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Abstract: Tomography is a process of imaging parameters in industrial applications. It can be based on different 
sensing methods; ultrasound and electrical impedance sensing methods are both sensitive to the particular 
characteristics of a material. These imaging methods have been shown to be practical instruments for process 
monitoring in the process industry. However the achieved image can be low in quality and restricted in 
resolution due to ill-posedness of the inverse problems and limited data. To further enhance the spectral images, 
this paper proposed combination of ultrasound transmission tomography (UTT) and electrical resistance 
tomography (ERT) to monitor a static two-phase liquid and gas. This paper presents the modeling approach for 
three dimensional (3D) geometries with linear finite element method (FEM) using COMSOL multiphysics. The 
modeling approach is aimed to determine the ability of dual-modality system in detecting bubbles with different 
sizes located at the center medium in acrylic vessel. Simulation results showed that the dual-modality system has 
the potential and can be implemented as alternative technique to visualize bubble with minimum radius of 5 mm 
located at center of the acrylic vessel. Copyright © 2013 IFSA. 
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1. Introduction 
 

In Tomography systems, the physical properties 
of a material distribution can be described by either 
permittivity or conductivity properties. A tomogram 
image of the phase interactions is important to 
understand the operation of multi-phase flows. The 

image is provided by different measurement 
techniques with quantitative local and global 
dynamic information of the flow that is useful for 
system design and control [1]. Single modality 
tomography systems such as electrical capacitance 
tomography (ECT), electrical impedance tomography 
(EIT), electrical resistance tomography (ERT) have 
been extensively and successfully implemented in 
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industrial process for several decades. Although 
single modality tomography offers simplicity, low-
cost, no-radiation, robust, non-intrusive and capable 
to provide sufficient information for some 
applications, however in more complex application 
such as three-phase flow process more information is 
required [2]. Complex process requires multiple 
measurements to quantify each of the medium 
individually. In recent years some multi-modality 
tomography systems have been developed for multi-
phase flow [3-7]. Many application of multi-modality 
tomography have been found in monitoring for 
industrial process such as hydrocarbon flow 
measurement and material classification. 

Multimodality tomographic system is defined as 
one in which two or more different sensing 
modalities are used to locate or measure different 
constituents in the object space [8]. These systems 
provide component specificity by using independent 
component sensing in the measurement volume, by 
electrical properties such as capacitance and gamma-
ray sensing in oil/water/gas tomography. In single 
modality tomography system, ERT is used to 
visualize conductivity distribution of medium to be 
imaged and ultrasonic transmission tomography 
(UTT) is used to distinguish medium boundaries 
based upon interactions between the incident 
ultrasonic waves and objects to be imaged [9]. UTT 
has the benefit of detecting edges accurately, while it 
is not possible to reconstruct permittivity values of 
the involved materials. In contrast ERT with 
nonlinear iterative reconstruction enables the 
quantification in terms of absolute conductivity 
values. However, due to needful of regularization, no 
sharp edges can be resolved. Because of the 
complementary properties form this modalities, it is 
possible to combine the ERT and UTT to produce 
dual-modality tomography sensor. With the proposed 
system the ERT can be used to visualize the 
conductive component and UTT can be used to 
visualize the boundaries medium of interest.  

 
 

2. System Overview 
 

Multi-modal systems inherently encourage a 
systematic approach in contrast to current generation 
process tomography systems that are complex, 
expensive and designed primarily for the prototype 
laboratory. A successful system must allow 
individual sensor data to be collected and combined 
effectively. It must therefore exploit opportunities for 
rationalization and sharing of resources, and deal 
with hazards of mutual interference [10]. The 
proposed system is based on the use of two types of 
sensing elements which consists of 16 electrodes of 
ERT and 16 ultrasonic transceivers located internally 
and externally respectively in a axial distance around 
the circumference of an acrylic pipe which are shown 
in Fig. 1. 

For electrical resistance tomography (ERT), 
opposite excitation is applied to the electrodes and 

the resulting changing in voltages is measured. This 
method is sensitive to conductivity change (as in 
adjacent strategy) as current flows through the center 
point of the cross-section. This gives rise to even 
distribution of currents, leading to good image 
characterization. Based on current-voltage 
relationship the electrical properties of the 
conductivity distribution can be reconstructed. In the 
ERT system, the effective spatial resolution of the 
reconstructed images depends upon the number of 
elements in the FEM. Greater number of elements, 
the better the resolution. The number of independent 
measurements, depends upon the number of 
electrodes, N, should also be increased. In the 
adjacent measurement mode, the number of 
independent measurements (L) is given by the 
following equation: 

 

2
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L
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where N is the number of electrodes. Form equation 
(1), for the 16 electrodes a total of 104 independent 
measurements can be obtained.  
 

 
 

Fig. 1. Cross section of the dual-modality ERT/UTT 
tomography system 

 
 

Similar to the ERT electrodes, the 16 
piezoelectric (PZT) ultrasonic transceivers are 
located externally around the circumference of the 
pipeline. By using the transmission mode and fan 
shaped beam projection technique 16 transceivers 
with beam angle of 1250 were located side by side 
non-invasively along the periphery of the pipeline. 
From Fig. 2, it is shown only 9 transceivers are 
located within the beam coverage at each projection. 
For full scan a total of 16 observations will be made 
with 9 received channels per observation hence 144 
independent measurements can be obtained. 
Ultrasonic with dual function (transmitter and 
receiver) or transceivers is implemented because of 



Sensors & Transducers, Vol. 150, Issue 3, March 2013, pp. 97-105 
 

 99

its advantages to produce same quality images 
compared to the individually transmitter-receiver 
system. Therefore the transducer can only be a 
transmitter or receiver at any one time. The accurate 
timing for the system is crucial since small timing 
errors could lead to erroneous of measurement  
data [11].  

The proposed system will implement the 
transmission mode as the measurement strategy. The 
transmission mode is the measurement of the 
changed of properties of the transmitted acoustics 
wave. The properties are sensitive by the material of 
medium in the measuring volume. The changes of 
physical properties can be the intensity and 
transmission time or time-of flight (tof) [12].  

 
 

 
 

Fig. 2. Single scanning geometry using fan shaped  
of 1250 beam projection 

 
 

3. Ultrasonic Transmission Tomography 
 

Ultrasonic sensors have been successfully applied 
in process particularly in flow measurement. 
Ultrasonic sensors systems are based upon 
interactions between the incident ultrasonic waves 
and object to be imaged. It is applicable only to 
process where a significant interaction occurs [7]. 
Previous research had been carried out in multiphase 
flow measurements that give promising results using 
the ultrasonic sensors [13]. The interaction of 
ultrasonic wave with a material can be represented 
with its acoustics impedance which can be  
described as: 

 
cZ  , (2) 

 
where 

c = the velocity of sound (m/s); 
Z = the acoustics impedance (kg/m2s); 
  = the medium density (kg/m3). 

The velocity of ultrasonic wave is determined 
principally by the compressibility of propagating 
medium. A medium with high compressibility for 

example air caused slow ultrasound velocity, in 
contrast a medium with low compressibility for 
example liquid, yields fast propagation speed. In this 
paper the physical model parameters and ultrasonic 
properties of selected materials for simulation 
purposes are shown in Table 1 and Table 2 
respectively. 

 
 

Table 1. Physical parameters and dimension. 
 

No. Item Value 
1. Number of electrodes 16 
2. Electrode size 12 mm  90 mm 
3. Inner diameter pipe 94 mm 
4. Outer diameter pipe 100 mm 
5. Drive current 1 mA, 100 kHz 

 
 

Table 2. Material properties of ultrasonic application. 
 

No. Material 
Velocity 
(m/sec) 

Acoustics 
impedance 

(kg/m2s) 

Density 
(kg/m2s) 

1. 
Acrylic 
plastic 

2,680 3.08 1,160 

2. Sea water 1,550 1.55 1,029 
3. Air 331 409.4 1,183 
4. Aluminum 6,420 18.1 2,700 

 
 
Process tomography using ultrasonic sensing 

relies upon detectable interactions both in a 
homogeneous transmission medium and from 
interfaces, for example gas bubbles in a liquid. In 
process application with variety of intersection occur 
caused attenuation to incident waves due to the 
presence of object or field between receivers and 
transmitters. It is understood that the greater the 
difference in impedance at the interface the greater 
the amount of energy will be reflected [14]. The 

reflection of diffraction ( rP  ) and transmission 

coefficient ( tP ) can be defined as: 
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The given properties thus complement with other 

imaging technologies such as ECT and EIT [11]. The 
fan beam has been chosen because of the cover area 
with 1250 is bigger for the receiver to received signal 
transmitted by the transmitter [13]. The ultrasonic 
wave has found to have several specific problems 
which may limit its application. The speed of sound 
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in gas limits the data acquisition rate and particle 
impact on the flow pipe may produce very high levels 
of noise at the transducer [11]. 

In transmission mode method it emphasizing the 
amplitude received by the receiver and the arrival 
time analysis. This analysis is based on the properties 
that finite time is required for an ultrasonic 
disturbance to move from one location inside the 

pipe. The observation time ( st ) is the first peak to 

arrive after the time-of-flight corresponds to a 
straight path. This is shown in Fig. 3. By applying 
sampling amplitude for every receiving sensor the 
information given by transmission mode method can 
be obtained. 

 
 

 
 

Fig. 3. Transmitter and receiver signal. 
 
 

In this paper, simulation was performed using 
piezoelectric transducer (PZT) with resonance 
frequency at 315kHz. Ultrasonic transducer with high 
frequency is implemented because of to increase the 
sensitivity of the system and to increase the ability in 
detecting small discontinuity in the medium for 
example air bubble. However selecting high 
frequency transducer would decrease the penetration 
depth. As general rule the discontinuity must be 
larger than one-half of the wavelength for the 
discontinuity to be detected by the system. The 
relationship between wavelength and frequency and 
velocity is given by equation below: 

 

f

c
  (5) 

 
where 

 = ultrasonic beam wavelength; 
c = speed of sound; 
f = ultrasonic frequency. 

 
 

4. Electrical Resistance Tomography 
 
Electrical resistance tomography (ERT) is a 

particular case of electrical impedance tomography 
(EIT). ERT is most widely and easily implemented 
for purely resistive medium [15]. ERT is based on the 
principles that different medium have different 
electrical properties. In ERT an electrical current is 
injected through a set of electrodes placed in a 

boundary of the domain of interest therefore resulting 
in an electrical field that is conditional by the 
conductivity distribution within the domain. The 
resulting electrical potential at the domain parameter 
can be measured using the remaining electrodes. For 
complete measurements or known as 1 scan is obtain 
when all electrodes are used for injection and 
differential potentials between all remaining pairs of 
adjacent electrodes are measured. 

 

0)(   , r  (6) 

 
Electrodes, which are used to probe the object, 

function as electrodes. Current is passes between the 
two electrodes and produce current patterns. At the 
same time other electrode serves as a measurement of 
the electrode potential difference with respect to the 
ground electrode. They are used to measure the 
voltage drop with a reference to the sink electrode. 
For the following boundary conditions the integral of 
current density across the electrode surface is equal 
to the current flow. 
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For the part of object’s surface under the current 

excitation electrodes the flows of current density has 
the form of: 
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For other surface of detection electrodes 
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Potential value, measured at the electrode is the 
sum of the potential on the surface under the 
electrode and the voltage drop on the contact 
resistance of the electrode: 
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where 
  = electric potential in the body; 

 = conductivity; 

kZ =contact impedance at k-th electrode; 

U = potential at k-th electrode. 
 
 
5. Simulation Results 
 

Three types of common current excitation 
strategy were considered and only one excitation will 
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be implemented into the system: (a) adjacent, (b) 
opposite, and (c) diagonal. Each strategy was 
simulated using sea water as the medium inside of 
acrylic vessel. Three dimensional images of the each 
excitation were simulated and analyzed using 
COMSOL.  

As can be seen from Fig. 4, the field distribution 
of opposite excitation strategy is evenly distributed 
along the symmetrical lines between sources (red 
color) and sink (blue color) electrodes. From 
observation the density of current distribution in 
opposite excitation is higher particularly along the 
center pipeline. Thus, this gives better sensitivity 
compared with adjacent and diagonal strategy. A 
comparison of electrical displacement was also 
carried out between the excitation strategies. From 
Fig. 5(a), the electrical displacement of opposite 
strategy increased towards the center medium in 
homogeneous medium. A bubble of 10mm is 
positioned at the center pipeline and it is found that 
opposite excitation gives better sensitivity as shown 
in Fig. 5(b).  

 
 

 
 

Fig. 4. Current density distribution of most three common 
current excitation strategy; (a)-(b) adjacent,  

(b)-(c) diagonal, and (d)-(e) opposite. 
 
 

Fig. 6(a) shows the potential change HVV /  

with respect to the corresponding potential in 
homogeneous medium with low and high 
conductivity bubble at the center, near source, near 

sink and side position as shown in Fig. 6(a). From the 
simulation result, the response signal for 1mm center 
bubble in Fig. 7(a) is less sensitive compared with 
bubble with radius of 5 mm and 10 mm at the center 
medium. It is also observed that the 5 mm and 10 mm 
bubble shows similar characteristics at electrode 2, 3, 
4 and 5 suggesting high current density near these 
electrodes. Positive potential difference occurred at 
electrodes 5, 6, 7 and 8 as the current density is less 
near these electrodes. Potential difference for 1mm 
bubble approximately similar with homogeneous 
medium shows that it is hardly to be recognized. 
From the simulation results, the location of bubble 
inside medium can caused higher potential difference 
near electrodes as more current are concentrated 
nearby. The greater the bubble size the higher 
difference potentials among the electrodes and the 
difference is more significant when the bubble is 
located at the boundary. It is observed by simulation 
that ERT has the ability to improve in sensing bubble 
at the center medium. However small surface 
potential captured by the boundary electrodes 
because of low excitation current, it is recommended 
to inject higher excitation current to achieve a good 
result. 

 
 

 
 

(a) 
 

 
 

(b) 
 

Fig. 5. Electrical displacement field of adjacent, diagonal 
and opposite excitation; (a) homogeneous medium,  

and (b) 10 mm air bubble. 
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Fig. 6. Bubble at four different locations. 
 
 

 

 
 

(a) 
 

 
(b)  

 
Fig. 7. Potential difference with 5mm bubble; (a) Different 
conductivity bubble at center pipeline, (b) Side, near sink 

and near source position. 
 
 

Three dimensional (3D) images shown in Fig. 8. 
The observation can be summarized as follows: 

a) In the location of two excitation electrodes the 
electrical displacement field is approximately 
zero. However the electrical displacement 
increased as it enters towards to the center 
medium. 

b) The distribution of electrical displacement is 
obviously in non uniform field. Opposite 
excitation produces significant displacement with 
bubble at the center medium. Therefore the 
position and size of the bubble can be obtained 
according to the electrical displacement and 
suitable algorithm. 

 
 

 
 
Fig. 8. Three-dimensional (3D) simulation of dual-

modality with 1mm center bubble using opposite strategy. 
 
 
In ultrasonic tomography system, greater distinct 

of acoustics impedance will results greater energy to 
be reflected. In contrast, if the material impedance 
similar with the medium inside the vessel most of the 
energy will be transmitted. To verify this, a 
simulation was carried out using piezoelectric 
transducer (PZT) with resonance frequency 315 kHz. 
Using the same model a pulse signal is applied to 
T1R1 at frequency 315 kHz. The time-of flight and 
the attenuation signal is measured at T9R9 according 
to different bubble sizes located at the center 
medium. From Table 2, because the speed of sound 
in air and water is highly distinct, the time of flight of 
the received signal in homogeneous is faster 
compared when air bubble is located at the center 
medium. The received signal has decreased due some 
of transmitted wave has been reflected by bubble 
during the propagation. The simulated time-of flight 
of homogeneous and 1mm bubble is illustrated in 
Fig. 9. 

 
 

Table 2. Time-of flight (tof) simulation values  
for transceivers T9R9. 

 

TxRx 
Bubble 

diameter 
(mm) 

Time-of 
flight(µs) 

Peak 
acoustics 

pressure (Pa) 
0 mm 36.0 0.935 

T9R9 1 mm 36.5 0.792 



Sensors & Transducers, Vol. 150, Issue 3, March 2013, pp. 97-105 
 

 103

 
 

(a) 
 

 
 

(b) 
 

Fig. 9. Signal received at transceiver T9R9; (a) homogeneous medium, (b) 1 mm bubble. 
 
 
From Table 3 below, it is estimated that 86.33 % 

of transmitted ultrasonic wave is capable to penetrate 
the acrylic/liquid interface. The transmitted will be 
received by the transceivers and then amplified to 
appropriate value before measurements are to be 
taken. Large distinct acoustics impedance between 

liquid/gas interfaces caused 98.50 % of the ultrasonic 
wave is reflected and only 1.5 % will be received by 
transceiver at T9R9. This clearly indicates that 
transmitted ultrasonic wave is detectable at T9R9 with 
maximum bubble of 1mm along the transmission 
path as illustrated in Fig. 10. In contrast bubble 
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greater than 1mm will fully blocked the transmitted 
wave form being received by the receiver.  
 
 

Table 3. Ultrasonic propagation properties  
in homogeneous medium. 

 
 

Interaction 
Reflection 
coefficient 

(%) 

Transmission 
coefficient (%) 

Acrylic/ liquid 13.67 86.33 
Liquid/gas 98.50 1.50 
 
 

 
 
(a) (b) (c) 

 
Fig. 10. Acoustics pressure field with different air bubble; 

(a) 1 mm, (b) 5 mm, and (c) 10 mm. 
 
 
6. Discussion 
 

From the simulation result it is possible to 
combine electrical resistance and ultrasonic 
transmission tomography at the same plane to 
improve the reconstruction images particularly at the 
center medium. From the simulations that were 
carried out it are obviously shows the ability of ERT 
to determine bubble at the center medium. Although 
the displacement values obtained was very small, it 
can be improved by applying more intense current 
excitation at high frequencies. Optimum range of the 
measuring signal frequency with respect to the 
measurement accuracy must carry according to the 
frequency characteristics [16]. 

In ultrasonic transmission numerical methods 
proved that almost no energy wave was received at 
the opposite transceiver with center bubble with 
radius greater than 5 mm along the transmission path. 
Therefore large bubble can be identified and 
observed. Further improvements in measurement 
resolution using dynamic algorithm instead of static 
algorithm is essentially required to resolve this 
problem. 
 
 
7. Conclusion 

 
In this paper, dual-modality tomography system 

has been proposed by combining the soft-field and 
hard-field technique to improve sensitivity of bubble 
at the center medium in acrylic vessel. In the 
proposed system, the conductivity distribution can be 
developed by using the surface potential from the  

16 electrodes and similarly to the ultrasonic image 
can be reconstructing by using the time-of flight from 
the ultrasonic wave interaction. The next process will 
focused on development of reconstructed images of 
conductivity and ultrasonic properties from 
measurement and simulation data. 
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