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FOREWORD
The third Research Coordination Meeting (RCM) of the Coordinated Research Project
(CRP) on Radiometric Methods for Measuring and Modeling Multiphase Systems towards
Industrial Processes was held at the International Atomic Energy Agency (IAEA) Head
Quarters, Vienna, Austria from 11-15 April 2016. The Chief Scientific Investigators of all
research contracts and agreements under the CRP participated in the meeting. Four
research agreement holders from Norway, France, Poland and Korea provided assistance
to the other RCM participants with their expertise and know-how. The twelve research
contract holders from Brazil, Cuba, China, Ghana, Malaysia, Morocco, Pakistan, Poland,
Tunisia, Vietnam, India and Peru are with recognized experience in radiotracer and
nucleonic measurement systems technologies.
Multiphase flow systems are widely used in industrial and environmental processes, and
widespread throughout chemical processing, mineral processing, oil production,
wastewater treatment, sediment and solids transport, and many others. Optimized design
and scale-up of these multiphase flow systems are important in ensuring enhanced
performance, economic viability and environmental acceptability.
The third RCM is organized to make a final review of the activities performed and
progress achieved by all the participants of CRP, to draft and adopt the final meeting
report and to finalise the CRP document to be published as a Radiation Technology
Series.
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INTRODUCTION

Multiphase flow systems are widely used in industrial and environmental processes, and
widespread throughout chemical processing, mineral processing, oil production, wastewater
treatment, sediment and solids transport, and many other processes. Optimized design and
scale-up of these multiphase flow systems are important in ensuring enhanced performance,
economic viability and environmental acceptability. The fluid-dynamic properties of such
systems are not yet well understood, which makes the prediction of important process
parameters such as flow rate, phase distributions, flow pattern, velocity and turbulent
parameters a challenging task. It is therefore necessary to measure them to facilitate the
process control and optimization to achieve efficient management of industrial processes.
Since these multiphase flow systems are opaque, nuclear techniques offer the best means of
performing such measurements since most of them can readily be applied to non-transparent
systems, are non-intrusive and may be adapted to on-line continuous monitoring.
The usefulness of nuclear methods has been demonstrated in both laboratory scale research
and in troubleshooting industrial problems, where either radiotracers or sealed sources have
been used. These techniques have been utilized on industrial scales to provide efficient
solutions to operational problems. This has resulted into identifying and pinpointing many
problems, prompting corrective actions. This enables saving cost, materials and energy in
terms of increased process efficiency. Additionally it allows minimization of environmental
impacts.
Due to the valuable information obtained by nuclear techniques, there is an increasing
demand on advancing these techniques to provide the needed details of local fluid dynamic
properties. Along this direction, recently, several advanced nuclear techniques have been
developed, validated and used in laboratory experiments in the developed countries such as
multi-radiotracers phase velocity measurement, gamma tomography for two-phase volume
fraction measurement, dual-source gamma tomography for three-phase volume fraction
measurement, radioactive particle tracking for phase velocity, turbulent parameters, flow
pattern, and mixing intensity measurement and transmission and emission tomography for
dynamic phase volume fraction measurements.
Each of these techniques provides essential information that complements the information
obtained by other nuclear and non-nuclear techniques. This means that the information
provided by using either radiotracer or sealed source alone is not sufficient to properly
understand and characterize the dynamics of multiphase flow systems. Combining two or
more of these techniques to study a multiphase flow system is called integrated nuclear
techniques. Such integration has been applied in a very limited manner in both laboratory
experiments and industrial applications. In addition, no coordinated researches have yet been
established that focuses on the development, validation and implementation of the integration
of nuclear techniques on multiphase flow system.
For proper understanding of the multiphase flow systems, it is a must to integrate various
nuclear techniques to measure the needed parameters. Due to the complexity of both
hardware and software of these techniques and their integration, such methodology has been
used only on limited cases. In addition, only a few research groups in the developed countries
have used it in laboratory experiments. Therefore, there is an essential need to further
develop, validate and implement such technology through international cooperative activities
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in order to ascertain that such combined technology can be readily and safely used on
industrial processes. This is the ambitious objective of this CRP.
The CRP has 16 participants from 15 countries. In this report, the contribution of each
participant is described in a few pages. The projects proposed by the countries are covering a
wide range of applications, equipment and techniques. Applications cover chemical
industries, oil and mining industries as well as wastewater treatment, environment, energy
and more. Equipment include bubble column, FCC, mixers, multiphase flow transportation
systems, wastewater treatment plant reactor, mining unit operation vessels, multiphase
separators and scrubbers etc. Techniques use by the participants are both experimental and
theoretical: The experimental techniques range from simple tracer technique to advance
tomographic measurement and methodologies while the theoretical techniques range from
conventional modeling using simple compartment models to advance CFD simulation.
The objectives and the expressed expected outputs of each single participant were very
promising in itself, however, three working groups were formed:
(a)
(b)
(c)

Integration of gamma ray tomography, densitometry and radiotracer for multiphase
flow studies.
Modeling of tracer experiments in liquid/solid flow systems.
Modeling of tracer experiments in two-phase fluid flow systems like gas/solid,
gas/liquid and liquid/liquid.
The synergy that is expected within the groups was expected to improve the outputs
and outcomes both from a qualitative and a quantitative point of view. One group
mainly focused on equipment and associated methodology development, especially:

(a)
(b)
(c)

Development of portable gamma-CT systems and portable single/dual sources
gamma/X-rays densitometers for the investigation of multiphase process units,
Development of innovative radiotracer techniques for multiphase tracing in industrial
units,
Development of methodologies for the integration of CT, densitometry and radiotracer
techniques for multiphase flow measurements.
The two others groups were oriented towards flow configurations of similar nature
observed in different processes. The synergy of these groups was expected to improve
the development of specific methodologies:

(d)

(e)

Development of software and methodologies for the design, exploitation and
interpretation of measurements obtained through nuclear techniques and integration
with modeling (RTD and CFD),
Case studies on application of integrated nuclear techniques on detailed analysis of
multiphase flow in industrial multiphase units including not only standard information
(density, holdup, slip velocities, dispersion) but accurate description of multiphase flow
regimes map.
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OPENING OF THE MEETING

The Third Research Co-ordination Meeting on “Radiometric Methods for Measuring and
Modeling Multiphase Systems towards Industrial Processes” was held at the International
Atomic Energy Agency (IAEA) in Vienna, Austria from 11 to 15 April 2016. Sixteen CRP
participants, one each from Brazil, China, Cuba, Ghana, France, India, Korea, Malaysia,
Morocco, Norway, Pakistan, Peru, Tunisia and Vietnam and two from Poland participated in
the meeting. Mr. Patrick Brisset, Technical Officer, IAEA participated as “Scientific
Secretary’ of the CRP who also opened the meeting. Participants introduced themselves. Mr.
Tor Bjornstad from Norway was selected as Chairman while Mr. Harish Jagat Pant from
India and Mr. Ghiyas-ud-Din from Pakistan were selected as rapporteurs of the meeting.
Meeting agenda was presented, discussed and approved. Then, Mr. Patrick Brisset, Scientific
Secretary, IAEA/NAPC/IACS gave a presentation of the scope and objectives of the meeting.
It was followed by presentations by the participants.
3

PRESENTATIONS

The meeting participants presented their overall progress achieved during the deliberations of
CRP. The summary of each country presentation is given below.
3.1

Application of 222Rn as a tracer in a two-phase flow – Utilization in the evaluation
of residual oil saturation of oil reservoirs
M. F. Pinto, A. A. Barreto, R. M. Moreira, Brazil

Important information in for the management of an oil reservoir under secondary recovery is
the amount, or saturation (SOR), of oil still remaining on it. Measurement of the variation of
the 222Rn concentration in production wells and of its distribution between the oil and
aqueous phase can be used to estimate SOR. This study aimed at an initiatory approach to a
simple, expeditious and affordable alternative method to this estimate. It consists in an
assessment of the performance of 222Rn as a tracer for the quantification of SOR.
The fluids within the reservoirs have thus been in contact with the rocks in which they are
enclosed for very long time spans, and these rocks commonly contain uranium and thorium,
together with their radionuclide progeny Thus, production waters contain appreciable
amounts of 222Rn. Laboratory tests were carried in a rig including a core containing some
uranium ore embedded in cement in order to reproduce on a small scale model the main steps
taking place in the course of a reservoir lifetime: 1) drainage occurring in the formation of the
reservoir, and 2) imbibition during the injection of water along the exploitation phase.
Synthetic highly-saline water was used as the displacement fluid and a mineral oil simulated
the organic phase.
The mathematical formulation by Hunkeller et al. (1997) in modelling the transport of radon
in the aqueous phase in aquifers is here adapted for the case of an oil reservoir, with an oil
saturation , with 222Rn emanating at a rate
from the soil. It says that he 222Rn activity in
κ , where
the two-phase steadily flowing along a column is given by =
+
−
κ = 1+
− 1 λφ / , o and
the activities at the entrance and at equilibrium. In this
way S can be estimated from the tracer response in a core experiment once K had been
determined, also using 222Rn as its own tracer. The rig that simulated the petroleum reservoir
is shown below in Figure 1.
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FIG. 1. Assembly used in the reservoir simulation tests.

A representation of the experiment is drawn in Figure 2, in which the left block stands for the
content of fluids inside the core at the start of the experiment ant the right block represents
the contents after the experiment. The arrows indicate the amount of fluids pumped into and
driven out from the core. The water and oil coming out of the TC were sampled and their
total weight and volume recorded A mass balance calculated the volumes of oil and water
remaining in the TC.

FIG. 2. Drainage and imbibition experiment schemes.

FIG. 3. 222Rn activity concentration in saline water during the imbibition experiment.
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A tracer experiment, using 82Br, was carried to interpret such a strange behavior. It was
deemed that the difference between these two values is mainly due to the assumption of the
model being used. The response to the tracer injection can be decomposed into two
components, Figure 4.

FIG. 4. Decomposition of recorded RTD into two components (F=F1+F2) in imbibition test.

These curves showed that 222Rn was being by new water entering the core at a rate greater
than emanation and the core became enough 222Rn was formed to recover the average activity
inside the core. The process was discontinued when no more oil appeared at the exit, which
means that the residual oil saturation had been reached (SOR). Values of the SOR obtained
by 222Rn activity and the mass balance were similar, which confirms the usefulness of the
methodology, even though the model should be improved to account for the mobility of the
oil phase.
3.2

Introduction of the CRP project on development of moveable gamma CT system
for the investigation of multiphase process units (CRP No.17350)
GAO Xiang, China Institute of Atomic Energy, China

For industrial process tomography, the main problem is to develop the applied
movable/portable Gamma CT system which can be used in field. It must be low cost,
movable and operation easily. The objectives of this project are to develop, design and build
up a new kind of multi-probes gamma CT system, and the new CT system will be used in
filed for the investigation of multiphase process units. For achieve the objective, according to
the CRP contract, the work plan for the project is followed:
First year: Method study on the new CT system, computer simulation, set up the gamma
CT system.
Second year: lab and field experiment using the new CT system.
Third year: Evaluation of the moveable gamma CT system, and to improve and optimize
the methods and equipment.
At the beginning, the new kind moveable CT system was designed, and the algorithm of
reconstruction was studied. Computer simulation on the CT scanning of the column was
carried out using M-C method, also the method experiments were conducted in laboratory.
The results indicated the new design and method were feasible.
Then, the new moveable γ-ray column scanning tomography system CT system and the
experimental simulation installation were built up, and in the lab. The system mainly consists
5

of one γ-ray source, 24 γ-ray detectors, suspension system, multichannel data acquisition and
computer processing system, figure 5 is the moveable gamma CT system.

FIG. 5. Moveable gamma CT system.

The new developed moveable CT system was tested in laboratory using wall close rotating
method. The radio source was moved in a plastic pipe and the detectors close circled along
the same plastic pipe. After received data, transform were conducted using the wall close
rotating method.
A serial experiment was carried out to improvement and optimization of the new gamma CT
system. The research on the improvement of the image quality using spectrum stabilizing
technique was done. In comparison of the reconstruction images of total counting and peak
counting, the peak counting with spectrum stabilizing was considered a little better than the
total counting method in the CT image quality.
Detector efficiency adjustment and normalization test were carried out, also the reliability
and stability test of the new gamma CT system were conducted to prove quality of the new
system was reliable.
Evaluation of the moveable gamma CT system was carried out by simulation and experiment
method for density and spatial resolution test.
After the lab test, the field test was conducted in a petrochemical plant; A packed tower was
selected to apply the CT inspection, because of the poor performance of production. The
chemical engineers need to know what happened inside the tower, and help to improve the
performance of the tower. Finally, the new moveable CT system was proved suitable to
inspect the petrochemical tower on line.
After three years study (2012.8 - 2016.4), the planed work was completed according to the
CRP contract. The main achievements are the following:
A new moveable/portable CT system was designed and developed. The moveable CT
system with low cost is easy to move and install to the plant, and the on-line
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inspection can be realized for the multi-flow system.
The new CT method using wall-close rotating scanning was designed and test in field,
it was proved to fit the investigation for the petrochemical tower and other big
diameter object on line.
Evaluation of the moveable gamma CT system, and to improve and optimize the
method for the scanning and the equipments.
In the future, improvement and optimization of the CT suspending support system and
data process method are needed to continue.
3.3

To develop solid radiotracers from 99mTc and to evaluate them in simulated
multiphase systems
Judith Domínguez Catasús,
High Institute of Applied Sciences and Technologies, Cuba

3.3.1 Introduction
Taking into account the previous experience, using the radiotracer techniques to characterize
the liquid –liquid mixing process in stirred tanks, the proposed overall objective of this
project was to explore the capability of radiotracer techniques (labeling the solid phase in
this case), to calibrate the densitometry method in order to determine the mixing speed
needed in lab reactors to reach different grades of homogeneity of the suspensions.
To reach this goal, during the first year of works we carried out the fallowing tasks during the
first year:
(a)
(b)
(c)
(d)

Assembling an experimental laboratory facility
Choosing and characterizing the solid phase
Start Labeling the solid and testing the stability of the label
Training in data modeling (Monte Carlo simulation, MCNPX)

The general idea was to use the simulated solid suspension to carried out densitometry
measurements during mixing, and compare them with the measurements of the same solid
suspension previously labeled (solid particles) with 99mTc.
However we don’t have densitometer and we will be able to acquire the parts that it needs to
build one at the end of the project.
On the other hand, to develop a game of solid radiotracers from 99mTc suitable for multiphase
applications is very important for Cuba.
In that sense we proposed to readjust the goal to “To develop solid radiotracers from 99mTc
and to evaluate them in multiphase systems using simulated liquid phases at lab scale”.
Tasks for the second year
(a) Evaluation of 99mTc retention degree in silica and zeolite supported ferragels and its
stability in presence of water
(b) Study of the influence of the contact time between silica (FS)and zeolite (FZ) supported
ferragels and 99mTc solution on the retention degree
(c) Evaluation of 99mTc retention degree in silica and ferragels in non-studied conditions
(d) Test the labeled ferragel using bigger grains size of zeolite and silica gel
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(e) Study the influence of the selected parameters (concentration of the reduction agents,
time of reaction, methodology of sand treatment, grain size of solid phases) on Tc
retention in treated sand, natural sand and natural zeolite using SnCl2 and SnF2 as
reagents
Task for the 3th year
Optimization of the silica gel (FS) and zeolite ferragels (FZ) synthesis and labeling
using a bigger zeolite grain size and activity
Optimization of silica sand treatment and labeling. To test no reduction method for
labeling
To study the behavior of the 99mTc-solid tracers in multiphase systems using
simulated liquid phases.
3.3.2 Results for the optimization of some parameter of ferragels synthesis and labeling
In the range from 5 to 20 %, volumetric concentration of the ethanol solution used
during the ferragel synthesis does not influence on the technetium retention degree
(99mTc- Rret% ) in ferragels.
The increase of time of agitation of FeSO4·7H2O(s) and silicagel (zeolite) from 1 to 5
minutes before adding NaBH4, influences in a negative way on the 99mTc- Rret%
The increase of time of agitation of FeSO4·7H2O(s) and silicagel (zeolite) from 1.5 to
15 minutes after adding NaBH4, also influences in a negative way on the 99mTcRret%
In order to obtain the best efficiency with the least chemicals ant time expenditures,
maintaining the technetium retention degree (99mTc-Rret%) in ferragels near 99%, the
fallowing conditions should be fulfilled:
For the ferragels synthesis to use: 1.5 g of

), relation

and relation
Agitation times of FeSO4·7H2O(s) and silicagel(zeolite) during the ferragel synthesis
should be 1 minute before the addition of the reducer.
Agitation times of FeSO4·7H2O(s) and silicagel(zeolite), after adding the reducer
(NaBH4) should be 1.5 minutes.
The volumetric concentration of ethanol solution should be 5%
1min of contact in agitation whit 99mTcO4- solution (4MBq).
The dynamic and static stability experiments showed that 96-99% of 99mTc was retained in
ferragels in the presence of distillated water.
The methodology used for FS storage assured a high conservation of its reduction potential,
reaching 95% of 99mTc removal from solution after 48 h of storage.
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3.3.3 Influence of some sand treatment parameters in the retention degree of 99mTc
It was tested and adjusted a two stage treatment:
1th stage : contact with agitation with concentrated HNO3
2nd stage: contact with agitation with NaOH solution.
3.3.4 Results
In the range from 1 to 3 M, the concentration of NaOH used for the silica sand
treatment does not influence on the technetium retention degree (99mTc- Rret% ).
The increase of the relationship between the volume of concentrated nitric acid and
mass of sand (V (HNO3) / sand mass), from 0.5 to 1.5 influences in a positive way on
the 99mTc- Rret% in sand.
The increase of time of contact with agitation of sand and nitric acid from 10 to 20
minutes influences in a positive way on the 99mTc- Rret% in sand.
The increase of the agitation time of sand and NaOH solution from 10 to 20 minutes
does not influences on the 99mTc- Rret% in sand
In order to increase the 99mTc-Rret % to 73.9 ± 0.5%, with the least chemicals ant time
expenditures, the fallowing conditions should be fulfilled:
Relation V(HNO3)/ sand mass (mL/gr)=1,5
Contact times of the sand with concentrated HNO3 =20 min
Contact times of the sand with 1M NaOH solution = 10 min
It was determined that approximately 50% of the total 99mTc-Rret % on treated sand
corresponds to each stage of treatment.
3.4

Multi-scale CFD simulations and radiotracer interpretation for modeling
multiphase flows in energy systems and environmental processes,
Jean-Pierre LECLERC, Olivier POTIER
Laboratoire Reactions et Génie des Procédés, LRGP _CNRS/Université de Lorraine, France

3.4.1 Introduction
Multi-scales approach is very well adapted for study the multiphase flows. In particular, the
global efficiency of complex equipment masks a diversity of local behaviours and
interactions that are necessary to understand accurately to improve the global process by local
modification. Our objective is to improve the knowledge of gas-liquid and liquid flows in
complex structures by combining several and complementary experimental and modelling
tools. We have focused on four different processes: running water purification systems, micro
structured heat exchanger, treatment of algae in aquaculture ponds and constructed wetlands
They fulfil to the improvement of two major targets for the future: global approach of water
treatment and use of micro-structured equipment for saving energy.
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3.4.2 Tracer experiment and CFD simulation of stepped cascade for auto-purification of
water
The dissolved oxygen concentration is an indicator of the water quality. In the aquatic
ecosystems, the dissolved oxygen is consumed by the aerobic biological processes of selfpurification, mainly in biofilm and notably in hyporheic zones. To counterbalance this
consumption and maintain the aerobic self-purification process, an oxygen input is necessary.
The hydraulic structures (natural or not) such as cascades or falls, work like aeration systems
by absorbing the atmospheric oxygen. To estimate the aeration potential of these structures, a
study was realized at the laboratory scale. The oxygen transfer efficiency has been estimated
for different operating conditions (water flowrate, the number and the shape of steps of the
spillway). Tracer experiments and CFD simulation permitted to estimate separately the
transfer coefficient and the specific surface area during the oxygenation. For studied
cascades, residence time calculated was ranging from 0.7 s to 4.9 s. The low residence time
values and the instabilities of the flow required numerous tracer experiments under the same
operating conditions to ensure statistical reliability of the measurements. For a given cascade,
residence time decreases with flowrate increasing. This decrease is more pronounced for low
flowrates values with a sudden change in the slope of the curve corresponding to the flow
regime change. Water volume over stepped cascade varies with flowrate similarly to what
was observed also for global aeration efficiency with three different Behaviors. Tracer
experiments were also modelled using simple compartmental approach. The variation of the
model parameters with the operating conditions were studied and analyzed. CFD simulations
of the flow were realized for different regimes. The calculated volumes were successfully
compared to those obtained from tracer experiment.
3.4.3 CFD simulations and numerical RTD in aquaculture pond
With the objective to treat more efficiency with less active agent the algae in the aquaculture
ponds and to predict their transport, a detailed water flow investigation of the ponds was
conducted. Two ponds were studied (a first 20 m x 10 m x 1.5 m and a second one 30.5 m x
7.32 m and variable depth). The inlet and outlet consist of a rectangular pipe of 0.2 m
hydraulic diameter. Both ponds have a water inlet velocity of 0.3 m/s. Flow was simulated
using Fluent software. Nine turbulence models have been tested. The comparison of velocity
profiles at different locations in the pond shows that the choice of the turbulence model
affects the hydrodynamic behavior of the water. The physical analysis of the obtained results
had allowed us to eliminate several turbulence models. To derive numerical tracer simulation,
the steady state solution of the pond flow field was obtained by solving turbulent Reynolds
Average Navier-Stokes equations governing the flow in the pond after which the stochastic
particle tracking was carried out. Particle tracking discrete phase model (DPM) was used for
the RTD simulation by tracking 5000 virtual particles injected at the inlet surface and
recording the time required for them to reach the outlet. The turbulent dispersion was
simulated by discrete random walk. The standard k-ω model simulated pond mean residence
time (MRT) of 5.43 h while the Transition SST predicted 5.6 h for the flat pond. The
simulated MRT for the sloped pond were 4.3 h, 4.6 h, and 3.5 h by the k-ε RNG, the k-ω SST
and the k-ε Realizable models respectively. Modelling the CFD RTD as well as a visual
inspection of the velocity contour plots and analysis of the velocity profiles revealed that the
pond flow can be described by three main compartments or zones. A compartment model
based both on velocity profiles and numerical RTD derived from CFD simulations is
proposed to obtain a simple flow model easy to handle for rapid prediction of flow behavior
in aquaculture ponds.
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3.4.4 Flow simulation and tracer experiments in micro-channel heat exchangers
The use of compact heat exchanger for both single and two-phase flow applications to
industrial process has increased in the recent years. Among them, offset strip fin heat
exchangers are of particular interest because they achieve high heat transfer areas per unit
volume and mass. Design and optimization of such devices requires a quantitative evaluation
of their performances in term of pressure drop and heat transfer. We have carry out CFD
simulations, tracer experiments and flow visualisation in order to improve the methodology
of trouble-shooting and flow determination by simultaneous determination of flow behaviour
of each phase inside the studied process, multiphase flow regimes map and amplitude and
location of small fooling. The VOF simulations of gas bubbles in a micro-channel were
successfully compared with the experimental photo obtained with a rapid camera. These
results have been published recently. Tracer experiments with locale artificial fooling were
done but the interpretation is still under process.
3.4.5 Tracer experiments in constructed wetlands using artificial and natural tracers
Establishing a wetland between the exit of an existing wastewater treatment plants (WWTP)
and the receiving surface water for WWTP effluent polishing has been recently
recommended for rural communities but also for treatment of storm water in urban areas. The
wetlands are composed of one or several successive zones in which the hydrodynamic
behavior is different depending on the geometry (deep stagnant zone, narrow natural channel
with high local velocities…). Design rules to build efficient low-cost and low-maintenance
polishing wetlands are not well defined yet. Because of complex geometry of the constructed
wetlands with free water surface, the evaluation of dimensions (surface, useful volume) and
residence time by direct measurements is complex and imprecise. Moreover, it is an open
system in which the infiltration and the evapotranspiration of water makes impossible to
estimate properly the masse balance. We carried out tracer experiments in several
constructed-wetland using pulse injections of salt as an artificial tracer but also inlet effluent
conductivity as a natural tracer. The interpretation allowed us to establish a compartment
model of the wetland with the aim to link this description with the abatement efficiency of the
pollutants.
3.5

Presentation on Current Activities under CRP on 'Radiometric Methods for
Measuring and Modelling Multiphase Systems towards Industrial Processes
Hannah AFFUM,
Ghana Atomic Energy Commission (GAEC); National Nuclear Research Institute, Accra, Ghana

3.5.1 Introduction
Ghana's focus was to combine radiotracer Residence Time Distribution (RTD) modeling and
CFD simulation to study slurry mixing systems and residual fluid catalytic cracking (RFCC)
systems. This was achieved by measurements of RTD in laboratory-scale mixing tanks (water
flow rig) and leaching tanks of gold processing plants in Ghana. Computational Fluid
Dynamics (CFD) modeling and simulations were also performed in these tanks. These results
have been published in a number of articles in reputable journals.
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3.5.2 Current/Ongoing Research Activities
3.5.2.1 Completion of Flow Rig Revamp
There was the need to revamp the water flow rig to reflect industrial settings and conditions.
The result is an open-circuit system comprising four (4) tanks, two (2) of which are fitted
with radial and axial impellers to enable the study of the effect of radial and axial impellers
on mixing. This experiment is to be conducted before May 2016. The revamped rig is shown
in Figure 6.

FIG. 6. Schematic Diagram of revamped flow rig.

3.5.2.2 CFD Simulation of RFCC Riser Flow of Tema Oil refinery
CFD simulations of the RFCC riser flow have commenced using the CFD code ANSYS
Fluent available at the school of nuclear and allied sciences (SNAS) with plant data obtained
from the Tema Oil refinery. The ANSYS Design Modeller was used for the geometry
creation of the riser after which it was meshed as seen in Figs 2 and 3.
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FIG. 7. Riser Geometry.

FIG. 8. Riser mesh.

3.5.2.3 Leak Detection at Blue Skies Ghana Limited
Blue Skies Ghana Limited, a company which produces and markets fruit salads and juices,
reported of a leakage in one of their parallel waste-water pipes joining a bigger pipe leading
to the effluent of waste water. A visual inspection by our team at the factory premises
revealed possible source of the water leakage. The tracer RTD technique was used with Tc99 as tracer. The radiotracer was injected into the inlet of the drains suspected to be the
source of the leakage. Radiation detectors were installed at the leak points and downstream
discharge of the drain to monitor radiation signals. The signals are yet to be processed.

FIG. 9. Leakage.

FIG. 10. Tracing set-up.

3.5.3 Conclusions/Perspectives/Challenges
The CFD simulations will be continued regardless of the challenge of limited licenses for the
use of the software. The unavailability of radiotracers seems to hinder the quick execution of
research and potential commercial endeavours.
3.5.4 Acknowledgement
We are grateful to the IAEA for their continued support, Nuclear Medicine Unit of the
Radiotherapy Centre for providing the radiotracer and the SNAS for the CFD software.
3.6

Country Report, India

During the course of the CRP, three commonly used industrial systems i.e. fluidized bed
reactors, bubble column reactors and trickle bed reactors were investigated using three
different radioisotope techniques namely radiotracer, radiometry and radioactive particle
tracking techniques. The systems investigated included both pilot as well as full scale
industrial systems. The overall objectives of investigations in pilot-scale systems were to
investigate flow dynamics of the flowing phases for validation/optimization of design, flow
visualization and scale-up of the processes. The objectives of investigations in industrialscale systems were identification of malfunctions and measurement of flow parameters.
Following investigations were carried out:
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1. Measurement of residence time distribution (RTD) of coal particles in continuous
fluidized bed reactors with two different types of air/steam distributors i.e. conical and
flat plate distributors. 198Au labelled on coal particles (25 gms) was used as radiotracer.
The measured RTDs treated and mean residence times (MRTs) were obtained. The
treated RTDs were simulated using tanks-in-series with backmixing model. The analysis
of data indicated small fraction of bypassing of coal particles with both the distributors.
The extent of bypassing was marginally lesser with the flat-plate distributor as compared
to that of the conical distributor. The measured MRTs were higher with the flat-plate
distributor. The mixing was also better with the flat-plate distributor.
2. A radiotracer investigation was carried out in an industrial-scale oxidizer. The main
objectives of the investigation were to measure residence time distribution (RTD) of the
process fluid and determine mean residence time (MRT) and degree of mixing. 82Br as pdibromo biphenyl was used as radiotracer for measuring RTD of the organic process
fluid. The MRT of the fluid was determined to be 328.5 minute. Tank-in-series model
was used to simulate the measured RTD and results of the simulation showed that high
degree of mixing occurred within the oxidizer and the oxidizer behaved as a well-mixed
reactor. The results of the investigation were used to design an indigenous oxidizer.
3. Mixing times and holdup of solids were measured in a gas-solid fluidized bed using
radiotracer technique. Sand and air were used as solid and gas phase, respectively in the
fluidized bed. 198Au-labeled sand particles were used as radiotracer for mixing time
measurement at different operating conditions and 137Cs sealed source was used for
holdup measurement at different axial and radial positions. The experiments were
conducted at different operating conditions. The measured mixing times ranged from 1.421 seconds at different conditions. It was observed that at a particular bed height, the
mixing time initially decreases with increasing gas velocity and tend to become constant
at higher gas velocities. However, mixing time increases with increasing bed height. The
holdup fraction of solid was found to be more towards the wall compared to the centre of
the column. The study provided inputs to improve the existing design, design of a new
system and scale-up of the process.
4. Bubble column reactors with internals, due to their efficient mixing and heat transfer
characteristics, are the reactors of consideration for the heat removal in the processes like
Fischer-Tropsch synthesis, Hydrogenation and Heavy Water Reactors etc. For the design
of such reactors, the knowledge of overall holdup, flow patterns, axial and radial mean
liquid velocity profiles and turbulence parameters are required. Even though plenty of
experimental investigations are reported on this subject, most of the work is restricted to
measurements at the near wall regions, columns without internals and low dispersed
phase volume fractions. A non-invasive Radioactive Particle Tracking (RPT) technique
was employed to quantify the hydrodynamic parameters in 120 mm diameter Bubble
column with and without internals using air/water system at different superficial air
velocities ranging from 14mm/s to 265 mm/s. Experiments performed in configurations
of the bubble column with percentage obstruction area varied from 0 (without internals)
to 11.7%. It is found that, the liquid phase hydrodynamics depends strongly on superficial
gas velocity and heat exchanging Internals.
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5. Flow dynamics of heavy petroleum residue in an industrial-scale soaker operating in a
petroleum refinery was investigated. Residence time distributions (RTDs) of the residue
were measured using radiotracer technique. 82Br as dibromobiphenyl was used as
radiotracer for tracing the petroleum residue. The measured RTDs were treated and mean
residence times (MRTs) were determined. The measured RTD data was simulated using a
combined model i.e. plug flow in parallel with tanks-in-series with dead volume. The
results shape of the RTD curves and results of the model simulation indicated two parallel
flow paths of the residue within the soaker.
6. Radioactive gold nanoparticles (198Au-NPs) were synthesis and characterization to
explores their utility as radiotracer for tracing aqueous phase in a continuous laboratoryscale bubble column at ambient conditions. The performance of the 198Au-NPs as
radiotracer was compared with the results obtained with conventional radiotracer i.e.
(82Br) as ammonium bromide and found to be identical. Tank-in-series with backmixing
model (TISBM) was used to simulate the RTDs of the aqueous phase and characterize
flow in the bubble column. The use of metal 198Au-NPs as radiotracer for tracing aqueous
phase was validated and established. However, their use for tracing organic phase,
particularly at elevated temperatures, needs to be investigated and forms good scope for
future work. Although the uses of 198Au-NPs radiotracer for tracing liquid phases is in its
initial stages, but seem poised to bring a niche in development of radiotracer technique
where conventional radiotracers are incongruous.
7. Time-averaged voidage distribution measurements were performed in a pilot-scale
fluidized bed using gamma ray transmission technique. 137Cs source (10 mCi) and
scintillation detector were used in the technique. The voidage profiles in absence of side
gas injection showed that the tracks of bubble flow changes from one side of the wall to
the centre of the bed with increasing superficial gas velocity. The side gas injection can
drastically alter the shape of the bed voidage distribution. At incipient fluidization the jet
bubbles and distributor bubbles were found to be moving without interacting with each
other. At 1.5umf the jet bubbles and the distributor bubbles move from the wall to the
central region of the bed with the increasing bed height above the nozzle plane. At 2umf
the jet bubbles and distributor bubbles follow the same track from the nozzle plane. The
void fraction measurement below the nozzle showed that there was no backmixing of gas
injected through nozzle.
8. A novel approach for synthesis of scandium oxide (Sc2O3) microspheres based on sol-gel
technique of internal gelation followed by neutron activation was used to produce 46Sc for
use as radiotracers in radioactive particle tracking (RPT) experiments. The synthesis of
scandium oxide microspheres of regular and spherical shapes essentially consists of
formation of concentrated colloidal sol of the Sc(OH)3 and transformation of this sol into
a semi rigid gel followed by heating. The synthesized microspheres were characterized by
X-ray diffraction (XRD), scanning electron microscopy (SEM), thermogravimetry
analysis / differential thermal analysis (TGA/DTA) and surface area analyses. The
neutron-activated microspheres were successfully used in radioactive particle tracking
(RPT) experiments to investigate hydrodynamics of solids in a pilot-scale liquid-solid
fluidized bed.
9. Radioactive particle tracking technique (RPT) was successfully employed for
investigation of liquid-solids fluidized bed of different particle sizes (1.2 mm and 0.6
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mm). Experiments are performed in a 10 cm ID cylindrical column for different liquid
velocities. Further, radioactive particle tracking (RPT) experiments are performed for
both the solids and effect of liquid velocity and particle size on flow behaviour of liquidsolid fluidized bed is quantified.
10.
Axial mixing and hold-up of liquid phase in a trickle bed type of catalytic exchange
column to be used for reactive stripping of heavy water was investigated by residence time
distribution analysis using radiotracer technique. Experiments were conducted with two
different packing materials separately i.e. a water-repellent supported platinum catalyst and
50 % (v/v) diluted catalyst with a wettable Gas-Liquid mass transfer packing. Axial
dispersion model (ADM) and axial dispersion with exchange model (ADEM) both were
tested and dispersion model was found adequate in describing the mixing effect of the liquid
phase. The degree of axial mixing was estimated in terms of Peclet number (Pe) and
Bodenstein number (Bo). Simple correlations for total liquid hold-up (HT) and Bo number
were proposed for design and scale up of the trickle bed column.
The work initially proposed to be carried out as part of the CRP was completed. The findings
of the investigations will be used by different industries in India to improve the
design/optimize the design, scale-up and process intensification in near future leading to
significant benefits. In addition to this five students will soon complete their Ph.D on the
work. A total number of 45 publications (17 in peer-reviewed journals and 28 conference
papers) resulted from the work carried out in the CRP.
3.7

Development and evaluation of portable gamma CT system for industrial
applications
Jongbum Kim, Jinho Moon, Sung-Hee Jung, Jang-Guen Park, Joon-Ha Jin
Korea Atomic Energy Research Institute (KAERI), Republic of Korea

Electron beam CT scanners utilize a semi-circular ring target for a scanning focal point and
fixed semi-circular detector arrays. This concept has also been applied for the gamma-ray
tomographic system introduced here. In this system, a gamma-ray source moves along the
semi-circular track instead of target ring. Figure 1 shows a 3D drawing of the gamma-ray
tomographic system designed by the concept of an electron beam CT. Because it is semicircular system, a clamping unit can be used to attach a tomographic scanner to a cylindrical
object. The motion control system and radiation measurement system are controlled by a PC
with the LabVIEW program. A source, which is 7 mm in diameter and 10 mm long, is
contained in a fan beam collimator made of tungsten. The slit size of the source collimator is
6 mm in width in the axial direction and the opening angle of the fan beam is 90°. And the
total scanning time is around 15 minutes for 128 projections and 5 seconds per projection.
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FIG. 11. The CAD drawing of the portable gamma-ray tomographic scanner.

The CsI crystal coupled with a PIN diode is used for portable gamma CT. The energy
resolutions of CsI detector are 11.58 % and 6.08 % for 137Cs (0.662 MeV) and 60Co (1.33
MeV) respectively. 36 sets of CsI detectors are connected to a multi-channel counter. A
computer controls and collects data from two multi-channel counters. This configuration
results in 72 channel counting system in total. The measurement system for tomography
operates jointly with the motion control system.
The experiment using the portable gamma tomographic system was an on-site demonstration
for an industrial pipe line. Figure 2 shows a cross-sectional image for an industrial object
which consists of 12.7 mm thick steel pipe, with 193.7 mm inner diameter and 70 mm thick
insulator. The internal state of the pipe is a vapor phase with mixture of hydrocarbon and
hydrogen. Plant engineers were concerned about forming a coke inside the pipe. The low
density region surrounding the pipe in Figure 2(b) is an image for the insulator. The ring
image is a steel pipe wall, and the area inside the ring is a vapor flow showing a low density
toward the center. From these results, it is inferred that the process media forms a laminar
flow. Because a coke is difficult to distinguish from a shadow artifact near the inner wall
without reference data. As a result, it was concluded that formation of a coke did not occur.
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FIG. 12. Field experiment in a refinery plant: (a) photo of the field test, and (b) a cross-sectional image.
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3.8

Development and Implementation of Advanced Radiometric Techniques to Study
Process Hydrodynamic Behaviour
Jaafar Abdullah, Hanafi Ithnin, Mohd Fitri Abdul Rahman, Hearie Hassan, Mohamad Rabaie Shari
and Airwan Affandi Mahmood
Plant Assessment Technology Group, Industrial Technology Division, Malaysian Nuclear Agency
43000 Kajang, Selangor, Malaysia

3.8.1 Background
Malaysia carried out many research & development and application of innovative sealed
source and radiotracer technologies since early 80s. All activities are carried out by the Plant
Assessment Technology (PAT) Group, Industrial Technology Division, Malaysian Nuclear
Agency (Nuclear Malaysia), Bangi, Malaysia. The group was established in early 80’s, after
the introduction of IAEA/RCA/UNDP projects on radioisotope application in industry.
Since then, radioisotope techniques, in the form of “sealed-source” or “open-source
(radiotracer)” are routinely used in many types of process industries, in particular oil & gas,
chemical & petrochemical, pulp & paper, mining & minerals industries in Malaysia. These
investigations include gamma-ray scans for trouble-shooting, process optimisation and
predictive maintenance of industrial process columns and vessels, blockage detection in
pipelines, level and interface measurement, moisture measurement in concrete structures for
building and bridges, computed tomography, corrosion measurement and pipeline pigging.
The application of radiotracer techniques for flow-rate measurement, residence time
distribution (RTD), leak detection, sediment transport investigation, dam safety studies, soil
erosion studies etc. are also conducted. These industrial services are very much related to the
operation schedule of our TRIGA Mark II reactor to produce the required radioisotope
tracers. A number of the applications are also carried out by using radioisotope generators.
There is no doubt that the application of these techniques has gained a lot of benefits through
reducing energy consumption, saving raw materials, reducing down-time and improving the
quality of products. Services related to sealed sources technology provided by Malaysian
Nuclear Agency have been certified to ISO 9001:2008 in 2002 by SIRIM QAS International
Sdn Bhd, Malaysia and IQNet (formally UKAS), United Kingdom. The process certification
and accreditation of both sealed-source and radiotracer field services in accordance to ISO
17020, is underway. To fulfil the requirement of ISO 9001:2008, all personnel involved in
the sealed source and radiotracer services have to be regularly trained either locally or
abroad. Every year, our technologists or scientists and supporting staffs are trained in related
subjects. In-house methods of assessment for the effectiveness of the training or retraining
have been developed. In addition, maintenance and calibration of both laboratory and field
services equipment are very crucial as stipulated in our ISO 9001:2008 manual.
At present, routine services related to sealed source and radiotracer applications, have been
transferred to private companies. To date, Malaysian Nuclear Agency has appointed three
companies to provide services on commercial basis.
Malaysian has made substantial progress in developing new and innovative sealed source and
radiotracer technologies in characterising and diagnosing multiphase flow systems. Our
involvement in IAEA/TC projects and our participation in IAEA/CRP activities, for instance
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MAL-12461 on Industrial Process Tomography and MAL/8/016 on the Development of
Gamma-ray and X-ray Computed Tomography and MAL-17374 on Radiometric Methods
for Measuring and Modelling Multiphase Systems Towards Processes, we managed to
develop a third generation (with curved-array) gamma-ray process tomography system for
imaging and visualisation of multiphase rectors, a third generation (with linear array detector)
of X-ray computed tomography for chemical engineering plant design and scale-up, and a
transportable gamma-ray tomography, called “GammaScorpion” for oil palm wood trunk
inspection. In addition, the development of an X-ray microtomography (XMT) for imaging of
small samples down to 5µm in resolution has been fully developed. Recently, a clamp-on
gamma-ray tomography system for pipe imaging, “GammaSpider” has been developed.
These systems have attracted a lot of interest from industrial communities, research institutes
and high-learning institution. For example, GammaSpider was used to detect blockages and
to monitor materials build-up in pipelines. The system was also used to detect the formation
of oleoresin in agarwood trees.
3.8.2 Some Recent Development on Advanced Radiometric Techniques
Some of the latest developments in R & D (at Malaysian Nuclear Agency) on sealed source
& radiotracer technology as well as main achievements in these fields are summarised as
follows:
1.

Developed an automatic gamma scanning system for on-line industrial columns
troubleshooting, optimization and predictive maintenance. The system was introduced to
the process industries for fast and reliable column scanning services.

2.

Developed radioactive particle tracking (RPT) for multiphase system investigation with
MCNP simulation analysis. Laboratory scale of high-pressure bubble column for RPT
installed.

3.

Developed portable and clamp-on gamma-ray computed tomography systems for on-line
investigation of industrial pipe and column.

4.

Completed an IAEA contract RAS/8/111.02.01 on the preparation of training materials
for gamma process tomography. The materials have been distributed to all participants
attended the above IAEA/RCA regional training course. Hosted an IAEA/RCA RTC on
Industrial Process Gamma Tomography, July 2010, Kajang, Malaysia.

5.

Upgraded of neutron-induced prompt gamma-ray techniques (NIPGAT) for the
investigation of archaeological and geological samples, including MCNP simulation
analysis.

6.

Developed nano-particle core-shell radiotracers with functional surfaces for high
temperature application.

7.

Scanned and imaged a numbers of industrial, dental, biological, mineral, metallurgical
and archaeological samples using X-ray tomography and X-ray microtomography
systems.

8.

Developed image reconstruction software for gamma-ray and X-ray tomography for
phase hold-up analysis in multiphase reactors, based on Summation Convolution
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Filtered Back-Projection (SCLBP), Expectation-Maximisation Algorithm (EM) and
Alternating Expectation-Maximisation Algorithm (AEM).
9.

Upgraded of neutron-induced prompt gamma-ray techniques (NIPGAT or PGNAA) for
the investigation of archaeological and geological samples, including MCNP simulation
analysis.

10. Conducted various radiotracer experiments for RTD and CFD modelling of mixing tank,
process vessels and Wastewater Treatment Plant (WWTP) in chemical and
petrochemical plants.
11. Conducted radiotracer experiments for flow-rate measurement in pipeline at power
generation plants and petroleum industries.
12. Hosted an IAEA/RCA RTC on Radioactive Particle Tracking (RPT) & Single Photon
Emission Computed Tomography (SPECT) for Multiphase Flow Investigation, 14 to 18
April 2014, Kajang, Malaysia.
3.8.3 Project Activities and Work Scope for CRP MAL-17374 (2012-2015)
The scope of work of this CRP project planned at Malaysian Nuclear Agency is the
following:
1.

Understanding liquid and gas distribution (hold-up) in bubble columns using gamma-ray
process tomography (GPT) and clamp-on gamma-ray tomography system
(GammaSpider).

2.

Radioactive particle tracking (RPT) & Monte Carlo simulation of hydrodynamic
behavior in bubble column. Characterization of liquid flow field using radioactive
particle tracking (RPT) techniques.

3.

Develop a gamma-ray densitometry (GD) facility and use this tool to understand flow
pattern in bubble columns.

3.8.3.1 Hydrodynamic Behaviour in Bubble Column Using Gamma-ray Tomography
(GammaSpider)
Bubble columns are widely used as reactors and contactors in chemical, petrochemical, and
other industrial processes. The successful design and scale-up of bubble columns depends on
the ability to describe the flow pattern in the bubble columns. Unfortunately, a thorough
understanding of hydrodynamics has not been achieved due to the complexity of the flow
pattern in bubble columns. Among various hydrodynamic parameters involved in two/three
phase flows, gas hold-up is one of the most important ones, since it not only determines the
interfacial area for mass transfer, gas phase residence time and pressure drop, but its spatial
distribution also affects the liquid/slurry phase recirculation (back-mixing) in the column.
Thus, gas hold-up can be identified as the single most important parameter affecting the
overall mass, heat and momentum transfer in the reactor.
The investigation of hydrodynamics in bubble columns is of paramount importance. A
comprehensive experimental study of all these aspects using an experimental setup will
20

significantly advance our current understanding about the bubble column technology and will
provide valuable information and bench-mark data for performance evaluation point of view.
In this work, a bubble column experimental set-up was designed, developed, and tested for
different flow of gas.
Also, gamma-ray computed tomography (CT) and gamma-ray densitometry (GD) were
implemented to investigate and to measure in 2D and 3D domain in terms of the solids and
voids spatial distribution. For such a comprehensive experimental study, an experimental setup involving bubble column plays a pivotal role. Hence, design and development of bubble
columns experimental set-up, modality pivotal to this research project, was carried out to
mimic the flow of liquid or solid in the bubble column of 20cm in diameter and 2m height.
Thus, obtained information can be used in validation of computational methods (CFD) which
are/will be used for evaluation of liquid or solid flow and gas dynamics. Also such
information will be valuable in proper design, scale-up and commercial demonstration of
bubble columns technology.
3.8.3.2 MCNP5 Code of Radioactive Particle Tracking (RPT) in Bubble Columns
Radioactive particle tracking (RPT), versatile non-invasive flow mapping technique, capable
of providing wealth of 3D steady and transient information about liquid or solid
hydrodynamics will be implemented around this experimental set-up. This technique will
provide information about 3D liquid (or solid) flow, velocity and its components, overall
residence time distribution, local residence time distribution, stagnant zones, liquid (or solid)
occurrence, Lagrangian trajectory and other related solids flow dynamic parameters.
RPT techniques have been widely applied in the field of chemical engineering, especially in
hydrodynamics in multiphase reactors. In classical approach, the phenomenological model is
used to simulate the number of counts measured by the detector and then the tracer position is
reconstructed by solving a minimisation problem between the measured events and the
mentioned model. This work presents an original algorithm for reconstruction of the tracer
position during the radioactive particle tracking based on the Monte Carlo N-Particle code
version 5. The validation of the proposed algorithm is evaluated for two cases: ‘ideal’ and
physically realistic. The advantages of the new algorithm are demonstrated.
3.8.3.3 Flow Regime Identification in Trickle Bed Reactor Using Gamma Densitometry
Flow regime identification of Trickle Bed Reactor (TBR) is one of important parameters in
order to identify good distribution of liquid and gas. Many techniques have been developed
by previous researchers to measure this parameter. Unfortunately, most of the techniques
require probes intervention in the reactor which affects the flow distributions of gas and
liquid. Gamma-ray densitometry is a non-invasive technique which can be used for
laboratory, pilot plant and industrial scales reactors. This work measures the flow regime
identification by gamma-ray densitometry measurement techniques. The experiment was
performed on 0.14 m diameter reactor made of Plexiglas filled with 3 mm glass bead which
act as the solid. Water is the liquid phase while the air is in the gas phase. The superficial
liquid velocities for both gas and liquid were in the range 0.03 m/s to 0.27 m/s and 0.004 m/s
to 0.014 m/s respectively.
3.9

Detection of coking in gas and liquid flows inside petrochemical units,
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Rachad Alami ,CNESTEN, Morocco

From the previous results obtained using a laboratory flow rig, it was concluded that the
radiotracer method may be a good approach for detecting the presence of coke in case of
liquid flow through solid packing in distillation columns. However the preliminary work
carried out deserves to be continued under conditions as close as possible to those
encountered in petrochemical installations. This is why it was decided to design a semi-pilot
device (1.35m diameter) in which the flow conditions and the packing material mimic the
conditions of industrial units (Figure-13).
Below in Figures 14, 15 and 16 are presented examples of distributor, packing and tray used
in industrial units, together with similar components designed for the semi-pilot device.

FIG. 13.

(a)

b)

FIG. 14. a) Industrial distributor, b) Lab distributor.

(a)

(b)
FIG. 15. a) Industrial packing, b) Lab packing.
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(a)

(b)

FIG. 16. a) Industrial tray, b) Lab tray placed at the bottom of the colum.

Figure 14 shows both industrial and laboratory designed distributors under operating
conditions ensuring a regular distribution of the liquid flow on top of the packed bad column.

FIG. 17.

To perform the radiotracer experiment 10 mCi of 99mTc were injected at the inlet of the
distributor and 5 detectors used to monitor flow distribution through the packing. One
detector was placed at the inlet of the tower for timing and 4 detectors were mounted in the
same plan around the column as shown in Figure-6. The detectors’ plan is located below the
packing’s area affected by the coking which is indicated in the figure by black round circles.
For simplicity, the detectors’ locations will be referred to as V1, V2, V3 and V4.

FIG. 18.
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The obtained normalized response curves are displayed in Figure-19

FIG. 19.

Comparison of total activity ‘‘seen’’ by each detector is given in Table-1.
Table-1

Way
Way 1
Way 2
Way 3
Way 4

Percentage %
35.12
21.99
22.29
20.62

From the above presented results it appears that the presence of coking in the packing is
impacting the liquid flow distribution through the packed bed.
3.9.1 Conclusion and perspective
The gamma scanning technique is a suitable tool for detecting and locating the presence of
coking in gaseous phase pipes and units. But this technique is ineffective when coking
detection in liquid flow through a solid phase is considered, such as in packed beds of
distillation columns. In such a case, the use of a suitable radiotracer can help to achieve better
results than the gamma scanning technique. However, the performed work, at a laboratory
scale, needs to be confirmed by a real scale study on an industrial packed bed column. The
experimental results are also to be combined with advanced modelling techniques based on
CFD approach.
3.10 Radiotracer-based monitoring of liquid carry-over from gas scrubbers
Tor Bjørnstad, Liv Stavsetra, Kristin Fure, Karsten Opel, Are Haugan, Alexander Krivokapic
Institute for Energy Technology (IFE), Kjeller, Norway

Multiphase flow is a complex phenomenon, which is difficult to understand, predict and
model. Common single-phase characteristics such as velocity profile, turbulence and
boundary layer, are thus alone inappropriate for describing the nature of such flows.
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The flow structures are classified in flow regimes, whose precise characteristics depend on a
number of parameters. The distribution of the fluid phases in space and time differs for the
various flow regimes. Figure 20 gives a
rough illustration of this.
At present, there are more than 30
different experimental methods for
flow/multiphase flow monitoring.
However, no existing method covers
the range of very high gas holdup and
velocity and extremely low liquid
holdup.
The situation in the upstream
petroleum processing is the following:
The gas from the primary multiphase
(oil, water, gas) separator is injected to
a gas scrubber to remove (as much as
possible) of the “wetness” still residing
FIG. 20. Various flow regimes for two-phase flow as function of
the superficial gas and liquid velocity.

in the gas phase. After the gas scrubber (on the
top of the scrubber, Figure 21) the gas has to be as
dry, i.e. the content of condensates (organic and
aqueous) has to be as low as possible for reliable
long distance transport in pipelines. In this case
we have the situation with very high gas holdup
and velocity and extremely low liquid holdup
mentioned above.
It is of importance to be able to monitor the socalled liquid carried-over (LCO) in the gas. In the
present CRP we have concentrated on this
problem.

FIG. 21. Radiotracer-assisted monitoring of liquid
carry-over (LCO) in the gas phase from a gas scrubber.

LCO can be measured by radiotracer technology as illustrated in Figure 21 (detector positions
D1 and D3).
LCO is given by the formula inset in Figure 21, Sin and Sout being the corrected integrals of
the inlet and the outlet peaks of the radiotracer, respectively. The big challenge is to generate
a correct value for the f-factor. This is based on a detailed understanding of the flow structure
of the liquid distribution as a function of the superficial gas velocity. For the moment, we are
considering a gas phase and a liquid phase consisting exclusively of condensates from
“higher” hydrocarbons.
The method under development and
the project structure to derive the LCO
from radiotracer experiments are
illustrated in Figure 22.
Three types of development activities
run in parallel:
1. Development of a new oil-based
short-lived gamma-emitting
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FIG. 22. Sketch of the experimental and modelling/simulation
strategy to derive the LCO.

radiotracer produced by a radiotracer generator that is automatically operated.
2. Development of a mathematical expression for the factor f.
3. Development of a flow model for low liquid content in a high gas flow.
Then, a radiotracer experiment with the chelated 68Ga3+-tracer is performed for a certain flow
condition. An introductory value for f is chosen for the flow simulation based on the
generated flow model. An iterative calculation is performed until the derived value of f fits
the radiotracer experiment. At this point we can calculate LCO by the simple formula in
Figure 21.
3.10.1

Present status

The project is scheduled to be finalized in 2018. By now, the oil-soluble tracer based on 68Ga
has been developed, a prototype of PC-controlled synthesis module for automatic generation
of the tracer compound is nearly finished, the flow model is at present under development. A
correct flow model is depending on extensive experiments in in our multiphase flow
laboratory. These experiments are well underway.
3.11 Characterization of Industrial Multiphase Flow Systems by Radiometric
Techniques Integrated with Computational Fluid Dynamics Modeling
Ghiyas Ud Din1, I. H. Khan1, I. R. Chughtai2, S. Gul1, M. B. Zaman1
1
Pakistan Institute of Nuclear Science and Technology [PINSTECH], Pakistan
2
Pakistan Institute of Engineering and Applied Sciences [PIEAS], Pakistan

3.11.1

Introduction

Multiphase systems are indispensable in many modern industrial and environmental
processes. It is necessary to know the fluid dynamical properties of such systems to facilitate
process control and optimization. CFD is playing a vital role in multiphase process
investigation; however, exciting CFD results require verification and validation. Due to the
opaque nature of multiphase flow systems, radiometric techniques offer the best means of
performing experimental measurements for multiphase flow systems. This CRP is focused to
characterize industrial multiphase flow systems using radiometric techniques integrated with
CFD modeling. Work done during the 3rd year of CRP has been summarized in the following:
3.11.2 Quantification of phasic volume fraction from gamma CT data obtained during
two-phase air-water flow across a bend
The output as a result of a gamma CT scan of the bend using the software e-GORBIT is
obtained as a text file. This data is used for image reconstruction using various algorithms in
the software “i-Gorbit”. This result shows only the qualitative picture of the bend cross
section. A MATLAB based algorithm was developed to quantify the phasic volume fraction
from gamma CT data obtained during two-phase air-water flow through 90o horizontal bend.
This algorithm uses the data file generated as a result image reconstruction in the i-GORBIT
software that actually represents the magnitude of colour intensity distinguishing the two
phases. The algorithm starts with the selection of suitable number of rows and columns so
that extra portion outside the image of interest is discarded. In the next step, the algorithm
reads a minimum reference value. Any data value below the reference value has been
considered as air and data above the reference value has been considered as water. The
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algorithm sums up all the data points above the reference value and divides it to total area of
the circular cross section to obtain the fraction of heavy phase (water).
3.11.3 Development of a CFD based model for two-phase air-water flow across a 90o
horizontal bend
The flow inside 90o horizontal bend is two-phase, turbulent and time independent. Moreover,
flow regime transition in the bend needs reasonable resolution of grid points to visualize flow
patterns inside the system and meet the convergence criteria. Therefore, a three dimensional
simulation of the subject system on full scale is carried out to visualize two phase flow inside
the bend. Euler-Euler multiphase flow model was chosen for CFD simulation of the subject
system. Standard k-ε turbulence model for each phase was chosen to model the turbulence in
the system. Specified velocity boundary condition was used at the inlets of continuous and
dispersed phases with magnitude and appropriate direction of flow. Pressure outlet boundary
with zero Pascal gauge pressure was established at the outlet of the system. A no-slip
boundary condition was used for the walls of the system and inlet of both phases.
3.11.4 Identification of flow regimes during co-current gas-liquid flow across 90o
horizontal bend by CFD and validation with gamma CT
Flow regimes developed during two-phase air-water flow across 90o horizontal bend were
simulated using CFD as per strategy explained above at various flow conditions. Gamma CT
of the subject system was also carried out at nine different cross sections each at 11.25o apart
at the same operating conditions. The simulation and experimental results were found in good
agreement with each other.

FIG. 23. Contours of volume fraction of continuous phase (water) in the complete system and nine different cross-sections at
the horizontal bend using CFD.
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FIG. 24. Contours of volume fraction of continuous phase by CFD and gamma CT at 0o, 45o and 90o cross sections of the
bend.

FIG. 25. Comparison of experimental and CFD simulation results.

3.12 Radiometric Measuring and Modeling Multiphase Systems towards Industrial
Processes
C.Sebastian, G. Maghella, J. Maguiña
Institute Peruano de Energia Nuclear, Peru

3.12.1

Introduction

Radiotracers technology has been applied by Peru in the framework of the present CRP. Oil
& gas refining was the main end user of this technologies during the period. Process
optimization was essential to update this industry in order to increase the efficiency by
reducing the downtime and maintenance costs.
Multiphase systems are still the main objective on this CRP and for us; as it is presented in
many industrial and environmental processes, being its knowledge and important issue to
ensure enhanced performance, economic viability and environmental acceptability.
3.12.2

Objectives

3.12.2.1 Overall objective
The overall objective of the CRP is to investigate the potential radiotracer techniques in
multiphase investigation tor industrial radiotracer applications.
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Evaluation: This objective was completed in the industrial process mentioned above.
3.12.2.2 General objectives
General objective of this CRP is to characterize industrial multiphase flow systems using
techniques such as radiotracer, chemical tracer, RPT integrated with conventional RTD and
computational fluid dynamics modeling.
Evaluation: This objective was partially completed as IPEN has no facilities for applying
computational fluid dynamics modeling and others to perform integrated studies.
3.12.2.3 Specific objective
The specific Peruvian objectives for the duration of the CRP are listed below:
(a)

Validation of at least two liquid-solid phase systems by the use of radiotracer
techniques

Evaluation: This objective was replaced by the one regarding the developing of radiotracer
techniques in multiphase investigation for evaluation the possible losses of vapor phase to
glycol and vice versa inside a reboiler in natural gas processing industrial units. Since the
studies were performed in the field of hydrocarbon processing, we can consider that this
objective was partially filled.
3.12.3

Other activities

Since two lifting systems have been bought in order to perform gamma scanning, IPEN is
setting procedures to certificate these devices and, besides, to fulfil requirements from the
petroleum company.
A new data acquisition systems was bought to enhance the laboratory for further applications
by using open or sealed sources
3.12.4 Conclusions
Perspectives of applications of new devices and services are higher in tracer and
gamma scanning in industry by IPEN
Petrochemical and water treatment plants are very interested in the short and middle
term in the use of tracers and scanning technologies to optimize their processes
3.12.5

Further Action Related to CRP
Evaluation of heat 3 exchangers and reboilers by the aid of radiotracers.
Gamma scanning of large columns in the petrochemical industry by the aid of sealed
sources techniques.
Evaluation of other types of air coolers in oil & gas refining industries.
Determination of efficiency of FCC units by the use of solid radiotracer for the solid
phase and radioactive labeled liquid hydrocarbon as radiotracer for the gas oil phase.
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Environmental and dispersion studies of mining and extractive metallurgy waste
waters by the use of radiotracers
3.13 Computational Fluid Dynamics and Radiotracer Experimental Methods for Flow
Pattern Description
Zdzislaw Stegowski
AGH University of Science and Technology (AGH-UST)
Faculty of Physics and Applied Computer Science
KRAKOW, POLAND

3.13.1

Influence of Inlet Positions on the Flow Behavior Inside a Photoreactor

Effluent disinfection is often done in photo reactors, which consist of a set of UV lamps that
irradiate the wastewater. Productivity of such apparatus depends on disinfection kinetics.
Radiation intensity decreases with distance from the lamps with respect to exponential
behavior according to the Beer's law. In a perfect photo reactor, radiation dose would be
equal in every fluid element. For this reason, flow shall be characterized with high mixing
rate in tangential direction to UV lamps. Favored trajectory and stagnant zones should be
reduced as much as possible, because their result downgrades the efficiency and raises
operational costs. A variety of photo reactors designs was previously studied. One of the
recent solutions was proposed a device with four vertical lamps, an upward flow and
configurable inlets. The radiotracer experiments were done in order to obtain Residence Time
Distributions (RTD). Data gathered during the investigation was used as a starting point and
validation reference for numerical modeling. Computational Fluid Dynamics (CFD) methods
deployed. Workflow of reconstructing RTD using virtual prototyping methods was described
by Sugiharto, Stęgowski [1] Respectively Furman, Stęgowski [2] have described RTD-CFD
the junction in case of axial mixing in a pipe flow. The RTD curve contains comprehensive
information about flow pattern, but values like local velocity and local effective dissipation
rate are hidden because of its integral nature. The objective of this work is to retrieve and to
show detailed information about local values of the flow inside the photo reactor which
cannot be directly quantified during radiotracer measurement. This paper describes the used
workflow and present hydrodynamic behavior in a photo reactor with various inlets set-up.
This work has its origin in the measurements performed by Moreira R. M. [3] at the Center
for Development of Nuclear technology in Belo Horizonte in Brazil. As mentioned in the
introduction they designed and built the photo reactor as a vertical tube 875 mm tall and with
a diameter of 200 mm. PVC tubes were used, because of their common availability. Authors
claim that this design should be very simple to build and does not require sophisticated tools
and expensive materials. A set of four UV lamps was mounted inside --- also vertically.
Outflow was placed near the top. Inflows were situated close to the bottom and they had a
possibility to choose from three varied configurations:
Configuration 1: One central bottom inlet,
Configuration 2: One lateral inlet,
Configuration 3: Three lateral inlets equally spited around the bottom of the reactor
with flowrate divided into three equal parts.
During their experiments deferent configurations were tested with flowrates starting from
0.112 dm3/s up to 0.881 dm3/s.
30

At the beginning maximum flowrate level cases were chosen, because it emphasizes
differences between the inlet configurations. The following cases have been selected:
•

Simulation 1: 0.869 dm3/s flow rate in one central bottom inlet set up (not done in
experiment),

•

Simulation 2: 0.869 dm3/s flow rate in one lateral inlet set up,

•

Simulation 3: 0.881 dm3/s flow rate.

The stationary Reynolds Averaged Navier-Stokes (RANS) approach was used to drive the
calculations of flow motion. This model was chosen because of an opportunity to account for
the effects of smaller scales of motion. A detailed description of this model and constant
values can be found in Yakhot et al. and H.Tennekes, J.L.Lumley. Particle tracking on
previously calculated stationary flow was used to retrieve RTD. Similar approach as
described by Z. Zhang, Q. Chen. Numerous trajectories were simulated using the Lagrangian
particle tracking method.
For each simulation, more than 10,000 individual particle tracks were calculated. Particles
were described with the same physical values as fluid volume. The droplet size d was set at
10-6 m which is a value far below the size of the involved grid. Particle motion is driven by
the Stokes drag law. Discrete Random Walk (DRM) model was used to simulate stochastic
velocity fluctuations in the flow. The fluctuating velocity component follows Gaussian
probability distribution and is proportional to the turbulent kinetic energy.
CFD methods in case to illustrate and comment flow behavior in the photoreactor previously
investigated by a radiotracer experiment. Computer simulation could be used to retrieve
detailed, local information about the flow and for retrieving RTD. The height flow rate was
chosen to emphasis the differences between three different inlet configurations. There are
major differences. Simulation 2 is the worst case. It characterizes with big spin and with
presence of backflow. It has wide RTD, so radiation dose would differ much. Simulation 1
case has narrow RDT, but from the other hand it produces big stagnant zone. Simulation 3
has RDS somewhere in between other two. It also has the most balanced axial velocity profile
and characterizes with the highest small-scale mixing rate. This work describes
hydrodynamic behavior of the flow inside the photo reactor, but its efficiency is also
associated with disinfection kinetics. It shall be taken account in the succeeding
investigations.
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FIG. 26. Geometry of the photoreactor.

FIG. 27. Velocity field.
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FIG. 28. Particle paths.

3.14 Nuclear Methods for optimization of electrocoagulation process for water
defluoridation
Dr. Haifa Ben Abdelouahed
Centre National des Sciences et Technologies Nucléaires (CNSTN),
Pôle Technologique, 2020 Sidi Thabet, Tunisia

3.14.1

Introduction

The fluoride content should not exceed 1.5 mg/L according to the WHO standard for drinking
water. In the southern regions of Tunisia and especially in the mining area (Gafsa), the water
is polluted by fluorides reaching levels of about 4 mg/L.
With the aim of strengthening the country's potential in drinking water, it is imperative to
think of ways of treatment practices, economic and efficient. The electrocoagulation process,
rarely used as water treatment tool, may be promising for the purification of water supplies.
This study aims to optimize and adapt the electrocoagulation process for the treatment of
polluted water with fluoride.
3.14.2

Achieved Work

The work is devoted to fluoride removal using the continuous electrocoagulation (EC)
reactor. The reactor is already designed and built in cooperation between Nancy Laboratory
of Reaction and Chemical Engineering and CNSTN.
The EC reactor is a formed in one block separated into two: an electrochemical part followed
by a part reserved for the physical separation (decantation and flotation). This reactor allows
studying the performance of EC-decantation coupling for the treatment of water rich in
fluoride.
In practical terms, some modifications were made in order to achieve the best operation of the
reactor. we reversed the direction of the electrodes from the horizontal to the vertical way to
get a better distribution of liquid and to avoid the formation of gas pockets on the electrodes.
Preliminary tests were carried out after which it was decided on the choice of working
conditions such as the nature and the initial conductivity of the water to be treated.
Residence time distribution (RTD) experiments were conducted to determine the flow
conditions of the liquid phase in the whole reactor including two cells. Technetium-99m was
used as radiochemical tracer. Its half-life of 6 hours allows us to perform manipulations daily.
The RTD is determined using a Dirac-type injection of 8 mCi of99mTc as pertechnetate. The
acquisition system allows us to track the evolution of the tracer at the outlets of
electrochemical cell and the separation chamber.
Experimental RTD at the reactor outlet and its model for a flow rate of 18L/h and a current
density of 20A/m² show that without the presence of solid phase, the flow type is two parallel
perfect mixers.
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Then we looked at the study of fluoride removal by electrocoagulation in order to optimize
the operating parameters of electrocoagulation (initial pH, initial concentration of fluoride,
flow and current density).
The optimization in the conventional method is to vary one parameter while fixing other
factors. This method consumes a lot of experience and takes a longer period of work. The
limitation of this method can be avoided by optimizing all the parameters collectively by the
statistical experimental design as the response surface.
The experimental designs serve to optimize the test organization. This organization provides
maximum information with minimum experience. During our study, it plans to use the BoxBehnken experimental design to evaluate the electrochemical process performance based on
the performance of fluoride removal answer.
We compare the treatment effectiveness for the two modes of electrodes connection: bipolar
and monopolar.
The effect of the electrical connection mode of aluminum electrodes on the removal of
fluoride is considered. The four major variables involved in this study are: pH, current
density, the initial concentration of fluoride and the flow rate. It appears that bipolar mode
connection of aluminum electrodes gives a better effectiveness however it induces a higher
energy and electrode consumption.
3.14.3

Actual Work

During the actual year a set of following actions are under achievement:
Calculation of the ratio volume of mud / total volume
Determination of total aluminum and calculation of the Faraday efficiency
Meticulous analysis (Ionometry, Visible-UV, FTIR, … ) of the water before and after
treatment
Modeling the kinetics of reduction of fluoride depending on the connection method
Research coupling electrocoagulation decantation or flotation versus flow and current
density by performing a radioactive tracking of the solid phase.
We will study of the coagulants distribution inside the reactor by developing a method of
tomographic reconstruction 2D then 3D (by combining data from two-dimensional
projections and Monte-Carlo simulation tool GEANT4) adapted to the rectangular geometry
of the system.
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FIG. 29. Gamma tomography at an electro coagulation reactor.

The tomographic method will detect any significant change in the process of sedimentation of
flocks according to the nature of the electrode, the pH and the intensity of the applied current.
For tomographic method development we need adapted mechanical system supporting
NaI(Tl) scintillation detectors and collimated sealed source for tomographic reconstruction.
Another project is initiated on optimization of electrocoagulation process for removal of two
antibiotics derived from sulfonamide family (sulfamethazine and sulfadiazine) in aqueous
solution. This new project will be applied on the same continuous electrocoagulation reactor
lab-unit.
3.14.4

Conclusion

The most important impact of this project is on boosting our capability to conduct thesis and
master researches on radiometric methods use for processes optimization.
Given the importance of radiometric methods in industrial and environmental processes
optimization and their contribution to the sustainability of the national nuclear institutions,
the Agency is requested to consider a provision of sufficient funds for a new project.
3.15 Applications of Radioactive Nanoparticle Tracer (RNPT) in Multiphase Flow
Study
Mr. Nguyen Huu Quang
Center for Applications of Nuclear Techniques in Industry (CANTI), Dalat, Vietnam

Radioactive Gold Nanoparticles are the promising tracer due to:
Easily to be synthesized from gold metal or chloroauric acid after activation in the
reactor/neutron generator, in the lab or on the field.
Au-198 is gamma emitter, rather short half-life (2.7 d) thus suitable to use in the
lab or in the field for real time measurement.
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Some interphase behavior due to nature of nano-size
This research is an effort in development of simple procedures for synthesis of
radioactive gold nanoparticle (RGNP) and study of its behavior for tracing water and
hydrocarbon phases.
1. Procedures for synthesis of RGNP
RGNP is synthesized from gold metal or chloroauric acids after activation in the neutron
flux of reactor or neutron generator. RGNP is prepared in water or toluene media based on
Turkevich and Brush methods, respectively.
In water phase, RGNP is synthesized by using citrate for reduction of chloroauric acid
into Au-metal and stabilization of particles from agglomeration and control of the size. The
size of particles is in range of 13-15 nm.
In toluene phase, RGNP is synthesized by the following steps:
Au(CL)4- is transferred from aqueous phase to toluene phase by ion exchange
with Br- in tetraoctylammonium [CH3(CH2)7]4N+ Br- ,
• NaBH4 is then used to reduce Au-metal in toluene to form Au-nanoparticle
• Dodecanthiol C12H25SH is added as the stabilizer to cover the particle for
protection of the nano particle from agglomeration between particles and stop
growing the size.
The size of particles is in range of 3 – 5 nm.
•

The flowchart of procedure for synthesis of RGNP is shown in Figure 30, 31 and 32.

FIG. 30. Radioactive Gold Nanoparticle can be synthesized from Au-metal or Radioactive Chloroauric acid, which is
obtained by neutron activation.
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FIG. 31. Procedure for synthesis of Radioactive Gold Nanoparticle in water phase – Turkevich method.

FIG. 32. Procedure for synthesis of Radioactive Gold Nanoparticle in toluene phase – Brush method.

2. Study of its behavior for tracing water and hydrocarbon phases.
The behaviors of RGNP in tracing phase such as agglomeration, settling, absorption
on the surface of metal, glass, interphase transition, residence time distribution have been
studied.
The results showed that the RGNP can disperse well in each phase. The particles were
not found carried over to the vapor phase in boiling water. In interphase contact, the particles
stay completely in toluene phase while in water phase, most of them concentrated in the
interphase between toluene and water. This behavior suggests the method to study contact
phase of water/hydrocarbon.
In conclusion, radioactive gold nanoparticle can be used to trace water phase and
hydrocarbon phase. However, the fact that particles in water phase will concentrate in the
interphase with toluene need to pay attention in application.
4. GENERAL CONCLUSION
In this report, the contribution of 16 CRP participants has been described in a few pages per
participant. As detailed in the present report, the projects proposed by the countries are
covering a wide range of applications, equipment and techniques. The working groups
organized during the first meeting allowed us to coordinate the high-level activities carrying
out in each country in order to improve knowledge on multiphase flow behavior. The results
of each single participant presented during this final meeting are the result of individual work
but also of numerous interactions between the countries. Measureable outputs and outcomes
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have been already pointed out during this meeting. As a matter of fact this report already
contained a detailed proposal for a possible radiation technology series book which is
expected to be published at the end of the CRP.
Numerous scientific results, advanced technologies and case studies relative to the three main
topics:
1. Integration of gamma ray tomography, densitometry and radiotracer for multiphase flow
studies,
2. Modeling of tracer experiments in liquid/solid flow systems,
3. Modeling of tracer experiments in two-phase fluid flow systems like gas/solid, gas/liquid
and liquid/liquid,
have been described in detail in this report.
The topic 1 corresponding to development of portable gamma-CT systems and portable
single/dual sources gamma/X-rays densitometers for the investigation of multiphase process
units has been successfully done. There are two level of technology: simplest technology
allowing to obtain major information needed for industry fast with a reasonable cost. Higher
level technology very well adapted to obtain accurate information about the multiphase flow
and to validate the CFD simulation. Although devoted only to the research, this tool gives
long term perspective for the improvement of industrial processes diagnostic.
Development of radiotracer techniques for multiphase flow measurements is continuously
going on with the ability of integrate simultaneously others techniques like densitometry and
CT.
The two others topics are oriented towards flow configurations of similar nature observed in
different processes.
Development of software and methodologies for the design, exploitation and interpretation of
measurements obtained through nuclear techniques and integration with modeling (RTD and
CFD) have been improved in particular for gas-liquid, liquid-liquid and solid-liquid
multiphase flows.
Despite the complexity of the studied process coupled conventional RTD modeling approach
combined with a corresponding and correctly performed tracer experiments for better
analysis of multiphase flows are mastered by most of the partner.
More surprising, the analysis of CFD simulations together with complex nuclear technology
tools that permit a deeper analysis of multiphase flow systems was extensively used,
improving the level of description of the multiphase flow (VOF simulation for example).
Case studies on application of integrated nuclear techniques on detailed analysis of
multiphase flow in industrial multiphase units including not only standard information
(density, holdup, slip velocities, dispersion) but accurate description of multiphase flow
regime presented during the meeting illustrate these conclusions.
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Next to the specific CRP activities, a general discussion highlighted the importance to
develop the networking and exchanges between ‘’tracer teams’’ all other the world, to
improve the structure of training and personnel qualification with the objective of increasing
visibility and recognition of the technologies and teams by the scientific and industrial
communities.
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