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Abstract. The greatest part of industrial mass transfer is based on continuous transportation of different
substances throughout especially constructed installations. In that kind of practice, a flow of such mass in each
part determines the process unit and can be described by the residence time distribution (RTD) of the substance
inside this unit. This parameter may be evaluated by the properly arranged tracer experiment. It is worthwhile
to notice that flow components are labeling for a sufficiently long time for offering a lot of advanced techniques
fitted to the particular circumstances.

1 Introduction
An analysis of a selected particle or a component
movement in any flow is possible using tracers. In this
approach to investigation, especially convenient are
radioactive elements induced or placed in the examined
substance and consequently detected by a probe located
outside of the process [1, 2]. That opportunity ensures
radioisotopes emitting gamma radiation, when energy of
photons exceeds a hundred kVe. The above mentioned
simple idea has been applied for almost a hundred years
and presently may offer many additional improvements
[3].
The paper focused on a case of the hydraulic
transportation of a solid phase in pipes and in such
processes as a mineral industry where descriptions of the
mass transfer by a residence time or velocity distribution
are applied [4].

2 Velocity Measurements
A popular example of radiotracer application is solid
particles transportation by liquid through a pipeline,
presented in Fig. 1. When we imagine that a single
labelled particle is introduce to the cross section S0 with
the axial momentum equal to zero. Consequently during
transportation through initial section L1, provided the
same axial velocity of that grain, as the most in the
vicinity. In practice, the L1 distance may vary from
several centimeters to meters, depending on accuracy
demanded and turbulence of the flow [5, 6].

a

Fig. 1. Radiotracer measurement in a pipe: S0 – tracer injection
section, S1 – beginning of measuring section, S2 – end of
measuring section, C(t) – tracer concentration, Q – volumetric
flow rate, Im – measured count rate.

After fulfilling that condition, the residence time t in the
pipe section between S1 and S2 allows determining the
local axial velocity vL of the marked grain representing
the solid phase, according to:
vL

L/t

(1)

In case of the one particle experiment there is no problem
with determination of time in which a tracer is passing by
both the S1 and S2 cross sections of the pipe, so the
residence time:
t t2  t1
(2)
The experiment described above would be repeated
several times, for the mean velocity vm of entire labelled
phase determination. That method is comparatively
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simple, but long lasting and during all the time the same
stable condition of the flow is demanded
1 n
vm
(3)
¦ vi
ni 1
Huge reduction of the time spent for the velocity
measurement may be achieved by collecting significant
number of marked particles in the single portion injected
to S0 section in a manner resembling Dirac’s į(t)
distribution. Nevertheless, those facilities are covered by
more difficult measurement and smaller accuracy of
results [7, 8].
In such cases it should be assumed that:
Cin t G t
(4)
is uniformly distributed in a total cross-section of a
stream.
Additionally during this kind of velocity
measurement, the activity of tracers in the injected
portion should be reduced to a level accepted by the
applied probes and safe for the staff involved in the
investigation.
Moreover, the injected sample should be statistically
significant but still below the level devastating the
process stability.
Furthermore, in this method, the recorded data processing
is more complicated by the background determinations
and residence time evaluation procedures. In consequence
a few groups in the world are sufficiently experienced for
the proper arrangement of such measurements.

Fig. 3.The hydraulic installation used for the velocity
measurement’s testing.

This means that the data acquisition set is responding
“no” almost all of the time, except of the situations where
the labeled particle is just in the particular Si crosssection. Such binary information is practically not
influenced by the background radiation. Moreover, due to
the mixture recirculation in the closed loop, the recorded
data, allowed at least 30 times to observe the labelled
grain passing through the measuring section. Due to that,
the set of fluctuated residence times, shown in Fig. 4 was
recorded. Their histogram was very similar to the
residence time distribution E12(t) presented in Fig. 5.

3 Single particle’s velocity measurement
Fig. 2 shows the measurement part of the hydraulic
installation build up in the Central Mining Institute in
Katowice, Poland.

Fig. 2. The idea of the transit time measurement.

During experiments testing solid particles’ velocity
determination, the sandstone grains, about 10 mm
diameter, were transported by water through a steel pipe
over 40 m long, and of 185 mm inner diameter. The
installation used for the testing is presented in Fig. 3,
where the rotation pump forced the flow containing a
mixture of almost equal sandstone grains and water with
1.2 Mg/m3 density. In that case, the solid phase was
represented by a single grain containing radioactive
isotopes of 24Na and 46Sc. Due to that, probes 1 and 2
provided “yes” or “no” information only.

Fig. 4. The results of the single particle’s transit time
measurements.

4 Traditional solid particle’s velocity
measurement
The mostly applied radiotracer’s velocity measurement
based on the join injection of the sample, which in our

2

EPJ Web of Conferences 143, 02092 (2017 )

DOI: 10.1051/ epjconf/201714302092

EFM 2016

case consisted of 30 grains in roughly 10 mm, labelled by
the radioactive isotopes. Moreover, in that case, also the
probes 1 and 2 may record recirculation of total
radioactive sample.

the residence time distributions of tracer derived from the
following equations [9]:
Ei t

f

Ci t

Ii t

f

(7)

³ Ci t dt ³ I i t dt
0

0

and the ordinary j moment of the above distribution
T

³t

M ij

j

Ei t dt

(8)

0

W = 1.74 r 0.14 s

where T – time of observation.
In practice, the T should last until significant part of the
tracer will leave the process, so when in consequence the
radiation emitted by the tracer may be neglected.
For these calculations, the most important is the first
moment, representing mean residence time of the tracer
in the mixing section of the stream L1:

Fig. 5. The first peaks recorded by probes 1 and 2 in the
measurement LA4003.

T

Wi

It is worth to notice that the ideal injection of the
tracer in the examined flow should have a form of į(t)
(Dirac function of time, but uniformly distributed in total
cross-section of a stream). In practice, this condition of
injection is difficult to fulfill, nevertheless it is readily
applied due to limited amount of the tracer activity and
quick measurement. Often the assumption of impulse
injection is satisfied when the tracer is introduced in short
time in relation to mean axial velocity and much shorter
than its residence time distribution E1(t) in the mixing
distance L1.
Though as yet, in practice it is hard to guarantee
uniform distribution of the tracer in the cross-section of
the stream, but the same effect may be achieved by
assuring sufficiently long Li distance which should allow
even distribution of the tracer and give the same velocity
as for the surrounding particles.
In the presented investigation, the above conditions
were fulfilled with the use of radiotracers’ injection into
the inlet of the pump. Subsequently in the result of proper
selection of tracer and measurement’s geometry, the
linear relation between tracer concentration in the i crosssection Ci(t) and count rate originated from the tracer Ii(t)
may be obtained:
Ci t

DI i t

³ tE

i

t dt

(9)

0

Similarly Ĳ2 may be calculated for the section L2 and then
mean transportation delay:

W 12 W 2  W 1

(10)

according to symbols presented in Fig. 1,
L / W12

v

(11)

and the central j moment of Ei(t):
T

P ji

³ t W

j
i

Ei t dt

(12)

0

The velocities uncertainty u(vi) may be approximated by
ıi derived from the second central moment:
T

V i2

P2i

³ t W

2
i

Ei t dt

(13)

0

(5)

In consequence, the uncertainty of the transportation
delay, according to Petryka and Keblowski [10]:

and for the i probe
Ii t

I mi t  I Bi

(6)

u W 12

where:
Di – calibration coefficient,
Ii(t) – effective counts rate originated by the tracer,
IBi – count rate representing the background radiation.

'W 1

2

 'W 2

2

(14)

for the data delivered by the first probe, when low
indexes denote to the moments order:

The classical tracer velocity measurement mostly
applies the moment’s method. The mean axial velocity in
this way may be calculated according to Danckwerts by

2

'W 1

3

·
§ 'M 1 · § 'M 0
¨¨
¸¸  ¨
M1 ¸
2
¨
¸
© M0 ¹ © M0
¹

2

(15)
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where

integral:
'M 1

ª1
º
M 2  « 't n n  1 V B »
¬2
¼

2

I m2' ( t )

(16)

M 0  nV B

n

VB

¦

I Bi  I B

i 1

2

2

n

IB

n n 1
M B0 n

0

(20)

where:
Af – normalizing coefficient,
Im1’(t) and Im2’(t) – signals representing tracer, prepared
for convolution calculations.
In practice, the above integral might be solved with
help of the Fourier transform.

(17)

¦ I Bi2  nI B2
i 1

n n 1

t

³ I m1' ( t  [ )E12( [ ) d[

I m1' ( t ) E12 ( t )

and
'M 0

1
Af

(18)

(19)

n – total number of the background data,
MBO – zero moment of the background.
In the same way u(W2) may be calculated, based on data
delivered by the second probe.
The example illustrating the above calculations was
selected from the measurements conducted in the Main
Mining Institute Laboratory in Laziska, Poland. The
schema of this installation is presented in Fig. 3. During
applied measurement the flow consisted of sandstones
transported by water. As the tracer was selected a sample
consisting of 30 sandstone grains in roughly 10 mm,
activated in the Nuclear Reactor, so radiation of this
marker was emitted mostly by 24Na and 46Sc. The
established distance between probes L = 20.350 m,
provided transportation delay Ĳ12 = 1.74 r 0.14 s, and
mean velocity v12 = 11.6 r 0.9 m/s. The data recorded
during that experiment is shown in Fig. 5, and deliver
results illustrating the described method according to
Petryka and Keblowski [ibid.]. An example of Ii(t)
distributions obtained in radiotracer measurement in
Laziska Laboratory, is shown in Fig. 6 [ibid.].

5 Deconvolution calculations
In the deconvolution method, the radiation recorded by
the first probe Im1(t) may by assumed as the input tracer
to the pipes’ measuring section L.
Actual radiotracer investigations provided signals
Im1(t) and Im2(t) originated by the tracer but also
containing noise. Some part of that noise is caused by
measuring equipment and electronics. Completed
measurements showed that the noise level in recorded
signals may be significantly reduced by an improvement
of the measuring geometry and proper sampling time
selection, Petryka [11].
Moreover, the deconvolution method is sensitive
mostly to the high frequency disturbances, so its
influence may be reduced by cutoff frequencies
introduced to both Imi(t) signals. These filtrations give
Im1‘(t) and Im2‘(t) signals, according to Proakis and
Manolakis [12]. Result of this procedure application to
the La4003 measurement is presented in Fig. 7 and Table
1.
According to that procedure, the residence time
distribution E12(t) may be derived from the Duhamel

Fig. 6. Data recorded in the experiment LA4003.

For signal from the first probe:
I m1' ( Z )

f

³ I m 1 ' ( t )e

 iZ t

dt

(21)

0

Similarly, the signal from the second probe may be
transformed and the residence time distribution in the
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frequency domain may be obtained from the following
equation:
E12 (Z )

Af

I m 2 ' (Z )
I m1 ' (Z )

(22)

and at last:

E12 ( t )

1
2S i

f

³ E12 ( Z )e

iZ t

dZ

(23)

f

Distribution obtained in this way may be directly applied
to (9) for the mean residence time W12 evaluation, spent
for transportation of tracer through the distance L.
As a result, the mean velocity may be obtained from (11)
and interpreted in the same way as one described in the
following chapter.

6 Cross-correlation analysis
The Cross-correlation method recalls directly to the
“single particle experiment” when the same, small
statistical fluctuations of the tracer concentration C1(t),
may be found in the C2(t) distribution after a delay
necessary for the tracer transportation. The properly
established measurement provides Im1(t) and Im2(t) signals
related to both concentrations by (5) and (6). After
removing low frequency part and high frequency
disturbances, it is possible to receive Im1’’(t) and Im2’’(t)
signals which would be ergodic and still related to the
small statistical fluctuations of the tracer concentration,
as it was proposed by Petryka and Oszajec [13].
For sufficiently long observations T, the time W spent
for transportation may be observed by the following
cross-correlation distribution:
T

R12 W

1
I ' ' t I m 2 ' ' t  W dt
T ³0 m1

I m1 ' ' (t )

(22)

Fig. 7. Signals prepared for deconvolution calculations in the
experiment LA4003.

I m 2 " (t )

In result of the Fourier transform according to (19)
and after elimination of high frequencies above 65
internal units, both distributions Im1’(t) and Im2’(t), shown
in Fig. 7 were obtained. Consequently, by deconvolution
calculations of these data according to (18) up to (21), the
residence time distribution E12(t) was derived.
Similarly, signals for correlation analysis were prepared.
In this case, both low frequencies below 9 units and high
one above 81 units were removed, producing signals
Im1’’(t) and Im2’’(t) shown in Fig. 8.
Results of both approaches give very similar
distributions shown in Fig. 9. Their processing by (9) and
(11) provided results collected in Table 1. The
uncertainty of transportation delay in case of the last two
methods was evaluated as half of the selected sampling
time. Consequently the relative uncertainty was obtained
from the following equation:

The above interpretation of the cross-correlation
distribution suggests similarities between both R12(t) and
E12(t) distributions, as it was proposed by Petryka [14].
Due to that, evaluation of the mean residence time W12 in
this method may be calculated from an equation similar
to (7) and consequently the mean velocity may be
obtained from (9) and compared to the previous methods.
Described above procedures were tested in a numerous
radiotracer experiments and one of them is accessible in
the following chapter.

7 Example of velocity measurement
Distributions Im1(t) and Im2(t) recorded during
experiment LA4003 are given in Fig. 6. In both parts of
that figure it is easy to recognize the recirculation of the
marked sand sample, and find that the maximal count rate
reaches almost 10000 cps where sampling time was
established to 10 ms.

G

5

u (W 12 )

W 12

 100%

(23)
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Fig. 8. Signals prepared for correlation calculations in the experiment LA4003.

Fig. 9. Comparison of the cross correlation R12(t) with Residence Time Distribution E12(t).

Table 1. Comparison of the experiment’s LA4003 results

Moments

12
[s]
1.74 r 0.14

v
[m/s]
11.6 r 0.9


[%]
8

Deconvolution
X-correlation

1.740r 0.005
1.740r 0.005

11.69 r 0.03
11.69 r 0.03

0.3
0.3

Method

8 Conclusions
The presented methods and described experiment, as well
as attached literature, allow to formulate the following
proposals:
- radioisotopes may profitably supplement traditional
method of multiphase flow analysis [15-17],
- reduction of the necessary assumption demanded for
radiotracer experiments allows applying easier
measuring procedures and extending their range of
application [18-25],
- huge development in radiotracer methods, especially
in flow velocity measurements, allows both reduction
of the radioactivity and increase of the measurements’
accuracy [20, 26-29],

The presented experiment illustrates application of the
proposed procedures in comparison to the traditional one.
It is easy to recognize how in this case, the propose
processing of the same experiment's data, improves 30
times accuracy of the velocity measurement. Moreover, it
allows better interpretation of tracer’s experiments and
extending range of possible flow investigations.
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methods, Ciechocinek, Poland, June 22-24, 34-39
(2004)
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2000)
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in many cases, application of radioisotopes may bring
smaller hazard due to mass of radioisotopes reduction
[30-33],
in some measurements radiotracers may be replaced
by sealed radioactive sources [10, 16, 26]
equipment based on a pair of sealed radioactive
sources appeared to be convenient for two-phase flow
control [34-36],
simultaneous application of tracers and sealed sources
gives possibility of more detailed analysis of complex
flows [37-40].
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