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The intensity of thermal neutrons in the vieinity
of a neutron source emitting fast neutrons, depends on
the concentration of the elements capable of slowing
down the neutrons in the medium surrounding the source.

The possibilities for the determination of the
ash and moisture content of mineral coals,were studied
on the Ybasis of this fact by the application of two
sorts of geometrical arrangements. Factors interfering
with the determinations were also studied. According
to these investigations, +the technigue can be applied
with coal of low ash content (up to 20 %) mainly for
the purpose of ash content determination,with an error
of * 0.3 % ash content, whereas in the case of coal of
high ash content (higher than 50 %) it can be used for
humidity content determinaticn, with an error of * 0.2
% humidity.

INTRODUCTION

In the case of elements of low atomic number, from among the
interactions between fast neutrons and matter - i.e. elastic
scattering, inelastic scattering and nuclear reactions - it is
first of all elastic scattering that occurs with a very high pro-
bability. The loss in energy brought about by the elastic scat-

tering - to a very good approximation - is eqgual to the value
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calculated on the basis of the equations of classical physics on
elastic impact. Accordingly, the difference between the energy of

the neutron before and after collision can be expressed by the

follpwing

where E,
Ez

¥

By

Equation

formula:

2 s
Ep = Eq A2 + 2 A cos & + 1 (1)

(& + 1)2

is the energy of the neutron before the collision,

is the energy of the neutron after the collision,

is the mass number of the atom taking part in the col-
lision,

is the angle of scattering

introdﬁhtioﬁ of the symbol

_ ES
(é__ak) = a
A+ 1

{1} may be written in the following form:

@‘~J

=2 0(1 +a) + (1= a)cos 2] (2)

In the case of frontal collision, when & = x, the maximum decrease

in energy brought about by one collision,i.e. the maximum relative

decrease

in energy can be deduced from Equation (2):
= -
B - B2 .
- — min - -
Et -~ B . ={1 - 2a}Ey and —= = 1 - a {3}
min
Eq

The higher the relative change in energy brought about by

one colli
for slowi

sion, on the one hand, the number of collisions necessary
ng down tc a given final energy level is lower, and on

the other hand, the path necessary for slowing down is shorter.

it

is apparent from Eguations {1}, {2) and (3} that the loss

in energy brought about by elastic collision is inversely propoxr-

gimmai to the atomic number of the nucleus taking part in the col-
&

lision.

Wuclel of lower atomic number possess a stronger slowing

Lown capability.
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The aforesaid present a possibility for the determination of
components which are of outstanding neutron moderating capability.
If the mixture or solution to be studied is exposed to a fast
neutron radiation of constant £flux, the number (oxr intensity) of
low-energy (thermal) neutrons will change in accordance with the
concentration of the component of high neutron slowing down capa-
bility.

On the basis of the neutron slowing down capability of the
hydrogen and carbon atoms, it is possible to determine the ash and
moisture content of mineral coal; this problem is of a very high

practical importance.

According to the papers published in literature, the prin~—
ciple of measurement based on the slowing down of neutrons has
primarily been utilized in the development of technigues and appa-
ratus serving the determination of the moisture content. For
example, the moisture content of soil, concrete, woad, paper, sugar
and ore mixtures, etc., has been measured in this way [1, 2, 3, 7,
9, 10, 121.

A number of authors have dealt with the application of this
technigue for the determination of the moisture content of mineral
coal [1, 133, whereas its application for the purpose of ash con-

tent determination was so far rather limited [41].

DESCRIPTION OF THE MEASURING TECHNIQUE

It follows from the considerations on the slowing down path
length - described in the preceding section - that the estab-
lishment of an optimal geometry is a very important condition of
the applicability of the technique [6, 8]. Two - according to a
number of point of view, basically different -~ geometric arrange-
ments can bée realized; these are schematically shown in Fig. 1. In
the case of geometry realizing a "scattering of large space angle”,

the radio~isotipic neutron source, emitting fast neutrons, and the
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Fig. 1. The different arrangements of neutron source and detector

a - "scattering of large space angle" geometry; b - "ab-
sorption-type" geometry; 1 - detector; 2 - neutron source;
3 - coal; 4 - paraffin

detector sensitive to slow neutrons, are placed in the immediate
vicinity of each other. The measuring head containing the neutron
source and the detector are immersed into the relatively large

sample.

Taking the conclusion of KUHN [1] - referring to the abso-
lute value of the slowing down path lengths in hydrogen and car-
bon - into consideration and using a BFa counted tube as a detec-
tor {300 mm length and 38 mm diameter}, a coal column of 600 mm
height and 600 mm in diameter can be considered as an "infinite
volume". The detector should be located in the middle of the coal
column, in its longitudinal axis, whereas the optimum position for
the neutron source is in the immediate vicinity of the detector,
at a height of the middle part of the latter.

The change in the relative intensity of the slow neutrons,
plotted against the diameter of the coal column for the case of a
coal sample of 10 %2 ash and 3 % humidity content, of a maximum
grain size of 6 mm and with application of a 9 mg R&a/Be neutron
source is shown in Fig. 2 {the height of the coal column is
600 mm).
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¥Basis of reference: the intensity pertaining to "infinitely large
voiume".

The relative change in the intensity of the slow neutrons as
plotted against the height of the coal column, in the case ©f the
same coal sample, 1is shown in Fig. 3. {The diameter of the ccal

t s

1
column was 600 mm and the distance between the bottom of the ceal

coiumn and that of the detector was irn all cases 100 mm.)

On the basis of Figs. 2 aud 2, the dimensions - "cp-

neutron inten-

of the
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intensity of slow neutrons, 100
plotted against the ash con- X%
tent. On the basis of this ca- ;Eii o
libration curve, and consider- S g6
ing +the scattering (o} value gg
calculated from the results of 43
a large number of determina- E : 92
tions {50), the error of the °°
ash content determination 31788 A
changes 1in the case of diffe- e
rent ash content ranges as il-
lustrated by Table 1. 84 \\
In practical application, \b\\&g
in certain cases, the unchan- I~
ged particle size distribution 80 0 10 20 30 ag
and constant level of moisture ash content (w.%f
content is ab ovo assured on
account of the coal processing Pig. 4. falibration curve ("secat-
technology applied, e.g. in tering of large space angle®
the case of coal refuse utili- geometry
zation, where after desinteg- *iziiziigngeiirzize:52221in22ns§t§
ration, the ore and the refuse ash content {particle size: O o
& mm, meoistnre content: 10.6 )

rock are separated in a hydro- .
cyclone, or for example, in the utilization of ahidrated lignites

in power stations.

Absclute Relative
error error

+ 2.2% & ash z 2.4 ¢

£ 0.4% ¢ azeh 2 1.5 @
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Fig. 5. The effect of moisture

content of coal on the relatiwve
intensity of slow neutrons.

Ash content (w.%): 1 - 78;

2 - 28; 3 - 10

*¥Basis of reference: the intensi-~

ty measured on samples of the
various coals containing 1%
moisture
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If the measurement de~
scribed in the foregoing is
carried out with coal samples
of constant ash, but variable
moisture content, a calibration
curve enabling moisture content
determination is obtained; such
a curve, established for three
different sorts of coal contain-
ing different amounts of ash

content, is shown in Fig. 5.

It is
curves shown in Fig. 5 that the

apparent from the
sensitivity of the moisture
content determination depends
on the ash content of the coal:
the technigque is less sensitive
in the case of coals of lower
ash content. This effect can be
explained by the high carbon
content pertaining to a low ash
content and the high neutron

slow-down capability of carbon.

VConsidering the statistical nature of radiometric measurements,the

absolute

samples of different ash content illustrated in Fig.5 -~

error of the moisture determination can

- for the coal
be compa-

red on the basis of the data summarized in Table 2.
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If the constancy of moisture content

and Z. Csapb Vol. 1.

and particle size dis-

tribution cannot be ensured in the ash content determination, ran-

dom fluctuations in the moisture content may cause considerable

errors in the ash determination.
content corresponds,

ation of 2.1 % in ash content.)

In certain cases
requirements of industrial
use

tinuous measurement carried out

application -

(A 1 % change in the moisture

in the case of 10 % ash content, to a devi-

- especially when considering the unique

it may be justified to

"absorption-type" geometry, for example in the case of a con-

on material moved on a conveyor

belt. In such an arrangement, a layer of well-defined thickness of

the sample is placed between the
neutron detector.
pendent on a number of parameters,
150 mm.
laboratory measurements,

fast neutron source and the slow

The optimum layer thickness of the sample, de-

varies generally between 80 and

This same geometry can also be applied for experimental
because it is easy to handle on account

of the relatively small amount of sample. For example, the appli-
cation of various types of ne- 11100—F4a\n\

utron detectors and factors afi

interfering with the measure—Ezg 80 \\\\\

ment can advantageously be§ g \

studied with this geometry. S F \q\‘

The small amount of the needed w = 00 N
sample also enables artificial EE \
coal "samples" to be syntheti—%: 40 o
zed in a wide ash content *>° 20 40 ash620nt2gt (é)
range. A calibration curve, Fig. 6. Calibration curve {"absorp-

plotted for the 5 +to 100 %
ash content range is ahown in
Fig. 6. The

of the sample

layer thickness -

in this experi-
ment was 100 mm, the particle

*¥Basis of reference:
pertaining to a sample of 5 %

tion-type" geometry)

the intensity
% ash
ontent

size and moisture content of the sample was the same as of that

used in the studies carried out with "high space angle" scattering.

By comparing Figs. 4 and 6 (calibration curves),

the drawback of

the “absorption” geometry, i.e. its low sensitivity, becomes appa-

rent.



1973 Determination of Ash and Moisture by Neutron Slow-Down 571

INTERFERING FACTORS

If the volume weight or particle size of the samples or the
chemical composition of the ash components in the samples used for
ash =~ or moisture - content determination are different, it is

to expected that interferences will occur.

As opposed to other radiometric ash or moisture determination
techniques, changes in the chemical composition of the components
of the ash do not interfere with the determination in the meas-
uring technique based on the slowing~down of neutrons. This is ex-
plained by the fact that the elements which substitute each other
are likewise of poor neutron slowing-down capability, as compared

to the carbon or hydrogen atom.

Changes in the particle size distribution of the sample act
through changes in the volume weight.

Changes in the volume weight act as an interfering factor
since the number (concentration, [atom/cm®]) of the atoms capable
of slowing down neutrons {carbon and hydrogen) change even in the

case of an identical ash and moisture content.

Figs. 7, 8 and 9 show the changes in the intensity of slow
neutrons, plotted against the volume weight, for coal samples of a
given ash content at different moisture content values. The limits
of the volume weight intervals shown in the Figures correspond to
the loosest and most compact space fillings possible, i.e. they
are extreme values. With adeguate particle size distribution
ensuyred, it can be assumed that any spontaneous changes in space
in filling do not surpass + 0.01 g/cm® even in the case of indus-
trial processes. Changes of this magnitude in volume weight =~ as
can be judged from the calibration curves presented in Figs. 4 and
6 - cause an error of the magnitude shown in Table III. The data
refer to coals of various ash contents and to both of the geomet-

ries.
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Table 3

Ash content Absolute error in the ash content

(%) determination (%)
10 + 0.3
28 + 0.5
78 + 1.1

The interfering action of changes in the volume weight can
be eliminated by a combination of the ash - or moisture - content
determination, based on neutron slowing—down, with volume weight
determination by gamma ray absorption. This is an already solved
probiem in the case of the determination of the humidity content
of soils [5, 11l1.

DISCUSSION OF THE RESULTS

The method proposed in the foregoing enables the determina-
tion of two parameters that are of importance in connection with
the production and processing of mineral coals, these parameters
being ash content and moisture content. With coal samples of low
ash content, the technique is mainly applicable for ash content
determination, whereas in the case of coal samples of high ash
content it is preferably used £for the determination of the mois-
ture content. In the case of coal of a high ash content {such as
e.g. refuse) the determination of the moisture content -~ or its
adjustment to a predetermined value - is important with a view to
further processing {e.g. sintering in order to produce an additive

to concrete, concrete production, and filling, etc. ).

It is an advantage of the technique that the size of the ma—

terial involved in the determination, i.e. the ‘“sample size" is



574 G. Faludi, E. Hazi and Z. Csapd Vol. 1.

very large, especially if the "large space angle scattering" geo-
metry is applied. For example, practically all the material is
measured, in case of a measuring sonde placed into a coal storage
bunker, while it passes the sensor. Thus the information obtained
can be regarded a very good average value. Further advantagdes are
continuous operation and immediate availability of the results;
the latter enables application for process control purposes as
well. '

Considering the advantages enumerated in the foregoing, the
technique duly deserves intensive ineterst, when compared with the
usual procedure involving sampling, drying for moisture determina-
tion and incineration for ash content determination, despite the
fact that care must be exercised to overcome some interfering fac-

tors.

It is justified to combine the technique with other radio-
metric methods (e.g. gamma absorption, or reflexion) for the de-
termination of the ash content in order to eliminate the interfe-

rences.

For practical application, considering industrial conditions,
in the case of geometry producing "large space angle scattering”
it is preferable to apply a Ra-226/Be or Am-241/Be neutron source,
together with a BFsz-type counter tube.
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PE3ME

NAOTHOCTL TEPMUYECHWX HBHTPDOHGS BUAM3W MCnycHawlero GucTpHE
HENTPOHE WOTOYHWKA 38BWCHT OT HOHUEHTPaUHH SNEeMEeHTOB, TOPMOIAWMX
HEATPOHH .

Way4anoct onpefefeHye COAepHanus nenna H BRAAMHOCTHW B HaMEHHBIX
YFAAX HE OCHOBaHWK BHLBYHa3AHHOrO ABABHUA AR® onydas AByX SHCNEpH-
MEHTanbHHX YCTaHOBOK. ABTOPH uay4any BjAdAmLHE HA NpoBEASHWE SHONE-
puMeHTa GaHTOpH. JaHHue 3HCMEepPUMEHTOB MOHA3SNH, 4TO YAOMAHYTHN M8~
To4 MPMMEHWM QAR OfpPeAe/eHUA BRAMHOCTH © TouHocTeW ac *0,3% B cay-
yae yraedl ¢ manam {go 20 secossx %) copepmaduem nenad, W C TOYHO-
cTeam A0 *0,2% B cay4as yraei C BeCOHMM COLEBpHEHWENM rienna (Bonee 50

BRCOBHX %).
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