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FOREWORD 
The first 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 headquarters of the International Atomic Energy Agency (IAEA) in 

Vienna on 15-19 October 2012. The Chief Scientific Investigators of all research contracts and 

agreements under the CRP participated in the meeting. Six research agreement holders from 
Norway, France, Poland, Germany, USA 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 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. Due to the valuable information obtained by nuclear 

techniques, in both laboratory scale research and in troubleshooting industrial problems, where 
either radiotracers or nucleonic measurement systems have been used, there is an increasing 

demand on advancing these techniques to provide the needed details of local fluid dynamic 

properties. Each technique provides essential information that complements the information 

obtained by other techniques. 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 experimentations and industrial applications. In addition, no 

coordinated researches yet have been established that focuses on the development, validation and 
implementation of integration of nuclear techniques on multiphase flow system.  

In line with the CRP objectives, the first RCM summarized the status of nuclear technologies and 

modelling tools as applied to multiphase flows tests and discussed the ways to meet the proposed 

goals. The proposed investigations were focussed on three main fields: 1) development and 
integration of news tracers, equipment and associated methodologies, 2) development of software 

and methodologies for the design, interpretation and modelling of measurements obtained through 

nuclear techniques and 3) case studies on application of integrated nuclear techniques on detailed 
analysis. All participants were encouraged to participate in one or more of these topics of 

discussion and establish Networking activities. 
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1. INTRODUCTION 

 
Multiphase flow systems are widely used in industrial and environmental processes, and 

widespread throughout chemical processing, mineral processing, oil production, wastewater 

treatment, sediment and solids transport, and many other processes. Optimized design and 

scale-up of these multiphase flow systems are important in ensuring enhanced performance, 

economic viability and environmental acceptability. The fluid-dynamic properties of such 

systems are not yet well understood, which makes the prediction of important process 

parameters such as flow rate, phase distributions, flow pattern, velocity and turbulent 

parameters a challenging task. It is therefore necessary to measure them to facilitate the 

process control and optimization to achieve efficient management of industrial processes. 

Since these multiphase flow systems are opaque, nuclear techniques offer the best means of 

performing such measurements since most of them can readily be applied to non-transparent 

systems, are non-intrusive and may be adapted to on-line continuous monitoring.  

 

The usefulness of nuclear methods has been demonstrated in both laboratory scale research 

and in troubleshooting industrial problems, where either radiotracers or sealed sources have 

been used. These techniques have been utilized on industrial scales to provide efficient 

solutions to operational problems. This has resulted into identifying and pinpointing many 

problems, prompting corrective actions. This enables saving cost, materials and energy in 

terms of increased process efficiency. Additionally it allows minimization of environmental 

impacts. 

 

Due to the valuable information obtained by nuclear techniques, there is an increasing 

demand on advancing these techniques to provide the needed details of local fluid dynamic 

properties. Along this direction, recently, several advanced nuclear techniques have been 

developed, validated and used in laboratory experiments in the developed countries such as 

multi-radiotracers phase velocity measurement, gamma tomography for two-phase volume 

fraction measurement, dual-source gamma tomography for three-phase volume fraction 

measurement, radioactive particle tracking for phase velocity, turbulent parameters, flow 

pattern, and mixing intensity measurement and   transmission and emission tomography for 

dynamic phase volume fraction measurements. 

 

Each of these techniques provides essential information that complements the information 

obtained by other nuclear and non-nuclear techniques. This means that the information 

provided by using either radiotracer or sealed source alone is not sufficient to properly 

understand and characterize the dynamics of multiphase flow systems. Combining two or 

more of these techniques to study a multiphase flow system is called integrated nuclear 

techniques. Such integration has been applied in a very limited manner in both laboratory 

experiments and industrial applications. In addition, no coordinated researches have yet been 

established that focuses on the development, validation and implementation of the integration 

of nuclear techniques on multiphase flow system.  

 

For proper understanding of the multiphase flow systems, it is a must to integrate various 

nuclear techniques to measure the needed parameters. Due to the complexity of both hardware 

and software of these techniques and their integration, such methodology has been used only 

on limited cases. In addition, only a few research groups in the developed countries have used 

it in laboratory experiments. Therefore, there is an essential need to further develop, validate 

and implement such technology through international cooperative activities 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. 
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The CRP has 18 participants from 17 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) Integration of gamma ray tomography, densitometry and radiotracer for multiphase flow 

studies. 

(b) Modeling of tracer experiments in liquid/solid flow systems. 

(c) 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) Development of portable gamma-CT systems and portable single/dual sources 

gamma/X-rays densitometers for the investigation of multiphase process units, 

(b) Development of innovative radiotracer techniques for multiphase tracing in industrial 

units, 

(c) 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) Development of software and methodologies for the design, exploitation and 

interpretation of measurements obtained through nuclear techniques and integration 

with modeling (RTD and CFD), 

(e) 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. 

 

 

1.1. OPENING OF THE MEETING 
 

The First Research Co-ordination Meeting on “Radiometric Methods for Measuring and 

Modeling Multiphase Systems towards Industrial Processes” was held at IAEA headquarters 

in Vienna, Austria from 15 to 19 October 2012. Out of seventeen CRP-holder member states 
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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. Patrick Brisset, Technical Officer, IAEA. Participants 

introduced themselves. Mr. Jean-Pierre Leclerc was selected as chairman and Mr. Rachad 

Alami, Mr. Christian Priesley Kofi Dagadu and Mr. Iqbal Hussain Khan were selected 

rapporteurs of the meeting. Meeting agenda was presented, discussed and approved. Mr. 

Patrick Brisset presented scope of the meeting.  

 

1.2. PRESENTATIONS 
 

The meeting participants presented their country reports highlighting the current status of 

radiotracer and sealed source applications in general and work related to their respective 

topics of CRP in particular. The participants also presented their work plan and proposed 

research to be carried out in the framework of the CRP. The summary of the country reports is 

given below. 
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2. COUNTRY REPORTS 

 
 

2.1. BRAZIL 

 

2.1.1. Current activities 

Industrial radiotracer applications in Brazil started in the sixties of last century when the TRIGA 

Mark II reactor (6.6 x 10
11

n⋅cm
-2
⋅s

-1
) started at CDTN, in Belo Horizonte, south-east Brazil. 

Actually, one of the first applications was coincidentally in a two-phase flow system: an iron 

ore duct that transported the crushed ore in a water suspension from the mining place to a 

harbor about 500 km away through a mountainous region. The water phase was then labeled 

with 
131

I. Shortly after, a similar application was carried when an oil duct was built between the 

oil terminal at Rio de Janeiro and the refinery at Belo Horizonte. The pipe length was about the 

same, but this was a somewhat more sophisticate application in which the interphase between 

oil batches from different origins and qualities were sequentially pumped. This was a kind of a 

liquid-liquid flow, but not exactly two-phase, since they could mix. The aim was to not only to 

define the total transit time, but also the intermixing length between the two batches at the end 

of the pipeline; the tracer used was 
82

Br-benzene. 

 

Thenceforth several applications were carried in steel works (coke movement in silos and blast 

furnaces, but in the iron works industry which were widespread in the central-east region of the 

country, the main demand were for sealed source applications, such as in refractory wear 

measurements; also at this stage gammagraphy work started, had a wide acceptance and the 

knowledge was transferred to private companies. Other applications followed in the cement 

industry, mainly the measurement of wear in ball mills and RTD in kilns, mixing and settling 

tanks. Efficiency in electrolytic aluminum ovens was also measured. 

 

The first IAEA expert missions in the late sixties introduced the staff at CDTN in tracer 

hydrology and, especially in sediment movement (suspended and bed load) studies, one other 

type of two-phase flow in which sediment labeling was a critical step. Several large scale 

measurement campaigns ensued in harbors, rivers, channels, estuaries, and water reservoirs; 

nowadays these are still periodically performed. From this point to tracer applications in surface 

water applications it was just a step: flow-rate measurements, time of transit in rivers and ponds 

and dispersion of effluents. This last application was later on an important asset for the 

introduction of radiotracers in the petroleum industry in as much as the main oil company, 

Petrobrás, was engaged in the construction of submarine outfalls in some of its plants. 

 

Some applications in industrial were also carried in wastewater and even drinking water 

treatment plants. Most of this activity was carried in association with the University (Sanitary 

Engineering Department) and a lot of modeling was performed. In between radioisotope 

techniques was used in the detection of obstruction sites in submarine and buried pipelines; a 

small source was attached to a pig and pushed inside the pipe, later one the position in which it 

stopped was defined with an external detector. Some minor leak detection tests were carried, 

but a more significantly work was in large turbines for hydro-electricity generation. These were 

flow-rate measurements using the total-count method (based on a tracer balance) and were quite 

significant since it is not easy to measure large turbine flow-rates by other methods and this 

information is of paramount importance for estimating the efficiency of the equipment in 

hydropower plants. 
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One additional application, also related to the present CRP, was a single measurement 

performed in the riser of a catalytic cracking unit at a refinery, in which a tomography was 

attempted in order to check the homogeneity of the distribution of the catalyst powder over the 

cross section at different levels. The assembly consisted in a collimated 
60

Co source and three 

detectors, all of which being able to slide along a ring so that three simultaneous absorption 

measurements could be performed each time. The data processing algorithm consisted in a set 

off simultaneous linearized equations standing for the measurement of the absorption at the 

points where the gamma beam paths intercepted. Fairly good results were obtained. 

 

About a decade after the first experiment at the Rio de Janeiro – Belo Horizonte pipeline was 

performed our group was asked to perform a gamma scanning profile at a distillation tower 

early in the seventies. This work was a landmark in which the possibilities of radionuclide 

techniques in the petroleum industry were acknowledged by Petrobrás, and several other 

demands ensued. 

 

The use of tracers in interwell tests started at a slow pace in the nineties, initially covering small 

five spot patterns but progressively grew in size and scope. Tests have been carried in both 

inland and offshore wells. Tritiated water was injected in the water phase and the beta activity 

analyzed by liquid scintillation counting. Radiotracer transport and injection systems were 

designed, built, and duly tested. Samples at the producer wells had to be collected spanning a 

long time period and the operating personnel was trained for this task. 

 

From the very beginning the inter-well tests the need of multi-tracer tests was made clear. A 

demand for defining the origin and contribution of distinct oil fields at producer wells was 

placed and provoked some laboratory studies to synthesize and test alternative radiotracers. A 

full procedure for a practical path for the synthesis of K
35

SCN has been developed and tested 

in a field experiment with some success, although some doubts remain. Later on work has 

been carried on complexed rare-earth metals which can be used in the activable tracer mode 

inasmuch as some of these elements show extremely high thermal neutron cross sections. An 

isotope ratio technique based on the difference of the 
86

Sr/
87

Sr ratio in produced and injected 

seawater has also been tried. With the exception of the thiocyanide, these other alternative 

tracers were tested only at laboratory scale. Also nonradioactive tracers such as fluor-benzoic 

acids have tested in the filed with limited success. Quite recently a mass-spectrometer for 

light elements has been installed at our Institute and work will be carried on deuterium and 
18

O on the produce water at oil fields in coordination with Petrobrás experts, aiming at 

collecting some understanding on the origin and related information contained in the water 

phase. 

 

The idea of using 
222

Rn as a tracer in oilfield studies stems from work that has been performed 

elsewhere with this radioactive noble gas in soil contamination by normally occurring 

radioactive materials (NORM’s). But the main appeal of the technique is the fact that this 

potential radiotracer resulting from the uranium decay chain uranium decay chain is naturally 

produced inside oil reservoirs as well as in other geological formations that the oil might have 

contacted during it migration from the position in which it was formed. Some work has 

already by now been performed with this tracer in laboratory scale models. In case it succeeds 

this approach would make available a radiotracer that does not need to be produced in a 

reactor or any other irradiation facility and that does not require the frequently cumbersome 

transport and injection tasks to be performed. The detection could be easily be achieved by 

sampling and liquid scintillation analysis. On the other hand many challenging obstacles still 

remain in the way for the full qualification of this radiotracer, and it is envisaged to deal with 

then in the context of the present CRP. 
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2.1.2. Contributions 

 

(a) Produce procedures for testing radon as a radiotracer for petroleum production 

operations in oil reservoirs, covering the whole process of initial imbibition with water 

and draining with oil.  

 

(b) Make available the complete test rig specifications and operation parameters as well as 

the procedures for preparing cores and core holders in order to perform the above tests. 
 

(c) Make available the procedures for measuring the following properties of interest in the 

core: permeability, bulk and real density, uranium content, grain size distribution, total 

and effective porosity, analysis of main components as well as cement content and 

production process (if needed).  

 

(d) Make available the procedures for the analysis of 
222

Rn by liquid scintillation 

spectrometry or alpha spectrometry, as well as procedures for uranium, 
226

Ra, and 
210

Pb 

analysis 

 

(e) Make available procedures for the measurement of the oil-water 
222

Rn partition 

coefficient. 

 

2.1.3. Needs 

 

At the present stage needs are mainly related to discussion and advice about the detailed 

nature of geochemical and radiochemical processes occurring in oil reservoirs under the 

specific thermodynamic and other environmental conditions to which they are subject as well 

as the intervening disturbing conditions caused by waters with different physical-chemical 

conditions between themselves and the connate water.   

 

Help on the choice and possible the development of adequate mathematical models for liquid-

liquid flow combined with partition and including both .source and sink terms.  

 

Gamma-CT can be a significant contribution for the visualization of the internal structure of 

the porous media through which two-phase flow is occurring and, more importantly, for the 

definition of the uniformity of the distribution of the two phases inside test cores. In this case 

the software for the reconstruction of gamma-ray transmission tomography would be the most 

important contribution. 

 

Tutorial introduction to CFD for modeling of air-water separation devices. In this sense 

cooperation is desired with centers that can receive PhD students for short periods to carry out 

specific modeling of systems that are to be previously well-defined. 
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2.2. CHINA 

 

2.2.1. Current activities 

 
2.2.1.1. Current Activities of radiotracers and their industrial applications  

(a) 137
Cs-

137m
Ba &

68
Ge-

68
Ga radionuclide generator had been developed and used as new 

tracers in multi-phase flow investigation. 

 

(b) 124
Sb, 

192
Ir and 

46
Sc radio sand had been developed and used for Evaluation of hydraulic 

fractures in oilfield. 

 

(c) Interwell Tracer Test using radio and non-radiotracer has been conducted as routing 

technical service in China. 

 

2.2.1.2. Current activities of sealed sources industrial applications 

 

(a) Gamma ray column scan has been conducted in petrochemical industries. Wireless data 

acquisition system and visualization interpreter software and auto/manual portable 

scanner for column scanning are developed. 

 

(b) Two kind of oil-water-gas 3-phases flow-meter using sealed sources and x-ray generator 

were developed. One is using sealed sources 
137

Cs and 
241

Am, 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%. 

 

(c) Experimental study of nuclear analytical techniques using transportable neutron sources. 

Demo, Training, and Promotion of the application of PGNAA techniques in coal, 

cement and power station industries were conducted through Beijing PGNAA Demo 

and Training centre established by the previous RCA project. On-belt Coal Quality 

Analyzer was developed and applied in China.  

 

 

 

2.2.2. Introduction of the CRP-17350 project of China 

 

2.2.2.1. Objective  

 

(a) Development of moveable gamma CT system for the investigation of multiphase 

process units. 

 

(b) A new kind of moveable gamma CT system will be designed, built-up, tested and used 

in field for investigation of industrial multiphase process units. 

 

2.2.2.2. First year 

(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. 
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2.2.2.3. Second year 

(a) Field test of the new gamma CT system, to improve the scanning method and hardware 

and software. 

(b) Field study for trouble shooting and multiphase process optimization. 

(c) The design of the new moveable gamma CT system. 

 

The system includes detectors, multi-channel data acquisition, the radioactive sources, stepper 

control system, the suspension system, and image reconstruction system. 

 

The detectors and source are suspended in the suspension system around the column. The 

radioactive source rotates in the pipe around the column for scanning.  

 

2.2.3. The planned research work and the expected results 

 

(a) Study on the mode of data acquisition and optimize scanning methods. By the 

simulation of scanning in different ways, using back projection and iterative algorithm, 

to optimize the scanning methods. 

(b) To establish chemical tower model, and analyze the impact of the data with the 

scattering caused by the different densities of the tower internals and external piping, 

compare with the data from simulation using the Monte Carlo method. 

(c) Develop the hardware of the moveable gamma CT system, including a multi-channel 

data acquisition, detector array, a stepper device controlling the radioactive source and 

suspension system. 

(d) Develop the software, including stepper control software used with the stepper device to 

move the source and image reconstruction software. 

(e) Laboratory test to improve and optimize of the new moveable gamma CT system. 

(f) Field test of the new gamma CT system. 

(g) Field study to investigate the specific industrial process units using the new CT system 

for trouble shooting and multiphase process optimization. 

(h) Period report and final report will be submitted in time 

 

2.2.4. Project progress 

 

(a) Study on the mode of data acquisition and optimize scanning methods. 

(b) Simulate using Monte Carlo method. 

(c) Design the hardware 

• Multi-channel data acquisition 

• Detector array 

• Stepper device controlling the radioactive source 

• Suspension system 

 

2.2.5. Future work plan of the project 

(a) Simulation using Monte Carlo method (Until2012-12-30) 

(b) Development of the hardware (Until2013-3-30) 

(c) Development of the software (Until2013-3-30) 

(d) Experiments in lab (Until2013-7-8) 

(e) Field test of the new gamma CT system, to improve the scanning method and hardware 

and software (Until2013-1-8) 

(f) Field study for trouble shooting and multiphase process optimization of the packed 

tower (Until2013-7-8) 
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2.3. CUBA 

 

2.3.1. Introduction 

 

All industrial chemical processes are developed to transform cheap raw materials into high 

value products. This goal is usually achieved using chemical reactors. A reactor in which such 

chemical transformations take place has to carry out several functions, such as bringing the 

reactant into intimate contact to let chemical reactions occur and providing an appropriate 

environment (temperature, pressure, etc.), for an adequate length of time. Stirred tank reactors 

in which one or more impellers are used to provide mixing within the vessel are widely used 

in a variety of industries. 

 

The most vital drawback of the agitated vessel is its mechanical complexity of construction in 

comparison with other types of reactors. The rotating shaft and impeller present their own 

difficulties from an operational perspective. An increased understanding of the hydrodynamic 

in such systems would allow a more compact and efficient design. 

 

Traditionally the reactor design is based on empirical correlations describing macroscopic 

parameters, such as power demand, overall mass and heat transfer coefficient or dispersed 

phase hold-up. Many studies have been published to describe those key parameters as a 

function of operational and design variables, such as impeller speed, vessel geometry, the 

diameter of the impeller, liquid height and the number of impellers. It is not uncommon that a 

successful process on a laboratory scale fails to provide the desired performance on an 

industrial scale. The cause of such failures is an incomplete understanding of the phenomena 

taking place in the mixing systems and the effect of scale-up procedures on them. 

 

Over 50% of the world’s chemical productions involve stirred vessels for manufacturing high 

added-value products. These vessels are commonly used for the following: 

(a) Blending of homogenous liquids 

(b) Suspending solids 

(c) Dispersion of gas in liquid 

(d) Homogenous viscous complex liquids 

(e) Transferring heat through a jacket and/or internal coils for heating or cooling 

 
2.3.1.1. Stirred tanks for suspending solids 

 

Stirred tanks are commonly used for suspending solids. Industrial applications requiring 

adequate mixing of solids in liquids include coal slurries, a catalyst polymer system, solid 

dissolution, crystallization, pulp and paper, ore leaching, ion exchange resin regeneration, and 

so on. 

 

Solid pickup from the vessel base is achieved by a combination of the drag and lift force of 

the moving fluid on the solid particle and the bursts of turbulent eddies originating from the 

bulk flow in the vessel. The degree of suspension is generally classified into three levels; on-

bottom motion, complete off-bottom suspension and uniform suspension.  

 

In partial on-bottom suspension, some solids rest on the bottom of the tank for short periods. 

Since particles are in constant contact with the bottom of the vessel, all the surface area of 

particles is not available for chemical reaction or mass or heat transfer. This state is sufficient 

for the dissolution of highly soluble solids.  
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Complete motion of all particles is known as off-bottom or complete suspension. Under this 

condition the maximum surface area of the particles is exposed to the fluid for chemical 

reaction or mass or heat transfer. The just-suspended condition refers to the minimum 

agitation condition (Njs), at which all the particles attain complete suspension. 

 

Uniform suspension corresponds to the state of suspension at which particle concentration and 

particle size distribution are practically uniform throughout the vessel. Any further increase in 

agitation speed or power does not appreciably enhance the solid distribution. Many efforts 

have been made to characterize these parameters experimentally and theoretically which 

result in different equations for predicting these parameters. Operating at just-suspended 

conditions is the minimum requirement where mass transfer is controlling the process. 

 

To accomplish the chemical reaction the initial bulk mixing, effective turbulence and 

molecular diffusion for the final molecular contact are needed. The outcome of chemical 

reaction will depend on the rate of mixing compared to the rate of reaction. When the rate of 

reaction is slow compared to the mixing time, the reaction is not affected by mixing because 

the mixing is complete by the time reaction occurs. When the rate of reaction is fast compared 

to the rate of mixing, the system is mixing limited. 

 

It is important to define what level of suspension is required to get the desired process results. 

While the just suspended condition is optimal for many processes, a high degree of 

suspension (homogeneity) is required for crystallization or the slurry feed system and partial 

suspension is sufficient for the dissolution of highly soluble solids. 

 

Only a few studies deal with high concentration solid suspensions in agitated vessels and 

current experimental methods show their limitations in terms of accuracy designing 

concentrated systems. 

 

Gamma-Ray Densitometry technique minimizes the subjectivity of Njs characterization and is 

not affected by the mixing system process. 

 

2.3.1.2. Gamma ray Densitometry for suspension characterizing 

 

This method is based on the  Beer-Lambert’s law, which describes the decay in intensity of 

emitted original ray passing through a media as I=Ioexp(-ρµl) where Io is the intensity of the 

source, I the intensity recorded by the detector, ρ the density of media, µ the attenuation 

coefficient of media and l the running length through the media. If the media changes the 

intensity recorded by detector will change. In multiphase system, the intensity is related to the 

volume fraction of each phase. This can be useful tool for characterizing solid suspension in 

agitated vessels. 

 

A novel technique for determination of the Njs has been introduced by Jafari et al. (Jafari et 

al. 2010, 2012), based on gamma ray densitometry. 

 

Typical results of the densitometry technique show variation of count rate recorded by 

detector placed close to the bottom, vs. impeller speed. When all the solid particles settled on 

the bottom of the vessel, the recorded intensity by the detector is constant. By increasing the 

impeller speed and as solid particles in the scanning region commence motion and are lifted 

by the liquid, the recorded intensity increases. At higher impeller speeds, when all the solid 

particles are experiencing random motion and no solid rests on the bottom of the vessel, the 

recorded intensity is expected to stabilize. The changes in the radiation intensity at a given 
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impeller velocity point to the Njs are presented in figure 1. Solid hold-up can be calculated 

from recorded count rates. 

 
Fig. 2.3.1. Variation of recorded count rate and average solid hold-up by increasing impeller 

speed at the bottom of the vessel. 

 

 

This method, allowed to determine the Njs but, for some industrial process, as was mentioned 

above, is necessary to reach the uniformity of the suspension in order to get the best yield. 

 

2.3.2. Current project 

 

Taking into account the previous experience (Dominguez et al. 1999), using the radiotracer 

techniques to characterize the liquid –liquid mixing process in stirred tanks, the overall  

objective of this project  is to  explore the capability  of  radiotracer techniques  (labeling the 

solid phase ),  to calibrate  the densitometry method in order to determine   the mixing speed 

needed in different conditions to get the  homogeneity of the suspensions (Nh) as well as the 

off-bottom suspension (Njs). 

 

The general procedure will be to use the simulated solid suspension to carried out 

densitometry measurements during mixing, in the lab scale stirred tank, and compare them 

with the measurements  of the same solid suspension previously labeled (solid particles) with 
99m

Tc. 

 

The Monte Carlo simulations as well as real densitometry measurements will be done. 

The searched parameters will be the critical impeller speeds for the off-bottom suspension as 

well as for the uniform one. 

 

During the experiments other parameters will be changes such as: type of impeller, solid load, 

recording time and position of the detectors.  
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2.3.3.  Specific objectives (one per year). 

 

2.3.3.1. First year  

To develop a method for tracing solid particles with 
99m

Tc which could be used in 

densitometry and tracer analysis. 

 

2.3.3.2. Second year 

To design and test the conceptual MVF model for simulating the data. 

 

2.3.3.3. Third year 

To integrate the gamma densitometry and tracer techniques for characterizing the solid 

suspension dynamics at different conditions. 

 

2.3.3.4. Fourth year 

To elaborate an empirical model describing   the relationship between  Njs or Nh with certain 

parameters using densitometry measurements 

 

2.3.4. Choice the solid phase 

 

To accomplish the study, it is necessary to find a solid phase which can be stable labeled with 
99m

Tc and with physical properties that allow handling it for mixing studies. 

 

The silicagel had been used as support to carry the inorganic ion exchanger to be used for the 

selective concentration and separation of many ion metals from solutions (Borroto et al, 

2011). This composite material can be prepare with the required grain shape and improved 

mechanical strength. This material is also used as support for the Ferrogels, a very powerful 

reductor used for many applications including 
99

Tc decontamination from waste water. 

 

On the other side, Bandeira et al. (1997, 2003), used successfully the reduction of 
99m

Tc to 

label sediments which had a high portion of aluminosilicates degradation products in their 

composition. They got a stable label with a labeling efficiency more than 90%.  

 

In that sense the alumino-silicates like zeolites as well as silica gel will be tested for the 

support to get the solid tracer for the mixing studies.   

 

2.3.5. Methods for labeling the solid phase 

2.3.5.1. Synthesis of ferrogels 

Ferrogels are nanoscale zero valent iron (NZVI) particles. They can be produced by adding 

NaBH4 aqueous solution to a flask containing FeSO4⋅7H2O aqueous solution at ambient 

temperature (Wang, C.B. and W.X. Zhang, 1997, Wan Zuhairi et all, 2012). The ferrous ion is 

reduced to NZVI particles according to the following reaction: 

 

Fe(H2O)6
2+

 + 2BH4
-
 → Fe

0
↓ + 2B(OH)3 + 7H2↑  

 

When nano-iron encounters aqueous Tc(VII) species, the technetium is reduced to Tc(IV) 

species, most likely TcO2, and the iron is oxidized to Fe-(III) species such as FeOOH. 

 

TcO4
-
 (aq) + 4 H

+
 (aq) + 3 e- = TcO2 (s) + 2 H2O 
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There are many applications of unsupported as well as supported ferrogels. John G. et al. 

(2007), investigated the application of supported in silicagelzero-valent iron (nano-iron), in 

the separation and reduction of pertechnetate anions (TcO4
-
), from complex waste mixtures. 

Supported nano-iron is a powerful reductant for aqueous metal ions. These materials contain 

particles of iron, 10-30 nm in diameter, immobilized on a support material  

 

2.3.5.2. Reduction with SnCl2 

 

Bandeira (1997) used different amounts of SnCl2 and HCl to reduced TcO4
-
 before labeling 

the sediments. It was established that this method could be used successfully to get the stable 

label.The synthesis of supported nano-iron particles and their later contact with TcO4
-
 or the 

previous reduction of the TcO4
-
 with the subsequent contact with the support material, will be 

test for silicagel as well as for the natural zeolites. 

 

2.3.6. Detailed Work Plan for first year, including proposed methods or techniques 

 

Activities 

 

Methods / techniques 

Assembling an experimental laboratory 

facility 

Installation of a mixing system for the 

current studies  

Choosing and characterizing the solid phase    Determination of the main 

granulometric characteristics and  

density 

Labeling the solid and testing the stability of 

the label 

Labeling by ion exchange, 

chemisorption, reduction and others 

using Tc
99m

 

 

Training in data modeling   MCNP-X, GENU 

Conducting the first experiments with 

densitometer .using 
241

Am and 
137

 Cs. 

Monte Carlo simulation 

 

 

2.3.7. Expected Outputs 

(a) An experimental laboratory facility to combine multibeam densitometry and tracer 

study. 

(b) Methodology for getting radioactive solid tracer 

(c) Capability of the radiotracer techniques to fit gamma ray-densitometry for determining 

speed for high degree homogeneity of solid suspension. 

(d) Methodology for characterizing suspension hydrodynamics using multi beam gamma 

ray densitometry and proper codes. 

(e) Empirical mathematical model for describing de relationship between solid suspension 

dynamics. and certain parameters 

 

2.3.8. Conclusions 

 

Densitometry method could be used for designing of stirred tanks dealing with suspensions as 

well as for the operational control monitoring of the work efficiency.  
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2.4. FRANCE 

 

2.4.1. Introduction to Multi-scale CFD simulations and radiotracer interpretation for 

modeling multiphase flows in energy systems and environmental processes 

 

Modelling of complex reactor combining hydrodynamics, transfer and kinetics, sometimes 

coupled, are one of the major challenge in chemical engineering. 

 

The first step, often, consists to model hydrodynamic behaviour then to take into account 

transfer processes and chemical kinetics. This necessitates obtaining first an accurate 

description of multiphase flow patterns. Two most different methods have been used for 

several years to model the hydrodynamics of reactors. 

 

The first one often called “systemic modelling” has been developed by Levenspiel. It consists 

in describing the flow behaviour using a combination of properly interconnected elementary 

reactors (plug flow, perfect mixing reactor, dead volume…). 

 

These models emphasize the functional aspects of the reactor and do not detail the localisation 

of those phenomena. The initial structure is often derived from radiotracer (or others tracers) 

experiments interpretation from which a network of elementary reactors is deduced; then, 

transfer and kinetics processes could be introduced. It is a global approach that has been 

extensively used in the past to simulate chemical reactions. It gives quite rapidly and with 

moderate efforts a first approximation of the reactor behaviour. These models have a good 

robustness in the experimental and size conditions for which they have been developed. 

However, they remain unsatisfactory when numerous local phenomena are involved and they 

have only limited predictability for extrapolation.  

 

For the last fifteen years, computational fluid dynamics (CFD) with chemical reaction is more 

and more used to simulate the behaviour of chemical reactors. This is a structural approach, 

the phenomena are localised through a grid which discretized the reactor.  

 

Nowadays, another third approach, namely the compartmental model, is emerging 

(Rigopoulos & Jones, 2003[1], Debangshuet al., 2006[2], Le Moullecet al., 2010[3]). It relies 

upon the description of the reactor by a structural and functional network of compartments 

derived from CFD investigations. The construction of these models is not derived 

straightforwardly from the whole local information calculated from CFD simulations.  

 

Another important aspect is to use the available tools at the most adapted scale to improve the 

modelling of multiphase flow. 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 

flows in complex structures by combining several and complementary experimental and 

modelling tools.  

 

2.4.2. Proposed program and scientific objectives 

 

This is a complex and difficult research work so that we propose to focus only on gas-liquid 

systems involved in three different processes: aerated channel sludge reactor, running water 

purification systems and micro structured heat exchanger. They fulfill to the improvement of 

two major targets for the future: global approach of water treatment and use of micro-
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structured equipment for saving energy. The compartmental approach has been developed 

first for an aerated channel sludge reactor [2]. Based on existing data, we will continue to 

analyze this approach. 

 

Running self-purification system: 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 self-purification (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 will be estimated for different 

operating conditions (water flowrate, the number and the shape of steps of the spillway and 

their roughness). Tracer experiments and CFD simulation are necessary to estimate separately 

the transfer coefficient and the specific surface area during the oxygenation. 

 

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. Extensive works have been 

performed to predict friction factor and heat transfer coefficients in such complex geometries, 

mostly in single phase gas or liquid flow. But the question remains open for two phase flows, 

where the various flow patterns introduce another degree of complexity in the problem. 

Moreover, the geometry of the compact fin and plate heat exchanger channels are far from 

tubular or multitubular ones, which have been previously used for establishing experimental 

correlations and two phase flow maps. We will carry out CFD simulations, tracer experiments 

and flow visualisation in order to improve the methodologyof 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 contribution includes two scientific objectives. The first one is to continue to develop a 

methodology to produce compartment models. The second one is to carry out analysis of 

multi-scales simulations and local experimental measurements to a better interpretation of 

tracer measurements in gas-liquid processes. This includes: local simulation of gas bubble 

using Volume of Fluid simulations (VOF), Euler-Euler global CFD simulations of flow 

behaviour, use of Buckingham theorem for the determination of general semi-empirical 

correlation, local and global tracer experiments measurements and interpretations and local 

visualisation.  

 

2.4.3. Work plan for the first CRP period 

 

A detailed bibliographic study will be carried out in order to obtain a recent state of art on the 

selected subjects. We will take into account all the works that have been done based on 

methodologies whatever the field of applications. For running water purification systems, 

during the first year we will carry out experimental data with different configurations in order 

to develop some general semi-empirical correlation for transfer of oxygen from air to water. 

For the heat exchanger, local simulations of gas bubble in gas-liquid system using VOF 

simulations and tracer experiments will be done. Tracer experiments in different 

configurations will be carrying out and qualitatively analyzed.  
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2.5. GHANA 

 

2.5.1. Introduction: Radiotracer Application in Ghana 

 
The National Radioisotope Group (NRG) of the Ghana Atomic Energy Commission was 

formed in 1999 under an IAEA technical cooperation project. The main objective was to 

create the national capability on radiotracers and sealed sources technologies as applied to 

petroleum and gold ore processing industries.  

 

The group is equipped with well trained personnel and state-of-the-art equipment to render 

services in tracer and sealed sources applications to local industries. The current workforce of 

the group consists of seven scientist and three technicians of various academic disciplines. 

 

2.5.1.1. Equipment  

 

The equipment currently available for use by the group is listed below: 

(a) Gamma ray scan equipment: for the inspection of the integrity of distillation columns at 

oil refineries.  

(b) Neutron backscatter gauge:  for level and interface measurement in storage tanks. 

(c) Equipment for radiotracer experiments: for RTD measurements at process industries. 

(d) 68
Ge/

68
Ga (20mCi), 

137
Cs/

137m
Ba (15mCi) radionuclide generators: These generators 

provide radiotracers for flow rate measurement and other RTD laboratory simulation. 

 

2.5.1.2. Radiotracer Laboratory 

 

The Group has a radiotracer laboratory with a flow rig installed for research and development 

of the tracer methodology. Apart from simulation work, the lab is used to train national 

service personnel as well as students offering degree courses in the field at the School of 

Nuclear and Allied Sciences, University of Ghana. 

 

 

2.5.1.3. Current Activities  

 

The activities of the tracer group include the transfer of the radiotracer technology to a 

number of local industries, hosting of AFRA/IAEA programs and giving education and 

training to students and local staff. The main industrial services include: 

(a) Distillation column scanning at oil refineries 

(b) Measurement of liquid level and  interface in storage tanks 

(c) RTD measurement of gold processing tanks 

(d) RTD measurement of cement mills 

(e) RTD measurement of WWTP 

(f) Flow rate measurement  

 

 

2.5.2. Proposals for the CRP 

 

Multiphase systems play a dominant role in diverse industries such as chemical processing, 

petroleum refining, waste water treatment and mineral processing. To achieve optimum 

performance, systematic studies must be conducted into the hydrodynamics of these systems to 

predict important process parameters such as flow rate, phase distributions, flow pattern and 
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mixing efficiency. These parameters facilitate process control and optimization to achieve 

efficient management of industrial processes.  

 

Although experimental RTD provides vital information for troubleshooting, process 

optimization and control of multiphase systems, it does not give an explicit and detailed 

picture of the flow structure in the system. There is therefore the need to integrate 

experimental RTD methodology with other techniques such as CFD simulation for a detail 

understanding of the hydrodynamics ofmultiphase systems. 

 

2.5.2.1. Research Topic 

 

Combine radiotracer RTD modeling and CFD simulation to study slurry mixing systems. 

 

Work Plan (1
st
 year) 

(a) Measure the RTD of mixing tanks on the laboratory scale 

(b) Use RTD modelling and CFD simulation to analyse results 

 

Work Plan (2
nd

 year) 

(a) Conduct radiotracer RTD measurement in a gold processing Plant 

(b) Analyze results by CFD modeling and RTD simulation. 

 

Work Plan (3
rd

 year) 

(a) Measure the RTD in RFCC reactor. 

(b) Analyze results by CFD modeling and RTD simulation. 

 

2.5.2.2. Expected Results 

 

(a) Established procedure for CFD modeling and RTD simulation of solid-liquid stirred 

reactors 

(b) Produce publications of investigations in scientific journals 

(c) Efficient process optimization by industry  
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2.6. INDIA 

 

2.6.1. Current Activities 

 

Following are the current activities of radiotracer and sealed source applications in India. 

 
2.6.1.1. Radiotracer applications 

(a) Blockage detection in buried pipelines (Pigging) 

(b) Leak detection in buried pipelines and heat exchangers 

(c) Measurement and analysis of residence time distribution 

(d) Sediment transport investigations in Ports and Harbors 

(e) Flow rate measurements in pipelines and canals 

(f) Development and Applications of “Radioactive Particle Tracking Technique” 

(g) Synthesis and applications of nanoparticles as tracers 

(h) Preparations and characterization of radioactive particles for RPT experiments 

(i) Development of Thin Layer Activation Analysis for wear measurements 

(j) Radiotracers in adsorption studies 

 
2.6.1.2. Sealed Source Applications 

 

(a) Radiometric/densitometric measurements 

(b) Gamma scanning of industrial systems 

(c) Process tomography 

 

2.6.2. Specific Proposal for CRP: Characterization of flows in fluidized beds, bubble 

columns and trickle bed reactors using radioisotope techniques 

 

Hydrodynamic behavior of multiphase reactors such as solid fluidized beds, bubble columns 

and trickle bed reactors 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, radioactive particle tracking and radiometry are ideal 

techniques to investigate multiphase flows; and often has no competing alternatives. In the 

present proposal, it is proposed to investigate and characterize flows in three different 

multiphase reactors i.e. solid fluidized beds, bubble columns and trickle bed reactors. The 

detailed work plan is given under section “Group 3”of this report. 
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2.7. KOREA 

 

2.7.1. Current Activities at Korea Atomic Energy Research Institute 

 

Korean tracer team have carried out research and development on radiotracer and sealed 

source application for past 20 years and on gamma process tomography for past 10 years.  

Based on capacity accumulated from these R&D activities, Korean team participates IAEA 

CRP agreement on “Radiometric Methods for Measuring and Modeling Multiphase Systems 

towards Process Management. Korean current activities on CRP can be summarized as lists: 

 

(a) Development of industrial gamma process tomography 

(b) CFD validation by radiotracer and industrial SPECT 

(c) Radioisotope labeled nano compound for industrial application 

(d) Development of equipments for RI application 

(e) Case study - RFCCU diagnosis 

(f) Case study - Leak detection of undersea sewerage pipe-line 

(g) Case study- Leak detection of heat exchanger  

 

 

2.7.2. Proposal for the CRP 

 

X-ray CT has difficulty with penetrating a highly dense object. And linear accelerator based 

tomography has a difficulty of transportation and installation for real scale plant. Because of 

those constraints, the conventional tomographic method has remained an indoor equipment 

and not suitable as an outdoor equipment. But, tomography with a gamma-ray source can be a 

candidate for a movable system for real scale plants.  

 

Non-tomographic equipment with gamma-ray sources is often used in process diagnosis when 

deep penetration is required. Gamma radiography, gamma column scanning and the 

radioisotope tracer technique are examples of gamma ray application in industries. In spite of 

many outdoor non-gamma-ray tomographic equipments, most gamma ray tomographic 

systems still remained as indoor equipments.  

 

But, as the gamma tomography has developed, the demand of gamma tomography for trouble 

shooting of industrial plants has also increased. In such a background, it is important to 

develop such gamma tomography technique to be used online on industrial units as a tool for 

troubleshooting, diagnostic and flow pattern identification. In this background, Korea team 

proposed CRP agreement on “Development and evaluation of Transportable Gamma CT 

systems for industrial applications”.  

 

The detailed works within the CRP can be listed as follows: 

(a) Development of a gamma ray sensor module for portable CT (1
st
 year) 

(b) Development of data acquisition system for portable CT (1
st
 year) 

(c) Development of mechanical driving system for CT scan (2
nd

 year) 

(d) Programming of image reconstruction algorithm (2
nd

 year) 

(e) Development of clamping device for portable CT system (3
rd

 year) 

(f) Field experiment of gamma ray CT for trouble shooting of industrial process (3
rd

 year) 
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The expected outputs of this agreement is gamma ray portable CT for trouble shooting of 

industrial process and case studies of application of gamma ray CT for petrochemical industry 

and refinery.  

 

Regarding CRP, Korean team is willing to contribute its knowledge on listed areas for future 

cooperation: 

(a) Technical material on data acquisition system for radiotracer 

(b) Providing image reconstruction software programmed with LABVIEW8.0 for gamma-

ray CT. 

(c) MCNPX simulation for designing of gamma-ray CT, SPECT, RPT, and 

radiotracer&sealed source experiment for industrial application. 
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2.8. MALAYSIA 

 

2.8.1. Introduction and Current Activities 

 

Malaysia is actively involved in many research & development and application of innovative 

sealed source and radiotracer technology. All activities involving this technology 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 process industries (in particular oil & gas, chemical, 

pulp & paper, mining & minerals industries) in Malaysia and surrounding region. These 

investigations include gamma column scanning (for trouble-shooting, process optimization 

and predictive maintenance of industrial process columns and vessels), blockage detection in 

pipelines, level and interface measurement, moisture measurement in concrete structures for 

building and bridges, 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 radiotracers. Some of the services are 

carried out by using radioisotope generators. 

 

There is no doubt to our process industries, the application of these techniques has proved 

successful by reducing energy consumption, saving raw materials and improving the quality 

of products. Services related to sealed sources technology provided by Nuclear Malaysia have 

been certified to ISO 9001:2008 in 2002 by SIRIM QAS International SdnBhd, 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 

fulfill 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 single subject related to 

these technologies. An in-house method of assessment for the effectiveness of the training or 

retraining has 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 our routine services (in sealed source and radiotracer application), we 

appointed and engaged private companies to provide services on commercial basis. For 

example: 

 

(a) In 1993, United Science and Engineering (USE) Sdn Bhd. The signing of Memorandum 

of Understanding (MOU) was witnessed by the Minister of Science, Technology and 

Innovation (MOSTI). 

 

(b) In 2004, Pengkalan Offshore Sdn Bhd (POSB). The signing of Contract Agreement was 

done by Director General of Malaysian Nuclear Agency. 

 

(c) In 2011, Inforence Sdn Bhd. The signing of Memorandum of Agreement (MOA) was 

witnessed by the Chief Secretary of MOSTI 
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Malaysian has made substantial progress in developing new and innovative sealed source and 

radiotracer technologies in characterizing 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, we managed to develop a 

third generation (with curved-array) gamma-ray process tomography system for imaging and 

visualization 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. The system has 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 summarized as follows: 

 

(a) Developed an automatic gamma scanning system for on-line industrial columns 

troubleshooting, optimization and predictive maintenance. The system was introduced 

to the process industries for fast and reliable column scanning services. 

(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 gamma-ray computed tomography 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 
198

Aunano-particle core-shell radiotracers with functional surfaces for high 

temperature application. 

(g) Scanned and imaged a lot 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 Back-Projection (SCLBP), Expectation-Maximisation Algorithm (EM) and 

Alternating Expectation-Maximization 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 modeling 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. 
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2.8.2. Proposed Project Activities and Work Scope for CRP MAL-17374 

 

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. 

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 set-

up involving bubble column/slurry bubble column plays a pivotal role. Hence, design and 

development of bubble columns/slurry bubble columns experimental set-up, modality pivotal 

to this research, will be carried out to mimic the flow of liquid or solid in the bubble 

column/slurry bubble column of 20cn 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 column/slurry 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. 

(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). 

(e) Develop a gamma-ray densitometry (GD) facility and use this tool to understand flow 

pattern in bubble columns. 
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(f) Comparing flow behavior in bubble column obtained by radioisotope techniques with 

conventional techniques, such as by using high speed camera. 

(g) Simulation of flow behavior using CFD code packages. 

 

2.8.3. Proposed Work Plan for CRP MAL-17374 (4 years, 2012-2015) 

 

(a) MCNP simulation analysis for Radioactive Particle Tracking (RPT) for multiphase 

system (initial work completed, Q3, 2013). 

(b) Laboratory scale of bubble column and high-pressure bubble column for RPT 

(completed). 

(c) Provision of more radiation detectors and electronics equipments (Q3, 2014). 

(d) Further refinement of image reconstruction algorithm/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-

Maximization Algorithm, Alternating Expectation-Maximization Algorithm, Algebraic 

Reconstruction Algorithm, etc. (on-going, some completed). 

(e) Gamma densitometry for flow regime identification in bubble columns (Q2, 2013). 

(f) Upgrading of an experimental three-phase flow-loop at the Evaluation and Verification 

Facilities (EVF) in MINT Technology Park (Q2, 2015). 

(g) CFD modeling of multiphase flow in bubble column facilities (Q2, 2013). 

(h) Upgrading portable gamma-ray transmission tomography facility for pipes and columns 

(Q1, 2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

27 

2.9. MOROCCO 

 

2.9.1. Current Status 

 
2.9.1.1. Radiotracer Applications 

 

The application of radiotracer techniques to diagnose and optimize the functioning of 

chemical reactors in Moroccan industrial plants, have been developed by the CNESTEN 

during the last years. The Moroccan phosphates industry and petrochemical industry are 

among the main users and beneficiaries of the radioisotope technology. 

 

The Moroccan phosphates industry is the largest phosphates industry in the world with many 

processing plants and tens of chemical reactors for production of phosphoric acid and 

fertilizers. Thus it has been estimated that there is an imperative need for applying radiotracer 

techniques in phosphate industry in Morocco, in various plants of the OCP group, located in 

different regions in Morocco. 

 

So a set of studies of several processing plants of phosphates in the OCP sites in Safi and in 

Jorf Lasfar had been carried out, or are currently in progress. As an example, one of the most 

recent studies concerned a phosphoric acid production line: two digesters and four 

crystallisers were studied using Iodine-131 as a tracer. 

 

The possibility of the local production, by the TRIGA reactor of CNESTEN, of radioisotopes 

of relatively short half-lives (bromine, argon, lanthanum) useful in studies by radiotracers, 

will soon offer an opportunity to develop these applications for other types of industries in 

Morocco. 

 

2.9.1.2. Gamma-scanning 

 

For petrochemical industry the most used technique in Morocco is Gamma-scanning of 

distillation towers. Since the year 2001, many case studies had been carried out by CNESTEN 

for the benefit of SAMIR refineries, located in Mohammedia and SidiKacem. Recently, the 

plant in Mohammedia has been extended and up graded. So the need for more precise and 

effective diagnosis of troubleshooting is increasing. 

 

A new data acquisition system, so-called Nibras, with associated treatment software for 

gamma-ray scanning was developed during 2011 by the CNESTEN team. The electronic card 

of this data acquisition system was designed based on a microcontroller and its program is 

developed in machine language assembler. 

 

2.9.1.3. Non Destructive Testing and Gamma Tomography 

 

Techniques for non-destructive testing (NDT) are increasingly used to control industrial 

equipment in Morocco. These techniques can provide valuable information for determining 

the quality of equipment.  

 

In the field of NDT, the CNESTEN has about twenty years of experience. Numerous works 

and studies were led for industrial operators covering many of the Moroccan branches of 

industry: metal industry, transport, petrochemical industry, hydraulics, energy, civil 

engineering. Besides, the CNESTEN plays the role of a national reference laboratory in the 

field of the NDT techniques. It is also the unique center of training and certification of the 
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NDT inspectors in Morocco. Around one hundred NDT inspectors from various private 

companies are trained and certified each year in different NDT techniques. 

 

Among the NDT techniques which are in use we can quote X and Gamma radiography as 

well as other conventional techniques such as ultrasonic, magnetoscopic testing, penetrants 

and eddy current. 

 

Despite the effectiveness of these techniques, some devices require more advanced 

technology for their control. This is the case of internal corrosion, which is considered the 

main enemy of industrial equipment. For example, to control corrosion inside a pipe, 

radiography gives a simple form of projection of the item being inspected. In such a case the 

effective interpretation of results is often difficult. 

 

The gamma transmission tomography technique represents an effective solution for the 

control of the internal corrosion and allows to obtain, after measure and appropriate treatment 

of the data, a mapping in section and even 3D imaging from the inside of the object. 

 

Since two years, CNESTEN initiated a research work aiming to develop a portable low cost 

Gamma Tomography device adapted to the control of corrosion in industrial pipes, and in 

non-transportable objects. This control will certainly bring an invaluable complement to NDT 

techniques practiced in Morocco. To achieve the desired result a preliminary prototype has 

been developed. 

 

The prototype contains the following constituents: a radiation source (Co-60), a radiation 

detector (based on NaI scintillator), a collimator of the detector and another collimator of the 

radiation source (holes with 4mm diameter) and the mechanical support of the object to be 

studied. 

The movement of rotation is manually made by a support graduated in angles and the 

translatory movement is insured by a remote-controlled engine. The data acquisition is made 

thanks to a Ludlum module. The treatment of data is essentially made by Matlab. For image 

reconstruction the Matlab Images Toolbox functions are used. 

 

2.9.2. Moroccan Proposal for the CRP 

 

2.9.2.1. Radiotracers 

In the studies performed with radiotracers in the Moroccan phosphates industry, only one type 

of radiotracer has been used for each case. However as the product is a two phase medium 

there is a need to develop a new approach to get a better view on the hydrodynamics 

behaviour inside the production lines. Using multi-radiotracers techniques for phase velocity 

measurement can help in getting more detailed information on the process.  

 

Up to now 
131

I
-
 and 

99m
TcO4

-
 were used as radiotracers for investigating the phosphate 

chemical reactors. Both they are good tracer of liquid phase. In the experimental tracer works 

carried out in the phosphate chemical reactors for production of phosphoric acid it is always 

assumed that these two tracers can provide reliable results for following the dynamic of pulp 

flow. However this assumption still needs to be confirmed experimentally.  As two phases are 

taking place in the phosphoric acid production process there is a need to combine two or more 

tracers to study this multiphase flow system. 
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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. 

 

2.9.2.2. Gamma scanning 

In petrochemical industry Gamma-scanning as a very effective non-invasive technique is 

routinely used for on-line troubleshooting of distillation columns and pipes.  

 

Gamma-scanning technique allows typically the measurement of the presence and location of 

the distributor system, liquid height within the distributor and hence determines if the 

hardware is working correctly, is overflowing or is angled causing maldistribution of the 

liquids. In addition, this technique is normally able to detect position of the bed and 

significant blockages within as the density difference is large between vapour and solids. 

 

Processing columns can typically be split into two main categories: trayed and packed beds. 

Gamma scan inspection is very effective for trayed towers; however the technology must be 

used with caution in the case of packed bed systems.   

 

Packed bed towers are more susceptible to damage as a result of pressure surges as compared 

to trayed vessels. A critical consideration in the effective operation of a packed tower is the 

mechanism for fluid distribution. Poor vapour or liquid distribution can result in a significant 

efficiency reduction. 

 

When the problem is one of liquid or gas maldistribution, the gamma scan has limited 

possibilities. Due to the physical and mechanical constraints of the modern vacuum tower, 

gamma scan technique has to be combined with other techniques (as tracer RTD) in order to 

solve the sometimes complex issues that arise in the distillation process. 

 

Combining gamma-scanning and radiotracer techniques can be very beneficial to solve many 

problems occurring particularly in large vacuum distillation columns. Several factors limit the 

effectiveness of the Gamma Scanning Technique as it pertains to vacuum distillation. Three 

basic factors limit its effectiveness: column diameter, internal configurations in relation to 

radiation absorption, and statistical limitations of radiation counting. 

 

Radiotracer residence time distribution (RTD) technology offers significant improvements in 

flow distribution measurement sensitivity, provides a measurement of traffic residence time, 

and allows distribution measurement of both liquid and vapour traffic to be determined. 

It is therefore concluded that the combination of complementary techniques such as gamma 

scan with radiotracer RTD may give a comprehensive picture of what happens in the process 

inside large vacuum distillation columns. 

 

 

 

2.9.3. Work Plan 

 

2.9.3.1. First Year  

Preliminary study and tests for the selection of suitable radiotracers to be used in the 

phosphates industry. 
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2.9.3.2.  Second Year  

Study of a phosphoric acid production unit using two or more radiotracers in order to try to 

get detailed information on the flow rate of each phase into the system. The experimental 

results will be combined with advanced modelling techniques based on both RTD and CFD 

approaches. 

 

2.9.3.3. Third Year  

Preliminary study and tests at laboratory scale as well as in a relatively small petrochemical 

unit by using gamma-scanning in combination with radiotracer technique. 

 

2.9.3.4. Fourth Year  

Study of a vacuum distillation column in petrochemical industry by integrating Gamma-

scanning technique and radiotracer technique; the study will focus mainly on large packed bed 

column in order to try to identify specific problems such as channelling phenomena. The 

experimental results will be combined with advanced modelling techniques based on both 

RTD and CFD approaches. 

 

 

2.9.4. Expected Outputs 

 

The integration of various nuclear techniques will help to get a better understanding of the 

fluid-dynamic properties of the studied systems. The approaches developed within the frame 

of the project can be applied in a more general scale to address various problems encountered 

in other types of cases and industries. 
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2.10. NORWAY 

 

2.10.1. Background 

 

Well streams from petroleum reservoirs consist typically of a mixture of oil, water, gas and 

solid particles. These particles may be sand from unconsolidated rock or mineral scales 

formed during transport of the fluids from the near-well formation to the topside. The well 

stream is subsequently treated in a separator (or a set of separators) connected to liquid 

scrubbers on the gas stream (FIG.1).  

 

As a consequence separate streams of oil, water, gas and solid particles are formed which may 

be collected from separate exit openings while the sand/scale will form sediments in the 

separator tank. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2.10.1. Principle setup of multiphase separator connected to a gas scrubber. Also shown 

are radiotracer generators, tracer injection points and gamma detector positioning to carry 

out RTD-experiments. 

 

 

It is mandatory that the separator/-scrubber combinations function correctly. If not, some oil 

may follow the water exit, some water the oil exit and wetness (i.e. both water and oil) the gas 

exit, thus creating considerable transportation and treatment problems down-stream. 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, two scenarios may happen:  

 

(a) Water and/or hydrocarbons (so-called condensates) may condense and form liquid 

phases in the “valleys” of the pipeline. When the valley is filled up the fluid may be 

mobilized in an uncontrolled and vigorous manner which may be detrimental to the 

pipeline and on-shore slug catchers. 

(b) Water in the pipeline may lead to both corrosion problems and formation of so-called 

hydrates which are solid crystals of a combination of water and hydrocarbon gases. The 

crystals may grow together and eventually form a solid plug in the pipeline. In order to 
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prevent hydrate formation from happening, a considerable amount of chemicals (for 

instance mono-ethylene glycol, MEG) is co-injected into the gas transportation pipeline. 

MEG acts as a so-called thermodynamic hydrate inhibitor. The use of corrosion 

inhibitors and MEG both complicates the transportation process and makes it 

considerably more expensive.  

 

A few recent papers from our laboratory with relevance to the present problem area are given 

in references [1-7]. 

 

 

 

2.10.2. Technical content of the project 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” 

 

On this background oil and gas production operators are in need of efficient monitoring 

technologies which can be used either in a continuous or semi-continuous manner in order to 

control proper operations of separators and scrubbers and to enable parameter adjustments to 

maintain good operational control. Such measurement techniques should, preferably, be non-

intrusive and easily adaptable to an industrial environment. 

 

For the work in this CRP we have selected to report on development and use of a combination 

of two methods: 

 

(a) Development of special gamma emitting and phase-specific tracers (gamma emission 

measurements, including possibilities for positron emission tomography (PET)) and  

(b) Gamma transmission spectroscopy (where one uses gamma spectra rather than only 

single-channel information)   

 

 

 

 

2.10.2.1. Tracers for γ-emission measurements 

 

(a) They are short-lived and produced on-site from radiotracer generators in order to enable 

frequently repeated semi-continuous measurements through automatic or semi-

automatic operation. 

(b) The tracers will be used for measurements of contaminating phase fractions in the 

intended “purified” phases (for instance oil in the water phase, water in the oil phase, oil 

and/or water in the gas phase).  

(c) They will also be used for RTD-measurements (and possibly PET) in order to enable a 

closer description of possible malfunctions of separators and scrubbers. 
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Fig.2.10.2. Multiphase test separator in use to examine the combination of tracer techniques 

(RTD) and gamma transmission experiments based on various sealed sources using full-

spectrum gamma spectrometry information. 

 

2.10.2.2. Solid sources for γ-transmission measurements 

 

(a) Single-γ sources for mass measurements of two phases in mixture will be the main 

instrument, but also dual-γ sources for three-phase measurements will be considered if 

found desirable. 

(b) This method will also be used for continuous measurements of fluid slugs entering or 

exiting the various industrial equipment components during operation. 

 

2.10.3. Expected output 

 

These two techniques are complimentary: Simultaneous use of the two techniques will help in 

enlightening the mechanisms of the process, thus enable a safer interpretation of mass flow of 

individual fluid fractions and of liquid carry-over in the gas phases both from the separator 

and the scrubber. A test separator shown in FIG.2 will be used for development of parts of the 

basic technology. 

 

2.10.4. Work plan 1
st
 period 

 

We will mainly concentrate on the following topics: 

 

(a) Further develop column-based radiotracer generators based on the radionuclide 

generators 
137

Cs/
137m

Ba, 
68

Ge/
68

Ga and 
113

Sn/
113m

In. The main work will be devoted to 

radiochemical complexation reactions whereby the radionuclides eluted from the 

colums in the form of 
137m

Ba
2+

, 
68

Ga
3+

 and 
113m

In
3+

 will be converted into radiotracers 

for water and oil, respectively. There is also interest in developing tracers which 

partition between phases. 
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(b) Measure thermal and chemical stability of the generated radiotracer candidates, their 

“ideality” as tracers for specific phases or their phase partition coefficients (or 

distribution ratios) and their dynamic flooding properties under relevant (simulated) 

industrial conditions. 

(c) Further develop the gamma-spectroscopic detection system by testing new higher-

resolution detectors (LaBr3(Ce)). 

(d) Further develop the computer-controlled and automatic tracer injection system where 

the radiotracer generator is an integral part. 
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2.11. PAKISTAN 

 

2.11.1. Introduction 

 

The Industrial Applications Group of Isotope Applications Division at Pakistan Institute of 

Nuclear Science and Technology (PINSTECH) has good experience in radiotracer and sealed 

source applications in a variety of industries and has been applying the technology practically 

on industrial product lines for the last many years. Facilities for on-line data acquisition 

system (including detectors, datalogger and data acquisition software) are available. 

Radiotracer flow rigs are available at laboratory scale for simulation of tracer experiments. 

The institute has two research reactors and a well-established ‘Radioisotope Production’ and 

ʻRadioisotope Processing’ facilities, computational facilities, RTD Software (DTS-PRO 4.2, 

K-RTD, RTD) and Gorbit system along with image re-construction software for gamma CT 

are also available. The group is working in close collaboration with Pakistan Institute of 

Engineering and Applied Sciences [PIEAS], a well reputed university where the 

Computational Fluid Dynamics software FLUENT 6.3 along with pre-processor is available. 

An engineer from the the Department of Chemical Engineering from this university is also 

working as a team member of this project.   The CRP team has a good experience in 

radiotracer and sealed source applications, RTD modeling of tracer data and CFD simulation 

with particular experience in the following areas: 

 

(a) Radiotracer RTD analysis in two-phase flow systems 

(b) CFD simulation of two phase flow systems  

(c) Study of density distribution using process gamma tomography 

(d) Evaluation of radionuclide generator-based radiotracers for multiphase process 

investigation 

(e) Efficiency assessment of wastewater treatment plants using radiotracer technique 

(f) RTD analysis of industrial units in paper industry 

(g) Mixing studies in various industrial units by radiotracer technique 

(h) Radiotracer applications in oilfield for water flooding investigations during EOR 

operations 

  

 

 

2.11.2. Proposal for the CRP: Characterization of Industrial Multiphase Flow Systems by 

Radiometric Techniques integrated with Computational Fluid Dynamics Modeling 

 

This CRP is focused to characterize industrial multiphase flow systems using radiometric 

techniques integrated with Computational Fluid Dynamics modeling. The fluid dynamical 

properties of two-phase flow systems (liquid-liquid and gas-liquid) will be addressed. 

Scientific problems associated with these multiphase flow systems and the techniques that 

will be used for their solutions are described in the following: 

 

2.11.2.1. Pulsed sieve plate extraction column 

 

Liquid-liquid extraction is a process of separation of constituents of a liquid phase by 

contacting it with another immiscible liquid phase. Petroleum, nuclear, chemical, 

metallurgical, pharmaceutical, food processing and bio-processing industries are the major 

beneficiaries of this technology. Pulsed sieve plate columns are very famous equipments to 

carry out this unit operation. The pulsation of fluids inside the sieve plate column produces 
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shearing and turbulence causing the breakage of droplets and as a consequence, the interfacial 

area required for mass transfer operation is increased. Also, phases in such columns are 

subject to flow counter currently to achieve high concentration gradients for efficient mass 

transfer. The design of a pulsed sieve plate extraction column is generally based on HTU-

NTU concept in which flow models such as mixers in series with back mixing and axial 

dispersion model are employed. But these models are too simple to describe the real 

hydrodynamics of such systems, as they are not capable of visualizing the flow pattern inside 

the system. In this modern era, industry is looking for more predictive techniques and CFD 

provides powerful approach that gives detailed spatial distribution of flow fields. However, 

the exciting CFD results are being questioned by industries about reliability due to the lack of 

experimental data for model verification and validation. This is the reason why CFD models 

have to be verified and validated by experimental techniques and the trend is to combine 

experimental techniques and CFD in order to obtain reliable quantitative results for complex 

industrial processes. In the first component of this CRP, the hydrodynamic characteristics of a 

pulsed sieve plate extraction column will be investigated using radiotracer technique 

integrated with 3-D CFD modeling.  

 

 

2.11.2.2. Process Gamma tomography and CFD modeling of two phase flow systems 

 

Two phase gas-liquid flows are very common in process engineering applications. They can 

be found extensively in chemical, bio-chemical and petro-chemical industries. Measurement 

of phase distribution in such flows remains a challenging job due to the opaque nature of 

industrial systems. Gamma ray computer tomography (γ- CT) offers the best means to 

measure the distribution of phases in such systems without disturbing the plant operation. The 

modeling of such systems involves the solution of governing equations for mass, momentum 

and energy in both phases separately. The next modeling task is to identify and evaluate 

various coupling terms for inter-phase transport. For most multiphase flow situations, the 

CFD based fluid flow solvers as well as the coupling terms are to be validated for the system 

under consideration.The main task of this component of CRP is to develop a CFD based 

model of a two phase gas-liquid system and experimentally validate these results through 

Gamma Tomography.  

 

 

2.11.3. Work Plan for the first year 

 

(a) RTD analysis in a pulsed sieve plate extraction column using radiotracer technique 

(b) Development of a CFD based model of pulsed sieve plate extraction column in 3-D 

(c) RTD analysis of pulsed sieve plate extraction column by CFD 

(d) Integration of radiotracer RTD analysis and CFD simulation of a pulsed sieve plate 

extraction column 

(e) Validation of radiotracer RTD analysis and CFD simulation results 

 

 

 

 

 

 

 

 



 

37 

2.12. PERU 

 

2.12.1. Background 

 

Important projects in the field of science and technology have been developed in Peru. The 

Nuclear Centre "Oscar Miro Quesada de la Guerra" with a 10 MW research reactor, the 

Multipurpose Radiation Plant, the Nuclear Medicine Centre, and specialized laboratories of 

Physics, Chemistry, Nuclear Instrumentation, as well as the Secondary Laboratory for Dose 

calibration, the Radioisotope Production Plant and Engineering Applications. They are 

important tools for the development of important national projects in almost all the fields of 

the economic activity of the country. 

 

Radiotracer and Nuclear Control Systems Technology have been applied for more than 20 

years in Peru. Nuclear applications have been used by several industries, such as oil & gas, 

iron & steel, cement factories, nonferrous extractive metallurgy, fishmeal processing and 

chemical and petrochemical industries, as well as water and wastewater treatment plants. 

Process optimization was essential to update the industry in order to increase the efficiency by 

reducing the downtime and maintenance costs. 

 

 

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. 

 

 
2.12.2.2. 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  

(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 

(c) To perform RTD studies for optimizing continuous blending operations involving liquid 

and solid phases in ore processing installations. 

(d) To provide guidelines for the preparation and validation of multiphase investigation 

based radiotracers 

(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. 

 

 

2.12.3. Scientific Scope 

 

The scope of the CRP is to develop techniques for radiotracers techniques for multiphase 

investigation as to be compatible with the likely volume of demands and uses in the referred 
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industrial fields. The availability of these techniques will help developing and increasing 

radiotracer services to industry, while the technical documents to be published during and 

after the CRP will be a unique source of information for all the stakeholders. 

 

 

2.12.4. Detail of the Work Plan, Including Proposed Methods or Techniques 

 

Activities Methods / techniques 

Assembling of an experimental laboratory 

facility for solid phase labeling  

Producing the proper solid radiotracers by 

irradiation in the reactor. Determination of 

the physical properties of the solids: 

porosity, bulk density and so forth. 

Assembling of an experimental laboratory 

facility for liquid phase labeling 

Producing the proper liquid radiotracers 

by Labeling organic compounds with a 

proper radioisotope. Physical and 

chemical characterization of the 

radiotracers. 

Purchasing of the codes and the licenses of the  

Monte Carlo based MCNP-X and CFD software 

Purchased by the CRP 

Conducting the first experiments in oil and gas 

processing units 

Monte Carlo simulation 

 

 

 

2.12.5. Expected Outputs 

 

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

(b) Determination of the degree of homogenization as applied to fluidized bed for Fluid 

Catalytic Cracking Units in Oil Refining Industry. 

(c) Evaluation of the efficiency of Fracturing Packed Operations after hydraulic fracturing 

for the stimulation of production in oil wells, and 

(d) RTD studies for optimizing continuous blending operations involving liquid and solid 

phases in ore processing installations. 

 

2.12.5.1. Training on combined RTD, CFD experimental computation 

 
(a) Guidelines for validation of the multiphase investigation based radiotracers 

(b) Training in RTD, CFD experimental computation  

(c) Publication of some Interregional Guidebook on validation and industrial experiments 

of multiphase investigation based radiotracers 

 

2.12.6. Available Hardware, Software and Expertise 

 

2.12.6.1. Software 

 

(a) Latin 36, for analysis of response curves of radiotracers 

(b) CEA-JANU. - Expert System for conception of nuclear meters based on the base of 

both, gamma transmission and backscattering. 

(c) MACALU - Monte Carlo Simulation of photons behavior industrial work, with nuclear 

meters. 
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(d) PEAKFIT - Curves fitting of radiotracers responses (modern version). 

(e) ECRIN 2 - Activity calculations in sealed sources applications. 

(f) DTS Pro (two version-old and modern), for data treatment and simulation of industrial 

processes. 

(g) Latin 2000, for analysis of response curves of radiotracers; this software has been used 

successfully in liquid-solid, gas-liquid, and liquid-liquid multiphase for different types 

of industry, environmental and hydrology determinations. 

 

2.12.6.2. Main equipment 

 
(a) One Data Acquisition System DAMRI-CEA, equipped with PC Pentium 133 MHz, with 

printer HP Deskjet HP 69005. 

(b) 9 Scintillation Probes of Nal 1.5"x1.5". for determinations and studies in industry, 

resources of water and environment, compatible with the system 

(a) 3 probes with cables (2, one of 50 m. and one of 100 m.). 

(c) Portable Data Acquisition System with 3 entrance channels, model C2MS. French, 

capacity up to 200,000 stored data, with computer 

(d) Notebook, with software for data RS232 or modem, treatment and visualization. 

(e) Gamma Sources for field works (30 and 50 mCi of 
137

Cs and 
60

Co, respectively). 

(f) Beta Sources for field works and services (Tritium, 100 Ci) 

(g) 02 Monitors of beta and gamma radiation Eurysis, Model Radiagem 

(h) 08 electronic personal dosimeters. 

(i) 01 Lap Top Computer for field works with Data Acquisition System, Model C2MS. 

(j) 01 Data Acquisition System of DAMRI-CEA, equipped with field computer Lap Top 

and two additional probes. Latin 2000 software. 

 

2.12.7. Main determination already done 

 
(a) Determination of parameters in stabilization ponds for waste water treatment 

(b) Dispersion and bacterial declining of waste water disposal into the sea 

(c) Optimization of potable water plants operation by the use of radiotracers 

(d) Transport studies and mass balance in big hydropower plants 

(e) Qualitative and quantitative determinations of leakages and related trouble-shooting 

problems in heat exchanging apparatus from Oil & Gas Refineries (heat exchangers and 

reboilers) 

(f) Application of gamma scanning profiles in big oil distillation columns 

(g) Dispersion studies to determine transport parameters of industrial waste water, as a 

result of fishmeal processing industrial operation, and recommendations for the design 

of submarine outfalls  

(h) Residence time studies of hydrocarbon and catalyst phases in FCC Units reactors    

(i) Hydrodynamic studies of surface waters (determination of transport parameters and 

dispersion studies) 

(j) Evaluation of water treatment units: Overview of radiotracer experimentsfor better 

understanding of wastewaterand water treatment plants in Lima (Peru) 

(k) Dispersion studies concerning submarine outfalls installation and design by the use of bi 

dimensional and tri dimensional models with the aid of radiotracers. 

(l) Identification of the origin of acid drainages of mines with the aid of radiotracers 
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2.12.8. Human Resources 

 

Experimental radiotracers and sealed sources applications and the development of scientific 

instruments are important parts of nuclear technology in Peru. The main focus of the group is 

research and development of new and improved radiotracer and sealed sources application as 

applied to industrial processes, mining and hydrocarbon processing and exploitation. This 

could also be exploited in this CRP.  

 

IPEN could contribute with the following into this CRP: 

 

(a) Access to our expertise in tracer technology as applied to the investigation of 

troubleshooting in heat exchanging systems 

(b) Access to our expertise in tracer technology as applied to the investigation of waste 

water treatment and disposal through submarine outfalls 

(c) Access to our expertise in tracer technology as applied to the investigation of operations 

in non-metal and metal ore processing by the use of solid radiotracers 

 

2.12.9. Main National and International Publications 

 

(a) “Inspection and diagnosis of oil distillation columns”, July 1995 

(b) “Improving the performance of continuous blending silos and rotary kilns in the cement 

industry by the aid of radioactive tracers”, 1996 

(c) “Evaluation and optimization of the operation of rotary kilns of cement industry, 1999 

(d) “Evaluation and optimization of the operation of blending silos in cement factories, 

1999 

(e) “Evaluation of water treatment units by the use of radiotracer techniques, 1999 

(f) Guidebook “Radiotracer and Sealed Source Techniques and Applications in Industry.- 

IAEA 2000 

(g) “How to identify leakages in convection tunnels for water transport, during the 

operation of big hydropower installations, 2003 

(h) “Overview of radiotracer experiments for better understanding of wastewater and water 

treatment plants in Lima (Peru)”, INCQ-Nancy-France, 2004  

(i) “Evaluation of vapor generators in petrochemical industry, 2004 

(j) Tracer and Tracer Methods, Warsaw-Poland 2004 

(k) “Determination of dispersion parameters in waste water bodies discharged into the sea 

through submarine outfalls, 2004 

(l) Interpretation of radiotracer experiments in an industrial battery of desanders with 

simultaneous stochastic and non-stochastic flows, Applied Radiation and Isotopes 

65(2007)-USA, 2006 

(m) “Standardized methodology for gamma and neutron profiles as applied to oil & gas 

refineries”.-Scientia, Centro de Investigación-URP, Lima 2010. 

(n) Leaks and passes determination in heat exchanging systems by the use of radiotracers, 

IPEN 2006  
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(a) 

 
(b) 

 
(c) (d) 

 
(e) 

 

 

 



 

42 

       
 
(f) 

 

Fig. 2.12.1.from (a) to (f) 

(a) Profiling for PGNAA in a limestone rock for cement production  

(b) Evaluation of the rotary kiln of a cement factory with the aid of solid radiotracer La 

140 

(c) Calibration of a NCS at laboratory level before industrial determinations 

(d) Preparing the tracer injection system for dispersion studies  

(e) Preparing the tracer for determination of bacterial declining studies at the sea of 

Chimbote-Peru 

(f) Two of the heat exchanger systems (reboilers) evaluated with radiotracers technology 

by IPEN’s group: Leaks and passes determination in heat exchanging systems by the 

use of radiotracers 
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2.13. POLAND (University of Cracow) 

 

2.13.1. General Propose 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 

 

2.13.2. CFD simulation of a jet mixer system 

 

The classical theory of RTD was applied to characterize a flow in a laboratory jet mixer using 

both numerical and experimental approaches. Detailed information about flow field in the 

reactor was obtained through computational fluid dynamics (CFD) simulations. Three 

different turbulence models have been tested: the standard k–ε, RNG k–ε and Reynolds Stress 

Model (RSM). The CFD models predicted slight yet relevant differences in flow patterns. The 

experimental RTD can be used to identify erroneous numerical results. The CFD-RTD was 

obtained from stochastic particle tracking (discrete phase models). A large number of tracers 

(∼105) were used to reduce statistical uncertainty. 

 
Fig. 2.13.1. Experimental and simulated RTD functions. 

 

 

2.13.3. Dispersion determination in a turbulent pipe flow using radiotracer data and CFD 

analysis 

 

The radiotracer experiment was performed to measure the transfer function of water flowing 

in a horizontal stainless steel pipeline of 3” (7.62 x 10-2 m) inner diameter. Water flowed at 

ambient conditions gravitationally from a water tank. Bromide isotope 
82

Br (half-life: 35.3 h 

and γ-energy 0.776 MeV ) in form of [
82

Br]KBr was used as a tracer. 
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Flow in the pipe was modeled with computational fluid dynamics (CFD). The estimated 

Reynolds number for the entire investigated pipe is greater than 10,000 therefore, the 

turbulence models were appropriate. Among variety of available flow models the standard k–

ε was selected. The system transfer function was obtained using species transport, the method 

for calculating concentration-time curves from a solved flow field. Boundary conditions 

included water flow rate specified at the inlet. The eddy diffusion Dt at high Reynolds number 

is orders of magnitude greater than the molecular diffusion, so Dm can be safely neglected. To 

quantify the effect of velocity profile on overall longitudinal dispersion D, we estimate the 

contribution of Dt. 

 

 

 
 

Fig. 2.13.2. Experimental and simulated (CFD) transfer function g(t) 

 

 

 
 

Fig. 2.13.3.Diffusion and velocity profiles obtained by CFD modeling. 

 

2.13.4. Proposal for CRP 

 

Developing the CFD simulation of flow system for solid grains separation. Determination of 

the velocity field, eddy diffusion field (mixing) and concentration distribution field for each 

phase. Numerical simulation of the distribution function for solid grains separation flow 

system and their validation by experimental data. Summarizing the results and establishing 

the current status of the CFD possibilities; integration of various nuclear experimental 

techniques for modeling of multiphase flow systems. 

 

[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. 
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[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. 
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2.14. POLAND (Institute of Radiochemistry and Nuclear Technology – Warsaw) 

 

Application of Hybrid Nuclear Techniques in the Multiphase Flows Investigations in 

Wastewater Treatment and Biogases Production Plants. 

During the former IAEA CRP project (Evaluation and Validation of radionuclide generators) 

and Technical Cooperation project POL 0/010 realized in the INCT – Warsaw were 

elaborated the methodologies of radiotracers experiments carried out in different laboratory 

and industrial conditions and as well the methodology of gamma scanning application for 

identification of processes occurring inside of different installations.  

The wireless measuring systems for experimental data acquisition and treatment was built.  

 

Available in the INCT – Warsaw techniques based on: 

- multidetectors systems FIR (field industrial radiometer) for data collection in 

radiotracer experiments (4 measuring channels + 1 multichannel analyzer); 

- industrial fluorometers TURNER for field tracer experiments  

with application of Rhodamine and Fluorescein as a tracers of aqueous phase 

(possibility of continuous and samples measurements); 

- radiotracers generators (Tc/Mo, Ge/Ga, Br-82) for preparing of suitable tracers; 

- scanning system with wireless scintillation detector (Na/J) (elaborated  

in the frame of IAEA TC project POL 0/010); 

- software FLUENT for Computational Fluid Dynamics (CFD) modeling  

of flow structure in different industrial conditions (geometry  

of installations, flow rates etc);  

give possibility to carry out the experiments with application of hybrid nuclear techniques for 

investigations of multiphase flows in different installations. 

 

Taking into account that INCT – Warsaw is actually involved in realization of two big 

country projects concerning improvement and elaboration of a new technologies and 

apparatus (reactors) for biogases production we suppose to applied the elaborated nuclear 

techniques for investigations of this kind of reactors (hydrolyser, fermentor, mixer etc). The 

typical biogas production process consists in anaerobic methane fermentation of selected 

agricultural products, wastewater suspension as well as agricultural and food wastes. 

Fermentation process is realized in cascade of hydrolysers and fermentors. The raw materials 

charged to the process are in form of suspension with dry matter content approximately 8,5 %. 

Process duration is about 25 – 30 days. 

From the process engineering point of view important factors which determine the process 

yield are: 

- residence time distribution (RTD) of water and solid phases in reactor; 

- mixing effectiveness in fermentor; 

- control of solid and liquid phases separation (foam formation inside  

the reactor); 

 

 

 

 

 

 

 

 

 



 

47 

 

2.15. TUNISIA 
 

2.15.1. Introduction 

 

The mission of CNSTN (Centre National des Sciences et Technologies Nucléaires) is to 

conduct studies and peaceful application of nuclear research in various fields, as well as 

control of nuclear technologies, their development and use for the purposes of economic and 

social development,  particularly in the areas of agriculture, industry, energy, environment 

and medicine, and in general, the implementation of all activities to ensure the development 

of nuclear science, the promotion of its different applications and control of nuclear 

technology for peaceful purposes. 

 

Some fields of activities in CNSTN are: radiation processing of industrial, pharmaceutical and 

agricultural products, sterile insect technique, isotopic and elemental analysis, radiation 

measurements, labeled compounds and radio-pharmaceuticals, maintenance and repair of 

electronic equipment, nuclear safety, quality control and assurance. 

 

2.15.2. Country proposal: “nuclear methods for measuring and modeling slurry flow 

process of the phosphate fertilizers production” 

 

Tunisian phosphate company (Groupe Chimique Tunisien) owns 4 industrial sites located in 

SFAX and M'DHILLA (for TSP), GABES (for Phosphoric Acid, DAP, DCP and AN) and 

SKHIRA (for Phosphoric Acid). The phosphate field holds an important position within the 

Tunisian economy both in labor level and in trade balance worldwide.  

 

The Tunisian phosphate industry is fifth amongst the international operators in the field. 

Natural phosphate and its by-products (Phos-acid, DAP, TSP, DCP...) are exported to 50 

countries in 5 continents. Tunisian phosphate industry is adopting wet process since it is the 

suitable method allowing phosphate fertilizers production. According to wet process, 

phosphoric acid is produced by reacting sulfuric acid (H2SO4) with calcium phosphate 

(Ca3(PO4)2) naturally existing in the phosphate rock (already dried and crushed). The reaction 

between phosphate rock and sulfuric acid is self-limiting because of an insoluble layer of 

calcium sulphate forms on the surface of the particles of the rock. Hence, by keeping the rock 

in contact with recirculated phosphoric acid (H3PO4), it is converted as far as possible to a 

soluble monocalcium phosphate (Ca(H2PO4)2) allowing calcium sulphate (CaSO4) 

precipitation. The operating conditions for dehydrate precipitation are 26–32% 

P2O5(phosphorus pentoxide) and 70–80 °C. Depending on the types of fertilizer to be 

produced, phosphoric acid is usually concentrated to more than 40% P2O5.  

 

The reaction system consists of a series of two separate agitated reactors, but in some plants 

and for economic interest, the multi-vessel reaction system is replaced by a single tank. Some 

of these single tanks may be divided into compartments which are virtually separate reactors 

(R1 and R2). Comparative test demonstrates that RTD curve measured using 
99m

Tc is 12.8 % 

less than RTD curve measured using 
131

I. Such a difference could be attributed to the 

radioactive decay of 
99m

Tc which is 32 times shorter than that of 
131

I. 

 

According to our experiments, the configuration of diagnosed phosphate reactors corresponds 

to an association, by a recycling flow, of a series of perfect tanks. However, the RTD tests do 
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not show radiotracer distribution that would enable us to clearly understand how the 

mixing/dispersion are propagating through the phosphate treatment process. The main 

drawback of this classical approach is that it gives only the global information on the 

hydrodynamic behavior of the phosphate slurry flow in the reactor and does not give any 

information about parameters of that process. 

 

The investigation of multiphase process units of fertilizers production with powerful nuclear 

methods will allow: 

(a) To accurately predicting velocity profiles, concentration profiles and reaction rate drop 

of phosphate slurry in chemical reactors during the process. Such prediction is 

enormous as it gives better selection of slurry pumps, optimization of power 

consumption and thereby helps maximize the economic benefit. 

(b) To considerable environmental issues associated with phosphate fertilizer plants 

including air emissions, wastewater, hazardous materials, wastes and noise. (Fertilizers 

production process emissions include gaseous fluorides in the form of hydrofluoric acid 

(HF) and silicon tetrafluoride (SiF4), released during the digestion of phosphate rock, 

which typically contains 2 to 4 percent fluorine.) 

 

2.15.3. Work plan 

 

2.15.3.1. Year 1  

Radiotracer laboratory validation tests to check the suitability of radiotracer and its degree of 

integrity: for that task a marking of phosphate particles with different radioactive materials 

that we can dispose in Tunisia (
99m

Tc and 
131

I) should be done. Then evaluation of the 

efficiency and the performance optimization of the fixation rate of each radioactive marker 

will be tested by varying the chemical conditions, thermal, acidity and other resistance 

marking during the duration of the real experiment. 

 

2.15.3.2. Year 2 

Development of a single source gamma computed tomography system: a gamma computed 

tomography system will be developed in laboratory for slurry flow characterization. The 

device will be designed and optimized by Monte Carlo simulation (Geant4) and then realized 

and tested in laboratory but at a real scale (diameter, wall thickness, slurry concentration). 

 

 

2.15.3.3. Year 3  

Validation through practical manipulations in the phosphate plant: 

The validated radiotracer in laboratory will be used with the appropriate portable gamma 

computed tomography system for concrete manipulations in the phosphate plant to measure 

accurately flow rate profiles, phase distributions, and turbulent mixing parameters. 

 

 

2.15.3.4. Year 4  

Progress in CFD modeling of phosphate slurry flow: for phosphate treatment industry, 

integration of advanced CFD modeling with radiotracer techniques as a complementary 

technology will be the first attempt to visualize phosphate slurry flow characteristics in a 

multi-dimensional way and for validating the appropriate CFD modeling. The portable 

gamma computed tomography will be utilized as the validation tool for CFD models in 

Tunisian phosphate treatment industry where the understanding of the mixing pattern of the 

process is of great importance for maintaining and improving productivity. 
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2.15.4. Proposed outputs 

 

To measure accurately phosphate slurry flow characteristics and to achieve efficient 

management of the process control and optimization, following items are necessary to get as 

an output of this CRP: 

(a) A portable gamma computed tomography for online measuring properties of the 

phosphate slurry process,  

(b) Densitometer for phosphate density measurement, 

(c) Software tool boxes for design and exploitation of these equipment,  

(d) Training on combined RTD-CFD experimental computational method for obtaining 

reliable quantitative results allowing process modeling validation. 
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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. 
198

Au colloids were used as radiotracer in liquid phase in flow rate 

measurement, leak detection, residence time distribution… However, some drawbacks of use 

of 
198

Au 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 
198

Au Nanoparticle which can disperse well in the 

distinct phases and have short half-life, gamma emission is the subject to study the tracing 

behaviors in different conditions.  

 

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 

transmission CT. This GORBIT can also be used for gamma ray emission CT. The 

densitometry using gamma ray transmission for detection of density distribution in the pipe 

line and process column has been used commonly in petrochemical industries. New 

procedures and associated equipments for on-site synthesis of radioactive gaseous tracers 

MeBr-82 and 
41

Ar (in form of clathrate) have been developed. The procedure of synthesis of 
198

Au nano particle is being developed for the purposes of tracing water/hydrocarbon phases. 

 

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 
198

Au Nanoparticle (NP) in 

hydrocarbon and water phases forwards to further application in petroleum industry.  

 

2.16.3. Specific objectives 

 

(a) Synthesized 
198

Au 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 Au-

NP in different conditions. 

(c) Procedures for on-site synthesis of 
198

Au NP. 
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2.16.4. Work plan and proposed collaboration 

 

2.16.4.1. 1
st
 year (Oct 2012-Oct 2013) 

 

Activities Time Expected output Collaboration 

Synthesis of 
198

Au NP for water 

and hydrocarbon phase 

Oct 2012-June 

2013 

Au NP having 

size <50nm; size 

distribution 

 

Study of dispersion, aggregation 

of synthesized Au NP 

June 2013-Oct 

2013 

Report of results  

 

 

2.16.4.2. 2
nd

 year (2013-2014) 

 

Activities Time Expected output Collaboration 

Study of hydrodynamic behaviors of 

synthesized Au NP in comparison with 

other conventional tracers 

2013- 

2014 

Report of results IFE, KEARI, 

BRA, MINT, 

CHN 

 

 

 

2.16.4.3. 3rd year (2014-2015) 

 

Activities Time Expected output Collaboration 

Tracer experiments using 

synthesized AuNP 

2014 Report of results IFE, MINT, BRA, 

KEARI, CHN 

Procedures for on-site synthesis 

of  
198

AuNP  

2014-2015 Report and tools  

 

 

2.16.5. Main outcomes 

 

(a) New 
198

Au NP tracers for phase tracing 

(b) Procedures for on-site preparation of 
198

 Au NP tracers. 

(c) Report of validation of new 
198

Au NP tracers. 
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3. TECHNICAL ISSUES 

 
Based on the scientific and technical intensions of each participant, as described in the texts 

above, it was possible to make a rough grouping of common interests. It was decided to 

establish 3 groups for further cooperation and closer contact between members of the 

individual groups. The basis for this cooperation is described in the test below for each group. 

 

 

3.1. GROUP 1 

 

3.1.1. Integration of gamma-ray tomography, densitometry and radiotracer for multiphase 

flow studies. 

 

3.1.2. Participating countries 

(a) Mr Tor Bjornstad (Norway) – Radiotracers, radiotracer generators, gamma-ray 

transmission and gamma-ray spectroscopy. 

(b) Mr Jaafar Abdullah (Malaysia) – Gamma-ray tomography, densitometry and 

radioactive particle tracking (RPT). 

(c) Mr Jong-Bum Kim (Republic of Korea) - Transportable gamma-ray tomography 

(transmission). 

(d) Mr Gao Xiang (China) - Moveable gamma-ray tomography (transmission). 

(e) Mr Quang Nguyen Huu (Vietnam) – Radioactive nano-particles and emission 

tomography (SPECT). 

(f) Mr Rubens Martin Moreira (Brazil) – Natural radioactive tracers and multiphase flow 

parameters. 

 

3.1.3. Background information 

 
There is growing demand on visualization of multiphase flow in industrial processes. 

However, non-nuclear techniques, such as Laser Doppler Velocimetry (LDV), Laser Doppler 

Anemometry (LDA), dye tracer, electrical and capacitance tomography, optical tomography, 

etc cannot be used for investigating of opaque systems. X-ray process tomography is now 

being developed in some countries. However, due to low penetration range of x-ray, the 

technique can only be applied in a relatively small multiphase flow system. Due to their many 

advantages, in particular high penetration power of gamma-ray through process vessels, 

radioisotope techniques, such as gamma-ray tomography, gamma densitometry and 

radiotracer can be applied for solving this problem. Gamma-ray transmission tomography and 

densitometry can be used to visualize a time-averaged distribution of multiphase flow and 

industrial SPECT using radiotracer as well as radioactive particle tracking (RPT) techniques 

can provide a real-time flow pattern. Each of these techniques would provide essential 

information that complements the information obtained by other techniques. In many cases, the 

information provided by using either gamma ray tomography, densitometry or radiotracer alone 

is insufficient to properly understand and fully characterize the dynamics behavior of 

multiphase flow systems. Therefore, integration of two or more of these techniques to study 

multiphase flow systems is timely required.  

 

As many countries are interested in these particular subjects, there is an essential need for 

international cooperation in integrating gamma-ray tomography, densitometry and radiotracer 

techniques in combination with conventional and CFD modeling for the investigation of 

multiphase flows. Through the current CRP, each country can co-operate with each other and 
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reduce technology development duplication and cost. With this background, Norway, 

Malaysia, Korea, China, Vietnam and Brazil agreed to cooperate with research on the CRP.  

 

 

3.1.4. Common objective 

 

To develop relevant facilities and methodologies for integrating gamma-ray tomography, 

densitometry and radiotracer techniques for multiphase flow investigations. 

 

3.1.5. Effective Collaboration 

3.1.5.1. Subject 

(a) Development of transportable gamma-ray tomography systems and single/dual sources 

gamma-ray densitometers for the investigation of multiphase process units. 

(b) Development of innovative radiotracers for multiphase tracing for industrial 

investigations. 

(c) Development of methodologies for the integration of gamma-ray tomography, 

densitometry and radiotracer techniques for multiphase flow measurements. 

 

3.1.5.2. Program of collaboration 

 

For effective implementation of this CRP, the group agreed to share their knowledge, 

experiences and know-how on the following areas: 

(a) Technical materials which include detailed design, circuit diagram and engineering 

drawing on data acquisition system for radiotracer equipments. 

(b) Image reconstruction software for gamma-ray transmission tomography and single 

photon emission computed tomography (SPECT). 

(c) MCNPX simulation data for designing of gamma-ray CT, SPECT, radioactive particle 

tracking (RPT) and other sealed source & radiotracers experiment for industrial 

application. 

(d) Information on stability of radiotracers from radionuclide generators and the methods of 

applications. 

(e) Method for measuring partition coefficient of radon in water and oil phases. 

(f) Software for analysis of the data of partition measurement. 

(g) Core test facilities for the enhanced oil recovery (EOR) studies. 

 

Within the framework of this CRP, an international cooperation for sharing of knowledge, 

experiences and know-how between participating countries is summarized in the following 

cooperation matrix: 

 

 Recipient 

MAL KOR VIE CPR BRA NOR 

Donor 

MAL  α  α   

KOR α   α   

VIE β β   β β 

CPR  α    β 

BRA β  β   β 

NOR β γ γ β  β  

α: Gamma ray tomography; β: Radiotracer; γ: Gamma densitometry 
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3.1.5.3. Expected outputs 

 

(a) Published papers and technical reports. 

(b) Equipment’s designed, fabricated and used (e.g. transportable gamma ray tomographic 

scanner for pipe, moveable gamma-ray tomography system for column investigation, 

portable gamma-ray densitometer, a laboratory system for the study of radon as a 

radiotracer for water/oil transport etc) 

(c) Software developed and tested (image reconstruction software for gamma-ray 

transmission/emission tomography, software for data acquisition etc). 

(d) New and innovative radiotracers (e.g. 
41

Ar, 
79

Kr, core-shell 
198

Aunano-tracer, 
82

BrCH3etc.). 

(e) Newly developed procedures and methodologies from the technology integration (e.g. 

procedure for testing the feasibility of using radon in water/oil saturation studies, 

methodology for data interpretation for flow dynamics behavioretc.). 

(f) Training materials. 

(g) Study of hydrodynamic behavior of liquid and gas in laboratory-scale bubble columns. 

(h) Study of compatibility of nano-particle radiotracer in water/hydrocarbon phases. 

(i) Estimation of residual oil in laboratory-scale reservoir model. 

(j) Study of multiphase distribution in packed-bed columns. 

 

3.1.5.4. Indicators (measurable) 

(a) Number of published papers and technical reports. 

(b) Number of equipments designed, fabricated and used. 

(c) Number of software developed. 

(d) Number of new and innovative radiotracers. 

(e) Number of newly developed methodologies from the technology integration. 

 

 

3.1.6. Conclusion 

 
During the group discussion, the participating member countries drew up a common objective 

on integrating gamma-ray tomography, densitometry and radiotracer techniques for 

multiphase flow studies. In drawing up the objective, the subjects related to transferring of 

nano-particle and gas tracer materials to participating countries, the application of gamma-ray 

spectroscopy for advanced densitometry, and associated field applications of these 

technologies were discussed. The participating member countries agreed to share their 

experiences and know-how to achieve the common goal.  Collaboration of each country 

within this group as well other participating member countries will be very helpful for the 

successful implementation of the CRP project. 

 

 

 

3.2. GROUP 2 

 

3.2.1. Modeling and tracer experiments in liquid-solid flow systems 

 

3.2.2. Common objectives 

To integrate modeling and radiometric techniques to study liquid-solid flow systems 

(a) Combine gamma-scanning and radiotracer techniques to solve problems occurring in 

large vacuum distillation columns (Morocco) 
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(b) Combine radiotracer RTD modeling and CFD simulation to study slurry mixing systems 

(Ghana). 

(c) Integrate radiotracer techniques with gamma tomography and CFD simulation to study 

phosphate treatment plants (Tunisia). 

(d) To develop radiotracer techniques for homogenization studies in fluidized bed for Fluid 

Catalytic Cracking Units and to determine the efficiency of Fracturing Packed 

Operations after hydraulic fracturing for the stimulation of producing oil wells (Peru). 

(e) To  explore the capability  of  radiotracer techniques  (labeling the solid phase ),  to 

calibrate  the densitometry method in order to determine   the mixing speed needed in 

different conditions to get the  homogeneity of the suspensions (Nh) as well as the off-

bottom suspension (Njs)  (Cuba). 

(f) To develop procedure for CFD simulation of flow system for solid grains separation. 

(Poland). 

 

3.2.3. Effective collaborations 

3.2.3.1.  Subject 

(a) RTD modelling (DTSPRO,RTD software) 

(b) CFD simulation (FLUENT) 

(c) Monte Carlo simulation (GEANT 4, MCNP) 

 

3.2.3.2. Program (Collaboration Chart) 

 

 Recipient 

Poland Cuba Ghana Morocco Tunisia Peru 

D
o

n
o

r 

Poland       A6  A6 A6 

Cuba      A2     

Ghana A1   A4  A4 A4 

Morocco A1 A5 A4  A4  A4 

Tunisia A1 A5 A4  A4   A4 

Peru A1  A2 A4 A4   A4   

A1: Radiotracer experimental data 

A2: Gamma transmission experimental data 

A3: Gamma CT 

A4: RTD modeling 

A5: Monte Carlo simulation 

A6: CFD modelling 

 

3.2.3.3. Outputs 

(a) Established procedures for RTD modeling and CFDValidation of solid-liquid flow 

systems such as gold ore leaching and phosphate processing. 

(b) Developed procedures for integrating gamma densitometry and radiotracer techniques 

for phosphate processing and blockage determination in petrochemical industries. 

 

3.2.3.4. Indicators 

(a) Produce publications of investigations in scientific journals. 

(b) Efficient process optimization by industry 

(c) Produce training materials in the field. 
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3.2.4. Report of the outputs of the discussion 

 
3.2.4.1. Introduction (general objectives) 

 

Solid-liquid flow systems play a dominant role in diverse industries including mineral 

processing (phosphate, gold etc.). To achieve optimum performance, systematic studies must 

be conducted into the hydrodynamics of these systems to predict important process parameters 

such as flow rate, phase distributions, flow pattern and mixing efficiency. 

 

Although experimental RTD provides vital information for troubleshooting, process 

optimization and control of multiphase systems, it does not give an explicit and detailed 

picture of the flow structure in the system. 

 

 

3.2.4.2. General objective 

 

To integrate experimental RTD methodology with CFD simulation and gamma densitometry 

for the study of solid-liquid flow systems. 

 

 

3.2.4.3. Detailed program 

 

(a) Study software for RTD modeling (DTS 4.2 Pro,RTD software) 

(b) Study Monte Carlo simulation Codes 

(c) Study CFD codes for simulation of solid-liquid systems 

i. Multiphase models ( Euler-Lagrange approach and  Euler-Euler approach) 

ii. Modeling of impeller rotation (Multiple Reference Frames  and Sliding Mesh 

models) 

iii. Modeling of turbulence (the standard κ-ε  model and its modified RNG κ-ε version) 

(d) Interpretation of  gamma densitometry profiles 

(e) Data generation 

i. Radiotracer laboratory validation tests to check the suitability of radiotracer and its 

degree of integrity ( Tunisia) 

ii. development of a lab scale single source gamma transmission tomography system( 

Tunisia) 

iii. Radiotracer experiment in phosphate plants( Tunisia) 

iv. Radiotracer experiment in gold leaching tanks (Ghana) 

(f) Determination of process parameters by modeling and simulation. 

 

3.2.4.4. Expected outputs 

 

(a) Established procedures for RTD modeling and CFD validation of solid-liquid flow 

systems such as gold ore leaching and phosphate processing. 

(b) Established procedures for the integration of gamma densitometry and radiotracer 

techniques for phosphate processing and blockage determination in petrochemical 

industries. 

(c) Developed portable gamma transmission tomography system for online measuring 

properties of phosphate slurry processing. 
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(d) Produce publications of investigations in scientific journals. 

(e) Increase in the efficiency of industrial process optimization of solid-liquid reactors. 

(f) Produce guidelines and training materials for RTD-CFD methods for process modeling 

and validation. 

 

 

3.2.5. Conclusions 

 
The combination of RTD modeling, CFD simulation and gamma transmission tomography 

techniques will help obtain valuable information needed for process optimization and design 

of solid-liquid reactors. Such information is also necessary to validate design data after plant 

revamp. 

 

 

 

3.3. GROUP 3 

 

3.3.1. Characterization of gas-solid, gas-liquid, liquid-liquid flow systems using tracer 

techniques and CFD modeling 

 

3.3.2. Introduction 

 
Multiphase systems are present in many modern industrial and environmental processes, and 

their control is important in ensuring enhanced performance, economic viability and 

environmental acceptability. These systems are wide spread throughout various industries 

such as chemical, petro-chemical reactors, mineral processing and oil production, water 

treatment/purification and sediment transport, etc. Hydrodynamic behavior of multiphase 

reactors such as solid fluidized beds, bubble columns, trickle bed reactors, liquid-

liquid/liquid-gas extraction systems 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. In addition to this, 

systems such as aerated channel sludge reactors, running water purification systems and micro 

structured heat exchangers are also subject of study in this CRP. These systems fulfill to the 

improvement of two major targets for the future: global approach of water treatment and use 

of micro-structured equipment for saving energy.  

 

3.3.3. Group Members 

(a) Dr. J-P.Leclerc (France):Characterization of Compact Heat Exchangers and Self-

Purification Systems: 

(b) Mr. I. H. Khan (Pakistan): Characterization of liquid-liquid extraction in a pulsed sieve 

plate extraction column 

(c) Dr. H.J.Pant (India):Characterization of Fluidized Beds, Bubble Columns and Trickle 

Bed reactors using radioisotope techniques. 

 

3.3.4. 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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3.3.5. Detailed Programme 

 
3.3.5.1. Self-purification system 

  

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 self-

purification (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 will be estimated for different operating conditions (water flowrate, the 

number and the shape of steps of the spillway and their roughness). Tracer experiments and 

CFD simulation are necessary to estimate separately the transfer coefficient and the specific 

surface area during the oxygenation. 

 

3.3.5.2. Compact heat exchanger 

  
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. Extensive works have been 

performed to predict friction factor and heat transfer coefficients in such complex geometries, 

mostly in single phase gas or liquid flow. But the question remains open for two phase flows, 

where the various flow patterns introduce another degree of complexity in the problem. 

Moreover, the geometry of the compact fin and plate heat exchanger channels are far from 

tubular or multi-tubular ones, which have been previously used for establishing experimental 

correlations and two phase flow maps. We will 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 contribution includes two scientific objectives. The first one is to continue to develop a 

methodology to produce compartment models. The second one is to carry out analysis of 

multi-scales simulations and local experimental measurements to a better interpretation of 

tracer measurements in gas-liquid processes. This includes: local simulation of gas bubble 

using Volume Of Fluid simulations (VOF), Euler-Euler global CFD simulations of flow 

behaviour, use of Buckingham theorem for the determination of general semi-empirical 

correlation, local and global tracer experiments measurements and interpretations and local 

visualisation.  

 

3.3.5.3. Characterization of Liquid-Liquid Extraction in a Pulsed Sieve Plate Extraction 

Column 

 

Liquid-liquid extraction is a process of separation of constituents of a liquid phase by 

contacting it with another immiscible liquid phase. Petroleum, nuclear, chemical, 

metallurgical, pharmaceutical, food processing and bio-processing industries are the major 

beneficiaries of this technology. Pulsed sieve plate columns are very famous equipments to 

carry out this unit operation. The pulsation of fluids inside the sieve plate column produces 

shearing and turbulence causing the breakage of droplets and as a consequence, the interfacial 
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area required for mass transfer operation is increased. Also, phases in such columns are 

subject to flow counter currently to achieve high concentration gradients for efficient mass 

transfer. The design of a pulsed sieve plate extraction column is generally based on HTU-

NTU concept in which flow models such as mixers in series with back mixing and axial 

dispersion model are employed. But these models are too simple to describe the real 

hydrodynamics of such systems, as they are not capable of visualizing the flow pattern inside 

the system. The CRP programme, in the first phase, will focus on RTD analysis in a pulsed 

sieve plate extraction column using radiotracer technique, development of a CFD based model 

of pulsed sieve plate extraction column 3-D, RTD analysis of pulsed sieve plate extraction 

column by CFD, integration of radiotracer RTD analysis and CFD simulation for validation of 

CFD results. Two phase gas-liquid flow in 90
o
 bends and Taylor Bubble Flow systems will be 

investigated using radiometric techniques and Computational Fluid Dynamics in future phases 

of the CRP . 

 

3.3.5.4. Characterization of solid flows in Fluidized Bed Reactors 

 

Integrated Coal Gasification and Combined Cycle is an important and environment friendly 

technology for power production. In gasification process, solid fuels such as coal, wood, 

biomass etc. are converted into gaseous fuel by reaction with air/oxygen and steam at high 

temperature and pressure conditions. The technology is vital for India considering its vast coal 

reserves. However, the poor quality of the Indian coal makes this technology highly 

challenging. The fluidized bed reactors either in batch mode or continuous mode, are the most 

suitable reactors for carrying out gasification process for coals of high ash contents. The 

“SynGas” produced is used for power production or alternatively could be converted into 

liquid fuels (synthetic petroleum and diesel) using Fischer-Tropsch synthesis and hence could 

be used as fuel in vehicles. Either way, the fluidized bed reactor often called as “Gasifier” is a 

crucial element is converting the undesirable elements of solid fuels into a cleaner burning 

fuel. The understanding of flow of solid in fluidized bed is poor at present. Therefore, it is 

proposed to conduct radiotracer experiments in pilot-scale fluidized bed systems to measure 

residence time distribution of solid phase to obtain mean residence time, degree of mixing or 

flow pattern and identify abnormalities if any at different process and operating conditions. In 

addition to this it is also proposed to measure solid holdup using radiometric method at 

various axial locations in the fluidized bed and circulation rate of solids using radiotracer 

techniques. Modelling will be coupled with this effort, in parallel, using phenomenological 

tank-in-series models and Euler-Euler CFD models. The results of various radioisotope 

methods will provide important insights into flow dynamics of solids and help to improve 

existing design.   

 

3.3.5.5. Characterization of liquid flows in Bubble column Reactors 

 

Batch type bubble column reactors involve mixing of gas and liquid phase and find 

applications in various process industries. The flow pattern/circulation pattern and various 

kinetic parameters of liquid in these reactors depend upon static liquid height, gas flow rate 

(fraction of gas) and gas distributor used. Such systems have been investigated by many 

researchers using optical based techniques such as Laser Doppler Anemometry (LDA) and 

particle image velocimetry (PIV). However these techniques cannot be used if fraction of gas 

phase exceeds more than 5% because the system becomes opaque to optical beams used in 

these techniques. This drawback is overcome by using a new promising technique called 

radioactive particle Tracking (RPT) technique which can be used in opaque systems at any 

operating and process conditions. The technique involves tracking of motion of a gamma 

emitting radioactive tracer particle, which is designed to be hydrodynamically similar to the 
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phase being traced, in a single or multiphase flow system. An array of scintillation detectors 

strategically placed around the vessel is used to monitor the position of the tracer particle. The 

tracer particle is left to follow the flow freely in the vessel and the experiment is performed 

over a long time (several hours to a few days) to obtain sufficient statistics. Thereafter, the 

detector readings are reconstructed to obtain a time series of successive positions of the tracer 

particle, and this is subsequently used to obtain an instantaneous (Lagrangian) velocity time 

series. Since the tracer particle is designed to represent any typical flow element of the phase 

being traced, from its instantaneous velocity time series a whole range of flow quantities of 

the phase can be obtained via rigorous mathematical treatment. These include time-averaged 

velocity fields of the phase being traced, fluctuating position and velocity time series, 

moments of the fluctuations, turbulent shear and normal stresses, kinetic energy of 

fluctuations, dispersion coefficients, diffusivity tensors, trajectory length distributions (TLD), 

circulation patterns, return time distributions, return length distributions, etc. It is proposed to 

conduct RPT experiments in a laboratory scale bubble column reactor at different operating 

and process conditions; and liquid holdup using radiometric techniques at different axial 

locations. Based on the results the flows in bubble columns will be quantified and visualized.  

 

3.3.5.6. Characterization of liquid flows in of Trickle Bed Reactors 

 

A Trickle bed reactor (TBR) is a fixed bed of catalyst particles in which gas and liquid phase 

flow either co-currently upwards/downwards or counter-currently while the reaction takes 

place. TBRs are extensively used in petroleum, petro-chemical, and chemical process 

industries for a variety of applications such as hydrotreating, hydrocracking, hydro-

desulphurization, hydrodenitrogenation, hydrodewaxing, hydrodemetallisation and hydro-

finishing. Co-currently downward operation of TBR is usually preferred because it provides 

better radial distribution and high throughput of liquid phase without flooding. One of the 

applications of counter-current TBR is deuterium-hydrogen isotopic exchange reaction 

between water and hydrogen used for the production of heavy water. Depending upon the 

applications, various types of packing material are used in TBRs. For the deuterium-hydrogen 

isotopic exchange reaction for the production of heavy water, Platinum (Pt) metal supported 

hydrophobic catalyst packing is used. However, due to hydrophobic (non-wetting) nature of 

the catalyst, poor contact between liquid and packing is observed that deteriorates the gas-

liquid mass transfer efficiency. The degree of axial mixing, liquid holdup and wetting 

efficiency are the two important hydrodynamic parameters that characterize the performance 

of a TBR. The liquid holdup is directly related to packing wetting efficiency and heat and 

mass transfer effects. High degree of axial dispersion is undesirable in TBRs as it deteriorates 

the efficiency of the process and quality of the product, thus, it needs to be investigated for its 

hydrodynamic behaviour before its start-up.  

 

3.3.6. Expected outputs 

(a) Development/improvement of methodology for characterization of two-phase flow 

systems using tracer techniques coupled with CFD modeling 

(b) Improved knowledge and visualization of flow behavior of two-phase flow systems. 

(c) Active cooperation between scientific groups from developed and developing countries 

resulting in transfer of technical knowledge. 

(d) Capability enhancement of participating member states in applications radiometric 

methods for multi-phase flow characterization 

(e) Publications in journals/conferences 
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3.3.7. Common Objectives 

 
3.3.7.1. Characterization of parameters of two-phase flow systems (holdup, slip velocity, 

size distribution) 

 

Two-phase flows are present in many industries such as nuclear, petroleum and chemical 

industries. Problems in flow distribution in the equipment can lead to a drastic decrease of 

their performance. For example, in heat exchanger it will result in lowering its efficiency. 

Moreover, the internal design of the industrial equipment is more and more complex 

especially with the recent developments of micro-structures, separators and reactors. Because 

of this, there is an increasing need for non-intrusive technique in order to perform a detailed 

diagnosis of multiphase flows. Several measurement techniques are available to get specific 

parameters like void fraction, specifics area, etc. and some of them are more adaptable to an 

industrial environment (as an example, the electrical probes, which measure local void 

fraction by the difference of conductivity between the liquid and gas phase). In the same way, 

optical probes can also be used. They are sensitive to the change of refractive index of two-

phase flows and can be used to measure local void fraction and transit velocity provided  that 

use a two probes. The advantages of this technique are its small time response (about 1 µs) 

and a large range of applicability with respect to temperature and pressure. The above stated 

techniques are intrusive due to probe insertion and give only a local void fraction. Void 

fraction can also be measured by photon attenuation technique. Multi-beam gamma 

densitometer…if axial dispersion coefficients, phase holdup, RTD and mass transfer 

coefficient remains global parameters that should be measured, the improvement in 

performance of equipment requires to refine the data analysis in order to measure online the 

detailed multiphase flow regimes map and theirs characteristics like bubble sizes distributions 

their spatial distribution inside the equipment.  This work has to be done at several scales 

from the larger gas-liquid columns with bubbly flows to the micro-channels with Taylor 

flows. 
 

3.3.7.2. Use of κ-ε and RSM turbulence models in the Euler-Euler approach for global 

simulation of two-phase flow 

 

In order to simulate a gas-liquid flow by the Euler-Euler approach where the two phases are 

treated as a continuous, each phase dispersed in the other, some additional terms in the 

transport equation which simulate the interaction between phases are needed because of the 

VOF and Lagrangian-Euler approach due to high number of bubbles. Two turbulence models 

have been selected. These are k-ε turbulence model and the Reynolds Stress Model (RSM) for 

which turbulence model does not suppose the isotropy of turbulence. It is also found in 

literature that this is more adapted for swirling flows than k-ε turbulence model and its 

variants. In both cases turbulence is only calculated for the continuous phase. The dispersed 

gas is modelled as laminar but anyway the flow inside bubbles is not studied. The dispersed 

phase influences the continuous phase through an interaction term of bubble induced 

turbulence. 

 

3.3.7.3. Use of Volume of Fluid (VOF) model for detailed description of the bubbles 

 

In order to simulate gas-liquid flows accurately and to describe precise interface, the only 

reliable model is the volume of fluid model. In this case, the shape of interface between 

phases is simulated precisely but the very complex calculations reserved for small volume 

simulation. Nevertheless, in this project, the accurate description of gas bubbles in the 

microstructure exchangers studied by France and the Taylor bubble flow in a pipe that will be 
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studied during last years of the CRP by Pakistan will be done using this method. The figure 1 

shows an example of VOF simulation of gas bubbles simulation in a micro-channel and an 

experimental photo obtained with a rapid camera.  

 

 

Fig.3.3.1. Comparison between experimental and simulated gas bubble in a micro 

channel 

 

 

3.3.8. Comparison of experimental RTD (Tracer) and numerical RTD (CFD) 

 

An RTD measurement through tracer experiments is not sufficient today for industrial 

processes characterization. It requires detailed analysis of flow velocity fields and turbulence 

fields inside the studied process. This often requires complex simulation using Computational 

Fluid Mechanics. Nevertheless these simulations should be validated by experimental data. 

As a paradox, experimental RTD is more reliable to validate the CFD simulations than the 

local velocity field measurements. The major reason is that velocity field is less sensitive to 

the turbulence model, whereas prediction of numerical RTD is strongly affected by the chosen 

turbulence model. Moreover, velocity field measurements require either transparent set-up or 

complex measurements like tomography, whereas RTD measurement is a very simple 

experimental test which can be carried out in opaque systems. Very few papers have been 

published on this topic and this CRP is a good opportunity to focus on fundamental research 

aspect through one of the stronger capability of the tracer groups in participating member 

countries. 

 

 

3.3.9. Effective Collaboration 

 
3.3.9.1. Collaboration in estimation of numerical RTD  

 

Countries will share the problems encountered during estimation of numerical RTD and help 

each other in solution of the problems. The output of the collaboration will be established 

methodologies. The indicators of effective collaboration will be common publications. 

 

3.3.9.2. Collaboration in conventional modeling of RTD  

 

In the work plan proposed by different countries, it is planned to carry out measurements of 

residence time distribution (RTD) in different continuous flow systems using tracer 

techniques. In order to investigate and characterize global axial dispersion of the 

continuous/dispersed phases, the measured RTD is to be modeled using conventional RTD 

models such as tank-in-series, axial dispersion and combined models. The RTD data 
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measured in specific systems (gas-solid, liquid-liquid and gas-liquid systems) by different 

countries will be shared for conventional modeling and comparison of results. The output of 

the collaboration will be the validation of results and confidence building. The indicators of 

effective collaboration will be common publications. 

 

 

3.3.10. Conclusions 

 

Participating member states presented their country reports which provided good opportunity 

for sharing of knowledge and experience. Work plan of CRP was discussed, refined and 

agreed upon by the participating member states.  

 

Because of its importance in many industrial fields, gas-solid, gas-liquid and liquid-liquid 

flows require high level of analysis. Several proposals in this CRP fulfill this need. They 

involve not only several configurations (vertical, horizontal, large systems, micro-structured 

systems etc.), numerous field applications in different industries (petroleum industry, 

chemical industry, wastewater treatment industry etc.) and; different techniques and 

methodologies. The participating countries have complementary experiences with these 

techniques and methodologies, and thus CRP will be a good opportunity to share the 

experiences for a detailed analysis of the processes selected by each participating country. 

The objective is not only to get simple global parameters as dispersion, mean residence time, 

holdup, radial distribution, slip velocity, etc. but to carry out detailed analysis of dysphasic 

flows and pertinent flow simulations using complex CFD models validated through proper 

measurements by tracer experiments. 
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4. 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. It is an exciting challenge to coordinate so many high-level 

activities in order to improve knowledge on multiphase flow behavior but also a difficult 

task. The presentations of each single participant are very promising and are addressing 

critical points in the various technologies considered here. Development potentials have 

been substantiated, but the objective of the CRP is to transform the intentions in 

measureable outputs and outcomes. 

 

In order to enable increased knowledge resulting from synergy effects by effectively 

combining technology development instead of only compiling individual outputs, three 

working groups have been formed: 

 

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.  

 

The first group mainly focuses on equipment and associated methodology development. 

Three main objectives have been set-up and network collaboration has been proposed to 

fulfill the objectives: 

 

(f) Development of portable gamma-CT systems and portable single/dual sources 

gamma/X-rays densitometers for the investigation of multiphase process units, 

(g) Development of innovative radiotracer techniques for multiphase tracing in industrial 

units, 

(h) 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 due to the complementary nature of the individual approaches both 

with regard to experimental methods and modeling tools. Two general outputs are 

defined: 

 

(i) Development of software and methodologies for the design, exploitation and 

interpretation of measurements obtained through nuclear techniques and integration 

with modeling (RTD and CFD) 

 

Depending on the complexity of the studied process, but also on the means and abilities of 

each partner, even the simplest coupled conventional RTD modeling approach combined 

with a corresponding and correctly performed tracer experiments remains an 

underestimated powerful tool for a better understanding of multiphase flow. When it is 

possible and justified, CFD simulations together with complex nuclear technology tools 

will permit a deeper analysis of multiphase flow systems. 

 

(ii) Case studies on application of integrated nuclear techniques on detailed analysis of 

multiphase flow in industrial multiphase units including not only standard information 
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(density, holdup, slip velocities, dispersion) but accurate description of multiphase flow 

regimes map. 

For the second and third groups, the numerous case studies covering a large range of 

situations for which common aspects will be studied, more rapid and deep understanding 

will emerge from the expected synergy of the group. 

 

Finally, the efficiency of the working groups requires considerable goodwill already 

demonstrated by the participants during the meeting but also some complementary need. 

This is why recommendations have been set-up to strengthen the future activities. 

 

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 from CRP participants is 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.  

 

It has also been highlighted that a laboratory at the IAEA level would be important to 

promote transverse activities within MSs, to act as a reference laboratory and to provide 

reliable and structured training.  

 

 

 

5. RECOMMENDATIONS 

 

Three main recommendations are proposed to the agency: 

 

(a) Each country has planned his project based on its knowledge and existing equipment 

but also with the ambition to improve itself in the field of multiphase flow. The 

necessity for deeper analysis and refining the tracer tool, the tomography and 

densitometry analysis requires some complementary equipment and material. The 

participants are obviously realistic about the fact the agency cannot support all 

countries in all theirs requests. However, an extended list (Annex) is proposed at the 

end of this chapter in order to display all the wishes/requests for support and for the 

Agency to consider. 

 

(b) 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 

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.  

 

(c) All CRP participants wish require IAEA to consider helping the establishment of an 

International Society to federate and improve the structure of ‘’tracer teams’’ in the 
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world. This society would be a bit on the model of the international committee for 

NDT.  
 

(d) All CRP participants wish require IAEA to consider the establishment of a reference 

and training laboratory to improve training capabilities, to act as a reference in the 

tracer and nucleonic measurement world and to promote such activities at an 

international level.  
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6. ANNEX 

 

Material and facilities requested by country partner  

 

BRASIL: 

 

1. Data Acquisition System for processing signals from solid state scintillation detectors. 

(Estimated cost:  8000 euros) 

A vital item in radiotracer experiments that require display, data logging and the use of 

several detectors (more than two). 

The equipment presently ownewd by our Institute, which was provided byIAEA, and suffered 

some wear due to intensive use, also has an outdatedsoftware. This is virtually making 

impossible its utilization. 

Only one part of the sustem is required. 

 

CUBA: 
 

1. Portable data acquisition system with the NaI(Tl) probes and collimators for the 

densitometry measurements. 

 

CHINA: 

 
A fellowship for gamma tomography and CFD simulation technique for 2 month 

Mr. Wang Luwei, master degree, he is the main member of the CRP research group of China. 

Now, he is working for industrial application of nuclear techniques, mainly in column 

scanning and tomography research. He needs to get a systematic train on the gamma 

transmission tomography technique for methodology, system design, algorithm and software 

of reconstruction, M-C and CFD simulation, and other relevant techniques. It will help him to 

fulfill the CRP project of China more efficiently.  

The optional institute: KAERI, 

 

GHANA: 
1. CFD Software 

2. Palmtop Computer & software for column scanning. 

3. Radiation monitors and dosimeters 

 

 

MALAYSIA: 
1. 3 months fellowship (2 persons) on advanced X-ray and gamma-ray process 

tomography for industrial applications. Place: Institute of Nuclear Safety, Dresden, 

Germany 

2. 2 units of LaBr3:Ce detector. Manufacturer: Saint-Gobain 

3. 2 weeks scientific visit on EOR studies using natural/artificial radiotracer techniques. 

Place: Centro de Desenvolvimento da Technologia Nuclear, Brazil 

4. 2 weeks expert on CFD modelling. 

5. 2 weeks expert on MCNPX simulation. 

Note that Malaysia offers fellowship/training to other member countries:- 

1. X-ray tomography and X-Ray micro tomography. 

2. Advanced gamma column scanning and pipe scanning. 

3. Radioactive Particle Tracking (RPT) of process columns. 

4. Gamma densitometry techniques for flow regime identification. 
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MOROCCO:  
1. 137

Cs and 
60

Cosource, 150 mCi for each, for gamma-scanning of large vacuum packed 

bed columns in petrochemical industry 

2. Small glove box for the final step of preparation of radiotracer inside the industrial 

plants before injection 

3. Liquid radiotracer injection system for safe manipulation of the radiotracer in the field. 

 

NORWAY: 

 

1. Column-type radionuclide generators: 
 

        i.   
137

Cs/
137m

Ba, 10-50 mCi, may be from China 
 

        ii.  
68

Ge/
68

Ga, 20-30 mCi, may be from China 
 

        iii. 
113

Sn/
113m

In, 20-50 mCi, from Polatom 
 

2. GORBIT (possibly modified) equipment with software from Vietnam (Canti) 

 

Norway realize that its institute will have to pay for the main expenses, but that IAEA, 

through the CRP, may negotiate a reasonable price. 

 

PAKISTAN: 
 

1. One fellowship training in “Gamma CT for process visualization” for one month in 

South Korea or Malaysia. 

 

PERU: 

1. One portable data acquisition system, such as DATA LOGGER - Model DLG1 (from 

France), to be used with a single scintillation probe, with setting time procedure to 

select various acquisition sampling times from 1 second to 1 hour, for field 

determinations on environment and industry applications of radiotracers and radioactive 

sealed sources. 

2. One scientific visit to observe the application of radiotracer and sealed sources 

techniques as applied to hydraulic fracturing for stimulation of oil producing wells. 

 

TUNISIA: 

 

1. A fellowship for a PhD student in the CFD modeling of solid-liquid phase process for a 

period of 2 to 3 months will be of great interest within this project. It is preferable that 

the training will be in a French laboratory through collaboration between France and 

Tunisia 

 

VIETNAM: 
1. Fellowship, 1 man for  3 months working on Industrial tomography, Supervisor: Dr. U. 

Hampel, Host Institution: Institute of Safety Research, Forschungszentrum Rossendorf 

e.V., POB 51 01 19, 01314 Dresden, Germany, E-mail: U.Hampel@fz-rossendor.de 

2. Parts of Equipment for improvement of gamma ray CT: LYSO based parts, Estimated 

cost: 3,000 USD 

i. Array4FL ( 4 x 4 matrix) 

ii. Array-EVB-PreAmp 

iii. Array4-EVB-Pixout 
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7. AGENDA 
 
The First Research Coordination Meeting of the Coordinated Research Project on 

“Radiometric methods for measuring and ModellingMultiphase systems towards industrial 

processes” 

International Atomic Energy Agency, Vienna, Austria 
Meeting room: VIC M0E75 

          15 – 19 October 2012 

Monday, 15 October 
09:00 - 10:30  Opening 

o Opening remarks  

Mr. Patrick BRISSET (Scientific Secretary, IAEA/NAPC/IACS) 
o Introduction of participants 

o Election of the chairman and rapporteurs 

o Adoption of the agenda 

o Scope and objectives of the meeting 
o Administrative arrangements 

10:30 - 11:00    Coffee break 

11:00 - 17:30  Participants’ Presentations: current activities, projects within the CRP 
(All participants, maximum 30 minute each)  

Tuesday, 16 October 

09:00 – 12:30  Participants’ Presentations (continue) 
12:30 – 14:00   Lunch 

14:00 – 15:30  Discussions on Technical Issues 
o Review current status of radiotracers technology and their utilization in 

industrial applications for multiphase systems investigation 
o Review current status of sealed sources / NCS applications and their utilization 

in industrial applications  

o Review current status of visualization technologies 
o Review current status of modeling methodologies and software 

15:30 - 16:00    Coffee break 

16:00 – 18:00  Discussions on Technical Issues (continue) 

 
 

Wednesday, 17 October 

09:00 – 12:30  Discussions onTechnical Issues (continue)  
o Discussion on new technologies / methodologies in radiotracers applications  

o Discussion on new technologies in nucleonic systems 

o Discussion on new trends in visualization technologies / methodologies 
o Discussion on integration of different technologies and methodologies  

o Others… 

10:00 - 10:30    Coffee break 

10:30 – 12:30  Discussions onGuidelines / Tool boxes 
o Guideline for radiotracers applications 

o Guideline for nucleonic gauges applications 

o Guideline for visualization technologies / methodologies  
o Tool Box for CT (simulation/optimization/reconstruction) 

12:30 – 14:00 Lunch 

14:00 – 17:30  Discussion on Cooperative and Networking Activities 
o Presentation of national work plans and expected results 

o Review and harmonization of participants’ research plan 

o Planning of cooperative and networking activities 

o Adjustment of participants work plans 
o Outline of document (Radiation Technology Series)  to be produced at the end 

of the CRP 
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3. Thursday, 18 October 

09:00 – 12:30  Drafting of the meeting report 
12:30 – 14:00   Lunch 
14:00 – 15:30  Drafting of the meeting report (continue) 

15:30 - 16:00    Coffee break 

16:00 – 17:30  Discussion on Conclusions and Recommendations  
 

Friday, 19 October 

9:00 – 1 2:30  Review of the meeting report, conclusions and recommendations 
12:30 – 14:00  Lunch 

14:00 – 17:30  Approval and Closing 
o Approval of the meeting report 

o Closing of the meeting 
NB: Breaks to be taken as agreed with the Chairman. 
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