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ABSTRACT 
 
Since industrial process tomography was introduced as a concept almost two decades ago, the considerable 
progress within a large variety of sensing modalities has to a large extent been technology driven. Industrial 
tomography applications may be divided into three categories: 1) Laboratory systems, 2) Field equipment for 
diagnostics and mapping purposes, and 3) Permanently installed systems. Examples on emerging methods on all 
categories will be presented, either from R&D at the University of Bergen and/ or our industrial partners. 
 
Most developments are within the first category, where tomographs are used to provide better understanding of 
various processes such as pipe flow, separators, mixers and reactors. Here tomographic data is most often used 
to provide better process knowledge, for reference measurements and validation and development of process 
models, and finally for development for instruments and process equipment. The requirement here may be either 
high spatial resolution or high temporal resolution, or combinations of these. 
 
Tomographic field measurements are applied to either to inspect processes or equipment on a regular base or at 
faulty or irregular operation, or to map multicomponent systems such petroleum reservoirs, their structure and 
the distribution gas, oil and water within them. The latter will only be briefly touched upon here. Tomographic 
methods are increasingly being used for process and equipment diagnostics. The requirements vary and 
solutions based on repetition of single measurements, such as in column scanning, to full tomographic systems 
where there is sufficiently space or access. 
 
The third category is tomographic instruments that are permanently installed in situ in a process. These need not 
provide full tomographic images and instruments with fewer views are often preferred to reduce complexity and 
increase the instrument reliability. 
 
 

1. INTRODUCTION 
 
Tomographic imaging methods have long traditions within the petroleum industry. Upstream, 
seismic and later electromagnetic technologies are used for exploration and characterization 
of oil and gas reservoirs [1-3]. These methods complement each other in that seismic surveys 
can be used to locate reservoirs whereas EM enables differentiation of oil and water in the 
reservoirs. Cross-well tomography is also applied with down-hole transmitters and receivers 
in neighbour wells [4]. Presently EOR (Enhanced Oil Recovery) is a driver to use 
permanently installed seismic and EM networks on the seabed to enable real time monitoring 
of the reservoir conditions. Down-hole monitoring of the fluid composition form different 
production zones of the reservoir is part of this strategy. 
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Laboratory research on multiphase flow in porous rock samples obtained from the reservoirs 
is another field with extensive use of tomography. This encompasses core analysis, 
petrophysics and viscous fingering, gravity segregation and fluid mobility. These are all 
important input parameters in reservoir modelling and simulation where one of the ultimate 
goals is EOR. X-ray CT (Computed Tomography) and microtomography, gamma-ray 
tomography, Magnetic Resonance Imaging (MRI), Nuclear Tracer Imaging (NTI), Electrical 
resistance tomography and Ultrasound mapping, and combinations of some of these, have 
been applied for these purposes [5]. 
 
Furthermore, tomography has also been applied both upstream and downstream to optimize 
processes and equipment such as fluidized catalytic cracking [6], separation of gas, oil and 
water [7] and multiphase pipe flow [8]. A more extensive list of references to different 
methods and applications are available in reference [9]. However, most applications of 
tomography in the petroleum industry are still to provide increased knowledge for the 
development of improved methods, models, processes and equipment. In the following some 
relatively recent and also novel developments on upstream and midstream applications of 
tomography will be presented.  
 
 

2. FACTS AND TRENDS 
 
There has been tremendous development within industrial process tomography over the past 
couple of decades. New sensor technologies and compact versatile signal recovery electronics 
are continuously expanding the limits of what can be measured and with what accuracy this 
can be done. Also, thanks to powerful and cost-effective computer systems, sophisticated 
measurement algorithms previously only accessible in advanced laboratories are now 
available for in situ on-line measurement systems. The petroleum industries increasingly 
require more process related information, motivated by key issues such as improved process 
control, process utilization and process yields, ultimately brought forward by cost 
effectiveness, quality assurance, environmental and safety demands. These have been 
important driving forces for technology development. Fig. 1 shows the outline of a typical 
tomography system from the sensor head acquiring the data through to the image 
reconstruction providing the cross sectional images of the process or just a few parameters 
characterizing it. 
 
 

 
 
Figure 1: General arrangement of an industrial process tomography system with sensor 
head, sensor (detector) read-out electronics, data acquisition and reconstruction units. 

The latter also typically incorporates some image processing [10]. 
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The concept of agile tomography has been introduced for tomography sensors and systems 
that can be deployed in situ whether it is for permanent installation or for sporadic 
diagnostics or reference applications [11]. It is not at all trivial to take a prototype through an 
industrialization process from the laboratory so that it can be the field. In development of 
such systems hands-on field experience is a huge advantage so that limitations with respect to 
access or space required for installing the sensor head, different certifications for operation 
and so forth, is taken into account as early as possible. In general all systems should be made 
as simple and reliable possible in order to provide the required data and information, and not 
more. As a consequence of this the industry often prefer tomographic measurement systems 
with a few views for permanently installed gauges, rather than full tomographic system - as 
long as it provides sufficient information. It should also be noted that in many high-speed 
imaging applications there is no demand for real time image reconstruction, streaming 
synchronized data to disc for offline reconstruction often suffice. 
 
Within the petroleum industry tomography is used both in the search for and characterization 
of reservoirs, and in the exploitation of these - as discussed in the previous section. Enhanced 
oil recovery from the reservoirs has had top priority for the oil companies for many years and 
a variety of new technologies has made it possible to reach 60% recovery factor in some of 
the North Sea fields. Part of the strategy to make reduce costs and make development of so-
called marginal fields profitable, has been to move process equipment such as separators 
from platforms to the seafloor and connect production lines from multiple wells to these. 
Statoil’s 2020 vision presents the Subsea Factory where even more of process equipment and 
systems are moved to the seabed. Here the use of multiphase meters and allocation metering 
for the different wellheads is important [12]. Flow meters are also used for down-hole 
surveillance of the production flow from different zones in a reservoir. Subsea and down-hole 
operation also make it necessary to survey the condition and integrity of equipment to secure 
stable production and avoid costly down time. In the following for different cases will be 
demonstrated where tomographic measurements play a key role. 
 
 

3. EMERGING TECHNOLOGY CASE STUDIES 
 

3.1. Case 1: Flow Reference Measurements with High-speed Gamma-ray Tomography  
 
Over the past decade the sale and demand for multiphase flow meters (MPFM) for 
measurement of the mass flow rates of gas, oil and water in production pipes has shown a 
considerable growth [12]. The first commercial Roxar flow meters were produced in 1992 
and today Roxar Flow Measurement has sold a total of about 1500 MPFMs to roughly 75 
operators in 55 countries, wet gas meters included [13]. MPFMs operate by combining 
instantaneous velocity and cross sectional fraction measurements of the flow’s individual 
components. A major measurement error source is the sub-second variations in the flow 
regime, the distribution of gas and liquid, in the measurement cross section of the pipe. It is 
particularly the gas fraction measurement that is most susceptible, however, significant errors 
may also be present in measurements of the water cut and the component flow rates. 
 
The University of Bergen started research and development on pipe flow imaging systems 
primarily with the motivation to provide accurate flow regime reference data when MPFMs 
are tested in flow loops. These tests are crucial in the flow meter development process and 
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are often required for the flow meter to qualify for field tests, an important step to the market. 
Tomographic imaging close to the MPFM in the flow loop unravels the dynamics of and 
rapid changes in the flow and helps identify conditions critical to the operation of the flow 
meter. Roxar Flow Measurement is using the UiB high-speed gamma-ray tomograph [8] 
frequently for MPFM flow loop testing. This is particularly useful in the development of 
down-hole MPFM systems, which are installed and tested in a tilt section of the flow rig as 
shown in Fig 2. Here the actual flow pattern in the measurement volume at different 
inclination angles is far less predictable. It may vary between annular, stratified and dispersed 
type of flow. By synchronizing the data acquisition of the MPFM and the gamma-ray 
tomograph it is possible to verify the MPFM response to different flow conditions. This is in 
turn used to develop MPFM measurement functions and models. 
 
 

       
 

Figure 2: Left: The tilt section of the CMR flow rig used to test MPFMs at different 
inclination angles from 0°  (horizontal flow) to 90°  (vertical flow) [13]. Right: Cross-

sectional view of the UiB gamma-ray tomograph sensor head with 85 projections. 
 
 
The gamma-ray tomograph data reveals flow details like the 2.5 s slug flow sequence shown 
in Fig. 3. This shows that a real slug-flow is more complex compared to the model used to 
correct for inhomogeneity in MPFMs using T-bend mixing. Based on this tomographic 
information a more realistic and correct gas distribution function can be derived and 
implemented in the MPFM computer.  
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Figure 3: Tomograms extracted from a time series plot with data from one of the five 
detector arrays (17 detectors) of the high-speed gamma-ray tomograph. The time 
sequence is 2.5 s and the temporal resolution is 10 ms. The inner diameter of the pipe is 
82 mm and the flow rates of the oil and gas are 20 m3/h and 10 m3/h, respectively [14]. 
 
 

3.2. Case 2: Tomographic Segmentation in Multiphase Flow Measurement 
 
By means of the high-speed gamma-ray tomograph, the algorithms of MPFM computer can 
be tuned to provide more accurate flow measurements on top side and subsea installations 
where the flow meter is installed so that it measures vertical upward directed flow. Down-
hole measurements are a lot more demanding since variations in the flow regime then are far 
less predictable. The only solution then is to continuously monitor the flow pattern in the 
MPFM measurement cross section. Needless to say this cannot be obtained using a full 
tomography system. 
 
 

 
 

Figure 4: The setup of a multiple gamma-ray beam (MGB) system, with the gamma-
tomograph as reference, used to study horizontal flow in the flow loop rig of Christian 
Michelsen Research. The 241Am gamma-ray source on the top has symmetric fan beam 
collimation towards (in this case only) two narrowly collimated transmission detectors 

below the aluminum pipe with 80 mm inner diameter, see insert [15]. 
 
 



INAC 2013, Recife, PE, Brazil. 
 

The solution is a system using just one gamma-ray source and two or three detectors defining 
as many beams at different angles through the cross section. It is the possible to identify 
whether the instantaneous pattern is type stratified or annular, and the corrected measured gas 
fraction. In the experiment with setup as shown in Fig. 4, two beams are used: One through 
the centre of the pipe and one closer to the pipe wall at 12° angle relative to the centre beam. 
The corrected gas volume fractions for stratified (αs) and annular (αa) flow relative to the 
measurement carried out by the centre beam, can be calculated according to Eq. 1 [16]. For 
other flow regimes similar expressions are available. 
 

 
 

(1) 

 
Running averaging is then applied on the final data to reduce counting statistics errors. In 
conclusion the feasibility of flow segmentation and running averaging using the MGB system 
was proven using a high-speed gamma-ray tomograph as reference. However, increasing the 
running average strongly improves the correlation with the tomograph reference data [15]. 
 
Roxar Flow Measurement launched their first down-hole multibeam gamma sensor in 2011. 
This uses a 137Cs source with a 662 keV emission line and three detectors, see Fig 5. The first 
flow loop tests show promising results with respect to flow regime independent 
measurements of the gas fraction. The deviation at high gas fractions is caused by slip 
between the gas and liquid phases [14]. This must be corrected for in field operation using 
data from subsequent flow velocity sensors (ΔP or X-correlation) on the production string. 
 
 

         
 
Figure 5: The Roxar downhole multibeam gamma sensor launched in 2011. The results 
are from tests at the Christian Michelsen Research flow loop with the measured versus 

the rig reference gas fraction in horizontal and vertical flow [14]. 
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3.3. Case 3: Tracerco DiscoveryTM for Tomographic Pipe Condition Measurements [17] 
 
Tracerco has developed and patented DiscoveryTM; a novel non-intrusive inspection tool for 
pipeline visualisation. This has been a market pulled process originating in the demand for 
better understanding of integrity and contents of subsea pipelines. Traditionally, pigging is 
applied for intrusive pipeline inspection and/ or cleaning by sending gauges or “pigs” through 
the pipelines. DiscoveryTM enables realtime inspection of pipelines that are not piggable for 
instance because of valves or other obstacles, and can be applied either no interference of the 
production or process. 
 
 

         
 

  
 

Figure 6: The Tracerco DiscoveryTM tool with floaters (yellow).  
 
 
DiscoveryTM is a third generation gamma-ray scanner utilising one 137Cs source opposite a 
multiple array of scintillation detectors. It is designed for ROV clamp-on deployment onto 
pipes with diameter (including coatings) up to 27 inches. The spatial resolution is about 2 mm 
and the scanning or data acquisition time is typically 1-2 minutes. The dimensions of the tool 
1.2 m x Ø= 1.2 m and the weight is about 1300 kg on land and 30 kg in water, floaters 
included. Design details of this patented scanner cannot be revealed due to protection of 
proprietary rights of Tracerco. 
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Figure 7: Results using Tracerco DiscoveryTM tool. 
 
 
Tracerco started the DiscoveryTM project as a concept and technology study mid 2010. Based 
on customer interest the full development started in 2011 and the tool was launched in June 
2013. 
 
 

3.4. Case 4: Visuray X-ray Backscatter System for Well Integrity Inspections [18] 
 
Visuray is developing a patented radial x-ray scattering system to conduct well integrity 
inspections. The instrument produces detailed images from within and surrounding the 
borehole, exposing defects and abnormal material conditions. The tool utilizes non-
radioactive source generated x-rays to penetrate the pipe wall, together with a position 
sensitive detector to measure the scattered radiation to create an image. The tool functions 
independently of the fluid content or flow-status of the well. Further details cannot be 
revealed at the time of writing due to the patent filing process. 

 
 

3. CONCLUSIONS  
 
Most applications of tomography in the petroleum industry are still in research and 
development on improved methods, models, processes and equipment. However, there is an 
increasing interest in agile tomography, systems that can be applied on site. Some of these are 
tomometry systems with just sufficient measurements to provide the required data and 
information. Moving a larger part of the processing facilities to the seabed has also resulted in 
novel applications of tomography for equipment condition and integrity monitoring. 
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