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General introduction

Chemical industry is one of the largest manufacturers creating a variety of products which impinge on various aspects to human life such as food, pharmaceutical, petroleum, cosmetics, polymers etc. These activities use a large quantity of energy and at the same time are potentially sources of pollution. Classically, the chemical industry processes are sorted as unit operations which are combined in order to create a manufacturing process. Separation systems are one of the unit operations which can be used for different functions such as purification of raw materials and products, removal of contaminants from effluents etc. These separation processes account for 40-90% of capital investment and operating costs in chemical industries, accordingly the development of systems reducing the used energy as well as the creation pollutants can significantly reduce costs and increase profits [START_REF] De Haan | Industrial separation processes: Fundamentals[END_REF].

Up to now, the most popular approach to predict the behavior and design systems are global approaches, based on the assumption of a steady state. Such approaches can lead to the wrong scale up and mass/ energy balances. Another approach, nowadays possible thanks to the development of computers and associated simulation codes, is a local approach where the evolution of system is followed at the smallest possible scale. This kind of approaches can include the study of transient state systems permitting a better understanding of systems, and therefore to deal with the intensification of the process.

Gas streams are intensively dealt in the process industries, separation systems are exploited in order to remove one or several gaseous components prior using as feedstock or releasing to atmosphere. Several methods exist for gas treatment e.g. adsorption, cryogenic, membrane, absorption (chemical, physical) etc. [START_REF] Olajire | CO 2 capture and separation technologies for end of pipe applications-a review[END_REF]. Among aforementioned methods, absorption is an important unit operation with a high level of technical implementation and maturity [START_REF] Thiele | Industrial absorption-current status and future aspects[END_REF]. Absorption can be classified in two categories which are physical absorption and chemical absorption. Both categories use solvent as absorbent to separate the unwanted component in gas phase. For physical absorption, the certain component is physically absorbed by a solvent (e.g. Methanol, Selexol which is a mixture of the dimethyl ether of polyethylene glycol etc.) according to Henry's law meaning it is dependent on pressure and temperature. The process is based on the solubility of gas in the solvents, thus the higher partial pressure and lower temperature for gas phase are preferable. For regeneration process, the heating process or pressure reduction is applied in order to release the absorbed component from the solvent. In contrast, chemical absorption is a powerful separation method which exploits the reaction between gas and liquid phases. Type of solvents and its concentration can be selected permitting to control the absorption rate and absorption capacity. Different types of contactor are employed to create the area of exchange between gas-liquid phases which can be classified according to the mechanisms [START_REF] Kohl | Gas purification[END_REF].

Generating small bubbles of gas into a continuous liquid phase (e.g. plate column, bubble column) Spreading the liquid to be thin films passing through the continuous gas phase (e.g. packed column, wetted-wall column)

Injecting the liquid to be small droplets in continuous gas phase (e.g. spray system)

The classical contactors such as plate column, packed column etc. are commonly used, nevertheless the exchange surface area is relatively small. Since, the area of exchange is one of the main parameters of gas-liquid mass transfer, thus the use of spray system can be a good alternative in order to increase the contacting area. The size of contacting area provided by classical contactors and spray system was roughly compared by considering the identical thickness and liquid volume. For example, liquid volume 1 m 3 can be spread to be liquid film with thickness 100 µm providing the area of exchange 10,000 m 2 for classical contactors while the area can be increased to be 60,000 m 2 for spray system with droplet size 100 µm. In the case of chemical absorption, the contactor such as plate column, packed column etc. can be used as the conventional reactors, however it is limited by highly corrosive system e.g. flue-gas desulfurization (FGD). On the other hand, spray system is able to work with highly corrosive system due to the direct contact between gas-liquid phases. In addition, spray system was applied for FGD system in industry such as Alabama Electric (USA), Dominion Energy (USA) etc. [START_REF] Johnson | Alabama electric cooperative flue gas desulfurization operating and maintenance experience[END_REF][START_REF]Innovative technologies for clean air[END_REF]. However, the characteristics of heat and/or mass transfer, including chemical kinetics, in spray system are fairly studied and have not been well described. Accordingly, further studies are required to fulfill gap addresses.

Generally, chemical reactions are studied in the bulk configurations. Nevertheless, chemical reaction in spray system is carried out with droplets which involve local chemical kinetics and/or local mass transfer. For example, the kinetics of reaction could be increased by a factor of a thousand or a million according to the kind of reaction when the chemical reaction takes place with the droplets electrically charged [START_REF] Lee | Acceleration of reaction in charged microdroplets[END_REF]. Therefore, the intrinsic kinetics/ mass transfer in the droplets are necessary to be studied. In the framework of this PhD, the characteristics of gas-liquid mass transfer in droplets have been investigated for a particular case i.e. CO 2 capture by MEA droplets. The better understanding of spray system could lead to the minimization of the setup which could be extended to apply with moving systems such as ships, automobiles etc.

Application to CO 2 capture technology

Greenhouse effect relies on the greenhouse gases in the atmosphere permitting the sunlight to pass through and trapping heat, then re-emit to the Earth's surface [START_REF]Causes of climate change[END_REF][START_REF]Greenhouse effect[END_REF]. The primary components of greenhouse gases are water vapor, Carbon dioxide (CO 2 ), Methane (CH 4 ), Nitrous oxide (N 2 O), Ozone (O 3 ) and Chlorofluorocarbons (CFCs) [START_REF] Gas | [END_REF]. However, the increase of excessive greenhouse gases especially CO 2 creates the climate change on the Earth (global warming problem). The pie chart in Figure 1.1 demonstrates greenhouse gases emission in 2004 confirming that CO 2 is significantly increased due to human activities, for example the use of fossil fuel, deforestation etc. [START_REF] Writing Team | Climate change 2007: synthesis report[END_REF]. Accordingly, CO 2 emission must be limited in order to prevent the long term effects. There are various strategies to reduce CO 2 emission e.g. the use of renewable energy, afforestation and reforestation, Carbon Capture and Storage, Utilization (CCS, CCU) etc. [START_REF] Leung | An overview of current status of carbon dioxide capture and storage technologies[END_REF]. CCS or CCU is a strategy which limits CO 2 at emission sources providing the capture efficiency more than 80% [START_REF] Leung | An overview of current status of carbon dioxide capture and storage technologies[END_REF]. This strategy consists of three main units which are CO 2 capture, CO 2 transport, and storage, utilization of CO 2 . In this study, only the CO 2 capture unit will be described. There are three available technology options which are post-combustion, oxy-fuel combustion, and pre-combustion [START_REF] Olajire | CO 2 capture and separation technologies for end of pipe applications-a review[END_REF]. The description of basic principle for each technology is provided below, and the schematic diagram of each technology for coal power plant is displayed as an example in Figure 1.2. Oxy-fuel combustion technology [START_REF] Olajire | CO 2 capture and separation technologies for end of pipe applications-a review[END_REF][START_REF] Leung | An overview of current status of carbon dioxide capture and storage technologies[END_REF][START_REF]Carbon capture and storage association[END_REF] Oxy-fuel combustion is a technology which fuel is combusted with pure oxygen instead of air, accordingly NO x is not existed in exhaust gas. For example, in the coal power plants, an air separation unit is used to separate N 2 from the air to produce pure oxygen which is injected with a fuel where the combustion is taken place. Then, flue gas which mainly consists of CO 2 and water vapor passing through CO 2 separation unit before access to the ambient. This technology provides high concentration of CO 2 in flue gas, thus a simple CO 2 separation system is required. However, this technology consumes a lot of energy in order to produce pure oxygen. [START_REF] Olajire | CO 2 capture and separation technologies for end of pipe applications-a review[END_REF][START_REF] Leung | An overview of current status of carbon dioxide capture and storage technologies[END_REF][START_REF] Davidson | Profiles:pre-combustion capture of CO 2 in IGCC plants[END_REF] Fuel is pre-treated before the combustion process. For example, in the coal power plants, air or oxygen reacts with fuel in gasifier to form a synthesis gas (syngas) which is mainly composed by CO 2 , Carbon monoxide (CO) and Hydrogen (H 2 ). The syngas reacts with steam in a shift reactor to produce CO 2 and more H 2 . CO 2 is then separated resulting in the H 2 -rich fuel which can be used in applications such as gas turbines, boilers, furnaces etc. [START_REF] Olajire | CO 2 capture and separation technologies for end of pipe applications-a review[END_REF][START_REF] Leung | An overview of current status of carbon dioxide capture and storage technologies[END_REF][START_REF]Carbon capture and storage association[END_REF] Fuel is combusted with air given power and heat. Then, the flue gas passes through CO 2 separation unit before access to ambient. The partial pressure of CO 2 in flue gas obtained from post-combustion is lower than pre-combustion and oxy-fuel combustion, accordingly a powerful separation system is required.

Pre-combustion technology

Post-combustion technology

Each technology has its advantages and disadvantages permitting to select the most suitable technology for certain conditions and limitations in the used system. This study is focused on the post combustion technology since it is suitable for both newly plants and retrofitted to the existing plants. Moreover, there is no any modification on combustion process. Therefore, the chemical absorption which is suitable to work with low to moderate concentration of CO 2 is focused. 

Chemical absorption for CO 2 capture process

This method is based on acid-base neutralization reaction between gas and liquid phases, thus the alkaline solvents have been utilized to capture acid gases. Different solvents such as NH 3 , NaOH etc. had been explored in spray system [START_REF] Niu | Experimental studies on removal of carbon dioxide by aqueous ammonia fine spray[END_REF][START_REF] Qing | Experimental studies on removal capacity of carbon dioxide by a packed reactor and a spray column using aqueous ammonia[END_REF][START_REF] Ma | Research on mass transfer of CO 2 absorption using ammonia solution in spray tower[END_REF][START_REF] Javed | The CO 2 capture performance of a highintensity vortex spray scrubber[END_REF]. Monoethanolamine (MEA) is one of the preferred solvents for CO 2 capture system, however it is scarcely studied in spray system especially for the investigation on moving droplets in order to access the transient state.

The basic principle of chemical absorption can be illustrated in Figure 1.3. The process is performed in two steps which are absorption and regeneration (desorption). In this study, MEA is considered as the solvent used for CO 2 capture system, therefore the description of the process is based on the couple of MEA-CO 2 system. For absorption process, the flue gas containing CO 2 enters to the absorption column, then it is in contact with the injected solvent from the top of column resulting in a chemical product as a consequence of chemical reaction. Then, the chemical product is flowed to the desorption column for thermal regeneration process. The operating temperature of desorption column is reached to the range of 120 • C-140 • C in order to release CO 2 and obtained the CO 2 unloaded solvent [START_REF] Yu | A review of CO 2 capture by absorption and adsorption[END_REF]. Accordingly, the solvent is used cyclically while CO 2 is used or prepared to be transported and stored.

Objective and scope

In order to optimize CO 2 capture by spray system, the characteristics of heat and mass transfer phenomena must be known. To reach this aim, it is critical to understand the interaction between liquid and gas phases in the droplets. The accurate characterization of heat and mass behavior inside the droplet asks for the measurement of the gradients of species and/or temperature. Up to now, no devices are able to realize such measurement of gradients. Accordingly, the objective of this thesis is to apply optical technique to evaluate gradients in droplets. To perform such a measurement, a suspended droplet and/or a line of moving monodisperse droplets are used instead of spray to eliminate the complex parameters [START_REF] Ouboukhlik | Caractérisation du transfert de matière dans un spray réactif pour le traitement des fumées-Application au captage du CO 2[END_REF]. This thesis will be organized as followed. Chapter 2 indicates the basic background which is applied in this study. The literature review of experimental studies on CO 2 capture by MEA droplets is presented. Attention is given to the complex interaction between MEA droplets and CO 2 . Rainbow technique is proposed to be an optical tool in order to characterize droplet properties. Additionally, the correlation of refractive index and concentration of CO 2 at different temperatures is presented.

Chapter 3 introduces the effect of gradients inside droplets on rainbow measurement. The literature review of previous studies for droplets with gradients is presented. The simulation of rainbow signals for a multilayered spherical droplet is provided in order to predict the rainbow signals according to our case study.

Chapter 4 provides the rainbow measurement on a suspended droplet. The experimental setup as well as the optical setup of rainbow system are described. In addition, the explanations of data processing and experimental results are presented.

Chapter 5 demonstrates the rainbow measurement on a line of moving monodisperse droplets with different conditions. Specially, the experiment during CO 2 absorption shows the effect of gradients inside droplets. The evolution of refractive index from experiment and simulation are compared in order to evaluate the gradient profiles. The effect of spatial thermal gradient due to the exothermic process is clarified. Moreover, the computation of activation energy and Hatta number are provided which the obtained values support the hypothesis of the existence of gradients in droplets. Finally, the quantity of CO 2 absorbed is provided.

Chapter 6 is the summary of this study. Some perspectives are discussed for the future research.

CHAPTER 2

Basic background 2.1 Chemical reaction between MEA and CO 2

The absorption process is focused to realize the interaction between gas and liquid droplets in this study, the couple of monoethanolamine (MEA) and CO 2 was selected to be the studied case. Ethanolamine or monoethanolamine is an organic compound where the chemical formula can be written as HOCH 2 CH 2 NH 2 . It is a viscous colorless liquid and able to be miscible into water. According to its alkalinity, MEA is exploited to capture acid gas i.e. CO 2 , well known in chemical absorption process. The chemical reaction between MEA and CO 2 can be denoted as the equation of reaction (2.1), where R refers to HOCH 2 CH 2 [START_REF] Ouboukhlik | Caractérisation du transfert de matière dans un spray réactif pour le traitement des fumées-Application au captage du CO 2[END_REF][START_REF] Hikita | Absorption of carbon dioxide into aqueous monoethanolamine solutions[END_REF].

2 RNH 2 + CO 2 ----RNHCOO -+ RNH 3 + (∆H R = -90kJ/mol) (2.1) 
According to the reaction, a major product called "carbamate" is created which induces to have the modification on droplet composition and also generates heat due to the exothermic process. From the equation (2.1), it is demonstrated that the molar ratio between CO 2 and MEA is limited to be 0.5. However, the carbamate can slowly continue to react with CO 2 and H 2 O to form hydrogen carbonate ions (HCO 3 -). This reaction is generally neglected due to the short exposure times of the liquid to the gas encountered in absorber [START_REF] Hikita | Absorption of carbon dioxide into aqueous monoethanolamine solutions[END_REF]. Nevertheless, it can result higher molar ratio than the predicted value according to equation (2.1) [START_REF] Ouboukhlik | Caractérisation du transfert de matière dans un spray réactif pour le traitement des fumées-Application au captage du CO 2[END_REF].

Previous studies on CO 2 capture by MEA aqueous droplets

The investigations of capture performance as well as mass transfer in the case of CO 2 capture by MEA aqueous droplets were carried out by several research groups which are described as followed.

In 2008, Kuntz et al. [START_REF] Kuntz | Performance of spray column for CO 2 capture application[END_REF] studied the performance of spray column (inside diameter: 10 cm, height: 55 cm) for liquid temperature 25 • C. Different spray nozzles (orifice sizes: 0.508 mm, 0.711 mm, 1.02 mm) were used, however the information of droplet size is unknown. The effects of various parameters i.e. gas flow rate, liquid flow rate, CO 2 partial pressure, MEA concentration, and CO 2 loading were presented. In their study, the infrared gas analyzer was used to measure CO 2 concentrations in gas phase before the gas entered to the column and at the point where the gas exited the column. In addition, the liquid sample collected from the bottom of column was analyzed by adding excess hydrochloric acid (HCl) solution. Then, the amount of released CO 2 was used to calculate the quantity of CO 2 captured and verified with the data from gas phase. It was concluded that the liquid flow rate was the most influence factor which affected the variation on mass transfer performance of spray column. Moreover, the performance between spray column (orifice size: 1.02 mm) and structured packed column (inside diameter: 10 cm, height: 80 cm) was compared under the identical condition (MEA concentration 5 kmol/m 3 ≈ MEA30%wt). It was found that the spray column provided better performance for removing CO 2 from gas streams than the packed column by a factor of 2-7.

In 2011, Koller et al. [START_REF] Koller | Test results of CO 2 spray scrubbing with monoethanolamine[END_REF] investigated the effect of liquid to gas ratio on CO 2 removal efficiency of simplified single nozzles using MEA30%wt as a solvent at temperature in absorption column 40 • C. Two nozzles with different droplet sizes were used, the information of droplet size are not clearly reported. The capture efficiency for demonstration scale operating in continuous absorption/desorption cycle was measured. The smaller droplet indicated better removal efficiency, nevertheless it was fairly low.

In 2014, Seyboth et al. [START_REF] Seyboth | Development of a spray scrubbing process for post combustion CO 2 capture with amine based solvents[END_REF] selected two experimental approaches (laboratory scale and pilot scale) to study the CO 2 capture by spray system. In laboratory scale, CO 2 absorption by single falling droplets had been performed. The different droplet sizes (3.2 mm, 4.1 mm, 4.6 mm) was injected in a cylinder chamber (inner diameter: 3.4 cm, height: 250 cm) operating at atmospheric pressure and temperature 40 • C. MEA30%wt with different initial loading ratios (mole of CO 2 /mole of MEA) was used in order to investigate the influence of CO 2 loading solvent on the rate of absorption. N 2 was used to flush the space around droplet formation and collection, therefore the absorption of CO 2 was taken place while the droplet was falling. Liquid sample was collected from the bottom of column to analyze by adding excess HCl acid to quantify the absorption rate which was used to estimate the required column height. It was reported that the optimum droplet size for a larger scale was expected to be in the range of 1-2 mm.

In the pilot plant system, a designed prototype was tested in the closed loop absorption/desorption with a nozzle providing Sauter mean diameter (d 32 ) 1.6 mm at operating temperature in absorption column 40 • C. The absorption system consisted of three consecutive spray columns, each 5 m high and with inner diameter 0.37 m. In their study, the infrared gas analyzes were applied to measure CO 2 concentration at different sampling points (top, middle, bottom of each column) which was used to calculate the removal efficiency. Moreover, the liquid samples were collected in order to determine CO 2 solvent loading. From the tested system, the good removal efficiency was obtained, however the mass transfer efficiency was approximately 10% -20% lower than the data from laboratory scale.

In 2014, a unit part of spray system was studied by Han [START_REF] Han | Mass transfer characteristics of CO 2 absorption into liquid droplets[END_REF]. The CO 2 absorption by individual droplets with diameter in the range of 2.5 mm to 2.9 mm was presented. The experimental apparatus of Han's work is displayed in Figure 2.1. Water and MEA30%wt were used as liquid solvents, the study of mass transfer was considered on both with and without chemical reaction. The experiment was performed in a chamber (dimension: 3 cm × 3 cm × 60 cm) which was saturated by humid CO 2 . The bottom of the chamber was filled with kerosene to avoid the reaction between the fallen droplet and CO 2 . The droplet was quickly submerged into kerosene as the density of kerosene is lower than water and MEA30%wt. An overflow tube (u-tube) was used to keep constant the level of kerosene during the experiment. The study was carried out during the droplet formation and fall. Soap film flow meter was used to measure the rate of CO 2 filled up in the chamber. An average temperature over the chamber which was obtained by measuring the temperatures of gas phase in the chamber at two heights (upper part and lower part), kerosene, and liquid phase was used for the calculation liquid phase mass transfer coefficient. The measurements of droplet formation were separately performed at different average temperatures (water: 24 • C and 50 • C, MEA30%wt: 50 • C) to determine the absorption rate of droplet formation. Whereas the measurements of droplet formation and fall were done at different heights and average temperatures (Water: 30 • C and 50 • C at height 41 cm and 59 cm, MEA30%wt: 30 • C at height 14 cm, 25 cm, 53 cm and 50 • C at height 7 cm, 17 cm, 33 cm, 52 cm). The falling height was adjusted by changing the level of kerosene. The absorption rate of droplet fall was determined from the difference between the total absorption rate and absorption rate of droplet formation. For water droplets, the liquid phase mass transfer coefficient increased with the rise of average temperature over the chamber and falling droplet height, nevertheless it decreased as the droplet formation time increased. For MEA30%wt droplets, the liquid phase mass transfer coefficient increased with the rise of average temperature over the chamber and falling droplet height. In 2015, Tamhankar et al. [START_REF] Tamhankar | Spray absorption of CO 2 into monoethanolamine: Mass transfer coefficients, dropsize, and planar surface area[END_REF] performed the measurements of CO 2 capture by MEA30%wt and MEA40%wt spray at liquid temperature 30 • C. Spray column has inside diameter 0.2 m with 3 m height. From their study, the liquid sample was collected from the bottom of spray column and analyzed by using Total Inorganic Carbon (TIC) to determine the quantity of CO 2 loaded. In addition, Phase Doppler Anemometry (PDA) was used to measure drop size distributions at different concentric spray regions permitting to quantify planar surface area. According to the obtained size distributions from PDA, Sauter mean diameter (d 32 ) of the spray was in the range 150 µm -300 µm. From the study, it was reported that the increase of MEA concentration and liquid flow rate provided higher mass transfer coefficients. Moreover, the increasing liquid flow rate resulted the larger planar surface area.

In 2015, the local optical measurement during droplets falling was performed by Ouboukhlik et al. [START_REF] Ouboukhlik | Caractérisation du transfert de matière dans un spray réactif pour le traitement des fumées-Application au captage du CO 2[END_REF][START_REF] Ouboukhlik | Mass transfer evolution in a reactive spray during carbon dioxide capture[END_REF][START_REF] Ouboukhlik | Local measurement of mass transfer in a reactive spray for CO 2 capture[END_REF]. Global Rainbow Technique (GRT) was applied to trace the evolution of CO 2 absorbed by MEA30%wt spray. The experimental system is displayed in Figure 2.2. The chamber consists of a cylinder column diameter 18 cm with 30 cm height connecting to a rectangular chamber dimension 20 cm × 30 cm × 30 cm. MEA30%wt spray was injected into the chamber which was provided a continuous CO 2 flow. Then, the measurement was performed at different positions (every 5 cm from 5 cm to 25 cm from orifice). By using GRT, average refractive index and drop size distribution were obtained. The measured refractive index in each position was converted to CO 2 concentration by using a correlation. An average temperature of liquid in CO 2 ambient obtained from a thermocouple was about 45 • C. Moreover, PDA was applied to characterize water spray providing the droplet velocity and drop size distribution. It was found that the average droplet velocity was about 1.2 m/s with Sauter mean diameter (d 32 ) in the range 80 µm -120 µm. In 2017, the developed pilot plant system [START_REF] Seyboth | Development of a spray scrubbing process for post combustion CO 2 capture with amine based solvents[END_REF] was further investigated by studying the influence of two different nozzles (d 32 = 1.6 mm with spray angle 90 • , d 32 = 1.1 mm with spray angle 45 • ) by Zimmermann et al. [START_REF] Zimmermann | Experimental studies on spray absorption with the post combustion CO 2 capture pilot-plant CASPAR[END_REF]. MEA30%wt was used in the study and the temperature in absorption column was about 40 • C. The smaller droplet size demonstrated better CO 2 removal efficiency which suggested to the reducing of column height.

In 2017, Wu et al. [START_REF] Wu | Overall mass transfer coefficient of CO 2 absorption in a diameter-varying spray tower[END_REF] investigated overall mass transfer coefficient of CO 2 absorption in a diameter-varying spray tower (diameter: 12-20 cm, height: 50 cm). Dual-nozzle opposed impinging spray with orifice size 500 µm was used in the experiments, however the information of droplet size is unknown. The infrared gas analyzers were applied and continuously measured CO 2 concentration on both gas inlet and gas outlet. Several parameters i.e. MEA concentration, liquid flow rate, gas flow rate, and CO 2 concentration were varied in order to investigate the overall mass transfer coefficient. The results showed that the higher mass transfer coefficients were obtained when liquid to gas ratio and mole ratio of MEA to CO 2 were increased.

The investigations of CO 2 capture by MEA droplets were studied at different scale systems and different droplet sizes i.e. droplet size in the ranges of millimeters to micrometers, column height in the ranges of 55 cm to 15 m which cannot be directly compared. The effect of liquid flow rate which resulted in the increase of exchange surface was demonstrated to be an influence factor to the mass transfer performance in previous studies [START_REF] Kuntz | Performance of spray column for CO 2 capture application[END_REF][START_REF] Tamhankar | Spray absorption of CO 2 into monoethanolamine: Mass transfer coefficients, dropsize, and planar surface area[END_REF][START_REF] Wu | Overall mass transfer coefficient of CO 2 absorption in a diameter-varying spray tower[END_REF]. The better captured performance was also found with the smallest droplet size [START_REF] Zimmermann | Experimental studies on spray absorption with the post combustion CO 2 capture pilot-plant CASPAR[END_REF]. However, it was reported that mass transfer performance was underestimated from the prediction [START_REF] Seyboth | Development of a spray scrubbing process for post combustion CO 2 capture with amine based solvents[END_REF][START_REF] Ouboukhlik | Mass transfer evolution in a reactive spray during carbon dioxide capture[END_REF]. Among these studies, the investigations were mostly obtained from the overview of system i.e. analyzing CO 2 absorbed by a liquid sample or determining the reduction of CO 2 at the gas outlet. Although, the evolution of CO 2 absorbed was measured by Ouboukhlik et al. [START_REF] Ouboukhlik | Caractérisation du transfert de matière dans un spray réactif pour le traitement des fumées-Application au captage du CO 2[END_REF][START_REF] Ouboukhlik | Mass transfer evolution in a reactive spray during carbon dioxide capture[END_REF][START_REF] Ouboukhlik | Local measurement of mass transfer in a reactive spray for CO 2 capture[END_REF], however the hypothesis of homogeneous droplet was applied to analyze the obtained data. Therefore, in this study, the evolution of CO 2 absorbed by MEA droplets is further investigated to access the local analysis. The higher mass transfer coefficients were obtained when liquid to gas ratio and mole ratio of MEA to CO 2 were increased.

Interaction between MEA droplet and CO 2

According to CO 2 absorption by MEA droplets, the investigation of interaction between MEA droplet and CO 2 is needed in order to have a better understanding on gas-liquid mass transfer. In the system without chemical reaction, the heat transfer according to Fourier's law depends on the surface of exchange as well as the mass transfer according to Fick's law. This fact supports that the surface of exchange is one of major factors to the mass transfer if chemical reaction has not been involved. Nevertheless, in the case of chemical reaction as for CO 2 capture by MEA droplets, the reaction takes place and a new component has been created which can affect the mass transfer efficiency. The schematic diagram in Figure 2.3 represents the interaction between MEA aqueous droplet and CO 2 . The molecules diffusion from gas to liquid phases takes place at the interfacial area (droplet surface). Chemical reaction occurs starting at the surface of droplet to form carbamate which provided the heat generation. Consequently, a thin film of carbamate is created around the droplet which is a barrier of absorption process. Meanwhile, the diffusion and/or convection phenomena occur inside droplet due to the gradients of species (concentration) and/or temperature. Due to the exchange of molecules inside droplet, the available molecule of MEA can move to the surface and continue to capture CO 2 . In this case, the competition between mass transfer and chemical kinetics needs to be taken into account. For heterogeneous system, a dimensionless number which was introduced by Shirôji Hatta known as "Hatta number" is used to give global characterization of the system taking into account the chemical reaction, however it is not devoted for the case of droplets. Therefore, the evolution of gas-liquid mass transfer/ chemical kinetics in droplets will be experimentally studied and quantified.

Optical characterization of droplets compositions and/or temperature

There are various optical techniques which can be applied to characterize thermophysical properties of droplets. Each technique provides different information and sensitivity permitting to select the most suitable technique for the studied system in order to obtain the required data. The droplet compositions and/or temperature can be characterized by using Raman scattering, laser-induced fluorescence, thermographic phosphors (laser-induced phosphorescence), rainbow technique etc., therefore the basic principle of each technique is described as followed.

Raman scattering [START_REF] Durickovic | Using raman spectroscopy for characterization of aqueous media and quantification of species in aqueous solution[END_REF][START_REF] Lemoine | Temperature and chemical composition of droplets by optical measurement techniques: a state-of-the-art review[END_REF][START_REF] Chen | Laser diagnostics for droplet characterization: application of morphology dependent resonances[END_REF][START_REF] Schweiger | In-situ determination of the molecular composition of aerosol particles in a monodisperse model aerosol[END_REF] This technique is based on inelastic scattering which the net exchange of energy between photons and molecules result to have the increase or decrease of molecules' vibrational or rotational energies. Raman spectrum is represented by plotting intensity versus frequency shift which is traditionally measured as wavenumber (cm -1 ). The position of the peak is unique for each set of molecules structure. The peak intensity is linearly proportional to the number of molecules (species concentration). In addition, the spectral shape is also sensitive to the change of temperature. However, the measurement of multicomponent droplets needs to have the sufficient separation spectrum between substances and high enough concentration. Also, the intensity of Raman scattering is weak, therefore a powerful laser is necessary. In the particular case of spherical droplet, morphology-dependent resonances (MDRs) can be occurred which strongly affects to Raman spectrum. Therefore, the signal interpretation needs to take into account both liquid properties and droplet size which is more complicated.

Laser-Induced Fluorescence (LIF) [START_REF] Lemoine | Temperature and chemical composition of droplets by optical measurement techniques: a state-of-the-art review[END_REF] This technique is widely utilized for visualization and quantitative measurement to access droplet temperature. Fluorescent dye needs to be added into droplets in order to observe the luminous intensity which is a result of emission of photons from the excited molecules. In practical, there are a lot of factors which can influence on the fluorescence intensity, such as local laser power, tracer concentration, tracer temperature etc. Accordingly, the use of intensity ratio from different bandwidths of wavelength can eliminate the undesirable factors permitting to measure the temperature. However, the fluorescent dye needs to be carefully selected as it can affect droplets properties (e.g. composition, pH etc.). Moreover, the calibration is needed to obtain the correlation between the intensity ratio and temperature which is used for signal interpretation.

Thermographic phosphor [START_REF] Lemoine | Temperature and chemical composition of droplets by optical measurement techniques: a state-of-the-art review[END_REF] Thermographic phosphor is a temperature measurement technique which has the same basic principle as laser-induced fluorescence. Inorganic phosphors forming as fine powders with the size in micro range are made of a host material doped with a small amount of an activator (rare earth compound). This activator forms the luminescent centers where the excitation-emission process of phosphor takes place. In order to perform the measurement with droplets, the phosphors needs to be dispersed into liquid before the injection. The intensity ratios from different bandwidths of wavelength are obtained to determine the corresponding temperature. However, the correlation between the intensity ratios and temperature is required from the calibration which can be heavy procedures as it must be performed under well controlled conditions.

It apparently appears that there are few techniques to apply for the measurement of composition or temperature. Raman scattering is able to apply for both measurements. However, the intensity of signal is very weak, moreover MDRs must be taken into account for the signal analysis in the case of spherical droplets. On contrary, LIF and thermographic phosphors are applied to the temperature measurement. These techniques are indirect methods as the additive substance is used to be the tracer which referred to the droplets temperature. However, it needs to carefully select additive substance as it could modify liquid properties. According to this study, the evolution of CO 2 capture by MEA droplets involves the chemical reaction, thus the rainbow technique is selected due to no any additives needed. Additionally, the intensity of signal is stronger than Raman scattering since this technique is based on elastic scattering. The rainbow signal provides the measurement of refractive index which is an intrinsic property of liquids related to both composition and temperature. Accordingly, the basic principle including some previous research works on rainbow technique are provided in the section 2.5.

Rainbow technique 2.5.1 History of rainbow

In 1637, rainbow phenomenon was geometrically explained by René Descartes who applied the law of reflection and refraction (known as Snell-Descartes law) to describe the path of light in raindrops [START_REF] Nussenveig | The theory of the rainbow[END_REF]. From his study, the position of rainbow angle was demonstrated without the explanation of rainbow color and supernumerary bows. The rainbow color was realized due to the experiment of Newton in 1666 which represented the effect of light dispersion [START_REF] Nussenveig | The theory of the rainbow[END_REF]. This shows that refractive index also depends on wavelength. However, the intensity of light distribution was unable quantified by geometrical optics. Accordingly, a principle of wave propagation was applied taking into account diffraction effect by George B. Airy in 1838. The intensity of light distribution around rainbow region was expressed known as "Airy function" [START_REF] Nussenveig | The theory of the rainbow[END_REF] which the droplet size was also taken into account. Airy theory satisfies to describe the first peak of rainbow, however it still has an error at the higher order of supernumerary bows.

Later, in 1908, the exact solution of Maxwell's equations was solved by Gustav Mie [START_REF] Saengkaew | Optical characterization of discrete media: From Rainbow to Fourier Interferometric Imaging[END_REF]. It is known as Lorenz-Mie theory used to describe light scattering of a spherical particle by taking into account all kinds of interaction of light with droplet. In 1909, Peter J.W. Debye also proposed another solution permitting each kind of light interaction to be independently quantified [START_REF] Saengkaew | Development of novel global rainbow technique for characterizing spray generated by ultrasonic nozzle[END_REF]. The order of each kind of light interaction is denoted in Figure 2.4 which the index represents the number of path's light inside droplet.

Order 0 (p=0) is external reflection rays.

Order 1 (p=1) is the rays with two times refraction.

Order 2 (p=2) is the rays with one time internal reflection and two times refraction.

Both solutions (Mie's solution, Debye's solution) are infinite series which requires long computations. In 1969, Nussenzveig [START_REF] Nussenveig | The theory of the rainbow[END_REF] developed Debye series by applying the modified Watson transformation (Complex Angular Momentum). Analytical solutions nearly as accurate as Mie's solution were proposed with faster computational time.

Characteristic of rainbow signal

The normalized light distribution around rainbow angle is computed in the framework of Lorenz-Mie theory and plotted versus the scattering angle from 132 • to 150 • displayed in Figure 2.5. This signal is simulated according to a droplet size 100 µm with refractive index equal to 1.333 for the incident wavelength 0.589 µm. The low frequency on rainbow signal consisting of main peak of rainbow and supernumerary bows is created by the interference between one time internally reflected rays (p=2). Rainbow signal also includes a high frequency called "ripple structure" created by the interference between one time internally reflected rays (p=2) and other kinds of interaction of light with particle, but mainly the externally reflected rays (p=0).

The simulated rainbow signals at refractive index equal to 1.371 and 1.397 with 100 µm of droplet size are compared in Figure 2.6. It is found that the rainbow signal is shifted toward the larger scattering angle when refractive index increases. Figure 2.7 is the simulated rainbow signals corresponding to droplet size equal to 100 µm and 150 µm for refractive index equal to 1.371. It is found that the rainbow structure is larger for the smaller droplet size. Therefore, it can be concluded that refractive index is obtained from rainbow position and droplet size from rainbow structure. Moreover, the higher accuracy of this information is able to obtain if the ripple structure is considered [START_REF] Saengkaew | Optical characterization of discrete media: From Rainbow to Fourier Interferometric Imaging[END_REF].

Research background on rainbow measurement

Roth et al. [START_REF] Roth | Simultaneous measurement of temperature and size of droplets in the micrometer range[END_REF][START_REF] Roth | Refractive-index measurements for the correction of particle sizing methods[END_REF] were the first research group employed the rainbow technique to measure size and temperature of monodisperse droplet under the burning condition. The rainbow angle was observed and quantified to follow the evolution of droplet temperature according to refractive index variation. The droplet size was measured independently from fringe spacing in forward region (scattering angle between 30 • to 80 • ).

Van Beeck et al. [START_REF] Van Beeck | Nonintrusive measurements of temperature and size of single falling raindrops[END_REF] performed the experiment of single free falling droplet with diameter in the range of millimeters (1 mm to 5 mm). In the study, the droplet size was obtained from the fringe spacing of supernumerary bows and droplet temperature was extracted from the fitting between measured and computed signal based on Airy theory. However, it was found that the non-spherical droplet affects to rainbow position resulting in the error on the obtained temperature. Accordingly, Global Rainbow Technique (GRT) was proposed by van Beeck et al. [START_REF] Van Beeck | Global rainbow thermometry for droplet-temperature measurement[END_REF] in order to avoid the effect of droplet shape. This technique is available for measuring the average refractive index of droplets crossing the control volume which is typically 1 mm 3 . In this case, the ripple structure disappeared due to the superposition of light distribution of different droplet sizes [START_REF] Roth | Refractive-index measurements for the correction of particle sizing methods[END_REF]. Later, Saengkaew [START_REF] Saengkaew | Development of novel global rainbow technique for characterizing spray generated by ultrasonic nozzle[END_REF][START_REF] Saengkaew | Optical characterization of discrete media: From Rainbow to Fourier Interferometric Imaging[END_REF] developed rainbow technique to study on both individual droplet and a cloud of droplets. A new inversion algorithm based on Nussenzveig theory was proposed. This approach provided accurate data comparable to Lorenz-Mie theory with the computation as fast as Airy theory [START_REF] Saengkaew | Development of novel global rainbow technique for characterizing spray generated by ultrasonic nozzle[END_REF]. The automatic inversion code of the recorded rainbow signals was achieved permitting to process individual or a series of recorded signals in order to extract refractive index and drop size distribution. Moreover, this algorithm is able to work with and without considering the ripple structure.

Rainbow technique is a non-intrusive method able to work with both monodisperse droplets and polydisperse droplets (a cloud of droplets) without additives. Accordingly, this technique is applied in order to access droplet temperature and/ or composition, for example the study on droplet evaporation [START_REF] Promvongsa | A study on the evaporation of water-ethanol mixture using rainbow refractometry[END_REF], the measurement of spray composition [START_REF] Ouboukhlik | Caractérisation du transfert de matière dans un spray réactif pour le traitement des fumées-Application au captage du CO 2[END_REF][START_REF] Wu | Concentration and composition measurement of sprays with a global rainbow technique[END_REF], and temperature measurement of spray under the burning condition [START_REF] Verdier | Experimental study of local flame structures and fuel droplet properties of a spray jet flame[END_REF].

Refractive index sensitivity for CO 2 capture by MEA30%wt

Refractive index is used to characterize the droplet properties in this study. This physical property is sensitive to both temperature and composition. The reaction between CO 2 and MEA30%wt simultaneously affects to temperature and composition of droplets. The heat creation increases the temperature resulting in the decrease of refractive index while refractive index is higher according to the quantity of CO 2 absorbed. Therefore, the sensitivity of refractive index on temperature and concentration is recognized.

Refractive index at different CO 2 loaded was reported in the study of Ouboukhlik [START_REF] Ouboukhlik | Caractérisation du transfert de matière dans un spray réactif pour le traitement des fumées-Application au captage du CO 2[END_REF]. The values are represented in 

Chapter summary

Different optical techniques using for characterization of droplet compositions and/or temperature were described. Rainbow technique is selected to be a non-intrusive tool to trace the evolution of CO 2 absorbed by MEA droplets. Up to now, rainbow technique is limited to apply with homogeneous droplets i.e. uniform refractive index in droplets, therefore it will be extended to the droplet with gradients in Chapter 3.

CHAPTER 3 Refractive index gradients

This chapter is divided into four main parts. Refractive index gradients and its effect on rainbow measurement are described in the first section. Then, the literature review of previous studies on droplets with gradients by different optical techniques are available in the second section. Later, the simulation of rainbow signals for a multilayered spherical droplet with radial refractive index gradients is presented in the third section. The characteristic of droplet model as well as the used assumptions, simulation process, and the results are indicated. Additionally, the selecting method of coefficient b to evaluate the gradient profiles is described. Then, the chapter summary is provided in the last section.

Refractive index gradients

According to the research activities as discussed in section 2.5.3, all cases studied which rainbow technique was employed to quantify droplet temperature or composition were applied based on the assumption of homogeneous droplet. However, non-homogeneous droplets are able to be occurred in transient state of the real reactive systems such as combustion, condensation, evaporation, and CO 2 absorption leading to the gradients of temperature and/or composition. For example, if a cold droplet is injected to a hot environment, the whole droplet cannot instantaneous warm. It takes time to warm from the surface to the center. Similarly, if a chemical reaction takes place with droplets, it also takes time to completely react. As spatial properties of droplet are non-uniform, consequently the light path inside droplet is altered which can affect to optical measurements. Therefore, the effect of gradients on rainbow measurement is discussed in this study.

Schematic diagrams of path's light produced by homogeneous and non-homogeneous droplet are demonstrated in Figure 3.1a, 3.1b. The light paths of homogeneous droplet and non-homogeneous droplet are represented as solid line and dashed line, respectively. Figure 3.1a displays a non-homogeneous droplet where the refractive index at the surface is greater than at the center of droplet (n s > n c ). This phenomenon can be found in the systems of evaporation, condensation, and CO 2 absorption. The increase of refractive index at the droplet surface is induced by the decreasing temperature (evaporation and condensation) and the increasing quantity of carbamate (the chemical product due to MEA reacting with CO 2 ). From Figure 3.1a, it was found that rainbow angle is shifted to smaller angle when the refractive index at the surface is greater than at the center of droplet. In contrast, a non-homogeneous droplet where the refractive index at the surface is less than at the center of droplet (n s < n c ) was shown in Figure 3.1b. This phenomenon can occur in the combustion or heating systems. The decrease of refractive index at the surface is caused by the increase of surrounding temperature. In this case, it was found that rainbow angle is shifted to larger angle as shown in Figure 3.1b. In addition, the effect of gradients in droplets has been presented in several research works both numerical and experimental approaches. For numerical research works, the extension of light scattering for radially non-homogeneous sphere was demonstrated. Kai and Massoli [START_REF] Kai | Scattering of electromagnetic-plane waves by radially inhomogeneous spheres: a finely stratified sphere model[END_REF] proposed a finely stratified sphere model to describe scattering of electromagneticplane waves by non-homogeneous droplet which it was later used to study the fluctuations of rainbow positions during the heating and cooling processes by Kai et al. [START_REF] Kai | Some far-field scattering characteristics of radially inhomogeneous particles[END_REF]. Moreover, Generalized Lorenz-Mie theory (GLMT) was also extended for multilayered sphere by Onofri et al. [START_REF] Onofri | Electromagnetic scattering from a multilayered sphere located in an arbitrary beam[END_REF] permitting to deal with arbitrary incident beams. Later, Wu et al. [START_REF] Wu | Improved algorithm for electromagnetic scattering of plane waves and shaped beams by multilayered spheres[END_REF] provided an improvement of the algorithm which was first introduced by Wu and Wang [START_REF] Wu | Electromagnetic scattering for multilayered sphere: recursive algorithms[END_REF] to compute light scattered by multilayered sphere. The modification of rainbow signals due to the effect of refractive index discontinuity inside droplet was demonstrated. Airy theory was also extended for more general case of non-homogeneous droplet by Vetrano et al. [START_REF] Vetrano | Generalization of the rainbow airy theory to nonuniform spheres[END_REF]. The extended approach was applied to an inversion algorithm for the case of burning droplets with the assumption of parabolic refractive index profiles to quantify refractive index at the center and at the surface of droplet [START_REF] Vetrano | Assessment of refractive index gradients by standard rainbow thermometry[END_REF]. Furthermore, rainbow measurement for droplets with gradients was numerically studied by Saengkaew et al. [START_REF] Saengkaew | Rainbow refractrometry on particles with radial refractive index gradients[END_REF]. It was found that the rainbow created by non-homogeneous particle is always fitted with rainbow created by homogeneous particle, which equivalent refractive index and equivalent size were obtained.

From aforementioned of the numerical research works, it is able to conclude that the existence of refractive index gradients inside droplets affects to interpretation of recorded rainbow signals. Then, some of experimental research works on droplets with gradients are presented in section 3.2.

Previous studies on droplets with gradients

According to the previous experimental studies, several techniques were employed to quantify the gradients inside droplets.

In 1996, the first study was presented by Anders et al. [START_REF] Anders | Influence of refractive index gradients within droplets on rainbow position and implications for rainbow refractometry[END_REF] who observe the influence of temperature gradients under the burning condition of monodisperse droplets. Geometrical optics was exploited to determine the evolution of rainbow positions which the experimental and theoretical results were qualitatively compared.

In 1998, Richards et al. [START_REF] Richards | Transient temperature measurements in a convectively cooled droplet[END_REF] also studied temperature gradients in a convectively cooled droplet using thermochromic liquid crystal (TLC) thermography. The micro-encapsulated beads with diameter range 5 µm to 15 µm were diluted into distilled water to act as tracer particles permitting to visualize the transient temperature inside droplet. The droplet with diameter 1 mm was suspended and placed in a jet of dry air. Then, a heated coil was briefly inserted to the jet flow upstream of the droplet to create a step change in temperature. A sequence of images taking from the recorded video was used to analyze the temperature in a cooling droplet. The droplet image was divided into 100 µm square subregions to determine the average temperature of each subregion. Then, it was used to calculate the volume-average temperature in droplet for each image. Therefore, the temperature variation in a cooled droplet was obtained in order to interpret heat transfer information.

In 2006, Laurent et al. [START_REF] Laurent | Thermal gradient determination inside vaporizing droplets by combining rainbow and laser induced fluorescence measurements[END_REF] studied thermal gradients of cooling and burning droplets. Two techniques which are rainbow refractometry and laser induced fluorescence (LIF) were combined in their study. A line of monodisperse droplets (size ≈ 100 µm) was used. The measurements were done on ethyl alcohol and acetone droplets with different injection temperatures at ambient pressure for cooling or burning conditions. Two measured temperatures were obtained, LIF provided a mean temperature while rainbow refractometer offered an equivalent temperature. A hypothesis of parabolic temperature profile inside droplet was applied in order to characterize the temperature at the droplet surface and the temperature at the droplet center. Then, the results were compared to a numerical prediction which the good tendency was obtained.

In 2006, the measuring temperature gradients in evaporating alcohol/water droplets were performed by Hopkins et al. [START_REF] Hopkins | Measuring temperature gradients in evaporating multicomponent alcohol/water droplets[END_REF]. Two techniques which are LIF and cavity enhanced Raman scattering (CERS) were combined. LIF was used to investigate volume averaged temperature whereas the near-surface temperature was determined by CERS. However, both techniques cannot be applied simultaneously, thus the experiment was separately performed in common conditions. A line of monodisperse droplets with the initial diameter < 120 µm was injected in a chamber. Dry nitrogen was flowed through the chamber to refresh the gas surrounding of the droplets. The pressure inside chamber was maintained to be 7 kPa and 77 kPa to perform the measurements. For CERS measurement, the spectrum which encompasses both regions of CH and OH frequencies was collected from the outer shell of alcohol/water droplets over the evaporation times (0.22-2.33 ms). Accordingly, the intensity ratio of spectrum which is confined by CH molecules to OH molecules permitted to realize the change of composition at droplet surface. In addition, the spectrum which is limited by OH molecules demonstrated the decreasing temperature due to the evaporation. For LIF measurement, Rhodamine B was added into the droplets in order to be a temperature tracer. The bandwidth of fluorescence spectrum was observed to extract the volume averaged temperature over the period of 0 to 12 ms. Then, the quasi-steady state model was used to compare with the measured results. The predicted values were in agreement with the measured values from CERS while the disparity of the temperature predicted by the model and measured by LIF suggests that substantial temperature gradients can exist with evaporating droplet.

Recently, in 2016, Rosebrock et al. [START_REF] Rosebrock | Time-resolved detection of diffusion limited temperature gradients inside single isolated burning droplets using rainbow refractometry[END_REF] also performed a study of temperature gradients in droplets under the burning condition. In the study, rainbow technique was applied coupled with Interferometric Particle Imaging (IPI). IPI was separately used to measure the droplet size while the maximum positions of the first two peaks of rainbow signals were extracted. Then, the measured results were compared to the combustion models by taking into account the temperature dependent on physical properties and the decrease of droplet size in order to evaluate temperature profiles inside droplet.

It can see that different techniques i.e. LIF, thermochromic liquid crystal thermography, CERS, and rainbow technique were exploited to characterize gradient in droplets qualitatively and quantitatively. However, the quantitative studies combined two techniques in order to evaluate the gradient in droplets. Therefore, in this study, only rainbow technique is proposed to characterize droplets during CO 2 absorption process expecting to observe and quantify the existence of gradient.

Simulation of rainbow signals for a multilayered spher-

ical droplet with radial refractive index gradients

Multilayered sphere model and the used assumption

A droplet is assumed to be multilayered sphere as illustrated in Figure 3.2. Each layer has its refractive index which is denoted as n 1 , n 2 ,..., n i . The distribution of refractive index along droplet radius or gradient profile is described by equation (3.1) [START_REF] Saengkaew | Rainbow refractrometry on particles with radial refractive index gradients[END_REF].

n(x) = n c + (n s -n c ) × e bx -1 e b -1 (3.1)
where: n c : refractive index at the center of droplet n s : refractive index at the surface of droplet b : a coefficient that controls gradient profiles x : dimensionless radius In the simulation, the droplet size equal to 100 µm similarly to the size in the experiment was used. The number of layer was selected to be 128 in order to provide continuous refractive index variation inside droplet. The coefficient b was varied from -100 to 100 with an increment equal to 1. Considering the chemical reaction between MEA and CO 2 , refractive index increased due to the modification of droplet composition and at the same time decreased due to the increasing temperature. As the heat creation is a consequence of the reaction process, thus it will be considered as the second effect and subsequently investigated. Accordingly, the simulation was done by assuming as the isothermal droplet with a temperature about 20 • C. Assuming that the reaction is taken place at the surface of droplet, the created product i.e. carbamate moves toward the center of droplet while MEA moves from the center toward the surface of droplet. Therefore, the case of greater refractive index at the surface than at the center of droplet is considered. The simulation is presented as three cases. All cases was assumed that the center of droplet is unaffected i.e. there is no refractive index variation at the center of droplet. Since a MEA solvent at 30%wt is used in the experiment, thus refractive index at the center of droplet (n c ) was defined as refractive index of MEA30%wt which equals to 1.371 at T = 20 • C. On the other hand, refractive index at the surface of droplet (n s ) was varied depending on the ability for the created carbamate at droplet surface. The increase of refractive index varies with the amount of CO 2 absorbed, however refractive index of fully CO 2 absorbed (1.397 at T = 20 • C) is a limit. Therefore, the refractive index values equal to 1.374, 1.385, and 1.397 were used as refractive index at surface (n s ). These three values correspond to refractive index of MEA30%wt which absorbed CO 2 about 11%, 54%, and 100%, respectively. 3. The computed rainbow signals based on Lorenz-Mie theory were considered as the prediction of rainbow signal obtaining from the experiment which can be called "recorded rainbow signal". Then, an inversion code which was developed by Saengkaew [START_REF] Saengkaew | Development of novel global rainbow technique for characterizing spray generated by ultrasonic nozzle[END_REF] was used. The inversion code computed the rainbow signal in the framework of Nussenzveig theory under the assumption of homogeneous spherical droplet in order to search for the best fit of the recorded rainbow signal. Therefore, equivalent refractive index and equivalent droplet size are defined as the refractive index and size of the homogeneous droplet creating a rainbow which is the best fit of the rainbow created by the droplet with a refractive index gradient. To use the inversion code, the following parameters must be defined; scattering angle range, diameter range, incident wavelength, the number of point on the signal, and number of droplets. Finally, the rainbow signals were fitted without taking into account the ripple structure to obtain the equivalent refractive index and equivalent droplet size.

Simulation process

4. The first three steps were repeated when the couple of refractive index at the center and at the surface has been changed.

Equivalent refractive index and equivalent size

According to the work of Saengkaew et al. [START_REF] Saengkaew | Rainbow refractrometry on particles with radial refractive index gradients[END_REF], it has been proved that the rainbow signal produced by non-homogeneous droplet can be always fitted by rainbow signal of homogeneous droplet. For example, the rainbow signal of non-homogeneous droplet where coefficient b equals to 10, n c is 1.371 corresponding to refractive index of MEA30%, n s is 1.397 corresponding to refractive index of MEA30%wt with fully CO 2 loaded is plotted as the green dashed line in Figure 3.9. The black solid line represents the rainbow signal of homogeneous droplet corresponding to the equivalent refractive index (n eq ) 1.3647 with equivalent size (d eq ) 100.1 µm, which provides the perfectly fit with the non-homogeneous one. These two rainbow were computed in the framework of Lorenz-Mie theory. It can be seen that the rainbow signal cannot be distinguished whether there is a gradient or not. However, the equivalent refractive index in this case provides the value where is outside the range of n c and n s . Therefore, this particularity will be exploited in this work. On the other hand, equivalent size is very close to the simulated size which cannot extract more information, thus only equivalent refractive index is focused in this study. 

Simulation results

In the simulation, for one droplet size (100 µm) where refractive index at the surface is 1.397, equivalent refractive index values from 200 rainbow signals corresponding to coeffi-cient b from -100 to 100 were extracted and plotted as blue in Figure 3.6. If the refractive index at the surface is changed to be 1.385 and 1.374, the equivalent refractive index values for coefficient b from -100 to 100 are plotted as green and red in Figure 3.6. From these curves, four different parts are observed. First corresponds to coefficient b about 30 to 100, the equivalent refractive index is essentially constant corresponding to the value of refractive index at the center. This part belongs to strong gradient at the surface, but the gradient is thin. In second part, the equivalent refractive index decreases and increases, the value is less than refractive index at the center. This part corresponds to coefficient b about 2 to 30 where the gradient is large and strong at the surface. Then, equivalent refractive index strongly increases in the third part, corresponding to the coefficient b close to zero. In the fourth part, the coefficient b is negative. The equivalent refractive index is constant close to the value of refractive index at the surface. This part belongs to the strong gradient at the center. In addition, equivalent refractive index is also affected by the difference of refractive index at the center and surface of droplet. The minimum value of equivalent refractive index for b positive is lower when the difference between refractive index at the center and surface of droplet is greater. This characteristic will be used in the analysis part in order to estimate refractive index at the surface of droplet.

-100 -80 -60 -40 -20 0 20 [START_REF] Chen | Laser diagnostics for droplet characterization: application of morphology dependent resonances[END_REF] Moreover, the fluctuation of equivalent refractive index was found in the case of b positive as shown in Figure 3.6, this behavior could be caused by the interference effect. Accordingly, the simulation was recomputed by varying droplet size from 100.00 µm to 100.30 µm with an increment equal to 0.02 µm to observe fluctuated behavior. The patterns of equivalent refractive index fluctuation for droplet size 100.0 µm, 100.1 µm, 100.2 µm, and 100.3 µm in the case of n c =1.371, n s =1.374 are illustrated in Figure 3.7. It was found that fluctuation of equivalent refractive index is shifted as periodic i.e. the fluctuation pattern is shifted with a change of droplet size and returns to be the same pattern when the droplet size is changed about a half of the incident wavelength (0.3 µm). Therefore, equivalent refractive index values were averaged from droplet size 100.00 µm to 100.28 µm (14 values) in order to obtain the main behavior which is plotted as black dashed line in Figure 3.7. However, the average curve is still rough, therefore it will be fitted to obtain the smooth curve, as represented in red dashed line. It means to construct one dashed line as plotted in Figure 3 

Selecting method of coefficient b to evaluate gradient profile according to equivalent refractive index

After refractive index at the surface of droplet is estimated, the numerical and experimental results will be compared in order to evaluate the gradient profiles. Thus, it is necessary to consider how a corresponding gradient profile can be selected. Figure 3.9 shows equivalent refractive index corresponding to the different gradient profiles where n c =1.371, n s =1.374, obtained from the simulation. For example, if equivalent refractive index equals to 1.372, a value of coefficient b denoted as b 1 in Figure 3.9 corresponding to a gradient profile is obtained. However, some equivalent refractive index values e.g. 

Chapter summary

The simulation of rainbow signals for a multilayered sphere was done to predict the rainbow signals. The equivalent refractive index was extracted based on the assumption of homogeneous droplet. It was found that equivalent refractive index was affected by the gradients inside droplet which was obvious when the gradient is large and steep at the surface corresponding to coefficient b about 2 to 30. The equivalent refractive index values departed from any physical values, this characteristic is a signature of gradients in droplet.

This chapter is divided into seven parts, presenting the rainbow measurements on a suspended droplet. The experimental setup for a suspended droplet and the preparation of reactive liquid (MEA30%wt) are indicated in the first, second section, respectively. Then, the optical setup as well as the calibration system for rainbow technique are described in the third section. The operating conditions and experimental method are provided in the fourth section. Later, the processing of experimental data is demonstrated in the fifth section, where determinations of refractive index and droplet size are illustrated. The sixth section is the experimental results. Then, the chapter summary is provided in the last section.

Description of experimental setup for a suspended droplet

The overview of the suspended system is represented in Figure 4.1. A plastic tube connecting with a manual syringe was used to create a suspended droplet with the size in range of 2-3 millimeters. The suspended droplet was located inside a transparent chamber size 250 mm × 250 mm × 500 mm which can be adjusted in three axes (left-right, forward-backward, upward-downward). There are two gas inlets on the side, a gas outlet on the top, and a liquid outlet at the bottom of the chamber. The gas inlets permit to create gas flow inside chamber, then it can be flowed out from the top of chamber in order to conserve the pressure inside chamber to be atmospheric. The bottom of chamber is connected to a ball valve where the used solvent can be drained from the chamber. The volume flow rate of N 2 and CO 2 were controlled by the identical model of gas flow meter (Brooks Sho-Rate, model: 1355G (R-6-15-A: Glass). MEA aqueous solution was used as a solvent in the experiment, therefore the preparation of solution is described in section 4.2.

Preparation of MEA aqueous solution by weight

In order to prepare MEA aqueous solution, the chemical product ethanolamine (≥ 99% purity) was dissolved into distilled water to obtain the solution at the desired concentration. As the MEA aqueous solution with concentration 30% by weight (MEA30%wt) was used in the experiment, thus it was prepared according to the definition of concentration by weight as given in Equation (4.1). For example, MEA30%wt 1000 g is obtained when ethanolamine 300 g dissolved in water 700 g. 

Description of optical adjustment and calibration system for rainbow technique

Since the rainbow technique was applied to characterize droplet properties, thus the explanations of optical adjustment as well as the calibration system are provided. The setup of the optical components including with the optical alignment are detailed in section 4.3.1, whereas the calibration system is described in section 4.3.2. The optical adjustment and calibration system for a suspended droplet and a line of moving monodisperse droplets are based on the same basic principle. Only some optical components are added or suppressed.

Optical adjustment

The real setup of rainbow system as shown in Figure 4.2 combines two main parts which are emission part and detection part. Emission part consists of a continuous laser with wavelength 0.589 µm (Shanghai Dream Lasers, Model: SDL-589-050T, Power: 61 mW, laser beam diameter < 1.5 mm). A diverging lens was added for the experiment of suspended droplet to provide fully illuminated on droplet. While detection part combines a plano convex lens (1 st lens: diameter 80 mm with focal length 160 mm) collecting the scattered light around rainbow angle and creating an image on a circular diaphragm size 2 mm and 4 mm (for the experiments of a line of moving monodisperse droplets), a biconvex lens (2 nd lens: diameter 100 mm with focal length 200 mm) creating an image from the focal plane of first lens on a semi-transparent screen which will be recorded by a CCD camera (Kappa, 1025 x 1373 pixel 2 ). These two main parts was located on an optical bench which is able to rotate and move in upward-downward directions. All optical components of emission and detection parts need to be aligned and adjusted to locate at the appropriate positions which are described as followed. 

Optical alignment

The laser was moved to the end of optical bench while three circular diaphragms which had already been adjusted to be the same level were placed on the identical bench. Then, the laser was adjusted until the laser beam passing through those circular diaphragms. This indicates that the laser beam was aligned with the optical bench. In addition, all optical components in the detection part were adjusted to be co-axial and perpendicular by using the laser beam one by one.

Optical position

In order to specify the position of each optical component, a thin wire was used as a reference object. The first lens can be placed at any positions, where the distance from the object is farther than its focal length in order to avoid virtual image creation. The first lens was illuminated by a white light in order to search for its focal plane where the brightest and smallest spot can be observed. Then, the clearly visible image of the wire is appeared at the image plane where the circular diaphragm is located. This diaphragm is used to limit the measurement area permitting to reject the scattered light coming from outside the control volume. Later, the second lens was mounted behind the diaphragm considering the scattered light on the focal plane of first lens as an object in order to create an image on the semi-transparent screen.

To achieve this image position, a semi-transparent paper with marks was placed on the focal plane of first lens to search for the position where the mark obviously appeared on the semi-transparent screen. Finally, the camera was installed at the end of optical bench for recording the rainbow images.

Calibration system

The relationship between scattering angle and the pixels in the horizontal direction of image was obtained from a mirror calibration. A mirror was placed at the same position as the reference object which was specified in the section of optical adjustment. The mirror was installed on the rotation and linear translation stages permitting to rotate and move in upward-downward and left-right directions. The top view of calibration system is illustrated in Figure 4.3. In order to perform a calibration, the mirror was rotated with an increment equal to 1 • resulting in 2 • on the recorded image. In addition, the rotation of mirror must be in the range that the reflected light can be collected by the first lens as well as passing through the circular diaphragm size 2 mm and 4 mm. 

Operating conditions and experimental method 4.4.1 Operating conditions

The experiment was performed at ambient temperature about 20 • C under two conditions considering as long and short observation periods. Long observation period offers the investigation during 100 minutes of refractive index of MEA30%wt and pure MEA while short observation period demonstrates refractive index of MEA30%wt with different percentages of CO 2 volume flow rate for 2 minutes. The identical volume flow rate of gas approximately 5.6±0.1 L/min was applied for all measurements.

Long observation period: 100 minutes Refractive index of MEA30%wt was measured under the conditions of stagnant ambient air and pure N 2 flow while refractive index of pure MEA was measured under the condition of pure N 2 flow. Series of rainbow images were recorded with 30 seconds of delayed time by a CCD Camera. In this measurement, an additional CCD camera was installed on the side of the chamber to observe the variations of droplet size by recording an image every 10 minutes. Accordingly, the evolution of droplet size can be quantified. Both cameras were separately operated which the images of droplet and rainbow signals were started to record after injecting droplet for 1 minutes and 1.5 minutes, respectively.

Short observation period: 2 minutes

Different percentages of CO 2 volume flow rate i.e. 100%, 50%, 30%, and without CO 2 were applied. Series of rainbow images were recorded for 2 minutes with a second of delayed time. The rainbow images were recorded prior injecting droplet, thus it was able to observe the signals since the droplet formation is completed.

Experimental method

The measurements for both conditions were done according to the following instructions.

A MEA30%wt suspended droplet was created by a manual syringe and located in the chamber. To perform this step, the bubbles locating in the liquid line need to be vented prior starting the measurement in order to provide a stable suspended droplet.

Then, the gas flow meter was adjusted to the desired value providing the gas flow to the chamber. For the second condition, the different ratios of CO 2 and N 2 volume flow rates were adjusted resulting in the different CO 2 concentrations. The mixing ratios for each case were illustrated in Table 4.1.

A reference droplet was injected and adjusted until it was illuminated by the two laser beams at the cross sectional point, then a new droplet is injected. For the first condition, the images of droplet and rainbow images were started to record after the new droplet was injected. On the other hand, the rainbow images for the second condition were recorded before the new droplet is injected. The appearance of the new droplet was identified by the interruption of rainbow signal. Thus, the evolution of rainbow signals was able to be followed from the beginning of droplet formation. However, the rainbow signals after the complete droplet formation were only considered. A recorded rainbow image of MEA30%wt droplet in pure N 2 flow was displayed in Figure 4.6, a stable rainbow pattern was obtained showing that the droplet was not perturbed by N 2 flow. From the image, seventy pixels from the middle part of image were selected to extract the normalized light distribution which was shown as the green solid line in Figure 4.7. Refractive index was extracted by searching for the best fit between recorded and computed signals using the inversion code. In Figure 4.7, a part of rainbow signal was selected representing by the yellow squares while the orange squares indicates the best fit of computed signal. It can be seen that the rainbow structure of computed signal was not well fitted since the inversion code is limited to use with the maximum droplet size 1 mm. Accordingly, only refractive index values obtained from the inversion code were focused. For the first condition, the evolution of droplet size was quantified by an additional method which will be described in section 4.5.2. 

pixels

Determination of droplet size from the image

In order to determine the droplet size from the recorded images, a calibration is needed.

As the size of plastic tube is known, therefore it was used as a reference object providing a correlation between pixels and horizontal distance. 

Experimental results

The results were separated as two sections according to the experimental conditions. Refractive index and droplet size variations of MEA30%wt in stagnant ambient air, pure N 2 flow and pure MEA in pure N 2 flow were presented in section 4.6.1. Whereas the extracted refractive index values of MEA30%wt at different concentrations of CO 2 were provided in section 4.6.2. In addition, the hypothesis of the evaporation of water component was considered. MEA30%wt is a binary mixture between water and ethanolamine, thus the evaporation of the substance which has higher vapor pressure could be expected. In this case, water (for T = 20 • C; P vapor = 2.3392 kPa [START_REF] Yunus | Thermodynamics: An engineering approach Sixth Edition (SI Units)[END_REF], T b = 100 • C) has higher vapor pressure than ethanolamine (for T = 20 • C; P vapor = 0.053 kPa [START_REF] Ethanolamine | [END_REF], T b = 170 • C), consequently refractive index increased due to the increasing MEA concentration. This can be confirmed by the investigation of refractive index and droplet size of pure MEA in pure N 2 flow. The obtained refractive index values for the case of pure MEA in pure N 2 flow were illustrated in Figure 4.9 while the recorded images and evolution of droplet size were displayed in Figure 4.12, 4.13, respectively. It was found that both refractive index and droplet size were stable along the measurement period. Therefore, it can be concluded that water is the main evaporating component in the cases of MEA30%wt in stagnant ambient air and pure N 2 flow. In contrast, there is no observable evaporation effect for the case of pure MEA in pure N The first case is the injection of MEA30%wt without CO 2 flow (pure N 2 flow). The recorded rainbow images at 2, 10, 20, and 90 seconds are displayed in Figure 4.14 where the well-organized rainbow patterns can be observed. On the other hand, the recorded rainbow images of MEA30% in the cases of 30%, 50%, 70%, and 100% of CO 2 flow demonstrated the disorganization on rainbow patterns as displayed in Figure 4.15, 4.16, 4.17, and 4.18, respectively. Consequently, the improper light distributions were obtained i.e. unable to identify the main rainbow peak and/or supernumerary bows, the asymmetry of rainbow pattern between upper and lower part. However, this behavior occurred for a period in each case depends on the concentration of CO 2 . It was found that the wellorganized rainbow patterns started at time 80, 45, 31, 20 seconds for the cases 30%, 50%, 70%, and 100% CO 2 flow, respectively. The variations of refractive index at different concentrations of CO 2 flow i.e. without CO 2 , 30%, 50%, 70%, and 100% of CO 2 were plotted versus the time and illustrated in Figure 4. [START_REF]Greenhouse effect[END_REF]. Refractive index values were stable along the measured time in the case of without CO 2 flow while other cases demonstrated the increasing refractive index versus the time. The stronger slope during the first period of measurement can be observed. In addition, the increase of refractive index during the first period provided different slopes for each case. Therefore, linear function was applied to quantify their slopes as shown in Figure 4.20. It was found that the strongest slope belonged to the case of 100% CO 2 flow and the smallest slope was the case of 30% of CO 2 flow. However, the variation of refractive index providing these different slopes obtained from the improper light distributions, consequently it is complicated to extract the correctly additional information. Therefore, the rainbow measurement on a line of moving monodisperse droplets is proposed in Chapter 5. Moreover, the droplet size in micro range close to the size in the real spray is obtained.

Chapter summary

In this chapter, the experimental setup including operating conditions for the measurements suspended droplet was described. In addition, the optical adjustment and calibration system of rainbow technique were indicated.

The rainbow measurements on suspended droplet were performed under two main conditions. For the first condition (measurement period: 100 minutes), the measurements of refractive index and droplet size were separated as three cases i.e. MEA30%wt in stagnant ambient air, MEA30%wt in pure N 2 flow, and pure MEA in pure N 2 flow. For the cases of MEA30%wt, it was found that the evaporation of water in MEA30%wt droplet induced to have the increasing refractive index due to the increase of MEA concentration in droplet. In contrast, there is no observable evaporation effect for the case of pure MEA in pure N 2 flow.

For the second condition (measurement period: 2 minutes), the experiment of MEA30%wt at different concentrations of CO 2 flow was carried out. From the recorded images, the disorganization of rainbow patterns due to the reaction between MEA and CO 2 affected the analysis of results. Accordingly, a line of moving monodisperse droplets with size in the range of 100 µm to 200 µm is proposed.

CHAPTER 5 Rainbow measurement on a line of moving monodisperse droplets

This chapter is organized as eight parts, presenting the rainbow measurements on a line of moving monodisperse droplets. The generating of a line of monodisperse droplets is described in the first section. In the second section, the preparation of reactive liquid with loaded CO 2 (MEA30%wt loaded CO 2 ) is provided. Refractive index of MEA30%wt unloaded and loaded CO 2 will be measured by refractometer and rainbow technique which are presented in the third, fourth section, respectively. Then, refractive index measurement on a line of moving droplets during CO 2 absorption process by rainbow technique is indicated in the fifth section. Later, the analysis of experimental results to evaluate the gradient profile inside droplets as well as the investigation of the quantity of CO 2 absorbed are demonstrated in the sixth section. The seventh section presents the improvement of refractive index gradients evaluation by considering the change at the center of droplets. Additionally, the chapter summary is available in the last section.

Generating of a line of moving monodisperse droplets

The generating of spherical droplet with constant size and stable rate is essential for the experiment of a line of moving monodisperse droplets. In this study, two droplet generators i.e. FMP technology, model: MTG-01-G2, and TSI Incorporated, model: 3450 were used to perform the experiments. The device from FMP technology was applied for the experiment in section 5.4 where the droplets were produced in downward direction. In contrast, the device from TSI Incorporated as depicted in Figure 5.1 was applied for the experiment in section 5.5 and produced droplets in upward direction. The TSI model offers a gas inlet directly connected to the droplet generator. In addition, it provides a cover permitting to create a small chamber, suitable for the experiment that needs the mixing between gas and liquid phases. The mechanism of generating droplets for both models is based on Rayleigh breakup of laminar fluid jet [START_REF]Instruction manual (Model 3450 Vibrating orifice aerosol generator)[END_REF][START_REF] Acikel | Assembly and operating instructions monodisperse droplet generator[END_REF]. The volume flow rate of liquid and excitation frequency are the controlled parameters to generate monodisperse droplets. The volume flow rate was controlled by a flow meter or a syringe pump to produce a liquid jet. A signal generator supplied a sine wave form amplitude 15 volts (from peak to peak: 30 volts) to excite the piezoelectric element which was connected to the droplet generator. Consequently, the liquid jet is disintegrated to be droplets according to the vibration of piezoelectric.

The volume flow rate and the range of excitation frequency were computed based on the diameter of orifice. Table 5.1 shows the volume flow rate of liquid injection and the operating range of excitation frequency for orifice sizes 50 µm and 100 µm which are used in the experiments. In addition, the discharge velocity of droplet and the expected droplet size are presented. It was found that the expected droplet diameter is about twice orifice size. The details of computation are given in Appendix B.1.

In practical, the bubbles in the liquid line could affect to the stability of liquid injection resulting in the unstable droplet creation, thus the bubbles need to be vented out prior starting the experiment. The stability of the line of droplets can be observed from the stable rainbow signal while the constant droplet size and spherical droplet shape can be indicated by the characteristics of rainbow pattern. The rainbow pattern for spherical droplet has a good shape i.e. no any distortion and the clear ripple structure can be obtained when the constant droplet size along the measured point is produced. According to the computation, weight of MEA about 303.8 g was used to prepare MEA30%wt, thus CO 2 about 109.4 g can be absorbed. However, in practical, it was time consuming to reach the fully absorbed point (α = 0.5), therefore CO 2 about 102.7 g was absorbed which corresponded to the ratio 0.47. The schematic diagram and the real CO 2 loaded system are displayed in Figure 5.2a, 5.2b, respectively.

α = m CO 2 M CO 2 m M EA M M EA m CO 2 = α • m M EA M M EA • M CO 2 (5.

Refractive index measurement by refractometer

In this section, the measurements of refractive index of MEA30%wt unloaded and loaded CO 2 were performed by using a refractometer.

The refractometer (Anton Paar, model: Abbemat 300) as displayed in Figure 5.3 was used to measure refractive index of the liquid samples. The working principle of this apparatus is based on the measurement of critical angle. This device is able to work during the refractive index range 1.26 to 1.72 and the temperature of liquid sample can be varied from 10 • C to 85 • C. Theoretically, refractive index with an accuracy ±0.0001 for the standard condition (T =20 • C, λ = 0.589 µm) can be obtained when the equipment is operated at ambient temperature (≈ 23 • C) [START_REF]Abbemat performance and performance plus line[END_REF]. 

Refractive index measurement on a line of moving droplets by rainbow technique

Refractive index values of MEA30%wt unloaded and loaded CO 2 were measured by rainbow technique. The measurements were performed at ambient temperature about 20 • C in order to compare with the measured values from refractometer. The optical adjustment and calibration system were identical as described in section 4.3. However, the diverging lens which was used to expand the laser beam was removed while the circular diaphragm was added and adjusted the diameter to be 4 mm for the measurements in this section.

Description of liquid system and operating condition

Schematic diagram of liquid system is displayed in Figure 5.5. The liquid was stored in a pressurized tank (Volume: 5 L) which is able to work with maximum pressure up to 5 bars. N 2 was filled to the tank with a pressure about 1.5 bars in order to create the differential pressure between system and ambient air, permitting the liquid to flow out. A glass tube flow meter (Brooks Sho-Rate, model: 1355G (R-2-15-AAAA), floating material: stainless steel) was connected to the pressurized tank to control volume flow rate of liquid. A droplet generator (FMP technology, Model: MTG-01-G2) with orifice size 100 µm was used. MEA30%wt unloaded CO 2 was injected with the volume flow rate about 2.2 ml/min, and the excitation frequency about 9.21 kHz was applied to droplet generator. Based on the computation, the droplet size 196 µm with discharge velocity 4.7 m/s could be produced. In contrast, MEA30%wt loaded CO 2 was injected with volume flow rate about 2.3 ml/min, and the excitation frequency about 10.36 kHz was applied to the generator. Accordingly, the droplet size 192 µm with discharge velocity 4.9 m/s is expected. The rainbow signals for both MEA30%wt unloaded and loaded CO 2 were recorded at the position 40 mm from orifice. The temperature of liquid reservoir is considered as equal to the ambient temperature. Series of 300 rainbow images were recorded by a CCD camera with the exposure time 1.2 ms, which the acquisition time is about 9 frames per second. Typical recorded rainbow images for MEA30%wt unloaded and loaded CO 2 are illustrated in Figure 5.6a, 5.6b respectively. The corresponding normalized light distributions were demonstrated in Figure 5.7. The normalized light intensity was extracted from the middle part of image by summing fifty pixels intensity along the vertical direction while the pixels in horizontal direction were transformed to scattering angle with a relationship obtained by the calibration. It can be seen that the rainbow signal of MEA30%wt loaded CO 2 shifted toward larger scattering angle, representing the increase of refractive index. The inversion code was used in order to search for the best fit between the recorded and computed rainbow signals to extract refractive index and size distribution. From the processing of 300 rainbow signals, the average refractive index values with standard deviations of both solutions were obtained and plotted in Figure 5.4. Additionally, the refractive index values for temperature 20 • C obtained from refractometer and rainbow measurement are given in the Table 5.2. In the case of MEA30%wt loaded CO 2 , the obtained value from rainbow measurement was in agreement with the value from refractometer by taking into account the standard deviation. In contrast, refractive index of MEA30%wt unloaded CO 2 from rainbow measurement was overestimated about 0.0001 when the standard deviation was considered. Moreover, the average droplet sizes obtained from the inversion code were 181 µm and 205 µm for unloaded and loaded CO 2 , respectively.

From the measurements, it was verified that the refractive index variation of MEA30%wt unloaded and loaded CO 2 can be observed by the rainbow system. In addition, refractive index values obtained from rainbow technique were acceptable and comparable to the values from refractometer. Therefore, the next step is to perform refractive index measurement of MEA30%wt during the absorption process. The droplet generator from TSI Incorporated is used which the gas system can be directly connected to droplet generator. Therefore, it is essentially assured that the droplets and gas are in contact.

Refractive index measurement on a line of moving droplets during CO 2 absorption process by rainbow technique

This section presents rainbow measurements on a line of MEA30%wt droplets under three different conditions which are stagnant ambient air, pure N 2 flow, and pure CO 2 flow. Rainbow images are recorded at different distances from orifice to follow refractive index variation. The description of liquid-gas system, operating conditions, and experimental results are demonstrated, respectively. The optical setup and calibration system were identical as the section 5.4, however the diameter of circular diaphragm was adjusted to be 2 mm.

Description of liquid and gas system

Schematic diagram of liquid and gas system which was used in the experiment is illustrated in Figure 5.8. The droplet generator from TSI Incorporated, model: 3450 was located on three axes of manual translation stages which allowed to be adjusted on left-right, forward-backward, and upward-downward directions. In order to have better a control of liquid volume flow rate, a high precision syringe pump (Chemyx, model: Nexus 6000, syringe volume: 250 ml) was used instead of the pressurized tank and the glass tube flow meter. This syringe pump provides liquid storage including the volume flow rate controller, permits to specify a desired value resulting in a stable liquid injection. The line of droplets was operated in upward direction as shown in Figure 5.9, and a stopper was applied at the distance about 100 mm from orifice to avoid the reverse flow. This stopper was made from a metal tube, connecting to the used liquid tank, thus the liquid can flow and be stored in the tank. To perform the measurements in the conditions of pure N 2 flow and pure CO 2 flow, the glass tube flow meter (Brooks Sho-Rate, model: 1355G (R-6-15-A), floating material: Glass) was used to control the volume flow rate of gas. Moreover, the cover of droplet generator creates a small chamber permitting to have the co-flow mixing between gas and liquid before access to the ambient. However, the concentration of gas can decrease when the measurement position is farther. 

Operating conditions

In this measurement, the orifice size 50 µm was inserted on the droplet generator, the volume flow rate equal to 0.6 ml/min was used for the liquid injection, resulting in the discharge velocity of droplets about 5.1 m/s. The excitation frequency in the range of 17 kHz to 19 kHz was applied on the droplet generator, accordingly droplet size in the range of 100 µm to 104 µm is expected. The volume flow rate of N 2 and CO 2 were adjusted to be identical about 0.5 L/min. This value is the maximum gas flow rate, providing the minimum perturbation on the line of droplets. For both conditions, the gas flow was applied 20 minutes prior starting the measurements in order to assure that inside the small chamber is saturated by N 2 and CO 2 ambient. The measurements were done at ambient temperature about 20 • C for all conditions. Series of 500 rainbow images were recorded by a CCD camera with the exposure time 1.2 ms. The acquisition time is about 9 frames per second. Considering the excitation frequency for generating droplets with the exposure time on CCD camera, rainbow signal in an image is created by about 20 to 22 drops. Series of rainbow images were recorded at different positions from 9 mm to 43 mm from orifice.

Experimental results

Examples of recorded rainbow image from MEA30%wt droplets under the conditions of stagnant ambient air, pure N 2 flow, pure CO 2 flow are depicted in Figures 5.10a From such rainbow signals, equivalent refractive index and equivalent droplet size were extracted by using the inversion code. The recorded rainbow signal is imported to the code, the first two peaks of rainbow signal which are areas of main interest on the refractive index information are selected. Then, the sampling points on the selected part are defined to be 200 points in order to reduce the computation time. A range of droplet size is defined corresponding to the expected droplet size which can be computed as described in Appendix B.1. In this work, the range of droplet size 51 µm to 150 µm is selected. These set parameters are used to process all rainbow signals. For operating principle of inversion code, the intensity vector given by the recorded rainbow signal is equal to the product of a matrix A by a vector B, which matrix A represents the scattering of particles, while vector B is drop size distribution [START_REF] Saengkaew | Development of novel global rainbow technique for characterizing spray generated by ultrasonic nozzle[END_REF]. The scattering of particles is computed based on Nussenzveig's theory. Then, the inversion of matrix is solved by using Non-Negative Least Square (NNLS) method to extract the size distribution corresponding to a value of refractive index. The example of cumulative size distribution obtained from a series of rainbow signals is depicted in Figure 5.12 representing nearly monodisperse droplets. The average equivalent droplet sizes were determined from the extracted cumulative size distributions and plotted versus the distances from the orifice in Figure 5.13 which their standard deviations are represented as error bars. The average equivalent droplet size in each condition showed stability along every position of measurement, which indicates that the droplet size was not significantly affected by the gradients in droplets. Therefore, only equivalent refractive index is focused in this study. The average equivalent refractive index values for all conditions were plotted versus the distances from orifice and displayed in Figure 5.14. Each value was averaged from at least 300 recorded images which the standard deviation was plotted as an error bar. It was found that equivalent refractive index values were stable along the measurement positions for conditions of stagnant ambient air and pure N 2 flow. This proved that there is no observable effect of N 2 flow on droplet composition and temperature. In contrast, the equivalent refractive index values in the condition of pure CO 2 flow decreased during positions 9 mm to 23 mm, then continuously increased up to position 43 mm from orifice. The obtained values were less than refractive index of MEA30%wt (1.371 at T = 20 • C) during the position 9 mm to 28 mm from orifice which are 'unphysical'. However, this characteristic was appeared in the simulation results as a signature of the presence of gradients in droplets. Therefore, the evolution of equivalent refractive index in the condition of pure CO 2 flow is further investigated in order to evaluate the gradients in droplets. Moreover, the measurements were repeated under the identical conditions where the measured equivalent refractive index values for all conditions are given in Table 5.3. It was found that the measured values provided the same behavior i.e. the values were stable along the measurement positions in the conditions of stagnant ambient air and pure N 2 flow while the values in the condition of pure CO 2 flow demonstrated the presence of gradients in droplets. 

Evaluation of gradients inside droplets by comparing the numerical and experimental results

In this section, the evolution of equivalent refractive index obtained experimentally is analyzed by comparing with the numerical result. To simplify the analysis, refractive index at the center and surface are considered to be constant along every measurement position. The gradient profiles are evaluated, and used to compute the quantity of CO 2 absorbed in a droplet. As the reaction between MEA and CO 2 is exothermic, thus the effect of spatial thermal gradient is clarified by a direct measurement combined with computation of Lewis number. Moreover, the activation energy, Hatta number, and CO 2 absorbed flux are determined. Finally, the quantities of CO 2 absorbed in a droplet computed based on non-homogeneous and homogeneous models are compared.

Refractive index gradients evaluation

According to the simulation results in Figure 3.8, two related parameters i.e. coefficient b and refractive index at the surface of droplet must be considered. It was obvious that the trend of equivalent refractive index from experimental result (for position 9 mm to 28 mm) corresponds to numerical result, when coefficient b is positive. Besides, the experimental result for positions 33 mm to 43 mm was in accordance with numerical result when coefficient b is in the beginning range of negative values. Therefore, the equivalent refractive index values in the range of b -6 to 100 were considered. Refractive index at the surface of droplet was firstly estimated. The assumption of constant refractive index at the surface along the measurement positions was used. Considering the simulation results in Figure 3.8, it was found that the minimum equivalent refractive index is less when the difference between refractive index at the surface and at the center is greater. Consequently, the minimum value was used as a criteria to estimate refractive index at the surface. It was found that the minimum value from experiment in Figure 5.14 corresponded to the simulation in the case of refractive index at the surface equal to 1.374, representing 10% of CO 2 absorbed at the surface. Therefore, this value was used to be refractive index at the surface of droplet to analyze the experimental results.

Since the reaction between MEA and CO 2 takes place at the surface of droplet, then carbamate counter-diffuses with MEA toward the center of droplet. Consequently, the value of b decreased at farther position. The experimental results were plotted versus the selected b in Figure 5.15, which the corresponding refractive index distributions inside droplet were demonstrated in Figure 5.16. In the next step, the quantity of CO 2 absorbed in a droplet will be investigated according to these gradient profiles.

Investigation of CO 2 absorbed in a droplet

Recalling the measured refractive index values provided by Ouboukhlik [START_REF] Ouboukhlik | Caractérisation du transfert de matière dans un spray réactif pour le traitement des fumées-Application au captage du CO 2[END_REF], the data was fitted by second degree polynomial equation, taking into account two parameters i.e. CO 2 concentration and temperature. The fitted correlation is expressed in equation (5.3), which the corresponding three-dimensional curve is plotted in Figure 5.17 Recalling the multilayered sphere model as shown in Figure 3.2, refractive index in each layer obtained in section 5.6.1 can be connected to the local concentration of CO 2 by using the equation (5.3). Then, the quantity of CO 2 absorbed in a droplet is determined according to the equation (5.4).

CO 2,abs = i=128 1 V i • 1000 • CO 2 i
(5.4)

V i = 4 3 πr i 3 , i = 1 4 3 π r i 3 -r i-1 3 , 128≥i > 1
where: V i : volume in each layer of droplet (m 3 ) r i : radius in each layer of droplet (m) CO 2 i : molar concentration of CO 2 in each layer of droplet (mol/L) In order to consider the effect of increasing temperature due to the reaction between MEA and CO 2 , the interpretation based on two assumptions which are with and without spatial thermal gradient is considered.

Without spatial thermal gradient

According to the refractive index distributions inside droplet in Figure 5.16, CO 2 concentration in each layer of droplet was determined from the equation (5.3), considering the temperature along the droplet radius is constant at 20 • C. Then, the quantity of CO 2 loaded in each layer was computed from the multiplication between CO 2 concentration and volume of each layer. Finally, the total quantities of CO 2 absorbed in a droplet were obtained and plotted as function of the contact time in Figure 5.18, represented by the blue triangle scattered with solid line.

With spatial thermal gradient

In this case, the spatial thermal gradient is additionally taken into account. The thermal gradient profiles were assumed to be identical shape as refractive index distributions as shown in Figure 5. [START_REF]Innovative technologies for clean air[END_REF]. The temperature at the surface of droplet (T s ) was assumed to be 25 • C, 30 • C, 35 • C, and 40 • C, while the temperature at the center of droplet (T c ) remains constant at 20 • C. Then, the refractive index and temperature in each layer were applied to the equation (5.3) in order to determine the corresponding CO 2 concentration. The quantity of CO 2 absorbed in each layer was computed from the multiplication between CO 2 concentration and volume of each layer. Finally, the total quantities of CO 2 absorbed in a droplet taking into account spatial thermal gradients were obtained and plotted as function of contact time in Figure 5.18, represented by the diamond scattered with dashed lines. The red, green, black, and teal correspond to the cases, where temperature at the surface of droplet equal to 25 

T constant at 20 • C T s = 25 • C T s = 30 • C T s = 35 • C T s = 40 • C Figure 5
.18: Quantities of CO 2 loaded in a droplet for the assumptions with and without spatial thermal gradients According to Figure 5.18, it was found that the quantities of CO 2 absorbed based on both assumptions increased versus the contact time. The quantity of CO 2 absorbed strongly increased at the beginning, then the slope is less, starting at the contact time about 6.5 ms corresponding to the distance 33 mm from orifice. The change of slope could be due to the decrease of driving force in CO 2 gas, since the system is opened, and CO 2 is mixed with the surrounding air. Moreover, the quantity of CO 2 absorbed at contact time 0 ms representing the droplet before the absorption is considered by continued the same slope of the curve. It can see that the quantity of CO 2 absorbed is not completely zero. Although the identical reactive liquid i.e. MEA30% is used in this study and the study of Ouboukhlik [START_REF] Ouboukhlik | Caractérisation du transfert de matière dans un spray réactif pour le traitement des fumées-Application au captage du CO 2[END_REF], nevertheless the preparation of solution each time could provide a tiny difference in concentration which affects to refractive index. In this study, refractive index of MEA30%wt at 20 • C is 1.3710, while the value obtained from Ouboukhlik is 1.3708. Therefore, with the difference on refractive index 0.0002, the overestimation on the quantity of CO 2 absorbed about 0.09×10 -10 mol could obtain, when the correlation as expressed in equation ( 5.3) is used.

Comparing the quantity of CO 2 absorbed based on the assumptions of with and without spatial thermal gradient as illustrated in Figure 5.18, it can see that the effect of spatial thermal gradient inside droplet provided the increasing quantity of CO 2 absorbed. Considering at contact time 8.5 ms, the case of temperature at the surface of droplet equal to 35 • C provided the quantity of CO 2 absorbed doubled of the case of no spatial thermal gradient. Therefore, the thermal effect are studied and quantified based on two different approaches which are measuring temperature of droplets and computation of Lewis number, presented in section 5.6.3 and 5.6.4, respectively. Lewis number is a dimensionless number which is used to characterize the simultaneous effect of heat and mass transfer by comparing thermal diffusivity to mass diffusivity as expressed in equation (5.5). where: T : temperature (K)

Le

Weiland et al. [START_REF] Weiland | Heat capacity of aqueous monoethanolamine, diethanolamine, n-methyldiethanolamine, and nmethyldiethanolamine-based blends with carbon dioxide[END_REF] reported specific heat capacity of aqueous MEA, Diethanolamine (DEA), Methyldiethanolamine (MDEA), and aqueous MDEA based blends with MEA, DEA for different CO 2 loaded at 25 • C. It was found that specific heat capacity of MEA30%wt unloaded CO 2 was 3734 J/(kg•K). In addition, thermal conductivity of MEA30%wt was estimated according to the study of predicting thermal conductivity of binary liquid mixtures on basis of coordination number [START_REF] Tobitani | Predicting thermal conductivity of binary liquid mixtures on basis of coordination number[END_REF], where the detail of computation is given in Appendix C. Le = 0.4776 (1010.6)(1.2985 × 10 -9 )(3734) = 97.5

According to the calculation based on the specified values, it was found that Lewis number is about 97.5. This means thermal diffusion rate is roughly 100 times faster than mass diffusion rate which demonstrated a faster thermal homogeneity in droplets. Since there is small increasing temperature due to the reaction of MEA and CO 2 as represented in section 5.6.3 with the faster homogeneity in droplets, thus the spatial thermal gradients can be neglected in this study.

Computation of activation energy

Referring to Figure 5.18, the quantity of CO 2 absorbed in a droplet was presented with different temperatures at the surface of droplet. This information can be exploited to determine the activation energy (E a ), which indicates the effect of mass transfer. Therefore, the activation energy is determined according to the Arrhenius equation as expressed in (5.7).

k = Ae -Ea (RT ) (5.7) 
where: k : reaction rate coefficient (L/(mol•s)) A : frequency factor for the reaction (L/(mol•s)) E a : activation energy (J/mol) R : universal gas constant (≈ 8.3145 J/(K•mol) T : temperature (K)

After taking natural logarithm (ln) both sides of equation (5.7), Arrhenius equation can be rewritten in equation (5.8), which is considered as a linear function. Thus, the Arrhenius plot which is the plot between the natural logarithm of reaction rate coefficient (ln k) against the reciprocal of temperature (1/T ) provides the slope as -E a /R, and the activation energy is obtained.

ln k = -E a RT + ln A (5.8)
Firstly, the reaction rate coefficient (k) is determined according to equation (5.9), which the additional parameters i.e. molar concentrations of MEA and CO 2 , the reaction rate are needed. MEA30%wt which is used in this study corresponds to molar concentration of MEA 5 mol/L, consequently the molar concentration of CO 2 in equilibrium is 2.5 mol/L. r = k MEA CO 2 (5.9)

where: r : reaction rate (mol/(L•s)) MEA : molar concentration of MEA (mol/L) CO 2 : molar concentration of CO 2 (mol/L)

The reaction rate can be determined from the change in concentration of reactant or product versus the contact time. In this case, the changes in concentration of CO 2 absorbed versus the contact time, which is represented by equation (5.10) are computed based on the data in Figure 5.18 by considering the contact time from 3.54 ms to 6.51 ms, then ∆t c is 2.97 ms. The values of reaction rate, and reaction rate coefficient for droplet temperature 20 The quantity of CO 2 absorbed which represented by the dashed lines in Figure 5. where: T c : temperature at the center of droplet (K) T s : temperature at the surface of droplet (K) In Figure 5.20, the blue square scatters represent the values of natural logarithm of reaction rate coefficient at different droplet temperatures. Then, these values were fitted by linear regression, and plotted as the blue dashed line providing the slope -Ea R about -6947.9. Therefore, the activation energy equal to 57.77 kJ/mol is obtained in this study, while the activation energy for CO 2 -aqueous MEA equal to 46.7 kJ/mol was presented in the work of Alper [START_REF] Alper | Reaction mechanism and kinetics of aqueous solutions of 2-amino-2methyl-1-propanol and carbon dioxide[END_REF]. It can see that the activation energy in this study is greater than the value in literature, indicating slower reaction rate. Therefore, the limitation by mass transfer plays a role, supports that there is the existence of gradients in droplet.

T c T s T 1/ T ∆[CO 2 ] r k ln k (K) (K) (K) (K -1 ) (mol/L) (mol/(L•s)) (L/(

Computation of Hatta number

Hatta number (Ha) is a dimensionless number which compares the rate of reaction in liquid film to the rate of diffusion through the film. Some of required parameters which are used for the computation of Hatta number have been already determined i.e. D CO 2 ,M EA30% , [MEA], and k. However, the liquid side mass transfer coefficient (k L ) is an additionally needed parameter which is determined according to a function provided by Roustan [START_REF] Roustan | Transfert gaz-liquide dans les procédés de traitement des eaux et des effluents gazeux[END_REF].

To select an appropriate function, a dimensionless number (X) as expressed in equation (5.13) is firstly calculated. It was found that the value of X is always less than 0.004 (X < 4 × 10 -3 ), thus the liquid side mass transfer coefficient is determined according to the equation (5.14). It is obvious that the different analysis methods provides the identical conclusion which indicates the existence of gradient in droplets. In addition, the spatial thermal gradient is negligible in this study as demonstrated in section 5.6.3, 5.6.4. Therefore, the quantity of CO 2 absorbed computed based on the constant temperature at 20 • C along the droplet radius and considering only composition gradient.

Ha = D CO 2 ,M EA30% MEA k k L (5.12) X = D CO 2 ,M EA30% • t c d 2 (5.13) k L = 2 D CO 2 ,M EA30% π • t c ( 5 

Computation of CO 2 absorbed flux

As the quantity of CO 2 absorbed is known, the CO 2 absorbed flux (N CO 2 ) taking into account only composition gradient is then computed according to equation (5.15). The values are plotted versus the contact time in Figure 5.21. The blue curve in Figure 5.21 corresponds to the quantity of CO 2 absorbed which is plotted the blue triangle scattered in Figure 5. [START_REF]Causes of climate change[END_REF]. It can see that CO 2 absorbed flux increases with the contact time until about 5.5 ms, then it decreases until the contact time reaches to 8.5 ms. The decrease of CO 2 absorbed flux could occur due to the change in driving force of CO 2 which is obvious at the farther measurement position (greater contact time). Moreover, the first point corresponding to the contact time 1.77 ms seems to be overestimated. It could be due to the difference of initial concentration in MEA solution of this work and the work of Ouboukhlik as discussed in section 5.6.2. Accordingly, the quantity of CO 2 absorbed equal to 0.09×10 -10 mol is subtracted prior to compute the CO 2 absorbed flux. Then, the new CO 2 absorbed flux is represented by the red curve. It was found that the CO 2 absorbed flux is exactly the same values except for the first point, which the value is dropped from the blue curve about 0.16 mol/(m Moreover, the quantities of CO 2 absorbed computed based on non-homogeneous and homogeneous models are compared, as illustrated in Figure 5.22. The homogeneous model provides the negative values, locating in the red ellipse area which corresponds to the contact time about 1.7 ms to 5.9 ms. This behavior is impossible as it means the droplet released CO 2 to the surrounding. At 6 ms, the homogeneous model indicated the starting of CO 2 absorption while the non-homogeneous model provided the amount of CO 2 absorbed about 7% of fully CO 2 loaded. Then, the difference of CO 2 absorbed amounts between both hypotheses decreased to 3% of fully CO 2 loaded when the contact time increased up to 8. [START_REF] Roth | Simultaneous measurement of temperature and size of droplets in the micrometer range[END_REF] The refractive index distributions or gradient profiles have been already evaluated based on the simplest way which is assumed refractive index at the center, and at the surface of droplet as constant. However, the assumption is not physically acceptable all the times. In order to be more reasonable, the evaluation of refractive index gradients taking into account the change at the center of droplet is considered, and presented in section 5.7.

Refractive index gradients evaluation taking into account the change at the center of droplet

According to section 5.6.1, the gradient profile corresponding to each measurement position as represented in Figure 5.16 was evaluated without taking into account the variation of refractive index at the center of droplet. However, the center of droplet will obviously be affected by the modification of droplet properties. Therefore, the evaluation of gradient profiles taking into account the change at the center of droplet is presented in this section.

The simulation is firstly redone to see the behavior of equivalent refractive index. In the simulation, refractive index at the center of droplet is defined to be 1.3712, 1.3715, 1.3720, 1.3725, and 1.3730. The coefficient b is varied from 0 to 100 with the increment equal to 1. Then, the identical simulation process as described in section 3.3 is used. The average equivalent refractive index values corresponding to different gradient profiles were determined from the rainbow signals which were computed from droplet size 100.00 µm to 100.28 µm. Then, the smoothed curves are illustrated in Figure 5.23. It was found that equivalent refractive index increase with the rising refractive index at the center of droplet. However, it must be noted that the smoothing procedure provides a tiny change on the curves which affects to the position of minimum equivalent refractive index resulting in the change of b value. Therefore, the gradient profile corresponding to the minimum equivalent refractive index is referred to the coefficient b obtained from the averaging procedure.

Considering belongs to the measurement position 28 mm seems to be affected at the center of droplet, thus the new gradient profile is evaluated by starting from this measurement position. Since the selected gradient profiles corresponding to the position 23 mm, 28 mm belong to coefficient b equal to 6 and 2 respectively, thus the new gradient profiles are selected from the coefficient b in this range (2 < b ≤ 6). From the average equivalent refractive index, the minimum equivalent refractive index in each case corresponds to b about 5 or 6, thus in order to be simple, the equivalent refractive index at coefficient b equal to 6 is compared to equivalent refractive index obtained from the experiment. For example, at 28 mm, equivalent refractive index is 1.3701±0.0006, this value is in agreement with the minimum equivalent refractive index for the case of refractive index at the center equal to 1.3712. The corresponding gradient profile is plotted in violet in Figure 5.24. Moreover, the correlation between the minimum equivalent refractive index and the values of refractive index at the center is plotted in blue scattered points in Figure 5.25, then those data are fitted by quadratic function as plotted in blue line. This correlation is used to determine the value of refractive index at the center, which provides the minimum equivalent refractive index corresponding to the values from experiment (for position 33 mm, 38 mm, and 43 mm). From the correlation, it was found that the equivalent refractive index values obtained from the position 33 mm, 38 mm, and 43 mm are in agreement with the minimum equivalent refractive index, where refractive index at the center is 1.3723, 1.3729, and 1.3732, respectively. The new gradient profiles corresponding to the measurement positions from 28 mm to 43 mm are illustrated in Figure 5.26, which all profiles belong to the coefficient b equal to 6. Then, the quantities of CO 2 absorbed are computed according to these new gradient profiles, and plotted in red in Figure 5.27. It was found that the quantity of CO 2 absorbed increased with the same trend as the blue one which the refractive index at the center was assumed to be constant. The maximum difference of these two hypotheses is less than 2%, where the contact time is about 5.5 ms. Therefore, from Figure 5.27, the convergence of the curves for non-homogeneous models (both with, without taking into account the change at the center) and homogeneous model could be expected at the later time. This demonstrates the gradients inside droplet is important during the first moments of injection.

Chapter summary

The refractive index measurements of MEA30%wt unloaded and loaded CO 2 on a line of moving droplets were investigated by rainbow technique. The obtained values were comparable to the values from the refractometer.

A line of MEA30%wt droplets was injected under three conditions i.e. stagnant ambient air, pure N 2 flow, and pure CO 2 flow. Rainbow signals were recorded every 5 mm from 9 mm to 43 mm from orifice. Equivalent refractive index and equivalent droplet size were extracted by using the inversion code. The obtained equivalent droplet size was nearly stable versus the measurement positions for all conditions, thus only equivalent refractive index was focused in this study. For the conditions of stagnant ambient air and pure N 2 flow, it was found that the equivalent refractive index values were stable along the measurement positions. This proved that there is no evaporation effect due to N 2 flow. In contrast, the equivalent refractive index values for the condition of pure CO 2 flow were a strong function of the measurement positions. Moreover, the equivalent refractive index values departed from the range of refractive index of MEA30%wt and refractive index of carbamate representing a signature of gradients in droplets. Accordingly, the evolution of equivalent refractive index was used in order to evaluate the gradient profiles by comparing the experimental and numerical results. In addition, the effect of temperature was considered and quantified by direct measurement and the calculation of Lewis number. From the direct measurement, it was found that the measured temperature increased about 2 • C when pure CO 2 flow was applied. Additionally, Lewis number demonstrated the faster thermal homogeneity in droplet, thus the spatial thermal gradients can be neglected in this study. Therefore, only composition gradient was considered. Moreover, the values of activation energy and Hatta number are supported the hypothesis of the existence of gradient in droplets. Then, the quantities of CO 2 absorbed based on the assumption of homogeneous and non-homogeneous droplet were compared. It was found that the effect of composition gradients can be neglected when the measurement position is far enough from the injecting point.

The experimental approach which was used in this study is of general applications which is able to apply for any couples gas-liquid reactions or any situations where the gradient of refractive index from the surface to the center was strong enough.

CHAPTER 6

Concluding remarks

Summary of accomplishments

The aim of this thesis was to explore the answer of Global Rainbow Technique (GRT) when the scattering particles have a radial refractive index gradient, to propose and test an approach permitting to evaluate this gradient.

For safety reason, experimental facility as well as local 'know-how', the characterization of MEA aqueous droplets during the CO 2 absorption process is selected to be the experimental testing. Rainbow technique has been employed to measure the equivalent refractive index of droplets which is a function of composition and temperature. Both a suspended droplet and a line of moving monodisperse droplets were used in order to perform the experiments. However, the disorganization of rainbow signals in the experiment of suspended droplet for the condition of CO 2 capture provided difficulties on signal interpretation. Therefore, attention was given to the experiment of a line of moving monodisperse droplets.

According to the experimental results on a line of moving droplets, equivalent refractive index was stable and independent to the distances from orifice for the conditions of stagnant ambient air and pure N 2 flow i.e. no evaporation. On contrary, equivalent refractive index for the condition of pure CO 2 flow departed from the range of refractive index of MEA30%wt and refractive index of carbamate. This particular behavior is a signature of the existence of gradients inside droplets. Accordingly, the evolution of equivalent refractive index from the experiment and simulation was compared in order to evaluate the profiles of gradient. In addition, the temperature measurement was also separately performed to clarify the effect of increasing temperature. It was found that the temperature of droplets was increased about 2 • C when pure CO 2 flow was applied. From the computation of Lewis number, it was found that the thermal diffusion rate was roughly 100 times faster than mass diffusion rate. Therefore, the spatial thermal gradients in droplets can be neglected in this study. Moreover, the activation energy and Hatta number were computed, which the obtained values supported the hypothesis of the existing gradient in droplets. Finally, the quantities of CO 2 absorbed for a droplet were computed based on the assumptions of homogeneous and non-homogeneous droplet. According to the comparison of the amounts of CO 2 absorbed from both hypotheses, it was found that the effect of composition gradients could be neglected when the measurement position is far enough from the injecting point.

From this study, it is demonstrated that the existence of gradients during the absorption process can be carried out from global rainbow patterns spatial evolution. This approach is of general applications, and can be applied for any couples of gas-liquid reactions or any situations where the gradient of refractive index from the surface to the center is strong enough. CHAPTER 6. CONCLUDING REMARKS

Perspectives for future research

This study is carried out with droplets to investigate local mass transfer by taking into account the effect of chemical kinetics. Therefore, the perspectives for future research can be discussed in different aspects as followed.

Referring to the results from this study, the intrinsic property of MEA droplets application to CO 2 capture was quantified, demonstrating the effect of composition gradients in the first moments of injection. Accordingly, the evolution of CO 2 absorbed based on the assumption of homogeneous droplet which was presented by Ouboukhlik et al. [START_REF] Ouboukhlik | Caractérisation du transfert de matière dans un spray réactif pour le traitement des fumées-Application au captage du CO 2[END_REF][START_REF] Ouboukhlik | Mass transfer evolution in a reactive spray during carbon dioxide capture[END_REF][START_REF] Ouboukhlik | Local measurement of mass transfer in a reactive spray for CO 2 capture[END_REF] can be used since the contacting time between gas and liquid were apart from the range of gradients effect. In addition, the obtained results from this study could provide as an experimental database in order to validate the numerical simulation of individual droplet taking into account chemical reaction and mass transfer for the case of CO 2 capture by MEA droplets.

The further investigations by dealing with the chemical kinetics and mass transfer can be considered. According to the literature reviews, the liquid phase mass transfer coefficient increased with the rising temperature. Thus, the experiment with different initial temperature of liquid could be performed in order to search for the optimum temperature, which provide better efficiency of local mass transfer. In addition, the experiment with the droplets electrically charged could be carried out to study the increase of chemical kinetics. Moreover, this experimental approach can be applied for numerous couples of gas-liquid to access the local analysis as well as the investigation in the real reactive spray systems.

In this study, the rainbow signals were recorded at various positions along the line of droplets. A difficulty is to conserve the stability on the line of droplets during the changing positions (during the time). Thus, an extension of rainbow technique named as One-dimensional Rainbow Thermometry (ORT) could be exploited. ORT was recently introduced by Wu et al. [START_REF] Wu | One-dimensional rainbow thermometry system by using slit apertures[END_REF]. The technique is the extension of a point measurement to one-dimensional measurement providing the possibility to record the rainbow signals corresponding to the different locations along the line at the same moment.

Moreover, the evaluation of gradient profiles was manually analyzed in this study. Therefore, the development of automatic process to extract these information could provide faster analysis. 
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 36 Figure 3.6: Equivalent refractive index values extracted from the simulated rainbow signals (d=100 µm), the values were less than refractive index at the center and at the surface where the gradient is large and strong at the surface.
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 3738 Figure 3.7: Equivalent refractive index values are periodic when the droplet size has been changed about 0.3 µm, thus the equivalent refractive index values were averaged to obtain the main behavior (case: n c =1.371, n s =1.374).
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 339 Figure 3.9: Examples of the selecting coefficient b according to the equivalent refractive index represents that equivalent refractive index can provide two values of b i.e. two gradient profiles. Thus, the selection of b is based on the assumption that the droplet is pure MEA30%wt from the beginning. Then, the reaction takes place at the surface, and diffuses to the center i.e. b decreases at farther position.

  Percent by weight of solute = weight of solute weight of solution × 100 (4.1)

Figure 4 . 1 :

 41 Figure 4.1: Schematic diagram of experimental system for a suspended droplet

Figure 4 . 2 :
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 4 4 displays a set of recorded images from a calibration presenting the reflection spots at different angles. The corresponding correlation of those images is demonstrated in Figure4.5. However, the calibration must be performed when there is the modification on optical adjustment.
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 46 Figure 4.6: A recorded rainbow image of MEA30%wt droplet in pure N 2 flow. A stable rainbow pattern was obtained demonstrating the droplet was unaffected by N 2 flow.
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 47 Figure 4.7: The fitting between recorded and computed rainbow signals obtained from the inversion code demonstrated the unfit rainbow structure due to the limitation of inversion code which is able to work with the maximum droplet size 1 mm.
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 4 8a illustrates an example of recorded image, then edge detection technique was applied to search for the boundary of the objects in the image as displayed in Figure4.8b. The locating area of droplet as shown in Figure4.8c was selected, then the maximum horizontal distance was determined to quantify the droplet size.

Figure 4 . 8 :

 48 Figure 4.8: An example of image processing for droplet size determination

4. 6 . 1 Figure 4 . 9 :

 6149 Figure 4.9: Refractive index of MEA30%wt in stagnant ambient air, pure N 2 flow and pure MEA in pure N 2 flow

Figure 4 . 10 :

 410 Figure 4.10: MEA30%wt in stagnant ambient air

Figure 4 . 11 :

 411 Figure 4.11: MEA30%wt in pure N 2 flow

Figure 4 . 12 :

 412 Figure 4.12: Pure MEA in pure N 2 flow

Figure 4 . 13 :Figure 4 . 14 :Figure 4 . 15 : 2 (

 4134144152 Figure 4.13: Droplet size of MEA30%wt in stagnant ambient air, pure N 2 flow and pure MEA in pure N 2 flow

Figure 4 . 16 : 2 (

 4162 Figure 4.16: Recorded rainbow signals of MEA30%wt with 50% of CO and 50% of N 2

Figure 4 . 17 :

 417 Figure 4.17: Recorded rainbow signals of MEA30%wt with 70% of CO and 30% of N 2

Figure 4 . 18 :
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 5152 Figure 5.1: Cross sectional view of TSI Incorporated droplet generator, model: 3450 (modified, [9])
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 2 where: α : mole ratio of CO 2 to MEA N CO 2 : mole number of CO 2 (mol) N M EA : mole number of MEA (mol) m CO 2 : weight of CO 2 (g) m M EA : weight of MEA (g) M CO 2 : molecular weight of CO 2 (≈ 44 g/mol) M M EA : molecular weight of MEA (≈ 61.08 g/mol)

  In this experiment, refractive index values of MEA30%wt unloaded and loaded CO 2 were measured every 10 • C from 10 • C to 50 • C. The measured values are plotted versus the temperature in Figure5.4. It was found that refractive index of MEA30%wt loaded CO 2 is higher than refractive index of MEA30%wt unloaded CO 2 , and the refractive index value of both liquids decrease when the temperature increases.
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 554 Figure 5.3: Refractometer (Abbemat 300)
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 55256257 Figure 5.5: Schematic diagram of liquid system for generating a line of moving droplets
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 58 Figure 5.8: Schematic diagram of liquid and gas system
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 511512513514 Figure 5.10: The recorded rainbow images from MEA30%wt droplets for three conditions demonstrating a small change on rainbow patterns which are unable to see by eyes. Nevertheless, a tiny angular variations were quantified from the analysis of images.
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 515516 Figure 5.15: The evolution of equivalent refractive index from experimental and numerical results were compared in order to evaluate the gradient profiles. The selection of coefficient b was based on the explanation in section 3.3.5, accordingly the coefficient b decreased at farther position.
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 5171 Figure 5.17: Refractive index variation on both temperature and CO 2 concentration

5. 6 . 3 Figure 5 . 19 :

 63519 Figure 5.19: Temperature measurement for stagnant ambient air and pure CO 2 flow conditions

  = κ ρD CO 2 ,M EA30% c p (5.5) where: κ : thermal conductivity of MEA30%wt (W/(m•K)) ρ : density of MEA30%wt (kg/m 3 ) D CO 2 ,M EA30% : diffusion coefficient of CO 2 in MEA30%wt (m 2 /s) c p : specific heat capacity of MEA30%wt at constant pressure (J/(kg•K)) Since the parameters used for Lewis number calculation are temperature dependent, thus Lewis number was computed based on the temperature equal to 25 • C which is the closest temperature to the operating condition in the experiment and all required parameters are available. The density of MEA30%wt was measured by a density meter (Anton Paar, Model: DMA 4100M) every 10 • C in the temperature range 10 • C to 50 • C, where all measured values are provided in Appendix D.2. The density of MEA30%wt at 25 • C was determined from the interpolation of the measured values, which is about 1010.6 kg/m 3 . The diffusion coefficient of CO 2 in MEA30%wt was computed according to the equation (5.6) as presented in the work of Ouboukhlik [4], using for the temperature range 0 • C to 75 • C. D CO 2 ,M EA30% = (4 × 10 -6 )exp -2395 T (5.6)

  [START_REF]Causes of climate change[END_REF] corresponds to the temperature at the surface of droplet equal to 25 • C, 30 • C, 35 • C, and 40 • C, while the temperature at the center of droplet remains constant at 20 • C. Therefore, the average temperature of droplet is determined from the logarithmic mean temperature difference ( T ) as expressed in equation(5.11). The values of average temperature, reaction rate, and reaction rate coefficient are given in Table5
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 521 Figure 5.21: CO 2 absorbed flux corresponding to the quantity of CO 2 absorbed (the blue triangle scattered curve) in Figure 5.18
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 522 Figure 5.22: Quantities of CO 2 loaded in a droplet computed based on homogeneous and non-homogeneous model for T = 20 • C
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 5523524 Figure 5.23: Equivalent refractive index at different gradient profiles, extracted from the rainbow signals which are computed from droplet size 100.00 µm to 100.28 µm with smoothing
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 525526527 Figure 5.25: Correlation between the minimum equivalent refractive index and refractive index at the center of droplet (for the case of n s equal to 1.374)
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 2 Figure B.2: Free body diagram of moving droplets
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  4.15 Recorded rainbow signals of MEA30%wt with 30% of CO 2 and 70% of N 2 . 4.16 Recorded rainbow signals of MEA30%wt with 50% of CO 2 and 50% of N 2 . 4.17 Recorded rainbow signals of MEA30%wt with 70% of CO 2 and 30% of N 2 . 4.18 Recorded rainbow signals of MEA30%wt with 100% of CO 2 (pure CO 2 flow) 4.19 Extracted refractive index of MEA30%wt in the cases of without CO 2 , 30%, 50%, 70%, and 100% of CO

2 (the total volume flow rate for all cases is 5.6±0.1 L/min) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.

Table 2 .

 2 1: Summary of previous studies on CO 2 capture by MEA aqueous droplets

	Main result	Spray column provided better	captured performance than	structured packed column by a	factor of 2-7.	Single spray nozzle demonstrated	low removal efficiency.	The optimum droplet size for a	large scale can be expected in	range of 1-2 mm.	A designed prototype was	achieved a good removal effi-	ciency, however the mass transfer	efficiency was approximately	10%-20% lower than the data	from laboratory scale.	Liquid phase mass transfer	coefficient for MEA30%wt droplets	increased with the rise of average	temperature over the chamber and	falling droplet height.
	Used technique			Infrared gas analyzer	adding excess HCl acid to liquid	samples		Not reported		Infrared gas analyzer	adding excess HCl acid to liquid	samples						Using soap film flow meter to	2 in measure the rate of filled up CO	chamber
	Operating system	Spray column (diameter 10 cm,	height 55 cm), droplet size: not	reported		Spray system in demonstration scale	(not reported the column size),	droplet sizes: not clearly reported	Individual droplets (chamber di-	ameter 3.4 cm, height 250 cm),	droplet size: 3.2 mm, 4.1 mm, 4.6	mm	Spray column (diameter 0.37 m,	total height of absorption system	15 m), d 32 1.6 mm		Individual droplets with size in the	range of 2.5 mm to 2.9 mm	(chamber dimension: 3 cm × 3 cm	× 60 cm)
	Authors		Kuntz et al.	(2008)			Koller et al.	(2011)	Seyboth et al.	(2014)							Han	(2014)

Continue on the next page

Table 2 .

 2 

	Main result	The increase of MEA concentra-	tion and liquid flow rate provided	higher mass transfer coefficients.	The increasing liquid flow rate re-	sulted the larger planar surface	area.	The evolution of CO 2 absorbed was	evaluated based on the hypothesis	of homogeneous droplets.		The smaller droplet size	2 removal demonstrated better CO	efficiency.
	Used technique	Using Total Inorganic Carbon to	analyze liquid samples	Using PDA to measure drop size	distribution				Using GRT to measure evolution	of refractive index	Using PDA to measure droplet ve-	locity and size distribution	Infrared gas analyzer	adding excess HCl acid to liquid	samples	Infrared gas analyzer
	Operating system	Spray system (diameter 0.2 m,	height 3 m), d 32 : 150 µm -300 µm					Spray system (chamber: total	height 60 cm), d 32 : 80 µm -120 µm		Spray column (diameter 0.37 m,	total height of absorption system 15	m), d 32 : 1.6 mm, 1.1 mm	Dual-nozzle opposed impinging	spray column (diameter 12-20 cm,	height 50 cm), droplet size: not	reported
	Authors	Tamhankar et al.	(2015)					Ouboukhlik et al.	(2015)		Zimmermann et al.	(2017)	Wu et al.	(2017)

1: Summary of previous studies on CO 2 capture by MEA aqueous droplets (cont.)

Table 4 .

 4 1: The mixing ratios between N 2 and CO 2 used for the condition of short obser-

	vation period			
	Case	N 2 flow rate CO 2 flow rate Total flow rate
		(L/min)	(L/min)	(L/min)
	no CO 2	5.67	-	5.67
	30% CO 2	3.92	1.58	5.5
	50% CO 2	2.75	2.75	5.5
	70% CO 2	1.58	3.92	5.5
	100% CO 2	-	5.67	5.67
	4.5 Processing of experimental data	
	4.5.1 Determination of refractive index	

  Figure 4.19: Extracted refractive index of MEA30%wt in the cases of without CO 2 , 30%, 50%, 70%, and 100% of CO 2 (the total volume flow rate for all cases is 5.6±0.1 L/min)

		1.410	
				Without CO 2
		1.405	30% CO 2
				50% CO 2
		1.400	70% CO 2
	Refractive index	1.385 1.390 1.395	100% CO 2
		1.380	
		1.375	
					Contact time (s)
		1.410		
				Without CO 2
		1.405		30% CO 2	y=0.0002x+1.3728
				50% CO 2	y=0.0003x+1.3746
		1.400		70% CO 2	y=0.0004x+1.3740
	Refractive index	1.385 1.390 1.395		100% CO 2	y=0.0006x+1.3747
		1.380		
		1.375		
		1.370	0	10 20 30 40 50 60 70 80 90 100
					Contact time (s)

Figure 4.20: 

The slopes during the first period of measurement were quantified in the cases of MEA30% with 30%, 50%, 70%, and 100% of CO 2

Table 5 .

 5 1: The used volume flow rate, the operating range of excitation frequency, and the estimated range of droplet sizes for orifice sizes 50 µm and 100 µm

	D	A d	V	u	Range of f	Range of d
	(µm)	(cm 2 )	(ml/min) (m/s)	(kHz)	(µm)
	50	1.96 × 10 -5	0.6	5.1		

9.73 ≤ f ≤ 29.18 125.22 ≥ d ≥ 86.82 100 7.85 × 10 -5 2.2 4.67 4.46 ≤ f ≤ 13.37 250.44 ≥ d ≥ 173.65 100 7.85 × 10 -5 2.3 4.88 4.66 ≤ f ≤ 13.98 250.44 ≥ d ≥ 173.65 * D is diameter of orifice, V is volume flow rate of liquid injection, u is discharge velocity of droplet, f is excitation frequency, d is droplet size, A d is cross-sectional area of orifice

Table 5 .

 5 

	2: Measured refractive index values from refractometer and rainbow technique at
	temperature 20 • C		
	Measurement method	Solution	Refractive index (T =20 • C)
	Refractometer	MEA30%wt unloaded CO 2	1.3710±0.0001
		MEA30%wt loaded CO 2	1.3969±0.0003
	Rainbow	MEA30%wt unloaded CO 2	1.3714±0.0002
		MEA30%wt loaded CO 2	1.3967±0.0002

Table 5 .

 5 3: Measured equivalent refractive index for all conditions

	Measurement Position from orifice		Refractive index	
	(set)	(mm)	Stagnant ambient air Pure N 2 flow Pure CO 2 flow
	1	9	1.3711±0.0004	1.3709±0.0005 1.3707±0.0003
		13	1.3712±0.0004	1.3709±0.0005 1.3706±0.0005
		18	1.3711±0.0004	-	1.3703±0.0005
	T amb = 21 • C	23	1.3711±0.0005	1.3713±0.0004 1.3694±0.0005
		28	1.3710±0.0005	-	1.3701±0.0006
		33	1.3710±0.0005	1.3710±0.0005 1.3716±0.0007
		38	-	-	1.3725±0.0006
		43	-	1.3712±0.0006 1.3729±0.0006
	2	9	1.3712±0.0005	1.3715±0.0004 1.3710±0.0002
		13	1.3708±0.0005	1.3707±0.0005 1.3707±0.0004
		18	-	-	1.3703±0.0004
		23	1.3709±0.0004	1.3709±0.0005 1.3686±0.0008
		28	-	-	1.3692±0.0005
	T amb = 21 • C	33	1.3711±0.0005	1.3707±0.0006 1.3696±0.0007
		38	1.3710±0.0005	1.3711±0.0004 1.3701±0.0009
		43	-	1.3709±0.0005 1.3715±0.0007
		48	-	-	1.3730±0.0006
		53	-	-	1.3724±0.0006
	3	13	1.3709±0.0003	1.3706±0.0003 1.3700±0.0005
		18	-	-	1.3701±0.0004
		23	1.3709±0.0003	1.3706±0.0005 1.3688±0.0008
	T amb = 21 • C	28	-	-	1.3691±0.0005
		33	1.3710±0.0004	1.3706±0.0005 1.3710±0.0007
		38	-	-	1.3715±0.0008
		43	1.3709±0.0004	1.3707±0.0003 1.3720±0.0006
		48	-	-	1.3717±0.0006
		53	-	-	1.3726±0.0011

  • C, 30 • C, 35 • C, 40 • C respectively.

			•10 -10				
		3.00					
	Quantity of CO 2 absorbed (mol)	0.50 1.00 1.50 2.00 2.50					
		0.00	0	2	4	6	8	10
					Contact time (ms)	

Table 5 .

 5 • C are provided in Table 5.4. 4: Reaction rate, and reaction rate coefficient at droplet temperature 20 • C

	r =	∆ CO 2 ∆t c	(5.10)

Table 5 .

 5 5: Average temperature, reaction rate, and reaction rate coefficient for the cases, where the temperature at the surface of droplet is 25 • C, 30 • C, 35 • C, and 40 • C

Table 5 .

 5 6: Liquid side mass transfer and Hatta number at each measurement positionThe values of liquid side mass transfer, and Hatta number are provided in Table5.[START_REF] Saengkaew | Development of novel global rainbow technique for characterizing spray generated by ultrasonic nozzle[END_REF]. It can see that Hatta number obtained from this study is low, and it is in the range of 0.17 to 0.37. The low Hatta number indicates the diffusion limitation, which advocates the hypothesis of the presence of gradient in droplets.

	.14)

  2 •s), providing the reasonable starting point. Non-homogeneous, n c =1.371, n s =1.374 Non-homogeneous, n c =1.371, n s =1.374 (corrected)

					ṄCO 2 =	∆CO 2,abs ∆t c • S d		(5.15)
	where: ṄCO 2	: CO 2 absorbed flux (mol/(m 2 •s))	
	S d	: interfacial area of droplet (m 2 )	
	∆CO 2,abs : quantity difference of CO 2 absorbed (mol)	
	∆t c	: contact time difference (s)	
		1.0					
	CO 2 absorbed flux (mol/(m 2 •s))	0.2 0.4 0.6 0.8					
		0.0	0	2	4	6	8	10
					Contact time (ms)	

  ≤ 13.38 250.44 ≥ d ≥ 173.65

		A d	V	u	Range of f	Range of d
	(µm)	(cm 2 )	(ml/min) (m/s)	(kHz)	(µm)
	25	4.91 × 10 -6	0.18	6.26 23.92 ≤ f ≤ 71.76	62.61 ≥ d ≥ 43.41
	35	9.62 × 10 -6	0.31	5.38 14.67 ≤ f ≤ 44.02	87.65 ≥ d ≥ 60.78
	50	1.96 × 10 -5	0.58	4.94	9.43 ≤ f ≤ 28.30	125.22 ≥ d ≥ 86.82
	75	4.42 × 10 -5	1.25	4.73	6.02 ≤ f ≤ 18.07 187.83 ≥ d ≥ 130.23
	100 7.85 × 10 -5	2.20	4.67	4.46 ≤ f	

  Table B.2. Therefore, the parameter z 2 from equation (C.8) was obtained. Finally, thermal conductivity of MEA30%wt for temperature 298.15 K was obtained by substituting all defined values in equation (C.3). Density of MEA30%wt unloaded and loaded CO 2 The density values of MEA30%wt unloaded and loaded CO 2 measured by the density meter (DMA 4100M) are demonstrated in Table D.3, D.4 respectively. Table D.3: Density of MEA30%wt unloaded CO 2

	From the critical constant, we obtain σ A = 2.9995, σ B = 5.0567, Then, substituting those values into equation (C.6) V cr,A = 55.9006 V cr,B = 195.7821 ε A k Boltzmann = 389.4460 ε B k Boltzmann = 372.8510 D.2 Temperature Density (g/cm 3 ) ( • C) Measure 1 Measure 2 Measure 3 Average	SD
	10 20 30	z 1 = 0.4322exp 0.6710 1.0165 1.0165 1.0127 1.0127 1.0083 1.0083	5.0567 2.9995 1.0165 372.8510 1.0165 0.0000 2.2 = 1.2080 1.0127 1.0127 0.0000 389.4460 1.0083 1.0083 0.0000
	From the molecular weight and boiling temperature, we obtain 40 1.0034 1.0035 1.0034 1.0034 0.0001
	50	0.9981	ν A = 246.9594 0.9981 0.9981	0.9981 0.0000
				ν B = 164.6738
		Table D.4: Density of MEA30%wt loaded CO 2
	Temperature ( • C)	z 2 = 0.2 Measure 1 Measure 2 Average 246.9594 164.6738 + 1.188 = 1.4879 Density (g/cm 3 ) SD
		10	1.1126		1.1128	1.1127 0.0001
		20	1.1082		1.1085	1.1084 0.0002
	s = ut + 1.1038 + 1.4879 45.6825 1 2 gt 2 1.1036 0.0003 -1 0.2399 1.0989 1.0987 0.0004 = 0.4776(W/(m • K)) 729.7391 + 365.1645 + (1.4879)(45.6825) where: t : traveling time (s) s : distance from orifice (m) κ = 729.7391 0.61041 + 365.1645 0.3820 30 1.1034 40 1.0984 50 1.0932 1.0936 1.0934 0.0003	(B.7)
	g : gravitational acceleration (9.81 m/s 2 )
	Table B.2: Traveling time of droplets at different positions from orifice
		Liquid flow rate Droplet velocity Position from orifice time
		(ml/min)		(m/s)	(mm)	(ms)
					9	1.77
					13	2.55
					18	3.54
					23	4.53
					28	5.52
		0.6		5.1	33	6.51
					38	7.50
					43	8.50
					48	9.50
					53	10.5
					58	11.5
					63	12.5

According to Snell's law, the rainbow angle can be written in term of the incident angle (τ ) and refractive index of droplet (n) which is represented in equation (A.3).

To find the minimum deviation angle, the first derivative was applied to the equation (A.3). 

Using trigonometry relationship,

Finally, the rainbow angle can be written in term of refractive index of droplet as in equation (A.4), accordingly the rainbow angle can be estimated when refractive index is known. Based on the Rayleigh breakup of laminar fluid jets, the liquid jet disintegrates into the droplets when the wavelength of deformation on the jet surface is bigger than the circumference of the jet as denoted in equation (B.2) [START_REF] Acikel | Assembly and operating instructions monodisperse droplet generator[END_REF]. The piezoelectric vibrating element transfers the interference wave into the liquid jet. The wavelength can be calculated when discharge velocity and excitation frequency are known. The discharge velocity is MONODISPERSE DROPLETS computed according to the volume flow rate of liquid and cross sectional area of orifice where is denoted in equation (B.3).

In addition, the used interference wave which influences the fluid jet produces the monodisperse droplets when the dimensionless wavelength is located between 0.3 and 0.9 (0.3 ≤ k ≤ 0.9) [START_REF] Acikel | Assembly and operating instructions monodisperse droplet generator[END_REF].

Therefore, the working range of excitation frequency can be computed from the equation (B.5). Then, the initial droplet size is determined according to the equation (B.6). 

APPENDIX C Computation of thermal conductivity for MEA30%wt

For the calculation of Lewis number, the thermal conductivity is a required parameter.

The thermal conductivity for binary liquid mixture i.e. MEA30%wt was estimated based on a developed model. Tobitani and Tanaka [START_REF] Tobitani | Predicting thermal conductivity of binary liquid mixtures on basis of coordination number[END_REF] proposed a model for predicting thermal conductivity of binary liquid mixture on basis of coordination number. The randomly mixed packing of particles with two different diameters was used to describe the model. Then, the assumption of heat transfer via the contact points between particles was applied. The estimation was done by considering three types of contact which are waterwater, ethanolamine-ethanolamine, and water-ethanolamine, the subscripts A and B in this calculation represent water and ethanolamine, respectively. The thermal conductivities between water-water molecules (κ AA ) and ethanolamineethanolamine molecules (κ BB ) were defined as thermal conductivity of water (κ water ) and ethanolamine (κ M EA ), respectively. Thermal conductivity of water was interpolated from thermophysical properties of saturated water [START_REF] Yunus | Thermodynamics: An engineering approach Sixth Edition (SI Units)[END_REF] while thermal conductivity of ethanolamine was presented in temperature range 298 K to 470 K by DiGuilio et al. [START_REF] Diguilio | Thermal conductivities of the ethanolamines[END_REF] which can calculate according to the equation (C.1). In contrast, thermal conductivity between water-ethanolamine molecules (κ AB ) was defined in the equation (C.2) [START_REF] Tobitani | Predicting thermal conductivity of binary liquid mixtures on basis of coordination number[END_REF]. 

where y = (σ A )z

The thermal conductivity of MEA30%wt (κ) depends on the arrangement of contacts points which can compute according to the equation (C.3) [START_REF] Tobitani | Predicting thermal conductivity of binary liquid mixtures on basis of coordination number[END_REF].

where 

The weight fraction of water (W A ) is equal to 0.7 due to MEA30%wt. The size parameter of a molecule (σ) was determined according to the equation (C.4) which was estimated based on the critical volume (V cr ) of each substance. σ = 0.561V ( [START_REF] Saengkaew | Development of novel global rainbow technique for characterizing spray generated by ultrasonic nozzle[END_REF] ) cr (C.5)