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' This pro;ect involved the esign and evaluation of a

’radioisotope on-stream coel analyser for uee in fine

.’coal preparation circuita. The 1natrument was designed to ‘f'
prediét ‘the solids concentration and ash content of a slurry‘
;_flow;tream while accommodating changes in the mineral matter
composition, vithout recalibration. | | :'

" The vort included the development of a methodology for
'establzshing the economic merit and techﬁical feashbility of‘h
regulatory control systems,,under the umbrella of process .
'optimization. Some plant experimental uork was conducted to,
3usti£y the project and to- prov;de the parameters necessary
:‘for both the equipment/and the experimental deaigns. : g
| A review of. the 1iterature revealed that a llmlted |
amount of 1nstrumenfation development had occurred in: this
area, mostly in monitoring the ash content of coarge dry
E’coal. A number of'candidate de31gns were considered and the ’
one studied by Kauat::,gn a bench scale was adopted for

zfurther 1nvestigation on the ?rototype scale. The theory of |

»lpinstrument operation waa developed in some detail to provide"v

»,l'~both d,sxgn intormation a8 vell as_eemx-empirical f‘§

"'Vf;calibration models.

A prototype 1netrument vas conetructed and calibration S )

| ;*hjjietudiis performéﬂ in the laboratory. The experimental

fhfafflreeults on simulated £roth £lotation product:{lovstreams met;*ffni_'

':5”fthe evalutaion criteria, with one exception. “The. latter wasff':j

Ry

) ”'7~ﬁf}the direct reault of‘a 63319" problem 3“d 3h°“ld b‘ "311?
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corrected in the next generatxon of instrument development.

»yfﬁfﬁigi', The leboretory results vere sufficiently encouraging to
: ‘»_;;d ‘ verrant a. plant ttial ot the- prototype. Although | ‘
T;id._;i;é experiméﬁtel problems partially ‘masked- the true potentialrof .
i i. the device, it yas. still possible to obtaln L euccessful CA
'qﬂfbi:e 1nstrument calibratione This exerc1se served to demonstgate )

that an. on—stream ash analyser o£ the type studied could be Y
‘ct used 1n process mon:toring and in the process control o! '

fipe,coel preparatlon-czrcuxts.
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1. INTRODUCTION

1.1 INDUSTRY OVERVIEW

Coal preparation (coal washing, coal cleaning, coal
beneficiation) is the art’and science of removing inert
inorganic material“fromvthe run-of-mine raw coal. The
_principal reasons ror undertaking this step in the mining
sequence are:
a) to comply with market Specgfications on product quality,
’ b) to minimize the cost of transportlng the coal to distant

| markets. ‘ | |

According to statistics compi1ed‘in January, 1981(1),
Canadian coal prbduction was estimated at 36.5 million
tonnes per year. of thxs, 19.5 million tonnes (53%) were
prepared to some extent prior to shlpment ThlS coal 1s
destined primarily for 1nternat1ona1 and distant domestlc
metallurgical and thermal coal manxets. Recent |
forecasts(z 3,4) predict a substantial 1ncrease in coal

production over the next two decades. Although the current

economxc downturn has slowed g owth r:/?gph areas of

*

| 'utllzzatzon, s1gn1f1cant growth

"neven in the short term(&) In v1e‘ of these f1gures and the

:expected trends, coal productlon and specifxcally coal

tf{;preparatzon plays an 1mportant rolelxn the Country s

"5,;econbmy, part1cularly 1n the 1nternat;ona1 trade balance.}

Most of the Canadxan coaI prepara‘1on plants are -
\

s still expected to occur, - .

)

in[grelatxvely new havxng been commisS1oned in the per1od sxnce .

™

\.;-,{j
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X
1970. However,. s1nce ‘this’ rﬁpresents a re*emergence of coal
after an extended perxod of stagnat;on,Athe industry lags ~
the other process 1ndustr1es in terms of desxgn and
peratlng pract1ce, as well as 1n research and development.
Wh1le much of the never design and operat1ng pbllosophy has
been borrowed from overseas experlence (eg. UK- National
Coal Board) this 1s not a panacea. Canadian coals possess
some uynique preparat1on problems, in particular the
requ1rement to treat large amounts of fine coal for which "
borrowed technology;ﬁs,largely inapplicable.
| - In the protess lndustries,funderstanding process
mechanism (through modelling) and,installing regulatory
control systems are-pretrequisites to optimal plant

operatxon The coal producers recogn1ze this as an 1mportant

area and are concerned w1th 1mprov1ng upon ex1st1ng»methods,

espec1ally in“the treatment of fine coal E 5y

1.2 AN INTRODUCTION TO COAL PREPARATION - A
| 1t 1s assumed that. the reader may not be familiar w1th

'coal preparatlon. In order that he may more ea81ly

understand some of the mater1a1 vh1ch follows, a cursory

treatment of the subject 1s provxded

| | The overall obgect;ve of coal preparat1on 1s to treat

‘the mater1a1 from the m1ne 1n such a manner that the organ1c';

'.materlal 1s effectxvely separated fromfthe extraneous |

.‘m1nera1 matter producxng a maxzmum amount‘of clean coal"

»’]‘It is’ 1mp11c1t that maxzmum productzqn ensures maxxmum
| :profito_“- L e SR
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%
wh1ch complies with the sales contract spec1f1catlons.
It is necessary to define some of the jargon:

COAL: A naturally occurrlng, rockllke derivative of forest

' type vegetation which contains 250% by weight of organlc

materxal o

MINERAL MATTER The inorganic (usually solid) portion of the '

coal which consists primarily of sxlaceous materi#é.

Material which is colloidally dispersed in the coal organics

‘matrix, as a result of the depositional environment; and

1

which cannot be separated by physical mean%, is called
Inherent Mineral Matter. Material which is|loosely bound to
the organic material arising from dilution during mining or
interbedded_seams, and which can effectively be removed by
physical means, is called Extraneoue Mineral Matter.

ASH: The residue which remains after complete combust1on of

~the organic portion of the coal. S1nce there is some

volatlle matter anoc1ated with the mineral matter (eg.

water of hydration), the ash fraction of the coal is always

less than the mineraltmatter fraction. However, for a

f'part1cular deposit the Mineral uatter to Ash Ratio is

approxzmately constant (=1.1).

- YI!LD. The ratio of clean coal produced to }he feed on a

m,we1ght b8515 for a part;cular separatlon (Jg. un1t, c1rcu1t,‘ ,'

:f,plant) _) . |

. CLEAN Cogﬁa‘The organlc rxch product of a separatlon.
e_RlFUSE(R!JECT) The mlneral matter r1ch product of a. ed

|

.
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Historically, coal cleaning was based on exploiting the .

difference between the specific gravity of the organic'

fraction (typically 1.25 € sg < 1.45) and the mingral matter

r

fraction (typically 2.3 S sg = 2.8). (It must be recognized

«

that as a result of the incomplete liberation .0of the

e

extraneous mineral J;tter there is a continuous distribution

"of solid material with specific gravity.) Unit operations

such as the jig, table and, more recently, dense medium
vessels and dense medium cyclones were used to effect
separation. In general, separaticn efficiency decreases'with.
decre‘sfg; particie size. The inability of these devices to
e&Iéziively treat fine coal coupled with increased need tg
do so,has neceSSitated'the develcpment or applicatipn of new
‘process teqhnploéy,iThis includes devices which nill
separate on the basis of Specific gravity (eq. antemedium

cyclone) or on the basis of surface properties (eg. froth

.flotation)

To obtain maximum separat1on eff1c1ency-1n a plant, the

feed material 15 usually c1a551f1ed on the basis of size,

o

1nto two or three streams. Typically a coarse cut is made at

12. Smm and a fine cut.at 0, 6mm,'result1ng in three separate

1

 feed streams. ThlS de51gn allows optimal equ1pment selection

with respect to maximizing separation eff1c1ency, assuming i
that economic ]ustiflcatlon exists. generé?yffowsheet of a‘“
standard western Canadian coal preparation plant is 1nc1uded'"

fin figd%e 1. 1 to 111ustrate these de51gn concepts.



RUN-OF-MINE COAL

;i

ROTARY cus
. BREAKER ——F> REFUSE

Lt COARSE
: SCREEN
FINE
SCREEN
DENSE .. -DENSE AUTO-
MEDI UM F>re MED! UM MED! UM
VESSEL CYCLONES CYCLONES
FINE
SCREEN

> FROTH
43—————// L————4UEZEL~ FLOTAT ION

)

v

REFUSE CLEAN
COAL

Figure 1.1 A Typical Western Canadian Coal Preparation Plant

Flowsheet.



1.3 PROJECT HISTORY

Western Canadian coals are very friable, particularly
the metallurgical coals in the Rocky Mountain region. This
results in a very high percentage (typically éZS%) of fine
material, nominally <0.6mm, in the preparation plant feed.
In this respect these plants are unique for they must wash
very substantial tonnages of this fine coal in an efficient
manner, using processes which are relatively new to the
field. Unlike coarse coal washing, this task is quite
difficult becaﬁse of the general lack of process
understanding and the absence of the necessary process
control equipment, in particular, on-stream analytical
devices.

The beneficiation of fine coal is an area which
requires a considerable amount of reéearch and development
work. Some of this work has been undertaken at the plant
level but this is usually in response to an operating crisis
such as very poor separation efficiency. This leaves the
majority of the more fundamental research to be performed by
publicly funded research organizations and the universities.
In recognition of this need for research in fine coal
preparation, L.R. Plitt? conceived a "Coal Beneficiation
Project.” In Eesponse to his proposal the Department of
Energy and Natural Resources of the Province of Alberta
provided a capital grant of $250,000 in support of this
work. It ‘was envisaged that the work would proceed on two

_._.____.—.-_._———-..-..._

* Chairman, Department of Mineral Engineering, Uhsx§r51ty of
Alberta. .

!
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fronts, namely:

(1) laboratory and plant analysis of the proéess unit
operations (eg. froth flotation, automedium
cyclones, classifying cyclones, screens, etc...)

(2) instrumentation and control of fine coal separation

processes.

Within the objectives of the project it was deemed that the Y
development of an On-Stream Coal Ash Analyser (OSCAA) should
be given the highest priority. The reasoning was that the
successful development of such a device would provide the
basic tool for process control. Furthermore, it would
facilitate process studies in the plant by eliminating what
would otherwise be a.horrendous sampling and analytical
overhead.

The OSCAA project was the subject of this thesis
investigation. It officially began in September, 1978.
Funding for the operating expenses was obtained from the
Alberta/Canada Energy Resources Research Fund (A/CERRF) at
the- following levels:

YEAR 1 $33,000

YEAR 2 $40,000
The goals of the OSCAA project were: (1) to develop a
prototype instrument in the form of a laboratory pilot plant
system, (2) to calibrate (or otherwise study) the equipment
performance in the laboratory, and, (3) to test thé\;

prototype in the operating plant environment.
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Under the conditions defined by the Alberta/Canada
Energy Resources Research Fund (A/CEﬁRF), an Alberta based
producing company was to be chosen to participate in this
project. Mclntyre Mines Ltd., Grande Cache, Alberta, was
selected because of their expressed interest in the work as
well as the\strongﬁpersonal contacts betwéeﬁ this group and

the university personnel involved.



2. OPTIMIZATION IN COAL ?REPARAT ION
2.1 INTRODUCTlON .

Before proceeding with the experimental portion of the
thesis it was necessary to justify the work. While the
project was intuitively justifieo, experimental evidence was
required to allow for an independeot and unbiased assessment
€2 be made. The problem was that there existed a void in the
technology,‘namely a methodology for evaluating the impact
of process optimization. In short, a description of what
measurements had to be made and how they were to be
analysed.

Process optimization requires that the various circuits
within a plant be manigulated in some organized pattern such
that the optimization objective is ultimately mett Implicit
in this manipulation is process stability. Since stability"
is rafely inherent some form of process control is
frequently required. In such cases process sensors are
necessary to allow control strategy development and
implementation as well as in the subsequent process
manxpulatxon. In this context opt1m1zatlon includes two
broad areas; the short term - process stab111zat1on, and the
long term - process man1pulat1on. |

The mater1a1 which follows fepresents an effort to
develop a methodology to assist in process analysis as well
as in the a-priori justification of process‘ihsthmentation.

'With respect to the longer term-actiGity'the steady state

|
!
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' optimization criteria are defined and their practicality\
dlscussed For the shorter term act1v1ty, methods of
assessing the economlc merit and techn1cal feasxb111ty of
‘ process control systems are presented Thxs prov1des t%e
theory which the operator requires to make an 1ndependent,
and not intuitive, evaluatzon of the plant performance._

The author recognizes that this materralsxs not -
strictly a part of the development of the OSCAA prototype
instrunent. However, it is his Opiﬁion that such a treatise
was absolutely essential as the foundation for project
justification. Moreover, 'this chapter‘by itself represents a
scientific contribution to the inaustry and, as a - |
consequence, shoulﬂ be included in the thesis.

2.2 OPTlMIZATION: 'OBJBCTIVES AND OBSTACLES

Once a washery has been commissioned and most of the
“initial mechanical bottlenecks‘haée been removed, lt remains
to*optimize the preparation plant system}'Optimizaticn»in
coal preparatxon is simply making the maximum economlc use
of the ava1lable coal reserves..Th1s translates to
maxzmmzlng clean coal productzon from the reserves subject
to the constraznts (quality and quant1ty) of the sales |
pcontract(s) and the external regulatory processes.'It would -
be des1rable to have the flexxb111ty of raprd tun1ng of the

nplant to take advantage df spot markets as they present

',themselves..
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- The ideal aituation for the coal preparation plant
engineer is to have a totally homogeneous plant feed
(composition, size, and density distrioutions) and a well,

controlled plant. Under these conditions the individual
cleanlng circuits within the plant may be tuned (e g.
EVOP(5), SSDEVOP(6)) to provide for maximum profltab111ty
ovér the lifetime of the sales contract. However, because of‘
the varying nature of the coal deposit quality, the |
reliability-characteristics of~the mining system, and the
1ack of process control equipment in the plant, this is very
seldom possible. More typically the engineer is faced with
udefining optimum operating policy on a daily basis given:

a) the upstream feed disturbances caused by vatiations.in
| seam Quality and mine production, |
b) podr mining.methods,
~¢) the downstream constraints of the’product

specifications,

d) recent production history,
e) his knowledge of process behaviour.

\Considerxng the stochastlc nature of (a), the problems
assoc1ated with obta1n1ng a reliable mater1al balance in (d)
and the general lack of process understandlng in the
1ndustry, this 15 a d1ff1cult task. Another serxous problem.
ar1ses in (b). Since coal preparatlon unit costs are often
sxgn:flcantly lower than the mining unit costs, 1t 1s not
uncommon for the mine to off- load much of its "select1on

repons1b111t1es to the plant The problem is that coal wh1ch
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is expensive to mine usually requires a high washery
efficiency. This serves to further complicate the quality

control function.

2.3 THE THEQBETICAL STEADY STATE OPTIMIZATION STRATEGY
In pr;:ciple, it }s easy t¢ define the steady state

optimiiation objective for a coal preparation plant.

” "Maximize the yield of clean coal from the available

reserves while maintaining the the specified product

- quality."
Mathematically, |
Maximize:
\, Y= M. .Y..
¥ ZJ:ZI: 13713 | cea(2.1)
Subject to:- >
‘M, .Y, A < A

T 4 iiiiiy = o
2 LMY v..(2.2)
] 1 .

where: Y =objective function (plant yield).
M,; =the fraction of raw coal from block j (which
has homogeneous properties) in the deposit which
- reports to cleaning circuit i in the plant with
~ EZ'.M. =1, - A k ’
‘ Yy -the’fractional yield of M,, to the clean coal
product. . - : o
A,;, =the value of some cumulative attribute in the
clean coal product (e.g. ash, sulfur, calorific
value). : B T :
Ao, =the quality specification for the attribute.

The'attributggbi’greatest.intereStrinCanédian operations is
the ash cbntéht;véuifut is éﬁ IQQSe: impoftahéé becauSe of
!ité:;elativ;iy ;ow'qonéentratidn;;FUrﬁhérhore;“for moét»
déposits; édlqtifié;vélﬁé ¢£n be iﬁfefred f:qm a‘func£io;a1:
‘~'(usﬁaliy_linégé)‘rélétiénshipfﬁitﬁ.the'aéh'ébntengg -

——4

@

EE
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Therefore, ash coﬁtent is generally the attribute with whieh
the operator's characterize the various solids flowstreams.
For this reason eqguations (2.1) and (2.2) will be solved for
* the ash constraint. However, any number of .constraints could
Se included one of which would determine the extent to which
plant yield may be maximized.

For any attribute, such as cumulative ash, which
increases monotonically with increasing yield, maximum yield
will be obiained.when the constraint of equation (2.2) is a
strict equality. By nature, the physical and physiochemical
_separation operations employed in beneficiation exhibit
operating y1eld—ash curves which are monotonically
increasing in the region of interest. In a properly operated
plant the overall yield-ash curve will also be monoton1cally
increasing in the region of interest. An example of a
yield-ashfcurve for a simulated three circuit thermal coal
preparation plant is presented in Figure 2.1 to illustrate
_th1s monotonicity. It is possible that some particular
combination of these unlts will produce an overall plant
product curve which does not meet this condition (e.g. see
(7)-Figure 18-18). This is the result of unusual operation
and sheuld,be'infrequenfly encountered in practice. |
Therefore, in normél operation, the plant yield-asb-curve is
A:such thetvthe striéf_equality of equation (2,2) will ensure.
‘maximum y1eld. ) | |

The system of equations (2.1) and (2, 2) can be solved

'-analytxcally us1ng the method of Lagrangzan Mult1p11ers(8)
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Incorporating the constraint into the objective function
gives the Lagrangian:

Maximize:

j 1

T L(Y )= M,.Y .- ..Y. . A. .- Y. .
( ) Z Z ijTij M% ZiMlJYl]Al] AO%:Zi Mi]YlJ)...(Z.:‘”

where: A\ =the Lagrangian Multiplier.
Every circuit has some control variable(s) which can be

altered to produce a change in ¥,, (A,;). Equation (2 3) can

‘be maximized with respect to the Y,, which then defines the

control variable settings and A,;. Taking the general
partial derivative, setting the result equal to zero and

rearranging gives:

S(Y;4A;4) = (1AAAg)
. N .. (2.4)
ij

' The interesting result is that the right hand side of

equation (2.4) is a constant, regardless of the coal block
or cleaning circuit being considered. Now the ash content,
a', of an incremental yield element AY of coal is defined

as?

alz YAlyay~YAly .

...{2.5)

vhere: Y =yield.
o A =ash. '
'a? sthe ash content of the incremental yleld
element, hereinafter referred to as 1ncrementa1
ash.

'-_ In the limit as AY»0°, equation (2.5) reduces tofthe

“differeﬁtial equation:
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at=8 (V) " . ...(2.6)
§Y

From equations (2.4) ond (2.6)'the‘foliowing important
conclusion can be drawn:
To ﬁaximize ptoductjon_the/;oal must be washed to a

constant incremental‘ash‘level regardless of the

source ot separation method. The actual Qalue of

this incremental ash is defined by Ao and by the

circuit yield-éﬁh curves.
This argument, albeit restricted to perfect'separators’, was
advanced by Bird and Marshall in 1931(9). The result is
intuitive if; for exémple, one considers the specific case

of a two circuit plant. If these circuits are not operating

 at the same incremental ash level then it is theoretically

{ble to increase the plant yield while maintaﬁning the
Eoduct ash quality® If circuit 1 has the,lowet
;ntal ash then soppose an increﬁent in production is
.9ed from this circuit with an equivelent decrement in
‘;u1t 2. The result is that the overall yield will remain
fhanged but the ptoduct ash will decrease as a result of
f quality d1fferences in the production elements. When
'}jere is no dnfference in the incremental ash levels there
>;Es no further dr1v1ng force for change. Thls d1fference is
f&'?plozted until the yield is maxlmxzed at the product ash

{

,%spec1t1cat1on. R ",;' S I

““
‘ [ 4

Caqn perfect separators the 1ncreménta1 ash is equ1valent to
~ “the "elementary ash", a term vhich is frequently encountered
..:'1n washabzlzty stud1es. : ‘

o
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fo provide an appreciation of the importance of abiding
by the steady state optimization,criteria, Figore 2.2 1s
presented. This figure shows yield isopleths at a constant
- plant product ash quality for the simulated thermal coal
plant mentioned in connection with Figure 2.1. (The axes
represent the control variables for the two dense medium
circuits employed in the simulation, i.e. the specific
gravity of separation.) As expected, the optimal (maximdm)
yield correspond% to the solution of equetion (2.4) for\the
particular value of Ao chosen (11.5%). While the response
surfece is relatively flat in the neighbourhood of the
optimum it is apparent that yield'decrements on the order of
«1% could be easily incurred with slightly off-optimum
operation. Even with thermal coal, losses of this nature

represent a significant economic penalty.

2.4 CONSTRAINTS ON STEADY STATE OPTIMIZATION

| Having defined the optimum operating scenario it is
important to look at the.technical practicality of
implementation. It would be very difficult to measure
inoremental ash on-line. Probably the easiest‘method of
1mp1ement1ng this strategy would 1nvolve ‘model inference.
Thls requlres an. bccurate knowledge of the washab111ty
-character;stlcs of the coal as well as the separat1on
characteristics (partltlon curves) of the various unit

operat1ons in the flowsheet. (A further requ1rement is

stable operat1on through close regulat1on of the process
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control variables.) Implementing such a technigue would
require a very extensive investigative effort.

It has been argued that for density separators, which
have near ideal partition curves, the incremental ash is
strongly correlated with specific gravity. Therefore, fixing
the specific gravity of separation will fix the incremental
ash. Unfortunately, the ash-gravity correlation 1s often not
that good, and the partition curves may deviate from near
ideality depending upon changes in the operating conditions.
Specifically, rigorous control of the separation density
cannot be guaranteed under manualgbontrol. In summary,
although the plant steady state optimization criterila are
known, it is seldom possible to conform to them unless both
the plant feed and plant operation remain stable over fairly
long periods of time.

This raises another practical constraint on the
theoretical steady state optimization strategy. That is,
while the overall ash specification will be met 1in the long
term, in the short term plant product quality may deviate

considerably from A,. This depends upon the washability
U

[
characteristics of the particular coal block being treated

at the time. This kind of deviation may not be tolerable and

therefore it would be impractical to optimize production
over the entire depcsit. There is a time constraint (period)
over which this methodology should be implemented, which 1s
considerably shorter than the lifetime of the sales

contract. The reason is that the buyer is expecting a

»
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consistent product for coke blending or steam raising
purposes. That 1s, each shipload of coal must meet contract
specifications or be subject to penalty. For a typical cargo
ship with a payload of 100,000 tonnes and a "typical" coal
plant producing 2.5 million tonnes of clean coal per year,
this time period is about 15 days. Furthermore, there exlists
an additional time constraint because of both unexpected
upstream variations in the plant feed*® as well as the
methods used for storing coal at the terminal. In the latter
case, stacking will result in additional product blending
which may be deleterious to the anticipated gquality of the
shipment. The result is that the true optimization period is
the timé }equired to fill one unit train (capacity =10,000

tonnes) or approximately 1.5 days. In view of this time
o~

scale, and while longer term optimization remalins importan’t\,\L

the emphasis shifts to the shorter term optimization

activity.
Considering this time constraint and the practical

difficulty of implémenting the constant incremental ash
/
control philosophy, the operators attempt to maintain a

constant plant clean coal product ash, A,. (This target -
value is frequently slightly below the specification, Ao, to
leave room for error. This is costly 1n terms of lost

production.) For multi-circuit plants®, the operators set

+ 1f, for some reason, the mining plan is altered, then the
optimization exercise will be invalid if the coal to be
cleaned has different washability properties from that which
was expected. .

s Most of the newer Canadian coal preparation plants feature
multi-circuit flowsheets.- :

!
{
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individual circuit ash control targets which, based on theilr

knowledge of the plant feed characteristics, will provide

the desired quality of clean coal at a maximum yield for the

2.5 EXTERNAL OPTIMIZATiON ASSISTANCE
There are a variety of means by which the coal
preparation qualiﬁy control function can be made easier:\
both from within and outside of the plant. Consideriﬁg the
1at£er case, there are three principql methods of reducing
the "disturbance load" on quality con;}ol in the“;éshery.
a) Blending and Feed Forward Control Through Mine
Production Schéduling‘
Proviagd‘that a reasonable modelrfpreferrably from
geos{atistical analysis) of the deposit exists, the mine
i;\capable of providing quality information to the
preparation plant in advance of raw coal delivery. This
information may be used to set the plah& for optimal
cleaning of a partiéular blend*‘.
b) PrQ—Pro¢e55 Homogémization1
The uée of large raw coal feed homogenization operations
(e.qg. stackerland'reélaimer) prior to the preparation

o ——

‘Some interesting work has been done in France where the the
parameter set which describes the washability of the coal

‘has been modelled using a geostatistical approach. In this

case the mine could supply the plant with the washability

curves for the coal they will be receiving which would

simplify the control problem. (see J. Int.\Ass. Math. Geol.,

 Vol. 13, No. 4, 1981, pg. 321)

"These methods are much more rigorous in their attempt to

blend the coal than the standard product surge stockpiles

common to ‘all-coal preparation plants.

[
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stage will ‘yield a more consistent plant feed. A more
consistent feed reduces the demand for process control
action and will improve yield.
c) Post-Process Homogenization
This méfhod involves the homogenization of plant
produdt, as described by Butcher and Beninger(10). In
essence, the implications on preparation pant operation
are identical to those in (b), however, the total solids
to be handled is significantly reduced in comparison.
Of the three methods, only (a) is practiced to any
extent in North America. Method (Db) is.popular in Europe and
method (c) has been investigated by various operating

concerns but has never been implemented on a large scale.

2.6 PROBLEMS WITH CURRENT PROCESS CONTROL PRACTICE

It was stated above that the typical .operator process
control strategy was to establish target clean coal product
ash values for the various cleaning circuits. Using "grab
samples” with turn-around times of from 2 h to 24 h,
depending upon the plant,Atﬁz control variables are modified
in an effort to main;ain'the product ash close to set point.
In many instances this feedback control loop is ineffective
for the following regsons:
a) sample frequency is too low,
b) sample is not representative,
c) thé human controller does not have a quantitative

understanding of the process, i.e. the relationship-
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between control variables and process behaviour.
In these cases only long term (i.e. daily or weekly) control
action is specified depending upon trends in the the
cumulative plant product quality.

The task of maintaining clean coal product quality
while maximizing yield from a preparatioh plant is not easy
under present conditions. There 1s strong motivation to
improve upon current methods.

2.7 OPTIMIZATION THROUGH i?ROCESS CONTROL: ECONOMIC

IMPLICATIONS

Choosing a target ash value in each cleaning circuit to
achieve optimum yield is, in essence, the operators's
physical solution to equations (2.1) and (2.2), under the
constraints previously discussed. However, even though
control set points are established, it can be easily
" demonstrated in most plants that there is a significant’
variation in product ash. Furthermore, the mean values may -
not correspond to the targets. These variations are the
combined effects of process disturbances and ineffective
process control. The disturbances may be classified as:

(1) Intrinsic Disfurbances
Those disturbancés resulting from changes in the
physical and/or physiochemical properties of the
coal (e.g. washability characteristics, size
consist, floatability, etc...).

(2) Extrinsic Disturbances



Those disturbances resulting from changes in the
normal process equipmentAoperatign, the contrql
variable settings and the "gross"‘character of the
feed stream (e.g. mass flowrate, slurry solids |
content, media density, etc..f).
Changes which arise from intrinsic disturbaﬁces require that
the target value for the circuit be re-assessed. This
requires detailed knowledge of both the new properties as
well as of procese behaviour. It is important that the
operator identify}and react to changes of this type,
however, this is not an easy task. In fact, solutions to
control problems of this type can only be evaluated when
successful strategies and systems have been deveioped for
extrinsic disturbances.

Extrinsic disturbances are important since, in these
cases, deviations from set point are undesirable. In
general each washlng circuit within a coal preparation
plant is operated independently, reflect1ng their phys1cal
independence. (e.g. see Figure 1.1) Each circuit should be
controlled fo maintain'targek for the sake of operational
simplicity. The_discuesion which ﬁbllows‘relatee to the
economic implications of extrinSic’disturbances under this
set of circumstances. i

In the discussion, it is implicity assumed that the
target ash set points fbr the individual circuits are set to
provzde equ1valent 1ncremental ash in the clean coal *

‘products. Clearly, any deviation fromath1s condltzon w111
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result in a production loss. Because of the complexity of
the control problem ;} is expected that this produ;tion loss
is beyond the iimits~of the control-éystems currently
envisaged for coal preparation plghts. For this reason this
type of production loss is excluded from further
considerpt&on;

One éan consider two contributions to production loss
which result from var{ation in product ash due to‘éxtrinsic
disturbances. The first ariﬁes simply because of the
variation itself (direct production loss) and thévsecond
arises from conservative set point specification (indirect
production loss) as a result of the variation. They are
trea%edxgeparately below.

#
2.7.1 Direct Production Loss

There are a number of,mathématicai means of
demonstrating tha£ production from a process, operating on a
given yield-ash curve, is maximized if the-process.is
maintained at thevset point. To minimize the number of
restrictive assumptions which are required for analytical
solution and to demonstrate the,in;errelatibnship of the
_variables, a simple teéhniqﬂe is presented.
Rather than operate exclu51vely at set 901nt coal
_cleanlng units, or c1rcu1ts, or plants, show a d15tr1but1on
of opetatlng regimes about the overall mean. ThHis can be |

-seen by sampling a product stream‘over ‘time and analysxng

for the solids ash”content.vTherd1str1butlon can be thought
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of as balanced periods of undercleaning and overcleaning
such that the.ove;all mean ash content is maintainéd. This
is the app;oach'used by Cammack and Balint(11). Although
arriving at the correct conclusion their algebraic proof was
unsatisfactory, in the opinion of the author. An alternate
solution is offered here.

The ash balance for the off-average operating periods
is written as: | |

- FY A t +F
A= X X X YzAztz

FYxtx+Fthi el (2.7)

‘where: (A,¥) =mean: operating peint on the yield-ash curve.
(A.,Y,) =overcleaning (i.e. A,<A) operating point.
(A,,¥,) =undercleaning (i.e. A,>A) operating point.
t.,tx =time of undercleaning and overcleaning
respectively. ‘
F =gsolids mass flowrate to the cleaning process.

Assuming that in the neighbourhood of (X,¥), the yield-ash

curve can be approximated by a linear function of the form:

y=F4m (A-A) : c...(2.8) .
where: .
. ~ay 9
da (a,%) ...(2.9)

the tonnage loss, L, over the combined period (t.+t,) is-

célculated‘as:

- = ? + - —-‘ ) e o' 01
L F{ (£, +t,) Yxtx thz} | e (2.10)

Substitution of the appropriaterformvof equation (238) into

.equétiohs‘(2.7) and (2.10) with rearrangement allows o

I
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equation (2.10) to be written in the form:

L=Fm(A-A ) tx[ - (2.11)

This equation constrains L to be non-negative. The

production loss is observed to increase with®;

a) an increase in the slope, m, of the yi;ld—ash curve at
the mean operating point,

b) the magnitude of the differences between the of f-average

; gsh values and the mean,

c) the duration of the off-average operation.

On the basis of this analysis the process control or
optimization objective is to minimize the effects of (b) and
(c) on process system performance.

To translate these observations into the production
’environmentvand to illustrate the effects of (b) in
particular, consider the curves shown in Figurés 2.3(A) and
2.3(B). This simplified example indicates the impact of
variance reduction on direct prgduction loss. daSe 1 on
Figure 2.3(A) shows a separatiog with a highly varying
‘instantaneous product ash. Combining this instantaneous ash
curve with the yield ash curve of Figure 2.3(B) allows the
cumulati#e production statistics to be calculated, (A,Y).
Observe that the cumulative product ash (as t+=) has a value
»of A,=9,21% which is greater than the mean value-of the
“instantaneous ash, @,=9.0%. This is'expeCted since the slope

‘These findings have been verified using numerical methods.

L Y
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of the yield-ash curve at the mean opérating point 1s
non-zero. Now, assuming that the variance in the
instantaneous product ash can be reduced by =94% gives the
results shown for case 2. Here, the mean instantanteous
product ash value, a,, has been adjusted to make the
cumulative ash values equal, A,=A,. The important
obsefvation is that the yield increase obtained by reducing
the variance is significant (2.3% for the example).
Moreover, as the variance is reduced and, as a consequence,
A+3°*, the potential for imprqﬁing the Xield decreases very
rapidly. However, experience has shown that many western
Canadian coal processing circuits have a rather substantial
variance in the instantaneous product ash and there 1s
considerggle economic incen;ive to pursue variance reduction
through imbroved process control. An example of this will be

4

given in sub-section 2.7.3.2.

2.7.2 Indirect Production Loss

Producers generally specify the' plant product ash
value, A,, to be somewhat lower than the sales contract
value Ao. The magnitude of the difference, Ao~A., is
governed by the variance of A, in the jhipments. The
tobjecfive is to reduce the proﬁability of delivgring coal
with an ash vafﬁi greater than A,. Methods of reducing'this
variance such as those described above ﬁill allow A, to be

increased while maintaining the low probability of over

specification shipments. This is illustrated in Figure 2.4
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where, for the sake of simplicity, the ash quality of the

shipments has been assumed to be normally

L (Wells (see (12) Chap. 3) has used this in
f economic payback of control systems.)

will result in an increase in plant yield, Y,,

Process Control
 Before committing the required capital and operating

;to a process control project, management has to be

conl ;ced that;

a) | technology to do the job either exists or can be
developed with the resources at hand,

b) th 'prOJect makes good economic sense (e.qg. acceptable

»nted cash flow rate of return).
Thié?éﬁb-section deals with some facets of (b).

In order to perform the economic analysis it is
necesséry to estimate the direct and indirect production
changes which are expected from the reduction in product ash
variance. This. knowledge also allows the operator to
establish priorities within the plant. There are two methods

which may be used to quantify the proéuction change.

2.7.3.1 Direct Estimation of Yield Increase
Basedlon-the experience of other plants which have
undertaken similar projecté,ﬂor, on good engineering

judgement, one. estimates the yield increase expected
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from improved process control. The additional production
can be calculated from the feed rate to the process
system, and, after correction for the increased
operating and capltal costs, the before tax cash flow is
estimated. In the absence of any other information
Wells(12) suggests that a yield increase of =1% 'is a
good conservative estimate.
2.7.3.2 Estimation cf Yield Increase Through Varience
Reduction ‘ ’

This method represents a more realistic means of
estimating the yield increase discussed above. It is a

generalization of the concepts introduced in the example

-

presented in Figure 2.3. (The "best” technique for

quant1fy1ng the reductlon is treated in detail in the
next section.) It was been observed in connection with
equation (2.11), 'point (b), that variance reduction has
the overall effect of reducing direct produetion'loss
and allowing for the reduction of indirect production
losses. The former,is generally much easier to calculate
than the latter. The reason is that the‘CQntributiOn}of
the‘product ashw6ariation of a%circuit to the overall
plant product ash var1at10n is a Eunctxon of the perlod
required to produce a shipment. That ﬂtr it is requ1red
that the varlat1on in ash quallty per shlpment perlod
from the c1rcu1t be known. This depends upon the

frequency of the d1sturbances which enter the clrcu1t

and thelr effects on- product qual1ty. This kind of
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information is only available through extensive

‘sampling. It is suggested that economic calculations be

based on direct losses, recognizing that there will be

some further benefit which

reduction.

To estimate direct production change from varilance
reduct ion requires the tollowing:

a) A knowledge ot the typical distribution of product
ash quality in time. This is usually obtained by
high trequency sampling (1.e. -3 samples per h)over
an extended period (-100 samples).

b) A knowledge of the yield ash curve over the region
of interest. This can be obtained through
experimentation, by mathematical models and digital
simulation, or by good engineering judgement.

There are a number of theoretical sampling distributions

which may be used, in preference to the experimental

histogram, to model the data from (a), although the
normal approximation is cofmonly employed’. The fact
e

that the ash data are not ié@?pendent is not of concern

since it will not affect the calculations. The

distribution is simply a convenient way of summarizing
the observed data. If f(a) 1s the probability density
function describing the distribution of the measured
proéuct ash content such that: |

*The véfidity of this assumptién should be be checked using
a x? test. \
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-/}(a)dasl .. (2.12)

—x)

and;
N{f(a);a,o(a)]

a ="instantaneous” product ash.

3 -arithmetic mean product ash derived from the
sampling campaign.

o(a) =the standard deviation of a, also derived
from the sample data.

N{f(a);a,o(a)} =a normally distributed variate,
f(a), with mean, &, and standard deviation,
o(a).

where:

the cumulative product ash from the system is calculated

as:
’Au
/Y(a)df(a)da
R—: - —
i (2.13)
/Y(a)f(a)da
where: A =cumulative product ash.
Y(a) =the functional relationship between yield
and ash.

Now, 1f one speculates on the fractional variance
reduction, r, then a new distribution function f'(a) 1s

defined where:

N{f'(a);a',/ro(a)}

with: 0 <r =<1

Re-solving equation (2.13) under the conditions a'=a
provides a new value for the overall product ash, A,
which will be less than A. To satisfy the‘condition that
A'=A requires an iterative solution for a', and, since

this a' will be greater than a, the average yield
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(denominator in egn. (2.13)) will increase. The yield
difference is the estimate required in the previous
sub-section. A word of caution is necessary. It is very
important that the relationship Y(a) be as accurate as
possible since the yield difference is very sensitive to
this function.

To illustrate, a local metallurgical coal plant
treats 2.8 million tonnes of raw coal per year. There
are two circuits in the plant, one for the coarse coal
(>0.6mm) and one for the fine coal. The fine material 1is
prepared entirely by froth flotation and represents, on
average, 35% of the plant feed. A sampling campaign on
the froth product from the fines circult gave the
following results a=8.75%, and o(a)=1.5%. Composite
sampling over a bank of flotation cells provided the
estimate of the functional form of Y(a) as:

70.147.56 (a~8.625) -1 .24(a-8.625)° ; a<9.75
Y(a)={ .(2.14)

80.0+0.1(a-9.75) ; a»9.75

Assuming that f(a) is normally distributed and solving
equatién (2.13) by numerical methods yields; A=8.99% and
¥=68.3%. I1f a variance reduction of 25% (i.e. r=0.795)
can be reasonably expected, the iterative solution of
equation (2.13) for the case A'=A=8.99% yields; a'=8.82%
and Y'=69.6%. The expected yield increase is 1.3%. At

the production levels specified and using a coal price
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of SSO/tonne f.o.b the mine gate, the increase in yearly
cash flow before tax is $637,000. This neglects any
additional operating and capital costs which may be
incurred, although these are expected to be small. The
ecohémics suggest that there is good reason to improve
upon process control in the fine coal preparation

circuit.

2.8 AN IMPROVED METHOD OF ESTIMATING THE POTENTIAL REDUCTION

IN ASH QUALITY VARIANCE

In the previous sub-section a method of estimating the
economic impact of reducing the product ash variance was
discussed. It required that a reasonable es£\mate of
variance reduction be made. However, in the absence of
detailed knowledge of the time trajectory of the ash content
the resulting estimates can providé grossly misleading
results. For example, if the ash "signal” contains primarily
very high frequency "noise” then little, i f any, variance
reduction can be effected by conventional feedback control
systems. (In this case the investigator must establish what
the "generator” is for this noise and attempt to deal with
it first.) This section provides a method of making
:easonable estimates of the poténtial variance reduction
from extrinsic disturbances using automatic control systems.
In addition, the information extracted can be used to
speculate on the technical feasibilty of such control

systems. It is discussed in a "recipe" format to keep the
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treatment as brief as possible.

The technique to be described is part of the general
subject of "Spectral Analysis.” There are a multitude of
books on the subject but the one by Rayner(13) is
particularly readable, even for the neophyte. In essence,
the method involves fitting a Fourier series to suitably
transformed data and then estimating the variance components
according to frequency. Low frequency contributions of less
than one cycle per hour are expected to be virtually
eliminated by automatic feedback control systems. Thus
variance reduction can be be more accurately estimated and,
in addition, the amenability of the process to control can
be evaluated. Another feature of the variance versus
frequency spectrum is the identification of "noise”
generators, conspicuous by peaks 1n the spectrum. This may
provide the operator with important "clues” in the search
for physical causes of process upset.

The method is taken almost directly from Rayner's book.

|
\

Since this represents a condensation of the underlying
theoryggnd because additional comments are required relative
to this application, the method is given in detail rather
than simply by reference. To illustrate the results of
calculating a variance spectrum and to provide a test case

for the reader an example is included.

Step (1):Gathering the Raw Data
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For the purposes of this analysis the operator is
required to sample the process stream of interest at regular
intervals for an extended period of time.!For statistical
integrity of the data at least 100 samples (see Wells-Chap.
3) must be collected. Ideally the entire exercise would be
repeated several times although the variance spectrum is
often observed to be more stable than the Fourier
coefficient spectrum. For coal preparation units, oOr
circuits, or plants, sampling frequencies of greater than 1
sample per h, typically 3 samples per h, are recommended. In
addition, it is desirable to make some high {requency cuts
(sdy >6 samples per h) prior to finalizing the sampling
schedule. This allows an estimate of the contribution from
the very high frequency component and is useful in defining
the sampling interval. High frequency contributions which
are present but not accounted for‘will manifest themselves
through the phenomenon of aliasing (superimposed on lower
frequencies) and provide an incorrect spectrum. In coal
preparation this component is often observed to be
negligiblé.

The data must be contiguous in time and obtained at
regular intervals. If the latter can not be strictly adhered
to in all samples, interpolation may be used. If mechanical
interruptions are gxperienced,‘both th; control as well as
the process variables must be set to the previous levels

after start-up and sufficient run-in time allowed before

restarting the sampling. If the ash level varies
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significantly over the interruption the analysis can not be
applied. If tﬁere are too many mechanical interruptions then
perhaps the biggest problem in plant operation is not
process stabilization.

Symbolically, the data points are referréd to as the

 *set of (j,a,); j=0,1,...,d-1, where a total of 4 samples

were taken. -

Step (2) Remove the Mean and Long Term Trends

The mean and long term linear trend are removéd from
the ash data to reduce them to a perturbation measure. This
is required to suppress their influences from appearing in
the zero frequency component which can also blur the higher
frequencies. This step is accomplished by first regressing

a, on j using the simple linear model:

.=b _+ j
aj o*Pyd ...(2.15)
where: bo,b, =the unweighted least squares estimate of
: - the intercept and slope respectively.
’ 3, =the predicted value of ash at "time" j.
1f the regression is significant, i.e. if an "F-test" shows

that thectrue slope is different from zero, then the raw ash

data is transformed as:

~

a.'=ag. -
; aj aj ...(2.16)

otherwise the raw data is transformed by subtracting the

mean ash value, a:

3y may-a L..(2m7)
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where: a,’ =perturbation quantity.

<

Step (3) Applying the Window Function (Tapering)

The pértﬁrbation guantity from step (2) must be
multiplied by a window function to render the theoretical~
development of the variance eqﬁations valid. The one
suggested by Rayner is Tukey's cosine bell. Here, the first
10% (an arbitrary value in the range 5%-25%) of the data are
multipliéd by a rising cosine bell and the final 10% by a
falling cosine bell. Let 9=G7TUT\€h§ﬁ“thi§J£§nction will

have the form:

0.5{1-cos(mj/g9)}; 0=j<g

h=1{1; g<j=d-g
j . ...(2.18)
0.5{1-cos (n[d-1] /9)}; d-g< j Sd-1

where: h, =window (filter) function at time j..
and the new variable to be used in the subsequent

calculations is aa,, where:
aa =a,'h, ' ...(2.19)

This second transformation has the effect of reducing the
overall variance somewhat but should not alter the variance
spectrum appreciably. The result of this operation is that
the estimate of vériance at a particular frequency is. not a

discrete estimate, rather it is the estimate for a band
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centred at that frequency.

Step (4) Adding Zeroes

Zeroes may be added.sb the end of the data record of
aa,. This is done to adjust the frequency bands in the
variance histogram to the desired widths and central
frequencies (see Step (6)). This "cosmetic” Qéteration
reduces the overall variance by a predictable amount but
leaves the spectrum unaffected.

The number of zeroes to be added is made equal to n-d

such that a total of n entries are in the aa, data record.

'
Step (5) Compute the Fourier Coefficients
The data record from step (4) can be fitted with a

Fourier series of the form:

{

kmax
aa.=59+ ) {CkCOS(Zﬂkj/n)+SkSin(2nkj/n)} ...(2.20)
J 77 k=1 ,, .

where the Fourier coefficients are calculated from the

expressions’®:

C..(2.21)

_2 f ,
=h j=oadjcos(2nk]/n) ; Oskskmax
and,
2 n
s,== Y aa,sin(2mkj/n) ; 0Sk<sk ...(2.22)
n j=0 J max
vhere:

- G . s - > S e - =

1*Other, faster methods may be employed to expedite these
calculations.
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n/2 ; if n even
k = ..(2.23)
max

(n-1)/2 ; if n odd

since there must be only as many coefficients as there are

data points.

Step (6) Calculation of the Variance Spectrum

For periodic or non-periodic data'' the variance
contributions from the various frequencies (k=d,1,...,kmax
cycles per sampling period) are calculated as:

o 2
v =[_g] i k=0
013

C, +S
VvV, =] 'k . < k < -
k [ k] P IS kSR ...(2.29)

c 2
Vkmax—[ k?ax] i k=kmax

where: V. =variance contr{bution from frequency k.
These values are collected according to the standard rules
of histogram generation and displayed in this form as the
variance spectrum. ’

Table 2.1 and Figure 2.5(A) contain some hypothetical plant
data for the previously discussed flotation circuit
(sub-section 2.7.3.2). It is hypothetical in the sense that
it represents two contiguous records obtained on consecutive
days and "pieced” together for this example. Samples of the

flotation concentrate were taken every 20 minutes and the

solids analysed for ash. In step (2), the regression was

- - — -

'11n the theoretical development of this method the data is
assumed to be non-periodic. There are few truly periodic
functions in nature.

AY
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Table 2.1 Hypothetical Data for Spectral Analysis

TIME(j) | ASH(%) TIME(j)| ASH(%) TIME(j)| ASH(%)
1 7.24 31 9.80 61 9.38
2 6.81 32 9.10 62 9.08
3 7.08 33 8.40 63 9.34
4 6.37 34 8.30 64 9.68
5 7.68 35 8.20 65 9.45
6 7.42 36 8.70 66 8.98
7 8.46 | 37 8.40 67 8.98
8 10.77 38 7.90 68 9.72
9 11.58 39 7.40 69 10.66
10 11.56 40 7.13 70 '9.91
11 11.69 41 6.98 71 9.86
12 10.71 42 6.70 72 9.66
13 10.66 43 10.12 73 9.87
14 10.16 44 10.38 74 10.01
15 11.32 45 9.81 75 10.04
16 11.70 46 9.64 76 10.15
17 13.25 47 10.83 77 10.31
18 11.88 48 11.33 78 10.44
19 11.90 49 10.82 79 10.12
20 10.90 50 8.64 80 10.13
23 9.73 51 7.51

22 9.18 52 8.14

23 9.24 53 6.69

24 11.74 54 7.00

25 10.90 55 6.98

26 9.50 | 56 6.90

27 10.50 57 9.29

28 10.94 58 9.26

29 9.70 59 9.57

30 10.00 60 9.20 )
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insignificant and the raw data were transformed using
equation (2.17). In step (4), twenty zeroes were added to
the record for a total of n=100 points. This was done to
have the class boundaries in the spectrum histogram 1integer
valued. The vari;nce spectrum is shown in Figure 2.5(B) and

given in Table 2.2.

Table 2.2 The Variance Spectrum for the Hypothetical Data

CENTRAL VARIANCE PERCENT
FREQUENCY COMPONENT CONTRIBUTION
K .

o 0.5209 34.93

4 0.4888 32.77

8 0.2239 15.01

12 0.0846 5.67

16 0.0536 3.59

20 0.0512 3.43

24 0.0183 1.22

32 0.0213 1.43

36 0.0182 1.22

40 0.0042 0.28 ]

The estimate of variance reduction, assuming that components

with a frequency lower than about one per one and one-half

- .
Y

hours can be eliminated, is 92%. 1f this were real aaté,
then, since the sampling period was quite short, i.e. <27 h,
it would gﬁﬂﬁ?bly be fair to say that the observed
trajectory is predominantly the effect of extrinsic
disturbances. Thus, at least on the basis of this analysis,
process control would havé a very significant effect in

stabilizing the operation and reducing direct production
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2.9 SUMMARY

It has been shown that, in. theory, it is desirable to
have each circuit within a coal preparatibn plant operating
at steady state with a constant incremental ash in the clean
coal products, subject to an overall prgduct ash constraint.
In practice this is extremely difficult to do and it is
observed that the operator specifies control set points on
product ash, as an indirect measure of incremental ash, 1n
his attempt to optimizg élant per formance. However, the 1lack
of effective plant control systems results in significant
variations in product qualiiy and hencé both direct and
indirect production losses are experienced. While some of
this variation is "genuine”, in the sense that it is caused
by intrinsic disturbances, the balance 1is alresulf of |
extrinsic disturbances and must be eliminated. Methods have
been ptesented for guantitatively aséessing the technhical
feasibility and economic impact of control sysﬁems. There is
considerable potential for improving ptoceés performance
through optimizatidn. This should lend some impetus to
improving process control systems, principally through the
development of sensors (instrumentation) and through

increased process understanding.

o



3. PRELIMINARY lN-PLANTrTESTING

3.1 THE DATA ACQUISITION PROGRAM

Betore designing the laboratory experimental program to
evaluate the OSCAA prototype 1t was necessary to detine some
of the relevant operating parameters. Since Mclntyre Mines
Ltd. had been chosen to take part an the plant trial phase
of the project 1t was decided that these values should be
determined in this plant. A plant data acguisition campalan
‘was conducted at the mine site 1n August, 1979. The detailled
results ot this work are reported elsewhere(14) and a
summary of the relevant intormation 1s given below. Fou
background information and because it will discussed ayailn
in Chapter 8, a brief description ot the r:k':lntyre operatilon
is given.

The Mclintyre Mines Ltd. coal preparation plant is
designed to produce approximately 2 million tonnes of c¢lean
coal per year. The product 1s shipped primarily to Japan for
use in steel manutacture. The plant cunsxéts of two washing
circuits. A heavy medium cyclone circuit is used to prepare
the coarse coal (-0.6mm) and a froth flotation circuit
treats the fine fraction. The fine material in the plant
feed aQerages 35% by weight and excursions to 40% are not
uncommon. A schematic of the flotation circuit 1is presented
in Figure 3.1. Ig\:ensists of four parallel and identical
banks’of four WEMCO #120 flotation cells. Process control is

practiced on two levels. For short term modifications to the

47
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control variables the operators use a visual interpretation
of process behaviour. In this regard, pulp level seems to be
the principal manipulated variable. Reagent addition rates
are modified on orders from the guality control laboratory
personnel. Decisions on these rates are made on the basis of
daily composite sample ash values for the clean coal product
in éonjunction with historical trends in product guality.
The target ash value for the flotation circulit 1s 8.5%. It
appears that, as a result of the ill-defined nature of the
flotation process, fine tuning on plant product quality 1s
done principally by adjustments in the coarse coal circult.
Wwhen compared to other metallurgical coal plants
treating coal in the same general geological setting,
McIntyre's fine coal circuit 1s uniquely simple? This single
unit operation approach 1s possible because the "oily”
nature of their coal gives it a high inherent floatability.
However, blocks of oxidized coal which are encountered from
time to time are essentially lost to tailings under this
processing scheme. In other plants, the coarser fraction of
the fine material (typically -.6émm < X S .15mm) is treated
using the autOmédium cyclone which effectively separates on

the basis of particle specific gravity (see Figure 1.1).

£
N

3.1.1 Fine Coal Preparation Circuit Behaviour
The purpose of this portion of the data acguisition
cémpaign was to observe the flotation circuit ash quality

both on a long term (daily composite) and a short term (=20
|
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minute intervals) basis. The results were used to define the
need for improved process control as well as to establish
calibration ranges for the laboratory investigation of
OSCAA. The "long term” data were obtained from the Quality
Control Lab. at McIntyre while for the latter, a particular
bank of flotation cells was sampled.

Figure 3.2 illustrates the variation in the fine coal
product ash over a 30 day production period in the sumfier of
1979. The guality control target of 8.5% is shown as the
dashed line. The samples from which the data were derived
represent a 24 hour composite with a total of 3 cuts, one
per shift. It is evident by inspection that there 1s a
significant fluctuation in quality around the target value.
The two moments of interest calculated from the data are;
mean ash=8.9%, and the variance=0.55%2. Not only are there
fluctuations in quality, but the long term observed mean
does not correspond to the set point. It 1s impossible to
determine whether these deviations are due to intrinsic or
extrinsic disturbances. However, the fact that a target
value is defined and very seldom met is a comment on the
control problem using existing methods. For example, there
are several consecutive-day periods where a substantially
constant offset was experienced with no apparent success in
modifying circuit performance. These results demonstrate a
need for improved process control methods in the Mclntyre

fine coal preparation circuit.
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High frequency sampling was carried out on the number
four flotation cell bank for an 8 hour perio@)on consecutive
days. (The lack of man-power precluded a sambling exercise
which would have provided the data record required for the
analysis method described in section 2.8) The objeEtive was
to establish the frequency and amplitude of the fluctuations
of selected.stream attributes (%solids, %ash) around the
cell bank. Initially, samples were obtained for the feed,
concentrate and tailings streams, howevef, the extreme
difficulty in filtering the latter required that it be
excluded from the high frequency téstwork. The results are
presented in Figures 3.3 through 3.6. For approximately two
hours on August 9, the sampling interval was reduced from 20
h\\?inutes to 10 minutes. The purpose was to identify the very

h}gh\frequency components. (The error bars represent the 95%
| confiaence limits assuming a normally distributed variate.
The var{;nce was a pooled estimate from duplicate cuts.) The
plant throughput was essentially constant-qn both days with
the_§§§g9£ion of a mechanical interruption at noon on AJéust
9. B
It is readily apparent from the figures illustr;ting
the attribute variation for the feed stream that any trend
is‘effective;y masked by the sampling and analysis error.
This relatively large error arises because of the method
used to sample the feed. stream. (A dipping bucket is
submerged in the distribution box (Pigure 3.1) to obtain the

-~

sample.) Despite any apparent trend inAthé measured -

Y
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variables it was suspected that the deviations were
primarily the result of sampling error.

To test this suspicion the following calculations were
done. Each attribute on each day was assumed to be a
normally distributed variate. Using Chauvenet's Criterion,
outliers were rejected. Only in one of the two data sets
were observations excluded and in this instance only two
points were rejected. Using the data subset from outlier
rejection the normality assumption was verified using a
x2test. Subseguently, the measured variable variance was
tested for homogeneity against the sampling and analys$is
variance obtained from the duplicate cuts. In all cases the
calculated "F" statistic was significantly lower than the
tabulated value at the 95% confidence level. Thus, it was
concluded that, for the feed.stream, the % solids and % ash
values were substantially constant over the high frequency
sampling perilods. |

The measure? attributes in the concentrate stream do

W
exhibit a considerable variation in time with minimal
contribution from the high frequency components. Since
product guality is the principal control variable, the
discussion will be restricted to the % ash data of Figures
3.4(B) and 3.6(B). Again, as in the previous data, the mean
operating level did not correspond to the control target.
The quality trend is one which makes the process potentially

amenable to process control. Furthermore, since these test

periods were relatively short, there is a high probability
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that the deviations are due primarily to extrinsic
disturbances.

From the figures the following typical oberating
conditions were defined. These were used together with other
available }nformation in setting the factor levels for the
laégratory experimental program(see Chap. 6).

Table 3.1 The High Frequency Statistics for %Ash and
%Solids.

STREAM ¥ SOLIDS %2 ASH
FEED 8.9%+3.4% 19.1%24.9%
CONC. 25.5%15% 7.7%+3.3%

)

The intervals guoted represent the 99% confidence limits for
a normally distributed variate. It is recognized that the
mean values are probably not good overall estimates of the
true mean (see Figure 3.2). However, the variances are
probably reasonable estimates since this statistic 1is
geherally more homogeneous.

Even though this data was obtak%ﬁ% £z om MéIntyre Mines
Ltd., based upon discussions with other operators the
procesé behaviour illustrated above is typical and 1s by no

Q§’hs an extreme case.

3.1.2 The Yield-Ash Curve in Coal Flotation
A knowledge of the yield-ash relationship is important
in estimating the economic impact of improved process

. . . . . 1 4
control in coal preparation. To gain an appreciation of the
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nature of this curve in coal flotation a "kinetic" study was
done. (It is implicit that other indepéendent variables are
expected to have an effect on the relationship somewhat
similar to that of flotation time.) Composite samples were
taken from the number four flotation cell bank on August 9
from 4:30 pm to 5:30 pm. In addition to the cell bank feed,
concentrate and tailings streams, samples of the concentrate
and tailings streams from each cell were obtained. Each
sample was analysed for %solids and %ash. Using a general
1east\squares solution to the overdetermined material
bélance problem (MATBAL 2), the measured data was aajuéted
to provide a consistent material balance(16). Using the
adjusted data the cumulative yield-cumulative ash curve was
constructed and is shown in Figure 3.7(A).

The data points on the curve correspond to the
different sequential groupings of the flotation cells. For
comparative purposes the target ash and expected yield
values are included. It is apparent that under the operating
conditions which prevailed during sampling, the final two
flotation cells were serving to contaminate the concentrate
product, relative to the target. This suggests that air flow
may be a useful control variable in a process control
scheme.

Using a quadratic approximation to the curve in Figure
3.7(A) and éhe appropriate numerical methods, it was
possible to consﬁguct the incremental ash versus cumulative

ash curve. This is shown in Figure 3.7(B). It is quite clear
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that if the target ot 8.5% ash represents the optimal
operation relative to incremental ash, the actual operating

point 1s grossly in errot.

3.1.3 Noﬁinal Residence Time of the Flotation Circuit

To assist in detining the "turn around” time for an
OSCAA system set of attiibute analyses, 1t was necessalry to
determine the nominal (or mean) residence time of a
flotation cell bank. This parameter 1is a measure of the t 1me
scale of the process and 1s ftrequently used in process
control loop tuning.

For the purposes of this experlment the tollowing 8§
assumpt ions were made:

a) The residence time distribution (RTD) of the solid
particles and the water are identical 1in the cell
bank. This allows the overall nominal residence time
to be inferred from experimental data ;bpained on
water.

b) The flotation cell bank qunctions as a single
input-single output (SISO) system. This allows
sampling on the flotation tailings stream only,
neglec£ing water losses to the concentrate stream.

The standard impul;e tracer test was performed on the

number four flotation cell bank at McIntyre Mines Ltd.

; NaCl (specifically Na®) was used as the tracer. The
experimental RTD profile is shown in Figure 3.8 where

Na‘ concentration is plotted as function of the time
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after the impulse addition to the feedstream.

The estimation of the nominal residence time, 7,
from the experimental profile is straightforward and 1is
only briefly documented in the discussion below. For
more background the reader 1s referred to any basic
chemical engineering textbook dealing with process
analysis.

I1f a gquantity of tracer, M, is added as an 1mpulse
to the feed end of a constant holdup SIS0 system
operating at steady state with a constant volumetric
throughput, g, then 1if c(t) is the concentration of
tracer in the vessel dischargye stream at time t, the
fraction of material having spent a time, t, in the

vessel is given by:

E(t )«it—-g:(t)ﬂ

M .. (301)

where: E(t)dt =fraction of teed stream material

spending a time t in the vessel.

c(t) =tracer concentration in the vessel
discharge stream. -

g =volumetric flow rate through the vessel.

dt =infinitesimal time 1ncrement.

M =quantity of the traced species added in the
impulse. h

The function E(t) is referred to as the exit age

-

distribution function and has the character of a

probability density function with;

4 o

/E(t)dt=l ...(3.2)

0
The nominal residence time is computed by the standard

methods of statistics as:
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4

r=:/¥E(t)dt
4 ...(3.3)

wvhere: 1 =nominal (mean) residence time.

Applying the appropriate numerical‘methods to the data
of Figure 3.8 the solution of edquation (3.3) gives an
estimate of r=4.8 minutes, under the experimental flow
conditions. These conditions, specifically the
volumetric flow rate, were observed by the operators to
be typical of plant operation.

Control system designers would prefer to have
process measurements available with a sampling interval
of roughly one-tenth of the nominal residence time.
However, in this case, given the practical constraints
of the sampling and measurement system, the nominal
residence time and- the product quality variations of
Figures 3.4(B) and 3.6(B), it is evident that an
interval of up to 20 minutes could be tolerated without
seriou;ly impairing the control system performance. Thus
an OSCAA system should be capable of providing a set of
analyses on an interval of ?gém 5 to 20 minutes to be
useful in the process control of the McIntyre flotation.

circuit. '

3.2 SUMMARY ’
There is a substantial day-to-day variation in the
product ash for the McIntyre fine coal preparation circuit.

These daily variations arise from relatively low frequency
3
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variations in the flotation concentrate product quality. In
principle 1t should be possible to praétice effective
process control around this circuit, provided that an OSCAA
type sensor is available. The response time of this
analytical device should be in the range of from five to

~

twenty minutes.
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4. A REVIEW OF ON-STREAM ASH ANALYSIS TECHNIQUES

4.1 THE FUNDAMENTALS OF ON-LINE ASH MEASUREMENT .

The principal methods for the 1nstrumental o
determination of ash which have been consxdered so'far are
based either on the measurement of specific gravity, on the
effective atomic number of the coal measured by 7, X, or 7
radiation, or on neutron activation. These methods are
non-destructive and rapid (relative to the more conventional
off-line methods), but are indirect and hence assume a
strong correlation between ash and mineral matter well as
betwéen mineral matter aﬁﬁ the parameters being mg::Lred.

With respect tl) the nuclear techniques,; Clayton(17) has
provided a good general overview of the applications in the
coal industry which deals, in part, with the on-line
determination of ash content.

4. 2 PHYSICAL MODELS OF THE PROCESS/ K}Z{WSTREAM

In mogt of the analytical method {gployed to estimate
the solids ash content, some physical model of the process
flow stream is either implicitly or explicitly adopted for
the purposes of calibration. The model generally assumes
that the process flow stream consists of from two to four

phases, depending upon the exact nature of the measuremen@g
e A

system and the appllcat1on. Assoc1ated with each

B

set of physical and chem1cal propertxes wh1chaca§§?s

E]

employed in constructlng the callbratlon model.



To illustrate, consider the simplest case of a dry
solids flow stream. In a basic measurement system the solids
would be assumed to consist of a coal organics phase and a
mineral matter pRase. Each phase would have its own mean &
chemical composition, density, etc... These phases and their
properties would be the basis of a calibration model (as
will be illustrated in the next section). Clearly, the
models are a simplification of the real system, but a
necessary one since there are usually only several (s3)
independent measurements made on the flow stream. Since, 1n
all models, the mass fraction of the phases must sum to
Qnity, one less equation (or independent measurement) than
phases is required to exactly compugé flow stream

&

composition in terms oﬁgghe model phases. Thus, for the
example, a single measurement is required: Any change in the
petrography or mineralogy of either of the phases will
invalidate the physical model and require that the
characteristic properties be re-determined.

Finally, consider the most complex case of a fine coal
slurry flow stream where an iron correction 1s required to
circumvent frequent re—calibration (i.e. estimation of the
phase properties). Here the flow stream would be assumed to

consist of four phases, water, coal organics, iron-free

mineral matter, and some characteristic iron mineral.

¢
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4 :3 DENSITY MEASUREMENT

There 1is a‘significant densit; difference between the
organic portion of the coal (S.G.=1.35) and the mineral
matter (S.G.=2.6). Assuming a two phase physical model of
the coal solids, with the further assumption that the

mineral matter to ash ratio 1s constant, permits the

construction of a calibration model based on measured solids

density:
L. Loo [ps—po J [%mm]
Rma -pP ¢
e s ~ S (el )

where: a = ash content of the coal solids.

Rma=mineral matter to ash ratio for the coal

solids.
p. = measured coal solids density.

po =coal organics density.
Pmm =mineral matter density.

The model paraméiers (phase properties) can be estimated
from calibration data by standard curvgifitting techniques.
In some cases, where the range of a islsmall, empirical
approximations of the form a=f(p.), (f(p,)-linear or
quadratic), are used. In essence these are simply truncated
Taylor Series expansions of the more general model given by
équatibn (4.1). Of course, changes in petrography or
mineralogy, which can and do occur quite frequently,
invalidate éhe assumed physical model since the phase
properties change. )

Three types of coal-ash monitoring devices based on

density measurement have been developed. The first is simply

batch weighing using water or some organic liquid as the
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displacement medium. This method, while not an on-stream
technique in the strictest sense, can be quickly performed
by the operator to provide an ash content for process
control purposes. The second method, which has been
described by Crosland(18), measures the bulk density of an
essentially dry coal stream. Assumiqg a constant void
fraction, the coal density is calculable. The third type of
moqitor involves measurements made at the feed end of a coal
preparatign plant, where the solids are slurried with water
prior to wet processing. This device has been described by
Mikhail(19) and, to date, has only been tested in a pilot
plaﬂt setting. This unit requires a mass flow measurement ot
both solids and water flow to the plant. Subsequently a
"

slufry density measurement is made and the solids density
back-calculated.

These devices have the advantage of requiring minimal
sample preparation, however, they are very dependent upon a

&

stable ash-density correlation. In addition, they cannot be =
applied in systems where the feed is already in the form of
a slur:yu.

’

4.4 NEUTRON ACTIVATION

[
This kind of method, because of its 'complexity and

¢

only limited application. Those units

expense, has

~_which are iin operatiyn deal exclusively with monitoring the

'y feed to thea

al power\/pIrits. aRogers et.m?l.(ZO) have
described a rti ar Mhit known commefcially as the CONAC.

e AN
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In principle, a uniform bed of coal is irradiated with fast
neutrons most of which experience deccelerating collisions
with the nuclei of the elements in the coal solids. When the
neutrons are reduced to a sufficiently low energy they are
captured by a nucleus creating an unstable 1sotope. The
instability of the nucleus results in the prompt emission of
a 7~raf(s5. These gamma rays have a characteristic energy
and their intensity provides the means of estimatihg
chemical composition.

A similar device has been proposed by Sowerby(21) which
dispenses wfih the sample metering requirement and employs a

separate y-ray backscatter measurement to correct for the

coal sample bulk density and thickness.

4.5 TRANSMISSION AND BACKSCATTER OF ELECTROMAGNETIC

RADIATION

These methods employ;atomic number sinference to

e

estimate the ash content of the coal solids. Inlfiz}, it 1is

the mass absorption coefficient which is fleasured /but which"

is related to the atomic number. There is a significant

difference betweenfthe até@;c number of the coal organics
4 1 r’n:s’

(Z=6) and that\of theﬂmlnef 1 matter (Z=12). Assuming a two

phase physical modél,bf.the.coal solids, changes in

.

composition are reflected by changes in the measured

N

effective atomic number of the coal.€Since the derivation of

the cal1brat1on model pre- Supposes a knowledge of botﬁ the

Alnstrument design as well as the means by which
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electromagnetic radiation 1nteracts with matter, discussion
on this topic is deferred to the next chapter. As with the
density methods, the mineral matter to ash- rati1o 1s assumed
to [be constant. Of course, changes in the chemical
composition of these phases, particularly heavy elements in
the mineral matter, will alter the effective atomic number
of the component and thus invalidate the assumed physical
model .

This general method of coal-ash analysis appears to
have Peen t he ﬂ@St widely investigated to date.
Specifgcally, those methods which employ y-ray and/or X-ray
irradiation have received the greatest attention because
they are superior to the B techniques. Calculation of the
ash content of coal through correlation with the atomic
number is more reliable and applicable thah the density
methods and much less gxpensive than neutron activation. The
major difference in the implementation is the geometrical
arrangement of the irradiation/detection equipment of tgé
ash-analysis subsystem. -

Figure 4.1 illustrates the differences between
transmission and backscatter geometry. In transmission, the
. radiation source and detector are-located on opposite sides
of the sample. As a resﬁlt, the majority of the fadiatfon
which reaches the detector are primary phofbns which have
passed through the sample \ithout interaction. In
‘backscatter, the source’and detector are located on the same

~ .
side of the sample. As a result, all of the radiation which

¢
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reaches
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the ash
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the detector is the result of an interaction of the
photons with the sample. With regard to classifying
analyser, the device geometry is taken from that

the instrument which 1s sensitive to atomic number

(or mass absorption), i.e. the ash analysis sub-system.

These methods can be further subdivided on the basis of

application. One class of instrumegts is applied to coarse,

essentially dry solids while the other is applied to fine

particle slurries. The existence of high concentrations of

© water,

which has both a density and an effective atomic

number similar to the coal organics, complicates the

measurement task appreciably. A further complication which

can arise jin slurry applications is the presence of varying

quantities of entrained air in the pulp. This will distort

the pulp density measurement which is usually made with a

sub-system in the transmission geometry. AS a result, much
|

of the development work has been done on the dry solids

analysers and only recently have these ideas been

transferred to the slurry measurement problem.

The underlying theory of operation of all of these

A

on-stream analysis devxces is presented 1in thé next chapter

A

where the physics of the OSCAA prototype are described in

.detail.

-

There is a relatively large number of off-line

implementations of these techniques discussed in the
" \

ublished literature as well(for example:22-27).
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4.5.1 Transmission Methods
In general, transmission methods are well suiéed to
this analysis problem because they are very sensitive to
Achanges in-atomic number. They are limlted in flexibility,
howeVer, because additjional radiation measurements, which
may be necessary for cg;pensatnon purposes, require
N ol
duplication of the basic transmission measurement equipment.
4.5.1.1 Dry Solids Applications
Three classes of devices have béen succéssfully
applied to essentially dry solids, at least on the |
laboratory prototype_scale. The first class involves a
single transmisiyon measurement . Starnes and Clark(28)
and Nagy and Varga(29) describe systems which involve
fairly elaborate sample handling (comminution) and

: o

sample meterlng equipment control to ensure sample
o

homogeneity and constant mass peé unit area
respectively. Tﬁe single, low enFrgy photon,;attenuation
measurement provides an estimate of the mass;absorption
éoefficien; (atomic number) which is correldted to ;he,
ash content for calibration purpoées. The sZcondclass
1nvolves a dual transmissiom system as dedribed by

’ ergy/%hoton : {

Fush1m1(30) In this case, a hf
-attenuatlon measurement is also obtalneﬁ to correct. for

the sample bulk density. This- obv1ates the difficult

|
task of con§y0111ng mass per unlt area, however, size

\ b

r?ductxon is required to provzde uniformity of fleld

(This device operates in a batch mode.) The third class,
‘ . /

~ i
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described by Fookes et.“al.(31), employs three
transmission measurements..?heir unit is virtually the
same as Fushimi's but includes a second, low energy |
photon, atténuanion measurement to partially compensate
for possible mine;alogical variation’in the mgperal

matter.

’ ¢
4.5.1.2 Slurry Applications
(\ Two devices have been proposed/applied to the ash

~._ ™~

monitgring problem for coal slurries. Starnes and Clarke
altered the design of their dry solids unit. tgA _
accommodate fine particlé slurries. They included a slow
speed agitator in the supply tank to facxllil\e
deaeration. In addition, a pulp dens1ty gauge Las added
to the system and the flow cell mod1f1ed to allow for
both transﬁission and fluorescence radiation
measuremeﬁts, the latter for compensation purposes. The
author ¥nows of no industrial applications of their
device in this form. Lyman(32), using Fushimi's system
as a basis, included a high pressure pumé to alleviate
any problems which might arise from slurr§ aeration.
Lyman's device, known as Automatic Slurry High Speea
Coal Analyser (ASHSCAN), has been extensively field
tested in Australia and is appaqgntly ready for
commercial distribution.>Lyman has aéknowledged the
potential problem of compositional varlance in the long

term -accuracy of ASHSCAN He ' has suggested that a system

51m11ar to the one described by Fookes et. al. would



g&\' N
offer a solution to this problem. Since ASHSCAN is
typical of instruments based on transmission geométry,
apd because it is intended for the same application as
OSCAA, a schematic representation is included in Figure
4.2.

A \.j
Interestxngly, while Starnes and Clarke and Lyman
make provision for slurry deaeration, work by Churchill
et. al.(?3)'on lead ore‘slurries did not mention serious
\\

aeration problems.
&

¢

4.5.2 Backscatter Methods

In general, while backscatter methods are less
; sensitive to changes in atomic number than are transmissio;\\\\\\

methods, they appear to have been muych more widely studied
and developed, specificaldy for mdnito;ing dry solids. A
major reason for this is the relative ease of compensati§n
through fluorescence measurements as oéposed to the
.duplication of equipment. This inherent flexibility of the
bécksc;tter geometry in slurry appliqations makes it a

T

logical candidate for further development,

4.5. 2 1 Dry So&xds Applications
The first commercial un1t of this class was the
. CENDREX developed by the Dutéh State Mines(34). Since
this unit was designed for on-stream_appiiéation using
| 10& energy x-rays; a rather eiaSorate (ref. 28,29)
| sample presentat1on system was requxred CENDREX |

\ utzllzes a conventzonal tube/target assembly to produce-
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«?

the radiation. Crosland et. al. describe the evolut;ont
of a similar device which utilizes a_radieisotdpe'
source. This work led to the development of the SORTEX
unit whiEb has been deseribed by Cammack aad_ﬁalint(l1).
Very similar work by Hardt(35) led te the development of
another coal-ash monitor which is also commercially |
available. 4n all three systems, the intensity of the “
backscattered rad1at1on is the measure of the coal
solids mass abébfption‘coefficient The major
differences among these three devices lie-in the sample
presentatxon sub-system, the energy of the radiation
employed and the dethod of (iron) compensation. In all
. cases.they are eladmed to have been successfully aﬁplied '

to dry coal streams yielding the required accuracy in
acceptable measurement time. |

- Fookes et. al. have suggested that a dual source
excitation system would provide good results in
backscatter geometry as well. In this'case’the second'
measurement vould have the same functxon as fluorescenCe
«in compensatten. They do not provxde any experxmental |

support for thxs etatement,.>

“V, .

7 ..5.2. 2 Slurry Applications .
Thulfar, only one implementat1on of the backscatter
~geometry for monxtoring coal-ash in fine partxcle o
. slurries has. been suggested. Kawatta and Dalton(36)
describe the auccetaful calibration of laboratory

bench acale unit. As in ASHSCAN, two meaaurement

£



' sub-systems are fncorporated. One to measure the pulp

5

den31ty end the other to measure beckscatter and

-

fluorescence radiatxon. Thzs .i8 the syéfem upon which

3

the OSCAA esign was‘ based'?. A schematic of the

Laboratory scale test riy used by Kavatra and Dalton is

Y
( Col

presented in Figure 4.3. ~ , i

:
A
DA

4.6 IHPORTANT DESIGN CRIT!RIA IN SLURRY MEASURININT $YST!MS

. In conduct1ng th1s literature revxew in the lxght bf
the goals of the OSCAA pro:ect, several important des%@n

cr1ter1a for slurry appl1catxon units wer%_frequently

encountered. These are briefly discussed below with B
‘referencerto the analyt;cal devices concerned. Specihl

. -emphasis is given to thexr 1mpect on the des1gn of - an OSCAA

»

type system.

4.6.1 Air Sens;txvxty
In ASHSCAN Lyman has elimineted the entra1ned air
problem by pressur;z1ng the system to the extent thet the

a1r bubbles collapse. On the other hand Kewatra has not

made an exp11c1t attempt to deaerate. Since OSCAA, 1ike

.ASHSCAN, requires an eccurate pulp density measurement, the

f~e1r problem. This could include anything trom usinq FO
: mild/strbng centrifugel torces to the pressuri:etxon

BRES hes “come to the euthor s ettention very recently thet

© Rawatra et al.(37) sre.essentially duplicati ng the OSCAA .

.bff:ﬂ]¥,b'3f'.f:

s
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'current prdtotype may . need design mod;ticetion to hendle the s

" ‘study ‘but their work is not su!ticiently conp eted to nllov “f
&{{comperison ot results. I : D
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taqhnique'employed in nSHSCANt o s

4.6 2 Sanplxng Charactarzatxc: ‘ . ':gv o ; '
| Lyman 8 dev1ce utzlizes tranamxaaxon measurements with

turbulent flow in near’ vertical pzpe runs. Under theae

: condxtions aasentially all part1clas in the flow stream are

"sampled" 1n the analysis. In the backscatter gaometry, a

B flow cell equippad with a thin mylar VieWiDQ -windov is uaad.
\fAS a result only a ”thln slice of the pulp ln the‘~‘v

- ,rneighbourhood of th1s wzndow 1s sampled. Proper daszgn of
:the flow cell and the correct choice of the incident .

'-ﬁradiation anergy will enhance the sampling capabilxty of

such a’ system. Thzs is the approach employed in tha

- on= stream x-nay Fluorescence (XRF) analysars common in
} L ‘ _

minaralyprocesalng plants..’”‘

4. 6 3 naavy Elamant Corractxon

Changes 1n the Eggggntrat1on of the haavy alamanta in

‘lthe mzneral matter can have a/davastating eﬁtact on the

: fff{f7the ayatamﬁb‘ dwgrc, apart fron tha datbetion/apactral

' 'naaolutlan aqulpmant,,,;a [

"';performanca of Lyman'a analyser. Thaoratically, tor avary
'V“alamant whoaa concentration changaa aigniticantly anothar
**ﬁﬂtganamxaaion meaauremant would ba requitad- Hovtvot. in the .

':Cf?backapattar gaomatry, tluoreacanca maaauramanta can ba uaad g-ﬂ”

oA

r:f{lffto compenaat -fbr such changca with littla 005i¥1°‘t1°“ to fﬁfﬁ




s. 6.4 Conpnt1?;1;ty/rlcxxbilxty .

In an operating plant, it is supposed that a multitude
| of streams “will require mon1toring. For a device lxke
'F"'MASHSCAN this will necessztate a considerable dupl{/;t1on of

oquipmenb and extenszve strqam mult1plex1ng. The OSCAA

system is quzte compat1ble w1th ex;sting on-stream XRF ‘

.hardware. In these devices both multxplex;ng and duplzcatzon
 are minimxzed. It is expected that the manufacturers cf such
‘ -equxpment could quickly produce a commerc1al version of

OSCAA with excellent product support.

LN v
4.7 SUMMARY
v

»

, There has been a substantial amouht‘of developéenf work
in the area of on-stream coal ash analys:s, in partzcular
“ﬁhth those methods utxlxzxng electromagnetzc radiatxon. Moét
otethis vork has concenttated on the analysis of coarse dry
kﬂlolids. Unfogiunately, since most of the preparatxon plants
 ¢091oy wct aeparation methods, this class of devzce is: no; .
: ,voll suztod to teedbnck control applicat1ons.,Furthermore, N
i fl?fjtho ncchanical problems aasociated vith the sampl;ng and
".m i;...p1. prcscntation sub-systeml make them difficult w®
'J;'_ofixatc. Rolcarch into dcvicas for ule in tine- particle e f
?éf;ilurriol has bcgun only riécntly. Lyman hj?“aevelopad the
5iijSHSCAN lystou to tho point where it is appa:ently ready for ffpﬂ
;ficonl0tcinl diotribution. The other geometrical variant in '

?*ig*:tf.r.., OSCAA, has only recontly beon ptoven. Given tho

l“ilPOrtant dolign critqria £or such devic08. th‘ b°¢k3°“t” fif;
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‘ may be /'severe

- modifmcations to the prototype describedyln thxs thesxs.
2 .

L3 . - ‘;'4_ ._ B 83

‘*.
geometry would be the preferred 1mp1ementatﬁ’n. Howevet, it .

s poaszble that in sqﬁe plants, the entrained‘azr problem

(\ i
,enough to warrant Approprzate deszgn
Waa S :

ny - ¢
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5. THE PHYSICS‘OE THE OSCAA MEASUREMENT SYSTEM -
N~ |
5.1 INTRODUCTION .’ L
This chag%er descrlbes the physical prznciples upon
which the OSCAA system is based and from whxch certain -«
~ design pqrameters were deduced. In addltxon,‘tﬂg possible
célibragion equations for OSCAA are presented.
In order that the mater1a1 which follows be put into
“context it is netessary to br1efly discuss the OSCAA unit.
(A more detailed description is given in Chaptex 6.) OSCAA
consists of three sub-systems, one for sample presentat1on,
one for pulp density meaSurement and one for backscattered
'and fluorescent radiation measurements, together with their
agssocxated support egilpment. The pulp den51ty sub-system
employs a Gd-153 radzoifotope with a prxnclpal photon energy

of =100 kev, in ‘the tran§m1 s1on\4¥ometry T?; ash analysxs

(backscatter/fluorescence) sub- system emplo}s a Cd-109

Q

radzo1sotope with a principal photon energy of =22 kev. "In

~ this case, the slurry sample is irradiated through a thin
' 4

Amylar window. The resultant detectable backscattered
-incxdent and fluorescent radz%txon return through the same

Awindow. )
Since 7-ray and X-ray photons are physxcally

ind;st1ngu1shable, the same laws of physics apply to both'2..

o

\

-——-—--i—‘—-——--p——-—

."*1-rays and X-rays are d:stingu:shed on the bas; of their
. origin.. y~rays result from nuclear- transformatxon while
L _x'rays result from electron rearrangement.u. .

Y.Vl
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: 5.1»1 Bractical ConsidepﬁtionS'in MeasurementVSXStem Designf.
and. Opetat:on‘ S ,. | | |
- This chapter 1s ‘intended to develop the theory
‘vu;derly1ng the OSCAA system ang. there has been no attempt to.
‘1nclude any dlscussiin on pract1cal'Eon51deraton§ which may.
1nf1uence syste;\operdtlon. Wh1le the berformance of the
. detector and res;lutlon equipment are critical factors in
ensurlng sutcessful operatlon, these topics are sufficiently
general that much has been written about them in the
stehdard textbooks. For example, Bert1n(52) provides a good
deScfiption of detector structure and operation, including
choiing, sklfts; escape peeks,.etc...(Chao. 6), as well as
of resolution equipment (Chep.bel and oounting stétistics .v
f‘ (Chap. 1). The‘philosophy adopted by the author is that
before one cao begin.to design and operate a system such as- §
OSCAA, the theory of operation must be understood. The | v
pract1cal considerations become important in the f1na1‘
design and operat1on stages. Since the latter have been
treated by many authors, mater1al ‘of this is nature excluded
from the the51s to_avozd needléfe duplloatlon. |

Ay

5.2 'rnx xmnmcnon oF Pndrous wx'rn (ATTER

r‘.'
»

.: The mathematxcal model of the p y51cal pr:no&ples upon
whxch nuclear transm1351on measurements rest 1s g1ven by

Lamberb's (Beer's) law.f f‘3"”

A . 5 oA

- I;-Io,efxp‘ (=pux) "
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where: 1o =1ntens1ty of radiation in-a narrow colinear
beam which is incident upon Rpe absorbing
medium.

1 =the intensity of the incident’ col1near beam

+ after transmission through the absorbing
medium,

p =the density of ‘the absorbing medium.

4 =the mags absorption coefficient of the

A absorgang medium.

. ' A x =the distance which the photon beam travels:

0 through the absorb1ng medium.

Thxs lav i% observed to hold for a narrow, perfectly/
collxmated beam of mono-energetic photons. | .
A parameter of particular 1nterest in equation, (5 1) is
the mass absorptlon coe£f1c1ent, u. The magnitude of this
parameter is dependent upon the incident photon energ; (E) ~
and the effective atomic number (Z) of the absorblng medium,
is is illustrated in Figure 5.1 where u is plotted against
~Z for three photon energles. The range 8; Z chosen f
represents.the range of major elements found in coal sol1ds,
hydrogen to iron: The effective atomic numbpers of the cqal
= organicé (z=6), and the minerai matter or ash (z=12f,.are

y

"also indicated on Figure 5.1,

-

: In the photon energy range of interest'in'this work;
i.e. 85700 kev, the mass absorptxon coeff1c1ent is the sum
of the coeff1c1ents for three mutually excluszve events,(
‘namely;.”” '\,; L
| (1) photoelectrzc absorpt1on (r) - ("i ¢
f;' (11) Compton scatter1ng (am) | ; Y Lo

¥

(iii) Raflezgh scatter1ng (a,m) E ,}.

.

Mathematxcally:! 9
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- .(5.2)
u=14+0 +0
m nm

These processes are briefly described below and are

: , oL
schematically illustrated ¥n Figure 5.2.

Photoelectric Effect

LY

"An incident photon disappeags and an atomic electron
(ueually from the proximity of the nucleus) leaves its atom
~ at high speed, having absorbed the photon energy. This
effect predominates for lower/energy gamma rays, especially
in high 2 materials."(§9) The electron rearrangement which
follows this event gives rise to the phenomenon of X—rz&
fluorescence. When an electrofy in a higher energy orbital

moves to fill the vacancy left by the photoelectron an X-ray

of characteristic energy is emitted.

P

Compton (Inelastic) Scattering
~"A photon is scattered inelasticelly and an atomic electron
recoils ‘out of an atom, mpch‘as though it had been initially
free. The ene;gy taken upéby the electron depends primarily
on its recoil momentum.‘Thls effect predominates for gamma
ray% of "1-5 Mev in high Z. mater1als, and even more greatly
and over a much wider energy range in low 2 materlals.

The recoil electfon flies off predominantly in the
directioﬁ of theeincident photon, the more nearly so the
h1gher the fraction of ehoton energy it carries away and the

higher the photon energy It never recoils backwards."(38)

S
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Figure 5.2 The Absérgtion Processes for Loé_ Energy Photons

i

(E<1 Mev).
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Rayleiqh (Elast ic) Scatterigg

"Gamma rays scattered by small angles impart ¥nly a small
recoil, esgecxally when their energy is low 9\'I‘he recoil is
then abs?rbed by the whole atom or molecule so that the
scattering action of different atomic glectrons combines
coherently. Coherent combination enhances the probability of
this effect so that it prevails greatly at low energies.
This scattering is more likely for,high Z than for low 2

materials."{38)

¢

A

Narrow beam measurements yield only s, but the coefficients
for the individual processes are usudlly provided by the
‘theory or by special experiments. Numerical values for these

coefficients are available in tabular form (for example:

(39)).°
5.3 THE PRINCIPLES OF PULP DENSITY SUB-SYSTEM OPERATION
Nuclear pulp densxty mea5urement has a relat1vely long

history 1nrboth mineral processing and coal preparation
applications. This type of §u1p denéity gauge'ﬁas a number
of desirable features which include: )
| "a) it is indirect,

b) it is mqghanically.:eliable and geometrically

| flexiple, ’
c) it "saﬁples" a large portion»of the pulp stream.
The instbllation'sf a nuclear pﬁlp density gauge

requires that the follouihg factors be taken into
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account.

a) avo1d a buildup of one phase (e. g. solids) in the

radiation pathway.

g

b) ensure that the slurry pipeline is running full.
c) minimize entrained air in the pulp.
d) minimize pipeline vibration te avoid associated
intrumentation problems.
e). -ensure adequate shielding to avoid radiation
contamination.
The first two requ1rements are usually met by mountlné
the gauge on a vertical section of the slurry pipeline
_ where the direction of flow is upward. Poxnt (c) . is
often dictated by the.nature of the operation. Howdver,
this can be become an important factor in high‘acc:>§¢y
measurement Systems. The final points are pérrly

compensated for when off-the-shelf instrumentation is

N °

used. Vendor equipment is generally quite rugged and

must pass . strict safety inspection. . i‘ ’ N
The two most common 1ndustr1a1 gauge geometrles are

schematically illustrated in Figure 5.3.AThe reason for ‘[

the different cohfigurations arises from sensitivity

considerations which are discussed later. ' -

'5.3.1 Applyzng Lanbsrt‘s Lav ,
In slurry applxcat1ons the absorb1ng med1vm is a
mu1t1component mlxture, by de£1n1tion Thus, while equat1on

(5 1) remains va11d provxded that the 1mplic1t geometrzcal
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constra1nts are met, ‘the sample mass absorption coeff1cient

..‘must reflect the elemental compoe1tzon since u-f(E 2). It

can be shown that the mass absorption coeffxcxent for any |

' phase is simply a weighted average of the coe££1c1ents for

~the elemental specxee?present. Using the same approach, if

the mass absorption coeffxcxeqt of each phese is knovn, the

: sample mass absorptxon coeffﬁcxent is sxmply the wexghted

average value, i.e.:

RS . ....,(5,.9)»
where: 4, -the mass. absorptxon coeffic1ent for component i
in the sample.

o -mess f:actxon of component iin the sample.
Inspectlon of Figure 5 1 shows that by choosxng a. =
radxoisotope of: suff1c1ent1y h1gh photon energy (e g. E2100
kev for coal), then uis subatant1ally independent bf z and
can be consxdered constant. Thet is, uymug= ...-u.}Under
these conditxons and for a £1xed path length, x, the only
var1ab1e parameter in the exponentxel\ot equatxon (5. 1) 1;
p, the pulp density. . R

' Thzs is the basie for the desxgn of nuclear pulp

,'density gauges vhe:e verietxons in the meesured velue ot I
_ are releted, in e logerthmic nanner,_ to: chenges 1n the

‘7nvtsemp1e pulp density. Lineerizetion ot equation (5 1) vith

: *;:espect to p permxte gaugc cglibration uxth a nxninua of two

o, p) pointe. - _.f.‘*f*

’ -

4ﬁ5f¢f"r Equetione (5 1), (5 3) and (5.‘) ere ept!icient to iﬁ?féi~;i

;7%ff'f¢°°st?uct, alibration nodel ﬁor Lyman n ASHSCAN deciv. f“éffkh
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. \ ,
W W/ \ .o (5.4)
¢ . i 1 pi X . '

4

vwhere: - pl‘-the density of component'i in the sample.
This 15 useful sxnce it serves as an 1ntrodu tion to the
construct1on of sem1 empirical calibration models based on
nuclear measurement techn1ques. In addxtzon,'xt prov1des a
///ﬁsehicle for 5peoret1cally study1ng the performpnce S~
characteristics of ASHSCAN. From F1gure 4,2 1t is apparent
that thxs device -employs a pulp density gauge (Cs 137 Ex660
kev~ m effectxvely constant) to estimate p, and a lower
energy.photon trangmission gauge (Am-24t, Ex60 kevw u
dependent upon composition) to estimate'pu._Denoting the two

sub-systems as (1) and (2) respectively,then:

ee.(5.5)

p?loge[ I(1) ]
“f'o'z'r)/-p_(l)x(l)

H | Ny |
puv(2)=iog [I(Z) ] ‘v ., . | :
RN ‘”Iozﬁi//{;(2) o ;,.(5,6)

J'u-_whete-} I(j) -the measured 1nten51ty of transmxtted photons
o “for’ sub-system j. -
: Iq(]) -the 1ncxdent photon 1ntens1ty for sub-system

u(j) -the mass eborptxon coeff;cient correspohdxng
‘to -sub-system j. .
, x(J) -the radiatzon path length for sub-system j

since the terms on the right hand sides of these 3quations

S “are’ either meaaured or knowq,from the theory or experxments, ”
:ij;eﬁg_f._aJ, R . | . . .

e



'thgy can be used as predictive relationships. Equations

(6.5) and (5.4) can be combined to.form:
, \ g

| o
Yw./ ==u(l)x(1) : ,
s log [1(1)‘.] ...(5.7)
- , - e “nglT
N\ '

Similarly, dividing eduation (5.6) by (5.5)-énd'setting the
result equal to equatidn (5.3) yields:

Ve

)

Yo = u(1):‘:(1)1ofge[“2’/10(2)]‘
i3 '
1 : x(2)1oge[1(lb/10(lq

Equations (5.7) and (5.8) provide two simultaneous linear

...(5.8)

A

equatxons in the v,. Assuming a three phase model for the
‘ slurry, 1) water, (2) coal organxcs and (3) mineral matter,
and know1ng that Zw =1, allows construction of the

’ cal1brat10n model In vector—matrlx notation:

W

-l ﬂ p ‘ .‘ ) - . _ i l |
L1 11 LLx@) = - ‘.
w1 (== = =) (= - =) | *3 \
1t '2‘ BRE . ‘I‘ogel‘u’/‘.[o( )l b s
vf L tugmiy) | "v;“‘”’“’l’,i@e
’ ‘ x(2)loge

‘The stream attr1butes are computed from the solutxon for the

i‘r;ght hand ‘side of equation 15 9) as; -
 8§190¥(w2+w3)‘°f e o ,.;(5;10)

- and, .
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w

‘ 100% '3 R

<y : aRlna [w+w ] , 0-0(5011)
_ ‘\\’ 2 73

where: s =% solids by weight in the slurry.
a =% ash by weight in the solids.
Rma =mineral matter to ash rat1o for the coal

Using this callb;at;O; model, the sensitivity of
ASHSCAN to changes. in tAE~hineral matier mineralogy, in
particular the iron concentration, was theoretically
egalua;ed (ife. u,.was varied). It was shown that for the
" McIntyre flotation circuit product streams, variations in
the iron concentration of the mineral matter of +0.7% will
contribute a Si relative error in the estimated ash content.
-(This was aléo\observed for an OSCAA type system whére iron
compensatlon was excluded.) Since iron concentration does
change, ASHSCAN would be of limited utility unless
) . '

’freguen;ly'recalibrated.

5.3,2 Deviations from'Lembett's Lev

"While the develobmenﬁ of the theory’underlying the
_nucleer pulp densxty gauge is reasonably straightforward |
using Lambert s 1aw, the restrxctxons for* strict complzance
ere aeldom met in practxce. There are potentially three

“l-etfects whzch can serVe to complicate the measurement Under

“"F‘,'."'nnormlﬂ c]_rcumstancgs they ﬂlll seldom render the

_prevxouely aeveloped equatzons 1nvalxd but the reader

’ ;x:ﬁ;,hou1d at leest be. aware of . their ex1stence.
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5;3.2.1 Filtration o

In some special instances the radioisotope chosen
for the partlcular gauging probIem will.emit photons-at
‘two or more distinct energy levels. For example, Gd-153
emits photons with energies of E,>100 kev and E;=40 kev. -
"In this case the loueEKSnergy photons would be
aetenuated to a greater\eftent by the absorbing medium.
This phenomeﬁon is known'gs filtration. Accordingly, as
the pulp density and hence he pux term increase, the
total photon attenuation w1lr occur by smaller and
‘smaller ‘fractions. The lxnearfzed form of equatxon (5.1)
w111 show an increasing slope as 4 apparently decreases
w;th 1ncreasing p. If f11trat10d induced curvature is
appatent from the calxbratlon exé{c1se, and remains

hodel will require a

unresolved, then the calibration
‘geries of terms on the riaht hand side, similar to the
right hand side of equation (5.1). That is, one for each

photon energy level which is cohtiibﬁt'qg to the

-measured intenﬁitY-

5,3.2.2 Build-up - S e T

B= Observed Intens;t'_ the Detéct
Primary IntensIEy Expected at the. Detector

.~Inten31t due o) Scattered Radlation
v Pr mary Intenaity '

f9'4(5'125"

adildéup;fesglgs‘:femfthejmgliipiqﬁeéeﬁtériﬁqsptf"'

[ TN Teie ke ok
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radiation in the absorber such that.some of the phdtons
report to the detector which otherwise, under narrow
beam conditions, would not. Relaxatioh pf source and
particularly deteétor collimation will cause the
build-up factor to increase. The multiple scattering
process in "broad beam geometry"” is illustrated ‘in
Figure 5.4(A). Figure 5.4(B) illustrates the variation
of B with beam geometry. These results were obtained by
ﬁyckoff'et. al.(40) using‘zoncrete as the absorbing
medium. (Note that in.Figﬁre 5.4(B), for a particular
abcis&a value, the build-ub.is simply the ratio of the
corresponding untransformed ordinate values.) Since
Compton scattering is the principal attemuation process
for the photon energy levelﬁ encoyntered in nuclear pulp
density gauges, build-up would be expected to affect
‘measurement. This is particularly true éiven the broaé
beam geometry employed in industrial gauges (seé ngute
5.3). ' |

"Fano(41) hés derived equations which estimate
build-up factors for various abéorbe}s. Howe#e:,‘the
}assumed system éeometry for Ehe’publishedrsolutions and
the complex;Eg of the calculat1ons make them essentially
-'_useless in this application. This has prompted other
workers to adopt simple . emp1r1cad models for B such as-

B R ’ .‘Voo(50.13)‘
B=l+a (pux)"; (42,43) .
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M
B= 2, A exp(a;pux) ; (43) : "..(5.15)

“where: N
A, a, B are tonstants.

Lambert's Law is thus modified to include;build-up as;
T

I=BIOeXP(-oux) ...(5.16)

There are only two means by which build-up can be
circumvented and both are largely impra#tical in an
industrial setting. Firstly, narrow béa$ éeometry'will
virtually eliminate build-up. Howev;r, this will also
effectivgly reduce the source strength (I,) and hence
the measured intensity (I) giQing rise to poor

; measurement statist}cs. (That 1is, fér a Poisson process,
the relative error of measurement is prop&rtional to
iV2% S Sécoqdly, since Compton sCatterihg preaominates
and because these scattering events are inelastic, thé
incident phoféns are always in good geometry. Thus a

. detection system capabie of resolving primary and

| scattetédlphoton'enerQiés could be uSed}to détectvonly.
ﬁhcdllideé.primary phbtoﬁs.7Given the re%oiutionivefsus

-_phoééa energy chgtéctgnistics of the deéectqrs‘common1y>

“: -“%£gd,$thiJ is‘probébly‘not prééticai;{tu | |

. 1+For a more complete discussion on the statistics of
. .radioisotope emmisions and photon detection the reader is
-~ ‘referred to any text on béSiC’XfrayTgﬂalY‘i3(52j67). o

. /_
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In calibrating the pulp density gauge, if it is
judged that build-up creates sufficientAnon*linearity:’
then simple,models for B, of the form éiven in eguations
(5.13)-(5.]?7‘mﬁst be incorporated in the calibration

model (egn. (5.16)).

| A5;3.2.3 Broad Beam Geometry

In the design of most density gauges the source és
generally collimated to an extent and the detector is
léfé essentially uncollimated. Since the crystal of’ the

' scintillation counter (the most common detector) is much '
‘larger than the source collimation aperture these gaugés
operaﬁe with broad beam geometry. Neglecting the effects
of build-up and cons@dering the source to be 'in point
form, as opposéd to disk form'*¢, the effect of beam
divergencé can be estimated.

Figure 5.5(A) sets out the geometry of broad beam”
measurement ig Sphérical COordinates,_assumingfa.point
source. The ffacéion,uQﬁJoff%he priméay photons which
réport to a differential element of area,én the detector
surface, with a sour@e—detegxs} separafion of x, and

-assuming a vacuum’'is;
.

(X cOs¢dods _cospasd® T 5o

——— W A — Y Y S Yo T S U W S G = r

BRRY ! particularly good example of the effect of build=up in.a
radioégéugiﬁg‘app,ication'isggiven by Gardner afd Ely (see
(42), pg. 330). SRR T L T

- '4In most cases the path length is long enough to make. this -
_ a reasonable assumption. - T oo

FLoe
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where:
Q =fraction of photons to the differential element.
x =source-detector separation.
9, ¢ =the angles as defined in Figure 5.5(a).
& 1 .
Accounting for attenuation, the photon flux on this

element of the detector surface, dN, is calculated as;

- _ pUX
dN Nerxp( 55553335) ...(5.18)

where:
dN =photon flux to the differential element.
N, =source activity in photons/s.
Integrating over the positive quadrant of the detector,

i.e. 6>0, ¢>0, and invoking goemetrical similarity

yields the expression for the flux on the detector, N;

B, ¢
Ny [ ; PUX ) 4046 (5.19)
N—}g/ / cosdexp (- m)d¢d .
0 0 :

where: : :

6,, ¢, define the limits of the detector in the

positve guadrant.

By inspection of equation (5.19) it is evident that for
very s;ightly divergent beams, i.e. 6,+0", ¢.20", fhis
is essentially equivalent to Lambert's law written in
terms of flux rather than intensityl To illustrate the
effect of beam divergence on measured flux suppose that
the detector window is square’(ref. Figufe 5.5(a), i.e.
_6;=¢,. Choosing a value for 6, and some tjpical puX
values,Athe variation in N with pux can be studied.
(Noteuthat'equation (5,19) requires numerical solution.)

The results of this‘exercise are shown on ?igure 5.5(B)

| ﬁhere the calculated flﬁx values have been reduced by

4
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|
N

dividing by the Flux corresponding to the lowest pux .

value used. Clearly, the logarithmic r;lationship

e;pected from Lambert's law is maintained and the latter

could be applied as the calibration model. In this case,

the apparent source strenéth would increase with an

increase in beam divergence. The resultant increasé\fn\\
mean path length would mean a decrease in the slope of
the attenuation curves (slight increase in the apparent
w, as illustrated in Figure 5.5(B). It can be concluded
from the sample calculation that broad beam geometry
will not introduce curvature in .the calibration curves,
within practical limitations.

Thus %ar build-up effects have‘been neglected
although they can be very important in broad beam
geometry, In this case build-up has the previously
discussed effect and the calibration model must be
appropriately modified if necessary. This raises the
issue of desigh compromise where economy of source
requires broad beam irradiation while reduction of
build-up requires narrow beam geometry.

5.4 THE OPTIMIZATION OF PULP DENSITY SUB-SYSTEM DESIGN
A number of authors(44-48) have dealt with the optimal
design of pulp density gauges in varying degrees of
complexity. Apart from Tabor and Lakoski, they have
]

neglected build-up as well as beam divergence. In all cases

filtration was excluded from the analysis. Consideratibn of
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all of these possible interferencesvis theoretically
possible but practically very dxfflcult

Since most of the rad1o1sotopes used in this
 application emit only mono-energetic photons, or have
secondary emissions which are of sufflc1ently low energy to
be totally attenuated in the absorber flltratlon can be
reasonably ignored in any analysis. Furthermore, as was
illustrated in Figure 5.5(B), beam divergence does not cause
a departure from Lambert's law other than to increase the
apparent source strehgth and slightly increase the apparent
mass absorption coefficient. Therefore, beam divergence will
permit the use of Lambert's law in any analysis. However,
the effects of build-up can not be so easily excluded.
Equally unfortunate is the fact that it is impossible to
esrimate, a-priort, the coefficients of a build-up model.
The design analysis which follows illustrates the methods
using Lambert's law and excluding build-up. General comments
on the expected effect of the latter will be made at.the
appropriate points.

The objective in optimizing performance is to design in
such a manner thar pulp density accuracy is maximized. In
‘addition to good installation this includes maximizing
sens1t1v1ty..The optimization criterion can be obtained by

appl1catlon of the Law of Propagatlon of erors., i.e,

- 2 R
2 _[$o 2 :
° (0)-[751'] om (1) ... (5.20)
where: 0(j) =the variance of variable j.

Taking the sguare root of bothrsides of equation (5.20) and

&
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‘dividing by the pulp density yields the expression for the

relative error in pulp density measurement'’.

o (p)
D

|§g| oéI) _ ... (5.21)

O

I

The optimization criterion is simply stated as;

\» v

MINIMIZE [l"—b(-p—)-l] ...(5.22)

]
By appropriate choice of the design parameters, which, with

reference to equation (5.1) include, source strength, mass
absorption coefficient an@ path length, bptimal design can
be achieved. Subsfitution of equation (5.21) into equatfoh
(5.22).with the appropriate expression for o(1), depending
upon the nature of the error, allows solution to the
minimization problem. °

There are several sources of potential ecror in the
\intensity measurement. Since the importance of each in a
particular application is the subject of careful assessment,

they are best treated separateiy with reéﬁéct to optimizing

gauge design.

N\

This is the error which is due to variation in the

5.4.1 Statistical Error

‘measured radiation intensity at the detector. Since
radiation intensity measurement is observed to follow a

"1 'An equivalent expression can be obtained using the »

classical definition of instrument sensitivity (see (46) for
example). Note that the relative error is defined as if the

the intensity error were a random variable. This is not

necessarily always the case.
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"Poisson distribution, the expression for o(I) is simply vI.

The relative error may be written as;

alp) _ -exp(H®
o

co.(5.23)

/Iopux

and can be minimized by;

a)

b)

choosing a large I, (source. strength) subject to
shielding constraints, (and detector saeuration)
setting nux numerically equal to 2. (This is established
using calculus for extremum location.) Clearly, the |
radioisotope (u) and path length (x) choices are
dependent for the given system. |

Kawatra(47) obtained the same results with‘a slightly
different appreech. His method does not provide any
information about the objective fundtien,in the
neighbourhood of tne'optimum, wnich i;ﬂavailable from
eéuation (5.23). In fact, the “objeetive response” is

relatively flat in the range .1 < pux-< 3. The effect of

" build-up is essentially to translate the the objective

reponse to. hxgher values ‘for the optimum of pux. This is

| expected since, from Fxgure 5.4(B), the effect of -

bu11d-up ig to show an apparent decrease. in u. On the .

kother hand the presence of divergent beam geometry

tends tc lower the value of thls opt1mal solutlon as

divergence 1ncreases. Th1s is also expected since =

_1ncreasing d1vergence effect1ve1y 1ncreases the mean -

‘(path,length~thr0ugh the abso;ber,

5 ) 

e
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 5.4,2 Zero Drift Error 0

This is the error which is due to the electron1cs
employed in the measurement system. Wh1le in the str1cte5t
‘' sense it is not possible to ass1gn a ¢(1) value to this

- error source, the effect can be illustrated by setting,

6 (I)=K .. (5.24)
uhere§ K =a constant.
Solving for the relative error yields;

olp) _ -Kexp (pux)
P I, Pux

... (5.25)

and minimization is achieved by;
a) choosing a large Io.
b). setting pux numerically equal to 1.
In\this case the objecﬁive'response exhibits pronounced
cutvature in the nexghbourhood of the opt1mum however,
_.excurslons of pux to higher values are more acceptable
than the converse. The effects of build-up and beam
.'d1vergence can be ratzona11zed along the lines of the

p:ev1ous sub-sect1on.

.‘5 4. 3 Proportxonal !rror |
' Th;s is the error whxch is due to. such factors as
|  frad1oactive decay, mechanxcal 1nstab111ty, and varaat1ons 1n -

'_ detectot efficiency and. amplifier ga1n. For mathematxcal

ﬁ” JPconven1gnce the standard devxataon of the measured 1nten51tY

ff};ﬂ}lljbg dgf;nQQFQSr .
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q(I)=xI ve.(5.26)

‘where: K =a constant.
The exoression for relative error in pulp density'is'then
" given by;

A ofp) . -K

—
1

p pUX

... (5.27)

In this case choosing pux as large as is possible will
midimize the contribution to measurement error. This
statement app11es to systems 1nc1ud1ng bu1ld-up and beam
dxvergence as well. ) o 4 c
5,-.4 Extraneous Absorber

This is the error which'is due to solids accumulation
in the radxat1on pathway, variable quantltles of entralned
air, etc... These- errors can only be mxnxmxzed through the
., proper cons1detatzons in gauge installation and pipeline

operation.

5,4;5 More On Entrained Air |

"In 1ndustrial‘applicatiohs aﬁr entrainment is something
| over which the operator may have little control. If
l signxfxcant varxations in the a1r content do not occur, 1ts |
effect can be removed in. the calxbratxon exerczse (1 e.

ta1r*water-s1ngle phase) If signxfxcant variations do occur

'»'5then the pulﬁ denszty measurement may be virtuelly |

‘meanxngless. Where h1gh qualxty denszty measurements are

‘ 7};rgqu1ted, such as 1n the OSCAA system, even small vatzetions>
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in entrained air are unacceptable. Process pulps often
contain air and in variable quantity. Kawatra(49)‘has
observed that in flotation pulps it is not unusual to have
entrained air contents of from 5% to 50% by volume.
Flhctuations of this magnitude can be expected to have .
ﬁrofound effects on the attenuation of the incident photohs.
The effect of air in estimating the pulp composition
can_be easily demonstrated considering the ASHSCAN device
(see sub-sec, 5.3.1). As was observed above, increasing air
content will serve to lower the.apparent pulp density.
However, the mass absorption coefficient will be largely
unaffected by the presence of'air (ref. egn. (5.9)). Thus,
in solving the simultaneous linear system, the apparent
solids conéentra;ion will be lower than expected while the
mineral matter (ash) content will be higher. If the device
vere callbrated about some mean air content then a decrease
in this varlable would have the opp051te effect. This is
ptécisely the reason why Lyman built a high pressure pumping
.‘system into £he ASHSCAN device. |
One possible but often impractical solution to this
problem is to make a parallel density measurement on a
sample of process water "sﬁandard" which is agrated to the
same extent. Subsequently, the measured intenéity thrbughl
the pulp can. be reduced by dividing by the correspond1ng
readzng on the standard whlch will largely remove the effect
.”~o£ axr.xlmpllc;t here is that the process water standard

'LSAmpie'be can be obtained and that changes in the air
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content occur on a relatively long term basis. Both of these

irements are expected to be seldom realized in practice.

There are a number of more direct means of attempting

to minimize the air problem, ranging from passive in-line

techniques to rather expensive mechanical methods. They can

be generally categorized as follows:

a)

b)

Passive Methods

These methods typically involve a secondary sample

" splitting device (cf. On-stream X-ray fluorescence

spectrometer systems). Although the primary function of

suych a device is to extract a small but representative
portion of the primary sample for anaysis, it can be
designed to provide for fairly quiescent flow thereby
promoting deaeration. The system will be in a
"distributed” equilibrlum and very small bubbles will
not have the same probability of escape as the large
ones. Therefore, if small bubbles are present in high
concentration these methods will prove'largely
ineffective.

Non-MechanicellCentrifugal Methods |

These methods have been employedAby the nuclear and HVAC
1ndustr1es for the deaeration of process water. In
essence, a mechanzsm is used whlch imparts a totat1onal
motlon_to the fluid thus enhanc1ng alr removal at the
centre by means of centrifugal forces. The nuclear
1ndustry in part1cular(50) has developed the technology

to the extent that very little water is lost in ‘the axr'

A8
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take-off stream while very efficient deaeration is
achieved. . 4

Mechanical Methods

These methods involve mechanical systems which operate

either on the principles of (b) as, for example,
Augometrics PSM air eliminator(51) or on pressurization
to collapse the air bubbles (cf. ASHSCAN) .

The capital and operating costs of the class (c)
methods make them a last resort proposition in the
opinion of this author. Class (b) techniques would
require reasonably careful design and operational’
control to avoid sample bias but, if used in conjunction
with class (a) methods would seem to provide an
attractive alternative in both a technical and economic
sense. The class (a) methods represent the simplest
possible'solution and a variant was cﬁosen for use in
the OSCAA prototype. It is implicitly assumed that the

slurry flow streams would not contain high

‘concentrations of very fine air bubbles.

5.4.6 Suﬁmary

In the optimal design of nuclear pulp density gauges

the souce strength should be maximized subject to the ther‘

shielding contraints. Depending upon the principal source of

error(s) the optimal value of pux can take on different

"valﬁes.,In practice the -gauge is usually designed such that;

Al
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..(5.28)
1<puxs3

Since p is the property to be measured, the radioisotope (w)
and the path length (x) must be chosen to satisfy the
equation (5.28). Special, care must be taken to minimize the

entrained air (especially fluctuations therein) in the pulp,

wherever this is possible.

e
5.5 THE PRINCIPLES OF BACKSCATTER AND FLUORESCENCE RADIATION

MEASUREMENT
In this OSCAA sub-system the interaction of the
incident‘radiation with the sample is somewhat more complex
than in the traosmission measurement, although Lambert's law
is the theoretical base. ﬁhereas in transmission gauging,

is simply conceaped with the overall photon attenuation

| passage, the backscatter geometry requires more detailed
:owledge. That is, at any particular level in the sample it
,is necessary to know:

'a) the incident photon intensity,

b) the fraction of these photons absorbed in thlS 1ayer,

;e c) the fraction of these absorbed photons which interact
via the various prooesses and the spatial distribution

of the secondary photons which result,

- d) the-attenuation'of the secondary radiétion which is
. \ . -

,dlrected toward tbe sample surface,

e) the sum of all of these factors over all layers in the

A

sample.
While most textbooks on X-ray fluorescence provide some ’

e
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theoretical background to the subject (see (52); Chap. 4 for
'example), the mafﬁematical modelling efforts of Rhodes and
co-workers (53,54,55) are more easily applied to the present
"~ investigation. Although in theory it is possible to account
for a continuous particle size distribution(54,55), in
practice, and for the purposes of OSCAA, it is sufficient to
lump the size distribution into'a single average particle
diameter(S}?. The mathematical development which Xollows is

——

a consolidation of the theory developed by Rhodes et. al.

5.5.1 The Theory of the OSCAA Ash Analysis Sub-System

In developing the theory of operation of similar gauges

Rhodes et. al. made the following assumptions;
a) The primary and secondary radiation enter and leave the

sample perpendicular to the sample surface. For obliéﬁé

P

incidence the terms u; in the equations which follow/E?g
merély replaced by u,cosecé, where 6 is the angle the
incident beam makes with the surface. ‘

b) All particles have the same average size with.an average

linear dimension 4, where d is defined as; |

= .(5.29)

| - d= v/;

where° y

V =particle volume.

@ =particle area presented to the incident radiation
' averaged over all p0531b1e orientations of the

partlcle. . ‘ ‘ g
c) In a sample containing more than one type of particle,
the distribution of the particles throughout the sample

is completely random but, in any horizontal layer of

o
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thickness d, the average telative volume distribution. of
the particles‘is the.same as the averaée over thg whole
sample. In Figure 5.6(A) the (i+t)th layer represents
such a typical "slicé" in the sample. Mpreover, the
physical and chemicél properties (p,u, etc...) of each
individual particle are homogeneous.

Under the assumptions above, the radiation flux leaving the

sample from the (i+1)th layer, N,.., is;

K
1 { ' 5
Njp (8)=Tg 343, "l nyF, ...(5.30)

where: N,.,(t) =radiation flux of type t arriving at the

sample surface from the i+1th layer; t= f for
fluorescent radiatian and t=b for backscattered
radiation. :

I,' =incident intensity of the primary radiation.

n, Znumber of j type particles in the i+1th layer
‘where there are a total of k different particle
types. _ '

3 =average particle area presented to the incident
radiation.

J, =average transmission through i layers of the
sample for the incident radiation.

J,' =average transmission through i layers of the
sample for the secondary radiation.

F, =secondary radiation intensity per unit incident
intensity for particle type jJ.

(Implicit in this formulation is that the
fluorescengiand backscattered radiation are
~ mono-energetic. This is correct for fhe former when
considering.a particular line, however,”sinceﬂboth
~inelastic and.elgstic séatfering can occur this
assumption is inéguestion for the latter. It will be
shown later that,‘¥6r the OSCAAVSYStem, this .

assumption is indeed reasonable.) . B R

To derive the flubfescent and backscatteredgradiatidn:models
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from equation (5.30), the terms on the right hand side,
other than I,, are treated individually. To further simplify
the analysis each type of the secondary radiation will be

considered separately.

5.5.1.1 Fluorescent Radiation Model

Transmission Factors: J, & J,

Consider J, first of all. For generality, suppose
that the sample consists of k types of particles. For a

very narrow photon beam the i layers may be divided into

the set (n,,n.,...,n,) where;
k. .
Z:n.=i ...(5.31)
J
where:
n, =the number of layers in which the incident

photons encounters the jth type of particle.
Invoking the multinomial distribution, the probability
that the radiation beam will intercept any specific set,

n, is given by;

A

‘ Kk
1
P(ﬂ)= 1! -n.v ‘,';‘
- k l ]ﬂj DA a ...(5.32)

TT nj!

i

where: .

m, =the probability of ‘encountering the jth particle
type in the sample. This will be taken as the
volume fraction of this particular species in
the entire sample, C,. ‘

The expected attenuation of the incident photons is then

calculated as; oy
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k-2
i’ i-ng 1 g;l e IR S ¥ ~
Ji=z oooz -‘E—.‘ﬂ‘ﬂj Jexp(—dujnjoj)
n=0 n,=0 ;=0 T_Injz ...(5.33)

k-1
with: nk=i— 2: n,
=1
where:
u,,p; =the mass absorption coefficient and density
for the jth particle type. . v

Employing the following change of variable;
w.=T_.exp(-du.p. ..4(5;34)
37 p( ujpj) .

and the multinomial series identity, the expression for

J, can be written as;

i izn,
lez oooz
ny=0 n,=0n ...(5.35)
‘ K i
- 2]
J
or, with the appropriate substitution;
. -k S
S J.= [ C.exp(-du.p. ] ...(5.36)
. i 2: j uJoJ)

since the fractional attenuation across a layer is

constant. By similarity; -
k i
J.'=[ C.exp(-du .’ ] ’ ... (5.37)
i, )3 3 p( duJ oj)

where: .
' u,' =mass absorption coefficient for the fluorescent

radiation in the jth particle type.

Number of Particles: =,
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The number of particles of type j, =;, 1s

L 4

calculated as

=C | = —_
"yTCAd A _ ... (5.38)
where:

C, =volume concentration of the jth particle type in

the sample.
A =cross sectional area of the irradiated sample.

Intensity Factor: F, .

With reference to Figure 5.6(B), consider the
infinitesmal layer dx, located at a depth x bflow the
surface of the. jth particle type. The fraction of the

incident intensity absorbed by this layer is;

d
== 1 —u,p.x)dx =1 u_ o, -u L p.X)adx
plj ix 0exp( ujgjxki Qu]pjexp( u)u] ) . (5.39)
where: .
p,, =intensity collided 1in the layer x to x+dx for
particle type j. _ . (
w,, p, =attributes of jth particle. N
The’probability that these photons will produce
fluorescent radiation is calculated as;
TLY W
p2‘= ' , ..-(5.40)
S M3

where: S

p:, =probability that the absorbed photons will
produce fluorescent radiation.

r, =photolectric mass absorption coefficient for
particle type j. b : .

y, =fluorescent yield for particle type j.

w,, =mass fraction of the X-ray fluorescent element

- of interest in the jth particle. '

In particular,

“ _ijj=§:rzjyzj C o ...(5.41)

‘is\the"sqm of the individual fluorescence contributions
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from the various shells (K,L and M). In most
applications one is looking specifically for K or L
shell X-rays in which case the appropriate values for
the shell of interest would be input to equation (5.40).
The attenuation of the fluorescent radiation which is

~directed toward the particle surface is given by;

p3j=Gexp(—uj'pjx) .. (5.42)

where:
ps, =fraction of fluorescent photons reaching the

particle surface from a depth x.
G =geometrical factor.

Thus, the total expected fluorescent radiation intensity
at the particle surface is the product of equations

(5.39), (5.40), and (5.41), integrated over the range of

X, i.e.;
3 -
LAD GI -0. 4ul'))dx
f ; Oexp( ojx(u] uJ ))
0 ®
T.Y.W ..(5.43)
~1-1~§1' Gl (1-exp(-p d(u +u.")) ’
(5 ") ]
J
where:

I,, =intensity of fluorescent radiation at the
surface of a j type particle.

Dividing both sides of equation (5.43) by Iovgives the

expression for F; as;

~1~1——l G(l-exp(- p d(u. +pJ )) ...(5.44)

(uj+uj )

J .

 Substitution of equations (5.36), (5.37), (5.38) and

(5.44) into equation (5.30) and summing over all z

T
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layers, where d (z+1) is the sample thickness, yields;

N(:T Y Wy s
N(f) .= ——J—l—J——lG(l—exp(-p d(u +u '))E(JJ') ...(5.45)

3
: (p.+ =0
T “3) i

where.
No =1nc1dent flux upon the sample, ij.e. No =I,A.

of partlcular importance in this work is the case where ,
z+», i.e. an effectively infinitely thick sample. Using
the convergence properties of infinite series (see
(56);pp. 413-415), the transmission factor product
summation can be written as;
S @I —L ...(5.46)
j=0 1% (1-33")
and the final expression'for fluorescence flux at the

sample surface is;

A

-NOG C.T.Y.W_.
N(f)= ——— 2 A X012 (1-exp(- o dtghy | .. (5.47)
=33 Ltughuy" |

1

This model can be further 51mp11f1ed by allowing
the average particle size to approach zero. Under th1s
assumption the sample be¢omes a hOmogeneous,mlxtu:e.‘
Taking the limit of equation (5.47) as'540’ gives aﬁ
indefinite result as both the @enominator-and the

numerator vanish. Applying L'Hospital's rule yields;
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N G T y\v.
o (u +u ')exp(—do (. +u ")
limit (u +u
d+0
(p. u'+p;1 KZC eqﬂ—d(p '+ou ) R
LZZ £ ...(5.48)
.C.
_NgS ZTJYJWXJ i3
ZCJQJ(UJ Hy")
For a particular sample,
..(5.49)
C.p.= .
337y
where:
q =a constant. R

w, =mass fraction of component 3.

and substitution gives;

k
NG D T .y.w W,
- _0 J1°7 X3 1
N(f)= —¢ ...(5.50)

) ij (uy*uy )

Rhodes and Hunter(SS) have done a s1lear exercise in

reducing the more general form of the model g1ven by
equation (5.45) to the homogeneous sample
representatxon. The difference lies in the fact that
equation (5,50) assumes an 1nf1n1te1y th1ck sample. It
vill be shown later that this is a reasonable assumption
with the OSCAA flow cell design, |
F1gure 5,7(A) compares equatlonso(s 50), the g
horxzontal line, and (5. 07), the curve, as a funct1on of
‘the mean partzcle dxameter, 3. The ordxnate data is the

fp;edicted'reduced iron fluorescence flux typxcal of the
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various flow streams around the McIntyre flotation
circuit (ref. Figure 3.1). (Only the curves for the
flotation feed are shown, but they are representative of
the tailings and concentrate streams as well.) The
vertical line at 212 microns represents a typical mean
particle diameter derived from sqgreen analysis. For the
purposes of this calculation the irradiating isotope was
taken to be Cd-109 and thelfluorescent radiation of
interest was the iron Ka X-pays. Since the detailed
mineralogy of the solids is unknown a "best case" and
"worst case” are presented. The best case assumes that
the slurry consists of water and solids particles. The
latter are assumed to be homogeneous with constant
composition. The worst case assumes that the slurry
consists of water and three types of solids particles.
These are iron-free coal organics, iron-free mineral
matter, and hematite. The method of estimating the
component attributes is discussed in detail in Chapter
7 \ \
. | |

The results illustrated on Figure 5.7(A) compare
with similar calculations dbne"by Rhodes and Hunter (see
(54); fig. 3). For a particular flow stream there is
considerable difference between the best case and the
worst case. As expected, the best case curve is much
less sensitive to particle size. From a practical point
of view the "real™ curve will lie somewhere in between

the limiting cases, however, it is expected to lie

13
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closer to the best case curve because of the partially
liberated nature of solid phases. This will be
especially true for the flotation output streams where,
by the selective nature of the process, some
homogenization occurs. The slope of the "true" curve at
the "true” mean diameter will determine the extent to
which changes in particle size will affect the
fluorescent radiation flux. It is expected that this
will increase in importance in the order of concentrate,
‘to feed, to tailings. The other major point of interest
from this figure is the loss in secondary photon flux as
3 increases. This would be expected to have implications
for design with respect to the determiﬂation of
accumulation tiges.

Despite the differences 1in predicted photon flux
between the homogeneous sample and the best and worst
cases, equation (5.50) 1is proposed for calibrating the
OSCAA analyser. Apart from the absenéé of explicit size
depeﬁdence (for which there is no means of measurement),
‘the only difference is that the apparent incident photon

flux will be lower.

5.5.1.2 Backscattered Radiation Model

Transmission Factors A D

‘These are of the same form given in equaiions
(5.36) and (5.37) with the only difference arising in

equation (5.37) where, u;’, is the mass absorption
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coefficient for the backscattered radiation.

Number of Particles

This is identical to equation (5.38) given above.

Intensity Factors

Unlike fluorescence, where only one element (iron)
in the sample was considered, each component in éach
particle wiil scatter some of the incident radiation.

Proceeding as in the previous sub-section with
reference to Figurefs.S(B), consider the infinitesmal
layer dx, at a deptﬁ'of x in the jth particle type. The
fraction of the incident radiation absorbed in this
layer is given by equation (5.39). The probability that

these absorbed photon will produce backscattered

‘@adiation is calculated as;

. .
Pys= ...(5.51)
1 !

wvhere:

p:, =probability that the absorbed photons will
produce backscattered radiation in the general
direction of the detector.

o, =a composite scattering mass absorption
coefficient which has contributions from both
the Rayleigh and Compton processes. It depends
upon incident photon energy, absorber character,
system geometry, etc...

The attenuation of the backsca@tered radiation is given
by equation (5.42), with the understanding that u,’' is
pH

now the mass absorption coefficient for the

backscatteréd radiation.

Thus, the expected backscattered radiation at the

surface of a j type particle is the product of, equations

(5.39), (5.42) and (5.51), integrated over the'fange of



127

x, i.e.;
d
3 (=0 x(u +u, ")) d
= u.GI exp(-p.x(u.+u.’ x
sj_/ﬁu_ OJuJ 0 P OJ uj “3 |
0 J
...(5.52)
o.GI0 _
=1 9  (1-exp(-p.d(u.+u.")))
(u‘+u.|) J J ]
] ]
'~ where: ‘
1,, =intensity of backscatter radiation at the

surface of a j type particle.
Division of equation (5.52) by I, gives the intensity

factor F; as;

g.G
F.= b (l-exp(-p d(uy+uy")))

o ] + . .
. (uj My )

...(5.53)

Substitution of the appropriate equations into egquation
(5.30) and assuming an infinitely thick sample yields

B t1e model form of eqguation (5.5¢);

NOG k o.C.
2: J ] :

1-3J3° 3T
( ) (uJ uJ )

N(b)=

(1- ~p.d(u.+u," ...(5.54)
exp ( OJ (uJ uj 1))

Before deriving the homogeneous sample model

another simplification can be made to equation (5.54).

Rayleigh events pfoduce scattered photons with the same
energy as the incident photons whereas Compton events
result in an energy loss. Thedextent of this energy loss
depends upon the scattering angle, v, and the incident

photon energy. Mathematically;

. . .
AE=E |1- |
[- 1+o.001957a(1-cosw)] . eenl5.55)

where: o
AE =energy difference between the incident and
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\

‘'scattered photon in kev.
¥ =thg scattering angle; 0° < ¢y s 180°.

For C4-109, with E=22 kev and u51ng ¥=120° and ¢=180°
the respective energy losses are 1.3 kev and 1.7 kev.

With such relatively small changes in photon energy one

can assume tnat the mass absorption coefficient ij;/zﬁe“\\,
primary and secondary radiation are eguivalent, e;

. =pu. " ‘ ...(5.56)

and equation (5.54) may be rewritten as;

NOG k o.C. B
N(b)=——— Y. 4 1(1-exp(-2p.du.)) ...(5.57)
(1-3J7") 2“j J 3
Now, taking the limit as d-0', employing L'Hospital's

rule gives the model for a homogeneous sample as;
N,G w.0.
0¢ 2 J3J ...(5.58)

2 f:w u

Again, as with equation (5.50), equation (5.58)

N(b)=

implicitly assumes an infinitely thick sample which ié
reasonable for the OSCAA system.

Figure 5.7(B) compares equation (5.58), the
horizontal line, and e&pation (5.57), the curvé, to
illustrate the particle\éize effect in backscatter
measurement. The ordinate data is the predicted reduced
backscatter photon <flux. All other conditions are the
’same as those used in the deveiopment of Figure'5,7(A).
(For the purpgs;s of clarlty, only the flotation feed
curves are presented.) The scnttering cross sections aré

. computed by the method described in the following

subsection. Aga1n, best case and worst case curves are
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presented.

The results illustrated on Figure 5.7(B) indicate
that the particle size effect is much less pronouﬁced in
backscattering than in fluorescence. In partiéular, the
best case curves are very nearly the same as the
homogeneous sample model for all three flow streams. IE
is expected that equation (5.58) would be useful in

calibrating an OSCAA type system.
) r

5.5.1.3 Calculation of the Composite Scattering
Coefficient

The compqsite‘scattering-coefficient, g,
introduced in equation (5.51) is not simply the sum of
the tabulated Rayleigh and Compton coefficients'® as was
assumed by.Rhodes et. al. in their work. Both of these
.events exhibit a strong angular dependénce and to‘ayoid
bias in ‘the compoéite coefficient it is necessatf to
appropriately correct 0nm énd Onm. The method amounts to
calculating first order cbrrection factors, rm and I'ym
which, when applied to the tabulated values, provide the

composite c@gfficient,\a,$ﬁ.e.

B8 ‘ )
o=r o +r o Gon ... (5.59)

where: :

o =compos1te scattering massg{;sorption coefficient.

Om, Onm =Compton and Raylelgh mass absorptlon
coefficients.

Cm, Cnm ecor:ectlon_factors;

For the OSCAA system geometty (see Chap. 6)‘it is-

' *The tabulatqd values account for scatter1ng in all
possible directions.
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required to calculate the correction factors for
scattering in the range of 120° < ¢ » 180°. The actual
intersection of the detector with this band is atcounted
for by a simple factor reflecting the area covered and
it can be lumped into G.

For Compton scattering, the exercise begins with

the Klein-Nishina equation given by Zeigler et. al.{(57).

] ?
. ST U N S b ) .. (5.60)
SRR S Ol R - X sin”
" ) Lﬂ] LE bk sino
where:
0m' =the Compton cross-section per electron per unit

solid angle, i.e. cm?® per electron pet
steradian.

E =the energy of the incident photons.

E' =the energy of the scattered photons which 1s
calculated from equation (5.55) as E'=E-QE.

v =the scattering angle.

To compute the overall cross-section it 1s necessary to
integrate eguation (5.60) over the spherical surface,

and muliply by the number of electrons per atom, Z;

2n i
s ...(5.61)
\)m— //()m L%—J\ilwdwdd)
| N L -
X 0 0 '/'g:"f‘
or, ° it
" ’
()m=2nZv/()m'sinwdw ...(5.62)
0

Davisson and Evans(58) provide analytical expressions
which allow this calculation, however, numerical methods
provide eguivalent answers and are simpler to use. The

correction factor is computed as;

i

\

\

/

/
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180

20 's1 )
Z /‘um sinydy

r = 120
180

ZnZ./”um'sinwdw

0

...(5.63)

For Cd-109 with E=~22 kev, numerical solution of equation

(5.63) yields r.=0.279.

For Rayleigh scattering, Zeigler et. al. have shown

that the cross-section 1s approximately given by;

' L3

Y m —kf(w)é//Ei ..-.(5.64)

where:

' =the Rayleigh cross-section per atom per unit

solid angle, 1.e. cm? per atom per steradian.

k =a constant.

f(y) -a function dependent upon the scattering
angle.

Oam

The function f(y) 1is shown in Figure 5.8. Using a
digitized representation of this curve in the numerical

solution of eguation (5.65),

180

. 3
ZHKZ/EJ f f(y)sinydy
r = 120

nm 180 T -.-(5-65)

2nkZi/£3./ﬂ f(y)sinydy

0

for C3d-109 yields r,m=0.053.

In both equations (5.63) and (5.65) the
denominators representing the total scattering
cross-sections were compared to the tabulated values

P »
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with good agreement. (Before leaving this, and for
completeness sake, the mass absorption coefficients are
computed from the cross sections above by multiplying by
@vogadro's number and subsequently dividing thé result

by the atomic weight.)

5.6 THEORETICAL IMPLICATIONS IN THE OSCAA SYSTEM DESIGN

To ensure optimal operation of the OSCAA prototype 1t
was important to incorporate the theory in the system
design. This minimizes calibration problems to the extent
that are dependent upon design.

For the nuclear pulp density gauge, optimal design
procedures were outlined in sectioé 5.4. Provided that one
has a knowledge of the major potential error sources the
design is generally governed by equation (5.28). While this
implies that any radioisotope may be used provided that the
path length is suitably chosen, there may be practical
limitations on the latter. A compromise muét therefore be
reached. In a recent publication, Kawatra(SQ) has observed
“Eaat Gd-153 is better suited for pulp density measurement in
coal slurries than Cs-137, which is most commonly employed.
Unfortunately, he does not elaborate on the reasons
(presumed to be geometric) for this, however, the statement
does support the choice of Gd-153 for the OSCAA prototype.

For the ash-analysis sub-system, thé optimal desién
procedures are not nearly so straight forward. 81nce the

technology of flow cell design has been developed and
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refined in on-stream XRF applications, this design was
direclty adopted. Futhermore, since it was desired to detect
both iron Ka fluorescent and backscattered radiation, as
well as to intersect a large fraction of this secondary
radiation a wide-window proportional counter was selected
for detection'’. Xenon was chosen as the detector gas to
ensure a high probability of detection for both types of
secondary photons. The detector window was made of very thin
Beryllium to minimize the at£enuation of iron X-rays. This
leaves the radioisotope as the principal means of optimizing
design.

Considering the work ot others employing backscatter
geometry (see 4.4.2) and the physical constraints of
fabricating the source and detector assembly, a single
radioisotope was chosen for irradiation purposes. As
previously mentioned Cd-109 was selected and the rationale
for this choice: is discussed below.

A cursory analysis indicated that the best two
caggidate radioisotopes for this application vere Cd-109
(ref. Rawatra(36)) and Pu-238 (155ES17 kev). (ref.
SORTEX(11)). Subsequent investigation of their availability
indicated that Cd-109 was most easily obtained. (In fact, no
source for Pu-238 was found.) Since Cd-109 had previosly

been used with reported success and because of the

- ——— — e o - -

1sThere was no effort made to evacuate the space between the
source and detector assembly and the flow cell window. Under
these conditions and with XRF style irradiation and
detection equipment the possibility for analysing lighter
 elements, e.g. 162525, would exist (see(60) for example).

‘\‘
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availability factor it was chosen for use in the OSCAA

prototype.

Retrospectively, it 1s possible(zo look at the
implications of having made this selection. Boyce et.
al.(61) provide the general framework for such an analysis
in examining the design of the SORTEX analyser. To simplify
the illustrative calculations which follow, several
assumptions are made:

a) The homogeneous mixture models for an infinitely thick
sample cén be applied. ,

b) The slurry consists of three components, water, coal
organics (assumed to be Carbon: 2=6), and mineral matter
(assumed to be Magnesium: 2=12). all of the iron is
assumed to be in the mineral matter.

c) HThe average attributes of the flow streams are given in
Figure 3.1 and the mean slurry pulp density is 1.05
g/cm® in all cases.

In the design of an OSCAA system there are three
criteria of major importance:

a) Maximize sensitivity,

b) Maximize flux (minimize accumulation time for a given
accuracy),

¢) Ensure that sample is representative.

In mathematical terms, instrument sensitivity is defined as;

| s={N : |
‘ﬁ//gé ...(5.66) °

"where: S =sensitivity. 2 ' ‘ -

N =flux of secondary photons at the sample surface.
a =attribute to be measured.
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The models may be written in the form,

N(b) = (l—s)ow+s(l~m)oo+smom

(l—s)uw+s(l-m)po+émum ...(5.67)

where: w,o,m =subscripts denoting water, coal organics, and
mineral matter respectively.
s =mass fraction of solids in the sample.
n -mass fraction of mineral matter in the solids.
(For the purposes of these calculations the composite
scattering coefficients are simply the sum of the tabulated

Rayleigh and Compton coefficients.)

N(f)= - sm - .
(1-s)u _+s(l-m)u +smu ...(5.68)
where: &, =sum of the mass absorption coefficients for the

incident and iron Ka photons, i.e. @,=p, *+u,’.
The expression for sensitivity as a function of mineral

matter content are:

- (c+md) (a+bm)
ith: a=(1l- =(1- ...(5.69)
with: a=(l-s)o_+so_  c=(l-s)u +su_
b=s(om—oo) d=s(um_uo)
and,
(1~s)u_+su
(l—s)uw+s(l-w)uo+smum X ...(5.70)

With the exception of the iron Ka rad;ation, the mass
absorption coefficients are dependent upon incident photon
energy and both flux and sensitivity for each secondary
radiation must be calculated. Figures 5.9 and 5.10
iliustrate this energy dependence for both backscattered and
iron fluorescence radiation respectively} For sensitivity

the curves are plotted at extreme values of the mineral
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matter concentration, m. The results are consié?ent,ﬁith the
findings of Boyce et. al. aed since the general trends are
the same for all flow streams, only the feed stream data is
presented Figure 5.11 is 1nc1uded to demonstrate the
relative difficulty in making the measurement on a slyrry
sample as compared to dry solids. The vertical dashed line
represents the Cd-109 photon energy. Pu—ZBé, having
principal emissions in the range of 15-17 kev, lies just to
the left of the Cd-109 line.

on the basis of Figures 5.9 and 5.10 the following
conclusions can be made. For backscattered radiation, Cd-109
sensitivity is somewhat less than that for Pu-238, however
the photon flux would be significantly greater, all other
things being equal. For iron fiuorescent radiation,
sensitivity is about the same for both radioisotopes but
pPu-238 would provide a sxgn1f1canlty greater flux. In
summary, Pu-238 would appear to be a marglnally better
choice for a ptimary photon source than ca-109.

With respect to ensuring a fepresentative sample, this
is simply measured by the maximum depth from which secondary
radiation will return to the sample surface, i.e. the "thin
slice"” for analysis: Since sample homogeneity has been
assumed, the appropriate expression for calculating this
depth is taken from the decay term in equations (5.44) and
(5.52). Using Clayton and Cameronfs(46) definition of
saturation depth as the "depth from which 95% of the total

secondary radiation is obtained", the appropriate

A
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expressions are;

d) (sat.)= 3 — L (5.71)

26{(l-s)uw+s(l-m)uo+smum}

df(sat.)= 3

o{(l—S)ﬁw+s(l-m)ﬁo+smﬁm} (5.72)

where: d,(sat.) =the saturation depth in cm. for secondary
radiation type j. ‘

Figure 5.12 illustrates the relationship between satugation
~depth and photon energy for both types of secondary
‘radiation. From this figure it is evident that a
signifiéantly thicker slice of the sample is analysed using
Cd-109 for the backscattered radiation. This is true in the
case of iron fluorescence as well but to a lesser extent. In
this case.Cd-109 would be preférred to Pu-238 because of 1ts
sampiing characteristics. In considering the saturation
depths for the secondary radiation in comparison to the flow
cell depth of 2.54 cm, the infinitely thick sample
assumption in the modelling work is justifiedr
This semi-quantitative analysis indicates, at least to
the author, that there is little to choose between the two
radigg;Ztopes. In fact, the final choice would logically be
made on the basis of price, availability, half-life, etc...,

s

with the appropriéte weighting factors.
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5.7 CALIBRATION EQUATIONS

Two types of calibration equations may be used with an
OSCAA type system, either a set of semi—emp{fical equations
derived from the theory or a set of empirical equations. For
the purposes of process monitoring the most important stream
attributes ére the solids content of the slurry (%.by
weight), and the mineral matter content of the solids. The
iron content, while important in compensation, does not

require to be reported, unless it is on an alarm basis (e.qg.

tramp heavy medium).

5.7.1 Semi-Empirical Calibration Equations‘

The physical model of the slurry employed in
calibration includes water, iron free coal organics, iron
free mineral matter and hematite in an infinitely thick
homogeneous mixture. Designating the mass fractions as w,,
wz, Wy, and w, respectively,the necessary m&dels_are written
in the form;

Pulp Density

Cp _
log [ /Cw] Ay 1 +B,

Zwl/o | ...(5.73)

where: Cp.=counts through pulp,ln the accumulation time,
‘ Cw =counts through water in an equivalent time
period.
w, =mass fraction of component i in the slurry
p, =density of the ith component in g/cm
A,, B, =calibration constants where, in theory,
A,=-ux and B,=piuX.

Backscatter




) Z:wiﬂl ]44

)

2; ...(5.74)
W .
1
where: Cb =backscatter counts 1n the accumulation t 1me .
o, =the composite (see egn. 5.59) scattering

coefficient.

A, =calibration constant including incident flux,
geometry, etc..

B, =calibration constant accounting for offtset due
to detector choking, radiation leakage,
backscatter from flow cell housing, etc...

Iron Fluorescence

w

- A 4 + B
} . |
Lwi“i L (5.75)
where: Cf =fluorescence counts in accumulation time.

A, =similar to A;.
B, =similar to B,.

From ca;ibration exper iments each of the three models can be
parameterized (A,,B,) using linear regression. The component
attributes p,, u,, and, ¢, are obtained by experiment, by
curve fitting or from published tables.

Subsequent to the individual model calibration
exercise, the three equations can be combined to form a
linear system which may be used to predict the mass
composition of the slurry from the radiation measurements.
In vector-matrix notation the system looks lilke;

- ) ) -1
w1 -4 [ - L] —
L ;)2 - ()3 . ¥

4
W3 =D(U2‘Ul)—(02‘0l) D(U3_Ul)—(”3~01) D(U4"Ul)“(()4‘()l)

o o I ..:1(5.76)
[ wed Luyey) (g=uy) (=) - & ]
- LA
=y é
o «)l-’D'Ul N
and, -
"My
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whence;

S=100%(w2+w3+w4) ...(5.80)

o
where: s =% solids in the slurry by weight.

and,
m=10"3 [3}*”4]
s (5.81)
\
where: m =% mineral matter in the solids by weight.
ang,
m
a.‘; —
Rma ...(5.82)

where: a =% ash in the solids by weight.
Rma =mineral matter to ash ratio for the coal.

5.7.2 Empirical Calibration Equations

Cooper(62) has observed that, 1in general, calibration
of on-stream analysers using semi-empirical models provides
better préfictive accuracy than the more frequently
egcountered general polynomial (empirical) calibration
equations. Since the latter was entertained in the OSCAA

protype ;alibration work the formulation of Smallbone and
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Gurvich(60) 1is presented here;

n n .
P=a + jglajcj+ Y Xa

=L ... (5.83)

where: C, =the counts of the jth radiation type in the
accumulation time.
n =the total number of radiation measurements made.
a, ,a;. ="best fit" coefficients.
P =the slurry property to be predicted.
Implicit in this formulation is that only those terms which
are statistically significant would be retained in the
calibration equation. Thus, stepwise multiple linear

regression would be a suitable method of parameterizing the

equation.

5.8 SUMMARY

The theory of operation of the OSCAA fub—systems has
been discussed with emphasis on potential sources of error
and complications in the measurements. The theory has been
used in some aspects of the prototype design as well as 1n
the development of calibration models. The content of this
chapter should equip the reader to understand the operation

of any similar type of on-stream coal ash analyser.



6. OSCAA LABORATORY EQUIPMENT DESIGN AND EXPERIMENTAL

PROCEDURE

6.1 INTRODUCTION .

The major effort in this thesis project was to design a
prototype on-stream ash analyser and study its performance
in the laboratory. Based upon the results of this portion of
the project a limited plant trial was to be consideredf

It is generally observed that equipment of this type
will perform better under well controlled laboratory
conditions. The measures of performance made in the
laboratory are estimates of what can be expected in the
field. By attempting to closely simulate "real-world"
operating conditions the estimates SO obtained are more
reasonable expectations of plant performance.

For the purposes of the labbratory investigation four
calibration runs were deemed necessary for performance
evaluation. Thesé were:

a) Calibration on Flotation Feed,

b) Calibration on Flotation Concentrate,

c) Calibration on Flotation Tailings,

d) calibration on Flotation Feed With Varying Iron
Concentration. "

The sections which follow describe the final equipment

configuration, the experimental design and the pre/post

calibration run sample handling methods. The discussion of

the results of the calibration tests are treated separately

147
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in Chapter 7.
£

6.2 EQUIPMENT DESIGN
The OSCAA equipment layout for the laboratory program
is illustrated.in Ffgure 6.1. For the purposes of a more

detailed explanation it is convenient to consider the system

in three parts:

a) The Flow Loop,
b) The Pulp Density Sub-System,

c) The Ash Analysis Sub-System.

These are discussed below.

6.2?1 The Flow Loop

A SALA model SPV 180 3.8 cm (1.5 in.) vertical pump
with a 0.028 m®> (1 ft’) sump and a 5 horsepover variable
speed drive was used to pump the slurry to th; secondary
sampling device. The primary sample delivery rate was
nominally 9.1 m>/h (40 USGPM), which is tjpical of most
on-stream XRF systems. The primary sample slurry flow rate
was estimated from a calibrated "V-notch” weir in the
collection launder which delivered the recycled pulp to the
sump. The launder also provided for access to the flow
stfeams for sampling purposes.

The pump sheave size wvas caiculated for a primary
sample flow rate of 13.6 m*’/h (60 USGPM) of water,
recognizing that the corresponding delivery of aerated

>
slurry would be somewhat less (ref. (63)). The head for this
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flow rate was estimated by solving the macroscopic

isothermal energy balance and these two values were used 1n

conjunction with the manufacturer’'s pump curves to specify
impeller speed and drive horsepéwer. A variablé speed
controller was included on the drive for fine adjustment of
flow rate.

The function of the secondary sampling device 1in the
flow loop is threefold:

a) To split a representative secondary sample from the
primary sample input. This sample was to be provided to
the OSCAA components at a substantially constant static
head to prevent window warbing in the ash analysis
sub-system, which would affect measured radiation
intensity

b) To remove, vlia a screen, tramp material (e.g. woodchips)
which may report in the primary sample stream and which
could potentially block or otherwise disrupt the
secondary sample flow. | |

c¢) To remove, at least in-so-far as was possible, the air
which was entrained in the primary sample. This was
required to ensure accuracy in the pulp density
measurement.

Since the secondary sampler design, although commonly

employed, is not often given in the published literature, a

sketch is included in Figure 6.2.

The secondary sample from such a device is expected to

have a flow rate of nominally 1.6 to 2.3 m®/h (7-10 USGPM).
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With the configuration of the 2.54 cm (1 in) and 1.3 cm (0.5
in) schedule 40 PVC tubing used in the fabrication of the
OSCAA sample line, 1t was estimated from the macroscopic
isothermal energy balance that the flow rate would be
approximately 1.7 m’/h (7.5 USGPM) . Subseqguent testing of
the system in operation proved the typical value to be 1.9
m?®/h (8.4 USGPM), which is good agreement considering the
method of analysis.

| Since the secondary sample flow 1n the OSCAA sample
liﬁé is essentially vertical a homogeneous flow was
expected. Using the correlations of Lowenstein(64) 1t was
shown that for all three flotation product streams to be
tested, the critical velocity®® was exceeded by at least a
factor of 2.

Finally, size degradation studies were performed by
pumping a slurry through the system for an extended period
of time. The principal change appeared in thevcoarsest size
fraction where, in a four hour period, the mass freguency
retained on a 0.84 mm (20 mesh) sieve decayed from an
initial value of 6.57% to a final value of 4.9%. This
magnitude of change is expected to have a negligible effect
on the backscattered and fluorescent radiation intensity
considering the relative mass frequency. In addition,
cqmparisons of sample attributes for various slurry mixtures

were made between the reject and secondary sample lines.

—— - ——— ——— ——— . ————

**The critical velocity is the minimum velocity in a slurry
pipeline which will ensure homogeneous distribution of the
solids in the axial plane.



153

Good agreement was obtained with a typical result shown in
Table 6.1.
6.2.2 The Pulp Density Measurement Sub-System

The equipment used to make the pulp density measurement
is illustrated in Figure 6.3 and Plate 6.1.

The radioistope employed in the pulp density gauge was
Gd-153 which has’a principal photon energy of =100 kev. This
relativély\low energy photon source allowed a gauge design
with practical length and minimized shielding requirements.
The "Z-type" geometry was adopted to provide the path length
required for optimal performance while maintaining
homogeneous flow. In the design of the pulp denbity gauge it
was assumed that the principal source of error would arise
from the statistical fluctuation of the detected radiation.
In this case, and as was shown in Chapter 5, pux=2 provides
the minimum relative error in measurement if Lambert's law
holds. Depend}ng upon the nature of the slyrry, the density
may vary in the range of 1.0 s p = 1.1, which, when
substitution for u is made, yields an optimal path length of
11.4 cm S x(optimal) < 12.5 cm. Unfortunately, the physical
constraints oﬂgfabricating the gauge resulted in a mean path
length of 14.5 cm.; close to, but not within the theoretical
optimum range. (Note that because of beam divergence and
minimal detectogécollimation some build-up would be expected

< . .
and hence a slightly longer path length is desirable.)

€ o



Table 6.1'Comparison of Sample and Reject Line Slurry

Attributes

ATTRIBUTE REJECT STREAM SAMPLE STREAM
% Solids 18.3 18.6

% Ash 56.7 55.8
Solids Size )
Distribution

+35 mesh 34.6 33.5
-35/+465 21.3 21.8
-65/+4150 14.8 14.7
—150/;270 15.6 16.6
-270/4325 3.2 3.4
-325 mesh 10.5 10.0

N
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Plate 6.1 Tge OSCAA Pulp Density Gauge
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The scintillation counter and the necessary support
electronics are shown on Figure 6.3. A single »>channel
analyser. (SCA) was used to examine the energy region of
interest (ROI) in the amplified detector output (i.e. 50
kev<E<100 kev). The SCA provides two parallel output
channels. One of these signals was connected to the pulse
counter circuitry in the remote 1/0 interface. The other was
connected to a simple scaler for cross-checking purposes.
The remote 1/0 was under the real time control of the
computer program supervising d@ta acquisition. (A more
complete decribtion of\this equipment 1s left to the next
section.) )

The functional Speclflcatxons of the pulp density

o
sub-system are given 1n Table 6.2.

6.2.3 The Ash Analysxs Measurement Sub-System
The equlpment‘%sed for ash analysis, or, more properly,
to obtain the backscattered and iron fluorescence radlatlon_e
measurements, 1S llusé%ated in Figure 6.4 and Plate 6.2.
ff The radioisotope employed ® this system was Cd-109.
This choice was more fully evaluated in ehapter 5. The
detector wae a Xenon filled side window probortional
counter. The source detecfor geometry illust:ated in Figure
6.4 is not a conventional configuration (ref. (52) pg. 369
for example). The geometry used in th:{OSCAA ash analysis
gauge was required for a number of reasone which include:

a) size of source and detector relative to flow cell,

! .
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Table 6.2 Functional Specitications of the OSCAA Pulp

Density Gauge Sub System

CATLGURY

Pilpeline

Soul ve

Camer a

Detec tion

Electrical
Hardware

[ ] N

I TEM DESCRIPTION
Pilplaog (a) 2.% «m p Heh 40 PV(
(b) Total Vertilcal FPass Line Diatance
Source to Detedctorx 36 8 om
(¢) Vertical Pass Llne Dlatance Through
Slurzy 14 6 «m
(4) {uflow/Outtlow elbova . SN
Rad o (a) Gadolintum 15}
jsotope (b) Activity wheu Fuihased 130 w1}
(u) Halt 1ife 241 5 days
(d) Priadipal radiations at 9] Kev
(e) Disk Souice ID ? am$ a 8. ) mm
Collimatox (a) leugth JU. 3 «m
(b) Diameter 0.95 «m
Casing (a) OUverall Vutside Dimeusiona
163 ¢m x 141 «m X 10 2 «m
(b) Vuter vase Coustiucted with 1 '/&xn
Steel Plate i
(¢) Case core is ajuminum i
Cullimatot (a) 4 15 <m ¢ 1n 1.2/ «m Steel Plate
) . .
De e Lot (a) Model B0Z .3 Canberra Scintillacion
Detector
(b) Crystal 508 «m ¢ by 5.08 «m
. o e
Prcamp (a) Model 80> lanberra Scintillativa
11t tex(s) Detector Preamplifiex
(b) Model 802.35 Canberra fube Base
L e el m N e I
Single (a) M»det 2015 Cauberra Amplifiec/
Chaunel Timihg Single Channel Analyser
Analyser !
e e e — e s e
High (a) Model 3102 Canberra High Voltage
Voltage Power Supply '
Power
Supply

Scaler/Timer (a)

4+
Model 1776 Canberra Dual Counter

S

Canberra Industries lnc.
45 Gracey Avenue
Meriden, Connecticut

06450
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b) the requirement for adequate shielding between the
source and the detector,

¢) the requirement to minimize the distance between the
detector and the window to prevent excessive air
attenuation of the 1ron Ka X rays.

Since the geometry 1s unigue a Cross sectional sketch
is included 1n Figure 6.5.

The source and detector housing was eguipped withl a
rotating four position shutter mechanism. One position
provided for maximum attenuation of the primary photons
required for sate storage. The other three positions
provided for primary photon attenuation by factors ot 0.0,
0.5 and 0.75. The latter two positions used aluminum filters
for attenuation purposes. Experience had shown that the 0.5
position was the best from an operating point of view since
it prevented detector choking while maximizing the secondary
photon fluxes.

The flow cell itself was a 3.2 cm (1.25 in) diameter by
2.5 cm (1 in.) cylindrical cavity with the sample flow
perpendicular to the longitydinal axis (ref. fig. 6.5). It
is common practice in XRF aéplications to provide for leak
detection and thus prevent sample spillage if the thin
window ruptures. For the OSCAA sub-system this was
accomplished by using a dual Mylar™ film covering. Two wires
were placed between the films such that‘when the inner
window ruptured an electrical circuit was closed which

generated a process interrupt to the remote 1/0.

rd
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Subsequently, the secondary sample flow was stopped by means
of a solenoid valve on the secondary sampler Aischarge.
While this circultry was %ncluded in the design 1t was never
used since the operating life of a single winBlow was more
than sufficient to complete a given laboratorf zr plant run.
Finally, by proper positioning of the .flow cell in the
sample line, the window was kept under slight negative
pressure thus minimizing warping which could occur with
changes in the static head.

The materials of construction of the flow cell and
source and detector assembly were aluminum.and steel
respectively. These ;ere chosen because of their mechanical
properties and, in the case of the latter, ‘for its shielding
ability. Interference effects whiéh would result from the
backscattering of primary photons from the aluminum flow
cell housing were minimized through collimation. Similarly,
interference effects which COTId arise by primary photon
excitation of the iron in the s§ae&~a55embly were minimized,
but ndt eliminated, by wrapping tBe detector in a 3 mm (1/8

.) lead sheet.

The electronic components required to support the

detector and analyse the output are shown on Figure 6.4. A

et

multichannel analyser (MCA), under control of the data

"»

P

acquisition program was used to acqu1re the secggggry thton

thence to cassette tape by means of a high speéd serial

t
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interface and a fast buffer. Plate 6.3 shows the primary
elements of the electronic support and data acquisition
systems for both of the measurement sub-systems.

- &?
The functional specifications of the ash analysis

sub-system and electronic support equipment are given in

Table 6.3.

6.3 EQUIPMENT SETUP AND OPERATION

As ment ioned in sub section 5.1.1, the theory of
operation of the nucleonic eguipment employed in the OSCAA
prototype hardware configuration 1s adequately described 1n
nost textbooks dealing with X-ray analysis. The equipment
operating settings¥€i.e. detector voltages, amplifier gains,
etc..., were dete;g;ned using methods described by Bertin
(ref. (52): pp. 330-338). No explicit deadtime correct{ons

were made, these were effectively embodied in the best-f1g

parameters determined on the calibration models.

6.4 EXPERIMENTAL DESIGN

The raw material used to generate the samples required .
for the laboratory experimentation was obtained from
McIntyre Mines Ltd. The material consisted of two large
samples of flotation concentrate and one of flotation
tailings. All three of the samples were individually mixed
and sub-sampled for bagging and storage. A representative
sample of each was analysed for ash content, iron

concentration of the ash and solids specific gravity.
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lntértaccs Real- Time

Preampliflers HEPIB/RS232C Clock

NIM Bin Multichannel Remote
(Power supplies,
Analyser Input/Output
SCA, scalar/ halyser : / p
t.imer)
Printer plotter

.Cassette Control

Tape Computer

plate 6.3 The OSCAA Electronic Support and Data Acquisitidn

Systems



Table 6.3 Functional Specifications of the

Sub-System and the Electrical Hardware

Ash Analysis

CATEGORY ITEM DESCERIPTION
Pipelina Piping (a) 1.27 cm d Sch. 40 pPVC
Flowcell (a) 1.18 <m¢ x 2.% cm

(b) Windowv Material 10 u Mylar

Aoalysec Hgad  Radio- (a) Cadmlum 109
Source isotope (b) Activity When FPuzihased 33 =1
(¢) Half Life 453} days
(d4) Principal zadlatcion ac 22-20
kev(Ag k x-tays)
(e) Disk Source 11.4 md x 3.4 am

Collimator (a) Length 2 <= .

(b) Diameter 0 04 cm
Houslng Casting #{a) Fabricated from Steel
(b) Approximate Overall Dimentiuvns
15 cm x 8 m
i . . - S e
Detection Detectot (a) Model 45415 LND  Sidewindouw
Ptop. Counter
(b) Xe Filled at 1 Atmosphere e
(c) Berylium Window of
{1) thickpess . U. 1} mm
(11) slee 2. 5% (o x l?_l S
Elactzcical Preamp- (a) Model 1406 Cauberra Proportivoal
Hardwace liflex Counter Preamp.

(Enesgy Disper- Multichanoel (a) HModel 8100 Canberra MCA with
sive Anslysis) Analyser Nécessary Optional Features

High Voltage (a) IModel 3003 Canberra HVPS
Power Supply

& MCA Control (a) Model 8100-14 Serial Computer
Interface Interface .
Electrical Computer (a) Model HPIB25 Hewlitt Packard
Bardware Desk Top Calculator With Necessary
Features hd

(Data Acquia- Remote ,(a) MNodel HP6940B Multiprogrammer
itions, Stor- Iaput/Output with Necessary Optional Features
age, Presénta- (b) Model HP59500A H.P.1.B. Interface
tion and o To The Multiprogrammer ’ ,
Processing) . . o

Interfaces (a) Model HPIBQ36A RS232C
. Gerial Interface
. (b) Model HP98034A H.P.I.B.
Parallel Interface

Clock (a) Model HP59039A ASCII Clock

Plocter (a) Model HP9872A Graphicoplotter

Prinser ' % (a) Model HP9871A 30 Baud Impact Printer

s Storage (a) Model HP9162%T&|>¢ Cartridges
dium

+LND' Lac.

Oceanside, New York

[
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For the purposes of organizing a particular performance
evaluation on a given product stream, orthogonal design
principles were adopted. For the first three runs (feed,
concentrate and tailings) a 2-factor (%solids, %ash),
5-level design was used yielding 25 calibration points. The
fourth run was A 3-factor (%solids, %ash, %iron), 3-level
design yielding 27 calibration points. The advantage of
using an orthogonal-design is that it providesvfor the best
estimates of calibration model parameters by minimizing
covariange among the factors. From an analysis of the
preliminary testworkmdata described in chapter 3 and through
discussion with the operators, the design factor levels
given in Table 6.4 were identified.

To make maximum use of the the raw coal méterial which

a
wés available it was necessary, wherever possible, to move
from point to point on the design by simpler“make~up"
additions. (By the nature of the eigeriments there was no
need to randomize the order.) Toward this'eﬁd?/én‘

. (<
interactive computer program was used to solve the system
constraint equafionsff and determine the water, clean coal

wip
t %@al (tailings) and magnetite

' 2
(concent ;@)?I:Qgec
i ..';f s ",’l,d .
requirements of the slurry. Based on component inventories
. B . ° ) i ‘
after sampling for the preceding design point, the

. L e : !
incremental additions of the vadrious components were

‘calculated. If negative incrementé were encountered the
- v
5 ‘

o o

:1The constraint eqguations included %solids, ¥ash, %¥iron an
the total system volume. The latter was targetted at 38
litres after the standardization run with water.



Table 6.4 The Orthogonal Design of the Laboratory.Runs

e

% SOLIDS % ASH % IRON
IN ASH
5,8,11,14, 10,13,16,19, |{N/A
17 22
20,22.5,25 7.2,8.2,9.2 N/A
27.5,30 10.2,11.2
1,2,3,4,5 33,36,39,42,45|N/A
S 7,11,15 12,16,20 6,8,10
Sl G N &
L
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component exhibiting the largest relative negative change
was fixed at its current level, the volume constraint
removed and the. additions recalculated. If this calculation
provided a slurry volume in excess of 46 litres, a new
slurry was mixed for this design point. Calculations for
"bleeding” slurryyfrom the system and adding water to reduce
only the solids concentration were done by hand since this
happened only infrequently.

Having calculated the necessary water and solids
additions for each design point 1n a particular run, the
solids components were obtained from the bulk raw samples,
mixed in proportion and bagged with appropriate labelling
for use in the calibration run. For illustrative purposes
the experimental design for the flotation feed calibration
ié presented in Figure 6.6. The points at which a new slurry
was mixed, where the system was bled and the moves involving

incremental additions are shown.

6.5 EXPERIMENTAL PROCEDURE !
The steps involved in a calibratioh run may be divided
into two pafts, operatiqnal and sample handling. The former
involves all aq;ivities up to and including the stream
sampliﬁg and experimental data storage and the latter
involves all subsequent sample handling and ahalyses.

| © a

§



IN SOLIDS

% ASH
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\22 l % 24 A%Oiz: X.e ?9
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. 3 {l 1 —
i 1 1 T ]
5 8 Ll |4 17

% SOLIDS IN SLURRY

@ Mix new slurry

. &

Bleed and add water

®—————-‘[>® Defines experimental sequence In

the series

R
Figure 6.6 The Orthogonal- Design for Flotation Feed

. .
— - . . oa . -
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[

6.5.1 Operational Methods ‘

Each run was d1v1ded into a series of design polnts;
For example, 1in Flgure 6.6 there are four series of poiﬁts
Klabelled as @). Each series began with the preparation of a

. W . . . . . . .
new slurty and testing withln a Series involved incremental

i <

additions and bleeding. A &
Prior to the start of a new series the system was

allowed to "run-in" on 36 litres of water. This provided for\

‘ : - 3
instrumentation warm-up, room temperature eqﬁilibration
etc... Steady s&ife was established by monitoring thé the
secondary photon counts. When this conditon was achieved,
the appropriate readlfg; were taken on the water standard
and stored for future/reference. Although tHis particular.
experiment does not appear in the orthogonal design it was

N + ™ ~

conductéd for each series.

Avy

Once the water standard had been/meé%ured the necessépz
incremental additions were made to thg sump,‘slowly, to
facilitate good mixing. The system w;s then allowed at least
10 minutes of circulation to ensure slurry homogenelty.,Upon
complet1on of this stage, the data acquxsltlon Qérlod was

initiated by means of the computer program. Wheb the program

suspended acquisitlon and bega€ ' transfer/ﬁnd storagf
operations;'a 2 litre sample of ‘the slurry‘wa% taken from
the secondary sample line. When this was complete the

incremental ?ddltlons for the succeealng test were made}and
b

another. 10 minute m1x1ng period allowed prlor to-data ’

acquisition. . ' L

s
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The decision to take 2 litres of sample was made on the
basis of particle size disﬁributipn requirements. Although
particle size cannot be explicitly accounted fervin the
calibration models presented in chapter 5, a knowledge of
the relatfve changes was deemed necessary for possible
correlation analysis vith calibration results (i.e. analysis
of residuals)?®, Using the flotation feed for design;
purposes, specifying 95% confidence limits and using
Barbery's(65) equations for sample size determination, at
least 100 g of solids were required. For a slurry of 5%
solids, 2 litres were requiged to provide this weight. It

was decided to fix the saimple size at 2 litres for

tests, since, with the exception of some of the desigr
~ 4 !

points in the tailings run, the 100 g requirement would

always be met. Furthermore, 2 litres of sample is relatively
A3

easy to handle and is small enough to ensure the maximum

usage of ‘the raw coal resources. A

/ . .
Between each series the system was thoroughly flushed

with water. The next series was begun with the add1t1on of

.

36 11tres of water and the warm-up period.
After each calibration run equipment maintenahce was
performed and the Mylar™ window on the flow cell replaced.

The hard copy output and.the dg:zq:ape were removed, |
labelled”and stored for the subséguent analysis.
i

- —— S - D P D . D Y - =

33fFrom the theory, modest changes in the part1cle sxze
distribution were not expected to significantly affect
results. .
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\ 6.5.2 Sample Handling
The 2 litre sample from each design point was obtained
in two 1 litre beakers. The wet weight of the slurry was
" recorded and it was then transferred to a dr;lng pan. Rather
than use filtration to igfed1te drying, evaporat1on under
infra-red lamps was émpioyed to avoxd«potentxal sample
losses. The dry solids weight was recorded and the solids
_transferred to a 0.6 mm (28 mesh) sieve. Using hand
screening and gentle pressure the fine coal agglomerates
were broken down. ?he solids were then thoroughly mixed and
a representative 100 g sample was cut for size, ash and iron
s analysié. In the special cases of runs 1 and 2, 20 g samples
were also cut for specific gravity determinations. Any \\\\
reject material was then bagged and placed into stérage,
The 100 g sample was screenfanalyéed (dry) on the
following sieve nest; 0.84 mm, 0.6 mm, 042 mm, 0.3 mm,
0.21mm, o.1$mm (20/28/35/48/65/100 mesh). The results were
recorded qnd.the screen fractions recoﬁbiﬁéd. Minimal weight
.1osses were observed in this step. (In the case of run 3
where some of the slurry sémples contained only =20 g,
screen analyses were not -performed.)
/ f vThe recomb1ned size fractions were then reduced to -0.1
mm' (-150 mesh) in a coffee grinder. (Independent studies had
\shown no iron contémination f:dmothé stainless steel.
,\blades ) From this very fine sample, dupl1cate 3 g cuts were

obta1ned for ash analysis. The ash analysis was performed by

heatzng the coal in a muff}e furnace at a temperature of 750

\

\ u ‘ ' . R PR
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C for a per1od of approxlmately 6 hours. Inspection of the

uncombusted resxdue showed no trace of organic (black)’

'_ substance. The reject vas bagged labelled and placed in

' storage. k

- The ash residue from the ash ana1y51s step vas we1Fhed :

nd the ash content calculated Except in the very

‘1nfrequent case of error, where one sample quite obviously

>

gave incorrect results,-the mean of these two assays was
reported as the solids-ash content. |

The duplicate ash reszdues were combined and subm1tted

’for iron analysis. Thzs analyt;cal work was done in a

.commercxal laboratory. Despite "the fact that both a

method(65) and the equxpment for perform1ng these analyses

vere avaxlable, con51stent results could not be obtalned.

‘»(Th1s is thought to be due in 1arge part to the state of

repair of the atomic absorption analyser.) Thus, a local
laboratory Wlth a plasma spectrometer was chosen to do the

work To reduce analytxcal costs only selected samples from

calxbrat1on runs 1, 2 and 3 were submxtted It was argued

and later shown (ref. Chapter 7) that, s1nce iron was not
Lndependentlg (externally) controlled xn these calibrations,

it would be strongly correlated with. the aah content.

Therefore, a correlation constructed on the basxs of a few

amples could be used to predict the iron concentratxons for
those samples not anal‘sed. All of the ash samples for run 4

vere 8ubm1tted~for iron analysxs.

4



The results of the attribute analyses vere tabulated
and stored for the subsequent ,cglib’fa‘tion studies. |

Y
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Thih chnptet ay 4
 f‘h9 dlti derived frCn thc llboiutory exporilcnts and thc

firesults ot—the cubooqucnt calib:ation studics;i 1
lLﬁthe Mca.specttu- analysii, seni-capitical nodcl plrauot! 

.'festination and data pxopnratidn priar to calib:ation ure
o provided. Thn critcria tar assessing tho per!ornancc ot th¢§
QOS$AA prototypc is detincd ;nd tinally the resulta of theﬁ%

L

: -  Th‘ “CA 3vcctra acqu19od fot the dit;f 'i;;
'1,"ere analysed to provido mo.sures of th.bb':k'cltt!t.d~‘ﬂd ff};f
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peak A typzcal MCA spectrum for an exper1ment is presented

in Figure 7.1, It is convenient to consxder the methods of
. N \\ ’,) .

peak resolution separately. -

¢

7. 2 1 Backscatter Peek Resolution
. gr‘g

Studles on the nature of the background both on "the low

- energy and-on the\hlgh energy sxde of,t

backscatter peak
indicated that it ébulé‘he modelled via [the simple lzneari

©

expression:
. B=b0;~blc | :
- : ...;(7.1)
x;vhere: -background counts in channel number C '
~ . C =channel number '
bo, by -coeffxcxentgﬂoﬁ the linear model -

ance x\\has no absorptzon edyes in the energy regxon of
Interest (ROI), there was no reason to suspect

L
- dlscontxnulty. To estlmate the lxnear model coeffxcxents in

‘}';dquetxon (7. 1) a qu1ck' computatxon was used rather than —

ilvthe more mathematzcally (statxst1celly) correct linear
'Qregressxon analysms. The qu1ck method 1nvolved the followxng
'steps' ' | | |

*"'-.[‘:")tj{’nenne s region on the spectruw to the 1°" energy side

'*rd.*h°£ the peek where the contributzon of the peak is :
‘<itinegligible- Calculate the meen beckground count for thxs

: h*ﬂszgg1on and the centroid chennel..-; e S
'77:fh)‘lnepeat the celculetxone on the high 9“"9? 3143 °f th‘

 peak.

'vlnl:iQUeing the tvo pointe defined in (a) end (b) ebove.-,rs:if;?gfﬂfj“”

T

L4
et i e ¢

..hhﬁhrtetimate the coefticients of the beckground nodel.,r_ 17;71¢§ff”"”

S
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The magnitude of the counts in the channels which
> | Qefine the backscatter peak preclude the need of any
. mathematlcal manxpulatxon of the raw data such as smooth;ng.
' Once the ‘1low energy and high enetgy peak boundary cha/;els
‘were defined, peak integration over the ROI is performed
simply, by. subtractxng the predxcted background from the
observed counts for each channel within the boundaries, and

summing the results. This procedure is illustrated *

scgfmhticallytin Figure 7.2.

7 2.2 Iron Peck Resolution
| The problems assocxated n{th analy31ng the iron peak
_occur” because of spectrum shifting apd an underlyxﬁg
".background d1scont1nuity. A
Peak shifts result vhen the gross counttﬁate at the
| | fdetector changes and the resolutzon of the 1nd1v1dual pulses
3 'ij»lis not complete *ref (67) Pg. 75). Although these shifts =
o 3¢V genera11y heve a range of only a fev channels in the. HCA D

'"Yf}fsspectrum for a particular stream, they must be accounted for \

fgdftc encure maxxnum accuracy 1n‘deriving the iron £1uorescences

"”fcount d,t,,,rhis does not represent a partxcularly difftfult_

%jptoblen since all ot the peak annlysxs methode studied vere
J4gffffadnpt<\o (i.e. capable of tesponding to peak movement)._.;ﬂn’
- The discontinuxty in the background vhich underliec thei

'”?ff:iron“veak rcpr:!bnts the more serious problem in tesolution.fj

e vu strongly_‘_-; ',uspected that the discontinuit! ""

lut‘icorrclated Vith the Xe dCFQctOt gas absorpti°ﬂ 9590' ("f'f*f
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{52) pg. 305). The mass absorptzon coeff1c1ent for Xe over

Y
. ~ the energy range of 1nteres€ is shown 1n~%¢ggr\¢}/3 The

pr1nc1pal iron fluorescence peak Fe Ka at 6.4 kev, is

~

' observed to lie Just to the h?gh energy side of the Xe L
shell absorpt1on e%ges. Given the resolutxon of the
proportional counter it was expected that ther"would be
some overlap‘resultiné in a discontinuity vhich would
-underlie the iron K fluorescent radiation peaks.‘

A special exper1ment was des1gned vhere it was possible

to directly irradiate the detector with the Cd-109: dﬁurce,

.both with and without iron fluorescence. A typlcal'?esult

) for the experxment is shown in Figure 7.4. It is readily
/>‘ apparent from this figure that overlap does 1ndeed exlst.

Calculatlons én the spectral data indicated-that the
| 'beo?nnxng of the discontinuity on the high energy s1de
] corresponds to the Xe L1 akiifwrxon edge (5. 5 kev) ..
P | Clearly, ‘the method. used to extract the 1rpi'
: fluorescence counts should be somevhat more sophzstlcated
o than that whxch was employed to resolve the backscatter
l7oﬁ}peqy Sznce 1t is deslrable, from a stat1st1cal accuracy

»fthe fluoreacence counts a peak modellxng approach vas

'§f~i;nt1ally adopted&wf\

" The modelling approach vhxle more mathematzcally

"—v1evpoint to use the area uqder the peak as a neasure of

"iﬁﬁelegant, proved to be lesa prec1se than a szmple resolution

«ﬁ,x,"Thia is the preferred method of meaeurement in enexgy

“ o dispersive analysis as ‘opposed to the single: energy-

-:.:ﬂ?yﬁi(vavelength) neasurement counon in wavelength dxsperddve XRF
"'szaanalysis.'s; S . : R |
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tecHh1que, and for thls reason was not used 1n the OSCAA
stud1es..However, 1nvv1ew of the potent1al applxcat1on of

peak modell1ng in the next generat1on of 1n§trument = ,5;31i'

g

development, the methodology and the results of ‘the ‘h'l;"k

‘

resolutxon studles are descrxbed 1n the text wh1ch follows.-

0' X -
. R L :

7 2 2 1 Modell1ng the Iron Fluorescence Peaks
v The 1ron fluorescence radlatlon peak model 1s ngen
’1n equatlon (7 2) The model assumes a double Gaussxan -

functlon to account for both the Ka (6 4. kev) and Kﬂ

(7 05 kev) contt1but1ons._-"'75\2.‘ S ,,' -ef‘,- W
o foal e el gl L

where- Y. =1ron K fluorescent radlatxen counts 1n\ ~
channel o000 L
Y' ;1ron ‘Ka- fluoreScent rad1at1on counts for S e
R -'»-' - ."a-peak"-modal’ channel. , . LT
'\\; Jk -numer)cal ‘constant (=4ln(2)) o BT
B 4 a1 =channel number. - P ‘~w';'~1;/-s
Ca ‘=modal: channel for the Ka- rad1atzon.,-,h, -
Wa -fuli wzdth at half maxlmum (FWHM) for the Ka

et YO S a K
R SN o] & -modal channel number for the KB radlatxon.lf
rjR -ratxo of the Kg to'Ka peak hezghts.;ﬁ.“; .

\,
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) o0
1.102 and therefore;

CB=1.102Ca e (7.3)

In addition, the theory itates that;
b

W«EO'S‘ ... (7.4)
and, therefore; |
0 .
7.05 -
WB= [ﬁ] Wa=1.05Wa - ...(7.5)

Equation (7.5) wag corroborated éy the scanning electron
microscope work. Substitution of eguations (7.3) gnd
(7.5) and the independently dbtained value of R into
equation (7.2) produced a model in three unknown N

parameters, namely Y', Ca, ang Wa.

¥
7.2.2.2 Modelling the Background
The background model was assumed to take on one of
two térms. The first form considered the background to
be constant on the high energy side of the
discontinuity. This meant that only the data in this
region of the spectrum cbpld be analysed, howvwever, as

-

. shown in Figure 7.4, the fluorescence peak is relatively
well defined in this regign. It is possible, in
prinqiplé,-to fit the combined background and iron
QflhoreScence models ovet this region. if Cm is taken as
the channel corresponding the maximum counts in the
observed spectrum, the constant background model can be
estimated as\{ollows; Q

«  (itn - “
fB=MINIMUM {;E;_th/Q2n+l)}; 1=l,2,..7,250 ...(7.?)
LN
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v

where: B =estimate of the background counts on the high
energy side of the discontinuity. .
n =the averaging increment (taken as 2 1n this
work). .
Y, =observed counts in cbannel ). :
cm =modal channel in the observed spectrum.

The second form of the background model was derived
from inspection of plots of the first derivative of the
"pure” background spectra from the special experiment
(ref. fig. 7.4). Since the resulting curve resembled a
Gaussian density distribution it was argued that the
background could be partially modelled as an integrated
form of this function. This required that the background

be considered as a three part function. It would be

constant both below and above the discontinuity and be

equivalént to the integrated Gaussian over the i
discontinuity (ref. fig. 7.4: "pure background”).
Mathematically;
\ i+n : (7.7)
BL=MINIMUM { g. Yj/(2n+l) H l=60'- .. . [Cm LI .
j=i-n
351
BU=MINIMUM Y. ; -i=Cm,...,250
| {=i-n J/(Z“"l) _ ...(7.8)

where: BL, BU =constant background on the lower and
upper energy side of the discontinuity,
respectively. - '

Since the total counts under a Gaussian peak, I, is
related to the FWHM, Wb, and the counts in the modal
channel, Y'', as; ' |
I=Y''Wbv271

-~ ' 2.35 000(709)
wvhere: 1 =total counts under the background "peak”.

Y'' =counts in the modal chanmel-for the
background "peak". X



187

Wb =FWHM for the batkground "peak”.

then, if BL and BU are fixed according to equations
gﬂ - e
(7.7) and (7.8); SR
N o
l 1=BU-BL - .. (7.10)

and combining equations (7.9) and (7.10) with

rearrangement yields;
_2.35(BU-BL)
2T y'!

Thus the unknown parameters for an integrated Gaussian

Wb .. (7.11)

function describing background would be Cb, the modal
channel, and Y'', and the final model for the backggound
is given in equation (7.12).

i ' . 21 -
_ vy _+|3-Cb
B,=BL+ 3 Y exp[k[—w'b_]] .. (7.12)

J=4

where: B, =background counts in the ith channel.
=channel corresponding to BL.
Cb =modal channel for the background "peak".

-

7.2.2.3 Modelling the Spectrum

Considering ;he discussion above, there were }wo
methods of modelling the photon energy.speétrum in the
region inc{Lding the iron peak. The first was to examine
the sPectrum on the high energy sidé of the
diséontinuity.hlﬁ this case equations (7.2) and 17.6)
“were used, where, for the latter, B was also considered
an unknown whose intial'estimate was obtained from
equation (7.6). This was termed the "1/2 Peak Method"
since it e;amined a little more thatlonthalf of the

peak. The other method examined the éntire peak :using

equations (7.2) and (7.12) and was termed the "full peak
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method".

~ For comparative pufposes a vefy simple extractioﬁ
technique was also studied, analogous to wavelength
dispersive XRF analysis. In this‘case the background was
estimated from equation (7.6) and the counts in channelv
Cm, corrected for background, B, were taken as the irbn
; radiation measurement; This was termed the "simpié
method™. '

Parameterization of the models was accomplﬁshed

using an orthogonal multivariable search’algorgihm (;n
adaptation of the Coggih's algorithm; (68)). Initial
estimates of the parameters were available from previous
work. The objective ﬁuﬁction minimized in the \\

parameterization exercise was the standard x2? criterion

having the form; b . "
. , )

. x’= ¥ (Y,-Y.) o N

iy, e (7.13)

~

where: ?. =predicted counts in channel i.
a, b =channel limits defining the range of fit.

Once the model parameters are known, the area under the
iron K fluorescent radiation peak is analytically
available from expressions of the form given by eguation

/

(7.9) (sﬁmming e and § céntributions); //
With regard to the spectrum itself,-the rav data‘//
'shbwed‘considerable'stitiStical fluctuation as was y!
“expected ét'the :?laﬁively low céunt le§é1§. ks an
.al’te'rnative t; a di;gct fit on:-the: 'i?‘éw &ta, a sn}oqthing |

algorithm vas developedﬁqs_described by Marr(&9). The
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spectrum smoothing brocedure is recommended by Bevington
(ref. (70) pg. 250) to improve the fit by reducing the
x% value, but not without warnings on potential problems
related to increased uncertainty on the parametet;.
Briefly, the smoothing a%gorithm ;equires that the'raw
. count data be transformed by taking logarothms. Then,
using linear regression®*, and assuming a quadratic
relationship, the transformed counts in a particular
channel were estimated.by fitting the quadratic over
(2n+1) points, n on either side of the channel of
interest. For this work n was taken to, be 12. In
accordance with Marr's suggestion, the smoothing
operation'involved two passes with the algorithm, the
fesults‘of the second pass'yete f%-trancformed to

produce the smoothed spectrum.

<8"i’7.2.2.‘4 Results ofdthe Resolution Studies
The three.eitraction methods were then tested on

both raw and smoothed spectra'to determine whicn would
provide the most precise cesults (eccuracy could not be
tested). For the purposes of the extractxon methodology
testing a series of '3 spectra on pure vater samples were
‘used. The water Spectrum shows a. pronounced 1ron peak
due to the steel used in the fabtzcat1on of the source
and detector housing. It is, however, the minimum oeaki
height obtainable‘and'thus is most suscegtxble}tOA

“The regress1on is done us;ng convolut1on 1ntegers because‘1
%of the equzspaced channel data. : "

«
AN
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statistical'fluctuetions For this reason the vater C

;_Epectra make the best teet bed for methodology

evaluat1on. It vas ergued that the method Selected must (
o be rel1able for all spectra ecqu1red and therefore must
be accurate for any#subset, 1nclud1ng the pure water»
spectra. | | - | \‘ o |

A selection of the results of the evaluation .

studies is presented in Table 7.1, In Table 7. 1, (A) and |
(B) compare the "1/2 peak method™ on both the rav and
smoothed spectral data.,For comparatlve purposes both Yo

and 1 are reported. !n both cases Y' was a more steble

| est1mator of the fluorescent counts than I, as reflected A

in the relative error of estzmatlon. Thzs~1s the result
of the add1t10nal uncertalnty in the FWHM, wh1ch is
requ1red in addition to Y' to compute I. It is clear
from the d1£ferences in the relatxve error flgures that
the - smoothed data geve more steble est1mat1ons than dxd
the raw deta. (B) and (C) compare the "1/2 peak method”

" and the 'full peak method" es app11ed to smoothed date VJ‘
’ demonstratxng the euperxor1ty of eetimet;on for the
lletter. This is thought to be the result of the "full

:;'_peak method'lxnclud1ng the entlre range of the iron_u.
i fluorescence peek thereby improv1ng peremeter 7-

'»festimetxon. Finelly, (D) demonstrates the resulte tor

egth szmple methpd' which wee judged to be the beet -

"5?method for reeolvxng 1ron count dete. (The trends ehown.

’?5fp{here were leter eubstantiated in the celibretion

e
T ST
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)

Table 7.1 Results of Iron Peak Resolutioq Studies ' :
(A) "1/2 Peak Method" on Raw Data |

Case ' Y
R 2 counts

1 1 1387.1
2 1411.5
3 ‘ 1317.3
4 1396 4
T 1378.1
41.7
3.0%

Dev.:

6557.8
Err. »

9.6%] '

P%§k Meth6d“ on Shoothep Data ; '

. /\(B
o, .
A : ) : . ) Yl I
. “ counts counts
1 . - 1366.6 60442.9
2 . 1353.1 62660.2
3 . 1323.0 61908.6
4 E 1359.7 = 67450.2
IMean | -1350.6 3
std. Dev. - 19.2 .
Rel. Err. 1.4%

3032.9 |
a.8% |

(C) "Full Peak Method" on Smoothed.Data

Case . Y - . I
D _counts _ . counts
1 | 1368.1
2 . 1368.6
.3 “ 1344.6
4 1 - 1348.0
Mean . | 1357.3
~ |std.. Dev. - 12.8 11882.9 |
" |Rel. Err. 0.9% o 3.18%

"Simple Extraction Method" on smoothed Data

~ 58722.6
©'59539.0,
61172.9
62977.7

60602.8 |

’*“Lzﬁi(pi

“|lcase | . Ymax |-
I | counts | .
(1. ..o [1535.4°| -
2. . ol 1539.10 0
13 | sz ot
Mean .- T 1538.9 | v

.| std. Dev.
- |Rel. Err. |

. .fO‘2§ ,K, ” ¢ Lo
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~ exercise for run 1 on flotation feed )

on the basis of these f1ndxngs the "simple method"”

- was selecte& for,the §ubsequent spectral analysxs work.

7.3

Eigore 7.5 illustreteé the mechanics of the "simple
method“ £or extractionvof'the iron-count data. Briefly,
the raw data 1s £3rst smoothed, the modal channel
1dent1f1ed and the backgrouud estxmated whence the
corrected counts 1n\the modal channel Ymax, is
calculated. } |

1t was 1ndeed unfortunate that a relxable est1mate
of peak’area could not be developed within the time
frame of th1s project A reliable estxmator o£ this form
uould have provxded statlstxcally better eStlmates of -

whe iron counts.

PARAH!TIR ESTIHATION FOR THE SRHI-EHPIRICAL CALIBRATION
a
MODILS '

The £our component sem1-emp1r1ca1 OSCAA calxbratxon N

model glven by equatxons {s. 76) through (5. 79) requ1res that

verxous mass absorptxon and scatter1ng absorpt1on nuclear

coe£f1c1ents be eVaxlabIe for eech component in the essumed

(physxcel model of the slurry. In edd;txon. estxmetes of the

:chomponent densit1ee ere required. In princxple these

‘7_1perameters could be estxmeted by 1ncluding them ee unknovns

'[dn the model calxhration exercise“(together v1th the A.,B,) o

HO"“!‘. zt 19 considetably simpler to calculete the nuclear‘ S

f'fcoefficiente from the date avexlable 1n the litereture,‘r*
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=

knowxng ‘the approx:mate elemental composztxon pf-.the
omponents. Furthermore, the densgities can be estxmated by
fitting the assumed physxcal ‘model of the coal solzds to

" actual speci£1c gravity data derived £fom the anelysxs of

}experxmental ‘samples.

7.3.1 ‘Calculation of the Nuclear £oe££xc1ents
| An 1nteract1ve computer program was wr1tten (Appendlx
1) and the approprlate data base constructed from bhe
tabulated values(39) such that upon entry of:
) the ash analys1s. | #
(ii) the ultimate analysis of the coal,
the agproprxate nuclear coeff1¢1ents vere estxmated from the
kelemental composxtion. Included 1n the output from this
 program wete the mass absorptxon coefflcxents at 6 4 kev
'(princlpal Pe fluorescence photéh energy) and 22 kev
’(average princ1pe1 Cd-109 photon energy), as well as the. |
comhined scattering absorptxon coeffxczents.l(The later were
‘ estim4ted by celculet;ng a, and a.., cor:ect:ng them with A~"
4ne't.; r., (sub-sectxon 5 5 1 3), and addiag the“reeults
:ted for.»j'

“A;;tcgethev). These varxous coetfxcients !TG c°ﬂj

) ._} g “;l )

*”V(i)the orgenic phase, ;&f I““f*?;‘fﬂf*‘

“f:(xx)the overall ninerel metter phase %1nc1uding the B

“(x e .
e e e

B 5f¢:}1ron conponent)

vwif(xix) the ron £ree ainerel natter phaee.,fffﬁhf[*

ffeTSince the composition o£ the other twowpoeeible conponents,ir,{?"

n,_heee:celculetione
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A

vwere done oniy omce. A sample of the:relevaht portion of the
computer program output is presented in Figure 7.6.

Several ultimate and ash analyses were available on
McIntyre Mines Ltd. coal (see, for example, (71), pg. 55).
These were done at different times and by different groups
and included results obtained on the raw coal samples used
in this work. Interestingly, the ultimate analysis chenged
very little and tme most significant differences between ;he
ash analyées were the concentrations ef iron, This suggests ‘
that, in this particular case at least, the nuclear
coefficients will be reasonable for the deposit as a whole

thus the four component model assumed for calibration

_purposes was Quite reasonable.

3.3.2’Estinam;ng Solid Component D%nsi;ies

. It was eiplicitly_stated in the discussion in
sub-section 5.7.1 that the coal solids were assumed to
comsiét.of leasf two phases, minimaily‘ah'organic phase and
. e mineral matter phase. The coal solids deneigy, in terms of

these two phases, may be written as;.

_l
Pe[-m) +m v e (7.18)
| S Loep el '
‘where: P, -coal solids density.

'pa, p3' =coal solids organic-and m1nera1 matter
A ; phase densities.
. m =mass fraction of mineral matter in the coal

| “3:To estimate p; and p; , the specifzc gravxty data derzved

’-71from run 1 was used as 1t provzded the w1dest range of

"jfvalues. A non-lxneat regressxon ptogram(72) was employed to
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ORGANIC PHASE CALCULATIONS.. ..

CARBON QYDROGEN NITROGEN SULFUR "OXYGEN ASH
WY, % (RAW) 83.70 « 4.44 ) 1.26 0.49 2.%59 7.52
wT, % (ADY) 90.51 4.80 1.36 0.5%3 '2.80 0.0

TOTAL AC(6.4)= 9.5469 TOTAL Ad§22)' O.4069 INCOH. SCATTER (22)= 0.1704
COH. SCATTER (22)= 0.0574 TOTAL SCATTER (22)= 0.05086

INORGANIC PHASE CALCULATIONS.. .. R ‘ "

OXIDE OF WEIGHT % WEIGHT % EXCLUDING
RAW ADJUSTED HEMATITE

..... ececcmccacecb e g m—————
SILICON 52.16 53.98 %58.63
ALUMINUM 23.65 24 .48 ~ 26.58
CALCIUM 3.27 3.38 3.68
MAGNES . 0:.74 0.717 0.83
TITANIUM ~ 1.89 1.96 2.12
SODIUM |, 0.84 0.87 0.94
RPOTASS.  1.37 1.42 1.54
PHOSPH. 0.97 1.00 1.09
SULFUR 4.08 4.22 4.59

IRON 7.65% 7.92 0.0 \

DATA FDR ASH FORI!NG HINERALS

'TOTAL AC(6 . 4)» 79 4664 TOTAL AC(22)' 2.2408 INCOM. SCATTER (22)= 0. 1503
COH. SCATTER (22)= 0.1507 TOTAL SCATTER (22)= 0.0499 :

N

OXYGEN FRACTION IN THE IRON FREE INORGANICS 1S 49.87 %

DATA FOR MINERAL MATTER: _ :
0.15M ;

- E S — - -

TOTAL AC(6.4)= 74.0140 TOTAL AC(22)= 2.0941 INCOM. SCATTER [22)=
COH. SCATTER (22)= O.1443 TOTAL SCATTER (22)= 0.0502

. 9 . ) ) <3 . 7
DATA FOR HEMATITE; P R
1

an AC(6.4)= 55 9200 TOTAL Ac(22)- 13.8680. INCOH.’SCATTéR (22)= 0.1301
'COH.. SCATTER (22)' 0. 3500 TOTAL SCATTER (22)= 0.0549 B

DATA FOR COIPOSXTE HINERAL “lTTER’

ToTAL AC(6.4)= 72.5814 TOTAL, AC(22)=  3.0263 INCOH. SCATTER (22)= 0©.1507
cou scnrrsn (22)- 0. 1606 TOTAL SCATTER (22)= : 0.0506 S

9

. 3
‘\W

?1gute 7. 6 Sample Program Outppt for Calculatzng Nuclear

1

Coefﬁxcxents in the Sem1-Emp1r1ca1 Ca11bratxon Models.r}
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calculate the estimates. Whe raw data and the regression
jresults are presented in Table 7.2.

For the burposes of the four component model, where it
" was necessery to'provide a p; value for the iron Eree‘

mineral matter, equation (7.14) was used to transform p;’';

’ (1-2) , .
e , . = - Ro ‘
N e ...(7.15)
: - 3. "4 , o4 |
where: p, =density of the iron free mineral matter.
Pa =density of hematite. @

{=mass fraction of iron bearing mineral in the
mineral matter phase.

7.4 DATA PREPARATION

This-section deals with the methods employed to
- manipulate the raw data priotr to performiné the calibration
~ studies. It is divided into two sub-sections, the first
dealing with slurry attribute analyses and the second with

»

the radiation count data.

|

i , | o
~7.4.1 Preparation of the Slurry Attribute Data

Ae'described in.sub-sectidn 6.4.2, three slurry
s attt1butes were measured | , -

) a) x SOlldS in the slurry, e
‘»’;B)i'% ash in the sol1ds, R B
\ ;,e}/ % 1ron in the ash. ~ /

15_‘The analysesjfor (a) and (b) were done 1n-house but for (c),f1

,'»efthe anaf}ses were performed by a commerc1al laboratory.v

“”figorder to m1n1m1ze costs for the latter, 1n all but run 4,‘vi,fﬁ

v‘k.‘

vﬁgwhere the 1ron concentratxcn vas 1ndepenfently controlled

.I‘_ P g o, .
SN
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) : , oy
_Table 7.2 Estimates of the Solid Phase Densities in the

McIntyre Coal

RAW DATA FOR FLOTATION FEED CALIBATION RUN
- ) ’ (o

Experiment Mass Fraction solids™ :
Number of Mineral . Specific
Matter{(m) . Gravity
R 0.1092 - . 1.360
2 0.1100 - - 1.359 ,
3 0.1112 1.362 -
4 0.1133 1.357 '
5 0.1136 1.355
6 - 0.1466 1.374
7 0.1819 - 1.409
8 0.2230 ~ 1.442 .o
. 9 0.2572 © 1.4685 /]
, 10 0.1372 o 1.3742 )
11 0.1385 . 1. 3699
12 0.1395 1. 3697’/ B,
13 0.1412 _ 1.3681 | ‘
14 0.1797 1.4022
15 0.2148 4.4385 -
16 ' 0.2556 : 1.4601
17 ’ 0.1752. 1.4011
18 ‘ 0.1763 : 1.3992
19 0..1807 . 1.4092
20 . 0.2181 1.4400
21 0.2565 - - '1.4636
22 0.2107 A 1.4221
22 . 0.243% 1.4499
24 10.2518 : 1.4511
‘ % % o ’
Mlneral Matter is calculated from ash\assumlng
R = 1. l(eqn 5.82) :

ma.

S

Determlned using a pycnometer w1th varsol as
- the dllutlng medlum S

fRegre551on Results (eqn(? l3)) _’y
SOlld Phase _1__ Den31ty 1. 95% Conf égiﬁits

~,Organ1cs v'_“' , l 28 5'_ + 0.0l

| Mineral Matter REE 47 'j;‘ + 0. 10 -

f fIndex of mnltlple determlnatlon (r ) 0 85 S
5; :ca1culated F; §§at}sﬁlc_f 588 (v1. 2 22' 5 ff?;Ayfﬁ;7‘
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only a few of the selected ash residues were submitted for
iron analysis. It was expected that a systematic
relationship between iron content and ash would be observed
for the/§imple raw coal blending used in runs 1 through 3.

A guadratic. function can be used, over a limited range
of ash values, to characterize the iron versus ash
relationship. A typical result of this approach is
illustrated in Table 7.3 for run 1 and a portion of run 2
where the same raw coal samples were used for blending. The
quadratic approximation is a relatively accurate predictor,
and throth substitution of the ash values for particular
samples the corresponding iron content can be estimated.
‘These estimated values were used in the calibration studies.
In the cases where the reéression was insignificant the
model predicted relatively constant iron contents, as would
be expécted, and these values were used. .

Caiculation of the mass fractions of the various slurry
components was left to £he computer progréms which perform
the calibration model parameterization. Tables 7.4 through
7.7 ppesent the attribute analyses the four laboratory

runs.

7.4.2 Preparation of Radiation Count Data

The backscattered radiation data derived in ghe manner
described in section 7.2 were not manipulated.prior to the
calibration; however,uboth the pulp density and iron

fluorescence counts were modified. The method of handling
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Table 7.3 Estimating Iron Content From Ash

RAW DATA FROM FLOTATION FEED CALIBRATION (RUN #1)
AND FLOTATION CONCENTRATE CALIBRATION (RUN #2)

Exper ifient Ash Iron 1n
‘Number (%) Ash (%)
1:10 12.47 5.13
1:13 12.84 4.92
1:14 16.34 4.58
i 1:15 19.53 4.38
1:16 23.24 3.35
1:17 15.93 4.57
1:23 19.15 4.31
1:25 22.89 4.37 -
2:2 3.36 5.56
2:5 7.34 5.71 |
2:6 8.39 5.57
L 2:11 8.25 5.46

Quadratic Relationship:

_ 2
$ Iron = bO + bl(%Ash) + bz(%Ash)

with bO = 7.156
b, = -0.2397
1 -3
b2 = 5.063 x 10
Index of multiple determination (r2) = 0.978
Calculated "F" statistic = 406 (viz F = 3.86)

3,9,.05
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Table 7.4 Slurry Attribute

Analyses for Laboratory Run 1

4
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% IRON IN

EXPERIMENT % SOLIDS IN | % ASH IN
NUMBER SLURRY SOL1DS ASH
1 5.23 9.93 5.28
2 8.41 10.00 5.27
3 11.58 10. 11 5.25 )
4 14.79 10. 30 5.22
5 17.94 10.33 5.22
6 17.52 13.33 4.86
7 18 05 16.54 4.58
8 18.73 20.27 4.38
g 19.08 23.38 4.32
10 5.14 12.47 4.95
11 8.46 12.59 4.94
12 11.51 12.68 4.93
13 14.75 12.84 4.91
14 14.81 1634 4.59
15 15.24 | 19.53 4.41
16 15.42 23.24 4.32
17 5.20 15.93 4.62
18 8.33 16.03 4.61
19 11.59 16.43 4.58
20 11.92 19.83 4.39
21 12.03 23.32 4.32
22 8.60 19.15 4.42
23 8.76 22.10 4.33
24 5.22 22.89 4.32




Table 7.5 Slurry Attribute Analyses for Laboratory Run 2

202

EXPERIMENT % SOLIDS IN % ASH IN % IRON IN
NUMBER SLURRY SOLIDS ASH
1 22.08 7.24 5.69
2 24.54 7.36 5.67
3 27 .13 7.38 5.66
4 29.78 7.41 5.66
5 32.46 7.34 5.67
B 32.59 8.39 5.50
7 32.64 9.47 5.34
8. 32.66 10.60 5.18
9 32.77 11.73 5.04
10 21.24 8.20 5.53
1 23.73 8.25 5.52
12 26.30 8.34 5.51
13 28.55 8.35 5.51
14 28.11 g.47 5.34
15 28.56 10.38 5.21
16 28.71 11.59 5.06
17 20.96 10.71 3.56
18 23.27 10.37 3.60
19 95.85 10.28 3.61
20 25.74 11.34 3.55
21 25.61 12.33 3.68
22 21.14 11.65 3.57
23 23.77 11.59 3.57
24 23.70 12.61 3.75%
25 21.36 12.53 3.73




Table 7.6 Slurry Attribute jnalyses for Laboratory Run 3
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EXPERIMENT % SOLIDS IN % ASH IN % IRON IN :
NUMBER SLURRY SOLIDS ASH k¢
1 1.10 ' 32.40 3.90
2 2.15 32.29 3.90
3 3.23 32.92 3.91
4 4.50 32.66 3.91
5 5.63 33.08 3.91
- B 1.03 34.09 3.91,
\ 7 2. 11 34.05 3.91
8 3.29 35.41 3.92
9 4 43 35.98 '3.92
10 5.56 35.91 3.92
9 1. 11 38.13 3.94
2 2.07 37.21 3.93
13 3.19 37.99 3.94
14 4. 41 38.87 3.94
15 5.55. 38.85 3.94
16 1.04 39.48 3.95
17 2.21 40.47 3.96
18 3.33 40.91 3.96.
19 4.55% 41.15 - 3.97
20 5.68 41.44 - 3.97
21 1.10 44 .39 4.01
22 2.23 43.79 4 .00
23 3.29 44 .05 4.00
24 4.34 43.71 4.00
25 - 5.69 44 .18 4 .00




N

]

204

Table 7.7 Slurry Attribute Analyses for Laboratory Run 4

'EXPERIMENT

1% soLips IN | % ASH IN % IRON IN
NUMBER SLURRY SOLIDS ASH o
1 7.47 12.51 4.17
2 13.04 12.49 4.22
3 16.01 12.69 4.08
4 16.12 }16.80 4.64
5 16.82 22.02 4.58 -
6 7.47 16.57 4.56
7 11.73 16.89 5.69
8 12.13 21.45 5.65
9 7.57 21.09 6.12
10 7.58 12.59 6.99
" 12.01 12.80 7.06°
12 16.17 - |12.65 7.10
13 16.41 17.25 7.42
14 16.89 21.36 7.36
15 7.52 16.57 7.16
16 11.73 16.80° 7.41
17 12.01 21.23 7.62
18 7.08 '21.08 7.92 ¢
19 7.59 12.54 8.70
20 11.95 12.58 9.02
21 16.28 12.59 -~ | 9.06
22 16.18 17.03 9. 16
23 16.78 21.55 9.36
24 7.39 - |18.39 9.44
25 11.66 16.66 . 9.16
26 12.23 - 120.62 9.56
27 7.09 90 .82 10.03




205

the pulp density counts waséa two step process..

a) Subtract Background: In this case the background was*b
estimated by closing the source camera shutter, which
effectively totally shields the Gd-153 source from the
detector. A series of 300 second counts were the |
recorded and the mean value (typically 40, 000 counts)
wvas scaled up to the correspondlng data acquisition
period and subtracted from the raw count data.‘

b) Reduction by Standardization: The corrected count values

"obtained in (a) were divided by the corresponding values
for the pure water experimentsvrunvprior to each series.

The corrected and reduced count data from this process were

) used in the.calibration studies. |

For the iron fluorescence count data, each experimental
value was corrected bf Subtracting the‘corresponding value
for the pure water experiments.

In summary, all of the radiation count data vas

| corrected for background at some point or another 1n the

spectral analy81s or data preparation stages. It 1s common

to reduce den51ty count information as well as other
‘spectral data, utl1z1ng standards, to account for equlpment
t.drlft etc... ‘In this case only the densxty ‘count data was

reduced sxnce th1s has the effect'of partxally compensat:ng"

"_for vary1ng entra1ned a1r content between serles. The 1ron

";count data was corrected from the pure vater standards to

f remove the contr1but1on due to the fluorescence from the

"{steel assembly hous1ng the source and detector 1n the ash ”‘

&
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analysis sub—sysrem. The radiation data used in the
calibration studies is presented in Tables 7.8 through 7.11
' 7.5 THE CRITERIA FOR ASSESSING CALIBRATION RESULTS

There are a var1ety of means of assessing the
performance of an on-stream analysxs device intended for use
in process control. It is the opinion of the author that the
' best criteria for evaluating'oséAA is a modified version of
that defined by Howarth et. al.(73). Ifrthe unit meets the
following criteria for both % solids and ¥ ash prediction it
is acceptable for process control applications.

& | 100% [QE_L)] <10% ., cee(7.16)

‘ [ 1008S (y) ] < 10% (7.17)
max(yi)-min(yi) :
and, |
' : ' 0.5 _
S N A2 ) '
S(Y)= 'Z (yiNYi) N : » .00(7.18) .

- Z y/ - ...(7.19)"

4

~ where: N -number of experlments. h
S(y) =an .uncorrected est1mate of the standard error
‘of pred1ct1on. . o
'§ =the mean value of the measured attrlbute. ‘
Yi -measured 'value of the attr1bute for exper1ment

7 =predicted value of the attrlbute for experxment -
“ A S : . ) .

| ,criteriohi(i)iis the:cbmmgn1rela£iveyerrer:iﬁdex of .



207

Table 7.8 Radiation Count Data for Laboratory Run 1

EXPERIMENT REDUCED PULP |BACKSCATTER  |CORRECTED
NUMBER DENSITY COUNTS|COUNTS IRON COUNTS .
(X 1 E-06) (X 1 E-02)-
1 0.95809 6.117952 1.216 .
9 0.94000 6.102803 2.115 2
3 0.91419 6.086581 2.502
4 0.89005 6.075626 3.110
5 0.86558 6.057477 4.123
6 0.85429 6.013170 4.906
7 0.84192 5.961919 6.193
. 8 0.81751 5.88496 1 7.236
9 0.80255 5.819540 7.952
10 0.96104 6.094012 1.274
11 0.93173 6.080016 2.133"
12 0.90955 6.056673 2.569
13 0.87998 6.038117 3.651
14 0.87161 5.991722 4.490
15 0.86107 5.942789 5.439
16 0.85212 5.889042 6.142
17 0.95244 6.083932 1.452
18 0.91948 6.044457 2.307
19 0.89405 6.010995 3.420
20 0.89014 5.978627 3.587
21 0.87610 5.934969 4.475
22 0.92405 6.031274 3.170
23 0.91716 5.998970 3.657
| 24 0.95103 6.037998 2.084




Table 7.9 Radiation Count Data for Laboratory Run 2
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"EXPERIMENT REDUCED PULP | BACKSCATTER ~ | CORRECTED
NUMBER' DENSITY COUNTS|COUNTS IRON COUNTS
\ . | (x 1 E-06) | (x .1 E-02)
1 0.84267 "6.006070 4.083
2 0.83124 5.996590 4.401
3 [ 0.80688 5.991073 4.984
4 0.78777 5.986919 5.215
5 0.77289 5.987024 6.042
6 0.76768 5.954420 6.464
7 0.76403 5.912414 7.308
8 0.76903 5.877636 7.646
9 0.76588 5.837851 8.329
10 0.85075 5.986594 3.759
1 0.83438 5.982572 4.493
12 0.81811 5.96786 1 4.898
13 0.80539 5.961365 -5.403
14 0.80315 5.826213 5.897
15 0.79414 5.898715 6.668
16 0.78765  5.860857 7.428
17 10.83899 . 5.966444 2749
18 0.82373 5.948627 3.137
19 0.80551 5.948843 3.810
20 0.80103 5.911218 4.786
21 10.80082 5.882074 5.228
22 0.84226 5.946631 2.926
23 0.82465 5.938064 3.436
24 0.82538 5.907781 4.271
25 0.84476 5.922986 3.456




Table 7.10 Radiation Count Data for Laboratory Run 3
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EXPERIMENT REDUCED PULP |BACKSCATTER  [CORRECTED
NUMBER DENSITY COUNTS|COUNTS IRON COUNTS
| (X 1 E-06) (X 1 €-02)
1 0.99728 10.550379 0.529
2 0.97853 10.492260 1.696
3 10.97238 10.419597 2.496
4 0.96037 10.351724 3.864
5 0.95048 10.289182 4.790
6 0.98931 #.532543 0.803
7 0.98382 10.462132 2.146
8 0.96922 10.384149 | 3.041
g 0.96012 10.320749 3.943
10 0.94432 10.232109 5.414
1 0.98750 10.518073 1.090
12 0.98077 10.442373 1.747 .
13 0.96485 10.349414 3.406
14 0.95217 10.273763 4.450
15 0.93376 10.204092 5.130
16 0.98939 10.508805 1.424
17 0.97214 10.414876 2.854
18 0.96263 10.336678 3.928
19 0.95410 10.236924 5.419
20 0.93917 10.144000 6.652
21 0.99273 10.472705 1.658
22 0.97177 10.381948 . 2.875
23 0.95486 10.298769 4.226
24 0.94171 10.200385 5.359
25 0.92869 10. 102627 6.791




Table 7.11 Radiation Count Data for Laboratory Run 4
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EXPERIMENT REDUCED PULP |BACKSCATTER  [CORRECTED
NUMBER DENSITY COUNTS|COUNTS IRON COUNTS

| | 71(x 1 E-06) (X 1 E-02)
1 0.96042 + |10.291798 2.598
2 0.93295 110.264365 3.973
3 0.90574 10.216802 5.889
4 0.89215 10.031330 8.887
5 0.88062 9.833685 11.963
6 0.95239 10.225282 1 3.809
7 0 (32447 10. 136001 5.847
8 0.90898 9.986370 8.464
9 0.94512 10.137179 5.507
0.96076 10.272513 4.062
0.92776 10.205070 6.414
0.89902 10. 139892 8.898
0.89067 9.923238 13.482
0.87396 9.717968 17.518
0.95232 10. 190652 6.664
0.90994 10.052209 10. 480
0.90187 9.916616 12.876
0.93977 10.082540 8.074
0.94997 - 110.243785 5.519
0.92704 110. 162231 8.789
10.8998 10.086588 12.449
0.8883 9.859798 17.039
0.87743 9.630489 22.739
0.94003 10. 144875 7.212
0.91516 10.000495 12.017
0.90851 9.841708 15.749
0.94432 10.033064 9,883




- oe) _The Kawatra formulatlon.
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performance. The addition of criterion (2), the range error,
ensures a reasonabie spread of calibration data when
compared to the standard error. The modification herein‘is
that the denominator in eéuation (9}17),does not include a

- correction for the>number of parameters estimated from the
experimental data, This was done to facilitate direct
comparison of the results obtained with OSCAA to thos
reported by Lyman(32) for the ASHSCAN system. (To ag¢count
for coefficiej&s the 10% figure in equations (7.15) a :
(7,16) should be reduced to approximately 9%: wofst case or

most coefficients.)

7.6 CALIBRATION STUDIES ON THE LABORATORY DATA
The calibration models efitertained in these studies

AN

were as follows: N
a) The four componeﬁt model. ) -
This model is described by equations (5.76) through
(5.79). o
b) fhe three component model.
_Thié.is tﬁe model which'is the OSCAA-analog to th
ASHSCAN callbrat1on model, where there is no.attempt to
.'correct for vary;ng 1ron concentratxon.eThe callbrat1on

'equat1ons were a subset of those in (a), w1th the

approgr:ate algebra;c mod1f1cat1ons.

'1fThls was somewhat 51m11ar to the form stated by Kawatra

’-’}_and_Dalton(BG)fwhere‘ che % ash;att:;bpte 1s.pred1cted-
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directly from the radiation measurements via an
empirical model In this case, however, the general
Lucas Tooth model (eqn. (5.83)) was employed with a
stepwr%e multlple linear regression. program(72) for
parameterization. )
d) The combined formulation.’ ‘ “ .
Earlier work by the author on a bench:scale version of
o;tAA had shown that linear expressions, of the'form
derived from fitting t?e general Lucas Tooth model,
could be obtained for direct prediction of both the %

solids and % ash in the slurry. These models can be

combined to calculatelthe\% ash in the solids.
For each model, the measures of performance defined in the‘
previous section were computed and reported. Appendix 2
includes the solurce listing for the four component model

- calibration computer program and the output for the’four

laboratory runs. » H

While the performance cr1ter1a were calculated for the’
iron pred1ct10n in the four component model they were not
con51dered to be relevant in evaluatlng the overall

performance of OSCAA. The 1mportant process control

variables are the ‘% ash, and to a lesser extent t}

SOlldS, and these were used in: determ1n1ng the syste

: To m1n1mlze the amount of descrlpt1ve mater1a1° ' jg'

’ A

presented for each of the four laboratory runs, only the

féur component model performance was 111ustrated 1n any

N :

e WA,
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detail. This model was chosen over the other three because
it compares favourably with them on a performance basis and
because it contains a theoretical component, which makes it
a more sound predictive tool. (It is also capable of
predicting both of the attributes of interest.) It is worthy
of note that, in the author's opinion, the results of the
four component model could be 1mproved to some extent if the
fixed model parameters (section 7.3) were also treated as
unknowns (cf. Lyman's approach). However, for the purposes
of this work it was judged unngéessary, and, indeed, the
goodness of the calibrations gééresent expérimental support
for the model.

The four laboratory tests, because of thelr independent

nature, are discussed separately below.

7.6.1 Run 1 Results: Flotation Feed
For run 1, the data acquisition period was 10 minutes.
This period was judged short enough to be acceptable for

process control at McIntyre (see sub-section 3.1.3) and long

enough to minimize statistical fluctuatioh fﬁfthe radieifon

count data. The results of the calibration studies are \\\\\

summarized ih<Table 7.12. Figure 7.7 illystrates the
predictive accuracy of the four component model for both the
% soli?s and % ash attributes. (The %+ 10% relative error
envelope is included ‘gn the figure to}demonsfrate the degree
of precision and distribution of residﬁals in the

Rl

estimation.’)
L)

N
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Table 7.12 Summary of Calibration Results for Laboratory Run

1

TEST :

Flotation Feed

(#1)

Semi-Empirical Models

[

RELATIVE ERROR RANGE ERROR
MODEL % Solids % Ash % Solids % Ash
4 Camponent
Model 5.64 5.72 4.88 6.61
3 Camponent
lv Model 5.79 4.27 5.02 5.13
Empirical‘Models
RELATIVE ERROR RANGE ERROR
MODEL % Solids % Ash $ Solids % Ash
Kmﬁﬁra+ “ 8
Formulatian N/A 6.5 N/A 7.0
Cambined 7
Formulation 3.36 6.31 2.87 7.24"°

+ . X 5 . ‘ L LI " S
Calibration equation contains 4 "independent" variables

++ . . - . . . .
Calibration eguations contain 3 "independent” variables
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A rather extensive residuals analysis was performed on
the four component model for‘each calibration run. Since the
findings were generally the same-for all runs, the nature of
the investigation will be summarized for run 1 only. As
mentioned above, scatter plots similar to Figure 7.7 provide
a graphical representation of this information. ]

It was mentioned in chapter 6 that size analyses were
performed on the coal solids obtained from each experiment,‘
where quantities permitted. Defining the mass fraction
passing 0.5mm (35 mesh) as the reference size (reflecting
coarse particle concentration), the residuals from the
linear regression analysis on equations (5.74) and .(5.75)
were plotted against size. The range of the size variable
was significant, i.e. 68% -0.5mm - 78% -0.5mm. The residuals
versus size scatter olots vere e;amined for trends but in
both oases random behaviour was apparent. As a further check
on the size dependency of the iron and backscatter systems,
the residuals associated with the measured'and predicteé
attribute values were plottod against size. Again, random
behaviour was.apparent. ;é was concluded from this and
comparable studies -for the other runs that the error
introduced in calibration as a result of changing particle
size d}stribution'was ifsignificant.

The errors quofed in Table 7.12 represent an overall'.
picture of prototype ptecisiOn. It is‘important £hat these
values be homogeneous or at least w1th1n the acceptable

limits over the range of the cal1bratxon 1f the dev1ce is to
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be of any practical utility. To study the homogeneity the
relative errors of prediction for a particular nominal
solids concentrat}on or a particular nominal ash quality
were computed. The results are presented in Table 7.13. It
is evident from this table that, with the excep;joﬁ of the
first entries (low attribute value), the error? are
apprOxlmately homogeneous. The apparent problem in the case
of the low % solids value relates to the perfo}mance of the
density gauge at these levels and will be discussed more
fully in section 7.6.3. In the case of the low % ash
computation the magnitude of the relative error is due
primarily to one very poor predicted ash value in this set.
It was concluded from this work that the relative error in
prediction is approximately homogeneous, or at least within
the acceptable limits, over the range of the attributes
studied.

From Table 7.12 it is clear that all of the models meet
the performance criteria. With respect to fhe prediction of
the ash attribute, the semi-empirical models are observed to
be slightly more precise. Moreover, the Ehree component
model exhibits slightly better precision than does the four
component model. The latter is thought to arise as a result
‘of the inclusion of the iron count data in the four
component ‘model. Since the iron content in the ash is
relatxvely stable, this source of 1nformatlon contaxns more
noise than it does statistically valid information.

Nevertheless, the four component model is quite suitable for /
, ' Y

i
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Table 7.13 Homogeneity of Relative Error over the Attribute

Range for Run 1

% SOLIDS % ASH

MEAN RELATIVE MEAN RELATIVE ,
SOLIDS ERROR AS ERROR
CONTENT CONTENT

5.2% 9.123 10.1% 9.97%

8.51% 6.63% 12.8% 5.08%

11.73% 5.35% 16.33 5.42%

15.0% 3.88% 19.7% 5.06%

18.26% "5.38% 23.0% 3.53%
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calipration purposes.

By comparisondwith Table 7.12, the relative errors on %
solids and % ash for the ASHSCA§>system in similar service
were 5% and 11% respectively. While these valueé were
determined on a ﬁlant test scale, ﬁhe ranges of the two
véfiabiés were about the same. Moreover, Since Lyman could
not eﬁploy a unique, experiment orthogonal design approach
under these conditions, there exists the possibilty of
mu;ticolinearity" and/or. repeat experiments in his data.
These would be expected to enhance thé performance measures
to some degrée. Finally, Lyman utilizes best fit techniques
to calculate all of the parameters in his calibration model
which is élso expe;ted to enhance precision. In summary,
OSCAA éompares favourably with ASHSCAN in monitoring a
flotation feed stream and provides the potential for
adjusting to changes in ash mineralogy (specifically iron

concentration) without recalibration.

7.6.2 Run 2 Results: Flotation Concenfrata

For run 2 the daté'acquistiéh period was also 10
minutes for the reasons‘givén above. Unfortunately,vin the
ptépa:ation of the solids,samples for the experiments . two
diffetgnt clean coal bulk samples had to be used. While this

~did not'substantially alter the 6:thogonality of the’
. : o]

experimental design with respect to the principal
—me—m——aehacee=c == e
isMulticolinearity describes the situation where there is a
high degree of e¢orrelation between two or more of the
independent variables used 'in designing an experiment or in
. ‘the construction of a linear model. '
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attributes, it did produce a cnange in the iron .
concentration of the mineral matter. (See Table 7.5
experiments 1-16 ana 17-25.) The net effect was the
introduction of iron as a pseudo-factor in a non-orthogonal
manner. For this reason, the nuclear coefficients used in
the semi-empirical models vere taken as the arithmetic
average of those calcuiated for the two clean-coal samples.
The results of the calibration studies are summarized in
Table 7.14. Figure 7.8 illustrates the predictive accuracy .
"~ of the four component model for both the % solids and % ash
attributes. From Tab}e 7.14 it is clear- that, with the
exception of the three component model, all other

" calibration models meet the performance criteria. However,

in this case the empirical models exhibitvslightlyhbetter

precision with the combined formulation yielding excellent

I7Rd

results. The failure of the three component model arises
directly as a result of the changing iron concentration in
the mineral matter. This 1llustrates the necessxty of
1nclud1ng iron in the calibration model to preclude frequent
recalibration work. The comparatively poorer performance of
" the four component model relative to the empirical models is
fthought to be predom1nantly the result of the compromxse in
-‘calculatlng the nuclear coeff1c1ents./uowever, the results
are st1ll qu1te good when compared to the performance
criteria and, more 1mportantly, the variation in the -

pseudo-factor was reasonably accommodated.

AN
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Table 7.14 Results of Calibration Studies for Laboratory Run

2

TEST:

Flotation Concentrate (%2)

Semi-Empirical Models

‘ RELATIVE ERROR RANGE ERROR
MODEL % Solids % Ash % Solids % Ash
4-Oamxhent

Model 2.72 3.65 6.1 6.7
[]
3 Camponent

Model 3.3 9.44 7.37 17.13

Empirical Models

RELATIVE ERROR RANGE ERROR
MODEL ‘ % Solids % Ash $ Solids % Ash
‘Kawatra'+ ; ,
Formulation N/A 3. 0% N/A 5.62
‘Carbined *+ - / , o
Epnmﬂathx 2.00 2.08 4.49 1 3.72

+ L . L, .
Calibration equation contains

2 "independent" variables

“Calibration equations contain 5 "independent” variables

)
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Again, by compafison, the rela;ive errors on % solids
and % ash for the ASHSCAN device in similar service were 3%
and 3.8% respectively, although the ranges were slightly
larger than those in run 2. The same comments on
experimental integrity hold. In summary, OSCAA compares
favourably to ASHSCAN in monitoring a flotation concentrate
steeam and has demofistrated its ability to account for
changes in ash mineralogy, something of which ASHSCAN is

incapable.

7.6.3 Run 3 Results: Flotation Tailing

| A considerable amount of time (=7 months) elapsed
between the completion of run 2 and the commencement of run
3. As\Qéfesult of the relatively short half life of the
Gd-153 radioisotope (242 days) the data acquisition pericd
was doubled to 20 minutes. This provided for approximately
the same number of counts in the pulp density sub-system as
for similar conditions in run 2, but had the effect of
improving the statistical accuracy of the backscatter/iron
count data because of the lenger half life of the Cd-109 ‘
redioisotope The results of the calibration studies are
presented in Tabde 7.15. F1gure 7.9 J?lustrates the
pred1ct1ve acigracy of the four component model for both the

D

% solxds and % ash attr1butes. ’
From Table 7.15 it is clear that none of the
calibration models meet the performance criteria. This was

not totally unexpected since this run included very low



224

Table 7.15 Resﬁlts of the Calibration Studies for Laboratory.

ptation Tailing {#3): All Data

; ical Models

RELATIVE ERROR RANGE ERROR
3 Solids % Ash % Solids % Ash
16.44 40.53 . 11.59 127.7
17.27 46.87 12.23 147.7
Empﬁlgtal Models , |
» RELATIVE ERROR RANGE ERROR
MODEL % Solids % Ash $ Solids % Ash
+
Kawatra .
Formulation N/A 8.0 - N/A 25.21
. ++ ‘ .
Formulation 15.53 10.70 10.88 33.75

+ . . . : . . ‘
Calibration equation contains 2 "independent" variables

++ . ‘ . . . - .
Calibration equations contain 3 "independent” variables
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solids concentrat1ons and would thus be prone to large
errors in predlctlon based on radlatlon statlst1cs alone.

This was demonstrated using the theoretical threewcomponent

" model. Equation (5.1) characterizes the pulp density .

. sub-system and equation (5.58) characterizes the ash

analysis sub-system. Using the theory and/assuming a typical
flotation feed pulp composition to estimate the other
unknowns in the eguations, Io'and N; were calculated to
provide total detected counts (excduding background)

comparable to those measured in run 1; i.e. ~400,000 and

'36,000,000 respectively. Using Monte Carlo technigues a set

ot simulations were performed at different levels of %
solids and % ash, and for each the~ielative error of
predlctlon for each attribute was calculated The results of -
the simulations are summarized in graph1cal form in F1gures
.10 and 7.11, From the plots it is apparent that as % |
solids decreases the relatlve errors 1ncrease, thxs being
partlcularly ev1dent at low levels of the former. Moreover,

while the relative error on % sollds is effect1ve1y

independent of the ash content the relative error on % ash

-does exhibit a sl;ght dependence&on the attr1bute value.

Y

,Calculat1ons at very low solids concentratlons, =1%, were

funstable as expected, however, the relat1ve errors appeared

to be in excess of 70% in all cases. hi% is con51stent with
the trend of both relatlve error curves at iow solzds |

concentratlons. In this llght, the values of the performance

criteria reported in ‘Table 7.15 seemed quite reasonahke.o)

e
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To partially remove this statistical effect 1n

calibration the data set was modified by excluding all

design points at 1% and 2% solids. The modified data set was

then re-analysed and the results are summarized in Table

7.16 and
with the
relative
error 1s
combihed

sampling

Figure 7.12. From Table 7.16 it is apparent that,
exception of the three cohponent model, the

error for % ash is met in all cases but the range
unacceptable. The latter is thought to be the
effect of statistical fluctuation coupled with

and'analysis errors. The % solids predictions fail

-

both performance criteria due to statistical fluctuations

together

with the low mean value of the attribute and the

narrow range of study. In examining the results for the

three component model it seems evident that, in this case,

. ' - . - - -
the iron count information is necessary to stabilize the

results.

Considering these results it is recommended that for

monitoring a flotation tailings stream of low solids

concentration, either extended count times would be

required,

or preferably, a stronger source be employed to

improve upon the statistics. Monte Carlo technigues could be

used to obtain a first approximation on source strength

using the method described above.

For

% solids

the sake of completeness, the relative error oOn the

and % ash for the ASHSCAN system in similar service

were 9% and 7% respectively. While the comments on

experimental integrity are valid here as well, an important
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Table 7.16 Results of Calibration Studies for the Modified

Data Set in Laboratory Run 3

TEST: Flotation Tailing (#3): Reduced Data Set

Semi-Empirical Models

RELATIVE ERROR RANGE ERROR
MODEL % solids 3 Ash Solids % Ash
4 Camponent 13.59 8.19 24 27.34
Model {
3 Camponent
Model 163.1 76.15 289.6 254.3

Empilrical Models

RELATIVE ERROR RANGE ERROR
MODEL $ Solids % Ash Solids "% Ash
+
Kawatra
Formulation N/A 7.68 N/A 25.69
Cambined **
Formulatiaon 12.54 8§.74 22.4 29.17

+ , . )
Calibration equation contains 1 "independent” variables

++ R . . . .
Calibration equations contain 3 "independent” variables

w*
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Figure 7.12 The Predictive Accuracy of the Four Component

ﬁodellfot Laboratory Run 3:Modified Data.
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difference was the range of study. The range of solids
concentration for ASHSCAN more closely resembled that of the
flotation feed stream in run 1. This would be expected to
stabilize density gauge performance and henée the overall
performance of the OSCAA system. In summary, OSCAA, in its
present form, is not well suited to monitoring flotation
tailings stfeams at low solids concentrations. However,
increasing the statistical accuracy of the'pulp density
sub-system together with the minimum value for the solids
concentration would be expected to produce results

,

comparable to those reported for ASHSCAN.

7.6.4 Run & Results: Flotation Feed with Varying Iron

Concentration

The data acquisition period for this run was 20 minutes
for the reasons given above. The material used to control
the iron content of the ash was fine magnetite, pot hematite
as assumed in the four component model. Tﬁis‘was done to
reflect contamination by tramp heavy medium which can occur
in those plants which employ heavy'medium washing circuits.
The results of the calibration studies are summarized in
Table 7.17. Figure 7.13-illustrates the predictive accuracy
of the four component model for both the X solids and % ésh
attributes. | o

From Table 7.17 it is apparent thaﬁ;'uifh the exception
of tﬁe three componeﬁt moael, as expected, the other

’calibration models met or were very close to the performance

v
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"Table 7.17 Results of Calibration Studies for Laboratory Run

4

TEST: Flotation Feed with Varying Iron (#4)

Semi-Empirical Models

RELATIVE ERROR RANGE ERROR
MODEL | ¢ Solids % Ash % Solids % Ash
4 Guquent
Model 8.68 5.28 10.6 9.34
3 Oamxnént .
Model 8.51 ' 11.00 10.40 ©19.52

Empirical Models

RELATIVE ERROR RANGE ERROR
MODEL % Solids % Ash % Solids $ Ash
Kawatra+
Formulation N/A 6.16 N/A 10.9
. ++
Carbined .
'Fbﬁ@dé}h:\ 6.24 5.35 7.64 9.44

+ . . - . B -
" "Calibration equation contains 4 "independent" variables

++ . R . . . . '
Calibration equations contain 6 "independent"” variables
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criteria. The comparatively poorer perfgrmance in % solids
prediction for this run when compared to run 1 is due, 1n

large part, to the unexplainable difference in pulp density

7

sub-system performance (see density gauge calibration

.statistics in appendix 2). Never-the-less, the results for
the four component model make it an acceptable predictive
tool. -

There was no similar test for the ASHSCAN system.

7.7 SUMMARY OF LABORATORY INVESTIGATIONS

From the discussion above it is evident that an OSCAA
type system would be feasible for process control purposes
in the fine oal circuit at McIntyre Mines Ltd. The tallings
stream would have to be excluded from the analysis based on
current prototype design. Rather simple design changes would
be expected to correct this problem and allow all three
process streams to be monitored. Furthermore, it is exéected
that with improvements in design (specifically more counts
in a shorter time), the data acquisition period could be
reduced to 5 minutes, which is more in line with the process
response time.

It is apparent Erom run 2 and run 4 where the iron
concéntration(of the mineral matter was a factor that a
three. component slurry model was not satisfactory for
attribute prediction. This is important as evidenced in this

project where two clean coals from the same deposit provided

_significantly different iron values, and in Lyman's work
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\
where he observed that the coal could have an iror;h

concentration in the ash in the range of; 5% < [Fe] s 15%.

This would require frequent instrument recalibration or at

A)

the very least frequent updating of the calibration model

parameters. This kind of system requirememt is incompatible

£
R

with the those of the industry.
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8. THE OSCAA SYSTEM PLANT CALIBRATION RESULTS
;

8.1 INTRODUCTION

Upon completion of the laboratory calibration rons it
was decided to proceed with a plant trial of the OSCAA
prototype device. Mclntyre Mines Ltd. personnel agreed 1n
principle to dooperate, pending the finalization of the
experimental plan. r

Based on the laboratory results and tﬁe diffiéulties
attendant to flow stream sampling and multiplexing, a single
flow stream was chosen for monitoring, (pe flotation i
concentrate. For practical reasons it was necessary to
choose the concentrate stream from the number four flotation
celi bank. With this general objective in mind a
reconnaissance trip was made to the minesite for preliminary
design purposes. Subsequently, an experimental plan was
developed and the résponsibilities of the operating
personﬁel clearly defined. McIntyre agreed to the proposal
and installed the necessary piping and valves required for
primary sampling. In concert with this work the balance of
the materials and equipment were prepared in the University
laboratories. One of the paramount concerns was to provide
adequate housing for the instrumentation since no facility
waS available on-site. Toward this end a small trailer was
rented, and the required modifications performed including
the installation of an air conditioning unit. Provision of

b

the latter is stan?ard practice for industrial on-stream

237
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analytical instrumentation to control airborne dust and the
ambient temperature. On June 8, 1981 the OSCAA prototype was

transported to' the minesite.

8.2 EXPERIMENTAL PROCEDURE
The experimental procedure may be divided into three
parts, equlpment set-up, data acquisition and sampling and

analysis. These are discussed below.

8.2.1 Equipment Set-Up

For a period of 5 days after arrival on the minesite
the OSCAA prototype was prepared for the plant calibration
work. This included trailer location, installation of the
electronic equipment in the trailer, plumbing the sampling
system, installing the power lines and situating the
analytical facilities.

Plates 8.1 and 8.2 illustrate the installation. The

. primary sample was obtained from the number four flotation

cell bank concentrate coliection box and flowed b% gravity
to the primary sample pump?*. The sample was then pumped to
the secigg%fy sampler where a representative sub-sample was
cut for analysis by the OSCAA unit. The reject sample from
the secondary sampler and the discharge from the OSCAA
sample line were comb1ned in the collection launder. Th1s
launder was designed such that either open or closed circuit -

- ———— G - - - S -

*¢Pipeline sizing for the prxmary sample, wh1ch would ensure
iliidad ent flow while minimizing the need for valve

§on was done by solving the approprlate macros%oplc
p)al energy balance.




239

Primary
‘ Sample Input

Secondary Line From
OSCAA Sample Sampler #4 Flotation
Line Cell Bank
)
e - _ 1lx~‘~ ‘
Instrumentation Primary Sample Pump
Hous1ing | OSCAA Sample and Collection

. . nder
Return Line Lau

i)

Plate 8.1 An Illustration of the On-Site OSCAA Equipfiii‘Mjﬁﬂ
¥

Layout



plate 8.2 The OSCAA Measurement Sub-Systems for the Plant

Trial

The ash analysis and pulp
density measurement sub-
systems of the OSCAA proto-
type, as installed for the
plant trial. ' '

2490
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sample flow was possibie. In the open circult mode the
launder‘discharged to the primary sample return line which
flowed by gravity to the main sump 1n the preparation plant
basement . Ultimately the primary sample was recirculated to
the preparation plant feed. This recirculating load was
negligible.

Once the flow loop had been fabricated and tested with
water, a batch calibration was attempted using solid samples
prepared in the University laboratories. A two factor (%
ash, % solids) three level orthogonal design was used which
was intended to provide estimates of the calibration
equation parameters. It was hoped that by using these
estimatés it would be possible to provide the operators with
on-stream analyses of the concentrate at a relatively high
frequency. This would demonstrate the utility of such a
device in daily operation. The resultant count data was
consistent with previous laboratory findings, however, the
samples which were required for attribute analysis were
accidentally discarded by a member of the Mclntyre quality
control'laboratory staff. As a result, it was 1lmpossible to
proceed with the demonstration which had been planned.
Notwithstandinéz{his unfortunate circumstance, the equipment
appeareé to have operated satisfactorily although the
ambient conditions at the time of this calibration work were

wet and cold, thereby minimizing dust and temperature

problems.
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One point which is worthy of note here is that 1t was
impossible to obtain a process water standard for data
reduction purposes. The only water supply available was the
fresh water make-up which is pumped to the plant from the
nearby Smoky river. This water was very highly aerated and
silty. In practice this source contributes only a small

portion to the process water requirements, the bulk

)
[

consisting of water recirculated from tgs closed plant
dewatering circuilt.
8.2.2 Data Acguistion ;7

The data acquisition period was defined to be twenty
minutes which was consistent with laboratory calibration
runs 3 and 4. The computer programs controlling dfta o
acquisition and data processing had to be modified to
operate on a continuous basis. Because of the limited fast
access memory of the computer an extensive amount of tape
transfer was involved to allow the two programs to work 1in
sequence. Output from the programs included the time of day,
gross density counts and the.corrected backscatter and iron
fluorescent radiation counts.

The objective of the plant trial was to run as long as
was possible subject to two constraints, namely;

a) the maximum number of samples to be processed should be

on the order of 200, and,

!
|

b) rental equipment was to be returned by the end of June.

Since the operation of the equipment was the responsibility
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of the author, daily shift maximum operating periods of from
8 to 12 hours were defined. Moreover, since the biggest
changes in attribute values were expected to occur during
day shift, experimental work was to take place in the
interval of 8:00 am to 8:00 pm. Operating under these
constraints togethér with scheduled and unscheduled plant
operating interruptions, calibration work was only possible

on five operating days.

8.2.3 Sampling and Analysis

To allow one man to adeguately monitor the OSCAA
system, obtain the samples and perform the first steps 1n
their analysis, it was necessary to resort to grab sampl ing
over the more accurate composite sampling. On“the basis of
the fluctuations in the concentrate stream attributes
observed in Figures 3.4 and 3.6 this was deemed an
acceptable sampling methodology. Furthermore, since the flow
stream is relatively high in slurry solids content, only 1
litre of sample was taken from the OSCAA sample line. (While
the method was thought to be acceptable itféaould be noted
that the representativity of such a sample is, on the
“~
average, about 1 part in 2650, cut at one instant 1n time.
It will be showrm later that this method appearefi to.have
contributed significantly to the poor measured performance
of the pulp densify gauge.)

Samples were cut at approximately the midpoint of the

corresponding data acquisition period. In some cases,
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sampling was done at both the midpoint and at the end of
this interval as a check on the assumptions in the sampling
methodology. Duplicate samples were also cut to provigde
estimates of sampling and analysis error.

Immediately after a sample was cut its wet weight was
recorded and the slurry filtered using a portable, vacuum
pump driven, Buchner apparatus. The moist filter cakes were
bagged, labelled and packaged for shipment to the University
laboratories. where they were subsequently dried and
weighed. Size analyses were not performed on these samples.
A representative 50 g sub-sample was pulverized to -0.15 mm
(100 mesh) and duplicate 3 g samples extracted for ash
analysis. On the basis of cost and the fact that the iron
content of the ash appeared to vary negligibly over the
calibration trial, 1lron analyses were excluded. The latter
meant that the four component semi-empirical calibration
equation including the iron correction could not be tested

on the plant data.

8.3 PROBLEMS ENCOUNTERED IN THE PLANT TRIAL

On the first day of the full calibration testwork the
weather was sunny and warm and 1t guickly became apparent
that the air conditioning unit was faulty, although it héd
successfully completed trial runs at ihe University. The
electrical demand of the air conditioner on start-up was

determined to be 35 amps, which, because all instrumentation

was on a common circuit, caused some of the nucleonic
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instruments to fail. After consultation with the plant
electrical department and reference to the appropriate
operating manuals it was decided to continue the work
without providing air conditioning. It was arranged to
record the temperature~inside the trailer and make periodic
background measurements with the pulp density sub-system
(closed shutter). This data would be used 1n case some
instrumentation correctioﬁ was required although it was not
expected.

Another problem which arose was the result of poor
communications between plant personnel. The author was to be
notified in advance of any scheduled plant shutdowns to
facilitate calibration work re-scheduling. Unfortunately, on
two occasions, this information was not relayed and, as a

result, considerable time was wasted. It should also be

A
‘noted that at the time of the plant trial, Mclintyre was

somewhat behind on production commitments and the.
preparation plant had been running with minimal planned
preventive maintenance. This resulted in the plant being in
a sub-normal state of repair and freguent short (=1 h)
emergency stoppages were experienced.

The calibration work was prematurely halted when 1t was
observed that the density counts obtained on recirculating
water were virtually the same as those recorded for the
concentrate slurry. This suggested that there was a serious
problem in the pulp density measurement (e.g. air

entrainment) and effort was then taken to study this. The
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net result was that good®’ data was obtained for only three

operating days. )

8.4 DATA PREPARATION
The data preparation was divided into attribute
analyses and radiation count handling, similar to the

laboratory calibration runs.

8.4.1 Preparation of the Slurry Attribute Data

While attribute analyses were done for all of the
samples taken during the plant trial, only those
corresponding to the calibration period are presenfed. In an
effort to obtain better estimates of the> attribute vaiue
over the 20 minute period than the point estimate provided
by the grab sample, a form of data smoothing was employed.
The method was to fit a qguadratic to the sample point under
consideration and its two nearest neighbours, in time, on
either side. From the guadratic, using anaiytical ,
ingggration, a mean attribute value was calculatéd. The
proéedure is illustrated in Figure 8.1. In cases where one
of the neighbours was sufficiently distant (>0.5 h) so as to
be potentialiy unrelated, it was replaced with a dummy point
having the same value as the centre point and 0.5 h removed

from it. The results of the attribute analyses and the

smoothed data are presented in Tables 8.1, 8.2 and 8.3 and

171y this context "good" implies complétﬁ‘in the sense that
temperature, density background counts and resonable
operating times were obtained. ’
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Figqure 8.1 An Illustration of the Mechanics of Attribute

Smoothing.
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the corresponding figures 8.2, 8.3 and 8.4. The effect of
the smoothing algorithm is clearly illustrated in the
figures where the smoothed data are connected by a solid
line. These figures were included to provide further
evidence that the trends in Figures 3.4 and 3.6 were typical
of process behaviour (i.e. process fluctuations appear
amenable to process control).

Not all of the data presented in the tables were used
in the calibration equation parameterization exercise. The

reasons for this are given in the next section.

8.4.2 Preparation of the Radiation Count Data

Since a process water standard was not available it was
impossible to reduce the pulp density counts and correct the
iron fluorescence counts in the manner described in the
previous chapteri'. Thus, the data is presented in the form
where only background correcti&%s have been made.
Eurthermore, data which was clearly abnormél was excluded
from the calibration data set. Abnormél data was identified

by unusually high pulp density counts and correspondingly

lovw backscatter counts. This was the @sult of a temporary

interruption in thé'ﬁrimary sample flow generally
attributable to an emergency plant stoppage. The calibration
data set is presented in Table 8.4. The temperaiure data
included in this table were gene:ated from point estimates
*sGince the thin mylar windois vere replacédueach,day, as a
precautionary measure, the absence of standardization would

be expected to allow the effect of bias due to window
positioning to enter the calibration data.



Table 8.1 Attribute Analyses for June 19, 1981
1o 4 511 i3 3 voHlids 3 31 A3
RTINS A “gtinate il sy Tzti1atn

5.2 3).3) 31.15 7.30 7.724
3. 2.2 32.23 5.31 .31
). 2 3I3.2) 32 .57 .4 3.95
3.5} 23,79 31.5) 7.53 7.3
1).75 35.95) 34_17 5.H5 5.37
1).13V) 3L.19 32.25 3.3 7.5%
1).32 33.0) 32,90 7.1 7.42
11.1> 32.5) 31.33 7.3 LR
11. 3 23 . 2 03 11.13 v, 77
11.)2 YL 2,30 11,50 LY.~
12.34 2. 10 2y o2 1l n Vo580
1:.5) Y70 25,39 11.93 IR
RUPRE 23,20 SRS L 7 7
1.3 23.)) 23,32 11,3 11,17
13.1) 25.5) 25 .0 1.5 L7l
135.2) 25.7) 25.5) 1).53 19,51
13.11% 24.)) 24,71 19.53 17.53
13.5) 2.7 25.5) 1.4 17.5%5
13.3> 271.79 25.9) 9.31 LY. 'S
11.)3 23.%) 24.17 11,37 1. 31
11.2) 74,40 24.75 11.32 11.725
1y. 37 27.5) 27.35 11.7214 11.35
13.)2 23.10 27.75 11.59 11.95
13.72 25.170 25.45 12.13%5 LR s
13.05 21.4) 1323 13.73) 13.21
15.13 25.30) 2>.74 12.12 12 20
15.33 23.3) 27.73 11,1 11.13
15.55 271.90 27 135 11,33 11.43
15.73 27.39 27.313 11.77 11.32
15.3) 27.190 2>.1) 11.73 11.35
15.195 24.1) 25.12 12.13 11.31
15.43 25.79 27.22 11.19 10.90
15.91 30.30 30.13 3.30 3.73
17.25 31.90 32.11% 9.32 7.18
17.517 33.130 31.94 3.53 3. 24
13.)01 22.20 24.75 ' 12.52 11.74
13.33 27.69) 25.39 12.79 10.3)
13.77 31.29 23.31 3.33 .19
13.19 24,110 25. 49 13.39 19.59
13.33 24.5) 24.37 10.7 10.35
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Table B.2 Attribute Analyses for June 20, 1981

]

1o y 35ol14s {8 321ids |3 A31 3 Asn
Y332rveld | Istinateld| dnserveld istiﬂafei

7.1 35 .9 35.99 7.15 7.13 "
7.33 35.29 35.7%0 7.01% 5.373

3.25 315.390 35. 34 5.54 5.7)
3.5 36.10 35.)0 .52 5.395

3.3) 31.30 32.)90 J.34 10.12

3. »4 32.3) 32.41 10.57 10.33
10.99 33.13 32.7%3 3.5 3 ). 31
1J.1) 31.380 31.593 3.13 ) _ 514
13.32 23.30 3).24 11.17 10.33
11.15 23.%9) 29.90 11.61 11.33
11.53 233).3) 3).45 1J).47 19.732
11.75 32.10 32.217 ) 37 3.713
11.32 34.3) 34.15 3.45 3.51
12.)3° 35.549 35.44 7.7 7.87
12034 35.190 315.11 7.31 7 .12
12.51 35.)19 34, 27 .5 7.1)
12.53 3).2) 29.12 3,133 } .37
12035 13.70 23,24 12,32 11.3) -~
13.1) 34.19 311.7) 5031 3.19
13.27 34N> ) 31.95 .75 5.74
13.414 35. 34.33 5.57 n.939
13.51 34.3) 34.731%3 7.3 5.39
13.435 -134.39 34.315 7.1 5.3
14.)3 34.7) 34. 3D y. 13 5.73
13,2 34.3) 34.13) .95 3.5
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Table 8.3 Attribute Analyses for June 22, 1981
T1az s >>Lli1 i3 |5 ol113 |5 s . A3
yyserse |l T3tinat2if doservel T3tiat e
1.35 3I3.1) 33.2) 5.973 5.313
1.7 32.5) 32 .55 5.8 5.9
}.12 32.13%90 32,15 537 7.973
3.5 3).19 3).43 IR N 3.2
3.43 3Y.3) 3I). 15 3.5 LI
3. .22 >3.5) 734313 )43 Y .57
} 5 3y .1 31,39 3.3 1.2)
3.3 3. Y0 31.15 ¥y o) 3 .33
1).4) 3y . )) ). 74 IR ). )
1).74% 27 3) 2300 3.7 ). 3
11.13 271.6) Y752 Y. 2? ). 34
Ll 3 27 .9 23 .37 y. 1) 1).33
11.53 1y, 2) 238 13,5 12,75
12.1%43 240 )9) 74,29 3. y. 5
12.50) 5.7 25,32 ). 37 V.71
12.3%H 27,49 27 13 ). 35 I
13.)2 23.95) 23.952 ¥ 3 1.2
13.13 23.3) 2y 25 3.2 3.3,
13.32 23.7) 23.33 3,73 3.3
13.51 30.7) 3).11 3. 00 3o
13.73 23.830 3Y.)» 3.72) ¥ 25
13.3 3).)0 23 95 .77 .75
11.12 123.73) 73,73 1).21% 1. 32
13.37 231.49 23,53 11).79 11.55
11.514 23.99 73,13 11,55 1.7
1+4.71 23.3%) 7). 37 Yo%) ).
13.33 3). 19 30 . )3 Y. }. 53
1>.13 23.30 1193 1).0) ). 37
15.29 29.7) 13,175 ) 1) }.59)
15.17 23.3) 23,73 1.567 A5
15.53 23.3%) 273,732 3.5 ). 73
15.3%) 23.73) 23,35 3.3 9.937
15.3) 27.8) 29.35 3.3) ). 37
15.23 29.7) 239.75 13.)14 17.71
15.23 29.170 23.75 1).975 17.11
19.55 23.19 29,35 17.)2 19.04
152.55 272.130 23..35 3.937 10.971%
15.23 23.59 23.%7 10.13 10.11
| 15.33 23.39) 29.567 1J0.11% 19.11
17.19 3).19 3).014 17.2) 19.31
17.19 30.19 31.74 13.17 17.31
17.71% 32.190 23,35 17.55 19.%4
17.74 23.99 23.135 17.35 17.11
13.15 23.9) 23.19 3.3 17.12
13.15 23.3) 23.19 ). 99 17.12
1L3.%) 23.59 29.149 19.13 19.11
13.3) 29.14) 23,40 1).21 17.11
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Table 8.4 Radiation Count Data tor The Plant Calibration Run
5
N

N e - . e _ — - [ ,j
JUase 4 Solids| % Ash Density Backscattier L1 on Temperat ule
Number Count s Count s Count s Deqg

(Ixt-5) (1xt-06) | fixE-4)
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and the quadratic smoothing algorithm described in the

previous section.

8 5 PLANT CALIBRATION RESULTS

It was evident in conducting this testwork that the
electronics section of the pulp density sub-system exhibited
a strong dependence on ambient temperature. The extent of
this influence was not expected on the basis of the material
contained 1n the operating manuals for this equipment. (This
problem was independently addressed in subsequent testwork,
the results ot which are discussed later.) The net effect 1s
that an accurate pulp density count was not available and
the three component semi-empirical calibration model could
not be tested on the data set without rather radical
modiftication. However, the Kawatra formulation of an
empirical calibration equation was directly tested and the
results are presented in Table 8.5 with an illustration of
predictive accuracy given in Figure §.5. The calibration

equation had the form shown below:

% Asheb +b, (BACKSCATTER COUNTS) +b, (BACKSCATTER COUNTS) - _..(8.1)
(TEMPERATURE)

The contribution of the cross product term 1S only barely
significant and its exclusion has little impact on the
evaluation criteria (which become 4.47% and 6.21%
respectively.) The presence of temperature in the
calibration eqguation may indicate a slight temperature

dependence in the ash analysis sub-system electronics. The !
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Calibration Studies

IN-PLANT CALIBRATION STUDIES

Semi-Empirical Model
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MODEL RELATIVE ERROR (%) RANGE ERROR (%)

3 Solids % Ash % Solids % Ash
Modified
3 Component 8.47 4.53 20.75 6.25
IModel 1 1

Empirical Model

—

+ Calibration equation

variables.

IMODE]L. RELATIVE ERROR (%) RANGE ERROR (%)
—— .;-AF_,_/{-"'_—‘
4+ Solids % Ash 3 Solids $ Ash
" -
Kawatra N/A 417 N/A 5 80
ormulation 1

contains /2

"i1ndependent ”
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accuracy provided by this calibration indicates that the
OSCAA unit has definite potential fér application as an
industrial process control sensing element.

In connection with the simulation work discussed 1in
sub-section 7.6.3 (ref. Figures 7.10 & 7.11), a separate set
of Monte Carlo simulations were performed where the error 1in
obtaining the pulp density count, e=yl,, was multiplied by
an integer valued variable, m, i.e. me, with m=1,2,...,5,
prior to perturbing the expected counts for computation of
the attribute values (m=1 corresponds to the Polsson
distribution). It was‘evident from these simulation
calculations that, while the relative error on % solids was
slightly more sensitive to an increasé in the pulp density
measurement error than was the relative error on % ash, both
remained within acceptable limits. Accepting that the
prediction of % ash is therefore rather insensitive to the
pulp density, the three component model was modified and the
calibration performed, the results of which are included in
Table 8.5. The modif}cation was to gilﬁthe reduced pulp
density counts at a Aevel corresponding to the mean slurry
composition. It is readily apparent from Table 8.5 that, in
so doing, the % solids prediction fails to meet the range
error criterion as expected, however, the % ash prediction
criteria are well within the acceptable»limits and do not
differ substantially from those quoted for the empirical
model. A plot of the % ash prqd%ciions,using the modified

semi-empirical model strongly,resembles Figure 8.5 and thus
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has been excluded.
Considering the accuracy of the the ash analyses
(empirically smoothed point estimates) the evaluation

A

criteria are remarkably good. One might not expect such
impressive results for the flotation tallings adé’feed
streams, however, for initial control activities the
concentrate grade is the most important control variable. In
the opinion of the author, one of “the principal reasons that
a pulp density m;asurement was not required 1in the
calibration equation was that, in practice, pulp density and
ash in the concentrate stream are broadly correlated (see
algo (74) pg. 234). Fi;ire 8.6 illustrates this correlation
for the attribute analyses glven earlxer Such colinearity
works in favour of the empirical model which needs only a
single measurement under these circumstances.

It must be kept in mind that, for the period of
testing, the mineralogical compoyitlon of the solids species

appeared to be relatlvely constan@mané' as such should

provide Mor the best calibration re§UIts.

8.6 TEMPERATURE DEPENDENCE OF THE SCA

Upon the return of the equipment from the plant trial
the temperature dependence of the pulp density sub- system -
*Vr‘f

was further investigated. In1t1ally, with water 1n tgp h

.»L»

density gauge flow line, -the various components]
) . ) . - . &
sub-system were heated with a hot air gun and ¥

count rate observed. The only component displayiﬁé any

t

1
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temperature sensitivity was theosingle channel analyser
(sca).

The NIM bin, containing the SCA, was placed in a glove
box with a heater and a temperature controller. Under these
conditions the average count rate through water was obtained
as a function of the ambient temperature. The results of
this experiment are shown in Figure 8.7. A linear
temperature dependence was observed. .

Having demonstrated the temperature dependence of the

~

SCA output an effort was made to remove the associated bias

from the observed pulp density counts. A model of the form

e

given in equation (8.2) was fitted to the appropriate data

from Table 8.4. 8
CO=Dexp(—Cp)+AT+B

~ ...(8.2)
wvhere: C, =§§edicted observed pulp density counts.

D =tHeoretical incident photon intensity (cf.

Lambert's Law).

C =the density attenuation ceefficient (=ux).

A =temperature coefficient.

B =background counts.

+

The constant B in the equation was estimaéed from closed
shutter measurements and was fixed for the purposes of
parameterization. The value of p wés calculated from the ash
and sblids content assuming a two phaSelﬁolid (ref. Chap. 7)
in water. Using an unweighted leést squares objective
function and a multivariable search algorithm(?S), estimates
of the pérametefs D, C and A were obtained. The values of C
and D compared'c}osely to those obtained in the laboratory
experimentation. The indek'offmultiple detérminétion fdrvthe

e

fit was 0.90 and,the,temperaturé effect was observed to make
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the biggest contribution to the explfcable'variance in the
observed counts. The contribution from the term in eguation
(8.2) rgpresenting Lambert's law was substantially lower.
Neverth;less, the "expected observed” counts (temperature
bias and background removea) were generated from this term
and a modified data set prepared for analysis. Both the
empirical (Kawatra) and semi-empirical (three compohent—
unmodified) model were tested on this data set. For the
former, no change in model form was discovered. For tbe
latter, the density correlation remained extremely poor and
‘the modeldzas incapable of meeting the perfqrmance criteria.
The conclusion which can be drawn from this exercise 1s
that the pulp éensity measurement was strongly correlated
with the ambient temperature of the SCA. However, even when
the effécts of this bias were removed, therg was essentially
no correlation between pulp density and the expected
radiation counts from the measuremengssub—sygtem. While‘it
was impossible to abgolutely quantif?‘the‘cddgri uting‘
factors it was strongly suspected that poor eéfé:aﬁés of -
S . tribute data over the measurement interval,

4

1nadequate’sgur%pAQQreﬁQ}h/count time, entrained air and
electronic

ise- wgte thg dominant causes Qf poor sub-system
.perfbrmancé. Thlsaﬁspect.ls treated in more depth in

"sections 8.7 and 8.8, _ : '
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8.7 ASSOCIATED PLANT TESTWORK
There were several other tests which were conducted in
conjunction with the plant OSCAA calibration trial. These

are discussed below.-

8.7.1 Estimation of Sampling and Analysis Error

The results of the calibration have shown that the
sampling and analysis technigues provided reasonable point
estimates. However, quantitative evidence was gathered to
dempnstrate ﬁpe reliabilty of the samples.

!AIn order to deduce the error associated with the
sampling and subsequent analysis of the material obtained
from the OSCAA sample line during the calibration work,
duplicate cuts were made for the final 8 calibration points
on June 22, 1981. Assumling that these errors are normally
distributed and that the variances are homogeneous, the mean
‘attriéute value, pooled variance, standard deviation qnd
relative error of measurement are as folldws: |
% SOLIDS

Mean Value = 29.7%
Pooled Var(ance = 0.0144%*2
Standard Dexiétion = 0.12%
Relative Error = 0.4%
% ASH
Mean Value = 10.74% o K

Pooled Variance = 0.004%? , «
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Standard Deviation = 0.063%

Relative Error = 0.6%
The relative errors are considered to be quite good
indicating consistency in.sampling techhique and thé

subsequent sample preparation and analysis.

8. 7.2 Flotation Concentrate Sample Integrity Check

To check on the representativity of the sample
delivered to the OSéAA prototype, relatfve to the slurry in
the flotation concentrate collection box, a sampling
campaign was®*conducted. Composite samples were obtained (6
cuts at 5 min. intervais) at three points in the flow system
as shown_ in Figure 8.8. The analytical results for the three
points are included in the figure. b

Inspection of the sample attributes indicates good |,
agreement between the reject and sample lines 1in the OSCAA
sistem. However, an apparent bias exists for the solids
concentration and particle size attribute§ betwéén the
collection box sahple and the other two. The differences afe
expected because of the .flow system design and the sampliﬁg

technique. It is impossible to make a case for either sample

1 or sample 2/3 being "more correct” and, in fact, the true

‘values of the fldtation concentrate attributes are probably

some intermediate of those reported.

: | .
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(:) Sample #1 obtained by
dipping a "half-moon"
! sampleY in the pulp.

#4 FLOTATION BANK
CONCENTRATE COLLECTION

BOX
lé\ro .
Filter
OSCAA A ‘1 e
feed ' M
Line e s
2
- ' (::)Sample #2 optaingd
, by stream diversion o
| 1n, the O0SCAA reject
' ' line .
(:i) Sample #3 obteined by
stream diversion in the
OSCAA sample line. -
( 4‘\7'
Attribute Sample #1 Sample 42 Sample #3
% Solids 27.8 29.2 29 .4
(wt.) .
% Ash ¥0.0 10.1 10.1
% -100 #esh 47 .0 43.4 43 .5

Figure 8.8 Concentrate Sample Integrity®Check.
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8.7.3 Preliminary Studies on Flotation Concentrate A1lr

Entrainment

It was noted earlier that calibration sampling was
suspended when it was thought that aeration was playing a

‘&

51gn1f1cant and varlable role in pulp density measurement.
In order to try and study this .effect an entire day was
spent monxtoglng the concentrate stream attrlSZtes making
measurements thh the OSCAA system over short intervals (12
min.) and varying the frother concentration in-the flotation
feed. The effect of increasing frother concentration was
expected to stabilize the froth bubbles. It was tﬁought that
in so doing more air would be entrained in the primary
sample and hence proguce interference in ths lep density
sub-system. Substantial changes 1in the frother addition rate
were made (m1n1mum 40cc/min; max i mum= 180ct/m1n) and .
essentlally no changes were observed“ﬁn the pulp densityQ
counts. Although these results are sbmewhat inconclusive.
there is some indication that the debree sf ae:aéion of the
flotation concentrate pulp 1s shbstantially fixeé and-
therefore will not create a measuremepnt probiem/

8.8 A FINAL COMMENT ON THE PULP D Y MEASUREMENT PROFLEM

ibed above in section-

‘ / |
8.6 and subsect1on 8.7.3, neither temperatUre nor entrained

In the light of the fesultss
air appear to substantially account'for the poor perfoémance
exhibited by tﬁe pulp den51ty measurement sub-system. élnce
electronic noise wds impossible to quant1fy retrospectavely,

| ‘ i

L

1

(2

"



. 269

but would be assumed to be émall,;the problem seems due, in
large part, t6 statistical fluctuations in radiation count
data and poor interval estimates of the slurry attributes.
Considering the data in‘Table 8.4, the mean pulp

density was calculated to be 1.0842 g/cﬁ’ with a standard
deviation of 0.0081 g/cm®. Assuming a Gaussian distribution,
it is estimated that 95% of the samples would habe a pulp
density in the range of 1. 068 Sy s.1 1 g/cm’. Using the
estimates of C (=2.,8686) and D (=5,648,900) from eguation
(8.2), the expected difference in counts at these limits,

computed from Lambert's law; would be -about

.

D{exp(-1.068C)- EXp(-1.1C)}=23 145, a- relatxvely\§§all range
fdr calibration purposes. statistical fluctationsin the ‘
base radiatién count data (i.e. b-1.08&2* 1=251,912) at a
99% confidence interval (*30) are approximately 13% of this
range énd thus would make a minor contribution to the poor
pulp densx%g correlation. Given the limitation-on counting
time, a stronger source would be required to reduce this
contribution.

Duglicate sampling has demonstrated that reliable boint
estimates of the attributes can be made, however, the
1nterval estimate was expected to contaln some error desplte
the smoothing operatxon. he value of this error was not
measured, an unfortunate oversight in the experimental
plan.) Assuming for the moment that all of the varia£ion in
pulp densxty is ‘due to poor attribute est1mates and further

that the relative error of estimatxon is the same for both

).
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the % solids and ¥ ash allows a solution for this quantity
at 9%. (That is, if the mean attribute values had associated
relative errors of 9%, then the expected standard deviation
of the calculated Qplp density, from the Law of Propagation
of Errors, would beé§?0081 g/cm®.) 1t is expected that the
the relative errors}of estimation were less than this value
but may have been as high as 5% and thus poor iAterval
attribute esfimatﬁon can make a significant contribution to
masking the expected pulp density correlation. Furtﬁermoré,
errors in the pstimation of attribute values at extreme
points (mos£ distant from mean) can have a
disproportionately large impact on on the calibration by the
nature of the parameterization method (linear regression).
Referring to Figufes 8.2, 8.3 and 8,4 it is evident that the
smoothing operation tends to minimize these fluctuations.
The failure of the pulp density measurement sub-system
to provide reliable results for calibQ?tion purposes is a
function of all of the contributing factors previously
mentiohed. It is the opiniop of the author that, of these
factors, poor interval attribute estimation in conjunction
with a narrow calibration range was the most significant.‘

Perhaps more importantly, and with regard to OSCAA design,

entrained air did not appear tooplay an important role in

-~

<

the plant trial.
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8.9 SUMMpRY
The plant trial wag judged to be a success 51nce a
calibration was obtalned which met the performance criteria.
‘However&\only one of the three process streams was monxtored
and for this stream the mineralogical compos1txon appeared
(— ,

4
¢

to remain relatively constant.
The results indicated areas for improvement in the
- OSCAA system design (pulp density sub-system) ras well as in

experimental methods (attribute estimation).
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9. CONCLUSIONS AND FUTURE WORK

9.1 CONCLUSIONS

The conclusions which can be drawn\?rom‘the work
-completed in this projecf are presented below.

For western Canadian coal preparation plants, the
steady state opEjmization objegtive is to have each circuit
within the §1£;é;ptoducing a product havihg the same
incremental ash value, such that the “overall ash
specﬂ(1catxon is met for each shipment from the plant This
will max1m1ze product1on from the coal reserves, . whxch in &
turn, should maximize before tax operating . profit, since the
operating costs associated with the additional production
are expected to be small. The difficulty in measuring the
‘incremental ash content precludes thé'direqﬁlimpleméntation |
fof thi; philosophy. In general, the Operatoé seleﬁts circuit
‘pfoducf ash set points which (hopefully) correspond to the
 5ptima1}operating-scenario. Short term fluctuations around
’thege set points)result in product‘oh loéses. Bxpgrimental‘

evidence from McIntyre Mines Ltd.’and communication’ from

. other operators indicates that these fluctuat1ons do indeed N

occur. Moroover, ‘they occur: in a manner which should make

them amenable to simple regulatory feedback control systemp._}mw,

Spectral analysis of experimcntal data can be used to help
the operator assess the technical and cconomic potcntial ot
such simple control systcms. Bettor control of both

o intrinsic and espccially extrincic distu;banccs vill roduco f;[

i

%

B A )
S , K o e v

.22
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L3

direct and indirect production losses and should allow :
‘closer adherence to the steedy state optimizetion objective
in the 1onger term. S o .’Af'
. Thusfer the sensors required for thekdevelopment of

' these process Lontrol systems heve received reletively

) 1ittle attention. In perticuler, ash sensors heve only E

”recently been commissioned for on-line process monitoring of

essentielly dry coal solids. Development projects for the

on-streem ash enelysis of fine coal slurries have recently \

been completed in Austrelie (ASHSCAN) and in Cenede LOSCAA)
The xntroduction of these sensors into the plent should |

provide the operetor with an useful tool both in improving

T hls process understanding as well es in forming the besis o

I v

for the development ot process control sc

The leboretory celibretion of the OS:AA prototype ves a .

: ‘elquelitied success. A set of tour orthogo_elly designed B

| _celibretion experiments were conducted on simuleted
',A;flotetxon product flow streems for the . McIntyre £lotetion -

'c1rcuit including one - in which the iron concentrstion ot

"°the minerel matter ves independently controlled;ak

csemi-empiricsl celibretion model derived from the theory,.:'

ei‘wes used for dats reduction. In ell but one ceee, the
'ifperformence criterie for renqe error end tor reletive error

;ii“ ettribute (x 'olidq, x eeh) prediction vere met.,The one

o

i"t’exception wes the flotetion teilinge streem where e ;;; 117"

',&?combinetion ot low eccumuleted deneity counts trom the pulp

,[density system (hiqb reletive error) coupled with.e lcv

A “". ,:_‘_
A

,".

o -
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solids concentration in the slurry prevented successful :
celibretxon. It is felt that some relatively simple.

| instrument design modificatxpni)would correct this pnoblem.
" The performance of OSCAA in the laboratory compared very
favourably with'ASHSCAN in roughly equivalent eeruice.

The plant calibration exercise vas also a qualified

success. An acceptable calibration wes obtained for the

flotation concentrate flow stream, &yen though the pulp |
'deneity sub-system £eiled to operat properly. Entreiqed eir
did not appear to be a major sourc  of calibretion errot in
this work On the basis of the leboratory and plant testwork }
which hee been completed OSCAA seems to be an acceptable’
" instrument design for applicetion in process(;onitoring and
. proceas control of fine coal preperetion circuits.

" The OSCAA instrument deeign is superior to that of its
]chiet competetor, ASHSCAN, because it is capable of

,eccommodnting changes in the mineral matter minerelogy '

o (speciticelly iron concentretion) without requiring

- ;"recelibration. Moreover, it is competible with exieting

ifff n-etreem xnr equipment use§ in the beee metel induetry end

iM'fittheretore could be pupported by vendorl currently merketingv:

o in thie ereg. rrom the author l diecultionl with

”ﬂa_,.pg...ngqtiveo ot both the coel inductty ll well the

{"u{:gvendor eoupunies it ie cleer thet there i: concidereble

T if\tfintdrest on both lidee in continuinq OSCAA development~;u:ﬁ'7"u

SR
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9.2 FUTURE WORK |
The work env1saged-£or the 1mmed1ete future of this

' project may be broken into two stegea.‘second generation
) equipment design and evaluation strategy.

" econd Generetion Eguiggent Design ,
It is recommended>that the OSCAA prototype design be

4

~
modified prior to further evaluatiop testwork, The minimum

'®  get of modifications ie'dinen beiov; howeVer, other °

modifications may" also be included (e g. -computer n?tdware,

-duel isotope - dual detector ash. enelysis sdb-system,...)e

a) 1nc1ude a pessive air eliminetor in the secondary '
sampling device. S ' o,

’b) provide for flow stveem multiplexing or multi streem

»

meesutements.‘ .
c) modify both.measurememt eub-eyetem source and detector
designs to enhance sta:istical precieion, simplify
epectral anelyeis (iron peek) end reduce the enelyeis

e
time. o . .

| Succesful modificetigg; in theee areas ehould eppreciably

improve syetem pertormence end render it euiteble for a more

k;3ﬂrxgoroue eveluetion in the plent environment. ;

f;;zvaluetion Strete:“; Lo % |
| ‘”“ To more £u11y eveIuete the eecond generetion ot 4
_n}'iinstrument design it lhould be teeted tor e £air1y lonq

—~—

;,nfip.riod of :ime in the opereting plant environment,'in vhlt

*7ff;fmighg be imaginod ae normel eervice. Oone ot veetern Cenedn tf;ff

*',?%ifjmor. compld! tine coel prepetetion citouita would be lffifxif
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L,

preferred since this should adequately 1dent1fy multiplexzng'
problems, particle size effects, etc..., whzle giving
industry a fair indication of instrument utility. For the

' purposes of this evaluation simple process mon1tor1ng should‘
be undertaken with efforts 1n process control be(ng reserved .
for late in this evaluat1on program or for some subsequent
evaluation program. B . )

It 1s the opinion of the author that there are two -
reasonable means of reaching the end of this stlge. The
tzrst would be to encourage a major manufacturer of
on- ‘stream XRF equipment to pursue the development using the
information generated from this pro;ect and in-house
e;bertise. Given the experience of these manufacturers and
¥he performance of the first generation prototype ‘it is
expected that the evaluation could be cOmpIeted quite
'}quiokly, barring political problems betwgen the parties
ﬁeoncerned. The second route would be to have ;ome reserach

organizatio¥, such as the Coal Mining Research Centre, carry

' 7,out the second generation design and eveluation. This vould

"_,_probably mean a longer time to completion of these second

aqeneration activities, bdf‘it would ellow s more equitable

“],end complete traneter ot the technology of on—stree% ash

:"_fannlylis to the induotry.

S TSI e
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12. APPENDIX 2

12.1 4 COMPONENT MODEL CALIBRATION PROGRAM
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