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Abstract

Nuclear and radiation technologies play an important role in Polish power
sector, oil industry and mining sector, starting from fossil fuels exploitation,
their transport and distribution and finally power generation. Application of
environmental isotopes, stable and radioactive, in ground water monitoring
in the vicinity of open cast lignite mine, and radon monitor applied for min-
er’s safety in deep coal mines and nucleonic control systems for ash in coal
quality control is often used in mining industry. Other applications of nuclear
techniques reviewed, concern the oil industry, oil field recovery, transporta-
tion pipelines and refineries. Finally, the application of beta radiation-based
gauges for air borne fly ash monitoring and radiation technology for flue gas
treatment are the examples of using this technique in power sector equipped
with coal and oil fired boilers [1]. The radiotracers techniques were used also
in glass industry (determination and optimization parameters of the furnac-
es), cement industry (test of aggregates for the production of cement and op-
timization media transport in pipelines), metallurgy of Cu, Pb, Zn (investiga-
tion of pyrometallurgy processes and new techniques), cellulose industry, en-
vironmental and (mainly hydrological) research etc. [2]. The article is brief
review of present status of radiotracer and nucleonic gauges techniques as
applied to polish industry.

Keywords

Radiotracers, Nucleonic Control Systems, Coal Mining, Oil Industry

1. Introduction

First application of nuclear techniques in Poland was reported nearly 45 years
ago, and in 1961, about 200 radioisotope gauges were already installed in Polish
industry [3]. During the next thirty years, manufacturing, installation and ser-

vicing facilities have been built enabling application of the nucleonic control
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systems (NCS) and radiotracer techniques in the industry on the relatively large
scale [4]. A main sector where radiation and nuclear technologies in Poland
are used:

e Medical sealed sources and accelerators,

e Industrial and geological field research,

¢ Radioisotope gauges,

e Industrial and research laboratories (open sources),

e Industrial and research laboratories (sealed sources),

e Production, transport and sales of radioactive materials.

Since the 90’s decade, profound reconstruction of the Polish economy has
started. Introduction of the market economy rules, the gradual introduction of new
regulations on the use of radioisotopes and development of new non-radioisotope
technologies caused reduced demand from the industry on the radiotracer test-
ing. Such situation influenced that radiotracer techniques had to be considerably
reduced. Moreover, competition of the other techniques, strict environmental
protection standards and the rise of the anti-nuclear movements had significant
impact on the position of radiotracer techniques.

At the moment radiotracers for industrial application mainly are used for lea-
kage tests in refinery (INCT group). Metals recovery application investigated by
radiotracers methods are under development as well [5] [6]. Radiometric me-
thods are used also for waste water treatment application [7]. Sealed sources
technologies such as: production and application of radioisotope gauges used for
measurements and/or automatic control of such quantities as level, density,
thickness, coating thickness, mass flow, ash content, acid concentration and air-
borne dust are still used as well. There are some specific branches of industry
where “traditionally” nucleonic gauges are readily installed, such as sug-
ar-factories (density), sulfuric acid production lines (concentration gauges) or
coal mines (ash). The numbers of licenses for using radioisotope and radiation

sources are shown in Table 1.

2. Present Status of Radiotracer and Nucleonic Gauges
Techniques as Applied in Industry

The short summary of the present status of using radiotracers and NCS in Pol-
and is showed in Table 2.

2.1. Radionuclide Source

National Centre or Nuclear Research POLATOM Radioisotope Centre [8] is a
Polish manufacturer and distributor of the isotope used in medicine, science,
industry and environmental protection. The Centre produces wide range of
products for medicine and for research, and development, technology and envi-
ronment protection such as:

¢ Radiopharmaceuticals for diagnostic and therapy,

e Kits for labelling with Tc-99m,

¢ Radiochemicals (pharmaceutical grade),
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e Radiopharmaceutical precursor (for the radiolabeling of carrier molecules),

¢ Radionuclide generators,

e Wide range of radiochemicals,

e Sealed radiation sources for gamma radiography and industrial process con-
trol, (Ytterbium-169, Selenium-75, Iridium-192, Cobalt-60),

e Standard solutions and sources for electronic measurement devices calibra-

tion.

Radioisotopes in Poland are produced at MARIA research nuclear reactor

which is currently the sole operated in Poland. Its power amounts to 30 MW.

Current main reactor applications [9]:

Table 1. According to data of the National Atomic Energy Agency, the following num-

bers of licenses for using radioisotope and radiation sources were issued till the end of

2016 [3].
Activity type Symbol Num‘b.er of an.nber of
entities activity types
Class I laboratory I 1 1
Class II laboratory I 94 107
Class IIT laboratory I 124 242
Class Z laboratory Z 108 199
Smoke detector service UIC 372 372
Device service UIA 168 197
Isotope devices AKP 556 696
Manufacture of isotope sources and devices PRO 28 32
Trade in isotope sources and devices DYS 76 85
Accelerator AKC 77 156
Isotope applicators APL 37 53
Telegamma therapy TLG 5 5
Radiation device URD 36 37
Gamma graphic apparatus DEF 111 113
Storage facility of isotope sources MAG 120 145
Work with sources outside registered laboratory TER 56 62
Transport of sources or waste TRN 488 499
Chromatograph CHR 227 275
Veterinary X-ray apparatus RTW 1083 1128
X-ray scanner RTS 471 609
X-ray defectoscope RTD 206 229
Other X-ray apparatus RTG 399 592
Total 5834
ANNUAL REPORT 2016 National Atomic Energy Agency
DOI: 10.4236/wjnst.2019.92003 29 World Journal of Nuclear Science and Technology
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Table 2. Status of radiotracer and nucleonic gauges in Poland.

Radioactive source Open sources Sealed sources

Permission for the Yes Yes
application in the country

Current status Used Used

Examples of present Leakage tests in refinery Level gauges

application Density gauges

Thickness gauges

Coating thickness gauges

Nucleonic balances (bulk flow meter)
Concentration gauge

Gamma scanning

Analyzers and monitors

Requirements National Atomic Energy Agency National Atomic Energy Agency

permission permission for use

Certificates
PN-EN norms, ISO standards

Special requirements and Provincial Sanitary and
restrictions Epidemiological Station
permission

Office of Technical Inspection

permission for pressure tests

e Production of radioisotopes,

e Testing of fuel and structural materials for nuclear power engineering,
¢ Neutron transmutation doping of silicon,

e Neutron modification of materials,

e Research in neutron and condensed matter physics,

¢ Neutron radiography,

¢ Neutron activation analysis,

e Neutron beams in medicine,

e Training in the field of reactor physics & technology.

2.2. Present Examples of Using Radiotracer and Nucleonic Control
Systems Applied to Industry
2.2.1. Leakage Tests
The Institute of Nuclear Chemistry and Technology has been performing for
many years in control of the leak-proof-ness of production systems and facilities,
underground and ground tanks and underground gas and liquid pipelines by ra-
dioisotope marker methods. The field group comprises experienced staff, li-
censed by the National Atomic Energy Agency. They have got specialized
equipment for field generation of various radioisotope markers suitable for
marking different types of media. The hardware includes dosing and measuring
equipment and detectors for leak-proof-ness tests performed by pig moving in-
side pipelines. They use special absorptive materials matching the markers [10].
The method is basing on filling the tested facility with (primarily) gaseous
methyl bromide labelled with bromine Br-82 (Figure 1). Following mixing with

the control or working medium the marker flows to the leak site and is captured
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by either natural (soil, thermal insulation) or artificial (special materials installed

before test) adsorbent. In case of soil adsorption, the marker migrates towards

the surface. Radiometric detection can be carried out through layers of soil up to

5 meters thick and enables identification and precise positioning of the leak.

Special follow-up detectors moving inside the pipeline together with the control

medium are used for tests of underground pipelines with cleanout chambers. No

absorbents are used for tests of valves and exchangers. They are performing

leak-proof-ness tests including precise localization of leaks using radioisotope

marker methods at [11]:

underground liquid and gas pipelines (@200 - 600 mm) with cleanout cham-
bers—with sensitivity of up to 0.5 dem’/h for liquids and 5 g/h for gases
(output from the smallest detected at localized leak) and underground liquid
and gas pipelines (@ = 600 mm) without cleanout chambers—with sensitivity
of up to 1.0 dem’/h for liquids and 10 g/h for gases,

underground and ground pipelines (of all diameters) for gas and liquids
without cleanout chambers with sensitivity up to 1.0 dem’/h for liquids and
10 g/h for gas (Figure 2),

gate valves in pipelines for all media,

underground tanks and ground tank bottoms with sensitivity related to the

tank volume,

Figure 1. Equipment needed for generation of gaseous methyl bromide from pre-activated

potassium bromide.

Figure 2. Detector for detection of leaks in underground pipelines with cleanout cham-

bers.

DOI: 10.4236/wjnst.2019.92003
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e petrochemical and chemical industry installations with sensitivity of 30 cm®/h.
Tests are performed without removal of inner and outside lining, installation
of scaffoldings and removal of catalysts,

e other installations and structures subject to individual arrangements.

The methods are recognized by the Office of Technical Inspection. A long ex-
perience gained during various projects carried out for PKN Orlen Plock,
Gdansk Refinery, Przedsiebiorstwo Eksploatacji Rurociaggéw Naftowych (PERN)
in Plock and other clients stands evidence to the quality of results and efficiency
of the method. In terms of costs, using radioisotope markers for leak-proof=ness

tests is cheaper than traditional methods.

2.2.2. Radiotracer in Biotechnology Process Investigations
Radiotracer in the form of tritium water (T, = 4510 days, S radiation—0.018
MeV) was used for determination of residence time distribution (RTD) of mate-
rials in installation with 42 dm® volume and flow rate 0.6 dm’/day for biogas
production during anaerobic digestion of selected agricultural material or mu-
nicipal wastes. The scanning technique was applied for measurement of density
distribution inside the fermenter and eventually presents of foam inside the fer-
menter (Figure 3) [12].

These experiments were a base for construction of industry scale technology

for biogas generation (230 kW).

2.2.3. Coal Mining Industry

Sealed radioactive sources steel is used into polish coal mines. Examples of the
use of radioisotope techniques in mines are presented below (Figure 4 and Fig-
ure 5).

Carbon enrichment involves the separation of coal from the stone. This occurs
in a thick suspension fluid. To maintain the appropriate density of this liquid,
isotopic densitometers are used. The densitometers are most often used when
measuring the density of the product flowing in pipeline, detector and container
with the source are mounted on a special frame, after both sides of the pipe and

is part of the pipeline [2].

3. Regulations on Radiation Protection and Use of Radiation
3.1. Legal Basis

The legal basis for regulating the use of radioactive materials is: Atomic Law. Act
of Parliament of 29 November 2000 on the Atomic Law introduced a consistent
system ensuring nuclear safety and radiological protection of workers and gen-
eral public in Poland [14].

Key provisions of the Atomic Law Act regard licensing of activities which in-
volve exposure to ionizing radiation (Z.e. licenses issued for activities specified in
section “Definition, structure and functions of nuclear safety and radiological
protection system”) [15], powers vested within heads of organizational entities

conducting activities with the use of radiation and powers of the President of
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Figure 3. Comparison of experimental and model RTD results and scheme of scanning measurement and distribution of the den-
sity inside the fermenter [12].

Figure 4. Loading of skip pocket [13].
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Figure 5. Density gauges into coal enrichment installation (source Cs-137) [13].

National Atomic Energy Agency to control and supervise these activities. The

Act also identifies other tasks of the PAA President concerning, inter alia, as-

sessment of national radiation situation and procedures applied in radiation

emergency. The most important provisions of the aforementioned Act concern
issuance of licenses for activities connected with exposure to ionizing radiation

(i.e. licenses for activities specified above in the subchapter “Definition, structure

and functions of the nuclear safety and radiological protection system”), obliga-

tions of heads of organizational units conducting activities which involve radia-
tion and prerogatives of the President of the National Atomic Energy Agency to

exercise regulatory control and supervision of these activities [3].

Other Acts of Parliament
Apart from the Atomic Law Act, Polish laws set forth provisions indirectly
connected with the issues of nuclear safety and radiological protection, which

are included in other Acts of Parliament, in particular in [16]:

e Act of Parliament on Shipment of Hazardous Goods,

e Act of Parliament on Marine Safety,

e Act of Parliament on Technical Supervision,

e Plus 34 secondary legislation to the Atomic Law for example:

- Regulation of the Council of Ministers of July 12, 2006 on detailed conditions
of safe work with sources of ionizing radiation (Journal of Laws from 2006
No. 140 item 994),

- Regulation of the Council of Ministers of December 23, 2002 on the require-
ments for dosimetric equipment (Journal of Laws of 2002 No. 239, item
2032),

DOI: 10.4236/wjnst.2019.92003
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- Regulation of the Council of Ministers of December 3, 2002 on radioactive
waste and spent nuclear fuel (Journal of Laws of 2002 No. 230 item 1925),

- Regulation of the Council of Ministers of February 20, 2007 on basic re-
quirements for controlled and supervised areas (Journal of Laws of 2007 No.
131, item 910).

3.2. How to Perform Industrial Research Using Radioisotopes
in Poland—An Example of a Path

The first step is to get permission for work with isotopes from the PAA Presi-
dent [17].

Drafts of the PAA President’s licenses for performance of activities involving
exposure to ionizing radiation and other decisions in matters considered impor-
tant for nuclear safety and radiological protection were prepared by the Radio-
logical Protection Department (DOR) of PAA. Issuance of a license, an annex to
a license or receipt of a notification is always preceded by the analysis and as-
sessment of the documentation submitted by users of ionizing radiation sources.
Apart from the said documentation, a detailed analysis is also conducted to cov-
er the following issues: substantiation for the commencement of the activity in-
volving exposure, utility dose limits proposed, quality assurance program in
connection with the activity conducted Supervision of the use of ionizing radia-
tion sources and an internal emergency plan for cases of radiation emergency. In
cases, in which activity involving ionization radiation exposure does not require
a license, decisions are issued on acceptance of notification of activity involving
exposure to ionizing radiation. These cases have been listed in the Regulation of
the Council of Ministers of 6 August 2002 concerning cases, in which activity
involving exposure to ionizing radiation is not subject to the license or notifica-
tion obligation and cases, in which it may be conducted on the basis of a notifi-
cation (Journal of Laws No. 137, item 1153 as amended).

In the application for a permit, there must be a description of the test proce-
dure—Technological Instruction. There is a description of the isotope and its
form, activity, radioactive waste management, justification of the method, pos-
sessed dosimetry equipment, type of source (open, closed), name of the tested
installation, what will be tested, how and by what method, how the activity
measurement will be performed. With the use of unsealed sources, special atten-
tion should be paid to storage and handling of sources and to the potential for
contamination of workers and equipment.

The procedure differs slightly when sealed radioactive sources is used. Heads
of organizational units performing activity which involves use or storage of
sealed radioactive sources or equipment featuring such sources under the rele-
vant authorization granted are obliged to submit copies of records concerning
the radioactive sources to the PAA President. Such documents include record
sheets containing the following data about sources: radioactive isotope name, ac-
tivity according to a source certificate, date when the activity was established,
certificate number and source type, storage vessel type or device name and place

DOI: 10.4236/wjnst.2019.92003
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of the source use or storage. It is also needed emergency procedure if the source
is unsealed. Data extracted from the accountancy cards are entered into the reg-
ister of sealed radioactive sources, used to verify information about individual
sources. The information contained in the said register is used to supervise or-
ganizational units conducting activity involving exposure to ionizing radiation.
The supervision consists in comparing accountancy cards entries with the scope
of the given authorization issued.

The application is verified by the Nuclear Supervision Inspector. After the
substantive analysis, a permit is issued.

The second step of “the path” is preparation of Technical Procedure of the
planned work. This document needs:

e Positive opinion of the competent State Sanitary Inspector of technological
work instructions,

e Permission of the PAA President to conduct works radioactive source in the
field,

e Written consent of the site administrator to perform works on its premises
with source of radiation,

¢ Notification of the competent State Sanitary Inspector on the date and place
of performing works with radioactive source,

e The program of protection against ionizing radiation in the transport of ra-
dioactive materials,

e Emergency plan.

Certain types of measurements (e.g. leak tests under pressure) may require
additional permits such as: Office of Technical Inspection permission for pres-
sure tests. Such permission requires the preparation of many additional docu-
ments and procedures, and the UDT certificate procedure may take up to 12
months!

In the next step radioisotope must be ordered from supplier (Maria Reactor)
and transported to the laboratory for synthesis of radiotracer (if needed). The
contractor performing work with the isotope must be equipped with a radiolog-
ical laboratory. A special transport must be organized to deliver the isotope to
the laboratory and test site.

Only a qualified employee may be allowed to work with the isotope. During
fieldwork, a radiological protection inspector must attend them all the time. Af-
ter completing the work, the inspector has to perform dosimetry measurements
and prepare report for PAA inspector.

Additional information:

Radioactive waste: if a short-lived isotope is used for tests, it is waiting for its
expiration. If it is a long-lived isotope, the waste should be collected and trans-
ported to the Radioactive Waste Management Plant,

Open sources: usually the activity of the initial isotope is strictly limited, so
that after it’s spreading in the installation its activity decreases below the norm
of acceptable contamination,

Time: the measurements on the site in case leak detections take 1 - 2 weeks

DOI: 10.4236/wjnst.2019.92003
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Figure 6. UDT Certificate.

but whole procedure with may take even several months.

Permissions: The Laboratory of Diagnostic Methods at INCT has PAA per-
mission and UDT certificate, which is valid for 2 years (Figure 6). It authorizes
to carry out research in the field—leak testing of technical facilities using isotope
tracers. Technical devices and objects in industrial installations may be ex-
amined like petrochemical and chemical, e.g. pipelines, apparatus, columns, ex-

changers, boilers, etc.

3.3. Norms and Standards Used in Poland [18]

e PN-EN ISO/IEC 17025 General requirements for the competence of testing
and calibration laboratories,

e ISO 2975/I-1976 Measurement of water flow in closed conduits-Tracer me-
thods-Part I: General,

e ISO 2975/111-1976 Measurement of water flow in closed conduits-Tracer
methods-Part III: Constant rate injection method using radioactive tracers,

e ISO 553/3-1982 Liquid flow measurement in open channels—Dilution me-
thods for measurement of steady flow—Part 3: Constant rate injection me-
thod and integration method using radioactive tracers,

e PN-ISO 7205:1997 Isotopic control and measurement devices—Fixed devices,

DOI: 10.4236/wjnst.2019.92003
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PN-EN 60846:2004 Apparatus of radiation protection. Meters and/or moni-
tors for the spatial and/or directional equivalent dose (or power) of beta,
X-ray and gamma radiation,

PN-EN 60846:2004 Apparatus of radiation protection. Measurement of indi-
vidual Hp (10) and Hp (0.07) dose equivalent of X-rays, gamma, neutron and
beta radiation. Direct reading of individual dose equivalent measures,

PN-EN 60325:2007 Instrumentation for radiological protection. Meters and
monitors of radioactive contamination, alpha, beta and alpha/beta (beta
energy > 60 keV),

PN-ISO 9978:1999 Radiological protection—Closed-cell radioactive sourc-

es—Leak testing methods.

4. Local Companies, Manufacturing NCS and Institutions

4.1. Institute of Nuclear Chemistry and Technology (INCT) [19]

(Instytut Chemii i Techniki Jadrowej) Dorodna 16, 03-195 Warsaw, Poland
http://www.ichtj.waw.pl, phone: +48 22 504 10 00, e-mail: sekdyrn@ichtj.waw.pl.

Services:

Detection irradiated foods,

Radiation Sterilization Plant,

Nuclear Techniques Laboratory, Diagnostic Methods Group:

underground liquid and gas pipelines (@200 - 600 mm) with cleanout cham-
bers—with sensitivity of up to 0.5 decm’/h for liquids and 5 g/h for gases
(output from the smallest detected at localized leak) and underground liquid
and gas pipelines (@ = 600 mm) without cleanout chambers—with sensitivity
of up to 1.0 dem’/h for liquids and 10 g/h for gases,

underground and ground pipelines (of all diameters) for gas and liquids
without cleanout chambers with sensitivity up to 1.0 dem’/h for liquids and
10 g/h for gas,

gate valves in pipelines for all media,

underground tanks and ground tank bottoms with sensitivity related to the
tank volume,

petrochemical and chemical industry installations with sensitivity of 30 cm*/h.
Tests are performed without removal of inner and outside lining, installation
of scaffoldings and removal of catalysts,

other installations and structures subject to individual arrangements,
Laboratory of Nuclear Analytical Methods,

Food and Environmental Laboratory,

Other activities are presented in [4] [5] [6] [7] and [20] [21].

4.2. National Centre or Nuclear Research (NCBJ) [22]

(Narodowe Centrum Badan Jadrowych) Str. Andrzeja Soltana 7, 05-400 Otwock,
Swierk, Poland https://www.ncbj.gov.pl/en, phone: +48 22 27 31 001, e-mail:

ncbj@ncbj.gov.pl.
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NCBJ offers a broad range of research/engineering services for both domestic
and foreign customers. They have accumulated vast experience in producing io-
nizing radiation detectors and materials for their construction; the detectors are
used by the most eminent equipment manufacturers and research labs in the
world. They have been constructing unique electronic instruments to cooperate
with ionizing radiation detectors, including individual circuits and entire sys-
tems for LHC in CERN, Geneva, which is the largest research facility built by the
mankind. The Institute is also operator of the Maria Reactor. The part of the in-
stitute is POLATOM Radioisotope Centre which is a Polish manufacturer and
distributor of the isotope used in medicine, science, industry and environmental
protection. Research is a research and development. The Centre produces wide
range of products for medicine and for research and development, technology

and environment protection.

4.3.EMAG [13]

Institute of Innovative Technologies EMAG, and Centre of Technology Transfer
EMAG Ltd. (CTT EMAG, http://www.cttemag.pl/, Leopolda 31, 40-189 Kato-

wice).

For over 40 years, the Institute of Innovative Technology EMAG has specia-
lized in the development and construct of systems and equipment for on-line
monitoring and laboratory measurements of coal quality parameters, as well as
in the implementation of these devices in mines and power plants. The systems
based inter alia on the radiation detection techniques, such as: backscattering of
gamma radiation (ALFA-06 and ALFA-06/T systems) and absorption of a dual
energy gamma ray transmission (ALFA-06/2E ash meter, ALFA-06/3E system),
have found wide application in Poland. At present, over 100 systems and devices
for analysis are used in Polish hard and brown coal mines.

ALFA-06/T—ash meter and calculating calorific value, use backscattering.

ALFA-06/2E—on-line ash monitor, use absorption of a dual energy gamma
ray transmission. Makes it possible to measure ash content in coal with a grain
size of 0 - 200 mm and in carbon layers with a thickness of 50 - 300 mm. The ash
content is determined by measuring the attenuation of two concentrated beams
of radiation passing through the coal layer, which come from two different radi-
ation sources placed between the conveyor belts. This ash meter can be used in a
situation where different coal sizes lie on a belt in a layered system.

ALFA-06/3E—Absorption system for on-line monitoring of coal quality (ash
content, moisture) and calculating calorific value of coal transported on con-
veyor belt. Use absorption of a dual energy gamma ray transmission utilized in
loading places and controlling the enrichment process (Figure 7).

Modern versions of density meters have been developed at the EMAG Centre.
Accurate measurement of density and values being density functions for a sub-
stance with an altered chemical composition was obtained thanks to applied

measuring method using of absorbing and scattering radiation gamma. A cha-
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racteristic feature of the meters is that the isotope gauge is an element a pipeline
with an internal diameter equal to the internal diameter of pipeline. The EMAG
Centre was developed several types of gauge intended for various applications. C
and CA (caesium and americium) type isotope density meter are designed for
measurement of high density substances.

C-type gauge provides continuous measurement of the density of substances
transported by pipelines; measurement of other qualities of these substances
calculated on the basis of the measured density (Figure 8).

Technical information:

e measuring method: gamma ray absorption,

e pressure of the measured substance: <1 MPa,

e outside diameter of the pipeline: 100 - 400 mm,
o range of density measurement: 0.1 - 2.5 g/cm’,

Figure 7. ALFA 06/3E at the coal processing plant Radiation source: 137Cs (0.555 GBq)
and 241Am (11.1 GBq) [13].

Figure 8. C-type isotope density meter [13].
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e time of measurement: 3 - 100 s,
¢ radiation source: Cs-137 with activity 37 - 555 MBq (1 - 10 mCi).

B and BA (133Ba and 241Am) type density meter are provided for measuring
of substances with slightly larger or smaller density than water.

CA-type density meter gauge was applied in “Jaworzno” mining where it is
utilized for automatic control work of pumps which receive a concentrated
sludge from a radial thickener and for control the process of preparing a backfil-
ling mixture.

These devices ensure full safety of use—no restricted zone due to the use of
isotope with very low activity. Application in automation systems process con-
trol:

e flotation,

e coal enrichment in a heavy liquid (especially C-type gauge),
e water and mud circuit,

e preparation and transport mixtures flooring.

Previously generation of devices produced by EMAG-MPKF radiometric ash
meter: enable fast (100 s) measurement of ash content in samples with granula-
tion 0 - 10 (20) mm. The measurement is based on low-energy forward-scattering
gamma rays of Am-241. This type of fully automated devices is used in 18 min-

ing plants to control the quality of raw coal and enrichment products (Figure 9).

Figure 9. MPKF radiometric ash meter [13].
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4.4. Industrial Implementation Company “WILPO” Ltd. [23]

Mikotowska 29, 41 - 400 Mystowice (Poland), http://www.wilpo.pl/.
The company was founded in 1988 and offers stationary devices as well a se-

ries of on-line devices for work directly on belt conveyors and devices co-operating
with coal samplers. In the field of on-line measuring, the WILPO offers a num-
ber of solutions, adapted to various installation and measurement conditions.

WILPO C 212—radiometric under belt ash meter (Figure 10) is especially
prepared for ash content measurement in a run of a mine of hard and brown
coal. It can be employed in an open pit (Ze. directly on excavators), power sta-
tions and mines. The WILPO C212UG version is the first ash meter in Poland
approved for operation in underground conditions (sign WUG: DE-111/99).

Technical specifications:

e Granulation of tested carbon: 0 - 300 mm,

e Required thickness of the carbon layer: min. 100 mm (homogeneous, without
a layer of coal),

e Radiation source: Cs-137 with activity 3.7 GBq.

WILPO C 411A—radiometric ash meter is designed for continuous measure-
ment of the ash content in coal directly on the conveyor belt, especially in car-
bonaceous mixtures with a layered structure and in the coal with the layer height
on the conveyor belt from 50 to 250 mm and grains up to 80 mm (Figure 11).
The measurement is possible on sloping, reversing and even passable belts. The
small size and the non-contact measurement method predispose it to be used in
technological nodes of mines, as well as in power plants, heating plants, coking
plants, etc.

Technical specifications:

e Coal type: hard and brown,

Figure 10. WILPO C 212 ash meter [23].
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¢ Granulation of tested carbon: 0 - 80 mm,

¢ Height of the carbon layer: 50 - 250 mm,

e Radiation source: Am-241 (3.7 GBq and 40 kBq), Cs-137 with activity 3.7
GBq.

WILPO C 431—measuring system designed for on-line measurements of ash
content, moisture content and determination of the calorific value directly on
the conveyor belt (Figure 12). The basic applications of the system are related to
the measurement possibilities, among others: carbon mixtures with a layered
structure, variable granulation coal, technological nodes, points with relatively
small amounts of coal, etc.

Technical specifications:
¢ Granulation of tested carbon: 0 - 80 mm,

e Required thickness of the carbon layer: 50 - 250 mm,
¢ Radiation source: Am-241 and Cs-137 with activity < 4 GBq.

WILPO C 512 and HC version-radiometric ash meters. Are intended for con-

tinuous measurements of ash content in hard (especially C 512 HC) and brown

coal, for virtually any layer height and coal granulation, directly on a belt conveyor

Figure 11. WILPO C 411A ash meter [23].

Figure 12. WILPO C 431 ash meter [23].
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of any construction width. The innovative, scattering-absorbing measuring me-
thod used in the ash meter makes it possible to carry out measurements, which is
a complete novelty, on conveyor belts with steel cords. This predisposes this type
of ash meter for applications on long, open transport routes, especially in open-cast
coal mines (Figure 13).

Technical specifications:
e Coal type: hard and brown,
e Granulation of carbon: 0-300 mm,
e Required thickness of the carbon layer: 100-500 (temporarily up to 750) mm,
e Radiation source: Am-241 with activity 3.7-37 GBq (3.7 - 18.5 GBq for HC

version).

WILPO C 532hc—coal quality parameters measurement system. Continuous
measurement of ash content in coal is conducted using the innovative radiome-
tric scattering and absorption method developed by WILPO in 2009 (Figure 14).

Figure 13. WILPO C 512 ash meter [23].

Figure 14. WILPO C 532 [23].
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The method is based on irradiating a layer of coal (from above) with low-energy
gamma rays and on recording the intensity of gamma radiation reaching a set of
detectors arranged under the conveyor belt. Instead of one detector, a system of
two appropriately positioned detectors has been introduced: one to measure
scattered radiation, the other to measure absorbed radiation. This enabled the
gathering of data on ash content variability and surface density of the coal ana-
lysed using one radiation source. The applied configuration provided measure-
ment advantages which were unattainable until now, while retaining the valuable
features of radiometric ash meters used before. Continuous measurement of
moisture content in coal is carried out with use of the technology that consists in
absorption of microwaves.

Technical specifications:

e Coal type: hard,

e Granulation of carbon: 0 - 70 mm,

e Required thickness of the carbon layer: 50 - 250 mm (500 mm if only ash
content),

e Radiation source: Am-241 with activity 3.7 - 18.5 GBq and energy 60 keV.

The new design of the measuring system, most importantly that of the ash
meter which includes a single and low-energy (60 keV) Am-241 radiation
source, is perfectly safe. The device has been approved for manufacturing by
WILPO by the Polish National Atomic Energy Agency (PAA) in Warsaw (per-
mit No. D-17222 of 24 June 2009).

WILPO also holds a permit issued by PAA for the turnover, installation and
transportation of equipment comprising sources of radiation (permit No.
D-15512 of 14 January 2005, annex No.1 of 26 May 2008).

WILPO C 732 measurement system (Figure 15). This rapid measurement

system of coal quality parameters which can cooperate with the samplers is designed

Figure 15. WILPO C 732 [23].
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for direct measurement of ash and moisture content and calculation of the calo-
rific value of coal in redundant, averaged and crushed material, returned to the
main conveyor belt after each sampling by the sampler.

Technical specifications:

e Coal type: hard,

e Granulation of carbon: issued by the sampler crusher,

¢ Volume of the measuring chamber: 5 L,

e Measuring method of ash content: dispersion of gamma radiation,
¢ Radiation source: Am-241 with activity 3.7 GBq.

WILPO CG 111—isotope density meter is designed for on-line determination
of density of liquids or slurries transported in industrial pipelines, especially in
ash slurries. Density meter is practically maintenance-free device, mounted di-
rectly on the pipelines transporting the slurries. The measuring system consists

of controller unit, which can work autonomously or work together with an ex-

ternal PC unit as well as consist of the isotope head and detection unit.

Technical specifications:

e Measured material: slurries, liquids,

e Method of measurement: absorption of gamma radiation,

e Radiation source: Cs-137.

The on-line coal quality monitors and users are shown in Table 3 and Table 4.

Table 3. Installations-on-line coal quality monitors by WILPO [23].

USERS

“BELCHATOW”

“BOBREK”

“CENTRUM”

“BOLESEAW SMIALY”

“BRZESZCZE”

“BUDRYK”

“CHWALOWICE”

“HALEMBA-WIREK”
Ruch Halemba

“JANINA”

“JANKOWICE”

“KRUPINSKI”

ADDRESS
7 - 400 Belchat6ow,
Coal Mine ? clehatow.
skr. pocztowa 100
Coal Mine 41 - 905 Bytom, ul. Konstytucji 76
Coal Mine 41 - 902 Bytom, ul. Luzycka 7
43 - 174
Coal Mine Laziska G,
ul. Pstrowskiego 12
. 43 - 270 Brzeszcze,
Coal Mine L. R
ul. Kosciuszki 1
43 - 178
Coal Mine Onontowice,
ul. Zamkowa 10
44 - 206 Rybnik 6,
Coal Mine Y "
ul. 1 Maja 26
Coal Mine 41 - 706 Ruda Slgska, ul. Klodnicka 54
32 - 590 Libiaz,
Coal Mi
© ne ul. Gérnicza 23
44 - 253 Rybnik,
Coal Mine yont
ul. Jastrzebska 12
43 - 267 .
Coal Mine Suszec

ul. Piaskowa 35

TYPE OF DEVICE

C 212 (5 pieces)
C 512 (4 pieces)

C 431 (2 pieces),
C112A,C212

C132

C411A, C431,
532hc (3 pieces)

C132,C212
(3 pieces)

C 411A (2 pieces),
C132,C212,
C 532hc (3 pieces)

C 411A (3 pieces)
C 532hc (2 pieces)

C411A

C532hc

C 132 (3 pieces),

C 411A, C 532 hc (2 pieces)

C 532hc (3 pieces)
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Continued
« » . 42 - 540 Sosnowiec,
KAZIMIERZ JULIUSZ Coal Mine C431
ul. Ogrodowa 1
“KNUROW-SZCZYGLOWICE” i 42 - 220 Knuréw,
i Coal Mine C411A,C213
Ruch Knuréw ul. Dworcowa 1
“KNUROW-SZCZYGLOWICE” 44 - 193 K 6w 3,
. Coal Mine , ITurOW C 411A, C 431 (4 pieces)
Ruch Szczygltowice ul. Gérnicza 1
62 - 540 KI. s C212 (3 pi ,
“KONIN” Coal Mine eerew (3 pieces)
ul. 600-lecia 9 C512
. C213,C4l11A,
o » . 44 - 103 Gliwice, .
SOSNICA Coal Mine . C 431 (2 pieces),
ul. Blonie 6 i
C 532hc (2 pieces)
41 - 800 Zabrze, C132,C431,C212,
“MAKOSZOWY” al Mi
0820 Co e ul. Makoszowska 24 C 532hc
44 - 310 Radlin, C411A (2 pi ,
“MARCEL” Coal Mine adin (2 pieces)
ul. Korfantego 52 C 132, C 732 (2 pieces)
“MARPO”
(BB POL) Sp.j 70 - 675 Szczecin, Grudzinskiego 12 C532hc
41 - 408 Mystowice, C132
“MYSEOWICE-WESOLA” Coal Mine ystowiee
ul. Kopalniana 5 C532hc
43 -225 Wola,
“PIAST” Ruch II Coal Mi C 132 (4 pi
He oal Mine ul. Kopalniana 10 (4 pieces)
41 - 949 Piekary
“PIEKARY” Coal Mine Slaskie, C 132, C 431 (3 pieces)
ul. Brzechwy 13
“PNIOWEK” Coal Mine 43 - 251 Pawlowice SL, ul. Krucza 18 C 532hc (2 pieces)
“RADLIN” Coking plant 44 - 310 Radlin, c132
oking plan
&P ul. Hutnicza 1
“RYDULTOWY-ANNA” 44 - 280 Rydutt 8
Coal Mine yaurowy C411A
Ruch I-Ryduttowy ul. Leona 2
“SILESIA” Coal Mine 43 - 502 Czechowice Dz., ul. Gérnicza 60 C132
“MURCKI-STASZIC” 40167
. Coal Mine Katowice, C 112A (2 pieces)
Ruch Staszic L
ul. Karolinki 1
. 59 -916
“TUROW” Coal Mine . C612
Bogatynia 3
ul. Mtodych
“TUROW” Pov?rer Energetykow 12 C212(2 pi'eces),
station 59 - 916 C 512 (4 pieces)
Bogatynia 3
40 - 432
“WIECZOREK” Coal Mine Katowice, C212
ul. Szopienicka 58
40 - 598
“WUJEK” Ruch Wujek Coal Mine Katowice, C 132, C532hc
ul. W. Pola 65
“WUJEK” A 41 - 707 Ruda Slqska, C132,C212,C411A,
. Coal Mine .
Ruch Slask ul. Kalinowa 12 C 431
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Continued
C132,C431
“ZIEMOWIT” Coal Mine 43 - 143 Ledziny, ul. Pokoju 4 (2 pieces),
C 532hc
43 - 600
“SOBIESKI” Coal Mine Jaworzno, ul. C 532hc
Grunwaldzka 37
ZE PAK SA 52 - 510 Konin, Cs12
o ul. Kazimierska 45
USERS ADDRESS TYPE OF DEVICE
. 7 - 400 Belchatéw, 212 (5 pi
“BELCHATOW” Coal Mine ? clenarow €212 (5 pieces)
skr. pocztowa 100 C 512 (4 pieces)
41 -905 B , 431 (2 pi s
“BOBREK” Coal Mine 905 Bytom € 431 (2 pieces)
ul. Konstytucji 76 C112A,C212
41-902 B »
“CENTRUM” Coal Mine > Bytom c132
ul. Luzycka 7
43 - 174
« & » . . C411A, C431,
BOLESLAW SMIALY Coal Mine Laziska G, i
. 532hc (3 pieces)
ul. Pstrowskiego 12
43 -270 B s C132,C212
“BRZESZCZE” Coal Mine brueszcze :
ul. Ko$ciuszki 1 (3 pieces)
43-178 C 411A (2 pieces),
“BUDRYK” Coal Mine Onontowice, C132,C212,
ul. Zamkowa 10 C 532hc (3 pieces)
44 - 206 Rybnik 6, C411A (3 pi
“CHWALOWICE” Coal Mine yon! (3 pieces)
ul. 1 Maja 26 C 532hc (2 pieces)
“HALEMBA-WIREK” .
Coal Mine 41 - 706 Ruda Slaska, ul. Klodnicka 54 C4l11A
Ruch Halemba
32 - 590 Libigz,
“JANINA” Coal Mine o0 Ll C 532hc
ul. Gérnicza 23
C 132 (3 pieces),
44 - 253 Rybnik,
“JANKOWICE” Coal Mine oI C411A, C 532he
ul. Jastrzebska 12 X
(2 pieces)
« - » . 43 - 267 Suszec, .
KRUPINSKI Coal Mine . C 532hc (3 pieces)
ul. Piaskowa 35
42 -540 S iec,
“KAZIMIERZ JULIUSZ” Coal Mine osnowiec C 431
ul. Ogrodowa 1
“KNUROW-SZCZYGLOWICE” 42 - 220 Knuréw,
UROW-SZCZYGLOWIC Coal Mine furow C4l11A,C213
Ruch Knuréw ul. Dworcowa 1
“KNUROW-SZCZYGLOWICE” . 44 - 193 Knuréw 3, .
. Coal Mine .. C 411A, C 431 (4 pieces)
Ruch Szczyglowice ul. Gérnicza 1
62 - 540 Kl 8 212 (3 pi s
“KONIN” Coal Mine ecrew €212 (3 pieces)
ul. 600-lecia 9 C512
44 - 103 Gliwice €213, C4I1A,
. - wice,
“SOSNICA” Coal Mine K C 431 (2 pieces),
ul. Blonie 6 i
C 532hc (2 pieces)
41 - 800 Zabrze, 132, C 431, C 212,
“MAKOSZOWY” Coal Mine abrze €132,C431, €

ul. Makoszowska 24

C 532hc
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Continued
44 - 310 Radlin, C411A (2 pi ,
“MARCEL” Coal Mine acin (2 pieces)
ul. Korfantego 52 C 132, C 732 (2 pieces)
“MARPO”
Sp.j 70 - 675 Szczecin, Grudzinskiego 12 C532hc
(BB POL)
41 - 408 Mystowice, C132
“MYSLOWICE-WESOLA” Coal Mine ystowlee
ul. Kopalniana 5 C 532 he
43 - 225 Wola,
“PIAST” Ruch II Coal Mine o C 132 (4 pieces)
ul. Kopalniana 10
41 - 949 Piekary Slaskie,
“PIEKARY” Coal Mine lexary Saside C 132, C 431 (3 pieces)
ul. Brzechwy 13
. 43 - 251 Pawtowi
“PNIOWEK” Coal Mine > awlowice C 532hc (2 pieces)
SL, ul. Krucza 18
44 - 310 Radlin,
“RADLIN” Coking plant wadim c132
ul. Hutnicza 1
“RYDULTOWY-ANNA” 44 - 280 Rydult s
Coal Mine yaurowy C4l1A
Ruch I-Ryduttowy ul. Leona 2
“SILESIA” Coal Mine 43 - 502 Czechowice Dz., ul. Gérnicza 60 C132
“MURCKI- 40 - 167
-STASZIC” Coal Mine Katowice, C 112A (2 pieces)
Ruch Staszic ul. Karolinki 1
. 59 -916
“TUROW” Coal Mine 99 . C612
Bogatynia 3
ul. Mtodych
“TUROW” Pov?rer Energetykow 12 C212(2 pi'eces),
station 59 -916 C 512 (4 pieces)
Bogatynia 3
40 - 432
“WIECZOREK” Coal Mine Katowice, C212
ul. Szopienicka 58
40 - 598
“WUJEK” Ruch Wujek Coal Mine Katowice, C 132, C532hc
ul. W. Pola 65
“WUJEK” R 41 - 707 Ruda Slqska, C132,C212,CA4l11A,
. Coal Mine .
Ruch Slask ul. Kalinowa 12 C 431
C132,C431 (2 pi >
“ZIEMOWIT” Coal Mine 43 - 143 Ledziny, ul. Pokoju 4 (2 pieces)
C 532hc
43 - 600
“SOBIESKI” Coal Mine Jaworzno, C 532hc
ul. Grunwaldzka 37
52 - 510 Konin,
ZE PAK S.A. C512

ul. Kazimierska 45

Table 4. Installations—Export by WILPO [23].

“CORESTI”
“CORESTI”
KOSTOLAC

USERS

Power Station

ADDRESS
Petrosani, ROMANIA
Petrosani, ROMANIA

Pozarevac, SERBIA

TYPE OF DEVICE
WILPO C 212

WILPO C 212
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According to data from 2009, in national mining works about 100 on-line ra-
diometric ash meters from various companies, based on transmission and back-
scattering methods of gamma radiation, including over 60 WILPO solutions.
There are currently 10 continuous ash meters in the Polish brown coal mining
industry, all production of “WILPO” Sp. z 0.0. (WILPO C 212 sub-belt ash me-

ters).

4.5. “SYSKON—Systemy Kontroli Proceséw Przemystowych”
Henryk Zastawny [24]

Koscierzynska 7, 51 - 416 Wroclaw, http://www.syskon.eu.

Company operating since 1995. Designs, creates and implements systems for
continuous measurement of coal quality on belt conveyors and testing the con-
tent of flammable particles in flue gas.

The radiation level on the surface of the source container is well below the
level allowed by the PAA regulations, Ze. 2 mSv/h. Measurements are made au-
tomatically and no employee is required near the device.

SysKon 50—is a control device that allows on-line measure the density of flu-
ids, pulp, mules, etc. transported in pipelines (Figure 16).

The measurement principle is based on the determination of the high energy
gamma radiation absorption by the material under study. The gauge is installed
directly on the ascending section of the pipeline, which guarantees that the pipe
cross-section is filled with the tested material.

Technical specifications:

e pipeline width: unlimited,

Figure 16. SysKon50 [24].
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o liquid flow speed: unlimited,

e transport performance: unlimited,
e maximum granulation: unlimited,
¢ density range: unlimited,

e measurement time: about 1 min,
¢ radiation source: Cs-137.

SysKon 202—a control device that measures a content of flammable parts in
fly ash. The probe is installed in the flue gas duct, using the negative pressure
prevailing there, continuously samples the ash. The sample weighing about 10 g
is directed to the measuring container, where it is scanned with gamma radia-
tion, while its dielectric parameters are measured. From the relation between the
absorption of gamma radiation and dielectric properties, the content of flamma-
ble parts is calculated. After measurement, the sample is expelled back into the
flue gas duct and a new cycle begins.

Technical specifications:
¢ range of flammable parts: 0% - 16%,

e measurement time: 3 - 5 min,
¢ radiation sources: Cs-137.

SysKonSystem (Figure 17) and SysKonSystemSkan (Figure 18)—a devices
controlling the quality of coal transported by a belt conveyor (ash content,
moisture, calculation of calorific value). The device measures the coal in the
middle of the conveyor belt—this is the main feature that differs from the
SysKonSystem-Skan. The Skan version of device, in the case of a non-uniform
stream of material on the conveyor, thanks to the lateral scanning of this stream,

better averages the measured values—this is the main feature that differs from

Figure 17. SysKonSystem in Lubelski Wegiel “BOGDANKA” [24].
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the SysKonSystem device.
Technical specifications:
e type of coal: hard,
e granulation: 0-300 mm,
layer height: 50-300 mm,
radiation sources: Am-241, Cs-137.

SysKon400—a device with nucleonic weighers that controls the quality of coal
transported by a belt conveyor (ash and moisture content, mass of coal). The device
is optionally mounted with an additionally technological scale. The device is adapted

for use in underground mining plants in methane explosive areas (Figure 19).

Figure 18. SysKonSystem-Skan in “Brzeszcze” Coal Mine [24].

Figure 19. SysKon400 in Lubelski Wegiel “BOGDANKA” [24].
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Technical specifications:
e type of coal: hard,
e granulation: 0 - 300 mm,
¢ layer height: 50 - 300 mm,
e radiation sources: Am-241, Cs-137.

SysKon500—the device that controls the quality of coal transported by a belt
conveyor (Figure 20). The measurement of coal is carried out using the activa-
tion method. Individual elements included in coal, under the influence of neu-
tron with energies of 1 - 10 MeV they generate a characteristic energy spectrum.
Through his examination it can be determined the content of coal, ash, moisture
and calorific value of the examined coal.

The device allows to determine the content of elements such as: carbon, hy-
drogen, oxygen, calcium, chlorine, silicon, sulfur, iron and aluminum. The de-
sign of the analyzer is built-up around a conveyor belt. Under the carrier tape, in
the bottom tunnel of the device, an isotopic neutron source is placed (Am-Be).
Over the tape, in the upper tunnel devices, detectors are placed gamma radia-
tion. The design contains system of protective covers against neutron and gam-
ma radiation.

Technical specifications:

e type of coal: hard,

e granulation: 0 - 300 mm,

¢ layer height: from 100 mm,
e neutron source: Am-Be.

Installed de4vices and users are shown in Table 5.

Figure 20. SysKon500 [24].
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Table 5. Installed devices by SYSKON [24].

USERS LOCATION TYPE OF DEVICE

“Leczynska Energetyka” Bogdanka SysKonSystem: 1

SysKonSystem: 3
SysKonSystemSkan: 7
SysKonSystemLab: 1
SysKon 400: 5

Lubelski Wegiel “BOGDANKA” Bogdanka

Czechowice-Dziedzi SysKonSystem: 2
Przedsiebiorstwo Gérnicze “SILESIA” zechowice-aleczt yshonoystem

ce SysKonSystemSkan: 2
Zaktad Gérniczy “Sobieski” Jaworzno SysKonSystem: 1
Kopalnia Wegla Kamiennego “Mystowice-Wesota” Myslowice SysKonSystem: 2
Kopalnia Wegla Kamiennego “Brzeszcze” Brzeszcze SysKonSystemSkan: 3
ENEA Wytwarzanie S.A. Kozienice SysKon 202: 8
PGE Goérnictwo i Energetyka Konwencjonalna
) . . Nowe Czarnowo SysKon 202: 6
Spotka Akcyjna, Elektrownia Dolna Odra
Zespot Elektrocieptowni Wroctawskich Wroda SvsKon 202: 6
\4 :
KOGENERACJA S.A. 7
PGE Energia Ciepla S.A. Rybnik SysKon 202: 4
Slaska Ostrawa

Ostravska tézebni, a.s. SysKonSystem: 2

(Czech Republic)

4.6. TD-ELECTRONICS Tomasz Dudek [25]

Blatona 1/63, 01-494 Warszawa, http://www.td-electronics.pl.
Exists since 1998 and specializes in software development, construction and

implementation of electronic, isotope, measuring equipment for industry, labor-
atories and environmental measurements.

Isotope measurements are carried out by means of the TDI series. These are
meters containing a radioactive source and an ionizing radiation detector. It is
possible to measure (where xx can be Am-241, Cs-137, Co-60, Kr-85, Cd-109,
Pm-147, Sr-90):

TDI-xx-GT—Traversing thickness or basis weight (Figure 21) is intended for
continuous, non-contact measurement of the thickness profile of film, paper,
and sheets (depending on the radiation source used). It uses the absorption me-
thod of measurement. The radioactive source is placed under while the detector
assembly over the measured of material tape. The traverse mechanism (scanner)
enables synchronous movement of the source-head system, across the produced
tape, between the parametrically determined turning points.

TDI-xx-GR—Stationary thicknesses or basis weight is designed for conti-
nuous, non-contact measurement of thickness or basic weight of film, paper,
sheets, and plates (depending on the radiation source used) directly on the pro-
duction line. It uses the absorption method of measurement.

The measuring head system (source-detector) of the thickness or basis weight
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Figure 21. Traversing thickness gauge [25].

gauge is installed on a fixed structure and measures along the band of measured
material moving between the source and the detector. On one production line, it
is possible to install one or several measuring heads. Depending on the thickness
and type of band material being measured and the required metrological para-
meters of the gauge, the appropriate radiation source, its activity, the protective
container and the type of detector are selected.

TDI-xx-GE—Density or concentration in the pipe is intended for continuous,
non-contact density measurement and derivative parameters of liquids, solu-
tions and suspensions in pipelines. For the measurement, an attenuated gamma
radiation by medium variable density or concentration is used.

Technical parameters:

e measurement range: 0.4 - 5.0 g/cm’,

e outer diameter of steel pipes: 100 - 500 mm,

e outer diameter of PVC pipes: 40 - 90 mm,

e radiation sources: Am-241 (0.5 - 4 GBq) or Cs-137 (0.5 - 15 GBq).

TDI-xx-GZ—Density and concentrations in the tank.

Gauges are designed to measure the density or concentration of liquid media
and suspensions in tanks. They use the absorption method of measurement. The
measurement head of the densitometer or concentration meter is made up of a
system of source and radiation detector assemblies installed on a suitable me-
chanical construction. Measured medium must completely fill the space between
the source and detector assembly in the tank. Depending on the thickness of the
tank wall, the distance between the source and the detector, the type and density

of the medium being measured and the meter’s required metrological parame-
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ters, the appropriate radiation source, its activity, protective container and type
of detector are selected.

TDI-xx-OG—Thickness, density and concentration (Figure 22).

These meters use a scattering method for their work. They are utilized pri-
marily where it is not possible to use the absorption method, because (e.g. due to
technological reasons) access to the measuring medium is possible only on one
side.

TDI-xx-WA—Mass on conveyors (Figure 23).

Nucleonic weigher’s belt conveyors are meters intended for measuring the
mass of loose media transported by conveyor belts. They use the absorption
method of measurement. The measuring head is a fixed frame located across the
moving conveyor belt. On the frame above the conveyor there are installed
sources (source) of radiation in a suitable container. A linear detector is installed
under the conveyor belt. Depending on the width of the conveyor belt and the
amount and type of material on the belt, the appropriate radiation source, its ac-
tivity, protective container and the type of detector are selected.

TDI-xx-PL-Level (linear) and TDI-xx-PP-Level (point).

Isotopic level gauges used for linear measurement of media levels in a given

Figure 22. Backscattering densitometer for PE foam [25].
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range, while point level measuring devices (isotopic level relays) are used to sig-
nal the exceeding of a given level by the measured medium at the meter head in-
stallation location. In these gauges, the measured medium completely covers
(cuts off) part of the radiation beam. Linear and point level gauges do not differ
in principle, but only in terms of collimation of the radiation beam and the de-
tector’s active length.

TDI-xx-SF— Analysis of the composition of the medium and coating thickness.

These meters use fluorescent method for their work. They are used to analyze
the percentage of various elements in the measuring medium (e.g. iron, zinc,
lead, nickel, copper), as well as to measure the thickness of thin coatings cover-

ing thicker substrates.

4.7. POLON-IZOT Sp. z 0.0. [26]

Michata Spisaka 31, 02 - 495 Warszawa, http://www.polonizot.pl.

POLON-IZOT is a leading domestic producer of apparatus using X-rays and
isotopic phenomena. It can boast over 50 years of technical achievements. Po-
lon-Izot has many years of experience in the field of construction and production
of measuring devices, control systems for technological processes, metrology (la-

boratory measurements, off-on line) and apparatus for the needs of environmental

Figure 23. Nucleonic weighers [25].
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protection. They provided control and measurement devices to over 300 compa-
nies in Poland and abroad.

Industrial dust gauge

To measure the concentration of dust in the air, the device uses the attenua-
tion of ionizing radiation through the measured medium. In principle, the sys-
tem is therefore a density meter. To extract the dust content from the sample, it
is necessary to know the current air density, which is calculated on the basis of
the values collected by the temperature, pressure and humidity meters. The col-
limated radiation beam emanating from the container with the isotope source
passes the measurement space and goes to the detection unit, where the intensity
of radiation is converted into an electrical signal in the detector. The signal is
amplified and processed into a digital form—in this post it goes through the
serial interface to the controller, which calculates the concentration of dust based
on the difference in air density and the density of the measurement space. The
controller has outputs for switching on the visual and acoustic signaling in case
of exceeding the permissible dust levels (Figure 24).

Area of applications: measurement of industrial concentrations of dust in
channels and chimneys; measurement of dust concentrations in hazardous areas
explosion; processes related to heat treatment in furnaces industrial; monitoring
of filters; chemical, foundry and metallurgical industry. Technical specifications
of MPP are shown in Table 6.

Level gauge

The entire class of level recording devices is based on the tendency of the ma-

terial to reflect or absorb radiation. The main advantage of the level meter is the

Figure 24. Dust monitoring system in the mine. Detector and radiation emitter (ATEX
performance) [26].
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lack of moving parts and the ability to detect level without physical contact with
the tested medium. The gauge registers changes in the radiation dose rate as a
result of the presence of the medium in the measurement space between the iso-
tope source and the detector. The gauges are used for contactless, continuous
level measurements of liquid, powders, aggregates and solids.

Area of applications: measuring the level of concentrated acids, bases, salt so-
lutions and suspensions; monitoring the crystallization process and polymeriza-
tion; measuring the level of solids including aggregates on conveyor belts;
powder level measurement; measurement of filling level of tanks, cylinders.
Technical specifications of MP are shown in Table 7.

Industrial gauges of thickness and basis weight

The industrial (on-line) thickness and basis weight gauges operate in a
non-contact manner and do not destroy of the tested sample (Figure 25). The
partial absorption of radiation by the sample is used for the measurement—after

passing through the tested medium falls on detector that converts radiation

Table 6. Technical specifications of MPP type gauges [26].

Measurement .
MPP-xx 5 Function
range [g/cm’]

The system of continuous measurement of coal dust concentration,
01 0-60 composed of three density gauges type GM-01C, intended for application
in storage rooms, mines, etc.

Table 7. Technical specifications of MP type gauges [26].

Measurement .
MP-xx Isotope used Function
range [mm]
measurement and signalling of exceeding the
01 to 04 0 - 18,000 Cs-137, Co-60 set level in tanks, clogging of through
channels, etc. by a process medium

Figure 25. Thickness gauge of plastic pipes walls, MM-04 type [26].
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changes into a signal electric. Changing the thickness or basis weight of the

measured material changes the current of the detector that is sent to micropro-

cessor controller. The information provided in real time influence for increasing

productivity and saving of raw materials. The online meters allow remote con-

trol production process, often under extreme conditions, e.g. at high tempera-

ture, in high humidity or in large dust (Figure 26). Technical specifications of
MM are shown in Table 8.

Industrial density and/or concentration gauges

Emitted ionizing radiation is absorbed when passing through the tested ma-

terial. The level of absorption depends on the length optical path which over-

comes the radiation in a given substance and from the parameters of the substance:

Figure 26. Radiometric profile meter—head with traverse, MM-06 type [26].

Table 8. Technical specifications of MM type gauges [26].

MM-xx Measurement range [mm]
02 0.1-8.0
03 -

1.8 - 60.0 (for outer diameter < 630

04
- 1200 mm depends on thickness)
06 0.01-4.0
08 and 09 0.5-10.0
12 0.02-0.5

Measurement range

[g/m’]

250 - 950

Function

Rolled sheets thickness measurement

Basis weight of paper, cardboard, mineral wool, fiberboard,
non-woven, chipboard, etc.

Surrounding, continuous measurement of the plastic pipes wall
thickness during the production process, adapted for operation with
different types of extruding machines

Measuring the thickness of film, lining, rubber and similar materials
using a traverse head across the band

Thickness across the glass pane with a traverse head

Thickness of rolled steel sheets
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density, concentration, chemical composition, temperature (Figure 27 and Fig-
ure 28). The constant distance of the emitter from the detector allows the mea-
surement of the measured parameters in radiation absorption function in the
material under study. The device allows non-contact measurement of the density
or concentration of liquids in pipelines or tanks with complete filling of the
measuring space. They can be used in the building industry (lime and gypsum
slurries), sugar and alcohol (diffusion juice) and related industries. The EX is
designed for applications in potentially explosive areas. Technical specifications
of GM are shown in Table 9.

Nucleonic weighers

Provide contactless mass measurement of bulk materials transported on belt
conveyors in the chemical, mining, food, and other industries. Technical speci-
fications of MPP are shown in Table 10.

Figure 27. Density gauge GM-01 type [26].

Figure 28. Concentration gauge, GM-06 type [26].
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Table 9. Technical specifications of GM type gauges [26].

5 Outer diameter Temperature
GM-xx Measurement range [g/cm?] . . .
of pipe [mm)] measuring range [C]
01 0.6 - 3.5 100 - 298 -25-200
02 0.6 - 3.5 300 - 406 -25-200
04 40 - 75 0-100
0.7 - 1.6 (or the corresponding 40 - 75 (up to 250
06 ) ) : -25-200
percentages of concentration) for special design)

100 - 298 (for 01)
01 or 02EX 0.6-3.5 —-25-200
300 - 406 (for 02)

Table 10. Technical specifications of GM type gauges [26].

TW-xx Measurement range [kg/m] Typical yield [Mg/h]
03 3 - 20 (for 500 mm belt) 20 - 300
10 - 50 (for 650 mm belt) 100 - 650
04 20 - 80 (for 800 mm belt) 120 - 1000
05 30 - 120 (for 1200 mm belt) 180 - 1500

4.8. Osrodek Techniki Jadrowej Polon Wroctaw Sp z o. o. (“POLON”"
Nuclear Technology Centre in Wroctaw, Ltd.) [27]

Na Grobli 6, 50-421 Wroctaw, http://www.polon-otj.pl.

In terms of the subject of its operation and continuity of obligations, it is a

successor to the “Polon” Department of Applied Nuclear Techniques in Wroctaw
(operating in the years 1965-1992). The department was established in the sixties
with the mission to implement isotopic techniques in the industry. It successful-
ly performed the tasks involving designing, implementation and maintenance of
industrial equipment containing sources of ionizing radiation. Along with the
emergence of fire detection systems, in which smoke detectors containing ra-
dioactive material are an important element, the scope of business operation was
expanded to include the design, construction and maintenance of fire detection
systems. In 1992, a group of the Company’s employee transformed the state-owned
company into a limited liability company through employee privatization. The
Company continues its activity in its traditional areas, however, due to the natu-
ral evolution of the market demand, it has expanded the range of the services of-
fered that now include: development, production of electronic devices made to
single orders of the customers; design, installation, maintenance of building se-
curity systems, Ze. hazardous gas detection equipment, intrusion alarm systems,
smoke ventilation systems, access control systems and CCTV systems.

Signalling Devices: ISP-03S, ISP-02G, ISP-01 (Figure 29).

They are used for the non-contact control of tanks filling with liquid or loose
material. Isotopic signaling devices are used to perform tasks that are impossible
or very difficult to accomplish with other measurement methods. With proper

selection of the source of radiation, it is possible to control the presence of the
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medium enclosed in the shell, e.g. 0.5 m of concrete or 200 mm of steel.

ISP-01, ISP-02G are the Geiger counters, moreover 02G type can be mounted
in potentially explosive areas. The special feature of the ISP-03S signaling device
is its scintillation detector NalI(Tl) instead of the G-M meter, which makes it
about 15 times more sensitive than ISP-01 for 60Co sources and about 50 times
more sensitive for 137Cs sources. For example, the ISP-01 radiometric probe is
installed in the SOLBET production facility and controls the cement tank filling
system.

Isotopic Level Transmitter IPSPZ-3 (Figure 30).

Isotopic level signal transmitter is designed for non-contact measurement of
the level of various substances in tanks. In cooperation with the controller, it al-
lows for precise level stabilization, and thus simplifies the technological process
control. If the emergency level is exceeded, it activates the tank filling blockade.

Geiger counters are used as the radiation detector. Their number and position of

Figure 29. ISP-03S, ISP-02G ISP-01 [27].

Figure 30. IPSPZ-3 [27].
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the probe depend on the measurement task.

4.9. Tranz-Tel sp. z 0.0. [28]

Centralna 37, 43-210 Kobior, http://www.tranztel.com.pl.

TranzTel designs, implements and maintains advanced—intrinsically safe—s-
ystems and devices for various industries. The Company offers one isotopic me-
ter of its own production—density gauge. Installation on pipes with different
diameters is possible. Wide application in industry: chemical, petrochemical,
food and pharmaceutical industry, mining, environmental protection, etc. For
example, together with other meters, it is used in the automatic regulation of
heavy liquid in mining industry.

Technical specifications:

Closed gamma radiation source: Cs-137,

e Source activity selected individually: 0.5 - 15 GBgq,

Outer diameter of pipes: 50 - 500 mm,
e Measuring range: 0.5 - 5.0 g/cm’.
Companies involved in non-destructive testing, including gamma radiogra-
phy.
e NDT System S. Twardowskiego 21, 01-643 Warszawa,
http://www.ndt-system.com.pl,
e NDTEST Sp. z 0.0. Sztabowa 10, 04-283 Warszawa,
http://www.ndtest.com.pl,
e Badania Nieniszczace Gorka Dawid Goérka Podgérna 61, 62-064 Plewiska,
http://www.ndtgorka.com.pl,

e “Energomontaz-P6Inoc — Technika Spawalnicza i Laboratorium” Sp. z o.0.,
e Chelmzynska 194, 04-464 Warszawa, http://www.eptsil.pl,

e Laboratorium Badan Nieniszczacych “H-GAZ” Sp. z o.0. Powstancoéw

Listopadowych 2B, 35-606 Rzeszow, http://www.h-gaz.com.pl.
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Abstract

This is the first time that a study applies the gamma ray spectroscopy using a
high purity germanium to evaluate the terrestrial gamma radiation level by
detector in selected regions of Mali. The results reveal that the activity con-
centrations of naturally occurring **Ra, **Th and “’K radionuclides ranges
between respectively 17.26 + 1.81 and 105.43 + 10.36; 20.41 + 2.52 and 180.85
+ 19.69; 41.33 * 8.26 and 627.63 * 85.62 Bq-kg™'. The measures of radium
equivalent activity (Ra,,), absorbed dose rates (ADR), annual effective dose
rate (AEDR), external hazard index (A,,), internal hazard index (A,,) and ex-
cess lifetime cancer risk (ELCR) were evaluated. Some of the obtained values
exceed the recommended safe levels. Further studies are necessary to consti-
tute a baseline reference data about the terrestrial radiation in Mali.

Keywords

Soil Radioactivity, Radiological Hazard, Population Exposure,
Gamma Spectrometry, Mali

1. Introduction

Natural radionuclides of terrestrial origin, known as primordial radionuclides,
are widespread in the earth’s environment and exist in varying proportion in the

entire natural environment, including the human body.

Only those radionuclides with half-lives comparable to the age of the earth

such as **Ra, **Th, K, and their decay products, exist in sufficient quantity to

contribute significantly to population exposure [1].

To assess the health risk, it is important to estimate the radiation dose distri-
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bution due to natural radionuclides that depend mainly on the local geological
and geographical conditions.

In Mali, our previous study investigated on the natural radiological exposure
for human being, focusing on the radon that is formed along with the **U decay
disintegration chain [2].

In the same vein, our research team has collected some soil samples from four
regions in Mali for gamma ray analysis.

The purpose of this study is to determine the concentration of soil radionu-
clides’ activity and to evaluate the health risks via the gamma radiation parame-
ters such as Radium equivalent activity (Ra,,), external hazard index (#,,), in-
ternal hazard index (H,,), absorbed dose rate (ADR), annual effective dose rate
(AEDR) and excess lifetime cancer risk (ELCR). According to UNSCEAR
(2000), only two African countries (Algeria and Egypt) were contributed to the
2000 report on the formulation of the world average radionuclide concentrations
and the associated external exposure rates. This is the first time that such study
is conducted to analyze the concentration of soils radionuclides in Mali. The re-

sults will help enrich the various studies reported in Africa since 2000 [3]-[8].

2. Materials and Methods
2.1. Geographical Description of the Study Area

Mali is a landlocked country in West Africa. It is the eighth largest country in
Africa with an area of just over 1,240,000 square kilometres. This country is di-
vided into eight regions and one capital district (see Figure 1). Each of the re-
gions bears the name of its principal city. The regions are divided into 49 cercles.
The cercles and the capital district are divided into 703 communes. The capital
Bamako is administered separately and is in its own district.

Soil samples were collected from Bamako district (12°3821"N 8°0'10"W),
third region Sikasso (11°19'N 5°40'W), fourth region Ségou (13°27'N 6°16'W)

Figure 1. The sample collection areas on the Malian map.
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and Faléa (12°15'53"N 11°16'30"W) a village located in the rural commune of the
cercle of Kéniéba in the first region Kayes (Figure 1).

2.2. Sample Collection and Preparation

Soil samples were randomly collected by digging a half meter deep hole in dif-
ferent locations of the investigated areas: two samples from Bamako, Sikasso,
and Segou, three samples from Falea (Kayes region). The distance between each
site of collected sample was about 5 - 15 km. All the samples were dried,
crushed, homogenised and passed through a 2 mm sieve and then oven-dried at
40°C for 24 h. Before measuring the radioactivity, the conditioned samples were
stored in cylindrical SG50 containers for one month to allow the short-lived

daughters of **U and ***Th decay series to reach a secular equilibrium.

2.3. Gamma Ray Detection System

The gamma-ray activities were measured by using a shielded planar Hyper-Pure
Germanium (HPGe) detector and associated electronics. The detector, a BE 3830
model coupled to an 8192 channel analyser piloted by Genie 2000 software were
supplied by Canberra [9]. The experimental detector resolution is 1.97 keV at
1332 keV and 0.65 keV at 122 keV. Each sample was counted for 200,000 s.

2.4. Calculation Formulae for Radiation Exposure Parameters

2.4.1. Radium Equivalent Activity (Radeq)

Radium equivalent Ra,, represents the sum of the specific activities of ***Ra, ***Th,
and “K based on the assumption that 370 Bq-kg™ of ***Ra, 259 Bq-kg™ of *’Th,
and 4810 Bq-kg™" of “K would produce the same dose rate of gamma radiation.

Radium equivalent activity is calculated through the following relation [10]:

Ray, = Ay, +1.43x A, +0.077x A, (1)

where Ay,, Ap, and Ay are the activity concentrations respectively of ***Ra, **Th

and “K expressed in in Bq-kg™.

2.4.2. Absorbed Dose Rate (ADR)
The absorbed gamma dose rate ADR (nGy-h™") due to the activity of ***Ra, **Th

and “K in the air at 1 m above the ground is defined by the following expression:

ADR (nGy-h™') = 0.462A,, +0.604A,, +0.042A (2)
where Ag,, Ay, and Ay are defined in the above equation.

2.4.3. Annual Effective Dose Rate (AEDR)
The annual effective dose rate received by the population is calculated using the
following equation according to UNSCEAR [1]:

AEDR (mSv-y™') = ADR x8760x0.2x0.7x10™° 3)

where ADR is the estimated absorbed dose rate (nGy-h™') given in Equation (2),

0.7 Sv-Gy™' the conversion coefficient from absorbed dose in the air to effective
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dose received by adults, 0.2 is the fraction of time spent indoors and 8760 is the

time in hours in 1 year.

2.4.4. External Hazard Index (H.x) and Internal Hazard Index (Hin)

The external hazard index is a criterion used to assess soil radiation exposure
rate on a human body. The maximum value of A, equal to unity corresponds to
the upper limit of Ra,, (370 Bq-kg™') and the maximum of the annual radiation
dose (1.5 mSv-y™"). The external hazard index H,, is calculated by the following

formula:

o = A +h+—AK (4)
370 259 4810

The internal exposure to radon and its daughter progenies is quantified by the
internal hazard index H,, which is given by the equation:

A A, A

in (5)
185 259 4810

2.4.5. Excess Lifetime Cancer Risk (ELCR)
The excess lifetime cancer risk (ELCR) gives the probability of developing cancer
during the life of a human being at a given exposure level. The ELCR is calcu-
lated using the following equation [7] [11] [12] [13]:

ELCR = AEDR x RFx DL (6)

where AEDR is the annual effective dose rate, DL the average duration of life for
human being (70 years) and RF is the mortal cancer risk factor (Sv™'). For sto-
chastic effects, ICRP 60 uses RF values of 0.05 for the public [14].

3. Results and Discussion
Table 1 summarizes the measured concentrations of the specific activity of **Ra,

Table 1. Measured activity levels (Bq-kg™) of specific radionuclides for soil samples at
various locations of Mali.

Sample No. Sector Ra 22Th K

S1 Bamako 1 22.67 £2.95 37.78 £5.02 622.28 + 85.36
S2 Bamako 2 22.67 £2.48 35.56 £ 4.10 627.63 + 85.62

S3 Ségou 1 17.26 £ 1.81 20.41 £2.52 52.06 + 15.49

S4 Ségou 2 22.66 +2.35 26.02 £2.97 41.33 £8.26
S5 Sikasso 1 28.20 £ 2.63 36.81 £3.92 245.34 + 27.37
S6 Sikasso 2 25.95 +2.82 34.03 £4.10 210.93 + 30.62

S7 Kayes 1 105.43 + 10.36 180.85 + 19.69 76.71 £ 14.96
S8 Kayes 2 77.01 £7.91 68.41 £ 8.20 185.16 + 28.88
S9 Kayes 3 85.93 £8.35 85.65 £ 9.41 143.46 + 21.38
Range 17.26 - 105.43 20.41 - 180.85 41.33 - 627.63
Average 45.31 +4.63 58.39 £ 6.66 244.99 + 35.33
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»2Th, *K, which ranges respectively, from 17.26 + 1.81 to 105.43 + 10.36 Bq-kg ™',
20.41 + 2.52 to 180.85 + 19.69 Bq-kg_l, 41.33 + 8.26 to 627.63 + 85.62 Bq-kg_l in
the selected soil samples. The mean activity of *K observed (244.99 + 35.33
Bq-kg™) in the present study is below the recommended limit (400 Bq-kg™) [1].
Meanwhile, the mean activity concentration levels of **Ra (45.31 + 4.63 Bq-kg™)
and **Th (58.39 * 6.66 Bq-kg™') are higher than the worldwide mean reported
values (35 and 30 respectively).

The radium equivalent activity, the gamma absorbed dose rate, the annual ef-
fective dose rate, the external, and internal hazard index, the excess lifetime can-
cer risk due to **Ra, **Th and “K in the soil samples was calculated from respec-
tively Equations (1)-(6) and are presented in column 3, 4, 5, 6, 7, 8 of Table 2.

As can be seen from Table 2 the calculated radium equivalent (Ra,,) is be-
tween 50.45 * 6.61 and 369.95 + 39.67 with the average of 266 Bq/kg. None of
those values exceeded the suggested maximal admissible value of 370 Bq/kg that
is acceptable as safe limit.

The absorbed dose rate (ADR) obtained by equation (2) indicated that the
lowest dose rate was 22.49 + 3.01 nGy/h for the soil sample S4, while the highest
dose rate was 161.16 = 17.31 nGy/h for the soil represented by sample S7. Except
the dose rates of samples S7, S8, S9, all the calculated dose rates were lesser than
the global average value 57 nGy/h according to UNSCEAR,2000 report.

The annual effective dose rates (AEDR) in the air varied from 0.028 + 0.004 to
0.198 + 0.021 mSv/year with an average value of 0.082 + 0.001 mSv/year which is
higher than the world's mean (0.07 mSv/year).

For the external hazard index results showed that no soil sample exceed unity.
It is noteworthy that only the internal hazard index value of soil represented by

sample S7 is higher than the permissible value (unity).

Table 2. Radium equivalent activity (Ra,,), absorbed dose rate (ADR), annual effective dose rate (AEDR), external hazard index
(H,,), internal hazard index (/,,) and excess lifetime cancer risk (ELCR) of selected soil samples in Mali.

Sample No.
S1
S2
S3
S4
S5
S6
S7
S8
S9
Range
Average

Safe level

Sector
Bamako 1
Bamako 2

Ségou 1
Ségou 2
Sikasso 1
Sikasso 2
Kayes 1
Kayes 2

Kayes 3

Ra,, (Bq-Kg™) ADR (nGy-h™) AEDR (mSv-y™") H,, H, ELCR (x107%)
124.61 + 16.70 59.43 +£7.98 0.073 £ 0.009 0.34 £ 0.05 0.40 + 0.05 0.26 + 0.03
121.85 + 14.94 58.31+7.22 0.072 £+ 0.009 0.33 £ 0.04 0.40 + 0.05 0.25 + 0.03
50.45 + 6.61 22.49 £3.01 0.028 + 0.004 0.14 £ 0.02 0.18 + 0.02 0.10 £ 0.01
63.05+7.23 27.92 £3.23 0.034 + 0.004 0.17 £ 0.02 0.23 £ 0.03 0.11 £ 0.01
99.73 £10.34 45.57 £4.73 0.056 + 0.006 0.27 £ 0.03 0.35 + 0.04 0.20 + 0.02
90.85 +11.04 41.40 £5.06 0.051 £ 0.006 0.25 £ 0.03 0.32 + 0.04 0.18 + 0.02
369.95 + 39.67 161.16 + 17.31 0.198 +0.021 0.99 £0.11 1.28 £0.14 0.69 + 0.07
189.09 + 21.86 84.67 £9.82 0.104 £ 0.012 0.51 £ 0.06 0.72 + 0.08 0.36 + 0.04
219.46 + 23.45 97.46 +10.44 0.120 £ 0.013 0.60 + 0.06 0.83 + 0.09 0.42 + 0.04
50.45 - 369.95 22.49 - 161.16 0.028 - 0.198 0.14 - 0.99 0.18 -1.28 0.10 - 0.69
147.676 + 16.87 66.49 +7.64 0.082 £ 0.001 0.40 £ 0.05 0.52 + 0.06 0.29 £ 0.032
370 57 0.07 1 1 0.29
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Except samples S7, S8, and S9, it was found that the life cancer risk value is
lesser than the world average of 0.29 x 107. In the first region Kayes there is a
possibility of developing cancer cases among people.

A more detailed analysis of the overall results from calculated radiological pa-
rameters shows that soil samples collected in the fourth region Ségou presented
the lowest value and those in Kayes region the highest value. More investigations
were undertaken to understand the exceeded value obtained in the cercle of
Falea located in western Mali approximately 350 km west of the capital, Bamako.
The information collected showed that the cercle of Falea is a uranium, silver
and copper deposit. The current resource estimate is approximately 45 million
pounds of U,0, [~17,300 t U] at an average grade of ~ 0.07% U0, [~0.06% U].
The deposit also contains ~37 million Oz Ag and ~70,000 t Cu. The dominant
uranium mineral is uraninite; copper is present mainly as chalcopyrite and silver
mainly as argentite, and in its native form. Only 5% of the property has been ex-
plored to date, and all zones remain open [15] [16].

In sum, the nature of the Falea deposit (an unconformity-associated uranium
deposit) may explain the high values of the radium and thorium concentrations,

impacting those of the radiological parameters.

4. Conclusions

In the present work, we used gamma spectrometry to determine natural radioac-
tivity in 9 soil samples in Mali. The specific activities of the ***Ra, **Th and “K
radionuclides measured in these samples vary respectively from 17.26 £+ 1.81 to
105.43 + 10.36 Bq-kg™, 20.41 + 2.52 to 180.85 + 19.69 Bq-kg ™', 41.33 + 8.26 to
627.63 + 85.62 Bq-kg .

The level of the natural radiation in the studied areas does not exceed the
norm, except in Falea location where samples S7, S8 and S9 were collected.

Although the study did not cover the entire country of Mali, however, the
findings reported in this workpaper provide relevant information and data
which would document and enrich the world database on natural radioactivity

emitted from soil and their effects on human bodies.
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Abstract

This paper presents a comparative analysis of different parameters such as
enthalpy, moderator temperature, moderator density, flow velocity, pressure,
and fuel temperature profile at the fuel pin cell level of PWR. Moreover, in
this paper pitches to fuel pin radius ratio are varied from 2.3 to 4. The me-
thods and implementation strategy are such that the coupled neutronic and
thermal-hydraulic analysis is executed in a fully one dimensional (1D) man-
ner. The thermal hydraulic is based on moderator/coolant mass and enthalpy
equation together with one group diffusion equation for fuel pin. Modelling
of fuel pin cell and subchannel is executed in two steps. First, the governing
equations are derived assuming that all the parameters appearing in the equa-
tions are temperature independent. Fuel pin centerline temperature and ra-
dially averaged temperature equations are derived from Fourier laws of ther-
mal conductivity. Finally, diffusion coefficient, fission cross-section and ab-
sorbing cross-section are evaluated with respect to the fuel pin temperature.
The outcome will be helpful for further neutronics and thermal analysis of
PWR. Thermal hydraulics parameter varies the maximum 30 percentage
from the lowermost value.

Keywords

Fuel Pin, Pitch, Sub-Channel, Neutronics and Thermal Hydraulics

1. Introduction

The Light Water Reactor (LWR) Nuclear Fuel Development Research and De-
velopment (R & D) is mainly focused on improving reactor core economics and
safety margins through the development of fuel design. To obtain significant

economical improvements while remaining safety boundaries, significant steps
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beyond improvements in the current generation of nuclear fuel are required.
Primary improvements in the field of fuel pin and pallet design, cladding inte-
raction with coolant, enhanced fuel burn up; fuel composition is highly essential.
To achieve massive development within next 20 - 25 years in nuclear industry,
advanced fuel design should be introduced by today and those designs must be
implemented with confidence [1].

For LWR, strong economic incentives exist with higher fuel consumption by
maintaining its reliability. One of the most effective ways to increase fuel con-
sumption and to use fuel pin more efficiently is raising the fuel volume fraction
in the core, which in terms of thermal hydraulic and structural design can be
done by increasing the fuel pin diameter and by decreasing the fuel pitch. Under
certain operating condition, small fuel pitch can cause fuel pin damage or distor-
tion, thus examining in some detail the fuel pin pitch optimization of a large

LWR, taking these problems into consideration [2].

2. Objective

The aim of this work is to analysis both thermal-hydraulic and neutronic beha-
vior along the channel of the fuel pins. The overall objectives are divided into
several steps:

e To vary the fuel pitch to pin radius ratio;

e To investigate thermal hydraulic behavior by analyzing coolant temperature,

pressure, density and enthalpy inside fuel assembly.

3. Methodology

The entire methodology is performed on three steps. Firstly, neutron flux is cal-
culated from one group diffusion equation. Volumetric heat source is deter-
mined from this equation as well.

Thus, other parameters such as temperature of the fluid from fuel cladding are
also determined. Finally, an equation of enthalpy is developed from the Gauss
theorem and enthalpy conservation equation.

Enthalpy is determined for four different fuel pin pitch to radius ratio. Thus,
other parameters such as temperature profile and moderator density profile are
determined.

However, several assumptions have been made:

Pressure throughout the reactor is assumed to be constant and it is 15.5 bar.
Moreover, no pressure drop will occur in the reactor.

Finally, using above two properties and implementing all values from steam ta-
ble leads to determine moderator temperature and density. Those two parameters
are determined for four distinct fuel pin pitch to radius ratio. Thus, other parame-
ters: diffusion coefficient, macroscopic cross-section, fuel radially averaged tem-

perature, coolant velocity and pressure are also determined by using Matlab.

4. Model and Equation

In this work, uranium-235 is used which is 3.957% enriched. The thermal hy-
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draulics behaviors along the channel of two adjacent fuel pins are properly ana-
lyzed. The parameters relevant to the fuel pins are mentioned in Table 1 and
Table 2. The pitch between two fuel pins is varied to investigate the change in
enthalpy, coolant temperature, coolant velocity. Radius of the pin remained con-
stant. It is assumed that the higher pitch to fuel pin radius ratio reflects more
distance between two pins. Thus, more space can be added for coolants between

the two fuel pins and the volume for the coolant can be increased as well.
(02, -%,)

VZ
o(2)+—F

p(z)=0 (1)

. (mz
go(z)_Csm(q] )

¢ is defined as neutron flux, v, Z;, X, are the neutron released per fis-

a
sion, macroscopic fission cross-section, macroscopic absorbing cross-section
and D is diffusion coefficient. The solution of Equation (1) is Equation (2). Vo-

lumetric heat flux and moderator enthalpy is determined from Equation (2).

R2
q”(z):_2R’fp kaCsin(%zj (3)
_ _ P R} H nz
h(z)=h(0)-——"k>.C— =11 4
(2)=h(0) GA2R, ! n(am(Hj j )
=L2 5)
2KZ HR},

"

q

of the fuel pin, & is recoverable energy per fission event, 4 is the enthalpy, A is

is noted as heat dissipated to fluid from the cladding. Ry, is the radius

the total height of the fuel pin. R, is defined radius of the pin including the

cladding. z defines any parameter value along the zaxis or along the vertical axis.
Qis power produced by one fuel pin. Enthalpy is defined in Equation (4).

(h ( Z) —hy )

mod :(h]——ho)X(T' ~Ty)+T, (6)

Toos is moderator temperature, h, is the updated enthalpy at the end of

node, h, initial enthalpy at the beginning of node, T, temperature at the end

of node, T, initial temperature at the beginning of the node. Total height is

discretized into 37 nodes. By Equation (6) temperature of the moderator is up-

dated from the moderator enthalpy.
To™ =Ry Rinq" +T g )

T/™ is noted as maximum fuel centerline temperature, R, is effective

4

thermal resistance, " is volumetric heat flux.
The assumptions are made:
e the system is considered to be at steady-state conditions;

e the fluid contains no volumetric heat source/sink;
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e the coolant is always assumed to remain in single-phase (PWR example);

¢ the flow is assumed to be mono-dimensional along the vertical z-axis;

e the neutron transport will be described by using one-group diffusion theory;

e the thermal conductivity of the fuel is assumed to be temperature-independent;

o the effective thermal resistance is assumed to be constant along the channel;

o the friction factor is assumed to be constant along the channel;

e Fuel pin radius measured including the cladding, however, cladding material
has not been taken into account.

Fuel Pin Diameter including cladding is 8 mm.

A nuclear reactor core is the portion of a nuclear reactor containing the nuc-
lear fuel components where the nuclear reactions take place and the heat is gen-
erated.

A structured group of fuel pins (long, slender, metal tubes containing pellets
of fissionable material, which provide fuel for nuclear reactors). Depending on
the design, each reactor vessel may have dozens of fuel assemblies (also known
as fuel bundles), each of which may contain 200 or more fuel pins. A long,
slender, zirconium metal tube contains pellets of fissionable material, which
provide fuel for nuclear reactors. Fuel pins are assembled into bundles called fuel
assemblies, which are loaded individually into the reactor core. Table 1 presents
fuel pin pitch and pitch to radius ratio which are used to determine different pa-
rameters. Moreover, Table 2 presents specific initial conditions and other para-
meters related to the problem. Figure 1 presents core, fuel assembly and fuel pin
with pitch between two adjacent pins. Apart from this, subchannel among four
pins and subchannel among three pins are shown in Figure 2. In this paper,

subchannel among the four pins is implemented.

Table 1. Fuel pin and pitch design data.

Pitch (mm) Pitch to radius ratio
9.2 2.3
10.4 2.6
11.6 2.9
16 4.0

Table 2. Problem specification.

Parameters Data
Axial Height (m) 4.20
Fuel Pin Radius without cladding (mm) 3.5
Power produced by one fuel pin (W) 6.5x 10*
Recoverable energy per fission event (J) 32x107!
Flow velocity at the inlet of the channel (ms™) 4.34
Flow temperature at the inlet of the channel (K) 556.51
Macroscopic fission cross-section (cm™) 0.028
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Figure 1. The radius and pitch between two pins.

Figure 2. Different design for various fuel assembly.
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5. Result and Discussions

It is found in Figure 3 that maximum enthalpy of the coolant is determined for
lowest fuel pitch to pin radius ratio and minimum enthalpy is determined for
maximum fuel pitch to pin radius ratio. More enhancement of pitch will result
in more flatten of the enthalpy curve. However, an optimum range between 2.6
to 2.9 shows better results from both the power generation and safety aspects.
Maximum enthalpy for minimum pitch to radius ratio 2.3 is a concern from the
safety aspects. On the other hand, less enthalpy to the coolant results in lower
power generation. An enthalpy range from 1500 KJ to 1200 KJ is desired value
for PWR. As a result, a fuel pitch to radius ratio 2.9 to 4 is desirable for PWR.

Figure 4 shows the change in moderator temperature and moderator density
respectively. For steady state condition, inlet moderator temperature is set at 556
K. Since, melting point of moderator in PWR is 615 K and single-phase flow is
desirable for PWR and the optimum value of fuel pin pitch to radius ratio is 2.9
to 4. For four different ratios the temperature of moderator increases from 550 K
to 650 K along the vertical axis. All three except the ratio 2.3 show satisfactory
result. On the other hand, moderator density reduces along the axis as tempera-
ture along the axis increases. Moderator density remains almost constant for ra-
tio 4 and it changes rapidly for ratio 2.3. Maximum density is found almost 770
kg/m® and minimum density is 505 kg/m’.

Figure 5 shows gradual decrease of coolant pressure. Several pressure drops
such as: gravitational pressure drop, frictional pressure drop, acceleration pres-
sure drop are taken into account which causes a fall of pressure along the verticle
axis inside the reactor. Pressure range is found from 15.5 MPa to 15.65 MPa for
all four pitch to radius ratio. In PWR maximum pressure can be raised upto 15.5
MPa [3]. So, all the pressure range lie in optimum level.

Figure 6 shows increase of coolant velocity along the vertical axis. A significant

Figure 3. Enthalpy along the axial elevation.
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Figure 4. A variation on moderator temperature (a) and moderator density (b) along the
channel.

Figure 5. Axial variation of the coolant pressure.

increment has been found for 2.3 ratio. Maximum allowable coolant velocity is
found 6.4 ms™ for this ratio. The rest of the ratio shows increment from 4.4 ms™
to 5.5 ms™'. No significant flow velocity is found for the ratio 4.

In Figure 7, radially averaged fuel temperature is presented. As it can be seen,
maximum temperature has been found for 2.3 ratio is 1580 K. The fuel temper-
ature is almost 50 K higher than the lowest value for the pin pitch to radius ratio
4. The profile seems symmetrical.

The pellet radial temperature profile at the hottest location in fuel pin is de-
picted in Figure 7. In the fuel pin the hottest location is found at the fuel rod
position at active height of 1.5 to 2.5 m. The thermal conductivity from 500°C to
2000°C is 4 W(m-K) to 2 W(m-K) [4].
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Figure 6. Coolant flow velocity along the vertical axis.

Figure 7. Fuel centerline temperature along the vertical axis.

Thermal-hydraulic behavior along the channel has been observed. This analy-
sis has been performed on the pin cell level by varying pitch to fuel pin radius
ratio. It has been found from overall all figures that ratio 2.6 is optimum and ac-
ceptable ratio. As coolant higher enthalpy results in more rise in the temperature
and lowers the coolant density.

The first important constraint is that the core temperatures remain below the
melting points of core components. This is particularly important for the fuel
and clad materials.

There are also limits on heat transfer rate between the fuel elements and coo-
lant, since if this heat transfer rate becomes too large, critical heat flux may be

approached leading to boiling transition. This, in turn, will result in a rapid in-
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crease of the clad temperature.

In case of exceeding limit of a certain wall heat flux, there heat transfer rate
will become progressively worse [5].

Critical heat flux is the primary concern for the Pressurized Water Reactors
(PWR), since such reactors operate with subcooled and low quality coolants. Even
for Boiling Water Reactors (BWR), which have a significantly bottom-peaked axial

power profile, the DNB-risk have to be taken into account.

6. Conclusion

In this study, fuel pin optimization is performed for Pressurized Water Reactor.
The results are specifically dependent on design specification and design criteria.
The pitch to fuel pin radius ratio is better optimized from 2.6 to 2.9 which is de-
sirable for PWR. A certain temperature limit is maintained to keep the reactor in
subcooled condition. Moreover, a PWR fuel pitch and radius should be designed
in such a way that will result in higher neutron economy which rises the enthal-
py, and thus efficiency of the reactor. The results are obtained very preliminary.

These may be used in future modelling of reactor core.
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diffusion coefficient

heat dissipated to fluid from the cladding

radius of the fuel pin

recoverable energy per fission event

the enthalpy

the total height of the fuel pin

radius of the pin including the cladding

the any parameter value along the zaxis or along the vertical axis
moderator temperature

updated enthalpy at the end of node

initial enthalpy at the beginning of node
temperature at the end of node

initial temperature at the beginning of the node
is noted as maximum fuel centerline temperature
is effective thermal resistance

is volumetric heat flux

Greek Letters

7 neutron flux

v neutron released per fission

PP macroscopic fission cross-section
z, macroscopic absorbing cross-section
Subscripts

p fuel pin

mod  moderator

! fission

a absorbing cross-section

co cladding

eff effective
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Abstract

In this study, the natural radionuclides in soil and sand have been measured
by using high purity germanium (HPGe) detector. While, radon exhalation
rate has been measured by Alpha GUARD. The data analysis is performed to
determine ***Ra, *’Th, and “’K activity concentrations in addition to *’Rn
exhalation rate. The values of radium equivalent activity (R,.,), external ha-
zard index (H,,), internal hazard index (/4,,), and absorbed dose rate were
ranged from 46.46 to 124.16 Bq-kg™, 0.07 to 0.33 Bq-kg™, 0.09 to 0.42 Bq-kg ™',
and 13.24 to 58.37 nGy-h™' respectively in all samples. The area and mass ex-
halation rates were increased from 9.16 + 2.83 to 16.18 + 2.83 Bg-m >h™' and
1.8 + 1.34 to 11.35 + 0.98 Bq-kg™"-h™" respectively.

Keywords

HPGe Detector, Alpha GUARD, Natural Radionuclides, Hazard Index,
Radon Gas

1. Introduction

In soil and sand, the natural radionuclides consist mainly of **Th and ***U and
isotopes with their daughter products in addition to “K. The natural radioactiv-
ity may vary from one type of soil to another; the sources of radioactivity in soil
other than those of natural origin are mainly due to extensive use of fertilizers
rich in phosphates for agricultural purposes [1]. The information of the concen-
trations and distribution of the radionuclides in these materials enable one to

assess any possible radiological risks to human health [2] [3], and provide useful
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information in the monitoring of environmental contamination by natural ra-
dioactivity. Nationwide surveys have been carried out to determine the radium
equivalent activity of building materials in many countries [4] [5] [6]. The rea-
son for current interest is due to the fact that external radiation exposures from
naturally occurring radionuclides materials (NORM) contribute, on average, of
about 10% of the average annual dose to the human body from all radiation
sources. It has been observed that naturally occurring radionuclides are present
in soil [7] [8] [9] and sand which constitute a lived-in radioactive environment.
In this study, we used The HPGe detector N-type for determining the activity
levels of ***Ra, **Th and *K in soil and sand samples collected from Tiba area.
ALPHA GUARD has been used for evaluating radon exhalation rate. It is well
known that radon exhalation of soil samples is higher than sand samples because
of the presence of relatively high uranium content in its natural formation [10].
The formatter will need to create these components, incorporating the applicable

criteria that follow.

2. Materials and Methods

2.1. Sampling and Samples Preparation

In this study, 36 samples have been collected from Tiba city Luxor governorate,
as presented in Figure 1, for more detailed descriptions. The soil sampling sites
were randomly selected for the two types of samples (soil and sand) and samples
were collected by a core method, in which cores of 10 cm diameter and 25 cm in
depth were used to take samples (ASTM, 1986, 1983) [11]. Samples with large
grain size were crushed to small pieces using mechanical crusher. Afterwards,
the samples were ground to a fine grain size powder. Every powdered sample
was mixed using electric shaker to obtain a homogeneous powdered sample. The
reason of choosing this region because it is a new reclaimed area and there are

no enough researches in it. The samples were divided to, 15 samples of soil and

Figure 1. Sampling location (Tiba, Luxor).
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21 samples of sand. Some processes have been done on the samples before mea-
suring the activity concentration for them, like the following: First, the samples
dried in an oven at 105°C, to get rid of moisture and water inside samples.
Second, the samples sieved through 200 mesh, to optimize the grain size of the
heavy mineral [12]. Third, each sample has been placed in a plastic container,
which was sealed to avoid the escape of *?Rn and **Rn from the samples.
Moreover, the samples were left for one month at least to achieve equilibrium
between **Th, *Ra, and their daughter products before radiometric analysis
[13].

2.2. Measuring Systems

1) Measurement activity concentration

Gamma-ray spectrometry is a commonly used technique for direct determi-
nation of the radionuclides in crustal and extra-terrestrial materials. The ra-
dioactive analysis in environmental samples often encounters with difficulty in
measuring low levels of radioactivity. However, gamma spectrometry is a useful
tool in the analysis of natural radionuclides at environmental concentrations. It
is a relative method of assay and has the merit of being simple and essentially
non-destructive technique. The method is based on the fact that the decay of the
radioelements is accompanied by the emission of high energy gamma-rays in
order of Kev to few-MeV. The applied low-level gamma-ray spectrometer is
based on the high purity germanium (HPGe) detector with its electronic instru-
mentation. The detector is the coaxial closed end, closed facing window geome-
try with vertical dipstick cryostat with carbon composite window.

The detector-crystal has been shielded in a chamber of three layers starting
with copper (30 mm thick), lead (100 mm thick) and finally cadmium (3 mm
thick). This shield serves in reducing the background-radiation for the measur-
ing sample to less than 1%. Figure 2 shows the block diagram of a low-level
gamma-rays spectrometer, which consists of; the preamplifier, the main am-
plifier, multichannel analyzer, and the scalar or PC. Each sample was placed in
face to face geometry over the detector for about 8 hours or more for the natural
radionuclide’s (**Ra, *’Th and “K) in soil and sand samples. Signals produced
by the gamma-ray detector are amplified, stored and displayed by the multi-
channel analyzer as well as the energy spectra, i.e. the number of counts per unit

time per energy interval.

Figure 2. Block diagram of a gamma-ray spectrometer.
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The activity concentrations have been calculated from the intensity of each
line considering the size and mass of the sample, the branching ratio for the
gamma-decay, and the efficiency of the detector. The branching ratio is the sta-
tistical chance that a gamma-ray is emitted per decaying nucleus. The efficiency
of the detector represents the probability that the emitted gamma-ray contri-
butes to the line in the spectrum. Activity concentrations calculated from the in-
tensity of several gamma-rays emitted by a nucleus are grouped together to
produce a weighted average activity per nuclide. For activity concentrations of
nuclides in the same decay series, the activity concentrations are grouped in a
similar way.

The analysis of **Ra and **Th is based on the gamma-lines of the decay
products in equilibrium with their parent nuclides. The specific activity of ***Ra
of the samples has been determined through its daughters (***Pb and *"*Bi) via
the intensity of the 295.2 keV, 351.9 keV for *"*Pb gamma-lines, and 609.3 keV,
1120.3 keV, 1764.5 keV for *'*Bi gamma-lines. The specific activity of **Th of the
samples has been determined from its daughters (**Ac, *"*Pb, and **T1) via the
intensity of 209.3 keV, 338.3 keV, 911.2 keV, 969.0 keV gamma-lines for **Ac,
238.6 keV gamma line of *°Pb, and 583.2 keV, 2614.6 keV gamma-lines of ***T1,
while the specific activity of “°K has been determined from the emission of
1460.7 keV gamma-line.

Before using the gamma-ray spectrometer for measurements, the following
considerations have been made: energy calibration, detection efficiency calibra-
tion, and background measurements.

The specific activity concentration A(E;) with Bq-kg™', of a nuclide and for
a gamma-line (7) with energy Z, is given by:

A(Ei):N(Ei)/T_n(Ei)/t (1)
¢(E)-P(E)-M

where, N(E;) is the counts in a given peak (i) area, 7'is the sample counting
lifetime, n(E;

) is the number of counts in background peak (1), ¢is the back-
ground counting time, P(E;) is the number of gammas per disintegration of
this nuclide (emission probability), A/ is the mass in kg of the measured sample,
€(E;) is the detection efficiency of the measured gamma-line energy.

If there is more than one peak in the energy analysis range for a nuclide, then
an attempt to average the peak activities is made by using the weighted average
nuclide activity. Moreover, the concentrations of the radiological hazard indices
in the collected samples have been estimated, based on the measured gamma-ray
photo-peaks, that emitted from the specific radionuclides in the **Th and **Ra
decay series as well in “’K. The calculations depend on the establishment of se-
cular-equilibrium for each sample, due to the much smaller lifetime of daughter
radionuclides in the decay series of *?Th and ***Ra. More specifically, the **Th
concentration was determined from the average activity concentrations of **Pb,
*%T1, and **Ac in the samples, and that of ***Ra was determined from the average

activity concentrations of the ***Pb and *"*Bi decay products. Therefore, an accu-
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rate measurement of **Th and **Ra radiological activity concentrations has
been made, whereas a true measurement of “’K concentration was achieved.

2) Measurement of the radon exhalation rate

To determine the **Rn exhalation activity concentration in soil and sand
samples, the ionization chamber Alpha GUARD PQ2000PRO along with the ad-
ditional special equipment [14] has been used. The background of the detection
system, without a sample, is measured for a few minutes before achieving any
measuring. About 200 g of each sample was put into the degassing vessel. The Al-
pha-pump was switched on with the flow rate 1.0 min and 10.0 min flow, thus the
**Rn activity concentration will be recorded every 10 min. At equilibrium state,

the buildup activity of exhaled radon inside the emanation container is as follows:
A=A (1-¢*) )

where A, is the total value of the activity concentration in Bq/m’ and A is the de-
cay constant of the radon nuclide. The radon exhalation rate of the concerned
sample per unit area, E, which known as the radon flux that released via the

surface of the material, can be calculated using the following formula [15] [16]:
\Y
B =A A (3)

where Vis the effective volume of the emanation container (2400 x 107° m®) and
Sis the total surface area of the sample (0.01130 m?), which equals the cross-sectional
area of the emanation container. By analogy of Equation (3), the radon exhala-
tion rate per unit mass of the concerned sample E, is also calculated using the

following formula:
E, =A —4 (4)
where M s the sample mass.

3. Results and Discussions
3.1. Natural Activity Concentration

The activity concentrations of **Ra and *’Th series, and *’K acquired from sand
samples are ranged from 18.34 + 4.24 Bq-kg™', 14.06 + 3.66 Bq-kg™', 210.99 +
14.467 Bq-kg™', respectively, and for soil samples vary from 15.916 + 4.769 to
34.3073 + 5.85 Bq-kg™!, 12.9314 + 3.59 to 40.244 + 6.34 Bq-kg™" and 135.36 +
11.63 to 528.144 + 22.98 Bq-kg™', respectively. The measured activities values
have been found within the acceptable range of radioactive concentrations re-
ported by UNSCEAR [17]. A summary of measurements for the activity concen-
tration in Bq-kg™' of the natural radioactivity due to **Ra, **Th, and *’k of dif-
ferent samples is presented in Table 1. The distribution of **Ra, ***Th, and “’k

activity concentrations in all samples are given in Figure 3 & Figure 4.

3.2. Radiation Hazard Indices

Radium equivalent activity (R,,), Internal hazard index (#,,), External hazard

€q-
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Figure 3. Distribution activity concentration (Bq-Kg™) of ** Ra, **Th and *K for Tiba

sand samples.

index (#,,) and Gamma activity concentration index (Z,), can be estimated by

following equations respectively [18] [19] [20] [21]:

10 10
Ra = +— +—
eq ARa 7 ATh 130AK

1 1 1
H, =—A, +—A, +——
e 370/3“a 259ATh 4810AK
1 1 1
i 185ARa 259ATh 4810AK

1 1 1
| =—A,+— A, +——
150 #ra 100 A 1500AK

3.3. Absorbed Dose Rate

©)

(6)

(7)

(8)

The absorbed dose rate of gamma-ray, D, in nGy-h™ in the outdoor air at a

height 1.0 m above the ground level can be calculated using the activity concen-

trations of *Ra and **Th series as well “K isotope that measured in Bq-kg™" as

the following equation of UNSCEAR-2000 [17]:
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Figure 4. Distribution activity concentration (Bq/Kg) of **° Ra,””Th and *K for Tiba soil

samples.

D(nGy/h) = 0.462A,, +0.604A, +0.0416A, (9)

The calculated absorbed doses in air for soil samples are ranged from 21.58 to
58.37 nGy-h™" with an average value 37.98 nGy-h', while it for sand samples are
ranged from 13.24 to 37.84 nGy-h™' with an average value of 25.85 nGy-h™".
However, according to UNSCEAR-2000 [17], the dose rate in outdoor air from
terrestrial gamma-rays in normal circumstances is about 57 nGy-h™'. Conse-
quently, the evaluated doses obtained in this study for all samples are lower than
the worldwide average value of 57 nGy-h™', which attributed to the low of activi-
ty concentrations of ***Ra and **Th series, as well “K isotope.

While the results of R,., 1,,, H,, H, and Dare given in Table 1.

aeq ~yr

3.4. Calculation Radium Content and Exhalation Rates in Soil and
Sand Samples Collected from Tiba Region

Table 2 shows the average values for radium content in Bq-kg™', mass exhalation
rate in Bq-kg™h™', and area exhalation rate in Bq-m >h"', for soil and sand sam-
ples collected from Tiba region. Figure 5 shows the average value for Radium
content (a), mass exhalation rate (b), and area exhalation rate(c), for soil and
sand samples. As results of the evaluation of these parameters, the average values
for radium content, mass exhalation rate and area exhalation rate for soil sam-

ples are higher than of the corresponding values of the sand samples.
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Table 1. Average radionuclide concentrations, radium equivalent activity, external ha-
zard index, internal hazard index, representative level index and absorbed dose rate in
different samples from Tiba, Luxor governorate.

Sample Type of Activity concentration (Bq/Kg) 5 9y 9y Absorbed
No. sample 2R, E a0y o . " dose rate
22 Soil 2550+5 40.24+6.3 528.1+229 12371 033 04 092 5811
23 22.95+4.7 27.74+52 364.7+19.1 90.77 024 03 0.67 42.59
24 22.74+4.7 2857+53 343.7+185 90.07 024 03 0.66 42.1
25 3430+58 36.05+6 497.4+223 1241 033 042 092 5837
26 3429 +£5.8 355759 476.6+21.8 121.8 0.32 042 0.9 57.2
27 28.54+53 20.70+4.5 333.1+183 8354 022 03 0.61 39.58
28 24.41+49 2359+48 3442+186 84.66 022 0.29 0.62 39.88
29 29.66 54 18.60+4.3 358.8+189 839 022 03 0.62 39.9
30 1591 +£39 13.59+3.6 144.30+12 46.46 0.12 0.16 033 21.58
31 19.10+4.3 16.01 £4 224.8+14.9 593 0.16 0.21 043 27.86
32 17.87+4.2 1293+35 1353+11.6 46.79 0.12 0.17 033 2171
33 21.04+45 16014 1982+14.1 5921 0.15 0.21 043 27.66
34 24.52+49 2030%45 2054+143 6937 0.18 0.25 0.5 32.15
35 2331+4.8 17.03+4.1 1850+13.6 6193 0.16 0.23 044 2878
36 22.83+4.7 22.60+47 1942+139 7011 0.18 0.25 0.5 323
Max 3430+58 4024+6.3 528.1+229 124.16 0.33 042 092 5837
Min 1591+4.7 1293+35 1353+11.6 4646 0.12 0.16 0.33 21.58
Aver 2446 +5.2 2330%4.7 30229+17 81.07 021 0.28 0.59 37.98
1 Sand 15.88+39 219%4.6 3335%182 56.07 0.19 023 0.54 3447
2 31.28+55 14.78+3.8 241.7+155 5557 0.19 027 051 33.46
3 1078 £3.2 697+2.6 2139+14.6 8514 0.1 0.12 0.28 18.11
4 249+49 192+43 2372+154 5317 0.19 025 051 3299
5 153+£39 478+21 1923+138 9152 0.09 0.14 027 1797
6 14.01+3.7 95+31 2234+149 7362 0.12 0.15 033 21.52
7 114 £33 9.7+3.1 2250%x151 76.04 0.11 0.14 032 20.51
8 12.6 £3.5 8.5+29 1322+11.5 77.88 0.09 0.12 0.25 1647
9 18.72+43 1545+39 2008+14.1 60.03 0.15 0.2 041 2635
10 19.01 +43 16.16+4 2269+151 59.01 0.16 0.21 0.43 28
11 11.8+34 129+35 2553159 694 0.13 0.16 037 23.89
12 20.11+44 1272+35 1854+13.6 6296 0.14 0.19 0.38 24.7
13 2375+48 1731+4.1 1995+144 5543 0.17 0.23 046 29.74
14 21.45+4.6 16.2+4 1854 +13.6 57.68 0.15 0.21 042 2742
15 834+28 48+2.1 155.6+12.5 100.51 0.07 0.09 0.2 13.24
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Continued
16 19.72£44 17.04 4.1 2099 *14.5 5769 0.16 0.21 0.44 28.15
17 17.12+£4.1 94 +3.1 198.3 £ 14.1 7135 0.12 0.17 0.34 21.85
18 28.39+£53 264551 2099 *14.5 47.1 0.22 029 059 3784
19 2267 £4.7 1227 %35 1953+139 6237 0.14 021 04 26.02
20 21.51+46 212046 2173147 53.13 0.18 024 0.5 31.8
21 2029 £45 18.11+42 191.3+13.8 5635 0.16 0.21 0.44 28.29
Max 3128 +5.5 2645+5.1 333.5+18.2 100.51 0.22 0.29 0.59 37.84
Min 18.34+28 4.78+2.1 2322%11.5 47.1 0.07 0.09 0.2 13.24
Aver 1852 +42 1406+36 2109+144 6581 0.14 0.19 04 25.85

Table 2. The average values for radium content (Bq-kg™"), mass exhalation rate (Bq-kg"-h™")
and area exhalation rate (Bg:-m™>h™") for soil and sand samples collected from Tiba re-
gion.

Radon exhalation rate

Type of samples ~ Radium content (Bq-kg™)
Mass (Bq-Kgh™')  Surface area (Bqgm*h™")

Soil 240.25 + 15.46 1.816 +1.34 16.18 +4.012

Sand 152.39 + 11.35 1.1 £0.98 9.16 = 2.83

4. Conclusion

High purity germanium was exploited to determine activity concentration for
naturally occurring **Ra, ***Th, and *“K radioisotopes in two types of samples
(soil, sand) from Tiba area in Luxor governorate. Results show the average activ-
ity concentrations of **Ra, **Th, and “K are 24.4 + 1.4 Bq'kg™, 233 = 1.1
Bq-kg™ and 302.2 + 6 Bq-kg™, respectively for soil and 18.52 + 0.8, 14.06 + 0.5
and 210.9 * 6 for sand. The results indicate that soil generally has higher natural
radioactivity than sand in the same region. These values fall in the lowest range
of the world values 30.35 and 400 Bq-kg™ for **Ra, **Th, and “K respectively

[16]. The radium equivalent activity (R,.,), internal hazard indexes (H,,), exter-

eq-
nal hazard indexes (H,,), absorbed dose rate (D) and representative level index
(I), for all samples under studying (soil-sand) were 81.07, 0.28, 0.21, and 0.59
respectively for soil samples, 65.81, 0.19, 0.14, and 0.40 for sand. The results in-
dicate that the dose rates at 1 m above the ground from terrestrial sources in all
samples under investigation were 37.98 and 25.85 nGy-h™' for soil and sand
samples respectively. These values agree with the world average value reported
by UNSCEAR [17]. These values present no hazards to human. The surface ex-
halation and mass exhalation rates for radon from these different samples were
reflected by their radium contents. The result indicates that the exhalation rates
are higher for soil samples from than sand samples. The overall average of mass
exhalation rate for samples under investigation is 1.69 + 0.12 Bq-kg"-h™' and the
average value for surface exhalation rate for radon in different samples is 29.86 +
0.35 Bqm™=h™",
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Figure 5. Average value for Radium content (a), mass exhalation rate (b), and area exha-
lation rate (c), for soil and sand samples.
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Abstract

Correlations for the extension of a water vapor jet injected in a liquid pool
were historically proposed considering the mass flux (kg/m?*/s) as a constant.
The results were satisfactory, however adjusting the values by linear regres-
sion. Although, it presents the following drawbacks: 1) the formulation is on-
ly valid for the specific range of data for what it was created; 2) it does not al-
low the analytical evaluation of the heat transfer coefficient from the exten-
sion equation. This paper proposes a new formulation for the calculation of
the mass flux, in such a way to remove both of these drawbacks.

Keywords

Direct Contact Condensation, Vapor Jet, Steam Jet, Steam Mass Flux, Vapor
Cavity, Reynolds Number, Jet Radius, Rate of Condensation, Non-Dimensional
Jet Length, Liquid Pool, Dimensionless Transport Modulus, Condensation
Driving Potential

1. Introduction

The phenomenon of Direct Contact Condensation (DCC) has been discussed in

the literature since Kerney [1], due to its importance as a solution of engineering,

where large values of heat transfer coefficient are needed. Through the DCC,

several different sets of equipment can be designed, when, for example, conden-

sation is in a small frame of time, or when reduced space is required.

DCC is the natural solution for applications where superheated vapor must be

discharged in the atmosphere. Within this scope, DCC offers a safe alternative to

reduce the heat and pressure up to the threshold where the discharge to the at-

mosphere is plausible, as it occurs in relief tanks.

For the nuclear industry, it emerges as a solution for containing the discharge
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of the high energetic water contained in a primary loop of a Pressure Water
Reactor (PWR), and also, to direct it to the chemical and radiological plant
treatment facilities.

For Boiling Water Reactors (BWR), DCC emerges as a solution to recollect
the water vaporized within the reactor vessel. For this, BWR plants prescribe
Suppression Pools in their projects, where the DCC phenomenon takes place.

The DCC phenomenon reached well-established economic importance and
has become an object of research since it is related to the safety of nuclear power
plants, where it occurs as a high energetic vapor injection in a tank containing
liquid compressed water. The heat transfer coefficient is increased due to the
turbulent character of the interface of the jet and the bath, and this is the key to
the efficiency of thermal exchange [2].

The design of devices where the DCC may occur determined the interest in
the research of the phenomenon. The research focused mainly on the determi-
nation of a model for the extension of the jet, and another model for the deter-
mination of the heat transfer coefficient.

Nevertheless, the highly complex physics of this phenomenon restrains the
development of a full analytical model for the extension of the jet and for its heat
transfer coefficient. Experimental data are supplied to fulfill the gaps in the ana-
lytical development and semi-empirical correlations have been proposed, ob-
serving the following restrictions: 1) these correlations are valid only for the spe-
cific range of experimental data; 2) the analytical evaluation of the heat transfer
directly from the length correlation was not possible, considering the available
formulation.

The present work proposes a new formulation for the flux of mass in the cur-
rently presented correlations in the literature, in such a way that their validity
would extend to any set of data, and which would allow a direct deduction of the
heat transfer coefficient from the adjusted correlation of the dimensionless ex-
tension. This proposition grounds itself in an analytical procedure considering

the 1* and the 2™ law of the thermodynamics.

2. Literature Review

The first proposal to evaluate the extension of the jet, as in [1], is a development
of the mass conservation, applied to a simple model, in which a superheated va-
por jet produces a cavity full of vapor, discharged in an atmospheric water bath,
as presented in Figure 1. In Equation (1), the vapor flow rate (“m?”) along the

«_» « _»

injection axis “x” is related to the jet radius “#” and the rate of condensation “R’.
dm

— =-2nr'R (1)

dx

Figure 2 presents the basic configuration of the experimental set. A pressure

chamber (P.) supplies superheated vapor. After the restriction by a valve, the

vapor is injected in the water pool. The setting of the experiment allows a

choked flow injection since it would reduce fluctuations in the jet.

DOI: 10.4236/wjnst.2019.92007

97 World Journal of Nuclear Science and Technology


https://doi.org/10.4236/wjnst.2019.92007

R. R. Pacheco et al.

Figure 1. Dimensional variables [1].

Figure 2. Illustration of the Experiment from (Sonin, 1981).

The dimensions 7' and dx' are depicted in Figure 1. According to this proposal,
there is an outflow of water along the lateral vapor-liquid interface of the jet.
This amount of water, crossing the jet interface, promptly freezes, assuming the
properties of the surrounding water bath. This condensation is governed by R,

which takes the following form:

TS _Too)

!
R=hi @)

of

The mass flow (Equation (3)) also takes part in this development. Initial con-

ditions are applied in Equation (4).
m=nr’G (3)
m, = r,°G, (4)

After some algebraic effort, Equation (1) and Equation (4) produce Equation
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(5):

12
X :jf{—(%j B.5! }dY (5)

where Bis defined as the driving potential for condensation (Equation (6)), and
S as the dimensionless transport modulus, which is analogous to the Stanton
Number (Equation (7)), although it presents some unorthodoxy, since the heat
transfer coefficient (4) and the specific heat (C,) are related to the liquid phase,
and the mass flow rate (G) is related to the vapor phase. X is defined as the di-
mensionless jet length, Equation (8). For sake of clarity, Y replaces the term pre-

sented Equation (9).

5o, (5T ®
of
h
S_CVG 2
X =L/r, (8)
Y =(m/m,)"” ©)

At this point, namely Equation (5), [1] comes to a crossroad, since G and §
depend on Y, and for this, Equation (5) cannot be integrated. A pure analytic
result is not achievable. However, assuming G,,and S, as constant, this author

proposed the correlation, Equation (10):

12
X = [S—OJ 5B (10)

M

And S,,is described by Equation (11):

h

S, =
" C, -G,

(11)

Considering the results of their experiment, treated by linear regression, the
numeric format of Equation (12) was proposed, within 13.6% accuracy.

G, was arbitrarily chosen as 275 kg/m?/s, constant value, related to the critical
vapor mass rate of the nozzle, as a representative value of the order of the mag-
nitude of the mass rate. The value of 1.932 for S, in Equation (12), is partially
originated from the arbitrarily chosen value of 275 kg/m/s* and the conditions of
the experiment (A, and C), which Kerney [1] derived in their experiment, con-

sidering a linear fit of the achieved data.

1 G 1/2
X=—o|—2| B (12)
1.932{ G,

In [3], a method to extend the semi-empirical correlation scope, in order to
present results considering fluids other than water, and pressures other than
ambient in the pool was presented. To achieve it, the proposed correlation con-
siders the influence of the fluid density.
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The development is not analogous to that in [3] since it uses a full set of equa-
tion (continuity of mass, linear momentum, and energy) while [1] used only the
continuity of mass. Another theoretical remark is that the former considered
that there is a cross flow of vapor to the bath, which is condensed within it, while
the latter considered the opposite entrainment of water into the vapor jet, which
is partially evaporated, and creates a two-phase flow zone.

This development also presented a point where the integration of the continu-
ity of the mass is not possible since the integrand is not a defined function of the
mass cross flow. An approximated correlation is considered, and this further

development, considering experimental data, yields:

G 12 -1/2
X =35.5£—°] B! -[p—wJ (13)
Gw Pu

where G, is not an arbitrary fixed value since it was considered the mass flux in
the point where the jet finishes an isentropic expansion. After that, the jet allows
entrained water in. The “W” properties are calculated considering the laws of the
Thermodynamics, for the depth in which the jet starts the two-phase flow. The
average absolute deviation found was 21.9%, higher than the value found in the
precedent work.

A slightly better average absolute deviation is found both by Kerney [1] and
Weimer [3], when they depart of the condition to have a priori fixed value ex-
ponents, and consider them a free product of the regression. No further devel-
opment of the latter was found in the literature.

Based on previous work, Chun [4], consider that the characteristics of the jet
are mainly dependent on 1) the degree of subcooling of the bath, 2) the steam
mass flux, 3) the nozzle direction and 4) the depth of the nozzle. The efficiency
of the Direct Contact Condensation as a mechanism of heat transfer is also
praised, although attention is called to the fact that no reliable correlation to de-
termine the length of the jet exists. According to this paper, much of the disa-
greement is related to the fact that, experimentally, the length of the jet is ob-
tained by a visual method, what raises issues related to the geometric limits of
the jet. In this paper, the end of the jet was considered as the interface between
pure vapor and two-phase flow regions. Theoretical development was not pre-
sented, and this paper focused on the development of new values for old para-
meters. The theoretical expression has its roots in Kerney [1], as shown in Equa-
tion (14).

X :F[S—O,B,SM] (14)
M

Empirically, through visual method, the values of X are determined, which al-

lows Chun [4] propose Equation (15), within a 20% dispersion,

0.3444
X =0.5923.| = B (15)

G
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In sequence, as product of a regression, it is also proposed a correlation for the

heat transfer coefficient, Equation (16):

03444
= 0.8012-{G—0] . X 710079 g-0.6247 (16)

P OM M
The value of G, is also not mentioned throughout the work, for what is sup-
posed that in [4], Chun considered the fixed value of 275 kg/m’/s as formerly
proposed.
Proceeding a similar experiment (vapor injection in a subcooled water pool,
atmospheric pool), reference Kim, et al (2001) produced the correlation as pre-

sented in Equation (17) and Equation (18):

0.47688
X = 0.503.(G_OJ .g070127 a7)
M
h 0.13315
=1.4453- [_Oj . B-03587 (18)
P M Gy

The value of G,,was again considered 275 kg/m?/s, as originally proposed. It is
worth to notice that Equation (10), Equation (15) and Equation (17) are reason-
ably similar in their forms. Both are directly obtained from the original mathe-
matical development.

Gulawani, in [5] and Kang, in [6] present CFD as a new tool to perform the
geometric analysis of the jet, and its heat transfer coefficient. Shah, in [7], also
by CFD analysis, found heat transfer coefficients ranging between 0, 6 and 08
MW/m?*/K and a dimensionless length ranging between 3.8 and 8.

In [8], it was experimentally proposed a different form of correlation. For in-

stance, this model includes a pressure correction factor, as shown in Equation

(21):
0.2 0.5
X =0.868 R[S B0 (21)
Pa GM

This correlation is within a 40% band of error.
This development leads to the proposal of another heat transfer correlation, as

shown in Equation (22):

h P 0.2 G 0.5
S, = =0.576| 2~ | |="-| .B™ 22

P "M Pa M

Xu, in [9] proposed a different configuration of an experiment when a vertical
pipe injected vapor in a flow of water instead of a pool. The extension and the
heat transfer coefficient correlations were determined to have the Reynolds
number as a parameter. The results presented the dimensionless extension be-
tween 0.29 and 4.64 and the heat transfer coefficient between 0.34 MW/m” K
and 11.36 MW/m’ K.

Chong, in [10] proposed a correlation for a straight-pipe nozzle, based on the

original formulation. Under this work, the dimensionless extension correlation,
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the geometry of the orifice nozzle was considered, through the imposition of a
geometrical factor (&/£)?, which represents the expansion ratio between a
straight-line nozzle and actual orifice nozzle (for straight-line nozzle, (&/£)* = 1),

as presented in Equation (21).

2 G 0.78
X :0.3866(£] [G_oj g0 -

€ M

As a summary, Table 1 presents the main correlations for determining the
dimensionless length in the literature, within the scope of this work.

One can notice that the constant value of G,, = 275 kg/s is broadly found (up
to 2015) in the literature ([1] [4] [5] [7] [8] [9] [11] and [10]). For each one of
these, S, takes a different constant value, valid only for the respective correlation
and for the respective range of data. A more realistic formulation of G,, would

be of great interest since it directly impacts the formulation of X, S, and A.

3. Development

The experimental works under this scope are related to the development of a
correlation for the non-dimensional length and heat transfer coefficient, through
the propositions of variations of the originally proposed development from
which results in the length correlation (Equation (10)). The extension of the
works studied shows concern related to increasing the accuracy in a variety of
experimental settings and parameters, in order to reduce the band of adjustment
numerical error, since no fully analytical model is yet available.

The band of the error band is determined by fluctuations, which were neg-
lected when Equation (5) was approximated. Sonin, in [12] experimentally in-
vestigated this phenomenon related to pressure waves propagating along the

pool, while Youn [13] focused the particular case in which pressure waves are

Table 1. Extension correlation selected in the literature.

Dimensionless Extension Equation Number
G 112
X =0.5200[7°j B (12)
GM
12 -2
X :35.5[$] B -[&J (13)
G, Pu
G 0.3444
X :0.5923-( ° j B (15)
G,
0,4768878
X = 0.503‘[—01 B (17)
GM
P 0.2 G 0.5
X =0.868 = | |=| -B* (21)
P G,
5 G 078
X =0.3866(£) [—] B (23)
€ G,
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created by a low mass flux of injection. The case where multiple jets are simul-
taneously created by different holes was explored by Cho [14]. The fluctuations
related to turbulence, for example, were not originally considered in the analyti-
cal development of the semi-empirical correlations. This analysis indicates that
some fluctuation is intrinsic to the process and offers an open field to research.

The experimental works follow a standard: the length of the jet is observed,
what allows the definition of a correlation of length and the determination of the
heat transfer coefficient. The experimental data collected supplies complemen-
tary information in order to complement the development of Equation (5).

In order to achieve a more realistic value of G,, this paper proposes a new
correlation. This value is developed through the application of the 1* and 2™ law
of the thermodynamics in the jet, considering it an isentropic discharge, and a
function of the conditions in the pressure chamber, as displayed from Equation
(24) to Equation (30):

Gy = £ Veri (24)

Verie =02+ (hy = heie) (25)
h, Zh(PO,TO) (26)

h,: =h ( Parit> Serit ) (27)
P, =0.577-PF (28)

P, =p(101.3kPa, S, ) (29)
Serit = So (30)

Within the scope of this paper, the proposed correlations of G,, (Equation
(24)) substituted the formerly constant value of G,, = 275 kg/m?/s in those cor-
relations presented in Table 1. The numerical analysis that follows considered

the experimental data obtained from Kerney [1].

4. Results

1) The Validity of G,, as Product of an Isentropic Process

Table 2 presents some important data related to the numerical procedure.
Item (i) presents the least square adjustment error when this procedure is ap-
plied to the correlation in the respective literature. All the correlations in item (i)
were applied to the experimental data presented in Kerney [1]. Item (ii) presents
the adjustment error found when the least square procedure is applied to the
correspondent correlation when using the value of G, as proposed in Equation
(24), as suggested by this paper. The experimental data comes also from Kerney
[1]. The percentage difference between (i) and (ii) is presented in item (iii). Item
(iv) presents the value of §,, as found in the respective literature, while (v)
presents S,, recalculated, where the data originally used by each respective au-
thor is swapped by the data presented in Kerney [1]. The difference from (iv)
and (v) can be explained as a consequence of the fact that each correlation stands

only for the range of data of the experiment for what it was developed. So,
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changing the parameters of the experiment (e.g. the temperature of the pool,
pressure of injection, mass flux, etc.), the correlation would also have to be
changed in its parameters (S,, and the exponents of Gy/G,,, B). This is evidenced
with the small difference for the column of Equation (12), but greater for the
remaining columns. Last item, (vi), evaluates the value of S, as a product of the
isentropic relation in Equation (24). The difference between correspondent val-
ues of references (v) and (vi) is small, indicating that the isentropic correlation
stands for a broad range of parameters.

For the analysis of Table 2, it is evidenced by the dependence of S, on the
range of parameters employed in the experiment, since items (iv) and (v) present
a large difference. When the isentropic formulation of G,, (Equation (24)) is
used in item (vi), this difference is vastly reduced (see items (v) and (vi)).

The currently proposed distribution of G,,as an isentropic relation (Equation
(24)), applied to the experimental data within Kerney [1], follows a logarithmic
path along the pressure in the chamber axis (Z,), as presented in Figure 3. Equ-

ation (30) presents Gy, =G, (P, ) as a product of regression.

Gy, =127.6367+26.4510-In(P.) (30)

The graphics in Figures 4-7 present comparisons between the correlations
proposed by the respective authors, considering G,, = 275 kg/m®/s constant, as
originally proposed by Kerney [1] versus the currently proposed correlation for
G,, within the scope of this paper, Equation (24). The respective results were
plotted against the experimental data.

As noticed, the correlations considering both propositions of G,, found a
narrow agreement, what validates the use of G,, as the product of an isentropic
assumption (Equation 24) as proposed by the present paper.

2) Heat Transfer Coefficient

Once the value of G, is specified by Equation (24), the heat transfer coeffi-
cient (A) can be analytically derived from Equation (11), in conjunction with the
adjusted value of S, which is obtained from the linear coefficient of the least
square adjustment in the correlations of Table 1. In this section, this value of

heat transfer coefficient, this way obtained, is compared with values found

Table 2. Numerical parameters of the method.

Equation Equation Equation Equation

Item Description (12) (15) 17) @1)
i) Adjustment Error (G,,= 275 kg/m?/s) 2.268 2.762 2.241 2.949
(ii) Adjustment Error (G, as in Equation 24) 2.409 2.907 2.407 2.458

(iii) Difference in Percentage (i) and (ii) 6.255% 5.273% 7.403% 16.65%

Sy literature, calculate by the respective author, and

(iv) 1.923077 1.688334 1.988072 1.152074

with data from the respective author
V) 8 (Gy; =275 kg/m?*/s) recalculated with Kerney [1] 1.918281 0.59453 0.776398 0.534474

. Sy (G as in Equation 24), calculate with data from
(vi) K 1] 1.850481 0.581395 0.749625 0.514933
erney
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Figure 3. G,, as isentropic relation (Equation (24)) vs. pressure in the chamber (Z,) for
Kerney [1], experimental data.

Figure 4. Correlation of Kerney [1], vs. Data X dispersion using G,, = 275 kg/m?/s con-
stant and by G,,as an isentropic formulation (Equation (24)).

Figure 5. Correlation of Chun [4], vs. Data (X dispersion using G,, = 275 kg/m?/s con-
stant and G,,as an isentropic formulation, Equation (24)).
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Figure 6. Correlation Kim [11], vs. Data (X dispersion using G,, = 275 kg/m?*/s constant
and G,,as an isentropic formulation, Equation (24)).

Figure 7. Correlation of Wu [8], vs. Data (X dispersion using G,,= 275 kg/m*/s constant
and G,,as an isentropic formulation, Equation (24)).

through the application of correlations in the literature (Equation (16) and Equ-
ation (18)).

Figure 8 and Figure 9 present / as a smooth function of P Both sets of data
belong to the same magnitude order, which indicates that this procedure to ob-
tain A may be valid.

In Figure 9, difference decreases as long as the pressure in the chamber in-
creases. On the other hand, Figure 10 and Figure 11 present the value of the
heat transfer coefficient, found through the application of the least square pro-
cedure in an extension correlation in order to determine A/ with data from
Kerney [1]. These values are plotted vs G,. When “A” is represented as a function
of “Gy”, its smoothly dependence on “G;” is easily observed. Once more, both

results belong to the same magnitude order.
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Figure 8. Heat Transfer Coefficient vs Pressure in the Chamber. G,, from an isentropic
relation (Equation (24)); A from the correlation of Chun [4], Equation (16); Data from
Kerney [1].

Figure 9. Heat Transfer Coefficient vs Pressure in the Chamber. G,, from an isentropic
relation (Equation (24)); A from the correlation of Kim [11], Equation (18); Data from
Kerney [1].

5. Conclusions

The decision to maintain S, as a constant is numerically satisfactory since the
chosen value is adjusted by the linear regression to fit the found data. Through
this premise, any value proposed for G,, would generate the same adjustment
error. This decision, proposed originally by Kerney [1], has been assumed up to

works in 2015, although it does not depict the physics of the problem.
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Figure 10. Heat Transfer Coefficient considering G,,from Equation (24) vs. mass flux ra-
tio. A from correlation of Chun [4] vs. mass flux ratio. Data from Kerney [1].

Figure 11. Heat Transfer Coefficient considering G,,from Equation (24) vs. mass flux ra-
tio. A from the correlation of Kim [11] vs. mass flux ratio. Data from Kerney [1].

A full analytic function is not possible to be achieved since the area and the
variation of major parameters as a function of the flux of mass in Equation (5)
are unknown. These gaps have been fulfilled with experimental data, allowing
the propositions of correlations, which present some degree of adjustment error,
and are suitable only for the range of the experimented data.

This work presented satisfactory arguments to question the original formula-
tion, where the mass flow rate (G,,) is constant. This original formulation stands
as reasonable when a formulation for the extension of the jet is proposed since
any constant value proposed fits when applied the linear regression. Although it

presents the following drawbacks: 1) the formulation is only valid for the specific
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range of data for what it was created; 2) it does not allow the analytical evalua-
tion of the heat transfer coefficient from the extension equation, Equation (10).
This way, the isentropic formulation of G,, adds flexibility for the extension
jet equation, once it is less dependent of experimental data, and allows the ana-
lytical evaluation of the heat transfer coefficient from the extension equation.
Considering the scope of correlations presented in this work, the proposed
correlation of G, as an isentropic function of the pressure chamber stands as
reasonable and would apply to any extension of thermodynamical conditions.
Besides, the isentropic formulation of G,, allows the direct deduction of the
heat transfer coefficient from the formulation of the extension, which reduces
the dependence on experimental data. The present analysis indicates the possi-
bility to reduce the dependence on experimental data to determine 4, and points
to a direction where more experimental efforts could be expended.
Further works could focus on the reinforcement of the presented correlation

through the experimental analysis, considering a large range of parameters.
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Nomenclature

A
B
CP
G
h

>~

N o3

NN Y N

NS

Heat Transfer Area (m?)

Condensation Driving Potential

Water Specific Heat (J/kg/*C)

Steam Mass Flux (kg/m?/s)

Average Heat Transfer Coefficient (W/m*°C)
Condensation Enthalpy (kJ/kg)

Steam Jet Length (m)

Vapor Flow Rate (kg/s)

Pressure (kPa)

Jet Radius (m)
Rate of Condensation (kg/m/s®)

Dimensionless Transport Modulus
Temperature (°C)

Axial Coordinate (m)
Non-Dimensional Jet Length

Density (kg/m?*)

Subscripts

g ™ » N O

0

Atmospheric Conditions

Conditions in the Pressure Chamber

Conditions of Saturated Liquid

Conditions in the Vapor-Bath Interface

Conditions of Saturated Vapor

Average Conditions in the Pool, Far Away from the Jet

Conditions in the Nozzle

M Average Conditions over the Interface Surface

W Developed as [3]
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