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FOREWORD
The second 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 Center for Applications of Nuclear Technique in Industry (CANTI) in
Dalat, Vietnam on 12-16 May 2014. 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 second RCM is organized to discuss presentations of participants’ reports and their technical
issues. It comprised also discussion on guidelines and toolboxes and on cooperative networking
activities. In addition, a discussion was conducted on the form and content of the anticipated final
CRP output, and a preliminary table of contents of the final report has been suggested.
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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
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it in laboratory experiments. Therefore, there is an essential need to further develop, validate
and implement such technology through international cooperative activities 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 15 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 are very
promising in itself, but not sufficient to satisfy to the objectives of the CRP. This is why three
working groups have been 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 will improve the outputs and outcomes both
from a qualitative and a quantitative point of view. One group is mainly focusing on
equipment and associate methodology development. We can thus expect:
(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 are oriented towards flow configurations of similar nature observed in
different processes. The synergy of these groups will improve the development of specific
methodologies:
(d)

(e)
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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.

OPENING OF THE MEETING
The Second Research Co-ordination Meeting on “Radiometric Methods for Measuring and
Modeling Multiphase Systems towards Industrial Processes” was held at CANTI in Dalat,
Vietnam from 12 to 16 May 2014. Out of seventeen CRP-holder member states fifteen
participants, one each from Brazil, China, Cuba, Ghana, France, India, Korea, Malaysia,
Morocco, Norway, Pakistan, Peru, Poland, Tunisia and Vietnam participated in the meeting.
Mr. Patrick Brisset, Technical Officer, IAEA participated as “Scientific Secretary’ of the
CRP.
The meeting was opened by Mr Nguyen Huu Quang, Director of CANTI. Participants
introduced themselves. Mr. Jean-Pierre Leclerc was selected as chairman and Ms Haifa Ben
Abdelouahed and Ms Judith Dominguez-Catasus were selected rapporteurs of the meeting.
Meeting agenda was presented, discussed and approved. Then, Mr. Patrick Brisset, Scientific
Secretary, IAEA/NAPC/IACS gave a short presentation of the scope and objectives of the
meeting.
PRESENTATIONS
The meeting participants presented their country reports highlighting the status of the
technology in their country and their programme within the CRP. The summary of each
country presentation is given below.
The first presentation was provided by Mr. Xiang Gao from China Institute of Atomic
Energy (CIAE), China. He introduced CIAE, nuclear facilities and isotopes productions in
China, the current activities of radiotracers and sealed sources industrial applications which
are: some new radiotracers developed in recent years, inter-well tracer test, 137Cs-137mBa and
68
Ge-68Ga generators used for applications of radiotracers for investigation of industrial
multiphase systems, radiotracer evaluation of hydraulic fractures in oilfield. He presented
current activities of sealed sources industrial applications like oil-water-gas three-phase flow
meter and PGNAA techniques. The progress report on the CRP project concerns development
of moveable gamma CT system for the investigation of multiphase process units.
The second presentation was delivered by Mr. Ghiyas Ud Din, Head, Industrial Applications
Group, Isotope Applications Division, Pakistan Institute of Nuclear Science and Technology
(PINSTECH), Pakistan. The title of his presentation was “Characterization of Industrial
Multiphase Flow Systems by Radiometric Techniques Integrated with Computational Fluid
Dynamics Modeling”. He introduced the multiphase flows and their importance in industry as
well as in nature. He presented an in depth study of the hydrodynamics characteristics of a
liquid-liquid extraction pulsed sieve plate extraction column using radiotracer RTD analysis
and CFD modeling. He also presented a two phase air-water flow system comprising 90°
horizontal and vertical bends which has been designed and developed at his laboratory under
the framework of this CRP. Visualization of two-phase flow patterns across a 90° horizontal
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bend using process gamma Computer Tomography (CT) was also a part of his work. He also
explained the future work plan for his project.
The third presentation was provided by Mr. Rubens Martin Moreira from Centro de
Desenvolvimiento da Tecnologia Nuclear (CDTN), Brazil. His presentation is entitled
“Development of Natural and Artificial Isotopes Techniques for Measurement of Parameters
of Interest to Oil Production and Processing”. He presented an application to Enhanced Oil
Recovery (EOR) studies. All details of the study was described: sampling of U3O8 ore from
Cachoeira placement near Caetité, State of Bahia to the measurement of rock porosity,
characteristics of synthetic saline water used in tests, saturation of test cores with saline water
under vacuum, sampling from coreholder, phase separation, transferring water phase,
weighting vial for sampled volume evaluation, 222Rn activity measurement by LSC,
optimization of the PSA for Ultima Gold AB cocktail using 241Am and 90Sr standard
solutions, comparison of LSC cocktails for 222Rn measurement in saline water… he also
presented operational LSC parameters for 222Rn measurement in mineral oil, methodology
for determination of the partition coefficient
and determination of 222Rn partition
coefficient.
The fourth presentation was provided by Mr. Christian Priesley Kofi Dagadu from Ghana
Atomic Energy Commission (GAEC); National Nuclear Research Institute, Ghana. His
presentation is entitled “determination of flow structure in a gold leaching tank by CFD
simulation”. He introduced the background of his study, then the flow structure study
methods and his study objective which consists of simulation of the flow field in the first tank
of a leach circuit using suitable CFD models. His intention was to produce visual images of
the flow field and to assess the Off-Bottom Suspension in the tank. He presented the
simulation software, described the computational domain and the solution method. Then he
presented results with flow distribution description and main observations.
The Fifth presentation was provided by Mr. Sunil Goswami, Scientific officer, Isotope
applications and Radiopharmaceuticals Division, Bhabha Atomic research Centre, Mumbai,
India. The presentation was entitled “Characterization of flows in fluidized beds, bubble
columns and trickle bed reactors using radioisotope techniques”. His First year proposal was
about radiotracer investigations in fluidized bed reactors. Mixing time and hold up
measurement in a Bach type fluidized bed reactor and residence time distribution (RTD) study
in continuous fluidized bed rector are completed and presented. His second year proposal was
about radiotracer investigations in bubble column reactor using RTD and Radioactive Particle
Tracking study. They had done studies in bubble column without internals and results were
presented in this meeting. Data processing of the studies with internal is in progress. His third
year proposal concerns radiotracer investigation in trickle bed reactor at different operating
conditions.
The sixth presentation was provided by Mr. Jong-Bum Kim from Korea Atomic Energy
Research Institute (KAERI), Republic of Korea. He presented some activities within the
CRP which concern development and evaluation of Transportable Gamma CT systems for
industrial applications. He presented their transportable gamma ray tomographic scanner and
their new Gamma ray sensor module and DAQ which is composed of 12 detectors with
corresponding acquisition electronics. Also some information is presented about
programming of image reconstruction algorithm and ML-EM algorithm for transmission CT.
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The future project plan includes: development of mechanical driving system for CT scan,
development of clamping device for portable CT system, and field experiment of gamma ray
CT for trouble shooting of industrial process.
The seventh presentation was provided by Ms. Judith Dominguez-Catasus from High
Institute for Applied Technologies and Sciences, Cuba. Her presentation is entitled
“Integration of gamma ray densitometry and tracer techniques to characterize the solid
suspension in solid –liquid agitated vessels”. The objective of her work was to develop solid
radiotracers from 99mTc and to evaluate them in simulated multiphase systems. She presented
steps of the silica gel and zeolite Ferragel synthesis and labeling, and their behavior in
multiphase systems using simulated liquid phases. She also presented step of the silica sand
treatment and labeling using reduction method. She concluded that the untreated silica sand
tested is not an appropriate support to obtain a solid 99mTc radiotracer. An improved
procedure to treat silica sand with divalent ions like Ba2+ and/or Sr2+ increased sufficiently the
retention degree of 99mTc when the SnF2 was used as a reduction agent. The obtained results
indicate that treated silica sand as well as Ferragels are promising support materials in order to
get 99mTc-labelled solid radiotracers.
The eighth presentation was provided by Mr. Carlos Sebastian Calvo, Director of
Technological Services Nuclear Energy Peruvian Institute (IPEN), Peru. He presented the
main facilities in his institute connected with the CRP. Then he presented some radiotracer
applications in the mining sector. He described in details some radiotracers and sealed sources
applications in the cement industry, in hydrocarbon processing and in water treatment and
water management. Some dispersion studies and modeling are also presented. He finished his
presentation with some remarks on perspectives about the potential increase of IPEN
activities in important industry sectors.
The ninth presentation was provided by Mr. Rachad Alami, Head, Dept. des Applications
Industrielles des Rayonnements Ionisants, Centre Nucleaire de la Maamora, Morocco. He
presented their experiment of application of gamma scanning technique to investigate Furfural
solvent production unit which was operating at only 10% of its nominal capacity. That
experiment allowed them to detect coking obstruction in a gaseous phase pipe of the unit. He
presented also another experiment done by applying gamma scan technique for coking
phenomenon identification in packed bed vacuum distillation columns. Comparative study of
radiotracer and sealed source techniques for detecting the coking in distillation columns’
packing through flow-rig laboratory scale was also presented.
The tenth presentation was given by Mr. Jaafar Abdullah, Manager & Principal Research
Scientist, Plant Assessment Technology (PAT) Group, Industrial Technology Division,
Malaysian Nuclear Agency, Malaysia. The title of his presentation was “Advanced
Radiometric Techniques to Study Liquid and Gas Hydrodynamics in Bubble Columns/Slurry
Bubble Columns”. He presented some highlights on routine activities which are gamma
column scanning, pipe scanning for blockage detection, neutron backscatter, neutron-induced
prompt gamma-ray, moisture and hydrogen detection, soil moisture & density for compaction
control, neutron tank floor scanning, X-ray micro-computed tomography, X-ray computed
tomography, gamma-ray tomography, corrosion under insulation (CUI) detection, flow rate
measurement, resident time distribution (RTD) measurement, leak detection, mixing and
blending studies and their tomographic imaging of distillation columns. Their scope of work
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for the CRP was then presented and the summary of activities are: radioactive particle
tracking (RPT) & Monte Carlo simulation, design and develop a bubble column experimental
set-up with controllable flow complete with different sizes and arrangement of holes on
sparger plates, characterization of liquid flow field using radioactive particle tracking (RPT)
techniques, understanding liquid and gas distribution (hold-up) using gamma-ray process
tomography (GPT), understanding flow pattern using gamma densitometry (GD), comparing
flow behavior using high speed camera, simulation of flow behavior using CFD code
packages and gamma-ray tomography for pipelines imaging.
The eleventh presentation was provided by Mr. Tor Bjornstad from Institute for Energy
Technology (IET), Norway. His presentation was entitled “Multiphase flow in separators and
scrubbers: Condition monitoring”. He explained the present definition of multiphase flow in
the petroleum industry, the commingled multiphase flow, flow-meter classification, typical
components in multiphase meters, and two different types of flow regimes which may occur
in wet gas transportation. He explained the phenomena of emulsion stability with & without
surfactant. Following techniques and systems are described: Particle Image Velocimetry
(PIV), Electrical Capacitance Tomography (ECT), X-Ray Tomography, separators, scrubbers,
and combined separator/scrubber. He presented their new project that consists of liquid carryover determination by using a computational tool combined with radiotracer measurements.
The last part of his presentation was about principle, design and production route of some
radiotracer generators based on the nuclear genetic relationships 137Cs -137mBa, 113Sn - 113mIn,
68
Ge - 68Ga & 144Ce - 144Pr.
The twelfth presentation was provided by Mr. Jean-Pierre Leclerc from ENSIC lab, NancyFrance. His presentation was entitled “Multi-scale CFD simulations and radiotracer
interpretation for modeling multiphase flows in energy systems and environmental
processes”. He presented flow simulations in microstructured heat exchanger. Then the
following three environmental engineering topics were explained in details: Self-purification
in small river (pilot, CFD simulations, tracer experiments and modeling), Treatment of algae
in an aquaculture pond (CFD flow simulations, turbulence model influences, RTD for
validation of CFD simulations), and some natural tracer experiments of flow in constructed
wetland. He concluded with the three following issues: the development of the compartmental
approach for different types of systems, the need for more studies on the influence of the
turbulence model used in the CFD-simulations and the improvement of tracer experiments in
natural systems.
The thirteenth presentation was provided by Mr. Zdzislaw Stegowski, Physicist, Associate
Professor, AGH University of Science and Technology (AGHUST), Faculty of Physics and
Computer Science, Poland. His presentation was entitled “Computational fluid dynamics and
tracer experimental methods for flow pattern description”. He presented three studied cases:
KREBS heavy media cyclone for coal cleaning, transport study of water flow in river, and
flow behavior inside a photo reactor. Then he proposed, as further steps of the CRP, the
possibility to cooperate with other groups in the CRP on the subject of CFD-modeling
provided he could be supplied with appropriate experimental data. He also announced his
interest in accommodating fellowships in the area of CFD modeling.
The fourteenth presentation was provided by Ms. Haifa Ben Abdelwahed from National
Centre of Nuclear sciences and Technologies (CNSTN), Tunisia. Her presentation was
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entitled “Nuclear Methods for Measuring and Modeling Slurry Flow Process of the fertilizers
and phosphoric acid Production”. She presented her institution, laboratory and its activities.
Then the achieved work within the CRP which consisted of laboratory validation tests to
check the suitability of radiotracer and its degree of integrity with the solid phase of
phosphate slurry. The mentioned actual work was about the development of tomographic
reconstruction method to study the coagulants distribution inside a lab-scale
electrocoagulation reactor, and the envisaged work for the last period of the CRP concerns the
study of phosphogypsum removal from phosphatic effluent using the lab-scale
electrocoagulation reactor.
The fifteenth and last presentation was provided by Mr. Quang Nguyen Huu from Centre for
Applications of Nuclear Technique in Industry (CANTI), Vietnam Atomic Energy Agency
(VAEA), Vietnam. His presentation was entitled “Applications of Radioactive Nanoparticle
Tracer (RNPT) in Multiphase Flow Study”. He began by presenting his institution and its
activities. Then he presented their tracer technologies applications in oil fields, their
simulation study of tracer transport in interwell and single-well scenarios. He also presented
detailed results of the following studied cases: Study of abnormal turbidity in a hydropower
dam by CFD and tracers, investigation of fractures in production wells by injection of
radioactive particles followed by gamma scanning, CT for pipe corrosion inspection in South
East Gas Transport Co, and first generation of CT-SPECT. Preliminarily results concerning
the project on applications of radioactive gold nano-particles as tracer in multiphase flow
studies are presented and the next proposed experiments will focus on the possibility to use
Au-NP for tracing organic (toluene, hydrocarbon) phase (by radioactive tracer, laser
excitement, Xray analysis, neutron activable…) and for measuring amount of organic drops
(or film) in contacting with water.

COUNTRY REPORTS
2.1. BRAZIL
There are still a limited number of nonreactive and (nearly) ideal tracers for applications to
Enhanced Oil Recovery (EOR) studies. Also, natural radioactive and inactive isotopes have
scarcely been used so far. EOR is a typical two- or three-phase flow system, consisting of
immiscible liquids (oil plus water and, possibly, a gas) in a porous medium. The radionuclide
222
Rn generated in the reservoir rock may be used as a natural tracer. Even though it is not
strictly a conservative tracer, as a noble gas it is not reactive; it enters into the liquid medium
and is partitioned between the aqueous and oil phases, and being nonpolar it shows a preference
for the oil phase. Hence, as the oil fraction in the reservoir decreases along the exploitation
history, the 222Rn concentration in the water phase should increase. This affords an indication of
the rate of decrease of the remaining oil, it may indicate the fraction remaining at a given
instant, and hopefully the EOR. But it is imperative that the partition coefficient
between
7

the two liquid phases be known. Knowledge of
two phase transport inside a petroleum reservoir.

is also required for modelling the water oil

Work in the reported period has been concentrated in the nuclear methods used in measuring
, and in applying it to model laboratory oil-water transport tests simulating secondary oil
recovery. An artificial rock cores have been produced with crushed sandstone cemented with
uranium ore so that sufficient 222Rn would be emanated. The parameters of interest of these
cores, effective porosity and density of artificial rock, were carefully measured. The aqueous
phase was simulated adding to distilled water the main ions in the average proportions found in
Brazilian offshore waters. The oil phase has to be transparent inasmuch as its 222Rn
concentrations were to be measured by liquid scintillation spectrometry (LSC). Thus a
transparent colorless mineral oil has been employed; a complex mix of saturated paraffinic and
naphthenic saturated hydrocarbons obtained from a catalytic hydrogenation of petroleum
distillates at high pressure.
The LSC procedure for 222Rn measurement in small (1 mL) samples in an ultra-low background
spectrometer had to be developed and optimized. Several tests were conducted, different
scintillation cocktails were compared. Once an interim 222Rn measurement protocol had been
established, the partition coefficient was determined using a methodology involving successive
phase equilibrations (both radioactive and chemical) and extractions. Again, this procedure had
to be optimized. The
value for n-hexane was also measured by this method and favorably
compared with the literature.
Presently, work is being carried with an alternative method for
measurement, based on
successive measurements of
and , in closed circuits after radioactive equilibration,
,
using proportional detectors for alpha radiation.
Proposal of actions for 2014-2016 period
(a) Conduct further work aiming at the optimization of 222Rn analysis by liquid scintillation
spectrometry (LSC), test additional scintillator cocktails and provide the analytical figures
of merit.
(b) Complete the work on methodologies for measurement of 222Rn partition coefficient
between oil and water based on sequential partitions in water-air and oil-air phases, test
the performance of alternative air carrier circuits and alternative alpha radiation monitors
(Alpha Guard and Rad-7), run tests with petroleum as the organic phase, and provide data
on analytical figures of merit.
(c) Perform tests of the 222Rn transport model in packed column experiments, consisting two
columns in series, the first containing only the aqueous phase (zero saturation) and the
second containing the organic phase (non-zero saturation).
(d) Start field tests (pending on definition of oil reservoir and license by the oil producing
company).

8

(e) Prepare protocols for laboratory testing radon as a radiotracer for petroleum production
operations in oil reservoirs, covering test rig specifications, core preparation and
measurement of core parameters, 222Rn analysis by LSC, and oil-water partition
coefficient measurements.

2.2. CHINA
2.2.1. Current activities of radiotracers and sealed sources industrial applications
2.2.1.1. 137Cs-137mBa and 68Ge-68Ga Radionuclide generators
(a)

137

Cs-137mBa &68Ge-68Ga Radionuclide generators had been developed and tested as new
kinds of radiotracers for multi-flow system investigation. The advantages are the
generators can be used repeatedly in a short time, and the daughter as radiotracer just has a
short lifetime.

(b) Long-term Stability study of the 137Cs-137mBa and 68Ge-68Ga generator including elution
curve, elution efficiency, breakthrough and column material breakthrough
(c) Application of a 137Cs-137mBa generator for borehole flowrate measurement in the oilfield.
(d) Coordinating the supply of the 137Cs-137mBa and 68Ge-68Ga radionuclide generators to
IAEA member states by IAEA procurement.
2.2.1.2. Inter-well Tracer Test (IWTT)
(a) IWTT is widely used in most oil field in China, and there are more than 1000 oil wells
tracer tested each year. It is a useful tool for Oil Company to determine the flow dynamics
of the injection fluid (water, gas, steam), direction, velocity, velocity difference between
injected fluids, swept volume, recovery, reservoir geological information, and oil residual
saturation.
(b) Typical tracers: THO, Tritium alcohols, 35S-KSCN, radioactive Co tagged K3[Co(CN)6],
and Fluorobenzoic acid, etc.
(c) The Lab & production-line for the industrial radiotracer was completed by the national
project. It enhanced the capacity of production of radiotracers.
2.2.1.3. Multi-phases flow-rate meter
Two kind of oil-water-gas 3-phases flow-meter were developed. One is using sealed sources
137
Cs and 241Am, another is using dual-energy x-ray generator in place of sealed sources. The
prototype gauge has been used in oil field. The flowrate accuracy for oil, water and gas is
about 3%. But there still has some problem on the stability and lifetime of x-ray generator.
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2.2.1.4. Radiotracer evaluation of hydraulic fractures in oilfield
(a) Study of the evaluation of hydraulic fractures using radiotracer logging in oilfield, and
some progress were achieved including the 3 kinds of radio-sand tracer preparation, radiosand injection devise, and the 43mm diameter gamma-spectrum logging tools,
(b) Quality and performance test of the radio-sand, injection device and the logging tools
(c) Field experiments for radiotracer evaluation of hydraulic fractures in oilfield.
2.2.1.5. Gamma ray column scan of petrochemical industries
Wireless data acquisition system and visualization interpreter software and auto/manual
portable scanner for column scanning are developed.
2.2.1.6. Elemental composition analysis using PGNAA technique
(a) Experimental study of PGNAA using transportable neutron sources (252Cf and D-D tube,
and D-T tube). The potential application of PGNAA techniques focus on coal, cement and
power station industries.
(b) On belt Coal Quality Analyzer under research and development in China
2.2.2. Progress on the implementation of the CRP-17350 contract - Development of
moveable gamma CT system for the investigation of multiphase process units
2.2.2.1. Objective
To design a new kind of moveable gamma CT system used in field scan for the industrial
multi-phase systems on line, access to the cross-section density image.
2.2.2.2. Work plan for CRP-17350/R0
First year (2012.8——2013.8):
(a) Study on algorithm of reconstruction, and optimize scanning methods due to the new CT
system
(b) Computer simulation on the scanning of the column using M-C method
(c) Build up the gamma CT system and the experimental simulation installation in the lab.
Second year (2013.9——2014.9):
(a) Experiment, improvement and optimization of the new gamma CT system.
(b) Field study on the new gamma CT system
(c) Investigation of the specific industrial process units in field using the new CT system.
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2.2.3. The progress status of the project
2.2.3.1. Study on algorithm of reconstruction, and optimize scanning methods due to the new
CT system
(a) The two main kinds of reconstruction algorithm in CT system were studied including
Back projection and Iterative method.
(b) Back projection method has been applied in the lab experiments. In the first step, we had
conducted the experiment using fan beam scanning with 1X1 inch NaI detector and
30mCi 137Cs source. The procedure is using the fan beam rotating method with one
Gamma source and detectors array. The reconstruction image can be obtained, in which
one Ф0.1 m plastic tube is empty and another is full of water are visible in this
reconstruction image.
(c) In practice, the towers are great, immoveable, upright, and the source needs some distance
outside the tower. In the classical method, the large CT device cannot be hanged on. So a
new kind of moveable gamma CT system is needed. We had set up a new way to scan,
which the detectors and source are all close to the wall of the tower. The original data are
permuted, combined, and corrected by the position and distance, and then the transformed
data can be processed by classical back projection method.
2.2.3.2. Computer simulation on the scanning of the column using M-C method
(a) The model of M-C simulation is built up according to the actual experiment. The model is
built from a tower. The diameter of the packed column is one meter, the column is full of
polyethylene ball, and there are two cylinders with polyethylene in the same. The location
of 20 detectors could affect the scanning result. We simulated the condition that three
ranges of detectors. The three conditions were square, hexagonal, and circular.
(b) The simulation result showed that, the circular was better, although there was one fake
image point, that the fake one was weaker than the others. The worst condition was the
square
2.2.3.3. Build up the gamma CT system and the experimental simulation installation in the lab
(a) The equipment of the gamma CT system includes 20 NaI detectors, 24ch data acquisition,
and the moving-source device.
(b) Lab experiments were carried out in order to study the case when the detectors and source
are close to the tower wall. The source moves constantly in the piping drawing by the wire
of the moving-source device.
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2.2.3.4 Scanning pattern optimization and lab test for the new method
(a) Chemical towers are big, immoveable, upright form, and the source needs some distance
outside the tower. But in the industrial production process, usually cannot build a large
structure to hang on the CT system. For the difficulties above, need a new kind of
moveable gamma CT system. Some work has done about the system shows blow.
(b) Practical scanning pattern: the detectors (2 x 2 inch NaI) are placed in the same interval
outside but close to the tower, and so is the source which moves constantly in the piping
drawing by the wire.

2.2.3.4 Data process methods
(a) Selecting the useful measurement data, delete the data from which the detectors are too
close to the radiosource
(b) Data transform for the radiosource in the central angle by using interpolation method
(c) Data transform for the detectors in the circle position
(d) Data transform to the same angle by using interpolation method
(e) Imaging reconstruction
2.2.3.6 Field test for the new method was carried out in Yanshan Petrochemical plant
Multi- detectors were fixed and a 60Co sealed source rotated surrounding the surface of tower
in a plane, the CT image of the objective tower was reconstructed after test.

2.3. CUBA
2.3.1. 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:
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(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)

during 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 and zeolite supported ferragels
and 99mTc solution on the retention degree
(c) Evaluation of Tc retention degree in silica and ferragels in non studied conditions
(d) Test the labeled ferragel using bigger grains size of zeolite and silica gel
(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
(f) Go on with training in data modeling (Montecarlo 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 are proposing to readjust the goal to developed solid radiotracers from 99mTc
and to evaluate them in multiphase systems using simulated liquid phases at lab scale.
2.3.2 Results for synthesis and evaluation of ferragels
The XRD analysis showed the presence of the Fe0 and validated the procedure used for the
silica supported ferragel synthesis
(a) Using 1.5 g of
), relation
and relation
Tc retention degrees of 99.4±0.4% for FS

99m

for ferragel synthesis,
and of 99.1±0.2 for FZ could be obtained

(b) The dynamic and static stability experiments showed that 96-99% of 99mTc was
retained in ferrogels in the presence of distillated water
(c) 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.
(d) The obtained results indicate that silica and Cuban zeolite supported ferragels are
perspectives to get 99mTc solid radiotracers for multiphase flow applications.
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2.3.3 Results from labeling of silica sand by reducing of TcO4- with SnCl2 and SnF2
(a) The untreated silica sand tested , no matter the used reducer agent ( SnCl2 or SnF2 ), is
not an appropriate support, to get a solid 99mTc radiotracer.
(b) The procedure employed to treat silica sand with concentrated nitric acid and 2M
NaOH solution increased the retention degree of Tc from 1.4± 0.6 to 48.7±1.4 when
the SnCl2 was used as reducer agent and from 5.4±2 to 55.4±1.4 when the SnF2 was
used.
(c) the concentration of the SnF2 in the range of 0.5 mM to 2mM, does not influence on
the 99mTc Rret%, so for the labeling procedure could be used the smallest one.
(d) The increase of the reaction time between the Tc and Sn in the studied range
influence in a negative way om the 99mTc Rret%,, so for the labeling procedure should
be used 15 min
2.3.4 Working Plan for the 3rd year
(a) Optimization of the silica gel and zeolite ferragel synthesis and labeling using a
bigger zeolite grain size and activity
(b) Optimization of silica sand treatment and labeling. To test no reduction method for
labeling
(c) To study the behavior of the 99mTc-solid tracers in multiphase systems using
simulated liquid phases.

2.4. FRANCE
Title of the project: Multi-scale CFD simulations and radiotracer interpretation for
modeling multiphase flows in energy systems and environmental processes
2.4.1 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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2.4.2. Tracer experiment and CFD simulation of stepped cascade for auto-epuration 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 (oxidation-reduction, degradation of the organic matter …). 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, work like aeration
systems by absorbing the atmospheric oxygen. To estimate the aeration potential of these
structures, a study will be realized at the laboratory scale, on a cascade made of several steps.
The oxygen transfer efficiency has been estimated for different operating conditions (water
flow-rate, the number and the shape of steps of the spillway and their roughness). However,
tracer experiments and CFD simulation are necessary to estimate separately the transfer
coefficient and the specific surface area during the oxygenation. Tracer experiments were
realized in a large laboratory cascade with saline injections and conductivity detection
upstream and downstream. Nine different cascades of 0.5 m maximum height equipped with 3
to 10 dimensionally variables steps were studied for a water flow-rate ranging from 0.4 L/s
and 2.5 L/s. Preliminary experiments with Rhodamine solution injections upstream cascade
were conducted in order to properly select the injection point and the detection points that
satisfied the basic hypothesis for proper RTD measurements. 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 were required numerous tracer experiments under the same operating
conditions to ensure statistical reliability of the measurements. For a given cascade, residence
time decreases with flow-rate increasing. This decrease is more pronounced for low flow-rates
values with a sudden change in the slope of the curve corresponding to the flow regime
change. Water volume over stepped cascade varies with flow-rate 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. VOF simulations
of the flow were realized for different regimes. The calculated volumes were successfully
compared to those obtained from tracer experiment.
2.4.3. CFD simulations and numerical RTD in aquaculture pond
With the objective to treat more efficiency with lest 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; the first one has a length of 20 m, a width of 10 m and a
constant height of 1.5 m fitted with two rectangular pipes of 0.17 m hydraulic diameter as
inlet and outlet. The second pond has a length of 30.5 m, a width of 7.32 m and a variable
depth along a bottom central slope of 1.62%. 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 (Standard k-ε,
Realizable k-ε, Re-Normalization Group (RNG) k-ε, Reynolds Stress Model (RSM), Standard
k-ω, Shear Stress Transport k-ω (SST), Transition k-kl-ω, Transition SST model, SpalartAllmaras model. The contours of flow velocity magnitudes and the velocity vectors are
examined and some differences are highlighted between these nine models. The comparison
of velocity profiles at different locations in the pond show that the choice of the turbulence
model affects the hydrodynamic behavior of the water. The physical analysis of the obtained
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results had allowed us to eliminate several of the turbulence models whereas comparison of
experimental and simulated velocities measurements are now necessary to select the most
adequate model in order to go further in the accurate flow description prediction. The final
validation of the selected model will be done by comparison between numerical and
experimental tracer experiments. To derive numerical tracer simulation, the steady state
solution of the pond flow field was obtained by solving turbulent Reynolds Average NavierStokes 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.
2.4.4. 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.
2.4.5. 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…). Each zone will favor one or several a specific processes
(oxygenation, adsorption of pollutants, biological degradation…). Design rules to build
efficient low-cost and low-maintenance polishing wetlands are not well defined yet. In order
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to improve these design rules, an assessment of the efficiency related to the hydrodynamics of
such existing systems should be made allowing to propose scale-up rules to maximize the
abatements of the pollutants. 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 will carry out tracer experiments in several constructed wetland using
pulse injection of salt as an artificial tracer but also inlet effluent conductivity as a natural
tracer. The interpretation will allowed us to establish a compartment model of the wetland
with the aim to link this description with the abatement efficiency of the pollutants.
2.4.6. Program for the new years of the CRP project
Simulations and tracer experiments in stepped cascades have to be interpreted better before
publication expected in the next year. We will continue to work on CFD simulations and
tracer experiments in the aquaculture ponds. A lot of work still remaining to analyse in detail
the differences between the different turbulent models and the consequences on numerical
tracer experiments. CFD simulations of the flow behaviour in micro-structured heat
exchanger were published. Interpretation of tracer experiments will be done during the next
year. Investigation of constructed wetland using artificial and natural tracer will start next
month.

2.5. GHANA
2.5.1.

Introduction and current activities: Radiotracer and Sealed sources Application

In Ghana, radiotracer and sealed sources application in industry is being carried out by the
Radiotracer Group (also known as National Radioisotope Group) established in 1999. The
group is one of the units of the Nuclear Application Center belonging to the National Nuclear
Research Institute of Ghana Atomic Energy Commission.
The Group, with current workforce composed of eight scientists and a technician, has been
applying the technology practically in petroleum refining and gold ore processing industries
throughout Ghana. The available equipment for these services includes distillation column
scanning set, neutron backscatter gauge and facilities for on-line tracer data acquisition. In
addition, a radiotracer flow rig is available at laboratory scale for simulation of tracer
experiments.
The current activities of the group include the following:
(a) Distillation column scanning at oil refineries
(b) Measurement of liquid level and interface in storage tanks.
(c) RTD measurement of gold processing tanks, cement mills and waste water treatment
plant WWTP
(d) Integrating RTD modelling with CFD simulation of flow systems.
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2.5.2. Proposals for the CRP: Application of radiotracer techniques to study multiphase
industrial units by experimental RTD modelling and CFD validation
Multiphase systems play a dominant role in diverse industries such as chemical processing,
petroleum refining, waste water treatment and mineral processing. In order to assess the
efficiency of these industrial reactors, it is necessary to determining their flow structure for
identification of possible malfunctions, improvement in the design of these reactors and
scale-up of processes involved. The flow structure in industrial reactors can be obtained by
experimental means such as laser sheet illumination (LSI), laser Doppler anemometer
(LDA) and particle image velocimetry (PIV). These methods are sophisticated flow
measurement techniques and their application is relatively expensive compared with
experimental resident time distribution (RTD) investigation. Therefore in terms of
simplicity and cost RTD is one of the best methods to obtain the flow structure
experimentally. However in order to make the design of flow systems and scale-up of
processes muck more easier, there is the need for visual images and data that can be used to
predict the performance of these systems. This can be archived by resorting to
computational fluid dynamic (CFD) simulation. Therefore, experimental RTD investigation
coupled with CFD simulation leads to better understanding of the detailed hydrodynamics
flow systems.

2.5.3. Proposed work plan for duration of the CRP
1st Year
(a)

Measure the RTD of mixing tanks on the laboratory scale

(b)

Use RTD modelling and CFD simulation to analyse results

2nd Year
(a)

Conduct radiotracer RTD measurement in a gold processing Plant

(b)

Analyze results by CFD modeling and RTD simulation.

3rd year

CFD modelling of scalar transport and dispersion around an industrial area.
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2.6. INDIA
2.6.1. Introduction
Flow in multiphase reactors beds are complex with respect to time and space and poorly
understood in spite of decades of research. The efficiency and quality of products obtained
from these systems depends upon prevailing flow dynamics. Therefore good understanding
and knowledge of various flow parameters is an essential requirement for efficient designing,
scale up and operation of the above-mentioned multiphase flow systems. Radioisotope based
techniques such as radiotracer, radiometry and radioactive particle tracking are ideal
techniques to investigate multiphase flows and often has no competing alternatives. Fluidized
bed systems, Bubble column reactors and Trickle bed belongs to general class of multiphase
flow systems.
2.6.2. Mixing time and holdup measurements in a pilot-scale Batch Fluidized Bed System
2.6.2.1. Mixing time measurement:
The schematic diagram of the pilot-scale fluidized bed system is shown in FIG.2.6.1. Sand
particles (dia.: 223 micron) and air were used as solid and gas phase respectively. A series of
experiments was carried out at different operating and process conditions such as different
bed height and gas velocity. Sand labeled with Gold-198 radioisotope (gamma energy: 400
keV half-life: 65 hr) used as a radiotracer and about 100 MBq activity was used in each
experiment. The radiotracer was instantaneously injected into the bed of the fluidized bed and
monitored at ten different locations in the CFBG using collimated scintillation detectors as
shown in Fig.1. All the detectors were connected to a multichannel computer controlled data
acquisition system set to record tracer concentration. The tracer concentration data recorded
by different detectors was normalized using the following relation:

(1)
2.6.2.2. Holdup measurements
The fluidizer column was marked for different height with the help of graph paper. The
column was filled up to 450 mm. A stand/arraignment was fabricated for densitometry study
in such a way that distance between two chordal positions was 15 mm. It was made sure that
the opening of source and detector window was aligned accurately. A collimated source
(137Cs) of 10 mCi and a collimated scintillation detector mounted across a chord were used to
measure the holdup of solids in the fluidized bed column. At each chordal location, radiation
intensity with air, solid and fluidized conditions were recorded and solid holdup was
estimated using following relation.

19

Where, ε1, ε2: Solid fraction at static condition and dynamic condition, C0, C1, C2: Counts
recorded for only air, solid at static condition, solid at dynamic condition respectively.

FIG.2.6.1. Schematic diagram of Experimental setup
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FIG2.6.2: Normalized tracer concentration vs time plot at300mm bed height and 0.1 Va;
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2.6.3. Investigation of flow dynamics of solids in Continuous Fluidized-Bed Gasifier
(CFBG)
A company in India designed, fabricated and commissioned a pilot-scale continuously
operating Fluidized-Bed Gasifier (FBG) system to study the various design and operation
aspects of coal gasification/combustion process. A radiotracer investigation was carried out,
to evaluate the performance of the two different types of gas distributors used in the Fluidized
Bed System.
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A series of experiments was carried out at different operating and process conditions such as
different bed height, particle size and different gas distributor. Coal particles labeled with
198
Au (gamma energies: 411 keV half-life: 65 hours) was used as a radiotracer. About 100
MBq of activity was used in each experiment. The radiotracer was instantaneously injected
into the feed pipe and monitored at different locations in the FBS using collimated
scintillation detectors. The recorded data obtained in different runs were treated. Steps of data
treatment include background subtraction, tail correction, radioactive decay correction, zero
shifting, smoothing and normalization. In order to quantify the degree of mixing and to
investigate the hydrodynamic behavior of the gasifier, a modified tanks-in-series model
known as Gamma function model was used to simulate the measured RTD data.

2.6.4. Radiotracer study in Gas-Liquid Bubble column:
Bubble column reactors belong to the general class of multiphase reactors. They are
intensively utilized as multiphase contactors and reactors in chemical, petrochemical,
biochemical and metallurgical industries. The performance of bubble column reactors is
affected by a number of interrelated parameters hydrodynamic, transport and mixing
properties. In order to understand the hydrodynamics of liquid phase in bubble column, RPT
study has been made to study the effect of superficial gas velocity.

2.6.4.1. Radioactive particle tracking (RPT):
The air-water column is made of acrylic having height 1.2 m and internal diameter of 12 cm.
The experiment is carried out using air as the sparged gas and tap water as the liquid phase.
The radioactive isotope 46Sc (γ-ray of 0.89 and 1.12 MeV, Half-life of 84 days) was chosen as
tracer for the RPT study. The radioactive particle used for the study had size 1.2 mm and
activity 400 µCi. Twelve (2” × 2”) NaI(Tl) scintillation detectors are strategically placed
around the bubble column to continuously monitor photo peak of the γ-rays emitted by the
tracer particle. Once we got the distance-count relationship from the calibration step, the
tracer particle is allowed to freely move in the reactor. Its position is monitored by the array
of detectors to capture the turbulent parameters.
2.6.5. Conclusions:
(a) Radiotracer technique was successfully employed to measure mixing and solid holdup in a
batch type gas-solid fluidized bed system. The mixing time was observed to be higher for
higher bed heights and lower for higher gas velocity. The holdup fraction of solid was
found to be more towards the wall compared to the center of the column.
(b) The radiotracer investigation was successfully carried out in a plot-scale continuous gassolid fluidized system. The analysis of RTD experiments carried out with two different
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air distributors indicated that flat plate distributor is marginally better that the conical
distributor.
(c) Radioactive particle tracking technique was successfully employed for investigating the
liquid hydrodynamics. The time averaged axial and radial liquid velocities have found to
increase with increase in superficial gas velocity for the bubble column.
2.6.6. Summary
During the first year of CRP project, radiotracer experiments were conducted in fluidized bed
systems i.e. Batch and Continuous type reactor. In this context, mixing time measurement,
solid phase hold up measurement and residence time distribution studies were conducted in
fluidized bed reactors. Subsequently, in the second year of the CRP, it was planned to carry
radiotracer study in the bubble column to understand complex behaviors of bubble column
reactors with and without internals. Some of the results of the study are also included in the
report. In addition to the above described work, radiotracer studies have been carrried out in
four different internal geomtry of the bubble column and the analysis of the data is in
progress. As part of CRP project in the third year radiotracer investgation in trickle bed
reactor will be conducted.

2.7. KOREA
2.7.1. Activities within the CRP (2 years, 2012-2013)
Many of research group with gamma ray CT have used multipurpose gamma probe for
gamma ray CT because there have been not many exclusive detection systems for gamma ray
CT. Multipurpose gamma probes are usually bulky and many cable connections are required
to consist multi-detector system. Thus multipurpose gamma ray detector is not suitable for
transportable system. Korean proposal for CRP is to develop the transportable industrial
gamma ray CT by upgrading the previous gamma ray CT. To develop transportable gamma
ray CT, small size of gamma ray array detector and compact data acquisition system are
essential. During the period of 2012~2013, Korean CRP team’s activities can be summarized
majorly as three activities: development of a gamma ray sensor module for portable CT,
development of data acquisition system for portable CT, programming of image
reconstruction algorithm:
(a) Development of a gamma ray sensor module for portable CT
The sensor module was designed as block containing 12 channel detectors to reduce power
consumption and cable connection. The sensor part consists of CsI crystal, PIN diode, preamp and main amp. The output signal from PIN diode is connected to pre-amp. The pre-amp
and sensor part are in one package. The power consumption decreased to 1/3 of conventional
detector by removing duplicated parts.
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FIG.2.7.1. channel gamma ray sensor module for portable gamma ray CT
(b) Development of data acquisition(DAQ) system for portable CT
Many cases, number of counting channel for gamma ray CT can reach several tens or
hundreds. Number of counting channel can be increased by using multiple connection of
DAQ. The developed DAQ has 36 channel counter and two connection port. It can connect
serially to increase the number of channel.

FIG.2.7.2. Multiple connection of DAQs (counters).
(c) Programming of image reconstruction algorithm (2nd year)
In addition to development of hardware, image reconstruction software was programmed to
be suitable for portable gamma ray CT. There are two major revisions of image reconstruction
software. One is for FBP (Filtered Back Projection), the other is for ML-EM. Software to
convert measurement data from arbitrary geometry into parallel beam data was made. The
revised image reconstruction software on EM included weight matrix calculation routine
which was separated software in previous version. From this revision, calculation time and
memory requirement reduced significantly.
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FIG.2.7.3. Revision of ML-EM image reconstruction software.
2.7.2. Research plan for CRP
Future work for CRP will be focused on revision of mechanical system. The mechanical
system majorly consists of two parts. One is rotator which contains detector mount and motor
driving system. The other is clamping device by which CT can be attached to object. The
focus of revision of mechanical system will be portability.
The detailed works within the CRP can be listed as follows:
(a) Development of mechanical driving system for CT scan
(b) Development of clamping device for portable CT system
(c) Field experiment of gamma ray CT for trouble shooting of industrial process

2.8. MALAYSIA
2.8.1. Current Activities
Malaysia involved in 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,
immediately 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 column scanning for trouble-shooting, process optimisation and
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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.
Some 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 every subject
related to these technologies. 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, most of routine services related to sealed source and radiotracer applications, has
been transferred to private companies. So far, Malaysian Nuclear Agency has appointed and
engaged 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 many IAEA/TC projects and our participation in many IAEA/CRP activities,
for instance MAL-12461 project on Industrial Process Tomography and MAL/8/016 on the
Development of Gamma-ray and X-ray Computed Tomography and MAL-17374 project 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 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.
Some of the latest developments in R & D on sealed source & radiotracer technology as well
as main achievements in these fields are summarised as follows:
(a) Developed an automatic gamma scanning system for on-line industrial columns
troubleshooting, optimisation and predictive maintenance. The system was introduced to
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the process industries for fast and reliable column scanning services.
(b) Developed radioactive particle tracking (RPT) for multiphase system investigation with
MCNP simulation analysis. Laboratory scale of high-pressure bubble column for RPT
installed.
(c) Developed portable and clamp-on gamma-ray computed tomography systems for on-line
investigation of industrial pipe and column.
(d) 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.
(e) Upgraded of neutron-induced prompt gamma-ray techniques (NIPGAT) for the
investigation of archaeological and geological samples, including MCNP simulation
analysis.
(f) Developed Gold-198 nano-particle core-shell radiotracers with functional surfaces for
high temperature application.
(g) Scanned and imaged a numbers of industrial, dental, biological, mineral, metallurgical and
archaeological samples using X-ray tomography and X-ray microtomography systems.
(h) Developed image reconstruction software for gamma-ray and X-ray tomography for phase
hold-up analysis in multiphase reactors, based on Summation Convolution Filtered BackProjection (SCLBP), Expectation-Maximisation Algorithm (EM) and Alternating
Expectation-Maximisation Algorithm (AEM).
(i) Upgraded of neutron-induced prompt gamma-ray techniques (NIPGAT or PGNAA) for
the investigation of archaeological and geological samples, including MCNP simulation
analysis.
(j) Conducted various radiotracer experiments for RTD and CFD modelling of mixing tank,
process vessels and Wastewater Treatment Plant (WWTP) in chemical and petrochemical
plants.
(k) Conducted radiotracer experiments for flow-rate measurement in pipeline at power
generation plants and petroleum industries.

2.8.2. Proposed Project Activities and Work Scope for CRP MAL-17374 (2012-2015)
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 holdup 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.
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Thus, gas holdup 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
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 setup will be designed, developed, and tested for
different flow of gas.
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.
Also, gamma-ray computed tomography (CT) and gamma-ray densitometry (GD) will be
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, will be 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.
The research work planned at Malaysian Nuclear Agency (Plant Assessment Technology,
Industrial Technology Division) will involve the following scopes:
(a) Radioactive particle tracking (RPT) & Monte Carlo simulation of hydrodynamic behavior
in bubble column.
(b) Design and develop a bubble column experimental set-up with controllable flow complete
with different sizes and arrangement of holes on sparger plates.
(c) Characterization of liquid flow field using radioactive particle tracking (RPT) techniques.
(d) Understanding liquid and gas distribution (hold-up) in bubble columns using gamma-ray
process tomography (GPT) and clamp-on gamma-ray tomography system
(GammaSpider).
(e) Refinement of image reconstruction software for gamma-ray and X-ray tomography for
phase hold-up analysis in multiphase reactors, which include Summation Convolution
Filtered Back-Projection Algorithm, Expectation-Maximisation Algorithm, Alternating
Expectation-Maximisation Algorithm, Algebraic Reconstruction Algorithm, etc.
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(f) Develop a gamma-ray densitometry (GD) facility and use this tool to understand flow
pattern in bubble columns.
(g) Comparing flow behavior in bubble column obtained by radioisotope techniques with
conventional techniques, such as by using high speed camera.
(h) Simulation of flow behavior in bubble column using CFD code packages.

2.9. MOROCCO
The aim of the proposed work within the frame of the present CRP is to try to address the
coking phenomenon as a challenging issue in petrochemical industry by combining or
integrating sealed radioactive source techniques and radiotracer techniques.
Gamma Scanning technique was applied to investigate Furfural solvent production unit in
major Moroccan refinery which has experienced a serious problem of pressure drop at the
thermally insulated gaseous line connecting the output at column head to other production
units. Because of this problem the unit was operating at only 10% of its nominal capacity.
Preliminary controls were made by the end user on the line before calling for assistance:
(a) The vertical portion of the line was controlled with a series of X-ray and ultrasonic testing
to try to identify a possible blockage by coke
(b) The horizontal part of the line was opened and inspected visually in order to observe the
existence of any residues of deposited coke
But no coking phenomenon was identified in both portions: end user concluded that coking (if
any) is elsewhere and new horizontal part was installed.
The exploration by sealed radioactive source technique (Gamma-scanning) was carried out on
the vertical portion of a length of 24m, 14'' thermally insulated line. A 12 mCi 60Co source
was used and scan measurements were made with a pitch of 5cm along the line.
The obtained scan profile showed the presence of a solid phase in a portion of the line ranging
between 6.15m and 7.50m from the origin of scan profile.
Based on the results obtained by Gamma scanning, a line portion was cut according to scan
indication and glasswool coating removed. A visual inspection at both extremities confirmed
the presence of coking at the exact location indicated predicted by the scan profile. Coke was
taking place in almost all the volume along the cut out portion. Only a narrow passage was
left through the coke volume and which permitted to a very small quantity of gaz to flow
through. The cut out pipe was then sawn longitudinally to take out the coke.
This case study shows that the use of sealed source technique can identify and locate coking
phenomenon inside gaseous phase pipes. However we still needed to address the coking
phenomenon that may take place in other types of petrochemical units, particularly packed
bed vacuum distillation columns. Indeed, in such a case coking is usually more difficult to
identify using sealed sources techniques.
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So a tentative comparative study of two diagnostic methods was conducted. The results
correspond respectively to tests using two radioisotopes with gamma scanning technique and
radiotracers.
In the first approach the structural characteristics of a laboratory constructed distillation
column (flow-rig) (41cm diameter) have been investigated using a 241Am source. The Gamma
scanning test consists in using the 241Am as a gamma ray sealed source with the activity of
18,5GBq (500mCi), associated to a NaI(Tl) detector and was applied to try to locate the
column trays and coking. It was not possible to detect this latter with Gamma scanning
technique.
The second approach by radiotracers consists of an injection of an appropriate quantity of a
specific radiotracer (99mTc) at the inlet of the process and studying its presence in the column.
The tracing is achieved by the measurement of the tracer concentration along the distillation
column using four installed detectors. A channeling effect was observed in flow inside the
column caused by the presence of coke.
After comparison and assessment between the two methods we conclude that the second
approach with radiotracers achieved better results and therefore was more effective than the
first one (the gamma scanning technique) for the detection of coking.
Work Plan for next year
The next step will be to test the second approach at a more large scale which is a pilot packed
bed column. The experimental results will be combined with advanced modelling techniques
based on both RTD and CFD approaches.
Study of a real vacuum distillation column in petrochemical industry by integrating Gammascanning technique and radiotracer technique would then be considered; the study will focus
mainly on large packed bed column in order to try to identify specific problems such as
coking phenomena by measuring the channeling effect. The experimental results will be also
combined with advanced modelling techniques based on both RTD and CFD approaches.
Such integration is of a great importance to know the flow rate of each phase into the system.
To obtain the most valuable information, it is essential to combine the experimental results
with advanced modelling techniques based on both RTD and modelling approaches.

2.10. NORWAY
The project was originally entitled “Monitoring multiphase flow in separators and scrubbers:
Combined application of phase-specific gamma-emitting tracers from radiotracer generators
and gamma transmission techniques from sealed sources”.
As it has turned out, more emphasis has now been put on the study of the scrubbers and on the
use of radiotracer generators in combination with specific modeling techniques further briefly
described below.
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2.10.1. Background
In the report from the first meeting of this CRP, we gave the background for our specific
proposal. For convenience, some of the arguments are briefly repeated here.
Well streams from petroleum reservoirs consist typically of a mixture of oil, water, gas and
solid particles. The well stream enters the primary separator for phase separation. The
separated gas fraction extracted from the top of the separator may still contain “wetness” in
the form of vapour and droplets of oil components, condensates and water. In order to dry the
gas phase further, it enters into a scrubber where the wetness is further reduced by
condensation and coalescence plates or other mechanical constructions inside the scrubber.
The wetness is extracted in the bottom of the scrubber while the “dry” gas is extracted from
the top of the scrubber (FIG.2.10.1).

FIG.2.10.1: Principle outline of multiphase separator and scrubber

It is mandatory that both the separator/-scrubber combinations function correctly. For
instance, the gas stream leaving a transportation platform may be subject to pipeline
transportation on sea bottom for several hundreds of kilometers. These pipelines will largely
follow the sea bottom topology, i.e. there will be “hills” and “valleys”. The temperature will
also be typically cooler than the production and separation temperature. Thus, if the liquid
content in the gas is too high, three scenarios may happen:
(a) Water and/or hydrocarbons may condense and accumulate in the “valleys” of the pipeline.
Uncontrolled and vigorous “liquid bullets may be formed challenging the pipeline and slug
catcher construction.
(b) Internal corrosion if the gas contains water and acidic components like CO2 or H2S.
(c) Formation of gas hydrates which eventually may block the pipeline.
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2.10.2. Technical content of the project
The developments in focus in this project specifically address the problem of liquid carry-over
in the gas phase after the scrubber. There is, to our knowledge, no multiphase flowmeter on
the market which is able to measure accurately liquid content in the gas phase at this low
liquid load. This project combines theoretical prescription of multiphase flow with tracer
technology to enable accurate measurement of the liquid carry-over. The modeling of
multiphase transport of low liquid loads contributes to a better understanding of process
equipment, and consequently, may affect the design of the equipment. The prediction of low
liquid load flow is also important for long distance gas transport since it has implications for
the design of the liquid capacity at the receiving facility.
There are two limiting scenarios on how a low liquid content is transported in a gas phase, the fully dispersed flow as small droplets in the gas phase and as annular flow where all liquid
is condensed on the tube wall (FIG.2.10.2).

Fig.2.10.2: Sketch of two limiting liquid transportation scenarios of low liquid load in gas
phase
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Fig.2.10.3: Outline of the structure of the development work for a new procedure to measure
liquid carry-over from gas scrubbers including radiotracer technology with integrated and
interactive modelling.
Real cases will be a mixture of these two scenarios depending on the superficial gas flow rate.
The technical content of the work is briefly sketched in FIG.3. We have developed and will
continue development of radiotracer generators (see FIG.2.10.4) with short-lived radiotracers
suitable for such measurements in a manual “measurement on demand” fashion or as a
semiautomatic procedure with computer controlled operation of the tracer generator and the
injection procedure.

Tracers for γ-emission measurements:
At present we have developed suitable radiotracers for the aqueous phase and for the organic
phase based on the radionuclide generator 137Cs (30 y) → 137mBa (2.55 min) as two different
complexes of Ba (see FIG.2.10.5 and 6).
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Fig.2.10.6.
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equipment
2.10.3. Next period
2.10.3.1. Tracer development
We will continue development of suitable radiotracer generators, and the first task is to fulfill
ongoing development of water and oil tracers suitable for process investigation based on 68Ga
from the 68Ge (270 d) → 68Ga (68 min) radionuclide generator. The work is well underway,
and a manuscript is nearly ready for submission on the water tracer. We will also continue
work with 113mIn from the 113Sn (119 d) → 113mIn (109 min) radionuclide generator. Such
development work comprises introductory (screening) complexation experiments,
optimization of complexation process, chemical and thermal stability tests of the complex,
study of tracer partitioning between phases (water and oil) and sorption experiments to any
relevant material (different sands, metals etc) which the tracer may come in contact with
during use in process equipment.
2.10.3.2. Model development
The model specifically developed for the previously described purposes will be based on the
so-called OLGA-technology: OLGA is a dynamic multiphase flow simulator developed at
IFE during the last 30 years, and is today the most common simulator for multiphase flow on
the world scene with more than 90% of the world market.
RELEVANT REFERENCES
[1] STAVSETRA, L., BJØRNSTAD, T., Radioaktivt merket organisk sporstoff, dets bruk og
fremgangsmåte for dets produksjon, Patent No. 333172, awarded on 25 March 2013.
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2.11. PAKISTAN
2.11.1. 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 model 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 CRP has been summarized in the following
paragraphs.
2.11.2. RTD analysis in a pulsed sieve plate extraction column using radiotracer technique
This study is focused to investigate axial dispersion in the continuous phase (water) in a
pulsed sieve plate extraction column using 68Ga in the form of gallium chloride as radiotracer.
Residence Time Distribution experiments for continuous phase have been carried out for a
wide range of continuous phase superficial velocity. The holdup of continuous phase and slip
velocity has also been reported.
The internal diameter of the column is 5 x 10-2 m and height is 2 m. Two separating
chambers, one at the top and the other at the bottom of the column are also part of this
apparatus. The column is fitted with regularly spaced (5 x 10-2 m) sieve plates, which help to
increase the interfacial area between the two immiscible liquids. The column was operated
counter currently with heavy phase (water) as continuous and light phase (kerosene) as
dispersed phase. The kerosene which is fed into the lower separating chamber with the help of
a metering pump flows upwards through the sieve plate column to the upper separating
chamber where it overflows to a collection vessel. Similarly water is fed into the top
separating chamber via a metering pump from where it flows downwards through the column
to the lower separating chamber, and then through a balance leg into a collection vessel. A
pulse unit located at the base of lower separating chamber provides vertical pulses to the
flowing fluids. About 0.25 mCi of 68Ga eluted from a 68Ge/68Ga generator was injected in the
form of an instantaneous pulse. RTD experiments were carried out for a range of continuous
phase superficial velocities. The hydrodynamics of the system was modeled using the Axial
Dispersion Model (ADM). The RTD analysis data was further processed for evaluation of
holdup, slip velocity and axial dispersion. FIG.2.11.1 shows the effect of continuous phase
superficial velocity (Uc) on the (a) Mean Residence Time (MRT); (b) holdup of continuous
phase; (c) slip velocity and (d) Pe number of continuous phase when dispersed phase
superficial velocity (Ud), pulsation frequency and amplitude are kept constant.
2.11.3. Development of a CFD based model of pulsed sieve plate extraction column
The specific objective of this work is to develop a three dimensional CFD based model of
the system described in the previous section. The simulation is carried out using a commercial
CFD software package FLUENT 6.3. In order to reduce the computational time, the column is
supposed to comprise of four sieve plates. In the first case, sieve plates are modeled using the
34

porous media formulation while in the second case actual sieve plates are modeled. The
coefficients of porous media are evaluated integrating the radiotracer RTD analysis
experimental data. 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. The light phase (kerosene) and the heavy phase (water) were taken
as continuous and dispersed phases respectively. A pulse generation model was developed
and incorporated as a User Defined Function (UDF) to incorporate the effect of pulses.
FIG.2.11.2 shows the contours of volume fraction of dispersed phase (water) inside the pulsed
sieve plate extraction column at a particular time when flow conditions are developed. It has
been observed that a portion of the lower separating chamber at the bottom is filled with
dispersed phase and a liquid-liquid interface has been established. This interface level was
established while initializing the solution and it maintained its position throughout the
simulation time. Fig. 2.11.2 also shows the entrance of dispersed phase from the inlet and its
downward movement through the continuous phase under gravity where it encounters four
regularly spaced sieve plates which are modeled as porous media. It has been observed that
the dispersed phase is accumulated inside and in the vicinity of sieve plates. It is because of
the reason that each of the sieve plates behave as momentum sink and causes a pressure drop
across the plate. The droplets of the dispersed phase after passing through the sieve plates
enter into the lower separating chamber, join the liquid-liquid interface and finally travel out
of the system through the dispersed phase outlet. Validation of CFD simulation results with
radiotracer RTD analysis was carried out by measuring and comparing the holdups of phases
into the column.
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Fig. 2.11.1. Effect of continuous phase superficial velocity on the (a) MRT (b) continuous
phase holdup (c) slip velocity (d) Peclet number of the continuous phase
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Fig.2.11.2. Contours of volume fraction of dispersed phase (water)

2.11.4. Design and development of a two phase air-water flow system comprising horizontal
and vertical bends
A two phase air-water flow system comprising 90ο horizontal and vertical bends was designed
and developed in the framework of this CRP. Gamma CT measurements of two-phase airwater flow through 90° horizontal bend were carried out across nine pre-defined crosssections. Stratified flow patterns have been observed with movement of lighter phase (air)
towards the inner curvature of bend as we proceed from inlet of the bend towards the center of
bend. These results are presented in the following diagram (FIG.2.11.3).

Fig.2.11.3. Gamma tomography of two-phase air water flow through a 90o horizontal
bend across various cross-sections of the bend
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2.11.5. Work plan for third year of the project
(a) Quantification of phasic volume fraction from gamma CT data obtained during two-phase
air-water flow across a bend
(b) Development of a CFD based model for two-phase air-water flow across a 90° horizontal
bend
(c) Validation of experimental and computational results
(d) Identification of flow regimes during co-current gas-liquid flow across a 90° horizontal
bend

2.12. PERU
2.12.1 Introduction
Radiotracers and sealed sources technologies have been applied Peru in the framework of the
present CRP. Oil & gas refining and nonferrous extractive metallurgy were the main end users
of these technologies during the period. Process optimization was essential to update these
industries in order to increase the efficiency by reducing the downtime and maintenance costs.
Multiphase systems were present in many industrial and environmental processes evaluated
units, and their knowledge was important in ensuring enhanced performance, economic
viability and environmental acceptability. Therefore good understanding and knowledge of
various processes and the flow parameter of the same, was essential requirement decision
making.
2.12.2. Objectives
2.12.2.1. Overall objective
The overall objective of the CRP is to investigate the potential radiotracer techniques in
multiphase investigation tor industrial radiotracer applications.
Evaluation: This objective was completed in the mentioned complex industrial processes.
2.12.2.2. 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.
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Evaluation: This objective was partially completed as IPEN has no facilities for applying
computational fluid dynamics modeling and others to perform integrated studies.
Dispersion studies concerning submarine outfalls installing and design by the use of bi
dimensional and tri dimensional models were performed instead. In that sense, identification
of the origin of acid drainages of mines with the aid of radiotracers, were applied as well.
2.12.2.3. Specific objectives
The specific Peruvian objectives for the duration of the CRP are listed below:
(a) To develop radiotracer techniques in multiphase investigation for determination of the
degree of homogenization as applied to fluidized bed for Fluid Catalytic Cracking Units
in Oil Refining Industry
Evaluation: This objective was replaced by the one regarding the developing of radiotracer
techniques in multiphase investigation for evaluation of troubleshooting 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.
Qualitative and quantitative determinations of leakages and related trouble-shooting in heat
exchanging apparatus from Oil & Gas Refineries (heat exchangers and reboilers), were
performed.
Additionally, application of gamma scanning profiles in LNG fractioning columns, were
performed by IPEN group.
(b)

To develop techniques for enhancement of long-term radiotracer applications for
evaluation of the efficiency of Fracturing Packed Operations after hydraulic fracturing
for the stimulation of producing oil wells

Evaluation: We did not start with any activity regarding this objective because we need to
train at least one person on this specific field of application.
(c)

To perform RTD studies for optimizing continuous blending operations involving liquid
and solid phases in ore processing installations.

Evaluation: This objective was completed, since the group continues with this routine service
in the cement Peruvian industry.
(d)

To provide guidelines for the preparation and validation of multiphase investigation
based radiotracers

Evaluation: This objective was completed by inside validation among the national tracer
group, the end-users and stakeholders of the project.
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(e)

To establishment of scientific exchanges based on the above discussion and expressed
needs of the various groups, as summarized in the following table. The effective
exchange of information could be further enhanced with IAEA’s help.

Evaluation: We did not start with any activity regarding this objective. In order to enable
increased knowledge resulting from synergy effects by effectively combining technology
development instead of only compiling individual outputs, working groups should be operate
according to some establish program.
2.12.3. Expected Outputs in the near future
(a)
(b)
(c)
(d)

Validation of at least two liquid-solid phase systems by the use of radiotracer techniques
Determination of the degree of homogenization as applied to fluidized bed for Fluid
Catalytic Cracking Units in Oil Refining Industry.
Evaluation of the efficiency of Fracturing Packed Operations after hydraulic fracturing
for the stimulation of production in oil wells, and
RTD studies for optimizing continuous blending operations involving liquid and solid
phases in ore processing installations.

2.12.4. Material and facilities requested by Peru
(a) One portable data acquisition system.
(b) One scientific visit to observe the application of radiotracer and sealed sources techniques
as applied to hydraulic fracturing for stimulation of oil producing wells.
137
(c) Cs and 60Co source, 150 mCi for each, for gamma-scanning of large vacuum packed
bed columns in petrochemical industry.
(d) A fellowship for gamma tomography and CFD simulation technique for 1 month
(e) Optional institute: KAERI,
2.13. POLAND (AGH-UST, Krakow)
2.13.1. General Scope of the project entitled: Computational Fluid Dynamics and
Radiotracer Experimental Methods for Flow Pattern Description
Computational Fluid Dynamics (CFD) is an engineering software tool that uses numerical
techniques to simulate fluid flow. Using CFD, it is possible to build a computational model
that represents a system or device that we want to study. CFD gives the power to simulate
flows of a single phase or multiphase fluids including fluid and solid flows. CFD codes
include diverse physical models and numerical methods for flow simulation. These models
and methods can give some significant simulation results. Comparison of the simulation
results with experimental data is a best way for CFD modeling validation. The proposed
research includes the CFD simulation for fluid and fluid-solid flow systems and their
validation by radiotracers and other experimental methods.
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2.13.2. CFD simulation of a heavy media cyclone for coal cleaning
The heavy media cyclone used in the coal industry is an extremely efficient cleaning device
using finely ground (-0.325 [mm] mesh) magnetite and water as the “media”. A gravimetric
separation takes place because the buoyancy affect of the media forces the lighter coal solids
to the center of the cyclone where they are transported upward and through the vortex finder.
The dense mineral matter spirals toward the apex and exits through that orifice.
The simulation results of flow patterns of a coal cleaning in the heavy media cyclone have
been done. The simulation results are compared with the experimental data.

Fig. 2.13.1. Ash volume fraction distribution

Fig. 2.13.2. Coal volume fraction distribution

Fig 2.13.3. Corrected efficiency curves.
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2.13.3. CFD simulation of water flow in river
On this part of the project the Computer Fluid Dynamics (CFD) analysis of water flow in
river is discussed. It has been calibrated using new approach. Simulations were adjusted using
residence time distribution (RTD), which contains integration information about flow. The
methodologies of CFD-RTD junction from experimental field, up to final results of CFD
modelling are presented.
The experimental part of work was done on 369 m length test cut of Rudawa river. The
residence time curve was measured through tracer transport experiment. It collects
information about velocity field and effective diffusion. In the meantime, flow dimensions
were also taken. The computational domain was constructed on real riverbed geometry
measurements. CFD simulations were driven using different turbulence models and various
Schmidt’s numbers. The experimental RTD was retrieved using species model and time
dependent simulations. Tracer was represented through modelling mixing two physically
identical fluids.
At the beginning k-ε RANS model were used, however in the best fit there still were some
artefacts. It forced us to look for another type of turbulence parameterization. Finaly, the
decision was made to use Detached Eddy Simulation model, which is modified version of
Large Eddy Simulation model. Residence time distribution, which was obtained have the
same nature as distribution that was measured on the river. That is why; it was possible to
conclude that DES model with Schmidt number equal to1.5·10-4 is convenient to analyze
tracers, or pollutants, transport in rivers. But it is important to emphasize that it needs to lead
more simulation on another systems. The best fit which was obtained during simulations
differ from experimental curve with relative error 4,6·10-5.

Fig 2.13.4. Measured shape of the river bottom.

Fig 2.13.5. RTD obtained with DES model with various Schmidt’s number value.

41

2.13.4. Publications

[1]

Furman, L., 2002. Z-Transform and Adaptive Signal Processing in Analysis of Tracer
Data. The Canadian Journal of Chemical Engineering, 80 (3), 472 – 477.

[2]

Stegowski Z., Leclerc J. P., 2002. Determination of the solid separation and residence
time distributions in an industrial hydrocyclone using radioisotope tracer experiments.
International Journal of Mineral Processing, 66, 67-77.

[3]

Stęgowski Z, Nowak E,2007, Radiotracer experiments and CFD simulation for
industrial hydrocyclone performance, Nukleonika,52 (3): pp.115-123

[4]

Stęgowski Z, Nowak E, Furman L (2004) Combining CFD simulation with
experimental RTD function for hydrocyclone separator studies. Integration of tracing
with computational fluid dynamics for industrial process investigation. International
Atomic Energy Agency, Vienna, IAEA-TECDOC-1412, pp 161−178

[5]

Furman L., Leclerc J. P., Stęgowski Z., 2005. Tracer investigation of a packed column
under variable flow. Chemical Engineering Science, 60, 3043-3048.

[6]

Stęgowski Z., Dagadu C. P. K., Furman L., Akaho E. H. K., Danso K.A., Mumuni I.I.,
Adu P.S, Amoah C., 2010: Determination of flow patterns in industrial gold leaching
tank by radiotracer residence time distribution measurement. Nukleonika, 55(3),
339−344.

[7]

Stegowski Z., Nowak E., 2007: Radiotracer experiments and CFD simulation for
industrial hydrocyclone performance. Nukleonika, 52(3), 115−123.

[8]

Leszek Furman, Zdzislaw Stegowski.,2011. CFD models of jet mixing and their
validation by tracer experiments, Chemical Engineering and Processing, 50, 300-304.

[9]

Dudała J., Gilewicz-Wolter J., Stęgowski Z., 2005: Simultaneous measurement of Cr,
Mn and Fe diffusion in chromium-manganese steels. Nukleonika, 50 (2), 67–71.

[10] Sugiharto, Z.Stęgowski, L.Furman, Z.Su’ud, R.Kurniadi, A,Waris, Z.Abidin, 2013:
Dispersion determination in a turbulent pipe flow using radiotracer data and CFD
analysis, Computers & Fluids, 79 (2013) 77-81.
[11] C.P.K.Dagadu, E.H.K.Akaho, K.A.Danso, Z.Stęgowski, L.Furman, 2012: Radiotracer
investigation in gold leaching tanks, Applied Radiation and Isotopes, 70, 156-161.
[12] S.Sugiharto, R.Kurniadi, Z.Abidin, Z.Stęgowski, L.Furman, 2013: Prediction of
Separation Length of Turbulent Multiphase Flow Using Radiotracer and
Computational Fluid Dynamics Simulation, Atom Indonesia, 39/1 (2013) 32-39

42

2.15. TUNISIA
A scientific collaboration is established allowing us to accompany the starting of the operating
production unit Tifert Skhira under the Tunisian-Indian project which produces 360,000 tons
per year of phosphoric acid destined for India.
2.15.1. Achieved work for period 2012-2013
2.15.1.1. Introduction
The use of radiotracers is dependent on certain basic assumptions that should be fulfilled. One
of these basic assumptions is that only radioactive atoms are traced. Never assume that the
behavior of radiotracer in a given process indicates the behavior of the compound of that
process. The prerequisite of the application of radiotracer methods is that the tracers show the
same behavior as the atoms or compounds to be investigated. This is, in general fulfilled if the
chemical forms are identical.
Often, we select a representative tracer on the basis of experience, of availability, from
published references or from a physical and chemical evaluation of its compatibility with the
material to be traced. Nevertheless, the suitability of the radiotracer must be confirmed by
validation tests in the laboratory, subject of our present study.
2.15.1.2. Optimal radiotracer for phosphate particles marking
A sampling of phosphate slurry is done from the chemical reactor of GCT manufacture.
Characteristics of phosphate treatment reaction are measured and environmental factors
involved are noted to reproduce real process in laboratory
125 ml of sampled phosphate slurry is maintained under agitation at 78°C. Then injection of
1mCi of 99mTc is applied using shielded syringe. After 10 minutes of agitation the solution is
poured to a filtration system composed of a filter funnel (with a height of 140 mm, a porosity
of 2, capacity of 125 ml, disk diameter of 60 mm, and disk thickness of 10 mm) and a phial
(with a volume of 2 liter) attached to a vacuum pump.

Fig.2.15.1: Filtration system of the phosphate slurry
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Two collimated NaI(Tl) scintillation gamma detectors are fixed in such a way to measure
simultaneously radiotracer concentration (in counts per second) in the filter funnel (containing
solid phase of phosphate slurry) and in the phial (containing liquid phase of phosphate slurry).

Fig.2.15.2: Acquisition system

Fig.2.15.3: 99mTc radiotracer distribution during phases separation
FIG.2.15.3 presents curves of concentration variation of 99mTc radiotracer in solid phase (full
line) and in liquid phase (interrupted line) of the phosphate slurry during filtration process for
an acquisition time of 4 hours. Measurements done on this data show that 41% of the 99mTc
radiotracer migrated through filtration to the liquid phase (in the phial) whereas 59% of which
remains stuck to phosphate particles at the filter funnel of the filtration system.
The same experiment (FIG.2) is applied with conservation of all parameters but using 1mCi
of 131I instead of 99mTc. The curves corresponding to 131I radiotracer distribution in solid phase
and liquid phase of the slurry during the acquisition time of 4 hours are presented in
FIG.2.15.4.

44

Fig.2.15.4: 131I radiotracer distribution during phases separation
According to concentration distribution data of 131I during phases separation of phosphate
slurry, we noted that only 21% of the radiotracer migrated through filtration system to the
liquid phase in the phial. 79% of the total quantity of the 131I radiotracer was stuck to
phosphate particles in the filter funnel. This observation proves that 131I is better disposed
than 99mTc to stick to the phosphate particles.

2.15.1.3. Conclusion
This study was essential to determine the optimal radioisotope for our radiotracer diagnostic
experiments of phosphate treatment chemical reactor. It is noted that RTD behavior of a same
process could differ according to the used radiotracer. It is because in some cases, like that’s
of phosphatic chemical reactor, the process could be composed of two phases or more and so
depending on the chemical nature of the used radiotracer this one could reveal the RTD
behavior of only one phase of the process. Since our interest is focused on the phosphate
particles RTD in the reactor we need a radiotracer able to stick to phosphate particles. Our
present study shows that 131I is more suitable than 99mTc to stick to phosphate particles since
we found that 79% of the total quantity of 131I was stuck to phosphate particles whereas only
59% of 99mTc remains stuck to phosphate particles at the filter funnel of the filtration system.
2.15.2. Actual work for period 2013-2014
A scientific collaboration between CNSTN and ENSIC lab in Nancy-France to prepare a
design of a lab-scale reactor of wastewater and effluent treatment by electrocoagulation
method is achieved. The device is already in CNSTN lab where it is under testing and
characterization.
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
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projections and Monte-Carlo simulation tool GEANT4) adapted to the rectangular geometry
of the system.
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 following items which are under purchase:
(a)
(b)
(c)
(d)
(e)
(f)

Adapted collimators for NaI(Tl) scintillation detectors for tomographic reconstruction
Software tool for tomographic reconstruction (through collaboration with Malysisan team)
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Ba sealed source
pH and temperature meter
Conductivity Meter
pH ionometer

2.15.3. Envisaged work for period 2014-2015
Phosphatic effluent treatment by phosphogypse removal using electrocoagulation method will
be an interesting study to be investigated during the last phase of this project .
Collaboration between phosphate treatment company GCT and our CNSTN will be
established for this purpose.

2.16. VIETNAM
2.16.1. Introduction
Multiphase flow is the typical flow in many processing systems in petrochemical industry in
which the main components of flow may include oil, water, gas, vapor (steam) and solid
particles. The tracer technique has been recognized as an efficient tool to study flow dynamics
and to provide the experiment data for validation of flow modeling as well. However, use of
the proper tracers for tracing different phases under harsh conditions such as high temperature
of the system is still the problem that needs to continue researching the new suitable tracers.
Nowadays Au-Nanoparticles are well known with applications in the field of biological
science and health care. 198Au colloids were used as radiotracer in liquid phase in flow rate
measurement, leak detection, residence time distribution… However, some drawbacks of use
of 198Au colloids such as aggregation, absorption on metal material… have been reported and
the properties of tracer particle partition among the phases in the system are still not well
known that needs the further research on application of ultra-small Au particles for phase
tracing purposes.
In our research program, radioactive 198Au Nanoparticle which can disperse well in the
distinct phases such as water and hydrocarbon (toluene) and have short half-life, gamma
emission is the subject to study the tracing behaviors in different conditions. The procedures
of synthesis of 198Au nano particle in water and toluene have been developed to enable to
carry out the tracer experiment conveniently. The tracing properties and also nano-particle
behaviors in the multiphase contact have been studied that promises the possibility of use of
gold nano-particle in the experiment of organic/water, organic/air or gas. However, the further
studies will be emphasized in the harsh conditions such as high temperature.
In the recent years, CANTI has have successes in development of the nuclear techniques in
multiphase study such as design and fabrication of GORBIT equipment for gamma ray
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transmission CT. This GORBIT can also be used for gamma ray emission CT (SPECT). The
multi-energy gamma ray CT are being developed which allows to have the better image in
regards to density discrimination in the multi-phase system. New procedures and associated
equipments for on-site synthesis of radioactive gaseous tracers Me82Br and 41 Ar (in form of
clathrate) have been developed. In order to meet the needs of using long lived gaseous tracer,
Kr-Clathrate is planned to study the synthesis procedures in CANTI.
2.16.2. Main objectives
The main objectives of research contract VIE-17372 are synthesis and testing tracing
suitability of the candidate radioactive nanoparticle tracer such as 198Au Nanoparticle (NP) in
hydrocarbon and water phases forwards to further application in petroleum industry.
2.16.3. Specific objectives
(a)

Synthesized 198Au NP of the size less than 50 nm which can disperse properly in water
phase and hydrocarbon phase such as toluene and crude oil.

(b)

Understanding flow dynamic behaviors and phase partitioning of new synthesized AuNP in different conditions.

(c)

Procedures for on-site synthesis of 198Au NP.

2.16.4. Work plan and proposed collaboration

2nd year (2013-2014)
Activities
Study of hydrodynamic
behaviors of synthesized Au
NP in water/toluene phases
Stability of Au NP in the
harsh condition (high
temperature)

Time
2013- 2014

2014

Expected
output
Report of
results
Report of
results

Collaboration
IFE, KEARI,
BRA, MINT,
CHN
IFE, KEARI,
BRA, MINT,
CHN

3rd year (2014-2015)
Activities
Tracer experiments using
synthesized AuNP in the
multiphases such as
toluene/water, toluene/gas
water/vapor

Time
2014

Expected
output
Report of
results

Collaboration
IFE, MINT,
BRA, KEARI,
CHN
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2.16.5. Main outcomes
(a) Gold Nano-Particle Tracers

(b)

Report of potential applications of 198Au NP tracer for phase tracing
Procedures for preparation of 198Au NP tracers.

Others

-

Multi-energy gamma ray CT
New procedures and associated equipments for on-site synthesis of
radioactive gaseous Kr-Clathrate

GENERAL CONCLUSION
The CRP has participants from 17 countries. In this report, the contribution of each
participant 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 second meeting are the result of individual work but also of
numerous interactions between the countries. Measureable outputs and outcomes 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. They 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
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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 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.
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. The proposal issued from the first meeting to create an
international society to federate the teams and develop the structure of radiotracers and
nucleonic measurement systems applications to industry, with possible extension to
related technologies takes form and will be announced during the next Tracer conference
(Tracer7 in Marrakech).
RECOMMENDATIONS
Three main recommendations are proposed to the agency:

(a) The CRP would like to point out that CFD simulations are too often considered as a
“push-button tool”. In fact it is a complex methodology which request high level
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specialists. Nevertheless, the modeling using CFD codes becomes more and more
necessary to satisfy the request of the industry to interpret the detailed data obtained
from advance nuclear technique technology. Many countries do not have the time,
facilities, costly software packages, staff etc. in order to carry out the simulations
themselves. In order to facilitate the understanding and the collaboration with experts
in CFD, as well as to develop the sensitivity to the complexity and possibilities of
these methods, regional courses based on experts in this field will be useful.

(b) All CRP participants wish require IAEA to consider helping the establishment of the
International Society to federate and improve the structure of ‘’tracer teams’’ in the
world. This society would be a bit on the model of the international committee for
NDT.
(c) All CRP participants agreed to the need of IAEA to support development of
“reconstruction software” and software package including: data processing/CFD
results analysis/expert system for compartmental modeling based on individual
knowledge’s and those developed through this CRP. These software packages will be
distributed to all partners.
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