
Abstract— The present work assesses the accuracy two phase 

flow measurement, based on cross-correlation and cross-spectrum 

velocity computation, using dual plane non-intrusive Electrical 

Capacitance Tomography (ECT), over a broad spectrum of 

horizontal flow configurations, combined with fraction 

distribution measurements from Gamma-ray Tomography 

(GRT). The measurement of two-phase flow encompasses the 

measurement of both the velocity and the phase concentration of 

the flow components. The accuracy of the flow velocity is still an 

open discussion and remains a key challenge in the field of 

multiphase flow measurement. The velocities of the two-phase 

components vary, both in between them, and across the pipe cross-

section. This study assesses the use of cross- correlation techniques 

as methods for calculating the cross-sectional velocity distribution 

by deriving the transit time of the fluid flowing through two 

parallel ECT sensor arrays mounted on the perimeter of a pipe. 

The spectral distribution of the velocities is assessed for improved 

accuracy of individual component velocities. A dual-plane ECT is 

adopted for the velocity measurements and are combined with 

state-of-the-art density-based cross-sectional phase fraction 

distribution from a GRT system to measure the volumetric flow 

rates of the two phases. The results show that the cross-spectrum 

method provides enhanced velocity estimation for both flow 

phases over the conventional cross-correlation technique. Further 

improvement was reported using a simple predictive correction 

model resulting in flowrate estimation accuracy of ±10%.The 

method for two-phase flow measurement suggested in this work 

leverages the accuracy of the tomography systems on accurate 

fraction measurement and fast data acquisition to lead to potential 

enhancement in process control by enabling a more accurate 

prediction of components velocities.  

 

Index Terms—Multimodal sensors, Electrical capacitance 

tomography, Gamma-rays, Tomography, Fluid flow measurement 

 

I. INTRODUCTION 

ULTIPHASE flow, the combined flow of gas, liquids, 

and or solids, is inherently complex. Even at a 

macroscopic level, the properties of the flow vary greatly, 

both temporally and spatially, depending on the operation 

parameters and fluid properties. Multiphase flow entails 

interaction between the different phases, which yields 

momentum and mass transfer, dynamic phase distributions, and 

varying interfacial forces. The measurement and analysis of 

multiphase flow is, hence, complex. Multiphase flow 

measurement involves the measurement of the individual 

component velocities and fractions to give an accurate 

volumetric flow rate. If the mass flow is to be determined, the 

density of the components must also be known.  

Depending on the measurement principle, the accuracy of the 

flow meters has been found to be strongly affected by the fluid 

properties and process conditions. Despite this, inline metering 

of multiphase processes gives valuable information for 

operators. In the oil and gas industry, the use of multiphase flow 

meters has had an increased impact in daily operations raging 

form process optimization to production allocation metering. 

There is, however, a drive for better accuracy, which would 

increase and broaden the potential use of multiphase meters. In 

this regard, Industrial Process Tomography (IPT) has 

experienced large interest and development in the past decades 

due to its non-invasive characteristics, low costs, speed, and 

size flexibility [1]. IPT technologies have the ability to measure 

the cross-sectional phase distribution and to identify flow 

patterns [2] [3], which could potentially be used in conjunction 

to develop a generalised approach to multiphase metering.  

Current IPT research trends show an increasing interest in 

multi-modal and multi-spectral imaging methods that address 

various process monitoring and metering problems. Dual-

modality tomography leverages the strengths of each 

measurement method, by complementing each other, hence 

improving sensitivity to various quantities, and cancelling their 

stand-alone limitations as, for example, low spatial or temporal 

resolution [4].  

The present work is an extension of the proceedings paper 

[5], which exploits two-phase flow measurements from 

Gamma-ray tomography (GRT) and Electrical Capacitance 

Tomography (ECT). GRT, based on radiation attenuation, is 

well studied for determination of the gas fraction distribution 

non-intrusively in two-phase gas-liquid flows, e.g. stratified 

gas-oil flows, and gas-solid flows [6] [7]. GRT offers 

advantages over other radiation attenuation methods, as it is less 

expensive than neutron-densitometry and provides 

monochromatic radiation without the intensity fluctuations 

reported in X-ray attenuation techniques [8]. GRT 

measurements are combined in this work with ECT. ECT is a 

soft tomography technique that has been largely used for 

imaging and velocity measurement of non-conducting two-

phase flows [9] [10]. The applications of ECT have proved 

highly accurate in oil-gas metering [11] [12] and mixtures with 

low water cuts [13]. The dual-modality setup exploits the 

measurement of different physical quantities of the fluids, i.e. 

density and electrical permittivity, and leverages on the high-

speed acquisition rate of ECT, which enables velocity 

measurements on flow structures with high frequency 

variations, and the high spatial accuracy of the GRT. 

This work addresses correlation techniques [14] [15], 

employed for measurement of velocity from a two-plane ECT 

system. For this, the time delay of fluctuating signals measured 

at two separate locations are used to obtain a velocity 

measurement. The cross-correlation technique used has been 

broadly studied in the literature and proved to be a useful tool 

for pipeline velocity measurement [16] [17]. The approaches 
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taken by various authors are diverse, ranging from assessment 

of time series of cross-sectionally averaged void fractions [18] 

to the study of the motion of interfaces of fluid structures for 

varying cross-sectional arrangements [2], encompassing either 

raw data or reconstructed images. Conducted research shows 

that the cross-correlation velocity is a structural velocity, which 

departs from the mixture velocity depending on the flow 

parameters, e.g. flowrate and ratio of inertial to gravity forces. 

The cross-spectrum technique is related to the cross-correlation, 

but has not been applied to two-phase flow measurement, to the 

authors' knowledge. In this application, the phase of the 

complex cross-spectrum is used to estimate the velocity. This 

enables the possibility to evaluate whether there is a frequency 

dependence for the measured velocity. If different types of 

structures, e.g., slugs, gas bubbles, or liquid droplets, travel at 

different velocities and have different frequency signatures. 

This may then affect the velocity spectrum and enable a method 

to better discern the velocity of the individual flow components. 

The main benefit of using tomographic systems is the 

possibility to combine local measurements and integrate them 

over the cross-section. In this work, the multimodal 

measurements are combined through a zonal sectorization 

procedure of the reconstructed images from both tomography 

systems. If the zones with more liquid have a lower velocity 

than those with a high gas content, and this is reflected in the 

zonal measurements, the technique will improve the accuracy 

compared to traditional bulk measurements. 

The overarching objective of this work is to progress the 

development of two-phase flow measurement. Specifically it 

explores the capability of the measurement system to discern 

the velocity of the individual flow components, aiming to 

reduce the traditional limitations by drawing on the individual 

strengths of GRT and ECT, i.e., improved spatial accuracy from 

GRT and better temporal resolution from ECT. 

The capability to measure the velocity of the individual flow 

are assessed by examining the accuracy of cross-correlation and 

cross-spectrum velocity computation over a broad spectrum of 

horizontal gas-oil flow configurations using dual-plane ECT 

velocity measurements and GRT-derived phase fractions. 

The remainder of the manuscript is divided in three main 

sections. Section II describe the functionality and measurement 

principle of the flow meters and details the experimental facility 

and procedures. Following, Section III discusses the cross-

correlation and cross-spectrum velocity measurements and 

outlines the correlation with the dynamic of the flow 

phenomena. Finally, the conclusions of the work are drawn in 

Section IV. 

II. METHODS  

A. Electrical Capacitance Tomography (ECT) 

The principle of operation of ECT is based on the sensitivity 

of the instrument to changes in the dielectric properties of the 

fluids in the pipe. The difference between the permittivity of the 

components causes variations in the inter-electrode capacitance 

measurement. Each electrode-pair combination will have an 

associated sensitivity matrix. The elements in the sensitivity 

matrix for each electrode pair indicate whether a change in the 

permittivity of a single pixel inside the ECT sensor will affect 

the capacitance measured between the electrodes of this pair. 

Hence, the measurements from the sensors are relational to the 

distribution of the dielectric properties within the pipe. The 

liquid volumetric fractions from ECT are calculated from the 

permittivity measurements using the extended Maxwell-

Wagner-Sillars model described in [11] as in (1) 

 
𝜀𝑚 = 𝜀𝑐[1 + 𝑛𝛼(𝜀𝑖 −  𝜀𝑐)/(𝜀𝑖 + (𝑛 − 1)𝜀𝑐 − 𝛼(𝜀𝑖 −  𝜀𝑐)] (1) 

 

where the 𝜀𝑚 is the effective mixture permittivity, 𝜀𝑐 is the 

permittivity of the continuous material, 𝜀𝑖 is the permittivity of 

the inclusions, 𝛼 is the volumetric fraction occupied by the 

inclusions, and the coefficient 𝑛 is a function of the eccentricity 

of the inclusions, taking a value of 3 for spheres [19] and greater 

than 3 for prolate spheroids [11].  

The ECT sensor head used comprised an array of 16 

conducting electrodes, arranged in two parallel measurement 

planes, clamped on the outside of a non-conductive pipe. The 

sensor array is fully guarded ensuring that the electric field does 

not fringe out into the flow and improving the quality of the 

measurements and reconstructed images [20].  

Each sensor array operates by multiplexing measurements 

between all unique capacitance pairs yielding 28 independent 

measurements for every time frame. The parallel measurement 

planes are located 68 mm apart. This separation distance is 

small enough as to ensure coherence of the flow structures 

between both measurement planes [21]. The measurements 

from both planes provide information about the permittivity 

distribution, i.e. phase fraction distribution, and allows cross-

correlation of the dynamic structures in different zones of the 

cross-section of the pipe. The excitation signal was a square 

wave of 24 Vp-p at 2.5 MHz. The sampling rate of 2.8 ms allows 

sufficient temporal resolution to capture the physical 

phenomena. Details of the ECT sensor are provided in Fig. 1, 

TABLE I illustrates the sensor head setup. 

 

 

 
Fig. 1. High-speed Electrical Capacitance Tomography system showing the 

cross-sectional (left) and longitudinal (right) views. The numeric notation (1-8) 

refers to the ECT sensor index and the notation A and B refers to the 

measurement plane. 

 

 

 
TABLE I. TECHNICAL SUMMARY OF THE ECT  

ECT sensor model APL-S-SL-090 

Nominal sensor ID 100 mm 

Number of measurement planes 2 

Number of electrodes per plane 8 

Axial length of measurement electrode 36 mm 

Axial separation of measurement planes 68 mm 

Capacitance measurement range 6 fF – 400 fF 

Measurement resolution <0.1 fF 

Sampling frequency 354 Hz 

Excitation frequency (square wave) 2.5 MHz 
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B. Gamma-ray Tomography (GRT) 

Gamma-ray tomography is based on gamma densitometry, 

where a large number of different ray paths are measured 

through a cross-sectional plane or volume and then 

reconstructed to an image. In gamma densitometry, the 

attenuation of gamma radiation through a media is measured to 

estimate its density. For monochromatic radiation, in the 

gamma-ray energy range dominated by Compton scattering, the 

linear attenuation is approximately proportional to the density 

of the matter. For a narrow beam the measured intensity I in 

relation to the incident beam intensity I0, the build-up factor B, 

the linear attenuation µ and the distance x is given by the Beer-

Lambert exponential decay law, as shown in (2) [22]. 

 

𝐼 = 𝐵𝐼0𝑒− ∫ 𝜇(𝑥)𝑑𝑥 (2) 

The average linear attenuation can be found from taking the 

natural logarithm of the ratio I0/I and dividing by the length the 

radiation travel through the medium. For mixtures and 

compounds, the average linear attenuation is the sum of the 

products between attenuation and volume fraction of each 

component assuming a distribution close to homogenous or 

layered perpendicular to the beam. This assumption generally 

holds for matter within a narrow beam.  

  For two component mixtures, it is often more convenient to 

measure the component fractions. This can be done by 

normalizing the measured intensity to that of the calibrated 

measured intensity of the single components, as shown in (3).  

 

𝛼1 = ln
𝐼2

𝐼𝑚

ln
𝐼2

𝐼1

⁄  (3) 

where, I1 and I2 are the measured intensities for the single 

components, α1 is the volume fraction of the first component 

and Im the measured intensity of the mixture. 

The high-speed gamma-ray tomography system was 

designed and prototyped at Department of Physics and 

Technology, University of Bergen. The design is based on five 

500 mCi, 241 Am gamma-ray sources at a principal energy of 

59.5 keV, symmetrically mounted around the pipe, as shown in 

Fig. 2. Corresponding to the five gamma-ray radiation sources, 

five detector arrays, each consisting of 17 CdZnTe detectors, 

are mounted on the opposite side of the pipe. CdZnTe 

semiconductor detectors offer a good signal-to-noise ratio and 

short response time, in addition to high stopping efficiency at 

the selected gamma-ray energy. The CdZnTe semiconductor 

detectors are operated in pulse mode, with a read-out system 

optimized for high count rates with a peaking time of 200 ns 

[23]. 

This yields 85 independent line measurements of the 

component fractions that is used for the reconstruction of the 

fraction distribution across the cross-section of the pipe. The 

tomographic images are reconstructed using an iterative least 

squares algorithm [27], which gives accurate cross-sectional 

measurements of the density distribution [24][25][26], and is 

well suited for fraction measurements in a two-phase gas-liquid  

 

 
Fig. 2. High-speed gamma-ray tomography system. The notation A, B, C, D 

and E in the figure refers to gamma radiation source and detector array pairs 

(views). 

 

flow. Additionally, the bulk component fraction can be 

measured, without doing any reconstruction [8], leaving out any 

reconstruction uncertainty. 

C. Velocity measurements  

The velocity of a flow can be found through two 

measurements separated by a known distance along the flow. If 

the measured signal is fluctuating due to the presence of flow 

structures, that remain approximately unchanged as flow passes 

the two measurement points, the flow velocity can be estimated 

from delay between the two signals. A common method for 

finding this velocity is to do a cross-correlation of the two 

signals. In this work cross-correlation along with phase 

measurement, using the cross-spectrum technique, are 

explored. Taking advantage of the tomographic method, the 

cross-section can be divided into zones that are correlated 

individually resulting in a velocity distribution.  

The cross-correlation velocity function (𝑅𝑥𝑦) is defined in 

(4). Where 𝑥(𝑡) and 𝑦(𝑡) are the instantaneous measurements 

and 𝑇 is the integration time. If two signals are correlated, with 

a certain delay, the cross-correlation will have a peak at a delay 

τpeak. 

𝑅𝑥𝑦(𝜏) = lim
𝑇→∞

1

𝑇
∫ 𝑥(𝑡)𝑦(𝑡 + 𝜏)𝑑𝑡

𝑇

0

 (4) 

For flow measurement application of the cross-correlation 

will be applied to a finite number of samples. Either the time 

series will be divided into sections or a moving window is 

applied. The discrete form of the cross-correlation is given in 

(5)  

 

𝑅𝑥𝑦(𝑛) =
1

𝑁
∑ 𝑥(𝑖)𝑦(𝑖 + 𝑛)

𝑁

𝑖

 (5) 

where 𝑛 is the number of samples delayed and 𝑁 is the 

correlation sample length. Additionally, the cross-correlation 

mean of the signals are subtracted and the results normalized. 
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A fit is used on the peak to improve the accuracy of the peak 

location. 

The phase of the cross-spectrum of two correlated signals is 

dependent on the delay between them. Subsequently, the 

frequency dependence of the delay can also be resolved. The 

cross-spectrum can be calculated from the complex frequency 

spectrum of two signals taking the dot product of the conjugated 

of the first signal with the other [14] as shown in (6). 

 

𝑆𝐴𝐵(𝑓) = 𝐴∗(𝑓) ∙ 𝐵(𝑓) (6) 

 

where 𝑓 is the frequency, 𝑆𝐴𝐵  is the cross-spectrum, and 𝐴 and 

𝐵 are the measured spectra of the two measuring points. The 

frequency-dependent delay between the signals is found by 

dividing the phase of the spectrum on the frequency. Dividing 

the distance between measuring points on the delay yields the 

velocities as shown in (7). 

 

𝑣𝐴𝐵(𝑓) =
𝑙𝐴𝐵

∆𝑡𝐴𝐵(𝑓)
=

2𝜋𝑓𝑙𝐴𝐵

∠𝑆𝐴𝐵(𝑓)
 (7) 

 

where 𝑣 is the velocity, 𝑙 is the length, and ∆𝑡 is the delay. By 

estimating the auto spectra, 𝑆𝐴𝐴 and 𝑆𝐵𝐵 , of the two signals and 

averaging multiple spectra, the coherence spectrum 𝛾𝐴𝐵 can 

also be found, as shown in (8). By setting an appropriate 

threshold for the coherence this can be used to filter the delay 

estimates from the cross-spectrum. 
 

𝛾𝐴𝐵
2 =

|𝑆𝐴𝐵(𝑓)|2

𝑆𝐴𝐴(𝑓) ∙ 𝑆𝐵𝐵(𝑓)
 (8) 

For a flow measurement application, the delay estimate must 

be discretized in time. In this regard, the so-called 'Welch 

method' [15] has been employed, where the measured signals 

are divided into partially overlapping segments before the 

cross-spectrum is calculated. Additionally, before calculating 

the spectra, the average DC components of the signals are 

removed, and the edges of the segments are tapered with a Hann 

window. The Hann window is a so-called raised cosine 

window, which with a 50 % overlap, results in equal weight to 

all samples. The computation of the cross-spectrum is then 

shown in (9). 

 

𝑆𝐴̅𝐵𝐾
(𝑛) = ∑ 𝑆𝐴𝐵𝑗

(𝑛)

𝑁

𝑗

= ∑ 𝐴𝑗
∗(𝑛) ∙ 𝐵𝑗(𝑛)

𝑁

𝑗

 

= ∑ ℱ∗{𝑤(𝑖)(𝑎(𝑖)𝑗 − 𝑎̅𝑗)} ∙ ℱ{𝑤(𝑖)(𝑏(𝑖)𝑗 − 𝑏̅𝑗)}

𝑁

𝑗

 

(9) 

 

where 𝑎𝑗 and 𝑏𝑗 are the signal the jth signal segment, and 𝑤 is 

the Hann window.  

Different type of structures, e.g. slugs, gas bubbles, or liquid 

droplets, may travel at different velocities, and have different 

frequency signatures. The different velocity rates could 

potentially be detected and measured using the cross-spectrum 

methods. Without knowing the frequency signatures of the 

various structures, nor which structures are coherent, or not, 

from one measurement plane to the next, a high-level approach 

is chosen in this study.  

Fig. 3 illustrates the frequency spectrum divided in two, i.e. 

a high-frequency range and a low-frequency range. The high-

frequency range is limited by a maximum frequency to avoid 

high-frequency noise interfering. The maximum frequency is 

chosen based on the typical high coherence range. The split 

frequency is selected based on observation of the velocity 

spectra, where there seems to be more variation in the low-

frequency end and a less varying trend as the frequency 

increases. Since the frequency of the signals is expected to scale 

by the velocity, the frequency split and the maximum frequency 

are scaled accordingly. This scaling is readily apparent for the 

frequency range of the randomly chosen spectra (in grey) 

shown in Fig. 3. From the two sections statistical data as 

maximum, minimum, mean, median, etc., can be extracted and 

correlated to actual flow velocities. 

D. Combining GRT and ECT 

Before combining the different modalities, both GRT and 

ECT measurements are reconstructed on a 32 by 32-pixel 

matrix. In this study, two separate correlation configurations 

have been used, i.e., a full cross-section conventional setup and 

a zonal discretization. The second approach comprises the 

division of the pipe cross-section into zones. The zonal division 

enables the cross-correlation of individual zones and, thereby, 

the cross-sectional velocity distribution. Zonal discretization 

simplifies the velocity distribution calculation by reducing the 

number of areas needed to be correlated. By averaging over the 

pixels included in the zone, the noise level is also reduced, 

giving improved robustness of the velocity estimation.  

When selecting a zonal configuration, the size of the zones 

needed to improve signal strength must be weighed against the 

spatial resolution ensuring that necessary information is not lost 

[3]. Different zonal configurations have been assessed in the 

past, where particular configurations allow obtaining velocity 

profiles along certain symmetrical axis depending on the flow 

structure [2]. Given the broad range of flow conditions under 

 

 
Fig. 3. Example velocity spectrum with added lines indicating high and low-

frequency range and the corresponding min and maximum values. Also 

included randomly chosen velocity spectra at different flow rates to illustrate 
the variance. The spectra are filter by coherence threshold. 
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assessment in this work, yielding various flow configurations, 

a 13-zone configuration was used, illustrated in Fig. 4. 

The ECT and GRT measurements are combined, as in (10), 

to estimate the gas and liquid flow rates and the zonal 

distribution of these over the pipe cross-section. 
 

𝑄𝑖 = ∑ 𝑄𝑖𝑘

𝐾

𝑘=1

= ∑ 𝛼𝑖𝑘𝑣𝑖𝑘𝐴𝑘

𝐾

𝑘=1

 (10) 

where Qi is ith component volume flow rate, αik and vik are the 

ith component fraction and velocity in the kth zone and Ak is the 

area of the kth zone. The component fractions are estimated 

from the GRT measurements and the velocities from ECT 

measurements.  

Since the flow rate of the ith component within each zone is 

a linear combination of the zonal velocity, component fraction, 

and area, the relative uncertainty contribution to the zonal flow 

rate from each variable is the same as the relative uncertainty of 

the variable. When combining the uncertainties from individual 

zones it is probable that some of these are correlated. Assuming 

the area uncertainties are negligible, the combined uncertainties 

can be expressed as in (11) [28], where the uncertainties are 

marked u, the correlation factors r and the number of zones N. 

 

𝑢𝑄𝑖
2 = ∑ ∑ 𝐴𝑘𝐴𝑚 (𝛼𝑖𝑘𝛼𝑖𝑚𝑢𝑣𝑖𝑘

𝑢𝑣𝑖𝑚
𝑟(𝑣𝑖𝑘 , 𝑣𝑖𝑚)

𝑁

𝑚=1

𝑁

𝑘=1

+ 𝑣𝑖𝑘𝑣𝑖𝑚𝑢𝛼𝑖𝑘
𝑢𝛼𝑖𝑚

𝑟(𝛼𝑖𝑘 , 𝛼𝑖𝑚)

+ 2𝛼𝑖𝑘𝑣𝑖𝑚𝑢𝑣𝑖𝑘
𝑢𝛼𝑖𝑚

𝑟(𝑣𝑖𝑘 , 𝛼𝑖𝑚)) 

(11) 

The zonal uncertainty of the fraction measurements is 

expected to be in the order of a few present, at least when 

averaged, and smaller than that of the velocity. The velocity of 

the correlated flow structures is not necessarily the velocity of 

either flow component e.g. a wave on a gas liquid interface, 

powered by the gas, having a higher velocity than the liquid, 

travels faster than the liquid but slower than the gas. 

The zonal fraction measurements are expected to be weakly 

correlated, both among themselves and with the velocity 

measurements. The zonal velocity measurements on the other 

 

 

 
Fig. 4. Configuration of the zonal cross-section discretisation. 

  

hand are likely more correlated, being largely influenced by 

changes in flow patterns. That is, large flow structures cover 

multiple zones and smaller ones have similar attributes in 

different zones. Still, the averaging effect of using a zonal 

discretization is expected to improve the overall uncertainty 

compared to bulk measurements. 

The more comprehensive analysis of the multimodal setup 

also requires the assessment of the temporal resolution of the 

measurements. The permittivity spatial distributions 

reconstructed from the ECT measurements were taken at a rate 

of 354 frames per second. Conversely, the sampling rate of the 

GRT is restricted to 50Hz. The permittivity and velocity 

measurements then had to be downsampled to match the 

fraction measurements from the GRT. However, the results in 

this study are averaged over a significantly longer period, and 

any temporal effects are not studied in detail. 

E. Multiphase flow rig  

The experiments were conducted at NORCE Technology in 

Bergen, Norway. The test facility comprises a recirculating 

three-phase pressurized flow loop with a gravimetric separator 

for separation of fluids in continuous operation. The phase 

separator has a 32 m3 capacity, and typically contains around 

10 m3 of diesel.  

In the tests, diesel and nitrogen gas were used as test fluids. 

The liquid flow was recirculated around the test facility using 

centrifugal pumps. The reference liquid flow rate was measured 

downstream the pump using a designated Coriolis meter for 

liquid flow. The gas, supplied from a compressor facility, was 

added further downstream through a standard tee connection. 

The gas flow rate was also measured using a designated  

 

 
Fig. 5. Schematic of the multiphase test section at NORCE showing the location 
of tomography systems and pressure measurement point downstream the meters 

(all dimensions in mm). 

 

  
Fig. 6. Gamma-ray tomography (GRT) and electrical capacitance tomography 

(ECT) systems installed on the experimental test section. 
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Coriolis flowmeter before being mixed with the liquid. The 

uncertainty of the Coriolis flow meter is 1 % relative within the 

measurement range. 

The rig is instrumented to provide reference measurements 

of phase fractions, flow rates, pressure, and temperature of all 

fluids. The experiments were conducted at room temperature 

with fluid temperatures around 20 °C. 

The diagram of the test section in Fig. 5 illustrates the relative 

positions of the GRT unit and the ECT sensors. The metering 

devices were co-located in the same horizontal section, with the 

second ECT measurement plane placed 95 mm upstream the 

GRT measuring plane. A picture of the installation is shown in 

Fig. 6. 

F. Experimental procedure 

During the experiment 97 test points were measured, the 

experimental matrix and flow conditions are summarised in 

TABLE II. The experimental campaign covered a broad set of 

Gas-Liquid flow rates, ranging from of 2 to 200 m3/h for gas 

and oil, with superficial velocities of 0.1-9.8 and 0.1-4.2 m/s, 

respectively.  

Prior to the flow tests, the ECT and GRT systems were 

calibrated using the test fluids in single phase as reference for 

high and low measurement values. The calibration procedure 

allows the systems to adjust to the specific electrical 

permittivity and density encountered for the liquid and gas used 

during the tests. The calibrations were undertaken by 

alternatively filling the test section with diesel only, and 

subsequently with nitrogen gas only. For reference, calibration 

measurements were also conducted after the experiments were 

concluded. 

For each test point the designated flowrates were set and 

allowed to settle. Next, through the ECT and GRT systems, 

capacitance and linear attenuation measurements were 

respectively acquired for around 180 s for each test point. 

Following completion of the data acquisition the raw data 

measurements were checked to validate the quality of the 

measurements. The analysis of the data was completed a 

posteriori. 

III. RESULTS AND DISCUSSION 

To assess the component velocity measurements, the actual, 

or “reference” component velocity (𝑣𝑖𝑟𝑒𝑓∗) is needed. This is 

not measured directly by the reference metering, but can be 

estimated by dividing the reference component flow rate 

(𝑄𝑖𝑟𝑒𝑓
) by the cross-sectional area (𝐴) and component fraction 

(𝛼𝑖), from the GRT, as in (12). 

 

 
TABLE II. SUMMARY OF EXPERIMENTAL CAMPAIGN  
Oil Flow rate (m3/h) 5-85 

Gas Flow rate (m3/h) 2-200 

Gas-Liquid Ratio   30-85 

Pressure (bar) 5-8 

Temperature (C) 20 

Oil superficial velocity (m/s) 0.1 – 4.2 

Gas superficial velocity (m/s) 0.1 – 9.8 

Oil density (kg/m3) 813 

Oil relative permittivity 2.2 

 

𝑣𝑖 𝑟𝑒𝑓∗ =
𝑄𝑖 𝑟𝑒𝑓

𝛼𝑖𝐴
 (12) 

When estimating the reference component velocity from the 

flow rate as described in (12), care must be taken regarding the 

uncertainty. By assuming negligible contribution from the 

cross-sectional area, the relative uncertainty of the component 

velocities can be expressed as in (13).  

 

𝑢𝑣𝑖𝑟𝑒𝑓∗

𝑣𝑖

= √(
𝑢𝑄𝑖𝑟𝑒𝑓

𝑄𝑖

)

2

+ (
𝑢𝛼𝑖

𝛼𝑖

)
2

 (13) 

where 𝑢𝑣𝑖𝑟𝑒𝑓∗
, 𝑢𝑄𝑖𝑟𝑒𝑓

 and 𝑢𝛼𝑖
 is the uncertainty of the ith velocity 

component, ith component flow rate and ith component fraction 

respectively. 

Using the relative uncertainty of (𝑄𝑖 𝑟𝑒𝑓
) from the flow rig of 

1 %, and the absolute uncertainty of the two-phase fraction 

measurements (𝑢𝛼𝑖
) from the GRT, estimated to be around 1 % 

[11], we get the relative uncertainty for 𝑣𝑖 𝑟𝑒𝑓∗ as a function of 

𝛼𝑖 as shown in Fig. 7. When 𝛼𝑖 approaches zero the relative 

uncertainty grows rapidly. For the liquid velocities, it rises from 

below 2 % around at a liquid fraction of 50 %, to close to 5 % 

at a 20 % liquid fraction. The gas follows, the same trend, but 

since there are lower gas fractions in the experimental 

measurements, it ends up at around 9 %, at a gas fraction of 

around 10 %. 

 In the same way as for the reference component 

velocity(𝑣𝑖 𝑟𝑒𝑓∗) above, the component velocity (𝑣𝑖) from the 

zonal measurements can be found by dividing the component 

flow rate (𝑄𝑖) by the cross-sectional component fraction (𝛼𝑖) 

and area (𝐴). The estimated component flow rate (𝑄𝑖) from 

zonal measurements is calculated as in (10). Combined, the 

component velocity can be expressed as in (14). 

 

𝑣𝑖 =
𝑄𝑖

𝛼𝑖𝐴
=

1

𝛼𝑖

∑ 𝑣𝑖𝑘𝛼𝑖𝑘

𝐴𝑘

𝐴

𝐾

𝑘=1

 
(14) 

A. Cross-correlation velocity measurement 

The bulk (average cross-sectional value) measurements and 

tomographic measurements divided into zones as described in 

Fig. 4 are compared. The results from the dual-plane ECT 

system are contrasted to the reference component velocity 

following as estimated following (12). The results are plotted in 

 
 

 
Fig. 7. Relative uncertainty of reference measurement for gas and liquid 
velocities. Gas shown in red and liquid in blue. 
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Fig. 8, showing the relative errors of the estimated cross-

correlation velocities (XC) for the gas and the liquid phases. 

The overall trend of the liquid cross-correlation velocities has 

an inflexion point at a reference liquid velocity of 1.2 m/s. The 

cross-correlation velocity is approaching the reference value as 

the liquid velocity increases, while the trend drastically inverses 

for liquid velocity below 1 m/s. The cross-correlation velocities 

computed using the zonal discretisation showed enhanced 

performance over conventional bulk cross-correlation. The gas 

cross-correlation velocity varies from close to the reference 

velocity to an underestimation of more than 50 %. There are, 

however, no clear correlation between the gas velocity and the 

error. 

The association between the superficial phase velocities and 

the cross-correlation velocities of liquid and gas is further 

investigated in Fig. 9 and Fig. 10, respectively. The superficial 

velocities are found by dividing the gas and liquid reference 

flow rates by the cross-sectional area as shown for superficial 

gas velocity in (15). 

 

𝑣𝑆𝑖 =
𝑄𝑖

𝐴
 

(15) 

 

Where 𝑣𝑆𝑖 is the superficial velocity of the component 𝑖, i.e. 

gas or liquid. 

The colour maps for the images are chosen to provide 

information on the relative deviation between the cross-

correlation velocities and the reference velocities. As seen in 

Fig. 8, there is a clear trend for the cross-correlation liquid 

velocity to approach the reference liquid velocity (𝑣𝐿) at higher 

gas superficial velocities, 𝑣𝑆𝐺 . Conversely, both superficial 

velocities of gas and liquid, 𝑣𝑆𝐺  and 𝑣𝑆𝐿, influence the precision 

of the cross-correlation gas velocity. This is readily evident in 

the large deviations seen at high 𝑣𝑆𝐺  and low-to-medium 𝑣𝑆𝐿. 

 

 
Fig. 8. Relative error of gas and liquid velocities estimated from cross-

correlation of the entire cross-section (bulk) and zonal ECT measurements. 

Data from liquid is shown in diamonds and from gas in circles. Reference 
component velocity on x-axis. 

 

 

B. Cross-spectrum velocity measurement 

From the results above, the cross-correlation method is more 

effective in predicting the gas phase velocity than that of the 

liquid phase. The liquid velocity (𝑣𝐿) tends to be overestimated. 

This could be caused by the treatment of the method to the flow 

as a structural velocity propagated along with the gas-liquid 

mixture. This approach overlooks the flow structures that are 

propelled by the gas phase through the measurement planes at 

a greater velocity than the liquid.  

The aim, then, is to find a method that enables the correlation, 

if any, of flow structures moving with the same velocity as the 

liquid. The cross-spectrum velocity is a candidate in this regard. 

Considering that the liquid is most likely flowing at a lower or 

equal velocity to the gas, and as indicated by the cross-

correlation velocity measurements, the flow structures travel at 

speeds somewhere in-between the gas and the liquid velocity, 

we are most likely looking for correlations of the flow 

structures traveling at the lowest speed range. Hence, a method 

where the minimums in the velocity spectrum are identified and 

used was undertaken. At each test point, and for each zone, the 

minimum liquid velocity rates are computed, considering three 

different frequency ranges, i.e., high-frequency, low-frequency, 

and the entire frequency spectrum. Additionally, the mean of 

the high-frequency range of the velocity spectra are also found 

in order to estimate the gas velocity and for comparison of the 

liquid velocities.  

The results plotted in Fig. 11 show the relative error of the 

liquid velocities estimated from the cross-spectrum (CS). The 

same inflection point seen for liquid cross-correlation velocity 

(XC) in Fig. 8 is present for all CS velocities, regardless of the 

method used. The similarities between the minimum-high 

frequency CS velocities and the XC velocities are evident, with 

the cross-spectrum showing a slightly enhanced precision. The 

cross-spectrum velocities computed using the minimum 

velocity values of both the low-frequency range and the overall 

spectrum show an overall lower relative error for reference 

liquid velocities above 2 m/s. The results, however, are more 

largely scattered. 

Fig. 12 and Fig. 13 show the deviation in the cross-spectrum 

velocities of liquid and gas, respectively. The colour maps 

reflect the range of the percentage deviation between the cross-

spectrum velocities. As also evident in the cross-correlation 

velocity data, the higher the liquid superficial velocity the lower 

the cross-spectrum velocity deviation, as per Fig. 12. A larger 

deviation in the computed gas velocity is also evident at high 

gas superficial velocities, marked in blue in Fig. 13.   
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Fig. 9. Relative error of liquid velocities estimated from cross-correlation of 
zonal ECT measurements. The error is plotted as intensity (colour) and as 

function of superficial liquid (y-axis) and gas velocities (x-axis). 
 

 
Fig. 10. Relative error of gas velocities estimated from cross-correlation of 
zonal ECT measurements. The error is plotted as intensity (colour) and as 

function of superficial liquid (y-axis) and gas velocities (x-axis). 

 
Fig. 11. Relative error of the liquid velocities estimated from cross-spectrum 
(CS) velocities considering the mean of the high-frequency range (Mean), 

minimum rate within the high-frequency range (Min-High), low-frequency 

range (Min-Low) and the entire frequency spectrum (Min) identified with green 
circles, red triangles, and blue stars, respectively. Reference component 

velocity on x-axis. 

 
Fig. 12. Relative error of liquid velocities estimated from minimum of entire 
velocity spectrum and zonal ECT measurements. The error is plotted as 

intensity (colour) and as function of superficial liquid (y-axis) and gas velocities 

(x-axis). 

 
Fig. 13. Relative error of gas velocities estimated from mean of high-frequency 

range of the velocity spectrum and zonal ECT measurements. The error is 

plotted as intensity (colour) and as function of superficial liquid (y-axis) and 
gas velocities (x-axis). 

C. Fluid dynamics correlations 

The cross-correlation velocity is not the in-situ flow velocity 

but rather a structural velocity of two-phase flow. The scientific 

challenge at the moment is to understand that relationship. In 

order to understand the effects of the flow dynamics on the 

overall measurement, it is necessary to analyse the slip velocity 

of the different phases and compare the prediction accuracy of 

the estimated velocities to the flow patterns developed at 

relevant operational conditions.  

The influence of the slip ratio velocity and slip velocity 

between the gas and liquid phases for given superficial 

velocities is investigated in Fig. 14 and Fig. 15, respectively. 

The slip velocity is larger in the same region where the cross-

correlation and cross-spectrum velocity of gas was seen to have 

the most significant deviations. Similarly, the slip ratio is larger 

in the same low-velocity regions as the relative deviations in 

estimated liquid cross-correlation velocity. 

A further way of analysing flow structural effects, on the 

computed structural velocities at gas rates where errors are 

greater, is through identification of the predominant flow  
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Fig. 14. Slip ratio from the reference liquid and gas velocities. The ratio of gas 

to liquid velocities is plotted as intensity (colour) and as function of superficial 
liquid (y-axis) and gas velocities (x-axis). 

 

 
Fig. 15. Slip velocity from the reference liquid and gas velocities. The 
difference between the gas and liquid velocities is plotted as intensity (colour) 

and as function of superficial liquid (y-axis) and gas velocities (x-axis). 

 

structures in the vicinity of the region of interest. This was done 

by identifying the flow regimes from the temporal changes in 

the cross-section phases based on the density distribution from 

GRT and the permittivity distribution of ECT, combined with a 

flow characterisation of the dominant structures from the ECT 

transient measurements according to the classification 

parameters listed in [3]. The flow pattern characterisation of test 

points of interest overlaps the gas cross-spectrum velocity 

relative error in Fig. 16.  

The largest errors in the estimation of the gas velocity take 

place under stratified flow conditions, where the slip velocity is 

above 4 m/s. The results show that the presence of periodic 

structures, i.e. slugs, do significantly enhances the velocity 

estimation. Also, annular flow was tracked through the 

measurement planes with the relative same ease as slug flow.  

 

 
Fig. 16. Flow pattern dominant structures overlapping the relative error of 
cross-correlation gas velocities plotted as function of superficial liquid (y-axis) 

and gas velocities (x-axis). The error is plotted as intensity (colour). The flow 

pattern structures are identified a diamond for slug flow, squares for stratified 
flow, and dark circles for annular flow.  

 

The deviation of the measurement of liquid velocity using 

cross-correlation and the minimum of the high-frequency 

section of the cross-spectrum phase method both falls along a 

line. This indicates that a predictive model can be used to 

correct the deviation. To investigate this, a simple linear fit of 

the form of (16) has been fitted to the results shown in Fig. 17. 

 

𝑣𝑐𝑜𝑟𝑟 = 𝑘1𝑣𝑚𝑒𝑎𝑠 + 𝑘2 (16) 

where 𝑣𝑐𝑜𝑟𝑟 is the corrected velocity, 𝑣𝑚𝑒𝑎𝑠 is the measured 

velocity, and  𝑘1 and 𝑘2 are the correlation coefficients. 

Most corrected velocities fall within a ±10% error band even 

for reference velocities well below the inflection point of         

1,2 m/s seen in Fig. 8 and Fig. 11. 

 

 

 

 
Fig. 17. Liquid velocities estimated using cross-correlation (XC) and cross-

spectrum (CS) techniques on zonal ECT measurements and corrected results 
using predictive model. Initial estimated data shown in circles, and corrected 

velocities in crosses. Reference component velocity on x-axis. 
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D. Flow rates 

Building on the analysis above, the liquid and gas flowrates 

are computed from (10) considering velocities from the cross-

correlation (XC) and the cross-spectrum (CS) methods. The 

estimations using bulk and zonal cross-correlation and cross-

spectrum techniques for the liquid flow measurement are 

presented in Fig. 18 along with flowrate corrections as per (16). 

The liquid flowrates derived from the cross-spectrum velocity 

agree with the reference flowrate, particularly for values over        

1 m3/h. The cross-correlation velocity, on the other hand, yields 

an overestimation of the liquid flowrate, increasing at lower 

flow rates. The zonal method preforms better than the bulk 

method but shows the same overall trend. Using the velocity 

correction model on the estimates form CS minimum from the 

high-frequency range, the liquid flowrate estimation is 

improved, matching the reference flowrate within a ±10% 

margin. These results constitute a significant improvement over 

the figures previously reported in [5]. 

The estimations using bulk and zonal cross-correlation and 

cross-spectrum techniques for gas flow measurement are 

presented in Fig. 19. As expected from the velocity 

measurements most of the measurements are aligning up well, 

but with some measurements underestimating the flow rate. The 

cross-correlation and the cross-spectrum techniques using zonal 

measurements performs almost equal, while the bulk cross-

correlation technique performs slightly worse, but follows the 

same trend as the other two.  

Since the superficial velocity reported earlier is proportional 

to the flowrate, the deviation pattern can be observed in Fig. 10 

and Fig. 13. Contrasting these with the slip velocity pattern in 

Fig. 15 and the flow regimes reported in Fig. 16, it is evident 

that the correlation methods are less accurate when the slip 

velocity between the gas and the liquid increases. The slip 

velocity is most significant under stratified flow where the gas 

flows more unhindered and does not have to move full bore 

slugs. However, it may be less predictable, from this, that there 

are not similar deviations in the measurements performed under 

annular flow regimes, where the slip velocity is also high. 

Nevertheless, observing the slip ratio in Fig. 14, we see that 

even though the slip velocity is high in the annular area, the 

ratio is less. Since the deviation reported is relative to the actual 

velocity, this might explain why it is less under annular flow 

condition, which exists at higher flow rates than the stratified. 

IV. CONCLUSION 

A series of experiments were conducted on horizontal gas-oil 

two-phase flow, combining Gamma-ray Tomography (GRT) 

and Electrical Capacitance Tomography (ECT). The transit 

time and velocity of the flow structures was obtained by a dual-

plane ECT. The estimated velocities were combined with the 

spatial density-based phase distribution from GRT 

measurements via a conventional full cross-section correlation 

and through zonal discretization method. The zonal 

discretisation of the cross-section resulted in slightly better gas 

and liquid velocity estimations, when contrasted with bulk 

cross-correlation measurements.  

The study mapped the conditions were velocity estimations 

were less accurate and targeted the mechanisms behind them. 

 
Fig. 18. Liquid flowrates using measured bulk and zonal GRT component 
fractions combined with corresponding bulk (XC Bulk) and zonal cross-

correlation (XC) and zonal cross-spectrum (CS Min) velocity measurements, 

and the corrected cross-spectrum-velocity (Corrected CS Min High). Reference 
flowrates on x-axis. 

 
Fig. 19. Gas flowrates using measured bulk and zonal GRT component fractions 

combined with corresponding bulk and zonal cross-correlation (XC) and zonal 
cross-spectrum (CS) velocity measurements. Reference flowrates on x-axis. 

 

Results indicate that gas cross-correlation velocities show a 

smaller deviation than liquid cross-correlation velocities over 

the range of flowrates studied. The largest deviations were seen 

in stratified flows where the slip velocities surpass 4 m/s. 

In search for more accurate velocity measurements of the 

individual components, cross-spectrum velocities were 

computed. In doing so, the liquid velocities were calculated for 

the high and low-frequency range, as well as for the overall 

frequency spectrum. The cross-spectrum velocity of the liquid 

phase was significantly improved by using the minimum of the 

latter two frequency spectra, though at the cost of more 

scattered results. 

A simple predictive model was tested to further improve the 

liquid velocity prediction and hence the flowrate estimation. 

Results of this showed accuracy in liquid flowrate measurement 

within 10% of the reference measurements. 

The measurements performed do not cover all possible flow 

regimes. Notably, bubbly and misty flow was beyond the 

operational window of the test setup. Wavy stratified flow was 

This is the accepted version of an article published in IEEE Transactions on Instrumentation and Measurement 
http://dx.doi.org/10.1109/TIM.2020.3034615



covered, with limitations of the setup in the lower end of the 

flowrate range. However, the experimental campaign still 

covered a relatively large flow rate envelope, with not 

insignificant application in relevant processes. There is no 

indication that the methods discussed should not work beyond 

the envelope in the high flow rate direction, but there do seem 

to be larger deviations moving into the stratified flow domain. 

This responds to the intrinsic less dynamism in the flow as it is 

dominated by the viscous forces, and hence fewer flow 

structures to correlate on. 

There is potential for the methods discussed to be applied to 

other processes. However, this would be dependent on some 

key variables. The first and most important is that the used 

tomographic method is sensitive to the fluids used, e.g., using 

Electrical Impedance Tomography (EIT) instead of ECT for 

conductive fluids. Second, the accuracy-dependence on flow 

regime structures implies that different flow regimes yielding 

from variation in the fluid properties, i.e., viscosity and density, 

and piping setup may limit the system operational envelope. 

Furthermore, although the results presented are based on 

horizontal flow configurations, different pipe inclinations 

would also affect the flow regimes, the method should still be 

applicable. 
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