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a b s t r a c t

A mixer with a new concept design has been adapted into water treatment plants. It reportedly cuts
down the energy consumption of the mixer by the new mixer, which moves vertically and creates
internal flows toward its bottom. However, no experimental observations have been made on the
internal flow caused by a vertical impeller. In this study, a radiotracer experiment, radioactive particle
tracking (RPT) technique, and particle image velocimetry (PIV) were carried out to visualize the flow in
the mixer, and compared to each other. The results show that the flow patterns from these techniques
are very similar to each other, and the performance of the mixer was good enough to mix the inner
materials.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

As concerns about the environment grow, wastewater treat-
ment plants have been improved by adopting complicated pro-
cesses such as digesters. Microorganisms inside them decompose
feeds intomethane gas andwater resulting in less organic wastes to
be disposed of. The digester needs to be kept in a certain temper-
ature range for these microorganisms, and thus consumes a sig-
nificant amount of energy. Because the feeds mainly consist of
organic sludge having low mobility, the mixing efficiency is critical
to the performance of the digesters. Many different types of
anaerobic digesters have been proposed to obtain a better perfor-
mance. The homogenous mixing of organic feeds with microor-
ganisms is of the most importance because it is the only way to
avoid the setting of solid particles into stagnant zones that even-
tually become dead zones. Therefore, the flow pattern in a digester
needs to be fully understood in the development of its new
configuration.

The mixing in a digester typically takes place either by me-
chanical impellers or by gas blowers. Both types have advantages
and drawbacks over one another in terms of construction costs and
by Elsevier Korea LLC. This is an
the energy consumption rate. A vertical mixing mechanism was
designed as an alternative that reportedly cuts off energy by up to
90% [1]. The temperature difference between the top and bottom
was not remarkable and implies the existence of an internal flow.
The flow was optically checked with dye and ABS particles. A nu-
merical analysis with CFD and experimental methods of PIV and
LDV, however, are not capable of showing a detailed flow pattern
because the validation of the CFD model is not sufficient owing to
the complexity of multiphase systems, and the experimental
techniques are not applicable to a pilot-scale digester built with
thick steel [2,3].

Radiotracer techniques have been widely applied in various
fields of industry in order to diagnose the plant processes during
operation. This is possible because radioisotopes can selectively
label certain process media and represent their movements.
Recently, radioisotopes have been successfully used as tracers in
investigations of clarifiers and digesters in wastewater treatment
plants [4e6]. Quantitative information about the performance and
flow patterns of digesters and clarifiers have been obtainedwithout
posing any disturbance to the systems themselves. More recently,
there have been studies showing the feasibility of radiotracer
techniques in investigating the particle velocity in fluidized bed
reactors compared with techniques based on optical fiber probes
and particle image velocimetry [7]. It was well described that
radioisotope technologies are somewhat superior to others in
terms of the limitations in the measurements caused by the signal
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Fig. 1. Pilot-scale digester, a vertical impeller, and NaI(Tl) detectors installed in it.

Fig. 2. Detection probability of radioisotopes inside the digester.
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cross-correlation and minimum measurable flow velocity and
vertical angle.

Since Dudukovic used the radioactive particle tracking (RPT)
technique for the flow mapping in bubble columns [8], it was fol-
lowed by numerous experiments where the technique was suc-
cessfully demonstrated for Lagrangian tracking in studies of
hydrodynamic investigation on lab-scale industrial multiphase re-
actors [9]. The RPT technique uses a radioactive particle for flow
mapping in the columns. The radioactive particle inserted in the
column flows along with the flow stream and emits gamma rays.
The gamma rays are counted by detectors placed outside of the
column, and the counting data are converted into a particle posi-
tion in a column using a reconstruction algorithm. In addition, as a
result, the particle position and time provide some hydrodynamic
information in the column.

A vertical impeller shown in Fig. 1 was devised to move up and
down along the axis of a cylindrical digester, and it is believed to
generate a mixing flow inside, saving the energy for operating the
process since the downward movement can be accomplished with
the gravitational force. However, the flow pattern and mixing
characteristics as a function of the operation parameters of the
vertical impeller have not been investigated. In the present study,
some experiments were carried out to find out the flow pattern and
mixing performance of the digester. A radiotracer experiment was
conducted for a pilot-scale digester equipped with a vertical
impeller with radiotracers injected into it. Unfortunately, the other
measurements we tried could not be applied owing to the size of
the digester. Thus, a smaller lab-scale digester was built for further
investigations, and we could carry out the RPT and PIV techniques.
2. Methods and results

2.1. Radiotracer experiments with a pilot-scale digester

The digester was built at a 1/10 size of a real unit, which is 2.7 m
in diameter, and 2 m in height (Fig. 1). A ring shape agitator is
coupledwith amotor andmoves vertically up and down generating
a downward flow in the center of the digester. The detection
probability of a 0.5 MeV gamma photon was calculated using an
MCNP simulation, as shown in Fig. 2, and the detection range with
1% at minimum barely exceeds 10 cm from the outside of the wall.
Radiation probes were installed inside the digester, as shown in
Fig. 1. It causes a disturbance to the flow, but its influence to the
flow patternwill not be significant because it was set symmetrically
and takes only 1% of thewater surface areawhen seen from the top.

The radioisotope for a tracer was 68Ga eluted with a 0.05 M HCl
solution from a Ge/Ga generator. The activity was 314.5 MBq at the
moment of the experiment. The radioisotope was injected at the
bottom of the digester by means of a syringe, and the mixer was
started at a speed of 182 rpm. From the detector responses after the
tracer injection, it could be inferred that there is an upward flow
near thewall from the corn-shape reflector at the bottom. However,
it was difficult to clearly observe the movement because the
radiotracer is sensed by multiple probes as it becomes dispersed.
Moreover, the radioisotope remaining inside the tubing continues
having a continuous influence on the neighboring probes.

Fig. 3 shows the measured signals of each detector after the
injection of the radiotracer. The flow pattern was measured based
on the initial behavior of the radiotracer before diffusion of the
radiotracer. As shown Fig. 3, the radiotracer was injected from 665
to 690 s. The impeller was started to run at 720 s. After the radio-
tracer injection, signals were saturated in detectors No. 1 and No. 2
because of their high intensity radiation.

The flow pattern was estimated based on the order of detection
of the radiotracer, and two main movements of a fluid were
observed. As shown in Fig. 4, the radiotracer starts from detectors 1
and 2, and flows in the order of detectors 8/ 9/ 10/ 7. This is a
flow that rises along the wall after moving toward the outer wall
along the floor. Because the measured signal was so high, it was
found that most of the injected radiotracer moved along this flow.

The flow in the order of detectors 3/ 4/7was alsomeasured,
as shown in Fig. 5. It appears that a portion of the radiotracer
moved along the surface of the digester after it rose up along the
vertical impeller.
2.2. Radioactive particle tracking

For radioactive particle tracking (RPT), a lab-scale digester
(50 cm in diameter and 30 cm in height) designed in the scale of 1/
54 to the original digester was constructed using an acrylic material
with a 1 cm thickness (Fig. 6). The ring shaped agitator in the
digester, which has a diameter of 4.6 cm, can be moved vertically at
up to 1000 RPM.

Before the experiment on the RPT technique, it was essential to



Fig. 3. Detector responses to the radiotracer injection into the digester.

Fig. 4. Detection signal and flow pattern of flow (I).

Fig. 5. Detection signal and flow pattern (II).
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optimize the detector arrangement because it is easily understood
that more detectors for the measurement will provide a better
performance, but the number of detectors available is always
limited. Therefore, before the experiments, an optimization study
for the detector installation was conducted by MCNP6, which
simulates transports of radiation particles based on theMonte Carlo
method [10].

The simulation was conducted using several combinations that
vary the layers from 3 to 4, and the detectors on each layer from 3 to
5 (Fig. 7). [11,12]. In addition, 220 source positions were determined
for the simulations to evaluate the performance of each case of
combinations, as shown in Fig. 8. The detector used in this study
was a cylindrical NaI(Tl) detector with a 2 inch diameter and 2 inch
height. 68Ga, the radioisotope in the particle source emits only
positrons, but interactions with water take place within a few
millimeters and end up with two annihilation photons of 511 keV.
Therefore, 511 keV photons were simulated at the source position
instead of the positrons themselves. The radiation interaction and



Fig. 6. Prototype digester (left) and ring shaped agitator (right).

Fig. 7. Some of proposed detector installations for the optimization of the RTP measurement.

Fig. 8. Simulated source positions for optimizing the structure of the RPT system: (left) x-y plane, (right) x-z plane.

S.-H. Jung et al. / Nuclear Engineering and Technology 52 (2020) 170e177 173



S.-H. Jung et al. / Nuclear Engineering and Technology 52 (2020) 170e177174
energy deposition into the detectors were calculated by the F8 tally
of the MCNP6 code. The calculated energy deposition values were
converted into the reconstructed source position by the linear
regression algorithm [13e15]. The linear regression algorithm was
derived from the process below. When a particle is placed at an
unknown position (a, b, c) and the ith detector (in total N detectors)
is positioned at a pre-determined position (xi, yi, zi), the equation
for the distance between the particle and detector can be expressed
as follows:

ða� xiÞ2 þ ðb� yiÞ2 þ ðc� ziÞ2 ¼ r2i (1)

and equation (1) can be rearranged as

l�2axi � 2byi � 2czi ¼ r2i � x2i � y2i � z2i ; (2)

where l ¼ a2 þ b2 þ c2. Equation (2) can be expressed by matrix
notation as

jХjjbj ¼ jZj; (3)

where

jХj ¼

2
6666664

1 �2x1 �2y1
1 �2x2 �2y2
… … …

�2z1
�2z2
…

1 �2xN �2yN �2zN

3
7777775

(4)

jbj ¼

2
66664

l
a
b
c

3
77775

(5)

jZj ¼

2
6666664

�
r21 � x21 � y21 � z21

�
�
r22 � x22 � y22 � z22

�

…�
r2N � x2N � y2N � z2N

�

3
7777775

(6)

and then, the best solution for jbj can be expressed through a linear
regression theory as

jbj ¼
�
jXjTjWj�1jXj

��1jXjT jW j�1jZj; (7)

where jWj is the weight function matrix and is defined by

jWj�1 ¼

2
666666664

1

s21
/ 0

« 1 «

0 /
1

s2N

3
777777775

(8)

where si ¼ rmi , and the mean location error can be controlled by m,
and m ¼ 3 usually provides a minimum error. The linear regression
algorithm is one of the most well-known reconstruction methods
for the RPT technique. The algorithm reconstructs the source po-
sition by converting gamma counts into the distance from a specific
detector to a source position based on the relationship equation
between gamma counts and its distance, which is pre-calculated
before the reconstruction. The calculated distances between de-
tectors and the source let us figure out the source position through
triangulation. The reconstructed position was utilized to evaluate
the accuracy of each system by comparing to the original source
position. The objective of the reconstructed particle accuracy in this
study was taken into account as 2.5 cm, which is 5% of the digester
diameter of 50 cm.

Fig. 9 shows the reconstructed (red asterisks) and original (blue
dots) source positions at z ¼ 15 cm, and Table 1 shows the number
of detectors and the average errors (average distance between the
original and reconstructed positions). Themore detectors that were
placed, the better the precision the system provided. The 3-layer
system with 15 detectors (5 detectors on each layer) has an accu-
racy of 2.5 cm. Although the 3-layer system has less detectors than
the 4-layer system with 16 detectors, the 3-layer system provided
better accuracy because of the advantage of the detector arrange-
ment. Based on the simulation results, for the experiments, we
determined the RPT measurement outline as a 3-layer systemwith
15 detectors.

For the RPT experiments, a46Sc radioactive particle was prefer-
ably chosen because of its proper half-life of 83.8 days for a lengthy
measurement of the RPT and its high gamma energies of 889 and
1120 keV, that is sufficient to penetrate a vessel filled with water.
However, owing to the unexpectedly lasting shutdown of the
research nuclear reactor at KAERI, i.e., HANARO, radioisotopes in a
metal form with relatively long half-lives such as 46Sc and 192Ir
could not be produced. Instead, the experiment had to be carried
out with portable radionuclide generators among which a Ge/Ga
generator was chosen because its daughter nuclide, 68Ga (half-life
of 68 min), emits 0.511 MeV of photons as a result of the annihi-
lation of positrons. However, the eluate is brought out with a car-
rying solution resulting in a volume of as large as 10 mL, which
cannot be contained inside a plastic ball with 1 cm in diameter.

To concentrate the elate into a smaller volume, the NaCl tech-
nique proposed by Dirk Mueller et al. was adopted [16]. For the
procedure, a68Ga generator fromObninsk (Eckert& Ziegler Europe)
was used. The total radioactivity used for the labeling was
measured by a dose calibrator as 46.3 MBq over the experiment
period. The SCX cartridge (Bond Elut-SCX, Varian) was precondi-
tioned with 1 mL of 5.5 M HCl and 10 mL of water prior to the
elution step. The 68Ga generator was eluted with a total of 10 mL of
0.1 M HCl. On a SCX cartridge, 99.9% of 68Ga of the generator eluate
was collected and subsequently eluted using a mixture of 12.5 mL of
5.5 M HCl and 500 mL of 5 M NaCl. The eluate with 0.5 mL of its
volume in total was absorbed into a super absorbent that was put in
the hole of the particle (inner volume 0.25 ml) in advance. The hole
was then blocked bymelting the particle. As a result, approximately
a 24.05MBq 68Ga radioactive particle of 1 cm in diameter wasmade
from the NaCl technique.

To count the gamma photons emitted from the radioactive
particle in the digester, we used NaI(Tl) detectors (2 inch diameter
and 2 inch height) and a 36 port data acquisition system (DAS)
based on multi-channel analysis. The DAS was developed for the
radioactive particle tracking technique at KAERI, and its minimum
data sampling time is 20 m s. Despite its feasibility for the spectral
data acquisition, the radiation was recorded using a gross count
method because the photo-peak position in the gamma channel
spectrum continues changing with the intensity of the radiation
count rates.

We put the radioactive particle in the acryl box filled with water
and counted the photons using the NaI(Tl) detector with the par-
ticle moved every 1 cm away from the detector for a relational
equation of the detection counts, and the distance between the
source and detector for the linear regression reconstruction algo-
rithm. As a result, we can acquire the relationship equation for



Table 1
Average errors for the RPT systems.

3 detectors/layer 4 detectors/layer 5 detectors/layer

3 layers 4 layers 3 layers 4 layers 3 layers 4 layers

No. det 9 12 12 16 15 20
Average error [cm] 5.66 4.63 4.45 3.42 2.32 2.16

Fig. 10. Relationship between the distance and radiation intensity.

Fig. 9. Reconstructed and original source positions at z ¼ 15 cm.
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37 kBq of the particle as shown in Fig.10, where the first parts of the
detection counts were saturated owing to the dead time of the
detector, and it means the activity was too high to be quantitatively
and meaningfully detected using a detector.

Fig. 11 shows the experimental setup for the RPT measurement
based on the previous optimization study. The RPT system is
composed of 15 NaI(Tl) detectors, which is 2 inch in diameter and 2
inch height, and every 5 detectors are placed on 3 layers each. After
inserting the fabricated radioactive particle, the photons emitted
from the particle were counted by the DAS under digester operation
conditions with an agitator speed of 300 rpm. The counting data
were then converted into the particle position using the linear
regression algorithm, and the source positions alongwith detection
time were collected to change into the trajectory of the particle as a
function of time (Fig. 12).
Fig. 11. Experimental setup for RPT technique.
2.3. PIV

Two-dimensional PIV measurements for the lab-scale digester
were conducted using a Dantec Dynamic PIV system. It consists of a
continuous wave diode-pumped solid-state laser (RayPower 5000;
maximum output power 5 W, output wavelength 532 nm), a
1200ⅹ800 pixel high-speed camera (Phantom Miro M310), and the
software for system control, data management, and post-
processing (DynamicStudio v.3.41). Silver-coated hollow glass



Fig. 12. An example of the particle trajectory for 50 randomly chosen seconds by RPT
technique in the digester.

Fig. 14. Velocity vector field from PIV measurements.
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spheres with a mean diameter of 10 mm and density of 1.4 g/cm3

were dispersed into the digester. The mixer was run at 300 rpm. To
minimize the distortion caused by the round surface of the digester,
it was placed in an acrylic box with water inside. Fig. 13 shows a
schematic of the PIV measurement. A velocity vector map is ob-
tained by repeating the cross-correlation for each interrogation
area over the image pairs, and is plotted in Fig. 14. The conical
bottom of the digester could not be measured owing to the thick-
ness of the digester wall. There were many flow streams in Fig. 13,
but two major streams were observed, and their pattern was very
similar to that from the radiotracer experiments. One major stream
started at the bottom of mixer and flowed along the wall of the
digester. The other stream started at the middle of mixer and
flowed up at the center and to the wall at the top of the water.
3. Conclusions

In this study, we carried out three techniques (radioactive tracer
experiment, RPT and PIV) to confirm the flow movement, and for a
quantitative understanding of the flow and comparison to each
other. The correlation between the motor speed and flow pattern
was not investigated. First, we conducted a radiotracer experiment
in a proto-type digester. After injection of a tracer, we detected
gamma rays emitted from the tracer using the detectors installed
inside of the digester, and two main flow streams were detected.
Fig. 13. Experiment setup for PIV measurement.
One of the streams went up near the wall of the digester, and the
other went up near the mixer. Second, the RPT technique was
applied to successfully visualize the flow pattern in a digester
equipped with an allegedly vertically moving mixer. A radioactive
particle was made using a Ge/Ga generator, which is the first such
attempt in theworld. Although we could only acquire some particle
trajectories and not the flow pattern in the digester because of data
lost both near the wall where the probes were saturated and at the
center where the low gamma energy could not penetrate the water,
it was successfully proved that the generator radioactive particle
can be used for the RPT technique. In other words, as an alternative
to a research reactor, a radionuclide generator showed the possi-
bility to be a radioactive particle source, but highly specific radio-
activity from the generator should be prepared by adapting a
concentration procedure based on an ion exchange method. Third,
we carried out the PIV technique with a lab-scale digester. Because
the PIV technique provided flow patterns using vectors, we could
compare the results of the PIV technique to that of the radiotracer
experiment. They were very similar to each other in that they have
two major streams, and the performance of the new type of mixer
was proved owing to the fact that there are no stationary parts in
the digester.

We have a plan to apply the RPT technique based on the
radioactive generator sourcewith a smaller object. For this case, we
believe that the RPT technique can provide all flow patterns using a
lower activity generator source.
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