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Kputnueckue ycji0Busl yIapHO-BOJHOBOI0 BO30Y:K/ICHUSA
XHMHUYECKOH peaKlHH B 'KUIKOM IHEPreTu4ecKoM
MaTepualie, cojiepKalieM CTeKJIsIHHbIe MUKpPoc(epbl
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Paccmompena 3adaua onpedenenusi memMnepamypHo2o nojist YOapHo-CHcamou 08yxgpas-
HOUL cpeobl, UMUMUPYEMOU HbIOMOHOBCKOU HCUOKOCBIO ¢ MUKPOCHEPUHECKUMU KO-
YEHUAMU OOUHAKOBBIM PAOUYCOM, CYWECBO8aHUe KOMOPLIX (QAKMuiecku yumeHo
HanuyueM NoKpblmusi NOCMOSHHOU MONWUHbL HA NOBEPXHOCMU cocumaemvlx nop. Pasz-
pabomana Mamemamuyeckas Moo0etb UsyiaemMo20 npoyecca, Accoyuupyemas ¢ npums-
muem 2unomesvl 0 MOM, MO NOKPbUNUE A6ACNC MEPMUNECKU MOHKUM, M. e. OOny-
cmuMa peanuzayus uoeu «cocpedomodeHHas emkocmyy. Ilpednodcennas mamemamu-
yeckas Mooenb npedcmaegisien coOol CMEeUanHylo 3a0ayy Ol YPAGHEHUs. 8 YACHHbIX
npou3eoonvix napabonuveckozo muna. Ee cneyuguxa obycnoenena necmanoapmuo-
CMbI0 HECMAYUOHAPHO2O KPAeBO20 YCI08UsL HA NOOGUIICHOU epaHuye ¢has, 6HO codep-
JHcaue2o0 npou3BoOHYI0 memnepamypsl no epemenu. Ilonyyennvie pe3yromamsi UCHONL-
308aHbL O5i MEOPEeMUYECKOU OYEeHKU Npeodend 8030VIHCOeHUs XUMUUECKOU peakyuu 6
HCUOKOM IHEP2eMULECKOM Mamepuaie, co0epicawjem CmeksaHHble MUKpocdepbl.

Knroueswle cnosa: scuokuil snepeemudeckuii. Mamepuan, cmekisiHible MUKpocgepol,
YOapHO-60IHOB0E HASPYIICEHUE, KPUMUYECKUE YC08USL B030YICOCHUSL XUMULECKOU pe-
akyuu.

Critical Conditions of Shock-Wave Initiation
of Chemical Reaction in the Liquid Explosives
Containing Glass Microballoons
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In this work we consider the task of determining the temperature field of the shock
compressed two-phase medium. The latter is imitated by Newtonian liquid with
microspherical inclusions of the identical radius. The existence of these inclusions is
actually considered by a covering of the constant thickness on a surface of the com-
pressed pores. We develop the mathematical model of the studied process, meanwhile
accepting the hypothesis that the covering is thermally thin (i.e. we admit the idea
of "the concentrated capacity"”). The offered mathematical model represents the mixed
task for the equation in private derivatives of a parabolic type. Its specific character is
due to the irregularity of the non-stationary boundary condition on the mobile border
of the phases which obviously involves temperature's derivative with respect to time.
The obtained results are used for the theoretical estimation of a chemical reaction ini-
tiation limit in the liquid explosives containing glass microballoons.

Keywords: liquid explosive, glass microballoons, shock-wave compression, critical
conditions of initiating a chemical reaction.
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BBenenne. B npoGieme ynapHO-BOJIHOBOW 4yBCTBUTEIHHOCTH T'ETEPO-
TeHHbIX dHEPreTU4eckux MarepuanoB (OM) BakHOE MECTO 3aHHMAIOT TEO-
peTHYecKHe Uccie10BaHus, Oa3upyroUIecs Ha BA3KOIJIACTUUECKON MOJIEH
ropsunx To4yek (I'T) — nokanm3oBaHHBIX 30H JUHAMHYECKOIO IeperpeBa
yaapHo-cxaToro OM (cM., HanpuMmep, padboty [1] u nuTupyeMyto B Hel Ju-
Tepatypy). OcoOblil MHTEpEC 3TH UCCIIEAOBAHUS MPECTABISAIOT MIPU U3yUe-
HUU MexaHu3Ma oOpazoBanus ['T B xkuIKUX B3phIBUATHIX BemiecTBax (BB),
coJiepKallluX CTEKIsHHbIE MuKpochepsl [2-5]. MaTtemaruueckas MOeNb
nporecca oopasoBanus I'T B 1Byx¢azHoii cpene, MIMUTUPYEMON HbIOTOHOB-
CKOM JKUIKOCTBIO ITOCTOSIHHOM BSI3KOCTH, HalU4We MHUKPOC(HEPUUECKHX
BKJIIOYEHUH B KOTOpPOW (DaKTUYECKH YYTEHO TMOKPHITHEM (Hec:)KuMmaemas
BSI3KOIUIACTUYECKAs Cpesia) Ha MOBEPXHOCTU CKUMAEMBIX MOP, MPEI0KEeHa
B pabore [2].

TpyaHoCTH, BO3HMKAIOIIME MPU M3YYEHUH ME30CKOIMYECKUX IpoLec-
COB TEIUIONEpPEHOCa B YIApHO-CXKAThIX JABYX(a3HBIX cpelax, HU3BECTHBI
[1-8]. OauH U3 BO3MOXKHBIX IyTeH MX NMPEOJ0TIECHUs OCHOBAH Ha MPUHATHU
pa3HOro poja AOIYIIEHUH, IPUBOAAIIMX K 3aMEHE UCXOAHON MaTeMaThye-
CKOH MOJIENM €€ yIPOIIECHHBIMHU aHajoraMu. Tak, CTaHIapTHOE IPEIoIo-
KeHHue 00 MIeaTbHOCTH TEIUIOBOI'0 KOHTAaKTa Ha rpaHMle pasjena ¢as, a
TaK)Ke MPEANOIOKEHUE O TOM, YTO MOKPBITUE SBIIAETCS TEPMUUYECKU TOH-
KHM, T. €. JOIyCTUMa pealln3alus UAEH «COCPEIOTOUYEHHas eMKOCTbh» [9],
MPUBOJUT K YIPOILIEHHOMY aHAJIOTy UCXOAHONW MaTeMaTHUYECKOH MOJIEIH —
MOJIEJIH «COCpeioToueHHass eMKocTh» [10, 11].

[{enp MpOBENEHHBIX HMCCIEIOBAHUA — IMPUMEHEHHE MaTEMaTUYECKON
MOJIENIH «COCPENOTOUYEHHAs! €MKOCTb» Ipolecca (JOpMUPOBaAHUS TeMIlepa-
TYpHOTroO nouisi B xkujakoM BB, conepxaiem cTexiissHHbIe MUKpochepsl, i
TEOPETUYECKON OLIEHKH KPUTHYECKUX YCIOBUH yJIapHO-BOJIHOBOI'O BO30YXK-
JIeHUs1 XUMUYECKOH peakiuy B u3yyaemoi 1Byx(dasHoii cpene.

ITocTanoBka 3a7a4u U MaTeMaTH4YecKasi Mofiesb. PaccmoTpum 3ania-
4y O cTallMoHapHOU yaapHoii BosiHe (Y B), pactpocTpansitoieiicst co ckopo-
ctei0 D B nByX(a3HO# cpene: HEC)KUMAEMON HBIOTOHOBCKOM KHJIKOCTH C
KodQdunreHToM Bs3KocTu N = const (haza 1), comepkamieil CTEKISIHHBIC

MHUKpOC(epbl OJUHAKOBBIM palycoM ¢ (peryisipHas sueuctas cxema [7]),
HAJIMYHE KOTOPBIX B M3Y4aeMO# CHCTEME NMHUTUPYETCS TOKPBITHEM MTOCTO-
SIHHOM TOJIIMHBI (BSI3KOIUTACTHYECKask cpena ¢ Kod(pduImeHToM BI3KOCTH
L ¥ TIpelesioM TeKy4decTH Y Ha MOBEPXHOCTH IIapoBOi mosioct (daza 2).

BBeneM cienyroniye npeanonoxeHus.

1. XapakrepHas mupuHa ¢ppoHTa YB MHOro 6osblie pasmepoB chepu-
YECKUX BKJIFOUEHUI U PACCTOSIHUS MEXAY HUMMU.

2. TenoBoit KOHTaKT Ha rpanuine ¢ga3 1 u 2 uaeaneH, MOKPHITHE TEP-
MUYECKM TOHKOE, T. €. JOIyCTHUMa peajau3alus HUIAEH «COCPEJOTOYEHHAs
e€MKOCTb» [9], cpelHenHTerpaibHast Mo TOJIIHUHE MOKPBITHS TeMIepaTypa

(T(0) =~ [T (r, ) ar (1)

cd—a’
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paBHa KakK TeMIlepaType ero IpaHMil, TaK U TeMIepaTrype MOJABMKHON Ipa-
HUIBI pazfena a3 T(a +0, t) = T(C—O, t) = <T(t)> = T(C+O, t), t>0,

r7ie @ — paauyc Mopsl (HaTM4YreM ra3a B mopax npesedperaem).

3. O6bpemMHBIM cozepkanueM (a3el 2 B equHuUIle oObeMa AByXdazHoi
Cpelibl MOXKHO TIpeHeOpeyb.

4. Peanu3syercs CHIBHOBSI3KHI PEXXHUM 3aTE€KaHUS TIOP C COXPaHEHUEM
ux cepuueckoii popwmsi [1, 2, 10].

C yueToM NepevyHCIEeHHBIX MPEANOIOKEHHH B CHCTeME KOOPAMHAT,
CBSI3aHHOW ¢ YB, mHTErpaibl ypaBHEHHI COXpPAHEHHS MAcChl M MUMITyJIbCa
nByX(a3zHoU cpelibl MOXKHO TIpeICTaBUTh B BUje [10]

p—py =pD? (0‘0_‘1)0‘625 (2)

CTIPaBEITUBOM JUTSI BCEX MPOMEXKYTOUYHBIX COCTOSIHMHA BO (DPOHTE BOIHBI
(uamexc «0» ompenenseT mapaMeTphl COCTOSHUS M3ydaeMOW Cpeipl mepen
¢pontom YB), rae

_2_Y§+oc0—11n8+0c0—1
3 o -1

Po (3)
[Ipu »TOM maBieHME p U IIOTHOCTh P ABYyX(a3HOU cpebl B paBeHCTBaX (2),

(3) cBsa3aHBl CO CpelHEUHTErpANbHBIMU (Da30BHIMU 3HAYEHUSIMU BEITUYUH
paBenctBamu [10, 11]

p=a’! [sz +(1—5)P1];
b

3 3¢
=g g | n0)rdr p==s [ pa () rdr
‘ “ “
p=a[3p, +(1-8)p; ]~ o lpy;
b3 c3—a3
“r e Tha

3nece b — paguyc chepuyeckoro oobeMa XapakTepHOTro (IIpeiCTaBUTENb-
HOTO) 3JIeMeHTa AByX(asHOW cpensl; O, 8 — KOHIEHTPAIMOHHBIC CHUM-
IUIEKCHI 1101001 CPeIbl.

B cooTBeTcTBUM € MCXOAHBIMH IPEIONI0KEHUIMU U 0003HAYEHUAMU
(4) pesynbTupytomiee ypaBHeHue cBsizu [10] B usyyaeMoM (CHIIBHOBSI3KOM)
PEKUME CKATUA IMOP MPCACTABIACTCA B BUAC CYMMbI TMHAMHWYCCKOIro Clia-
raemMoro p, (d, a, 8), OTpakaromiero Bsi3kue cBoiicTBa a3z 1 u 2 cpenbl

IIpH INIACTHYCCKOM 3aTCKaHMH IIOP, M CJIaraéMoro p. (OL, 8), acconuupyc-

MOTO C ITPOABJICHUEM MCXAHNYCCKUX CBOICTB Marcpurajia NOKpPLITHA:

ISSN 1812-3368. Bectuuk MI'TY um. H.D. Baymana. Cep. «EcrecTsennbie Hayku». 2016. Ne 3 95



p=p,(a, 0, 8)+ py(a, 8);
4o pod+n(a—1)(1-9)

‘a 58 = 5 5
PO 0O =" T S4ocl ©®)
(0, 8)—2Y o+a— 1l 8+oc—1’
3 o a—1

rae o= af) — ckopocTh aedopmaru aByxda3zHoi cpensl Bo ppoHTe YB.
CornacHo paBeHcTBaM (4), (5), byHkims o(f) onpeenseTcst Kak

b

3a(o—1)(8+a—1) _2Y3+a-l n8+0c—1 0
4[ua8+n(a—1)(1_5)][l’ 1 }, t>0

3 a a—1 (6)
d(O) =0.

3nece a=1+(ay—1)R}; R (t)=a(t)/a, — Ge3pasmepnslil paguyc mo-
JBYDKHOW TpaHuibl opsl. [Ipu & — +0 mpexacrasienue (6) GyHkuuu out)
yOPOIIAETCs U MPUHUMAET BUIL:

Bo(a—1)[5+o -] ZYS(HLJ 50
4[uoc8+n0c 1 1 6] a-1) ’ (7)

6(0)=0

3HaueHHe NapaMeTpa IMOPUCTOCTH O, ABYX(a3HOU cpelsl 3a GPOHTOM

VB ammutygnoii p = p, onpeznensercs 1o paBeHcTBy (6) mpu o =0:

2Y 8+, -1, d+a, —1
Do—— ¢ _In £ =0.
3 o o

e e—1

Temmneparypnoe noJie. C yueToM MCXOIHBIX MPEIINONOKEHUN pean-
3yeMas MaTeMaTH4ecKas MOJENb «COCPEIOTOYEHHAss €MKOCTh» Ipolecca
(hopMUPOBaHHS TEMIIEPATYPHOTO TOJS HM3Yy4aeMOW CHCTEMbI Ha CTaJIHH,
MPEIIeCTBYIONMIEH BO30YKIACHUIO XUMUYECKONW PEaKIy, MPUHUMAET Ce-
YOI BUA:

ot " or r2 or or

[GT(r, 0, o, t)}:ﬁﬁ{ﬂM}r

2
+1zn(v) L e(t)<r<b(t), t>0:

r(0)=r; v, (0)=0; T(r,0)=Tp;
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oT (r, 1) _0:
or F=b(t)
oT (r, t) c(?) 5 oT (r, t)
A =3 1s. . | P2 -
or oy M |S+a-l o | ®
_4u a2 L2 e dra-ll
3 (8+a-1)(a-1)| 3 8+a-1 a-1 |

3
_ aga

TP Ot

rne ¢, Ay, k€{l,2} — ynenpHas MaccoBas TEIUIOEMKOCTb M TEIJIOMPO-
BoaHOCTE a3 1 u 2; a(f) — ckopocTh nedopManuu ABYX(Ha3HOW Cpelbl BO
¢dponte YB, onpenemnsiemas o (6).

Matemarrnueckast MoJieNb (8) mpeacTaBiseT co00i CMEMaHHYIO 3a1aqy
HECTAllMOHAPHOM TEIJIONPOBOJHOCTH, B KOTOPOH HaaMuue TEpMHUYECKU
TOHKOTO TOKPBITHSI HAa MOBEPXHOCTU TOP (PaKTUUYECKH YUTECHO Crerupud-
HBIM TPAHUYHBIM YCIIOBHEM Ha IMOJBMKHOM rpanuiie pazuena ¢as r =c(t),
SBHO COJIEp’KaIllUM TPOU3BOIHYIO TEMIIEpaTyphl MO BpeMeHH. OTMeTuM,
410 paszpaboTaHHas MaremaTthdeckas Mojnenb (8) mpemycMarpuBaeT BO3-
MOYKHOCTh y4Y€Ta TEMIEPaTypHOH 3aBHCHMOCTH MEXaHHUYECKUX CBOWCTB
¢dazer 1 m3ydaemoii cucrembl. OHa peau3yeTcsl CIEAYIOUINM TpeICTaBIe-

HUEM TIpe/iena TEeKyYecTH Y W BS3KOCTH W TOKpeITHS: Y =Y (<T (t)>),

W= u(<T (t)>), rie <T (t)> — CpeIHEHHTErpajibHasl MO TOJIIUHE MOKPHI-

THUS TEMIIEpaTypa, ONpeieieHHas 1Mo paBeHCTBY (1).

Jlanee aJist TOCTMYKEHUSI OCHOBHOM IICITU MCCIICAOBAHUI TPEIonaracMm,
YTO MpOIeCcC TEIUIONEepEeHOCa HE OKAa3bIBACT CYIICCTBECHHOTO BIIMSHUS Ha
dbopmHupyeMoe TeMIepaTypHOe MOJe YAapHO-CKaTOW ABYX(a3zHOW Cpensl,
¢dopmanbHo mosaras B mozaenu (8) A, =0. DTo mo3BoiseT NpeACTaBUThb

CKOPOCTb UBMCHCHUSA TCMIICPATYPhbI MMOABHKHOM r'paHHIbI (ba3 B BUJC

o] M & v Bea-l
P2 e 3 Gra-D@-1 3 a-1

)

[Ipu & - +0 paBenctBo (9) mpuHuMaeT 6osee yA0OHBINM BUJ AJIsi KAYECTBEH-
HOTO aHaJTK3a MPOIIECCOB TEIUIOBOM JMCCHUIIAIMY B U3y4aeMOW CUCTEME:

8T(r, t)
ot

4 a2 Y @
=2 _Ze 10
3 6ro-D(a-)) 3o 10

1&1%)

r=c(t)

rae o= o(t) — dysknus, onpeaenseMas o paBeHCcTBYy (7).
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Jns ynoGcTBa JanbHEMIIUMX pacCykIE€HUM BBEAEM B PACCMOTPEHHE
GbyHKIMIO

e*(t)zclpl[T(C, l)—T()], (11)

OTIPENIeNIAIONIYI0 TpUpalieHne OOBEMHON IUIOTHOCTH JTUCCHIIMPOBAHHOMN
SHEPruM NOABMXHOHM rpanuusl ¢as. s YB ¢ ammiurynon p, >Y, uc-
nonb3ysa paseHctBa (7) u (10), B KOTOpHIX (OpMaIbHO NPUHUMAEM
a=o0,=1, n pynaxmuto (11), npu 6 — +0 momxyyaem cymmapHoe Hpupa-
IeHre 00BEMHON TUIOTHOCTH JUCCUITUPOBAHHOW YHEPTUU MOABMKHOM rpa-
Hu1s! (has Bo pponte YB:

2
o* :3_“01_911’_6%. (12)

4 cpy M
3nech T, = 4n/p, — xapaxtepHoe Bpemst cxatus nopsl [1, 12]. Otmerum,

4TO IpU p, >>Y OCHOBHOHM BKJIaJ B CYMMAapHOE IpPUpPALICHUE JUCCUIINPO-

BaHHOM SHEPruU NPU YJIAPHOM Iiepexojie JBYX(pa3HON MOPHCTON cpeibl
BHOCST BsI3KHE cBoMcTBa ee ¢a3 [10, 13, 14].

*
Lycrs €, —clpl(Tign —To), rae T, — KpUTHYCCKas TeMmiepatypa

BOCIUIAMEHEHUs BsI3KOH kunkocTH (¢paza 1). C yuerom BBeIeHHOT0 0003Ha-
yeHust U paBeHcTB (11), (12) mpuxonuMm K cieayrouemMy MNpeAcTaBIECHUIO
npezena yIapHO-BOJIHOBOTO BO30YKIACHUSI XUMHUECKOW peakiui B U3ydae-
Moii AByx(a3Ho# cpeje:

€
p?gn :ze?gn, (13)

rae {=p/n; €=cp,/(¢;p;) — CHMIUICKCEI TIOAOOUS BS3KHX H TEILIOBH-

3MYECKUX CBOUCTB (a3 1ByX(}a3HOil cpelbl.
£
Ammutyzia VB, onpezensiemast 3Ha4CHHEM Py, , COTNIACHO PaBCHCTBY

(13) ycranaBiuBaeT HIKHUN Mpeses BO30YKISCHUSI XMMHUECKON peakiuu B

U3y4yaeMOM CHUCTEME M MOXET OTIMYAThCSA OT (PaKTHUECKOTO IOPOrOBOTO
3

3HAYCHUA g, (OOBIMHO p,, > pi,), ACCOUMHPYEMOrO C HPOSBICHHEM

3(-dexToB TerIonepeHoca B Mporecce cxxatus mop (cM., Hampumep, pado-
THI [1, 2, 10, 13]).

Teopetnueckast oueHka (13), B YacTHOCTM IIOKa3blBaeT, YTO IpPU
£>1(n>n) HanMyMe TEPMHMYECKHM TOHKOIO MOKPHITHS HA TOBEPXHOCTH

MJIACTUYECKHU 3aT€KAaeMBbIX TOp MPHUBOAUT K CHUXKEHHUIO Tpejiena Bo30yxke-
HUS XUMUYECKOW peaklluy B yIapHO-CkaToi aByxdaszHoit cpene. [lomyden-
HBIE Pe3ybTaThl (PU3MUYECKU MPABUIBHO OTPAXKAIOT CYIIESCTBYIOIIUE MPE-
CTaBJICHUA O TMpoliecce BO30YkACHUS B3PHIBHOTO MPEBPAILICHUS B KHUIKHX
BB, ceHcuOMIM3MpOBAaHHBIX TOHKOCTCHHBIMU WJIW TOJBIMH CTEKJISTHHBIMHU
MHUKpoc]epamu, IpU y1apHO-BOJIHOBOM HarpyxeHuu [ 1-4].
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