑔𝜌𝑔

𝜇𝑔
=

3.6×10−3×𝑈𝑔×1

14.16×10−6 =
3.6×10−3×1.64×1

14.16×10−6 = 416.9 (𝑎4)   

Constants for Polypropylene Sulzer Mellapak 250 Y structured packing 

𝑓0 =
1

𝑅𝑒𝑔
+

1

𝑅𝑒𝑔

1
2

+ 0.32 =
1

416.9
+

1

416.9
1
2

+ 0.32 = 0.371 (𝑎5)
  

Estimated dry pressure drop is calculated using equation (a6). 

∆𝑃𝑒𝑠𝑡 =
3

4
𝑓0

1−𝜀

𝜀4.65 𝜌𝐺
𝑍

𝑑𝑝
𝑈𝐺

2 (𝑎6)  

∆𝑃𝑒𝑠𝑡 =
3

4
0.371

1−0.85

0.854.65

0.945

6×10−4 1.642 = 376.4 𝑁 𝑚−2  
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where Z is total height of packing: two section of Mellapak 250.Y pp of 315mm and 

two additional section of 157.5 mm. Total height: Z = 0.945 m 

∆𝑃𝑑𝑟𝑦

𝜌𝐿𝑔𝑍
=

376.4

1000×9.81×0.945
= 0.0406 (𝑎7)  

Liquid holdup, below the loading point is given by equation (a8). 

ℎ0 = 0.555𝐹𝑟𝐿

1

3 = 0.555 × (6.33 × 10−3)
1

3 = 0.103 𝑚3 𝑚−3 (𝑎8)  

In equation (a8) 𝐹𝑟𝐿 is the Froude number for liquid, which is given by equation (a9). 

𝐹𝑟𝐿 =
𝑈𝐿

2𝑎

𝑔𝜀4.65 =
0.01082×250

9.81×0.854.65 = 6.33 × 10−3 (𝑎9) 

Exponent c for calculation of the irrigated pressure drop is given by following 

equations. 

𝑐 =
𝜕 ln(𝑓0)

𝜕 ln(𝑅𝑒𝑔)
(𝑎10)  

𝑐 =

−
𝐶1

𝑅𝑒𝑔
−

𝐶2

2𝑅𝑒𝑔

1
2

𝑓0
(𝑎11)

  

𝑐 =
−

1

416.9
−

0.031

(2×416.90.5)
−1

0.371
= −3.42 (𝑎12)  

The irrigated pressure drop is obtained by iterative calculations. In the first step, 

assume that the irrigated pressure is equal to the dry pressure drop.  

∆𝑃𝑖𝑟𝑟

𝜌𝐿𝑔𝑍
=

∆𝑃𝑑𝑟𝑦

𝜌𝐿𝑔𝑍
×

{1−𝜀[1−
ℎ0
𝜀

[1+20(
∆𝑃𝑖𝑟𝑟
𝜌𝐿𝑔𝑍

)
2

]]}

(2+
𝑐
3

)

1−𝜀

× [1 −
ℎ0

𝜀
[1 + 20 (

∆𝑃𝑖𝑟𝑟

𝜌𝐿𝑔𝑍
)

2

]]

−4.65

(𝑎13)

  

∆𝑃𝑖𝑟𝑟

𝜌𝐿𝑔𝑍
= 0.0745 (𝑎14)  

∆𝑃𝑖𝑟𝑟

𝑍
= 0.0745 × 9.81 × 1000 = 730.87 𝑁 𝑚−2 (𝑎15)  
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Figure A-1: Dependence of pressure drop, gradient of pressure drop and estimated 

pressure drop on air volumetric flow rate. 

The pressure drop of the gas, for the given liquid and gas loadings, is 730.87 N m-2 per 

meter of packed height. Calculation steps above are repeated with gas velocity 

increased from 1.64 to 3.47 m/s. The results are plotted in Figure A-1. Compared with 

the estimated pressure drop values based on Ergun’s equation, Stichlmair’s equation 

can estimate pressure drop values, which are closer to measured pressure drop before 

loading point, but not after. Stichlmair’s equation should be further tuned to cover a 

wider range of flow regime. Because pressure drop measurement in this work is a 

secondary method to validate ECT technique, detailed pressure drop estimation 

presented above is not included in the Chapter 3, but Ergun’s equation and Stichlmair’s 

equation were mentioned in the literature review. 
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Appendix B - Liquid holdup calculation procedures 

In this section, the liquid holdup is calculated by the conventional ECT model without 

reconstructing the image. The results further validate the superiority of the CNN 

approach introduced in Chapter 4. The raw experiment data is revisited, and electrode 

capacitance values measured from two opposite electrodes, which are electrode pairs 

1-5, 2-6, 3-7 and 4-8. The liquid holdup could be estimated without the image 

reconstruction procedure [107]. This model has been used in previous literature as a 

simple method for liquid in mixture ratio calculation. Examples include Li et al. [107] 

and Xie [109]. The step-by-step liquid holdup calculation procedures are shown below. 

𝐶𝑛𝑜𝑟𝑚 =

1

𝐶𝑚(𝜀𝑚)
−

1

𝐶𝑙(𝜀𝑙)

1

𝐶ℎ(𝜀ℎ)
−

1

𝐶𝑙(𝜀𝑙)

(𝑏1)  

where 𝐶𝑛𝑜𝑟𝑚 is the normalized capacitance. 𝐶𝑚 is the measured raw capacitance from 

one of the electrode pairs 1-5, 2-6, 3-7 and 4-8. 𝐶𝑙 and 𝐶ℎ are the low-permittivity and 

high-permittivity calibration capacitances, respectively. The mixture permittivity 

model is derived from Ramu-Rao’s model and proposed by Li et al [7] to achieve a 

physics-based quantification of water liquid ratio from the raw capacitance 

measurements. 

𝜀𝑚 =
1

𝐶𝑛(
1

𝜀ℎ
−

1

𝜀𝑙
)+

1

𝜀𝑙

(𝑏2)  

where 𝜀𝑚 is the mixture permittivity. 𝜀ℎ is the permittivity of water in this study. 𝜀𝑙 is 

the permittivity of gas. The relative permittivity of water is approx. 80, which is much 

larger than that of plastic packing approx. 2, that of air approx. 1. It was assumed that 

𝜀ℎ = 80, 𝜀𝑙 = 1. The liquid holdup calculation is given by the gas-liquid dielectric 

mixing model. 

𝛼𝑙𝑖𝑞𝑢𝑖𝑑 = (
𝜀𝑚−𝜀𝑔𝑎𝑠

𝜀𝑙𝑖𝑞𝑢𝑖𝑑−𝜀𝑔𝑎𝑠
)

1

𝑥 (𝑏3)  

where 𝛼𝑙𝑖𝑞𝑢𝑖𝑑  is the water liquid ratio, 𝜀𝑔𝑎𝑠  the permittivity of air, 𝜀𝑙𝑖𝑞𝑢𝑖𝑑  the 

permittivity of water. x is a measurement path-dependent empirical parameter. x=0.45 

is applied in this study. 
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Figure B-2: Comparison between the calculated liquid holdup for opposite electrodes 1-5, 

2-6, 3-7, 4-8 and CNN predicted results. 

Figure B-1 shows the liquid holdup hL calculated in the gas-liquid dielectric mixing 

model from the selected 2-electrode pair. The calculated liquid holdup from four 

different opposite electrode pairs shows a similar trend as the CNN results, although 

there is a wide deviation between the results obtained using various opposite electrode 

pairs. In addition, the selection of the measurement path-dependent empirical 

parameter x has a significant impact on the accurate estimation of liquid holdup. It 

would be expected that the model’s predictions would be most accurate for flows 

before the loading regime. That is, the gas phase is dominant, while the liquid phase is 

well dispersed with the gas phase. However, results predicted by the model suffer from 

a non-linear behaviour with the increase of liquid holdup. Compared with the 

conventional method, the main advantage of CNN is that it automatically detects the 

important features from capacitance measurements without any empirical parameter 

and selection of the measurement path (opposite electrode pair), which makes CNN a 

more generic solution to solve the non-linear problem. 
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