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Abstract: This work investigated the effect of coal blending on ash fusibility and slurryability of
Xinjiang low-rank coal. The results showed that Xinjiang low-rank coals were characterized by high
internal water content, high volatile content, high ash fusing point, and poor slurryability, which can
not be directly used in coal water slurry gasification. The blending method not only reduced the
ash fusibility but also improved the slurryability of these low-rank coals. When the coals with low
calcium and high silicon contents (KG and YK) were blended with coal with high calcium content
(SH), the ash fusion temperatures of the blended coal were significantly reduced. Moreover, the SH
coal showed the worst slurryability performance with a concentration of 48.56%. The slurryability
of HS coal can be dramatically improved by blending with KG. When the mass fraction of KG coal
reached 70%, the concentration of coal water slurry increased by 11%. For the blended coal of KG
and YK, the concentration and stability of coal water slurry gradually increase with the increasing
mass ratio of KG. The coal blending method can effectively improve the concentration of coal water
slurry for the low-rank coals, which were difficult-to-prepare slurry.

Keywords: Xinjiang low-rank coal; coal blending; ash composition; ash fusibility; slurryability

1. Introduction

Coal water slurry gasification technology is an important way for the efficient and clean
utilization of coal resources, which is characterized by low pollution and high efficiency. The
feedstock for the water slurry gasifier is developed towards low-rank coal, coal blending,
and industrial and domestic waste [1,2]. Coal water slurry (CSW) is a highly concentrated
suspension of coal particles in water, which has high solid loading in the range of 60–75%
(by weight). The high viscosity of the slurry always leads to an increase in pumping energy
consumption. Therefore, in order to easy handling and pumping of these highly loaded
mixtures, the viscosity of coal waste slurry should be low. The technical requirements
of raw coal for coal water slurry gasification include internal water, ash content, ash
fusibility, viscosity–temperature characteristics, total sulfur content, slurryability, Hastelloy
grindability index, etc. Among them, slurryability, ash content, and ash fusibility are the
most important parameters that are widely used to select feedstock coal.

It is difficult to prepare highly loaded CWS from low-rank coal. Many scholars have
performed a lot of research to improve the slurryability of low-rank coals by particle
size controlling [3,4], microwave or ultrasonic irradiation [5,6], thermal treatment [5],
development of high-efficient dispersant agent [7,8], hydrothermal dewater process [9,10],
mixing with petroleum coke [11] and coal blending, etc. Coal blending is a simple and
effective method to adjust the physical and chemical properties of coal. Wang et al. [12]
studied the blending of coal with high and low viscosity to improve its ash fusibility.
Lv et al. [13] blended the direct coal liquefaction residues with four kinds of low-rank
coals, and the slurryability of low-rank coals was significantly improved. Gu et al. [14]
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investigated the effect of three different grades of blending coals on the preparation of
coal water slurry. Compared to the two coals, the coal concentration in the slurry can be
effectively improved and generally increased by 3–5%. Liu et al. [15] mixed two different
anthracite and bituminous coals into Shenmu coal, and the CWS concentration of Shenmu
coal was increased by 6%.

Xinjiang contains a large number of coal resources. A total of 391.5 billion tons of
reserves has been found, accounting for 24.5% of the national total [16]. The distribution
of coal in Xinjiang shows significant spatial zoning and age differences. Moreover, these
coals are generally low-rank coals with the characteristics of high water content, young coal
quality, high ash fusing point, and well-developed pores [17], which are widely used as
fuel coal. However, it has insufficient advantages in the coal chemical industry, especially
in the development of coal-water slurry and liquid slag gasification technology. In order to
improve the rational development and utilization of coal resources in Xinjiang, the coal
blending method was employed to reduce the ash fusion temperatures and improve the
CWS property of Xinjiang low-rank coal.

2. Materials and Methods
2.1. Materials

Four low-rank coals from Xinjiang, including Kuangou coal (denoted as KG), Heishan
open coal (denoted as HS), Yankuang open coal (denoted as YK), and Shenhua open coal
(denoted as SH), were chosen in this work. These coal samples were ground to a particle
size of less than 0.200 mm and dried at 105 ◦C for 24 h in an N2 atmosphere. According to
Chinese standards for coal analyses (GB/T212-2001, GB/T476-2001, GB/T213-2003, and
GB/T214-1996), the proximate analyses, ultimate analyses, higher heating values on the
basis of air dry (HHV), and total sulfur contents of the four samples were analyzed. Table 1
shows the analysis results of the coals. The four low-rank coals have high internal moisture
and high volatile content. The internal water of SH was 6.34%, and the volatile content of
HS was 37.44%.

Table 1. Analysis results of Xinjiang low rank coals.

Proximate Analysis
(wt.%, ad)

Calorific
Value(kJ/g)

Ultimate Analysis
(%) HGI

Mad Aad Vad FCad Qgr,v,ad Cad Had Oad Nad St,ad O/C

KG 2.83 21.70 28.52 46.95 24,950 57.73 3.35 8.03 0.72 0.21 0.14 73
HS 3.24 5.30 37.44 54.02 30,790 69.13 3.9 11.24 0.98 0.55 0.16 75
YK 4.27 19.38 29.73 46.62 24,900 57.13 3.30 8.93 0.89 0.33 0.16 72
SH 6.34 9.01 31.02 57.63 26,080 61.45 2.75 13.13 0.72 0.45 0.21 83

The coal ash samples were prepared according to Chinese standard procedures (GB/T
212-2008). Basically, the coal samples were placed in a muffle furnace, heated to 500 ◦C
within 30 min and kept at this temperature for a further 30 min, and then the temperature
was increased to 815 ◦C and kept at this level for 2 h. The chemical compositions of
coal ashes were analyzed by Bruker X-ray Fluorescence Analyzer (S8 Tiger, Bruker Corp.,
Saarbrücken, Germany) according to Chinese standard GB/T1574-2011, and the results of
four low-rank coals are given in Table 2. The KG and YK coal ashes have high contents of
silicon and aluminum, and the HS and SH coals were typically high-calcium coal.
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Table 2. Ash composition of four low-rank coals (%).

Al2O3 CaO Fe2O3 MgO Na2O K2O P2O5 SO3 TiO2 SiO2

KG 20.55 8.16 5.43 2.08 1.11 2.30 0.23 2.94 0.91 55.53
HS 12.96 30.84 11.32 4.02 0.54 0.77 0.11 13.74 0.48 24.88
YK 23.86 4.00 4.10 1.76 2.04 1.41 0.17 2.07 1.14 58.40
SH 11.63 24.70 7.24 5.39 3.70 0.96 0.14 14.13 0.57 31.55

The coal ash is usually discharged from the bottom as molten slag. A high ash
fusion temperature easily led to the heavier corrosion of refractory bricks and the high
consumption of energy. Therefore, the ash fusion point is very important for liquid slagging
gasifiers, and a comparatively low ash fusion temperature coal is preferred [18].

2.2. Preparation of the Coal Water Slurry

The KG coal with the best slurryability was mixed with other three low-rank coals to
prepare coal water slurry. The additive used in this work was obtained from Shanxi Linyi
Kehua Co., Ltd. (Shanghai, China), of which its main component is sodium lignosulfonate.
The coal water slurry samples were prepared by dry grinding and wet pulping. The coal is
pulverized into a certain particle size with a jaw crusher and then pulverized with a small
rod mill. Based on the grindability index of the coal and the particle size requirements of the
coal water slurry gasification, the grinding time is controlled to obtain the coal powder with
the required particle size distribution. According to the required ratio, the pulverized coal,
additives (Dry agent/Dry coal = 0.2%) and primary water were mixed and then stirred for
10 min with an electronic stirrer at 1000 r/min to ensure the formation of a homogenization
coal-water slurry [19,20]. The coal water slurry was then placed for 3 min to release any
entrapped air for further tests to measure performance parameters.

The coal samples with different properties were blended according to different pro-
portions. The mass fractions were 30%, 40%, 50%, 60%, and 70%, respectively. The particle
size distributions of coals used in this work are given in Table 3.

Table 3. Particle size distribution of coals for slurry preparation.

<1400 µm <900 µm <450 µm <125 µm <7 6µm <44 µm

KG 100 99.97 99.06 63.04 55.43 36.56
HS 100 99.73 97.56 63.37 55.18 34.06
YK 100 99.27 98.20 58.06 51.62 33.82
SH 100 99.58 98.39 74.50 55.91 38.75

2.3. Measurement of Coal Water Slurry Property
2.3.1. Ash Fusion Temperatures of Coal (AFTs)

The AFTs of the blended coal ashes were measured by SDAF105a ash fusion analyzer
(Hunan Sande Technology Development Co., Ltd., Changsha, China) under a reducing
atmosphere according to Chinese standard GB/T 219-2008. Coal ash with a particle size
less than 0.1 mm with an agate mortar was mixed with gummeline and then shaped into
triangular ash cones (a equilateral triangle with a height of 20 mm and a base length of
7 mm). This procedure involves heating the ash cone at a rate of 15 ◦C/min up to 900 ◦C
and then changing the heating rate to 5 ◦C/min. During this process, four characteristic
temperatures were recorded for four low-rank coal ashes: deformation temperature (DT),
softening temperature (ST), hemispherical temperature (HT), and flow temperature (FT).
The error for the AFTs measurement was ±40 ◦C according to the standard. In order to
ensure the accuracy of the experimental data, the measurement was repeated three times
for each sample, and the average value of the respective characteristic temperatures was
selected as the final measured value to reduce measurement error. Table 4 gives the ash
fusion temperatures (AFTs) of four coal samples, and the FT of YK was 1400 ◦C.
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Table 4. Ash fusion temperatures of four low-rank coals (%).

DT ST HT FT

KG 1220 1260 1270 1320
HS 1280 1300 1310 1320
YK 1230 1360 1370 1400
SH 1240 1260 1280 1290

2.3.2. CWS Concentration

The infrared drying method, which was performed by HX-204 (Mettler-Toledo National
Trading (Shanghai) Co., Ltd., Shanghai, China) fast moisture analyzer was used to measure
the coal water slurry concentration according to Chinese standard GB/T 18856.2-2008.

2.3.3. CWS Viscosity

The CWS viscosity was measured by NXS-4C (Chengdu Corp., Chengdu, China)
viscometer according to Chinese standard GB/T 18856.4-2008. Appropriate amount of
uniform CWS sample was put into the measuring container, and the shear rate increased
from 0 s−1 to 100 s−1. Six groups of test data were collected once every 12 s at the shear rate
of 100 s−1, which was defined as the apparent viscosity. Three times were also repeated
for each measurement, and the repeatability of the measurement results was within 0.5%.
Finally, the average value was the viscosity of CWS. The maximum solid loading of slurry
was designated as the solid loading when the apparent viscosity of slurries was 1000 mPa·s
at 20 ◦C [21].

2.3.4. CWS Stability

A glass rod penetration test was employed to evaluate the stability of the coal water
slurry by measuring the change of penetration ratio (%) with the storage time (h). The
prepared CWS was stored in a 100 mL sealed and graduated cylinder (coal water slurry
layer with the height of 100 mL) at room temperature for 48 h. The schematic diagram of
the coal water slurry in the measuring cylinder is presented in Figure 1.
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Figure 1. The schematic diagram of the coal water slurry in the measuring cylinder.

A glass rod of 30 cm in length, 6 mm in diameter, and 27.2 g in weight was allowed to
fall freely from the surface of the coal water slurry to the bottom and stopped when the tip
touched the hard deposit.

The penetration ratio was calculated as follows:

Penetration ratio (%) = hp/ht × 100 (1)
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where hp is the effective traveled distance (cm) by the glass rod, and ht is the total height
(cm) of the CWS in the measuring cylinder.

The separation ratio was calculated below:

Separation ratio (%) = hs/ht × 100 (2)

where hs was the water in the suspension layer in the CWS after 48 h and ht is the total
height (cm) of the CWS in the measuring cylinder.

2.3.5. CWS Fluidity

The fluidity of CWS was determined by the time it takes when 100 mL of coal water
slurry pass through the funnel (diameter 120 mm in diameter, 18 mm in lower mouth
diameter, 45 mm in tube height, 130 mm in total height).

2.4. FactSage Calculations

In order to explain the effect of coal blending on the ash fusibility, thermodynamic
software package FactSage based on minimization of Gibbs energy was applied to calculate
mineral composition of the blended coal ashed at high temperatures. In this work, FactSage
8.1 (GTT-Technologies, Herzogenrath, Germany) with FToxid and FactPS was used to
calculate mineral compositions and viscosity [22]. Eight components, including SiO2,
Al2O3, Fe2O3, CaO, and MgO, were input into calculation. Calculations were carried out
from 800 to 1500 ◦C with an interval of 50 ◦C under the reducing atmosphere (60% CO and
40% CO2, volume ratio). Equilib was used to calculate phase transformation.

3. Results and Discussion
3.1. Influence of Coal Blending on Ash Fusibility

The SH coal with a lower ash fusion point is blended with the other three coals
with high ash fusion point (KG, YK, HS). The mass fraction of SH coal was 30%, 40%,
50%, 60%, and 70%, respectively. Figure 2 shows the effect of coal blending on the ash
fusion temperatures, and the blended ash composition is given in Table 4. As the SH
coal mass fraction increased, the DT, ST, HT, and FT of the blended coal ashes showed
different changes. When the SH coal was blended with KG and YK coals, the ash fusion
temperatures gradually decreased with the increasing SH coal fraction. When the SH mass
fraction reached 70%, the FT of the blended coal ash dropped to 1160 ◦C and 1180 ◦C,
respectively, for KG and YK, while its effect was not obvious when the SH coal was blended
with the HS coal. For the coal water slurry gasification, the FT of the feedstock is usually
required to be lower than 1380 ◦C. As the FT of YK was 1400 ◦C, it cannot be directly used
in the coal water slurry gasification. The blending method was an effective way to produce
a feed with appropriate ash fusibility.
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Table 5 presents the ash composition of the blended coal, which was calculated by
ash content, ash composition, and blending ratio of the coal sample. The result presented
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additivity, which showed a close relationship with the fusion temperature of coal ash. The
calcium content of SH coal ash was high, while the contents of silicon and aluminum were
low. However, the contents of silicon and aluminum in KG and YK coal ashes were high,
and the content of calcium was low. When the SH coal was blended with KG and YK
coals, the content of silicon and aluminum gradually decreased, and the content of calcium
gradually increased with the increasing SH coal fraction. For the KG coal, when the SH
fraction reached 70%, the contents of silicon and aluminum decreased to 39.83% and 15.80%,
while the calcium content decreased to 14.88%. For the YK coal, the contents of silicon
and aluminum were lowered to 40.36% and 16.90%, and the calcium content increased
to 13.38%. This illustrated that the blending coal method balanced the ash composition,
resulting in a decrease in the ash fusion temperatures. Moreover, the ash composition of
HS coal was similar to that of SH coal, and both of them belonged to high calcium coal. As
a result, the blending of coal did not significantly affect the contents of calcium, silicon, and
aluminum in the coal ash. Therefore, the ash fusion temperatures were not significantly
reduced when the HS coal was blended with the SH coal.

Table 5. Ash compositions of the blended coals (%).

Samples Proportion Al2O3 CaO Fe2O3 MgO Na2O K2O P2O5 SO3 TiO2 SiO2

SH:KG

3:7 19.13 10.16 5.52 3.12 2.15 2.13 0.23 4.97 0.85 51.14
4:6 18.59 11.12 5.57 3.59 2.62 2.06 0.22 5.90 0.83 48.99
5:5 17.82 12.05 5.62 4.16 3.19 1.97 0.22 7.00 0.80 46.55
6:4 16.87 13.31 5.68 4.85 3.88 1.86 0.22 8.35 0.76 43.56
7:3 15.80 14.88 5.76 5.72 4.74 1.72 0.22 10.04 0.72 39.83

SH:YK

3:7 21.96 6.76 4.40 3.00 3.09 1.35 0.17 4.52 1.04 52.85
4:6 20.84 7.98 4.63 3.54 3.56 1.32 0.18 5.60 1.00 50.81
5:5 19.76 9.41 4.79 4.18 4.10 1.29 0.18 6.86 0.95 47.93
6:4 18.46 11.12 4.97 4.94 4.75 1.25 0.18 8.37 0.89 44.71
7:3 16.90 13.38 5.19 5.87 5.54 1.20 0.18 10.20 0.82 40.36

SH:HS

3:7 11.63 28.10 9.47 6.31 3.72 0.85 0.14 15.68 0.48 23.54
4:6 11.24 27.29 8.92 6.98 4.67 0.87 0.15 16.25 0.48 22.90
5:5 10.86 26.52 8.40 7.62 5.56 0.89 0.16 16.79 0.47 22.38
6:4 10.51 25.80 7.91 8.33 6.40 0.91 0.17 17.30 0.47 21.97
7:3 10.28 25.11 7.44 8.80 7.20 0.93 0.18 17.79 0.47 21.53

It is well accepted that mineral components interacted and fused into a liquid during
the process of ash fusion, leading to variations in the mineral components and their
contents [23]. Figure 3 shows the mineral transformation of the blended coal of KG and
SH. When the mass fraction of SH coal was 30–70%, anorthite (CaAl2Si2O8), cordierite,
clinopyroxene, and quartz (SiO2) were the main mineral formed in the blended coal ash
at high temperature. As the mass fraction of SH coal increased, the contents of anorthite
and quartz decreased, especially the content of quartz was remarkably lowered from more
than 20% (SH:KG = 3:7) to around 4% (SH:KG = 7:3) at 1100 ◦C, whereas the content
of clinopyroxene significantly increased. The anorthite and quartz were high melting
point minerals, and their melting point was 1550 ◦C and 1750 ◦C, respectively, and the
clinopyroxene had a low melting point of 1391 ◦C [24]. Moreover, the low eutectic can be
formed between anorthite and clinopyroxene [25]. All these transformations contributed to
the decrease in the AFTs of the blended coal with the increasing SH mass fraction.
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3.2. Slurryability of Four Low-Rank Coals

The slurryability of the four low-rank coals, as well as the stability of coal water slurry
samples, including the penetration ratio and separation ratio, is presented in Table 6, which
is used to estimate the coal concentration required to prepare CWS with a viscosity of
600 mPa·s. The KG coal showed a high slurryability performance with a concentration
of up to 69.72%, and the SH coal exhibited the worst slurryability performance with a
concentration of 48.56%. The YK and SH samples showed phase separation between the
semi-transparent supernatant and sediments. The two phases separated quickly in the
first 48 h and then reached a plateau. The top was the semi-transparent supernatant, and
the middle was the soft sediment, which can be re-dispersed easily. The bottom was the
hard sediment, which looked like a solid layer and was hard to re-disperse. In Table 6, the
concentration of YK coal was acceptable, but the separation ratio was up to 4%, and the
penetration rate was only 95%, which suggested that the stability of the CWS was poor. The
separation ratio of SH coal was up to 3%, but the penetration rate was 100%. In addition,
no apparent trend of separation ratio was observed for KG and HS coals.

Table 6. Slurry properties of the four low-rank coals.

Samples Concentration
(%)

Viscosity
(mPa·s)

Fluidity
(s)

Separation
Ratio (%)

Penetration Ratio
(%)

YK
59.21 376 9.56 5 85
60.54 449 15.47 5 92
62.84 579 35.60 4 95

SH
46.43 346 5.40 3 100
47.86 464 12.72 3 100
48.56 611 40.56 3 100

KG
67.02 503 9.58 0 100
68.37 552 11.32 0 100
69.72 605 14.06 0 100

HS
61.20 325 7.23 2 100
62.36 473 13.45 0 100
63.56 584 26.32 0 100

The slurryability of the coal was mainly dependent on the physical properties of the
coal. The surface properties of the coals varied, which was dependent upon the rank of
the coal. As the low-rank coals had higher oxygen and moisture contents, the viscosities
of the coal water slurries were different for the same particle size distribution and same
solids loading because of the differences in surface chemistry. The O/C atomic ratio was
commonly used to account for the slurryability of the coal, which suggested the content
of oxygen-containing functional groups in the coal. For the coal with a high O/C atomic
ratio, the slurryability was poor. As the O/C atomic ratio decreased with the coal rank, the
number of polar functional groups increased, resulting in a decrease in the slurryability [13].
The O/C atomic ratio in KG coal was 0.14, while it was 0.21 for the SH coal. Moreover, the
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SH coal had the highest internal moisture content. Because the surface of the coal with the
high internal moisture content easily absorbed water molecules, the SH coal presented poor
slurryability. In addition, for a fixed mass concentration of coal in the slurry, the density of
the coal increased as the ash content of the coal increased. Because the KG and YK coals
have higher ash content, they showed a low volume concentration and a better fluidity of
coal in the CWS, which also implies that the slurry has a low viscosity.

3.3. Influence of Blending on Slurryability of Coal

Table 7 shows the properties of CWS of KG coal with different mass fractions of
the other three coals. When the KG coal was blended with the SH coal, the slurryability
performance was gradually improved with the increasing KG coal ratio. As the mass
fraction of KG coal reached 70%, the slurry concentration increased to 59%. The internal
moisture content was 2.38% and 6.34%, respectively, for KG and SH coals. The O/C atomic
ratio in KG coal was 0.14, while it was 0.21 for the SH coal. The ash content of KG coal
was 21.7% and 9.01%. When the SH was blended with SH coals, the internal moisture
content and O/C atomic ratio in blended coal were significantly lowered, and the ash
content was clearly increased. All these were conducive to improving the slurry formation
of coal. Therefore, when the ratio of KG to SH was 7:3, the slurry concentration of mixed
coal increased by 11%.

Table 7. Properties of CWS of KG coal with other three low rank coals.

Samples Proportion Concentration
(%)

Viscosity
(mPa·s)

Fluidity
(s)

Separation
Ratio
(%)

Penetration
Ratio
(%)

KG:YK

3:7 63.89 504 16.00 4 92
4:6 64.32 429 13.25 2 100
5:5 64.98 402 13.35 2 100
6:4 65.85 681 15.88 1 100
7:3 67.12 501 12.14 1 100

KG:SH

3:7 52.17 431 12.41 2 100
4:6 53.54 451 13.15 1 100
5:5 55.26 426 13.71 1 100
6:4 57.74 469 15.22 0 100
7:3 59.78 428 14.76 1 100

KG:HS

3:7 64.92 610 13.19 0 100
4:6 65.80 476 11.58 0 100
5:5 66.63 591 15.84 0 100
6:4 67.52 483 13.91 0 100
7:3 68.00 496 12.13 0 100

When the YK coal was blended with the KG, with the increasing KG coal proportion,
the slurry concentration and stability gradually improved, and the separation ratio gradu-
ally decreased. As the mass proportion of KG coal reached 40%, the penetration ratio was
up to 100%, and the separation rate dropped to 1%. Moreover, the soft sediment was over
99 vol%. However, for YK coal, it was only 91 vol%, and the hard sediment occupied over
5 vol%. The soft sediment was probably formed by the weak flocculation/aggregation of
coal particles with attractive forces between particles. In the dense coal water slurry, the
aggregations of coal particles are distributed in the whole slurry, which generates enough
strength to support the particle and prevent it from settling into hard sediment.

4. Conclusions

The four low-rank coals from Xinjiang had the characteristics of high internal water
content, high volatile content, high ash fusion temperatures, and poor slurryability. In
order to improve the utilization of the low-rank coal, the blending method was used
to improve the properties of coal water slurry, including ash composition, ash fusion
temperature, slurryability.
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The ash fusion temperatures of the blended coal largely depended on the ash chemical
composition. The ash composition of the two blended coal exhibited additivity. When the
SH coal with high calcium content was blended with the KG or YK coal with high silicon
and aluminum contents, the ash fusion temperatures of the blended coal obviously reduced
due to the balanced content of silicon, aluminum, and calcium. However, for the blended
coal of SH and another high calcium content HS coal, the ash fusion temperatures did not
clearly reduce because the contents of calcium, silicon, and aluminum in the coal ash did
not change significantly.

The coal blending method can effectively improve the concentration of coal water
slurry for the low-rank coals, which were difficult-to-prepare slurry. The KG coal exhibited
good slurryability. The slurryability of SH coals can be dramatically improved by blending
with the KG coal. As the blended ratio of KG and SH was 7:3, the concentration of coal
water slurry increased by 11%. When the KG and YK coal were blended, the concentra-
tion and stability of coal water slurry gradually increased with the increasing mass ratio
of KG coal.
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