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Abstract: The online measurement of coal ash has overcome the shortcomings of chemical tests.
However, there could be large fluctuations and errors in the results of online ash monitors because
of the transient change in coal quality resulting from different geological conditions in the mining
process. In this study, to resolve the problems of the dual-energy y-ray online ash monitor in the
Linhuan Coal Preparation Plant, we investigated the internal factors, such as the composition of
multimineral and multicoal, and external factors, such as the moisture and impurities, which affect
the measurement results of the coal ash monitor. Furthermore, we developed a mathematical model
to determine the effect of relevant factors on the coefficient of the online ash monitor, which revealed
the relationship between coal composition and the parameters of the ash monitor, ensuring the stable
and accurate measurement of ash in clean coal. The method of determining parameters used in the
case of coal blending has been applied in the Linhuan Coal Preparation Plant. By comparing with
tested ash content, the average absolute error and relative error for daily ash content measured in
April are 0.21 and 2.18%, respectively. Meanwhile, it shows certain accuracy and reproducibility
while opposed to the daily average absolute error of 0.22 and relative error of 2.39% in May.

Keywords: dual-energy y-ray; online ash monitor; Linhuan Coal Preparation Plant; multimineral;
multicoal

1. Introduction

Ash content is an important index for evaluating the quality of coal. Generally, the
ash content of coal can be measured through chemical tests. However, such tests have
large lags, and online measurements have not been achieved, which is detrimental to
instructing production [1]. With the improvement in modern electronic technologies and
the popularization of nuclear physics technologies, online detection technologies have
become feasible [2-6].

Online ash monitors based on y-ray have been widely employed in coal-property test
fields owing to their fast response and real-time feedback [7,8]. Based on low-energy y-ray
backscattering, Asfahani [9] established a calibration equation for ash and discovered the
best configuration radiation source of 13 Cs and !3*Ba, which predict ash content more
accurately. Sun et al. [10] corrected the ash content online and improved the accuracy
of ash measurements using a mathematical curve model and a machine-learning least-
squares support vector machine (LS-SVM) models. Cheng et al. [11] proposed a chaos
LS-SVM-based dual-energy y-ray detection method. The average relative error for ash
content measured using this method reduced from 2.22% and 3.19% to 0.8%, compared
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to the line-approaching method and the least squares approaching method, respectively.
Gaft [12] developed an online mineral analysis system using laser-induced breakdown
spectroscopy (LIBS) and tested it in field conditions for online analysis of ash content in
coal on moving belt conveyers. The online coal ash content monitoring results achieved the
required range (at least £0.5% mean absolute error), compared with laboratory data.

The transient change in the ash content of a coal flow caused by the variation in
coal-seam thickness and the contained mineral limits the physical sampling analyses of
coal flows from belt conveyors [13,14]. The Linhuan Coal Preparation Plant has installed
a dual-source online ash monitor on the belt conveyor of the clean coal product, which
enhanced the ability of the instrument to adapt to the instantaneous changes in coal quality.
However, because the raw coal for the Linhuan Coal Preparation Plant is from different
adjacent mines, the coal is diverse in quality, resulting in large fluctuations and errors in
the output data from the online detection ash monitor. Therefore, it is necessary and urgent
to study the application of online ash monitors in coal preparation under multimine and
multicoal conditions.

2. Basic Principle of the Dual-Energy y-ray Transmission Method

According to the atomic numbers (Z), elements in coal can be divided into low- and
high-Z elements. For different elements, y-ray presents different mass attenuations; thus,
the direct adsorption of y-ray during penetration through the coal samples can be utilized
to detect the ash content of coal [15,16]. By analyzing the relationship between the mass
absorption coefficient of each element in coal and the energy change of y-ray [17], we found
that, for y-ray whose energy is lower than 100 keV, the attenuation coefficient for low-Z
elements is low, but that for high-Z is high. When the energy of y-ray ranges from 200 keV
to 2 MeV, the difference in the mass attenuation coefficient for different elements is very
small. In this study, americium-241 (Am?*!) was chosen as the source of low-energy y-ray
to determine the mass fraction of high-Z elements, and cesium-137 (Cs'%7) was chosen as
the source of middle-energy y-ray to monitor the mass thickness change of coal.

The mass fraction of high-Z elements in the clean coal ash of the Linhuan medium is
49.019% (Table 1). The coal ash content can be obtained by multiplying the mass fraction of
high-Z elements by a constant (approximately 2).

Table 1. Mass fraction of high-Z elements in medium-clean coal ash from the Linhuan plant.

Elements Oxides Mass Fraction of Elements Mass Fraction of Elements in
in Oxides/% Coal Ash/%

Si SiO, 46.745 22.797

Al Al,O3 52.926 21.180

Fe Fe, O3 69.943 2.448

Ca CaO 71.470 1.962
Mg MgO 60.304 0.164

S SO;3 40.050 0.468
Total 49.019

The interactions between y-ray photons and other matters include the photoelectric
effect, Compton effect, and electron-pair interaction [18]. When penetrating substances, the
change in y-ray intensity can be expressed as follows:

N = Nye #rd (1)

H=1T+0+x )

When two kinds of y-ray with the same quasi-direct beam transmit the same coal
seam, we have the following equations:

Np = Npge #Fd 3)
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Nyt = Npge Fmd 4)

where N and Ny are proportional to the flux density. Because the same coal seam is
transmitted by two kinds of y-ray, the mass thicknesses pd of coal in Equations (3) and (4)
are the same.

Assuming that the mass fraction of high-Z elements in the testing coal is Cpz, the
mass fraction of the low-Z elements is (1—Cpy), and the mass attenuation coefficient of the
testing coal to Am?*! ray is given as follows:

ur = Cuzprz + (1 —Cuz)prz = pirz + (Muz — 11z)CHz ®)

Taking the logarithm of Equations (1) and (2), and incorporating y in Equation (5),
the following equation is obtained:

‘uM h‘lNLo—h‘lNL . VLZ
WHz — przInNpmo —InNy pgz — prz

(6)

Chz =

Assuming the ash content in coal is A4, and A3 =~ 2Cpz, then:

Ad _ ZVM lnNLO — h'lNL . Z,uLZ — AK—B (7)
#Hz —prz M Npo—InNy ppgz —prz

Equation (7) is the basic formula for measuring ash content using the dual-energy
Y-ray transmission method. During the measurement of ash content, InNyy and InNyyg are
preset constants, and the actual parameters measured are Nj and Nj.

3. Main Factors Affecting the Measurement Results of Dual-Energy y-ray Ash Monitors

Many factors can affect the results of y-ray measurements, including the relative
content of high-Z elements, the residual medium of dense-medium coal preparation,
moisture, and the metal-oxide content [19-21].

3.1. Relative Changes in the Content of High-Z Elements in Coal Ash

The fundamental equation for measuring coal ash content is as follows:

o 2up 2urz  2(pr—prz)
Ag = - ®)
WHzZ — MLz MHHZ — HLz HHZ — KLz

Assuming the elemental composition of combustible substances and their relative
contents are constant, then only the effect of relative change in the composition of high-Z
elements in constituent minerals of coal on the measurement results would be considered.
Once the content of one high-Z element increases, the content of other high-Z elements
would decrease proportionally to maintain the total content of high-Z elements.

Herein, we suppose that y1j7 and yy 7 are constants; thus, Equation (8) can be differen-
tiated as follows:

©)

High-Z elements, including silicon, aluminum, iron calcium magnesium, and sulfur,
whose mass fractions are M; (i = 1-6), are considered herein. Based on the equation of the
mass attenuation coefficient in composites, Equation (5) can be expressed as:

6

ur = (1= Cruz)prz + Cuz Y Mip; (10)
i=1

Supposing the mass fraction of element i in high-Z elements is M;, the corresponding
mass attenuation coefficient is y;, the total mass fraction of the other five high-Z elements
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is (1-M;), and their mass attenuation coefficient is y—;. When M; changes but y_; remains
constant, Equation (10) becomes:

pr = prz + CuzMip; + Crz (1 — M;)p—; (11)

and: duy
aMi; Crz (i — p—i), (12)
dpr = Crz(pi — p-i)dM; (13)

Substituting Equation (11) into (9), and for Ag ~ 2Cpyz, then:

(1i — p=i)Ad
dA; = ——F——=dM; 14
d (ﬂHZ _ ,uLZ) 1 ( )

In Equation (12), y; is the mass attenuation coefficient of element i to Am?*!, which
is a constant. For different coals, ypz and yjz are different, and y; is related to the
composition of the elements.

Taking the coal in the Linhuan plant as an example, Table 2 lists the measurement
results of the ash monitor when the relative contents of the six high-Z elements and their
oxides increase by 1%. The impact of ash content on the measurement result of the ash
monitors increases with an increase in the ash content. When the iron, calcium, magnesium,
and sulfur contents increase, the ash content measured by the ash monitor becomes higher
than the real value, whereas the reverse is the case when the silicon and aluminum contents
increase. The change would be most obvious in the measurement of ash content when the
iron content changes, followed by calcium, aluminum, magnesium, silicon, and sulfur, in
that order.

Table 2. Measured ash contents of coal when the content of high-Z elements increases by 1%.

Elements/Oxides AAd/o/o (Ad = 10%)) AAd/o/o (Ad = 200/0) AAd/%) (Ad = 300/0)
Si/SiO, —0.054/—0.049 —0.11/-0.098 —-0.16/—-0.15
Al/ AL, O3 —0.085/—-0.087 -0.17/-0.175 —0.25/-0.26
Fe/Fe, O3 +0.45/+0.61 +0.9/+1.22 +1.35/+1.8
Ca/CaO +0.2/+0.20 +0.30/+0.41 +0.1/+0.61
Mg/MgO —0. 064/ —0.075 —0.13/-0.15 —0.19/-0.22
S/S0O3 +0.013/+0.01 +0.025/+0.02 +0.038/+0.33

3.2. Residual Medium in the Dense-Medium Coal Preparation Process

A slight ferromagnetic substance (Fe3O,) remains in clean coal during the dense-
medium coal preparation process. It changes to Fe,O3 during the subsequent combustion
process. Because the mass difference between these two oxides of iron is only about 5%,
the increased mass of Fe;Oj3 in ash that is due to the residual medium is equal to the mass
of residual Fe304 when measuring the ash content.

If a ferromagnetic medium with a mass ratio of ¢ is doped into coal with an ash content
Ay, the true value of the ash content of the coal is given as:

Ag+e

A p—
dt 1+e¢

(15)

According to Equation (5), and for A4 ~ 2Cz, the mass attenuation coefficient of coal
with an ash content A4 to Am?*! low-energy y-ray is expressed as:

A
pr = prz + (puz — VLZ)Td (16)
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When a ferromagnetic medium with a mass ratio of ¢ is mixed into this coal, the mass
attenuation coefficient of coal samples to Am?*! low-energy y-ray is given as follows:
HL €

T+e Tte

pp = MFe (17)
Substituting y; in Equation (14) into Equation (15), we have:

&
1+¢

A
ML * —HLz = (Hpe — prLz) + (MHZ — VLZ)Td (18)

1+e¢

Substituting Equation (16) into Equation (8), the measured ash content with residual
can be expressed as:

Ags = 2" —prz) _ 2 pm—puz | Ad

= . 19
HHZ — HLZ 1+epupz —purz  1+e¢ 19)

For the medium-clean coal in the Linhuan Coal Preparation Plant, 1 = 0. 386 cm?/g
and pc =0.185 cm?/g. Figure 1 shows the ash contents measured using a y-ray ash monitor
and through chemical tests when a ferromagnetic medium with a mass content of 1% is
mixed with coal with Ay of 10%, 20%, and 30%. As shown, the measured ash content in
medium-clean coal is 0.65 higher than the value obtained through chemical tests, which is
not attributed to the ash content in coal.

35

30 £ A3=0.65
°
s’:
=
o
© 25
g
E
o
(7]
E 20 $1A,=0.65
o
=
o
815
o
G
<

10 &1 A;=0.65 -

¢ Chemical tested ash content
4 Measured ash content
5
5 10 15 20 25 30 35

Ash content without medium coal/%

Figure 1. Effect of the medium content (¢ = 1 kg/t) on the measurement result of ash content.

Due to the existing statistical error of y counting and laboratory error, the accidental
error caused by the fluctuation of the residual medium must be less than 0.32%, ensuring
the total measurement accuracy is better than +0.5%, and the mean square error of residual
medium content in the clean coal is required less than £0.5 kg/t. Thus, the coal preparation
plant should try to reduce the medium consumption in the process and make the residual
medium content in the tested coal as stable as possible.

3.3. Moisture Change in Coal

If the moisture content of coal is Cyy, the mass attenuation coefficient ratio of the same
coal for two kinds of y-ray is expressed as follows:

Ky = A—Cwlhre+Cwirw _ prc+ (pLw —prc)Cw
(1=Cwlumc +uwimw — Hmc + (Bmw — Hm,c)Cw

(20)
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AKy = Ky — Kg =

If there is no water (Cy = 0), the above equations become:

Kg = FLC (21)
HMm,G

The difference between the measured K values for coal sample with water content of
Cw and 0 is expressed as follows:

_ Moot (w —HLe)Cw  HLc _ Cw (HLwhmG — BMWHLG) 22)
pmc + (hmw —pmc)  mc  Emclrme + (mw — pmc)Cw]

(umw — #m,c)Cw in Equation (20) is two orders of magnitude lower than py, g; thus,
it is negligible. Therefore, Equation (20) can be simplified as follows:

AKyy — Cw(HLwhmG — EMWHLG) 23
MM,GHEM,G

According to Equation (7), if the moisture in coal is Cyy, the deviation of the measured
ash content compared to that in dry coal is given as:

AAg = (AKy +B) — (AKg + B) = —2MM __app = 2P (MLWKMG ~FMWHLG) ¢ (g

(huz —miz) " (wwz — piz) HM,GHM,G

In Equation (22), because 1 is approximately equal to s g, the deviation can be
expressed as follows:

An.— 20w (HLwEMG — BMWHLG) (25)
(hHZ — MLZ) HM,G

The value of yj ¢ is related to the ash content; thus, the measured value of AAy
resulting from the change in the moisture content is also related to the ash content. When
Equation (24) is satisfied, AA4 will be equal to 0.

HLWHMG = EMWHL,G (26)

In this case, the measured ash content is not influenced by the change in moisture content.

Based on Equation (23), there is a linear relationship between the moisture in coal and
the deviation of the measured value caused by the water content. The slope of the curve
represents the deviation caused by the change in the unit water content.

dAg 2 " (HL,wHMG — HMWHLG) @)

dCw  (MHz —H12) HM,G

In Equation (25), p1 w and ppgw are 0.2067 and 0. 0858 cm? /g, respectively, and ppyz,
urc, and py g are related to the composition of the coal. Taking clean coal in the Linhuan
plant as an example, the change in the measured ash content with the unit water content is
shown in Table 3.

Table 3. Relationship between the measured ash content and the moisture content of coal.

Agl% pr,glem?/g dA4/dCy
6 0.1912 +0.04
8 0.1933 +0.019
10 0.1953 —0.00167
12 0.1974 —0.023
14 0.1995 —0.045
16 0.2016 —0.066

26 0.2119 —-0.17
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U1,G increases with an increase in the ash content, and dA4/dCy is related to the ash
content. If the ash content of coal is less than 10%, the measured value increases with an
increase in the water content, but the reverse becomes the case if the ash content is greater
than 10%. For coal samples with ash contents less than 14%, the measured value fluctuates
within 0.05% with a 1% increase in the unit water content, whereas for coal samples with
ash contents greater than 14%, the measured value fluctuates in the range of 0.2%. Since the
tested ash content of the coal is between 8 and 10, the effect of moisture on the results of the
ash meter is negligible, so the following discussion does not consider the effect of moisture.

3.4. Change in Metal-Oxide Content of Multimineral Coal

In practice, the ash contents of coal from different mines may be the same when
measured using the combustion method. However, they could significantly differ when
measured using a y-ray ash monitor. As listed in Table 1, the magnesium and sulfur contents
of Linhuan coal ash are very small. Therefore, only four high-Z elements were considered
in this study, including silicon, aluminum, iron, and calcium. The y-ray attenuation
performances of these metal oxides were tested separately. The attenuation coefficients of
AlyO3, SiO,, Ca0, and Fe,Oj3 are listed in Table 4.

Table 4. Attenuation coefficients of metal oxides.

Oxides Attenuation Coefficients
AlL,O3 1

SiO, 1.52

CaO 2.31
Fe;O3 4.6

Notably, we assume the attenuation coefficient of Al,O3 is 1, and that of other oxides
are the ratios to that of Al,Os3.
We have the following equation:

Qm = Cre203 X Dre + Ccao X Dca + Csiop X Dsi + Capoz X Dag

where Qp, is the total adsorption attenuation coefficients of metal elements, and C; and D;
are the content and attenuation coefficients of metal oxides, respectively. The values of Qm
for coal samples from the Suntuan and Xutuan mines are listed in Table 5.

Table 5. Parameters for minerals from the Suntuan and Xutuan mines.

Chemical
Samples Tested Al,O3 SiO, CaO Fe, O3 Om Measured (K) Calculated (K) Difference (K)
Ag/%
Sun #1 8.720 5.021 15.802 1.452 2.785 45.204 1.002 1.004 —0.002
Sun #2 8.860 5.162 15.874 1.494 2.818 45.705 1.016 1.010 0.006
Sun #3 9.970 5.106 16.266 1.457 3.296 48.356 1.055 1.038 0.017
Xu #1 9.770 5.523 17.594 0.785 2.694 46.472 1.011 1.017 —0.006
Xu #2 10.130 6.256 18.202 0.654 2.690 47.806 1.023 1.033 —0.01
Xu #3 11.380 7.797 18.944 0.644 2.740 50.681 1.060 1.064 —0.004

As shown in Figure 2, the relationship between Qn and K values measured using a
monitor can be fitted with the following equation:

K =0.01088 * Qm + 0.51234

(28)
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Figure 2. Relationship between Qp and K values measured using a monitor (Suntuan and Xu-
tuan mines).

K can also be calculated from Equation (26). As listed in Table 5, the calculated K
values obtained by the theoretical formula Equation (26) are approximately equal to those
measured using a monitor.

Based on Equation (7), there is a linear relationship between chemical tested A4 and
the monitor measured K values. To verify the accuracy of this result, coal samples from the
same mine were mixed in a certain proportion, and the recorded data are listed in Table 6.
Table 6. Data of mixed coal from the same mine (Suntuan and Xutuan mines).

Samples Washing Method Washing Ratio Chemical Tested Ay4/% Measured (K)
Sun #4 Sun #1: Sun #2: Sun #3 2:3:3 9.23 1.028
Sun #5 Sun #1: Sun #2: Sun #3 1:1:2 9.38 1.035
Sun #6 Sun #1: Sun #2: Sun #3 1:1:1 9.19 1.018
Xu #4 Xu #1: Xu #2: Xu #3 1:1:3 10.78 1.034
Xu #5 Xu #1: Xu #2: Xu #3 1:1:4 10.88 1.039
Xu #6 Xu #1: Xu #2: Xu #3 2:3:3 10.50 1.029

Based on Tables 5 and 6, the chemical tested ash content and measured K values for
the six coal samples from the Suntuan Mine could be linearly fitted (Figure 3). The slope,
intercept, and linearity of the fitted curve are 23.45, —14.83, and 0.94, respectively, and
those for coal samples from the Xutuan Mine are 33.85, —24.39, and 0.95, respectively.

The type of coal washing is usually not singular in coal preparation plants; therefore,
it is necessary to automatically change the slope and intercept parameters within the
detector, when the system washes and processes different coal types, so a fast analysis
method should be developed to determine the slope and intercept for coal types at each
mixing ratio.
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Figure 3. Relationship between A4 and measured K for coal samples from the Suntuan Mine (a) and
Xutuan Mine (b).
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The type of coal washing is usually not singular in coal preparation plants; therefore,
it is necessary to automatically change the slope and intercept parameters within the
detector, when the system washes and processes different coal types, so a fast analysis
method should be developed to determine the slope and intercept for coal types at each
mixing ratio.

In summary, the ash content of mixed coal from different mines can be determined
through the following procedure. First, Qn can be obtained by analyzing the ratios of
chemical elements in the mixed coal. Second, the value of K can be calculated using
the fitted regression equation between Qn, and data from the ash monitor. Finally, the
parameters, such as the slope and intercept, for the mixed coal can be obtained by fitting
the calculated K and the ash content obtained through chemical tests. Table 7 shows the
values of the calculated K and the monitor measured K in the case of mixed coal; using
the above-mentioned method, the slope and intercept used in the case of mixed coal are
obtained as 44.33 and —35.79, respectively, and the measured ash content of mixed coal is
9.91 according to Equation (7), while the chemical-tested ash content is 10.05.

Table 7. Data of mixed coal.

Mix Chemical
Samples . Tested Al,O3 SiO, CaO Fe, O3 Om Measured (K) Calculated (K)
Ratio
Aql%
Sun #2 - 8.720 5.021 15.802 1.452 2.785 45.204 1.002 1.004
Xu #3 - 11.380 7.797 18.944 0.644 2.740 50.681 1.060 1.064
Mixed Coal 1:1 10.05 6.408 17.373 1.047 2.762 47.942 1.031 1.034

4. Application of Dual-Energy y-ray Ash Monitor in the Linhuan Coal
Preparation Plant

4.1. Automatic Identification of Coal Type

There are 12 raw-coal bunkers in the western part of the Linhuan Coal Preparation
Plant, and the coal from eight mines can be washing processed. To satisfy customers’ needs
and diversify the clean coal products, coal blending is applied to production systems #1, #2,
and #3 before washing. Coal can be blended in 19 ways, as listed in Table 8.

Table 8. Coal blending and washing methods in the production systems.

Mine Type Coal Type Washing Method Washing Ratio
Qd:T 1:1
Y1 -
. T -
! Qd:1J 1:1
Y1:LJ 2:1
LJ -
X -
LF -
LE:YL 2:1
fat coal X:-LE 12
Xutuan (X), YangLiu (YL), X:YL 11
LinhuanFei (LF) X:YL 2:1
X:YL 1:1
LE:YL 11
low-fat coal YL B
LF -
Suntuan (S), Tongting (T) 1/3 coking coal S'ST 1j1

Note: - indicates the case where only one kind of coal is washed.
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The type of coal stored in each raw-coal bunker is fixed. The kind of coal to be washed
can be determined by the operation feedback signal of the coal feeder. Then, the mix ratio
of coal to be washed can be calculated from the operating frequency of the coal feeder.
Information about the coal mix ratio can be transmitted to the dual-detector coal ash
monitor; thus, parameters, such as the slope and intercept, can be set automatically in the
ash monitor.

Theoretical analyses, site commissioning, and comparison of tested ash contents have
shown that the parameters of an online ash monitor change significantly when the kinds
and ratios of coal to be washed are different. Therefore, parameters, such as slopes and
intercepts, for different coal proportions can be input into the ash monitor in advance. These
parameters can be switched automatically when coal samples of different proportions are
washed (Tables 9-11). In production systems #1, #2, and #3, the slope is usually set as 72.55
for raw coals in the Huaibei area, but the intercept changes when there is a large difference
between the coals. For general coal preparation plants using dual energy gamma ray ash
monitor, the slope and intercept mentioned in Equation (7) are generally fixed, which will
cause large measurement errors. Taking Table 9 as an example, there is a gap between the
slopes and intercepts of different coals. According to Equation (7), If the intercept of LFX is
set to be the same as that of other mine types, i.e., —131, the ash value measured by the
monitor will have a gap of 4.

Table 9. Parameters for the online ash monitor in production system #1.

V:da:tl}llléldg Washing Ratio Slope Intercept Coal Type
Y1:Qd 1:1 72.55 —131.00 coking coal
X:YL 1:1 72.55 —131.00 low-fat coal
Y1:Qd 2:1 72.55 —131.00 coking coal
S - 72.55 —131.00 1/3 coking coal
X:YL 2:1 72.55 —131.00 fat coal
X:YL 1:1 72.55 —131.00 fat coal
Y1:Qdd 1:1 72.55 —131.00 coking coal
Y1 - 72.55 —131.00 coking coal
LJ:Y1 1:1 72.55 —131.00 coking coal
X - 72.55 —131.00 fat coal
YL - 72.55 —131.00 low-fat coal
LF - 72.55 —131.00 fat coal
T - 72.55 —131.00 fat coal
LE:X 2:1 72.55 —127.00 fat coal
YL:X 2:1 72.55 —131.00 fat coal

Table 10. Parameters for the online ash monitor in production system #2.

Washing

Method Washing Ratio Slope Intercept Coal Type
Y1:Qd 1:1 72.55 —120.00 coking coal
X:YL 1:1 72.55 —121.99 low-fat coal
Y1:Qd 2:1 72.55 —118.00 coking coal
S - 72.55 —120.00 1/3 coking coal
X:YL 2:1 72.55 —120.00 fat coal
X:YL 1:1 72.55 —120.00 fat coal
Y1:Qdd 11 72.55 —120.00 coking coal
LJ:Y1 1:1 72.55 —120.00 coking coal
T:Qd 1:1 72.55 —118.00 coking coal
X - 72.55 —120.00 fat coal
YL - 72.55 —120.00 low-fat coal
LF - 72.55 —120.00 fat coal
T - 72.55 —120.00 fat coal
LE:X 2:1 10.00 0.00 fat coal

YL:X 2:1 72.55 —120.00 fat coal
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Table 11. Parameters for the online ash monitor in production system #3.

Washing

Method Washing Ratio Slope Intercept Coal Type
LF - 72.55 —151.00 fat coal
LJ:Qd 1:1 72.55 —149.00 coking coal
Y1:Qd 1:1 72.55 —151.25 coking coal

S - 72.55 —150.29 1/3 coking coal
LJ:Y1 1:1 72.55 —153.04 coking coal
LF:Y1 2:1 72.55 —152.62 fat coal

Y1 - 72.55 —151.00 coking coal

T - 72.55 —151.60 fat coal

T - 72.55 —150.00 coking coal
Y1:Qd 2:1 72.55 —152.10 coking coal
X:YL 1:1 72.55 —152.67 fat coal
X:YL 11 72.55 —151.65 low-fat coal
X:YL 1:1 72.55 —152.67 fat coal
X:YL 1:1 72.55 —151.26 low-fat coal

X - 72.55 —152.00 fat coal

4.2. Analysis of Application Results

Coal from the western part of the Linhuan Coal Preparation Plant can be divided into
coking coal, 1/3 coking coal, fat coal, and low-fat coal. The average ash content per day
in April for coal in Linhuan measured using a dual-energy y-ray ash monitor or through
chemical tests are listed in Table 12.

Table 12. Average ash content per day in April for coal in the western part of the Linhuan Coal
Preparation Plant.

Coal Type Washing Chemical Measured Absolute Relative
Method/Ratio Tested Ay/% Aq/% Error Error/%
T:Qd/1:1 9.99 10.23 0.24 2.40%
Y1/- 10.18 9.73 0.45 4.42%
coking coal T/- 9.93 9.91 0.02 0.20%
Y1:Qd/2:1 10.53 10.76 0.23 2.18%
Ly/- 9.55 9.57 0.02 0.21%
. S/- 8.47 8.17 0.3 3.54%
1/3 coking coal ST/1:1 8.59 8.44 0.15 1.75%
LF:YL/2:1 9.49 9.85 0.36 3.79%
fat coal X:LF/1:2 9.82 9.96 0.14 1.43%
X:YL/1:1 10.47 10.79 0.32 3.06%
X:LE/1:1 10.38 10.51 0.13 1.25%
low-fat coal X:YL/1:1 8.24 8.40 0.16 1.94%
YL/- 7.84 8.01 0.17 2.17%
Average error 0.21 2.18%

By comparing with tested ash content, the maximum, minimum, and average absolute
errors for daily ash content measured in April are 0.45, 0.02, and 0.21, respectively; the
average relative error is 2.18%. These values satisfy the measurement error range (+0.5%
mean absolute error) of the gamma radiation coal ash meter specified in EJ /T1078-1998.

To verify the accuracy and reproducibility of the method, the daily ash content data in
May has been given, as shown in Table 13. The difference of average absolute error and
relative error is 0.01 and 0.21%, respectively.
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Table 13. Average ash content per day in May for coal in the western part of the Linhuan Coal

Preparation Plant.

Coal Tvoe Washing Chemical Measured Absolute Relative
yp Method/Ratio Tested Ay/% Aq/% Error Error/%
T:Qd/1:1 9.91 10.18 0.27 2.72%
Y1/- 10.07 9.68 0.39 3.87%
coking coal T/- 9.91 9.86 0.05 0.50%
Y1:Qd/2:1 10.61 10.72 0.11 1.04%
Lj/- 9.65 9.54 0.11 1.14%
. S/- 8.59 8.28 0.31 3.61%
1/3 coking coal ST/1:1 8.67 8.52 0.15 1.73%
LF:YL/2:1 9.41 9.73 0.32 3.40%
fat coal X:LF/1:2 9.73 9.86 0.13 1.34%
X:YL/1:1 10.41 10.85 0.44 4.23%
X:LE/1:1 10.29 10.47 0.18 1.75%
low-fat coal X:YL/1:1 8.34 8.49 0.15 1.80%
YL/- 7.78 8.09 0.31 3.98%
Average error 0.22 2.39%

5. Conclusions

To resolve the current problems of dual-energy y-ray ash monitors in the Linhuan

Coal Preparation Plant, such as poor measurement accuracy and stability, we investigated
the internal (the composition of multimineral and multicoal) and external factors affecting
them; the following conclusions have been obtained:

)

@)

®)

4)

The six high-Z elements have different degrees of influence on the measurement
results, and this influence intensifies with the increase of ash content. The change
would be most obvious in the measurement of ash content when the iron content
changes, followed by calcium, aluminum, magnesium, silicon, and sulfur.

The deviation value of the ash content caused by ferromagnetic media is only related
to the ash content of the coal, during the dense-medium coal preparation process. We
should try to reduce the medium consumption in the process and make the residual
medium in the tested coal as stable as possible.

When the ash content of coal is less than 10%, the measured value increases with an
increase in the water content, but the reverse becomes the case if the ash content is
greater than 10%. The measured value of ash content of high ash clean coal is more
affected than that of low ash clean coal.

The method of determining parameters used in the case of coal blending has achieved
ideal application effect in the Linhuan Coal Preparation Plant. By comparing with
tested ash content, the average absolute error and relative error for daily ash content
measured are 0.21 and 2.18% in April while the errors are 0.22 and 2.39% in May,
respectively, and the difference of average absolute error and relative error is 0.01 and
0.21%. These values satisfy the measurement error range (+0.5% mean absolute error)
of the gamma radiation coal ash meter specified in EJ /T1078-1998.
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Nomenclature
No, N Intensity of rays without and with absorption, respectively
Nio N Am?*! counts measured by the detector in a certain time interval when there is no
Lo- AL coal and when there is coal absorption, respectively
Nur. N Cs!% counts measured by the detector in a certain time interval when there is no
Mos SYM coal and when there is coal absorption, respectively
The mass thickness of the transmission coal (cm?/ g), p is the bulk density of the coal
pd (g/ cm?), d is the thickness of the coal (cm)
vs The total mass absorption coefficient
T The mass absorption coefficient of the photoelectric effect part
o The mass absorption coefficient of the active part of the Compton effect
w The mass absorption coefficient of the electron pair acting part
Cyz The mass fraction of high Z elements in coal
UL, UM The mass attenuation coefficient of coal to Am?*! rays, Cs'¥ rays, respectively
The mass attenuation coefficients of high-Z elements and low-Z elements for Am?4!
HHz Lz rays, respectively
A Slope coefficient
B Intercept coefficient
K The ratio of the mass attenuation coefficient of coal to Am?*! rays and Cs'¥ rays
M; The mass fraction of element 7 in the high Z element
The mass decay coefficients of element i and high Z elements other than i elements,
Hir =i respectively
Aq Ash content of coal (%)
€ The mass ratio of ferromagnetic medium (kg/t)
UFe The mass Attenuation Coefficient of Ferromagnetic Medium (Fe30y) for Am?41 Ray
B The mass attenuation coefficient of Am?*! Rays by coal mixed with ferromagnetic
ML medium with mass ratio ¢
Aj The measured value of coal ash mixed with residual medium
Cw The moisture content of coal
K The ratio of the mass attenuation coefficient of water-containing coal to Am?*! rays
w and to Cs'¥ rays
#LG #mc  The mass attenuation coefficient of dry coal for Am?#! rays and Cs'¥ rays, respectively
The mass attenuation coefficient of hydrous coal for Am?*! rays and Cs'¥ rays,
HLW EMW respectively
Kg The ratio of mass attenuation coefficient of dry coal to Am?241 rays and to Cs137 rays
AKyy The difference of measured value K between the coal with the moisture content Cyy
and the dry coal
AAy The difference of measured ash content between the coal with the moisture content
Cy in the coal and the dry coal
The difference between chemical tested ash and monitor measured ash when A4 is
A1,A2,A3 .
10%, 20%, and 30%, respectively
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