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Abstract. This paper presents application of gamma-ray absorption method to liquid-gas flow 

investigation in a pipeline. In the described measurement two sealed 
241

Am radioactive sources 

and probes with NaI(Tl) scintillation crystals have been used. For the analysis of digital signals 

provided by detectors, a traditional cross-correlation function (CCF), and modified correlation 

methods based on the quotient of CCF and average magnitude difference function (AMDF), as 

well as the quotient of CCF, and average square difference function (ASDF) have been 

proposed. Exemplary results of the mean velocity determination of the gaseous phase 

transported by a liquid in the water-air mixture flow were demonstrated and the evaluation of 

its uncertainty have been presented.  

1. Introduction 

Two-phase flows occur frequently in nature and industry, e.g., in the transportation of such mixtures 

as a liquid-gas, or liquid-solid particles transported by a gas or liquid. Measuring the velocity or the 

flow rate of these components is difficult and frequently requires the use of non-invasive methods. The 

analysis of flow parameters and its control encourages the use of advanced measuring techniques, 

employing among others electrical tomography, ultrasonic or Coriolis flow meters and radioactive 

isotopes. The last technique uses tracers injected under certain conditions into the flow, or one based 

on the sealed radioactive sources emitting gamma ray and application of its absorption [1] - [6]. In the 

both cases as detectors of radiation, a scintillation probes may be mounted outside of the analyzed 

stream. 

The typical equipment for a gamma-absorption measurement consists of a sealed radioactive source, 

and a scintillation probe which is used to record density or selected phase concentration in the stream. 

By employing of two such sets it is possible to measure additionally the velocity of a minority phase 

of the flow. The sources used in such equipment are placed at the L distance one from another at one 

side of the pipe, as shown in figure 1. Due to two parallel photon beams shaped by collimators, 

continues analysis of the mixture is possible. At the opposite side of the pipe the probes are installed, 
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and the output of count rates Ix(t) and Iy(t) are recorded. These signals depend on the condition of the 

mixture in the pipe’s cross sections and describes the instantaneous state of the flow [5]. 

 

 

Figure 1. The principle of the gamma-absorption measurement in a horizontal pipeline: 1 – sealed 

radioactive source; 2 – collimator of the source; 3 - collimator of the detector; 4 - probe;  

5 – pipeline. 

 

The statistical comparison of two such signals allows determination of the time delay τ0 necessary for 

transportation of the minority phase of the flow, and then its mean velocity υA from the following 

formula: 

 0 /LA   (1) 

2.  Laboratory stand 

Figure 2 illustrates the piping constructed in the Industrial Radiometry Laboratory of the AGH 

University of Science and Technology in Krakow, Poland. The installation is part of stand constructed 

for investigation of the liquid-gas mixture flows, simulating the typical processes which occur e.g. 

during transportation of the crude oil and natural gas mixture. For investigation purposes a measuring 

section of 4.5 m pipe from metaplex with 30 mm internal diameter was used, where the linear velocity 

of the liquid was adjusted in the range from 0.5 to 2.5 m/s. 

The station is equipped with a data acquisition system, a computer with appropriate software which 

permits statistical analysis of signals obtained from the detectors and ultrasonic flow meter. In the 

presented investigation two 
241

Am isotopes emitting photons of 59.5 keV energy were used, as well as 

the detectors with NaI(Tl) scintillation crystals. Two probes are placed with the distance of L = 97 mm 

between them.  
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Figure 2. A graphical presentation of the piping for the liquid-gas mixture flow’s investigation:  

1 – sealed radioactive source; 2 – probe; 3 – pipe; 4 – pump; 5 – compressor; 6 – air-removing 

container; 7 – air nozzle; 8 – shifting system of probes; 9 – ultrasonic flow meter. 

 

The piping allows additionally application of radiotracers to determine the selected mixture’s 

component transportation. A more detailed description of the station is given in [7]. 

3. Methods of signals analysis  

The voltage pulses Ix(t) and Iy(t) provided by the scintillation probes in accordance with figure 1 were 

counted within a selected sampling interval Δt, and create discrete time signals x(n) and y(n). These 

signals as one recorded in radioisotope measurements deliver not only the statistical property of the 

analyzed flow, but also significant influence of the radiation background, electronic noises, and 

fluctuations of the nuclear decay. Appropriately long fragments of these signals, after preprocessing 

(centering, and filtration) are of the ergodic type, and can be fruitfully analyzed by statistical methods 

in time and frequency domains described in detail in [8] - [16]. The well-known cross-correlation 

function (CCF), as well as an average magnitude difference function (AMDF), and average square 

difference function (ASDF), are the methods used chiefly for the estimation of transportation time 

across the selected distance [4], [9], [14] - [16]. The estimator of mean transportation time delay 0̂  

can be obtained as the position of the extremum of the discussed functions. The discrete estimators of 

CCF, AMDF, and ASDF can be presented in the following equations: 
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where: N – number of samples, τ – time delay.  

For the paper we evaluated the above methods and propose to use the combined CCF/AMDF, and 

CCF/ASDF calculations for analysis of signals obtained in gamma-absorption measurements of the 

liquid-gas mixture transportation. These calculations were as follows:  
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The combination of correlation and AMDF formulas was recently proposed to analyze of acoustic 

signals [17]. In result of theoretical considerations of the denominators of equations (5) and (6) we 

proposed to add a small positive number to avoid division by zero. However, for the analysis of real 

signals, particularly for signals obtained from the scintillation probes it is not necessary. 

4. Exemplary results of experiment 

Figure 3 presents plots of the normalized CCF, CCF/AMDF, and CCF/ASDF characteristics obtained 

for the signals recorded in the BUB006 experiment. Normalization was done by dividing values of 

each function by its maximum value. In the BUB006 experiment, the laminar flow was analyzed and 

the bandwidth of signals was about 20 Hz. The data acquisition parameters in this experiment were as 

follows: N = 180000, Δt = 1 ms.  

In calculations the selected range of data around the maximum of the CCF, CCF/AMDF, and 

CCF/ASDF have been approximated with the probability density function p(τ) of the normal 

distribution: 
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where: p0 – normalization level of the Gauss function, σ – standard deviation of the fitted distribution.  

In these cases the 0̂  estimators are determined as the first moment of the fitted distribution [6], [12] 

and the standard uncertainty of the mean transportation time  0̂u  is given by:  
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where m – number of points selected around the maximum. 
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Figure 3. Plots of normalized CCF, CCF/AMDF, and CCF/ASDF calculated in the BUB006 

experiment with m = 100. 

 

The combined standard uncertainty uc(υA) of the measured phase velocity, with negligible small 

uncertainties of the acquisition set, depends on an inaccuracy of uncorrelated L and 0̂  values 

determination: 
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where: u(L) - the standard uncertainty of the distance between the detectors in figure 1.  

Results of the mean velocity υA and its combined uncertainty uc(υA) [18] obtained in the BUB006 

experiment are presented in the table 1. 

 

Table 1. Results of measurements in BUB006 experiment 
   

Method Mean velocity 

υA (m/s)  

Combined uncertainty 

uc(υA) (m/s) 

CCF 0.708 0.012 

CCF/AMDF 0.708 0.011 

CCF/ASDF 0.708 0.009 

 

5. Conclusions 

Comparison of the results presented in the paper shows the following order of increasing uncertainty 

of the gas phase mean velocity: the CCF/ASDF, CCF/AMDF, and CCF. The uncertainties of air 
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bubbles mean velocity in the described experiment did not exceed two percent, which is a satisfactory 

for many industrial measurements. According to the authors, the proposed modified cross-correlation 

method is worthwile for concideration in a similar two-phase flow measurements. 
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