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Foreword 

 
Experimental methods based on the use of nuclear properties of various kinds offer unique solutions to 
scientific and industrial monitoring challenges. Many of the potential methods are non-destructive in 

nature, and may be applied without disturbing the system of investigation so-called non-destructive 

testing (NDT). The experimental methods are combined with modeling efforts to enable the 
conversion of measured data into information.  

In this particular context, three basically different methods may be mentioned here: 

1. The use of nuclear analytical methods for measurement of elemental concentrations based on the 
interaction of nuclear radiation with matter. Examples are neutron activation analysis with 

neutrons of different energy (NAA), charged particle activation analysis (CPAA), prompt gamma 

neutron activation analysis (PGNAA), gamma-induced x-ray fluorescence (GIXRF) and others. 

2. Application of nuclear radiation for detection of physical properties of the matter. This includes 
gamma transmission and backscattering (including gamma tomography) to measure density 

profiles and distributions, neutron moderation, transmission and back-scattering (back-diffusion) 

to measure contents of elements with low atomic number in bulk volumes, beta (and alpha) 
transmission and backscattering for measurements of elemental concentration and thickness of 

surface-covering films and others. 

3. The use of radioactive tracers to measure flow and distribution of certain components in a 

dynamic system. This includes single-phase or multiphase flow of gaseous, liquid or solid 
components in tubes, pipelines and process equipments (flow rates, chemical reaction rates, 

separation efficiency, leakages etc.), in the geosphere including oil reservoirs, in geothermal 

reservoirs, in water reservoirs (groundwaters, surface waters, ocean waters), in air transport like 
in in-house ventilation or external pollution distribution studies, in the biosphere and others. 

 

The present Consultant Meeting (CM) was called by IAEA to review the present status of this kind of 
technology and discuss actions and priorities for new development, basically by proposing topics for 

new Coordinated Research Programs (CRPs). After evaluating more than 20 topics proposed by the 

CM participants, one agreed on a priority list including 12 areas for further attention: 

 
Technology Priority 

Application of small-size neutron generators 1 

Development and application of nano-particle tracers 2 

Radiotracer and NCS methods for the mineral industry 3 

Tracer technology for sediment transport 4 

Development of radiotracer generators including gaseous tracers 5 

Tomography methods including multi-energy CT 6 

Multi-modality (hybrid) instrumentation 7 

Modeling of processesw including data from nuclear methods 8 

Nuclear methods in the petroleum industry 9 

Evaluation and application of high-efficiency/high resolution detectors for nuclear radiation 10 

Development and evaluation of radiotracers for the process industry 11 

RPM 12 

  

On this basis the CM recommended IAEA to call a new CM on the 1
st
 priority subject: Neutron 

generators.  
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1. INTRODUCTION 

Nuclear techniques (Radiotracer, Sealed Source, Nucleonic Measurement and Control Systems, 

imaging technologies) applications have been widely used in various industries to optimise and 

monitor processes, improve product quality, save energy and materials and reduce environmental 
impact. Their technical, economic and environmental benefits have been well demonstrated and 

recognised in many industrial sectors. The major radiotracer and sealed source techniques have been 

transferred to many developing MS through IAEA TC projects. 

The usefulness of nuclear techniques in evaluation or trouble shooting industrial processes, in quality 
control on production lines, etc… has been proved beyond doubt. There are many instances, where 

nuclear techniques based on either open or sealed sources have been used on laboratory and industrial 

scales to provide solutions to problems which otherwise would have been insoluble.  

It was not reported but there must be numerous requests for tracer tests or sealed sources applications 

which cannot be performed or which provided imperfect results because the application group was not 

able to obtain the best fitted source, or was not able to obtain the permission for the use of 
radioisotopes for field experiments in time,  

The radiotracer technology developed at earlier stages is now being applied by developed countries as 

routine procedures and their results are not often reported in literature. Many developing countries 

have also gathered a considerable technical knowledge and experience to apply this useful technology 
to the benefit of local industry. International Atomic Energy Agency has played an important and 

leading role in transfer of technical knowledge and the technology itself from developed to developing 

member states through its Technical Cooperation Programme. 

Recently, several advanced nuclear techniques have been developed, validated and used in lab 

experimentations 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,  transmission and emission tomography 

for dynamic phase volume fraction measurement. These techniques are in very early stage in most of 

developing countries. Even the major radiotracer and sealed source techniques are still underutilized 
due to various problems faced by developing countries. They are lack of technical knowledge and 

experience, limitations due to lack of equipment, non-availability of radioisotopes, strict regulations 

not technically related with real radiological safety impact, etc. The society for radiotracer and sealed 
source is requested to solve the problems through various cooperative activities. 

The meeting discussed about the current status of the Nuclear Techniques technology, as applied to 

industry, both in developed and developing member countries and the problems faced by the tracer 

groups in the countries to prepare strategies to help member counties in solving the problems and 
further promoting the technology. 

New CRPs and new ideas have been proposed for consideration by IAEA. 
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2. SUMMARIES OF CONSULTANTS’ PRESENTATIONS  

  TOR BJØRNSTAD, NORWAY 2.1.

The Table 1 below contains some topics which may be considered for new CRPs or otherwise be 

considered to be included in future IAEA activities. The topics are briefly explained in Chapter 3.5, 
and an associated ppt-presentation is found in Appendix. 

Table 1: Candidate topics for future IAEA activities within the field of discussion for this CM: 

Topic No. Topic name 

1 Nanoparticle tracers 

2 Tracer methods for single-well operations 

3 Tracer/matrix systems for prolonged and controlled release of tracers 

4 
Nuclear techniques for measurement and control of “flow assurance” issues in petroleum 

production and geothermal energy exploitation 

5 Multi-gamma RTD with full spectroscopy information including the Compton scattering 

6 Combination of single-particle tracking and CFD 

7 New detection systems (detectors) with possible application in industry 

8 Non-radioactive but activable tracers for industrial applications 

9 
Methods for detection and analysis of radioactive scale in petroleum, geothermal and 
water supply systems 

10 
Application of neutron sources (especially neutron generators) in process technology, 

civil engineering and environmental studies 

11 
Development of new radiotracer generators for short-lived radiotracers with focus on 

multi-gamma sources and positron emitters 

12 

Process monitoring: Focus on measurements which can only be performed with nuclear 

techniques, and the synergy with other methods like x-ray induced x-ray emission, laser-
induced fluorescence, NMR etc. 

  JOON-HA JIN, KOREA 2.2.

The content of the presentation, which is attached in annex 3, includes results of the Agency’s 
activities, recent R&D activities in Korea, the Agency activities recommended by member countries, 

problems and suggested solutions, and conclusions 

During last 10 years the Agency organized 12 consultants’ meetings of different topics and 
implemented 4 coordinated research projects for integration of RTD tracing with CFD simulation, 

industrial process gamma tomography, tracers for inter-well investigations, and radionuclide 

generator-based radiotracers. The IAEA published Technical Report Series-423 Guidebook on 

radiotracer applications in industrial processing and oil and geothermal reservoirs (2004) and 
Radiation Technology Series-3 Application of Radiotracer Techniques for Interwell Study: A 

Guidebook (2012). Three IAEA-TECDOCs, three Training Course Series and three Brochures were 

also published and distributed to member countries during the period. 

In addition to these publications, various technical documents such as protocols, guidelines, training 
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materials, promotional materials and technical reports were produced through the IAEA technical 

cooperation projects. Several software packages such as residence time distribution analysis, interwell 

tracer analysis, thin layer activation analysis, Monte Carlo analysis, and data acquisition were prepared 
and shared among member courtiers. 

Various equipment’s for radiotracer and sealed source applications were developed by member 

countries and shared with other member countries through the Agency’s technical cooperation 
activities. New industrial radionuclide generators, new methods for production of gaseous tracers and 

nano-tracers were also developed to enhance the availability of radiotracers. 

Recent R&D activities in Korea were briefly introduced. Main research activities were studies on 

industrial computed tomography (CT), single photon emission computed tomography (SPECT), 
radioactive particle tracking (RPT), and validation of CFD models. However, the application of 

radiotracer techniques in local industry is decreasing due to the difficulties in using radioisotopes in 

Korea. This is influenced by the strict safety regulation for the use of radioisotopes in industry, 
difficulties in obtaining radiotracer in time, low public acceptance after the Hukusima nuclear accident. 

Accumulation and sharing of practical case studies of the application of newly developed techniques 

such as industrial CT, SPECT and RPT techniques are very important for the sustainable development 

of the techniques. 

Based on above considerations, several topics are recommended for the Agency’s future activities in 

the field of radiotracer and sealed source technology. The topics are: 

- Development of radiotracer technology and its integration with hydrodynamic models for 

sediment and pollutant management in river and coastal systems 

- Utilization of Neutron Generator in Radiotracer Applications in Industry  

- Radioisotope Techniques for Groundwater, Oil and Geothermal Reservoir  

- Development of New Methods and Tools  

- Preparation of Safety Reports Series on Radiation Protection and Safety in Industrial 

Radiotracer Applications 

- Development of Compact and high efficiency detector  

  WILSON APARECIDO CALVO, BRAZIL 2.3.

Radiotracers, nucleonic measurement and control systems, and imaging techniques have been widely 

used in Latin America and the Caribbean Region by industry for troubleshooting, controlling and 
optimizing processing units and operations. 

Successful applications of these nuclear techniques in industry have many spin off benefits, including: 

� Enhance quality, productivity, reliability and safety; 

� Improve efficiency and reduce industrial pollution; 

� Reduce production down-time and make worker’s performance easier; 

� Increase the financial viability of processes and industries and thus generating more 

employment, better financial returns to employers and employees; 

� Demonstrate new applications to industry builds on these benefits; and, 

� Successful working in industry gains their confidence and opens up the potential for 

identification of applications in new areas. 

The current status on radiotracers, nucleonic measurement and control systems, and imaging 

techniques in developing Member States is presented in Tab. 2, included radioisotope production 

capabilities in the region by nuclear research reactors, cyclotrons and production of radioisotopes and 

radionuclide generators
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. 

Table 2. - Status on Industrial Radioisotope Applications in Latin America and the Caribbean Region  

Country 
Radioisotope 
Production 

Radiotracer/Radioisotope and Sealed Source 

Neutron 
Backscatter and 

Gamma Column 

Scanning 

Nuclear Control 
System 

(NCS) 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 

Argentina G G GP GP G GP GP P - GP GP G GP GP GP GP GP P P P P P P P GP GP 

Brazil G GP G GP GP GP GP GP GP GP GP GP GP GP GP GP GP GP GP GP GP GP GP GP GP GP 

Chile G G - GP - G - G G P GP - G GP G G GP P GP G P GP G G G GP 

Costa Rica - - - - - G - - - - G - G - G G G G - G G - - P P P 

Cuba - - G - - G G - - G - - G G G G G G G G - G G G G G 

Ecuador - - - - - G - - - GP - - - - G G G G - - P - - P - GP 

El Salvador - - - - - - - - - - - - - G G G - - - - P - - G G GP 

Guatemala - - - - - - - - - - - - - - - - P - P - - - - - - - 

Haiti - - - - - - - - - - - - - - G - - - - - - - - - - - 

Mexico G G G GP G G - - - GP GP - GP GP G G GP GP GP - P GP GP GP GP GP 

Paraguay - - - - - G - - - G - - G - G G - G - G - - - G G P 

Peru G GP - GP G GP GP P GP GP GP G GP GP GP GP GP GP G G G - G G G G 

Dominican 

Rep. 
- - - - - - - P P GP P - - P P G - - - - - - - - - GP 

Uruguay - - - - P G - P P GP - - G G G G - - G - GP - - G G GP 

Venezuela - P - P - G G - - GP P - - P G G - GP P GP P P P G GP GP 
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Nuclear and 

Radioactive 

Facilities 

Radiotracer/Radioisotope Applications Sealed Source Applications NCS Applications 

1. Nuclear research 

reactor  

2. Cyclotron  

3. Production of  
radionuclide 

generator and  

radioisotope  

4. Radioisotope 

production  

5. Weight of mercury in an electrolytic cell based on mass 

balance principle 

6. Wastewater Treatment Plants (WWTP)   

7. Sugar industries 

8. Cement industries  

9. Mineral processing/beneficiation plants  

10. Petroleum industries 

11. Petrochemical and natural gas industries  

12. Thin Layer Activation (TLA) technique 

13. Computational Fluid Dynamics (CFD) applications 

14. Leak detection technique  

15. Hydrogeology applications 

16. Calibration and flow rate measurement 

17. Food industries 

18. Gamma column scanning  

19. Interface measurement by 

transmission and/or neutron 

backscatter 

20. Determination of blockage in 

pipe by gamma scanning 

21. Industrial 
tomography/radiography  

22. NCS design service  

23. NCS construction service  

24. NCS maintenance service 

25. Calibration service 

26. Industrial application  

*Private company (P) and governmental institution (G).  
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  JEAN-LOUIS BOUTAINE, FRANCE 2.4.

Radio-isotopic techniques (radioactive tracer techniques & radiometric instrumentation) applications 
have been widely used in many industries to optimize and monitor processes, improve product quality, 

contribute to the maintenance of installations, improve the safety of industrial installations, public 

infrastructures, aircrafts & ships…, save energy and materials and reduce environmental impact of 

industrial activities. Their technical, economic and environmental benefits have been well 
demonstrated and recognized. A major part of these techniques have been transferred to many 

developing MS through IAEA TC projects. 

 

2.4.1. The main industrial applications of radioisotopes can be summarized 

according to the following categories: 

- A - Irradiation (mainly large scale irradiators loaded with high activity cobalt 60 sources) for 

radiation induced modification of materials (plastics, rubber, paints…), sterilization of medical 

products, conservation of food products, sterilization of wastes, and treatment of exhaust flue 

gases… 

- B - Production of energy (SNAPs, radio-isotopic electric generators (batteries), presently 

mainly for long range space satellites or vehicles (loaded with plutonium 238 heat sources ) 

and probably still for military submarine localization (loaded with strontium-yttrium 90 heat 

sources) 

- C - Gamma radiography (iridium 192, cobalt 60, selenium 75, ytterbium 169), as one of the 

major radiographic nondestructive techniques (NDT) 

- D - Measurement of physical parameters (thickness, density, weight, mass per unit area, 

coating weight, level, fraction ratio…) or chemical analysis. Such measurements can be done 

by online process instrumentation (gauges), laboratory equipment, portable equipment for on 

site use (civil engineering studies, agronomy soil studies), in boreholes (well logging 
equipment in oil, natural gas & metallic ores prospecting, geotechnics, hydrogeological 

studies). 

The topics covered by this CM will also include the use of X-ray tubes, accelerators & neutrons 
generators which are classically used as substitutes or extension or pure radio-isotopic techniques 

- E - Tracer techniques: chemical or pharmaceutical synthesis studies, optimization or modeling 

in chemical or process engineering, diagnosis of leakages or trouble shootings in industrial 

installations, diagnosis of leakages on sealed objects, studies in hydrology, sedimentology, 

migration of pollutants, pesticides, fertilizers... in the environment. 

The topics covered by this CM will also include the use of other tracers like coloured, UV fluorescent, 

X-ray absorbing media, neutron absorbing media, X-ray fluorescent materials, nano-particles 

(radioactive or non-radioactive)… used as substitutes or complementary techniques 

- F – Radioisotope based ionization systems (lightning arresters, smoke detectors, static 

electricity eliminators…), presently being forbidden by local law directives & progressively 

dismantled 

According to the information sheet distributed for this CM, items D & E will be covered, with some 

interference with C. 

Recently, several advanced nuclear techniques have been developed, validated and used in laboratory 

experimentations 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,  transmission and emission tomography 

for dynamic phase volume fraction measurement. These techniques are in early stage in most of 
developing countries but are still underutilized due to various problems faced by developing countries. 

There are lack of technical knowledge and experience, limitations due to lack of equipment, non-
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availability of some radioisotopes, sometimes too strict regulations not technically related with real 

radiological safety impact, etc. 

This meeting has permitted a survey of the current status of these radioisotopic techniques, as applied 
to industry, both in developed and developing member countries and proposed recommendations for 

the Agency to help member countries in solving problems and further promoting the technology. 

 

2.4.2. An attempt of definition of terms for “radioisotope based measuring 

instruments” 

Let us look at the IAEA INIS thesaurus. 

http://inis.iaea.org/search/advancedsearch.aspx?orig_q= 

One the first remark is relative to the use of “Nucleonic control systems (NCS)” by the Industrial 

Applications & Chemistry Section’s staff & also as titles of many IAEA meetings & publications. This 
term does not exist in the INIS thesaurus! 

A survey or INIS terms (or keywords or descriptors) covering the scope of this meeting (appendix II) 

drives to propose some updating and/or extensions, & eventually modifications or corrections. About 
80 terms are concerned. 

One could also look at the International Standards relative to such instrumentation & radioactive 

sources (ISO, CEN, ANSI, ASTM…) like (non exhaustive!): 

• ISO 7205:1986 - Radionuclide gauges -- gauges designed for permanent installation 

• ISO 3999:2004-Radiation protection -- apparatus for industrial gamma radiography -- 

specifications for performance, design and tests 

• ASTM E2120-10 Standard practice for performance evaluation of the portable x-ray 

fluorescence spectrometer for the measurement of lead in paint films 

• ASTM D7759 - 12 Standard guide for nuclear surface moisture and density gauge calibration 

• ASTM E1931 - 09 Standard guide for X Ray Compton scatter tomography 

• ASTM D6274 - 10 Standard guide for conducting borehole geophysical logging - Gamma, 

borehole geophysics, dead time correction, gamma log, natural gamma... 

• ISO 2919:2012 - Radiological protection -- sealed radioactive sources -- general requirements 

and classification 

• IAEA Safety standards series No. TS-R-1 – Regulations for the safe transport of radio

active material (2005 Edition) 

 

  STUART CHARLTON, AUSTRALIA 2.5.

The application of sealed source and radiotracer techniques to the study of problems on full-scale, 

industrial process plants is known as “process diagnostics”. This paper is concerned with process 

diagnostics on full-scale process plant in the petroleum and petrochemical industries, which are by far 
the major users of this technology. It begins with a discussion of a number of important current 

applications. . This is not a comprehensive review: rather, attention is focused on those techniques that 

are most widely applied at the present time. Sealed source applications include gamma ray 
transmission scans for distillation column investigations and pipeline surveys, gamma ray transmission 

tomography and so-called “neutron backscatter” measurements of liquid levels and interfaces. The 

most widely used radiotracer applications are the measurement of fluid flow rates, residence time 

studies and the detection of internal leaks in process vessels. Currently 80-90% of all process 
diagnostic applications are carried out using sealed sources of radiation. There are several reasons why 

this is so, but by far the most serious factor impeding the growth of radiotracer applications is the 

increasing difficulty in obtaining the necessary radioisotopes. Many of the research institutes and 
commercial companies who, in the past, produced industrial radiotracers no longer offer this service, 

generally because their isotope production facilities are now solely dedicated to the more lucrative 

medical radioisotopes business. As a result, it is often necessary to import radiotracers from overseas 
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suppliers, adding significantly to the cost of the tracer project and greatly extending its lead-time 

The discussion of major, present-day, process diagnostic applications provides a basis for speculation 

about the future of this sphere of activity. Thus: 

1. It is unlikely that any new fundamental phenomena will be discovered in the field of nuclear 

science. Therefore the development of applied radioisotope technology will be based on current 

knowledge together with technical advances in other sciences. 

2. Distillation column scanning will continue as a major investigational tool. It provides information 

not obtainable by any other method is relatively inexpensive and realizes substantial economic 

benefits.  Development work is required to address the challenge posed by columns of ever-greater 

diameter, particularly packed-bed columns. 

3. Generally, growth in radiotracer applications, residence time studies, on-line leakage tests and flow 

measurement will be dependent upon improvements in the availability of the tracers, but it is likely 

that there will be further growth in large scale investigations, such as FCC studies. Safety and 
environmental concerns will lead to the use of short half-life tracers derived from radioisotope 

generators 

4. Subsea radioisotope studies for flow assurance will become more common as the number of subsea 

pipelines increases.  Significant development of radiotracer techniques for the calibration of subsea 
flow meters is expected to take place. 

5. Developments in techniques based on neutron generators are predicted. 

6. A significant increase is expected in the application of gamma ray transmission tomography to the 
study of problems on full scale industrial plants. 

 

  JEAN-PIERRE LECLERC, FRANCE 2.6.

No short-text available. 

 

  GEIR ANTON JOHANSEN, NORWAY 2.7.

The Department of Physics and Technology at the University of Bergen has been active in research on 

and development of detection systems for ionising radiation for more than 60 years. The applications 

were research in high-energy physics and space physics which progress depends on radiation detection 
systems not available off the shelf. For the past 30 years the department exploited the competence and 

experience on radiation detection in new fields, one of these being industrial measurement systems 

particularly towards the oil industry. Measurements on multiphase systems have always been 
challenging because the spatial distribution of the components often causes measurement errors when 

a single “global” measurement is carried out. In Bergen two approaches have been used to overcome 

this: The use of multiple measurements each covering different parts of the measurement cross 
section. This could either be tomography systems or tomographic methods. The second is the 

application of multiple sensing methods sensitive to different parameters in the process under 

investigation. A combination of these is also applied in many cases. Although acceleration based 

radiation generators are becoming increasingly popular, the majority systems developed in Bergen are 
based on radioisotope methods. Examples on projects are: 

• Multiple beam and dual modality gamma-ray transmission measurement 

• Gamma-ray scatter measurements 

• High-speed gamma-ray tomography (Flow imaging) 

• Prompt Gamma Neutron Activation Analysis (Salt composition in produced water from oil wells) 

• Sub-sea and down-hole measurement systems (Rugged gamma-ray detectors  such as Geiger-

Müller Tubes) 
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• Multiple sensing measurement systems (Multiphase flow measurement and the Subsea online fluid 

sampler and analyser) 

The research is carried out in collaboration with a large number of partners worldwide. University of 
Bergen and Christian Michelsen Research established a centre for research based innovation, The 

Michelsen Centre for Industrial Measurement Science and Technology. 

 

3. CONSULTANTS’ CONTRIBUTIONS 

 TOR BJORNSTAD, NORWAY 3.1.

3.1.1. Nanoparticle tracers 

3.1.1.1. Current status 

In recent years, nanoparticles, normally defined as particles in the size range 1 to 100 nm (10
-9

-10
-7

 m), 

have found application in diverse areas such as medicine, heavy industry, aerospace, and consumer 

goods. The chemical and oil and gas industry is only in the early stages of exploring this new field. 
Three areas where nanoparticles may be particularly useful in these industries are defined by 

Krishnamoorti (2006): Structural nanomaterials, nanomembranes, and sensors and imaging. 

Nanoparticles have many potential applications in oil reservoir characterization and enhanced oil 
recovery in petroleum reservoirs (Kong and Ohadi, 2010). 

Pore-throats in sedimentary rock like sandstones and carbonates are often up to more than 1000 nm 

wide and nanoparticles have been shown to be able to migrate through columns with crushed dolomite 

and sandstone reservoir rocks in the laboratory (Yu et al., 2010). Based on analyses of nearly 850 core 
plugs from the limestone-dolomite ARAB-D formation in Saudi Arabia, Kanj et al. (2009) finds that 

nanotracers should be less than 75-100 nm in diameter in that type of reservoir.  

 

 

Fig.1: Principle sketch of a nano-particle 

composed of a solid core of Gd
2
O

3
, a 

functional silicate layer and some further 

functionalization   

A B C D E 

F G 

Fig. 2: Functional nanoparticles reacting on changing 
temperature. A-E show a multilayered particle with 

different coating thickness: A: Initially with all layers, 

B. At 150 °C, C: At 250 °, D: At 350 °C, E: at 450 °. 
F-G show spherical nanoparticle with nanowires 

attached to its outer surface: F with all nanowires, G 
with nanowires «melted» due to temperature. 
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Because of their unique optical, magnetic, thermal, electronic, mechanical and chemical properties, 

nanoparticles may have great potential for applications in geological reservoir studies like oil 
reservoirs (Berlin et al., 2011), geothermal reservoirs (Rose et al., 2011) and in groundwater studies. A 

major challenge facing such applications is the hostile reservoir environment with high temperatures 

and pressure as well as aggressive fluids. 

Some major advantages with nanoparticle tracers are: 

- Possibility to create high-temperature (> 300-400 °C) stable tracers (both passive and active). 

- The possibility of functionalizing the particles to produce both lipophilic and hydrophilic 

properties i.e. oil and water tracers) 

- The possibility to include functional groups (eventually larger molecules) which makes the 

particle easily detectable, for instance by a radioactive label or with a fluorescent label (Fig. 1).  

- The possibility of creating mesoporous particles able to carry a “load” which is unloaded by 

some external interaction like temperature, pH, salinity etc (Figure 2 and Figure 3). This load 
may for instance be a specific tracer compound (e.g., Bosman et al., 1999; Beezer et al.,2003). 

At present, the most advanced application of nanoparticles and nano-technology related to tracers and 

studies of dynamical systems is probably within the medical and biological area. The corresponding 

literature is an excellent starting point for further developing this technology for other more hostile 
environments.  

3.1.1.2.  Proposed CRP development 

Nanoparticle tracers open up a whole new field of tracer technology for environmental, industrial and 

geospheric tracing. A CRP within the area should primarily address the following points: 

• Selection of a range of nanoparticles mainly among inorganic compounds like Au
0
 (obvious 

radiolabel 
198

Au), Fe2O3 (paramagnetic, obvious radiolabel 
55

Fe or 
59

Fe), SiOxHy (silica, no 
radiolabel available), TiO2 (possible radiolabel 

45
Ti), PbS (obvious radiolabel 

35
S, possible 

radiolabels 
210

Pb and 
212

Pb) , ZnS (
65

Zn or 
35

S), REE2O3 (rare earth elements, many radiolabels 

possible, for instance 
46

Sc, 
140

La, 
142

Pr, 
147

Nd, 
153

Sm, 
159

Tb, 
166

Ho and more).  

• Assess their chemical, thermal and mechanical properties and possibilities for a range of 

applications including geospheric (oil, geothermal, groundwater) studies, chemical reactor 
studies and environmental studies.  

• Establish enrichment/upconcentration and analysis methods for these particle tracers (nuclear 

methods for the radiolabelled) 

Fig. 3: Principle sketch of a mesoporous nanoparticle which is 

functionalized with a molecule that enables release of a 
tracerload upon increase in pH: The crown ether carries a 

delta-negative charge and is bound to the positively charged  

amine group. Upon increase in pH the H
+

-atom is removed and 
the crown ether subsequently unbound and released and 

thereby opening up for diffusion of tracer molecules out of the 

mesoporosity of the nanoparticle.  
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• Propose simple methods for functionalization in order to tailormake particle tracers for a 

selected number of special applications. Functionalization should include building-in of 

fluorescent properties and possibly also surface modifications. 

• Setup and implementation of simple laboratory/pilot scale experiments to harvest experience 

from different fields of application. 

• Propose a (limited) set of methods/procedures/protocols for use of nanoparticle tracers 

preferably in tracing operations which cannot easily be done with existing methods and 

available tracers today. 

 

3.1.1.3.  Industrial benefit 

The main benefit is to create a possibility for tracing operations which cannot be done with existing 

(common) methods including atomic and molecular radiotracers, non-radioactive molecular 

compounds or isotopic ratios of stable isotopes (δD, δ13
C, δ18

O, δ34
S etc.). Thus, a better description of 

mass flow rate and structures of various processes are achieved directly resulting in better optimization 

of process parameters. This may translate directly into improved process efficiency, better economy as 

well as minimization of environmental impact. 

 

3.1.1.4.  References: 

Further illustrations are given in the corresponding ppt-presentation in Appendix, picture frames 4-12. 

Berlin, J.M., Yu, J., Lu, W., Walsh, E.E., Zhang, L., Zhang, P., Chen, W., Kan, A.T., Wong, M.S., 

Tomson, M.B. and Tour, J. M., 2011. Engineered nanoparticles for hydrocarbon detection in oil-field 

rocks. Energy Environ. Sci., 4, 505-509. 

Bosman, A.W., Janssen, H.M. and Meijer, E.W., 1999. About dendrimers: structure, physical 

properties and applications. Chem. Rev., 99, 1665-1688. 

Kong, A., and Ohadi, M.M., 2010. Applications of Micro and Nano Technologies in the Oil and Gas 
Industry – An Overview of the Recent Progress. SPE 138241. 

Krishnamoorti, R., 2006. Extracting the benefits of nanotechnology for the oil industry. J. Petrol. Tech., 

58, 11, 24-26. 

Raccurt, O,  Samuel, J., Poncelet, O., Szenknect, S., and Tardif, F., Advanced fluorescent nanotracers: 
a broad field of application, Nanotechnology 2008: Materials, Fabrication, Particles, and 

Characterization - Technical Proceedings of the 2008 NSTI Nanotechnology Conference and Trade 

Show, Volume 1 

Rashid, H. and Kanj, M.Y.,  2012. Carbon-based fluorescent tracers as oil reservoir nano-agents,  

WIPO Patent Application WO/2012/158478. 

Rose, P., Riasetto, D., Siy, J., Bartl, M., Reimus, P., Mella, M., Leecaster, K. and Petty, S., 2011, 

Quantum Dots as Tracers in Geothermal and EGS Reservoirs, in Proc. Thirty-Sixth Workshop on Geo-
thermal Reservoir Engineering, Stanford University, Stanford, California, January 31 - February 2, 

2011 

Yu, J., Berlin, J.M., Lu, W., Zhang, L., Kan, A.T., Zhang, P., Walsh, E.E., Work, S.N., Chen, W., Tour, 
J.M. Wong, M.S., Tomson, M.B., 2010. Transport Study of Nanoparticles for Oilfield Applications. 

SPE 131158  

 

3.1.2. Tracer methods for single-well operations 

Tracers are presently used for many monitoring aspects in wells including oil wells, geothermal wells 

and water wells. Methodology improvement and dissemination should be considered in fields 
including the following topic: 
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• Depth-differential injectivity (liquid and solid tracers, γ-emitters or n-absorbers like 
10

B) 

• Productivity/production rates at different locations in wells (liquid tracers, γ-emitters ) 

• Fluid drift in reservoirs (liquid tracers, γ-emitters) 

• Drilling mud circulation (liquid tracers, β-emitters) 

• Mud filtrate invasion in cores and the near-well zone (liquid tracers, β-emitters) 

• Positioning of gravel packs (solid tracers, γ-emitters) 

• Positioning of hydraulically induced fractures and positioning of proppants(solid tracers, γ-
emitters) 

• Level of cementing behind casing (liquid and solid tracers, γ-emitters, n-absorbers) 

• Leakages behind casing (liquid tracers, γ-emitters) 

• Measurement-while-drilling (MWD) of porosity and density of sediments (use of tracers 

short-lived tracers from radiotracer generators with at least dual gamma emission) 

• Etc. 

Some examples are illustrated in the corresponding ppt-presentation in Annex 3 (Tor Bjørnstad), 

picture frames 13-29. 

 

3.1.3. Tracer/matrix systems for prolonged and controlled release of tracers 

Tracers may be released into a flowing system from solid matrices upon an external perturbation like, 
for instance, sweeping the matrix surface by water or by an organic solvent. Such systems may be 

designed for long-term near constant concentration injection. This technology is fairly new, and 

further development is needed. The matrix may be:  

• a solid compound with low solubility constituting the tracer itself (like BaSO4 including 
133

Ba) 

• a ceramic or polymeric matrix with imbedded tracer compound where the matrix itself is 

dissolved and thereby releasing the tracer upon interaction with aqueous or oleic compounds 

• a polymer matrix with the tracer compound imbedded where the matrix itself is non-

dissolvable but where the tracer is dissolved from the matrix surface and replenished by 

diffusion from internal structures. 

Such tracer/matrix sources may be installed in flowing systems to monitor flow structures internally in 
the system, for instance like water or oil influx at different positions in an oil well as illustrated in the 

corresponding ppt-presentation in Appendix in picture frames 30-33. 

 

3.1.4. Nuclear techniques for measurement and control of “flow assurance” issues in 

petroleum production and geothermal energy exploitation 

There are various possible reactions that may obstruct the fluid flow: 

a. Formation of inorganic precipitates (scaling) of, for instance CaCO3, BaSO4 etc. which may clog 

the flooded pores of the rock in the near-well zone, the gravel pack and sand screen, grow on the 
inner wall of production tubing and down-stream fluid handling systems. 

b. Formation of combined organic and inorganic precipitates (naftenates) with the same effect. 

c. Precipitation of asphaltenes (and resins) in the near-well zone and antagonistic combined effects of 

asphaltene formation and inorganic scale precipitation 

d. Fall-out of waxes in down-stream transportation pipelines 
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e. Formation of gas hydrates with the potential to plug the transportation pipeline for gas/gas 

condensates. 

Nuclear techniques may be used to study the formation mechanisms (mechanisms and kinetics) of 
these reaction in laboratory experiments with the aim of preventing or reducing the negative effect, 

and to monitor the condition of production systems with respect to actual precipitation or precipitation 

potential. 

This subject will not be further developed in the present document, but is illustrated in the 

corresponding ppt-presentation in Annex 3 (Tor Bjørnstad) in picture frames 34-43. 

 

3.1.5. Multi-gamma RTD with full spectroscopy information including the Compton 

scattering 

So far, limited attention has been given to the fact that the application of multi-gamma tracers (or 
several tracers together with different gamma energies) can be used to acquire additional information 

of local phenomena in a separation or reaction barrel: Different gamma energies are attenuated 

differently and the ratio of their counting rates provides depth-information of the mass transportation 
process.  

This subject will not be further developed in the present document, but is illustrated in the 

corresponding ppt-presentation in Annex 3 (Tor Bjørnstad) in picture frame 44. 

 

3.1.6. Combination of single-particle tracking and CFD 

Single particle tracking may be important in order to develop models for mass flow systems where 
particles are involved somehow. Examples may be fluidized bed catalyst cracker units and silos of 

different kind. Nuclear techniques based on radiolabelled particles are, may be, the only feasible way 

of producing this information. 

This subject will not be further developed in the present document, but one possible method is 
illustrated in the corresponding ppt-presentation in Annex 3 (Tor Bjørnstad), picture frame 45 (original 

idea by R. Gardner). 

 

3.1.7. New detection systems (detectors) with possible application in industry 

There is a vivid development of detectors for nuclear radiation. This includes new detectors for γ-
radiation, x-rays and neutrons. They may be solid state or gas-filled detectors. Focus is in some 

cases on improved energy resolution, better efficiency, higher rouggedness and availability of 
basic materials. This subject is not treated further here but will be treated more extensively in 

other future CMs. 

 

3.1.8.  Application of neutron sources (especially neutron generators) in process 

technology 

3.1.8.1. Current status 

Neutrons, not being stable particles, have to be released from nuclei. Most nuclear reactions, used for 

neutron generation, require high energy particles and produce fast neutrons, i.e. neutrons with energies 
of several MeV. Traditionally, industrial and environmental use of neutrons for process studies have 

been mainly limited to so called isotopic (or, if you like: isotropic) neutron sources. These are in 

principle of two kinds: 

- Based on fission neutrons from spontaneous fission of 
252

Cf:  
252

Cf  → fission products + 2-3 neutrons, (maximum neutron energy ≈ 2.5 MeV) 

The neutron production of 
252

Cf  is 2.34⋅10
6
 n⋅s–1⋅µg

–1
. 
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- Based on neutron knock-out/neutron evaporation following nuclear reactions in light 

elements like 
9
Be induced by either α-particles from α-emitting radionuclides or γ-rays with 

energy higher than the neutron separation energy for instance in 
9
Be: 

(1)   γ + 
9
Be → 2 

4
He + n –1.67 MeV 

(2)   
9
Be + α→ 12C + n + 5.91 MeV 

The neutron output of a 10 Ci (370 GBq) 
241

Am/Be neutron source is ≈ 2⋅10
7
 n/s depending 

somewhat on the construction of the source. 

The most commonly used photoneutron source exploits reaction (1) with the 
124

Sb nuclide with a half-

life of 60 days, whose 1692 keV gamma radiation kicks out the loosely bound neutron from a 
9
Be 

nucleus with an energy of 26±1.5 eV, i.e., it exceptionally produces relatively low energy, epithermal 
neutrons. The handling of strong, high-energy gamma sources makes their use in industry and 

environment a challenging task, and is therefore largely avoided. Alpha particles emitted by the 

nuclide 
241

Am, are used most frequently to implement reaction (2), but also 
210

Po and 
239

Pu has been 

used for this purpose. 
241

Am–Be sources emit neutrons with a maximum energy of ≈ 5.3 MeV.  

The main uses for these neutrons have been threefold: 

- Neutron activation analysis (NAA) of bulk material (macro-concentrations of various 

elements) in mineral exploitation) in combination with gamma spectrometry. 

- Prompt gamma activation analysis (PGNAA) for the same purpose as above, but also in 

borehole logging in combination with detection of prompt gammas, most often with 

some limited spectroscopic properties. 

- Neutron “backscatter” experiments mostly to detect the concentration of hydrogen, for 

instance in water and/or in hydrocarbons. Applications are in handheld equipment for 
level gauging or in borehole logging, both with the detection of “backscattered” thermal 

neutrons. 

The industrial sources mentioned above have some drawbacks: 

- They have limited neutron output (generally < 10
8
 n/s although 

252
Cf-sources have been 

fabricated with neutron outputs up to 10
11

 n/s as stationary laboratory-environment 

sources)) 

- Neutron energies are, for some purposes, too low (< 4-5 MeV) 

- They cannot be turned off and must be properly stored while not in use 

- They cannot easily and flexibly  been pulsed (one may however think of a sophisticated 

chopper system of thermalized fluxes from the sources) 

Neutrons can be generated also in neutron generators (NGs) based on the two reactions below and 

NGs have been around for more than 40 years. 

2
H + 

2
H → 

3
He + n +3.29 MeV (neutron energy about 2.4 MeV) 

3
H + 

2
H → 

4
He + n +17.6 MeV (neutron energy about 14.1 MeV) 

(Examples of other, less important reactions are: 
7
Li(p,n)

7
Be, 

9
Be(d,n)

10
B, 

7
Li(d,n)

8
Be). 

 

 

 

 

 

Fig.4: Principle sketch of a neutron 
generator based on the T(d,n)

4
He-reaction 

where the target element, tritium, is 

imbedded in micro-porous Ti as hydride on 
the form TiTx. 
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Traditionally, these reactions are carried out in small-size linear accelerators where the principle is 

illustrated in Fig. 4. 

The generator may in principle be constructed in two different ways  

- As an “open”-target generator where tritium gas is circulated in the target region to keep 

a constant thickness of tritium as a function of time and deuterium is circulated in the ion 

source region to keep a constant pressure of the accelerated neutron output over time. The 

considerable drawback is that tritium, which is a radioactive gas, must be managed 
properly in this open system. Therefore, such generators can only be operated safely in a 

well-equipped laboratory environment. 

- As a sealed source generator where everything is enclosed for instance in a sealed glass 

tube. The advantages are that this generator can be made small and compact (even 

portable), there is no daily worry about tritium leaks and it can be operated outside 
laboratory facilities. Such generators have been in use for a number of years in 

radiochemical laboratories where neutron outputs of > 10
9
 n/s could be obtained, but the 

full instrumentation was bulky and required permanent installation. This kind of 
generators is also used in well logging operations, but they have limited fluxes (10

5
-10

6
 

n/s).  

In recent years, considerable development has been taken place, and today there are commercial 
generators based both on the T(d,n)

4
He-reaction (producing 14.1 MeV neutrons) and the D(d,n)

3
He-

reaction (producing 2.5 MeV neutrons), both with considerably higher fluxes than in the past. A few 

examples of generator design are given in Figure 5, Figure 6 and Figure 7 below. Together with recent 

and present development of new neutron detectors, this opens up a whole new area of application of 
neutrons for industrial and environmental examinations. 

 

Fig.5: Cross-cut of a small-size neutron generator based on linear 
acceleration of the deuterium projectile. 
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3.1.8.2.  Proposed CRP development 

A CRP in this area would possibly include the following work packages: 

Assess and evaluate in which areas of the industry that would benefit considerably by the application 
of fast neutron methods and high fluxes. 

What is the limitation of the D-T reactions and the D-T reaction? 

 
Examples of technologies that should be considered include: 

- Neutron activation analysis combined with gamma spectroscopy to take advantage especially 

on the following reactions (mainly for the D-T neutrons): (n,p), (n,α), (n,2n) and (n,n’) where 

reaction cross sections are in the order of a few hundred mb. 

- Use of generators to produce higher fluxes of thermal neutrons for neutron “backscattering” 

measurement. 

- Use of generators to produce higher fluxes of thermal neutrons for PGNAA application in 

continuous and on-line control of mass transport both in hydrometallurgical and mining 

industry. 

- Use of generators to produce higher fluxes of thermal neutrons for neutron radiography 

Fig.6: Examples of neutron generators where some are designed for laboratory 

environments and others are portable and can be used in industrial 
environments (http://www.sodern.com/sites/en/ref/Neutron-generator_79.html) 

 

Fig.7: Compact spherical neutron generator based on the D-D reaction 

(containing no radioactivity), working like a point source, with high flux. 
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- Use of generator neutrons (also the high-energy spectrum) in pulsed mode to detect transport 

of fissionable (illicit) material by detection of prompt and delayed neutrons 

- Use of pulsed neutron fluxes, neutron detection and timing and gamma detection to monitor 

hydrogen content and inventory of various other chemical elements at the same time, b oth in 

well logging operation and in on-line measurement of material transport. 

- Use neutron generators to produce applicable tracers in-situ (directly in flow). 

- Use of neutron generators to produce a suitable radionuclide in a correspondingly suitable 

target matrix outside but connected to the flow system under study. A chemical treatment 

might be advisable/necessary before automatically injecting the produced tracer as a pulse 

into the flow system. 

Equip a limited number of laboratories with neutron generator modern small-size neutron generators 

for methodology development 

Carry out a limited number of experiments in the field in industries where new information, not 

available by any other technique, can be achieved. 
 

3.1.8.3. Industrial benefit 

The main benefit is to create a possibility for industrial process monitoring which cannot be done with 

existing (common) methods. The neutron method will complement both gamma (and x-ray) 

transmission experiments and application of radiotracers.  Thus, a better description of mass flow rate 
and flow structures and elemental concentrations of various processes are achieved directly resulting 

in better optimization of process parameters. This may translate directly into improved process 

efficiency, better economy as well as minimization of environmental impact. 

3.1.8.4.  References 
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Cf as an isotopic neutron source for elemental analysis by neutron inelastic 
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Yaumi, M., 1993, Neutron activation analysis using isotopic neutron source, Available from the Head 
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 JOON-HA JIN, KOREA 3.2.

3.2.1. Development of radiotracer technology and its integration with hydrodynamic 

models for sediment and pollutant management in river and coastal systems 

3.2.1.1. Status/Problems 

Studies on sediment transport in rivers and coasts are of vital importance to many civil engineering 

projects such as dock construction, coastal reclamation, dredging and irrigation projects. Since 1960s, 

radioisotopes as tracers have been a useful and often irreplaceable tool for sediment transport studies. 
Radiotracer techniques are used to obtain quantitative information, such as the direction, velocity and 

thickness of sediment movement.  
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Fig. 8: Principle sketch of monitoring sediment transport. 

 

Modeling is now an essential tool for the management of the natural systems and increasingly used to 
study the fate and behavior of particulates and contaminants. Radiotracer techniques are often 

employed to validate models to enhance confidence in the predictive value of the models.  

Experimental tracing and numerical modeling are complementary methods of studying complex 
systems. Tracer data are based on direct observation, but are limited to the labeled component of the 

system and to a restricted domain of space and time.  

Numerical models can in theory accommodate all the important parameters, but are limited by their 

underlying assumptions and accessible computing power. Individually both approaches have 
limitations, but together they offer a very powerful method of investigating complex systems.  

Over the past few years it has become clear that the synergistic modeling and tracer approach can 

make a significant contribution to addressing complex problems in environmental systems. During last 
decade, there is a remarkable increase in the development and application of radiotracer techniques 

and models and thus there is a need to integrate the results obtained from both approaches. Cases of 

radiotracer applications for validation of models of natural systems have been increasing remarkably.  

During the last few decades, many radiotracer studies for the investigation of sediment transport in 

natural systems have been conducted worldwide, and various techniques for tracing and monitoring 

sediment have been developed by individual tracer groups. Recently, new equipments, such as 

combined data acquisition systems that record radiation counts together with GPS position data, 
radiotracer injection systems for more convenient and safer handling, and radiation detection systems 

for more reliable data collection, as well as new software packages for more accurate tracer data 

treatment and interpretation, have been developed.  
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Radiotracer Detection

H/W and S/W for Radiotracer DAQ

Data Processing Software

Tracer Container & Injector(192Ir glass)

Silicone ring

Wire fix NaI scintillator

air

stopper

bottom

safety pin

hammer

DGPS

Radiation 
Measurement

GPS/Radiation Integrated DAS

• Platform: National Instrument LabVIEW

 

Fig.9: Details of equipment for sediment transport monitoring with radiotracers 

 

3.2.1.2.  Proposed new development 

To develop integration of tracer techniques and hydrodynamic models for sediment transport studies, 

in environmental systems 

• harmonization of methodologies and tools through inter-laboratory comparison test for 

detection, analysis procedures and tools 

• development of multi-tracer methodology for on-line detection 

• development of software for data analysis and treatment to interface tracer results and 

models inputs 

• improvement in existing hardware for better and safer experimental works 

 

3.2.1.3. Industrial benefits 

The developed techniques and methods for sediment tracing will be compiled as a technical document, 

which is essential for the preservation of the knowledge and transfer of the technology to developing 
countries. Standard procedures or guidelines for the tracer experiments, which are vital for the 

reliability of the experiments and the acceptance of end-users, will established by the international 

tracer community.  

Typical problems related to sediment movement in the natural systems are: 

- Littorals in many countries are subjected to erosion. On sedimentary coasts, coastal erosion 

sometimes poses a serious danger to human settlements. Armoring structures are erected when coastal 

erosion threatens beachfront properties. The structures protect properties, but the shorelines undergo 
long-term retreat, which often leads to beach loss.  

- For the management of sufficient water depth at ports and harbors to accommodate ship movements, 

dredging operations are carried out. The selection of suitable dumping site of dredged material is very 

important, as dumped material should not come back into the navigation channel.  

- Municipal wastewater consists of a mixture of aqueous and particulate components. The effluent 
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particles are complex mixtures of organic and inorganic solids. Information concerning the diffusion 

and settling behavior of the particles has important implication for understanding the impacts of 

effluent discharges on receiving water systems.  

 

3.2.2. Potential applications of neutron generator for in situ radiotracer production  

3.2.2.1. Status/Problems 

For further development of tracer technology and expansion of its application in industry and 

environment, it is vitally important to improve the availability of tracers. A partial solution may be to 
develop radionuclide generators suitable for industrial use. The CRP on Evaluation and Validation of 

Radioisotope Generator-based Radiotracers for Industrial Applications was implemented during 2007-

2009. Some potentially useful radionuclide generators, such as 
68

Ge/
68

Ga and 
137

Cs/
137m

Ba in addition 
to medical radionuclide generators 

99
Mo/

99m
Tc and 

113
Sn/

113m
In, were approved as useful and available 

generator for industrial radiotracer technology. 

However, ensuring timely availability of radioisotopes is still one of the main obstacles to the use of 

radiotracer techniques in industry not only for developing countries that do not possess radionuclide 
production facilities but also for developed countries. The long time required to produce and transport 

radioisotopes not only completely rules out the use of short half-life nuclides, but also makes it 

impossible for the radioisotope applications teams to respond to problems of an urgent nature.  

In situ production of radiotracer using a neutron generator is one of important and effective method to 

solve the problem. As an example, water velocity may be measured by using the principle of oxygen 

activation (
16

O(n,p)
16

N) to produce 
16

N whose half live is 7.13s.  

The following case is investigated using the MOCA Monte Code: The setup is devoted to RT

D measurement of the fluids flowing into the pipe, using activation of oxygen of water or 

markers. 

 

 

Fig.10: Principle sketch for in-situ activation of components in fluid flow with a neutron generator as 

a means of producing and “injecting” a radiotracer non-intrusively.  

 

• Pipe diameter=30 cm, Wall thickness of the pipe=0.5 cm, Velocity=6 or 60 m/min 

• Plasma Focus ion source: pulse=10ns long, flux=n/pulse (DT tube),  

• Solid angle neutron source= steradians, Scintillator NaI(Tl) 2”x2” 

• Exposition time where is the mean velocity of the fluid into the pipe (aperture of the 

detector is 0.1 m) 

• The distance between the source and the detector is assumed to be short enough to not 

observe significant decay of the radioisotope product.  
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Result of simulation:  

1. The energy of the most sensitive gamma ray emitted by 
16

N is 511 keV. The expected ra

diation count measured by the detector is 14300 or 1430 impulses according as the velocit
y is 6 or 60 m/min.  

2. High cross section marker in relation to capture (a 14 MeV neutron generator is used). R

h whose gamma ray energy is 555.810 keV is considered in simulations, assuming 1% co
ncentration in water. The expected radiation count measured by the detector is 2540 or 25

4 impulses according as the velocity is 6 or 60 m/min. So, the Rh concentration could ha

ve been 10 to 100 lower (i.e. 100 or 1000 ppm), depending on the velocity of the fluid. 

Sc is 0.0915/0.0114 = 8 times more sensitive than Rh. If speed is high, whose half life is
 2.18 s is 1/0.0114=88 times more sensitive than Rh. 

 

3.2.2.2. Proposed new development 

• On-line production of radioisotopes using neutron generator  

• Identification of flow system where the direct activation method is applicable 

• Development of sequential (radioisotope production � injection) methods 

• Development of target material (tracer) 

• Development of neutron irradiation and injection system 

• Radiation safety and regulatory aspects  

• Collection of case studies 

• Feasibility study for the detection of activable tracers using PGNAA technique 

• Feasibility study for positron emission tomography using markers emitting  

Fig. 11: Principle sketch of a system where a neutron source (neutron generator) is used to activate an 

external volume of an activable tracer which subsequently is injected into the flowing system. 

 

 

3.2.2.3. Industrial benefits 

• Increase of potential radiotracer investigations for the optimization of industrial systems 

especially in developing countries.  

• Elimination of radiation safety problems during transportation and injection of radioisotopes 

• Easy to establish routine application of radiotracer techniques for flow rate and RTD 

measurement 
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3.2.3. Development of compact and high efficiency detector system 

3.2.3.1. Status/Problems 

• NaI(Tl) detector is used in most of radiotracer experiments (density: 3.67 g/cm3) 

• CsI(Tl)/APD system is commercially available (density: 4.51 g/cm3) 

• Detectors may disturb the fluid flow when immersed in the fluid  

• Detection efficiency NaI(Tl) and CsI/ detector is low compare to other high density 
scintillators (BGO, LSO, etc.) 

• The following is a list of potential inorganic crystals: 

- Bi4Ge3012 or Bismuth Germanate (BGO): It has a higher stopping power, but a lower 

optical yield than NaI(Tl). It is often used in positron emission tomography machines. 

Density: 7.13 g/cm3 

- CdWO4 or cadmium tungstate: a high density, high atomic number scintillator with a very 

long decay time (14 µs), and relatively high light output (about 1/3 of that of NaI(Tl)). 

CdWO4 is routinely used for X-ray detection (CT scanners). Having very little 
228

Th and 
226

Ra contamination, it is also suitable for low activity counting applications. Density: 

7.90 g/cm3 

- Gd2O2S or Gadolinium oxysulfide (GSO) has a high stopping power due to its relatively 

high density (7.32 g/cm
3
) and the high atomic number of gadolinium. The light output is 

also good, making it useful as a scintillator for x-ray imaging applications. perfect but 

very expensive 

- LSO or lutetium oxyorthosilicate (Lu2SiO5): used in positron emission tomography 
because it exhibits properties similar to BGO, but with a higher light yield. Its only 

disadvantage is the intrinsic background from the beta decay of natural 
176

Lu. 

- LYSO (Lu1.8Y0.2SiO5(Ce)): comparable in density to BGO, but much faster and with 
much higher light output; excellent for medical imaging applications. LYSO is non-

hygroscopic. Density: 7.1 g/cm
3
 

 

3.2.3.2. Proposed new development 

Development of new compact radiation detection system with high detection efficiency 

• High density scintillation crystals 

• Replacement of PMT by APD or SiPM 

• Development of electric circuit with low noise level 

• An possible example 

- Efficiency of 1”x1” BGO/SiPM to 
60

Co gamma-ray is approximately 50% of 2”x2” 
NaI(Tl)/PMT 

- Volume of 1”x1” BGO/SiPM detector is less than 10% of 2”x2” NaI(Tl)/PMT 

- Weight of lead collimator for 1”x1” BGO/SiPM detector is less than 10% of 2”x2” 
NaI(Tl)/PMT 
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Fig. 12: Examples of industrially useful detectors and detection equipment, mainly for gamma 
detection 

 

3.2.3.3. Industrial Benefits 

• Lighter tracer equipment (detector, lead collimator, cable) 

• Low voltage operation (30V) 

• Easy to install detectors 

• Minimum disturbance of the fluid flow when the detectors immersed in the fluid  

• Good for industrial CT, SPECT and RPT 

 

3.2.4. Preparation of Training Course Series on Chemical engineering processes on 

which radiotracers and sealed sources techniques are applied 

3.2.4.1. Status/Problems 

Most of personnel working for radiotracer and sealed source technology have not enough knowledge 

on chemical engineering processes where a lot of radiotracer and sealed source experiments are 
implementing. 

 

3.2.4.2. Proposed new development 

Preparation and publication of a training material on chemical engineering tailor-made for training of 

tracer specialists. The proposed Synopsis is as follow; 

I. Scope (Preliminary) 

There is a need to produce a material for training of radiotracer specialists on chemical engineering 

processes, on which radiotracers and sealed sources techniques are applied. As the background of most 

of tracer people is not in chemical engineering field, the knowledge on chemical engineering processes 
and processing units will be very helpful for them to perform better tracer experiments, to enrich 

interpretation, and to enlarge applications and services to industry. A concise training material tailored 

for radiotracer specialists is needed. The main part of the document will be the descriptions on the 

chemical engineering operations and process units where radiotracer and/or sealed sources can be 
applied. Each of the main parts to be followed by a few paragraphs describing followings: 

− For each unit operation, what are the expected problems that could be solved using the radiotracer 

and sealed sources techniques? And what kinds of the radiotracers and sealed sources techniques 



30 

 

can be used to solve the specific problems? 

− How the data or parameters measured using the radioisotope techniques are utilized and what are 

the technical advantages of the specific radioisotope application? How big is the economic benefit?  

II. Proposed Table of Contents (Preliminary) 

 1. Introduction (5 Pages) 

− Concept of material balance, mass, moles and molecular mass 

− Concept of energy balance, types of energy 

− Concept of tracer / role of  tracer 

2. Chemical engineering process (10 Pages) 

2.1. Basic chemistry; chemical reactors/ equilibrium 

2.2. Reactor kinetics, rate constants, order of the reactions 

3. Hydrodynamics of separation equipments: (10 pages) 

3.1. Phase hold-ups 

3.2. Phase distribution (steady and dynamic) 

3.3. Phase-phase interaction 

3.4. Role of tracers in understanding of phase behavior and phase interaction 

4. Hydrodynamics of reactors: (10 pages) 

4.1. Energy supply moles and its distribution 

4.2. Energy dissipation and continuous phase circulation 

4.3. Transport process and transfer coefficient 

4.4. Use of tracers in understanding hydrodynamics of reactors 

5. Types of chemical engineering operations for separation and use of tracers (30 pages) 

5.1. Distillation 

5.2. Absorption 

5.3. Adsorption 

5.4. Extraction 

5.5. Cristallisation  

5.6. Filtration  

5.7. Dring 

5.8. Humidification 

5.9. Fractionation and stripping            

6. Types of the reactors and use of tracers (10 pages) 

6.1. Pipe line 

6.2. Stirred reactors, single and multiphase 

6.3. Column reactors, packed beds and fluidized bed 

6.4. Bubble columns 2-3 phase sparged reactors 

6.5. Slurry bed reactor 

6.6. Trickle bed reactors 
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3.2.4.3. Industrial Benefits 

Better understanding of the chemical engineering system to be investigated using radiotracer and 

sealed source techniques will enhance the quality and quantity of the experiments. 

Better communications with the plant engineers for planning and interpretation of the experimental 
results. 

 

  WILSON APARECIDO CALVO, BRAZIL 3.3.

3.3.1. Industrial equipment troubleshooting with imaging technique improved 

gamma-ray absorption scans  

In continuous production plants like refineries and petrochemical sites, the process equipment 

performance are analyzed with the help of a process model, according to this operational variables, 

quality of feed and products. With increasing complexity and restricted boundaries of process, design 
and operations, the use of non-destructive testing (NDT) has been widely used to on-line validate, 

check and troubleshoot these process models. 

Among the available technologies, nuclear techniques stand out by not perturbing or affecting the 

process in analysis, allowing that on-line testing be performed. Modern equipments and methods 
permit that nuclear techniques found only in literature migrate to the field. Distillation column gamma 

scanning, neutron backscattering, chemical and radioactive tracers and industrial computerized 

tomography are common practices nowadays and represents one of the most powerful techniques to 
on-line analyze process equipment’s. 

Gamma ray column profiling or gamma scanning is one of the most used NDT nuclear techniques on 

troubleshooting industrial equipment’s like distillation columns and chemical reactors. With a very 
simple concept, the technique is easy to implement. Searching for a competitive edge the industry has 

been long developing solutions to achieve better results. On the last decades, significant development 

has been done with the advent of new equipment’s, electronics, portable computers and software. 

Continuous scanning and wireless detection systems are examples of successful field solutions, while 
new software aid on reporting and data presentation.  

However the type and quality of the gamma scanning results itself has not dramatically changed since 

its beginning. A scan profile is simple to understand, although the process to build it can be very 
complex as it requires a specific blend of knowledge and abilities. Process engineering, chemical 

engineering, internal hydraulic project, nuclear engineering and field abilities are pre requisites for of 

any scan specialist. Correct data gathering, interpretation and reporting are abilities often difficult to 

match or requires a long time of training. The industry faces a similar difficult on the customer side, as 
it is always necessary to train end users to understand a report and how to use its best.  

A new approach on the gamma scan test using image reconstruction techniques that would result on a 

graphic image rather than a XY plot has been developed. Direct and easier to understand, a report with 
graphic images would be also be accessible to a wider audience, not limited to the customers 

experienced with gamma scan interpretation. 

The processes of obtaining a space image of an object through some of its projections are called 
reconstruction. The first tomographs used the radiation attenuation principles, which can be expressed 

by the Equation 1: 

       (1) 

Where “I” and “Io” are respectively the initial and final radiation intensities, “µ” is linear attenuation 

coefficient for a given median and energy and “x” is the object thickness. If the physical property 
varies along the path on the object, the function can be expressed as a product of functions as it is 

shown in Figure 13. The process of image reconstruction calculates the property distribution within a 

region, with a limitated number of measurements using a mathematical or iterative algorithm.  

  

 

0 ( , )I I f xµ= ⋅
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Fig. 13: Radiation attenuation along a path. 

 

In principle, as long as the emission and detection coordinates are known, it is possible to obtain a 

tomographic image of any spatial arrangement. On most of the cases, the layout of the apparatus 

imposes a geometry or the design starts with a know geometry for construction convenience or due to 

the data treatment routine. The conventional tomography uses the radiation attenuation principle, 
expressed by the Beer-Lambert law. 

Taking into account, it is develop an industrial equipment imaging system with a 2” NaI(Tl) detector, 

2” window collimator and a 
60

Co sealed source using the gamma ray absorption technique. Source and 
detector movements are set to 5 cm increments. The data file related to a trayed column layout and 

gamma scan profile, generated a tomographic image reconstructed, as shown in Figure 14. 

 

 

Fig. 14: Trayed column layout (a) with resulting gamma ray profile (b) and reconstructed 

tomographyc image (c). 

 

All reconstructions are done with an iterative algebraic method originated from ART (Algebraic 
Reconstruction Technique). This algorithm accepts any spatial arrangement between source and 

detector and also permits that the set of data be incomplete, which is relevant for real field situations. 

Depending on the applied image filter, the algorithm can privilege smooth or sharp density transitions. 
The algorithm uses concept similar to the Compressed Sense Theory, recently developed. 

The bidimensional images obtained with tomographic reconstruction tools are much easier to 

understand as their interpretation are very intuitive, as it can be seen on Figure 15. With the 

conventional gamma ray scan plot some of the same information can be also obtained, but that would 
require much more knowledge from the reader. On the other hand, some of the features observed 

could be indicated only with the aid of a tomographic image, as it introduces second spatial axis 

information: homogeneity of phases, interface appearance, spatial positioning. 
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Fig. 15: Mechanical and a process diagnostics features observed on a tomographic image originated 

from Algebraic Reconstruction Technique (ART) at IPEN-CNEN/SP, Brazil. 

 

3.3.2. Industrial multiphase process analysis using computed tomography  

The development of measurement geometry for medical X-ray computed tomography (CT) scanners 

carried out from the first to the fourth-generation. This concept has also been applied for imaging of 
industrial processes such as pipe flows or for improving design, operation, optimization and 

troubleshooting. Nowadays, gamma CT permits to visualize failure equipment points in three-

dimensional analysis and in sections of chemical and petrochemical industries. Figure 16 shows a 
developed mechanical system on a third-generation industrial CT scanner to analyze laboratorial 

process columns which perform highly efficient separation, turning the 
60

Co, 
75

Se, 
137

Cs and/or 
192

Ir 

sealed gamma-ray source(s) and the NaI(Tl) multidetector array. Each of NaI(Tl) detectors has an 

individual collimator made in lead, so that detectors are completely shielded by the collimator. It has 
also a translation movement along the column axis to obtain as many slices of the process flow as 

needed.  

 

Fig. 16: Third-generation computed tomography scanner developed at IPEN-CNEN/SP, Brazil. 
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The mechanical assembly for this third-generation industrial CT scanner is comprised by strength and 

rigidity structural frame in stainless and carbon steels, rotating table, source shield and collimator with 
pneumatic exposure system, spur gear system, translator, rotary stage, drives and stepper motors. The 

use of suitable spur gears has given a good repeatability and high accuracy in the degree of veracity. 

The data acquisition boards, mechanical control interfaces, software for movement control and image 
reconstruction are specially development (Figure 17). 

 

 

(a) (b) 

Fig. 17: Software (a) and hardware (b) arrangement screen controls of the third-generation computed 

tomography scanner developed at IPEN-CNEN/SP. 

 

A multiphase phantom capable to be setting with solid, liquid and gas is testing. Linear attenuation 

coefficients of the phantom are determined by Lambert-Beer principles. It is possible to distinguish 

between the phases even the polymethylmethacrylate and the water have very similar density and 

linear attenuation coefficients (Figure 18). The newly developed third-generation fan-beam 
arrangement gamma scanner unit has a good spatial resolution acceptable given the size of the used 

phantom. The tomografic reconstruction algorithm is the Alternative Minimization (AM) technique, 

implemented in MATLAB and VB platforms. The mechanical system presents a good performance in 
terms of strength, rigidity, accuracy and repeatability with great potential to be used in chemical and 

petrochemical companies for industrial process optimization. 
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(a) 

 

(b) 

Fig. 18: Attenuation coefficients difference between the phantom with the empty hole (a) and the 
phantom with the water filled hole (b). The used reconstruction algorithm is the Alternative 

Minimization (AM) technique, implemented in MATLAB and VB platforms. 

 

The gamma ray computed tomography (CT) techniques for industrial processes evaluation has been 
indicated as the most promising to visualize the structure and the distribution of solids, liquids and 

gases inside multiphase systems such as industrial process columns, and capable to obtain 

measurements in real conditions without interrupting the operation. Although the system is only 
capable of providing time-average data, it can provide unique information concerning the structure of 

multiphase systems. There are basically four CT versions of scanners for industrial purposes, among 

which the third and fourth generations are the most important and used nowadays. Briefly, the third-
generation CT has better performance in spatial resolution while the fourth-generation CT has the best 

performance in the temporal resolution. The main advantage of the CT include is a non-invasive 

nature, capability for providing local as well as global information and adaptability for automating 

entire data acquisition process under investigation, with great potential to be used for industrial 
process optimization.  

A gas absorption column, used as a simulator bubble column for industrial process is evaluated, using 

the third-generation industrial computed tomography.  Gamma ray tomographic measurements are 
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taken at three positions relative to the point of bubble generations as showed in Figure 19.  

 

  
 

Fig. 19: Bubbles scattering along the column height. Tomograms are carried out at 20 mm, 120 mm 

and 320 mm from the centre of air bubble generation (φ = 5 mm). The bubbles are generated using a 
gas absorption column. 

 

A tomographic reconstruction algorithm (AM) technique implemented in FROTRAN with data 
acquisition in Excel-VB is used to calculate the spatial variation of the gas and liquid over the column 

cross section. Tomographyc images describe the liquid or gas phase holdup distributions for bubbles 

generated.  It is established that the newly developed third-generation fan-beam arrangement gamma 
scanner unit has a good spatial resolution, given the size of the column.  
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Fig. 20: Images generated by Alternative Minimization (AM) algorithm from measurements taken at 

different distances from bubble generation centre. The arrow points to the region of the bubbles 

generation. 

 

Finally, the main capabilities of the CT to give information about a multiphase process column can be 

summarized in terms of the reconstructed images and the hold-up curves. The use of a simulation 
column, where the analyst can visualize directly the phenomena occurring inside the simulation 

column, leads to the conclusion that the hold-up curves are an important analytical tool. While the 

reconstructed image allows visualizing the bubble generation center only in a region close to it, the 
hold-up curves are more efficient to characterize the multiphase column phenomena. 

Close to the bubble generation centre, the bubbles are subjected to high pressure due to the water 

column above to bubbles and in such case the entropy is lower, while in higher regions of the bubble 

generation centre, the water pressure decreases and the bubble volume increases causing a disruption, 
dividing it in small bubbles and spread out randomly. This phenomenon involves an entropy burst. The 

dynamical interaction of bubbles with the column environment (viscosity, pressure and air flow) can 

cause column regions with different size of bubbles that can modify the profile of hold-up curves. For 
the industrial purpose, the design and scale-up of multiphase flow reactors are of great importance.  
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3.3.3. Computer automated radioactive particle tracking 

Radioactive particle tracking techniques have emerged in the field of chemical engineering and have 
become increasingly for non-invasive flow mapping of the hydrodynamics in multiphase reactors. 

Based on gamma-ray emission sensitization of an array of scintillation detectors, the Computer 

Automated Radioactive Particle Tracking (CARPT) technique measures flow fields by monitoring the 

actual motion path of a single discrete radioactive flow follower which has the physical properties of 
the phase whose motion is being followed (Figure 21). The accuracy of the CARPT is associated with 

the reconstruction of the tracer particle position which affects the space-resolution capability of the 

technique. In that case, it is important to choose prudently the best hardware and an optimal 
configuration of CARPT detectors' array.  

 

 

Fig. 21: RPT set-up proposed by Missouri University of Science and Technology, USA. 

 

3.3.4. Nanoparticles for radiotracer studies in industry 

Silica-coated gold nanoparticles (
198

Au@SiO2) prepared in a stable form by gamma-ray irradiation are 

bombarded with neutrons in a nuclear research reactor in order to activate gold nuclides into 
198

Au 
emitting gamma radiation of 0.412-1.088MeV (Figure 22). The particle size ranges from 20 to 200nm. 

The physical integrity of the particles can be examined by transmission electron microscopy (TEM) 

before and after the neutron irradiation and the silica-gold particles will be not affected in terms of 

structural appearance under gamma radiation environment. The gamma emitting nanoparticles can be 
utilized as a tracer in petrochemical and refinery industrial processes where the internal temperature is 

extremely high and the conventional organic radioactive labeled compound would be decomposed. 

The nanoparticle surfaces can be modified (hydrophilic or hydrophobic). 
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Fig. 22: Silica-coated gold nanoparticles (
198

Au@SiO2) developed for radiotracer studies by KAERI, 

Korea. 

 

3.3.5. Industrial radionuclide generators 

Radioisotopes are widely used as tracers throughout industries to optimize processes, to solve 

problems concerning the flow structure inside the apparatus under investigation and to improve the 

quality and yield of final process products. However, the radiotracer routine services are in many cases 
limited by difficulties with the availability of radioisotopes. Many countries in Latin America and the 

Caribbean Region have no radioisotope production facilities such as nuclear research reactors or 

cyclotrons for target material irradiation. In fact, more frequently are used such generators as 
99

Mo/
99m

Tc and 
113

Sn/
113m

In in the region, but these daughter radionuclides have limited applications in 

industrial studies, because of their relatively low gamma energy and impossibility to penetrate the 

walls of a vessel under investigations. For a radionuclide generator to be suitable for industrial use the 
half-life of the mother radionuclide must be appropriately several months and the daughter 

radionuclide may vary from some minutes to several hours. On the one hand, there are radionuclide 

generators commercially available in nuclear medicine with high radiochemical and radionuclide 

purities, which can be used for industrial applications such as 
68

Ge/
68

Ga, 
137

Cs/
137

Ba and other. They 
are presented in Table 3. On the other hand, theirs prohibits prices justify the development of industrial 

radionuclide generators by the Member States (Figure 23), coordinated through the IAEA.    
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Table 3: - Radionuclide generators for industrial applications. 

 

 

 

 

Fig. 23: Industrial radionuclide generators manufactured by CIAE, CHINA. 

 

  JEAN-LOUIS BOUTAINE, FRANCE 3.4.

Some examples of recent applications performed in France are presented here below. 

3.4.1. Tomodensimetry of two phase flow 

Mock-up of ARIANE launching vehicle liquid hydrogen turbo-pump 

Three successive R&D (validation before transposition to real liquid hydrogen turbo-pump) & 
application steps for cavitation mechanism studies: 

a - Use of water. Maximum rotation speed 5000 rev/min. Tomo-densimeter: 100 kV 30 mA X-ray tube; 

linear array of 10 detectors NaI/PM (working in current mode) (cooperation with CREMHYG 

Laboratory Grenoble) - PhD thesis of Walid HASSAN (University of Grenoble November 2005). 

b - Use of freon as substitute of gaseous & liquid hydrogen. Maximum rotation speed 5000 rev/min 

Tomo-densimeter: 150 kV 2 mA X-ray tube; linear array of 10 detectors NaI/PM (working in current 

mode) (cooperation with CREMHYG Laboratory Grenoble) 

c - Presently, on progress tests at SNECMA cryogenic motor test pad in Vernon. Maximum rotation 

speed 50000 rev/min. Tomo-densimeter: 160 kV 18 mA X-ray tube; linear array of 64 detectors 

CsI/Hamamatsu photodiodes (working in current mode).The acquisition is synchronised with the 
shaft’s rotation (1 each 19 s). 
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Apart from these tests, at the CREMHYG Laboratory, study of the visualisation of cavitation 

phenomena: appearance & disappearance of cavitation in a 2D water flow loop. Use of an image 

intensifier coupled with an ultra-fast camera (2 10
6
 images/s). A video record of the flow have been 

done at 20000 images/s using an 3 kW X-ray tube (160 kV 18.75 mA) The goal is to obviously show 

the cavitation mechanisms, understand their origin & find counter measures. 

Tomodensimetry of two phase flow (Al2O3 powder/ gaseous hydrogen) on pilot cracking unit. Gamma 
transmission (

137
Cs) with 32 x (BGO+PM) in 2 positions = 64 detectors. End user: IFP Solaize 

 

3.4.2. In situ sediment density measurement, downstream, in dam exhaust channels 

during periodic flushing operation 

In situ sediment density measurement, downstream, in dam exhaust channels during periodic flushing 

operation (nominal concentration 8 g/l). JTTX gauge using a Moxtek 29 kV, Ag anticathode, X-ray 
tube, 50 µA. Continuous measurement during the whole flushing campaign. End user: CNR Génissiat 

dam on the Rhone River 

 

3.4.3. Selective detection of plastics refuse in a recycling plant using X-ray 

fluorescent tracer 

TRIPTIC (Traceurs Répartis pour l’Identification des Polymères et Tri Industriel en Cadence) 

cooperative research project (CEA, ENSAM Chambéry, INSA Lyon, Pellenc, Plastic Omnium, 

Renault, Tracing Technologies - 2010-2014). Addition of discriminating labelling agent (like 
Ytterbium), to certain classes of plastic materials used in the automobile industry (PP, HDPE, LDPE, 

PVC, PET, PC, PA6, ABS), which could be detectable online by X-ray fluorescence identification. 

Such a technique could be complementary to UV fluorescence detection. Measurement rate: each 

10ms. Concentration of X-ray fluorescent tracer: some 100 ppm. 

 

 

  STUART CHARLTON, AUSTRALIA 3.5.

3.5.1. Current Status 

3.5.1.1. Process diagnostics 

In recent years, there has been continuous growth in the application of radioisotope techniques to the 

solution of problems on large-scale industrial process plant, but nowhere more so than in the 
petroleum and petrochemical industries, which are by far the major users.. There are three main 

reasons why this is so. Firstly and most importantly, there is considerable economic benefit to these 

industries from radioisotope technology. Refineries and petrochemical plants are large and 

continuously operating so that the ability to diagnose problems on line and with minimal disruption to 
the process can lead to very large savings. Secondly, the processes operated by them are complex: the 

insights provided by on-line radioisotope applications can be invaluable, both for trouble-shooting and 

as inputs to process optimization. Thirdly the industries are international in nature. Scientific, 
engineering and technical personnel are often assigned to overseas postings in the course of career 

development and take their user experience with them. This has been an important factor in the 

worldwide acceptance and use of radioisotope technology by industry. Applications in these industries 

are therefore reasonably representative of industrial usage in general. 

Applications fall into two broad categories: techniques based on sealed sources of radiation and those 

based on radioactive tracers. Examples from both categories are discussed briefly below, with attention 

focussed on those techniques that are used most widely at the present time. 

3.5.1.2. Sealed source applications 

The inspection of distillation columns by gamma ray transmission, usually known simply as “column 



42 

 

scanning” is in regular use in most parts of the world and is regarded as a standard method of 

investigation, with many thousands of applications each year. Scans are performed on all types of 

column, including those with packed beds, with diameters ranging from 800-13000 mm. The 
methodology has been long established, but has been progressively refined by the introduction of 

improvements such as wireless radiation detectors, enhanced data processing, automatic scanning 

systems and easily accessible scan-databases. 

The gamma ray transmission method is also used extensively to inspect pipe work. In many cases, the 

objective is to investigate the build-up of deposits and to locate blockages. However, by far the most 

common application is the inspection of the tubular members that make up the subsea structure of 

offshore oil platforms to check for water ingress. A water-flooded member is indicative of a serious 
crack in the structure and steps need to be taken to remedy the situation.  A Remote Operated Vehicle 

(ROV) positions the source and detector on opposite sides of the member to be inspected. From the 

measured transmitted radiation intensity it is possible to state with certainty whether or not the 
member is flooded, and to what extent.  This type of inspection is now a statutory safety requirement 

in many parts of the world and many hundreds of platforms, incorporating up to 300 members each, 

are inspected each year. 

The use of gamma ray transmission tomography for the inspection of pipes and columns, though far 
less common than the above-mentioned applications is increasing rapidly, to provide complementary 

or supplementary information.  For example, tomography may be used in conjunction with a pipe 

scan to provide more detailed information about the pattern of deposit laydown in pipelines. The 
method is also commonly used to measure the distribution of catalyst and vapour in the risers of fluid 

catalytic cracking units. Inspection of the packing inside a packed bed column to investigate the liquid 

distribution or to identify the presence and extent of solid deposits is a further application and one that 
is being used increasingly. Measurements on beds several metres in diameter are possible, provided 

the packing density is not so high as to reduce the transmitted radiation intensity too greatly. 

The neutron backscatter (NBS) technique is also used throughout the petroleum and petrochemical 

industries. The technique is based on the unique effectiveness of hydrogen to moderate fast neutrons, 
making it possible to distinguish between liquids of different hydrogen concentration. Its primary use 

is the measurement of levels and liquid interfaces inside process vessels. The measurement requires 

access to one side of the vessel only, so measurements can be carried out on large vessels that cannot 
be inspected by gamma ray transmission. The scanning of production separators in the oil industry is 

one such example, where it is possible to obtain useful information about the extent of the various 

phases present: sand, water, emulsion, oil, foam and vapour. 

The NBS technique is also used in conjunction with distillation column scans to obtain information 

about the liquid loadings of downcomers. Because the detector response is determined primarily by 

material within 100-150 mm of the probe, the instrument effectively “sees” only 100-150 mm into the 

vessel, so that the observed signal is determined only by the liquid in the downcomer and not by that 
on the tray. For much the same reason, the technique can be used to measure the shell side level of 

liquid inside a heat exchanger. There is also considerable interest in using this method to detect water 

trapped under thermal insulation. This is important, since the presence of water can be a precursor to 
corrosion of the metal wall.  

3.5.1.3. Radioactive tracer applications 

Most diagnostic applications in industry are based on the pulse injection of an appropriate radiotracer 

into the process material, following its progress through the system using strategically positioned 

external radiation detectors. The basic methodology is thus that of a residence time measurement, 

though in many cases, the objective is not a detailed residence time distribution (RTD) study, but 
rather to measure process flow rates or to detect and quantify internal leakage.. It is convenient to 

discuss petroleum and petrochemical industrial applications as falling into the above three categories. 

For the measurement of process flow rates, the most commonly used approach is the pulse velocity 
technique, in which the transit time of the injected pulse of radioactive tracer between two downstream 

detectors is measured.  Though this technique is still widely employed, its use for checking and 

calibrating installed flow rate meters is less frequent than before, owing to improvements in flow 
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meter quality and reliability.  Additionally, the achievable accuracy of ± 0.2% at best is not 

sufficiently precise for the calibration of modern custody transfer meters for hydrocarbons. The 

technique continues to be employed for a variety of other purposes: to provide inputs to plant mass-
balances, to measure the efficiency of pumps and turbines, to measure the distribution of flow through 

networks and for environmental monitoring purposes. An alternative flow measurement approach, the 

constant-rate dilution method, is still in use and among its advantages is the fact that flows can be 
measured in conduits of any shape, without the need to make any assumptions about the flow cross 

section. However, it is necessary to take samples of the process stream to measure the tracer 

concentration and for this reason non-radioactive tracers are being used increasingly in preference to 

radiotracers.  

The pulse injection method is commonly used for leakage testing and is, perhaps, best exemplified by 

the location of internal leakage in heat exchangers. The pulse is injected into one of the streams, say 

the tube-side flow and its progress through the exchanger and associated pipework is monitored by 
externally positioned radiation detectors. Additional detectors, mounted on the shell-side exit 

pipework continually monitor the flow for radioactivity. A positive response from these detectors 

confirms the presence of a leak. The method is relatively easy to apply and requires only that an 

injection point be available upstream of the exchanger. Leakage flow rates of 0.2% and greater can be 
measured using this approach. Similar methodology is applied to detect bypass flows around vessels 

resulting from faulty isolation valves and the measurement of liquid carryover in the gas streams from 

process separators. If a lower limit of detection is required this can be achieved by taking and assaying 
samples from the exit process stream, rather than by using an external radiation detector. By using this 

approach, leaks at the ppm level can be detected. However, tests involving sampling of the process 

stream can be performed with high sensitivity using non-radioactive tracers and this is an increasing 
trend. 

Residence time distribution measurements continue to be used extensively for the study of fluid flow 

characteristics, providing valuable inputs to process models.  The integration of the results from RTD 

into CFD models is an increasing trend. There are many trouble-shooting applications, which may be 
illustrated by applications on Fluid Catalytic Cracking (FCC) units.   An efficient FCC is crucial to 

the economic success of many refineries. The units comprise very large reaction vessels and the 

process flows are multiphase. Operating conditions are extreme, with large flow rates, high 
temperature and abrasive process flows. The non-invasive nature of the radiotracer RTD technique 

makes it ideal for performance studies on these units. It is possible to trace all of the process flows, 

gaseous, liquid and solid using pulse injection of radiotracer and external radiation detectors to obtain 
information about the flow patterns of the various phases including: catalyst and vapour flows up the 

riser, catalyst and vapour residence times in the reactor disengagement vessel, channeling of catalyst 

through the stripper and air distribution in the regenerator vessel. These are large studies, often 

requiring the deployment of over 100 radiation detectors. 

RTD techniques are used in the offshore oil industry to study the gas, oil and water feeds to three-

phase production separators to identify flow problems and to verify the success of vessel design 

modifications in achieving performance improvements.       They are also used in pipeline flow 
assurance studies, to measure the extent to which flow has been restricted by deposition of solids. 

 

3.5.2. Trends 

In recent years, there has been a very pronounced increase in the use of sealed source techniques, 

which now account for over 80% of all process diagnostic applications. In contrast, the application of 

radiotracer techniques has, at best, remained static, or suffered a slight decline. There are a number of 
reasons why this has come about: 

1) The logistics of carrying out a sealed source application (including licensing procedures) are 

simpler than those for a tracer study and as a result, the response time for sealed source 

applications can be shorter and the associated costs significantly lower. These are both factors 
that favour the more rapid uptake rate of the sealed source applications. 
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2) Generally, clients are familiar with the concept of sealed source techniques, as a result of prior 

experience with gamma ray vessel radiography. Since the sources used for process diagnostics are 

orders of magnitude lower in activity than radiography sources, radiological safety is not 
perceived as a major issue. On the other hand, the concept of using radioactive tracers is less 

familiar and there may well be concerns about the potential release of unsealed radioactive 

material and associated contamination. 

3) By far the most serious effect on the growth rate of radiotracer applications in many parts of the 

world is the increasing difficulty in obtaining the necessary radioisotopes. Many of the research 

institutes and commercial companies who, in the past, produced industrial radiotracers no longer 

offer this service, generally because their isotope production facilities are now solely dedicated to 
the more lucrative medical radioisotopes business. As a result, it is often necessary to import 

radiotracers from overseas suppliers, adding significantly to the cost of the tracer project and 

greatly extending its lead-time. Either of these factors may lead to the rejection of a proposal to 
undertake a radioactive tracer study. In response to this problem, there has been increased interest 

in the use of radioisotope generators to provide a convenient source of radiotracer. This has been 

helpful, but does not furnish a complete solution to the radioisotope supply problem. 

4) Partly as a response to radiotracer supply difficulties and partly as a result of perceived 
radiological safety issues, there has been growth in the use of non-radioactive tracers. Essentially, 

a radioactive tracer study that involves sampling the process stream can also be carried out using 

a non-radioactive tracer. This is a further factor impacting on the uptake of radiotracer 
applications. 

 

3.5.3. The future 

In considering the future use of industrial process diagnostics in industry, it may be observed that in 

general, the situation is not one of dramatic change. The technology is reasonably mature and major 

breakthroughs in nuclear science that might give rise to radically new techniques are not in evidence. 
Therefore, much of the future development of applied radioisotope technology will be based on 

current knowledge, together with technical advances in other spheres of activity.   

Most of the radioisotope applications discussed in Section 3.5.1 represent the best way, or in some 
cases, the only way in which those studies can be carried out. It is therefore very likely that there will 

be a continuing requirement for this technology into the foreseeable future. Future developments are 

likely to include: 

• The extension of gamma ray transmission scanning to packed beds of large diameter and/or 

high packing density. One possibility is to utilise radioactive sources of higher activity in 
remotely controlled automatic scanning devices.  However, it may be possible to increase the 

scanning range by utilising the Compton scattered radiation to a greater extent than at present. 

• Increased use of gamma ray transmission and neutron backscatter to the inspection of subsea 

structures 

• The use of neutron generators to exploit techniques other than neutron backscatter 

• A significant increase in the application of gamma transmission tomography, particularly for 

distillation column studies. Other imaging technologies, such as PET and SPECT will be used 

increasingly for studies in the laboratory or on small-scale semi-technical units, but are 

unlikely to be used on full-scale industrial plant for some considerable time. 

• Radiotracer studies, residence time studies, on line leakage testing and flow rate measurement, 

will continue to be used for process diagnostic purposes, but growth will be contingent upon 

improvements in radioisotope supply. An increase in the use of radioisotope generators is 

expected.     
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  JEAN-PIERRE LECLERC, FRANCE 3.6.

3.6.1. Radioactive tracer application in process industry; Tracer experiment and 

interpretation 

3.6.1.1. Current status 

 
Radioactive tracer technology has been extensively and successfully applied in process industries 

during the last decades. It mainly consists in an injection of tracer at the inlet of the studied process 

and responses detection at the outlet or at local positions to obtained more detailed information. The 
major objectives are trouble shooting analysis and determination of Residence Time Distribution of 

the studied phases inside the process. They are several tools available to carry out properly the 

experiments and the interpretation: 
 

- Radioactive tracers and radioisotope generators appropriate for use in a wide variety of processes 

- Tracer injection systems suitable for the optimal pulse-injection of gases, liquid and solids have 

been developed 
- Advanced detectors for global analysis but also for local measurements inside the process when it 

is necessary 

- Data system acquisition 
- User-friendly software packages of graduate levels for evaluation and processing of tracer 

measurements produced, provided to the national groups and evaluated by experts. 

 
The first coordinated research project (CRP) on “radiotracer technology for engineering unit operation 

studies and unit processes optimization” has contributed at the development of this technology.  

 

3.6.1.2. Proposed new development 
 

The recent development of micro structured reactors for process intensification, with the emphasis of 
ensuring product properties in compliance with customer requirements, energy saving and limited 

environmental impacts, raise new questions about reactor characterizations. These reactors are based 

on complex internal structure which requires not only to improve, but also to rethink, the existing 
methodologies which are now un-adapted to answering to the new requests of the industry. As an 

illustration, Figure 24 represents the internal structure of a heat exchanger. The engineers request 

today high level quality control and to detect online some very small fouling as illustrated. The 

traditional trouble shooting analysis does not permit to detect such small internal defect. It thus not fits 
to the modern process requirements. Moreover the improvement of the knowledge in the 

Computational Fluids Dynamic and the more powerful computers makes that industry prefers to use 

numerical simulations in the detriment of experimental measurements. The Figure 25 shows an 
illustration of possibilities offered by CFD simulations. It represents the simulation of gas bubble in a 

micro-structured heat exchanger and the comparison with photos taken from rapid camera film. The 

level of accuracy of such simulations is impressive. The only limitations are the degree of knowledge 

necessary to carry out such simulations; the long research works necessary to reach such level of 
simulation and the long calculation times. But it is obvious that in the next one or two decades these 

simulations will be considered as a routine which is not the case today. 
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Fig. 24: Detection of the type, the amplitude and the location of a small default located in a 
micro-structured heat exchanger using radiotracer experiment: a big challenge for the 

future 

 

 

 
Fig. 25: It is possible now to simulate accurately the shape of very small bubbles (here less 

than 1 mm) using VOF simulations. 

 

 
The industry is now requiring not only a global characterization of the reactors and/or processes but 
also a local characterization through global measurements. The deeper interpretation of tracer 

experiments open some new horizons to study complex reactors much more in details. It 

necessitates several steps or/developments: 

 
-Advance treatment signal of the data in order to analyse not only the main trends of the 

tracer esponse but the numerous information behind the noise of the curve. 

-Better analysis of the tracer repsonse with the help of local measurement for example 
coupling tomographie or gamma scanning to tracer analysis. 

-Analysis of the noise causes by the bubble in multiphase flow to determine flow regime 

map 

 
These objectives would be achieved through the developpement of the methodologies but 
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also using new tracers, new detectors and new softwares. Nanotracers technology which has 

been described in an other section will contributed to these local analysis of the process. 

New types of dectectors adapted to local measurement with be also of a great help. 
Development of quantitative image analysis of gamma scanning will provide a 

complementary tool to tomography in case of fixed catalytic bed.The existing software have 

to be adapted to this new problematic in particular le preliminary treatment of the data 
curves need to be revised.  

 

3.6.1.3. Industrial benefits 
 

As explain in the current status part, the industry requires more detailed analysis of the 

reactor. The results with help the industry to analyse the new microstrured reactors but also 
to propose internal structuration to intensify the reactor (i.e. incresing of heat and mass 

transfer). It is also useful for better local control and better control of final quality products. 

This will result in a more satisfactory of the customer, higher benefit and lower impact on 
environment. 

 

For multiphase flow reactor which are widely spread around the world, it permit to 

determine online flowmap regimes without complex tomography measurements. The 
analysis of the noise of the tracer curve induced by the gas bubble can be interpreted much 

in more in detail with the high degree of refining if the methodologies are improved. For 

online heat exchanger diagnostic, these methods are of a primary importance and news 
researches are going on to develop them  

 (Selma Ben saad, 2011). 

 

For example and in order to illustrate the potential benefits with current problems raise by 
cournter part, the improvement of internal mixing in phosphates reactors in Tunisia 

necessitates depeer analysis of the tracer curves. Up to now the interprettaion do not permit 

to estimate the internal recirclation. Since it is linked to the performance of the impeller, it 
is not possible to propose new impeller to the industrial partner. 

 

All the industrial processes which are actually evaluated in nuemrous countries will 
beneficiate of these developments.In particular, the treatment of wastewtaer is of a primary 

importance in the developping countries. The numerous applications of tracer experiments 

in wastewater treatment processes will benefit of these new development and helping the 

exploitant to improve the efficiency of the treatment since local injection of air for 
biological treatment would be optimised. 

  

3.6.2. Radioactive tracer applications in process industries: Models and simulations 

3.6.2.1. Current status 

 
Numerous softwares are now available for tracer interpretations and modelling. Many of 

them have been displayed around the word and the radiotracer community do not limit its 

activity to the experimental part but also to the modeling of tracer responses. They are 
several examples of models presented in tecdoc and guide books issued from several CRP. T

he direct interpretation of tracer experiments consists to describe the flow behavior using a combi

nation of properly interconnected elementary reactors (plug flow, perfect mixing reactor, dead vol
ume…). It can be use later to simulate chemical reaction and it gives rapidly with few efforts the 

main reactor behaviors.  A more sophisticated method is based on computational fluid dynamics 

modeling (CFD modeling); numerous developments and progresses have been made during the la

st fifteen years and this method is now very well accepted for simulation of hydrodynamics. Ho
wever it remains still difficult when ones want to simulate hydro dynamic’s, heat and mass transf

er and chemical reactions all together. The calculation time remains very long and the necessary 
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validation of the simulations through experiment is often underestimated.  

 

One of the intermediate solutions is to find a reasonable trade-off between accurate description of
 local phenomena and limited difficulties based on both, information derived from tracer experim

ent and CFD simulations. This idea has been used several times by developing complex compart

ment models derived from tracer experiments for which both elementary reactors and parameters 
are justified or estimated using CFD simulations. This has been developed during the CRP on “In

tegration of RTD tracing with CFD simulation for industrial process visualization and optimizatio

n”. However these models developed during this period remain good tools for the description of t

he global main trends of the reactor even if the local descriptions have been slightly approached.
 The reason is that it was the first steps of the CFD applications to industrial processes and the t

ime of calculation were very long to the reduced power of the computer.  

 

3.6.2.2. Proposed new developments 

 
A new method is to developed compartmental model based on both tracer experiment and CFD s

imulations and taking into account local description of flow, transfer and chemical processes. The

Figure 26 illustrates this method recently applied to a biological wastewater treatment plant (Le 

Moullec et al., 2010). This method is extremely complex but it presents the advantage to give lo
cal estimation of concentration profiles de the reactants along the reactor. 

 

        

 

 

 
 

Fig. 26: Detailed scheme of the compartmental methodology. Information are issued from CFD 

simulation and tracer experiments 

 
This methodology is very complex nevertheless based on its principle several step of modeling 

approach have to be developed to answering the new request from industry already point out in the 

previous section (see Radioactive tracer applications in process industries: Tracer experiments and 
interpretation, current status). 

 

1-More advance modeling of tracer experiments using classical approach 
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To fulfill the new requests of industry, the classical approach is sometime sufficient if more detailed 

models are proposed. The simultaneous use of several complementary techniques allow to get much 
more local information and consequently to strength the level of description given by this approach. 

The Figure 27 illustrates this problematic in the case of a heat exchanger reactor. The right side shows 

the good agreement of the plug flow with axial dispersion model (pink curve, Peclet number =320) 
with experimental RTD curve (bleu curve). The agreement has been validated also by the high 

sensitivity of the agreement to the Peclet number since when a higher value is chosen (here 500 for 

example green curve), the agreement is bad. Using CFD simulation, perfect mixing cells in series 

model has been validated. Based on tracer experiments, the volume of the recirculation zone has been 
determined. The use of the new model to predict later chemical reaction behavior has allowed a very 

good prediction of concentration and temperature profiles along a complex reactor (Vafaei-Alamdari et 

al., 2009) 
 

 
Fig. 27: Despite an apparent good agreement between experimental data and plug flow with axial 

dispersion model, CFD simulation help us to carry out a more accurate model (left side) taken into 

account the 5% of slow velocities recirculation zones in the corner. 
 

2. Numerical simulation of tracer experiments using CFD simulations 

 
Comparison between RTD measurement issued from tracer experiments and numerical RTD 

calculated from CFD simulations has been found to be very a very robust tool for CFD validation. 

This is because the RTD is very sensitive to the turbulence model whereas velocity profiles are not. As 
a paradox global measurement (i.e. tracer experiment) appears to be more adapted for CFD simulation 

validation than local velocities field measurements. Consequently this aspect remains still few known 

by the industry need to be promoted. 

 
3. Compartmental approach 

 

The benefit is due to the broad spectrum of local information on the process that can be obtained with 
small simulation time. Even if this mastering of this approach is very complex several industrial 

problems can be solved by a simplified approach of this methodology. 

 

The compartmental modelling methodology describes the reactor in a network of functional 
compartments spatially localized. It is based on the determination of volumes in which physico-

chemical properties are homogeneous with a given tolerance. The structure of this model in the case of 

an aerated sludge channel reactor is presented figure 3. Once a complete CFD simulation of the 
hydrodynamics of the reactor is obtained, the main significant physical scales must be determined 

based on the process knowledge. For the channel reactor, the symmetry of the reactor allows to work 

on a sub domain of the reactor: a slice of reactor. Each slice is divided into different compartments. 
The number, the shape and the connectivity of compartments are determined on a detailed analysis of 

three key parameters: 

• The gas fraction since gas transfer between phases has a preponderant role and the 

gas fraction is inhomogeneous along a slice of the reactor.  
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• The liquid velocity in order to compute flowrate. 

• Liquid turbulence (k and ε) because the dispersion coefficient along the reactor is 

mainly dependent on them. 

 

The number of compartments is increasing with the decrease of the tolerance. In order to simplify the 
structure of the network, the very small compartments can be included straightforwardly to adjacent 

larger one. By construction, scales gradient along boundary between compartments are very low. 

Because the hydrodynamic characteristics are constant along the reactor, i.e., the number of perfect 
mixing reactors derived from RTD measurements is strictly proportional to the length of the reactor 

for a given set of operating parameters. The model is based on a succession of slices as represented 

figure 3.  Each slice can be detailed as follow:  

Zone 1: a large recirculation zone which is an only liquid phase zone with high velocity magnitude, 
high turbulent kinetics energy (k); 

Zone 2: the centre of the zone 1 which is, also, a liquid phase zone with low velocity magnitude and 

low turbulent kinetics energy (k); 
Zone 3: the aeration zone, which is a gas-liquid zone, with high velocity magnitude and high 

turbulence; 

Zone 4: the two dead corners at the opposite side of the sparger devices where the liquid moves with a 
low velocity magnitude and a small turbulent kinetics energy (k). 

 

The flowrates between compartments due to convective transport are computed from CFD simulations. 

Turbulent dispersion between two compartments can be estimated using an analogy similar to this 
used for systemic approach: the equivalence between plug flow with axial dispersion and perfect 

mixing cells in series with back-mixing. Once the structure and parameters of the slice has been 

determined, the number of longitudinal compartment is calculated by fitting simulated RTD to 
experimental one: convective flowrate and turbulent backmixing rate between compartment is known 

therefore the number of longitudinal compartment allows a good simulation of the RTD.  

 

3.6.2.3. Industrial benefits 
 

All the industries will get benefits from these developments since it will increase a lot the knowledge 
of the studied processes. 

 

As an example, wastewater treatment plant are now only evaluated on COD elimination performance 
but also to their ability to treat the micro (or emerging) pollutant. This aspect necessitates to study in 

details the process. 

 

FCC is now studied at the local scale to optimize their performances. Traditional approach is 
insufficient to go one step further in the comprehension. More generally, several processes spread in 

the petroleum and refineries industries (cracking reactors, adsorption and absorption processes, 

catalytic reactors…) required intensification and thus modeling at the local scale since they are 
dependent on heat and mass transfer. Reducing the energy consumption, the percentage of solvent and 

the size of the processes will also help to reduce the impacts on environment. 

 
From the more general point of view, the development of more detailed models fit also with the more 

detailed preliminary analysis of tracer experiments explained in the previous section. For all the 

studied processes, modeling tools should be adapted to the level of information given by the 

experiments. 
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3.6.4. Proposed CRP 

Advanced radioactive tracer methodologies and modeling applied to industrial processes for local 

process control and ensuring product properties in compliance with customer requirements. 
 

Idea of this CRP is to include both new experimental developments and deeper modeling analysis in 

order to fulfill the new request from industry. In particular, the industry now wishes to control not only 

the output or global parameters of the process but also the profile inside the process itself (temperature, 
physical properties of the fluids, concentrations…). Moreover, the objective of the producers is not 

only to improve the yield of production and the purity of the product with the lower consumption of 

energy but to ensure product properties in compliance with customer requirements. This will result in 
positive commercial results (pricing power of the product due to the high level quality) and favor 

sustainable development policy.   

 

 

 GEIR ANTON JOHANSEN, NORWAY 3.7.

3.7.1. NCS in multiphase flow measurement 

3.7.1.1. Trends 

3.7.1.1.1. General trends in measurement science 

 

There has been tremendous development within measurement science and technology over the past 
couple of decades. New sensor technologies and compact versatile signal recovery electronics are 

continuously expanding the limits of what can be measured and with what accuracy this can be done. 

Miniaturization of sensors and the use of nanotechnology continue to push these limits further. This is 

also true for radioisotope gauges and analyzers. Also, thanks to powerful and cost-effective computer 
systems, sophisticated measurement algorithms previously only accessible in advanced laboratories 

are now available for in situ on-line measurement systems. The process industries increasingly require 

more process related information, motivated by key issues such as improved process control, process 
utilization and process yields, ultimately brought forward by cost effectiveness, quality assurance, 

environmental and safety demands. These have been important driving forces for technology 

development; however, a considerable part also has to be attributed to the challenges and advances in 
exploration and exploitation of natural resources, medical instrumentation and diagnostics systems, 

and “big” sciences such as high-energy research and space science. 

The most prominent trend in measurement science besides the general technology development – nano 

technology included, is increasing R&D on and application of: 

• Multimodality measurement systems 

• Tomographic measurement systems 

- and sometimes a combination of these two. Both provide more insight to the process under 

investigation and thus to meet the growing demand for more information. The first provides better 

sensitivity the process constituents or components and the second the spatial distribution of these. A 
multimodality measurement system utilizes data acquired from simultaneous measurements using two 
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or more sensing principles. These sensing principles provide complementary information because they 

are sensitive to different variables in the process, for instance density and electrical resistivity. There 

are also so-called inherently multimodality measurement systems such as measurement of radiation 
transmission and scatter. Tomographic methods which are essential to better understand multiphase 

processes, are explained in more detail below. 

One may also say that another trend is the increasing focus the industry has long-term stability, 
reliability and maintainability. Scientists pay most attention to the accuracy of measurement methods 

and to some extent accessibility of the system to the process. This often comes down to a balance 

between the degree of information actually required and the complexity of the system being used. 

Perhaps a word of wisdom for Albert Einstein applies: Everything should be made as simple as 
possible, but not simpler. 

3.7.1.1.2. Specific trends in Nucleonic Measurement and Control Systems 

Ionizing radiation has played an important role in industrial measurement systems and will continue to 

do so. The reason is simply that it responds to the fundamental physical properties of matter - the 

density of elementary particles -and that this can be measured with relatively high accuracy. The 

measurements are thus less sensitive to other factors, such as temperature drift, compared to other 
measurement principles. In addition the accessibility through thick vessel walls is advantageous. 

However, in some industrial applications there is a drive to replace radioisotope sources with radiation 

generators such as X-ray tubes and neutron generators. Partly to better comply with the ALARA 
principle and consequently ease the required paper work and system commissioning, and partly to 

provide higher radiation intensity under operation. 

3.7.1.2. Multiphase flow measurement 

Despite over three decades of intensive worldwide research and development, the problem of how to 

accurately measure the flowrate of oil-gas-water mixtures in a pipeline remains one of the key 

challenges in the petroleum industry (Thorn et al, 2013).  The world’s relentless demand for oil and 
gas has been a motivation for petroleum companies to continually look for ways to advance oil and 

gas production techniques. Since the introduction of the first commercial multiphase flowmeter 

(MPFM) in the early 1990s, many things have changed. Some manufacturers are now releasing third 
generation MPFMs, while others have merged and some have disappeared from the market altogether. 

As production techniques have become more challenging, then so has the measurement requirement, 

with a general need for increased range, reduced measurement uncertainty and improved long-term 
reliability. 

All though MPFMs still are used onshore, the drive has been towards off-shore applications: Initially 

the meters were used to replace space consuming test separators on platforms, then for allocation 

metering on subsea grids with several operators, and exploitation of marginal satellite wells. The focus 
is now on down-hole metering in order to better control multiple production zones in different 

reservoir areas and well branches. Needless to say, this shift from topside to subsea and then down-

hole has imposed increasingly complex demands on the metering systems. 

MPFMs are multimodality meters operating by combining instantaneous velocity and cross sectional 

fraction measurements of the flow’s individual components as illustrated in Figure 28 below. The 

major measurement error source is the sub-second variations in the flow regime, the distribution of gas 
and liquid, in the measurement cross section of the pipe. It is particularly the gas fraction measurement 

that is most susceptible, however, significant errors may also be present in measurements of the water 

cut and the component flow rate measurements. 
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Fig. 28: The principle of multiphase (oil, gas, water) pipe flow measurement. 

 

The measurement error caused by variations in the flow regime causing the actual flow pattern in the 

measurement cross section to change rapidly, can easily be explained for different types of 

measurement methods used in MPFMs, in Figure 29 below. It illustrates the difference in 
measurement on a multiphase process between a case where the components are parallel and serial to 

each other relative to the sensing system. This could either be a source-detector NCS system or 

electrodes in capacitance or resistance measurements. 

 

Fig. 29: The difference in measurement results for parallel and serial distributions of the process 

components in the sensing volume. 

 

The real measurement conditions are of course more complex than illustrated here and very often a 

combination of these simple cases. Very often one component is evenly distributed in another 

component such as small gas bubbles in liquid. If these bubbles are small compared to the cross-

sectional area of the measurement volume, it will be interpreted as a homogenously mixed fluid by the 
sensing system. Otherwise, for larger gas bubbles, measurement errors will be introduced. Inline 

mixing systems are most often undesirable to avoid pressure drop, leaving tomographic methods as a 

possible solution. 

 

3.7.1.3. Tomograpic mehods 

3.7.1.3.1. Industrial process tomography (IPT) 

IPT has taken advantage of the general progress in measurement science and aim at providing more 

information, both quantitatively and qualitatively, on multiphase/ multi-component systems and their 
dynamics. Typical applications are real time data for online control and information systems and for 
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input in the development and verification of process models and instrumentation. In many cases the 

traditional approach for such systems has been to carry out one local or bulk measurement and assume 

this is representative for the whole system. In some cases this is sufficient. However, there are many 
complex systems where the component distribution varies continuously and often unpredictably in 

space and time as explained above. Unlike medical tomography systems, many IPT systems need to be 

fast in order to also unravel the dynamics of the processes. Some IPT systems provide several 
thousand data sets or images per second. However, it is always a trade-off between the measurement 

accuracies of space (spatial resolution), matter (resolution of component property) and time (speed of 

response). Together with the large variety in measurement geometries and sensor implementations, 

this means that IPT systems are usually designed for specific applications. 

A large number of IPT measurement principles have been and are still being developed: Electrical 

methods such as measurement of capacitance, inductance and resistance, optical and radiation-based 

methods spanning from infrared, microwave, X-rays, gamma-rays and even neutrons, magnetic 
resonance and ultrasound and acoustic methods - to mention just a few. The sensor technology for a 

specific application is primarily selected to achieve sensitivity to a physical property that is different 

for the components of the process, e.g. density, or electrical permittivity. For measurement or imaging 

of more than two components, multi-modality systems are often employed, either by measuring with 
one principle at several wavelengths or energies, or by combining several independent sensor 

principles. IPT is inherently interdisciplinary so that R&D requires skills in process engineering 

(chemical, combustion, pharmaceutical, etc), physics and electronic engineering for the sensor system, 
and mathematics and computer science for data processing algorithms. 

The output of an IPT imaging system need not be an image: it is just as often merely a few parameters 

describing the component distribution in the process. Actually, the complexity of an IPT system 
depends very much on the application: Full imaging systems are most often encountered in the 

development of multiphase processes or equipment for these, whereas in situ on-line process 

measurement systems frequently use a limited number of sensors and only a few parameters as output. 

In some chemical processes, the degree of component mixing is important; in others it is the other way 
around and the degree of separation is the issue. In both cases the conditions can be described with a 

few parameters, which for instance are used as input to a process feedstock control system. Multiphase 

flow measurement is good example where accurate knowledge on the temporal properties of the 
spatial component distribution is crucial. In this case it is because this distribution strongly affects the 

flowmeter’s calibration, and therefore measurement accuracy. 

3.7.1.3.2. High-speed gamma-ray tomography applied to flow imaging 

The high speed gamma-ray tomograph is shown below and consists of a sensor head equipped with 

five 500 mCi 
241

Am gamma-ray sources with a principal energy emission of 59.5 keV (Johansen et al., 

1996). Each of the five fan beam collimated radiation sources faces detector modules with focussed 
grid collimation. Each detector module contains a linear array of 17 CdZnTe detectors operated in 

pulse counting mode with read-out electronics optimised for high speed counting rather than energy 

resolution. The gamma-ray sensor head therefore comprises a total of 85 gamma-ray detector 
elements. The system is designed for a maximum pipe diameter of 80 mm. 
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Fig. 30: The geometrical design of the high speed gamma-ray tomograph sensor head. 

 

The read-out electronics of the high speed gamma-ray tomograph is based on charge sensitive 

preamplifiers, amplifiers and filter electronics. Short output pulses with 250 ns peaking time is 

accomplished by implementation of delay-line shaping which ensures high count rate capability.  

R&D on the high speed tomograph over the past years has been concentrated on image reconstruction 

algorithms, scatter correction algorithms and dual modality imaging (Hjertaker et al., 2005). The 

system is capable of imaging the gas-liquid distribution at rates of up to 1000 frames/s, provided data 

is streamed to memory for off-line reconstruction. 

The system is in regular use as reference instrument for manufacturers of MPFMs in the multiphase 

flow loop laboratory at Christian Michelsen Research in Bergen. The system is then mounted next to 

the MPFM under test in the flow loop, and data from the two units are synchronised for off-line 
analysis. 

 

Fig. 31: High-speed imaging example showing 2.5 s slug flow sequence, more complex than the model 

used to compensate for non-homogenously mixed flow in the MPFM. 

 

3.7.1.3.3. High-speed X-ray tomography applied to flow imaging 

The development of ultra high-speed electron beam tomography at Forschungszentrum Dresden-
Rossendorf was primarily motivated by the need for a fast, high resolution and non-invasive 

measurement technique for gas–liquid two-phase flows. Especially the rapid developments in the field 

of CFD simulation (computational fluid dynamics) increasingly demand new experi- mental data 
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which provide model developers with a detailed view on two-phase flow dynamics at sufficiently high 

spatial and temporal resolution. 

The ultra high-speed electron beam tomograph employs the principle of an electromagnetically 
deflected electron beam which is guided in a large vacuum tube and scanned across a large 

semicircular tungsten target surrounding the object to be imaged, see the illustration below. In this 

way a rotating X-ray spot is produced. A fixed X-ray detector, which is also circularly arranged 
around the object at about the axial position of the focal spot path, measures the radiation penetrating 

the object. 

 

 

Fig. 32: Illustrations of the so-called ROFEX-scanner and reconstruced images of gas (dark)- liquid 
flow (Hampel et. al, 2005). 

 

This system is capable of imaging at speeds of up to 10000 frames/s with high spatial resolution as 
well (see the Figure 32 above). This is possible because of the much higher radiation intensity 

compared to the high-speed gamma-ray tomograph described above (Johansen et al., 2010). 

 

3.7.1.3.4. Tomographic flow measurement: tomometry 

Research on tomography systems in Bergen has also led to spin-offs where tomographic sensing 

methods are integrated in on-line MPFMs. These are simple systems with just a few projections used 
to identify the flow pattern continuously and through that reduce measurement errors (Sætre et. al, 

2012). The first experiments in this development started by applying one of the five arrays of the UiB 

high-speed tomograph on multiphase flow. The results are shown below and clearly demonstrate the 
feasibility of identifying the flow regime and instant flow pattern with just one view (source) and few 

projections. 

 This led to the development of a prototype instrument and later to the launch of Roxar Flow 

Measurement’s first down-hole multibeam gamma sensor in 2011. This, which is one unit in a 
modular drill string sensor system, uses a 

137
Cs source with a 662 keV emission line and only three 

detectors. The first flow loop tests demonstrate the the gas volume fraction can be measured 

independent of flow regime variations (Tjugum et. al, 2011).  
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Fig. 33: Left: Experimental set-up using one source (
241

Am – 59.5 keV) and 9 detectors in one of five 

detector arrays of the UiB high-speed gamma-ray tomograph on a 50 mm diameter pipe. Right: 

 

The lesson learned at the University of Bergen is that tomometry systems are equally important to the 

industry as full tomography systems. This is probably the area where technology and market driven 

research and development meet. Down-hole measurements systems have much in common with space 
instrumentation: It has strict limitations on accessibility and must be rugged, simple and reliable and 

provide just the information required, and not more. 

 

3.7.1.4. Dual modality measurements of gas volume fraction 

The salinity of the produced water from oil wells typically change over the life span of the well either 

because of production from different reservoir zones with formation water of different salinity, or 
from break through of injected water which recovery less saline than formation water, and which is 

used to increase the well pressure and thus the oil. These changes take place on a relatively long time 

scale (hours), however, they cause measurement errors in a MPFM since it affects the gamma-ray 
attenuation coefficient as well as the electrical resistance and other variables used in the MPFM. 

Dual mode densitometry (DMD) is a method of measuring the gas volume fraction independent of the 

salinity of the water component. The different response in photoelectric attenuation and Compton 

scattering to changes in salinity is utilized. The total attenuation coefficient is found through 
traditional transmission measurements with a detector positioned outside the pipe wall diametrically 

opposite the source. The scatter response is measured with a second detector positioned somewhere 

between the source and the transmission detector (Sætre et. al, 2010). The DMD concept is patented 
and licensed to, but yet not taken into use by the industry. 

 

3.7.1.5. Subsea Online Fluid Sampler and Analyzer 

Christian Michelsen Research introduced the Subsea Online Fluid Sampler and Analyzer (SOFA) 

concept in 2003 in cooperation with the University of Bergen as a response to the increasing demand 

for subsea instrumentation within the offshore oil and gas industry. The main purpose of this analyzer 
is enabling characterization and monitoring of all of the components that can be found in a multiphase 

flow in conjunction with offshore oil and gas production. An illustration of the SOFA concept and a 

picture of the prototype are shown in the below (Baker et. al, 2007). 
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Fig. 34: The SOFA prototype with the measurement chamber in the center.  The sampling is 

controlled by simultaneous operation of the valves on the inlet and outlet. 

 

A sample from the multiphase fluid is injected into the measurement chamber from the process line. 

Prior to carrying out the pertinent measurements, the sample is left for a period of time that is long 
enough to allow separation of the different phases, i.e. oil, gas and water, within the measurement 

chamber. Then, different measurement modalities such as ultrasound and gamma-ray attenuation and 

scatter are applied to extract as much information as possible from the system. The feasibility of the 

concept has been demonstrated, but is still on the research stage. By adding flow rate measurements 
using for instance a venture meter as illustrated above, the system may also be applied as a MPFM. 

However, this requires more representative sampling of the multiphase than is achieved so far. 

 

3.7.1.6. Produced water analysis by PGNAA 

For the SOFA concept presented in the previous section the feasibility of the DMD measurement 
principle for determining the produced water salinity, has been proved. However, the DMD principle 

can only provide information about the salinity and not the salt composition which could be very 

beneficial to know in order to better monitor the well production conditions. A different approach to 

the problem is then to use Prompt Gamma Neutron Activation Analysis (PGNAA). A collaboration 
project between the University of Bergen and North Carolina State University was initiated and both 

experimental and simulated results of this approach, proves its feasibility (Meric et. al, 2011). PGNAA 

is used in conjunction with the so-called Monte Carlo library least- squares (MCLLS) approach with a 
traditional NaI(Tl) scintillation detector and utilization of the full specter, not only the peak content. 

An illustration and a picture of the setup, a typical specter and a table with measurement errors are 

shown in Figure 35: 
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Figure 35: Setup for PGNAA 

 

3.7.1.7. Enhanced stopping efficiency and count-rate capability of GM-tubes 

The Geiger–Müller tube (GMT) was introduced in 1928 and is still a popular radiation detector in 
applications where energy sensitivity is not required. Typical examples are exposure level and 

contamination measurements, and industrial process applications, such as density, level and thickness 

gauging. Its popularity is explained by the combination of ruggedness, simple operation and relatively 
low cost. There are GMT versions avail-able for operation up to 200 °C, making the detector attractive 

for use in demanding environments like sub-sea systems and oil wells. Its downsides in many process 

applications are limitations in gamma-ray stopping efficiency (≈1%), count-rate capability (≈10
4
 

counts/s) and in some cases also the life time (≈10
10

 counts). A Monte Carlo model was developed and 

benchmark of a typical GMT. This in turn, was used as an efficient tool in identifying and 

understanding critical parameters in the gamma-ray stopping efficiency. 

Further, the Monte Carlo model was used to study the effect of introducing insulation disks in the tube 
to increase the stopping efficiency by stopping more 60 keV photons and increasing the number of 

secondary electrons reaching the fill gas and contributing to counts in the tube. The simulation results 

shows that the stopping efficiency in this way could be increased by a factor 3, however, this has not 
been experimentally verified (Meric et. al, 2012). 

To increase the count-rate capability an active quenching circuit was develop. This senses the current 

through the tube and detects the avalanche or discharge process initiated by a gamma photon at an 
early stage. It would then drop the tube high voltage below the threshold level to avoid complete 

discharge and the subsequent long recharge process of the tube. Experiments show that the count rate 

was increased by one order of magnitude this way, and likewise the tube life time would be 

substantially longer (Vagle et. al, 2007). 
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4. TECHNICAL DISCUSSIONS 

THE CURRENT STATUS OF RADIOISOTOPE APPLICATIONS IN 4.1.

INDUSTRY  

Current applications of radioisotopes in industry fall into two broad classes: 

1. Process applications (often referred to as “Process Diagnostics”)--- the use of sealed 

sources of radiation and radioactive tracers in trouble shooting and process optimization 

2. Nucleonic Instruments… instruments incorporating a radioactive source and used for 

analysis, measurement and control on industrial plants. 

 

4.1.1. Sealed Sources of Radiation and Radioactive Tracers in Process Diagnostics 

There has been a steady growth in the use of this technology in recent years. It is interesting to note 

that the IAEA, in “Guidebook on Radioisotope Tracers in Industry, IAEA Vienna 1990” identified ten 
industries  that were believed to be promising fields for radioisotope applications. However, nowhere 

has growth been as pronounced, or continuous, as in the oil and gas related industries…and this in 

spite of the recent global economic downturn. Indeed, applications in refining and petrochemical 

processing are currently greater than in all the other industries combined. Reasons why this is so were 
discussed in Section 3.5.1, together with brief descriptions of the most commonly applied techniques. 

Radioisotopes are also widely used in oil field studies, where they are applied to: 

1. Interwell Tracing. This includes: 

• Measuring preferential flow trends within an oil or gas reservoir 

• Measuring the first breakthrough of injected water or gas 

• Detecting fault block communication 

• Measuring interlayer connectivity within a reservoir 

• Detecting the presence of high permeability channels 

Such measurements are of great importance to the oil and gas industries. However, a large 

proportion of such studies are now performed using non-radioactive tracers, and this is 

expected to continue. 

2.   Near Wellbore Applications. Some of the more common are: 

• Investigating drilling mud core invasion 

• Assessing the effectiveness of hydraulic fractures and acid stimulation. 

• Perforation tagging 

• Monitoring water injection profiles 

• Flow profiling in horizontal wells 

 

The minerals processing industry, though very extensive does not use process diagnostic techniques to 

anything like the extent of the refining and petrochemical industries. However, there would appear to 
be ample scope: the processes involved are generally multiphase, making them difficult to control. 

Additionally, many of the operational units are extremely large and continuously operating, so that the 

economic benefits of a successful on-line radioisotope investigation can be very great. The industry 
spans a very wide range, but common processes such as comminution, classification, flotation and 

homogenization are commonly encountered. 
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If problems of sufficient commonality can be identified, there would appear to be no reason why 

minerals processing should not become a major industrial sector for the process diagnostic 

applications of radioisotopes.  

Radiotracer techniques are used regularly to study the behaviour of waste-water treatment plants. 

Unlike the applications discussed above, where the main motivator is economic benefit improvements 

in health and social hygiene and in environmental conservation are the main incentives here, 
particularly in developing countries. For this reason, it is appropriate that funds should be made 

available to expedite the beneficial application of radioisotope technology in this sector. 

 

4.1.2. Nucleonic Instruments 

4.1.2.1.  Statistics of Usage 

In order to establish a firm basis for future actions the Agency needs access to good and relevant 

statistics on the types of equipment and the end users, country by country. It would be particularly 

useful to have this information for the larger nations (United States, Brazil, Canada, Mexico, China, 

India, Japan, France, Germany, United Kingdom, Italy, Spain, Poland, Russia, Australia, South 
Africa…).  

As an example, Table 4 gives the relevant information for France for the year 2011. 

 

Table 4: Number of users of sealed sources in France for the year 2011 

ASN annual report statistics 2006 2011 
Variation 

on 5years 

% on 5 

years 
annual % 

Sealed sources uses 

Gamma radiography apparatuses 140 108 -32 0.771 -5.1% 

Density & weight gauges 289 142 -147 0.491 -13.2% 

Thickness gauges 156 63 -93 0.404 -16.6% 

Mass per unit area (weight) gauges 204 68 -136 0.333 -19.7% 

Coating weight measurement gauges 20 11 -9 0.550 -11.3% 

Level indicators 289 89 -200 0.308 -21.0% 

X-ray fluorescence analysers 1848 3745 1897 2.027 15.2% 

Analyzers (non XRF) 80 56 -24 0.700 -6.9% 

Gas chromatographs 450 307 -143 0.682 -7.4% 

Electron capture analyzers 56 57 1 1.018 0.4% 

Atmospheric dust measurement gauges 70 36 -34 0.514 -12.5% 

Moisture & density field gauges 269 254 -15 0.944 -1.1% 

Borehole logging tools 13 15 2 1.154 2.9% 

Various uses of neutron sources 38 12 -26 0.316 -20.6% 

Smoke detectors 2 2 0 1.000 0.0% 

Calibration of instrumentation 806 723 -83 0.897 -2.2% 
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Static electricity eliminators 21 24 3 1.143 2.7% 

Research 19 25 6 1.316 5.6% 

Education, training 133 148 15 1.113 2.2% 

Total 4903 5885 982 1.200 3.7% 

Non sealed sources uses (incl. tracers)  

Total   930       

 

Table 5: Number of suppliers and 
authorized holders in France for 2011.      

Authorised suppliers    

Renewals or updating   46    

New authorizations   14    

Cancelling   2    

Authorized holders (users)     

Renewals or updating   1048    

New authorizations   377    

Cancelling   205    

 

As a rough indicator, one of the major distributors of radioisotope instrumentation in Western Europe 

considers that for every three sources decommissioned; only one is installed. This is as a result of 

competition from X-ray tubes or from alternative technologies, though it is clear that the tightening of 
the regulations concerned with the keeping and use of radioactive materials is also partly responsible. 

 

4.1.3. Information relating to the world market for radioisotope instrumentation 

A rapid web survey has identified approximately 100 manufacturers of radioisotope instrumentation. 

The results are presented in Table 6, below. 

 

Table 6: Number of manufacturers of radioisotope instrumentation. 

Manufacturers of different types of radioisotope instrumentation (web survey 

November 2012) 

Type of equipment Number 

Gamma radiography apparatus 8 

X-ray fluorescence analyzers (portable, laboratory, 
online control system - radioisotope or X-ray based) 

26 
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Other analyzers 2 

On-line gauges (level, density, weight, thickness, 
coating weight, fraction ratio, imaging gauges...) 

40 

Field gauges (moisture and/or density) 6 

Borehole logging tools 10 

Total 92 

NB: The survey covers mainly the United States, Canada, United Kingdom, France, 
Germany, Japan, South Africa & India 

 

A possible framework for an international directory of manufacturers is given in appendix IV. 

 

THE CURRENT STATUS OF RADIOISOTOPE APPLICATIONS IN 4.2.

INDUSTRY 

4.2.1. Future trend of radioisotope applications in industry  

4.2.1.1.  Main factors involving the decrease of the uses (in decreasing order) 

- General increase, all around the world in complexity & harshness of legal & regulatory 

authorization (licensing) files 

- Shortcoming of reliable raw radioactive materials & sealed radioactive sources at economically 

acceptable costs & terms of delivery, because of the decrease of the number of producers (this 
remark is worldwide valid).  

One interesting document concerning the situation of radioactive raw materials supplying in the world 

has been edited by the USDOE IDPRA (Isotope Development & Production for Research and 
Applications) at the occasion of a meeting in Rockville (Md) in 2008: 

http://science.energy.gov/~/media/np/pdf/program/docs/workshop%20summaries/radioisotopes_for_a

pplications_summary_tablepdf.pdf 

- Constant progress in the availability of X-ray tubes & associated generators offering new 

possibilities: micro-focus, compactness, stability in kV & mA, higher kV… 

- Availability of field operating accelerators (photons & neutrons) 

- Availability of a large palette of commercial instruments based on competitive physical 

measurement methods: lasers, microwaves, NMR, ultrasounds, Eddy current, radar… 

- Some difficulty for non-initiated industrial end users to find the best adapted technique and/or 

supplier 

 

4.2.2. Areas where the use of radioisotopes carries on being a major technical choice 

4.2.2.1.  Radio-isotopic instrumentation 

According to the techniques 

- Online measurement of weight i.e. mass per unit area (paper, plastics foils, rubber, web, non-

woven, foam boards, wood chipboards…) 
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- Field density & moisture gauges (civil engineering, geotechnics, agronomy soil studies…) 

- Borehole logging tools (γ,γ – n,n – n,γ…) in oil, natural gas, uranium, metallic ores 

prospecting, hydrogeology 

- Online gauges (level, density, weight, thickness, coating weight, interface, analysis…) in severe 

conditions (petroleum, coal, steel, aluminum, non-ferrous metals, cement, glass, ores…) 

- Tomography (or tomodensimetry), both for static objects examination & for fluid mechanics 

studies. 

- “Dual instruments” associating radio-isotopic & non radio-isotopic measurements, mainly due to 

the progress in low cost high capacity computers & highly efficient real time software 

 

4.2.2.2.  According to the industrial branches 

- petroleum, natural gas, coal, uranium & other ores prospecting & exploitation (borehole logging 

tools, on site measurement instrumentation) 

- “heavy” industries: petroleum, petrochemical & chemical industry, coal, steel & non ferrous 

metallurgy, cement, glass… because of harsh and/or severe, aggressive working conditions 

- civil engineering (roads, highways, bridges, dams, airports, harbours…) 

- agronomy soil studies (on site density and/or moisture measurement) 

- paper, plastics, rubber, fabrics, web… (weight i.e. mass per unit area or thickness online process 

measurement) 

- nuclear fuel cycle industry 

- for gamma radiography: pipelines, petroleum, petrochemical & chemical industries plants (safety 

of high pressure of dangerous material containing pipes & vessels), aircraft maintenance, foundry, 
civil engineering, shipbuilding, heavy boiler-making… 

- detection of narcotics & explosives 

 

5. CONCLUSIONS AND RECOMMANDATION 

RECOMMENDED FUTURE ACTIVITIES OF THE AGENCY 5.1.

5.1.1.  R&D Activity (CRP, CM, IRC) 

 

The CM-participants discussed evaluated and discussed the various subjects that was brought up 

during the meeting, and decided on a priority list where the individual participants could give their 

preferred priority as candidates for new CRPs. The results are given in Table 7. The right-most column 

gives the results of the overall priority. 

  

Table 7: Candidate CRP topics and priorities given by the individual CM participants 

 

R&D Topics JT
1)

 WAC
2)

 SC
3)

 JJH
4)

 PB
5)

 JLB
6)

 TBJ
7)

 JPL
8)

 Priority 

Neutron generator 5  1 1 2  1  1 

Nano-tracer 4 2 2  4 1 2  2 

Tomography including 
Multi-energy CT 

 1 5   4   6 
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RPT         12 

Multi-modality (Hybrid 
instrumentation) 

     3 3  7 

Radiotracer generator 
including gaseous 

tracers 

 4 3  5 2 4  5 

High efficiency 
detectors 

   3   5  10 

Modeling        1 8 

Sediment transport 1   2 3    4 

Mineral industry 2 3  4 1 5   3 

Radiotracer in process 
industry 

  4 5     11 

Oil 3 5       9 

1) Jovan Thereska, 2) Wilson A. Calvo, 3) Stuart Charlton, 4) Joon-Ha Jin, 5) Patrick Brisset, 6) Jean-Louise 

Boutaine, 7) Tor Bjørnstad, 8)Jean-Pierre Leclerc  

 

5.1.2. Publications 

- Preparation as soon as possible of a Safety Report Series or Handbook on industrial radiotracer 

applications safety and regulatory aspects 

- Preparation of Training Course Series on Chemical engineering processes on which radiotracers 

and sealed sources techniques are applied 

 

5.1.3. Recommendations 

- Consider the possibility of establishment of radiotracer and NCS laboratory in Seibersdorf, able 

to provide training to tracer teams and being a reference laboratory for MSs, 

- Consider supporting the creation of an International society to federate and improve the structure 

of radiotracers and NCS applications, 

- Creation of a database concerning the manufacturers of radio-isotopic instrumentation (with an 

extension to laboratories who design dedicated instruments), 

- Rendering publicly available the database concerning radioisotope suppliers: International 

Catalogue of Sealed Radioactive Sources and Devices (ICSRS), & if not practically useful for 
end users, establishing a directory of radiochemicals, labelled molecules & sealed sources 

suppliers, 

- Discuss with the Division in charge of Reactors in the Agency, of the urgent need to ensure 

reliable supply of radiochemical’s & sealed sources for the world industry market, in a similar 
manner as it exists a preoccupation for the medical market. Starting from this meeting´s 

participants, a group of experts could prepare a list of isotopes of priority interest, 

- Consider organizing an international conference on “New trends in industrial radioisotope 

applications”, involving not only public R&D laboratories but also manufacturers of equipment & 

industrial end users & editing proceedings (the last IAEA equivalent conference was organized in 
Grenoble in 1981!), 

- Continuation of IAEA technical documents (any series) publications relative to special topics of 
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the discipline, 

- Training (in cooperation with the TC Division) of scientists, engineers, technicians from 

developing countries (avoiding the use of too expensive/fragile/”pure physics” equipment) 

- Publish & update a list of selected basic references (books & IAEA publications), starting with 

those from G. Knoll & J.F. Cameron - C.G. Clayton. 
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Annex 2: Agenda 
 

Consultants’ Meeting on the Status and Future Trends on Radioisotope Applications in Industry 

Applications in Industry  

10 – 14 December 2012, Vienna, Austria 

Monday, 15 October 

09:30 - 10:00  OPENING 
o Opening remarks  

   Mr. Patrick Brisset (Scientific Secretary, IAEA) 
o Election of the chairman and reporter 

o Adoption of the agenda 

o Scope and objectives of the CM  
  Mr. Patrick Brisset (Scientific Secretary, IAEA) 

o Administrative arrangements 

10:00 - 10:30   Coffee break 

10:30 - 12:00  SESSION I: Participants’ Presentations (30 min) 
- Mr. S. Charlton (AUS) 

- Mr. Tor Bjornstad (NOR) 

- Mr Wilson A. Calvo (BRA) 
12:00 – 14:00  Lunch 

14:00 – 15:30    SESSION I: (continue) 
- Mr. Jean-Louis Boutaine (FRA) 
- Mr Joon-Ha Jin (ROK) 

15:30 – 16:00   Coffee break 

16:30 - 17:30  SESSION I: Continue 
- M. Jean-Pierre Leclerc (FRA) 

- Mr Geir-Anton Johansen (NOR)  

Tuesday, 16 October 

09:00 – 12:30 SESSION II: Technical discussions (on current status) 
o Discussions on the presentations 

o Identification of issues to be discussed 

o Strategy for the efficient meeting organization 
12:30 – 14:00  Lunch 

14:00 – 17:30   SESSION II: Technical discussions (Continue) 
o Identification of major problems which can be investigated by 

applying the radiometric techniques 
o Review current status of radiometric techniques in industry 

Wednesday, 17 October 

09:00 – 12:30 SESSION III: Technical discussions (on future trends) 
o Review/discussion on needs in research and develop for radiometric 

techniques in industry 

o New field of applications 
12:30 – 14:00  Lunch 

14:00 – 17:30   SESSION III:  continue 

Thursday, 18 October 

09:00 – 12:30 SESSION IV: Preparation of Draft Meeting Report 
12:30 – 14:00  Lunch 
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14:00 – 17:30   SESSION IV: Preparation of Draft Meeting Report 

 

Friday, 19 October 
9:00 – 1 2:30   SESSION V: Discussion and finalization of Meeting Report 
12:30 – 14:00  Lunch 

14:00 – 17:30  SESSION V: Approval of the report and closing of the meeting. 
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Industrial Monitoring Applications. 

4. Wilson Calvo (Brasil): Industrial Radioisotope Applications in Latin America 

and the Caribbian Region. 

5. Jean-Louis Boutaine (France): Industrial Uses of Radioisotopes; Scope, Present 

Status, Advantages and Drawbacks, Stakeholders, Potential evolution, Possible 

Role of IAEA. 

6. Joon-Ha Jin (Korea): Consultants’ Meeting on the Status and Future Trends  

on Radioisotope Applications in Industry. 

7. Jean Pierre Leclerc (France): Comparison of Systemic, Compartmental and CFD 

Modeling Approaches: Application to the Simulation of a Biological Reactor of 

Wastewater treatment + other topics. 

8. Geir Anton Johansen (Norway): Consultants’ Meeting on the Status and  

Future Trends on Radioisotope Applications in Industry. 
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Annex 4: Some significant radiotracer applications in France 
 

 

CEA-SAR-Saclay & Grenoble 

• 45 years of laboratory & field experience, in France & outside 

 

Hydrology (use of radioactive or non radioactive tracers – “best appropriate” rule) 

• Classical studies of fluid mechanics in rivers, lakes, dam reservoirs, soils, aquifers, industrial plant areas, mines 

• Migration of pollutants, preliminary impact studies of implantation of new plants (chemical or biological risks) & impact on rivers, aquifers, water works… 

• Localisation & quantification of dam leakages 

• Impact studies of waste storage localisations (including chemical, metallurgical or nuclear) 

 

Sedimentology 

• Studies of sediment transport along seashores, in estuaries, dams, in the areas of existing or planned harbours, influence & optimisation of dredging procedures 

• Studies of erosion mechanisms 

• Mastering of labelling techniques (mud, sand, gravels, pebbles…) with different radioisotopes 

• Development of field adapted detectors & acquisition units 

 

Agronomy (generally in cooperation with INRA) 

• Circulation of the sap in many tree species of European forests (broad-leaved & coniferous) 

• Determination of twisted fibre angle, as a genetic characteristic of various tree species, in nursery, for clone or seed selection 

• Determination of the spreading of tree root networks in forests 

• Erosion of suitable for cultivation soils in mountain areas 

• Labelling of pests (insects & mammals) to determine their domains & their movings 

 

Chemical engineering 

• Mastering of residence time distribution (RTD) method for onsite measurement; large number of applications: cement industry (all the transposition from wet process 

to dry process, optimisation of different reactors…), circulation fluidised bed coal power station, wood pulp, petroleum (optimisation of cracking-reforming units…), 

petrochemical, food (chocolate!)… 

• Development of field adapted detectors & acquisition units 

• Classical leak detection 

• Mercury balance in electrolytic cell plants (chlorine, caustic soda…) using the isotopic dilution method 

 

Mechanical engineering 

• Consumption of oil in automobile engines (Peugeot & Renault) 

• Development of hydraulic suspension (Citroën) 

• Optimisation of oil circulation in new aircraft turbojet engines (BRITE EURAM Project with Rolls-Royce, SNECMA, Turbomeca & BMW) 
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• Wear studies using thin layer activation: automobile components: rings, valves, brake disks .. (Peugeot & Renault), marine Diesel engines components: injection pumps 

(SACM), racing motorbike engine components (Motul-Yamaha), cannons (GIAT)… 

• Watertightness of deep sea submarine connectors. Dedicated test bench of components using tritiated water, for measurement of extremely low leakage or permeation 

rate (DCAN) 

• Airtightness of telecommunication satellites before launching (CNES, Ariane Espace, Ford Aerospace) 

• Delamination of civil aircraft tyres after n take-off & landings (DGAC, Air-France & other European companies, Kléber-Colombes, Goodyear…) 

 

CEA-Dpt. of Radio-agronomy - Cadarache 

• Metabolism of fertilisers, pesticides, nutrients in various plants 

• Migration of fertilisers, pesticides in soils & aquifers 
 

LCPC – Paris 

• Optimisation of fluid cement filling of casings of cables in pre-stressed concrete bridges 

• Checking of the efficiency of the migration in soil of consolidation fluid cement injections, around construction works 

• Verification of the homogeneity of the tar/gravel layer during its casting on highways or airport taxiways 

 

IRSID – Saint-Germain en Laye & Maizieres lès Metz 

• Autoradiography for metallurgical studies of new steel formulations (microscopic scale) 

• Autoradiography for optimisation of continuous casting of steel (macroscopic scale) 

 

EDF – Saint-Denis 

• Optimisation of two phase flow in test loops of PWR nuclear power reactor circuits 
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Annex 6:  Some statistical data relative to the industrial applications of radioisotopes in industry in various countries Edition

Country Brazil United States France Germany Norway Poland
United 

Kingdom
China India Japan South Korea Australia

Population (10*6 inhabitants) * 195 310 63 82 5 38 62 1341 1224 127 48 22

Gross Domestic Product - GDP (10*9 US$)** 2,08897E+12 1,44501E+13 2,55985E+12 3,28033E+12 4,13056E+11 4,69393E+11 2,25355E+12 5,73936E+12 1,72233E+12 5,45887E+12 1,01437E+12 1,27195E+12

Gross Domestic Product - GDP (10*9 US$)** 2089 14450 2560 3280 413 469 2254 5739 1722 5459 1014 1272

GDP/hab (10*3 US$/hab) 10713 46613 40633 40004 82611 12352 36348 4280 1407 42983 21133 57816

GDP/hab (10*3 US$/hab) 10713 46613 40635 40000 82620 12353 36355 4280 1407 42984 21125 57818

Year of survey 2011 ***

Users Medicine

Users Industry  - Sealed sources (total) 792 0 5885 0 0 0 0 0 0 0 0 0

Gamma radiography 70 108

Densimeters & weighing measurement 142

Thickness gauges 63

Air dust concentration meters 36

Deposit thickness gauges 11

Mass per unit area measurement 68

Level indicators 89

Moisture & density gauges 254

Various portable gauges 20

Analysers 28 56

X-ray fluorescence analysers 3745

Chromatography 307

Electron capture detectors 57

Well logging probes 16 15

Static electricity eliminators 24

Smoke detectors 2

Various neutron source uses 12

Calibration sources 723

Research activities 246 25

Education & training 148

Irradiators (large scale) 31

Total non sealed sources (including tracers) 930

* UNO data 2010 - http://esa.un.org/unpd/wpp/unpp/panel_population.htm

** UNO data 2010 - http://unstats.un.org/unsd/snaama/dnllist.asp

*** ASN Annual report 2011

**** CNEN http://www.cnen.gov.br/seguranca/cons-ent-prof/entidades-aut-cert.asp

381
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Annex 7:  Directory of manufacturers of radiometric instrumentation 

 

 
 

 

  

ATI Adaptative Technologies

Baker-Hughes

Berthold

Cégélec

Environnement SA

GreCon

LCPC

Outotec

Rapiscan Systems

Thermo Scientific (Niton)

Manufacturer

Miscellaneous

Level & 

interface
Density

Thickness 

or mass 

per unit 

area

Coating 

weight
Moisture Analysis

Density, 

porosity, 

lithology

Water 

saturation
Analysis

Density, 

compacity
Moisture Density

Water 

content

Gamma 

radiograph

y

Computed 

assisted 

tomograph

y

X

X X X

X

Atmospheric dust measurement

Dedicated to wood

X X

Drugs & explosives detection

X

Field equipment, logging tools, oil, 

gas, ores

Civil engineering 

equipment
Agronomy, soil studies Non-destructive testingPortable gauges or analysers

Level & 

interface
Density

Multiphase 

flow 

measureme

nt

Thickness 

or mass 

per unit 

area

Coating 

weight
Moisture Analysis Density

Thickness 

or mass 

per unit 

area

Coating 

weight
Analysis

ATI Adaptative Technologies USA http://www.atigauge.com/ X X

Baker-Hughes USA http://www.bakerhughes.com/products-and-services

Berthold DE https://www.berthold.com/en/pc/home X X X X X X

Cégélec FR http://www.ndt.cegelec.com/fr/bretigny-sur-orge/80/gam-et-accessoires.html

Environnement SA FR http://www.environnement-sa.com/

GreCon DE http://www.grecon.com/en/establishing-the-raw-density-profile-with-the-laboratory-density-analyser X

LCPC FR http://www.lcpc.fr/francais/produits/materiels-mlpc-r/fiche-mlpc-r/

Outotec SF http://www.outotec.com/pages/Page.aspx?id=36487&epslanguage=EN X

Rapiscan Systems USA http://www.rapiscansystems.com/en/products/bpi

Thermo Scientific (Niton) USA http://www.thermoscientific.com/ecomm/servlet/productscatalog_11152_L11222_94443_-1_4

On-line process gauges or analysers

Manufacturer

Laboratory instrumentation

URL (web site)Country



176 

 

Annex 8: Draft of a basic bibliography 

 
 

[1] G. KNOLL - Radiation detection and measurement, 4
th
 edition, New-York, Wiley (2012) 

 

[2] G. FRIEDLANDER, J. W. KENNEDY, E. S. MACIAS, J. M. MILLER – Nuclear & radiochemistry, 3
rd

 edition, Weinheim, Wiley-VCH (1981) 
 
[3] J.F. CAMERON, C.G. CLAYTON – Radioisotope instruments, Oxford, Pergamon Press (1971) 
 
[4] G.A. JOHANSEN, P. JACKSON - Radioisotope gauges for industrial process measurement, Weinheim, Wiley-VCH (2004) 
 
[5] E.M. HUSSEIN – Handbook on radiation probing, gauging, imaging & analysis. Vol. 1 Basics & techniques, Vol. 2 Applications & design, Heidelberg, 
Springer (2003) 
 
[6] J.H. HUBBELL, Survey of industrial, agricultural and medical applications of radiometric gauging and process control, J. Res. Natl. Inst. Stand. Tech
nol. 95, 689 (1990) 
 
[7] R. HOURS, J.L. BOUTAINE, R. COPPENS, P. GUERIN de MONTGAREUIL, J.R. PUIG, Radioéléments & rayonnements ionisants, 35p in 
Encyclopaedia Universalis, Paris, http://www.universalis.fr/encyclopedie/radioelements-et-rayonnements-ionisants 

 
[8] Anonymous NEA - Beneficial uses & production of isotopes, OCDE-NEA (2004 update) 
 
[9] Anonymous US DOE - Table of commercial isotopes of Working Group 3: Radioisotopes for applications, Proc. of Isotope Development & Production for 

Research and Applications (IDPRA) - Workshop on the nation’s needs for isotopes: Present & future, Rockville (MD) (August 5-7, 2008) 
http://science.energy.gov/~/media/np/pdf/program/docs/workshop%20summaries/radioisotopes_for_applications_summary_tablepdf.pdf 
 
[10] E. L. Rosemann - Importance & role of isotopes in the petroleum industry 
http://science.energy.gov/~/media/np/pdf/program/docs/workshop%20presentations/eric_rosemann.pdf 
 
[11] Anonymous ANPGA – Gauge basics, http://www.apnga.com/i_gauge_basics.html 
 
[12] IAEA-Proc series STI/PUB/598 – Industrial application of radioisotopes and radiation technology – Proc. Int. Conf., Grenoble (1981), ISBN:92-0-060082-

4 
 
[13] IAEA-Report on a Consultant Meeting - Economic benefits of applications of radiation and radioisotopes (2005) 
 
[14] IAEA-TECDOC-1142 - Emerging new applications of nucleonic control systems in industry (2000) 



177 

 

 
[15] IAEA-TECDOC-1459 - Technical data on nucleonic gauges (2005) 
 
[16] IAEA–STI/PUB/1181 –Analytical applications of nuclear techniques (2004) 
 
[17] IAEA-Proc series,STI/PUB/841, (ISBN:92-0-060091-3) – Nuclear techniques in the exploration & exploitation of energy & mineral resources - Proc. Int. 
Symposium Vienna (1990) 
 
[18] IAEA-TECDOPC 845 – Nuclear techniques in the coal industry (1995) 
 
[19] IAEA-TRS 393 – Nuclear geophysics & its applications (1999) 
 
[20] IAEA-TECDOC- 298 – Radioisotopes in sediment studies (1983) 
 
[21] IAEA-TRS 416 – Nuclear analytical techniques in archaeological investigations (2003) 
 
[22] IAEA-TECDOC-1589 - Industrial process gamma tomography (2008) 
 
[23] IAEA-TRS 316 – Guidebook on applications of radiotracers in industry (1990) 
 
[24] IAEA-TRS 423 – Radiotracer applications in industry – A guidebook (2004) 
 
[25] IAEA-TECDOC 1262 – Radiotracers technology as applied to industry (2001) 
 
[26] IAEA–TCS31 - Radiotracer residence time distribution method for industrial and environmental applications (2008) 
 
[27] IAEA-STI/PUB/1539 – Application of radiotracer techniques for interwell studies (2012) 
 
[28] IAEA-TECDOC-1412 - Integration of tracing with computational fluid dynamics for industrial process investigation (2004) 
 
[29] IAEA–TCS38 – Leak detection in heat exchangers & underground pipelines using radiotracers (2009) 
 
 

  



178 

 

Annex 9: Major radioisotopes needed for industrial applications 

 
Form Radioisotope Typical applications

JLB WAC SC TS
Radiochemicals Iodine 131 1 1 3 Tracer (aqueous and organic phases)

Iridium 192 2 Sediment transport studies

Mercury 197 1 1 Isotope dilution (liquid metal)

Mercury 203 1 3 Isotope dilution (liquid metal)

Scandium 46 3 1 3 Tracer (aqueous and solid/particles phases), sediment transport studies

Sodium 24 1 2 Chemical and petrochemical industries (aqueous phase)

Sulfur 35 1 3 Petroleum industry 

Tritiated water 1 1 2 Petroleum industry (aqueous phase)

Bromine 82 1 1 Tracer (aqueous and organic phases)

Lanthanum 140 1 1 Tracer (solid/adsorbed phase)

Gold 198 2 1 3 Tracer (solid/adsorbed phase), sediment transport studies

Manganese 56 3 Chemical and petrochemical industries

Iron 59 3 Chemical and petrochemical industries

Radio-labelled molecules Tritiated hydrocarbons 3 Chemical engineering

C-14 labelled hydrocarbons 3 Chemical engineering

Radioactive gases Argon 41 1 1 1 Chemical and petrochemical industries

Krypton 79 1 1 Chemical and petrochemical industries

Krypton 85 1 1 1 Chemical and petrochemical industries

Methyl-82Br-Bromide 1 2 3 Chemical and petrochemical industries

Tritium 1 3 Chemical and petrochemical industries

Xenon 133 1 3 Ventilation measurement, tightness tests

Radioisotope generators 99Mo - 99mTc 1 1 1 Tracer (RTD, aqueous phase)

113Sn - 113mIn 1 1 Tracer (RTD)

67Ge - 67Ga 1 1 Tracer (RTD)

188W - 188Re 4 Tracer

137Cs - 137m Ba 3 1 Tracer (RTD)

Radioactive sealed sources - α particles Americium 241 2 3 Ionisation

Radioactive sealed sources - β particles Tritium/Titanium 2 4 Ionisation

Carbon 14 2 4 Dust gauges (air pollution measurement)

Nickel 63 1 1 Chromatographs , dust gauges (air pollution measurement) 

Prometheum 147 1 4 Weight & thickness gauges

Krypton 85 1 1 4 Weight & thickness gauges

Strontium 90 -Yttrium 90 1 3 Weight & thickness gauges

Thallium 204 1 4 Weight & thickness gauges

Ruthenium 106 4

Radioactive sealed sources - X or γ photons Iron 55 2 3

Cobalt 57 2 4 1 Sulfur meter - Mössbauer analyser

Cadmium 109 2 3 XRF Analysis

Americium 241 1 1 1 1 Thickness gauges, XRF analysers, ash meters (coal industry)

Gadolinium 153 + 3 Densimeters (liquids & suspensions), level & interface indicators, ash meters (for coal), well log.

Thulium 170 4 Gamma radiography

Ytterbium 169 3 3 4 Gamma radiography

Baryum 133 2 4 Densimeters (liquids & suspensions), level & interface indicators, ash meters (for coal), well log.

Selenium 75 2 1 4 Gamma radiography

Iridium 192 1 1 2 Gamma radiography

Cesium 137 1 1 1 1 Densimeters (liquids & suspensions), level & interface indicators, ash meters (for coal), well log.

Cobalt 60 1 1 1 Gamma radiography, gamma irradiators (food conservation, radiation processing)

 Europium 152 3 4 Gamma raduigraphy

Caesium134 3

Plutonium 238 1 Ash meters, non combustible fraction meter in mine steriles (coal industry), sulfur meters 

Curium 244 1 Ash meters, non combustible fraction meter in mine steriles (coal industry), sulfur meters 

Radioactive sealed sources - neutrons Californium 252 1 1 1 Moisture gauges (incl. soil & civil engineering), PGNA analysis, interface indicators, well logging

Americium 241 - Beryllium 1 1 1 Moisture gauges (incl. soil & civil engineering), PGNA analysis, interface indicators, well logging

Curium 244 - Beryllium 4

Plutonium 238 - Beryllium 4

Note: Priority ratings

1 = In routine use. Major interest

2 = Occasional use, therefore of interest

3 =  Rarely use

4 = Never use

JLB -   Jean Louis Boutaine

WAC - Wilson Aparecido Calvo

SC -    Stuart Charlton

TS -    Teresa Sikora

Priority

 
 

 

 


