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Abstract. Radioactive sealed sources and radiotracer techniques are used to diagnose industrial process units.
This work introduces a workspace to simulate four sealed sources and radiotracer applications, namely, gamma
scanning of distillation columns, gamma scanning of pipes, gamma transmission tomography, and radiotracer
flow rate measurements. The workspace was created in Geant4 Application for Tomographic Emission (GATE)
simulation toolkit and was called Industrial Radioisotope Applications Virtual Laboratory. The flexibility of GATE
and the fact that it is an open-source software render it advantageous to radioisotope technology practitioners,
educators, and students. The comparison of the simulation results with experimental results that are available
in the literature showed the effectiveness of the virtual laboratory.
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Introduction

Radioisotope techniques have long been used to in-
vestigate industrial process units such as distillation
columns, pebble bed reactors, fluidized bed, risers,
heat exchangers, and process piping. Radioisotope
techniques are classified into two categories: sealed
sources (gamma scanning and neutron backscatter-
ing) and radiotracers (residence time distribution
(RTD) measurements, leak detection, mixing ef-
ficiency, and flow rate measurements) [1-6]. The
advances in the technology afforded industrial
process gamma computed tomography (CT) — with
its two main modalities gamma transmission tomog-
raphy and gamma emission tomography — to provide
substantial advantages in the diagnostic imaging of
multiphase industrial processes [7-9].

Computer simulations can offer advantages to
the radioisotope technology used for the analysis
of industrial processes. Simulations can be used to
assess radiation safety by calculating the radiation
dose distribution before performing an investiga-
tion, to train practitioners, or to educate students
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the ability to optimize the available methods and to
evaluate new approaches and techniques.

Monte Carlo codes have been used for gamma
scanning of distillation columns to optimize detec-
tor models by calculating their efficiencies under
different energies and at different distances [10],
to design collimators and investigate their effect on
the performance of the gamma scanning system [11],
and to provide a visual representation of the process
and anomalies inside the columns [12].

The evolution of gamma scanning for industrial
CT has been associated with the increased use of
simulation software for testing image reconstruction
algorithms [13], collimator optimization [14], and
design of tomographic systems [15].

For the radiotracer techniques, modelling soft-
ware has been used to process the RTD measure-
ments and analyse the results [16, 17]. Monte Carlo
codes have been used to determine the detection
system required to produce the desired single-photon
emission CT (SPECT) image resolution [18].

The above literature shows the key additions that
the simulation software can offer to the industrial
isotope technology. However, these studies have two
main disadvantages. First, they have used licensed
software, which significantly limits the accessibility
and usefulness, and the second is their narrow scope,
addressing specific applications, which again limits
the value to interested users.

In this work, simulation setups for industrial
process investigations using radioisotopes are devel-
oped to cover four experiments in one workspace to
provide a comprehensive Industrial Radioisotope Ap-
plications Virtual Laboratory for students, educators,
and technology practitioners. The workspace is devel-
oped in the open-source toolkit Geant4 Application
for Tomographic Emission (GATE) to enable easier
access for users. This work is a novel application of
the GATE software toolkit.

Methods
Evolution of GATE

GATE is an open-source Monte Carlo simulation
toolkit that was developed in 2004 for simulating
medical tomographic emission imaging devices [19].
Since then, it has been updated, and new packages
have been added to it, increasing its field of ap-
plications. GATE uses a macro language to write
the codes instead of C++, the build language for
Geant4. The macro language makes GATE easier
to use and requires no knowledge of C++. The
current use of GATE is in the medical imaging field
(using both external and internal sources) [20, 21],
dosimetry [22-24], radiotherapy (using photons and
charged particles), and the newly added feature of
optical imaging.

To define a material in GATE, a database file
is supplied by GATE containing the most used
elements and materials. This file contains all the
information required for GATE to assign the nuclear
properties from the Geant4 data sets. Moreover, the

user can add any element or material into the simula-
tion by supplying specific information regarding the
material. There are two methods to add new materials
or mixtures into the simulation: using the chemical
formula of the material or defining the fraction of
each element or mixture [25]. GATE can read and
build geometry from stereolithography file formats,
which would be critical when dealing with complex
geometries.

To define a radioactive source using GATE,
there are a few properties that a user can control:
the volume of the source, the location where it is
placed within the simulation world, the energy (it
can be either discrete energy or a spectrum), par-
ticle type (gamma rays, neutrons, or electrons), the
activity or number of primaries, and the solid angle
to transform the source from an isotropic one into
a directional beam. The user also can use a pre-
defined source extracted from Geant4 database.

The physics list is the library that the simulation
toolkit uses to calculate and track the interaction of
radiation with matter. To simulate the interaction
of electromagnetic particles with matter, the physics
list’s electromagnetic processes are used. The mean
free path of a process, 2, is given in terms of the total
cross section as follows:

1) ME)=(X [ o(Z,E)])

where o(Z;,E) is the cross section of the process of
atoms composing the material. During the start-up
of the simulation, the values of the cross sections
per atom and the mean free path values are extracted
from the simulation database and used [25].

The outputs of GATE can be in various formats
depending on the method of saving the output using
a sensitive detector or an actor. In the virtual labora-
tory introduced in this paper, three types of outputs
were used, namely, files with “.sin”, “.dat”, and “.txt”
extensions. Files with “.sin” extension are images
that can be read using the Image]J toolkit (supplied
with vGate or can be installed by visiting the Image]
website) or other image-processing toolKkits.

Using the virtual laboratory does not require
working knowledge of GATE. The user can either
choose commands from a defined list (to describe
the experiment’s geometry and materials, physics
models, radiation detectors, and radiation source)
or execute a macro file that contains a patch of
commands.

Gamma scanning of distillation columns and pipes

Gamma ray scanning is used to conduct an internal
investigation of distillation columns and pipes while
the equipment is in operation. A radioactive source
is placed in contact with the exterior of the column
or the pipe investigated, to emit gamma rays that
penetrate through the diameter of the object. The
gamma ray intensity is modified by the densities
of the materials of the equipment’s internals. A
radiation detector is placed in the opposite direc-
tion, which is usually used in the pulse mode to



A virtual laboratory for radiotracer and sealed-source applications in industry 23

be able to resolve the primary photons, scattered
radiation, and background radiation. The source
and the detector are moved along the equipment’s
exterior simultaneously. The measured gamma ray
intensity, which is described by Eq. (2), is plotted
to provide a density profile.

() I'=1,-exp - (-upx)

where [ is the intensity of radiation transmitted
through the material, I, is the intensity of incident
radiation, p is the absorption coefficient of the ma-
terial measured, p is the material’s density, and x
is the material’s thickness.

The estimated strength of the source can be
calculated as follows:

Da*2":
r

where D — dose rate required at the detector (practi-
cally accepted as 10 uSv/h), d - internal diameter
of the column (m), e — double wall thickness of the
column (mm), X,,, — half-value thickness (mm)
for steel and the source (e.g., 22 mm for steel and
Co0-60), I — gamma constant for the gamma source
(e.g., 13.5 mSv/h for 1-m distance in air for Co-60
source of 1 Ci).

The objective of the distillation column scanning
is to investigate the integrity of the column trays and
characterize the liquid and vapour phases.

The column was designed using SolidWorks™
to make the simulation of gamma ray scanning as
accurate as in practical work. SolidWorks™ is a
computer-aided design (CAD) program that can
be used to build complicated objects. Afterward, the
object can be exported in a Standard Tessellation
Language (STL) file format. GATE v8.0 and newer
versions support this format. STL files can be read
and imported into the simulation, allowing the use
of any complicated geometry with very high ac-
curacy. The column was designed to have a 25-cm
diameter to reduce the computation time, and its
material was low-carbon steel. The radioactive source
was defined as ®°Co with energies of 1.1 MeV and
1.3 MeV. The radiation detector was set as a sodium
iodide (Nal(Tl)) detector. A view of the longitudinal
section of the design drawing is shown in Fig. 1.

The simulation setup showing the column, col-
limated ®°Co source, and radiation detector is given
in Fig. 2. The parameters that the user can control
in the simulation are the source type, the material
of the column wall, the diameter of the column, the
detector crystal, damaged or intact column internals,
and the step of the scan.

(3) Activity (mCi) =

Pipe scanning

The scanning of pipelines and flow lines is used for
detecting the sludging effects such as blockages and
volume narrowing; furthermore, it can be used to
indicate the presence of vapour and liquid phases
and the integrity of the pipe’s material. It is an

Fig. 1. Section of the distillation column that was designed
using SolidWorks™.

Fig. 2. The simulation setup of the column scan.

advantageous technique because it is fast, does not
interrupt the pipe’s process, and uses low-strength
gamma sources.

For the simulation of this technique, the pipe
was designed using SolidWorks™ with an option to
add deposited material in the inner surface. Figure 3
shows the used pipe scanning setup, which simulates
the arrangement of the experimental technique. In
addition to radiation source and detector, the user
can change the material and dimension of the pipe
and the density of the residue material. The mate-
rial of the pipe used in this work was low-carbon
steel, and its diameter and thickness were 20 cm
and 10 mm, respectively. The gamma ray source was
defined as *’Cs with energy of 660 keV, the detector

a b

Fig. 3. (a) SolidWorks™ design of the pipe with solid
deposit. (b) Simulation setup.
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Fig. 4. Simulation setup for the fifth-generation CT scan.

Fig. 5. The simulation setup used for flow rate measure-
ment using a radiotracer.

was Nal(T1), and the residue was chosen to imitate
mud with a density of 1.9 g/cm*® and composed of
hydrogen, oxygen, and silicon.

Gamma transmission tomography

Multiphase equipment containing gas-liquid,
liquid-solid, gas-solid, gas-liquid-solid, and lig-
uid-liquid-solid—gas are important components in
major industries, such as petrochemical, minerals,
pharmaceuticals, and food.

Gamma transmission CT is used for the imaging
of multiphase systems to measure and quantify the
phase distributions. The CT system uses several
detectors to provide multiple measurements that can
be used to reconstruct cross-sectional information
of the system’s phases.

The third simulation in the virtual laboratory
was for the CT of multiphase flow in a low-carbon
steel pipe. A fifth-generation industrial CT scanning
system was used, where five detectors were placed
around the pipe with five stationary fixed sources.

Figure 4 depicts the simulation setup used to real-
ize the CT system. The user can vary the radioisotope,
detectors, pipe’s material and dimensions, scanning
step size, and the multiphase flow densities. The simu-
lation was performed modelling a pipe carrying liquid
and vapour phases, with a deposited solid phase.

Flow rate measurement

Radiotracers can be used to accurately measure the
flow rate in the process equipment. The radiotracer

method can be used to calibrate the conventional
flow meters. A radiotracer is injected into the pipe,
and two detectors are placed on the outer surface of
the pipe at a given distance apart. As the fluid with
the radiotracer passes through the pipe, the first
detector collects counts, while the other detector
receives little-to-no signal. When the radiotracer-
-labelled fluid moves toward the second detector,
the signal from the first detector weakens, while that
of the second detector rises. By measuring the time
interval between the two signals, the flow rate can
be calculated. In this paper, the fluid was set to water
and the 140-keV gamma emitter *™Tc was defined to
simulate the radiotracer. Figure 5 shows the setup
for simulating flow rate measurement.

Results and discussion

Results of gamma scanning of distillation columns
and pipe

Figure 6 shows a plot of the gamma ray intensities,
which corresponds to the densities of the materials
of the column internals. The low gamma ray intensity
regions indicate attenuation by the steel trays, and the
high-intensity portions indicate the spaces between
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Fig. 6. (a) Simulation results of the gamma ray scanning
of a distillation column. (b) A section of a distillation
column; the arrows indicate the corresponding intensity
measured after radiation has passed through the trays.
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Fig. 7. Experimental gamma scanning profile (reproduced
from [26]).

the trays. Figure 7, reproduced from [26], is a part of
an experimental density profile obtained from a distil-
lation column scan in an oil refinery using Nal(T1)
detector and ®°Co having an activity of 50 mCi. The
comparison between Figs. 6 and 7 demonstrates that
the simulation result is credible.

If the pattern of the high gamma ray intensities
is changed, it would mean an anomaly caused by a
high-density material such as a collapsed tray or lig-
uid buildup. Figure 8a shows the results of scanning
a column with a collapsed tray, which means that
the space between Trays 2 and 3 is packed with the
metal (Fig. 8b), increasing the area in which gamma
ray is attenuated (Steps 30-43).

This simulation can be supplemented with models
for liquid and vapour phases and various scenarios
of process faults.

Figure 9 shows the result of the pipe scan simula-
tion, where the material inside the pipe is distributed
homogeneously, resulting in a continuous line.
Figure 10 shows the density profile when a solid
phase is deposited to disturb or block the flow. The
decrease in the intensity between the slices 7 and 10
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Fig. 8. (a) Simulation results of the gamma ray scanning
of a distillation column with a collapsed tray. (b) A section
of a distillation column with a collapsed tray.
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Fig. 9. Simulation results of gamma scanning of a deposit-
-free pipe.
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Fig. 10. Simulation results of a pipe with deposited solid
phase.
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Fig. 11. Application of gamma scanning to detect blockage
in pipes (reproduced from [27]).

can be used to describe the deposits’ location, den-
sity, and area. Figure 11 illustrates the application
of gamma scanning for the detection of blockages in
pipes. The comparison of Fig. 11 with Fig. 10 shows
that the virtual laboratory offers adequate results in
this application.

Results of gamma transmission tomography

The CT output is 128 pixels x 128 pixels and the
number of images depends on the number and size
of the steps used in the simulation multiplied by
the number of cameras used. Five cameras were used
with seven steps, resulting in 35 images.

For the pipe CT, Fig. 12 shows projections ob-
tained from two detectors shown in a grayscale,
where white represents the highest radiation in-
tensity and black represents the lowest intensity.
Figure 12a shows the liquid phase in black because it
significantly attenuated the radiation intensity, com-
pared to the gas phase (air) shown in gray because
the radiation was slightly attenuated mainly due to
the distance effect. Figure 12b shows the deposited
solid phase as a half-sphere.

GATE does not permit image reconstruction, so
the user needs to export the obtained projections
to other software toolkits that allow the use or build
of reconstruction algorithms.
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a
Fig. 12. The five projections of CT of the pipe.
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Fig. 13. Simulation result of the flow rate measurement.

Results of radiotracer flow rate measurement

Figure 13 shows the output obtained when running
the flow rate simulation. The two peaks are the
responses of the detectors to the passage of tracer.
The positions of the detectors and the times when
the peaks were detected are used to calculate the
flow rate.

In this simulation, the pipe diameter was
0.165 m, the distance between the two detectors was
0.26 m, and the time between the two peaks was 5 s.
The flow rate Q is calculated as follows:

(4) Q=AxXV

where A is the cross-sectional area and V is the
liquid’s velocity.
Therefore, Q = 0.0191 x 0.052 = 0.00099 m?-s.

Conclusion

The virtual laboratory created in GATE toolkit for
the simulation of radioisotope applications used in
diagnosing and troubleshooting industrial process
equipment included four important applications:
distillation column scanning, pipe scanning, gamma
transmission tomography, and flow rate measure-
ment. The simulations gave results comparable to
those obtained in the practical experiments. How-
ever, the capabilities of GATE to track a liquid flow
labelled with radioactive material is limited; so flow
measurement was the only radiotracer experiment
that could be simulated.

The virtual laboratory is meant to be user-
-friendly, offering options to edit various parameters
of the experiments to allow examination of different
scenarios.

The virtual laboratory was introduced to the
researchers and educators at the Department of
Nuclear Engineering of King Abdulaziz University
to apply it in their activities and provide feedback
on the required improvements.

Optimizations to the simulations and experi-
mental validation are considered in ongoing work;
furthermore, other radioisotope applications will
be added.
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