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Abstract. The article discusses issues related to the estimation of the sedimentating solid particles average 
flow velocity in an open channel using radiometric methods. Due to the composition of the compound, which 
formed water and diatomite, received data have a very weak signal to noise ratio. In the process analysis the 
known determining of the solid phase transportation time delay the classical cross-correlation function is the 
most reliable method. The use of advanced frequency analysis based on mutual spectral density function and 
wavelet transform of recorded signals allows a reduction of the noise contribution. 

1 Introduction  
Movement of mineral particles may vary in a broad range 
and has crucial influence on the new geological layers 
creation [1-3]. 

The ability to simulate a slurry current in a laboratory 
open channel enables a study of the geological formations 
mechanisms, including geochemical and geological 
processes of hydrocarbon traps. From other site 
examination of flows in rocks on a microscale may help 
among other in extraction of oil and natural gas [4]. In 
addition, some industrial processes, such as handlers of 
water treatment are also often done in open channels. 

The authors focus on using radiometric equipment in 
open channel measurement [2, 3, 5, 6], which may be a 
complementary method to other investigations 
procedures [7-10]. 

2 Radiometric absorption method 
Figure 1 shows a measurement in the channel with 
installed absorption set, comprising two sealed 
radioactive sources and two scintillation probes. As a 
source of the gamma radiation, two sealed 137Cs isotopes 
with activities of 100 mCi, placed in collimators (2) 
spanned of L = 90 mm were applied. Exactly at the 
opposite trough’s side a couple of probes with NaI(Tl) 
scintillation detectors were installed in the collimators 
(3). The photon beam (4), which is shaped by the source 
collimator, passes through the flowing slurry, and some 
photons are absorbed depending on density and content 
of the flow. The rest of the photons reach the probes, and 
produce counts rates Ix(t) and Iy(t). The resulting signals 

are stochastic and because of the geometry of the 
measurement and a small density of diatomite they have a 
low signal – noise ratio. 

3 Laboratory stand  
The general view of the research installation is presented 
in figure 2. It was built in the Sedimentological 
Laboratory of the Faculty of Geology, Geophysics and 
Environment Protection of the AGH University of 
Science and Technology in Krakow. The installation 
schema is presented in figure 3. It is comprised of an 
open channel W = 500 mm width, D = 200 mm depth and 
H = 400 mm high (1) with glass walls used for 
examination of slurry sedimentation and transport. The 
flow from the feed tank (2) through the trough goes 
gravitationally to the overflow tank (3) and is returned by 
a sludge feed pump (4) via a pipe (5). The prepared 
beforehand a sedimentation compound may be supplied 
to the installation through the overflow tank (3) or a rock 
spall conveyor (8). The slurry rate may be control by 
adjustment of the stream height (6) and throttle valve (7) 
position. Moreover, the channel inclination angle may be 
set by a screw support adjustment. The gamma 
absorption set was placed on a special measuring trolley 
(9), while the ultrasound meter (10) was secured directly 
at the trough wall. The trolley (9) enables not only the 
absorption set to be installed, but also the installation of 
other equipment e.g. a depth gauge or a camera. The 
applied ultrasound meter Controlotron UNIFLOW 990E 
allows the liquid velocity measurements to be done with 
an uncertainty below 1%. 
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Figure 1. Idea of two-phase flow measurement in an open channel by γ-ray absorption method: 1 - open channel with the flowing 
mixture of 2 - collimator with two gamma-ray sources 137Cs, 3 – a set of two scintillation probes NaI(Tl) with collimator, 4 – γ-ray 
beam. 

 
Figure 2. General view of the research installation with the radioisotope absorption set installed on the measuring trolley. 
 

 
Figure 3. Schema of installation: (1) open channel, (2) the feed tank, (3) the overflow tank, (4) a sludge feed pump, (5) connecting 
pipe, (6) the sluicegate, (7) throttle valve, (8) a rock spall conveyor, (9) an special measuring trolley, (10) the ultrasound meter, (11) a 
brief water-level gauge. 
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In addition, the installation was equipped with a brief 
water-level gauge (11), used like the ultrasound meter for 
evaluation of the averaged water velocity, but with lower 
accuracy.  

4 Signal analysis and exemplary results 
The voltage pulses from probes are recorded with 
Δt = 1 ms sampling rate and single record contain 
N = 300000 samples. Figure 4 show Ix(t) and Iy(t) signals 
obtained in run GGO0010. 
  
a) 

 
b) 

 
Figure 4. Exemplary signals received from the scintillation 
probes for run GGO0010. 
 
 The determination of the average solid particles 
transportation time delay �0 is necessary to specify the 
velocity of solid phase between detectors. Due to low 
signal-to-noise ratio (SNR), the classical cross-correlation 
function (CCF) has to be applied [11-14].  
The CCF is defined as follows: 

 � +⋅=
∞→

T
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where: T - averaging time, τ - time delay. 
Determination of transportation time delay �0 is based on 
finding the position of main maximum of the CCF: 

 ( ){ } ( ){ }00 argmaxargˆ τττ xyxy RR == . (2) 

 However, the resulting distribution for the GGO0010 
run, has a significant share of noise, so it is hard to 
precisely determine the transportation time delay. For the 
signal-to-noise ratio improvement the following methods 
were applied:  
• digital filtration based on signal analysis in the 

frequency domain, 
• noise reduction by the discrete wavelet transform 

(DWT). 
 In the first case proper reduction of boundary 
frequencies improve the useful part of the cross-spectral 
density function (CSDF) [12-14]: 

 �
∞

∞−

⋅⋅−⋅= ττ τπ deRfG fj
xyxy
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Constructed in this way a bandpass filter rejects 
undesirable low and high frequency components. The 
obtained correlogram is shown in figure 5a.  
 
a) 

 
b) 

 
Figure 5. Cross-correlation function after: (a) the application of 
bandpass filtering, (b) denoising using wavelet transform. 
Dashed line indicates the time delay. 
 
 The second method uses the discrete wavelet 
transform (DWT), which found practical application for 
the first time in the analysis of seismic data by Morlet 
[15] and is performed in the time domain. Currently 
DWT is widely used in the signal processing for noise 
reduction, compression, etc., not only in geophysics but 
also medical diagnostics and other technical fields [15-
18].  

EFM 2014 

02121-p.3



 By means of DWT the Ix(t) signal can be represented 
as [15-17]: 
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wherein dm,n are the coefficients calculated in the 
equation: 
 
 ( )� ∗⋅= dtttId nmxnm )(,, γ . (5) 
 
 In turn, gm,n(t) are base functions arising from scaling 
and translation of the mother wavelet γ(t): 
 
 ( ) ( )nttg mm

nm −⋅= −− 22 2
, γ . (6) 

 
γm,n(t) function is a dual to gm,n(t) one. Most of the 
currently used wavelets are orthogonal functions. 
However, a family of wavelets exist, which are not 
orthogonal, but biorthogonal (bior) one. Such functions 
are only orthogonal to each other in pairs, and in many 
cases significantly better bulge the characteristics of the 
signal. An important application of the DWT is the level 
rejection details of analyzed information. In this case the 
biorthogonal 3.1 wavelet was applied, where details were 
rejected at the level of 6. The effect of this processing of 
the CCF is shown in figure 5b. 
 Uncertainties of the average transportation time delay 
determination based on the standard deviation σ of the 
Gaussian distribution fitted to the CCF peak, then:   
 
 ( )

z
uA

στ =0ˆ , (7) 

 
where: z – number of points selected for fitting procedure 

After determining the time 0τ̂  and knowing the 
distance L between the probes it is possible to calculate 
the average flow velocity of solid particles [2, 3, 5]: 

 
0τ̂

υ L
S =  (8) 

Since the average velocity of this phase is determined in 
an indirect way, so to estimate the result accuracy, the 
propagation of uncertainty was used [19]: 
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where: uB(L) – the standard uncertainty of the distance of 
the deployed detectors measurement (for this set equal to 
0.1 mm), ( )0τ̂Au  – the standard uncertainty of the average 
transportation delay determination.  
 The A and B indexes stand for respective uncertainties 
of type A and B.  

In table 1 the results of estimation of transportation 
time delay and average velocity of solids obtained for run 
GGO0010 are listed. In addition υW water velocity, 
measured by the ultrasound flow meter is added. 

Table 1. Results of time delay and velocity estimation using 
CCF and two methods of noise reduction for run GGO0010 

 
Denoising 

method 
0τ̂  

ms 
( )0τ̂Au  

ms 
Sυ  

ms 
( )SCu υ

ms 
Wυ

ms 

|CSDF| 994.4 2.0 0.0905 0.0002 
0.134 

DWT 994.6 2.2 0.0905 0.0002 

5 Conclusions 
The presented measuring system based on the absorption 
of gamma radiation allows determination of the average 
flow velocity of sedimenting solid particles. 
Improvement of transport time delay estimation for 
signals with low signal to noise ratio is possible due to 
the use of the cross-correlation function and filtration 
performed in the frequency domain by analyzing the 
cross spectral density function, or in the time domain 
based on the discrete wavelet transform for recorded 
signals. Both methods give similar values of 0τ̂  (figure 5) 
and average solid phase velocity, with the uncertainty of 
several per mille (table 1). Such uncertainties obtained in 
the exemplary measurement GGO0010 not exceed 0.5% 
of average velocity of solid particles, which proves the 
precision of the measurement. Very similar results were 
obtained in the other laboratory measurements [2]. 

In addition, the use of an ultrasonic meter, allow 
determination of average water flow velocity and flow 
rate in the channel, which is required for investigation of 
the phases interactions and verification of mathematical 
models of solid particles transportation phenomena.  

Moreover gamma-ray absorption as noninvasive 
method can be used in investigations of flows in open 
channels or pipelines. Constrain in those proposal arise 
mostly from rigorous safety regulations reducing the 
radiation hazard during application of radioactive 
isotopes. 
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