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Abstract: Various process tomography techniques have been developed to assist the multi-phase flow 
monitoring process. Generally, these systems are single-modality approach. Many times, single-modality is not 
able to provide sufficient information for multi-phase flow measurement. The spatial resolution and accuracy of 
methods like ECT and ERT is limited due to the inherently ill-posed inverse problems that have to be solved for 
image reconstruction. This limitation cannot be overcome by simply increasing the number of sensing elements. 
This paper presents a design and an overview study of a multi-modality system emergence of ultrasonic 
transceivers and electrical capacitance sensor. The composite dual-modality tomography system should provide 
complementary information to perform multiphase phase flow measurement. Copyright © 2013 IFSA. 
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1. Introduction 
 

Process tomography imaging systems are widely 
used in various fields such as process pipe industry. 
Numerous methods were developed with different 
approaching techniques such as ultrasonic 
tomography (UT), electrical capacitance tomography 
(ECT), electrical resistance tomography (ERT), 
magnetic induction tomography (MIT) and others. 
Most of these systems are single plane modality [1] 

and its contribution focuses on two phase flow 
imaging. Although it could provide information for 
flow measurement, single modality systems 
encounter difficulties in producing high resolution 
images due to its limitation.  

Different sensing principles are sensitive to 
different physical parameters. Therefore, a dual-
modality tomography (DMT) sensor design is 
proposed in this research consisting ultrasonic and 
electrical capacitance sensors. 
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2. Background 
 
Previous researcher, Zain [2] had developed 

optical and electrical capacitance sensors dual 
modality tomography (DMT) for solid-gas two phase 
measurements. Qiu [3] had developed a different 
DMT consisting electrical capacitance and electrical 
resistance tomography system (ERT) for multi-phase 
flow monitoring. The developed system by these 
researchers separated the sensors into two planes 
according to their sensing modality. A DMT system 
of electrical capacitance and optical sensor 
arrangement is illustrated in Fig. 1. 

 
 

  
 

Fig. 1. Dual plane hardware setup. 
 
 
The dual plane sensor configuration for DMT will 

create a distance between two sensing systems. 
Reconstructed images of both tomographic systems 
will be fused to generate better cross sectional 
imaging of the cross sectional distribution. Due to the 
distance between two planes, the two sensing systems 
will produce different images in a real time multi-
phase flow. Hence, the DMT system with dual plane 
composite will not be able to detect obstacles like air 
bubbles in between the two tomographic systems. 

As a result, such DMT setup could not precisely 
represent the multi-phase flow condition as both 
planes are located at different points of the pipeline. 
Few researchers carried out experiments by assuming 
both sensing systems are on a same plane. Their aim 
is to identify the compatibility of two or more 
tomographic systems. 

Steiner [4] proposed an alternative approach 
DMT sensor configuration for better measurement. 
He suggested a single plane dual modality UT-ECT 
sensor design. Both ECT and UT sensors are 
sequentially coupled on a single plane as illustrated 
in Fig. 2. 

 
 

 
 

Fig. 2. Single plane sequential arrangement  
of UT-ECT sensor. 

The sequential arrangement of UT-ECT sensors 
manage to place both modalities sensing systems in a 
single plane. This way, the problem of the distance 
gap between two different planes can be overcome. 
Somehow, such DMT setup has a limitation whereby 
only a small number of capacitance electrode and 
ultrasonic sensors can be mounted on a cylindrical 
pipe surface. As a consequence, small number of 
sensors will result in lower accuracy and reduce 
image resolution may be expected [5]. 
 
 
3. Single Plane DMT Design 
 

A single plane dual-modal process tomography 
system is proposed in this paper. The emergences of 
ultrasonic and electrical capacitance sensor were 
designed for multiphase phase flow measurement. 
The implementation of both UT and ECT DMT 
system could permit the integration of their data and 
has promising potential to achieve further 
improvements in measurement accuracy. Fig. 3 
shows the proposed DMT sensor design. 

 
 

 
 

Fig. 3. Single plane UT-ECT dual modality sensor design. 

 
 
The UT-ECT DMT composite consist of a total of 

16 ultrasonic transceivers mounted on 16 electrical 
capacitance sensor stripes in a single plane forming a 
16 channel DMT system. Each channel is connected 
to a signal conditioning circuit board located on the 
pipe itself. All sensors are designed to be non-
invasive and non-intrusive. The sensor configuration 
of ECT system and UT system should consider 
certain implications, limitations and compatibility to 
integrate with each other. 

 
 

3.1. ECT Sensor Design Principles 
 
Electrical capacitance tomography (ECT) can be 

categorized as soft-field tomography. The field 
distribution and propagation relies on the material 
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distribution. This is due to the non-linear relationship 
between the ECT potential distribution and 
permittivity distribution on different material [4]. 

The principle of electrical capacitance sensor is  
to measure capacitance from dielectric components. 
Its capacitance measurement is determined by 
equation 1: 
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where C is the capacitance value (F), 0 is the 
permittivity of free space, r is the permittivity of the 
dielectric, A is the sensing area of the electrode and 
dp is the distance between electrodes. Fig. 4 
illustrates the cross-sectional view of ECT sensor 
configuration. 

 
 

 
 

Fig. 4. Cross-sectional view of ECT sensor design. 
 
 
An alternating voltage (Vs) is applied to electrode 

stripe 1 as source electrode while the remaining 2-16 
electrode stripes are grounded as detector electrodes. 
The capacitance between electrodes is measured 
between each source and detector electrode stripes 
sequentially with a sum of 120 independent 
measurements obtained with equation 2 [5-7]. 

 

 (2) 

 
The spatial resolution of ECT system relies on the 

number of measurements. Therefore more electrodes 
with smaller size will produce better imaging 
reconstruction. However, the incremental amount of 
electrodes will deteriorate signal-to-noise ratio (SNR) 
of measurement. As the electrode size reduces, the 
SNR decreases. Therefore, the numbers of electrodes 
are limited to N [7]. The proposed ECT sensor was 
fabricated using a double layer copper stripe FR4 as 
in Fig. 5. 
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Fig. 5. Flexible ECT sensor stripe design. 
 
 
The copper stripe material is used as ECT 

electrode due to its high conductivity, low cost and 
its flexibility to be bending and easily shaped. Each 
electrode stripe has an integrated driven guard 
surrounded the sensing area to eliminate the 
capacitances between the back surfaces of adjacent 
electrodes, thus reducing the standing capacitances 
[6]. The overall earthed screen on the top layer was 
designed to protect the sensor from external 
interferences such as an external electromagnetic 
field.  

For higher sensitivity, the electrode must be long 
in length since capacitances are approximately 
proportional to the lengths of the electrodes [8]. The 
designed electrode stripe has a sensing area length of 
the pipe diameter, 110 mm. As the number of 
electrodes increases, the electrode surface area per 
unit axial length decreases and the inter-electrode 
capacitances also decrease. 

 
 

3.2. Ultrasonic Sensor and Principles 
 
Ultrasonic tomography can be categorized as 

hard-field tomography whereby its energy 
propagation is not influenced by the material 
distribution. On the hardware design, all 16 ultrasonic 
transducers are mounted surrounding an acrylic 
pipeline. These sensors will produce 315 kHz pulse 
to measure the two phase liquid flow in an acrylic 
pipeline. The ultrasonic sensor system is based upon 
interactions between the incident ultrasonic waves 
and the object to be imaged [9]. In most non-
destructive testing or medical applications, an object 
or field of interest is irradiated from a single 
viewpoint. The transmitted ultrasonic wave has a 
wide beam angle of 1250. The wide beam projection 
arrangement technique will further optimize the 
system performance [10, 11]. 

This system uses ultrasound to detect the changes 
of acoustic impedance (Z) which is closely related to 
density (ρ) of the medium. This can be a useful 
descriptor to identify the complex ratio of sound 
pressure to particle velocity which is analogous to 
electrical impedance. The acoustic equivalent to this 
relation is given by below equation 3 [12, 13]. 

 
Z = ρ c (3) 
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where Z is the acoustic impedance (kg/m2s), ρ is the 
density of the medium (kg/m3) and c is the sound 
velocity in the medium (m/s). During ultrasonic beam 
reflection from the boundaries, the acoustic reflection 
coefficient (R) and transmission coefficient (D) from 
material 1 to material 2 can be expressed as below 
equation 4 and 5: 

 

Reflection coefficient,
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where pe is the incident wave sound pressure, pr is the 
reflected wave sound pressure and pd is the 
transmitted wave sound pressure [14]. Ultrasonic 
wave propagation is further illustrated as in Fig. 6. 
 
 

ep

rp

dp

 
 

(a) 
 

 
 

(b) 
 

Fig. 6. Wave propagation; (a) from material 1  
to material 2, (b) from pipe section to liquid. 

 
 

The calculated acoustic reflection coefficient (R) 
and transmission coefficient (D) will determine the 
ultrasound signal penetration through different 
material or boundaries (as in Fig. 6. (a) and (b)). 

All 16 ultrasonic transceivers are firmly held by a 
sensor fixture designed as in Fig. 7. below. This way, 
the transmitted acoustic signal could propagate in a 
straight line to the located receiver section within the 
receivable angle. Accurate angle of transmission is 

crucial as one degree error could lead to 
approximately one percent change in path length 
[15]. The transducers are controlled by a 
microcontroller for switching and 315 kHz pulse 
injection purpose. 

 
 

 
 

Fig. 7. Ultrasonic transceiver sensor fixture. 
 
 
The basic premise being that the transmitted wave 

travels in a straight line to the receiver. Only the 
amplitude and the time of flight (ToF) of signals are 
measured. 

 
 

4. Cross Sectional Area 
 
While the ultrasonic wave propagates in a straight 

line (Fig. 8. (a)) from a transmitter to a located 
receiver, the electric field line that exist between any 
two electrodes are curved (Fig. 8. (b)). 

For a 16 channel ultrasonic system, the cross 
sectional coverage field is illustrated in Fig. 9. (a) 
while a 16 channel ECT system will produce a curve 
line cross sectional coverage field image as in Fig. 8. 
(b). The curve line electric field distribution cross 
sectional image indicates a good coverage area in the 
center section of the sensing zone.  

Practically, this type of arrangement could not 
accurately measure objects or obstacles located in the 
center of the sensing zone. This is due to the 
limitation of ECT system whereby low capacitance is 
hardly measured on the opposite side of an exciting 
electrode. Conversely, the ultrasonic system could 
overcome this issue due to its straight line wave 
propagation. By combining UT ECT DMT systems, 
better multiphase flow measurement can be carry out 
as the cross sectional image covers more angles as 
illustrated in Fig. 9. (c). 

 
 

5. Conclusions 
 
This paper presents a proposed dual modality 

tomography system consisting of an ultrasonic 
tomography (UT) and electrical capacitance 
tomography (ECT) system. Both systems are 
designed to be in single-plane for multiphase flow 
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measurement. A description of the area of ECT and 
UT explains the electric field distribution and 
ultrasound propagation are related for multiphase 
flow measurement such as oil and gas flow 

measurement. Due to the hard-field and soft-field 
characteristic, both UT and ECT could complement 
each other’s limitation to perform better 
measurement for multiphase flow measurement. 

 
 

  
  

(a) (b) 
 

Fig. 8. (a) Ultrasonic wave propagation in straight line, (b) ECT Electric field in curved lines. 
 
 

 
 

  
(a) (b) 

 

 
 

(c) 
 

Fig. 9. (a) Ultrasonic wave propagation cross sectional image, (b) Electric field distribution in curved lines, 
(c) Cross sectional image of UT ECT DMT. 
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