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Abstract - Radioisotope techniques are constantly and extensively used all over the world as a
methodto identify process systemmalfunctions in various industries withaetquiring theshut down

of the processing plant thus leading to high economical benefits to the plant Biffegent aspects
of industrial radiotracer technology for troubleshooting, process control and @itonizare
evaluatedhroughan exhaustive literature survelhe review covers thadvantages of radiotracers,
most commonly used radiotrasemn industry for specific studiesapplications of radiotracer
techniques irvariouschemical industes, the degin of radiotracer technology experiments, radiation
detection and data acquisition in radiotracer technology as well as radiological safety dspects.
industrial radiotracer techniques of residence time distrib{iR3rD) measurements and radioactive
paticle tracking (RH) are discussedlhe design of radiotracer technology experimearsalso
divided into two categoriesradioactive patrticle tracking applicat®and residence time distribution
applicatiors.

Keyword: Industrial radiotracer, Industrid process, Process optimization,Residence time
distribution,Radioactive paitle tracking

Introduction

Optimization has been defined as the selection of the best methathieve an objective. In the
chemical industry, the ultimate objective is monetary gain. So optimization may be said to be the
process of matching the production to the needs of the marketplace at the lowest unit production cost.
Thus, the successful emtion of a plant depends on the early identification of the problems for
remedial action to be conducted and further optimization of the plant performance can be established
(Pant et al.2001).

This process may be extremely complex and it is muchtasacience is involved, as well as factors

such as economic judgement and commercial acumen. It also involves technical and scientific
judgements such as selection of the most appropriate process technology, choice of optimal unit
design and control oflgnt operations to achieve maximum benefit. This latter category of activities,

the technical aspects of the general optimization problem, encompasses what is usually referred to as
process optimization and it is in this sphere of activity that radioisotephnology can make
important contributions.
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Moreover radioisotope techniques are constantly and extensively used all over thenwtbddarea

of identifying malfunctions in process systems in various industries witheaeed to shut down the
processing plant, thus leading to high economic benefits to the plant ownephiidsedadioisotope
technology has been used deliberately rather than radiotracer technology. Radioisotope techniques
based on sealed sources of radiation are often neglected iiterature of this subject even though

the said application shows great effeaccomplemering radiotracer studies or as investigative tools

in their own right. Radioisotope technology can assist all stages of process development and
operation. Thusradiolabeled compounds are widely used in research to investigate the reaction
mechanism and chemical kinetwhich always play a crucial role in selecting the best process from a
number of competing options.

Similar techniques are used in the procesgetbpment, the sentgchnical stage to facilitate the
scaleup of experimental systems to fsltale plant. However, it is on a hdtale plant that the

unique advantages of radioisotope techniques completely manifest themselves. Therefore, in pursuit
of process optimization, radioisotopes are used to help refine the design of reaction vessels as well as
to study the performance under dynamic conditgrch as hydrodynamics in multiphase flow system

for chemical industries (Charltph989).

The primaryobjective of thisnvork is to describe and review the numerous industral experimental
applications of radioactive tracer based techniquest@edploit thenumerouspotential benefits of
these weldeveloped and established techniques.

RadioisotopesUsed as Industrial Radiotracers

In 1913, the first investigations with isotopes tracers were carried out by de Hevesy and Paneth who
characterized the solubility of lead (Pb) salts such as lead chloride, lead nitrate, etc. by using one of
the naturally ocurring radioactive materials of lead as the isotope indicAtter their discovey of

the induced radioactivity, de Hevesy and Chiewitz in 188Bthesized phosphor32 and used this

tracer in fundamental life science research. On the same caleadadg/élevesy and egorkers also
conducted an experiment on the activation anabfsiare earth materiglGregory JanOlov, Jan, &
Christian, 2013).Nevertheless, according to International Atomic Energy Agency technical reports,
radioactive tracersvere first applied to industrial problem solving around the middle of the last
centuryafter whichtheir usage has been increased continuoili$lg application of radiotracer based
techniques are used extensively throughout the world for troubleshootingracess optimization

over a wide eea of applications in indust{yAEA, 2008).

A number ofadvantageous characteristiof radiotracer techniquelsave been identifiedrirstly,
radiotracer techniques provide good temporal and spatial resolution in both velocity and volume
fraction which are good for phase hald measurements. In addition, the techniques are capfble
providing instantaneous measurements angl alscable to quantify the turbulent and dynamic flow
structures on probe opague systems in which the dispersed phase volume fractions are high.
Statistically, this method is repeatabded reproducible results can be obtained in a short and finite
time. Radiotacer techniques are amenable to systems automation, which can minimize human
involvement in the data collection process, so human error could be reduced. The setup is cost
effective and manageable to ensure the safety of personnel involved in the itvestaya
experimentationsOther desirable characteristics of radiotracer technigekese to theimportability

and applicability tandustrial andscaleup units as well apilot plants(Al-Dahhan2008).
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Unlike radiotracer techniquethere is no singlexperimental technique able to satisfy all éive
mentionedcharacteristics There is, therefore, constamtsearch in this field towards the direction of
long-term goal to achieve the above requirements and desirable charactimistiterexperinental
diagnostics and measurement techniques in chemical and petrochemical industries (Chaouki et al.,
1997; IAEA, 20@®).

A variety of optically based techniques has been developed for flow visualization and quantification
in transparent systems. Howevphotons of visible light do not pass through lighacking objects.

Since multiphase flow systems are opaqgue, only high energy gamma ray can be used because they can
penetrate the systems to provide the information about the phase, flow, distributebmsixang in

the industrial process. Usually, gamma emitters are used in nuclear gauge densitometry to indicate
liquid levels or provide an estimation line average of phasesuml&adioactive isotopes are used to
trace and track the phases and providsidence time distributions (RTD), mean residence time
(MRT), flow rate measurement, leak detection, etc. Recently, full quantification of the density
distribution via computer tomography and full Lagrangian description of the flow of particle tracking
beamame possible with the help of high computational power and advanced data acquisition
technology. Many radioisotopesich as americiufB41, bromineB2, caesiurl37, chromiunbl,
gold-198, hydroger8, iodinel31, krypton85, krypton79, lanthanuril40, mercwy-197, mercury

203, molybdenur®9, silver110m, strontiun®0, technetiur®9m and xenoii33, can be used in
industrial applications, especially in chemical and petrochemical ineugBroadheadand Heady

1962; Lane Nuckolls & Railey, 1963; Brownell, Farvar, Gyorey & York, 1965; Pilgrim, 1978;
Campbell,Mirza, Thomson & Webhb1984; Collins and Archundial984; lller, Przybytniak & St.
Golembiowskj 1984; Larry, 1984 Burgio, Capamesi, Ciavola & Seddd,995; Torres,Olivares, De

La Rosa & Lima,1999; Kenneth Janick, & Mark 2006; Suga,2002; Varga, Szdoki, Gancs &
Marczona,2002 Adam and Laplace2003;Bondareveet al, 2005; Ding, Lin, Logan, Benveniste &
Carter, 2005; Catanet al, 2007; Guevara, Repin, Catad, a | i n&Hoivdt, 2007; Pramanik,
Bhatacharyya & Chattopadhyay2007; Yelgaonkar,Jay&umar, Singh & Sharma2007 Abui
Khadra, AbddlSabour, AbdeFattah & Eissa2008; Al-Dahhan,2008; Shehee, Martin & Nash,
2009; Sukhoruchkin and Sorok@009; Pantet al.,2009; Junget al, 2010; Kasbanet al, 2010;

St i g ocetas, ROILO;Guoet al, 2011;Mumuniet al, 2011 Pantet al, 2011;Kumar, PantSharna,
Mohan & Mahajani2012;Kor on, @reastakial,, V a BOLZ RhodesR0i2 Singdre,
2012;Ugur and Sahan2012; Affum, Adu, Dagalu, Coleman & Addo2013 Sugihartoet al.2013;
Assadnassal®014 Belov, Kulkarni, Sohn & Murch 2014 Othmanet al, 2014 Takata, Tagam,

Aono & Uchida,2014; Vieira, Eduardo, Branddo &raz Zych et al, 2014; Dwivedi, Pathak,
Kumar, Tripathib & Bajaja,2015. The most commonly used industrial radiotracers in the chemical
process investigations are tabulated in Table. 1.

Applications of Radiotracer Techniques in the Chemical Industry

Numerous types of multiphase flow systems are atlgréeing used in the chemical industihese
systenms includenultiphase reactors, mixing reactors, blending reactors, and separators/centrifuges.
Radiotracer techniques have been applied to these systems for troubleshooting, diagnosing, online
monitoring, process optimization, and development of advancedgpatedet. Examples for twe

phase and thregghase fluidized and slurry bubble columns, and trickle bed reactors are briefly
reviewed here. Additional examples and results of these technique®ueétkr types of multiphase

flow systems related to chemical and petrochemical processeslso presented. These include
investigations indistillation columns, extraction columns, structured beds, fluidized bedsotids

riser, circulating beds, wait flow rig, stirred tanks, leaching tanks, grinding méisd mechanical
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mixing equipment. Summary of the radiotracer application from several literature studies reviewed
are tabulated in Table. 2.

A few radioisotope based techniques have been develpkdacilitated for research at pilot plant
scales, laboratory scales, industrial scales, and for site applications in industrial processes. These
techniques are divided into three categories namely RTD measurement, sealed source faragamma
and xray tansmission measurements, and radioactive and positron emission particle tracking.
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Table 1. Most commonly usethdustrialradiotracers irthemical process investigations.

Isotope Nuclear Reaction Radiation and energy Half-life Chemical form Tracing of  Reference
(MeV) Phase
Americium241  “Am( n*?Am) Alpha  5.4885%) 432y Americium Chloride  aqueous Bondareveet al, 2005;
Gamma: 0.059(38%) Americium Citrate solids Sheheeet al, 2009
Argon-41 “Ar  (YAr, o Gamma: 1.29(99%) 1.83h Argon gases Colyar, KressmanrBoyer, Schweitzer
& Viguie, 2000;
Yelgaonkaret al, 2007
Bromine:82 *Br (*Br, o Gamma: 0.55(70%) 36 h Ammonium Bromide aqueous Kasbaret al, 2010; Pangt al, 2011;
1.32(27%) P-Dibromobenzene  organic Kumaret al, 2012; Singareet al, 2012;
Dibromobiphenyl organic Othmanet al, 2014
Caesiuml37 Cs(no °'Cs Beta: 0.51(95%) 30.1y Caesiunthloride solids Abui Khadraet al, 2008;
Gamma: 0.66(85%) (absorbed) Uguret al, 2012;Zychet al, 2014
Dwivedi et al, 2015
Cobalt60 “Co (°ICo o Beta: 0.31(99.8%) 5.27y Cobalt Sulfine solids Kolics et al, 1992;
Gamma: 1.17(99.8%) CobaltMetal (particleg Adam et al, 2003;
1.33(00%) Yelgaonkaret al, 2009
Chromium51 >Cr (np y'Cr Gamma: 0.320 (9.8%) 28d Cr-EDTA aqueous Pilgrim et al, 1978;
Chromium(l11) Collinset al, 1984;
Chloride Vargaet al, 2002
Gold-198 PAu (np PAu Gamma: 0.41 (99%) 2.7d Chloroauric Acid solids Al-Dahhan2008; Juneet al, 2010;
(absorbed) St n g cetwal ROLO; Vieiraet al,
2014; Mumuniet al, 2011
Hydrogen3 ‘H (fMH o) Beta 0.018 (100%) 12.6y Tritiated Water agueous Campbellet al, 1984; Dinget al, 2005;
Rhodest al, 2012
lodine-131 B9 (', o) Gamma: 0.36(80%)  8.04d Potassium or aqueous Kasbaret al, 2010;
0.64(9%) Sodium lodide organic St i g oetak ROLO;
lodobenzene Sugihartoet al, 2013
Krypton-85 ¥Kr (°Wr, o Gamma: 0.51(0.7%) 106y Krypton gases Brownell et al, 1965;
Larryet al, 1984
Krypton-79 ®Kr ("Wr, o Gamma: 0.51(15%) 35h Krypton gases lller et al, 1984;
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Yelgaonkaret al, 2007

Lanthanumm140 ™La(np JLa Gamma: 1.16(95%) 40h Lanthanum solids Laneet al, 1963;
0.92(10%) Chloride (absorbed) Pantet al, 2009;
0.82(27%) Affum et al, 2013
Mercury-197 "Hg (np PHg Gamma: 0.077(19%) 2.7d Mercury Metal mercury Guevaraet al, 2007; Cataret al, 2007;
Koronet al, 2012
Mercury-203 “Hg (“"Hgo Gamma: 0.28 (86%) 46.6d Mercury Metal mercury Torreset al, 1999;
Pramaniket al, 2007
Molybdenum99 Mo (Moo Gamma: 0.18(4.5%) 67 h Sodium Molybdate ~ aqueous Broadheackt al, 1962;
0.74(10%) Kennethet al, 2006
0.78(4%) Kasbaret al, 2010
Selenium75 "Se (np J°Se Gamma 0.1217%) 119.8d  Ammonium Selenite  aqueous Li et al, 2001,
0.14(58%) Jacimoviet al, 2009;
0.26(58%) Kihbacheet al, 2009
Silver-110m Ag(no J°"Ag Beta: 1.50(13%) 2498d  ArgentunNitrate solids Adamet al, 2003
1.474.0%) (absorbed) Sukhoruchkiret al, 2009
1.38(24%) Belovaet al, 2014
Sodium24 “Na (np ¥'Na Gamma: 1.37(100%) 15h Sodium Carbonate agueous Tugrulet al, 1994;
2.75(100%) Altinsoy et al, 1999
Pantetal,2 0 0 9 ; eBah 203 K
Strontium90 ®Sr (np Yosr Beta 0.546 (100%) 29y StrontiumChloride aqueous Abui Khadraet al, 2008;
Strontium Titanate Takataet al, 2014;
Scandiurrd6 ®Sc (B¢ o Gamma: 0.89(100%) 84d Scandium Oxide solids Williams and McCarthy1987;Yunos,
1.84(100%) (particles)  Hussén, Yusoff & Abdullah,2014;
Goswamiet al.2014
Technetium@9m T c (| 3™Tco Gamma: 0.14(90%) 6h Sodium Pertechtenate aqueous Guoet al, 2011; Othmaret al, 2014
Assadnassaét al, 2014
Xenon133 “Xe( n P9 Gamma: 0.08 38%) 5.27d Xenon gases Sugaet al, 2002;
0.03(7%) Burgioet al, 1995;
Beta: 0.10(99%)
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Table2: Summary oRadiotracelApplicatiors

Investigator Radioisotope Activity = System Phase Operating conditions Parameters investigated
ThereskaDida, Krypton85 1 GBq SO,-Oxidation Sulfur dioxide Four catalytic beds and three Gas flow distribution
Plasari & Cuci, industrial reactor (Gas) internal intermediate heat-ex Residence time distribution
1991 changers with total height of the
reactor is 13.0 m.
Burgioet al, Xenonl133 100 Coke pilot oven Distillationgas 200 000 riYh exhaust stream of a Leak detection
1995 MBq (Gas) blast furnace.
Pantet al, 2000 Technetium 10i 20 Trickle bed reactor Glass beads and Liquid and gas flow rates used we Residence time distribution
99m MBq (TBR) air 0.83x10%16.67x10'm*/s and ®  Mean residence time
(Gassolid) 3.33x10* m%/s Liquid holdup
Rammoharet al, Scandiurrd6 80 pCi Stirred tanks Water 16 scintillation detectors; diameter Radioactive particle tracking (RPT
2001 reactors (Liquid) vessel is 0.2 m; Rushton turbine  Measuring the flow field
agitator six rectangular blades Evaluate of dead and active zones
Degaleesart al, Scandiurd6 250 uCi Air-water bubble  (Gasliquid) Operated at different superficial g¢ Measure the liquid velocity field
2002 column velocities 2.4 and 9.6 cm/s,
respective}, in a 14 cm diameter
column
Tugrulet al, Sodium24 0.4 MBq Open channel test Water The open channel was filled in by Flow measurement in open channt
2002 rig (Liquid) means of three valves and 10 cm
height of water was obtained
Luoetal,2003  Scandiurd6 250 uCi Photobioreactors Water and air Different type of spargers; Water ¢ Measure the flow field
(PBR) (Gasliquid) room temperature and pressure ai Irradiance patterns
superficial gas velocities of 1~ Controlling step of biomass
and 5 cns productivity
Bhusarapwet al, Scandiurd6 -NA- Solids- risers of Glass beads and Superficial gas velocities from 3.2 Residence time distribution
2004 circulating air to 4.5nisandtwo different solids  Solids circulation rates
fluidized beds (Gassolid) loading of 140 and 190 Ibs at Solids flow pattern
ambient pressure and temperature
Khopkaret al, Scandium46 100 uCi  Gas liquid stirred  (Gas liquid) Two volumetricgas flow rates of  Circulation time distribution
2005 reactors 0.042 and 0.084. Flow regimes3 Gas liquid flow identifications
cavity and flooding (ragged cavity) Radioactive particle tracking
regimes
Radoset al, Scandiurmd6 50 uCi Slurry bubble Water, glass Working pressure of 1.45MPa anc Radioactive particle tracking
2005 column reactors  beads and air a maximum corresponding flow  Liquid/slurry circulatiorrate
(gas liquidi rate of 8.8rY min
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solid)
Fraguioet al, Scandiurm46 100200 Threephase Water, glass Gas superficial velocities were Characterize the motion of the soli
2006 pCi fluidized beds beads and air varied within the range Og£0.11  Radioactive particle tracking
(gag liquidi m/s. Liquid superficial velocities ol Measurement of flow regime
solid) 0.058 m/s for PVC patrticles and
0.065 m/s for the glass beads
Kluseneret al, Argon41 -NA- Horizontal bubble Ethylbenzene reactors with a very low aspect Residence time distribution
2007 column reactors  (GasLiquid) ratio: height 46 m, length 1625 m Backmixing measurements
Doucetet al, Scandium46 125 uCi PattersonKelley Glass beads 3-mm glass beads (2.5 kg/L) fill  Flow of particles mapping
2008 V-blender (Solid) level was 40% in volume. Blender Radioactiveparticle tracking
ensured coupled to a 50:1 gear  Measuring mean velocity field
reducer
Sugiharteet al, lodine-131 -NA- Hydrocarbon Water, crude oil Consisting of water 95%yrude oil  Separation length
2009 transport (HCT) and gas 3%; and gas 2%, at temperature ¢ Residence time distribution
pipeline (Gasliquid) 70C
Pantet al, 2009  Gold-198 25 MBq Circulating Coal particles Bed height @ 1.5mm. Circulation time
fluidized bed and air Fluidization velocity 1.141.5m/s Meanresidence time
system (CFBS) (Gassolid) Loop seal velocity 0.08 0.27m/s  Residence time distribution
Dinetal, 2010  Technetium 0.5 mCi Pulsed sieve plate Water and Dispersed andontinuousphase  Residence time distribution
99m extraction column kerosene superficial velocity (4 = 0.34x10? Evaluate holdup of dispersed phas
(Liquid-liquid) ~ m/s) and (W= 0.37x16m/s)
Kasbaret al., Molybdenum 300uCi  Water flow rig Water Tank with a diameter of 30cm and Residenceime distribution
2010 -99 (Liquid) height of 80cm. The tank contains Mixing time and the flow rate
four stirrers; each is 20cm in lengt
St n g oetal Kk lodine131 1.8 Ci Leaching tanks Gold particles Continuously stirred tank at Mean residence time
2010 and cyanide rotational speed of 960 rpm by a  Flow rate measurement
(Liquid-solid) mechanical agitator Volumes of the mixing zones
Abdelouahe@t  Technetium 150 mCi Continuous stirred Phosphoric acid Ranged from about 0.2 kWirfor Residence time distribution
al., 2011 99m 50 to tanks of plug flow (Liquid) moderate mixing to 2 kW/ifor Measurement of flow rates
lodine-131 250 mCi type intense mixing Mixing efficiencies
Mumuniet al, Gold-198 40mCi  Clinker Grinding  Cement powder Two chambers with different sizes Residence time distribution
2011 Mills (Solid) of grinding balls rotates at a speec Mean residence time
of 16 rpm
Kumaret al, Bromine82 10 MBg Trickle bed reactor H, gas and Wate! Liquid and gas flow rates ranged Mean residence time
2012 (TBR) (Gasliquid) from 0.83x107i 16.67x10' m’/s Holdup of liquid phase

and 03.33x10" m*/s

Residence time distribution
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Pantet al, 2012 Bromine82  20i 40 Rotary fluidized Wastewater and Wastewater flow rates ranging froi Residence time distribution
MBq bioreactor (RFBR) air 7.5 to 12.5 rfiday and air flow rate The degree of mixing
(Gasliquid) ranges from 9 to 15 ¥h
Widatallaet al, Technetium 1 mCi Closed circuit Water (Liquid) Tank of 175L with four stirrers Residence time distribution
2012 99m water flow rig with flow rate of water ranged fron Bypass volumetric rate
5-15 L/min Tank dead volume
Sugiharteet al, Bromine82 1 mCi Water tank Water Horizontal stainless steel pipeline Flow rate measurement
2013 pipeline (Liquid) of 30 ) inteldiathder
with capacity of 2,500 I.
Goswamiet al, Gold-198 11 MBq Fluidized bed Sand particles  Mixing times at static bed heights Mixing times and solids holdup
2014 and air 0.3, 0.45 and 0.8 m and gas
(Gassolid) velocities from 0.1 m/s0.6 m/s
Othmanet al, Technetium 10¢Ci Integrated Water 100 rpm impeller speed, 50mm Residence time distribution
2014 99m continuous mixing (Liquid) impellerclearance, Typ& mixer, Mean residence time
flow rig and 900 s sampling time Percentage of dead volume
Pantet al, 2014  lodine-131 55.5 Branchcanal dam Water Concrete Volute Pumps capacity ¢ Discharge rate measurement
GBq (Liquid) 20 nt/s and Vertical Turbine
Pumps (VTPs) capacity of 5fa
Samantragtal, Bromine82 55 mCi Diesel hydrotreatel Diesel The pressure exchangE30 to 135 Leak detection in a heat exchange
2014 (DHDT) (liquid) kg/cnt pressure in the tube side of system
the exchanger 105 to 110 kgfcm
The temperature heat exchanger
300 to 350°C
Zychetal, 2014 Caesiuml37 70and  Sedimentary Water ancsand  Various depths of the trough (40, Measurements of slurry flow rate
100 mCi suspension flow  (Liquid-solid) 80 and 160 mm) for a similar Model of compound twghase flow
rig carrying liquid velocity verification
Pantet al, 2015 Bromine82  40i 60 Pilot-scale Water The volume of each compartment Mean residence time
MBq continuous (Liquid) 260L, 175Land150L. Water as Dead volume measurement

leaching reactor

flowing phase and at ambient
conditions.

Residence time distribution
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Table3: Radioisotope based technique investigations reported by Imperial Chemical Industries (ICI)
company in one year (Charlton, 1986).

Technique Number of
applications
Level and interface measurements:
Gammaray transmission absorption 210
Neutronbackscattered 480
Gammaray backscattered 71
Blockage detection and deposition:
Gammaray transmission absorption 132
Neutron backscattered 129
Entrainment and voidage:
Gammaray absorption 86
Thickness and corrosion measurements 15
Distillation-column scans 108
Flow measurements:
Pulse velocity 483
Dilution techniques 84
Leak detection 90
Residencdime distributions studies 21
Carryover studies (radiotracer) 6

The list is not fully comprehensive as less commonly used techniques |
not been included.

Various types of photons transmission measurement techniques by radicibatabeen developed

and could be used for industrial investigations and reseaothas level monitoring and control using
nuclear gauge densitometry, difference average densities (phase holdups) using-r@gmma
densitometry, time and cresectional averaged phases hof distribution along the reactors or
equipment height using comied tomography (single energy, dual or multiple energy), single photon
emission computed tomography, positron emission tomography and Compton scattering tomography
using different types of radioisotop@s -Dahhan, 2008)-or the other categories, a siaghdioactive

particle or multiple radioactive particles usually made from solid material have been used for
radioactive particle tracking (RPT) techniques. These techniques have been used to estirmate three
dimensional flow field, calculae phase trajecties, determi® many flow characteristics including
velocites RTDs, turbulent parameters, stagnant zones, diffusivity, turbulent kinetic energy using
various types of radioactive tracers in aqueous or solid fgtims Chen, Chao,1985; Larachi,
Kennedy& Chaouki,1994; Doucett al.,2008; Khanna2008Dubé, Chaouki & Bertran®014).

There are numerous ways to utilize industrial radiotracers in a chemical and petrochemical idustry.
largenumber ofmanufacturing companies around the wanhdployradioisotopebasedechniquedor
production of metals, chemicals, plastics, pharmaceuticals, paper, rubber, clay and glass products,
food, tobacco, textiles, and many other related products. Thus, the radioisotope based techniques are
used to study the ixing efficiency, the effect of chamber geometry, RTD in reactors, and flow rates
and patterns measurements in columns and towers for process investigations and optingrations.

few aresampledn Table.3. Some of the techniques described below indicatecope and number of

the industrial applications of radioisotopes in a year reported by Imperial Chemical Industries (ICI)
Company.
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Design of RadiotracerTechnologyExperiments

The literature on methods for troubleshooting and process optimizationselhsas model
development in radiotracer technology experiments are growing rapidly. The two techniques act as
the sole problem solveamong these are the tracer impulse respadtssgpplication is to discover the

RTDs, dispersion extent and dispersimyefficient, phases holdp, or to match the response to a
model; whereas gamnray densitometry is used to acquire the line of average holdups and from a
number of measurements it determines radial profiles and assesses the potential problem areas within
the examined instruments. On top of that, these techniques are very valuable and advancement has
been made in the technology used for their applications. Due to the advancement in technology and
computational approach, several contemporary techniques e developed and utilized as
indicated above. Among these, the design of experimental RTD and RPT techniques are discussed
here. Furthermore, their crucial applications on multiphase flow systems employed in chemical and
petrochemical process are brieflgmonstrated.

There are several issues in practical considerations before the implementation of radiotracer
techniques. These factors include the availability of the radioisotope for the element to be traced with
proper characteristics such laalf-life, energy types, radioactivitgndtracking phase. Calculation of

the amoun{quantity and activitypf the radidgracerfor the experimenis required,and is a function

of the system (volume) to be studied and its-hfdf This activity consideation is also important

from a radiological and safety point of viewlowever, there are situations where high level
(millicuries) of gammaay emitters are utilized. For instance, 10 mC#dfa will return a dose of

about 204 milliroentgens per hour (dt distance)Ashfaqg, 2007)One should also be quite cautious
about the radiation dose delivered to the hands and fingers while handling radioactive materials.
Lastly, full attention must also be given to the disposal of radioactive wastesngestdn the
experiment and the possible disposal methods will depend on the specific radioisotope availability,
concentration and activity, and tlebaracteristicof the waste. Due tthe opaque nature of many
systems, especially in the case of multiphase flaws, methods based on radioactivity have been
consideredn the applicationof RPT and RTOnN the design ofadiotracer experimen{®ant, 2001,
Al-Dahhan, 20080thmanet al.,2014)

Radioactive Particle Tracking (RPT)

In RPT, the trajectory of a radiotracer particle is designed to be the marker of the phase whose
velocity is to be mapped and tracked #yscintillation detector. Figure 1 shows the RPT setup
consising of a radioactive tracer particle, radiation detexitdata acquisition system and a calibration
device. The radioactive tracer particle is normally a gamma radiatioteewiith i g h e-m@ysr gy 0
with an activity of 565 0 0 ¢ Ci **auu¥0s and™Sc Upadhyay and Roy2010; Vieira et al.

2014). Theparticle is intentionally made to be neutrally buoyant to track liquid phase and solid
particles. The dimension, form, appearance and density of the tracer particle is matched to the
material of thesolid particles ands dynamically similar to the partitate phase. Usually, the
radioactive particle is composite prepared by inserting a certain mass of radioisotope into hollow
polypropylene particle beads of diameter 0.7 mm to 2.4mm. An array of scintillation detector at a
sampling frequency up to 600 Hz imountedn the vessel or column to track the movement of the
tracer and record the photon counts. Moreover, the position of the tracer particle with respect to time
can be investigated by determining the amount of radiation sensed by each d&t8efbrelocity

profile of the tracer particles and diversification of the particulate phase in the hydrodynamic process
can be easily generated by tracking the tracer movement oveg(tradeet al.,2011).
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Figure 1 Schematic Diagram of the RPT Facility at the Chemical Reaction Engineering Laboratory
(CREL)}Washington University (WU(jLuo, 2005)

Lin et al. (1985) discovered the first modern RPT set up to investigate the recirculation pattern of
solid particles in ctulating bubble fluidized beds. The reconstruction of tracer position inside the
vessel was obtained by curve fitting the calibration data from the polynomial functions based on the
principl e t ha-taystcdumted byutnebdetectorasf dependsoiely on the distance
between the point tracer and the virtual cemtfeahe detector (Khanna, 2008). The system was
calibrated by mouirtg the radiotracer particle at necessary locations inside the vessel where the
polynomial function was utilized for phon counts collection. Lin et al. (1985) succeeded in
improving the upgraded version of the RPT system at Chemical Reaction Engineering Laboratory
(CREL) at Washington University in St. Louis and Water used to study gd#guid and gassolid
fluidized beds, packed beds, bubble columns, high pressure and high temperature bubble columns,
slurry bubble columns, and liqu&blid circulating fluidized bed riserévanathan and Dudukovic

1990; Dudukovic, Bhusarapu & ADahhan, 2006; Kumar et all994; Yanget al., 1992). However,
Larachi et al. 1994liscovered a mathematical phenomenological model that relates the interaction of
photons with the vessel geometry to determine the position of the tracer particle from the data counted
by the scintillation deteots. A map of counted data by scintillation detectors for a large number of
positiors inside the vessel &s created using Mont€arlo simulation. The simulation dataasv
improved by a calibration procedaringwhich a tracer particle was placedspecifiedlocations The

data counted by the scintillation detectors wien compared with the simulated data from Mante
Carlo to compute the optimal model parameters. The number of calibration points needed were
considerably smaller comparéd the work doneby Lin et al. (1985 . Moreover, Godfroy et al.

(1997 developed neural networks that manage to reduce computational time to reconstruct the
position of tracer particle as comparedtih@ works done by Lin et a(1985 and Larachi et al.
(1997). Neverthass, a large number of data points need to be calibrated before the neural network
could determine the position of the tracer particle.
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Vieira et al. (2014) carried out RPT experiments with a new tracing methodology which relates the
trajectory of a paitle tracer moving in a fluid as a series of small cubic cells engaged by consecutive
particle positions. A 2.8nm final particle diameter of polyurethane coateth radioisotope*®Au

with 0.5mm radius spherical particle was prepared to achieve theshdansity of 1.001 kg/MThe

result wasa naturally buoyant patrticle close to the water density. The RPT setup for this experiments
comprised of four laterl shielded 5.08 cm x 5.08 cm Nal:détectors with RING geometry placed
around a cylindrical PVC stirred tank reactor as shown in Figure 2. This research team finally
discovered very useful information for calculating the coordinates and velocities of the particle at that
time. According ¢ their results, the maximum deviation found between theoretical and experimental
values of the average rotating period was less than 8% with the ability to track the movement of the
particle With a maximum relative error equal to 7.8%h e p a rjeciores$weré sicessiully
reconstructedmproving its real movement (Vieira et al. 2014).

Detector2

Detector 3

Detector |
Detector4

£

YY T 'x

Figure 2: Design of the RING geometry with four detectors wagned around a cylindrical PVC
stirred tank reactgiVieira et al. 2014)

The next case studyas conducted by Upadhyay et al. (2010). The astheoestigaédthe effect of

air inlet velocity and bed composition of binary fluidized beds of particles ofdh®e size and
different densitieson mixing and hydrodynamic behaviowsing RPT technique.The RPT
experiments were performed in 1B ID Perspex® cylindrical fluidized beditiv a packed bed
distributorof 2 cm in size individually for both solids by tracking one particle at a time. A mixture of
sago particles (density 1350 kg/m3) and glasslbddensity 2600 kg/m3) were used in the process
where two gammaay emitters introduced as the radiotracers were CeabBfm(3 mCi) and
Scandiuri6 (3.2 mCi) which produce different energies; X33 produces 662 keV (one photopeak
energy) and Sd6 prodices 889 keV and 1120 keV (two photopeak energies). Interesting findings
were discovered where significant occurrences of strenuous (jetsam) phase were seen to be fluidized
by the action of the lighter (flotsam) phase even below its minimum fluidizatiogitye Moreover,

the increment of air inlet velocity resulted in the esteamixing of thesolid phases although the
jetsam phase was not completely mixed at very high air velocities. An axisymmetric view of the bed
is shown in Figure 3 which indicatéisat the solids ascended near the wall and descended near the
centre at comparatively low fluidization velocity and low initial bed height in a-étivezaged
detection (Upadhyay et a2010).
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Figure4: RTD measurements emindustrial system (Kasbaat al, 2014)
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Residence Time Distribution (RTD)

Generally, RTD measurement is done by infgg@a suitable radiotracer at the system input and
monitoling the concentration of the tracer using radiation detectors placed at the output of the system
or takng samples fronthe system output at regular intervals as shown in Figure 4. A data acquisition
system (DAS) is used to collect the signals from the detectors and a personal computer (PC) is
connected to the DAS by coaxial cables. The signals from the detectors acgedatlg DAS and

shown on the PC screen. An exampla ofieasuredRTD signal is shown in Figure 5.

900 -
800

700 A

w

300 -

100 1

Concentration (Counts per second)

0 200 400 600 800 1000 1200
Time (sec)

Figure 5: Example ofmeasuredRTD signal (Kasbaet al, 2014)

RTD of liquid phase investigation using radiotra@r with 10 MBq activity was conducted by
Kumar et al. (2012) imtrickle bed reactor (TBR)The reactowasfilled with two different types of
packing, hydrophobic and hydrophiliche at each timep investigate the dispersion characteristics

of the liquid phaseTheliquid and gas flow rates ranged from 0.83 ¥-16.67 x10 m*/s and 63.33

x 10* m¥s, respectively. An axial dispersion with exchange model was used to simulate the
measurement of RTD curves and model parameters (Peclet number and MRT) to prdkie that
dispersion otthe liquid phase is highewith the hydrophobic packing, whereas halg is higher in
thecase of hydrophilic packing.

The next case study was carried out by Pareek et al. (2001) in which thes agtdda commercial
titania powder ashe radiotracer in investigating RTD of solids in B8 L pilotscale threghase
annular reactor as a function of gas and liquid flow rafé® objective wad$o characterize the
influence of hydrodynamics on solids mixing both iratorent and countesurrent operation. They
reportedthat RTD curves for the ecurrent operation showed a bimodal behavior in which the peaks
decreased as gas flow rate decreased, while the RTD behavior for enurné@t operation was
unimodal and wagherefore modelled asa series of stirred tanks with a recycle stream. They
concluded that the associated mean squared error was in the rapdfh @it there seemed to be an
evolution of solids flow pattern within the reactor as demonstrated by thedépendency of the
intensity function.

An alkaline based continuous leaching process is used for uranium extraction from uranium ore. The

process is carried out as a continuous leaching reactor (CLR) and is expected to behave as a
continuously stirred tank reactor (CSTR) for the liquid phasgoAding to Pant et al. (2015), the
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pilot-scale CLR used in a Technology Demonstration Pilot Plant (TDPP) was designed, installed, and
operated; thus needs to be tested for its hydrodynamic behavior. Pantwarkers (2015) carried

out the radiotracerethnigue in CLR for RTD measurement of liquid phase with Bro@ihes
ammonium bromide in which approximately-80 MBq activity was used in each run to characterize

the flow behavior of the reactor and validate its design. The measured RTD curvesatec and

mean residence times were determined and simulated usingiiesgwes model. The result of the
simulation indicated no flow abnormality and the reactor behaved as an ideal CSTR for various
operating conditions used in the investigation.

A seies of radiotracer experiments were carried out by Othman et al. (2014) in order to determine the
mean residence time (MRT) and percentage of dead zug(%%). The experiment was conducted in

an integrated mixer consisg of Rushton and pitched bladerbine (PBT) The optimum conditions

for the experiments were 100 rpm impeller speed, 50mm impeller clearance, Type Amiaa0 s.

Thus, a 4factor 3level Taguchi L9 orthogonal array was introduced to obtain an accurate
optimization of mixing effickncy with minimal number of experiments. Moreover, ANOVA was
performed to determine the most influential factors contributed in the study. The values of prob > F
less than 0.05 indicated that all factors involved were significant. Thal&e (0.95) for bth outputs
implied that 95% of the factors can be described well by the model. The predicted optimum levels of
the control parameters for Type A mixer as welanadditional run for Type B mixer were validated

by conducting an experiment at the conditigropose by Othman et al. (2014).

The next case study demonstrated the application of radiotracer technology in measuring the RTD of
wastewater in the rotary fluidized bioreactor RFBR. This study was conducted by Pant et al. (2012)
using®Br as theradiotracer for its hydrodynamic behaviour to validate the design. The reactor was
designed to operate with wastewater flow rates ranging from 7.5 to £2i&ymvith predetermined
guantity (20% of the reactor volume). The results of the investigationeshaw flow abnormalities

and the reactor behaved as an ideal continuously stargdreactor at all operating conditions. This
study reported that the design of the reactor was validated, thus the results of RTD analysis obtained
in the present pilescde system could be used to seafethe process.

Due to its extreme importance in various industrial and environmental applications, multiphase flow
modelling becomes more challenging. In the present study, the prediction of separation length of
multiphag flow was examined experimentally by the injection of two kinds of iodiased
radiotracer solutions into a hydrocarbon transport pipeline (HCT) with an inner diameter of 24 in.
(60,96 m) consistingf 95% water, 3% crude oil and 2% gas. A series ofoteaier experimest
conducted by Sugiharto et al. (2@)3used two radiotracers;18 and Na24. This experiment was
carried out in a pipe segment that was far from the branch points with the assumption that stratified
flows in such segment have been aehik Two detectors located at 80 m and 100 m from the
injection point were used to investigate the RTD curve rieguitom the injection of radiotracer
solutions. The researchers concluded that the velocity of water flow was higher than the flow rate of
crude oil in a waterdominated system despite the higher density of water and indicated that the
placement of the first radiation detector at the distance of 80 m from the injection point was correct.

Moreover, Muroyama et al. (2013) determined the gadumglbubble size distribution, and Sauter
mean diameter for oxygen michbmbble dispersions in water using RTD in an acrylic acid resin
column with an inner diameter of 0.15 m with a working liquid heighyimgrfrom 0.500 to 1.850 m.

The micrebubbles with varied in their Sauter mean diameté8s2 €4n0 )aepending on the

gas velocitywere employed to measure their superior mass transfer properties which were enhanced
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by the effects of selfompression and shrinking. Figure 6 shows a schematicadiagf the
experimental apparatus used together with the RTD. The 4bidsble generator (ARS, ASP
corporation) used in the experiment was a combination of-dpgled rotation and compression
dissolutiontype generators. Muroyama et al. (2013) also deternthe increment in superficial gas
velocity, and observed thdahe peak of the frequency distributions shifted towards larger diameters
and the value of dvs increased slightly within

Cooling coil A Gas outlet

"-'.. \\Y&Vj
LYA\\

Liquid Gas cylinder

flow meter s ﬂ

T

Cooler

i P ! :
. 3 LR |
£ T
| Mass flow
| meter
Stop valve .
S

Drain

Micro-bubble generator

Figure 6: A schematic diagram of the RTexperimental apparatus
by (Muroyamaet al, 2013)

Radiation Detection and Data Acquisition Technology

Currently, the development of radiotracer techniques for research at pilot plant scales, laboratory
scales, industrial scales, and for site applications in industrial processascarsingincreasingly
acceptable by industry players. In order to meetrtdemandsmany multifarious mathematical

models and reconstruction algorithms have been developed, advanced, tested and executed for image
reconstructions. Furthermore, some of the mathematical methodologies, processed data, and
randomized algorithms haugeen conducted from pegtocessing image reconstructions to rough
approximaions of desired parameters such as phase holdups, phase velocities, phase turbulent
parameters and so on. Performing all these data acquisition techniques properly ifri@ahon
mission. For instance, to execute RPT technigspscializeddevices and apparatus are needsed

well asspecialized knowledge and experience for particle preparation, data calibration, implementing
the experiment, safe handling of the radioactive nase data acquisition and data reconstruction,

and posiprocessing skills. Chaouki et al. (1997) and IAEA reports §22006, 2005) have outlined

and discussed some of these radiotracer techniques operating procedures and described the case
studies condcted around the world.

Electronics and data acquisition systems are important components in radiation detectors that are to be
applied to radiotracer prgrocessing techniques. The performance of these systems has powerful
implications on important paraeters detection devices such as the sensitivity and the background
noise. Currently, the detection technologies used in these data acquisition systems are scintillating
crystals connected to photomultiplier sensors and semiconductor detectors. Henoed desir
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characteristic of these detectors is the capability to initiate the generating pulse signal for each
interacting particle.

Data Bus Fitial
Amplifier ¢ ey Temporay Storage
Sensor & Shaper [ | Digitizer 1\ Storage (Disk)
T ‘ (Memory) 1\
. High bandwidth Low bandwidth
Electrical -
Pulse —» Trigger I
Stores digits Stores digits
of all cannels of few cannels

Figure 7: Generic block diagram of the data acquisition system of
radiation detectorf/arela, 2004)

According to Varela (2004), the electronics and data acquisition systems are a part of the complex
process that leads to the final processing data for analysis. The systems begin with the interaction of
radiotracers emission from the tracked phases, fellblwy the physics processes involved in the
detection of radiations and in the generation of corresponding electrical signals. The electronic
systems are then responsible for analog processing of the detector electrical signals which basically
amplify the detector pulses and convert the analog signal to digital outputs. The trigger system is
responsible for identifying the existence of particle interactions in the detector (events) to set the stage
for the data acquisition process. Furthermore, theoaaslystem will continue collecting digital data,
selecting the flight statistics relevant to the designed. Finally these data are transferred to a data
acquisition computer where the data are stored in a permanent medium (hard disk). Filed stored data
contans a list of incidence for each record of the detected particles and its properties required.

Scintillator Photo Multiplier (PMT)
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Figure 8: Schematic of scintillator and photo multiplier (PMWerner, 2011)

Solid scintillation detectors are the most commonly used desebtsed on aisgle crystal of

thallium doped sodium iodiddt is also called Nal (Tl) detector. The crystal detector is optically
coupled to a photomultiplier tubes (PMT) as illustrated in Figure 8. The interaction of a gamma
photon with the scintillation crystal maial evolves light emission, and then detected by the
photomultiplier tubes. The principle of production of prompt and delayed scintillation light by
incident radiation is illustrated in Figure 9. The light output has a constant ratio to the gamma energy.
The electronic system integrated with the photomultiplier tubes scrutinize the pulses according to
pulse amplitude (energy) and accumulate the results in a multichannel analyzer. Thus, the energy and
intensity are recorded, and the result is the gammaygspectrum of the radiation source. On the
other hand, these scintillation Nal(Tl) detector has a high intrinsic efficiency but a limited energy
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resolution. The scintillation crystals have different sitesvever the larger the crystal, the higher the
price accordingly, and the efficiency for high gamma energies increases in line with the detector
volume. Generally, common counting equipment has cylindrical crystal size of 5.08 x 5.(Biom

x 21in.) 0 12.7 x 12.7 cAm(5 in. x 5in.) (height x diameter). Rayarachj Al-Dahhana & Dudukovic
(2002) reported that smaller crystal has poor resolution but marginally high sensitivity. Furthermore, 2
in. x 2 in. nominal size crystal detector is recommendechigh-resolution and good economics.
Thus, a Nal detector with size of 2 in. x 2 in. was found to be more efficient. Figure 10 shows the

effect of crystal detector size on sensitivity and resolution of the detector axis.
7

Conduction Band

Incident ( ) Luminescence

Radiation o Center
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Figure 9: Principle of production of prompt and delayed scintillation light
by incident radiationtAhmed, 2014)
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Figure 10: Effect detector crystal size on sensitivity and resolution from the
detector axis(Roy et al, 2002)

In a large number of applicationsne is interested in counting the number of interesting pulses. The
height of a pulse depends on the energy deposited by the radiation and the expected energy is in the
range of interest. Thus, the remaining pulses must be filtered or blocked to obla#m alataset.

Since there are always leMvel noise and highevel spurious pulseghe filtration requires twdevel
discriminator that discriminates the pulses based on the thresholds set and produces logic outputs
known as single channel analyzer asvsh in Figure 11. Here ULD and LLD stand for uppevrel
discriminator and lowelevel discriminator respectively. As illustrated in Figure 12, multichannel
analyzers have a number of channels such as 512, 1024, or more, provide the user some choices in
sdecting the appropriate resolution. Most multichannel analyzers can be operated in two different
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modes which are the usual pulse height analysis mode and scalar mode. In this mode, the pulses are
counted with respect to some other parameters of interesultl even be time, in the case where the
system simply measures the total intensity.

ULD

-

Discriminator p——e

LLD
Figure 11: Block diagram of a simple single channel analyé&hmed, 2014)
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Figure 12: Block diagram of a simple mulghannel analyzer designed for pulse height analysis.
(Ahmed, 2014)

Minimum of two radiation detectors are required for simple radiotracer experiments such as
measurement of the RTD of the radiotracer inside pipelinest-(iotéet response) and flow rate
measurement or leak detection in a simple or laboratory scale reactors. Meanwhile several detectors
(4-6 units) are required to obtain information in certain sites of the processing vessels or wastewater
reactors, and as mg as possible (> 1R0) are necessary for complex engineering installations like
solid-liquid risers, photobioreactor, fluid catalytic cracking units (FCCU) or for radioactive particle
tracking and tomographic measurements. Data acquisition system vdiiettsc signals from the
radiation detectors is the important equipment for online radiotracer to ensure the visualization of the
data. The dead time between two simultaneous measurements is normally less than 1 ps and the
minimal dwelling time is 12 ms b ensure the visualization of data could be close as possible to the
real time experiment. Sodium iodide (Nal) scintillation detectors are strategically placed on the
system of interest which is connected to amplifiers/discriminators for signal adjusamdritee latter

are connected to higépeed counter cards which transfer the information to data acquisition system as
illustrated in Figure 13.
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Figure 13: Typical RPT setufn drum tumbler(Dubéet al.2014)

The radiation detection and data acquisition system are expected not to be a limiting factor in the
performance of radiotracer technique preprocessing systems, as a number of commercial systems are
numerously available todatechnological advancement iteetronic parts and computing systems

are combined with new architectures as an extensive develaprikedate, this innovation is carried

to allow highperformance systems that are suitable for the next generation of versatile radiation
detection and da acquisition devices.

Conclusions

Radiotracer technologiedearly play a major role irprocessoptimization,plant scaling up, design,

and the performance of various chemical process inds$ly increasingthe understandingf these
processesand asssting in the modelling of their key multiphase flow systems. The industrial
radioactive tracer technigues in general are invaluable tools for laboratory and pilot plant
researcliThey are also useffibr on-site industrial applications for diagnostics, ritoring, advanced
mechanistic modelling development for performance prediction and optimization process, and for
obtaining benchmark data for experimental evaluation and validation. Further investigation and
developmentis needed to explore and strengthiyese techniques, to develop new ones, and to
improve theequipmentand tools for the measurements and applications in industrial scale processes.
In subsequent research, new development of industadioactive nanoparticleas the most
appropriate traceto be used in high temperature processiisbe carried outbecause in practice
there has been no stable candidate as a radiobaeethe temperature under pressilitee feasibiliy

of industrialradioactivenanoparticles tracers will be estimatedenms of the efficiency in industrial
applications.
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