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Abstract Coal dust explosion accidents often cause substantial property damage and casualties and frequently involve

nano-sized coal dust. In order to study the impact of nano-sized coal on coal dust and methane–coal dust explosions, a pipe

test apparatus was used to analyze the explosion pressure characteristics of five types of micro-nano particle dusts (800 nm,

1200 nm, 45 lm, 60 lm, and 75 lm) at five concentrations (100 g/m3, 250 g/m3, 500 g/m3, 750 g/m3, and 1000 g/m3).

The explosion pressure characteristics were closely related to the coal dust particle size and concentration. The maximum

explosion pressure, maximum rate of pressure rise, and deflagration index for nano-sized coal dust were larger than for its

micro-sized counterpart, indicating that a nano-sized coal dust explosion is more dangerous. The highest deflagration index

Kst for coal dust was 13.97 MPa/(m�s), indicating weak explosibility. When 7% methane was added to the air, the

maximum deflagration index Kst for methane–coal dust was 42.62 MPa/(m�s), indicating very strong explosibility. This

indicates that adding methane to the coal dust mixture substantially increased the hazard grade.

Keywords A pipe test apparatus � Nano-sized � Coal dust explosion � Methane/coal dust explosion � Pressure

characteristics

1 Introduction

Coal dust explosions are among the main hazards affecting

coal mine safety (Wu et al. 2011). Statistically, 87.32% of

China’s 532 key national mines face the risk of coal dust

explosions (Zheng et al. 2009). Due to complex coal mine

production environments, both methane and coal dust are

often involved in coal dust explosions. In recent years,

various researchers have studied the characteristics of

nano-scale dust explosions, including the effects of metal

and plastic dust (Boilard et al. 2013; Mittal 2014; Gao et al.

2015; Turkevich et al. 2015). The violence and sensitivity

of the explosion increase as the coal dust particle size

decreases (Sapko et al. 2007). However, nano-sized dust

may not follow the above rules that were defined for micro-

sized dust (Eckhoff 2012). Thus, there is a clear need for

further research in the areas of nano-sized coal dust and

coal dust-gas explosions.

In recent decades, experts and scholars have focused on

micron-sized coal dust and methane–coal dust explosions.

For example, Eckhoff (2009) pointed out that the dust

particle size, concentration, and turbulence intensity are the

main factors affecting dust explosions. Gao et al. (2010)

studied the lower limit density and pressure characteristics

of coal dust explosions using a 20 L spherical vessel and

found that the coal dust particle size is inversely propor-

tional to the explosion violence and sensitivity. Proust et al.

(2007) tested the explosive violence of several types of

dust using a ‘‘20 L sphere’’ and a standard ‘‘ISO 1 m3

vessel’’, systematically comparing and analyzing the

experimental differences. Addai et al. (2015, 2016) per-

formed explosion experiments on various dust/gas mixtures

using an improved G–G furnace and a 20 L sphere. The
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results show that addition of a small amount of dust, gas or

solvent significantly reduced the lower explosive limit of

the mixture and increased its explosibility. Liu et al. (2010)

studied coal dust–air mixture explosions under weak igni-

tion conditions in a horizontal experimental tube. The

researchers measured the maximum explosion overpres-

sure, the propagation velocity of the pressure wave along

the tube and the minimum concentration of coal dust

required for an explosion. Various researchers have studied

the flammabilities of methane–coal dust mixtures (Amyotte

et al. 1991, 1993; Cashdollar 1996; Rockwell and Rang-

wala 2013; Ajrash et al. 2016, 2017). The lower ignition

limit of the mixture decreases as the ignition energy

increases. The presence of methane, coal dust particle size

reduction, and increased coal dust volatility all reduce the

lower explosion limit.

Although scholars have conducted substantial research

on dust and methane-dust explosions, differences in

experimental methods, testing methods, and research

objectives have led to substantial differences in conclu-

sions. For example, some scholars believe that the explo-

sion intensity of a mixture of dust and combustible gas is

not only greater than that of dust alone but also larger than

that of the combustible gas (Pilão et al. 2006; Denkevits

et al. 2007; Dufaud et al. 2008). However, other scholars

believe that the flammable gas alone exhibits the highest

explosion intensity of the three cases (Garcia-Agreda et al.

2011; Sanchirico et al. 2011). Therefore, there are still

significant areas of dust and methane-dust explosion

research worthy of study.

At present, there are few studies on the explosion of

nano-sized coal dust and methane–coal dust mixtures. In

this study, five different particle sizes (800 nm, 1200 nm,

45 lm, 60 lm, and 75 lm) were used in a pipe test

apparatus with a length of 2000 mm and an inner diameter

of 88 mm. Coal dust and methane–coal dust explosion

experiments were conducted, and the resulting explosion

pressure characteristic parameters were compared and

analyzed to provide theoretical support for coal dust

explosion prevention and production safety.

2 Experiments

2.1 Coal samples

2.1.1 Proximate analysis of coal samples

The experimental samples were anthracites from the

Yangquan Coal Mine, Shanxi Province, China. Before

proximate analysis, the coal samples were dried and

dehydrated in a constant-temperature drying oven at 80 �C
for 24 h. They were then tested using a GF-A6 automatic

coal proximate analyzer. The results show that the Mad,

Aad, Vad, FC and others of coal samples are 3.9%, 8.58%,

9.37%, 78.11% and 0.04% respectively.

2.1.2 Coal sample particle size characteristics

The particle size characteristics of coal samples were tested

using a BT-9300LD laser particle sizer. The results are

shown in Table 1. The average coal sample particle size

was reflected by the median particle size, D50. The five coal

samples met the experimental design particle size

requirements.

2.1.3 Coal sample particle surface characteristics

The surface characteristics of coal samples with various

particle sizes were observed using a Hitachi SU-8010

scanning electron microscope. Its high-voltage limit

(30 kV) resolution was 1.0 nm, it offered low acceleration

voltage imaging capabilities, and it could meet scanning

requirements. The coal sample scanning test results are

shown in Fig. 1.

Figure 1 shows nano-sized coal particles enlarged 20000

times and micro-sized coal particles enlarged 2000 times.

Smaller coal dust particles tended to stick together more

than larger ones. Nano-sized particle edges were round and

smooth. As shown in Fig. 2c, d, Bu et al. (2020) also found

that smaller particles exhibited stronger intermolecular

forces that affect coagulation. The micro-sized particles

were relatively dispersed. Most particles were in the form

of flakes and particle edges and corners were clearly

demarcated. Typically, nano-sized coal dust surfaces were

flatter and smoother than their micro-sized counterparts.

2.2 Experimental apparatus

The explosion experiments were performed in a stainless-

steel pipe with an inner diameter of 88 mm, a wall thick-

ness of 10 mm, a pressure resistance of 18 MPa, a total

length of 2000 mm and an effective volume of 11.92 L.

Table 1 Coal sample particle size test results

Coal

sample

number

D50

Median

particle

size (lm)

D (4,3) V

olume mean

diameter

(lm)

D (3,2)

Surface

mean

diameter

(lm)

SSA

Specific

surface

area (m2/

kg)

1 0.825 0.916 0.856 1467

2 1.207 1.312 1.268 1059

3 45.36 46.78 46.27 213

4 61.28 62.17 61.59 189

5 74.82 75.72 75.14 174
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The experimental system mainly consisted of four parts:

(1) an experimental pipe-based container; (2) a data

acquisition and control system; (3) a coal dust dispersion

system; and (4) an ignition system. The experimental

apparatus is shown in Fig. 3. Four pressure sensor inter-

faces and four dust nozzle interfaces were arranged on a

single pipe, where they were evenly distributed throughout

the section. The first dust nozzle interface was 125 mm

from the ignition point. The distance between two inter-

faces was 250 mm, as shown in Fig. 4. In order to accu-

rately study the pressure characteristics of coal dust

explosions, the device used a coal dust dispersion system to

spray the powder. This ensured that the coal dust was

evenly dispersed inside the pipe. The system was mainly

composed of an air compressor, gas storage volume,

solenoid valve, check valve, nozzle, pressure gauge, etc.

Each nozzle was supplied by an independent gas storage

volume to ensure that the same pressure was provided at

each nozzle and that the spray powder pressure could be

controlled. Since the nozzles were close together, each one

needed to cover only a small volume. Since the dusting

pressure was large, the coal dust was assumed to be uni-

formly dispersed inside the pipe. Further device details are

shown in Fig. 4. The ignition system consisted of a high-

energy igniter, ignition rod, ignition line tube, external

trigger switch, etc. Ignition I output was 35 mJ, ignition II

output was 3–20 J, and the ignition energy of the experi-

ment was 20 J. Other technical parameters include the

initial vessel pressure (101.325 kPa) and the dust disper-

sion pressure (2.0 MPa).

2.3 Dust explosion conditions

Dust explosions must meet five specific conditions, which

are typically represented using the dust explosion pen-

tagon. The conditions for this experiment are shown in

Fig. 5: (1) the sample was coal dust, which is flammable;

(2) coal dust can be violently oxidized with oxygen in the

air; (3) coal dust was suspended in the air by using a dis-

persion system to form a dust cloud with a particular coal

concentration; (4) a 20 J spark ignition was used; (5) the

dust cloud was formed inside an 11.92 L pipe.

3 Results and discussion

3.1 Micro-nano coal dust explosion pressure

characteristics

3.1.1 Coal dust explosion pressure characteristics

The mass concentrations of coal dust used in the experi-

ments were 100 g/m3, 250 g/m3, 500 g/m3, 750 g/m3, and

Fig. 1 SEM pictures of coal samples
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1000 g/m3. The corresponding coal dust quantities were

1.192 g, 2.980 g, 5.960 g, 8.940 g, and 11.92 0 g. Explo-

sion pressure–time curves measured using various micro-

nano coal dust concentrations are shown in Fig. 6.

Figure 6 shows that the explosion pressure curves fol-

low similar trends, regardless of the coal dust concentration

and particle size. In Fig. 6a, the explosion pressure curve

can be divided into three stages. In the preparation stage

(t1), which occurs after dusting but before ignition, the

pressure approaches 0 and remains unchanged. The second

stage is indicated by a pressure increase (t2) that occurs

after ignition and proceeds until a maximum is reached.

The final stage is marked by a pressure decrease (t3). The

Fig. 2 SEM images of Al particles mixed with 30% a\ 150 lm, b\ 45 lm, c 2.5 lm and d 50 nm Al2O3 powder (Bu et al. 2020)

Fig. 3 Experimental apparatus

Fig. 4 Pipe size and sensor positions

Fig. 5 Dust explosion pentagon
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pressure decreases slowly until it reaches steady state.

Typically, smaller particle sizes produce higher maximum

explosion pressures and rates of pressure rise. The rela-

tionship between the maximum explosion pressure and the

optimal concentration is affected by the particle size.

3.1.2 Relationship between the maximum rate of pressure

rise and coal dust explosion characteristics

The rate of pressure rise (dp/dt)m of the explosion (Myers

2008) is calculated by applying Eq. (1) to the pressure rise

curve section recorded after the explosion. The pressure

rise curve section can be obtained from the pressure–time

curve in Fig. 4.

Fig. 6 Coal dust explosion pressure–time curves
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dp

dt

� �
m

¼ Piþ1 � Pi

tiþ1 � ti

� �
max

ð1Þ

The maximum rates of pressure rise for various particle

sizes and concentrations are shown in Fig. 7. The maxi-

mum rates of pressure rise for 800 nm and 1200 nm coal

dust explosions are 61.18 MPa/s and 56.39 MPa/s, while

the maximum value for 45 lm coal dust is 38.26 MPa/s.

The maximum rate of pressure rise within a nano-sized

coal dust explosion is almost 1.5 times that within a

micro-sized coal dust explosion. The maximum rate of

pressure rise for nano-sized coal dust is always greater

than that for micro-sized coal dust at the same

concentration.

3.1.3 Coal dust explosion deflagration index

characteristics

The deflagration index Kst is an important parameter for

studying explosive violence. It can be calculated using

Eq. (2) (Amyotte and Eckhoff 2010; Abbasi and Abbasi

2007).

Kst ¼
dp

dt

� �
max

�V 1
3 ð2Þ

where Kst is the coal dust deflagration index, MPa/(m�s);

(dp/dt)max is the maximum rate of pressure rise within the

coal dust explosion in MPa/s; and V is the explosive con-

tainer volume in m3.

The Kst value can be used to divide the dust explosion

hazard into four grades [24] as shown in Table 2, which is

modified from Fumagalli et al. (2016).

Equation (2) can be used to determine the coal dust

explosion hazard grade and characteristic parameters for

a given particle size, as shown in Table 3. The maximum

deflagration indices for 800 nm and 1200 nm coal dust

are 12.88 MPa/(m�s) and 13.97 MPa/(m�s). The maxi-

mum deflagration index for micro-sized coal dust is

8.74 MPa/(m�s), which is between 0 MPa/(m�s) and

20 MPa/(m�s). Therefore, the explosion hazard grade is

St1 and the explosibility is weak. However, the Kst value

increases as the coal dust particle size decreases, which

proves that the particle size has a clear impact on the

explosion risk.

3.1.4 Maximum coal dust explosion pressure

characteristics

As shown in Fig. 8, different particle sizes produce sig-

nificantly different experimental maximum explosion

pressures. At a given coal dust concentration, the maxi-

mum explosion pressure decreases as the particle size

increases. For example, the maximum pressure of an

800 nm coal dust explosion is almost 1.5 times that of an

explosion with 75 lm particles. This is because within a

certain range, a smaller particle size contributes to dis-

persion of the coal dust, allowing more coal dust to par-

ticipate in the explosion (Eckhoff 2009). Smaller particle

sizes contribute more to volatilization (Li et al. 2016).

Therefore, the coal dust particle size is inversely propor-

tional to the explosion pressure. The maximum explosion

pressure is 0.55 MPa for 1200 nm coal dust at a

Table 2 Dust explosion hazard grading standard (Fumagalli et al.

2016)

Range Grade Explosibility

Kst = 0 St0 Non-explosible

0\Kst\ 20 St1 Weak

20 B Kst\ 30 St2 Strong

Kst C 30 St3 Very strong

Table 3 Micro-nano coal dust explosion characteristics and risk

level in the pipe

Particle

size

Pmax

(MPa)

(dP/dt)max

(MPa/s)

Kst (MPa/

(m�s))

Hazard

grade

800 nm 0.52 56.39 12.88 St1

1200 nm 0.55 61.18 13.97 St1

40 lm 0.40 38.26 8.74 St1

60 lm 0.36 36.91 8.43 St1

75 lm 0.37 34.21 7.81 St1

Fig. 7 Relationship between the maximum rate of pressure rise and

the coal dust concentration
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concentration of 250 g/m3. Of the five concentrations tes-

ted experimentally, the optimum explosion concentration is

250 g/m3.

3.2 Comparison of coal dust and methane–coal dust

explosion pressure characteristics

3.2.1 Methane–coal dust explosion pressure

characteristics

The same experimental apparatus was used in methane–

coal dust mixture explosion experiments. The pipe was

filled with 7% methane in air. Other experimental steps

were consistent with the coal dust explosion experiments.

Explosion pressure–time curves measured with various

micro and nano methane–coal dust concentrations are

shown in Fig. 9.

Figure 9 shows that the relationships that govern

methane–coal dust explosions are similar to those that

govern coal dust explosions. However, the maximum

explosion pressure and maximum rate of pressure rise are

greater in the former, which indicates that the coal dust-gas

mixture explosion is more dangerous.

3.2.2 Comparison of maximum rate of pressure rise

characteristics

The rate of pressure rise (dp/dt)m of a methane–coal dust

explosion can be calculated using Eq. (1) to obtain the

relationship between maximum rate of pressure rise and the

methane–coal dust concentration, as shown in Fig. 10. The

maximum rates of pressure rise of methane–coal dust

explosions with 800 nm and 1200 nm particles are

186.92 MPa/s and 152.27 MPa/s, respectively. The

maximum value for a methane–coal dust explosion with

micro-sized particles is 92.81 MPa. Thus, the maximum

rate of pressure rise for a nano-sized methane–coal dust

mixture explosion is more than twice that of a micro-sized

coal dust explosion. In addition, it is always greater than

that for micro-sized coal dust at the same concentration. Of

the five concentrations tested, 100 g/m3 produced the

fastest rate of pressure rise, which indicates that the opti-

mum methane–coal dust concentration is 100 g/m3 in this

experimental apparatus.

The maximum rates of explosion pressure rise for coal

dust and methane–coal dust explosions are shown in

Fig. 11. The rate of pressure rise of a coal dust explosion

reaches its maximum value of 61.18 MPa/s when the par-

ticle size is 1200 nm and the concentration is 250 g/m3.

The rate of pressure rise of methane–coal dust explosion

reaches its maximum value of 186.92 MPa/s when the

particle size is 800 nm and the concentration is 100 g/m3.

This shows that the rate of pressure rise is maximized with

nano-sized coal dust. The maximum rate of pressure rise of

the methane–coal dust explosion is much higher than that

for coal dust alone. Some values for the former are even

three times those for the latter.

3.2.3 Comparison of deflagration index characteristics

The deflagration index Kst of a methane–coal dust explo-

sion can be calculated using Eq. (2). This allows one to

determine the methane–coal dust explosion hazard grade

and explosion characteristic parameters for various particle

sizes, as shown in Table 4. The deflagration indices of

800 nm and 1200 nm methane–coal dust mixtures are

42.62 MPa/(m�s) and 34.72 MPa/(m�s), both of which are

greater than 30 MPa/(m�s). Therefore, the explosion hazard

grade is St3 and the explosibility is very strong. The

deflagration indices of methane–coal dust mixtures with

particle sizes of 40 lm and 60 lm are between 20 and

30 MPa/(m�s). Therefore, their explosion hazard grade is

St2 and their explosibility is strong. The explosion hazard

increases substantially upon adding methane.

Deflagration indices for coal dust and methane–coal dust

mixtures are compared in Fig. 12. When the particle size is

1200 nm and the concentration is 250 g/m3, the deflagra-

tion index of a coal dust explosion reaches a maximum of

13.97 MPa/(m�s) and a hazard grade of St1. When the

particle size is 800 nm and the concentration is 100 g/m3,

the deflagration index of a methane–coal dust explosion

reaches a maximum of 42.62 MPa/(m�s) and the hazard

grade is St3. This shows that addition of methane to a coal

dust explosion can have a large impact on the deflagration

index. The deflagration index decreases as the coal dust

particle size increases and that of a set of nano-sized par-

ticles is substantially larger than with micron-sized

Fig. 8 The maximum coal dust explosion pressure
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particles. Some values are even more than three times

larger. The increase in dust explosion intensity is attributed

to an increase in the combustion kinetic energy of the

mixture after the combustible gas is mixed (Dufaud et al.

2008). On the other hand, strong initial turbulence causes

the combustion rate of the gas to rise rapidly within the

Fig. 9 Methane–coal dust explosion pressure–time curves
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mixture, which leads to an increase in the explosive

strength of the mixture (Sanchirico et al. 2011).

3.2.4 Comparison of maximum pressure characteristics

The maximum pressures of methane–coal dust explosions

started with various dust concentrations are shown in

Fig. 13. For a given coal dust concentration, the maximum

methane–coal dust explosion pressure decreases as the

particle size increases. The maximum explosion pressure is

reached at a particle size of 800 nm and concentration of

100 g/m3 (1.12 MPa). The maximum pressure of a micro-

sized methane–coal dust explosion is less than that of an

explosion with nano-sized particles.

Maximum explosion pressures for coal dust and

methane–coal dust systems are shown in Fig. 14. When the

particle size is 1200 nm and the concentration is 250 g/m3,

the coal dust explosion pressure reaches its maximum of

Fig. 10 Relationship between the maximum rate of pressure rise and

the methane–coal dust concentration

Fig. 11 Comparison of maximum rates of pressure rise

Table 4 Micro-nano methane–coal dust explosion characteristics

and risk levels in the pipe

Particle

size

Pmax

(MPa)

(dP/dt)max

(MPa/s)

Kst (MPa/

(m�s))

Hazard

grade

800 nm 1.12 186.92 42.62 St3

1200 nm 1.04 152.27 34.72 St3

40 lm 0.89 92.81 21.62 St2

60 lm 0.76 89.67 20.44 St2

75 lm 0.72 80.49 18.35 St1

Fig. 12 Deflagration index comparison

Fig. 13 Maximum pressures of various methane–coal dust

explosions
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0.55 MPa. When the particle size is 800 nm and the coal

dust concentration is 100 g/m3, the methane–coal dust

explosion pressure reaches its maximum of 1.12 MPa. This

shows that the maximum nano-sized particle explosion

pressure is greater than that of a micro-sized particle and

the maximum explosion pressure decreases as the particle

size increases. When the coal dust particle size and con-

centration are held constant, the maximum explosion

pressure of a methane–coal dust mixture is approximately

double that of coal dust alone.

4 Conclusions

(1) The explosive characteristics of coal dust in the pipe

system are closely related to the particle size and

concentration. The explosion pressure follows trends

related to these variables. The maximum explosion

pressure was greater and the time required to reach

this maximum was less with nano-sized coal dust

than with micron-sized dust. At a given concentra-

tion, the nano-sized coal dust explosion pressure,

maximum rate of pressure rise, and deflagration

index are all larger than with micro-sized coal dust,

indicating that a nano-sized coal dust explosion is

more dangerous.

(2) Of the five different concentrations tested, the

optimum nano-sized coal dust concentration in the

system was 250 g/m3. Under these conditions, the

maximum explosion pressure was 0.55 MPa, the

maximum rate of pressure rise was 61.18 MPa/s, and

the deflagration index was 13.97 MPa/(m�s). There-

fore, the coal dust explosion hazard grade was St1,

and the explosibility was weak.

(3) When a 7% methane-air mixture was added to the

coal dust, the optimum concentration was 100 g/m3,

the maximum explosion pressure was 1.12 MPa, and

the maximum rate of pressure rise was 186.92 MPa/

s. The maximum explosion pressure and rate of

pressure rise were approximately two and three

times larger, respectively, than with coal dust alone.

The maximum deflagration index of the methane–

coal dust mixture explosion was 42.62 MPa/(m�s).

Therefore, the explosion hazard grade was St3 and

the explosibility was very strong. This shows that the

presence of methane increases the coal dust explo-

sive power substantially.
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