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ABSTRACT

This project repart can be divided into three main sections. The original
cbjective of the projest wes the development of slurry monitoring
instrumentation. However, during the literature survey for the project,
it was found that several manufacturers had recently, or were about to,
release integrated, intelligent instrumentation which met many of the
project requirements. A« one of the initlal project requirements was, in
fart, that as much commercially svailable instrumentation as possible
should be used, with the remsining hardware only being developed if nec-
essary, it was decided to evaluate the presently avajlable products rather
than contimve with the development of futher hardware,

A point which arose out of the literature survey was the incressing use
of nuclear based in: . Many end still shy away from these
instruments, largely due to misunderstanding, unfamiliarity, the health
hazard and the associated legal requirements for rtheir use. It was also
found that few users {and produet representives) understand the prinei-
ples, oparation and application of nuclear instruments. As nuclear den-
sity gauges are & integrael part of the proposed sclution, as investigation
into the principles, operation, health hazaxdr, iegal requirements and
applications of nuclear based instrumentation was undertaken. The objec-
tive of this study was to review nuclear based instrumentation and to
develop an understanding of how to choose and apply such imstruments.
Lmphasis was placed on gamma-ray based instruments which are prevelent
in the mining and process control industries.

The report thus serves two purposes. Firstly, it is & survey and evalu-
stion of imstruments which satisfy the project requirements, Secondly,
it is a gnide to the applicatiun of magnetic flowmeters and the theory
and application of nuclear density gauges in the monitoring of slurries.

The evaluation of the recommended instrumentation, was performed en a full
mass flow system, which was made available by Krohne Measurement and
Control (Pty) Ltd. It was found that the system met all the project re-

guirements, but was Lwever limited in flexibiliry.

The conclusion highlights the major points of the report, and discusses
the success of the project, Some peinters sre also given to possible fu-
ture developwents in instrumentation,
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1.0 BACKGROUND TO THE PROJECT

1.1 GENERAL

In deep South African gold mines, the gold bearing reef occurs as & thin
sheet or table of ruck which is often only 7Smm to 100mm thick. Gullies
are driven into the rock snd the ore in then removed from stopes whick
eross-connect the gullies,

&5 the oxe is mined, the stope converges under the overburden pressures
Cup to 100 HPe in mines of 3300m depth). & typical stope clesure rate is
100mm & month,

The prevention of closure has traditionally been controlled by means of
timbar supports. This system has several disadvantages :

1. The hendling of the timber is lahour intensive.

2. The large quaatities of timber undergronnd constitutns & fire hazard.

3, Ventilation is difficult to control becouse of the large open spaces
between the packs.

The hydraulic backfilling of stopes in deep gold mines is an attractive

proposition as & means of controlling convergence of the stopes and ab~
sorbing energy released from the surrounding rock.

The advantages and benefits of using a hydraulic bsckfill system rathex
than & system of timber supports include:

1. Expensive timber need no longer be used.

2. Reduced labour requirements.

3. Reduced fire hazards.

4, Ventilation control is facil '» .d as a result of the elimination of
open spaces.

w

Mine safety is incressed. The crmprossion of the £ill absorbs energy
released from the rock in the vi inity of the filled stape.

6. The problem of disposing of largs quantities of mining waste cap be
partially alleviated by undorground stowage.

The use of hydraulic stowage 4s bot limited 15 gold mines. In South
Africa, the large production of flyssh and bottom ash in the coal-burning
power stations, provides @ ready source of a fill material for backfilling
of the coal mines, Flyash has pozzolanic properties and i. has hteen shown
thet flyash/cement mixtures cen giva similsr shear properties to those
produced by ordinary Portland cement, {Blight,1979]

Beckground to the Project 1
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Flyash is readily available from the power stations and can normally be
obtained for only the cost of its transport. As most of the power stations
are located close to the coal mines, this cost is minimel, The use of
flyash as & £ill has several advantages !

1. Power stations need not purchase land for the formation of dumps.
2. Elimination of the dumps leads to a more assthetic enviromant.

3. The ash con provide s base for further workings din thick seams snd
hence incresse the percentage extraction, which extends the life of
the power station.

4. The suppart to the coal pillars increases the safety factor of the
mines.

A futher application of high concentration paste pumping is the reclama-
tion of umburnt flyash from slimes dams, Investigations of the chemical
analysis of the Flyash from one particular power plant revesled that about
43% carbon remained unburnt.

1.2 ADVANTAGES OF A HIGH DENSITY SLURRY

Hydraulic backfilling has not, despite its potentisl applications and
advantages in gold and coal mines, been fully sccepted in South Africa.
The ressons for this include:

1. The fine gold tailings are slow draining. The stope could thus con-
verge before the tailings have solidified.

2. The £i11 r ..res retaining while still in the liguid state.

3, The excess . ter that is introduced by corventional slurry techniques
must be pumped back to the surfaca.

Research at the Materisls Handling Research Luit (MHRU) of the University
of the Wi hes lad to a proy tem, ih which it is intended
to transport the Slurry in a high density saste' form with as little as
15% water content. On its own, this has mc ‘ts, as the slurry assumes a
homogenecus form and minimum use is mad: «: a scarce resource, namely
water.

Futher advantages in applications to gol. «.ios include

1. Less drainage is required, thus les. -iavergence tekes place while

the tailings solidify.

Backs,round to the Project 2
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2. Retaining of the £ill is not required, simplifying underground oper-
ation,

3. Thers is no excess water to be pumped back to the suxface,
For flyssh transportstion the adventages are

1

Utilization of the pozzolanic characteristic which is moisture de-
pendant,

2. The average moistuvre content of the flyash as removed from the dam
is about 43%. By pumping a high concentration paste back to the power
plant the drying requirements can be minimized. (This is an important
economic aspect as the drying plant of a short pipeline often makes
the system uneconomical).

1.3 PROJECT OBJECTIVES

In order to implement s practicel high density slurry pump System in coal
and gold mines, instrumentation is required to enable control of the
backfill pracess.

The project objective is the choice andfor development of suitable
instrumentation to weasure the mass flowrate and moisture content of the
f£lyesh/goldslime sluzry. Using an inline wixer, the slurry is mired with
pneumatically conveyed dry cement, to strengthen the hydraulic £411. The
cement/slurry mixing ratlo is contrelled by weasuring the mess flowrate.
The moisture content messurement is used to control the wafer content of
the siurry.

The overall system configurstion is shown in Figure 1 on page 4.

1.4 {NSTUMENTAT!ON REQUIREMENTS

The transportation of high density slurries or "pastes" is associsted with
high hesd losses resulting from the high viscositics inherent fn high
concentration slurries. High pressure resiprocating pumps are used to
overcome the high head losses inuurrsd in the paste system.

The high pressure and head losses impose three important criterin on the
instrumentation.

1, ‘The instrumentation must be capable of withstending the high pres-
sures involved (up to 100 bar/10MPa).

2, The in ion must be abrasi resistive.

Background to the Project 3
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|

Water Hoistyre Control

Slurry Inline Mixer

/ Ceinent

tlass Flov
Control

Figure 1. System Configuration

3. The instr.mentation must be non-imtrusive to minimize abrasion and
the pressure drop,

A summery of the remaining slurry characteristics and instrumentation

requirements is given in Figure I on page 7. :

1.5 CONCLUSION ©
|

The basis of this project is the choire and/or development of instrumen- L)
tation suitable for a high density slorry system. The remainder of this ;}/
report outlines the procedure undertaken to choose and avaluate the nec- 7
essary inStrumentation.. The choize/davelopment and application of !
instrumentatjon is in many cases still much of a black art. 'fhe overiding
fescure of all inctrumentation is the pranciple upon which the imstrument

Background to the Project




is based. There axe many ways to obtain a measurement, but ususlly only
one, or very few, ways suitable to a particular applacation. Once
suitable principle hat been found, the usec can survey the market for a
suitable insirument based on that principle. If & commercial instrument
is not available the user will then have to consider developing his own
instrument.

If an analogy is sought, ine principle represents the design and the in-
stroment the implementation. No matter how good the implementation, & poor
design will always lead to poor results,

Therefore, a successful instrumentation system is heavily dependant on
the principles on which the instruments are based, and the users under-
standing of these principles. Because of the importance of the measuring
principle, much of this repart covers the different messuring principles,
with the aim of providing a clear understanding thereof. Particular em-
phasis is placed on megnetic flow measurement and nuclear density meds-
urement, which form the basis of the instrumentation suitsble for a high
density slurry monitoring system.

Chapters Two to Four covers the slurry monitoring instrumentation. Much
of the material in these chapters was derived from instrumentation jour-
nals and manufacturers literature snd as such represents the users point
of view. Chapter Two consists of an extensive survey into various prin-
ciples for measuring density and wmoisture content. Chapter Three
discusses techniques for measursig mess flowrate. Chepter Four discusses
techniques relating to slurry flow measurement.

Chapters Five to Eleven deals with the theoretical side of nuclear phys=-
ies. The materisl in chapters Five to Eight was taken with slight mod-
ification from Tsoulfsnidis[1983}. (This is an excellent text for an
in-depth study of all aspects of nuclear physics.) The emphasis is on
muclear physics as it relates to process control instrumentation. Chaptex
Five reviews the concepts of atomic and nuclear physics relevant to ra-
diation measurements. Chaptex 5ix discusses the mechanisws by which
jonizing radiation interacts and loses energy &s it moves through matter,
Chapter Seven discusses gas~filled detactors with scintillation detectors
covered in Chaprer Eight. Chapter Nine reviews statistics which are es-
sential in any radiatlon measurement. Chapter Ten relatss to the bealth
hazards and legal regulatiouns associated with the use of nuclear soirces.
Chapter Eleven discusses - gamma ray instruments in an industrial
envixoment. Emphasis is on their properties and design tradeoffs.

Chapter 12 discusses the evaluation of o full mass f{low system which was
obtained on loan from Krohne Measurement and Control (Pry) Ltd, A brief
description is given of the system, followed by & detailed description
of the test rig and methodology employed in evalusting the systew. The
test results are then evaluated in detail.

Background to the Project 5
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Chapter 13 concludes the report. The mejor oints of the report are
highlighted and the success of the projeci .utlined. Some pointers to
future developments in instrumentation are &1.,0 given.
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FLYASH and GOLDSLIME SLURRY

Particle size
Constituency

pE

Flow Profile
Temperature

Solid Specific Gravity
Slurry Specific Gravity

SYSTEM PUMP and PIPING.

Pressure Range
Fliowrate Remge
Moisture Content Range
Pipe Diameter

Pressure Drop

INSTRUMERT REQUIREMENTS.

Intruding Meters

Accuracy - Flow
- Holsture
Output - Mass Flow
- Moisture
Content
Figore 2,

System Characteristics end Requirements

CHARACTERISTICS, %

0-3mm

Homogeneous Paste

Alkali - scidic
Flat

Ambient

2,2 - 2,7 2

1,5 - 2,0

Q - 100 ber (10 HPa)
0 - 1,0 m/s

20 - 35.%

125 mm

0 - 100 bar

Not allowed
5%
1%

& - 20 mh

4 - 20 mh
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2.0 SLURRY CONCENTRATION MEASUREMENT

2.7 INTRODUCTION

The project objectives involve the choice and/or development of instru~
mentation to measure the mass flowrate and moisture content of a high
concentration slurry. The most important factor for a sucessful instru~
ment is the measuring principle on which the instrument is based.

This chapter is an extensive literature survey into the principles for
measuring the moisture content of high concentration slurries, The meas-
urement of mass Flowrste is discussed in the following two chapters. The
survey corsisted of reviewing instrument journals, conference papers and
menufacturers literature.

2.2 MOISTURE MEASUREMENT

An important point arising from the literature survey is the confusing
use of terminology surrounding moisture messurement. The terminology is
relative to three areas of interest, namely moisturs in A gas, moisturs
in & moist bulk solid, or moisture content of a slurry.

When spesking of the amount of moisture in & g ~ally refers te
the humidity. Humidity is measured using hydrome dity metexs ox
dew-point meters. In the case of bulk solids « .acto or instant
coffee, moisture or water content is the term usea. In the case of

slurries (where wster is often simply & conveying medium and thus domi-
nstes) one is actually interested in the percent solids or concentration
of the slurry, The terminology can give rise to misunderstanding and
frustration.

Several techniques are evailable for measuring moisture content of bulk
solids. These sre reviewed below &s they could possibly be used fox
measuzrement of concentration of slurries. These techniques either measure
the amount of water directly or infer it from the physical propecties of
the material. The various technigues and their limitations are discussed
below.

2.2.1 CAPACITANCE METHOD

This method is based on the principle that the dielectric constant of the
material varies with the moisture content[Gumpert,1981]. The major
problem is that the constant also varies with the amount of material be-

Slurry ‘oncentration Measuremen: s
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tween the plates forming the capacitor. This can ba compensated for by
using a density meter to determine the amount of material present.

The capacitance method has & moisture measurement range of <0.01-30% with
an sccuracy of 0.25% and & repeatability of 0,1% depending on applica-
tion. It is however affected by density, fats, protein, particle size and
temperature variation.

2.2.2 CONDUCTIVITY METHOD

This method relies cn the varistion of conductivity of the sample material
with the veristion of moisture content. The conductivity is however de-

. pendant on several factors including demsity, temperature, dirt build-up
on the container walls and constituency of the material itself. The method
although often propossd hss mot proven relisble, gives incomsistent re-
sults and has poor accuracy.

2.2.3 MICROWAVE METHOD

This method is based on the use of microwaves with frequencies frem 1 to
100 GHz[Meyer,1984]. The method works on the principle of comparing the
effective propagation cf electromagnetic waves in a specified waterial,
to the propagation in free space. The exten:. of modification depends on
the complex ~elative dielectric constant of the matarial. The real part
of the constant determines the velocity of the propagating wave in the
material while the complex part, called the loss factor, determines the
attemuation of the waye amplitude as it penetrates the waterial. The real
and complex components of the constant depend ou the material demsity,
temperatire and cperating frequency. The usefullness of the method, lies
in the fact, that the dielectric constant for water is much greater than
that of meteriels commonly measured. The water dielectric constant
therefore largely determines the effsctive dielectric constant of the
muist material.

A hozn antennae is used to couple the microwave signals to and from the
sample. The ratio of the phase shift and amplitude, which {s ressomably
independant of density, has a fixed relaiionship to the moisture content
of 8 given material. The device cen thus be calibrated to read the
moisture content of the matarial.

The advantage of this method is that it is non-contacting, the microwaves
pass right through the material, and density.is sutomatically compensated
for. The method wonld however be unsuitable for sluxries, as it would not
be feasible to mount the horn antennse onte the pipe, thus making it
virtuglly impossible to couple the signsl into the pipe. The dielectric
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constant for the slurxy could also he & limiting factor. The method is
most suited to bulk solids.

The microwave method has a moisture measurement range of <0 0%~ 50'5» with
an accuracy of 0.07% eand 8 bility of 0.03% appli-
cation. It is however slighty affected by density, fats, and partlcle size
varistion.

2.2.4 INFRARED GUAGING METHOD

The method is based on the fact that weter exhibits discrete selective
absorption bands in the near infrared region at 2,95 microns, 1,94 microns
and 1,45 microns (decressing semsitivicy) [Crubtree,1975]. In practise &
filter wheel having two optical inteference filters is rotated in front
of an energy source (halogen lamp). The twoc beams of energy are imaged
sequentially onto the surface of the material, following the same path.

The wavelengths of the beams, &s determined by the filters, are selected
such that one is at the chosen measuring wavelength for water, say 1,%4
microns end the other at a wavelength adjacent to the absorption feature
and s not absorbed by the material itself, say 1,8 microns.

A detector collects the energy bursts reflected back from the material
suxface, only one of which has been a2bsorbed by the water in the materisl.
A directly proportioned reading is obtained by forming the logarithm of
the ratio of the two intensities,

The advantage of this method is that it is non-contacting and the use of
a reference beam eliminates most errors resuliting from time-drift, wear
an¢ dirt buildup,

The major limitation of this method is that the besms reflect off the
surface of the material and do not pass through : Thus it is not suit-
abls for any meterial where the waler concentret.on within the material
differs from that on the surface. Another limitation is due to strong
surface reflections and thus it can not be used on shiny materisl. The
factor which eliminates it from contention for slurry monitoring is that
tranparent windows would have to be provided in the pipeline for the beams
to pass through (a pressure and abrasion limitation) and the fact that
it is a backscatter method,

The same technigue may also be applied to measurements of £ilm thickness,
in-situ gas analysis and trace element detezmination.

The infrared metbod has a moisture measuremenit range of <0.01-90% with
an sccuracy of 1% and a repeatarility of 0.1% depending on application.
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It is however affected by denmsity, fsts, colour, particle size and tem<
perature variation,

2.2.5 NEUTRON MODERATION METHOD

This technique works on the principle that the speed of fast neutrons is
strongly moderated by hydrogen nuclei, while the speed is barely affected
by atomic nuclei of higher atomic weight([Pulse,1983]. Thus, in the
vincinity of a& fast newtron source (Beryllium or Americium), a cloud of
slow neutrons is formed whose density depends largaly on the hydrogen
content of any moisture which is present. By combining the fast neutron
source with & slow neutron measuring system, a non-contact moisture
measuring gauge is ohtained.

Such & system is not affected by tempersture, pH-value or pressure. The
sensing unit can be mounted over conveyors, on bins, or on pipelines. The
sample volume should be fairly large, 400mm wide by 50mm thick as s min-
imum for comveyors, or 200mm minimum pipe diameter.

& block diagrem for a conveyor belt system is shown in Figure 3 on page
12.

The system does however have several limitations, The measurement is de-
pendant on the number of hydrogen stoms present in the sample and thus
not only water is measured, but all substances containing hydrogen (e.g.
hydrocarbons). This cen be compensated for if the number of non-water
honded hydrogan atoms is relatively constant. The measurement is also
dependant on the density of the substanca snd thus density compensation
is required. A possible saving can howsver be nchieved by using the same
detector for the neutzons and gamma rays. A further limitation is that
the source and detector are usually combined in ons housing and thus the
neutrons do not pass through the sample under measurement.

2.3 CONCENTRATION OR PERCENT SOLIDS MEASUREMENT

Apart from the conductivity and capscitance mothods proposed above which
can be used for messuring ihe concentration of siurries the remainder of
tha methods all rely on the measurement of the specific gravity of the
slurry, Density gauges can be calibrated in percent solids, anly if a
two~ component slurry exists where one component's density (such as water

= 1) is fixed. Some small error may be introduced if the solids’ wess
attan\mtion coefficient or density varies widely,

Using the above sssumption the percent solids iz calculated as follows:

Slurry Concentration Measurement 11




CABLE TO MEASURING
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Figure 3. Neutron Moisture Measurement

Percent Solids {by wiight) = <’ So° ry - 1)

S S furry (SGL Solids - 1)

The methed for messuring the concentration then beils down to a method
for measuring density or specific gravity. Note that this effectively
excludes tne above meibeds since density compensation is required for most
of them, whereas the concantration of a slurry can be obtained simply from
the density measurement alone. As will be seen later, density measucement
is alsa required for méss flow mepasurement,

Note; The terms density and specific gravity are used intershangsably and
this can lead to some confusion. For clarity the terms are defined below.

Density is the mass per unit volume and has units kg/w®

Specific Gravity (SG) is i5 the mass ratio of equal volumes of the ma-
terial and water at standard conditions and is dimensionless.

The techniques for measuring density fall into three categories, namely
fundamental mass measnrement, nearly direct mass measurement and
inferential mass measurement. The £irst two are likely to give the most
accurate and consistent results and the discussion will centre on these
catagories. It is secen that all tachnigues measure the mass of the mate-
rial. To derive the density the assumption is always made that the volume
is fixed and known (full 'container')
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The verious techniques are discussed below:

2.3.1 GRAVIMETRIC MZ:HOD

A diagram of this device is shown in Figure &4 on page 4. The method is
very simple and consists simply of taking a section of pipe of known
volime, filled with the slurry and weighing i{t. The mathad is thus one
of fundamental mass measurement, The section of pipe which is weighed is
usually formed into a U-tube, but there has been a proposal te use a
straight section of pipe. [Baker,1979]

Despite its simplicity the method bas severel limitstions. Early devices
were sensitive to pressure, =nd dev.Ces are normelly. limited in their
working pressure, Problems can also arise with the flexible couplings

The method also does not offer high accuracies amd in practical imple-
mentation is not alwsys put in-line, but, @ sample of the slurry material
s tapped off and flows through the meter. It is however necessary to keep
the velocity sbove the slurry settling velocity to prevent deposition of
solids in the meter causing an error in the measurrment.

2.3.2 DIFFERENTIAL PRESSURE METHOD

#n exanple of & meter based on this principle is shown in Figure § on page
15, The meter has &n inverted 'U'-loop in the slurry lins., By messuring
the pressure dif[azence beween the top and bottom of the two legs and
making certain tion of the slurry can be ob-
tained(duller, 1983;Sloniana, 1979) The method is coms.dered to be usefnl
but not expected to yield high accuracy. Unlike all the other meters in
the literature survey, it is ot known if there 18 & commercial metex
based on this primeiple. The principle is one of nearly direct mass
measurement,

2.3.3 NUCLEAR RADIATION METHOD

Unlike the nuclear radiation moter which uses neutron radiation for
moisture measurement (disccussed earlier), this method uses gamma rays
#nd measures the density of the material in the pipe. Nuclear demsity
meters are rapidly being accepted as the standard for density measurement,
are commonly availeble and give accurate and consistent results.{C and
1,1982;8pringer,1979)
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Figute 4. OGravimatric Density Meter

The measurement technique fs as follows. A nuclear scurce (Ceasium-137
with 30 yr. kalf life, or Cobalt-60 with 5 yr. half life) and a detectar
(either an ionisation chamber or seintillation counter} &are placed
diametrically opposite the pipe. High energy gamrs rays are beamed through
the pipe and onte the detector. When gamma rays pass through the materisl
they are absorbed in proportion to the mstorial doensity. An increase in
the material density results in & reduced detector output,

Thus, the messurement of the absorption of the rays by the material is a
direst measure of the density of the material. For acceptable stability
and elimination of excessive drift, 1t must be epnsured that at least 5%
of the gamma rays are absorbed. Conversly, Lf pipe diameter and density
are too great, mot engugh radiation cen penetrate the detector,
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Figure §. Differantial Pressure Counterflow Meter

For the majority of density opplications Caesium-137 is used as the
radioisotope. Source sizes normally vary between 10 and 2008 mCi
{millicuries) es a function of pipe diameter and specific gravity span.
Gauge sensitivity is increased by the use of collimated beam geometzy
which restricts xadigtion in all directions except for & direct path to
the decector. This minimises scatter and permits the use of larger sources
with increased measuring sensitivity., Most designs are such that radi-
ation intensity at 300mm from the gauge surface in any directics, will
not excded 5 mR/h (millirontgens per houx). This is the safe value for
any process area whare tho operator's owcupancy is lass than twency hours
per week, The source holder is provided with a shutter mechanism to close
the radiation beam part during installation, when the power fails orx,
where required, from a remote contrul board.

The minimum measuring full scale span is sbout 0,05 SG units with & cor-
responding accuracy of 0.00D5 or better. When measuring swall spans, the
zero drift due to source decay Lecomes an important comsideration. The
source decay compensator unit is essential for such installations. For
wider ranges, 1t is essential only if the source is Cobalt-60. The source
decay effect with Caesium-137 is only about 3% per year. Process materials
with high temperature cxpansion cosfficients are provided with tempex-
ature compensation if variations in temperature is expected.
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The disadvantage nf a muclear density gauge is that a permit is needed
to operate it, and suitably qualified persennel must b. employed to accep
responsibility for the nuclear source. Some operators may also be reluc-
tant to eperate the gavge: and extra precautions must be taken to minimize
the health hazayd. Howsver, it must be stressed that the safety require-
ments are no more onerous than those needed for any dangerous material
ar chemical.

2.4 MOISTURE CONTENT/ PERCENT SOLIDS EVALUATION

It shenld be clear that the density meters are the best solution since
not only are they often required for compensation in direct moisture
measurerent but are also reguired to calculate the solids mass flow. In
choosing a density meter it is clear that the nuclear meter offers the
best postibility of success. It is not affected by extermal affects, is
accurate, commonly availabie and has undergone extonsive development by
several manufacturers.

This conzludes the review of conceantration and moisture content meters.
The following chapter discusses the other aspect of the project, namely,
techniques for measuxing the mass flowrate of high concentzation
slurries.

Siurry Concentration Measurement 16




3.0 MASS METERING EQUIPMENT

3.1 INTRODUCTION

To meet the project objectives instromentation is required to measure the
slurry moisture content and mass flowrate. This chapter discusses
instrumentation to measure the mass flow rate of high concentration
slurries.

Two basic techniques are used. The first technique uses coriolis forces
to measure mass flow directly, and the second technique adopted is to
caleulate the wess flow. Originally this was done using analogue compaters
but more and more are i ing mi ased
systems.

3.2 MASS FLOW METER

The Mass Flow Meter measures a very smsll force generated by the process
£luid as it moves through the sensor tube. This force results from the
accelaration or deceleration of the fluid particles as the tube vibrates
perpendicular to the direction of flaw. The force is anslogous to the
coriolis force which causes air currents to circulate around the rotating
earth, and to gyroscopic forces employed in mavigation systems.

Meters based on this principle were initially evailable omly in swail
sizes, but increasingly larger meters (up to 5 toms/hour) ere becoming
available. The mass flow meter is also suiteble for memsuring gas wass
flowrates, and this has resulted in meters hased on this principle be-
coming avgilable from several manufacturers.

The discussion in the remainder of this section is based on the Micro
Motion Mass Flow Meter{Micre Notion,1983).

The forces inducsd by the fluid flow on the sensor tube are the
corinlis/gyroscopic forces. Figure 6 on page 18 shows the fluid with mass
(m) and velocity (V) moving through the sensor which is rotating with
angular velocity (w) about axis 0-0.

Forces axerted by the fluid on each leg (FI and F2) are 180 degrees out
of phase. The angular velocity of the sensor tube is not required to be
constant Lt can oscillete. The associated force is also oscillatory amd
is proportional to the fluid mass (m) and velocity (V). As the tube vi-
brates about axis 0-0, the forces create an oscillating moment about the
axis R-R. The tetal moment (M) is the integral of the moments of all the
fluid particles around the sensor tube. The moment M causes an angular
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deflection or twist of the sensor shout axis R-R, which is at its maximum
at the widpoint of the vibrating tube travel. (see Figure 7 on page 19).

The mass flow rate can be derived by measuring the deflectlon angle using
the tvo semsors shown in Figure 7 op page 19. This measurement is accom-
plished by measuring the relative times thbat each sensor detects the
midpoiat crossing of the respective leg. The tame difference at zero flow
is nulled by calibration of the signal conditioning electromics.

The mass flow rate (Q) is proportional oply to the time interval and ge-
ometric constants and is independant of the vibration frequency of the
sensor tubé. The meter is also capable of measuring reverse flow direc-
tion.

It is also possible to obtain a density output from the meter. The demsity
outpur is however dependant on the spring constants and tube mass of the
sensor, and thus subject to drift as metel fatigue takes place, The output
is suitable only for relacive demsity spproximations.

The major limitation of using this meter in the present project is that
it induces e large pressure drop which is dependant on the fluid
viscosity, density and velocity.

SENSOR TUBE WITH AXES OF ROTATION
AND MOMENT & M

Figure 6. Micro Motion Sensor Tube
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Figore 7. Micro Motion Operating Principle

3.3 MASS FLOW COMPUTER

Tra nass flow is derived from the product of the volumetric flow rate,
the material density end the solids concentration. The product of the
volumetric flow rate and density give the total mass flow rate, Multi-
plying this by the percent solids {comcentration) gives the mass flow rate
of the solids, f.e.

SF = F.15.56
Where

F = vclume flow of slurry in m*/hr (from flowmeter)

PS5 = percent solids (concentracion) by weight

S6 = slurry specific gravity

The volumetric flow rate is obiafned from & flowmever, while the demsity
is obrained from & density gauge and the percent solids from e concen-

tration meter. It wes shown in the review of concentration measurement
in section "Concentration ox Percent Solids Measurement” on page 11 that
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a density gange can be used to measure both the specific gravity and the
concentration of & slurxy.

The mass flow computer (usually a stand alone unit) hes an input for
volumetzic flow rate, SO and percent solids, and provides signal outputs
of both salids concentration and mess flow rate.

3.4 MASS FLOW EVALUATION

One of the main constraints on the instrumentation is that it must not
introduce a pressure drop. Thus, it is not possible to use a Mass Flow
Meter. Therefore, the mass flew is calculated by weans of & mass flow
computer, This has adventages as a density gauge is already required to
measuze ths slurry concentration. In this preject a nuclear density gauge
is used to determine the density and slurry concentration.

To complete the mass flow calculation, the volumetric Flowrate must be
determined. Different flow measuring principles are discussed in the next
chapter.
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4.0 FLOW MEASUREMENT

4.1 INTRODUCTION

In the previous chapter it was shown that a mass flow computer can be used
to calculate the mass flowrate of a slurry based on the $G, volumetric
flowrate and salids concentration. This chapter discusses techniques for
weasuring the volumetric flowrate.

Although there are several methods for measuring flow, such as orifice
plates, vortex meters and turbine meters, only two meters warrant serious

for the measuremgnt of slurries. These are ultrasonic me-
ters and magnetic £i In general, f measure the velocity
of the fluid in a pipe. The volumetrie flowrate is determined from the
pipe dimensions and the assumption that the pipe is full.

4.2 ULTRASONIC METERS

Ultrasonic meters {Merrit,1982;Mintek,1983;] sre uspally based on one of
two prisciples, measurement of transit time or measurement of doppler
fraquency shift. OFf the two, doppler is the most commonly used and only
doppler meters will be discussed.

When doppler meters were introduced, they were heralded as the first ideal
and univarsal flowmeters. The meters were non-intrusive and could in fact
be simply clamped onto the pipe conveying the materisl. The weters did,
however, 1ot live up to their promise, largely due to poor guality and,
possibly, incorrect application.

Moxa recently the quality of the meters has improved, and the meters are
being recommended in instrumentation journals for measuring the flowrate
of slurries.

The prime advantage of such instruments, are, that they are non-intrusive,
- they can also be fixed onto pipework without interrupting the procevs.
Their cost does not rise with pipe diameter and they can also medst.'s
slurries with magnetic properties. It is further claimed that they ar
inexpensive, accurate and when properly applied, give reproducible re-
sults

The meter operates by transmitting em ultrasonic beam through the wall
of the pipe. The beam is backscattered, or reflected from particles in
the slurry or ore, or from air bubbles, If these particles are moving
their velocities are added to (or subtracted from) the veloelty of the
reflected ultrasonic beam in the medium. The vesulting change in freguency
between the incident and reflevted beam is known as the Doppler shift,
and is directly proportional to the velocity of the particles. A combi-
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nacion of the doppler equation and Snell's law shows that the change in
freguency is @

Frequency change = £1-£2 = (2V,cos x)/C

¥here!

F£1 a2nd £2 are the transmitted and refiected beams respective fre-
quensies;

x is the sngle berween the axis of the pipa and the incident ultra-
soenic beam;

C is the velocity of scund in the medium; and
¥ is the velocity of the reflecting particles, and is much smaller

than C.

The mode of operation is shown in Figure B.

FLOWMETER SERSIR PEZOELECTRC
READ CRISTALS.
£PURY RESN B0
T
N N e T °
— A —
L e o e
B s
R P — .
nkecun ERMC " )
B
. R —,/ =

SUSPENGED SOLWS ARD BUBBLES

Figure 8. Dopplar Flowmeter Schematie

For transmission of the wltrasonic beam, there must be an acoustic bond
between the vransducer and the pipe, and the wall of the pipe must
transmit the ultrasound inte the sivrry. Further, since Raylaigh back-
scattering depends on the the size of the particles (a relation to the
third power) the slurry must contain particles of a cartain size and in
2 certain concentration.
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In order to evaluate doppler meters, investigations were undertaken by
the Council for Mineral Technology (Mintek) using six different doppler
meters. The tests were conducted on mine-sand slurry at three relative
densities : 1,04¢, 1,167 and 1,271 with £low rates over the range 1,5 m/s
to 6 m/s.

Tha major results of the tests revealed that all flowmeters responded well
to changes in flow end gave linear outputs to within 2 % of the maximum.
The time constants for doppler meters is longer than that of magnetic
flowmeters and that the slope of the response decreases as the density
of the slurry increases (thought to be due to the velocity profile).
[Mintek,1984]

4.3 MAGNETIC FLOWMETERS

Hagnetic flowmeters were specifically designed for the measurement of
flowrates in slurries{Marks,1977;Springer,1980]. The magnetic flowmeter
is based on Faraday's law of electromagnetic induction. As the material
flows through the magnetic field, which is set up by exciting the meter's
electromagnets, an “lectric voltage, which is directly proportional to
the liquid's velocity, is induced in the l{iquid which &cts as the elec-
trical copductor i.e.

U= B.D.v,
Where:

U = The induced voltage (V)

B = The magnetic field strength (Tesla)

D = The distance between the electrodes {(m)

v = The velocity of the material [(m/s)

The operation is shown in Figure 9 on page 24.

The induced voltage is perpendicular to both the conductive liquid and
the magnatic field set up by the meter's coils. The voltage is measured
for subsequent transmission to an applicable converter. The flux density
of the magnetic field and the distance between the elactrodes are con-
stant; therefore the induced veltage is solely a function of the
material's velocity. The induced voltage iz not affected by temperature,
viscosity, or conductivity - as long as the conductivity of the measured
liquid i5 above a minimum threshold level (min. 0,05 microSiemens/cm).
For relisble measurements, the pipe must be completely full of liquid.
This is necessary ds the slectrode voltage is a weighted function of the
induced voltage throughout tha cross-saction of the pipe, Secondly, the
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Eleciric voliagn

Figure 9. Magnetic Flowmeter Schematic

meter output is often taken as a volumetric flowrate which is only valdd
if the pipe is full

To prevent the voltage being shorted out through the meter walls, the
meter must be lined with an insulating lining. The magnetic flowmeter is
avaiiable with different ngs, diffevent electrodes (including
capacitive pick-upi and with either AC or DC excitation,

4.3.1 CHARACTERISTICS

The magnatic flowmeter has the following advantages:

1. Linear indication of average flow velocity, thus ensuring superior
accuracy to differentinl prossure metars.

%, The mater is non-intrusive, therefore wear &nd prossure losg in the
merer are the same as an oquivalent langth of straight pipe.

3. The metoring is independant of the nature of the flow (turbulent or
laminar).

4. The m is of , pressure, viscosity,
density, concentration, and direction of flow.
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5. There is no preferred flow direction and even pulsating flows can be
measured.

6. The primsry head {detector) can be mounted in any position.
7. The method is independant of undissolved solids in the medivm.

8. The method can be used to measure chemically corresive liquids by
suitable choice of tuba liners and electrodes.

3. The output signal is s voltage which is readily converted to amy de-
sired elsctrical quantity.

10. Accuracy of up to 0.5% of rate down to 10% of full scale and there-
after an accuracy of 0.5% of full scale. The percent-of-rate accuracy
means the meter remains accurate at low £low rates.

11. & turn-down ratio (i.e. maximum to minimum flowrate) of 10 to 1 in a

span of 40 to 1
The disadventages ot the meter are:

1. Pressure and temperature Llimitations 4imposed by the liner and
electrode material,

2. The fluid must have sufficient conductivity, i.e. typically grester
than 20 yS/cm.

3. The fluid must not contain magnetic materials.

4. The cost of the metar is high.

4.3.2 SINEWAVE OR PULSED DC EXCITATION

In order for & magnetic flowmeter to operate, a magnetic field must be
established. The field is ostablished by coils mounted on the meter body.
An AC or pulsed DC voltage is used to excite the coils.

Sinewave or AC excitation of magnetic flowmeters has been in use for more
then twenty years. This method was originally used because of its manu-
factucing simplicty. The method howrver has sevexal disadvantages:
{Marks,1977;8pringer, 1980}

1. AC meters have a high powar consumption which results from the
reactance of the magnetic fiels coils. The moters are thus large and
bulky.

2. AC meters have a quadrature voltage cumponent induced onto the
eloctrodes as a result of transformer coupling between the excitation
coils and the path formed by a line joining the electrodas and the
signal cables smsnating fxom the electrodes. This voltage is 90 de-
grees out of phase with the velocity induced voltage. The measured
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signal is thus the vector sum of the desired signal and the quadrature
component. Elimination of this signal is required.

If the conductivity of the fluid is not constant along the
cross-section and along the length of the primary head, eddy currents
result which vary with time. Therefors, interference voltages arise
which cannot be fnlly suppressed in the meter.

Fouling of the slectrodes increases the internal vesistance of the
signal circuit and the capacitive coupling between the magnetic coils
and the signol circuitry, Futhermore, the signal circuitry becomes
more sensitive to capacitive transmission by interfevence from nearby
power lines.

5. Interfersnce voltages may be coupled into the signal circuis from
nearby cables corrying high currents.

S

Qceasionaly, such as in buried pipelines near railway networks, stray
currents of unknown phase orisntation ave carried by the liguid
flowing in the pipe and by the pipe itself, These currents can give
rise to interference voltages.

7. Interference voltages can be produced as & reswlt of inadeguate
earthing which allows stray currents to induce voltages in the meter
body .

8. In AC wagnetic-inductive flow measurement, interference voltages can
only be eliminated with great difficulty if at all.

9. The AC meter requires zero point setiing which is done during cali-
bration.

The pulsed DC magnetic Elowmeter was doveloped to overcome ine limivatiens
of the AC excited meter. & close examination will roveal that almost every
source of error in the AC meter is & resuit of magnetic (transformer) or
capacative coupling resulting fren the use of AG fields. To eliminate the
AP scurces of egror the DO flowmeter was developed. The use of pulsed DC
Ras  two spart from eliminating probloms resulting from AG
excitation:

1. The periodic reversal of the ficld (typically 6 to 11 times a secoud)
prevants polarization of the material in the pipe and veduces buildup
an the electrodes.

2, Everv time the field is revorsed, the signsl voltage is measursd &t
the zero crossing point, thus automatic zero compensation takes place
at twice the pulse rate.

A futher advantage of the pulsed DC meter, Ls that many meters now in-
corporate a microprocessor, which allows for simple setting of spen, range
and output scaling, usually by moans of BCD svitches. This results from
the fact that all signal conditioning is porformed mathematically by the
mictoprocessor. To chenge the ranga on)y the comstants in the scaling
formula has to be changed. A meter using an analogue computer (operational
amplifiers) would require racalibration of the scaling potentiometers.
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Normally, given the development of the pulsed DC meter, this meter should
always be chosen sbove that of the AC meter. Its edvantages, simplicity
and ease of use, make it the overiding choise wherever applicable.

NOTE Despite their advantages, pulsad DC meters ars no longer specified
for slurry applications! After, thejz introduction users noted
inadequate performance in slurry applications. The reason most
often cited is, that as the slurry particles collide with the
electrodes they induce noise which results in incorrect readings.
This has been attrituted to poor slectrode design and at least one
manufacturer will still specify pulsed DC meters for slurry ap-
plications. The induced noise is not a problem in AC meters becavse
of the higher effective sampling rate.

4.3.3 SELECTION OF INSULATING LINER

An  important poimt in the selection of magnetic flowmeters is the se-
lection of the liner. This naturally varies with every application and
determines the temperature snd pressure rating of the meter as well as
its resistance to corrosfon and sbrasfon. These ratings result from the
characteristics of the liner material. As a genersl guideline the char-
acteristics shown in Figure 10 apply. (Springer.1980}

Liner Type Coxrosion Abrasion Temperature  Pressure
Characteristic Characteristic Nax.(Celsius) Max.(iPa)

Hard Rubber Fair - Feir 90 10
Excellent

§oft Rubbex Varies Very Good 40 6,4

Neoprene Varies Excellent 80 25

Polyurethane  Varies Excellent 40 25

Teflon (PTFE) Bxcellent Fair 180 4

Figure 10. HMsznetic Flowmeter Liner Characteristics

4.3.4 SELECTION OF ELECTRODES

Several types of slectrodes are available, differing mainly in abrasion
resistance. Many of the electrodes are a natural avolution of menufac-
turers development. In normal circumstances the standard electrodes sup~
plied with the meter will be sufficient. For extreme circumstances of
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Normally, given the development of the pulsed IC meter, this meter should
alusys be chosen above that of the AU meter. [ts advamtages, simplicity
and ease of use, make it the overiding choice wherever spplicable.

NOTE Despite theis advantages, pulsed DG meters are no longer specified
for siurxy applications! After, their introduction users noted
inadequate performance ir slurry applicatlons. The reason most
often cited 4s, that as the slurry particles collide with the
electrodes they induce noise which results in ipcorrect readings.
This has baen attyibuted to poor electrode design and at least one
manufacturer will still specify pulsed DC meters for slurry ap-
plications. The induced noise is not a problem in AC meters becatuse
of the higher affective sampling rate

4.3.3 SELECTION OF INSULATING LINER

An important point im the selection of megnetic flowmeters is the se-
lection of the limer. This naturally varies with every applicetion and
determines the temparature aad pressurs rating of the metir as well ag
its resistance to corrosion and abrasion. These ratings result frowm the
characteristics of the liner material. As a general guideline the chare
acteristics shown in Figure 10 apply. [(Springer,1980)

Linex Type Corrosicn P P
Characteristic Chavecteristic Max.(Celsius) Max.(MPa)

Hard Rubber Fair - Fair 90 10

Excellent

Soft Rubber Varies Very Good 40 6,4

Negprene Varies Excellent i 5

Polyurethene Varies Bxcellent 40 25

Teflon (PTFE) Excellenmt Fadx 183 4

Figure 10. Magnetic Flowmeter Liner Characteristics

4.,3.4 SELECTION OF ELECTRODES

Sevexal types of electrodes are available, differing mainly in ebrasion
resistance. Many of the electrodes are a natural svelutjon of manufac-
turers development. In normsl circumstances the standard electrodes sup-
plied with the meter will be sufficient, For extreme cirvcumstances of
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electrode fouling, ultrasonic cleaning of electrodes is available as an
optiun, or repoveble electrodes can be obtained. A recent development is
the use of capacitive pickup, whers the electrodes forming the capacitor
plates are imbedded behind the Liner and thus camnot be fouled. Capacitive
electrodes also allow operstion with liquids of conductivities as ow as
5 pS/cm. This is possible as @ result of a larger electrods ares.
Capacitive electrodes are however expensive and the situation must war-
rant their use. Availsble electrode msterisls inciude Hastelloy G,
Stainless Steel, Titaniuwm and Platinum-Iridium.

4.3.5 INSTALLATION RECOMMENDATIONS

In order for s magnetic flowmeter to operate correctly it must be cor-
rectly installed. Incorrect installation can lead to insccurate readings
and/or uprelisble operation. When installing wmagnetic flowmeters the
following guidelines should be followed to ensura relishble operation.

1. The flowmeter can be imstalled in any posivion (clectzode axis ap-
proximstely horizontal).

2. The pipe must be filled at all times as the output, is often taken
to be the volumetric flowrate (velocity times cross-sectionsl ares),
which sssumes & constant cross-sectional ared.

Inlet/outlet section must be greater tham or egual to 5 times (for
inlet) or 2 times (for ocutlet) the diameter of the metex measured from
the electrode axis.

4. Slide valves or control flaps must not be mounted directly on the
primvary head. (See poiat 3}

5. Shut-off and control valves should be fitted downstream of the primary
head. |

6. Jor AC meters & shut-valve must be instzlled for zero-point setting.

7. Signal trensmission cables must be as short as possible and sbould
not run alomgside heavy-current lines so as to minimise interferencs.

8. The wmeter must be correctly and adequately grounded to prevent in-
terference of the signals. (See manufacturers specifications).

4.4 FLOWMETER EVALUATION

The doppler and the magnetic flowmetsr both have their respective advan-
tages. The main advantage of The doppler meter is that it is a clamp-on
device and thus is easy to install and use. However, the magnetic
flowmeter is a proven device and is widely used. The main argument against
the duppler meter is its high probability of failure in this application.
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Despite the Mintex study the suitsbility of the doppler meter to high
density (paste) siurvies sad their assoc.sted low velocities (a system
characteristic) is still unknown. The major disadvantage of the magnetic
flowmeter is that the requ:\.ted pressure rating makes it & non-stock item,
thus increasing both it's cost and availability. Despite this, the mag-
natic flowmeter is considered to be the most suitable meter fox the pro-
ject. An AC flowmeter must be used until pulsed UG meters have proved to
be reliable in slursy application.

This concludes the review of instrumentation which mests the requirements
for mass flowxate and of high som
paste slurries.

The instrumentation can be summarised as follows:

Mass Flow Measurement
Magnetic Flowmeter - For measuring volumetric flowrate
Nuclear Density Gauge - For measvring SG

Mass Flow Calculator - For calculating mass flow

Moisture Content Measurement

Nuclear Deasity Gauge - For measuring concentration

The same muclear density gauge is used for both mass flow and concen-
tration measurement. However, many end-users still shy away from nuclear
instruments, largely due to misunderstanding, unfamiliarity, the health
hazard and the associated legal reguirements for their use. It was also
found that few users {and product representives) understend the princi-
ples, operation and application of nuclesr instrumonts. As muclear den-
sity gauges are & integral part of the proposed solution, an investigation
into the principles, operation, health hazards, legal reguirements eand
applications of nuclear based imstrumentstion was undertsken.

The objective of this study, which is presented in the following chapters,
was to review nuclear based instrumentation and to develop an under-
standing of how to choose and apply such instruments.
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5.0 NUCLEAR RADIATION APPLICABLE TO DENSITY MEASUREMENT

5.1 INTRODUCTION

This chapter reviews the concepts of atomic and nuclear physics relevant
to radiation measurements. The field is however s very broad one and the
emphasis is on the concepts relating to process contro! applications. The
intention of this chapter is not to present a detailed discussion of the
subjects, but rather to cutline the principles inherent in nucleaxr process
control instrumentation. The emphasis is on the nuclear behaviour and
theory relevant to level, moisture and density measurement. For an
in-depth discussion of the theory, principles and spectrum of muclear
physics the reader is referred to the Tsoulfanidis{1983].

5.2 ATOMS

To the best of our koowledge today, every st~z -.nsists of & central
positively charged nucleus around which negative «isctrons revolve in
stable orbits, Considered as a sphere, the etom iis 2 radius of the order
of 0.1 nm and the nucleus a radins of the order of 10 %a. The nusber of
electrons is equal to the number of positive charges of the nucisus; thus
the atom is electrically neutral in the normal statn.

The number of positive elementary charges im the nueleus is called the
atomic number and is indicated by Z. The atemic mumber identifies the
chemical element. ALl atoms of an element have the same chemical proper-
ties.

Tha stomic electrons move around the nucleus as & result of the attractive
electrostatic Coulomb force between the positive nucleus and the negative
charge of the electron. According to classical electrodynamics, the re-
volving electroms ought to continuously radiate part of thedr energy,
follow @ spiral orbit, and eventually be captured by the nucleus. Obvi-
ously, this does not happen: atoms exist and are stable. Therefore, 4 new
theory governing orbital mechanics and called gquantum mechanics wes de-
veloped.

The available experimental evidemce points toward the following facts
Tagarding the motion of atomic electrans:
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1. Bound atomic electroms revolve around the nucleus in stable oxbits
without rediating energy. Every orbit corresponds to a certain
electron energy and is called an energy state.

2. Only certsin orbits (only certain energ}.es) are allowed. That is, the
energy states of the bound electrons form a discrete spectrum. This
phenomenon is called quantization.

3. If an electron moves from an orbit (state) of energy Ei to & state
of lower energy Ef, then (and only then) electromagnetic radiation,

an x-ray, is emitted with frequency v such that
= (Ey - Eg)/h (5.1)

where h is Planck's constant.

The energy of the x-ray depends on the atowie number:

= k(2-a)? .2

where k and s axe constants. Every atom emits characteristic x-rays with
discrete energies that identify the atom like fingerprints. X-ray emex-
gies range from & fow eV for the light elements to a few hundzeds of keV
for the heaviest clements.

4. A bound electron may receive energy and move from a state of energy
E, to a state of higher emexgy E,. This phenonemon is called

excitation of the atom. An excited atom moves preferentially to the
lowest possible energy state, therefore in times of the order of
10 ns, the electron will return to El and an x-ray will be emitted.

5. An etomic electron may receive enough energy to lsave the atom and
berome a free particle. This phenomenon is called ionization, and the
posi.ive entity left behind is called an ion. The energy necessary
to cause ionization is called the donization potential. The
ionization potential is not the same for all electrons of the same
stom because the electrons move ut different distances from the mu-
cleus. The closer the electron is to the nucleus, the more tightly
bound it is and the greater its loaization potential becomes.

6. When two or more atoms join together to form a molecule, their common
electrons are bound to the molecule. The energy spectrum of a molaculs
is also diszrete but moxe complicated than that of an atom. The
discrete and unique spectrnm of molecules and stoms is used in X-ray
Fluorescence to identify the substance.

5.3 NUCLE!

At the present time, all experimental ecvidence indicates that nuclei
consist of neutrons and protons, which are particles collectively known
as nucleons. Some of the properties of a neutron, proton and an electron
are listed in Figure 11 on page 32 for comparison.
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Electron Neutron Froton

Rest mass 9.109556x107%  1.674919x10"%  1.672614x107%7

0.511 = 939,549 238,256 MeV
= 0.000549 = 1.008665 =1.007276 u
Chazge -e o +e

Figure 11. Neutron-Proton Properties.

A Nucleus comsists of A particles,
A=N+1

where
4 = msss numbex

N = number of neutzons

Z = qunber of protons = element atomic number

& nuclear species X is indicated as

where X = chemical symbol of the elemont.

The following definitions apply:
1. Isobars are nuclides that have the same A.

2. Isotopes are nuclides that have the same Z. They are nuclides of the
same chemical element. They have the seme chemfcal but slightly daf=
ferent physical properties, due to their difference in mass, The nu~
clear properties change drastically from isotope to isotope.

3. Isotones are nuclides thet have the same N, 1.e. same number of neu-
Lrons,

4. Tsomers are two different emergy states of the same nucleus.

The different atomic species are the result of different combinations of
one type of particle - the elsctron. There are 92 natural elements. Since
1940, 15 more have been artificially produced for a total of 107. The
different nuelides, on the other hend, are the result of different com=
Binaticns of two kinds of particles, neutrons and protons, and so there
are many more possibilities. There are more than 700 known nuclides,
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Experiments have determined that nuclel are almost spherical, with a
volume proportional to the mass number (A), thus all nuclei have similar
densities, and an average radius approximately equal to

1

R = 1.3x10"2.4%3 in neters. (5.3)

The mass of the mucleus with mass number A and atomic mumbsr Z, indicated
as Mn(A,2), is equal to

Mn(A,Z) = Z.Mp + N.Mn - B(A,Z)c? (5.4)
where Mp = proton mass
Mn = neutron mass

B(4,2) = binding energy

. The unit used for the measurement of muclear mass is equal to 1/12 th of
i the mass of the Carbon-12 isctope. Its symbol is u (formerly amu for
a : atomic mass unit):

L 1u=(1/12) (nass of 26) = 1.660531x10"27

kg = 931.478 HMeV
In many experiments, what is normally measured is the atomic mass and not
the nuclear mass. The atomic mass js obtained by adding the mass of all
the atomic electrons. The mass may be given in one of the following three
P ways:

1. Units of u.
2. Kilograms.

3. Energy wnits (¥eV or J, in view of the equivalence of mass and en-
ergy).

= The meening of B(A,Z) may be expressed in two equivelent ways:

1. The binding enexgy B(A,Z) of a nucleus is equal to the mass trans-
formed into energy when the 2 protons and the N=A-% neutrons combined
to form the nucleus. An amount of energy equal to the binding energy
was released when the nucleus was formed. Or

2. The binding energy B(A,2) is equal to the energy necessary to break
the nucleus apart into its constitvents, Z free protons and N free
neutrons.

The energy necessary to remove one particle from the nuclews is the sep-
aration or binding enersy for that particle for that particular nuclide.
A "particle” may be a neutron, proton, an alpha particle, a deutron, etc.
The separation or binding energy of a nuclear particle is analogous to
the ionization potential of an electron. If a particle enters the nucleus,
an amount of energy equal to its seperation energy is released. The sep-
aration or binding energy is equal to the difference in binding energies
of the original nucleus and the resulting nucleus after the 'particle’
has been removed.
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5.4 NUCLEAR ENERGY LEVELS

Neutrons and protons are held together in the nucleus by nuclear forces.
Although the exact nature of nuclear forces is not known, scientists have
successfully predicted many characteristics of nuclear behaviour by as-
suming & certain form for the force and constructing nuclear models based
on that form. The success of these models is measured by how well their
predicted results agree with the experiment. Many nuclear models have been
proposed, each of them explainisg certain features of the nucleus; but
as of today, no model exists that oxplains all the facts about all the
known. auclides.

AL} nuclear models assume that the nucleus like the atom, can exist only
in certain discrete energy states. Depending on the model, the energy
states may be assigned to the nucleons -neutrons and protons~ or the nu-
cleus as a whole. The prosent discussion of nuclear energy levels will
be based on the second approach.

The lowest possible energy state of & nucleus is called the ground state,
in Figure 12 on psge 35, the ground state is shown as having negative
energy to indicate a bound state. The ground state and all the excited
states below the zero emergy level are called the bound states. If the
nucleus finds itself in any of the bound states, it de-excites after a
time of the ivder of 1 to 100 ps by dropping to a lower state.
De-excitation is accompanied by the emission of a photon with energy equal
to the difference between the initial and finsl states. Energy states
located above the zevo energy level are called virtual energy levels. If
the nucieus obtains encugh energy to be raised to a virtual level, it may
de-pxcite either by ialliug to one of the bound levels or by emitting a
nucleon.

Studies of the energy levels of all the known nuclides reveal the fol-
lowing:

1. The distance botween nuclear onergy levels is of the oxder of keV to
Mev. By contrast, the distance between stomic energy levels is of the
order of eV. Thus photon emissicn from atomic de-excitation (X-rays)
are of & much lower frequency than that of nuclear devexcitation
{gamma-rays) .

2, The distance between energy lovels decreases as the excitation enexgy
decreases. For very high excitatinn energies, the demsity cf the
levels becomes so high that it Is difficult to distinguish individual
enexgy levels.

3. As the mass number A increases, the number of levels increases; i.e.
heavier nucled have more energy levels than lighter nuclel (in general
- theze may be exceptions).

4. As A increases, the energy of the first excited state decreases
(again, in general - exceptions exist).
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igure 12, Bound and virtual nuclear energy levels

5.5 NUCLEAR DISINTEGRATIONS

This section outlines the three main modes of Aecay: alpha, beta and
gamma, and the variations which can occur. The type of decay of relevance
in process contro] instruments is gamma decay and the emphasis will be
on vhis mode. Some naturally radieactive clements have wore than one decay
wode 8s shown in Figure 13 on page .36 (PBI,1983]. The most commonly used
elements 4n  process control are Oobalt-80, Americiom-241, and
Caesium~137. The thickness gauge applications are prevalent in the paper
and pulp industry,

6.5.1 GAMMA DECAY

In gamma decay, a nucleus goes from an excited state to @ state of lowexr
energy and the energy difference botwsen the two states is raleased in
the form of & photen fan electromagnetic wave), Gamma docay is represented
by .
*

A s

where the * indicates an excited nucleus.
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Typical
radia- rediation source
tion energy Half life activities

Radiosotope  type (MeV)  (years} Application (millicuries

Iron 55 X-zay 0.006 27 thickness gauges 50 - 100

Nickel 63 Beta 0.066 100 thickness gauges 100

Keypton 85 Beta 0.158  10.73  thickaess gauges 10 - 2000

0.672
Promethivm 147 beta 0,103 © 2.62 thickness gawges S50 - 400
0.225

Strontium 90 Beta 2.274  28.6 thickness genges 10 - 100

Thallium 204 Beta 0.763 3.78 thickness gauges 20 - 200

Americium 241 Alpha 5.5 433 smoke detectors few micro
Gamma 0.060 thickness gauges 500

Ceesium 137 Gamma 0.662  30.17 density gauges 50 - 100

GCobalt 60 Camma (1.17  5.27 level gauges 100

1.33)

Polonium 210  Alpha 5.305 138 days static eliminator Up to 1000

Garbon 14 Beta 0.15 5760 rediography 200

Reduim 226  Beta  0.227 thickness gauges 10 miczo
Gomma 4.761 1600 ehickness gauges 100
Alpha 4.598 smoke detectors 0.5 micro

Figare 13. Resdicactive Isotopes

Sometimes the excitation energy of the nmueleus is given to en atomic
electron instead of being released in the form of a photen. This type of
nuclear transition is called an internal comversion (I0), and the ejected
atomic electzon is called an internal conversion electron.

When internal conversion occurs, there is a probability that an electron
£rom the K shell, L shell, or another shell, may be emitted. Therefore,
2 nveleus that undergoes internal conversion is a source of groups of
mono~energetic electrons.

The total probability or gamma decay is the sum of t.. probebility for
internal conversion decay (A) and the probability a photon will be

emitted (hy).

For most nuclel A =0, but there is no ganma-decaying mucleus for which
3,70, This means radiofsotopes that intexnslly convert, emit gammas,

electzons and x-rays. The x-rays result from an olectron from a higher
shell that “falls into" the shell vacated by the internal conversion
electron.

Three frequently used isotopes that uaderge internal conversion are
8n-113, Cs-137 and Bi-207, Those isotopes are very nseful for instrument
calibration.
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5.5.2 ALPHA DECAY

Alpha perticles ave Helium muclei, i.e. Helium astoms stripped of their
electrons. Alpha decay is represented by the equation

Y

A+ e
7 a2 2

Note that after the alpha particle is emmitted, the parent nucleuz is
transformed into & new element (daughter nucleus). In meny cases, the
daughter nucleus is left in an excited stste and alpha decay is thus often
asccompanied by gamma decay.

5.5.3 BETA DECAY

In bets decay, a nucleus emitr an electron or & positzon and is trans-
formed into a anew element. la addition to the electron or positron, a
neutral particle with rest mass zero (neutrino) is also emitted. There

aze two types of bets decay, B and B'. In 87 an edectron is emitted while

in 8% a positron is emitted, A free positron will eventually combine with
an atomic electron, the iwo annihilate and two 0.511 MeV annihilation
gammas are emitted.

Beta particles are emitted with a continuous range of velocities, from
zero up to & maximium which depends on the nucleus. The decay spectrum
for beta decay is thus contimnous.

In some cases it is possible for the nucleus to capture an electxon and
in this case a neutrino is emitted. This transformation is known as
Electron Capture. When an electron is capltured a vacancy is left which
may be filled by an eloctren from a higher energy state and a x-rxay will
be emitted.

§.5,4 COMPLEX DECAY SCHEMES

In many nuclei more than one mode of decay is positive. For information
sbout particles emitted, enorgies and probeblities of emission a compre-
hensive coliection of data is given in Toble of Isotopes by Lederer and
Shirley(1978}. The user involved in process control instrumentation how-
ever need only be concerned with gamma decay and tha source is usually
specified by the supplier.

Nuclear Radiation Applicable to Density Measurement 37




5.6 THE RADIOACTIVE DECAY ! AW

Radioactive decay is the spontaneous change of a nucleus. The change may
result in e new nuclide or simply a change in the enexgy of the nuclide.
If there s a certain amount of radioisotape on hend, there is no cer-
tainty that in the next second "so many nuclei will decay" or "none will
decay''. One can talk of the prodability that a nucleus will decay in a
certain time.

The probability that a given nucleus will decay per unit time is called
the decay constant and is indicated by the letter X. For a certain spe-
cies, X is

1. The seme for all nucledi.

2. Constant, independant of the number of nvclel present.

3. Independant of the age of the nucleus,

Consider 8 certain mess m of a certsin radioisotope with decay constant
A, The number of atoms (or muclei} in ine mass m is equal to

N = m,Na/A (5.5)

Where Na = 6.023x10?* = Avogadro's number
A = atomic waight of the isotopa

This number of atoms decreases with time, due to the decay according to
Decrease per unit time = decay per unit time
or mathematically

-dl;(t = AN(t) (5.6)
t

The solution of this equation is
NeE) = NeoYe 5.7
where N{0) = number of atoms at t=0.
The average lifetime t of the nucleus is given by
=1 (5.8)
One concept usad extensively with radioisotopes is the half life T, de~

£ined as the time it takes for half of a certain mumber of nuclei to decay,
Thus,
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N = 5.9)
N(O)

which then gives the relationship between ) and T
T=1a 2/} (5.10)

For a sample of N(t) nuclei at time &, each having decay conmstant }, tle
expected number of nuclei decaying per unit time is

ACEY= AN(E) (5.11)

where A(t) = acti,.ty of the sample et time t.

The units of activity are the Becquerel (Bq), equal to ! decay/s, or the
Curie (Ci) equal to ? 7x10'°Bg. The Bequerel is the SI unit defined in
1977.

The term specific activity is used frequently. It may have ome of the two
following meanings.

1. Fer solids:

SA = getivity (Bq/kg or Ci/g)
mass

2. For gases or liquids:

SA = gctivity (Bq/m’ ar Cifem®)
valume

Thers are isotopes that decay in wore than one mode. The total probability
of decay is then the sum of the individual probabilities of decay for sach
mode. The term partial half-life is sometimes used to indicate s different
decay mode.

Sometimes the deughter of & radioactive nucleus may alsc he radioactive
and decay to & third radioactive nucleus. Thus a radioactive chain is
generated. A well known example is that of Uranfum~238, which through

combined alpha and beta” decays ends up as an isotops of lead. The general
squation giving the number of atoms of the ith isotope at time t in terms
of the decay constants of all the other isotopes in the chain was devel-
oped by Bateman{1910]. This equation Is not important in this discussion
as the isotopes encountered in process control do not form a series.
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5.7 COMNCLUSION

This chapter discussed the basic theory of muclear physics and the dif-
Ferent: types of radistion. In order to fully understand how radiation can
be utilised, the following chapter discusses energy loss aand penetration
of radiation. A knowledge of how different materials absorb radistion
gllows certain properties of that material to be deduced.
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6.0 ENERGY LOSS AND PENETRATION OF RADIATION THROUGH
MATTER

.1 INTRODUCTION

This chapter discusses the mechanisms by which iorizing radiation inter
acts, and hence loses energy, as it moves through matter. The study of
this subject is extremely important for radiation measurements, because
the detaction of radiation is based on its interactions with, and emergy
deposited in, the material ¢f ghich the detector is made. Therefors in
order te build (or understand and choose) detectors and interprer the
results of the messurement, it is important to know how radiation inter-
acts and sigt the consequences are of the various imteractions. The topics
presented ! ore shonld only be considered an introduction to this extensivs
subject., The Tange of energies considered is shovn  in
Figure 14 Tuoulfanadis,1984].

Particle Energy (HeV
alpha (=) 20
beta 8) 10
geoma () 20
nentzons (n) 15
Heavy ions 100

Figure 16, Maximum Energy Calculated

For the discussion thet follows, ionizing radiation is divided
groups;

1. Charged paticles: electrons (e ), positrons (e'), protons (p),
deutrons (d), alphes (ay and heavy ions (A»4).

2. Photons: Gammas (¥) or x-rays.

3. Neutrons.

The division is convenient because sach group h3s its own characteristics

and can be studied separately. Emphasis will be givem to the last two as

thess are the most important in instrumentation. The discussion on charged

particles will centre on explaining whv these have limited ap;.* icability
in instrumentatiou applications.
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6.2 MECHANISMS OF CHARGED-PARTICLE ENERGY LOSS

Charged particles travelling through matter lose smergy as & result of:

1. Coulomb interactions withk electrons snd nuclei.

2. Emission of electromagnetic radiation (bremsstrahlung).
3. Nuclear interactions

4. Emission of Cerenkov radiation.

When a charged particle travels through a certain material it may interact
with either the electrons, or the nucleus, of the atoms of the matexrial.
Since the cross-sectional area of the stom is approximately 10° times the
cross-sectional area of the nucleus, interaction with the electrons is
much more likely. Therefore, for the charged particles with kinetic en-
ergies considered here, nuclear interactions may be neglected.

Cerenkov radiation constitutes a very small fraction of the energy loss,
and is visible electromsgnetic radiation emitted by particles travelling
in a medium, with speed larger than the speed of light.

A5 a result of energy losses, the particle finally siops after travelling
a finite distance, ceélled the range. The probabiiity of a charged particle
going through a piece of material without interaction is practically zero.
It is this fact that limits the application of charged particle radiation
in process instrsmentstion.

6.2.1 COULOMB INTERACTIONS

A covlomb force F is axerted on an electron by a charged particle at e
distance r from it. The action of the force over a period of time, may
result in the tramsfer of ewergy :rom the moving charged particle to the
bound electron. Jonization or excitation of the electron may then occux.
lonization occurs when the electron obtains enough energy to leave the
atom and it then behaves like eny other charged particle. Excitation
occurs when the electron moves to & higher emergy level. In a short period
of time the electron will move to a lower emergy level, if there is ome
available, and an x-ray will be emitted.

6.2,2 EMISSION OF ELECTROMAGNETIC RADIATION

Every free charged perticle that accelerates or decelerates loses part
of its kinetic energy by emitting eclectromagnetic radiation. This vadi-
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ation is called breusstrahlung, which in German means braking radiation.
Iung is not getic, but consists of photoms of energies
from zero up te 2 maximun equal to the kinetic energy of the particle.

It can be shown that:

1. For two particles travelling in the same medium, the lighter particle
will emit a much greater amcunt of bremsstrahlung than the heavier
particle (other things being equal).

2. More hremsstiahlung is emitted if a particle travels in a mediwm with
higher atomic number 7% than in one with a lower stomic number.

For lew energy redistion, bremsstrahlung might be important for electrons
only in high-Z materials like lead (Z=82).

6.2.3 STOPPING POWER DUE TO IONiZATION AND EXCITATION

A charged particle moving threugh a material exerts Coulomb forces on many
atoms simultaneously. Every atom has many electrons with different
ionjzation and excitation potentisls. As a result of this, the moving
charged particle interacts with millions of electrons. Each interaction
has a certain probability of ocurrence snd energy loss. It is thus only
possible to calculate an average energy loss per unit travelled (dE/dx).
Owing to their different masses the calculation differs slightly for
electrons and positrons than that for the heavier charged particles like
protons, deutrons and alpha particles,

This is because an incoming electron ¢r *dsitron may lose all its energy
in & single collision with an atomic elactvon as they are of simiiar mass.
They may also be easily scattered, and as a result their trajectory is &
zig~2ap one. Heavier particles on the other han! lose smaller amounts of
energy and their trajectory is almost a straight sne. Tor the derivation
of the average emergy loss per unit distance trsvelled (dE/dx). (see
Evans[1972], Segre[1968] or Roy et. al.{1968]).

Many different names have been used for the quentity dB/dx: names like
energy loss, differential energy loss, or stopping power. In this text
the term stopping powexr will be used.

It should be noted that the stopping power [Tsoulfanadis,1984]
1. 1Is independaut of the particle,

2. Is proportional to the square of the particle chargs,
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3. Depends on the speed of the particle,

4. is proportional to the density of the material.

6.2.4 RANGE OF CHARGED PARTICLES

A charged particle moving through a certain material loses its kinetic
energy through imteractions with the electrons and nuclei of the material.
Eventually the particle will stop, pick up the necessary numher of
electrons and become nentral.

The pathlength §, is the total distance travelled by the particle (zig
zag path). The thickness of material that just stops a particle of kinetic
energy T, mass M and charge z is called the range of the particle in the
material. The range is equal to the displacement of the particle and is
an average quantity.

Range can be measured in meters, or, if normalised by the material density
in kg/m?. The range measured in kg/m? is independant of the state (den-~
sity) of the matter, i.e. it is the same whether it moves in ice, steam
or water,

Examples of particle rangas are:

1. 3 MeV alpha particle in gold = bum.
2, 5 YeV deutron in air = 0.21m,
3. 1 MeV electron in gold = 1ijum.

6.3 INTERACTIONS OF GAMMA AND X-RAYS WITH MATTER

X-rays and gamma rays are electromagnetic radiation. Considered as par-
ticles, when they travel with the velocity of light e, their rest mass
is zero and so is their charge. A common neme for x-rays and gamma (¥)
rays as particles is photons. The relationship between energy, frequency
and wavelength is:

E=hv = hioo/h 6.1)
There 1s no clear distinction between x-rays and gamma rays. The verm
%-rays is epplied generally to photons with § < 1 MeV. Gammas are photons

with E > } MeV. In what follows, the terms photons, gamma and x-rays will
be used {nterchangeably.
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X-zays are gemerally produced by stomic transitions such as excitation

and jonization. Gamma rays are emitted in muclear tramsitions. Photons

sxe also produced as bremsstrahlung, by accelerating or decelerating

charged particles. X-rays and gamma reys emitted by stoms and muclei are
i lung has a ions energy spectrum.

Both x-rays snd gamme rays are used in the process control industry.
X-rays are used in x-ray flourescence to identify various substances and
to examine process material (e.g. pipes) for defects. Gamma rays are
widely used in instrumentation and are the centre of discussion here.
Gamma rays are used for level, density, thickness and weight me

There is & long list of possible interaction of photons with matter, but
only the three most important ones will be discussed here: the photce-
lectric effect, Compton scattering and pair production.

6.3.1 THE PHOTOELECTRIC EFFECT

The photoelactric effect is an interaction between 8 photon and a bomuu
atomic electron. As a result of the interaction, the photon disappears
and one of the atomic electrons is ejected as 4 free electron called a
photoelectran.

The probability of this ianteraction occurring is called the photoelectric

cross section or photoelectric coefficient and is designated t(m ),

where

© = probability for photoelectric effect to occur per unit distance
travelled by the photon.

The photoelectric effact decreases as EX increases and increases as %

increases. Thus it is more important, i.e. more probable for high 2 ma-
terfals. It is also wore important for £,=10 keV than E,=500 keV for the

same material,

6.3.27 COMPTON SCATTERING OR COMPTON EFFECT

The Compton effect is a collision between & photon and & free electrom.
Of course, under rlormal circumstances, all the electrons in & wedium are
not free but bound, however, if the energy of the photon is of the ordex
of keV, while the electron binding energy is of the ordes of eV, the
electron may be considered free,
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The photen does not disappear after Compton scattering, only its direction
and energy change. The photon energy is reduced by the anount given to
the electron. The minimum energy of the scattered photon is greater than
zero. Therefore, in Compton scattering, it is impossible for all the em-
ergy of the photon to be given to the electron. The energy of the electrom
will be dissipated in the material in & distance equal to the range of
the electron. The scattered photon may escape.

The probability that Compton scastexin, will occur is called the Compton

coefficient or the Compton cross section and is designated o(m™),
where ¢ = probability for Compton scattering to osonr per unit distance.

The probability for Compton scattering to occur is almost independent of
the atomic number of the material, o decreases as E, incresses and is

almost constant as 2 increases but does decrease slighty for high Z.

6.3.3 PAIR N

Pair producr.ion is ou interaction betwesn a photon and & nucleus. 4s a
result of tl the photon di and an el itron
pair tesults‘ Although che nucleus dees not underge any change as a result
of the interaction, its presence is necessary for pair production to oc-
cur.

The kinetic energy of the electron-positron is equal to the photon energy
mimus 1.022 MeV, which is necessary for the production of the two rest
massen, Note that this means only gamma rays of energy greatex than 1.022
MeV are capable of pair production. The electron and positron share, for
all practical purpotes, the available kinetic energy. Pair production
eliminates the original photon, but two photors are uxeated when the
positron annihilates. The annihilation photons are important in con-
structing shielding against them as well as for the detection of gammas.

The probabiYity for pair production to oceur is called the pair production
coefficient or cross sectian and is designated k(n 1),

where k = the probability for pair production 1o oceur per unit distance
travelled.

L has a threshold at 1,022 MeV and increases with Eb’ and Z. Of the three

coefficients discussed, k is the only ome increasing with the energy of
the pruton.
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6.3.4 TOTAL ATTENUATION COEFFICIENT

When a photon travels through matter, it may interact through any of the
three interactions discussed earlier. (For pair production, EZ - 1.022

NeV). There are other interactions, but they are not mentioned here as
they are not important inm the detection of gammas.

Figure 15 (from Evans{1972}) shows the relstive importance of the three
interactions as Ey and 2 change. Comsider a yhoton with E = 0.1 MeV. If
this particle travels in carbon (Z=6), the Gompton effect is the predom-
inant effect by which this photon interacts. If the same photon travels
in iodine 12=33), the photoelectric effect dominates.

Pair production
s predominant

Photoelestric
effoct is
predominant

46 Compton effect
is predominant
2
1
07 0.1 Y 70 100
£, Mav

Figure 15. The relative importance of the thres major gamma inver-
actions

The toiai probability for inturaction w  c¢alled the toral linear atten-
vatlon cosfficient, 15 eyual to the sum f the three probabilities.

waly = otk 6.2
Physicaliy ¥ is the probability of {vteraction per distance, There are
tables that give v for all the clements for many photon energies. Most
of the tables provide u in units of m*/kg. (or ew?/g). because in these
units the density of the material does not have to be specified, If u is

given in m?/kg (or em?/g) it {s callod the total mass attenuation coef-
ficient. The relalionship between linear and mass coefficients is

uln/kg) = uln M) /ptie/n?) (6.3)
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The total mass attenuation coefficient shows a minimum because as EU in-

creases, 1 decreases, k increases and o does not change apprecisbly.
However, the minimum of u doss not fall at the seme energy for all ela-
ments. For lead, W is minimized at E,~3.5 MeV; for aluminun at 20 MeV and

for Nal st 5 MeV.

If & parallel beam of monoemergetic gamma rays goes through a material
of thickness t, the fraction of the beam that traverses the medium without

any interaction is equal to e"*. The probability that a photon will go
through thickness t without an interaction is:
Probability of

traversing = number trsnsmitted= e \* (6.4)
thickness t number incident

The average distance between two succesive interactions, called the mean
frew path (1), is the inverse of the total linear attenuation coefficient,

The total mass attenuation coefficient for a compound or a mixture is:

B (w/kg) = v (m?/kg)
(6.5)

whera
W = total mass attenuation cosfficient for a compound or mixture
Wi = weight fractior of ith element in compound

"= total mass attenuation coefficient for ith element.

€.3.5 PHOTON ENERGY ABSORPTION COEFFICIENT

When a photon has an interaction, only part of its enexgy is absorbed by
the medium at the point where the Interaction took place. Bnargy given
by the photon to electrons and positrons is considered absorbed at the
point of interaction becausa the range of tnese charged particles is
short. However, x-rays, Compton scattered photons or aanihiletion gammas
may escape. The fraction of photen ensrgy that escapes is importapt whea
one wants to calculate heat generated due to gemma absorption in shielding
materials or gamma radiation dose to humans. The gamma energy deposited
in any material is celculated with the help of energy absorption coeffi-
cient defined in the following way.

The gamma energy absorption coefficient is in general that part of the
total attenustion coefficlent that when multiplied by the gamma energy,
will give the energy deposited at the point of interaction. The energy
absorption coefficient My is:

My =T Tav.o/Ey 4 Kk (6.6)
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The totzl mass attenustion coafficient shows a8 minimum because as Er in-~

creases, 1 decredses, k incresses and o does mot change appreciably.
However, the minimam of y does not £all at the same energy for all ele-
ments. For lead, ¥ is minimized st E;~3.5 MeV; for aluminum at 20 MeV and

for Nal at 5 MeV.

If a parvallel beam of moncenergetic gamma rays goes through a materiel
of thickness t, the fraction of the beam that traverses the medium without

any interaction is equal to e"®. The probability that a photon will go
through thickness t without an interaction is:

Probability of

tyaversing = number transmitted= e *® (6.4)
thickness t number incident

The average distence between two succesive interactions, called the mean
free path (\), is the inverse of the total linear attenuation coefficient.
The total mass atvenvation coefficient for a compound or a mixture is:

u (m/kg) = ¥ u, (n*/kg)
6.5)

where
¥, = total mass attenuation coefficlent for & compound or mixtux.
Wy

wg = total mass attenuation coefficient for ith element.

= weight fraction of ith elument in ¢ompound

6.3.5 PHOTON ENERGY ABSQRPTION CORFFICIENT

When a photen has an interaction, only part of its energy is absorbed by
the mediunm at the puint where the interaction teok place. Bnergy given
by the photon to electrons and positrons is considered sbsorbed at the
point of interaction because the range of these charged particles is
short. However, x-rays, Compton scattered photons or amnihilation gammas
may escape. The fraction of photon energy that escapes is important when
one wants to caleulate heat gonerated due to gamma ebsorption in shielding
materials or gamme radiation dose to humans. The gemma energy deposited
in eny materisl is calculated with the help of energy absorption coeffi-
cient defined in the following way.

The gamma energy absorption coefficient is in general that part of the
total attenuation coefficient that when multipliad by the gamma energy,
will give the energy deposited at the point of interaction. The energy
absorption coefficient ¥y is:

By =7 ¥ Tav.o/By + k {6.6)
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where Tsv is the average enargy of the Compton electron and W, may be &

linear or mass energy absorption coefficient depending on the units.

In writing Eq. 6.6 it is assumed that:

1. If photoelectric effect or pair production takes place, all the energy
of the gamma is deposited there.

2. 1If Compton scattering oceurs, only the energy of the electron is ab-
sorbed. The Compton scattared gamma escapes.

In the case of photoslectric effect, assumption (1) is good. For pair
production, however, it is questionable because omly the energy
E - 1,022 MeV is given to the electron-positron pair, The rest of the
energy, equal to 1,022 MeV, is taken by the two annihilation gammas and
is not deposited in the medimm, There are cases when Eq. 6.21 is modified
to acceunt for this effect [Hubbell,1969].

6.4 INTERACTIONS OF NEUTRONS WITH MATTER

Neutrons with protons, are the constituents of nuclei. Since & neutron
has no charge, it interacts with nuclei only through muclear forces. When
it approaches a nucleus, it does not have to go through a Coulomb barrier,
as 8 charged particle does. As a result, the probability (cross section)
for nuclear interactions is higher for neutrons then for charged parti-
cles. This section discusses the important characteristics of neutron
interactions, with emphesis given to neutron cross sections and calcu-
lation of interaction rates. Neutron radiation is commonly used in pxocess
instrumentation to determine the wmoisture content of bulk solids. (See
Chapter 2 ).

6.4.1 TYPES OF NEUTRON INTERACTIONS

The interactions of neutrons with nuclei are divided into two categories.

SCATTERING

In this type of interaction, the neutron interacts with a nucleus, but
both particles reappear after the reaction.Scattering may be elastic or
inelastic. In elastic scattering, the total kinetic energy of the two
particles is conserved and simply distributed between the particles, In
inelastic scattering, part of the kinetic energy of the neutron is given
to the nucleus as excitation energy, After the collision, the excited
nucleus will decay by emitting one or more gamma xays.

ABSORPTION
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If the interaction is an ebsorption, the neutron disappears, but one or
more particles appear after the reaction takes place.

6.4.2 NEUTRON CROSS SECTIONS

Consider a monoenergetic parallel heam of nentrons hitting a thin target
(i.e. one that does not apprecishly attepuate the beam). The number of
reactions per second, R, may be written as:

R = I(n/m*s) [N{nuclei/m}} {a(m®)}[t(m}][o(m?)] 6.7)
The parameter g, called the cross section, has the folluwing meaning:

a{m?) = probability that an interaction will occur per target
nucleus par neutron per m hitting the targat

The unit of ¢ is the barn (b).

0724 28,2

1v=1 em? = 10

Neutren cress sections depend strongly on the energy of the neutron as
well as the atomic weight and number of the target mucleus., The cross
section o(b) is called the microscopic cross section. Another form of

cross section frequently applied is the macroscopic cross section L(m 1)
and is analogous to the linear attemnation coefficient of gamma rays.

6,4,3 THE NEUTRON FLUX

In most cases the nautron source consists of nuutrons that txavel in all
directions and not in the same direction as assumed till new. It is thus
necessary to modify Eg. 6.7. Assume thet at some point in space the neu-
tron density is n{neutrons/w’). If a taiget is placed at chat point, the
interactlon rate R (resctions/m’s® will be:

® = n(neutrons/n’) [v(n/s)] Hn )] 6.8

The preduct nv, represents the total pathlength travellad per second by
all the neutrons in 1 m 1, and is called the neutron flux &,

Another quantity related to the flax and used in radjation exposure cal-
culations is the neutron fluemce F, dofined by
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If the interaction is an *werption, the newtron disappears, but one or
more particles appear after th: resction takes place.

6.4.2 NEUTRON CROSS SECTIONS

Consider a monoenergetic parallel besm of neutrons hitting & thin target
(i.e. ona that does not appreciably attenuate the beam). The number of
reactions per second, R, may be written as:

R = I{n/m?s)[N(nuclei/w’)] (a(@®)][t{m)][o(m?)} 6.7)
The parameter o, called the cross section, has the following meaning:
a{m?} = probability that an interaction will occur per target

nucleus per neutzon per m hitting the target

The unit of o is the barn {(b).

13 = 10 et = 107202

Neutron cross sections depend strongly on the emexrgy of the neutron as
well as the atomic weight and number of the target mucleus. The cross
section o(b} is called the miivoscopic cross section. &nocther form of

cross section frequently applied is the macroscopic cross section I(m™ 1)
and i3 analogous to the linear attenuation coefficient of gamma rays.

6.4.3 THE NEUTRON FLUX

In most cases the neutron source consists of neutrons that travel in all
directions and not in the same direction as assumed till mow. It i3 thus
necessary to modify Eq. 6.7. Assume that &t some point in space the neus
tron density is n(neutvons/m®). If a target is placed at thet point, the
interaction rate R (reactions/m's) will be:

R = n(neutrons/a®) [v(n/s)][ L )] (6.8)

The product nv, represents the total pathlength travelled per second by

11 the neutrons in 1 w ), and is called the neutron flux .

Another quantity related to the flux and wsed in radiation exposure cal-
culations is the neutron fluence F, defined by
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F (a/m?) = ot

where t is the exposure time to flux 4.

6.5 CONCLUSION

This chapter discussed energy loss and penetration of radiation in matter.
It wes shown that chazged particles have a finite range ani ave quickly
absorbed by the material. Photons, however, have only a statstical prob-
ability of absorption. The probability depends on the properties of the
material. An important property affecting absorption is the demsity of
the materisl. By determining the number of photons absorbed, a measure
of the density of the materisl can be obtained. The density of the mate-
rial is also important when building detectors. The higher the demsity
©of the detectur material, the more photons will be absorbed and the higher
the detection efficiency.

In order to detect the number of photons passing through a material, and
hence infer some of the material properties, a detector is required, Two
common detector families are discussed in the Following two chapters.
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7.0 GAS-FILLED DETECTORS

7.1 INTRODUCTION

In this section the basic operation of gas-filled detectors is outlined.
Althaugh, gas-filled detectors heve, until now been the mainstay of mu-
clear based process instrumentation, they are being replaced by scintil~
lation detectors.

Gas~filled de%ectors can be either gas-filled ox gas-flowing, however,
only gas-filled detectors will be discussed, as only these are used
process instumentation.

Gas-filled detectors operate by utilizing the ionization produced by ra-
diation as it passes through a gas. Typically, such a detector consists
of two electrodes with a certain potential applied across them. The space
between the electrodes is filled with a gas. lonizing radiation passing
through ths gas generates electron-ion pairs. Tnese charge carriers move
under the influence of the electric field, inducing a current on the
electrodes which may be measured (Figure 16 on page 53).

Either the current is measured directly, in which case the detector is
called & current or integrating chamber, or alternatively, the charge may
be transformed into a pulse by inserting a resistor into the circuit.
The voltage pulse developed across the resister is then measured and am-
plified. In this case the detsctor is cslled a pulse chamber.

For most gases, the average energy to produce an electron-iron pair is
about 30 eV. If 2 3 MeV alpha ox beta particle deposits its energy in the
countexr, it will produce, on average

(3 HeV}/(30 eV} = 100 000 electron-ion pairs [Tsoulfanidis,1983]

A typical gas-filled detector has a capacitance of about 50 pF, and the
charge will be collected in & time of the order of lus. If all the charge
is collected, the voltage and cuxzent expected are of the order

V= Q/C ~ (10°x 1.6x10 *e/e1)/(S0 pF) = 0.5 n¥

L= 0/t ~ (10%x 1.6x1078)/107C = 1.6x107%2

Gas-filled Dstectors s52




Quantun

Electrons move to the positive plate and ions to the negative plate under
the same force F=Ee, where E = the electric field intensity. The accel-
eration, a=F/m, is nowever quite different as the fon mass is approxi-
mately 1000 times the electron mass. Thus the time to collect the electron
is about lus and the time to collect the ion about lms.

lonizatien current ./L

anat ] Vour

Anode
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Casatod:' éElcctror
*® Ion
1

Smm pam—n
ey {Cathode .

~—d
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! ape
’I

Cas vol
olume Operational voltage

Figure 16. A typical gas-filled detector

7.2 RELATIONSHIP BETWEEN RIGH VOLTAGE AND CHARGE
COLLECTED

1f, in an experiment, the HY applied to the counter is steadily incressed,
the charge collected per umit time changes as shoun in Figure 17 on page
54, The turve is divided into 3 regions.({Tsoulianidis,1983}

REGION I

¥hen the voltage is very low, the electric field is weak, electrons and
ions move relatively slowly, and have a considerable recombinatien rate.
As V increases, the field becomes stronger, the carriers move faster and
the recombination rvate decreases until it becomes zero. Then, all the
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Figure 17. The relationship between applied voltage and charge

charge crezied is being collected (V=Y ). Region I is called the recom-
bination regiom.

REGION II

In region IT, the charge collected stays constant despite a change in the
! voltage bocause the recombination rate is 2erc and no new charge is 7
! produced, No charge multiplicatfon takes place, The output signal is }
proportionel to the snergy dissipated in the detector; thersfore meas-
- urement of particle cnergy is possible. Conversly, low energy particles

i will produce small outpit signals. Thus ionization counters can be used
for particle identification, This region is called the ionization region
; and is the region in which the ionization chamber, used for density '
i measurement, is operated, The applied voltage is usually less than & \
! 1000 V.
i
Y REGION IIT
X

In this region, the collected charge starts incressing because the
electrons produce secondary ionization that results in charge multipli-
cation. The electric field is so strong, in a certain fraction of the
volume, that electrons from primary ionizatfon acquire encugh energy be-
tween collisions to produce additional ionization. The gas multiplication
Ffactor (i.e. the ratio of the ctoral ionization divided by the primary L
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{onization) is for a given voltage, independant of the primary ionization.
The counter output is thus proportionel to the energy dissipated in the
counter; thevefore particle identification and energy measurement is
possible. The higher the emergy of the particle the higher the output
signal. This region is called the proportional region, but is not impor-
tant in process instrumentation. Proportional counters may be used for
the detection of any charged signal. The applied volzege ranges between
800 and 2000 V.

REGICN IV

In this region, the electric field in the counter is so strong that a
single electron-ion pair gemarated in the chamber is enougl. to initiate
an avalanche of electron-ion pairs. This avalanche will produce & strong
signal with shape and height independant of the primasy ionization and
the type of the particle. Region IV is called the Geiges-Muller (GM) re-
gion. Detectors operating in this region are called Geiger-tfuller count-
ers and are used for detection of radiation thus making them ideal fox
peint  level measurement. The advantage of GM counters is that their
signal is so strong that & preamplifier is not needed. A disadvantage is
their relatively long dead time (200 to 300us). The applied voltage ranges
between 1000 to 3000 V.

REGION ¥V

If the epplied voltage is raised beyend the value Vy,, a single ionizing

event inistes a continous discharge in the gas and the device is not a
counter enymore. A commercial counter operating im this region will
probably be destroyed,

In operation as a detector in a density gauge the gas-£illed detector must
operste in either region Il or in region IV. Operation in region II is
however preferable, as the long dead times characteristic of region IV
will lead to many photons not being detected. Operation in region IV is
preforable for on/off type measurements i.e. in determining if radiation
i® present or not,

7.3 DIFFERENT TYPES OF GAS-FILLED COUNTERS

7.3.1 CONSTRUCTION

Gas counters may be comstructed im any of three basic geometries
[Tsoulfanidis,1983]: parallel plate, cylindrical or spherical. T
paxallel-plate chamber the electrie field is uniform, with strength equal
to
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E = Vo/d
where d is the plate separation.
In the cylindrical chamber, the voltage is applied to a very thin wire,
stretched axially at the centze of the cylinder. The cylinder wall is
usually grounded. The electric fisld in this case 1s:

E(r) = Vo/{ln(b/a).r)
where

= central wire radius

[

L3

= counter radius
z = distavce from the centre of the counter
Thus, very strong fields can be maintained inside & cylindrical ‘counter

close to the central wire. This is the nsual comstruction for gas-filled
detectors.

In a spherical counter, the voltage is applied to & small sphere located
at the centre of the counter. The counter wail js usually grounded. The
electric field is:

E(x) = Yo.ab/({b - a)r*)
where a, b and r have the same meaning as in the cylindrical case. Strong

fields may be produced in the spherical counter but this geometry is not
favoured because of construction difficuluies,

4 counter f£illed with a gas at & certain pressure may operate in sny of
the regions discussed previously, depending on the follawing parameters:
1. Counter size.

2. Bize of wire in cylindrical counters,

3. Gas type.

4, Gas pressure.

5. Level of high voltage.

Normally gas counters are manufactured to operate in ome region orly.
The manufacturer has selected a combination of the sbove variables that
results in & ionization, proportional or GM counter. It iz nowadays usual
for manu of process in: ion to include the high voltage

supply in the detector casing and it is thus not veriable as yould be the
case for counters for general use.
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7.3.2 IONIZATION CHAMBERS

Jonization chambers are ased in process instrumentation to count the
number of particles reaching the detector. From a knowledge of the source
strength the density of the matarial can then be obtained. Although it
is possible to obtain the energy of the particles using & icnization
chamber, for density measurement one is only interested in the number of
particles reaching the detector.

The ionization chambar may be used to produce either pulses or current.
To produce & pulse a xesistance is connected across the chamber which
forms a capacitor. The electron-ion pairs created by the ionization of
the gas, produce & small time-varying voltdge superimposed on the HV of
the applied field, Huwever, because of the low drift velocity of the ioms,
the length of the period of the resulting pulse, (of the order of ms) can
result in incoming photons not being detected. Thus, to ensure discrimi-
nation between various particles, the pulse period is truncated via a RC
circuit after g time equal to the time jt takes an electron to reach the
anode (of the order of ps). Tsoulfanidis[1983] gives calculations of pulse
formation for a parallel plate geowstry while Franzen and Cochran]1962],
and Kowalski[1970] give detailed calculations of the pulse shapss for the
three geometries of gas-filled chambers.

An ionization chamber of the current type measures the average ionization
produced by incoming particles. This is achieved by measuring directly
the current generated in the chamber. The proper operating voltage of &
current ionization chamber is that for which all the ionization produced
by the incoming radiation is measured. If this is the case, a slight in-
crease in the voltage will have a negligible effect on the current. This
voltage is called the saturation voltage and the corresponding curxent,
the saturation current, The velue of the saturation current depends on
the intensity and the type of source.

It should be noted that the ilonization chamber has an inherent RC time
constant. For the pulse chamber the C corresponds to the chamber and the
R to the resistor conpected across the chamber. For the current type
chambexr the R results from the input reslistance of the measuring instru-
ment or amplifier. Thus the ionization chamber has a limited response
time.

The advantages of the ilonization chamber sre its:

1. Mechanical stability

2. S$implicty in construction and

3. High reliability.
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The disadvantages of the fonization chamber are:

1. The detection efficiency (i.e the ratio of incoming photons detected
to the total number of incoming photons) is low (about 1%). Conse-
quently large xadiation sources have to employed which sutomatically
increases the health hazard. The detection efficiency can be raised
by increasing the gas pressure (hence its demsaty) or adding extra
capacitor plates. Both alternatives however increase the price of
the chamber considersbly. Another consequence of the low detection
efficiency is the necessity of a wide radiation beam in order %o de-
tect as meny gemma quanta as possible.

o

The ionization chamber does not discriminate between types of radi-
ation, and is therefore sensitive to backround radistion, which can
be alleviated by careful and sificient screening.

3. The don curremt is directly proportional to the gas pressure which
is temperature dependant. The high ohmic resistors required es a re-
sult of the low ionizutlon nuxrents (in the picoamp rnnge) are also
highly 1y sccuracy it
is often necessary 1o mount the chamber and/ox the resistor in a
‘temperature contrelled oven.

7,3.3 GEIGER-MULLER (GM) COUNTERS

7.3.3.1 Operation and Quenching of the Discharge

The GY counter is usvally cylindrical in shape. The electric field close
to the very thin central wire is so strong that the gas multiplication
factor M is extremely high, In a GM couster, a single primary electron-ion
pair triggexs & great number of sueccessive avalanches. Therefore the
output signal is independant of the primary jfonization.

The operztion of the GM countyr is as follows. When the electrons are
accelerated in the strong fiela . rrounding the wire, they produce, in
addition to a new avalanche of .~ ,rons, considerable excitation of the
atoms and molecules of the gas. These excited atoms And moleenles produce
photons when they deexcite. The photons, in turn, preduce photoelectrons
in other parts of the counter. The:, the avalanche, which was originally
Jocated close to the wire, sproads .uickly to the counter volume. Nuring
all this 1ime the electrons are cont.muously collected by the anode wire,
while the much slower moving positive ions are still in the counter and
form a pesitive sheath around the anode. When the electrons have been
collected, this positive sheath, acting as a» electrostatic screen, re-
duces the £ield to such an extent that the discharge should stop. However,
this is not the case because the positive ions aject electroms when they
strike the cathode, and since by that time the field has been restored
to its original high value, a new avalanche scarts and the process just
desmbad is repeated. Clenr]y sone means is needed by which the discharge

tly stopped o There are two methods of quenching
the discharge.

Gss-filled Detectors 58




In external quenching, the operating voltage of the counter is decreased
after the start of the discharge until the ions reach the cathods, to &
value for which the-gas multiplicution factor is negligible. The decrease
is achieved Dy A properly shosen RC circuit as shown in Figure 18, The
resistance R is so high that the voltage drop across it due to the current
gensrated by the discharge (i) reduces the yoltage of the counter balow
the threshold needed fer the discharge to start. The net veltage is
Vo - idR, The time constant RC, where C represents the capacitance hetween
apode and cathoda, is much longer than the time needed for the collection N
of jons. As a result, the counter is iroperative for an unacceptably long

period of time, i.e. the dead time is too long.

Signal

Ai=10*a}

vy

Figure 18. External quenching circuit for G counter ,

The self- .ching method is sccomplished by adding to the main gas of
tha coum = small amount of a polvatcmic organic gas or # halogen gas. !
The orgam  sas moiccules, when fonized, lose their energy by disscciation |
rather than by photoelectric processes. Thus, the number of

photoelectrons is greatly reduced. In addition to thar, when the organic

lons strike the surface of the cathode, they dissociate instead of causing

the ejection of new ions. Therafore, nuw avalanches do net start.

GM counters using &n incrganic gas o quenching agent have a finite
liferime bacause of the dissocistion i urganic molecules, Usually, the
GY counters last for & 1h" to 10° cou The 1ifetime can be considerably
increased if & halogen gas is used - a2 quenching agent. The halogen
molecules nlso dissociate but therxe - : rertain degree of regeneration
of the molecules which greatly exteris ie lifetime.
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7.3.3.2 The Puise Shape and the Dead Time of a GM Counter

For G counters the output signal is a result of the sum of all the con-
tributions from all the positive ion avalanches produced throughout the
volume of the counter. The pulse however rises very slowly. The shape and
height of GM counter pulses are not very important because the pulse is
only used to signal the presence of the pai .icle and nothing else. How-
ever, how one pulse effacts the formation of anocther !5 Important.

During the formation of & pulse the electric field in the counter is
greatly reduced because of the precence of positive ions arosad the anode.
If & particle arrives during that period, no pulse will be formed because
the counter is insensitive. The insensitivity lasts for g time called the
dead time of the counter, Then the detector slowly recovers with the pulse
height growing ially during the y period. This is illus-
trated in Figure 19 on page 61 which shows the change of voltage and pulse
for a typical OM counter. Typical values of dead time are from 100 to
300ys. If the dead time is 100us and the counting rate is 500 counts/s,
thers is geing to be & 3% loss of counts due to dead time.

Because of the dead time, GM counters are used as comparators in lavel
switches, i,a, they are only used to indicate the presence of radiation.
GM counters are not employed for counting purposes in process instrumen-
tatjon.
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Figure 19, Dead time and recovery time for a GM counter

7.4 CONCLUSION

'n order to perform any sort of measurement of nuclear radiation a de-
tector is regquirsd. This chapter discussed gas-filled detectors. Two
types of gas-filled detectors are available: the Geiger-Muller counter
and the leninaztion chamber.

The GM counter has & long dead time and 1is thus inappropiate in acgurate
counting applications. G counterr are applied to situdtions such as level
maasurement, where it is only necessary to detect the absence or presence
of radiation, When the material in the bunker is below the level of the
measuring path, 2 high amount of radiatfon will reach the detector and a
high count rate will be detected. When the materisl reaches the measuring
level, the radiation bsem will be strongly attemiated and a much lower
count rate will result, It is usual for manufacturers to include the
giscrimination logic into the detector housing and only to provide a
single binary output. Geiger-Muller detectors are thus not suitsble for
slurry density measurement.
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The ionization chamber has been the predominant detector in industrial
applications but is gradually been superseded by the scintillation
counter. Its mair -dvantages are its simplicity and reliability. However,
because it is based on a gas, which has a low density, it has a low ef~
ficiency (typically 1%). This results in a much larger source than would
be reqeired for » more efficient detector. In order to compensate for the
low efficiency aud raise the number of photons reaching the detector a
divergent radistion beam is used. This compounds the increased health
hazard already presented by the larger source.

The other family of detectors suitable for slurry density measu:

scintillator based . These are d: in the following chap+
ter.
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8.0 SCINTILLATION DETECTORS

8.1 INTRODUCTION

Scintillators ave materials wsolids,liquids,gases- that produce sparks
or scintillations of light when ionizing radiation passes through them.
The first solid material to be used as a particle detector was a
scintillator. It wes wsed by Rutherford, in 1910, in his alpha scattering
experiments. In kis sstup, alpha particles hit a zina sulphide screen,
which were counted with the aid of a microscope. Thus was & very imeffi-
cient, inaccurate and time consuming process, which resulted in the method
being abandoned for about 30 years. It was renewed when the advent of
elactronics made possible amplification of the light roduced in the
scintillator. Despite this, and despite their advantage over ionizavion
.chambers, (40% versus 1% typical conversion afficfency and insensitivity
to backround radiation), it was only recently that they became robust and
reliable emough to be employed in an industrial enviroment.
{Springer,1979]

The amount of 1ight produced in the scintillator is very small. It qust
be amplified before it can be recarded gs a pulse or in any other way.
The amplification or multiplication of the scintillator's 1light is
achieved with e device known ss a photomultiplier tube (or phototube).
Tts name demotes its function: it accepts a small amount of light, am
plifies it many times and delivers a strong pulse at the output, Awpli-
fications of the order of 10° are common.

The operation of the scintillation counter way be divided into two broad

steps:

1. Absorption of imcident radiation energy by the scintillator and pro-
duction of photons in the visible part of the electromagnetic spec-
trum.

2. Amplification of the light by the photomultiplier tube and production
of the output pulse.

The different .ypes of scirtillators may be divided imto three groups
[Tsoulfanidis,1983):

1. Inorganic scintillators

2. Orgsmic sciutillators

3. Gaseous scintillators

However only inorganic scintillators (crystal scintillators) are used for

detectors in industrial Instruments and only these will be discussed.
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8.2 INORGANIC (CRYSTAL} SCINTILLATORS

Most of the inorganic secintillators are crystals of the alkali iodides,
that contain a small concentration of an impuri-y. Examples are NaI{(T1),
CSI(T1), CsI(Na). Lil(Ru) and CaF,(Eu). The element in parentheses is the
impurity or activator. Although the activator has a relativly swall con-

centration it is the sgent responsible for the luminescence of the crys-
tal

8.2.1 THE MECHANISM OF THE SCINTILLATION PROCESS

The luminescence of inorganic scintillators cen be undexrstood in terms
of the allowed and forbidden energy bamds of a crystal. The electromic
energy states of an atom are discrete energy levels, which in an energy
levsl diagrsm are represented as discrete lines. In a crystal, the allowed
energy states wider into bands (Figure 20 on page 65). In the ground state
of the crystal, the uppermost allowed band that contains electroms is
completely filled. This is called the valence band. The next allowed band
is empty (in the ground state) and is called the conduction band. An
electron may obtain enough energy from incident radiation to move from
the valence to the conduction band. Once there, the electron is free to
move anywhere in the lattice. The removed electron leaves behind & hole
in the velence band which can alsc move. Sometimes, the energy given to
an electron is not enough to raise it to the conduction band, instead it
remains bound to the hole ia the valence band, The electrzon hole pair is
then called an exciton. The exciton states form a thin band with the upper
level coinciding with the lower level ¢. the conduction hand,

In eddition to the exciton band, energy states may be created between
valence and conduction bands becawse of crystal impurities or
imperfections. Particularly important are the states created by the ac-
tivator atoms such as thallium. The activator atom may exist in the ground v
stete or one of its excited states. Elevation to an excited state may bs

the result of photon absorption, or the capturxe of an excitom, or the

successive capture of an electron and a hole. The transition of an impu~

rity atom frowm an excited to a ground state (if allowed), results in the

emission of a8 photon. If this photon has 8 wavelength in the visible part &
of the electromagnetic spectyum it contributes to a scinti’lation. Thus,
production of a scintillation is the result of the occuvreuce of these
events:

1. JYomizing radiation pesses through the crystal.
2. Electroms are ratsed to the conduction band.

3. Holes ave created in the valance band.
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Figure 20. Allowed and forbidden enexgy of a crystal

4, Excitons are formed.

5. Activation centers are raised to the excited states by absorbing
elscrrons, holes and excitons.

©. De-excitatlon is followed by emission of a photon.

The light emitted by a s¢intillator is primarily the result of transitions
of the activator atoms and not of the crystal. Since most of the incident
energy goes tc the lattice of the crystal {eventually becoming heat), the
appearance of luminescence produced by the activator atoms wmeans that
energy is transferred from the host crystal to the impurity.

The magnitude of the light output sad the wavelength of the emitted light
are two of the most importdnt properties of any scintillator. The light
output affects the number of photoelectrons generated at the input of the
phototube, which in turn affects the pulse height produced at the couating
system. Information about the wavelength is necessary in order to match
the scintillator with the proper photomultiplier tube. The light output
also depends on the temperature of the crystal. Emission spectra and
temparature response are given in Tsoulfanidis[1983).
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8.2,2 TIME DEPENDANCE OF PHOTON EMMISSION

Since the photons are emitted as a result of decays of exciied states,
the time of theix emission depends on the decay comstants of the different
states involved, Experiments show that the emission of light follows an
exponential decay law of the form

/T

N(E) = Noe™® (8.1)

where N{(t) umber of photons emitted at time t
T = decay time of the scintillator

Most of the excited states of the scintillator have essentially the same
lifetime T. There are however some states with longer lifetimes contrib~
uting & slow component in the decay of the scintillator known as
afterglow, which may be important in certain measurements where the
phototube output is integrated.

In a counting system using a scintillator, the light produced by the
crystal is awplified by a photomultiplier tube and is transformed into
an electric current having an exponential behaviour given by Eq. 8.1.
The current is fed into a parallel RC circuit and a voltage pulse is
produced of the form
¥() = ve(e H/RE - o 7HT) (8.2)

In practice, The value of RC is choren much greater then T. Thus for short
times ~i,e. T << RC, which is the timespan of interest- Egq.8.2 becomes
/T

Yty = ve1 - &7 (8.22)

Thus the rate at which the pulse rises is determined by the decay time
T.

8.2.3 IMPORTANT PROPERTIES OF CERTAIN INORGANIC
SCINTILLATORS

NeI(TL)

This is the most commonly used scintillator for gemma rays and is the
basis for almost all scintillation detectors in industrial demsity
gauges. Jts relatively high density (3.67x10° kg/m®) and high atomic
number combined with its large volume make it 8 gamma ray detector with
a very high efficiency (40 to 80%). Although semiconductor detectors hava
better energy resolution, they cannot replace NaIl(T1) in experiments
where large detector volumes are needed.
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The emission spestrv of NaI(T1) peaks at 410 nm and the light conversion
efficiency is the highest of all the inorgenic scintillators. It does
however have many undesirable properties. It is brittle and semsitive to
temperature gradients and thermal shocks. It is also so hygroscopic that
it must be kept encapsulated at all times, NaI(T1) always contalns a small
amount of potassium, which creates & certain backround because of its

radioactive AOK.

CsI(TL)

CsI(T1) has & higher density (4,51x10"kg/m’) and higher atomic number than
NaI(T1); therefore its efficiency for gamma detection is higher. The light
conversion efficiency is however only about 45% of NaI(T1) at room tem~
perature. At liguid nitrogen temperatures (77K), pure CsI(T1) has a light
output equal to that of NaI(Tl) at room tewperature. The emission spec~
trum extends from 420 nm to about 600 nm.

GsI(TL) is not hygroscopic. Being softer and more plastic than NaI(I1),
it can withstand severs shocks, acceleration and vibration as well as
large tempersture gradients end sudden temperature changes. These prop-
erties make it suitable for space experiments. Finally, CsI(T1) does not
contain potassium. It would alsc appeer to be very suitable for industrial
applications.

CsI(Na)

The density and atomlc number of GsI(Na) are about the same ss those of
CsI(T1). The light conversion efficiency is about 85% of that of NaI(T1).
Its emission spectrum extends from 320 nm to 540 nm. CsI(Na) is slightly
hygroscopic.

CeF (Eu)

CﬂFZ(Eu) consists of low-atomic number waterials and this makes it an

efficient detector for beta particles and x-rays, Thus its application
in density gauges is limited.

LiI(Eu)

This is an efficient thermel-neutron detector and has no application for
density gauges.

Scintillation Detectors 67

e -y

f—




8.3 THE PHOTOMULTIPLIER TUBE

8.3.1 GENERAL DESCRIPTION

The photomultiplier tube or phototube is an integral part of a scintil~
lation counter. Without its amplification, a scintillator is useless as
a radistion detector. The photomultiplier is essentially a fest ampli-
fier, which in picoseconds amplifies an incident pulse of visible light
by a factor of a million.

The photomultiplier consists of an evacuated glass tube with a

its entrance and several dynodes in the interior
(Figure 21 on page 69), The photons produced in the scintillator enter
the phototube and hit the photocathode, which 1s made of a material
(Cs-8b) that emits electrons when light strikes it. The electrons emitted
by the photocathode are guided, with the help of an electric field, to-
wards the first dynode, which is coated with a substance (Cs-Sb or Ag-Mg)
that emits secondary &lectrons, if electroms impinge on it. This process
is repeated for each successive dynode. Typical commercial photatubes may
have up to 15 dynodes.

The electrons produced in the phototube are directed frow one dynode to
the next by an electric field established by applying a successively in-
creasing positive voltage to each dynode. The voltage difference between
two successive dynodes is of the order of 80-120 V.

4 very important parsmeter of gvery photomultiplier tube is the spectral
sensitivity of its photocathode, which for hest results should match the
scintillator spectrum. Anothar important parameter is the magnitude of
the dark current, The dark current consists mainly of elsctrons emitted
by the cathode after thermal energy is absorbed. This protess is called
thermionic emission and a 50-mm diameter photocuthode may release as many
as 10° electrons/s at room temperature. Obviously, the magnitude of the
dark current is i{mportant in cases where the radjation source is very
weak. Both the dark current and spectral response should be considered
when & phototube is purchased. Recall that the electrons are guided from
one dynode to the next by an electric field. If a magnetic field is
present, it may deflect the electrons such that not all of them hit the
next dynode. To veduce the magnetic effect, the phototube can he sur-
rounded with & cylindrical sheet of u-metal.

8.2.2 ELECTRON MULTIPLICATION IN A PHOTOMULTIPLIER

The electron multiplication (M) in & photownltiplier can be written as
[Tsoulfanadis,1983]:
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Figure 21. Schematic diagram of photomultiplier interior

o= (Blulvrﬂzzz).” ran:n) (8.3)
vhere
n = number of dynodes

=, = oumber of slectrons collected by ith dynade

Aombar of eimctrons emitted by (1 - 1)th dynode

= number of clectrons emitted hy ith dynode

Humber of clactrons impinging upon ith dynode
1f 31 and £y @re constant for all dynodes, then
FERTN (8.4)
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The quantity © depends on the geometry. The quantity 8 depends on the
voltage betw:-n successive dynodes and on the material of which the dynode
is made. Th. :-vendance of 8 on voltage is of the form

0 = kv* (8.5)

V,.; = potentisl difference botwaen any two successive dymodes.

k, a = constants (the value of a is about 0.7)

Thus the multiplication 1} bocomes
Ho= vt = oyt (8.6)

whero € = (eX)" = comstant, independant of voltage.

Eg. 8.6 indicates that the value of ¥ increases with the voltage V and
the number of stages n. The number of dynodes is limited, because as n
inereases, the charge density between two dynodes distorts the electric
field and hinders the emission of electrons from the previous dynode with
the lower voltage, If one takes n=10 and Us=4, & typical velue, M becomes
equal to 10°.

To apply the electric field to the dynodes, a power supply provides &
voltage edequate for all the dynodes. A voltege divider, usually en in-
tegral part of the preamplifior, distribores the voltage to the individual
dynodes. When reference is made to the phototube veltage, one means the
total voltage applied.

8.4 DEAD TiME OF SCINTILLATION COUNTERS

The dead time or resolving time, is the minimum time that can elapse after
the arrival of two successive particles and still result in two separate
pulses. For @ scintillation counter, this time is equal to the sum of
three time Intervals:

1. Time it takes to produce the scintillation, essentially equal to the
decay time of the scintillatox.

2, Time it takes for electron multiplication in the phototuba, of the
order of 20-40 ns.

3. Time it tekes to amplify the signal snd record it by a scalar. The

recovery time of commercial scalars is of the ordar of ius. The time
taken for amplification and discrimination is negligible.
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The quantity ¢ depends on the geometry. The quantity 8 depends on the
voltage between successive dynodes and on the meterial of which the dynode
is made. The dependance of B on voltage is of the form

8 =y . (8.5)
where
¥ =¥, -V, = potential difference botween any tWo successive dyodes.

k, a = constants (the value of a is about 0.7)

Thus the multiplication M becomes

M= ™ = oy (8.6)

wheve C = (ck)” = constant, independant of voltage.

Bq. 8.6 indicates that the value of M increases with the voltage V and
the number of stages n, The number of dynodes is limited, because as n
increases, the charge density between two dynodes distorts the electric
field and hinders the emission of electrons from the previons dynode with
the lower voltage. If one takes n=10 and 8e=4, a typical value, I becomes
equal to 10°.

To apply the electric field to the dynodes, & power supply provides s
yoltage adequate for all the dynodes. & voltage divider, usually an in-
cegral part of the preamplifier, distributes the voltage to the individual
dynodes. When reference is made to the phototube voltage, one means the
total voltage applied.

8.4 DEAD TIME OF SCINTILLATION COUNTERS

The dead time or resolving time, is the minimum time that can alapse after
the arrival of two successive particles ond still result in two separate
pulses. For a scintillation counter, this time is equal to the sum of
three time intexvals:

1. Time it takes to produce the scintillation, essentially equal to the
decay time of the scintillator.

2. Time it takes for slectron multiplication in the phototube, of the
order of 2040 ns.

3, Time it takes to amplify the signal and record it by a scalar. The

recovery time of commercial scalars is of the order of lus. The time
taken for emplification and discrimination is negligible.
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By adding the three ab.  couponents, the resulting dead time of 4 scin-
tillation counter is of the order of tens to hundreds of microseconds.
Thus scintillators are detectors with fast responses.

8.5 SOURCES OF BACKROUND IN SCINTILLATION COUNTERS

The major backround seurce is the dark curremt, which is the leskage
current flowing in the photomultiplisr when no scintilletions are being
produced. Other backround sources are naturally ocurring radioisotopes,
cosmic rays snd phosphorescing substances.

It is bowever possible to discriminate between these sources and gamma
ray radiation, thus backround radiation is not much of a problem for in-
dustrial density gauges using scintillation detectors.

8.6 INDUSTRIAL SCINTILLATION DETECTORS

Although the scintillatvion counter is the cldest method of rsdiation de-
tection, it is only since the development of the photomultiplier tube that
it has become accepted in industry end today it is no doubt the most im-
portant detector in use.

The primary advantage of the scintillation counter {s its high efficiency
(normally 35% but up to 85%) and its discrimination ability between ra=
diation intensity and radiation energy allowing it to differentiate be-
tween clean gamma-rays and backround redietion, Because of its high
sensitivity the detector can be used with a low energy and collimated beam
thus reducing the health hazard. The count rete of the detector is high,
varying from 25 Q00 to 125 000 counts/sec. The output pulse which varies
with the operating voltage (between 600 and a 1000 volts) ir normally 1V.

The 1limitations of the scintillation counter is that since the output
pulse voltage depends on the operating voltege a high precision voltage
stabilizer must be usad. Also, the surrounding temperature could influ-
ence the tube amplification. The scintillation crystal is highly
hygroscopic and care must be taken, pot teo eccidentally open the atmos-
pheric tight enclosure

There are still widespread rumcurs about the mechanical weakness of the
scintillation counter and its sensitivity to vibration. It may be stated
however, that scintillaetion counters are employed in rockets in the mil-
itary and space fields, where they aie subjected to extremes of vibration
and acceleration, .

Scintillation Detectors ’ 71




8.7 CONCLUSION

Until now scintillation counters have not been considered rxelisble and
stable enough for industrial applications. Thess problems have now beent
overcome and it is expected that the scintillation counter wili become
ths predominant detector for counting applications. The main advantage
o1 the scintillation counter is its high efficiency, between 40 and 80%,
allowing a corresponding reduction in source size whon compared to the
ionization chamber. The higher efficiency also allows a collimated besm
to be used which further reduces the health hazard. A further advantage
is the much higher counting rate of the scintillation counter which allows
for less deviation in the measurement mean or a faster response for the
same deviation.

1t should therefore be clear that gives a cholce between the ifonization
-hamber and scintiliation counter, the scintillation counter should be
u-ed. The smaller source size and collimated beam which result from its
use minimizes the health hazard which increases the acceptability of a
nuclear density gauge.

¥hen any instrument is wsed there is a question of the validity and ac-
curacy of the measurement. As rrdiation is a statistical phenonomen, the
ouput of & radiation detector will have some statistical variance. Sta-
tistics and errors in nuclear measurement are discussed in the following
chapter.
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9.0 STATISTICS AND ERRORS IN NUCLEAR MEASUREMENTS

9.1 INTRODUCTION

In the previous chapters it was shown that nuclear disintegrations are
statistical in nature, Thus, to fully understsnd results obtained from
measurements of muclear disintegrations, some kuowledge of statistics is
necessary. The chapter is not meant to be a tutorial on statistics, but
rather, is meant to illustrste the effects of the statistical nature of
radiation and how they can be compensated for.

9.2 THE ERRORS, ACCURACY AND FRECISION OF MEASUREMENTS

4 measurement is an attempt to determine the value of a certain parameter
or quantity. In attempting any measurement the fellowing twe axioms re-
garding the result of the measurement should be kept in mind.
Axiom 1 No measurement yislds a result without an error.
Axiom 2 The result of a measurement is almost worthless unless the
error associated with that result is also reported.
The term erzor is used to define the follewing concept:
Error = (measured quantity) - (true value)

or Error = estimated uncertainty of the measured quantity

The result may be reported {n two ways:

1. R % E; In which case E is the absolute error. (R and E have the same
units).

2. R * e%; Where e = (E/R)100 = relative error (dimensionless).

In most cases, the relative error rather than the absaluts evror is re-
ported. The important thing to wnderstand is that R % E does not mean that
the correct result is bracketed between R ~ E and R + E. It only means
that theve is & probability that the correct rvesult has a value between
R - E and R + E. The most comeon probability values used are the standard
error and the probable error.
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THE STANDARD ERROR

If the result of & measurement error is reported as R % Es and Es is the
standard error, then there is a 68.3% chance for the true result to have
2 value between R - Es and R + Es.

THE PROBABLE ERROR

By definition, the probable error is equally Jikely to be exceeded or not.
Therefore, if the result of & measurement is R * Ep and Ep is the probable
error, then there is & 50% chance for the result to be batween B - Ep and
R+ Ep.

Other errors used include the nine~tenths, ninety-five hundredths and
ninety-nine hundredths error. The type of exror used should always be
quoted with the result.

Related to the error of & measurement are the terms dccuracy and preci-
sior. The accuracy of an experiment is, how close the result of the
measurement is to the true value of the measured guantity, and is the
difference between the real value and the measured value. The precision
of the measurement, is on the other hand, related to the number of sig-
nificant figures represencing the result.

Limitacions in the accuracy and precision of measurements result from many
causes. Among the most important are:

1. Incorrectly calibrated instruments.

2. Algebraic or rsading erxors of the abserver.

3. Uncontrolled changes in enviromental conditjons, such as temperature,
pressure and humidity.

4. Inability to construct axbitrarily small measuring mever-sticks,
Tods, pointers, clacks, lemsts, ete.

5. A natural limit of sensitivity for eny real measuring instrument Ge-
tacting individual effects of stoms, electrons, molecules and pro-
tons.

6. Imperfect method of measuremeni in most cases.

7. Unknown exact inftial state of the system. Or, even if the initial
state is known, it is impossible to follow the evolution of the sys-
Tem.

8. Statistical nature of some processes, e.g. radioactive decay. Thers

is a probability that a radioactive atom will decay in the next 10s
and this is a- such information as one can report on the matter.
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Most measurements of applied nuclear science involve the counting of nu-
clear events. Events of this nature follow a statisticel law -the Poisson
statistics~ which is simple and easy to apply. In many cases, the inherent
statistical erroxr, due to the fundamental fluctuations in the rate of
occurance of the events, is the principle error. It becumes important to
“e able to predict or caleulate the error. Generally speaking, the sta-
bility of rhe counting apparatus is such that the fundamental stasistical
error wi:l dominate if it is greater than 1%.

9.3 THE NORMAL DISTRIBUTION

Before proceeding with the discussion of Poisson statistics, first con-
sider the nporm.i distribution to which a large class of physical meas-
urements conform. Most measurements of quantities which have a
continuously variible magnitude appear to fit the normal distribution,
which states that the probability dP that the quantity x will lie between
x and x + dx is [Tittle,1965]:
ot
@ = (1ysvemia XTI .13
where m is the mean value of the distribution and s is the standard de-
\18!:10'1, & measure of the width of the distrlbu\:iau factor. 4 plet of
= dP/dx vs. X is the well known "bell-shaped curve”

Measurements give a set of values of x vhich are regarded as members of
the population describod by the distribution. The choice of distribution
for the description is arbitrary. There is no assurance that a given se-
ries of measurements will actually £itr a normal distribution ox any other
distribution. One of the most importast applications of statistics to
measurements is, in fact, the investigation of the question of whether 2
particular set of measurements fits the assumed distribution.

Jrdinarily the value of interast is the quantity m. To obtain an estimate
©f m, the observations, x, are averaged to obvain what is called the ob-
served mean, x', If there are enough messurements, an estimation of the
standard devistion (s) from the set of observed valus x - x', can be ob-
vained. It can then be decided whether the measurements fit the assumed
distrisution. In the case of the normal distribution it is generally
necessary to have sbout 20 measuroments in order to obtain relisble es-
timates of s and the "goodness of fit". Kowever, it is sometimes neces-
sary to rely on smaller sets of dava.

The test sstimate of s is given by [Tittle,1965]
s=_ 1 P, - x'y? v.2)

i

where n is the number of observations. In this equation the factor n - 1
in the denominator. rather than n, results in the use of x' instead of m
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in the numerator. The true mesn m is never known exactly. Consider, as
an example the data in Figure 22 on page 76.

analysis of Geiger-tueller Counter Data.

Test x x - x' x - x")?

1 209 ~18 324

2 217 -10 100

3 248 21 441

& 235 8 [13

5 224 -3 9

6 223 -4 16

7 233 6 36
Totals 1589 ° 990

Figure 22. Example of Standard Deviation Computation

The mesn for the above set of dats is

x' = 158977 = 227.

The standard devistion for the above set of data is
s = /((990)/(7-1)) =

The question of interest is: How well does the observed mean represent
the trus meen? The standard devistion of the mean S, is given by the

relation
8, = s//n 0.3

or 12. s//7 4.9 in the example. The result would therefore be quoted as
w = 1589 £ 4.9 ©.4)

where the quoted error is the standard deviation or standard error.

9.4 THE POISSON DISTRIBUTION

Poisson's distibution describes most of the counting observations made
in  experimental and opplied nuclear physics, and is given by
{Tittle,1965]

Px o= oo /n1 (9.5)
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where Px is the probability of observing x events when the average for a
large number of tries is m events. In this distribution, X and m are in-
tegers - one point of difference from the normal distribution, where the
variable is continuous. If m is a fairly large number, ssy 100 or larger,
the Poisson distribution is adequately approximated by a special normal
distribuwion

< teemy?
4P = (1p/20myte” (M 2ngy 9.6)
where by comparison with Bq. 9.1 the standard deviation is
s = va 0.7

The stendard deviation of a normal distribution approximating & Poisson
distribution is therefore specifiad when m is specified. In most cases
Eq. 9.6 is an adequate representation of the Poisson distribution, even
if m is as low as 20. Therefore the relation between the standard devi-
ation s and the probable error r of the normal distribution, where

r = 0,6745s (9.8)

may be used.

If the data in Figure 22 on page 76 represents seven covnts made in a set
of uniform time intervels, the predicted Poisson standard deviation would
be m = V(1589/7) = 15.1. A simple test of counting data is to compute §
from the residuzls and from p and see if they agree. If they disagree
appreciably, this test does not tell anything sbout the significasce of
the disagreement. The chi-square test, discussed next, is recommended as
a better test.

9.5 THE CHI-SQUARE TEST OF GOODNESS OF FIT

Pearson's chi-square test determines the probability P that repetition
of the observations would show greaver deviations from the assumed dis-
tribution than those cbserved in the first trial. The quantity chi-square
is defined as follows:

X* = {observed value)i - {expected value)i * ©“.9
(éxpected valueyl

The data should be subdivided into at least five classifications (1), each
containing at least five events. In the counting application, the expected
value is the average count observed,

The number of degrees of freedom F is the number of groups of deté minus
the number of imposed conditions. For ths Poisson distribution

F=n-1 (9.10)
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where 1 is number of cbservAtions. The imposed condition is the specifi-
cation of m. In the cass of the normal distrlbutlou, an additional spec-
ification is that of s, hence F =

From a knowledge of F and X?, computed from the experimental data, the
value of P is obtained by consulting e tabiz, or from a graph. The ideal
valee of P is 0.5, 4 greater value indicates that the fluctuations are
less than one would expect from the assumed distribution. If P lies be-
tween 0.1 and 0,9, it is generally assumed the distribution corresponds
to the observed one, but if P is less than 0.02 or greater than 0.98, the
assumed distribution is highly unlikely. In this event, it is advisable
to repeat the observatisns or to exemine the counting apparatus for pos-
sible malfunction.

Tt is just as bad to get & ser of data that is “too consistent" as it is
to get inconsistent data. This may indicate for example that spuriocus
pulses of a uniform rate are mixed in with the desired pulses. Too much
inconsistency (a snall value of P) usually mesns instability of some
component. such &s the high voltage supnly. It can also simply mean an
unlucky run, which should be kept in mind if the spparatus performs sat-
isfactorily after one seeminz malfunction.

In the example of Pesrson's chi-square test in Figure 22 on page 76, F=6
and P=0.6, which is a little consistent but quite acceptable,

9.6 CHAUVENET'S CRITERION FOR REJECTING A READING

Occasionally & reading is obtained which, although velid in the normal
sense that no malfunction occurred and the reading mey well be a member
of the correct population, deviates so much from the mean that it ad-
versaly affects the observed mean. The criterion established by Chauvenet
states that such a reading is to be rejected if it hes 4 deviation greater
than that corresponding to the 1/2n probability limic (the 1 - 1/2n ex-
ror). For example in a series of 10 readings, it x - x' excaeds 1.96s (the
0.95 error), that reading should be rejected, and the mean should be re-
computed with the reading omitied from consideration.

8.7 PROPAGATION OF ERRORS

When two quantities are combined by addition or subtraction, the error
of the sum or differcnce is not the simple sum of the errors of the in-
dividual quantities, bot is less than that because of the probability that
the errors may partially cancel. The law of addition of independant erzors
is

= /syt + st (9.11)

2
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where 5 is the quoted error and sy and s, axe the individual errors.”

When quantities are multiplied or divided, the fractionel or per cent
errors add quadratically. For example if 100 £ 5 is divided by 20 % 2 the
result is

5 & V(5% + 10%%)
=5+ 11.2%
=35 % 0.56

9.8 DEAD TIME LOSSES

Type I Systems - Type I systems are peralyzable systems. In a paralyzable
system, a photon entering the systom during the dead time of the previcus
pheton detected will retrigger the dead time. (c.fF. retriggable and
neon-retriggable menostables.) These systems count only intexvals which
are longer than the dead time T. These systews are not used in industrial
applications,

Type 11 Systems - These are nonparalyzable systems; i.e. an impulse ar-
riving during a dead imterval cannot institute gnother dead interval,
Self-quenching GM counters as well as jonization and scintillation
counters are members of this group, The true ippulse rate N is given in
terms of the observed rate n and the dead time T by

N=n/(1-1nD) (9.12)

9.9 BACKROUND COUNTING TIMES

If it is possible to count the backround radiation, it is possible to find
an optimum division of time between backreund and sample counting. This
however doas not apply to industriml applications where it is not possible
to perform just backround counting in an on-line instrument.

9.10 THE CASE OF THE DECAYING SOURCE

The methods described here assume the source disintegrations do not de-
crease appreciably during the counting period, i.e. the counting period
is very much loss than the half life, as is usually the case.
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9.11 CONCLUSION

Statistics are an essential part of any nuclear measurement and an
understanding of statistics is essential when analysing radiation meas-
urement. It was shown that the stavistical error can be minimized by ob-
taining as high a count as possible and' by avexagir ihe count over as

large a data set as possible. The size of the count end the data set must “
however be weighed agaist the response time of the meter.

This concludes the review of the basic theory behind radiation measurement
and its application to density measurcment. In order to apply nuclear
instruments sn appreciation of the health hazards and associated legal
requirements is essential, These aspects are discussed in the following
chapter.
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10.0 HEALTH PHYSICS AND LEGAL REGULATIONS

10.1 INTRODUCTION

Any instrument or piece of equipment can constitute a s ~ious hazard if
it is not properly utilized, and nuclear based instrumentation is no
different. If the correct precautions are observed there is no reason why
nuclesr based instrumentation should not be as safe, or even safer than
much of the equipment commonly encountered in any industrial enviroment.
It is the potential health hozard which causes many to shy away from nu-
clear instruments, and it is indeed, this health hazard which leads to
the use of nuclear based instruments being regulated by law.

The intention of this chapter is to outline the potential threat any mu-
clear source imposas, to provide advice on the protection of users of
nuclear sources from ionizing radistion and to review the legal require-
ments which must be met when muclear sources are used.

Much of the moterial is taken from o guidance produced by the Paper and
Board Industry (UK) Advisory Committee (IAG) to assist British mills in
meeting their legal obligations and to avoid health risks. This matersal
is not legally binding but is highly recommended [PBI,1983]. For futher
information, Tsoulfenidis[1983] gives & thorough discnssion on the cal-
culation of dose rates.

10,2 HEALTH PHYSICS

Health Physics is the discipline thal consists of all the activities re-
lated to the protection of individuals and the general public from po-
tentially harmful effects of ionizing radiation. lonizing radiation comes
from twe sources:

1. Natural or backround radiation that is omitted by radioisoropes which
exist on or inside the earth, as well as radistion incident upon the
earth from outer space. liumans have been exposed to this natural ra-
diation as long as they have lived on planet.

2. Human-made radiation which is emitted by all the radicisotopes that
have been produced through nuclear reactions (mainly fission), as
well as radiation produced by machines used in medical installations
(e.g, x-ray machines) or in scientific laboratories (e.g. acceler-
stors).
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Health physics is concerned with the protection of pecple from radiation.
Since the backround radiation hes always been on our planet at about the
same level everywhere, there is not much a health physicist can do to
protect individuals or populations from backround radiation. Hence,
health physics is, essentially, concerned with human-made radiation.

10.3 EFFECT OF EXPOSURE

Exposure to ionizing radiation can result in interference with the
structure of atoms because of ionization. The extent of this depends on
the dose received, the type of radiation and the energy of radiation.
In the case of humans, such exposure may result in some atoms of the
matter contained within human cells behaving in en abnormal manner. This
can result in complete destruction of these cells or interference with
their normal method of reproduction. These effects are termed somatic.
When large numbers of cells are destroyed the effect can usually be seen;
where there is interferenue with normal cell reproduction, the effect is
normally leng term and can result in the development of cancers.

When exposura to radiation results in cells not reproducing themselves
in an identics] form, pecause the genetic material is altered, the damage
can result in the developwent of hereditary defects in subsequent genex-
ations. This is termed tne genetic effect. The somatic effect therefore
concerns individuals, whereas the genmetic effect is of concern to society
as a whole.

Ganma and X-ray radiation of sufficjent energy can penetvate and pass
through the body when it is exposed to such radiation sources. The hazard
is thus both external and internal and can he somatic, and if the repro-
ductive organs are involved n genetic risk,

Beta radiation has velatively little penetrating power and the hazard froum
such radiation external to the body is only to the surface areas and is
a somatic risk only. Ingestion, inbalation or ebsorption of the
beta-emitting substance itself into the body becomes an internal exposure
hazard and cau be a somatic and, in some casos a genetic risk.

Most alpha radiation is stopped completely by the skin and therefore
presents little or no external radiation bazsxd and no exvernal sowatic
risk. As for beta-emitting paticlas, ingesilon, inhalation or absorption
of the alphs-emitting substance has both o somatic and genetic risk.

Tt is prudent to assume that there 15 some risk from any dose of radistion
above the zera level and that risks to henlth vary with the dose of ra-
distion received. It is recognised that exprsure continiously at the rate
of 50 milliSievert per year {Sievert (Sv) is a measure which quantifies
the equivalent absorbed dose.)} throughout the whole of a person's working
life would lead to an increased probability of the development of cancers.
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Legislation in Great Britain has followed the recommendation of the
International Commission on Radiological Protection. Persons lisble to
receive more than 15 milliSieverts per year from their work exposure need
to be designated as classified workers and are them subject to medical
supervision and dose monitoring throughout their working life in such
employment .

10.4 PRINCIPLES OF PROTECTION

10.4.1 BASIC CONCEPTS

The basic concept of radiological protection, and hence the regulstory
control, is to keep the radiation dose as low as reascnably practicable.
Methods of achieving this protection include minimum  sources,
collimation, maximwm working distence from source and appropiate shield-
ing.

The radiation source should be of the lowest activity and energy necessary
for the intended purpose teking into account the performance required and
the need to avoid replacing sources to often. The latter can result in
unnecessary fraquent exposure.

4 radiastion source emits radigtion in all directions and so the source
holder should be designed to ensure that radiation is shielded off except
in the direction of the "windew", This radiation should be adeguately
collimated, to emsure that it is directed perpindicular to the window as
2 useful beam and aligned so that it does not spread appreciably. Note
that when ionization chambers are used as detectors, it is normal to have
several degrees divergence in the beam.

The radistion source should be mounted as far awsy as ressonably practi-
cable from any normal working area, and wharaver possible the beam di~
rected awdy from that ares. The radistion dose (Tsoulfanidis|1963))
varies with the distance from the source according the inverse square law.
Thus, 1f the distance is doubled, the dose rate is reduced by a factor
of fouz.

Medical supervision is required in circumstances where the foregoing
methods of protection cannot continue to be provided during meintenance,
repair or replacement uf the radiati-n source equipment. Pexsons who might
85 a result be exposed during thet work to & radiation dese of move than
7.5 microSievert per hour reed to be made clessified workers.
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Glassification requires the person to undergo specific medical examina-
tions and tu wear some form of personal dose meter. A health register and
dose record have to be maintained for each classified person and be
availshle for inspection by that persen. The classified person may be
subject to en annual medical examination dependant upon the radiation dose
being received. No classified person should receive more than 50
milliStevert in a year and working methods and procedures necd to be ex-
amined and reappraised whenever a classified person reaches & 15
miliiSievert total dose.

10.4.2 WHAT AN EMPLOYER SHOULD DO

The Paper and Board Industry (UK) ddvisory Committee (IAC) vecommends that
the employer should emsure that:

1. & suiteble person is apposnted and is readily available to advise on
radiological protection and Televant legal requirements.

2. 'The most suitable source of ionizing rediations for the purpose re-
quired is used snd that the minimum activity commensurate with sat-
isfactory economic performance is employed.

3. The source of iocnizing radiaticn is sited st & suitable position so
as to zestrict the potential of exposure to as few pursors és it is
reasonable to achievs,

4. Any source of ionizing radistion is instslled with adequate shielding
so that during mormal use oo persons are exposed to radiation.

The equipment is provided with suiteble warming signals and notices,
interlecked barriers and shielding as appropilate and that these are
a1l regulerly meintained in an cfficient state,

6. Those persons who might be exposed to ionizing radistions during
meintenance work are classified and have been subject to medical ex-
amination, provided with suitable dosemeters and that zecoxds of
medical examinations sad any radiation doses received are maintained.

7. Persons condusting sueh work are provided with such shielding as is
reasonably practicable for their protection during that work. They
sheuld aldo have been informnd of any risk involved. the precautions
to be abserved and the mothods by which the work should best be car-
ried out.

5. ALl persons operating .my machine or equipment in which a source of
ionizing radiation is installed have boen informed of the precautions
taken and instructed not to misuse or interfere with the eguipment,

9. Saltable monitoring equipment is provided or is readily available.

10. The location of each source of lonizing radistion, the type of radi-
ation, and its sctivity is alweys known by keeping an appropiate up
to gate record and the operation of & check procedure.
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11. The use and disuse of ionizing rvadiations is notified to the enforcing
authority and any loss, leakege or damage of a source and ary incident
where & person may have been unnecessarily exposed is notified to the
authority and properly investigated.

1

19

. Contingescy plans hsve been made and are familiar to all persons who
need to know, to cster for accident situations such as fire, explosion
or impact that mey have interfered with the integrity of the source
and any safety equipment,

13. Persuns other than h.s employees are not put to any risk to theis
health and safety as ¢ result of his use of fonizing radiations.

10.4.3 WHAT AN EMPLOYEE SHOULD DO

The Paper and Boatd Industry (UK) Adwisory Committee (IAC) recommends that
the employee should:

1. Not interfere or mizuse any safety devaces provided for his protection

against exposure to ionizing radiations.

2. Report immediately ta his employer any failure of an interlock or
warning signal, o¢ demage o amy shield or barrier.

3. Wear snd use vhere necessary any safety equipment provided for his
Pprotection.

4. Operate and use the equipment only as instructed.

10.4.4 WHAT AN SUPPLIER SHOULD 20O

‘Tha Paper and Board Industry (UK) Advisory Committee (JAC) recommends that
the supplier, agent or instdller should:

1. Determine the use for which the equipment is intended and the position
at which it is intended to be used.

2. Provide the most suitable source of ionizing radiations for the re-
quired purpose

3. Provide andfor install the equipment with appropiate shielding, bar-
riers, interlocking arrangements, warning signals and notices.

4. Ascertain where mecessary that th. squipment hds been properly in-
stalled.

5. Provide information and instructions so that the i may be
properly used without risk to ionizing radiations.
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The use and disuse of ionizing radiations is notified to the enforcing
suthority and any loss, leakage or damage of 2 source and apy incident
where a person may have been usnecessarily exposed is notified to the
authority and proper’y investigated.

Contingency plans have been made and are familidr to all persons who
need to know, to cater for accident situations such as fire, explosion
or impact that may have interfered with the integrity of the source
and any safety equipment.

. Persons other than his employees are not put to any xisk to their

health and safety as @ result of his use of ionizing radiations.

10.4.3 WHAT AN EMPLOYEE SHOULD DO

The Paper and Bosrd Industry (UK) Advisory Committee (IAC) recommends that
the employea should:

1.

Not interfere or misuse any safety devices provided for his protection
against exposure to ionizing radiations.

Report immediately to his employer any fajlure of am interlock or
warning signas, or damage to any shield or barrier.

Wear and use where necessary any safety equipment provided for his
protection.

Operate and use the equipment cnly as instructed.

10.4,4 WHAT AN éUPPLCER SHOULD DO

The Paper and Board Industry (UX) Advisory Committee {IAC) recommends that
the supplier, agent or installer should:

1. Determine the use for which the equipment is intended and the position
at which it is intended to be used.

2. Provide the most suitable source of ionizing ridiations for the re-
quired purpose.

3. Provide and/or install the equipment with appropiate shielding, bar-
riers, intarlocking arrangements, warning signals and notices.

4. Ascertain where necessary that the equipment has been properly in-
stalled.

5. Provide informetion and instructions so that the equipment may be
properly used without risk to ionizing radiations.
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10.5 LEGAL REQUIREMENTS

Conditions for the acquisition, possession, disposal, importation, ex-
port, use end conveyance of radioactive nuclides in South Africa are
governed at present by the Atomic Energy Act, 1967 (Act 90 of 1967).

The letest conditions governed by the act are contained in the Government
Bszette, No. 3105, of 28 November 1980. It should be noted that the Act
is avbject to change and as such it is the cnus of the user of radioactive
nuclides to be familiar with the latest regu)ations.

The major points of note are::

(Note that these are only major points, and it advisable to comsult the
latest regulations before purchasing or using radioactive materisl.)

1. A& permit wust be obtained ta store or use radioactive materials.
2. Suitsble (as determined by the act) storage must be arranged.

3. A responsible person and alternatv, ‘ith duties laid down in the act,
must be appointed. This person shall if required by the Board, submit
himself for an examination or test '’ rhe Board.

4. The concentrations of redioactivity in .ir and water to which persoms
are exposed, shall not exceed the va'n-. determined from time to time
by the board.

5. 4pplications for avthority to use radioactive material (sealed
sources) for industrial vadiography must be submitted to the Board
on the designated form,

6. The holder of the authority shall ensure that permanently built-in
sealed sources in apparatus such as eliminators of static electric-
ity, level gauges, density maters and thickness gauges sre tested for
leaks at intervals not exceeding twenty-four months and all other
sealed sources tested at intervals not exceeding six months. Partic-
ulars of such tests shall be entered in the source register.

10.6 EMERGENCY PROCEDURES

The employer should make such plans as are necessary, and ensure that the
approplate staff are made aware of them, and also have any equipment
necessary to cater for a fire, explosion or impact accident invelving &
source of ionizing radiation. These plans should be in the form of written
procedures, regularly updated.

The following matters need to be considered in such plans:
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1. ZExclusion from the ares concerned of all persons except classified
warkers and persons otherwise suthorised.

2. Notification to the person appointsd to advise on radiological pro-
tection or any other organization retained to advise.

3. Monitoring to determine the extent of the radiation or contaminated
area.

4. Provision of emergency shielding in the form of sand bags, lead sheet
or bags of lead shot.

5. Identification of persons who might have heen exposed to radiation
or who might have ingested, inhaled or otherwise absorbed radicactive

materiel,

6. Medical examination of and the provision of biological samples from
those concerned if mecessary.

7. Notification of the i to the

10.7 CONCLUSION

Au apprecistion of the health hazards and legal requirements relating to
the use of nuclear density gauges is essential to anybody considering the
application of these . Nuclear based instrumentation is sub-
ject to legal regulation in Suth Africa and the necessary procedures must
be followed hefore using such instruments. The two facts of most concern
to the prospective user is that a permit must be obtained to possess a
nuclear source and that & responsible person and altexnmate must be ap-
poinied to oversee their use.

The fsct that these instruments are regulated by law, may seem to imply
that these instruments are more dangerous than other equipment commonly
found in an industrial envirement. This is in fact not the case, and the
regulations are primarily aimed at monitoring the locations of muclear
sources in the country and ensuring their safe disposal. The regulatiuns
and safety procedures are no more onarous than those applying to many
other dangerous chemicals.

Chapter’s TFive to Nine have discussed the theory of nuclear radiation
applicsble to density measurement in 8 general sense. The following
chapter discusses the application of this theory in commercial instru-
ments.
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11.0 GAMMA RAY INSTRUMENTS N AN [NDUSTRIAL ENVIROMENT

1.1 INTRODUCTION

In this chapter gamma ray instruments in an industrial enviroment ars
discussed. The intention is to relate the material in the earlier chap=
ters, i.e, the survey and selsction of instruments for the slurry moni-
toring system, to the theoretical waterial given in the latter chapters
together,

When an im ation h & density or level gauge, he
typlcally cbtains a ccmylete unit. It is now common for manufacturers to
inclnde the high voltage supply and preamplifier for the detector imtq
the detector housing. The supplier will supply a radiation source of a
given type and strength based on the buyers data. Thus it is difficult
to know the tradeoffs made in the selection of the instrument components
and the suitability of the instrument to different process conditions,
e.g. a change in process material,

To ensble the user of nuclear gauges to gain & battar understanding of
the gbove, this chapter discusses applications of suclear gsuges snd gives
sowe insight into the tradeoffs made by the supplier vhen speclfying an
instrument to suit a customers application.

11.2 INDUSTRIAL INSTRUMENTS

Industrial instrumentation based on gamma radiation is becoming widely
accepted in several industries such as mining, petroleonm and the chemical
industry. Their primary advantages are that they are

1. Non-comtacting.

2. HMaintenence free.

3. Reliable.

%4, Accurate.

5. Simple to calibrate.

6. Clamp-on in many cases.

Despite their disadvantages (wainly concerning the health hazard if im-

properly used, and the associated legal regulations), they will continue
to be widely used snd will come to dominate their sphere of applicstion.

Gamma Ray Instruments in en Industrial Enviroment 88



211 nuclear imstruments are bssed on the attenuation of the gamna-ray
photons as they pass through the material. The artenuation is governed
by the equation

1= To.exp(-U.L) aL.1)

where Io is the number of gamma photons emitted by the source and I the
number of gamma photons reaching the detector. L is the pathlength of the
gamma rays in the material. U is the linear sttenuation coefficient and
is the product of material density and the mass absorption coefficient.
U is also the probability of a gamma photon pessing through the material.
Thus for any number of gamme photons (Io) emitted by the source, there
is slways some probabllity U, governed by the type of materiel, that I
gamma photons will pass through the material. (See Chapter 6.) Thus any
change fn the materidl or its density or the pathlength can be detected.
Therefore the following measurements (amongst others) are possible:

1. The density of the material if the pathlength is flxzed.
2. The thickness of the material if the demsity is fixed.

3. The solids content of 8 slurry, as demsity varies with concentration.

11.3 FACTORS INFLUENCING DENSITY MEASUREMENT

Although only the factors influencing density measurement will be
discussed, the principles apply to all the industrial applications. When
a user buys a muclear demsity gauge, the supplier will request certsinm
information and will supply en instrument to meet the specified require-
ments, In most cases all the user then has to do is install the meter and
calibrate it. The intention of this section is to indicate the tradeoffs
mede in specifying an instrument. This will provide a means of judging
the difference between two meters specified by different suppliers, or
to judge the difference in two products from the same manufacturer.

In a muclear density gauge the following factors affect the performance
of the metex:

1. The vype of source which affects the penetration capability and the
life of the source (half-life).

2. The type of detector which influences the source strength.
3. The health hazard which limits the source strength.

4. The secondary electronics which influences the performance of the
meter,

Density messurement in slurry pipelines it based on Eg. 11.1 with L being
fixed and U varying with the density. In order to determine the demsity
the following must be known:

1. The value of Io.
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2. The attenvation (i.e. I/Io) &s a function of density.

Tirst consider the detected gamma photons I, i.e. the photons pessing
through the material. The value of I has a statistical variation owing
to the statistical mature of the emitted photons Io. In order to obtain
an accurate gnd repeatable measurement it is necessary to minimize the
relative arror of I.

In the chapter on statistics (chapter 9}, it wes showp that the standard
deviation for a Poisson distribution, (which governs radioactive descay)
is

s =vm (11.2)

where m is the mean. It wes also shown for a set of measurements, the
standard devistion of the obsarved mean Sm, is given by the relation

Sm = s/¥n (11.3)

where s is the standard deviation of the set and n is the number of
measurements {n the set. Therefore the relative error e is:

& = B/lav (11.4)
where B = s/¥n (11.3)
but s = Iav (.2
therefore

&% = (1//(lav,n))100 (11.5)

Eq. 11.5 shows that the reletive arrer can be reduced in two ways;
1. By increasing the average count (Iav).
2. By increasing the size of the data set (n).

The asverage count depends on the count rate and the perdod of counting.
It has an upper limit determined by the overflow value of the counter.
The count rate is limited by the maximum count rate of t7e detector, which
is dotermined by the datector dead time, &nd the source size which has
an upper limit determined by the health hazard, 1.e. larger sources re-
quire thicker shielding. The count period and the data set size is limited
by the rasponse time of the meter, i.ec. the longer the count period or
the greater the data set the longer the responss time of the meter.

The mean count value is also influenced by the range of measurement re-
quired. To ineresse the sensitivity of the meter the difference between
the mazimum and minimum count values over the given denaity range must
be as large as possible,

The source size which determines Io is influenced by four main factors
and is given by the relation
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To = 1/(4.n.54.HL) €11.6)
where

A is the absorption factor. For a required detected count value, the
detected count value must be increased by the absorption facter to
obtain the source count.

N is the efficiency of the detector. For any nmumber of photons striking
the detector only a cextain fraction will be detected. To compensate
for this the source must be increased proportionally. This effect
can be reduced by using a detector with the highest possible effi-
ciency.

SA is the solid angle factor. Since, the source emits rediation in all
directions, the source is shielded in all directions except the di-
rection of the detector in order to prevest stray radistion and
winimize the health hazard. For high efficiency detectors such as
scintillation counters the emitted radiation is collimated into a
single beam. For low efficiency detectors such as ionization cham-
bers the beam is allowed to diverge slightly to increase the number
of detected photons.

HL is the half life factor. Because the number of disintegrations
emitted by the source halves over the hulf-life period, the size of
the source must be incressed initially to maintain the desired count
rate at the end of its useful life. For example, assume the life of
the meter is five yeazs. For a Cobalt-60 source which has five year
half-life the size of the source would have to be doubled to emsure
the required count after five years. For fgesiup-137 which has 2 30
year half-life the size would only have to incraased by a factor of
1.12,

The attennation as a function of density is given by Eq.11.1. To calculate
the density directly from this equation would require s knowledge of U
and the absplute valug of Io, Because these quantities are never known
explicitly. they are "calculated" by calibrating the meter against one
or several known reference valves. In some cases the calibration curve
is computer gensrated by the wanufscturer according to the clients spec-
ificatious. The sourca decay must alsc be compensated for. This either
done automatically or by periodic recalibration.

1.4 SPECIFYING A NUCLEAR DENSITY GAUGE

4 muclear density gauge comprises of 4 sourcs, a detector, a mounting
bracket sud associsted electronics. A particular gauge will use a prede-
termined detector, mounting hracket and electronics, thus the specifica-
tion of the gauge boils down to the selection of type snd size of source.

The majority of manufacturers provide mounting brackets of various sizes
allowing the user to clamp the density gauge on ta correspondingly sized
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pipes. One manufacturer, namely Krohne, wounts the density gauge onto &
section of pipe which must then be inserted into the system.

11.4.1 THE NUCLEAR SOURCE

The specifications of the source size must be done by the supplier based
on the client's data. The primary objective is to minimize the source size
and thorby the health hazard, The source size is a tradeoff between the
health hazard and the accurscy, rangeability and life-time of the meter,
The source size and hence the health hazard, can be reduced by using
scintillstion counters rather than ionization chambers as detectors. In
order to increase the accuracy as high a mean count as possible as pos-
sible must be obtained, but the veriation in the count must be large
enough to ensure sufficient sensitivity over the measuring range. To in-
crease the lifetime of the mster the half-life of the souzce must be as
long as possible. A longer half-life also results in & smaller initial
source size as the size is chosen to give & sufficient coupt rate st the
end of the meter life.

The type of source used is dependant on its penetration ability, and its
half-life. Three sources are commonly used. Awericium-241 which has a low
penstration capability (0.050 MeV radiation), but & long helf-life (433
years). Caesium-137 which has a moderate penetrating capebility (0.662
MeV radiation) and half-life (30 years) and Cobalt-60 which has & high
penetration capability (1.17 - 1.33 HeV radiation) but short half-life
(5 years). Amercium-241 is seldom used as it does not have sufficient
penetration for most applications. Cobalt-60 is not usually used in den-
sity gauges because of its short half-life, but is most commonly used
in leve! gauge spplications which have long measuring paths and where the
short half-life is not & limiting factor. It may be used in density gauge
applications for high SG mstexials and long measuring paths at the expense
of frequent calibration. Caesinm-137 is the most common in density gauge
applications, but may be used in level mossurement for low density mate-
rials and short measuring paths. The half-1ife of Caesium-137 (30 years)
results in a 3% errox after one year if the decay is not compensated for.

To calculate the source size from the clients data, manufacturers use
empirical formulae based on the above aspects, the characteristics of
thelr own hardware and the clients specifications. The formulae used
differ from manufacturer to menufacturer and basically just consists of
an eguation thal works and results in a suitable specification. It is thus
not possible to give an equation which can be used to check the souree
size against any application. The formulae used by & specific manufacturer
are usually given in the manual accompaning the density gsuge. If it is
desized to change the applicetion, these formulae can be used to check
the suitability of the sourca to the noew application,
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11.4.2 THE DETECTOR

A5 was previously discussed (See Chapter 7 and Chepter B) three types of
detectors are used.

1. The Geiger-Mueller counter,

The GM vounter has & long dead time &nd is thus inappropiate in ac-
curate counting applications. GN counters are applied to situations
such as level measurement, where it is only necessary to detect the
absence or presence of rad{ation.

2. The Ionization Chamber.

The ionization chambers main advantages Are its simplicity and reli-
ability. However bacause it has a low efficiency, typically 1%, it
is gradually been superseded by the scintillation counter.

3. The Scintillation Counter.

The scintillation counter is becoming the predeminant detector for
counting applications largely due to its higher efficiency (typically
between 40% and 50%).

11.4.3 ANALOGUE OR DIGITAL SIGNAL CONDITIONING

The associated signal conditioning electronics can be either analogue of
digital. s opposed to previous enalogue based systems, recently raleased
density gauges are now all microprocessor based. The differences are best
discussed by considering the application of each type in commercially
available meters,

11.4.3.1 Analogue Signal Conditioning

In analogue signal conditioning the outpu! is 'calonlated’ by means of
analogue signal processing.

As an example of analogue signal conditioning, consider the signal
convertor nsed in the Krohne Demsity Geuge[Krohne,1984]. ¥Figure 23 on
page ° shows the block wiring disgram for the Krohne DHSQ Rediemetric
Density metex.
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Block diagram

A [ ( > c
. |

1 Radioactve source
2 Measuring seclion
9 Scintillation counter
4 High-voltage supply
5 Controf ampifier

& Recaiver

7 Pulse shaper

8 Integrator

9 Zero suppression
10 Current aulput

18 Linearization unit"

comy ition unit*
15 indicating instruments
* {optoral)

Figure 23, Krohne DHS® Block Wiring Diagram

The measuring head (Ci contains the precision high-tension generator (4)
for the supply of the photemultiplier (3) and signal amplifier (5), which
compensates for temperature and ageing effects upon the counter tube, In
addition, the multiplier pulses are normalized in the control emplifiex
and at low to the signal converter.

In the signal convertor a Schmiti-Trigger (8) regenerates the incoming
pulses. The resulting fast rising edges trigger 4 monostable multivibra-
tor (7) whose pulse width can be adjusted to compensate for the {sotope
decay or Lemperature effects (11). The integrator (8) connected to the
monostable output converts the voltaga-time-area of the pulses into a
direct voltage, where any choser measuring range can be set by the
zero-suppression circuit potentioueter. The density proportional output
voltage of the integrator is crmaverted in the outpul stage (10} into &
direct curent of 0..20 mA or 4..20 ma.

The non-linearity of the pulse rate change with density, whica becomes
predominant when the product of the density change times measuring length
becomes very large, is solved by the plug-in linearisation (13) sireuit,
This cireuit simulates the error function and, by means of compensation,
reduces the measuring error to & value within the measuring tolerance.
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Important disadvantages of analogue electronics include the following

1. A major limitation is thet the cignal convertor requires frequent
cslibration as & zesult of component drift with time.

2. Calibracion is elso required to change the enginesring umits of the
output.

3. ALl 1 . limits, calibration values and time decsy, linearization
and te v rature compensation values are set by potentiomaters. This
mevhod is susceptable to calibration errors and component drift.

11.4.3.2 Dir « Signal Conditioning

Unlike analogue systems, microprocessor based systums mathmetically cal-
culate the specific gravity using the theoretical equation. As the system
is microprocessor based, it allows for grester £exibility and the in-
corporation of extra features.

4s an exsmple of digital signal conditioning consider the signal comvertox
used i the MCI Digital Demsity Gauge[MCI,1984) The MCI signal comvertox
consists of two m>dules,

The Detector Microproc-ssor Medule comprises of a scintillation detector
to convert gamma Tays into wlectrical pulses, and a microprocessor with

. input circuits to vecaive the electrical pulses, calculate SG or percent

solids and provide the reguired outputs to an isolated 4-20 md current
loop (and other outputs). The operating program is stored in ROM and op-
erating constants are st red in non-volatile RAM.

4 communicatioms module comprising of a keyboard and display Lo allew the
opsrator to cosmunicate with the microprocessor is provided. All commu-
nications with the are in key-cuded inst ions, entered
through the koyboard, Thic module is normally located inside the
detector/microprocessor woduls, but it may be remote in & separate en-
closure.

The MCI density gauge has the follewing inputs and outputs :

1. & ICD display which cen be set to display count rate, SG or pexcent
solids, or mass flowrate.

2. 4 fully isolated 4-20 wd output selectable between SG and percent
solidg.

3. A fully isolated 4-20 mA output for solids mass flowrate.
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4. A serial curremt loop to drive an external device. This output is
selectable betveen SG/percent solids =un mass flowrate.

5. A 4-20 mA input from an external flowmetel.

The following calculations are performed during operation of the demsity
gauge.

Cajeulation of Specific Gravity

The basic gamna ray sbserption equitien is -

I=To. exp(-U.56.1) Q17
where

I = strength of radiation besm emerging from the fluid.

To = strength of radiation beam eptering fluid.

U = Mass attenuation coefficient for fluid.

$6 = SG of the fluid.

L = path length of gamma rays in the fluid.

The HCI gaugs doos not measure the number of pulses entering the detector
over a fixed time period, hut rather measures the r<te at which pulses
are detected. Thus, Jo is the count rate with no fluid present api I the
count rate with the fluid present. To measure the cuunt rate, the vser
enters the desired count (100 000 is recommended) to emsure an acceptable
statistical deviation. The gauge then measures the time taken to reach
iue specified value and calculates the count rate which is then used in
subsequant calculations. The problem with this technique is that the
pericd between measurements is not fixed. 4s the fluid demsity increases
fewer gamma rays will reach the detector and a longer time period will
be required to accumulate the desived count. The MCJ gauge also imple-
ments a moving average over the last four measurements. This further
reduces the standard deviation and alse serves to suwoth out random
fluctuations in the slurry density.

It was shown in Section 3 of this chapter that to ealewlate the spacific
gravity directly from the ganms ray sbsorption equation requires a kmow-
Iedge of To. In the NCI gauge, o is not masursd directly, but inferred
from enother measurement. It is known that the S@ of water is 1,
Therefore, to calculate Io the pipe is filled with water and the count
rate is messured. Thezefore for water, ucing eqn. 11.7 we have

Ow = Cs.exp(-U.L) (11.8)
where

Cw = count rate for pipe filled with water
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Cs = Count rate for empty pipe

Rearranging eqn. 11.8 we have -

Cs = Cw.exp(0.1) (11.9)
Using eqn. 11.7 the S¢ for a slurry is -

Cs1 = Cs.exp(-V.56.L) (11.10)
where

Gsl = count rate for pipe filled with slurry
Substituting for Cs using Eqn. 11.9 we get -

Cs1 = Ow.exp{U.L). exp{-U.56.1) (12.11)
Rearr.uging egn. 11.11 and solving for 56 we get -

1+ (in Cw ~ 1n Csl)/0L (11.12)

Cw = count rate with pipe filled with water.

Cs1 = count rate with pipe filled with slurry,

U = Mass absorption coefficient for the slurry.

G = SG of the slurry.

L = path length of gamma rays in the slurry.
Eqn. 11.1Z is the equation implemented in the MGI density gauge.
In order to calculate the SG, the gauge must be standardised on & pipe
£illed with water. The count rate for this measurent is then taken to
be a constant. The count rate can however change as a result of the source

decay, dirt buildup on the walls (decreases L) or wearing of the walls
(increases L). Therefore the gauge must be reguarly ro-standardised,

So thet it is always possible to re-standardise the gauge without having
to re-£i1l the pipe with water, the concept of standardising vith the pipe
empty has been introduced. An absorber is Jnserted into the beaw in the
source holder when the lever is in the STANDARDISE position, and tle count
rate for Lhe empty pipe is measured. This is the AIR-STANDARD count rate.
The microprocessor then implements the eguation -

Cw = 81.83/52 (11.13)
where

Cw = corrected water count rate.
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=

= intitisl measurement of water count rate.
52 = initial measurement of air standard,
$3 = latest measurement of air standard.
In effect the water count rate is scaled sccording to the change in the

air count rate. The initial air count rate and the initial water count
rate are taken during {nstallation.

The automatic source decsy alsc operates on the 53 value. This value is
aecreased by s smell amount every three days. Whenever 4 new 53 value
is externally entered the source decay factor is restored to one and the
correction process stacts anew.

Calcylation of Per-snt Solids
The microprocessor is programmed to output percent solids on request.

PS = 100.58.(SG ~1)/(S6. (S8 - 1)) (11.14)

PS = percent solids by weight.
S8 = specific gravity of dry solids.
S6 = slurry specific gravity.

Calculation of Solids Mass Flow.

The microprocessor is programmed to calculate solid mass £low by accepting

an analogue 4-20 md input from an external flow meter.

SF = F.{86 - 11.58/(88 -1) (11.15)

57 = solids mass flow {n tounes/hr

specific gravity of slurry.
S5 = specific gravity of dry solids.

F = volume flow of slurxy in cu.m/hr. (from external Fflowmeter.)

Microprocessor based signal conditioning has several advantages including
the following.
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1. Being digital the meter is free from drift associated with analogue !
components .

2. The theoretically exact demsity equation is implemented with no re-
quirements for extras such as linearisers to provide for precise
output. The constants in the formula are ecasily altered to allow for N
different settings. This would not require recalibration as would be
the case in an analogue system. . ‘

3. It is simple to calibrate. In many cases the calibration can be
predicted exactly in advance of installation as the value of the mass
attennation coefficient can be calculated from a knowledge of the
process material and all other constants can be obtained frow the
customers requirements.

4. Additional features are easily included. It is common f£or meanuface
tures to include a digital display and msss flow computation capa~
bility into the meter. The data convertor can accept an snalogne input
signal from a flow meter, multiply the flow by SG, and outpur solids
mass flow on & separate 4-20 mA isolated current loop.

5. All ranging, calibration, displsy and automatic source decay compen-
sation can be dome in software, thereby eliminating complex and fre-
quent calibeaticn.

6. ALl constants, standards and control parameters can be set
independantly and changed at will, using simple keystrokes on the
module keypad. Outputs of all variables can be avtomarically ranged
over preset HI-LO values. For example, assume the SG ranges between
1.0 and 1.5. 7o scale th output so that & md corresponds to a S5G
of 1.0 and 20 md to & 56 of 1.5 the user eaters the constants into
the microprocessor RAM by means of the keypad. If the process is
changed such that the upper 56 limit is now 2.0, to rescale the output
the user only hes to re-enter the upper comstsnt. This is & major
advantage over an anslogue instrument which would typically require
costly aad Lime consuming recalibration.

7. The pulse counting period is mauily sltered, This allows counting
statistics can be controlled by requiring a preset number of counts
to be accumulated before each calculation of SG.

8. Previous counts can be stored and thus a dats set developed. This
allows random short term changes in the slurry demsity to be smoothed
out, by outputtilg a moving average over the data set and thereby
increasing the accuracy of the meter.

9. The dynsmic range of the derector is extended by using the micro-
processor to correct for the dead time.

10. The gauge can be operated as @ digital ratemeter. To do this the gauge
is put into the ratemeter mode end a count limit entered. The time
to reach the count limit is measured and the count rate is calculated
and displayea.

11, A test signal can be gemevated internally for use in checking oper-
atioms.
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12. The printed circuit boards can be designed for fanlt Ffinding using
signature analysis techniques.

13. Tt is possible to incorporate PID conmtrol with the parameters being
set by a supervisory computer.

11.5 CONSIDERATIONS IN DENSITY GAUGE APPLICATIONS

The following guidelines must be borne in mind when using demsity
gavges. [Williams,1979)

1. Air in line.

Air bubbles are a nuclear gsuge's worst enemy as air represents an
uncontrolled second variable with drastically different gravity
(0.001 SGU when related to water). Extreme care must be taken to
sliminate air, This is importent when using centrifugal pumps which
often suck in air through the seals. This problem can often be elim-
inated by directing a continuous stream of water onto the pump shaft
seal.

2. Full pipe flow.

The pipe must be full of process material. Therefore & desirshle lo-
cation is under a positive head or where flow is upward

3. Stratification.

o If settling of the slurry may occur best results are obtained by di-
recting the radiation bear vertically instead of across the pipe, or
installing st a pump dischcrge.

4. Sampling means.

Sinca sawpling is often required for calibration, intelligent in-
stallation of sampling valve(s) is necessary in the vicinity of the
gauge. If stratification can oscur, multiple taps are desirable.

5. Bypass valving for agglomersting streams.

If the slurry has sticky properties permitting build~up, a bypass mist

be installed to ellow periodic ciedning &s build-up on the pipe will
cause gauge calibration changes and drift.

6. Vibration
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When the gavge is located vexy cavss €0 @ hoavily vibrating pump oz
the

ers may
like to reduce hammering. However vibration must be severe to requira
this.

Gorrosion in pipe.

Changes in pipe wall will cause gauge drift, since the density of
metal is great with respect to the liquid. Periodic recalibration will
remove this effect as a source of error.

Temperature compensation.

Tamperatuve compensation can be provided, by mesns of an external
temperature sensor, if the density varies greatly with temperature.

Sampling techniques,

1f calibration by sampling is necessary it must be ensured t a* the
sampling cup is properly cleaned, the operator does not jur ek
the vaive thereby not getting the thicker particles, or overfl  the
cup. Typically 5 to 10 samples per point must be taken to ensu.e a
representative measurement.

Effect of solid's specific gravity on change

1f the gauge is calibrated in %solids the assumptiom is made that the
specific gravity of the solids is reasonably constant.

If the SG varies from 3.5 to 4.2 SGU the percent solids indication
will rise &% of full scale when the gauge is calibrated 40% solids
as zero, and 70% solids as full scale. If the gauge is to be used for
mass flow this effect can be ignored.

. Mass flow calibrations,

The span of the density gauge is usually calibrated to be 1.00 for
% geauge output so the mass flow multiplier will be 0 for 0 solids.
Linearity correction is also usually required as there is often a wide
span and therefore non-linearity.

11.6 CONCLUSION

This chapter discussed the applicstion of nuclesr physics end radiation
in commercial nuclesr density gauges.

Three sources are available for use, with Ceasium-137 belng most commonly
used as it provides the best balence belween half-life and penstration
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When the gauge is lccated vety close to s heavily vibrating pump or

may jacketing or the
like to reducs hammering. However vibration must be severe to require
this.

Corrosion in pipe.

Changes in pipe wall will caus. gauge drift, since the density of
metal i3 great with respect to the liquid, Periodic recalibration will
remove this effect as & source of erxor,

Temperature compensation.

Temperature compensation can be provided, by means of an external
temperature sensor, if the density varies gre.tly with temperature.
Sarpling techniques.

If calibra*ion by sampling is necessary it murt be ensured that the

samplip properly clesned, the operator does not just crack
the v- not getting the thirker particles, or overflows the
cup. to 10 samples per point must be taken to ensure a
represe.. easurement.

. Effect of sclid's spacific gravity on change

If the gauge is calibrated in hsolids the assuoption is made that the
specific gravity of the solids is reasonably constant.

If the §6 varies from 3,5 to 4.2 56U the percent solids indication
will rise 4% of full scale when the gauge is calibrated 40% solids
as zero, and 70% solids as tull scale. Jf the gauge is to be used for
mass flow this effect can be Ignored,

. Mass flow calibrations.

The span of the densily gauge is usually calibrated to be 1.00 for
0% gauge output so the mass [low multiplier will be 0 for O solids.
Linearity correction is also urually roquired as there is often a wide
span and therefore non-linearity.

11.6 CONCLUSION

This chapter discussed the application of nuclear physics and radiation
in commercial nuclear density gauges.

Tarer sources are wailable for use, with Ceaslum-~137 being most commonly
used as it provides the best balance between half-life and penetration
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capability. The source size is subject to several factors and is usually
calculated on manufacturers propietry empirical formulge. Two detectors
are commonly used, the ionization chamber and the scintillation counter
which is gradually supersceding the former. The prime advantage of the
scintillation counter is that it allows a much smaller source size and a
collimated beam to be used compared to instruments using ijonization
chambers .

The most strikiug difference in commercial instruments is. in the signal
conditioning electronics. Most commercial iustruments are still basad on
analogue electrenics, but micropracessor based systems are being intro-
duced, The advantage of the latter is that all computations are performed
mathematically which allows for much greater flexibilty and versatility.
The use of a microprocessor also allows for & better man wachine interface
with recalxbratxon heang performed vis & keypad rather than by means of

i as based systems become more common,
e caubretmg and self diagnostic instruments will become the norm.

This concludes the review of the principles behind the instruments capable
of meeting the project reguirements. The following chapter discusses the
evaluation of & mass flow system based on a magnetic flowmeter and & nu-
clear density gauge.
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12,0 EVALUATION OF KROHNE MASS FLOW SYSTEM

12.1 INTRODUCTION

In order to explore a commercially available nuclear-based mass f£low *
system, this chapter discusses the Krohne Hass Flow System which was made

1 . available for evaluation, A brief description is given of the system, and
this is followed by a detajled description of the test xig and methodology
employed in evaluating the system. Finally the test resplts are analysed
in detail,

12.2 OPERATING PRINCIPLES

The Krohne Mass Flow system used in this project consists of an AC mag-

TN netic flowmeter and 2 nuclear density gauge. The source and the detector
of the nutlear density gauge are mounted onto a section of pipe which has
the same internal diameter as the magnetic flowmeter. The pipe 'section
and the magnetic flowmeter are bolted together.

The signal conditionimg for both the msgnetic flowmeter and the nuclesr
density gauge are performed in separate fiald housings. The primary and
field housing of the magnetic flowmeter are connected via shielded cable
as is the detector and field housing of the density gauge.

The system was supplied in the following configuration:

1. 4 Nuclesr Density Gauge comprising of .

a. A rubber lined measuring section of diameter 150mm. The nuclear
source and detector are mounted onto the measuring section, thus l
ensuring accurare alignment of the radiation beam. H

b. A 10 milliCurie Cassium-137 source contained in a shotterct
housing. The shutter may be locked in either the open or closed '
position. In the open position the source is exposed and a
cullimated besm passes through uhe material in the pipe and onto

4 the detector.

¢. A Scintillation Countsr detecto. which sllows for the very smell | 1
source size. The photomultiplier tuba and associated high voltage
supply {5 built into the detecter housing.

d, A data converter mounted in a field housing. The data converter
supplies a regulated + 15 Volt supply to the detector and receives
the output pulses from the detector. These pulses are then con-
verted into & scaled 4 - 20mA current output. The system was
calibrated such that 4md corresponds to an 56 of 1.5 and 20mA to
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an 5@ of 2.0. (See Chapter 11 for a description of the signal
conditioning electronics.) An ammeter with a L(D display is
mounted on the field housing. The smmeter displays the loop cur-
rent as & percentage of full scale where 20n corresponds to 100%
fullscale.

e. A galvanic isolator to isolate the current loop from the receiving
instruments. This is used primerily to increase the compliance
of the current loop. The current loop on the converter can drive
» maxigum load of 1000 ohms.

2. A Nagnetic Flometer comprising of -

a. A X2000 Fused aluminium oxide medsuring head employing AC
excitation and & pipe dimeter of 150mm, The fused aliminium oxide
lining is a recent Xrohne develapment snd is extramely abrasion
and temperature (up to 180 degree Celsius) resistant. The X2000
hesd has & separate mains connection for the AC excitation volt-
age. The measuring head used in the evaluation system had a 16
bar maximum pressure rating, as this is the highest pressure
rating of stock items.

b. A field housing type TIV 50/F_1 contalning the data converter
electronics. The data converter is connected to the measuring
section by a shielded cable. The data converter receives the in-
duced signal voltage from the electrodes, as well as an in-phase
reference voltage obtained from tha excitation voltage via &
small transformer. The signal voltage is then scaled to a 4 ~ 20mA
output where 4imd corresponds to a flow of Om/s and 20mA to a flow
of 1 m/s. The converter has a range potentiometer which . livws
the maximum flowrate scale to be changed. Changing the meximum
flowrate e.g. to 3n/s doss not requirs recalibration of the meter.
An analogue ammeter is mounted on the converter which measures
and displays the loop current as a percentage of full scale whexe
20mA corresponds to 100% (full seale), and 4mh corresponds to 20%.
Two jacks are provided to insert an external ammeter into the
current loop to allew for zero setting. The meter provided with
the converter is not suitable for the setting of the live zero
(4mA) .

3. 4n Analogue Mass Flow Hultiplier.

This receives a 4 - 20mA curvent f£rom both the flowmster and the
density gauge and outputs thelr product as a scaled & - 20ma signal
corresponding to the dry solids mass flowrate,

ie L= KT

sihere

aTe

Imf = Qutput curyvent corresponding to Dvy solids mass £lowrate

I, = Current input From density gauge (Percent solids)

I, = Current intput frow flometer (Volumetrie flowrate)

£
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K = constant equal to ssdry solids'KI
Kl = Qurput current scale factor
The complate systew block diagram is shown ia Figure 24,

]
=}
=3
'
3

DETEGTOR

i FLOW 420 ma
i i
ALTOFLUX Y2000 | | DATA
PRINARY XEAD © | GONVERTOR .
P ! i
i —
{ i
ANALOGUE | 4 - 20 md
" MULTIPLIER! MASS FLOW
— )
[
. )
¢ B { i
DHBo H | DHeo i 86 4 - 20 mA
SCINTILLATION i DaTA :
+ CONVERTOR b
! {

Figure 24. Mass Flow System Block Diagram

12.3 THE TEST RIG

The test rig is shown in Figure 35 on page 106,

The system piping is connecied in & loop configuration. A double acting
piston pump with & pump capacity of 45 m®/hr and meximum head of 75 bar
is fed frow a local storage tamk. The materisl is pumped through the pipe
{approximate length of 200 meters), up a vertical section of pipe and into
5 hopper mounted on loadcells. The hopper is mounted directly above and
feeds lnto the local storage tank of the pump. The mass flow system is
mounted onto the vertical section of pipe. The flowmeter zero s set by
stopping the pumps a8s no cutoff valve was installed into the pipe.
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~~ RUCLEAR DENSITY GAUGE
5 = MAGNETIC FLOWMETER
LOADCELLS e,
VALVE e

K_/j-._ DOUBLE ACTING PISTON PUMP

Figure 25. Schemavic of Test Rig

& pressure tranducer was instailed vo monitor the pressure fluctuations.
4s the flowmeter has a lower prossure rating (16 bar) th n the pump head,
it is necessary to iustall the flowmeter at the end of the pipe section.
In an ectual instslletion, the flowmeter must be sufficiently rated to
be installed immediately after the pump to prevent time delays in the
control system,

The outputs from tha prassure transducer, l~adcells, magnetic flowmeter
and density gauge are connected to chart recorders for data acquisition
purposes.

The density gauge and flowmeter outputs were also connected to a single
chip BASIC microcomputer (the INTEL 80524K). Interfacing was by means of
an B bit analogue to digital converter. The system was used to stale the
current outputs of the density gauge and flowmeter, thus rosulting in a
considerable time saving, The data logging program also performed a moving
average over the last one hundred flowmoter readings, thus allowing the
average [lowrate to be determined.
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12.4 TEST METHODOLOGY

The emphasis in the tests was on proving the principles of the instru-
mentatjion, Therefore, the primary consideratjon was the correlation be-
tween the measured values and the expected values. A good indication of
the correlation is given by the linearity of the curve. Of secondary im-
portance was the accuracy of the Krohine instrumentation itself. In order
to correct.y assess the accuracy of the instrumentaion, the measured
valaes must be rompared to 8 traceable standard. It is also necessary that
the accuracy of the data logging equipment exceads that of the measured
value. In the test rig, this was not the case as the Krohne flowmeter was
specified to 0.5% decuiacy, {traceable to Dutch Standards), whereas the
resistors used in the test rig to convert the 4 - 20 md corremt to a
voltage were only of 1% accuracy. Thus, the gccuracy of the instrumen-
tation could only be determined to limits in the accuracy of the data
logging equipment.

Load cells were used to determine the slurty mass flowrate. The hoprer
was emptiad into the local starage tank and then allowed to £111 up. After
& weasured time period of the mass of the material is measured and the
hopper was again emptied into the local storage tesk and the cyele ze-
peated. Therefore

Flowrate(m®/hr) = AM(mV) x Cal(kg/w¥) x 3600({sec/hr)

AT(sec} x 56 x 1000(kg/m”)

Where the calibration factor for the loadcells was 1.606 kg/mV. Note,
te assess the flowmeter, an accurate value for The SG must be obtained.

The specific gravity of rhe material is determined by tsking samwples of
the material atv regular intervals, after which the wet swaples were
weighed. The samples were then dried and reweighed. The SG is then given
by the following formula:

=1/01 -Cw*Cw/’SG )

€ Jurey
Where

dry solids

ES = Slurry 56
slurry

SGdry solids = Dry solids 56

€, = Concentration by weight

= {sample dry mass)/(sample wet mass)

The above measurements wers then compared to the corresponding measure-
ments teken from the magnetic flowmeter and nuclear demsity gauge.

Tre evaluation of the mass flow system was performed using a goldslime
slurry, with a solids concentration between 50% end 80%, which corresponds
to a SG range of 1,5 to 2,0. Mowever, at the lower SG range, the slurry
becomes & dilute siurry and is no longer in & paste form,
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12.5 TEST RESULTS

The major results are the comparison of the measured flowrate to the ac-
tual flowrate (as determined by the load cells) and the measured §G to
the actual 86 as determined by weighing. The results of the tests are
shown in the following graphs.

Figure 26 on page 110 shows the measured flowrate versus actual flowrate
for several different slurry specific gravities, Irrespective of the
solids concentration there is a strong correlation between the measured
and actual values. The flowmeter is accurate {(ss determined by the
loadcells and 56) to within 5% of the expected value, thus satisiying the
project requirements. The merer does however consistently give a slightly
lower reading than the expected value. This is possibly due to the zero
being lower than expected. However when the meter was tested with water,
an accurate reading was obtained, thus possibly indicating that the
£lowmeter was only reading lower than expected during the goldslime tests.
Tests over a longer time period will show up any consistent inaccuracy.

Figure 27 on page 111 shows the measured specific gravity versus actual
specific gravity for several different flowrates. Again, there is a
strong correlation between the measurod and actual values. The measurs-
ment of the SG is also independant of the flowrate (See Appendix C) at
the higher SG ranges. 4t the lower Sf ranges, the demsity rises with in-
creasing flowrate. The reasop for this is that the slurry is no longer a
paste, but iz now a dilute slurry and settling of the solids occurs at
the lower flowrates. As the flowrate is incressed, more solids are carriled
in suspension and the density gauge correctly reads the corresponding rise
in SG.

As it was necessary to calibrate the density gauge, the gauge accuracy
is determined by the calibration values. As the same method was nsed to
calibrate and evaluate the density geuge, a quantitative assessment of
the accuracy cepnot be given.

bs seen in Figure 26 on page 110 and Rigure 27 on pege 111 the mass flow
system meets the project requirements in terms of the accuracy of the
measured values. However, there are two other factors which influence its
suitability to the project,

1. Figure 28 on page 112 shows a chart recording of the pressure fluce
tuations in the pipe. It can clearly be secen that the pressure is
highly impulsive and the mass flow System must be capsble of withe
standing the impulsive pressures produced. The mass flow System must
also be capable of withstanding the severe vibration resulting from
the pressure impulses.

2. Figure 29 on page 113 shows the chart iecordings of the flowmeter
output at several different pump stroke rates, When the pump is op~
erating at its lowest capacity the stroke rate is 5 strokes/min. At
the paximum pump capacity, the stroke rate is 17 strokes/min. When
pumping high concentration slurries, the slurry momentarily stops
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flowing during the piston changeover period. This can clearly be seen
on the chart recoder. {Note, the chart recorder reading does not fall
to zero as the flowmeter has a 10 sec, time constant.} For the
flowmeter to output the average reading the time constant must be
increased. The time constant must be at least twice the duration of
the pump stroke intervals at the slowest pump speed.

1Z.6 MASS FLOW SYSTEM EVALUATION

The mass £low system is clearly capable of provicing a measurement of the
slurry mass £low and solids cancentration. Thexe is a strong correlation
between the measured and expected valuas, clesrly indicating the validity
¥ the measurement The only to the flowmeter was
the setting of the magnetic flowmeter zerc This is however & periodic
requirement and 4 characteristic of al’ present AC excited magnetic
flowmeters.

During the evaluation of the flowmeter, the zerc drifted noticeably be-
‘tween tests, During operation with the coal and flyash slurries, the zero,
once set remained relatively stable. However, during the actual evalu-
ation of the flowmeter wusing & goldslime slurry, the zero drifted with
a change in concentration of the slurry. The drift was more pronounced
when the slurry was in & dilute phase. The drift would lead to exrors in
the measurement of the flowrate if a wide variation in the concentration
is required. However, futher tests would be neccessary to determine if
this is a characteristic of all AC excited magnetic flowmeters, or only
a characteristic of the test model.

ALthough the system was supposed %o be precalibratsd, on taking delivery
it was found that the density gauge was out of calibration. Calibration
of the gauge on site is possible and was undertaken. However, the cali-
bration process is extremely time consuming and error prome. This is
particularly txue at the higher 56 range (a solids content in the region
of B0%), where the slurry assumes a paste form, as it becomes difficult
to mix in dry material and to obtain a representative sample. The dif-
ficulty in calibrating an analogve density gange clearly outlines the
advantages to be gained from u microprocessor based system.

Galibration is futher complicated in high concentration slurry systems,
as it is not possible to provide & byyass for the instrumentation, since
solidification of the slurry in the desd leg can occur.

In order to employ the system in & working installatien, the time constant
of the flowmeter must be incressed to at least twice the period of the
lowest stroke rate. This is e consequence of the use of double acting
piston pumps and the high viscosities of the high concentration slucrry.
Failure to include a sutficiently long time constant can result in fluc-
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Figure 28, Slurry Pressure Recordings

tuations in the control system. (Note: This is only true if positive
displacenent pumps are used. Centrifugal pumps will give a fairly uniform
flowrate,)

A wore important reservation in the use of the system is the capability
of the mass flow system to withstand the high prassures and vibration in
the slurry pump system. During the test period of approximately 2 months
duration the system showed no susceptability to vibration, but the long
term effect has not been determined. & more critical consideration is the
pressure rating of the mass £low system. The system must be capable of
withstanding the high average pressures (up to 100 bar) and the periodic
peak impulsive pressures. The system offered for evaluation was s low
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Figure 29. Slurry Velocity Proflle

pressure system and it is 5till necessary to determine the capability of
a rated meter to withstand the pressure impulses.

Tt ¢an be noted that during the course of the System evaluation, the
system was used on c¢oal, flyash and goldslime slurries. The 5G of the
slurries varied widely (up to 1.3 for coal, 1.5 to 1.7 for flyasi, and
1.5 to 2.0 for goldslime}, however the salids content always ranged he-
tween 50% and 85%, In a1l cases the flowmeter showed no deviation in its
capability to accurately messure the flowrate, The density gauge, once
correctly calibrated, correctly measured the 5G in the range 1.5 to 2.0,

The mess flow multiplier was not used and therefowe not tested. This
however has no bearing on the tests #s the mulciplier is an extasnal de~
vice to tha Krohne _inipment, and does not affect the measurement of the
volumetric flowrate .: 86, i.e. the cperation of the either magnetic
flowmeter or the der.ity gauge.
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12.7 CONCLUSION

The Krohne wass £low system offered for evaluation met all the measurement
sccuracy requirements of the project. The system offersd for evaluation
incorporates a nuclear density gauge based on an analogue signal comverter
and thus does not offer the flexibilty of the newer microprocessor based
systems.

Before the system oan be instelled in a working installstion the following
must be performed:

1. The time constant on the magnetic flowmeter must be increased to
compensate for the periodic fluctuations in the system resulting from
the double acting piston pump. The time constant must be at least
twice the period of the slowest stroke rate, or preferably field .d-
justable.

2. The mass flow system must be capable of withstanding the severe vi-
bration encountered in the pipe line.

3. The mass flow system must be capable of withstanding the high average
pressure the pump is capable of producing (up to 100 bar), as well
as the periodic impulsive pressures in the slurry system.

The above considerations are all applicable to the manufacture of the mass
flow system and not to the principle or operation of the system. The
tests have shown that AC excited magnetic flowmeters and a nuclear density
gauge are suitable for the measurement of the mass flowrate and concen-
tration of paste slurries and can used if the above mentioned criteria
are satisfied.
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13.0 CONCLUSION

This report discussed the choice of instrumentation suitable for measur-
ing the concentration and mass flowrate of high density 'peste’ slurries.
The slurry system itself is unique and still in %he development stage,
The uniqueness of the system results from the high density of the slurry
and the use of preumatically conveyed powder, in this case cement. Like
wany new , the 1 and ics of the system
£all outside the geners] limits of c:\mmercial hardware. The system pumping
pressure is mnch higher than most flowmeters can normally tolerate, and
this results in the meter having to be specially made up which in turn
results in high prices and long delivery times and limits the availability
of off-the-shelf replacements.

The most important point arising out of the p:o_iam: is that an instrument
is only as good as the principles on which it is based! Many principles
are used in the design of related ion, e.g. f » and
thus the choice of instrument initially requires a choice of measuring
principle most suited to the application. Once & suitsble principle has
been chosen, & specific instrument embodying that principle can then be
lected or designed. A major section of this project concerned the survey
into different measuring principles suiteble to the project. The survey
regulted in the specification of & magnetic flowmeter and a nuclear den-
sity gsuge. The principles, characteristics and application of these in-
struments were then considered in detail.

Magnetic flowmeters were specifically designed for measuring the flowrate
of slurries and mo degrsdation in performance was found in bigh density
slurry applications. In the project only an AC excited flowmeter wes
evaluated. Although DC meters have many advantages, they suffer in per-
formance whon usad in slurry spplications, due to noise baing induced when
the slurry particles collide with the electrodes. However, high concen-
tration slurries assume a homogeneous form and are usually pumped &t low
velocities, These factors may make it possible to use DO excited
3 : slurries, and this probability should
be investigated to allow for the advantages, (most important of which is
%18 autc zero characterstic) stemming from the use of DO excited magnatic
froumeters, A magnetic flowmeter, namely the Kent Veriflux [Kent,1985],
Yns vacently been developed which combines both AC and DC opexvation, It
<. - .aimed that this meter has the advantages of both types of excitation,
1.¢. gutozerc and operation in slurry applications,

Nueli ar instruments Are capable of a variety of measurements and can be
extensively used in the process control industry. There is however & lack
of knowltdge relating to the principles, use and applications of nuclear
instruments. To rectify this problem an in depth study into the theory
behind nuclear 'astruments wes undertsken. The latter chapters of this
project report serve as a guide to the use and application of these in-
struments.
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Nuclear instruments are now entering a second phase, and in line with
other instrumentation are becoming wore intelligent and easier to use.
The use of advanced detactors are minimizing the source size and the
health hazard, thereby increasing their acceptability. The use of micro-
processor based electronics has resulted in an integrated meter. This
makes it possible to satisfy all the project requirements with a flowmeter
and an intelligent density gauge. The newer density meters are not yet
frealy available in South dfrica and so it is advised that they be evel-
uated in the mean time to allow for their rapid introduction when their
availability increases.

An important point arising out of the project is the signal conditioning
alectronics used in instrumentation. Many advantages are to be gained by
making the electronics microprocessor based. The most important being the
flexibility, ease of use and better mam-machine interface. As micro-
processor systems become more common, more advenced features such es
auto-calibration, self-diagnosis and advanced signal processing can be
incorporated. These features will improve the instruments employing them,
i i of the i

with & cor in control
system.
This projsct d on the instrumentation for the slurry. Before

the backfill system can be implemented, instrumentation must be found to
measure the mass flowrate of pneumatically conveyed powders. A possible
solution is to use & nuclear density gauge to determine the effective
cross-sectional area of the pawdez, and a doppler or a vortex shedding
flowmeter to determine the average velocity of the powder particles.
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APPENDIX A, GLOSSARY OF NUCLEAR TERMS

Alpha Particle

Beta Particle

Becquerel (Bq)

Bremsstrahtung

Contamination

Curie

eV

Element

Electron

Nuclear particle of mass 4 units carrying 2 units of
positive charge. Will not penetrate skin, and ranges only
& centimetre ox se in air. Emitted by radio’s-topes such
as uranium 238, thorium 225, plutonium 210, etc.

Nuclear particle of mass 1/1860 units carrying 1 unit of
negative charge. Will penetrate skin and hes a range of
up te 6m in air. Emitted by many radioisotopes.

The measure of quantity of radiosctivity. A substance has
an activity of 1 Bq if I atom of it disintegrates every
second, This is the new SI unit gradually replacing the

curfe. 1 Bq = 2.7x307%1, curdes.

Radiation produced by the rapid deceleration of a beta
particle, such as when it is caused to bombard & heavy
naterial. The radiation is identical to X-radiation.
Bremsstrahlung is therefore an additjonal hazard which
may arise when handling beta-emitting radioisotopas,

Radiosctive materisls released from theiz normal con-
teinment into the working enviroment. It may be present
on working surfaces or airborae.

A measure of quantity of radioactivity. 1 curie of ra-
dicactivity is such that 3.7x10'° atems of {t are disin-
tegrating overy seccond. This unit is gradually being
replaced by the becquerel.

BElectrzon volts. A measure of anergy of a particle or ra-
diation. 1 oV is the energy attained by an electron when
accelerated boetween clectrodes which have an electrical
voltage of 1 volt between them.

4 substance vhich cannot bo chemically dacomposed into
simpler substances.

Atomis particle of mass 1/1860 units carrying ome unit
of negative charge. Differs only from the beta particle
in its origin, which is from outside the mucleus of the
atom.
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Gamma

Half-life

Jonization

Neutron

Praton

Rad

Sievert (Sv)

Muclear radiation. Will penetrete ~unsiderable thick-
nesses of lead or concrete and haz a very long rang. im
air, Emitted by many radioisotopes in association with
sither an alpha or a beta particle. Gamma rediation is
electromagnetic radiation with energy of the order of
MeV.

The time in which half the amount of stoms present in &
given amount of ive inaterial The
value of the half- hfs is chﬂtauteristic of g particular
redioisotope and varies from millionths of a second to
millions of years.

The process by which an electron is stripped from its
parent atom. When radi=ztion strikes an electron it loses
energy in ionizing that electron.

Nuclear particle of mass 1 unit carrying no chaige.

Nuclear particle of mass 1 unit carrying 1 unit of posi-
tive charge.

The abbreviation for "radiation absorbed dose". A measure
of enezgy deposited in a medium.

The abbreviation for "rad oquivalent man", A measure of
the damage caused by exposure 1o radiation, and is grad-
wally being replaced by the sievest (1 zem = 0.01 Sv).

This is the new SI unit replacing the rem. It quantifies
the equivalent absorbed dose.

X-radiation Radiation produced when materials are hombarded with
alectrons. X-radiation is electromagnetic radiatien with
anergy of the order of eV.
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APPENDIX B. MASS ATTENUATION COEFFICIENTS

The following table of mass attenuation cuefficients, in cm?/g, for gamma
rays were interpolated from values given in Hubbell{1969]. The coeffi-
cients are given for a gamma energy of 0,662 MeV, which is the energy of
gemma radiation for Caesium-137.

T ! {

'y 0.153 | 25Fe 0.0732 | .

°c 0.0777 | 250y 0.0722 | :

N 0.0775 | 82ph 0.1093 | B
e 0.0776 | 22y 0.0759 |
1iNg 0.0743 | Air <0774 |
1241 0.0744 | Water 0.0861 |
ERE- 0.0774 | Concrete 0.0777 |
Nal 0.0759 | Pyrex Glass 0.0772 |
il SO |

The total mass attemuation coefficient for s compound or a mixture is:
2 - 2
B (m?/kg) = W, (w?/kg)
where
u = total mass attenvation coefficient for a compound or mixture
¥; = weight fraction of ith element {n compound

total mass attenuation coefficient for ith element.
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APPENDIX C. MASS FLOW EVALUATION TEST RESULTS.

C.1 COMPUTED RESULTS.

The following values are the calculated averages for sach test.

Flowmeter setting = 1.768
DH8O sevtings: Zero = 7.279 ; Range = 2.581 ; Isotope = 0

TEST 1 N
5G(meas) = 1.959 ; SG(exp) = 1.966 ; Cw = 78.9 %
FLOW(mess) FLOW(exp)
15.03 16.21
208 20.62
26.30 25.82
31.10 31.75
36.35 36.07
TEST 2

$G(meas) = 1.889 ; SG(exp) = 1.886 ; Cw = 75.5 %

FLOY (meas) FLOW(exp)

16.23 16.95
21.03 22.22
27.49 27.17
33.35 34.88
38.50 ©39.88
41.24 43.15
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TEST 3

S6(meas) = 1.777 ; SG(exp) = 1.768 ; Cw = 69.8 % ’

FLOW(meas) FLOW(exp)

12.03 12.47

18.34 19.74

24.06 26,05

31.38 31.77

40.90 40.7%
TEST &4

SG(meas) = 1.670 ; SG(exp) = 1.6735 ; Cw = 63.7 %

FLQW (meas) FLOW (exp)

. 14.06 15.38 r

19.36 21,65
C oy 25.27 26.77 ;
31.16 34.00
: 40.31 40.21
i 43.20 43.52

g TEST £

SG(meas) = 1.567 ; SG(exp) = 1.567; Gw = 58.0 %

FLOW(meas) FLOW {exp)

1

;

i 11.30 11.32

| 18.33 19.00

| 30,50 31.73

I38.45 y o 37.70 ‘
: | 43.15 }o43.10 1
i | 43,20 [ 43.05
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TEST 6

SG(meas) = 1.552 ; SG(exp) = 1.553 ; Cw = 57.2 %

FLOW(meas) FLOW (exp)
17.40 17.86
24.40 24.83
28.65 31.26
34.40 36.29
40.23 40.96
41,14 42.60

WATER TEST
FLOW(neas) FLOK(exp)
14.19 14.18
19.96 26.72
27.31 27.72
33.61 33.53
39.13 37.86

Appendix C. Mass Flow Evaluation Test Results.
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C.2 READINGS FOR EVALUATION OF MAGNETIC FLOWMETER.

Toadeell caiibration factor = 1,606 kg/mV ~ 385 kg.

Flowneter secting = 1.768 ;

Flowrste(n®/hx) = AM(mV) x Calikg/mV) x 3600(sac/hr}
AT(sec) = G x 100G(kg/m')
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TRST 1
Speed 1
5G(mess) = 1.958
IC emp(aV) 308.9 354.9 377.9 380.7
L0 £ull(mv) 398.0 443.8 463.7 468.6
gl Time (sec) 17 15 15 17
: Flw(exp).56 30.302 | 36.266 | 33.071 | 29.894
i Flow(exp) 15.41 { 17.42 16.82 15.20 | _.__
) Flow(meas) 5.1 | 1.8 15.2 15.03 -
|
Speed 2
i SG(meas) = 1.9558
1C emp(mV) 250.9 371.4 371.3
te 1C full(mv) 393.5 457.0 468.5
: Tine (sac) 21 12 13
B Fiw(exp).56 39.26 41.24 40.58
i Flaw(exp) 20.07 21.08 20.07
. Flow{meas) 20.0 21.0 21.1
Speed 3
: SG(meas) = 1.959
T
IC emp(uV) 243.9 226 .4 229.5
e full(mv) 401.2 4094 407.0
Time (sec) 18 21 20
: Flu(exp).56 50.52 50.38 51,31
Flow(exp) 25.78 25.71 26.19
Flow(meas) 27.0 26.7 27.0
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Speed 4

SG(meas) = 1.955

G emp(a¥) 284.6 | 265.4 | 253.5
I full(mv) 428.9 4202 404.6
Time (sec) 13 15 14 -
Flw(exp).56 66.18 | 359.67 52.60 | . | .
Flow(exp) 32.82 | 30.52 sty ||
Flow(meas) 32.2 30.1 3.1 P R

Speed 5

SG(meas) = 1.9485 slight air in pipe
IC emp(nV) 291.5 281.6 318.4 .
e £ull(mv) B4 | 407.8 407.4 - =
Time (sec) 10 1 7 —_ _
Flu(exp).56 71.08 66.33 73.51 768 [ .
Flow(exs) 36.46 | 34.04 37.72
Flow(meas) 36,3 36,1 36.4

Speed 6

5G(meas) = _
IC emplaV) . . “
1C £l (av) - -
Time (sec) _— - - —
Flw(exp) .36 4 - N .

Flow(exp)
Flow(neas)

Appendix C. Mass Flow Evaluation Test Results.
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TEST 2
Speed 1

S6{meas) = 1.8921

T
L& emp(mV) 230.1 142.3 244.3 | 2640
1I¢ £ull{mv) 325.7 331.3 340.4 | 342,9
Time (sec) 18 16 17 { 18
Flw(exp).S6 30.71 32.18 32.68 | 32.77
I
T
Flow(exp) 16.23 16,85 17.27 | 7.3 e
Flow(meas) 16.2 16.3 6.1 | 16.3 —_
i
Speed 2
8G(meas) = 1.8921
¢ emp(mV) 242.9 2545.1 263.9 _
I full{mv) 352,7 344.9 367.2 -
Time (sec) 15 14 14 i -
Flw(exp) .56 42.32 41.21 42.66 i I
Plow(exp) 22.36 21,78 22.54 ST
Flow(meas) 21.0 21.0 21.1 i
Speed 3
§G(meas) = 1.8897
T T
1C emp(mV) 241.8 240,7 239,60 | 245.2_ |
LG £al1(mv) 361.7 345.8 394.7 | 375.3
Tise (sec) 12 12 17 | 14
Flu(exp).56 48.13 50.64 52,95 | 53.73
3
+
Flow(exp) 25.46 26,79 28,02 | 28.43
Flow(meas) 27.4 27.5 27.65 | 27.5
H
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Speed &

5G(meas) = 1.8897

T T
LG emp{mV) 246.1 273.4 247.9 | 257.8 |
¢ full(mv) 383.2 398.1 384.6 | 383.8 .
Time (sec) 12 1 12 j o1
Flu(exp) .56 66.05 65.54 65.86 | 66.23
1
t
! Flow(exp) 34.95 34.68 34.85 | 33.04 e
: ¥Flow(meas) 33,2 33.5 33.4 | 35.3 -
! - .
|
i Speed &
: SG(meas) = 1.8848
N I
| 1C emp (V) 238.5 254.0 247.9 245.9
| LG full(av) 418.0 426.7 433.8 422,7
! | Time (sec) 14 13 14 14
b | Fawlexp).56 74.13 76.81 76.77 73.01 .
: : ;
N i Flow(exp) 39,33 40.75 40.73 38.73 e
| Flow(meas} 38.4 38.6 38.7 35.3 —-
L
Speed &
SG(meas) = 1.8848
LG emp(oV) 244.2 | 249.6 | 246.0 | 258.5
IC full{mv) 429.7 4211 423.4 455.5
Time (sec) 13 12 13 14
Fly(exp) .56 82.5 82.63 78.9 81.36 -
. Flow(exp} 43.77 43.84 41.86 43.16 e
Flow(meas) 411 41,3 41.35 | 6l.2 —_-
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TEST 3
Speed 1

5G(meas) = 1.7990

T
IC emp(nV) 217.2 222.6 219.9 i
1C full(mv) 298.8 296.5 300.8 |
Time (sec) 22 19 21 U B
Flu(exp).56 21,44 22.49 22.27 o
|
t
Flow(exp) 12.12 12,72 22.59 e
Flowmeas) 12.1 12.0 12,0 1205 |
1
Speed 2
56(meas) = 1.8014
T
16 emp(mV) 223.2 2234 _226.3 | 224.9 | "
16 full(mv) 350.3 340.5 339.4 341.5 .-
Time (sec) 21 13 19 19 -
Flu(exp).S6 34.99 35.63 34,42 35.48 o
Flow(exp) 19.66 36.02 19.34 19,94
Flow(meas) 18.36 16.33 18.33 L
Speed 3
5G(meas) = 1.8014
IC emp(mV) 229,6 229,9 232.2 236.7
16 full(mv) 341.8 356.1 355.5 350.2
Time (sec) 4 16 15, 15 _
Flw(exp) .56 46.34 45,60 47.52 46.06 —
Flow(exp) 26,04 26.63 26.71 25.89
Flow(meas) 26.1 26,1 24.0 24,08
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Speed &

SG(meas) = 1.7990

|

| L0 emp(nV) 238.6 234.8 237.5 234.2

| LC full(mv) 401.9 406.9 408,0 415.8

| Time (sec) 16 18 17 19 -

| FluCexs).50 59.01 55.28 57.99 55.26 o

I

| Flow(exp) 32.96 30.88 32.39 30.87 .

| Plow(meas) 30.50 30.60 30.70 30,70 -

Speed 5§

5G(meas) = 1.7965
I emp(mV) 249.2 2461, 248.6 .
IC full(mv) 433.5 433.9 431.7 -
Time (sec) 15 15 14 -
Flu(exp).S0 71.04 72.39 75.62 -
Flow(exp) 35.49 40,44 42.24 .
Flow(meas) 39.5 4.7 41,46 1.0

H
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TEST 4
Speed 1

SG(meas) = 1.6617

T
L 1C emp(mV) 221.2 223.3 220.7 236.8 _
| I full(mv) 307.5 308.5 308.3 309.0 -
[ Time (sec) 20 19 20 16 _—
| Flw(exp).56 24.95 25.93 25.32 26.09 I
L
!
| Flow(exp) 15.01 15.60 15.23 15.7
| Flov(neas) 14.13 14.03 14.13 .
Speed 2
SG(meas) = 1.6666
T
IC emp(mV) 230.7 230.5 | 228.7 _
e fullmv) 313,3 312.2 | 311.8 .
Time (sec) 13 13 14 _
Flw(exp) .56 36.74 36,36 34,32 _——
i Flow(exp) 22,04 21.80 20.59
| *low(meas) 19.53 19.33 19.33
L
Speed 3
5G(meas) = 1.6670
T
{ L8 emp(aV) 232,0 232,4 235.8 _
i LC fulllmv) 327.6 327.7 330.2 -
| Time (sec) 13 12 12 - _—
} Flwlexp).56 42,52 45.92 45,48 . o
|
!
| Flow{exp) 25.50 27,54 27,28
| Flow(meas) 25,03 25.13 25.43
L
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Speed 4 }
SG(neas) = 1.6715 R l
.

1€ emp(nV) 239.1 | 234.2 261.6

LC full(mv) 346.6 381.6 409.8

Time {sec) 11 15 17

Flw(exp) .56 536.50 56.81 57.20

Flou(exp) 33.80 33.98 36,22 e .

Flow(meas) 30.83 31.03 31.33 31.53 -
Spesd 5

SG(meas) = 1,674

IC amp(uV) 2644 | 267.0 | 251.1 | 239.8
1 full(mv) 4228 429.1 418.6 4218
Time {sec) 16 15 4 16
Flulexp) .56 64.18 | 70.19 | 69.17 | 65.80 .
Floulexp) 38.33 | 41.92 | 41.32 | 39.30 ;
Flowimess) 40.0_ | 40.6 40.1 505 ;
Speed &

SG(meas) = 1.6789

LG emp(mV) 247.4 240.4 241.9
16 toll(mv) 528.5 413.7 429.5
Tipe (sec) 15 14 16 : !
Flw(exp) .56 69.8 71.57 67.79 ' ;
Flow(exp) 41.57 42.62 40.37 ]
Flow(meas) 43,1 43.3 43.2

; i
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TEST 5
Speed 1
SG(meas) = 1.5686
IC emp(nV) 210.4 213.5 222.5
IC fuli(uv) 272.0 268.6 277.9
Time (sec) 20 18 18
Flulext).56 17.81 17.70 17.79
Flow(exp) 11.35 11.28 11.34
Flow(meas) 1.2 11.3 1.4
Speed 2
SC(meas) = 1.5784
IC emp{uV) 221.0 224.3 218.3 .
IC full(av) 306.1 317.3 319.5 _—
Time {sec) 17 18 19 i -
Flulexp).56 29.62 29.94 30.79 A B
—
Flow(exp) 18.76 18.76 19.5 R S
Flow(meas) 18.4 18.3 16.3 R B
Speed 3
56(meas) = 1.5906
IG ewp(uV) 229.4 229.5 231.2 231.9 -
IC fullGav) 351.3 358.7 353.3 356.7 =
Time (sec) 1% 15 b 14 -
Flu(exp) .56 50.13 49.84 50.42 3 T R
Flow(exp) 31.51 31,33 31.69 32.40
Flow(meas) 30.5 30.5 30.5 30.5

Appendix C. Mass Flow Evaluation Test Reinlts.




Speed &

S6(mear) = 1.5955

IC etmp(u¥) 235.3 236.4 233.0 . "
IC full(mv) 380.0 392.7 370.0_ o h
Time (sec) 14 15 13 - -
Flw(exp) .56 53.34 60.24 60.93 I -
Flow(exp) 37.19 37.75 38.18
Fiow(meas) 38.5 38.4 38.47
Speed §
$6(meas) = 1.605
IC emp(uV) 244.8 242,6 243.4 .
IC full(mv) 4754 411.9 4295 .
Time (see) 19 14 16 _
Flw(exp) .56 70.17 70.16 67.25 -
Flow(exp) 43.71 43.71 41.90 e
Flosw(meas) 43.0 43.2 43.2 -— -
Speed 6
SG(meas) = 1.6028
— T
IC emp(mV) 243.5 242.8 | 260.5
LG full{av) 414.6 434.7 447 4
Time (sec) 14 15 17
Flw(exp) .56 70.66 56.66 70.03
Flow(exp) 44.02 41.52 43.63
Flow(meas) 43.3 43.3 43.1
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TEST 6
Speed 1

5G(meas) = 1,5245

T
0 emp(uV) [ 219.1 222.4 302.2 228.3
16 full(mv) | 3044 315.0 376.8 327.1
Time (sec} | a8 19 16 22
Flulexp).56 | 27.40 27.57 26.96 27.62
t
Flow(exp) ] 17.97 16.08 17.68 17.72
Flow(meas) | 17.4 17.4 17.4 e
I
Speed 2
S6(meas) = 1.5343
IC emp(uV) 225.7 233.8 227.3 238.3 _
¢ full(mv) 364.5 359.2 357.5 377.8
Time (sec) 21 19 20 21
Flw(exp) .56 38.21 38.16 37.64 38.42
Plosw(exp) 24.90 26,87 26,53 25.03
| Flow(meas) 24,4 6.4 4.4 24,4
i B
Speed 3
5G(neas) = 1.539
16 emp(mV) 234.9 228.9 230.2 232.2
IC full(uv) 415.1 527.2 412.6 420.1
Time (set) 21 2% 23 22 -
Flu(exp) .56 49.61 47,77 45.85 49,25 .
Plow(exp) 32.23 31,03 29.79 32,00 .
Flow(meas) 28.5 28.6 28.6 28.8 .
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Speed 4

$G(meas) = 1.5612

IC emp(uV) 233.6 234.1 233.8
U IC full(me) 428.8 422.6 437.3
b Time (sec) 20 19 21 4

Flw(exp).S6 56.43 57.36 seag | . | o
Flow(exp) 36.14 36.74 35.99 .
Flow(meas) 3.5 24.6 36.4 3.3

Speed 5 :

SG(meas) = 1.5686

i IC emp(aV) 238.4 239.8 242.1
i I full(mv) 412.8 431.2 432.4
o Time (sec) 16 17 17 - _
i Flv(exp).56 63.0 65.09 64.72 | _._ | T
] Flow(exp) 40.16 41.49 41.25 o
i Flow(meas) 40.2 0.2 s0.26 | | .
i
Speed 6

8G{meas) = 1.5759

10 emp{aV® 236.2 242.0 237.9 . .

| Ii full(mv) 422.4 441.3 421,6 - z
i Time (sec) 16 17 16 - .
i Flw(exp) .56 67.28 67.78 §6.38 —— [
Flow(exp) 42.69 43.01 42.12

} Flow(meas) 41.2 41.18 41.28
i

Appendix C. Mass Flow Evaluation Test Results. 135



WATER TEST
Speed 1
IC emp(mV) 199.4 200.4 192.9
IC full(uv) 272.0 284.2 290.3
Time (sec) 30 32 42
Flow(exp) 13.99 15.14 13.4
Flow(meas) was | e —
Speed 2
IG emp(aV) 187.0 218.1 193.2
IG full(mv) 295.9 316.9 315.4
Time (sec) 30 28 34 _ _
Flow(exp) 20.98 20.4 20.77 e
Flow(meas) 99 | .\ .| 1
Speed 3
IC emp(nV) 193.0 195.3
IC full(mv) 347.3 347.9
Time (sec) a2 32
Flow(exp) 27.87 27.57 e
Flow(meas) aves | .. | _._ | Z.Z
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: A
i
Speed &
IO emp{nV) 198.5 195.1
1G full(mv) 374.1 379.0
Time (sec) 30 32
Flow(exp) 33.84 33.22 .
Flow(meas) 3361 | _.__
Speed 5 : \
T ! B
0 ewplmy) 205.3 197.9 1 :
16 full(mv) 401.4 315.7 T ¢
Time (sec) 30 18 —_ — T
Flow(exp) 37.78 37.83 o
Flow(meas) 37.86 e T
H
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€.3 READINGS FOR EVALUATION OF NUCLEAR DENSITY GAUGE.

Dry Solids 5G = 2.63

DHBO settings: Zero = 2.279; Range = 2.581; Isotope = 0

=1/(1.- CW + Cw/SG

S8 rurry dry solids)

Where

88y yppy = SL0TTY 56

s6, = Dry solids §6

dry solids
€, = Concentration by weight

= (sample dry mass}/(sample wet mass)

Appendix C. Mass Flaw Evaluation Test Results.



TEST 1
Pan Mass(g) 3.3 3.2 3.3 165.3 167.9
SAM wet (g) 130.9 126.7 160.1 1360.9 | 1225.6
SAM dry (8) 103.3 99.3 127.1 1111.1 | 1004.6
Cw (%) 8.4 79.1 78.95 79.1 79.1
SG (exp) 1,953 197 | 1.9669 | 1.97 1.97
56 (meas) 1.958 1.957 | 1962 1.958 1.962
TEST 2
Pan Mass{g) 3.2 4 3.2
SAM wet (g} 127.1 183.8 127,1
saM dry (g) 96.7 139.5 96.7
Cw (%) 5.5 75.4 75.5
SE (exp) 1.8863 | 1.8858 | 1.8863
56 (meas) 1.8897 | 1.8872 | 1.8897
TEST 3
Pan Mass (g) 3.4 3.5 3.3 3.3 3.4
SAM wet (g) 85.2 111.4 105.4 122.1 106.9
SAM dry (g} 60.1 79.1 741 86.7 75.7
ow (%) 69.3 70.1 69.34 70.2 69.85
SG (exp) 1.7592 | 1.774 1.7598 { 1.7765 | 1.7637
SE (meas) 1,775 1.775 1.779 | 1779 1.7794 |
i |
TEST 4
Pan Mass(g) 3.2 3.2
SaM wet (g) 79.7 72.3
SAM dry (g) 51.4 47.8
cw (%) 63.0 664.64
SG (exp) 1.6455 | 1.6735
56 (meas) 1664z | 1.6764
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TEST 5
Pan Mass(g) 3.3 714 | 3.2
SAM wet (g) 53.4 1007.0 | 46.5
SAYM dry (g) 32.4 657.3 28.3
ow (%) 58.08 | 58.13 | 57.97
“q SG (exp) 1.5665 1.567 1.565
i 86 (meas) 1.5686 1.5661 1.5686
¢
H
i TEST 6
: Pan Mass(g) 3.3 172.0 169.9 166.4
; SAM wet (g) 445 242,7 966.8 1087.0
SAM dry (g) 26.4 211.4 604.5 713.5
oW (%) 56.07 | 35.73 | S4.54 | 39.43 | .
‘1 SG (exp) 1.5363 1.5311 1.5142 1.5874
vy S€ (meas) 1.5245 1.539 1.5245 1,5784

Appendix C. Mass Flow Bvaluation Test Results.
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