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Abstract Coal bed Methane (CBM), a primary component ofirstgas, is a relatively clean source of energy.
Nevertheless, the impact of considerable coal mie¢hane emission on climate change in China hasdan
increasing attention as coal production has powéredcountry’s economic development. It is well-umothat
coal bed methane is a typical greenhouse gas rédenigouse effect index of which is 30 times lathan that of
carbon dioxide. Besides, gas disasters such asxgédssive and outbursgtc pose a great threat to the safety of
miners. Therefore, measures must be taken to @aptal mine methane before mining. This helps ttaroe
safety during mining and extract an environmentfigndly gas as well. However, as a majority oflcgeams in
China have low-permeability, it is difficult to dele efficient methane drainage. Enhancing coahpability is a
good choice for high-efficiency drainage of coalnmimethane. In this paper, a modified coal-methane
co-exploitation model was established and a contibimaf drilling—slotting-separation—sealing wa®posed to
enhance coal permeability and CBM recovery. Firsthpid drilling assisted by water-jet and sigrafit
permeability enhancement via pressure relief wewestigated, guiding the fracture network formatamound
borehole for high efficient gas flow. Secondly, éwon the principle of swirl separation, the coaltex—gas
separation instrument was developed to eliminateritk of gas accumulation during slotting and cedthe gas
emission from the ventilation air. Thirdly, to ingwe the performance of sealing material, we deatlag novel
cement-based composite sealing material based en nticrocapsule technique. Additionally, a novel
sealing—isolation combination technique was alsppsed. Results of field test indicate that gasentration in
slotted boreholes is 1.05-1.91 times higher thahithconventional boreholes. Thus, the proposeglrintegrated

techniques achieve the goal of high-efficiency dmal methane recovery.

Keywords: Enhanced coal bed methane recovery; Permeabilitgrexement; Dual-power drilling; Sealing material;

Coal-water-gas separation

1. Introduction

It has been widely accepted that emissions of ¢n@ese gases (GHGs) are the primary contributor to
anthropogenic climate change (Lashof and AhujapQ18®ok and Tang, 2013). The atmospheric conceoitraif
methane (Ch has increased to 1803 ppb by 2012, which is Brfes larger than the pre-industrial level



(Bamberger et al., 2014; Li et al., 2015b). In gahetmospheric methane originates from both apibgenic and
natural activities (Al-Amin and Kari, 2013; Warmungki et al., 2008; Su et al., 2005,2011). Amongwheous
anthropogenic sources, methane emission from cidhgnaccounts for 8.9-12.8% (Cheng et al., 201&iNet al.,
2012). It is estimated that coal mine methane (CMission would increase to 793 Mtg&Oby 2020 (IPCC,
2007). Approximately 85-90% of the total CMM emdsicomes from underground coal mines, a majority of
which is from drainage systems and ventilation(darakurt et al. 2011; Baris, 2013). Therefordsibf crucial
significance to develop corresponding techniquegsdoce such high amounts of coal bed methane iemiss

Since adopting the Policy of Reform and Openingtdphe outside world in 1978, China has not only
achieved exceptionally rapid economic growth babdlecame the ‘workshop of the world’ (Li et aD18b). The
primary, secondary and tertiary industries accofamt 9.2%, 42.6% and 48.2% of China’s GDP in 2014,
respectively. This industrial structure relies onadequate supply of affordable energy consequigniizhina’s
total proved coal, oil and natural gas reserveslare5 billion tons, 2.5 billion tons and 33 talfi cubic metres,
respectively, indicating that its energy structisecharacterised by rich coal reserve, and meafrand gas
reserves (BP, 2014). Coal accounts for approximai@¥o of Chinese primary energy consumption inreylterm.
Chinese coal production and consumption constitdfe®% and 52% of total worldwide coal productiorda
consumption in 2013, respectively (Nejat et al1%0 At present, China is the world’s largest geadducer and
consumer (Shealy and Dorian, 2010; Zhao and CH¥at)2

As shallow coal reserves in China have been exbdust a rapid coal-production rate, coal miningeles
deepening at an annual rate of-180 m (He and Li, 2012). As a result, the high gassgure and gas content in
coal seams are becoming a key constraint on the liigh-efficiency coal mining in China (Li et a2015a; Ni et
al., 2014; Wang et al., 2014; Liu et al., 2014cas@rainage is an effective measure to solve themkentioned
problem. The main benefits of gas drainage in gdseaoal seams are as follows: decreased envirctaiiempact,
an improvement in the health and safety of undemgonorkforce and the production of a relativelgasi source
of energy (Wang et al., 2012a; Yan et al., 2015)weler, the permeability of coal seams in Chinaniversally
low. As shown in Fig. 1, the permeability coefficie of Chinese raw coal seams are four orders giimale
lower than that of American coal seams. From aaggoél viewpoint, a majority of coal seams in Chinak shape
over the Carboniferous—Permian period, during whiah coal suffered from strong tectonic movements its
original cracks were destroyed. Consequently, thal structure became soft and complicated, whiclmat
conducive to gas flow (Pan et al., 2015). CMM inr@his characterised by poor drainage performabicest al.,
2014; Hao et al., 2014). Therefore, measures shoellthken to enhance the permeability of the hiagsg and
low-permeability coal seams.

Carbon dioxide capture and storage (CCS) techredoigivolve capturing COfrom anthropogenic sources,
depositing it in suitable deep geological formati@md isolating the gas from the atmosphere (Mtztal., 2009;
Budzianowski, 2012,2013). This is an effective aitdl option for atmospheric CQOconcentration control and
climate change mitigation, which attributes to deatinued utilisation of fossil fuels. Recentlyettechniques for
enhanced coal bed methane (ECBM) recovery havacttt wide attention. The enhanced gas recovenR{EG
technology using C@injection was considered as a promising measurerdalising the design of efficient

null-greenhouse-gas-emission power plants fuelle€BM extracted from deep coal seams (Gunter etl8b7;



Rodrigues et al., 2013). Once injected into coase with sealing cap rock, GGs adsorbed and retained
permanently. Meanwhile, the injected £®ill displace coal bed methane owing to its high#fmity for coal,
thereby enhancing the primary recovery of meth&@héstantial research has been conducted to evahate
storage capacity of coal seams (Saghafi, 2010aRdrConnell, 2011), understand adsorption/desorplymamics
during injection (Li et al., 2014a; Yu et al., 2014u et al., 2014d) and characterise coal sweling permeability
(Mazumder and Wolf, 2008; Kiyama et al., 2011; Quale 2012). These investigations provide the @rpental
and theoretical basis for field tests and futurenc®rcial deployment of C&related enhanced coal bed methane
(CO,-ECBM) recovery (Qin, 2008; White et al., 2005).\@usly, this technique is not suitable for ex@dibn of
deep high gassy and low-permeability coal seamdaltiee fact that the risk of coal and gas outlsussitl exists
after adopting this method (Lama and Bodziony, 19@czyk, 2014). Several hydraulic techniques Haaen
proposed to solve the aforementioned problem (Lal.e2014, 2015; Li et al., 2015; Yan et al., 20%ang et al.,
2014b; Wang et al.,2015). In this paper, novelgrated techniques of drilling—slotting—separatiealsg were
elaborated. Initially, a modified coal-methane gpleitation model was proposed. Based on the maoihel,
proposed techniques were introduced via the foligwihree methods: drilling—slotting integrated taghne,
coal-water—gas separation technique and sealifgt@o combination technique. Finally, field testgere
conducted. The proposed techniques could significanhance coal bed methane recovery and sulmtanti
reduce the coal mine methane emission from draisggeem and ventilation air, which makes them @adohd

highly efficient methods for the exploitation ofggecoal seam with low permeability and high gademin
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Fig. 1. Comparisons of permeability coefficients of ravalceeam in typical coal mines in China with thosArmerica
2. A modified coal-methane co-exploitation model

Coal and methane are two kinds of resources insarigla coal seam (Karacan et al., 2011). If methane
resource only is exploited, it is difficult to dnacoal bed methane. Likewise, if coal resource amlgxploited,
there is a risk of gas explosion and outburst dué¢hé high gas concentration in coal seams. Morgdtie
emission of methane into the atmosphere could laserious impact on climate change (Sander and éllpnn
2012,2014). Therefore, a coal-methane co-exploitathodel was established by Wang and Cheng (20tt2b)



solve the aforementioned dilemma. In this modeba seam with relatively lower gas risks is se&das an initial
mining coal seam (Fig. 2). Upon mining this coamegthe gas pressure in the adjacent coal seamar{tbbelow)
are relieved, thereby increasing coal permeabityich facilitates high-efficiency methane drainageljacent
coal seams could become less gas-rich with thedfaffective methane drainage, and thus, both aodimethane
could be exploited simultaneously in a safe envitent (Liu et al., 2013; Zhou et al., 2015). The posed
coal-methane co-exploitation model could solvedhe problems in multiple coal seam mining and recaoal
bed methane, thereby reducing the GHGs emissioowetkr, the high efficiency and safe mining in thiéial
coal seam under the gas-rich and low permeabibitydition is not taken into consideration in thisdah i.e., there
exists no coal seam with acceptable gas risks ilti-seam mining. Moreover, if the distances betwésninitial
and adjacent coal seam are so large that the &goi of initial coal seam cannot fully relieveetipressure of
adjacent coal seams. Thus, a modified coal-metlzarexploitation model was put forward (Fig. 3). time
modified model, the integrated techniques of agjislotting—separation-sealing is adopted to redbeegas
content and eliminate the risk of gas burst initti@al/adjacent coal seam. As a result, high-éficy production
and mining safety are achieved in both the indiad adjacent coal seams. The pressure relief ateuj coal seam
through the initial coal seam has been investigatetbtail and the related techniques are relativedture (Yang
et al., 2011a,b, 2014; Zhou et al., 2015; Liu et2013; Suchowerska, et al., 2013; Guo et al.2p0h this study,
we introduce novel integrated techniques involviltgling—slotting—separation-sealing (Fig. 4). Tteehniques,
aiming at achieving high efficiency and safe mininghe initial coal seam, are composed of theofoihg three
key steps: drilling—slotting integrated techniqumal-water—gas separation technique and sealifgt@®o
combination technique. Correspondingly, the insenta for dual-power drilling (used before slottinghd
coal-water—gas separation (used during slotting)dmveloped. Besides, the novel sealing matersddwafter
slotting) and related instruments are also develdpe effective sealing. Those aforementioned tephes are

elaborated in following sections.
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Fig. 2. A schematic diagram of coal and gas exploitat@mmiultiple gas-rich coal seams (Yuan et al., 2009)
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Fig. 4. A Schematic diagram of the proposed novel integrégehnique including drilling, slotting and sedglin

3. Drilling—slotting integrated technique

3.1. Steps involved in drilling—slotting

The drilling—slotting integrated technique is argamic combination of mechanical drilling and wgtsr-
slotting. As shown in Fig. 5, the procedures of tieichnique can be summarised as follows: Theisdabken and
an advanced weakening zone on the coal surfacerigetl via water-jet impact. The strength of coathiis zone
lowers significantly (Sitharam 1999; Yin et al.,1%). Subsequently, the coal can be easily crushedrbechanical
blade. When the mechanical drill reaches the pteraened location, the drill pipe is pulled outwarahd several

slots around borehole are cut by using high-pressater jet.



(b)

Fig. 5. Steps involved in the drilling—slotting integratedhnique. (a) Drilling with the combination of higressure water jet and

mechanical drill. (b) Cutting slots on the coalreassing the high-pressure water jet.

3.2. Dual-power drilling

The dual-power drill (Fig. 6a, b) plays a crucialerin the process of drilling and slotting, whigbrks via the
cooperation of the mechanical blade, nozzles, gprind solid plastic balls. When the water withatreély
low-pressure flows into the drill, spring 1 andisgr2 are compressed. The water is ejected outigirmozzle 1
and nozzle 2, which is conducive to the rapid idgll If the pressure of water is over a criticaluea spring 1 is
fully compressed and all the water is ejected braugh nozzle 2, which contributes to the effecsi@ting. In
most cases, the convergent—straight nozzle (Fi§ayds used (Lu et al., 2010). In Fig. & is the convergence

angle,Sis the length of convergendejs the length of outlet cylinder arids the outlet diameter.
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Fig. 6. Dual-power drill. (a) Cross-sectional diagram. Riysical map. (c) Nozzle. The top figure is itsssrgectional diagram and

the bottom one is the physic map.

Pictures in Fig. 7 show the comparison of borehdhiked by conventional drilling and dual-poweiillilng.
The mass ratio of the crushed coal, cement andugys the specimens is 1:35:35 (Huang et al., 20014¢ size
of the specimensis 1 m x 1 m x 1 m. The compressirength and elasticity modulus are 12.4 MPalabdsPa.
The pump pressure is 20 MPa. It can be seen in7Fthat the diameter of the borehole enlarges faigmnitly,
which is conducive to the timely discharge of theusbed coal. During dual-power drilling, an inverte
cone-shaped coal pillar is formed. The eliminatiércoal pillar’s confining pressure is attributedthe reduction
in yield stress (Chen et al., 2015; Yin et al., 20IThus, this rock pillar is easily broken by aamanical drill,
which substantially increases the drilling velocity

| Conventional drilling & Dual-power drilling
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Fig. 7. Comparison of drilling effect of conventional diriy and dual-power drilling

An advanced weakened zone is the key factor ineatty successful results with dual-power drillirige
formation of which depends on the matching of tlrezhanical-drill-induced coal breaking and water4et shown
in Fig. 8, whera is aboveb, the coal breaking caused by mechanical drill edsdhat of water jet. In this case, the
advanced weakened zone could not form and the adsastepressurisation conditions could not be aeldieBy
contrast, whem is belowb, the coal breaking resulted from water jet excakdsof mechanical drill. In this case,
the advanced weakened zone is formed and the aupfpressure is fully eliminated, and thus, enapliapid
drilling. In this figure,a is the distance between nozzle 1 and the mosindigibint of dual-power drillb is the
projection of water jet erosion length. From theramentioned analysis, it can be seen that theéHesfgslotsx is a

key parameter for realisation of dual-power drglinwvhich is derived as follows (The derivation pss is



displayed in Appendix A).
u,d

J4k2 Rocs (“ pa+2k ij
pl p2a2

X =

(1)

Dill pipe_. Borehole wall—" :
‘ Nozzle 2—Nozzlel—
Dual-power drill —

Fig. 8. Dual-power drilling. AWZ = advanced weakened zone
Therefore, the realisation condition of dual-powslling is
b =xcosa > a (2)

Besides, given the guarantee of timely dischargeroshed coal, the flow of water jet should satidfg
following condition:

02 Lo - &) 3)

whereu,, is water jet velocityD is diameter of borehole ands diameter of drill pipe.

3.3 Water jet slotting

Permeability is a vital index for measuring thefidifity of gas flow in coal, which directly influees the
effect of gas drainage. Its influencing factors emenplex, including its inherent characteristiosnfining stress,
adsorption property and gas pressure (Zeng et2@ll4; Ghabezloo et al., 2009). The effective stigsa
comprehensive expression of confining stress asggassure (Jasinge et al., 2011). It can be sesnHig. 9 that
in the process of loading, the increase in effectitress results in rapid decrease in permealilitgt al., 2014;
Meng et al., 2015; Yin et al., 2015). However, geemeability is enhanced substantially at critefééctive stress
under the condition of unloading. Thus, confinitigess relief under a certain gas pressure is @ctefe measure
to improve the permeability and the effect of gesrthge.
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Fig. 9. Relationship between effective stress and permigabil

As shown in Fig. 10a, when a borehole forms, itsosaunding stress is re-distributed (Ishida and g 000).



Consequently, stress concentration occurs nedrdiehole, and thus, the permeability is so low thistdifficult

for the gas to flow into the borehole, forming thettleneck effectTherefore, the gas drainage through
conventional borehole is constrained by low efficie and larger construction quantity. Generalle tap
between two adjacent boreholes is 8m and there are normally 460 boreholes in a single drilling site (Fig.
11). The water jet slotting technique is proposetreak thébottleneck effectWhen the water jet is ejected out
from the generator, it cuts several slots on theetime wall (Fig. 10b). The slots are equal to exxily thin
protective coal seams (Liu et al., 2014a; Yanglet2811b). The pressure around the borehole isved and
numerous new fractures initiate, propagate andesoal forming a fracture network, which could pdevia
relatively wide pathway for the gas migration (FI§c). As a result, a great deal of gas flows th& borehole

through fractures and slots. Thus, the high-efficiegas drainage is achieved.
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Fig. 10.Principle of water jet slotting technique for pese relief.

Fig. 11. Dense conventional boreholes.

4 Coal-water—gas separation technique

The ejection of coal and gas from a borehole is suploaess that coal collapses in a quasi-equilibistate
and high speed mixture of coal and gas is ejeatethetween the drill pipe and borehole wall (Ji120Liu et al.,
2014a). It is normally caused by the disturbanees, vibration of drilling borehole. The uncontedile coal and
gas ejection could lead to rapid gas accumulatiamderground workplace, posing a threat to thetgaff miners.
In the process of slotting, the disturbance is edusy the impact of water jet and subsequent anosidgtially, the
distance between the water jet and the boreholeisvaktremely small, which results in a great defabnergy
dissipation (Zhang et al., 2015). When the distnckas weak and the coal mass is under a relatstalyle state.
The crushed coal is gradually discharged and tlsecgacentration in drilling site is at a normaldey<1% in
volume fraction). As the distance from the nozpléhe coal gradually extends, the coal-breakindop@ance of
water jet improves by a large margin. The distudeais intensive and the coal mass becomes instahbie.
pressure in the borehole will gradually increaééhe crushed coal is not discharged in time andided in the
borehole. When the pressure reaches a criticaéyallarge amount of coal with gas is ejected louthis manner,
the ejection occurs intermittently. If no measuwaes taken immediately, the local gas concentratitinncrease to
upper limit, such as the explosion limit on occasiBor sake of safety, slotting will be forced &ase. Moreover,
the ejected gas could mix with the roadway airflamd be discharged into the atmosphere. In thiseseosl and
gas ejection is also a source of greenhouse gasiemin underground mining. Therefore, measurest tyeitaken
to deal with the coal and gas ejection.

In this paper, an instrument of coal-water—gas red¢ipa in water jet slotting is developed to solhe
aforementioned problem. As shown in Fig. 12, thirument consists of three sections, namely, e@dbr—gas
reception, coal-water—gas separation and gas toflégater circulation. With regard to the sectiarf
coal-water—gas reception, two basic requirementsildhbe satisfied: The gap between the instrunasemt
borehole should be sealed to avoid the gas leakiatiee borehole orifice and the instrument shoelctapted to
boreholes with various angles and heights. Thacerifealer and flexible duct are designed to meetet two
requirements, respectively. Besides, the flexibietdan be fixed at the roadway wall by iron wirebolt through
suspension loop. In general, injecting cement pastdopted in the conventional method. In thishoe} the
special injection instrument is needed and thelgasage could occur due to the shrinkage of ceipasite. By
contrast, the proposed method is more conveniahtreiable. The mixture of coal, water and gas #aWwrough

the coal-water—gas reception section and entercdhb-water—gas separation section. The principleworl
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separation is adopted in this instrument (PisarelHoffmann, 2012; Xue et al., 2013). The mixtigewirled by
the swirler. Due to the density difference of coahter and gas, coal concentrates at the inner efathe

instrument and converges at the automatic slaghdige door. The water is mainly penetrated throthgh
cone-shaped filter and flowed out. The water oLifatonnected to the water tank in the emulsiompuThus, the
water is circulated in the whole system, which sslthe problem of water accumulation in the lowerkplace.

The majority of gas is aggregated in the centréhefinstrument. With the help of sub-pressure gaedrby gas
drainage pump, the gas is collected by the suctime and flows into the gas drainage pipe thougtiilier screen.
Besides, the hemisphere-shaped gas-collecting avambsed to collect the gas near the inner aherally, this
instrument is characterised by safe and highlycieffit for coal-water—gas separation, which is reamgsfor

smooth implementation of water jet slotting.

-------------------------------------------------
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Fig. 12. Coal-water—gas separation instrument. (a) Crosaeaaap. (b) Physical map.

5. Sealing—isolation combination technique
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After water jet slotting, the borehole should balsd and gas drainage should be conducted underessore
conditions. However, the crustal stress re-distebuafter the formation of borehole and the coadsraound the
borehole deforms accordingly. Generally, the defdiom region can be divided into the following threones
based on the state of coal mass: fragmentation, piastic zone and elastic zone, which are indicat 1,[] and
[0 in Fig. 13 (Hao et al, 2012). In the plastic zotles deformation is irreversible and many fractwleselop,
which is unfavourable for the borehole sealing. Tddius of this zone can be derived using the fallg equation
(Wang et al, 2008):

1-sing

R:a[(p+ccot¢)(1— sing) |2sne %
ccosg

wherea is radius of boreholq is initial crustal stress; is the cohesive force of coal arglis internal friction

angle.

Generally, the variablgs ¢ andg are constants for a certain coal/rock. Hence ritimfound from the Eq. (4)
that the radius of the plastic zone is proportidodhe radius of borehole. In the process of ¢gwater drilling, the
radius enlarges, and thus, the plastic zone igfalgn the conventional drilling. Therefore, higlality sealing is

crucial for the recovery of high-concentration gas.
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Fig. 13. Stress re-distribution and deformation region atbthe borehole
Currently, the major materials used for undergrobodcehole sealing are yellow mud, cement-sand grout

high-water material and polyurethane. The high-wataterial and polyurethane are inappropriate fderesive
application in underground sealing due to theirbitant price. Yellow mud and cement-sand groutssitewidely
used in approximately 66.6% of China’s coal minés{zet al, 2013). However, as shown in Fig. 14jrtfatal
weakness is shrinkage and cracking after sealihgshaleads to serious air leakage under the pregiifferences
between the exterior and interior sides of the olee Besides, flow performances of those two neteare poor.

As a result, the fractures far from the borehoke rast readily filled. Therefore, it is imperative develop a new

sealing material to achieve high-quality sealing.
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Microencapsulation is a technique of gas, liquid aalid encapsulation using a continuous thin fiade of
natural or synthetic high-molecular compound, whigtapplied to maintain the chemical property af target
object (Piva et al., 1997; Masuko et al., 2008)gémeral, the outer membrane of the capsule diragtjregates on
the target object, forming an irregular microcapsiilhe average diameter of the microcapsule rangegum to
500Qum. In this method, the function of the target objeould be gradually exerted by outside stimuli and
controlled release. To improve the capacity ofisgahaterial, we propose a novel cement-based csitgpgealing
material, which is applied based on the microcapselchnique. The new sealing material is an organic
combination of swelling agent and polymer. Besidesne thickening materials and water-retention rizdseare
also added. Initially, the new sealing materiailste and has good fluidity, which is conducivegiouting. After
5-7 h, the material gradually becomes dense, Itsn® enlarges and strength improves. After 28 & ntlaterial is
solidified into a flexible solid, and the materr@mains in this state for a long time. As depidtedrig. 15, the
major components of the developed material are semater, additive, coupling agent, resin, expamsigent and
fibrin. The cement is used to guarantee the corspestrength and control the coagulation timehef inaterial.
The function of the dispersant is to ensure unifoniring of water and cement, which could reduce ukage
amount of water. The high-dispersion cement pastdiained with a mixture of cement, water andefisant. The
polymethyl cellulose solution is selected as thpsoée wall material. The liquid microcapsule is abéd by
uniform stirring of the swelling agent, cationiodtulant and capsule wall material. The active cermpaste is
obtained by adding active capsule into the higlpelise cement paste. The water-soluble polymeeipiibduct of
polymerisation of water-soluble resin, plasticiaad coupling agent. Finally, the interface recorabam of active
cement paste and water-soluble polymer producesdhesealing material. The micromorphology of sestked

new sealing material is displayed in Fig. 16.
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Fig. 15. Technological process of new sealing material hgreent.
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Fig. 16.Micromorphology of new sealing material.
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Furthermore, the sealing—isolation combination metis proposed to seal the borehole. The genexas sif

this method are as follows. Firstly, the slot imgeted in the sealing section of borehole. Sulms#ty the new

sealing material is injected into the sealing sectind penetrates into the fractures around thehbter and slot. In

this manner, aairfast wall forms in the sealing section (Fig. 17). Therefdne, air in the roadway could not flow

into the borehole under the subpressure. Thusitiireconcentration gas is guaranteed.

Expansion and penetration & Cracksfilling | ‘.". ‘T
- - 4 . v ¥ G"‘- . N 5} :

Gas

pipeline

drainage

PD sealing
materials

Fig. 17.Sealing—isolation technique.
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6 Field test

6.1 Procedures of drilling—slotting—separation -feg integration techniques

As shown in Fig. 18, obtaining the basic informatguch as coal seam occurrence conditions befokengna
construction scheme of drilling—slotting—separatealing is very important. Once the scheme isro®ted, the
underground construction could be implemented. &oe borehole, the subprocedures are as follows: (1)
installation of coal-water—gas separation instrumé?) Drilling with the assistance of water jeB) (When the
borehole crosses the coal seam, water-jet slotsirgpnducted in the coal section. When the borefoleasses
below the coal seam, water-jet slotting is perfairoatside the safe coal section. Meanwhile, thé-eager—gas
separation instrument is used for gas collectiahwaater circulation. (4) When the slotting is coetpl, the drill
pipe is pulled to the sealing section for cuttinglat. (5) The new sealing material is injected #meh the gas

drainage is conducted. Likewise, other slotted thales can be implemented.

(a)
High-pressure-resistant High-pressure-resistant Dual-powerdrill
sealing rotator sealing drill pipe andnozzle
ees
= 8¢
Tl

Emulsion pump

Water pressure control

(b)
Fig. 18.(a) Steps involved in the drilling—slotting—sepama-sealing integrated techniques. (b) Conneatitthhe water-jet slotting

system.

6.2 Study site and problems

The Pingdingshan coalfield is located in the westdéenan province, China (Fig. 19 a,b). A roadwaydas

drainage below the mechanical roadway in mining @@ 13031 of coal mine no. 13 in this coalfiedathosen as
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the study site (Fig. 19¢). The mining area no. 13@@&asures 149.5 x 421.2 m. The burial depth ofriinéng area
is 587.5—-637m. The thickness of coal seam is~B.Im. The dip angle of coal seam is 8°-12°. Bo#hrthof and
floor are made of sandstone and their thicknes®e9.8-14.78m and 4.19-11.9m, respectively. Thamax gas
pressure and content are 2.5MPa and 1%t9respectively, which indicate that the coal sésmt risk of outburst
due to the fact that those two values are both theecritical values specified in the State Regotabf Coal and
Gas Outburst Prevention and Control of China (Zbal.e 2014b). As shown in Fig. 19d and e, thirteeginal
cross-measure boreholes were made in every rovthendistance of the adjacent rows is 5 m. Afterdyamage
for approximately 1 year via the cross-measuretmes, the residual gas content of the coal seasnmemsured
and the maximum content was 12.3%tmwhich is still higher. During mechanical roadwexcavation, the gas
dynamic phenomenon is frequent and the gas comatiemtis approximately 0.8 in volume fraction. Téfere, it is

difficult to construct the roadway rapidly and egla amount of gas will be directly discharged ithte atmosphere.

(a)

(b) Coal mine no.13 (e)
/ _ Mechamca\/roadway
y Zhengzhou city 00000 O‘@‘O 00000

OOOOOO‘OOOOOOO

[CRCRONCRONCNCHONORONCRONC]

OOOOOO‘O‘OOOOOO
14 2# 3 4# SH GH 7# 8# Of 10#11#12#13#

Pingdingshan
coalfield

Henan

province Roadway for gas drainage below mechanical roadway

Fig. 19.Study site and original design of boreholes. @dtion of Henan province in China. (b) LocatiorPafgdingshan coalfield
in Henan province. (c) Roadway layout of mining amea13031 and the location of roadway for gasndigé below the mechanical
roadway. (d) The original cross-measure borehabmngement in the roadway for gas drainage belowdehanical roadway
(cross-section map). (e) The original cross-measarehole arrangement in the roadway for gas dgaifelow the mechanical

roadway (plane figure).

6.3 Slotted borehole arrangement and construction

To solve the aforementioned problem, the drillidgtteig—separation-sealing integrated technique admpted. As
shown in Fig. 20, the slotted boreholes were aedrig every row and at the centreline of the adjaoews. The
slotting is only performed in the coal sectionskiould be noted that only three rows of slottedeboles are
displayed in Fig. 20, as it is unnecessary to go dtetails of all the slotted boreholes, but weualty drilled 13
rows of boreholes successfully. In this paper, @ntpw of slotted borehole and three conventiooatholes were

elaborated as examples.
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borgy, (b) Sslotted borehole1# Slotted borehole2# Slotted borehole3#
ooo&ooofoooooo

OOQOOQO‘OQOOQO
° o °
OO0OO0O00O00O0 000000 O0
® o e
OOQOOQ‘O‘OQOOQO
Roadway for gas drainage 1# 2# 3# AH S5# off 7# \8# O# 10#11#12# 13#

below mechanical roadway
Mechanical roadway

Fig. 20.Slotted boreholes arrangement. (a) Cross-sectinapl (b) Plane figure.

6.4 Variation in gas concentration in drilling site

Four adjacent slotted boreholes are selected tmierathe efficiency of the coal-water—gas sepamatistrument.
Two boreholes (designated as SY1 and SY2) weréedirdnd cut under the protection of the coal-waas—
separation instrument. By contrast, the other tawelholes (designated as WSY1 and WSY?2) were draledi cut
without this instrument. The maximum gas conceimnaat various locations from the slotted boreholese
recorded and depicted in Fig. 21. It can be seem fFig. 21 that the maximum gas concentration & ttho
boreholes drilled using the proposed instrumentedses substantially. At these sites, gas colledtigignificant
and safety of the drilling site were guaranteedlftiuld be noted that the gas, approximately Ovblimme fraction,
also exists in inlet fresh air.).

r

N \

—=—SY1 \ \
0.4 —o—SY?2

—a—WSY1 v
0.3 —v— WSY2 N

Maximum gas concentration/(%)

02 N
0.1 ——=
0.5 1.0 1.5 2.0

Distances between measuring points and slotted borehole/(m)

Fig. 21. Maximum gas concentration at various locationmftbe slotted boreholes.

6.5 Variation in the gas concentration of slottexdhole and the adjacent conventional boreholes

The radical measure of reducing underground gassémni is to drain the gas as soon as possible ebefor
beginning coal mining and the drained gas conckmtras a fundamental index for the evaluation bé t
gas-drainage effect. To compare the gas draindget eff the slotted borehole and conventional bolehthe
changes in gas concentration of these two typésholes are examined and displayed in Fig. 22artbe seen
from the figure that a high level of gas conceitrats maintained in slotted boreholes after gasndige for more
than 40 days. By contrast, the gas concentratioconfentional boreholes decreases rapidly. To asalye gas

concentration difference between slotted borehatets conventional boreholes quantitatively, we dated their
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average gas concentrations (Fig. 22d, C = conwvaaitioorehole, S = slotted borehole). The gas cdratgon in
slotted boreholes is estimated to be 1.05-1.91stitagger than that in conventional boreholes. Qimlip the
slotted borehole achieves the goal of high-efficiegas drainage.

100 am = ma 4 Sloted borehole 1# 1004 —=— Slotted borehole2#
—®— Conventional borehole 1# —@— Conventional borehole2#

g 801 g
< =
2 9
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g 40 e
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o 20 o
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Fig. 22.Changes of gas concentration in slotted and comreitboreholes.

7 Conclusions

In this paper, a modified coal-methane co-exploitatnodel is proposed to achieve enhanced coal mine
methane recovery, which subsequently improves misefety and reduces coal mine methane emissiomelNo
integrated techniques of drilling—slotting—sepamatsealing were then applied to achieve the desiesdilts.

Finally, the field test was conducted to evaluate éfficiency of the proposed method. Primary cesiohs of this
study are as follows:

(1) The modified coal-methane co-exploitation modea better choice for improving mining safety and

reducing coal mine methane emission. The propos#thgi-slotting—separation-sealing techniques eifective
for the exploitation of initial (single) coal seam.

(2) Relief of confining pressure contributes to #hestantial decrease in coal compressive streaugth
significant enhancement of coal permeability. Thatew jet impact the coal in advance to form theaaded
weakening zone and the drilling resistance of meicladrill lowers with large margin. In this mannghe rapid

drilling is realised. Moreover, enhancing the qoalmeability improves gas-drainage performance.



19

(3) Based on the principle of swirl separation, Galewater—gas separation instrument is developed to
eliminate the risk of gas accumulation during sigttand reduce the gas emission from the ventiladiio. This
instrument includes three components, namely, ewkr—gas reception, coal-water—gas separationgasd
collection and water circulation.

(4) Air leakage is a crucial factor influencing higoncentration gas drainage in conventional sgabased
on the microcapsule technique, a novel cement-basatposite sealing material is developed to imprthe

capacity of sealing material. Furthermore, a neealing-isolation technique was also proposed.

(5) Results of field test indicate that the maximgas concentration in the drilling site substahtidecreases
after using the coal-water—gas separation instruriiégye effect of gas collection is significant ahe safety of the
drilling site is guaranteed. In addition, the gaaaentration in slotted boreholes is 1.05-1.91 difaeger than that
in conventional boreholes. Thus, the proposed niowegrated techniques achieve the goal of higisieffcy coal
bed methane recovery.

Appendix A. Derivation of Eq.(1)

The water jet with high initial velocity, spurts out of the nozzle, forming a discontinusudace with the
surrounding fluid. The fluctuation is induced by thnstable surface, which evolves into vortexesis€quently,
the still air is involved in the water jet. Withethfurther development of the turbulent fluctuatiomgreasing
amounts of still fluid are entrained, which resittshe decrease of flow velocity at the watereidgie (Dong, 2005).
As shown in Fig. A.1, according to the flow velgcitiong the axis, the water jet can be divided thtee distinct
regions, namely, the initial, transitional and meggions(Guha et al., 2011)n most cases, the main region is used
in the slotting process owing to the fact that kaegth of the initial region is extremely short ({Bes and
Rajaratnam, 1973).

- —] be & u
v

7,
Z —
— Y
~ Um
T
Uop =~
Nozzle
Initial region Main regio

Transitional region

Fig. A.1. Figuration of high-pressure water jet
In the main region, if the viscous tangential foiseignored, the momentum fluxJ)(conservation in the
cross-section of water jet can be derived as fdl@hang, 2011):

J= Jj P R2rrdr = pulrm’ (A1)

whereu is axial velocity;r is cross-sectional radiusp is water densityly is the outlet axial velocity ang is
outlet radius.
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The cross-sectional velocity in the main regiosimilar (Landa and McClintock, 2004), and is expegsas

follows(Dong, 2005):
2
u r r
—=f|—|=exp -| — A2
uO ( be] p ( bej ( )

whereu,, is maximum axial velocity anl is the intrinsic semi-thickness of water jet.
It can be obtained by substituting Eq. (A.2) intp EA.1):

2
_f: Pu? e 27rdr = j: puZ exp — Z(bLej o 2mrdr = gpu,ibez =py ;732 (A.3)
namely,
u,_ d
U_O = \/_Tbe (A.4)

whered is outlet diameted=2r.
Assuming that the thickness of water jet extendedily namelyb = kx (Lu et al., 2015), the following
equation can be obtained:

h:i(ﬂ) A5)
u, 2k x '

It can be concluded from Eq. (A.4) that the rulésmater jet velocity attenuation accords with irser
function.

Coal/rock breaking by water jet is a complicatedcpss and affected by various factors, which mainly
includes the properties of coal/rock (structurabreltteristic, heterogeneity, wave resistance armgbepty of
elasticity and strength) and water jet (impact gues, standoff distance, transverse speed and frapgle) (Zou et
al., 2014a). For simplicity, the property of coabk is represented by dynamic strength and wavstaese and the
property of water jet is represented by impactsares impact velocity and wave resistance. Thekimgacriterion
that coal/rock breaking occurs when the impactquesis above the dynamic strength of coal is asbft/ang et
al. 2011). Thus, the critical velocity of coal/robkeaking can be derived using the internal refstiip between
water jet and coal/rock.

Water and coallrock are both compressive. Whemtiter jet impacts coal/rock, the velocity jumpnoéss
point can be expressed as:

l'12 = \/impact - Ui (A-6)

whereu; is the velocity jump of mass point in water jetjs the velocity jump of mass point in coal/ro¥pact is
impact velocity.

The relationship between velocity of mass pointaal/rock and impact pressure can be expresseullaws
(Xu and Yu, 1984):

— u2 — Vimpact-ul
P =pu,a 1+ kzg _pz(\/impact_ul) a 1+ kZT (A7)
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whereP is the maximum impact of water jef?, is coal/rock densitya, is wave velocity in coal/rock ankj is
impact constant of coal/rock.

The pressure of water jBf can be calculated by
_ ul
P =pua|l+ klg (A.8)

where O, is water densitya, is wave velocity in still water under atmosphepiessure andk, is water jet
coefficient.

It can be derived from the equilibrium conditiorbauundary layer of solid and liquid (Hsu et al.12R

V. oaeU
P2 (Vimpaa=U) a{l+ kz"T] = plula{1+ kff—aj (A.9)

The dynamic compressive strength of coal/ré¢ks can be obtained from the aforementioned breaking
criterion.

2
u
Rocs < '0121 (A.10)
The impact velocitWimpac: for initial coal/rock breaking can be derived mnining Egs. (8) and (9).
2 +2
\/impact > I:QDCS (l'*' plai Iﬁ %CS] (All)
P P23,

Eq. (10) shows that the impact velocMy,ac: Of initial coal/rock breaking correlates with tpeoperty of
coallrock (dynamic compressive strend®cs, density and wave velocity) and water jet (densitd wave
velocity).

If Vimpace=Um, We can obtain the length of shot

Uyd (A.12)
\/4k2%cs [1+ pa+2k ij
pl p2a2

X=
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A modified coal-methane co-exploitation model isgosedto achieve enhanced coal mine
methane recovery.

Rapid drilling could be realized via water jet inapan the coal/rock mass in advance to form
advanced weakening zone.

Based on swirl separation, a coal-water—gas sémaiastrument is developed to eliminate
the risk of gas accumulation during slotting.

Based on the microcapsule technique, a novel ceb@ssd composite sealing material is
developed to improve the performance of sealinge st



