
 

 
 
 

 
1. INTRODUCTION 

Gas content is a key basic index for controlling gas 

disasters in coal mine. A Chinese standard, the direct method 

of determination of coalbed gas content in a mine has been 

issued in 2009  [1]. In the standard, determining coal mine 

gas content includes three parts; i.e., sampling process, on-

site coal sample desorption, and coal sample desorption in 

lab. These correspond to the three main parts of gas content; 

i.e., gas loss amount, on-site gas desorption amount, and 

residual desorption amount in lab. In practice, it is difficult to 

determine an accurate value for the gas loss amount due to 

the drawbacks of low sample purity or long exposure time of 

the existing sampling methods; i.e., the core tube sampling 

method and sampling method based on positive pressure 

pneumatic conveying (SMPPPC). According to [1], the core 

tube sampling method or other sampling methods are 

recommended to sample from the designed place within five 

minutes. However, this is a time consuming and complex 

operation process resulting in bad sampling sealing, thus 

yielding a lower gas content. Soft coal seams are a common 

occurrence in China, and the core tube sampling method is 

difficult to apply due to the poor stability of the borehole  [2- 

4]. The latter method has been widely used in many coal 

mines due to its short time consumption and ease of 

operation, but the sample purity achieved by this method is 

poor. So, the above mentioned methods are unable to achieve 

the sample from the designed place with high purity within 

five minutes. In recent years, in order to improve the sample 

purity, some new sampling methods have been proposed  [5-

7]. In the new methods, the sampling method based on the 

negative pressure pneumatic conveying (SMNPPC), with a 

simple sampling device, is easy to operate and has a high 

sample purity obtained with a shorter time-consumption has 

been presented  [5]. 

In this study, the drawbacks of SMPPPC has been 

presented. Then the key parameters of SMNPPC were 

calculated. The SMNPPC theory and the sample device were 

also presented and the feasibility of this method was 

validated by the on-site tests. The results provide a base for 

the design of SMNPPC. 
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ABSTRACT 

 
Accurately determining coalbed gas content is difficult using the existing sampling methods in China. In this 

paper, the drawbacks of the sampling method based on positive pressure pneumatic conveying were analyzed. 

The sampling method based on negative pressure pneumatic conveying was presented aiming at increasing 

the coal sampling purity. Furthermore, the two key parameters of power device used during the process were 

determined using the multi-phase theory. Then, on-site tests were carried out to test the feasibility of the 

application of the sampling method based on negative pressure pneumatic in the soft coal seam of the Xin’an 

Coal mine by the self-developed sampling device. The result showed that the effect of drilling pipe rotation on 

the coal along the hole and poor stability of the hole in the soft coal seam led to low coal sampling purity with 

positive pressure pneumatic in the sampling method. The sampling method based on negative pressure 

pneumatic avoided the drawback of the sampling method based on positive pressure with higher coal 

sampling purity and shorter time consumption. The coal sampling with a length of 50m hole can be achieved 

within 0.5 min by the negative pressure pneumatic conveying sampling. 

 

Keywords: Drill pipe inner diameter, Drilling velocity, Negative pressure pneumatic conveying, Particle 

breakage ratio. 
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2. THE DRAWBACKS OF SMPPPC 

2.1 Drawbacks of sampling with triangular drilling rod 

The common  drilling rods in the process of determining 

the gas content in the coal seam are classified into three kinds 

for their shapes of the cross-section; i.e., triangular drilling 

rod, circular drilling rod and the spiral drill rod. In practice, 

the real mass of coal particles is 3～6 times of that in theory  

[8], meaning that a larger fluid area is needed to carry out the 

drilling cuttings. The spiral drilling rod has been widely used 

in soft coal seam for the drilling rod carrying the drilling 

cuttings by the force acting on them, with the blades in the 

rod and the drag force induced by the fluid. The triangular 

drilling rod has a larger fluid area than the circular drillingrod 

at a certain rod diameter, and the triangular drilling rods are 

also widely used in the soft coal seams in China. Figure 1 

shows the drilling cuttings conveying process with a 

triangular drill rod. 

 

 
 

1-driling cuttings lift area, 2-spiral drill rod, 3-drilling cuttings descending 

area, 4- borehole, 5-drilling cuttings deposit area 

 

Figure 1. Drilling cuttings conveying process with triangular 

drill rod 

 

The Figure 1 shows the details about the drilling cuttings 

conveying process with a triangular drill rod. In the process, 

for the gravity , the drill rod was erratic to the bottom part of 

the borehole  [9]. The drilling cuttings distribution area was 

divided into three parts; i.e., the drilling cuttings lift area, 

descending area and the deposit area. The drill rod rotates at 

a certain speed and plays an important role in carrying the 

drilling cuttings. With the drilling forward, drilling cuttings 

are exposed to the air when it is released from the coal wall 

and the exposing time is different with the length of borehole. 

The particle pathline of drilling cuttings from the pit area is 

spiral and circulates from the lift area, descending area, 

deposit area, and lift area for the drill rod rotation. Therefore, 

the drilling cuttings with short exposure time were mixed 

with those with long exposure time, and the time was 

difficult to determine. The keys in determining gas loss 

content accurately are to obtain samples with similar time 

exposure and determine the accurate exposure time. 

However, both the above mentioned factors are difficult to 

obtain by this method. 

 

2.2 Drawbacks of sampling with spiral drilling rod 

Figure 2 shows the scheme diagram of sampling with a 

spiral drilling rod. With the drilling moving forward and the 

drilling rod rotating at a certain speed, there are two kinds of 

forces acting on the drilling cuttings. One is the force induced 

by the blades on the body of rod, which are rotating with the 

rod body and pushing the drilling cuttings out. The other 

force is the compressed air acting on the drilling cuttings. 

 
 

1-pit, 2-borehole, 3-blade, 4- drilling cuttings,  L1-fresh drilling cuttings(with 
low exposure time),  L2-deposite fresh drilling cuttings (with long exposure 

time) 

 

Figure 2. Coal particle conveying process with spiral drill 

pipe 

 

Figure 2 shows the coal particle conveying process with a 

spiral drill pipe. The whole borehole length was divided into 

two sections; one with a shorter exposure time with a length 

L1, and the other one with longer exposure time with a length 

L2. In order to obtain the coal samples from the portion L1, 

the coal particles in portion L2 should first be collected. One 

problem is that it is difficult to determine whether the coal 

samples are from the L1 or not. The other problem is the 

determination of accurate time consumption of the sampling 

process. 

At the same time, during the sampling process, the 

temperature of coal particles was heated induced by the 

friction and collision of coal practiceparticle, particle-blades. 

However, some previous studies revealed that the higher the 

temperature, the faster the gas desorption velocity  [10-12]. 

While the loss of gas content was usually measured by some 

empirical formulas that are obtained under normal 

atmospheric temperature. So the temperature increase 

induced by friction and collision enlarge the deviation of 

determination of gas loss content. 

3. THEORY OF SMNPPC 

SMNPPC has obtained wide attention from researchers, 

especially in the Chinese coal mining industry. The sampling 

method is different from the existing sampling method based 

on the positive pressure pneumatic conveying. In SMNPPC, 

pure air enters the borehole through the annular space into 

the pit, while at the same time, coal particles seperate from 

the coal wall. The coal particle-gas two phase flows through 

the fluid hole into the drilling rod inner section to the 

sampling collection device. Compared to existing methods, 

this process has three advantages. The sample flows through 

the drilling rod inner section and there is no coal particle 

distribution in the borehole surface mixed into it, thus leading 

to high sample purity. Furthermore, the drilling rod ration 

reduces the risk of coal particle deposit in the borehole and 

shortens the coal particle movement time. Lastly, the whole 

process is easy to operate. 

4. PARAMETERS FOR THE SMNPPC 

The power source of the SMNPPC is supplied by the 

vacuum pump. Working pressure and air flow rate are the 

two main performance parameters. The energy of coal 

particle–gas flow is supplied by the vacuum pump and in 

order to make sure the sampling process is successful, the 

performance parameters of the vacuum should meet the 

demands. 
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4.1 Determination of vacuum pump working pressure  

The vacuum pump working pressure is equal to the whole 

pressure drop induced by the gas/gas-solid flow. As for the 

SMNPPC, the pressure drop can be divided into three parts; 

i.e., the pure gas flow pressure drop ∆𝑃f , gas-solid flow 

pressure drop ∆𝑃mf, and the sample collection pressure drop 

∆𝑃s. Figure 3 shows the scheme diagram of the pressure drop 

component. 

 

 
 

Figure 3. Scheme diagram of pressure drop component 

 

4.1.1 Pure gas flow pressure drop ∆𝑃f 

The pure gas is exhausted by the vacuum pump, flowing 

through the annular space between the borehole and external 

drilling rod. The boreholes aiming at determining the gas 

content are always along the coal seam occurrence dip angle. 

The horizontally inclined coal seamdip slope angle is lower 

than 8 degrees, and the main pressure drop is induced by the 

friction. The pure gas flow pressure drop ∆𝑃f  is given as 

follows: 

 

∆Pf=λgρ
Lv2

2𝐷′                                                                           (1) 

 

where , λg is the friction coefficient λg=0.0125+0.0011/D; ρ is 

the gas density kg/m3; L is the borehole length m; D‘ is 

equivalent diameter of the annular space between the 

borehole and external drilling rod m; vg is the gas velocity 

m/s. 

 

4.1.2 Gas-solid flow pressure drop ∆𝑃mf 

 According to the additional pressure drop theory [13], 

∆𝑃mf equals the whole pressure drop induced by the gas flow 

and particle flow, ΔPg and ΔPp, respectively. ∆𝑃mf includes 

four parts, acceleration pressure drop, suspending and lift 

pressure drop, steady flow friction pressure drop and the 

local pressure drop. In a general pneumatic conveying 

process, the acceleration pressure drop is small and can be 

disregarded. Because the drilling rods applied in this 

sampling method have a uniform diameter, the local pressure 

drop is far less than the friction pressure drop. Therefore, the 

steady flow friction pressure drop is mainly discussed in this 

paper, disregarding the local pressure drop and acceleration 

pressure drop. The gas-solid flow pressure drop ∆𝑃mf as the 

function of gas velocityvg is given as follows: 

 

ΔPmf=ΔPp+ΔPg                                                                    (2) 

 

∆Pp=𝑚λp

ρgvg
2

2D
L                                                                     (3) 

 

ΔPg=λg

ρgvg
2

2D
L                                                                        (4) 

 

where, ∆𝑃p and∆𝑃f  is the friction pressure drop induced by 

particle flow and air flow respectively Pa; m is the solid gas 

ratio; λp is the coal particle friction coefficient; D is the 

equivalent diameter of drilling rod. 

The coal particle friction coefficient λp is determined as 

follows: 

λp=2.1𝑚0.3√FrtFr
-2(

D

dp
)
-0.1

                                                  (5) 

 

Frt, Fr is the coal particle and gas Froude number, 

respectively  

 

Frt=ut/√gdp                                                                          (6) 

 

Fr=vg/√gD                                                                           (7) 

 

where, ut, dp is the particle suspension velocity and particle 

diameter, respectively. 

 

ut=1.74/√
dp(ρp-ρg)g

ρg

                                                                (8) 

 

where ρp is the particle density, kg/m3. 

 

4.1.3 Sample collection pressure drop Δ𝑃s 

In this sampling method, the cyclone was adopted as a 

sample collection device. Cyclone pressure drop is mainly 

effected by the solid gas ratio at a certain geometry, and the 

cyclone pressure substantially reduced the existence of 

particles compared with the pure gas flow [14, 15]. However, 

there is no sufficient details about the cyclone pressure drop 

function as solid gas ratio, especially under high solid gas 

ratio with particles of larger diameter(dp>0.05mm). There are 

some empirical formulas giving the pressure drop as a 

function of gas velocity and geometric dimensions only [16, 

17]. In this paper, the cyclone pressure drop is described as a 

function of pure gas flow: 

 

ΔPs=
ρgξvin

2

2
                                                                              (9) 

 

where vin is the gas velocity at cyclone inlet m/s;  ξ is the gas 

flow friction coefficient. 

The total pressure drop∆𝑃t is determined as follows: 

 

∆𝑃t=∆Pf+∆Pmf+∆Ps= [1.39𝑚1.3dp
-0.4

D-0.1ρ
g
0.25g0.5 (ρ

p
ρ

g
)

-0.25

L 

+ (0.00625+0.00055D-1)LD-1vg
2+0.5ξvin

2 ]                         (10) 

 

4.2 Air flow rate of vacuum pump 

The SMNPPC is considered as a isotherm and 

incompressible process. In order to make sure that the coal 

particles were collected successfully, the steady air flow 

velocity should be faster than the particle suspend velocity. 

The coal particle flow is affected by the forces of drag force, 

gravity and buoyancy. It is assumed the particles fall into the 

pit fluid with zero velocity and the coal seam and the 

borehole dip angle are all α . Particle movement is 

decomposed into perpendicular to the borehole and parallel 

to the borehole. According to the Newton second law, the 

motion equation parallel to the borehole can be expressed as 

follows: 
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1

6
πdp

3
ρ

p

dvp

dt
=

1

8
πCDdp

3
ρ

g
(vg-vp)2+

1

6
πdp

3
gsinα                         (11) 

 

where, vp is the particle velocity m/s; CD is the friction 

coefficient. For the slip velocity between particle and gas low 

in a steady flow, the drag force can be replaced by the 

Stokes- equation as follows: 

 
dvp

dt
=n(vg-vp)+

sinα

ρp

g                                                             (12) 

n =
18v

dp
2
ρp

 

 

where 𝑣 is the air dynamic viscosity coefficient. Let t=0,  

 

vp=0, vp=
1

n
(ent-1) (nvg+

sinα

ρp

g)                                           (13) 

 

vg=
1

n
(

nvp

(ent-1)
-

sinα

ρp

g)                                                             (14) 

 

In the perpendicular direction, the particle velocity should 

be accelerated to the suspending velocity along the whole 

borehole length. The acceleration time consumption is t, the 

particle displacement is d and particle velocity is vp, 

respectively. 

 

d=
g

2
t2cosα                                                                           (15) 

vp=1.74√
dp(ρp-ρg)g

ρg

                                                               (16) 

 

vg=
1.74

(e

18v

dp
2

ρp√2d gcosα⁄
-1)√

dp(ρp-ρg)g
ρg

⁄

-dp
2 sinα

18v
g                             (17) 

 

Considering the affluent coefficient, the minimum vacuum 

pump velocityvm equals: 

 

Vm=1.5vg                                                                                                                       (18) 

 

And the air flow rate is given as  

 

Q=
3

8
πd

2
vg                                                                            (19) 

5. SAMPLING DEVICE AND IN-FIELD TEST 

5.1 Sampling device 

The system device includes the pit, drilling rod, sample 

collection device and the vacuum pump. Figure 4 shows the 

scheme of the system device. All the parts are connected, as 

shown in Figure 4. 

The SMNPPC consists of two steps; i.e., drilling forward 

by connecting with the high pressure air and sampling with 

negative pressure pneumatic conveying. In the former step, 

the high pressure air is connected to the drilling system by 

switching the three-way valve. Then, in the second step, 

when the drilling reaches the designed place, the vacuum 

pump is switched on and the negative pressure is formed in 

the drilling rod with the three-way valve off and the coal 

particle-gas eventually flows into the sample collection. 

 
 

1-coal seam, 2-pit, 3-drilling rod, 4-drlilling machine, 5-variable head, 6-
hose, 7-high pressure air tube,  8-three-way valve,  9-sample collection 

device(cyclone), 10-vacuum pump. 

 

Figure 4. Scheme of sampling method based on negative 

pressure pneumatic conveying 

 

5.2 On-site test 

The No. 6 drilling field of No. 14230 working face belt 

transportation roadway of Xin’an coal mine was selected as 

the on-site test site. The dip angle of the coal seam is about 

6º~9º. The thickness of the coal seam ranges from 0~9.5m, 

with an average value of 3.7m. The stiffness of the coal 

ranges from 0.15~0.3. The coal seam is classified as gas and 

coal out burst coal seam. 

Five horizontal boreholes with a 0° declination angle were 

drilled. The vacuum pump QXSR-125 was selected as the 

power source with m=10, L=50m, inner diameter=0.04m, 

coal particle=1400kg/m3, according to Eq.(11) and Eq.(19). 

Table 1 shows the details of the test results and Figure 5 

shows the change in air flow rate and pressure drop. 

 

Table 1. On-site test results of sampling method based on 

negative pressure pneumatic conveying 

 

Borehole 

number 

Bore 

length/m 

Sample 

mass/kg 

Sampling 

time/min 

1 46 7.5 2.1 

2 48 9.1 1.5 

3 50 6.4 1.8 

4 44 8.0 1.2 

5 47 7.7 1.7 

 

Generally, the sample mass demand for the determination 

of gas content of the coal seam is about 400g. From Table.1, 

the equivalent sample mass can be collected within 

approximately 10s, which well meets the requirements of 

GB/T23250-2009. Furthermore, the on-site test showed that 

the SMNPPC is feasible. 

 

 
a-system pressure drop changes with borehole length 
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b-air flow rate changes with borehole length 

 

Figure 5. Parameters change during drilling process 

 

As shown in Figure 5-a, the system pressure drop during 

the sampling process ranged from 40~60kPa. According to 

Eq.(11), the system pressure drop had a positive relationship 

with the borehole length. The longer the borehole reached, 

the higher the system pressure drop became. However, the 

fluctuation of the pressure drop is about 20kPa. As shown in 

Figure 5-b, the air flow rate had a negative relationship with 

the borehole length.The longer the borehole was , the lower 

the air flow rate became. The main reason was that the longer 

the borehole, the higher system windage resistance. The air 

flow rate decreased with the increasing of system windage 

resistance. The system windage resistance mainly affected by 

the borehole collapse, especially in soft coal seam, means 

that boreholes easily collapse due to the coal seam’s poor 

stability. Furthermore, the limited working space lead to 

higher local pressure drop because the soft chains could not 

be arranged straightly. It is feasibile to apply numerical 

simulation to optimize the device system.  [18, 19] 

6. CONCLUSIONS 

1) The low sample purity of existing sampling methods by 

drilling with triangular drilling rod and spiral drilling rod 

caused by the residual coal particle along the borehole and 

the poor stability of the borehole was analyzed. 

2) The two key parameters of the vacuum pump were 

calculated by the multi-phase flow theory and the QXSR-125 

type vacuum pump were selected as the power source. 

3) The on-site tests results showed that SMNPPC can well 

meet the requirements of GB/T23250-2009. The samples 

from the borehole with 50m length could be removed within 

0.5minutes. 

4)The system pressure drop was higher than the theory 

value in the on-site test, which was mainly caused by the 

higher local pressure drop. Subsequent studies should focus 

on the optimization of the system device to reduce the local 

pressure drop. 
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