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ABSTRACT 

 

Oil and gas, mineral and water supply plants are the typical example of industrial facilities 

where they need accuracy in fluid flow measurement's procedures. In these installations, large 

quantities of materials are moving daily inside pipes, and one of the major problems of these 

industries is the safety of operations in transport of these materials. In order to monitor the 

transference processes many flowmeters are installed in the pipes to measure constantly the 

condition of the transported fluid. These flowmeters must be periodically calibrated, and one 

of the problems in this standardization is that these instruments need to be removed from the 

pipelines where they are operating and transported to the accredited laboratories to be 

calibrated. To remove a flowmeter from a pipe is not an easy operation, and in most of the 

cases, it is a very expensive operation, and in addition, any changes in the pipeline 

configuration can provoke leaks and when a leak occurs, it is impossible to operate the whole 

line and provokes accidents. Radiotracer technique is noninvasive fluid flow measure and using 

proper radiotracers is possible to measure organic, aqueous and gaseous flows without any 

disturbance in the normal operation of the pipeline. In this work, we present the 

ATOMUM_TRACER, a software used to determine geometrical and technical procedures to 

calculate the Residence Time Curves using radiotracer techniques to accurately measure flow 

of fluids in pipelines with uncertainties around 0.7%.  

 

 

1. INTRODUCTION 

 

 

In different sectors of industry, pipelines transport several kinds of fluids. These facilities work 

continuously, and they are installations where large quantities of distinct products (organic and 

aqueous liquids or gases) are moving. The advantage of this mode of transport is the economy 
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of time and money for to move of huge quantity of material over long distances and the 

simplified system of loading and unloading of products. 

 

It is evident that they need devices to control and to monitor this operation and for this, there 

are many sensors analyzing the fluid movement in real time. One of the major problems in a 

pipeline operation is to guarantee the safety in liquid movement, and this is done using 

flowmeters installed throughout the pipeline. Typically, these instruments are invasive 

(thermocouples, pressure transducers, and ultrasonic meters) and a more attractive alternative 

to measure the flow and calibrate flowmeters is to employ nuclear techniques such as 

radiotracer methods. Using a proper radiotracer, specific for the material moving inside the 

pipeline, is possible accurately to measure the flow without any disturbance in the normal 

operation of the pipeline.[1,2] 

 

Using calibrated flowmeters, those who are responsible for the installation can get information 

about the process inside the ducts, and thus they can correct operational problems and can 

perform assertive improvement actions to guarantee safety procedures, minimizing the 

possibility of accidents, these promote increase in productivity. 

 

Another important factor in the calibration of flowmeters is economic: products are transported 

for kilometers in pipelines, and they can change owner since their origin to the end user. In 

each custody transfer, both the consumers and the suppliers expect the cost sharing to be 

measured reliably. The calibration of the Flowmeters is fundamental for the accurate 

measurement of the volumes transported and thus guarantee not only the correct collection for 

the supplied fluid, but also as it allows proving that the correct quantity arrived at its 

destination. 

 

For example, in Brazil for oil and gas industries, the ANP (Agencia Nacional do Petróleo), the 

Federal agency witch regulate and supervise activities of members of the oil and gas industry, 

in Portaria Conjunta Nº 1[3] establishes the values as the minimum requirements for errors and 

uncertainties in oil and gas flow measuring, according ANP these values are: 

 

 Oil  -  Tax collection: ± 0.3 %, calibration intervals: 06 months 

                       Purchase / sale transactions: ± 1.0 %, calibration intervals: 12 months 

 Gas  -  Tax collection: ± 1.5 %, calibration intervals: 03 months 

            Purchase / sale transactions± 2.0 %, calibration intervals: 24 months 

 

Accurate flow measurements, within this range of uncertainties, require special procedures and 

the calibrations of these flowmeters are performed in authorized laboratories. This operation, 

in turn, requires highly qualified staff to perform, and it is very expensive. Using radiotracer 

methodology, the calibration can be done with the flowmeter installed in the pipeline, but as in 

traditional method, this calibration procedure needs very well established methods so that the 

uncertainties are around 0.5%. 

 

To guarantee results with 0.5% three important aspects should be considered in planning an 

accurate flow measurement using the radiotracer method to achieve a precise result: 

 

 Geometric: caused by the influence of dimensional parameters such as pipe diameter, 

scintillator detector’s size, use of lead shielding and collimators and the correct location 

of measurement points; 



INAC 2017, Belo Horizonte, MG, Brazil. 

 

 Radiological: interferences caused by type of injected tracer, total injected activity, 

signal-to-noise ratio and possibility of electromagnetic interference of pumps and 

motors; 

 Technicians:  quality in the injection method; distance between the injection point and 

measurement points and the parameters of the experimental data acquisition system. 

 

The objective of this work is to present the software (ATOMUM_TRACER) developed to help 

de user to correctly determine the geometric and technical parameters that define the best 

geometry for the NaI pipeline-detector system aiming to measure the oil and gas flow according 

to ANP Regulamentation. 

 

As input data, the user provides the geometric characteristics of the duct system / scintillator 

detectors (dimensions, opening of collimators) and the radiological characteristics of the 

experiment (injected activity, gamma-ray energy). The region subtended by the intersection of 

the pipeline, and the scintillator detectors define a trapezoidal cylinder whose dimensions 

depending on the scintillator crystal's size, the collimator´s aperture and the detector-pipe 

distance. To calculate both the solid angle subtended by the system pipe/collimated scintillator 

and the real area inside the pipe visualized by the detector the software uses a Monti Carlo 

integration method. All these values must be measured with the maximum precision because 

as the radiotracer cloud moves through the pipe. 

 

If the scintillator detector has been poorly positioned, the pipe may have a portion not 

visualized by the detector and any tracer moving inside this portion would not be recorded. For 

the transient time method, this fact would not be so problematic because the total activity 

injected is not considered important. This situation demonstrates that the initial planning was 

not optimized because we will be using an unnecessary amount of tracer, but for the Total 

Count Method, [4], that is based upon the measurement of all injected activity, an improper 

positioning of the detector would result in an incorrect result. 

 

The software allows the user to perform the mathematical smoothing (Savitzky–Golay filter) 

of registered data and subtraction of background radiation is done using a mathematical process 

of modified polynomial adjust proposed by Ruan an Dai [6]. Using the ATOMUM_TRACER 

software is possible to interpolate new data (maximum of 100) between successive measured 

signals, to simulate a shorter time interval between successive counts. This is done using a 

cubic spline function adjusted to the measure data. The spline is a connected group of cubic 

polynomials fitted to the data points so that adjacent curves join each other with continuous 

first and second derivatives. With this method is a possibility simulate a decrease the time 

interval between two recorded counts and optimize the numerical integration for calculating 

the Residence Time Distribution functions (RTD). 

 

 

2. ACCURATE OIL FLOW MEASUREMENTS WITH RADIOTRACER 
 

 

In the Transit Time method, (TT), the tracer is injected into the system as a short pulse, and 

this pulse travels with the fluid inside the pipe and is monitored, at least, in two positions 

downstream using two detectors mounted outside the pipe. Under different flow conditions, 

the total number of gamma rays detected is inversely proportional to the velocity of flow, but 

is independent on the way in which the radioactivity is spread out along the segment of the 
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fluid stream due to flow conditions; that is, a radioactive cloud is always registered by the 

scintillator detectors. 

 

The best flow situation is “plug flow” but this is only a mathematical flow model and in, real 

case; the injection is a fast pulse with the radiotracer mixing with the principal flow because 

the axial dispersion. To obtain an ideal radioactive cloud, both the tracer molecule and the 

injection process need to be the best for the situation. The length of pipe between the detectors 

can be calculated with sufficient accuracy and then the volume of pipe between the detectors 

is calculated. In principle, the length of pipe between the detectors should be straight and 

uniform. However, a few bends and corners will not affect the accuracy in the method, but 

devices such as valves or orifices, which will change the fluid conditions and affect the 

radioactive cloud profile in the pipeline, must not be situated between the detectors. This 

method is only used in fully filled pipelines; the liquid velocity is measured considering the 

transitory time between the signals registered by the scintillator detectors, and the flow rate is 

calculated by: 

 

2 1

V A  L
Q            Q    

  T     -     
                                               (1) 

 

Q   -   Flow rate (m3 /minutes) 

V   -   Pipe volume  

T   -   Transient time between detector 1 and detector 2 (minutes) 

i  -   Mean residence time of tracer in position i 

A   -   Pipe internal cross section (m2) 

L   -   Distance between detector 1 and detector 2 (m) 

 

The mean residence time is fist statistical moment centered in the origin: 
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Ci   -   Counts/seconds registered by the detector in time ti 

 

From (1) is possible to calculate the standard deviation for Q: 
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The standard deviation for  is the second statistical moment centered in media : 
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The separation L is not a critical data, and can be accurately measured resulting in a (L/L) as 

low as possible changing P1 and P2 positions. The same for (A/A) but the TT method only 

applies in situations where A is precisely defined, so it must be ensured that there is no material 

deposition nor corrosion in the pipe internal wall. 

 

The most effective contribution to the uncertainty in Q is due to uncertainty in determining the 

mean residence time  and  , respectively the 0-order and second order statistical moment of 

RTD curve. In cases of large dilutions or if by imposing radiological safety, the tracer signal 

registered by the scintillator detectors at P1 and P2 are very low and the noise/signal ratio is 

adverse the software enable the use of mathematical methods for data smoothing and cubic 

spline interpolation to improve the accuracy in the calculation of statistical moments. 

 

 

3. RESULTS 
 

All the results were measured on the simulation pipelines for organic flow in the IEN 

radiotracer laboratory. The experimental pipelines were built in 2” and 3/4 " PCV ducts with 

18 meters length and where Lubrax Essential © 20W50 API SJ / SJ ANP lubricant oil is used 

as oil phase. A pump with a maximum flow equal to 660 l/h and 850 rpm forces the movement 

of the oil h and the pipeline is pressurized with 9 bars. An electronic system regulates the oil 

flow and as radiotracer was used 123I [5]. In this work the experimental tests were performed 

for oil flowrate equal 120 l/h and the scintillation detectors were placed the first one at 2.0 m 

from the injection point and the second one at (6.000 ± 0.005)m from the initial one. 

 

The first test with ATOMUM_TRACER was in background subtraction in 2”pipeline and a 

1.5'x1. 5' scintillator detector with the front face fully exposed, and the side face shielded with 

2’ of lead. A fast pulse was injected 2.0 ml with oil labelled with 123I. The Figure 1 shows the 

radiotracer movement registered each 0.05 s. 

 

In the figure is clear that the interference and this contribution must be subtract in order to 

calculate the RTD curves. There are some possibilities to do this subtraction; the most common 

is the adjustment of a straight line by two points defined by the user. However, this procedure 

depends greatly on the user's personal assessment and can introduce errors in the transient time 

calculation. For example, if the user is too restrictive, he can suppress data from the radiotracer 

signals when he considers the two selected points as being above the proper level of the 

background radiation; alternatively, conversely, when he is less restrictive, he can add data 

selecting the two points under the correct background level. Another possibility is to adjust a 

polynomial curve to the background and then subtract at each point the background interference 

in the measure data. 

 

The main advantage of the polynomial fit is its simplicity and effectiveness, but its failure 

depends upon the range of data to be selected to fit the sixth degree polynomial to the data so 
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that the polynomial represents the actual contribution to the background radiation in the entire 

range in which the measurement was performed. As shown in Figure 1, in the case of the two-

point method, there is a portion of the radiotracer signal that is not being considered. This error 

in the definition of the Background contribution causes a smaller value for the area under the 

curve and an incorrect value for the mean residence time, , for the registered signal. 

 

 
Figure 1 – Signal registered by NaI scintillator detector in position 1 and using two points 

method and multi-polynomial method to subtract the Background contribution 

 

 

In the Figure 1, we clearly have an interval defined before (between t = 0.0 and t = 50) and 

after the (between t = 170 and t = 300) the passage of the radioactive cloud. Simply fitting a 

polynomial curve does not guarantee an adequate result for the subtraction of the background 

radiation. In an automated background subtraction, subjective direct human intervention must 

be minimized, and thus an interactive method must be addressed to obtain more truly 

representative tracer curves. In ATOMUM_TRACER software we use an interactive method 

that adjusts curves sequentially until finally obtain the best polynomial beneath the NaI 

spectrum (the algorithm stops when de chi-2 is less than 0.1). 

 

Another mathematical method studied to optimize the software was the numerical integration 

process of tracer curves, called numerical quadrature. These methods are based in approximate 

the definite integral as a sum of incremental area. In order to choose the best mathematical 

method of numerical quadrature, a theoretical pulse with normal Gaussian shape was used, 

simulating a plug-flow tracer pulse with maximum at t= 50.00s, gauss dispersion equal to 5.00s 

and interval between counts Δt= 0.05 seconds. The simulated RTD is: 

 

                                                              𝐸 (𝑡)  =
1

𝜎√2𝜋
 𝑒

−(𝑡−𝜏)2

2𝜎2                                                 (5) 

 

  -  Mean Residence Time (first statistical moment) 

  -  Gauss variance (2th statistical moment around mean) 

 

The theoretical value of the area under the curve was obtained by integrating the Gaussian 

function; the mean residence time was obtained by the theoretical calculation of the first 
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moment around the origin and the variance as the second moment around the mean.[7]. These 

values were calculated using the three numerical quadrature mathematical methods: 

 

 

 Method 1: Integration using the sum of the area of successive rectangles; 

 

 𝐴𝑟𝑒𝑎 𝑡𝑖𝑛𝑖

𝑡𝑜𝑢𝑡   = ∆𝑡 ∑ 𝑓(𝑡)
𝑡𝑜𝑢𝑡
𝑡𝑖𝑛𝑖

                                                (6.a) 

 

 

 Integration using the sum of the area of successive trapezoids; 

 

 𝐴𝑟𝑒𝑎 𝑡𝑖𝑛𝑖

𝑡𝑜𝑢𝑡  =
∆𝑡

2
[𝑓(𝑡𝑖𝑛𝑖)  +  𝑓(𝑡𝑜𝑢𝑡)   + ∑ 2𝑓(𝑡)

𝑡𝑜𝑢𝑡−1
𝑡𝑖𝑛𝑖+1

 ]    (6.b) 

 

 

 Integration using the Simpson’s 3/8 rule 

 

 𝐴𝑟𝑒𝑎 𝑡𝑖𝑛𝑖

𝑡𝑜𝑢𝑡   =
∆𝑡

3
[𝑓(𝑡𝑖𝑛𝑖)  +  𝑓(𝑡𝑜𝑢𝑡)   + [∑ 4𝑓(𝑡)

𝑡𝑜𝑢𝑡−1
𝑡𝑖𝑛𝑖+1

]
𝑡 𝑜𝑑𝑑

 + [∑ 2𝑓(𝑡)
𝑡𝑜𝑢𝑡−1
𝑡𝑖𝑛𝑖+1

]
𝑡 𝑒𝑣𝑒𝑛

 ]    (6.b) 

 

 

 

The results of three methods are shown in Table 1, in all cases, the integration was calculated 

using double precision data in the numerical software to integrate de perfect piston flow model.  

The simulations were performed without considering the presence of any kind of noise so that 

we could compare the results for the Transient time  and the variance 2 with the theoretical 

value of the parameters of the Gaussian curve.  

 

It is clear that the Simpson’s 3/8 rule is the best method to integrate the experimental tracers 

curves and in ATOMUM_TRACER software all the transient time curves are calculated using 

this numerical integration method. 

 

 

Table 1: Comparing numerical integration methods for a simulation perfect piston flow model 

 

 Total Area 

(Percentage Error) 

Transient Time (s) 

(Percentage Error) 

Variance 

(Percentage Error) 

Method 1 

 

0.9985572  

(0.144) 

50.082 

(0.164) 

24.9239 

(0.304) 

Method 2 

 

0.998846 

(0.115) 

49.93853 

(0.123) 

24.9623 

(0.153) 

Method 3 

 

0.9996546 

(0.025) 

50.0097 

(0.019) 

24.9948 

(0.011) 

Theoretical Value 

( Gauss Curve) 

1.0000 50.0000 25.0000 
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Check the mathematical methods that optimize the procedures for the calculation of the RTD 

functions the oil flowrate measurements were done in the 3/4 " experimental pipeline. The 

result for flowrate equal to 120 l/h is shown in Figure 2. 

 

In the experiment Case 1, 740 kBq (0.2 mCi) of labelled oil were injected as a fast pulse using 

a syringe (2.0 ml). The geometric parameter (distance pipe/detector, collimation aperture) was 

optimized using the software to guarantee the complete visualization of tracer cloud inside the 

pipe. All detectors had the lateral area completely blocked by 2.0” of lead.  

 

The curves for both detectors show a typical plug-flow with small dispersion flow and the 

signal/noise ratio is so high that is simple to define the points to fit a polynomial curve to 

subtract the background. This last statement proves how important is the precise and correct 

definition of the geometrical and radiological parameters so that the results of the flow 

measurement are in accordance with the conditions imposed by the ANP standard. 

 

 
 

Figure 2 –Radiotracer 123I detected by the scintillator detectors in oil line (internal diameter 

¾” and flowrate equal to 120 l/h) 

 

 

Three different experiments, was done in the same conditions and the results are in Table2, in 

all of them, only background subtraction and Simpson’s 3/8 integration rule was used. No 

interpolation and no smoothing process was applied to the experimental data.  

 

The final value for the oil flowrate is (120.73  ± 1.63) liters/minute. This is has uncertainty 

equal 2.7% , above the reference value of the ANP standard for purchase and sale operations 

but too much above compared to the reference value for tax collection. This proves the 

necessity of additional mathematical methods to decrease the uncertainty in the measurements 

and guarantee a precise and unbiased result. 
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Table 2:  Results for three different flow measuring in ¾” pipeline and experimental data 

without Savitky–Golay filter  

 

CASE 1 

QT= 120 l/h 

 (T ± T) s  (Q ± Q) l/h 

 

 

 

L (m) 

6.00±0.005 

 

A (m2) 

(2.85e-4 ± 0.42e-6) 

 

1 52.54 ± 0.65 117.18± 1.44   

2 50.64 ± 0.57   121.57  ± 1.37 

3 49.87 ± 0.61 123.45  ± 1.51 

Qmean   =    

Uncertainty %  =   

Error %  =   

120.73  ± 3.21 

(2.7 %) 

(0.61 %) 

 

 

To study the influence of noise in measuring flowrates, we simulate situations where the 

signal/noise ratio was deteriorated as a real situation with electromagnetic interferences or 

when using a low activity injection. White-noise spectra with different amplitude was added to 

an actual data measure and then applied a Savitzky–Golay smoothing process.  

 

Figure 2 shows this interference, the curves in gray color show with the noise contribution and 

the colored curves, red for the detector position P1 and blue for the detector position P2 

represents the smoothing data using Savitky–Golay filter. In any case, the RTD curves were 

calculated and the experimental,  and , data had been determined using equations 2 – 4 and 

the flowrate was calculated. For any situation three different experiments were performed and 

a mean flowrate Q. 

 

 

 
 

Figure 3 Signal for Q= 120 l/h registered by the scintillator detectors positioned in P1 and P2 

using oil labelled with 123I as tracer and added with white noise ( signal/ noise ratio = 10), 

gray lines are the original signal and colored lines are smoothed curves. 
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All the results for three different experiment are in Table 3 for data with white noise added and 

no soothing. The result for case 2 is (117.21 ± 1.61) liters/minute is quite precise (uncertainty 

equal 1.38%), but inaccurate compared with the true value for oil flowrate, 120 liters/ minute. 

This demonstrate how important is to control the signal-noise ratio in a real measurement.  

 

 

Table 3:  Data with white noise without Savitky–Golay filter  

 

 

 

CASE 2 

QT= 120 l/h 

 (T ± T) s  (Q ± Q) l/h 

 

White noise add 

No Savitzky–Golay 

 

L (m) 

6.00±0.005 

 

A (m2) 

2.85e-4 ± 0.42e-6 

 

1 52.42 ± 0.71 117.45 ± 1.58   

2 53.31 ± 0.77   115.48  ± 1.45 

3 51.87 ± 0.68 118.69  ± 1.51 

Qmean   =    

Uncertainty  =   

Error %  =   

117.21  ± 1.61 

(1.38) 

(2.33) 

 

   
This problem is happens in these situations: 

 Radiological: the injected activity was below the value necessary or gamma energy is 

not enough to cross all the physical barriers (pipe thickness and material, presence  of 

thermal insulation coating the pipe, underground pipes); 

 Chemical: radiotracer with high dispersion in fluid, tracer pulse is quickly disperse in 

the fluid and the signal registered by the detectors are near background signal. This is 

more significant for scintillator detectors far from the injection point ; 

 Geometrical: the detectors are not correctly positioned and collimated. 

 

 

In case 3, the data used in case 2 are recalculate using a smoothing filter before the background 

subtraction and then the subroutine to interpolate 20 new data between two sequenced data 

reducing the data interval Δt to 0.001 s. In Figure 3, the filtered and interpolated tracer curves 

are the red for detector in position 1 and blue for detector in position 2. Using the Savitky–

Golay filter is easier for the software users to define the background interval and the points for 

begin and finish the integration process. Since the time interval between counts is 20 times 

smaller than the original data, the integrals to calculate the RTD functions are more accurate.  

The results of case 3 are show in Table 4 

 

The value calculate for oil flowrate for three experiments is (120.60  ± 0.58)liters/minute, it is 

precise (uncertainty equal 0.48%) and accurate (error % equal 0.50) compared with the true 

value. This result is in accordance with the limit established by the ANP standard. 

 

 

 



INAC 2017, Belo Horizonte, MG, Brazil. 

 

Table 4:  Data with white noise with Savitky–Golay filter  

 

 

 

CASE 3 

QT= 120 l/h 

 (T ± T) s  (Q ± Q) l/h 

 

White noise add 

Savitzky–Golay 

smooth 

 

L (m) 

6.00±0.005 

 

A (m2) 

2.85e-4 ± 0.42e-6 

 

1 51.94 ± 0.675 119.94 ± 1.334   

2 50.45 ± 0.34   120.83   ± 0.94 

3 50.87 ± 0.71 121.02  ± 1.40 

QMedia   =    

Uncertainty %  =   

Error %  =   

120.60  ± 0.58 

(0.48 %) 

(0.50) 

 

  
 

 

 

3. CONCLUSIONS  

 

The results show the Transient Time method is accurate to measure the oil flowrate in pipelines, 

but in order to be in agreement with the Brazilian ANP/IMETRO Nº 1 Resolution, procedures 

must be obeyed. First are the correct definition of geometric parameters (positioning and 

collimation of the scintillator detectors) and radiological parameters (correct radiotracer 

activity to optimize the signal-noise ratio and injection pulse nearest of a fast pulse).  

 

In three cases, all the results have uncertainty is between 0.48% and 2.33% but is clearly the 

contribution of Savitky–Golay filter is positive, because as seen in case 3, in spite of the white 

noise, the calculated result for the Q is the best of the three cases.  

This is because two reasons: first, a clear definition of the background polynomial is essential 

in RTD curves for the background subtraction and second, when use an interpolation routine 

the error in integration method is minimized. The same results were measured for oil flowrates 

with 400 l/h and 800 l/h and these results will be published in the future. 
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