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UDC 517.9
K. M. MALASH, A. YA. BOMBA

SPATIAL GENERALIZATION OF THE EXPLOSION PROCESSMATHEMATICAL MODEL USING
QUASICONFORMAL MAPPINGSMETHODS

The mathematical model of the explosive processaanpn the environment developed on the basisetlissical fluid theory which defines the
borders of crater, the compressed and unpertudxetbss of the soil created as an explosion résgeneralized for the case of a three-dimensional
medium. The algorithm of the corresponding boundafye problem numerical solving by quasiconformalppings numerical methods and a step-
wise parameterization of the characteristics ofetinronment and process and its program realizatie presented. Numerical experiments were per-
formed on the basis of the developed algorithmthedbtained results were analyzed.

Key words: explosion processes, quasiconformal mappingse-thiraensional medium, mathematical modeling, inrv@m®blems.

K. M. MAJIALLI, A. 1. BOMBA
TMPOCTOPOBE Y3ATAJIbHEHHSI MATEMATUYHOI MOJIEJII ITPOLIECY BUBYXY METOJIAMU
KBA3IKOH®OPMHUX BIIOBPAKEHb

MatemaruuHa MOZIENb BIUIMBY BUOYXOBOTO MPOLIECY HA CEPENOBMILE, PO3pO0JIeHa Ha OCHOBI KJIACHYHOI PIAMHHOI TEOpii, [0 BU3HAYa€ MEXi YTBOPIO-
BAHKX Yy JOC/I/UKYBAHOMY CEpEIOBHILI BHACIIIOK il BUOYXY BUPBIB, BIIPECOBaHOI Ta HE30YPEHO! ALITHOK IPYHTY Ha OCHOBI alpiOpHO BiIOMUX BU-
OyXOBOi cuIIH Ta po3Mipy i (OopMH 3apsiy i MOYATKOBOTO PO3MOALTY KoedillieHTa MPOHUKHOCTI JOCTIDKYBAaHOTO CEpeIOBHINA Ta HOro KPUTHIHUX
3HAUeHb, y3arajJbHEeHa Ha BUMAIOK TPHOXBUMIPHOTO TpocTopy. Ha 6a3i po3po6ieHoi MaTeMaTHyHOi MOJIETI CTBOPEHO alrOPUTM YHCIOBOTO PO3B’ s3Y-
BaHHS BiJNOBIIHOI KpaifoBoi 3a/1aui 3 BUKOPUCTAHHAM YHMCIOBUX METOAIB KBa3ikOH(QOPMHUX BioOpaKeHb Ta MOETAITHOI ITapaMeTpu3aLlii XapakTepuc-
THK JIOCJIIUKYBAaHOTO CEPENOBUINA i BUOYXOBOrO MPOLECY Ta ONKCAHa #oro nporpamHa peaiizauis. Ha ocHOBI po3po0IIeHOro anroputMy npoBeaeHO
PSI YUCIIOBUX €KCTIEPHMEHTIB Ta MPOAHATi30BaHO OTPUMaHi Pe3yIbTaTH.

Kio4oBi c;10Ba BUOYXOBI TporecH, kBa3ikoH(GOPMHI BifoOpaykeHHs, TPhOXBUMIPHE CEpeOBMINE, MaTeMaTHYHE MOJETIOBaHHs, 0OCpHEHI 3a-
Jaui.
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E.H MAJIALL, A. 4. BOMBA
MPOCTPAHCTBEHHOE OBOBILIEHUE MATEMATUYECKOW MOJEJIU B3PbIBA METOJIAMU
KBA3BUKOH®OPMHBIX OTOBPAKEHUI

Matemaruueckas MOJIE/b BIIMSIHUSL B3PBIBHOTO TIpOLIECCa HA cpely, pa3padoTaHHas Ha OCHOBE KJIACCHYECKOMN KUJKOCTHOM TEOpPHH, ONpEaesomast
IPaHULBI 00PA30BAHHBIX B Pe3yJIbTaTe B3PbIBa BOPOHOK, BIPECCOBAHHOIO ¥ HEBO3MYLICHHOIO Y4acTKOB MOYBBHI, 0000LICHA Ha Clly4yail TpeXMEepHOIt
cpepl. [IpyuBeeHbI aIropuT™ YUCIEHHOTO PELIEHNs COOTBETCTBYIOIIEH KPAeBOil 3aJa4¥l C UCIIOJI30BAHUEM YHCIIEHHBIX METOJI0B KBa3UKOH(OPMHBIX
0ToOpaXkeHHI ¥ MOITAITHON NMapaMeTpU3aLK XapaKTePUCTHK CPEJIbl M MpoLecca U ero nporpaMMHas peanusauys. Ha ocHoBe paspaboTaHHOro anro-
pUTMa MPOBEICHBI YUCICHHBIE SKCIIEPUMEHTHI U POAHATM3UPOBAHBI MOTYyYEHHBIC PE3YIbTATHI.

KuroueBsie ¢J10Ba: B3PBIBHBIC MPOLIECCHI, KBA3UKOH(OPMHBIE 0TOOpaXKEHHs, TPEXMEpHas cpea, MaTeMaTHIECKOe MOJICTTMPOBAaHNE, OOpaTHBIC
3a7aum.

Introduction. Society is increasingly using the earth's crugtemgayers at the present stage of its development.
Underground transport systems are being created;s&lerground or underground structures are bleuily, minerals
are extracted from hard-to-reach places.

Common thing to all the types of work mentioned\abis the need for creating the large cavitiesciiis fairly
expensive and costly in time. Therefore, the issifeteveloping new methods of creating large casith the environ-
ment, particularly the soil, and improving the ¢&xig ones are very relevant today. One of the mestspective ways of
developing such methods is by using the explosigegsses which leads to a significant acceleratfmhcheapening of
the execution work. In addition to the areas désctiabove explosive processes are widely useciiding the mate-
rials with necessary engineering properties anthgggheir strength under the adverse externabfadnfluence [1].

There are several mathematical models used to stqalgsive processes nowadays, among which shaufden-
tioned elastic, solid-liquid, liquid, and otherd.[A series of works is devoted to the developnarthe explosion proc-
ess mathematical model based on a liquid theomyicptarly, the model problem of studying the exgil@ process im-
pact on an anisotropic medium which aims to deteenthe boundaries of the formed crater, the preasedunper-
turbed zones of the soil is solved in [2]; the ex¢é¢ boundary of the studied area is further deiteechin [3]; the opti-
mal explosive power and the bookmark location, Whicnecessary to obtain the maximum possible csite, are de-
termined in [4].

This article deals with the generalization of th@lesive process mathematical model, which is atersid in the
papers described above, for the three-dimensioadlum.

Problem statement. The investigated part of the medium (soil) in eththe charge of a given form with a constant
quasipotential on it is placed is modeled as atwonded spatial domain, bounded by the two clossbth surfaces:

S ={ z f(xyi= 0} (the investigated domain external boundary) éhd={ zZ f(xy3= 0} (the charge bound-

ary) (Fig. 1). The particles’ motion process causg@n explosion is described using the motion tonai = k gradg

and the continuity equatiomivd =0, whered =(ux(x, Y, 2, 0y(X % 2, U0,(% Yy j is the particle velocityg =
C= C =¢(x,y,2=-P/p is the quasipotential of formed field,

to
p© is the medium (soil) densityp =.|' pdt is the pressure
0
pulse, k = k(] gradg) |)= k(1) is the medium permeability
coefficient which characterizes the ability of p@rticles to
break off [5]. The potential on the studied domzomtours

is considered to be known a pri0¢i|s =9., ¢‘S* =¢",

—w0<@ <@ <+wo. The explosion process is modeled
taking into account the mutual influence of theegmbial

gradient | = /g% +¢7 +¢Z and the value of the medium

permeability coefficientk = k(1) . Clarification of the last
one is carried out according to the following fotenu

k = k0+%/3(l - I*)((I —I°)+‘I -l 0‘), where the para-

Fig. 1 — Schematic representation of the studied.ar

meter 3 is determined based on the experimental data,

1%, 1" = are the critical gradient values, which charantethe delay and separation of particles (we deter the
boundaries of the crater, the pressed and unpedugéctions of the soil in which the explosion ocedion their basis).
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Fig. 2 shows the section of the investigated ameere area 1
is the crater, 2 is the pressed zone and thel&isiperturbed

one. A line in which the value of the potential djemt | =1"

separates the crater and the pressed soil zdres? sepa-
rates the pressed and unperturbed ones.

Mathematical model. We introduce a couple of func-
tions ¢ = (x,y,2) andn =n(x,y,2) spatially complex con-
jugate with functiong = ¢(x, y, ) and such that the condition
k gradg = grady grady is fulfiled. We make a conditional
incision I with the shoresABCD and AB C D along one
of the flow surfaces in the studied regi@®) thereby reduc-

ing it to a single-connected domain [6]. We obtdia prob- Fig. 2 — Schematic representation of investigatedain
lem on a quasi-conformal mappingv=w(z) =¢(x y, 2+ cross-section.

+y(x,y,2)+ j7(x v, § domain G? =G, /T to the corresponding complex quasipotential regBp={w=¢ +
Hy+in: go<p<g, 0<@w<Q.,0<n< Q*} with unknown parameter§. and Q' :

99 _owan_oyon.
ax dy 0z 0zdy
99 _owan oy on.
6y 0z 0x 0x0Z

99 _0yon _oyon
62 dx dy dyodx

(x ¥ 20 G; 1)

with the boundary conditions

¢|s :¢*! ¢|S* :¢*! (’[/|ABCD=O' (’[/|ABC [} =Q"! I7|ABCD:0' ”ABC ] :Q*’ Q"Q* = Q (2)
We turn to the inverse boundary value problem o@ ¢juasiconformal mapping z= z(w)= X¢,%.n)+
+y (¢, ¢,n)+ jz(#.¢.n) of the quasicomplex potential domai@, to the physical regios} to find the real
x=X(¢,.n) and imaginaryy = y(¢,¢.n), z= z(¢,¢,n) parts of the equation of the flow line charactarifunc-
tion [7]. In this case, the conditionsthie Cauchy-Riemantype acquire the form
ox_ 0y 0z 020y
a¢ dwon owan’
0z 0X_0X0Z
W _ (229X Ww,nOG,. 3
0¢ (01//0/7 owon (¢..mMUG, (3)
0z ox d oya
=k oy oy >3
0p  owon oyon
The equation of the boundary surfaces of the domain
f.(x(g.0.n).y@ wn)z@ wn)=01 xX@¢ wn)yt i)z ¢n)F C
0<y<Q, 0<n<Q. (4)
The conditions of "gluing” on a conditional cut:

X(@,0,7)=x@,Q.17), Y¢.0n7)=y¢.Q ) 26 ,0n0 F z ,Qpn )

ox _ . 0x . ay . oy . 0z_ . 0z
Iim —= Ilim lim lim lim lim
Y-0v00y w-Q-00y Y¥-0-0d y-Q-03y w-06 @Y v-Q- DY
¢*<¢<¢,0</7<Q. (5)
x(@,4,0)=x@.¢.Q), YO .0=ypw.Q) 26 .0F ¢ Q)
0x 0X oy _ oy 0z 0z
lim —= Im —, lm —=Ilm — Ilm —=Ilm —
n-0+00  y.q'-00n 7-0:007 -G -0 7-0-007 ;-G -00n
g <p<g,0<y<Q (6)

must also be fulfilled along with the conditionsqfasiorthogonality at the boundaries of the domain
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of x of dy (ot 9z _ . of ox O dy 0t 9z of ax of dy of oz _
X oy ayaw 9zaw  axon 6y6/7 azon axaw ayaw 0z oy
o ox o oy of oz _
ox dn dy on 0zadn

(7)

Numerical solving algorithm. The algorithm for the problem numerical solvingc@structed (similar to [7]) in
the following way. We construct an equable orthadowrid G, ={(¢#, ¢;, /k): ¢ =¢. +iAp, i=0n+1

b= py- Q. Q. A . mION} in
n+l

Ay = : == - y=_"7
Yemer AT YT N7,

domain. The system of equations (3) is approximhbtethe following difference equations using a *&xbtype calcula-
tion scheme:

@, =AY, j=0m+1 n =kAn, k=0,1+1 Ap=

Xk = X-1jk +%|ﬂk VI(Yjex = V- X Ex+ T i3k~ 1" CiYur TiVk - Xi Bokr™i 2ok 2
Yiik = ¥-1jk +%|ﬂk V(X 1™ Xk - N +w ~i%-1) =X ek, = i X k)i A&+ Ti 3k-1) (®)

1
Zik =%k +Z Kik V(X a5 = Xk ke iYk= 1= CidXer TiX - i Yok~ i Yk 2
i=1n, j=1m, k=1J,

where X, = X@ 4.1 ), Yijk =Y. W1 ), Zjx = 4.4 ) are the coordinates of the node g@g, k. is

the value of the coefficienk for the corresponding node (this value is spetifie each iteration step). The nodes that
are placed at the conditional section are detemnagefollows (automatically ensuring the impleméotaof the "glu-
ing" conditions (5) — (6)):

1
X0k = Xmeik = X-10k Ko V(Y 5= Yo (Zoe T Ze (Ve 1Y)l 2 i%;
1
Yok = Hmease = Yoroe* 5 K g MO e 7% o K7 0™ Fmd =X ¥ 20 32060 g

1
Ziok = Zmeik = 4—1,0|<+:1 Ko V(X X Yor T YV i ( X T X))o Yo iYid;
i=1n, k=1],

Xi0=Xj+1= X-g ot 1,( MY vy - M7, Tig )-GY, 3,V )2 m 2 e
Yiio=¥ji+1= ¥Y-5 oF k MK X )i+ 12 - o 6Xy G X M 2173 ) (10)

Zio0= %j+1= &3 o+—|lﬁ VX e X- Gy, Ty ) —0Gx 35X G Y 5 Ve e

i=1n, j =1m,
Equations (4) defining the boundaries of the ingaséd area are approximated as follows:
f00, ik Yojkr 2jk)=00 7 (erjes Yerjir Fe1jx)=0;

j=0m+1, k=0J+1 (11)

The conditions of the surface orthogonality of tleev and of the equipotential surfaces on the bauies of the
investigated physical region (7) are replaced leyfttiowing difference equations [6]:

0t 0, x> Yo,ik > %, k) 1 9500k ik %ik)

x (4jk =X k) 3y (Mjk = Yo, k)_l =
_ R0,k Yo,k Djik) .
) B I YT T
" (Xoa o Ve j ko Zove s &) A Ot ks Yur ks Zenin) ]
Xn+1,jkr Ynwdj ko G k (K0 11 = X 1) = Pevikr Yetjkr HrLjk Yo i = Yoot 1) =

0x ay
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=0f (Xne1,j o Yner,j ko Zoetj k)
0z
The quasiconformal invariant value is determined iteratively in the calculatpmocess on the basis of the condi-

(zn,j,k B Zﬂ+1,j,k)_lv j=0,mtl, k=0,+1 (12)

tion of "similarity in the small* elementary paelpipeds of the domains,, and GS :

_ ki,j,k n,m,|
y= (nD(m+ 1)1+ 1)iy§:0yi,j,k' (13)

where

Viik =4(\/(>ﬁ+1,jk Xk )2+(Y+1jk ~Yik )2+(iz+1,k, - i%,k,)z"‘

+\/(Xi+1,j+1k ‘XJ+JK)2+(¥+1j+x Y+ a,)2+(z+ L+ KT i4 ,+|<1,)2+

+\/(Xi+1,jk+1‘)h' k+1)2+(Y+1jk+ 1~ Yik+ o+ (7 bk+ T Gk )+

+\/(Xi+1,j+1k+1_>§;+Jk+1)2+(3(+ Gk T Y+ Y+ (7 Lrkr T4 +ky )7/

/((\/(Xi,j+1k _)?,jk)z*'(Y,iﬂk - ij)2+(Zj,+k, - izj,k,)2+

+\/(Xi+1,j+1k = X+1j k)z H(Yegex — Ve 1,k,)2+( A R VAT ,)2+

"'\/(Xi,j+1k+1_>§,j k+])2+(yj+1g+ 1~ Yik+ )2+(ZJ,+ b+ T Gk + ¥+

+\/(Xi+1,j+1k+1_ )g+1j k+:l)2 +(Y+ 5+ k+ 1T Y+ Lk+ )_2+( & A+ ki T i jk + )f)x

x(\/(xi,j,k+1‘)$,jk)2+(Y,ik+1‘ ij)2+(Zj,K+1‘ izj,k,)2+

+\/(Xi+1,jk+l_ X1 K)Z H(Yagke1™ Yo 1,k,)2+( B pk+ T i% jik ,)2"'

2 2 2
+\/(Xi+1,j+1k+1_)§j+jk+j) +(Y+ 5+ k+ 1T Yj,+ K+ )_ +(z+ A+ ki T i% +kH )1 +

+\/(Xi,j+1k+1‘)ﬁJ+Jk)2+(Yj+1<+ Y+ k,)2+(2j,+ w+ T4 ,+k1,)2+

+\/(Xi+1,j+1k+l_ X+1j+1g)2 H(Yegeme Yo pe m,)z"'( e jirkar T i j]:tk]),z))- (14)
1 *
Kk =kajx +§5('i1k - )(('i PR E I OD (15)
Q, Q and Q" are determined by formulas
Q=" me(1+1), :\Py, Q=
where
ki,j,k n,m,l o
(e D)(m+D)(1+ 1), 4

}7:

Viik :4(\/(>ﬁ,jk+1‘>ﬂk P+ (Yike1m Yik )+ (Zr = Zx)+

+\/(Xi+1,jk+l_ X1 K)Z H(Yagke 1™ Yo 1,k,)2+( B pk+ T i% jik ,)2"'

"'\/(Xi,j+1k+1_X,j+1k)2+(y1'+1g+ =Y+ K,)2+(Zj,+ w+ T i4 ,+k1,)2+

+\/(Xi+1,j+1k+1_ X+1j+1§)2 +(Y+ 5+ k+ 1T Y+ L+ Ia.,)2+( Z i+ ki T i% j:&kj),z)/

/(\/(Xi,j+1k _)ﬁ,jk)z*'(y‘iﬂk - ij)2+(izj,+k, - izj,k,)2+

+\/(Xi+1,j+lk = X+ K)Z H(Yogex — Ve 1,k,)2+( P L+ K, T i ik ,)2"'

+\/(Xi,j+1k+1_)€‘j I.<+])2+(y1'+1<+ 17 Yik+ )2+(Zj,+ R+ T Gk #+ ).|.2+

2 2 2
"'\/(Xi+1,j+1k+1_)€+1j ke d F(Yagone T Yo gk X F(Z iy T% jx+)1)
The numerical implementation algorithm is carriad by means of a stepwise parameterization of thesigon-
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formal invariant magnitudg/, the value of the permeability coefficient and Hwindary and internal node coordinates
of the region (the corresponding algorithm for tve-dimensional medium is described in detail if).[6

Conclusions. The mathematical model of the explosion processldped on the basis of the liquid one, is gener-
alized to the spatial case. A number of humerigpkeements were carried out on the basis of theeld@ed algorithm
that confirmed the feasibility of using the deveddspatial model for solving a class of problernsiging the explosion
processes caused by the convex form charge (lirbiyeal closed smooth surface). The results of Bistion of the cra-
ter, pressed and unperturbed soil sections fornsed mesult of a charge burst, which has the form gtibstantially
elongated ellipsoid, in the plane=0 of the studied area coincided with the resultsadulations for the correspond-
ing plane problem solved for the region which camngocoincide with the intersections of the plame 0 and the sur-

facesS andS'.

The perspective of he research is modeling theosiquh processes, caused by two or more chargesdaaylin-
drical) charge, taking into account the presencessentially heterogeneous parts of the environifienexample, the
foundations of structures), identifying the extétmaundary of the investigated area.
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