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Abstract 

 

Renewable sources for energy and material are becoming more important and will require a dramatic 

re-structuring of industrial processes. Such a re-structuring takes time and current energy and material 

production produce extensive CO2 emissions due to the strong dependency on fossil fuels. With 

hydrogen as a potential substitute for fossil fuels and the increasing demand for hydrogen from 

industry, novel processes are designed for the production of hydrogen. One of these processes is 

membrane assisted chemical looping reforming. Development of this novel process requires more 

fundamental knowledge of fluidized beds. Fluidized beds are extensively studied from the first 

systems to present technology, although most models require intermediate experimental results. The 

mass transfer is one of the most important parameters in the models. Dang et al. introduced a novel 

non-invasive IR-technique for whole-field concentration measurements. This technique allowed for 

study the mass transfer in pseudo 2D fluidized beds with tracer gas. In this work the extension of the 

technique is provided. 

The IR-technique uses an infrared camera to measure the absorbance of a tracer gas in a pseudo 2D 

column. A filter in the camera allows for selective detection of a single wavelength band. The tracer 

gas absorbs infrared at the same wavelength, therefore decreasing the intensity. The decrease in 

intensity is then correlated to the concentration, allowing for quantitative measurement at high special 

and temporal resolution. The selection of column and tracer gas used in this work is a combination of 

propane gas and a quartz column.  

The technique is able to measure the whole concentration field of the column. Selective introduction 

of tracer gas allows for study in single phase and two phase systems. In case of the single phase the 

physical phenomena surrounding a selective membrane can be studied. In the two phase system 

injected bubbles in an incipient fluidized bed can be quantitative studied. The concentration in the 

bubbles is measured and analysis of the recordings is used to determine the mass transfer coefficient. 

The technique shows to be an inexpensive system with high potential further used for different 

interesting applications concerning reaction engineering technology. 
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Nomenclature 

A  Absorbance [-] 

a  Constant a function of l and � 

C  Concentration of propane 

db/Db  Bubble diameter  

DC3H8  Diffusion coefficient of Propane in Nitrogen 

dp  Particle diameter  

fw  Wake fraction 

g  Gravitational acceleration 9.81 [m/s
2
] 

I  Camera signal Intensity  

I0  Camera signal intensity of the background 

Kbe  Mass transfer coefficient [1/s] 

l  Target length [cm] 

T  Transmittance 

U0  Superficial gas velocity [m/s] 

Ub/Ubr  Bubble rise velocity [m/s] 

Uge  Emulsion gas velocity [m/s] 

Umf  Minimum fluidization velocity 

Vb  Bubble volume [m
3
] 

Vw  Wake volume [m
3
] 

�  Molar absorbance [1/(mol.cm2)]   

�g  Gas density [kg/m3] 

�s  Solid density [kg/m
3
] 
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Chapter 1 Introduction 

1.1 Carbon Capture and Storage for the production of hydrogen 

The world commission on environment and development stated the following in their final report: 

“Humanity has the ability to make development sustainable to ensure that it meets the needs of the 

present without compromising the ability of future generations to meet their own needs.”[1] This 

report became the fundament of the global debate on sustainable development. Up to today the 

problems of that debate are as relevant as they were back then regarding the finite fossil resources and 

its impact on global climate change. These problems give rise to particular challenges for chemical 

engineers in the 21st century. Renewable sources for energy and material will become more important 

and will require a dramatic re-structuring of industrial processes[2]. Such a re-structuring takes time 

and current energy and material production produce extensive CO2 emissions due to the strong 

dependency on fossil fuels. While the movement to renewable sources is considered in the mid-term 

future, the improvement in the efficiency of traditional processes consuming fossil fuels with high 

emissions contributing to climate change has become the most important strategy nowadays. Among 

different strategies proposed under the objective of stabilizing the CO2 concentration in the 

atmosphere, CO2 capture and storage (CCS) is considered to be one of the best solutions. CCS enables 

the continuous usage of fossil fuel by first producing a highly concentrated stream of CO2 and later on 

storing it underground, thereby avoiding CO2 emissions to the atmosphere. The lower limit of 75 

years of storage capacity is according to Toftegaard et al. [3] sufficient to create a transition period in 

order for the industry to change almost entirely toward renewable sources of energy.  

One of the most announced fuels able to efficiently substitute traditional fossil fuels is hydrogen, 

which has found an increase over the last decades in pharmaceutical and food industries as well as for 

energy conversion and chemical industry. Furthermore, hydrogen is an excellent energy carrier which 

is capable to store excess of electricity of intermittent renewable sources. Hydrogen can be produced 

directly from renewable sources like water electrolysis and in its final use the only product of 

combustion is water, thus hydrogen is considered a clean energy source. However, nowadays the 

cheapest and most used technology to produce hydrogen is through Steam Methane Reforming 

(SMR), thus making use of non-renewable sources. This process consists of the two main reactions 

listed below: 

��� ���� � �� � ���	 �
���	 � ����	������ � � ����

�� ���� � ��� ���	 �
���	 � ���	�����				 	 		 ����

The first reaction is the steam reforming of the methane for syngas production. The second one is the 

water gas shift (WGS) reaction for further hydrogen production through complete conversion of the 

CO. Due to the equilibrium limitations of the SMR system high temperatures are required for full 

conversion. This heat has to be supplied by burning additional natural gas in the furnace, activity that 

produces plenty of CO2 emissions to the atmosphere. Integration of CCS systems in this traditional 

process can reduce the CO2 emission over the entire supply chain of the hydrogen production. 

Currently different systems are available in order to capture and store the CO2 on industrial scale: post 

combustion, pre-combustion and oxy-fuel combustion [3]. However, the reduction of CO2 emissions 

comes with a significant increase of the energy price for these systems[4], which make them not 

interesting at industrial scale.  
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In the last decades the development for new low-cost CCS technologies has gained attention. Among 

novel strategies proposed in the literature Chemical Looping Combustion (CLC) has been suggested 

as the best alternative in comparison to the alternative technologies. Chemical Looping introduces 

pure oxygen to the fuel via a solid material (oxygen-carrier) circulating within two reactors operated 

under different environments. This oxygen carrier is first reduced in the so called fuel reactor where 

the fuel is combusted with the oxygen transported in the solid phase. Once it is depleted, it is re-

oxidized with air in a second reactor (air reactor) to start a new cycle. By working in this way, mixing 

of air with the fuel is avoided, thus this process produces a pure stream of CO2 and water from the 

fuel reactor, where CO2 can be easily separate, captured and stored. This novel strategy has also been 

proposed for fuel reforming, called Chemical Looping Reforming (CLR). The first CLR systems 

proposed used CLC to provide the heat for the endothermic reactions and capture the CO2 of the 

conventional catalytic steam reforming process [5]. This process produces a stream where the 

hydrogen still needs to be separated downstream, which is a complex and costly system. A promising 

solution for a more efficient hydrogen production in this system is the integration of membranes in the 

reactor for the separation of hydrogen. In a membrane reactor (MR) hydrogen is selectively separated 

from the catalytic bed, thus shifting the thermodynamic equilibrium to further hydrogen production. 

This type of reactor clearly improves yields and selectivities of the processes and thereby reduces 

downstream separation costs [6]. The combination of CLR and MR has been proposed by Medrano et 

al. [7] as a novel hybrid reactor concept called Membrane-Assisted Chemical Looping Reforming 

(MA-CLR). This novel reactor concept makes it feasible to produce pure hydrogen with use of SMR 

and stabilize CO2 emissions in combination with CCS in the future. 

1.2 Membrane Assisted Chemical Looping Reforming 

The novel concept of MA-CLR introduces a high degree of process intensification that combines 

advantages of Chemical Looping and Membrane Reactors. A schematic representation of the MA-

CLR reactor is shown in Figure 1.2.1. 

 

���	
�����������������
��
�������������������������
�����
�����
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The system consists of two interconnected fluidized bed reactors which circumvents the direct mixing 

of air and fuel. An oxygen carrier is oxidized in the air reactor and transported to the fuel reactor 

where it is reduced and fed back to the air reactor. Due to the highly exothermic reaction of the 

oxygen carrier oxidation, hot solid is introduced in the fuel reactor, thus this heat is supplied to the 

highly endothermic equilibrium of the steam methane reforming reaction that is carried out in the fuel 

reactor. In this system the temperature of the fuel reactor can be adjusted with the solid recirculation 

rate. The produced hydrogen is recovered from the fuel reactor via immersed hydrogen-selective 

membranes in the fluidized bed. The removal of the hydrogen shifts the equilibrium reaction of both 

SMR and WGS, allowing operation at lower temperatures and when enough hydrogen is removed 

complete conversion of methane and CO is achieved. To maintain a large stream of hydrogen at the 

permeate side of the membrane a high operating pressure is required. This will also produce a pure 

stream of CO2 at high pressure making it more suitable for CCS. The development of a novel system 

as the MA-CLR requires comprehensive understanding of the physical and chemical behaviour of the 

process.  Particularly for this reactor concept, many aspects play an important role, like oxygen carrier 

reactivity, solids circulation rates or the contacting between the gas and the solid phases. Therefore, 

the fluidization behaviour of the fuel reactor becomes an important task that has to be deeply 

investigated, including hydrodynamics of the system and mass transfer. This includes a more 

fundamental knowledge of fluidized beds. 

1.3 Fluidized beds 

The phenomenon of fluidization occurs when a fluid is passed upward through a bed of particles at a 

velocity which induces a frictional force that counter balances the weight of the particles. When this 

happens the bed is at minimum fluidization and has fluid like behaviour. When the fluidization 

velocity is further increased the bed passes through different states of fluidization, in Figure 1.3.1 a 

representation of the different states is given. These different states of fluidization are highly 

dependent on velocity, fluid type and solid characteristics. 
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���	
�������������
��������������� 	�!�"����������

When the gas velocity is increased beyond minimum fluidization the gas starts to form channels and 

the bed is more agitated. This state is called the bubbling fluidization (Figure 1.3.1-d) regime. During 

bubbling fluidization the volume of the bed is almost similar to the volume at minimum fluidization. 

With further increase of the gas velocity the bubbles grow due to coalescence (Figure 1.3.1-e). When 

the bubbles grow as big as the vessel slugging flow occurs and a part of the bed is repeatedly pushed 

up like a piston. With even further increase the particles are entrained in a dense form called turbulent 

fluidization where various clusters of solids and gas are visible (Figure 1.3.1g-h). Beside the fluid 

velocity the particle properties have a great influence. Geldart et al. [9] came up with four clearly 

recognisable particle groups depending on their properties. In Figure 1.3.2 this classification is shown 

considering the particle density, size and the fluid density. 
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The fluidization behaviour for each group has some particular characteristics, and from the smallest to 

the largest there can be listed as follows: 

• Group C: very fine powders with cohesive behaviour. Normal fluidization is difficult to 

achieve due to the antiparticle forces which are greater than the forces induced by the fluid.  

• Group A: small particles with a low density (<1.4 g/cm
3
). These particles are considerably 

easy to fluidized, low gas velocities are needed and a controlled bubbling regime can be 

achieved. 

• Group B: Sand-like particles ranging in particle diameter from 40 µm up to 500 µm with a 

density between 1.4 4 g/cm3 and 4 g/cm3. Fluidization with vigorous bubbling and bubbles 

that grow large is observed. 

• Group D: these particles are large and/or dense. Fluidization of these particles is difficult to 

achieve. The behaviour is erratically resulting in exploding bubbles and severe channelling. 

These particles are also known as spoutable due to their operation in spouting mode, when the 

gas is distributed unevenly. 

Two of the first industrial fluidized bed reactors were the Winkler gasifier and the fluidized bed 

catalytic crackers (FCC). These systems were designed with little knowledge and resulted in near 

optimal results, even though the absence of models representing the behaviour of the reactor. Early 

models described the behaviour of fluidized beds assuming ideal mixing. However, through tracer 

pulse response experiments, a combination between plug flow and ideal mixing was obtained as more 

representative behaviour [10][11]. In these models the effect of the bubble rising throughout the bed 

was a non-ideally which needed to be incorporated in the reactor models. The first two phase models 

introduced contained almost all important aspects as stated below [12](see also Figure 1.3.3): 
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���	
�����������������
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������������$����������!� �

These models economized the scale up significantly. However, there was still the need for more 

fundamental knowledge and, therefore, models. Davidson and Harrison [13] made an idealized 

description of the interaction of flow between gas and solids around a bubble. These fundamental 

models allowed for a more detailed study, from which important features have risen: 

• From experimental results they determined a correlation for the maximum bubble size. The 

maximum bubble size depends on the particle size and the difference in density between the 

fluid and solid phases; 

• As depicted in Figure 1.3.4 and from a to e, when the bubble rise velocity (ub) increases 

relative to the superficial velocity (u0), a modification in the flow of the particles and the gas 

around the bubble occurs, which allows  a distinction between fast (u0/ub <1) and slow (u0/ub 

>1) bubbles. Furthermore, from the results of the flow stream lines, a zone is expected to form 

around the bubble called the cloud. The size of this cloud is dependent on u0/ub and its 

presence was experimentally confirmed by Rowe et al. [14]; 

• A mass transfer correlation to determine the exchange between the bubble and the dense 

phase. The correlation was derived semi empirically, resulting in a correlation for gas flow 

through a bubble and a diffusion model assuming spherical bubble cap, similar to liquid gas 

systems. 
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Kunii and Levenspiel [15] used the bubble concept of Davidson and Harrison on the gas exchange 

between bubble and dense phase. The model assumes negligible cloud thickness in case of fast 

bubbles (Ubr/Uf>5) and was based on the single bubble concept. In practice many bubbles rise 

simultaneously and frequently coalesce and interact with each other. A better understanding of the 

coalescence effect on the gas exchange rate between the bubbles and dense required further 

theoretically and experimentally investigations. A more sophisticated and complex model is the 

bubble assemblage model introduced by Kato and Wen [16], which accounted for the change of 

bubble size in height. 

Although the success of the bubble assemblage model there was still some inadequacy for general use 

in design and scale-up. The bubble assemblage model was still largely dependent on accurate closure 

laws for bubble size and inter-phase mass transfer. The correctness of these closures depends on the 

accuracy of the assumptions. It is clear that the consensus on the best performing model still has to be 

reached. Moreover with the current development on the field of membrane reactors some of the 

assumptions must be questioned. Therefore, still any model can be characterized by two different 

parts: the hydrodynamics of the reactor and the mass transfer between the phases. 

�������������	
�����	�����

The combined behaviour of the bubbles and the solid movements are the hydrodynamics of a 

fluidized bed. In this part the hydrodynamics of the bubbling fluidization is described. 
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A bubble moves solids out of its path when it rises. This solid displacement was already described by 

the Davidson and Harrison model. In this model the bubble is assumed to be spherical, while in 

practice the bubble gets a kidney shape with a bottom part called wake that carries along particles. 

According to Kunii and Levenspiel [15] the wake is most likely formed because of the recirculating 

vortices drawing solids up in the wake. Figure 1.3.5 shows the size of the wake depending on the 

particle size 

 

���	
������(�� �	!�)� 	������	����
�#�����
��$�!%&'��

The transport of the solids leads to solid movement in the bed, resulting in a flow pattern for the 

solids. This flow pattern varies with reactor dimensions, but in general solids rise in bubble rich 

regions and down flow in less bubble rich regions of the bed. Simple two phase theory describes the 

solid flow with the emulsion phase. The bubbles in a fluidized bed have an important effect on the 

performance of the reactor, due to the induced particle movement. Bubbles can vary in size with 

increasing flow rate and height from the distributor and are also affected by the reactor dimensions. 

Most two phase models are strongly dependent on the bubble size. A distinction can be made from 

models which keep the bubble size constant along the bed [15] and models where the size is varied 

according to (semi)-empirical correlations [16].  

The hydrodynamics of a fluidized bed have been studied by many researchers using different 

experimental techniques: X-ray, Electrical Capacitance Tomography (ECT), Particle Image 

Velocimetry (PIV), Digital Image Analysis (DIA), Magnetic Resonance Imaging (MRI) or Positron 

Emission Particle Tracking (PEPT) for mentioning some of them [18][17]. All these techniques show 

some advantages and disadvantages. These advantages and disadvantages can be classified into 

properties such as temporal and spatial resolution, limitation to 2D reactors or the use of 3D reactors, 

and the use of thresholds. Thanks to all these possibilities, many correlations are available in the 

literature and hydrodynamics can be well represented. 

�������
�����
	������	�����

On the contrary to the hydrodynamics, the mass exchange between the bubble and emulsion phases 

still shows a lack of understanding in the literature. Early state descriptions of the mass exchange 

phenomena were done by Davidson and Harrison [13], being still accepted for the explanation of the 

gas exchange. The bubble behaviour and structure were assumed to be similar to those found in 

liquids. The interphase mass transfer in fluidized beds is subject to two different mechanisms that are 
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usually assumed additive: convection via the throughflow of gas bypassing the bubble and diffusion 

of gas from the bubble to the emulsion phase. All models describing the mass exchange between the 

two phases assume uniform concentration inside the bubbles. However, this assumption should be 

carefully considered as suggested by [19][20]. The fact that uniform concentration is suggested inside 

the bubble is related to the difficulties in obtaining proper experimental whole field measurements of 

the mass transfer in fluidized beds. Experimental measurements of mass transfer rates between the 

bubble and emulsion phases have normally been carried out using invasive techniques consisting of 

local measurements of a gas tracer injected into an incipient fluidized bed. In this case concentrations 

can be measured in a single point inside the bubble phase as well as in the emulsion phase. However, 

the placement of immersed elements in the bed affects the properties of fluidized beds and 

furthermore, an injected bubble clearly deviates from representative behaviour. Hence, it becomes 

interesting to find novel non-invasive techniques for the measurement of mass transfer rates. Among 

these novel technologies, it is highlighted the use of optical techniques based on X-ray, MRI or 

coloured gases like NO2. However, all these techniques suffer from some critical disadvantages like 

the investments costs, the use of gases with high toxicity or the inability to measure quantitatively. 

1.4 Prior work 

In order to better explain mass transfer phenomena in fluidized beds, Dang et al. [21] developed a 

technique able to measure whole field systems with high temporal resolution without compromising 

the costs of the technique. This technique is based on Infra-red (IR) properties of the gases and 

materials and it used CO2 as tracer gas confined in a pseudo 2D (i.e. column with a relatively small 

depth) fluidized bed reactor made of sapphire. In this technique, and IR source was induced 

perpendicular to the reactor and the IR absorption of CO2 was selectively detected via an IR camera 

mounting a band-pass filter limiting the wavelength range for the camera to the one where CO2 

absorption is maximum. A schematic representation of the setup and fundamentals is shown in Figure 

1.4.1.  

 

���	
����%������������
��
���������������������	��
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In this case, the transmittance of the sapphire is depicted together with the CO2 transmittance 

spectrum and the one for the filter installed in the IR camera. From this figure, it is first observed that 

sapphire has a high transmittance over the whole range, thus almost all IR radiation intensity is 

detected by the camera. A band pass filter at a central wavelength at 4.26 microns was installed in the 

camera. This filter (represented in light blue) limits the range the camera can detect IR radiation, thus 

providing an increase in detection resolution. When CO2 is fed through the reactor, it absorbs IR 

radiation at the same wavelength as the filter. The overlapping between the IR absorption (decrease in 

transmittance) by CO2 and the filter is detected by the camera as a decrease in intensity that can be 

correlated to gas concentrations. The higher the coverage, the higher is the resolution in this 

technique. It is noticed in Figure 1.4.2 that the use of a band-pass filter at central wavelength at 2.7 

microns would give a poor detection of CO2 absorption, even in the range of the noise of the 

technique as explained in next section. 

 

���	
����%������
������������������*���'��
'�������
��+��

The IR technique was applied to single bubble injection in a system at minimum fluidization 

conditions and in turbulent regime too. Despite the fact the high resolution of the technique, the use of 

sapphire makes scaling-up expensive. Furthermore, the first stage development was carried out using 

a small 2D reactor where wall effects played an important role on the results, therefore not 

representative of real behaviour of the bed. When a bubble was injected in the bed, it occupied almost 

the whole surface and collapsed after few milliseconds limiting bubble growth along axial position. 

Further the self-reflection/scattering of the particles played a significant role in the gas-solid fluidized 

beds and was corrected by a single background experiments. 

1.5 Research goal 

This work aims further development of the novel infrared technique to single phase (gas) and two 

phase (gas, solid) measurements in larger systems. In order to use the technique to scaled-up setups, 

the objective is to find a solution to the two main drawbacks faced during the first stage development: 

use of expensive reactor material (sapphire) and wall effects due to small size of the reactor. 

Furthermore, in the study it is aimed a deep investigation into all variables affecting the technique, 

including its accuracy in experimental measurements and a detailed optimization of all settings that 
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play an important role on the measurements. Finding a solution to these limitations makes the 

technique more affordable for larger scale investigations on the phenomenon of mass transfer in 

fluidized bed reactors and many other applications that will be described in this work.  

This work deeply discusses first the fundamentals of the IR technique as well as the new system 

selected for the IR technique among different options. Subsequently it is presented the optimization 

carried out considering all possible variables affecting the technique. The as-new-developed technique 

has been applied for different purposes and results will be discussed in Chapter 3. Finally, main 

conclusions and further prospects for the technique are discussed. 
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Chapter 2 Development of the 

experimental method 

The non-invasive IR-technique is further developed and extended in this work. An extension of the 

technique to allow measurements of the mass transfer in fluidized beds and fluidized bed membrane 

reactors with single bubble injection and freely bubbling bed operation is explained in this section. 

First the fundamentals of the technique are explained together with the methodology used for 

quantitative analysis. In order to scale up the technique, a new column and tracer gas are required, 

hence their selection is discussed. Subsequently a complete overview of the setup is given followed 

by a deep investigation into all variables affecting the technique, including its accuracy (error) in 

experimental measurements. The method for single phase calibration procedure is in this section 

extended and validated for the two phase system. 

2.1 Infrared 

Infrared light is electromagnetic radiation emitted by all objects with a temperature above 0 Kelvin. 

The IR radiation corresponds to a wavelength in between 700nm and 1 mm in the electromagnetic 

spectrum. The amount of infrared radiation (IR) depends on the temperature of the object and this 

property is used in many different fields[22]. Especially important is the development of IR cameras 

equipped with detectors capable of converting the IR radiation into electrical signals, thus providing 

quantitative measurements. The combination of these detectors with modern optics to focus the 

radiation results in IR cameras, which translate the radiation into digital levels (DL). Compared to 

other experimental techniques mentioned in previous section, cameras provide high special and 

temporal resolution.  

IR emitted by a material can be absorbed by gas molecules, thus changing their rotational vibration. 

When molecules absorb IR radiation, transitions occur from a ground vibrations state to an excited 

vibrational state, which provokes a change in the dipole moment of the bonds as a result of bond 

expansion and contraction. In infrared spectroscopy the absorption and transmission of infrared is 

measured by passing a beam of IR trough a sample. When the frequency (wavelength) of the IR is the 

same as that of the vibrational frequency absorption of the IR occurs. Measuring the remaining 

transmitted IR reveals how much energy was absorbed at each frequency, resulting in a spectrum 

which is unique for each molecule.  

2.2 Quantitative analysis 

The absorption of IR by the tracer gas decreases the image intensity. To quantify this decrease the 

intensity is translated into absorbance. First a background image is required, which is obtained in the 

absence of the gas tracer that absorbs IR. In this work, the background image is the column flushed 

with a flow of pure nitrogen. The acquired background image is denoted I0. The image when the 

tracer gas is fed is called I. Therefore, the Transmittance (T) and absorbance (A) can be defined as 

follows: 

� � 	 ���� � � � � � � ����
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According to Lambert beer’s Law: 

� � ���� � ��� � � � � �(��

Where C is the concentration [mol.l
-1

], l is the target length [cm], � is the molar absorbance [mol
-1

.cm
-

2
] and a is a function of l and �. The Lambert beer’s law gives a linear relation between the 

absorbance and the concentration. However, in this technique only at low concentrations the 

absorption behaves laniary. At higher concentrations (above 0.02) the linearity is lost due to the 

incident radiation and the camera integrates over a range of wavelengths instead of a single one due to 

the filter. To account for the non-linearity a power law series is proposed. This takes all effects of 

surrounding and instruments in account in a lumped fashion. 

� � ��� � ���
�
� ���

�
 � ���

�� � � � �,��

2.3 Column and gas selection 

The reactor used by Dang et al. [23] was made of sapphire, which has a high transmittance over a 

wide range of wavelengths in the IR spectrum. It covers the whole range of the IR detector mounted 

in the camera (from 1 to 5 �m) and thus the selection of the gas phase becomes easier. A high 

transmittance over a wide range is the main desired property for the reactor material. However, there 

are many other properties that should be addressed for optimizing the experimental technique: low 

index of refraction, hardness, insolubility in water, cheap, clear for the VIS light and rapidly available. 

Many options have been considered and some of them have been refused according to the properties 

mentioned above. Silicon is, for instance, not clear for the VIS light even though it shows the other 

desired properties. Sodium Chloride has, on the contrary, a high solubility in water, while sapphire is 

an expensive material for scaling up the technique. The material that shows the best compromise 

between all the desired properties is quartz. It is a hard and clear material which can be easily 

obtained and not as expensive as other materials. Thus it is the selected material for the column. 

However, it has a narrower transmittance range and restricts the selection for the gas phase.  

CO2 shows an intense IR absorption peak at 4.26 �m in the wavelength, where quartz transmittance is 

poor. It implies that CO2 cannot be used as gas phase. In order to find a suitable tracer gas, some 

properties are required: intense IR absorption and in the same range as the reactor material, selective 

absorption, rapidly available gas, cheap and safe. According to these characteristics, propane has been 

selected as the gas which compromises the best of the desired properties. Propane has a strong 

absorption peak at 3.5 �m and compared to other possible options, the advantages in using propane 

overcome others possibilities. CH4 has also been proposed, but IR absorption is weak compared to 

propane. Both absorb IR radiation at the same wavelengths corresponding to the carbon-hydrogen 

bonds. However, in the case of propane the larger number of bonds increases the strength of the peak. 

Formaldehyde has also been considered, but due to its toxicity it was refused as gas tracer.  

For the system based on quartz reactor and propane as tracer gas, a band-pass filter is required in 

order to limit the range in the IR spectrum the camera detects IR radiation. A representation of the IR 

absorbance using this system is given in Figure 2.3.1. A more detailed description on the whole 

system is given in the next section. 
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2.4 Description of the setup 

The experimental setup consists of four different elements perfectly aligned in order to asses that IR 

radiation is perpendicular to the detector of the camera (see a schematic representation in Figure 

1.4.1). IR radiation is generated via a heated anodized aluminum plate operated at 430 °C. The 

temperature of the plate (300, 150 and 20 mm in height, width and depth respectively) is controlled 

using electrical tracing wires located inside the IR source. Perfectly aligned to the IR source there is 

an IR camera (model SC7650 by FLIR Systems) with a detector type based on Indium Antimonide 

(InSb). The camera has a spectral range from 1.5 to 5.1 �m and provides a maximum resolution of 

640 x 512 pixels for a frame rate of 100 Hz. Inside the camera it has been mounted a filter wheel 

which allows the placement of specific band-pass filters in order to limit the spectral range the 

detector can measure. In this case a 25 mm diameter filter made of sapphire (Al2O3) with center 

wavelength at 3.46 �m and a transmission of 80 % supplied by Edmundoptics is used. The main 

application of this filter in the industry is for the detection of CH4 and ethanol emissions (hydrogen-

carbon bonds), thus being suitable for the case of propane. 

In between the IR source and the detector is located the reactor column made of quartz. In this 

technique the main restriction is the fact that the column is limited to 2D versions for guaranteeing 

that all IR emission passes perpendicularly through the reactor and thus it does not get 

reflected/refracted implying a decrease in the intensity measured. The fact that quartz can be used as 

reactor makes the technique more suitable for being adjustable to different applications. It means that 

different sizes and reactor configurations can be rapidly constructed as a high transmission is always 

assessed with this material. As a reference case for the development of the technique, a pseudo-2D 

quartz column with 300, 80 and 8 mm in height, width and depth respectively has been built using 

two quartz plates with a wall thickness of 6 mm. The column, as depicted in Figure 2.4.1, is settled in 

a stainless steel frame which provides the required stability for the measurements. The bottom part of 

the quartz column is connected to a quartz porous plate distributor of 40 �m pore size and 3 mm 

thickness. Propane can be either fed through the distributor at the bottom of the reactor or in a 

selective way through an injector connected from the top of the reactor. The injector is a 3 mm 

stainless steel tube connected to the top of the reactor and ending in a U-shape with the injection point 
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covered by a 100 �m wire mess for a better gas distribution and for avoiding particles entering into 

the tube.  

The technique is based on the use of gas mixtures for the measurement of concentrations inside the 

fluidized bed reactor. In this case glass beads have been used as dense phase with a mean particle 

diameter of 0.50 mm, thus showing Geldart B behaviour. The minimum fluidization velocity for these 

particles has been determined using the standard pressure drop technique obtaining a value of 0.21 

m/s at room temperature and N2 as fluidizing gas. Actually, N2 has been used as secondary gas for the 

measurement of mass transfer and it has been fed through the porous plate distributor, while propane 

has been fed through the injection line (excepting for the calibration where both were fed together 

through the distributor). The amount of gas fed into the column has been controlled via mass flow 

controllers supplied by Bronkhorst. For mass transfer measurements in fluidized beds the bed is kept 

at minimum fluidization conditions using N2 as background gas and subsequently propane is fed 

through the injection points either in single bubble or continuous mode. 
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2.5 Infrared source 

A good measurement is only obtained when all possible variables affecting the experimental results 

have been analysed. Among them, the calibration of the concentration of the gas tracer is the most 

important aspect that should be addressed due to all results will be based on this calibration. For that 

reason, it has been evaluated different variables that play an important role on this calibration: steady 

state operation of the IR source, distances IR-column-detector, camera settings and reproducibility. 

IR radiation strongly depends on the temperature of the plate. Even though the tracing wires are 

evenly distributed inside the anodized aluminum plate, the temperature is not perfectly homogeneous. 

In order to obtain results that can be reproduced in time, it becomes important to assess that the IR 

source has reached steady state conditions, mainly meaning that IR intensity registered by the camera 

detector is not changing in time. This evaluation is important when establishing a procedure that has 

to be followed prior doing experiments. In Figure 2.5.1 is represented the intensity measured along 
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time in the quartz column fed with pure N2 and free of particles once the IR source has reached the 

target setpoint of 430 °C. For this case the box where the experimental facility is located has been 

maintained closed in order to avoid any perturbation from the outside. As depicted in Figure 2.5.1, 

intensity measured is clearly changing over time until it reaches semi-steady state conditions after the 

heated plate has been working for 2 hours. This effect is caused by the continuous heating of the 

quartz column as a consequence of the heat coming from the IR source. The temperature in the 

column modifies the intensity measured and only when a constant temperature is achieved, steady 

state operation is observed. 
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After achieving the “steady state environment” the background image is captured. The background 

image is used to normalize the experiments in order to obtain a homogenous profile of the column. 

The image of the measurement and background are locally normalized for every pixel of the images. 

After the normalization a homogenous image of the column is obtained. In Figure 2.5.2 two different 

gas compositions are normalized with the same background. The higher concentrations of tracer gas 

give higher IR absorbance than the low concentrations. Indicating that the absorbance obtained from 

the normalized images can be correlated to the tracer concentrations in the quartz column. 
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2.6 Influence of integration time of the IR camera 

The frame rate parameter of a camera determines the amount of frames taken in time, this defines the 

temporal resolution. The duration that the sensor is exposed for each frame is the integration time 

(IT). The integration time has a strong influence on the accuracy of the technique. When the IT is too 

long the image gets oversaturated, for this reason it is necessary to carefully optimize it. For selecting 

the integration time different compositions were fed in the column and images were taken at different 

integration times. Subsequently they were normalized with the corresponding background at the same 

IT. The uniformity of the image was examined by how homogeneous the values of the normalized 

image are by taking the standard deviation over the image. In Figure 2.6.1 it can be seen that for short 

integration times (<750) the relative deviation is constant and results in a homogeneous image. 

Integration times below 750 µs give acceptable results but the absorbance range is smaller due to the 

absorbance decreases for lower ITs, this can be seen in Figure 2.6.2. To obtain a broad detection range 

and homogeneous images the integration time of 700 µs is selected. 
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2.7 Influence of the setup configuration 

In the work carried out by Dang et al. [23] the optical path length from the camera to the column is 

varied to examine the influence. The result was that the transmittance is independent of the optical 

path length. This was also in agreement with Vollmer and Mollmann [22]. These results were also 

confirmed for the quartz column. However the distance between the column and the source can play a 
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significant role. As previously described, any material at temperatures above 0 K emits IR radiation. 

Thus the distance IR source to the quartz column will modify the temperature of the reactor thus 

changing its transmittance and modifying the measurements. This will mainly imply that I0 is now 

modified. However, for different gas mixtures the reduction in intensity observed (thus absorbance) 

will remain similar. Therefore, the effect of the distance quartz column to the IR source is cancelled 

out, providing that the temperature of the column is not changing along the time. 

2.8 Single phase calibration images averaging  

It has been observed in the previous section that gas concentrations can be quantitatively measured. It 

implies that an accurate calibration is required in order to obtain representative results. To account for 

camera noise and the heating cycles of the heating plate multiple images are taken over time and 

averaged. Taking the camera noise and heating cycles in account results in a more reproducible 

calibration than in the case of single images, where these effects are excluded. The image averaging 

calibration is conducted by taking first an average background image (I0) of the empty column fed 

with N2 over 500 images and 1 Hz frame rate. Secondly, a known set of different C3H8/N2 gas 

mixtures are fed into the empty column (I). The propane concentration is varied from 0 to 100% 

volume at ambient conditions (0 to 0.042 mol.l-1) with increments of 10%. For representative results, 

1000 images are taken for each gas composition at a frame rate of 1 Hz. Each image is normalized 

with the average background and the resulting average absorbance over all the images is considered as 

a valid point for the calibration (which is depicted in Figure 2.8.1). For the lower concentration the 

calibration is linear as expected, while for higher concentration non-linearity is observed due to the 

incident radiation as previously discussed. The absorbance is correlated to the concentration and a 

third order calibration curve is obtained with r =0.998 shown in equation 7 

� � ��! �"� � ���! ���
�
� ��#�! #�
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The relative deviation of the concentration for each point is shown in Figure 2.8.1 taking both 

uniformity effects of the image in account as well as the deviation of the IR source and camera over 

time. This deviation provides a more representative and accurate absorbance and gives an indication 

on the error of the technique, which is very low. This fact clearly indicates the high accuracy expected 

for this technique when using the system quartz/propane.  
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2.9 Two phase system gas solid flows 

The technique is meant for the measurement of mass transfer in fluidized beds, thus in the two phase 

system the column is filled with particles, creating a pseudo 2D fluidized bed. Introducing gas at a 

velocity above the minimum fluidization velocity of the particles voids (bubbles) will be created 

where the IR can pass through. Prior the analysis of the digital images from the two phase system a 

distinction needs to be carried out between the solid and gas phase. In the previous work is already 

shown that the presence of the particles affects the results when using the single phase calibration. 

Due to this fact, in this study a better algorithm for a proper removal of the particles has been 

developed and implemented. 

�������
�����������
�������������	���

There are multiple ways to distinguish between the two separate phases. The way described here has 

been found the most accurate one for the case of infrared images. In a first attempt threshold values 

were applied on the original intensities of the image for a proper distinction between the phases. 

However, this method gives difficulties when changing the concentration or when a concentration 

gradient is present. A demonstration of this problem is explained in Figure 2.9.1. The intensity of the 

particles is affected by the intensity of the gas phase surrounding them. For the picture with high gas 

concentration (left), the intensity measured in the gas phase corresponds with the intensity measured 

inside the particles for the cases of low tracer concentrations. This results in an overlap of values, 

which will represent an important source of error during mass transfer measurements (as gradients of 

tracer concentration will be observed). Therefore, the use of a single threshold value does not fit with 

a proper distinction of the solid phase inside bubbles and a new method has to be implemented. 
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The novel method uses the Matlab digital image processing toolbox[24], where it is first changed to a 

greyscale image. Through this modification, the image is then normalized from zero values to one. 

The particle centres can now be better detected. The image with the detected particles is transformed 

to a binary image and multiplied to the original (depicted in Figure 2.9.2-A) image.  This new 

corrected image is shown in Figure 2.9.2-B. The surrounding of the particles is also affected by the 

scattering of the particles and reflection of the infrared emission forming a halo. The halo should be 

removed in order to avoid errors in the measurements, as already described by Dang. The difference 

of intensity between the halo and the gas phase forms a gradient in intensity that can be used for a 

proper removal of the halo. In this case, the local gradient of the image is determined in Matlab, 

leading to an image like the one depicted in Figure 2.9.2-C. The gradient of the halo is steeper than 

the concentration gradient allowing for selective removal of the particles without altering the gas 

phase. In Figure 2.9.2-D the image with full particle removal is shown. This novel method implies an 

important improvement regarding the previous developed method for particle detection and removal. 

This new method is used in this study for all two phase systems. 
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For proper mass transfer measurements in fluidized beds, it becomes important to get the bubble 

properties, including bubble diameter and bubble rise velocity. For bubble detection, Digital Image 

Analysis (DIA) is applied using the Image Toolbox in Matlab. To determine the bubble properties it is 

important to detect the whole of the visible bubble. In Figure 2.9.3-A a normalized image from the 

original one is shown. The particle raining from the top of the bubble makes the thresholding on the 

normalized image difficult. This issue is solved by calculating the gradient of the image and 

subsequently applying a threshold value (see Figure 2.9.3-B). The low values surrounded by the high 

values are then filled resulting in Figure 2.9.3-C. Some noise appears when applying the gradient, 

which is removed applying the bubble detection method. The bubble detection method counts the 

linked pixels and if these are below a threshold value (1000 pixels), this is not considered as bubble 

and the holes are filled with zeros. For the detected bubbles the bubble area and positions can now be 

determined. The result is shown in Figure 2.9.3-D 
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In the prior work by Dang [23] the measured concentration inside bubbles deviated in the two phase 

system when using the single phase calibration. The concentration measured inside the bubble was 

higher than expected (when feeding known gas concentrations in fluidized beds). This fact is 

explained as the bubble limits the radiation intensity that would reach the camera sensor. The effect is 

comparable with a diaphragm in a regular camera. To compensate for this effect Dang used a 

background correction applied after the concentration is determined; this gives reasonable results only 

when the calibration curve is still valid. The validity accuracy of the calibration is verified by doing a 

calibration in the two phase system. This requires obtaining a composed background. The composed 

background can be obtained by operating the fluidized bed in vigorous bubbling mode with pure 

nitrogen, always providing that bubbles are continuously formed. The composed background is 

determined over 6000 images are captured and analysed. Images with big enough bubbles (over 4000 

connected pixels) were taken into account to avoid error from the small bubbles. The composed 

background is then applied to images from the bubbling bed with a set of concentrations of tracer gas. 

In Figure 2.9.4 both calibrations are shown. From this graph it is clear that the calibration is not 

altered by the presence of the particles. 
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In this work all experiments in the two phase system are normalized with the composed background. 

For a better description of this method, the deviation of the calibration compared to real gas 

compositions is given. The gas concentration is validated by feeding known concentrations. When 

analysing images from two phase system and using the background either from the empty column or 

the composed one, there is a big impact on the deviation measured. The results for both empty column 

background and composed background are shown in Table 2.9.1. The deviation is significantly 

improved with the composed background. Still the absolute deviation is larger than the relative 

standard deviation from the calibration. This is probably due to particle scattering and effect of the 

bubble size on the intensity. In Figure 2.9.5 Concentration inside a bubble with 26% of propane with 

composed background a bubble in a bed fluidized with a mixture of nitrogen and tracer gas is shown. 

On the edge of the bubble the measured concentration is a bit higher, which results in a slight 

measuring error due to particle reflection. With injected bubbles, where particle raining is reduced, 

results are more accurate. 
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Empty column background 

 
mol/l 

 

 

Absolute 

deviation % 

C3H8 
Input measured 

10 0.004092 0.0106 
 

158.32% 

21 0.00859 0.0157 
 

85.03% 

32 0.013169 0.0224 
 

70.09% 

    
 

Composed background 

 
mol/l 

 

 

Absolute 

deviation % 

C3H8 
Input measured 

6 0.00246 0.00279 
 

13.55% 

11 0.00450 0.00490 
 

8.85% 

16 0.00655 0.00717 
 

9.51% 

21 0.00859 0.00891 
 

3.62% 

28 0.01146 0.01213 
 

5.90% 
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2.10 Scaling-up of the experimental setup 

One of the main objectives of this work is to expand the novel infrared technique to a more 

inexpensive system, thus suitable for being scaled up. In fact, the possibility of obtaining results in 

bigger systems that represent better the reality and wall effects are avoided is a challenging issue that 
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has been faced in this second stage development. In this section it is presented the use of a bigger 

quartz column using the same measurement principle as previously described.  

For this new case a pseudo-2D quartz (depicted in Figure 2.10.1) column with 500, 200 and 4 mm in 

height, width and depth respectively has been built using two quartz plates with a wall thickness of 6 

mm. The bottom part of the quartz column is connected to a stainless steel chamber where a stainless 

steel porous plate of 40 �m pore size and 3 mm thickness has been welded. The distance from the 

distributor to the bottom part of the quartz column is 25 mm. Just above the porous plate three 

injectors placed through 6 mm holes have been evenly distributed along the width of the column. 

Through these injectors, propane can be selectively fed inside the reactor. In this case the injectors can 

work in a single bubble mode by injecting a specific amount of gas or in continuous gas mode for the 

study of mass transfer in freely bubbling beds. Furthermore, the holes made just above the distributor 

provide a simple way for removing the particles inside the column avoiding any damage of the 

reactor. For the case of single bubble injection, a piston with adjustable volume and pressure is 

connected to a solenoid valve with fast opening times which allows fast bubble injection.  
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Chapter 3 ����	
� 
The infrared technique allows for multiple applications where the measurement of whole field 

concentrations can be of interest. In this work the main application is related to the study of mass 

transport phenomena, both in membrane reactors and fluidized beds. In this section an initial 

experiment is performed in single phase with a porous membrane to demonstrate the possibility of 

measuring mass transfer phenomena surrounding a membrane. Furthermore, results of mass transfer 

of injected bubbles in fluidized beds are also presented.  

3.1 Concentration polarization in membrane reactors 

The use of recently developed ultra-thin membranes for hydrogen separation in fluidized bed 

membrane reactors has arisen one of the main problems concerning the use of membranes in reaction 

engineering: concentration polarization. When the rate of hydrogen extraction through the membrane 

is faster than the transport of hydrogen from the reaction zone to the wall of the membrane, a decrease 

on gas concentration occurs near the membrane, thus changing the driving force for gas separation 

and hence achieving lower permeation rates. This has a clear negative effect on the systems due to the 

membrane underperforms its optimal behaviour. However, up to now a detailed representation of 

concentration polarization has not been made. This is mostly related to the fact that the measurement 

of gas concentrations at different distances from the wall of the membrane becomes a difficult 

engineering process. However, the developed technique represents a whole field system with high 

temporal resolution where gas concentrations can be measured at any point in the reactor, thus it is 

considered a suitable technique for a better understanding on the concentration polarization 

phenomena. 
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For the visualization of concentration polarization in membrane reactors a porous tube which is 6.4 

mm in diameter, 70 mm in length and a mean pore size of 40 �m has been used, shown in Figure 

3.1.1. In this case the membrane does not show selectivity for gas separation, but it is used for the 

demonstration that concentration profiles can be measured next to the membrane and the fact that gas 

separation can be visualized. The membrane has a dead end from one side, while the other one is 
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connected to a mass flow controller for gas extraction, which is connected in turns to a vacuum pump 

for generating the desired driving force for gas separation. Through this system it is possible to select 

the amount of gas that has to be separated through the membrane and thus, approach to real processes 

at high temperature. The experiment is carried out in single gas phase with selective feeding of C3H8 

through the 3 mm injection point immersed in the reactor and N2 as background gas. 

In Figure 3.1.2 is presented the case of 10% gas extraction through the porous membrane at different 

times. In the left part of the figure, the gas extraction system is not connected and thus the C3H8 rises 

through the bed with a laminar regime. Once the vacuum pump is connected, a driving force for gas 

separation is created and the gas is extracted via the membrane, hence implying the bending of the 

flow of C3H8 towards the membrane. This effect is even more pronounced for longer exposure times. 

Furthermore, the fact that most of the gas that has to be removed through the membrane is already 

fulfilled with the N2 background gas, it hinders the removal of C3H8 through the membrane at the top 

part, as observed in the right part of the figure. In this last picture, C3H8 concentration increases 

implying the formation of a concentrated region that can be seen as concentration polarization effect. 

However, it is important to mention that the observed effect cannot be quantified as concentration 

polarization due to there is not selectivity for gas separation. Moreover, this test was purely carried 

out to validate the thought that the gas separation through the membrane and the concentration 

polarization effect can be visualized and quantified.  
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3.2 Bubble-to-emulsion mass exchanging for single bubble injection in a solid 

fluidized bed 

The study of mass exchange between the bubble and emulsion phases in fluidized beds has been 

frequently performed through injection of tracer gas or with a decomposition reaction [16]. In the case 

of decomposition reaction the conversion obtained is compared to fixed bed reactors. These 
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experiments give satisfactory results for individual experimental results but do not have any physical 

significance for the flow behaviour under other operation conditions. The tracer gas experiments 

allow for a more detailed study of the flow behaviour of the gas exchange between bubble and 

emulsion phases. However, most tracer gas studies used internal probes and obstructions to analyse 

gas concentrations. These internals or extraction points influence the results and assume an ideal 

mixed phase. The mass transfer in most phenomenological models is described by the mass transfer 

coefficient Kbe. The most often used semi-emperical correlations is given in equation 8 [15]. 
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In the works of Patil et al. and Dang et al. [19][20] it is shown that the bubble diameter does not 

remain constant and non-uniform concentration inside the bubble is measured. These are two 

assumptions often used in phenomenological models for the prediction of the bubble to emulsion 

phase mass transfer coefficient, therefore a more detailed investigation on these two issues are of 

interest for a better description of the mass transfer phenomena in fluidized beds.   
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The developed non-invasive IR technique is used in this section for the study of the bubble-to-

emulsion phase mass exchange coefficient for single injected bubbles. The tracer gas is injected in 

controlled volumes via a single orifice above the distributor plate. This study has been performed with 

the scaled up version of the setup, thus confirming that the novel technique can be applied to larger 

system. The description of this setup has been already presented in section 2.10 A schematic drawing 

of the setup and the configuration of the injection point is shown in Figure 3.2.1. For the 
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measurements the bed is at incipient fluidization and in absence of tracer gas. The incipient 

fluidization conditions where determined with use of appendix I. The injected tracer gas will form a 

bubble containing the tracer gas. The snapshots of the tracer concentration inside the bubble can be 

analysed in time, where the variation of concentration in time is used for the determination of mass 

transfer coefficients. The creation and propagation of a bubble in time is shown in the sequence in 

Figure 3.2.2. The results presented in this figure are obtained with a bed consisting out of glass beads 

with particle size from 0.62 to 0.72 mm at incipient fluidization when the bubble is injected.  
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In the first 3 frames the bubble is formed with the gas coming from the orifice. After 0.03 s, nitrogen 

flows inside the bubble from the bottom part of the bubble as convective gas flow. In the next frames 

gas tracer concentration shifts up out of the bubble and becomes wider. On the left and the right part 

of the bubble there is still some high concentration present, mainly because of some diffusion 

limitations. Further there is through flow in the middle of the bubble. It is not clear if the through flow 

is the by the Davidson and Harrison described backflow from the hills vortices or flaring of the 

injection point.  

From initial test with the injection in an empty column with through flow of nitrogen it is known that 

the injection point flares after injection. A small sequence of an injection in an empty column is 

shown in Figure 3.2.3. The nitrogen fed in the column is equivalent to the incipient fluidization of the 

results from Figure 3.2.2. It can be seen that the gas injection provokes a “blob” of gas and 

subsequently it moves up rapidly out of the image implying that the presence of particles clearly 
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influences the gas velocity. Further it is observed that the gas tracer concentration just after the gas 

injection in case of the empty column is much lower, indicating that the presence of the particles 

clearly influence the gas mixing. After the injection still tracer gas is leaking from the injection point. 

This is presumably the same flaring as can be seen through the bubble in Figure 3.2.2. Measuring the 

mass exchange when the flare is significant could give false results. After the description of the 

injection procedure, a more detailed quantitative analysis of bubbles properties and mass transfer is 

given. 

 

���	
��������#�����:����������������.��� 	���$�������
�������
�	���� �$����=���

First the bubble properties are evaluated for different injection velocities and quantities. For the 

experiments two different injectors where used. Even though same injection volumes, different 

injection velocities where observed as stated in Table 2.9.1. The control volume for the gas injection 

was kept constant, while the volume of gas injected is controlled changing the injection chamber 

pressure. For the measurements it is assumed that the pressure difference had negligible effect on the 

time of injection.  
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The equivalent bubble size in time for all six cases is shown in Figure 3.2.4. It is clear that the bubble 

growth reaches a plateau and accurate measurements of the bubble diameter after this point becomes 

difficult due to particle raining. In some case the bubble collapsed completely before it could reach 

the freeboard. The same injection volume results in the same bubble volume without any influence 

from the injection velocity, which is in agreement with results from [25] The bubble position in time 

of the injected bubbles is depicted in Figure 3.2.5. As observed, it seems similar for almost all cases 

excepting those on the complete opposite sides: high velocity and volume injection and low velocity 

and volume injection. The theoretical bubble rise velocity can be calculated as a function of the 

bubble diameter. This is done by using the correlation present in the literature by Davidson and 

Harrison [13]. In Figure 3.2.6 the theoretical bubble rise velocity is compared to the bubble rise 

velocity obtained from the measurement. The difference of the bubble rise from what is expected for a 

bubble in a freely bubbling bed is significant. Therefore the mass transfer data obtained from the 

injected bubbles cannot be directly compared to a freely bubbling bed. 
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Average amount of tracer gas inside the bubbles is shown in Figure 3.2.7. At first the amount of tracer 

inside the bubble increases as a consequence of bubble formation as already described for gas 

injection. This maximum corresponds at a time of about 0.03 s after the gas is injected. This happens 

for all the cases excepting for the lower volumes, where they reach this maximum earlier. The 

difference in tracer gas concentrations for the same injected volumes can be donated to slight 

differences in bubble volume. The amount of tracer gas in the bubble decreases after the injection is 

stopped. The decrease seems initially linear, however then bends of. This can be donated to the flaring 

effect of the injector which keeps feeding small amount of tracer gas in the bubble.  To quantify the 

gas exchange from the bubble phase to the emulsion phase only the initial points should be taken into 

account to avoid significant effects from the flaring. 
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The bubble to mass transfer is typically described by a convective term and a diffusive term. The 

convective term describes the through flow which enters the bubble from the bottom and leaves from 

the top. The diffusive term describes the molecular diffusion from the bubble. From the experimental 

results it is possible to measure the volumetric gas exchange coefficient Kbe. Kbe can be estimated by 

analysing the volume average tracer gas concentration inside the bubble Ct,b and solving the mass 

balance equation for the tracer gas. Assuming the initial bubble volume and concentration of tracer 

gas is the bubble at its maximum inflation, the overall mass balance for the tracer gas inside the 

bubble gas can be defined as follows: 

&0�12$3$4
&1 � �$%0�12$ � �12%43$� � � � � ��8��

With initial conditions: 

Ct,b = Ct,0 at t = 0 

Vb = Vb,0 at t = 0 

And Ct,e � 0 

Integration of equation 10 yields to: 

�12$5163$516
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And since the results are obtained in pseudo-2d reactor, the previous equation 11 can be re written as: 
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With Db(t) the measured bubble diameter at time t and Db,0 the initial bubble diameter. 

In Figure 3.2.8 :; <=>2?5@6=>2?2A 'B?5@6B?2A -
CD is plotted as a function of time. The overall mass transfer 

coefficient Kbe can be calculated from the slope of the curve. In the shown case of Figure 3.2.8 this is 
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34.27 s-1. There should be mentioned that this value is only from the first few frames after the 

maximum tracer amount is measured in the bubble. From Figure 3.2.2 it can be observed that after 

0.07 s the concentration inside the bubble is coming from the flare gas. For the other injections the 

mass transfer coefficient is shown in Table 3.2.2, except for the case of low injection volume, these 

results are inconsistent. In the cases of the low injection volume the flare becomes dominant very fast. 

Therefore, it is difficult to draw conclusions regarding the effect of the injection velocity to the mass 

transfer. However it is clear that for almost all the cases of bubble injection with the given particle 

size the mass transfer is convectively dominated.  
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From the first injection results it is clear that a visual measurement of gas concentration profiles in the 

bubble is possible. Further is shown that the injection velocity does not influence the bubble 

properties significantly. Analyses of the singe frames by taking the volume averaged concentration 

inside the bubble and solving the mass balance gives representable results for the mass transfer. 

However, bubble characteristics deviate from correlations obtained in the literature for freely bubbling 
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beds. It implies that mass transfer measured in this system should be extended to freely bubbling 

systems, to be representative for reactor models. 
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Chapter 4 Conclusions 

The current development of novel processes using fluidized beds requires more insight and 

comprehensive understanding of the mass transfer phenomena in a fluidized bed. In this work it has 

been discussed that the developed technique by Dang [23] is a promising experimental tool but not 

suitable for accurate study of mass transfer, mainly due to wall effects and the use of expensive 

materials. A scaled up version of the system would allow for measurements without wall effects and a 

broad range of operation variables influencing mass transfer phenomena could be studied. However, 

this activity implies the replacement of the expensive materials for other ones with similar 

characteristics and more affordable for larger systems.  

In this work the novel system for the whole field measurement of tracer gas concentration in a pseudo 

two 2D fluidized bed is successfully developed. The combination of a high transmittance quartz 

reactor and IR band pass filter at 3.46 µm allows for accurate measurement of propane concentrations 

in a nitrogen mixture. For this novel system, a new Matlab code has been developed to analyse the 

digital images from the infrared camera. In order to obtain accurate results the setups environment 

needs to be controlled and steady operation during the experiments has to be assessed. The 

absorbance of propane is obtained by normalizing with a flushed nitrogen background. A camera 

integration time at 700 µs is selected to obtain a homogeneous image and under these conditions the 

absorbance of the propane can be correlated to the concentration with a maximum relative standard 

deviation of 3.5%.  

The technique is extended from a single gas system to a two phase system. For this scenario the 

images are analysed with a developed Digital Image Analysis script to remove particles and detect the 

bubble properties. Both detections are performed by a combination of image thresh holding on both 

the intensities and gradients in the images successfully. 

The introduction of particles in the system affects the intensity of the images and it has been 

demonstrated that the use of the empty column background is not valid anymore, although the 

calibration is still applicable. A novel method to compose a background from representative bubbles 

is implemented in this work. The composed background brings the absolute deviation on the average 

concentration inside a bubble below 10% for concentrations above 10% of propane, while when using 

the background from the empty column in the two phase system the measured deviation for the same 

conditions is above 70%. Thus the novel method is able to measure more accurately gas 

concentrations in fluidized beds. 

The novel quartz/propane system has first been tested in single phase measurements for membrane 

reactors. In this case gas extraction via a porous membrane has been visualized and promising results 

have been obtained for accurate measurements of concentration polarization, which would represent 

the first time this phenomena is observed in a whole field system in the literature. 

The whole quartz propane system has also been scaled up to a column 500, 200 and 4 mm in height, 

with and depth respectively. This system allows the injection of bubbles with different volumes and 

velocities.   

Mass exchange between the bubble and the dense phase has been measured for a single case 

experiment varying the injection velocity. The technique is able to analyse separated frames and 

quantify the average bubble concentration and bubble properties from the digital images. The bubble 
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size is independent from the injection velocity. However, these injected bubbles have shown a 

different rise pattern then expected from theory. Solving the mass balance of the bubble with the 

volume averaged concentration the mass transfer exchange coefficient can be obtained for different 

cases. These initial results showed a convective dominant mass exchange, which is in agreement with 

the literature for large particles. Even though the interesting results, a more accurate representation of 

mass transfer in fluidized beds would be obtained when working in freely bubbling mode as 

previously discussed during the results section. 

Nevertheless, the main objective of this work has been achieved, where an inexpensive system has 

been proposed and further used for different interesting applications concerning reaction engineering 

technology. 
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Chapter 5 Recommendations: Prospects 

for the IR concentration imaging 

technique 

The novel technique can be used for many applications, especially when the measurement of a 

concentration field at high temporal and special resolution is of interest. In this chapter some potential 

applications for the technique are discussed. This part includes not only descriptive information but it 

gives also some preliminary results already obtained in the novel technique, thus supporting the 

suggestions here presented. First the case of further investigation into the bubble injection system for 

mass transfer measurements is treated. Subsequently the bubble to emulsion phase exchange in a 

freely bubbling bed is discussed. At last some results are shown on an attempt to visualize and 

quantify the tracer concentration in dense phases. 

5.1 Mass transfer study of bubble to emulsion for injected bubbles 

In this work it has been shown that it is possible to measure mass transfer coefficients from the IR 

technique. However, a complete study would imply the change of key variable parameters affecting 

the technique. Below these parameters are discussed with the side issues regarding the IR technique 

and the setup. 

#�������  ���$��$�������

The bubble size strongly affects mass transfer in fluidized beds. Therefore a correct interpretation and 

measurement should be assessed. Currently the technique uses the IR images to determine bubble 

properties, both size and velocity. However, these results from DIA are not validated yet. Therefore a 

combination with high speed visual camera would be of interest. This gives also insight on the particle 

velocities and bubble properties including porosity. With PIV/DIA the whole column can be studied, 

currently the IR source is smaller than the column and it can only provide radiation for a selected part 

of the column. To cover the full area a larger IR source is required. Regarding the technique, in case 

of a bigger IR source the homogeneousness distribution and temperature of the infrared source should 

be checked. When larger bubbles are injected wall effects should be avoided.  

#������
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Particle size is another parameter that has a strong influence on the mass transfer. A decrease in the 

particle size (below 500 µm) increases the complexity in the analysis of the results. This is caused by 

the strong particle raining that affects the optical depth. When using smaller particles, it is not 

possible to obtain open bubble images to compose the background in freely bubbling of turbulent 

fluidization. Only in those cases where the three injection points are used for feeding big nitrogen 

bubbles, a composed background could be obtained. In Figure 5.1.1 a bubble is injected in a bed filled 

with smaller particles (250-450 µm). The composed background has been obtained making use of the 

central injection point and for real experiments (propane injection) it is observed on the left and right 

bottom two dead zones. This explains the strange edges found for the propane bubble injected. Further 

it can be seen that some particles are not detected. These particles are in the same range of gradient 

and intensity as the concentration profile. Therefore they cannot be detected. A suitable solution 
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would be again the combination of the IR camera with a high speed visual camera where all particles 

can be detected and removed.  
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Another issue regarding the decrease in particle size is the heavy particle raining which makes the 

determination of tracer concentrations inside bubbles difficult. This can be observed in Figure 5.1.1.  

A possible solution to this problem would be by injecting every time the same amount of gas with the 

same velocity. Therefore identical bubbles would be created and an overlap of all of them would bring 

as a result a bubble free of particles. The principle of combining the separate frames would be similar 

to composing the background. To do this accurately a trigger would be required in combination with 

the injection to match the results accurate according to time. 

#���!�&�$������	'����	�

In the column developed in this work it is possible to change the injection. This possibility has already 

been explored in this work in order to change the injection velocity. The current injection point is 

placed just above the porous distributor plate, resulting in a small flow obstruction. To reduce the 

flare effect the method of injection can be changed to a gas  injection from the porous plate [26]. 

Further it is also possible to implement multiple injection points and hence inject bubbles 

simultaneously and study their interaction.  
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Since the normal process conditions are at high temperatures, the mass transfer could be influenced by 

the temperature. [27] Show that certain parameters of the fluidization change at higher temperatures. 

Working at elevated temperatures with the infrared technique could become difficult. The calibration 

discussed in the development of the technique already lost linearity due to incidental radiation. These 

effects will become more significant when working at elevated temperatures.   

5.2 Bubble to emulsion mass transfer in freely bubbling bed regime  

The results for the bubble rise velocity from injected bubbles have demonstrated a difference in 

bubble characteristics between an injected bubble at incipient fluidization and a bubble in a freely 

bubbling bed. in the work of Kobayashi [28] is pointed out that there is a promotion in gas exchanges 

in freely bubbling beds relative to the exchange at incipient fluidization. Therefore the study of mass 

transfer in freely bubbling beds through new experiments is required. 

In the work of [20] the axial dispersion coefficient is determined from continue tracer injection. This 

gives information on the gas mixing but little on the mass transfer from the bubble to emulsion in 

freely bubbling beds. In order to achieve the objective, continuous gas injection can be done through 

the three injectors as previously described. The continuous gas injection would imply the formation of 

bubbles in a similar way as in a freely bubbling bed. 

5.3 Visualisation and quantification of the tracer concentration in the dense 

phase 

Rowe [14] was the first author who published data and visual results of a tracer gas in the dense phase 

of a fluidized bed. Earlier work speculated about the presence of a cloud phase around the bubble. The 

visualisation of the tracer gas in the dense phase was done by injecting a NO2 in a bed of glass 

particles at minimum fluidization. The results confirmed the presence of a cloud, but could not 

quantify concentrations in the dense phase. The principle of the technique was to illuminate a 

transparent column from the back plate. Rowe used transparent glass particles as dense phase in order 

to transmit the light from the back plate. NO2 is a black gas and it was fed into the column, hence it 

was in this way distinguishable from the rest of the bed. 

The principle of the IR technique is somehow quite similar to the experiments performed by Rowe for 

the visualization of the cloud. In order to be able to quantify the tracer gas concentration in the dense 

phase, this should be transparent for infrared. Quartz particles would have a high transmittance in the 

desired wavelength as discussed in the development of the technique. In a preliminary experiment 

cylindrical particles are placed inside a quartz column and the inlet gas flow is changed from pure 

nitrogen to pure propane. The absorbance calculated from a small recording is shown in Figure 5.3.1. 

The gas can be visualized propagating through the packed bed, thus indicating that the gas 

concentration can be determined in interstitial positions. Fixed particles also show a modification in 

intensity when exposed to different gas mixtures. However, the absorbance measured at the particles 

is not equal to the interstitial areas. To be able to make a homogeneous concentration profile of the 

packed bed, the calibration should be conducted pixel per pixel and subsequently applied per pixel. 

However some of the particles do not show a change in intensity. This is due to optical effects of the 

particles and for removing these spots the configuration of the infrared source should be optimized so 

that the full optical range of the particles is covered.  



42 

 

 

���	
��(�����*���'��
'���������
�������������/�!�'�!�$����9	�
�"���
��� ���

The fixed bed example experiment is conducted with large particles ±3mm. The optical effect 

becomes more pronounced when the particles are smaller. Smaller quartz particles were not available, 

therefore another experiment is conducted in a thin column (1 mm in depth) with 200 µm glass 

particles, thus working with a small amount of particles in depth. The column was on the left side fed 

with pure nitrogen and on the right with tracer gas above minimum fluidization velocity. Results of 

this test are shown in Figure 5.3.2. As observed from the figure, tracer gas concentration (absorbance) 

can be determined on the right side in the column. The absorbance would be higher in the case of 

particles with higher transmittance. Nevertheless, quantitative measurements become very difficult in 

case of a dynamic bed, mainly because the porosity of the bed affects the local intensity. Moreover the 

infrared source should be also close to the column to avoid the optical effects. It shows that it is more 

promising to extend the technique for fixed bed reactor than for the fluidized beds if the objective is to 

measure gas concentrations in the dense phase. This would increase the understanding in measuring 

the dense phase concentration before moving to a dynamic system. 
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Appendix I 

Minimum fluidization correlations 

Minimum fluidization velocity [29] 

EF
GHIJ

� KLM
K � NIJ
OCNIJ

P � K!QL
GHIJ
ONIJ

P  

With  EF �
RSTUV0USWUV4X

YV
 

And  GHIJ � 	UVZ[\RSYV  

Bubble Diameter [30] 

]^2I_` � M!aL < b
cdeC0fg � fIJ4D

g!h
 

Bubble velocity 

f^ � M!QKK5i]^6g!j 
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