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The paper presents a review of current achievements in the Electrical Capacitance Tomography 
(ECT) in relation to its possible applications in the study of phenomena occurring in fluidised bed 
reactors. Reactors of that kind are being increasingly used in chemical engineering, energetics 
(fluidised bed boilers) or industrial dryers. However, not all phenomena in the fluidised bed have 
been thoroughly understood. This results in the need to explore and develop new research methods. 
Various aspects of ECT operation and data processing are described with their applicability in 
scientific research. The idea for investigation of temperature distribution in the fluidised bed, using 
multimodal tomography, is also introduced. Metrological requirements of process tomography such 
as sensitivity, resolution, and speed of data acquiring are noted. 
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1. INTRODUCTION 

The term ‘tomography’ is common for all measurement and visualisation methods that provide the 
information about spatial distribution of certain properties within examined object, using measurements 
performed at the border of this object (Tapp et al., 2003). As a result of the measurement, the graphical 
representation of properties distribution, which is a set of measurements in the sensor cross-section, can 
be achieved. That explains the etymology of the word ‘tomography’ (from Greek:  – cut, divide). 
Originally this technique was only used in medicine for imaging of tissue lesions, using ionising 
radiation as the information carrier. The interest in the utilisation of the electrical phenomena in 
tomography that was noted in the 1980s contributed to the advent of electrical tomography which was 
relatively inexpensive in the application. In the early 1990s electrical tomography was used in research, 
and then for monitoring and control of industrial processes (Xie et al., 1995). The first practical 
applications of process tomography were carried out in the petrochemical industry (Ismail et al., 2005), 
but nowadays these methods are also widely applied in many other areas of science and technology 
(Dyakowski et al., 2000; Tapp et al., 2003; Yang, 2007). 

Depending on the electrical and magnetic properties of the examined object, different measurement 
methods are possible to be applied: 
 Electrical Impedance Tomography (EIT) – the distribution of electrical conductivity is 

determined within the examined object thus it must conduct electricity. The most typical 
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applications of EIT include monitoring of multiphase flow (George et al., 2001) and mixing 
processes (Kourunen et al., 2008), also with chemical reactions during mixing (Stanley, 2006). 
This method is likewise applicable to the study of combustion (Yan et al., 2012). 

 Electrical Capacitance Tomography (ECT) – allows to determine the permittivity distribution in 
an area filled with dielectric (Yang, 2007). Like EIT, capacitance tomography is mainly used to 
monitor multiphase processes, such as mixing processes or separation of substances (Tapp et al., 
2003). ECT tomography is also used in the petrochemical industry (Ismail et al. 2005), drying 
technology (Rimpilainen et al., 2012; Wang et al., 2009) or pharmaceutical industry (Burggraeve 
et al., 2013). In the monitoring of multiphase flow, ECT devices may also be applied as 
flowmeters (Pradeep et al., 2012). 

 Electromagnetic Tomography (EMT) or Magnetic Induction Tomography (MIT) – is mainly 
used to determine the permeability distribution in the examined object (Peyton et al., 1996). 
Typical applications of EMT comprise: geological exploration, biomedical research, material 
inspection and separation processes (Liu et al., 2005; Peyton et al., 1999). 

In addition to electrical tomography, ultrasonic and optical tomography are also widely applied in the 
industry (Filipowicz, 2011). The combination of process tomography modalities such as ECT and EIT 
may also be noted (Cui et al., 2009; Li and Soleimani, 2013; Marashdeh et al., 2007; Qiu et al. 2007). 
This approach is the example of a multimodal tomography (also known as hybrid tomography), 
enabling to gain extensive data about the monitored process. 

Fluidisation phenomenon has been known since the 1920s (Basu, 2006), when it was discovered by 
Fritz Winkler and used to build the first fluidised bed gasifier. This phenomenon is defined as the 
operation through which fine solids are transformed into a fluid-like state through contact with gas or 
liquid. With variations in gas velocity the bed  changes its state, so-called “fluidisation regime”, from 
packed bed, through bubbling bed, slugging bed (only in reactors of small diameter), turbulent bed, fast 
bed,  up to pneumatic transport of solids (arranged in order of increasing velocity). Contemporary 
fluidised bed reactors are used mainly in power generation as the basic elements of fluidised bed boilers 
and gasifiers (Basu, 2006; Porzuczek, 2012). Excellent mixing of the phases, resulting in a large 
contact area of reactants, allows the use of fluidised bed reactors in chemical technology processes such 
as catalytic, adsorption and thermal regeneration of selected substances (Żukowski et al., 2011). The 
phenomenon is also commonly used in fluidised bed dryers (Rimpilainen et al., 2012; Yang, 2007). 
Despite numerous applications of fluidisation, as well as nearly a hundred years of research, not all 
phenomena occurring in the fluidised bed have been thoroughly explained. Modern measurement 
techniques that provide information about spatial distribution of the parameters such as temperature, 
density of the bed, or properties and concentrations of the reactants play a key role in research on 
fluidisation. In the related literature, eg. (Werther, 1999) one can find descriptions of innovative 
measurement methods and their possible applications in the studies of fluidisation. Much attention is 
given to methods of determination of local velocity (Doppler laser anemometry), bubble formation 
(Yang et al., 2007) and the most important in fluidised beds: solid concentration (X-ray and gamma-ray 
tomography, capacitance tomography) (Wiesendorf and Werther, 2000). Tomographic methods were 
also used in measurements of bed height as well as determination of the minimum fluidisation velocity 
(Escudero and Heindel, 2011). 

Of particular interest might be the use of capacitance tomography owing to its dynamic properties that 
give the possibility to study rapid processes such as combustion, explosions (Yan et al., 2012) or 
bubble formation and evolution (Yang et al., 2007). The possibility of obtaining high-speed data 
acquisition allows the use of ECT also in research on fluidisation regimes  (Makkawi and Wright, 
2002a). Although twenty years have passed since the publication of the first papers describing the 
application of ECT tomography to study fluidisation (Wang et al., 1995), the potential of this method 
does not seem to have been fully exploited. Therefore, the purpose of this paper, beside describing 
state-of-the-art of ECT is to widespread the potential of capacitance tomography. 
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2. ELECTRICAL CAPACITANCE TOMOGRAPHY 

Electrical Capacitance Tomography (ECT) is a non-invasive method of measurement and visualisation 
which allows determination of the spatial distribution of permittivity within the space surrounded by 
the sensor. If there are known interdependencies between the permittivity and temperature, humidity, 
etc., it is also possible to infer about the process  inside the reactor. 

 

Fig. 1. A test stand used to carry out experiments on ECT measurements with fluidised bed reactor;  

1 – windbox, 2 – air distributor, 3 and 4 – planes of ECT sensor, PC – controller/computer, SRC – voltage source, 

MUX – multiplexer or matrix switch, DAQ – data acquisition device 

The sensor consists of one (2D tomography) or several (3D tomography and ECT-based flowmeters) 
sets (‘planes’) of n electrodes placed on the side surface of the examined area. The measurement set is a 
sequence of energising (with DC or AC voltage source) consecutive electrodes of the sensor and 
measuring the capacitance between the source electrode and the other. Hence, the total number of 
independent capacitance measurements depends on the number of electrodes n; for a single-plane 
sensor it is expressed by Equation (1): 
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For example: for a typical 12-electrode ECT sensor, the number of independent capacitance 
measurements is 66. As may be seen, this significantly limits the measurement resolution (radial). It is 
known that improvement of geometric resolution is possible by increasing the number of electrodes in a 
sensor. However, this is associated with the reduction of area of each electrode and thus diminution of 
capacitance that has to be measured. On the other hand, enhancement of the electrode area can be 
achieved by increasing its length; unfortunately, it reduces the axial resolution of the device. It may be 
stated that the number of electrodes, their size and number of the planes must be adjusted closely to 
destination of the ECT sensor. Capacitance between two selected electrodes can be determined by 
Equation (2) (Wang et al., 2009): 

  rC 0  (2) 

According to Filipowicz (2011), capacitance between adjacent electrodes is in the range of 0.2 - 0.5 pF, 
while for the opposite electrodes reaches only 10 - 20 fF. Measurement of such small capacitance 
requires highly sensitive instrumentation, typical requirement is the ability to detect changes in the 
capacitance of about 0.1 fF or even smaller (Yang, 2007). 
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Determination of the permittivity distribution in the cross-section of a sensor, based on the measured 
capacitance, requires a two-step process. The aim of the first stage is to solve the forward problem, 
leading to designation of the sensitivity matrix of the measurement system. This step is based on the 
Laplace equation which defines the distribution of electrical potential  in the studied area (Eq. 3): 

   0 graddiv  (3) 

The solution of Equation (3) for a given measurement system is usually carried out with numerical 
methods. It leads to the designation of the sensitivity matrix S, satisfying the relation (4): 

  SC  (4) 

Reconstruction of the permittivity image  is the second stage of the analysis of acquired data. The 
image is constructed by solving the inverse problem defined by Equation (5). 

 CS  1  (5) 

However, the S matrix is not the square one, thus the S-1 does not exist. It is therefore not possible to 
use conventional methods of determining the inverse matrix. This problem has resulted in a number of 
algorithms for image reconstruction (Filipowicz, 2011; Rimpilainen et al., 2012), approximating the 
solution of the inverse problem. 

3. CURRENT APPLICATIONS OF ECT TOMOGRAPHY FOR RESEARCH ON FLUIDISED BED 
REACTORS 

Currently, the development of ECT tomography is associated with new designs of sensors, high-
resolution capacitance transducers and modern image reconstruction algorithms, including so-called 
‘soft computing’ methods (eg. neural networks). Although rarely, some examples of new applications 
of this technique in scientific research and industrial applications can be found. 

The basis of knowledge about fluidisation is fluidised bed hydrodynamics. Of particular importance is 
the spatial distribution of solid particle concentration and its dynamics. This is associated with 
determination of fluidisation regime as well as formation and evolution of bubbles. Application of a 
visualisation method for distribution of the solid phase can contribute to optimise the design of reactors, 
parameters of their operation, as well as lead to improved knowledge of the fluidisation phenomenon. 
Hydrodynamics of the fluidised bed has been widely presented in the literature (Basu, 2006; Escudero 
and Heindel, 2011; Yang et al. 2007). 

It is thought, that the applicability of ECT tomography to study the regime of fluidisation, determining 
the local concentration of the solid phase and the dynamics of bubble formation is already well verified. 
As stated above, fluidised bed hydrodynamic issues are essential knowledge in the scope of 
fluidisation. However, from the perspective of the considered measurement method they are also the 
easiest to investigate. The use of dependence of permittivity on the concentration of the solid phase 
allows the imaging of the spatial distribution of solids. Moreover, high rate of data acquisition, typical 
for ECT, allows obtaining reliable information about the dynamics of changes in the distribution of 
solid particles. The very first research, conducted in the 1990s, was related to these phenomena. For 
example, Wang et al. (1995) applied the eight-electrode capacitance tomograph to analyse  solid 
particle concentration and its variation in different fluidisation regimes (bubbling, slugging and 
turbulent). The size of bubbles and analysis of their shape was also investigated. Research on this 
matter was conducted subsequently by many teams. Most experiments were conducted in cylindrical 
reactors. However, Liu et al. (2001) proposed the use of ECT tomograph to study the fluidisation 
regime in a reactor of square cross section. The authors noted that the lack of rotational symmetry of 
the sensor increased the complexity of data analysis. Dyakowski et al. (2000) gave a detailed review of 
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applications of ECT in fluidisation studies and two-phase flows in the first period of the development 
of this visualisation method. The use of multi-plane sensors, as proposed for example in (Makkawi and 
Wright, 2002a; Warsito and Fan, 2005), allowed the visualisation of three-dimensional distribution of 
concentration of the solid phase which was a significant step in the development of ECT. Nowadays, 
the term Electrical Capacitance Volume Tomography (ECVT) is often used (Rimpilainen et al., 2012; 
Wang et al., 2010a) for such systems. Taking into account very high speed of data acquisition, currently 
more than 200 frames per second (fps), the dynamics of bubble evolution and their motion may be 
examined with good accuracy. It is noteworthy that the latest achievements in ECT have improved 
speed of data acquisition up to 1000 fps (Yang et al. 2014). The accuracy of determining the position of 
a moving object was analysed by Wang et al. (2010a). The authors compared the results obtained with 
a triple-plane ECT system with the position of a falling object captured with a fast video camera and 
CFD (Computational Fluid Dynamics) simulation of the process - obtaining a high consistency of 
results. High quality of ECVT imaging was also confirmed by Weber and Mei (2013). The authors 
studied the distribution of the solid phase and the size and frequency of bubbles. It is worth mentioning 
that the sensor they used had 24 electrodes arranged into six planes which also shows the scale of 
progress in the field of ECT devices. 

Recently, a lot of attention has been given given to improve imaging quality as well as to expand  the 
measurement abilities of ECT tomographs, utilising additional analysis of acquired data sets. Makkawi 
and Ocone (2007) proposed a combination of ECT measurements of solid concentration together with 
numerical modeling of fluidised bed hydrodynamics. Additionally, the pressure drop across the bed 
was measured. The aim of the research was to develop a tool to predict the hydrodynamics of a 
fluidised bed (profiles of particle and gas velocity). A twin-plane tomograph, 8 electrodes in each plane 
was applied for this purpose. The authors stated good consistency of obtained results with theoretical 
predictions. Nevertheless, it was also found that for a large amount of bubbles the numerical model was 
unstable. It required correction to study important fluidisation regime such as bubbling bed. Another 
approach for analysis of imaging data was shown by Rautenbach et al. (2013). ECT measurements 
were combined with statistical analysis of acquired data to determine the quality of fluidisation. The 
research was conducted using a twin-plane tomograph with 12 electrodes in each plane. It was stated 
that the reliable measure of quality and uniformity of fluidisation might be skewness and kurtosis of 
ECT measurements of the distribution of solid particle concentration. The attempts of merging ECT 
measurements with CFD modeling for improvement of particle distribution imaging (Jiang et al., 2014; 
Zhao, 2010) also might be noteworthy. 

Calibration of the sensor is an essential issue in a study of the spatial distribution of particle 
concentration using ECT. A typical solution of this problem, commonly used by most researchers 
(Makkawi and Ocone, 2007; Wang et al. 1995), is based on the calibration of the instrument in the two 
extreme points of the range. At first, calibration is performed with the empty sensor (r  1) then with a 
sensor filled with a solid material for approximation of maximum permittivity. However, the problem 
of interpolation between two extreme points needs more attention. Wiesendorf and Werther (2000) 
compared most commonly used interpolation methods, showing significant differences between them. 
The same authors also highlighted the significant effect of temperature on relative permittivity, pointing 
to the need to compensate its impact in the study of fluidised bed hydrodynamics. Further discussion of 
these issues might be also found in paper by Asami (2002). 

Analysing the usefulness and reliability of the considered measurement method it is necessary to draw 
attention to validation methods. Imaging of solid particle concentration might be verified using 
capacitance probes (Wiesendorf and Werther, 2000) but the use of such an invasive method can 
significantly disturb the measured quantity. Non-invasive methods such as fibre optic probes (Pugsley 
et al., 2003) are free from this disadvantage. Studies on the formation of bubbles in a fluidised bed 
often use a bubble model  (phantom) - a ping-pong ball (with additional filling) entered into the bed 
(Weber and Mei, 2013). Rautenbach et al. (2013a) showed that the error of the phantom diameter 
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measurement using ECVT reached 6.5%. In recent years the results of comparative studies on imaging 
of phenomena occurring in the fluidised bed were published. For example, Holland et al. (2009) 
showed a comparison between ECT tomography and Magnetic Resonance Imaging (MRI). Similarly, 
Rautenbach et al. (2013b) provided a comparison of two tomographic methods: ECT and X-ray 
tomography. Acceptable consistency of obtained results increases the reliability of capacitance 
tomography. 

Currently, advanced studies on fluidisation hydrodynamics already treat process tomography as a 
reliable tool. The example of such experiments is a study on the interaction between fluidised bed and 
the gas stream, injected into the bed perpendicularly to the axis of the reactor (Wang F. et al., 2010b). 
The authors presented a visualisation of the gas jet propagation obtained with a 3D ECT system. The 
measurement method used in that experiment has also enabled the determination of the gas velocity 
profile. Another example of the use of ECT in an advanced study is the paper (Cai et al., 2013) where 
the tracing of the motion of a large object in a fluidised bed was depicted. 

Spatial distribution of permittivity in the fluidised bed depends on several factors including: kind and 
concentration of substances, humidity, temperature, and pressure. The research on fluidised bed 
hydrodynamics, which has been analyzed above, was typically conducted at ambient temperature with 
bed material that did not change its properties during the experiment (eg. quartz sand). Temperature 
gradients or changing the properties of the bed material lead to significant complications in reaching 
unambiguous interpretation of the determined distributions of permittivity. Examples of process 
tomography applications in such conditions can be found in drying technology. Fluidised bed dryers are 
currently produced in both laboratory and industrial scale (Yang, 2007). Control of the drying process, 
especially with the optimisation of energy consumption in relation to product quality, requires on-line 
measurement of moisture content in a dried material. These issues were analysed by e.g. Wang et al. 
(2009). The paper presented the possibility of using a single-plane 8-electrode ECT tomograph as the 
non-invasive system to measure the moisture content in a dried material. The authors proposed and 
experimentally verified the model for mapping the permittivity distribution into the moisture content. 
As during the drying process the average temperature in the reactor varied between 20-60 C, an 
algorithm to compensate these changes had to be applied. The second aspect analysed in that study was 
the practical application of ECT in the automatic control system to control the laboratory fluidised bed 
dryer Sherwood M501. Another example of tomographic monitoring of the drying process was shown 
by Rimpilainen et al. (2012). The paper is distinguished by the use of a conical reactor (cylindrical 
reactors are used more often) as well as the multi-plane sensor, which allowed visualisation of the 
spatial (3D) distribution of moisture content. During experiments the temperature was stabilised thus 
there was no need to compensate its changes. In order to verify the proposed method of measurement, 
dried material was sampled during the experiment and then its moisture content was measured using a 
different method (moisture analyser). Several methods for estimating moisture content of a dried 
material from the measured distribution of permittivity, using approximating polynomials, were 
proposed. Obtained results were encouraging - the observed differences between ECT and moisture 
analyser were about 7-11%. The authors noted the possibility for improvement of the results by taking 
into account the correction of air velocity. It is interesting to note the recent dissemination of the term 
"tomometrics" for process tomography applications in measurement systems, such as humidity, flow, 
etc., (Pradeep et al., 2012). The importance of this issue was acknowledged as tomometrics was the 
subject of a separate section on the Conference ‘7th World Congress on Industrial Process 
Tomography’ in 2013. 

As shown above, lots of expectations are associated nowadays with three-dimensional (3D) 
tomography. Because of the need to reduce the height of sensor electrodes in 3D tomograph, the 
measured capacitance is also reduced. This implies the necessity to search for the most favorable 
geometric layout and the number of electrodes (Wang F. et al. 2010a), often using optimisation 
methods. The need for simulation studies leading to optimise sensors was already noticed (Yan et al. 
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1999), but currently it is the basis for design of modern ECT systems (Alme and Mylvaganam, 2006). 
Makkawi and Wright (2002b) indicated the important impact of dynamic properties (eg. data 
acquisition rate) of a measuring system as well as its optimisation on obtained quality of imaging of  
phenomena taking place in a fluidised bed. 

The quality of image reconstruction of permittivity is highly dependent on the applied numerical 
algorithm (Filipowicz, 2011; Yang, 2007). In most studies, eg. (Liu et al., 2001) Linear Back Projection 
(LBP) algorithm was applied. This algorithm is considered to be the easiest to implement but obtained 
images are generally of low quality (Tapp et al., 2003). Better results can be achieved using iterative 
algorithms such as Landweber, as selected papers have comparatively shown (Makkawi and Wright, 
2004; Wang et al., 2009; Warsito and Fan, 2001). Shape reconstruction method (Soleimani et al., 2006) 
or algorithms based on artificial neural networks (Warsito and Fan, 2005) are examples of modern 
approaches. The fuzzy-logic classification, used by Banasiak et al. (2014) for the analysis of two-phase 
flow, is another example of such an approach. Wang et al. (2012) provides a comparison of imaging 
quality obtained with different image reconstruction algorithms: LBP, Landweber, Tikhonov 
regularisation as well as their own algorithm – ‘Dynamic Reconstruction Method’. The reconstruction 
of an image, especially when algorithms more complex than LBP are employed, is resource-intensive 
computing. Recent advances in parallel computing using multiprocessor systems, and even the graphics 
processing unit (GPU) may contribute to increased use of complex algorithms. 

4. POSSIBILITIES OF TEMPERATURE DISTRIBUTION ANALYSIS USING ECT 

It is commonly thought that fluidised bed reactors are characterised by equalised temperature in the 
volume of the bed. This is concluded upon the fact of intense mixing occurring in this area as well as a 
large heat capacity of solid phase. This property is only confined to the area of the emulsion phase. 
High-temperature reactors, such as furnaces of power boilers, are known to have the temperature 
gradient observed in the bubbles up to several hundred Kelvin (Basu, 2006; Żukowski et al., 2009). A 
significant gradient of temperature field also occurs in the area of rapid reaction such as ignition of fuel 
grain. The knowledge about the temperature distribution in the fluidised bed is fundamental for the 
analysis of processes occurring in such conditions. It may be noted that the typical temperature 
measurement, performed with thermocouples, provides only information about the average value of this 
quantity (Porzuczek, 2012). The most common solution to this problem (Werther, 1999) is to insert a 
group of spatially arranged thermoelectric sensors of small dimensions into the bed to estimate  the 
temperature distribution. Unfortunately, this approach also disturbs the temperature field. There are 
also non-invasive measurements, based on an analysis of visible light emission recorded with a digital 
camera (Żukowski et al., 2009; Smart et al., 2010). The advantage of this method is high speed data 
recording, which allows the identification of even short-term changes in bed temperature. However, the 
uncertainty of measurements obtained in this way is not fully known. 

Dependence of dielectric permittivity on its temperature can be obtained from model calculations or 
measurements (Chełkowski, 1993). This gives the potential to adopt this feature to determine the 
temperature field using ECT tomography. This possibility was noticed for example in (Tapp et al., 
2003) but without a broader analysis of the problem. It is noteworthy that simple mapping of 
determined permittivity of the substance into the corresponding temperature is only possible in 
homogeneous environment (Yang et al., 2008). Although it excludes the possibility of determining the 
temperature field in the fluidised bed using ECT tomography in its basic form; this may be the basis for 
its modification. 

In most papers, the sensor of ECT tomograph is treated as a perfect capacitor with a capacitance 
determined by Equation (2) that was introduced above. Real capacitors are not able to keep the charge 
infinitely long because of energy dissipation resulting from non-ideal dielectric. Considering an AC 
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powered capacitor, it can be seen that in such a system, in addition to charging current which phase 
shifting the voltage of angle /2, the loss current flows in-phase with the applied voltage. Permittivity 
should therefore be considered in the space of complex numbers (complex permittivity) (Chełkowski, 
1993): 

   j  (6) 

The real part (’) represents capacitor’s ability for energy storage, while the imaginary part (”) is the 
ability to dissipate energy; j stands for the imaginary unit. A real capacitor can be described in 
simplified terms as the substitute circuit of capacitance C and resistance R connected in parallel. 
Introducing the term of loss tangent (Eq. 7) which is well known in electrical engineering: 

 
RC

 1
tan 




  (7) 

one can state the dependence of dielectric properties on the applied voltage frequency. In fact, both ' 
and " of the dielectric at a given temperature are dependent on frequency. Therefore, the method for 
determining the temperature field based on the analysis of frequency characteristics can be proposed. 
Dependency of  both ' and " of the bed material on temperature is known for many substances 
(Chełkowski, 1993; Yang et al., 2008) but can also be obtained experimentally (Thorp et al., 1987). 
Measurement of dielectric characteristic as a function of frequency of the applied voltage is known as 
dielectric spectroscopy (Asami, 2002). This method is known e.g. in physics of polymers; however, so 
far it has found no appreciable part in process tomography. This technique can be used to determine 
simultaneously the frequency characteristics of the properties of both accumulation and dissipation of 
energy by the dielectric, thus creating a kind of multimodal tomography. Although this substantially 
increases the complexity of the measurement system itself as well as analysing the data, it 
incomparably enhances the ability to identify phenomena occurring inside the reactor. 

In recent years multimodal tomography has been the subject of much research. Marashdeh et al. (2007) 
investigated the possibility to apply multimodal tomography (capacitance – impedance), using a typical 
ECT sensor. The aim of the research was the study of detection of the location of substances differing 
in permittivity and conductivity. For this purpose phantoms with known electrical properties were 
placed inside a sensor. The authors found significant improvement in object location, which shows a 
valid potential of multimodal tomography, yet unused on a wider scale. The emergence of the first 
commercially manufactured multimodal ECT/ERT tomographs, e.g. M3000 by Industrial Tomography 
System Ltd. (Qiu et al., 2007) may be noted.  There is increasing attention to the development of new 
design of ECT/ERT sensors for multimodal tomography (Cui et al., 2009). The need to analyse the 
interaction between modalities (e.g. the effect of particle charging) that may adversely affect image 
quality was also indicated (Gao et al., 2012). 

The use of multimodal process tomography to study the temperature field in fluidised bed seems to be 
realistic but will require modification of currently available ECT equipment. This is connected with the 
necessity to measure two parameters which can determine the sought distributions ' and " instead of 
one - capacitance. For this purpose the above-cited paper (Marashdeh et al., 2007)  presents 
measurements of capacitance and power, dissipated by a resistive component. It seems that the 
measuring of current amplitude and phase shifting is more practical to determine the frequency 
characteristics of the examined object. There are examples of such solutions in tomography: e.g. Wang 
M. et al. (2013) applied multimodal tomography with spectrometric analysis to measure the absorption 
of carbon dioxide in a bubble column (using the above-mentioned M3000 tomograph). The 
measurement was performed in a wide range of excitation frequency (1Hz – 32MHz). A similar 
solution was applied by Li and Soleimani (2013) for flow imaging of dielectric/conductive mixtures, 
for example gas/water/oil mixture. The general requirement when applying dielectric spectroscopy is 
the use of AC tomograph (Yang, 2007) with a programmable signal source such as DDS (Direct Digital 
Synthesis) generator. Determination of the spatial, three-dimensional distribution of temperature 



Applications of electrical capacitance tomography for research on phenomena occurring in the fluidised bed… 

cpe.czasopisma.pan.pl;  degruyter.com/view/j/cpe  405 
 

requires a multi-plane (3D) sensor. As previously noted, such sensors are characterised by very small 
capacitance between their electrodes, so a typical capacitance measurement resolution of 0.1 fF may be 
insufficient, because it considerably limits the resolution of the temperature measurement. 
Commercially available ECT tomographs have already achieved the resolution of 0.01 fF in 
measurement range of 0-2000 fF, but their cost is very high. Temperature field is subject to change 
over time thus, placing a requirement of its measurement, it is necessary to use an appliance with a 
proper data acquiring speed. Detailed requirements for a ECT measurement system can be determined 
only by numerical simulations which will form the basis for further research together with 
indispensable experimental validation. 

5. CONCLUSIONS 

Electrical Capacitance Tomography is fast evolving measurement technology that has already gained 
the well-established position of a reliable research tool. As indicated in this paper, owing to non-
invasive and high speed measurement, ECT is readily applicable to study the phenomenon of 
fluidisation. The main area of application of ECT tomography is research on fluidised bed 
hydrodynamics: the fluidisation regime, distribution of solid concentration and dynamics of bubble 
formation. Attention is also drawn to the possible use of three-dimensional (3D) tomography that 
provides, for example, the ability to visualise the interaction between the bed and the gas stream 
introduced into the bed. Another aspect of the application of ECT tomography is research on bed 
material properties and their variability. Attempting to determine the moisture content in the bed 
material in a fluidised bed dryer is an example of such applications. In this paper the potential 
possibility of determining temperature distribution in the fluidised bed is also highlighted. The 
proposed concept is based on the complex permittivity dependence on material temperature and 
frequency of applied voltage. It is stated that detailed requirements for an ECT measurement system 
can be determined only by numerical simulations. The idea of temperature distribution imaging is not 
proved yet and it still requires to be validated, which will form the basis for further research. 

SYMBOLS 

C  capacitance, F 
j imaginary unit, - 
L number of independent capacitance measurement, - 
n number of sensor electrodes, - 
R resistance,  
S sensitivity matrix, - 

Greek symbols 
 loss angle of capacitor, rad 
 permittivity of dielectric, F/m 
0 vacuum permittivity, F/m 
r relative permittivity of dielectric, - 
 electrical potential, V 
 geometric factor of the sensor, m 
 angular frequency, rad/s 
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