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Abstract. The research results of the hydrodynamic impact method on a stressed gas-saturated mountain massif
are presented in the article. The object of study is the process parameters of hydrodynamic effects on a stressed gas-
saturated coal massif. Subject of study is the process of cracking in a coal seam with hydrodynamic effects on it.

The physics of hydrodynamic impact is in the softening of the coal seam due to the generation of alternation stress
in it. Stress is carried out due to injection and discharge of fluid into the coal seam in the filtration mode. To determine
the process parameters that can vary filtering modes, the physical model of the process and an algorithm for its
mathematical solution was developed. The model allows to determine the nature of the coal destruction in forward and
inverse filtering of fluid in the mass.

For the solution, the finite difference method is used. Calculations performed at parameter's values close to
experimental investigation that was previously realized. The purpose of these calculations is to establish the role of each
foregoing hydrodynamic impact process parameters, namely, on the process of destruction of the coal massif. As
practical experience shows the breaking strength of a coal substance has an essential role in initiation of a sudden blast
process. Therefore, the role of this parameter in the hydrodynamic impact process is investigated.

Determined that, cracking in the process of fluid filtration is achieved while simultaneously fulfilling two criteria:
power and energy. During the hydrodynamic impact on a coal massif, it is possible to influence on the stress state by the
changing the fluid flow mode in the pore space. With a decrease of the strength of the coal substance on the crack, the
generation of the first crack is carried out earlier than in the above calculations; the size of the first piece of coal
decreases with decreasing relative to the value o, in relation to the value o.; the distances between the cracks are
equidistant; the water pressure in the pores of the coal formed pieces quickly tends to the pressure value in the well.

Keywords: hydrodynamic impact, gas-dynamic phenomena, coal seam, cracking, outburst coal seam.

Introduction. The general formulation of the hydrodynamic impact (HDI)
problem on a porous medium it is solving a filtration equation with boundary
conditions varying at certain points in time. This occurs during decompression and
cleft of the porous medium. Therefore, the use of analytical solutions, divide the task
into several subtasks: forward filtering, inverse filtering for the full solution region
under consideration and inverse filtering problems for subdomains arising from the
destruction of a material. This approach is too cumbersome and, considering the
nonlinearity of the filtering equation, is practically unrealistic to implement. The only
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way out of this situation can be the use of numerical methods for solving partial

differential equations. The most widely used difference methods based on the

replacement of derivatives by finite differences. The theory of constructing difference

schemes for equations of various types and equations systems is described in detail in

the paper [1]. The general formulation of the mathematical problem is formulated.
Filtering equation

oP 1 0( . n oP

—=H(P)——|r'K(P)— 1

ot ( )rnar(r ( )8r) 1)
boundary conditions

P(ro,t)= f(t)+ Ps, P(o,t)=Ps, f(0)=0, 2)

where f(t) — change pressure function at the boundary medium; Ps — gas interstitial
pressure in coal seam.

The function f(t) describes both the injection mode and the pressure relief mode.

Methods. To solve the problem, the system of equations (1), (2) must be
supplemented with a material breaking condition - a fracture criterion. The physical
design of the destruction process reduce to next. As a result of pressure relief fluid is
inversely filtered in the well, from the porous medium into it. In this case, the fluid
pressure gradient in the volume adjacent to the well changes opposite sign. The
gradient value is determined by the filtration characteristics of the fluid (viscosity,
permeability coefficient), the injection and the velocity of its relief. The pressure
gradient causes fluid movement in the pores. The transfer of a pulse, the flux density
of which is equal to additional stresses in a condensed medium, takes place. Stresses
are caused by impulse movement. Depending on the sign of the gradient, the force
can be directed either toward free space (plane symmetry, n=0), wells (cylindrical
symmetry, n=1), (spherical symmetry, n=2) or in the direction of the loading
material. The stresses that cause the destruction of the material during pressure
release are considered.

Let’s consider some variants of plane, cylindrical and spherical symmetry
successively. For all the variants, let’s introduce the "force" criterion of destruction,
the essence of which is going to next: destruction of the material occurs only if any
surface tensile stresses exceed the material tensile strength

Gin 2 Op, 3
where cj,— tension intensity; o, — tensile strength at break.
In the plane case, the acting force on an elementary volume of length dr and a unit

cross-sectional area Sy is equal to

Sy =(dP/dr)dr, (4)
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where r — linear coordinate of selected volume.

In the quasistatic approximation, when it is possible to take the velocity
propagation value of elastic perturbations equal to infinity, the force in the section
with the coordinate R is equal to

F(R):m-STi—TdR:m-SO[P(R)— P(0)], (5)

where m — the porosity of the substance (only the fluid part of the material
participates in the creation of the stress state).
Substituting (5) into (3), the force criterion for destruction is obtained

[P(R)-P(0)]- m=>oy, (6)

Cin (R): o

From (6), it follows the stress curve corresponds to the dependence of the fluid
pressure on the coordinate R within the accuracy of scale factor m. In the case of
cylindrical symmetry, the force acting on the elementary volume can be represented
as:

F(R):IOanzg—I:dr, (7)

where |y — unit length of an elementary volume in a cylindrical coordinate system.
The resulting force acting on a radius cylindrical surface R and a unit length Iy is
equal:

R 4P R
F(R)=2n|omjradr=2nlom R-P(R)-1oP(rp)— [P(r)dr |. (8)

) o
The corresponding expression for the force criterion is:

— L =m P()-2P()- < [P |20

In the case of spherical symmetry, the force acting on the elementary volume can
be represented as:
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2 0P
or

F(R)=4nrc—dr. (10)

The resulting force acting on a spherical surface of radius R is equal to

R R
F(R)=4zm[r? P 4r = 4mm R?P(R)-rgP(rg)—2 [ rP(r)dr |. (11)
ro ar rO
Therefore
F(R) i 2 R
oin(R)= 2Rl =m P(R)—FP(rO)—QIrP(r)dr >0 (12)

Thus, if at some undetermined time tj; the momentum flow density in a certain
section of the material exceeds the tensile strength, then the material will crack.

Material fissuring at HDI is possible only in the case when in a certain section
both the force criterion [2] and the energy criterion are fulfilled. The main point of
the energy criterion is as follows. During the inverse filtering, the forces of the HDI
move the fluid in the pores

A=mPudt. (13)

Taking into consideration the fact that u =—k (6P/or), a mathematical expression
for the energy criterion of destruction is obtained

t

oP
- mgk(P)(Ej- Pdt> 2g,, (14)

where gs — the formation energy density of the “fresh” surface.

The sign "-" in the right part of (14) is taken cause of the reason that only those
volumes of matter we are interested, where u<0 (dP/dr>0). In this zone, the substance
undergoes a tensile intensity from the side of the moving fluid. Destruction under the
influence of compressive effects are not considered, because of the material stress
limit in compression significantly exceeds the tensile strength [3]. Now therefore, the
fulfillment of conditions (3) and (14) in a certain section of the medium means its
destruction (spalling).

The formation of a free surface during the spallation drastically changes the
conditions of the task, namely, at the breaking point (r;), the pressure should be
equated to the pressure at the boundary of the fluid injection region. Therefore,



176 ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) I'eorexHiuna mexanika. 2019. No 147

further calculation should taking into account the conditions
P(r.t)=P(ro,1), (15)

The physical reason for this condition is the following: the transfer rate of elastic
disturbance in a solid porous medium is very high (on the order of a kilometer per
second) [4, 5]. In view of this, the fluid pressure in the pores is “instantly” set equal
to the pressure at the boundary of the impact area at the material fissure point during
the formation of the free surface.

Thus, in the present formulation of the task real characteristics of the medium are
taken into consideration:

- porosity of the material m(P), depending on mining conditions;

- filtration coefficient K(P);

- fluid viscosity;

- stressing area boundary size r;

- task symmetry (plane, cylindrical, spherical);

Characteristics of the HDI process:

- fluid injection mode is described by the function f(t);

- impact time;

- pressure relief mode.

Results and discussion. Establishing the general patterns of HDI on a coal massif
Is pretty tricky task. The overcome both the mathematical difficulties caused by the
backflip of the boundary conditions, the large volume of computational operations,
and the multiparameters setting is necessary when it solving [6]. Accordingly, the
establishment of particular patterns, knowledge of which is necessary for conducting
experimental investigation and for improving the mathematical model.

Poisson’s coefficient and Young's modulus E are the most stable exemplify
parameters for all types of coal. The remaining parameters are not obvious, except P,
ob, Os, P», Which are currently considered the most significant in the process of a
sudden blast.

Taking into consideration the complexity of the problem, it is most rational to
calculate of HDI at parameter’s values close to experimental investigation that was
previously realized.

Based on the foregoing next task parameter values are set: v=0.18;
E=2510"Pa; H=1000m; m,=0.05; P,=210°Pa; ko=4.410" m?(Pa-s);
R, = 4.4.10"° m?/(Pa*s); t, = 240 s; P, = 10" Pa; P, = 10° Pa; T, = 0.1 s; o =1°10° Pa;
gs = 10-Pa-m; Ry, =0.075 m.

Thus, the purpose of these calculations is to establish the role of each foregoing
HDI process parameters, namely, on the process of destruction of the coal massif.

As practical experience shows [7, 8, 9], the breaking strength of a coal substance
has an essential role in initiation of a sudden blast process. Therefore, the role of this
parameter in the HDI process is investigated.

In these calculations, the size of the computational domain was chosen Ry = 2 m,
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the number of denumerable points N=800. All other parameters are equal to the
foregoing. The time step in the fluid flow calculation was 0.5 step, taken at pressure
relief. Trial calculations have shown that reducing this step does not affect the
obtained results.

The variable parameter is the coal breaking strength, which, according to [10], is
~10° Pa.

According to the calculations, the value o, get properties of the critical value. If
this parameter is less than a certain value, then the process of pressure relief and the
following fluid (water) outflow is accompanied by the coal massif cracking, the final
aim of the HDI is achieved. At the same time, gas emission in coal increases, and
mechanical stresses decrease. If the coal breaking strength exceeds the critical, the
HDI process ends with nothing, in the context of its practical application: as a result
of the filtration process, the fluid injected into the well penetrates into the adjacent
coal layers and flows into the well without generating any destruction of the coal
mass during the following pressure relief.

With the foregoing parameters, the critical value of coal strength c=3.1-10°Pa.
This means that if o,<oc,,, realized the cracking process, the dynamics of which is
shown in Figures 1 — 5.

P. MPa
i L —
/ ——
v\l
5.0
i
0
5.0 10.0 15.0 20.0 R, cm
E, Pa's
0
-10.0 Pl
20,0 / 1= 240.138
=300 /
-40.0 l
-50.0 ]
-60.0 I
-70.0 //
-80.0 P/
5.0 10.0 15.0 20.0 R.cm
S, kPa
0.3 < ——
\
02 [Z- A
4 ¢ =240.138
]
-0.2
0.3
-0.4
5.0 10.0 15.0 20.0 R, cm

Figure 1 — Main settings of HDI spreading at the moment of time before the formation
of a new crack
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of a second crack
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Figure 3 — Main settings of HDI spreading at the moment of time after the formation
of a second crack
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Figure 5 — Main settings of HDI spreading when entering stationary mode of the cracking process
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The top diagrams show the distribution of water pressure in the coal pores,
depending on the distance to the well P(R) at different moments. The middle graphs
represent the same dependences for the energy density transferred to the coal material
as a inverse filtration result of the liquid E(R).

Negative values of this energy indicate that the fluid flows in the direction
opposite to the direction of the radius vector. The lower graphs are dependences of
stresses in the coal coming out from water filtration S(R). Vertical lines intersecting
the middle and lower graphs indicate the formation of cracks in coal.

The distribution of the main HDI parameters at the time moment that precedes the
formation of the first crack is shown in Figure 1. In spite of the fact that the coal
material, accumulates internal energy, considerably exceeding the energy of
formation of a “fresh” surface, as a result of the inverse filtration gs=10 Pa-m, the
rupture of a substance does not occur cause of the destruction force criterion is
failed. In other quarters, the process of the cracks formation requires the fulfillment
of two criteria: the power and energy at the same time on any cylindrical surface of
the substance. This is corresponding to a point in time. t=240.138s. Figure 2 is
corresponding to a point in time t=240.146 s, when the formation of the first crack
began and the formation of the second is going. It can be seen that the maximum of
dependencies E(R) u S(R) in space do not match and are separated by distance ~3 cm.
Therefore, the conditions for the formation of cracks at this point in time have not
been created yet, despite the fact that the maximum values of E and S exceed the
critical values g =10 Pa-m, o =3.1-10° Pa. Figure 3 shows the distribution P(R),
E(R), S(R) after the formation of the second crack. It is seen that the second piece of
coal formed is smaller in size than the first piece.

Further process dynamics is shown in Figure 4 and Figure 5. Moreover, Figure 4
corresponds time to the stationary mode of the cracking process, which will continue
until the water-gas boundary is reached.

Conclusions. During the HDI on a coal massif, it is possible to influence on the
stress state by the changing the fluid flow mode in the pore space. To determine the
process parameters that can vary filtering modes, a physical model of the process and
an algorithm for its mathematical solution was developed.

1. In other quarters, the process of the cracks formation requires the fulfillment of
two criteria: the power and energy at the same time on any cylindrical surface of the
substance.

2. With a decrease of the strength of the coal substance on the crack, the
generation of the first crack is carried out earlier than in the above calculations; the
size of the first piece of coal decreases with decreasing oy relative to the value o, in
relation to the value; the distances between the cracks are equidistant; the water
pressure in the pores of the coal formed pieces quickly tends to the pressure value in
the well.
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AHHOTaUiA. Y cTaTTi BWKNaAeHO pesynbTaT AOCHIMKEHHS cnocoly rigpoAMHaMivHOI Al Ha HanpyXeHWn
rasoHacu4eHnn ripcbknii Macu. OG'EKT OOCMIMKEHHS — mapameTpy MPOUecy MigpoanHaMiYHOI Aii Ha HanpyXeHWn
ra3oHacu4eHnin ripCbkuin macus. [peaMeT JOCMIMKEHHS — NPOLEC YTBOPEHHS TPIlWH Y BYrifbHOMY nnacTi npu
rigpoavHaMmiyHIn 4ii Ha Heoro. isnyHa cyTHICTb rigpoauHamiyHoi aii (M4A) nonsrae y pos3MiLHEHHI BYrifbHOMO nnacra 3a
paxyHOK CTBOPEHHS B HEOMY 3HAKO3MIHHWX HaBaHTaXeHb. HaBaHTaXeHHS 34iNCHI0ETHCA 3a paxyHOK HarHiTaHHS B nnact
i CKMOaHHSA pignHW B inbTpauiiHoOMy pexumi. [ns BU3HAYEHHS NapameTpiB Npouecy, 34aTHWX BapiloBaTh Pexumm
(inbTpauii pospobneHo isuyHa Mogenb npouecy i anroputM i MaTeMaTWyHOro pieHHs. Mogenb [o3sonse
BU3HAUMTU XapakTep PYMHYBaHHS BYrinnsa npu npsamiid i 3BOPOTHIA inbTpauii piauHn B macwsi. [Ang BUpILIEHHS
3aCTOCOBYBan METOA KiHUEBMX PpisHWUb. Po3paxyHkM BMKOHAHO MpW 3HAYEHHAX napameTpis, OnmM3bkux [o
peani3oBaH1M paHille B ekCrnepuMeHTanbHUX JOCIMKEHHAX. MeTow Uux po3paxyHKiB € BCTAHOBMEHHS POSli KOXHOrO 3
HaBeJeHuX Buule napameTpis Ha npouec IO, a came, Ha NpoUeC pyMHyBaHHS BYrNbHOMO MacuBy. fK nokasye
NPaKTUYHWA AOCBIA, MILHICTb BYFifIbHOI PEYOBWMHM Ha PO3PUB Pae iCTOTHY POfb Y 3apOMKEHHI NPOLECY ParnToBOro
BUKMAY. TOMY BUHWKAE iHTEpPEC JOCMiMKYBaTW porb Lsoro napametpa B npoueci M. BctaHoBNEHO, WO YTBOPEHHS
TpilH B npoueci inbTpadii piauHKM OOCAraeTbCs NPU OAHOYACHOMY BMKOHAHHI OBOX KPUTEpIiB: CWUIIOBOrO ¥
eHepreTuyHoro. B npoueci I Ha BYrinbHWA MacuB MOXHA BRAMBATK Ha HaNPYXEHWA CTaH, 3MIHIOKYN PEXUMM PYXY
cntoigy B NOpoBOMY NPOCTOpi. MK 3HWKEHHI MILHOCTI BYriNAs Ha po3puB reHepawis NepLiol TPILLMHK 34INCHIOETHCA
paHille, HiX B HaBeAEHUX BULLE PO3paxyHKax; pO3Mip MepLUoro LMaTka BYrinns 3MEHLYETbCA NPU 3MEHLLEHHI Gp MO
BiJHOLLEHHIO [0 BEMMYUHN Gip; BIACTaHI MiX TPiLMHAMK € KBIQMCTAHTHOWO; TUCK BOAW B MOpax LUMATKIB BYrinns, Lo
YTBOPUIUCA, LUBMAKO CArae 3HAYEHHS TUCKY B CBEPAJIOBMHI.

KnioyoBi cnoBa: rigpoguMHamiyHa f4is, rasogMHamivyHe  SBMLLE, BYFMbHWA  MnacTt,  TPILMHOYTBOPEHHS,
BMKMAOHEDE3NEYHNI BYTiNbHMIA NNACT.

AHHoTauuA. B cTatbe M3noXeHbl pesynbTaTbl MCCnegoBaHns cnocoba ruapoaMHaMU4eckoro BO3LEACTBUSA Ha
HanpsHKEHHbIN ra30HACHILLEHbIN rOpHbI Maccu. OBBEKT MCCnesoBaHNs — NapameTpbl NPoLEcca rMapPOLYHAMMYECKOrO
BO3MENCTBIS HAa HANPsPKEHHDbIN ra30HACBILEHBIN FOPHbI MaccyB. [NpeaMeT uccnenoBaHust — npouecc 0bpasoBaHKs
TPELLUMH B YronNbHOM Nnacte npu ruapoanHaMUYeckoM BO3AENCTBUM Ha HEro.

dusnyeckas CyWHOCTb ruapodnHamudeckoro Bosgenctaus (FB) 3akmiouaetcs B pasynpoOyHEHUM YrofbHOTO
naacTa 3a CYET CO34aHWs B HEM 3HAKOMEPEeMEHbIX Harpy3ok. HarpyxeHue OCYLeCTBNSETCA 3a CYEeT HarHeTaHws B
nnact u cbpoca XuakocT B (pUNbTpauMoHHOM pexume. [Ins onpefeneHus napameTpoB npouecca, CrocoBHbIX
BapbupoBaTh PEXUMbI (uUnbTpauun paspaboTaHa usnyeckas Mogenb npouecca M pas3paboTaH anroputm ee
MaTeMaTyeckoro peleHns. Mogenb no3BonseT ONPeaennTb XapakTep paspyLleHust yrns npu npsmon u obpartHoi
unbTpaLmMm KUAKOCTW B MaccuBe. [ns pelueHns NPUMEHANN METOA KOHEYHbIX Pa3HOCTEN. PacyeThbl BbIMOMHEHbI NPy
3HaYeHUsX napameTpoB, ONM3KUX K peannsyembiM paHee B 3KCNepUMEHTaNbHbIX UccneaoBaHusx. Lienbio HacToswmx
pacyeToB eCTb YCTAHOBMEHME POMN KaXAOrO M3 NMPUBEAEHHbIX Bbille napameTpoB Ha npouecc B, a nMeHHo, Ha
NPOLIECC pa3pyLUEHNs yromnbHOro mMaccua. Kak nokasbliBaeT NpakTUYEeCKWUi OnbIT, MPOYHOCTb YTOMbHOTO BELLECTBA Ha
paspbiB UrpaeT CyLLECTBEHHYIO POfb B 3apOXOEHWM npouecca BHe3anHoro Bbibpoca. 103TOMy BO3HUKAeT WHTepec
1ccnenoBath posib 3TOro napameTpa B npouecce B.

YCTaHOBIEHO, YTO TpeLuHoobpasoBaHune B NpoLecce PUIbTPALMK XNOKOCTU JOCTUFAeTCS Npu OOHOBPEMEHHOM
BbIMOMHEHWUN OBYX KPUTEPMEB: CMNOBOIO U 3HepreTuyeckoro. B npouecce 1B Ha yronbHbIN MaccuB MOXHO BIMSATb Ha
HanpsHKeHHOe COCTOSHUE, M3MEHSISI PEXUMbI ABMXKEHUS (hrtomaa B MOPOBOM NPOCTPaHCTBE. [pu CHUXEHUW NPOYHOCTM
YrOMbHOrO BELECTBA Ha paspbIB reHepauyns Nepeoi TPELmHbI OCYLLECTBIAETCS paHbLe, YEM B NPUBEAEHHDBIX BbILLE
pacuyeTtax; pasmep nepBoro Kycka yrns yMeHbLIAeTCs Npu YMEHbLIEHWN Gp MO OTHOLLEHMIO K BEIMYMHE Gyp; PACCTOSHUS
MeXay TpewuHamn SBRSKTCA SKBUAMCTAHTHbIMU, AaBreHWe BOAbl B mopax 06pasylolimxcs KyckoB yrns GbicTpo
CTPEMUTCS K 3HAYEHWIO JABMEHMS B CKBaXMHE.

KntoueBble cnoBa: rapoavHaMWYecKoe BO3LENCTBME, ra3ogMHamMuyeckoe BO3AENCTBME,YTONbHBIA MAacT,
TpewwmHoobpasoBaHwe, BbIGPOCOONACHBIN YronbHbIN NacT.
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