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K YYACTHHKAM KOH®EPEHIIHH !

Mexnynaponnass — KoH(pepeHnuss — «OKCTpeMalbHBIE  COCTOSHMS  BEIECTBA.
Jetonanus. YaapHsle BOJHBD) MPOBOAUTCS B paMKaX TPaIULIHUOHHBIX €KETOIHBIX
TEMaTUYEeCKUX YTEHHUH, opranuzyemblx Poccuiickum @enepanbHbM  SnepHbIM
Hentpom — Bceepoccuiickum HUU skcnepumenrtansHoit ¢usukn (BHUUD®D) u
MOCBAIICHHBIX MaMsITH BbIJarommierocs ydeHoro XX Beka akajgemuka IOmus
Bopucosuga XaputoHa, KOTOPBII ObLJI OPraHMU3aTOPOM U B TEUSHHE MOYTH MOJTyBeKa
Hay4YHbIM pykoBoguteneM BHUNO® — kpynHeiimero HaydHoro 1eHTpa Poccun.

Jannas koHdepennus mpoaomkaer temaruky I, V, VII, IX, XI, XIII, XV, XVII,
XIX, XXI XapuTOHOBCKHX HAy4yHBIX uTeHUH, coctosBmuxcs B 2001, 2003, 2005,
2007, 2009, 2011, 2013, 2015, 2017, 2019 roxax.

IMpennaraemsiii Bam cOOpHHMK TE3MCOB JOKIANOB COAEPKHT MaTepHabl,
npexacraBiaeHHble Ha XXIII XapuToHoBCKHE YTEHUS.

Marepuasnbl pa3MelieHbl B COOTBETCTBHM C TEMATHKOW IIECTH HANPaBICHUN
(cexmmit) KOH(pEPEHITHH:

e DHepreTHYeCKUe MaTepHaIlbl U (PU3UKA TETOHAIIHA

e VYpaBHEHHUS COCTOSHHUS U (Pa30BEIC EPEXOIBI

e JluHaMHuecKasi IPOYHOCTh U PEOJIOTHS MAaTepUasoB, IMHAMUKA KOHCTPYKIIMHI
e BBICOKOCKOPOCTHOE METAaHUE U COyJapeHue. SIBIeHUs KyMyJIALUI

e ['mapoauHaMuyecKne HEYCTOMYMBOCTH

° MeTO,Z[I/IKI/I OKCIICPUMEHTA U B3PBIBHBIC TCXHOJIOTUH.
MO}IGJ’II/IpOBaHI/Ie JAAHAMHUYCCKUX MTPOLECCOB

Mei paasl npuBercTBoBaTh B cTeHax POSAL-BHUND® npencraBureneil paznuyuHbIX
Hayunsix mkoin, HUW, Kb u BY3oB Poccun, npuexaBmmx Ha kKoHpepeHIHIO, W
pacLieHUBAaeM UX y4acTHE KaK BBICOKYIO OLICHKY HAIIEro COTPYJHUYECTBA U KaK JaHb
namstu FOnusa bopucosnua XaputoHa.

Kenaem BceM yyacTHMKaM KOH(EPEHIMH YCIIEIIHONW HAyYHOW paboThl, TBOPUECKHUX
YCIIEXOB ¥ Pa3BUTHS B3aHMOBBITOHOTO COTPYIHHYIECTBA.

OprkoMuTeT
XXIII XapuTOHOBCKUX Hay4YHBIX YTCHUH
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IINEHAPHBIE OJOKAAABI
PLENARY TALKS

HAYYHOE HACJIEAUE C.b. KOPMEPA.
K 100-JIETUIO CO AHSA POXKIEHUA

M.A. Mouanos
POAL-BHUND®, r. Capos, Poccust

Hacrostmu# i moknmaxg mocesimern  100-nmetHemy robuneto C.b. Kopmepa, dnen-
koppecnionenTa Akagemuu Hayk CCCP, Bbaromerocst yaeHoro u opranusatopa. Ilox ero
pykoBoacTBoM BoO BHUMND® chopmupoBanach HaydHas ITKOJIA, CHITPABIIas BaKHYIO POJIh
B pPa3BUTHH psaga obnactedd (yHIaMEHTANbHOH W TpHKIagHOW Hayku. OH sIBUICA
WHUIAATOPOM TaKWX YHHKAJIbHBIX HAINPABICHUIA HCCICIOBAaHHWN, KaK HM3YYCHHE CBOMCTB
YAapHO-CKATHIX MPO3PAYHBIX AUIIEKTPHKOB, CKUMAEMOCTH T'a30B, B TOM YHCIIE BOAOPOAA U
€ro M30TOINOB, a TaK)Ke COBEPINIECHHO HeCBOHCTBeHHOW Tematnke BHUMNDD® — dusuku
na3epoB. B nmokmaze mpencTaBieHsl HauwOonee SIPKHE PE3yJabTaThl Ta30IMHAMHYECKUX
HKCIEPUMEHTOB, COCTABIIIONINE YacTh HaydHOro Hacienus Camymna Boprucosuya, a Takxke
HOBBIE PE3YNbTaThl, MOJYYCHHBIE B 0oJee MO3THHUU TEepHoA M PACIIMPHBIINE IHANa30H
JIaBJICHUH 10 MCCIIEIOBAHUIO C)KMMAEMOCTH M30TOIIOB BOJIOPO/ia U3 «IIMOHEPCKUX» padoT
C.B.Kopmepa, nanpumep, neiitepus, no 200 Moap.



PYHOAAMEHTAABHBIE HCCAEAOBAHHSA
FUNDAMENTAL RESEARCH

MO/IEJIb PACIIMPEHMS BCEJIEHHOM B OBIIENA TEOPUA
OTHOCHUTEJIbHOCTH (OTO) C PA3JIETOM B IYCTOTY I'OPSIUEN
HAYAJILHOM CUHI'YJISAPHOCTH

A.H. Kpaiixo

DAY «lleHTpasibHBIl HHCTUTYT aBUALIMOHHOTO MOTOpOocTpoeHus uM. IL.1. BapanoBa»,

r. Mockaa, Poccus

ITo otkperTomy D. Xa6610M (1929 r.) 3aKoHy Aanékue ralakTHKH yJalsIFoTCsl OT Hac
CO CKOPOCTBIO U = H(f)r ¢ paainyCOM-BEKTOPOM ¥ JI0 HUX U QyHKIuend Bpemenu H = H(t).
HNmest pelueHue, oOMUCHIBAIOLIEe TaKOH pasznéT, MOXXHO ONpPENENUTh, KOrJa Hadal
pasneraTtbest oOpazoBaBmnil ranakTuky ra3. C 1929 r. pacmmpenne BeeneHHO# onuckiBanm
pemenreM A. ®puamana (1922 r.). B HéM ckaysipHBIe MTapaMeTphl Ta3za — QYHKIMH TOJIHKO
BpEMEHHM #, PACCTOSHUS MEXIy 4YacTHLAMU Ta3a pacTyT C pOCTOM f, a 3a Hayalo
pacmupenust Bcerna 0e3rpaHuuHoN BeelleHHOM B3IT MOMEHT CUHTYJISIPHOCTH €€ CKaISPHBIX
napameTpoB. Bpems #;, OTCUMTEIBAEMOE OT 3TOTO MOMEHTa, — BpeMs "»ku3Hu" Bcenennoit. B
1998 r. mBe rpynmbel actpoHomMoB CIIIA 0OHapyKHIIM HECOOTBETCTBUC HAOIFOICHUI
pemenno A. ®punmana. [yis ero ycTpaHEHHs 3TO pelIeHHEe ObUIO 0000INEHO Ha
HEHYJIEeBbIC 3HAYCHHUS ""KOCMOJIOTHYECKON TOCTOSHHON" A, BBeNEHHON A. DHHIITEITHOM /11
MOCTPOCHHUS CTaloHapHOW BceneHnoil. Beibop A MO3BOMHUII cOTIacOBaTh HAONIOICHUS C
TakuM perieHueM. Haliennrole 3HaueHus A, MpUBOJAT K aHTUTrpaBuTauuu. E€ Hocutens
Ha3BaJy "TEMHOM dHeprueii'.

Kazanoce ObI, OoNice €CTECTBEHHO PEIICHHE 33[aud O pa3jiére U3 TOYKU B MYCTOTY
KOHE4YHOH Macchl raza. Onnako 10 2015 r. Takoro pemieHus: He ObUIO IaXKe B KJIACCUYECKOM
IIOCTaHOBKE. B Takoll mocTraHOBKE 3a7auya pasziéTa KOHEYHOW Macchl My Ta3a ¢ YAEJIbHOMI
sHTpomnueit sy Obuta perieHa B [1] (2015 r.). CormacHo [1] ra3, ckatblii B TOYKY U H3-32
3TOr0 UMCIOIIUIT PU KOHEYHBIX My U Sy OSCKOHEYHBIC TIONHYIO Fy U YICIBHYIO €) SHEPTHH,
temneparypy 71y, AaBICHHE p,, IUNIOTHOCTH Py M CKOPOCTH 3BYKa ), pa3lieTaeTcsl Ha BCE
MPOCTPAHCTBO TakK, 4to u = 1/t ipu 0 < r < oo (1), a p, T, p u a cranoBsTcs HyasiMu. OTHAKO
pasnér co ckoib yrogHo OombimMu ckopocTsmu npotuBopeunt CTO u OTO, cormacHo
KOTOpPBIM CKOPOCTh YacTHIl HE MOXKET MPEBBIIATh CKOPOCTh cBeTa c. Pemenus [1-4] B
pamkax CTO ynoBIeTBOpUIIM STOMY OTpaHHYEHHIO, C TakoH ke, kak B (1), dopmynon s
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u,Ho ¢ r < ctu u < ¢. CpaBHeHHE HAONMFOIATeTHHBIX JAHHBIX [5] M MOTY4eHHOTO 0€3 eqHOM
SMIIMPHYECKOX KOHCTAHTHI pemeHus ¢ H = 1/t m mokasamo, 4TO OHO Jyd4mie JHO0H
COBPEMEHHOM KOCMOJIOTUYECKOM TEOpUM C TEMHOW DHEpPrued, T.e. TEMHAs 3HEPIus
W3JINIIHSL.

B [6, 7] pa3néTr B mycToTy HauanpHON ropsueit cunrymsapHoctu (HSS) BHyTpH €€
IPaBUTALMOHHOTO paguyca (r < 7, = 2E\G/c*, G — rpaBHTAMOHHAS MOCTOSHHAS)
paccMotpel B pamkax OTO. Crenens pasorperoctu HSS ompenensercs oTHomeHuneM eé
MOJTHOM dHEpPruM E, K dHEpruH MOKos BceX e€ Ny 0apuoHOB: G = EO/(NOchz), rae mg —
Macca TOKOS XOoJomHoro OapuoHa. Ha mepBeIif B3MIAd, Takod pasiér, Kak W pPasnéT
CHHTYJIIPHOCTH Y€PHOHM IBIpBI, HEBO3MOXEH. [IpMHIMNMANEHOE OTJIMYME, OJHAKO, B TOM,
yTo 4épHas AbIpa — pPe3yNbTaT KOJUIAlica IOCNIE BBITOPAHUS B 3BE3A€ TEPMOSICPHOTO
roprouero. IToatomy mpu kosutarice pocT 7, p U p TaKoB, UYTO B IPOLECCE CHKATHUSI CHIIBI
TSATOTEHMs Bcerja OoJbllle MPOTHUBOCTOSIIETO UM Hepenana nasineHus. [lpu pasnére HSS
Bc€ HA00OPOT M3-32 OTPOMHOTO B Hadaje pa3iéra NaBlIeHUS BceX 0e3MacCOBBIX (C HYJIEBOM
Maccoi IOKOS) M MacCOBBIX YAacTHII M AHTHYACTUIl IIPH IIPEHEOPEKUMOM BKIAJe
M30BITOYHBIX (HaJ aHTHOApHOHAMH W TO3UTPOHaMM) OapuOHOB M 3JeKTpoHOB. [Ipm
peanu3anuy pas3néra IUIOTHOCTh B €r0 LEHTPE Cpa3y CTAHOBHUTCS KOHEYHOM, yObIBas C
poctoM ¢. braromaps 3ToMy B IeHTpe pas3néra BO3HHWKAaeT W pacTéT R-oOmacTh, B WacTu
KOTOpOH MeTpHKka Onm3ka K raiauieeBod n u3 ypaBHeHunit OTO crnexyroTr Tpu ypaBHEHUS
CTO 6e3 rpaBUTAIlIU U X PEIISHU IJIs1 CKOPOCTH U = r/t u naBnenwus p = 0. PaBeHcTBO p =
0 momyumnnocek 6e3 3amanus p = (0 Ha TpaHHWIE C MYCTOTOH. DTO CyHIECTBEHHO, MO0 R-
00J1acTh OT/ENSET OT MYCTOTHI mapoBast T-06macTb, onuckiBaeMas ypasHeHusmu OTO. IIpu
6ompmiux G u ¢ T-001aCTh MOXKET MCUE3HYTb, HOCIE YETO OCTAHYTCS IBE pa3/ieiEHHBIC
TpaBUTAIlMOHHBIM pagumycoMm R-obmacth.
© A.H. Kpaiixo, 2022. Pabora BrimonHeHa npu noanepxke POOU (mpoext Ne 20-01-00100).

Jlumepamypa

1. BameB X.®., Kpaiiko A.H. Pasner uaeanpHOro raza u3 TOYKM B mycToTy. HoBas moxens
Bonsmroro B3peBa 1 pacmmpenus Beenernnoit // TIMM. 2015. 79 (6). 793-807.

2. Bamues X.®., Kpaiiko A.H. CxxaTue uneansHOTO rasza B TOUKY, pa3jieT U3 TOUYKHU €ro KOHEYHOU
Macchl B ImycToTy, bomnbmioit B3peB U pacmmpenue Beenennoit / Tpyasr "X VII XapuroHoBcknx
HayuHbIX yTeHUi". Capos: POALI-BHUUD D, 2015. 614-620.

3. Kraiko A.N., Valiyev Kh.F. The new model of the Big Bang and the Universe expansion. A
comparison with modern observational data and cosmological theories // AIP Conference
Proceedings. V. 1770. American Institute of Physics, 2016. 020002-1-020002-11.

4. Kpaiiko A.H., Banues X.®. Moaens bonbioro B3psiBa U paciupenus BeeneHnHoii ¢ pa3ierom B
MyCTOTY ra3a, ckatoro "mourm B Touky". CpaBHeHHE ¢ HaOMIOJATENbHBIMH IaHHBIMH H
COBpPEMEHHBIMH KocMmoustoruueckumu TeopusamMu // Tpyasl "XIX XapHUTOHOBCKHX Hay4dHBIX
yrenuit". Capos: POALI-BHUUD®D, 2017. 5-12.



DOYHJIAMEHTAJIbHBIE UCCJIIEJOBAHUSA
8 FUNDAMENTAL RESEARCH

5. WMAP Cosmological parameters Model/Data Set Matrix. NASA;

http://lambda.gsfc.nasa.gov/product/map/current /parameters.cfm.

6. Kraiko A.N. A Model of the Big Bang and Universe Expansion in General Relativity with spread
of'a gas mass from a point to empty space // Grav. Cosmol. 2020. 26 (4). 399—407.

7. Kraiko A.N. Erratum to: A Model of the Big Bang and Universe Expansion in General Relativity
with spread of a gas mass from a point to empty space // Grav. Cosmol. 2022. 28 (1). 96.

A MODEL OF UNIVERSE EXPANSION IN GENERAL RELATIVITY
WITH SPREAD OF A HOT START SINGULARITY TO EMPTY SPACE

A.N. Kraiko

Baranov Central Institute of Aviation Motors (CIAM), Moscow, Russia

According to the law discovered by E. Hubble (1929), distant galaxies are moving
away from us at a speed u = H(?)r with a radius vector r to them and a function of time H =
H(f). Having a solution describing such a spread, it is possible to determine when the gas
that formed the galaxies began to disperse. Since 1929, the expansion of the Universe has
been described by the solution of A. Friedman (1922). In it, the scalar parameters of a gas
are functions of only time ¢, the distances between gas particles grow with the growth of ¢,
and the moment of singularity of its scalar parameters is taken as the beginning of the
expansion of the always boundless Universe. The time 7, counted from this moment, is the
time of the Universe "life". In 1998, two groups of US astronomers discovered an
inconsistency of observations with A. Friedman's solution. To eliminate it, this solution was
generalized to non-zero values of the "cosmological constant”" A, introduced by A. Einstein
to construct a stationary Universe. The choice of A allowed us to match observations with
such a solution. The found values of A lead to antigravity. Its bearer was called "dark
energy".

It would seem more natural to solve the problem of the expansion from a point into
the void of a finite mass of gas. However, until 2015, there was no such decision even in the
classical setting. In this formulation, the problem of the expansion of a finite mass m, of a
gas with a specific entropy s, was solved in [1] (2015). According to [1], a gas compressed
to a point and, because of this, having infinite total £, and specific g, energies, temperature
Ty, pressure p,, the density po and the sonic velocity ay, is scattered over the entire space so
that u = #/t when 0 < r < o (1), and p, T, p and a become zeros. However, the expansion
with arbitrarily high velocities contradicts SR and GR, according to which the velocity of
particles cannot exceed the speed of light c¢. Solutions [1-4] within SR satisfied this
limitation, with the same formula as in (1) for u, but with r < ¢f and u < ¢. Comparison of
the observational data [5] and the solution obtained without a single empirical constant with
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H = 1/t showed that it is better than any modern cosmological theory with dark energy, i.e.
dark energy is superfluous.

In [6, 7], the expansion into the void of the hot start singularity (HSS) inside its
gravitational radius (r < ry = 2E,G/c*, G is the gravitational constant) is considered in the
framework of GR. The degree of warming of the HSS is determined by the ratio of its total
energy Ej to the rest energy of all its N, baryons: ¢ = Eo/(NOchz), where my is the rest mass
of the cold baryon. At first sight, such a spread, like the spread of the singularity of a black
hole, is impossible. The fundamental difference, however, is that a black hole is the result of
a collapse after burning out of thermonuclear fuel in a star. Therefore, during collapse, the
growth of T, p and p is such that in the process of compression, the gravitational forces are
always greater than the pressure drop opposing them. During the HSS expansion, the
opposite is true due to the enormous pressure at the beginning of a spread of all massless
(with zero rest mass) and mass particles and antiparticles with a negligible contribution of
excess (over anti-baryons and positrons) baryons and electrons. When the expansion is
realized, the density in its center immediately becomes finite, decreasing with the growth of
t. Due to this, an R-region arises and grows in the center of the expansion, in part of which
the metric is close to the Galilean one and three equations of SR without gravity follow from
the GR equations and their solutions for velocity u = r/t and pressure p = 0. The equality p =
0 turned out without setting p = 0 on the border with the void. This is essential, because the
R-region is separated from the void by a spherical T-region described by the GR equations.
When large ¢ and ¢, the T-region may disappear, and two R-regions separated by the
gravitational radius will remain.
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OQHEPTETHYECKHE MATEPHAABI
H PU3HKA JETOHAIIHH

ENERGETIC MATERIALS
AND PHYSICS OF DETONATION

UCCJEJOBAHUE JETOHAIIMOHHOM CIIOCOBHOCTH IJIACTUYHBIX U
JIACTHYHBIX B3PBIBUATHIX COCTABOB HA OCHOBE TEPMOCTOMKHX
NHIANBUAYAJIBHBIX B3PBIBUATHIX BEIIECTB

A.C. I'naokos, I'.Il. Kyyenxo, JI.I'. Cyxoea, B.Al. Basomos
AO «'ocHUUN «Kpucramny» r. [3epxxunck, Hiwkeropoackas o6i., Poccust

[TpuroToBIEHBI TUTACTUYHBIE W DJIACTUYHBIC B3pbIBUaThie cocTaBsl ([IBB 1 OBB) Ha
OCHOBE DsiJla WHAWBUAYAIBHBIX TEPMOCTOMKHX B3pHIBUATHIX BemecTB (BB) m m3ydena mx
JIETOHAIIMOHHASI CLIOCOOHOCTD.

Jns  wccnenoBaHWE MCHONB30BaNMCh OKTOreH, OwmukiookTtan (BIO), CL-20,
oemstpudypokcan (BT®D), amMmuanH, aMHHOAMHUIWH, IMEHTA30J, MCHTAIUKIAH, OKTAHUT,
MUPHUH, a TAKKE Pa3IHYHBIC KAYIYKU H TUIACTH()HUKATOPHIL.

CocTaBbl Ha OCHOBE aMHUIMHA, aMUHOAMUJIMHA, TICHTA30J1a, IEHTAalUKJIaHa, OKTAaHUTA
U NUpUHA MMEIOT OONBIION KpPUTHYECKHH IuamMeTrp oT 5 MM M Oojee. MHUHUMAaIbHBINA
KPUTHIECKUI AMAMETp NETOHAIMH MOJYYeH Ha IIHypax W3 COCTaBOB HA OCHOBE OKTOTEHA,
BIO, CL-20 u BT®.

OTMEUYeHO, YTO HAMIYYIIYIO0 TEXHOJOTHIHOCTh HMEIOT COCTABBl HA OCHOBE OKTOTEHA,
BIIO, CL-20, BT®, menra3ona, MeHTAIMKIaHa W OKTaHWTAa. J[aHHBIE COCTaBBI XOPOIIO
BaJIBIIEBAINCH, IIHYPHl M3 HUX MMEJIH YIOBJICTBOPUTEIHFHYIO MPOYHOCTh M ANACTHIHOCTb.
B3pbiBuaTeie cocTaBbl Ha OCHOBE aMHIWHA, aMHHOAMHJWHA ¥ THPUHA CHOPMHUPOBATH B
OJTHOPOJTHYIO Maccy rOMOT€HH3alel ObII0 3aTpyIHUTENIBHO.

INVESTIGATION OF THE DETONATION ABILITY OF PLASTIC
AND ELASTIC EXPLOSIVE COMPOUNDS BASED ON HEAT-RESISTANT
INDIVIDUAL EXPLOSIVES

A.S. Gladkov, G.P. Kutsenko, L.G. Sukhova, V.Ya. Bazotov
JSC “GosNII “Kristall”, Dzerzhinsk, Nizhny Novgorod region, Russia

Plastic and elastic explosive compounds based on a number of individual heat-
resistant explosives were prepared and their detonation ability was studied.

HMX, bicyclooctane, CL-20, benztrifuroxane, amidine, aminoamidine, pentazole,
pentacyclane, octanite, pyrine, as well as various rubbers and plasticizers were used for
research.
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Compounds based on amidine, aminoamidine, pentazole, pentacyclane, octanite and
pirin have a large critical diameter of 5 mm or more. The minimum critical detonation
diameter was obtained on cords from compounds based on HMX, bicyclooctane, CL-20 and
benztrifuroxane.

It is noted that compounds based on HMX, bicyclooctan, CL-20, benztrifuroxane,
pentazole, pentacyclane and octanite have the best manufacturability. These compositions
were well rolled, the cords made of them had satisfactory strength and elasticity. It was
difficult to form the homogeneous mass of explosive compounds based on amidine,
aminoamidine and pirin by homogenization.

N3YYEHUE YJAPHO-BOJTHOBOI'O UHUIIMNPOBAHMUA
SMYJIbCHOHHOI'O B3PBIBUATOI'O BEHLIECTBA

A.C. FOnowes', M.II. legywxun™, A.B. Inacmunun’, A.A. ITnyman™

"Mucturyr ruaponunamuxu CO PAH, r. HoBocuGupck, Poccus
2H03001/16y1p01<14171 rocyIapCTBEHHBIN TeXHUYECKU YHUBEpcUTeT, . HoBocubupcek, Poccust

W3ydyenue mnporecca ynapHO-BOJHOBOTO WHHIMHPOBAHMS B3PBIBYATHIX BELIECTB
(BB) BaxkHO MO MHOTHMM HpHUYMHAM, HalpuUMep B CBSA3U C OIpPEACNICHHEM YCIOBUIl
6e3omacHoro odpamieHus ¢ BB, win ¢ TOukM 3peHus] ONTUMH3ALMH CIIOCOO0B BO30YKICHUS
neroHanuy. OCHOBHBIM KJIACCOM TPOMBINUICHHBIX BB Ha MaHHBII MOMEHT SIBISIOTCS
SMYJLCUOHHEIE B3pbIBUaThie BemiecTBa (OMBB). OmHako HaydHBIX paboT, MOCBAIIEHHBIX
yAapHOMY HWJIH YAapHO-BOJHOBOMY WHHUIIMHPOBAHHUIO 3TOTO KJIacca B3PHIBUATHIX BEIIECTB
Kpaitne mano. Hampumep, B [1, 2] u3ydaeTcs yapHO-BOJIHOBOS HHUITMUPOBAHNE PA3TUIHBIX
OMBB ¢ HauanbHO#f rwioTHOCTBEIO 1.248 r/em® w 1.18-1.33 F/CM3, COOTBETCTBEHHO,
CO37]aHHOTO Ha OCHOBE aMMHa4YHOU cenuTpbl. B [3] aHanu3upyeTtcs mpoiecc BO30YKICHUS
JNETOHAIIMM B Pa3NWYHBIX cocTaBax OMBB mpu mpocTperne uX BBICOKOCKOPOCTHBIMH
KOMITAKTHBIMHU yJJAPHUKAMH.

B nanHO# paboTe M3yuyeHO MHHMIMUPOBAaHWE JAeTOHAIMH B DMBB ymapom ToHkoU
JIOpaJeBOM MIacTUHKU. B ocHOBe uccienyemoro OMBB jexuT sMynscHOHHAsE MaTpUIla, B
COCTaBe KOTOPOW IPUCYTCTBYIOT pacTBOp amMmuayHoit (68.25%) m Harpuesoit (10.55%)
cemutp B Bozme (15.2%), munmyctpuansuoe macino M-20 (4%) u smyneratop copOutan
MoHooneaT (2%). IlnotHocTh odMmynbcuu  coctaBiser 1.41 r/eM’. B kaudecTBe
CEHCHUOMITN3aTOpa WCIIOJIB30BATMCEH MONMMEpHBIe MHUKpobaionsl Expancel 461 DET 40
d2s.

Tonkast nwopaneBas IUIaCTUHKA METalach CKOJB3SILIEH AETOHALMUEH aKmueHo2o
3apsna BB nHa muiockuil naccusnuii 3apsa u3 uccaenyemoro BB. Pacnonoxxenue 3apsanos
OBLTO TaKMM, YTOOBI YAap TUIACTHHKHY MO TTACCHBHOMY 3apsily IPOUCXOAMI TT0/1 HeOOIBITIM
YyIJIOM, a CKOpPOCTh TOYKHM KOHTAKTa METacMOW IUIACTHHKH U ITaCCUBHOTO 3apsia
MpPEeBHINIAIa CKOPOCTh JIETOHAIIMK MACCHBHOTO 3apsijia. B pesympTaTe yaapa B MacCUBHBIN
3apsA paclpoCTpaHsUIach yJapHas BOJHA, B HEKOTOPBIX JIKCIIEPUMEHTaX MNepexonduias B
JIETOHALIMOHHYI0 BOJHY. IIpu yKa3aHHBIX BBIIE YCIOBHMAX KapTHHA HArpyKEHUS
MIACCUBHOTO 3apsfa, sABIseTcd cranuoHapHOW. Ilpomecc ymapa perucTpupoBaincs c
MOMOIIBI0 UMITYJILCHOM peHTreHorpaguu. Ha pentreHorpamme ¢uxcupoBanuch ¢Gopma
ymapHOil W (opMa AETOHAITMOHHOW (B CiIy4ae WHHUIIMMPOBAHUS AeTOHAruu) BONH. [lo
PEHTreHOrpaMMaM TpoIiecca Harpy»XeHUs MMACCHBHOTO 3apsia OBUIM IIOCTPOCHBI YAapHEBIE
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anmabaThl uccnenyeMbix OMBB 1 paccuuTaHbl CKOPOCTH JETOHAIIMOHHBIX BOJIH, B Cllydae
UX UHULUUPOBAHHUS.

Ha mony4eHHBIX pEeHTreHOTpaMMax MOXKHO HETOCPEACTBEHHO H3MEPHUTh TIyOHHY
uHUOHupoBaHus H (B ciydae BO30Y)KICHHS ACTOHAINH). TakKe MOXHO OIICHUTh SHEPTHIO
YIapHO-BOJIHOBOTO HMHHUIMUPOBaHMA Hccieayemoro BB, ecim mnpenmonoxurs, dYTO
KUHETHYeCKass SHEprusl JABIKCHHWS METaeMOH IUTIaCTWHKHA B HAINpPaBICHUH MACCHBHOTO
3apsia TMOJHOCTHIO —TOrjolaercss wuccieayeMbiM BB u uaér Ha BO30y)kaeHHe
JleToHaunoHHoro npouecca. Jns OmMBB ¢ HauansHOl mioTHOCTHIO 1.0 r/em’ IIPHU CKOPOCTH
MeTaeMoil TmacTuHbel (.88 MM/MKC TITyOMHAa WHHIIMUPOBAHUS COCTABHJIA MPUMEPHO 5 MM,
9Ta OSHEpPTus WHHIUHMPOBAHWS, B pacuéTe HA EAMHHILy IIOBEPXHOCTH COCTaBHIIA
1.57 Jhx/mm?.

Paccunrannoe nmaBieHne B ncciaexyemMoM OMBB B MoMmeHT ynmapa, mpuBozsiiee K
WHULMUPOBAHUIO JETOHAIIMHM, 3HAYMWTENFHO MeEHbIIe paBieHus Yenmena-Xyre mist
uccnenyemoro BB. Dto moarBepxkmaer TO, uro B OMBB peakmus pasioxeHHS
5MYJILCHOHHON MaTpPUIIbl HAUNHAETCA B «TOPAYUX TOUKAX», TO €CTh B 00JIaCTAX 32 PPOHTOM
VB, Temmeparypa B KOTOpBIX Topa3no Oombmie cpeaneit. B OMBB «ropsuame Toukm»
BO3HUKAIOT B OKPECTHOCTH YIapPHO CHKaThIX MOP.

Jlumepamypa

1. J. Lee, F. W. Sandstrom, B. G. Craig, and P. -A. Fersson DETONATION AND SHOCK
INITIATION PROPERTIES OF EMULSION EXPLOSIVES// in: Proc. of the 9th Int. Symp. on
Detonation (1989), pp. 573-584.

2. CuneBectpoB B.B., KapaxanoB C.M., Jlepubac A.A., IlnactuamH A.B. VYnmapHO-BomHOBast
qyBCTBHTEJILHOCTh dMyJibcuoHHOro BB // Tpymer mexn. koudepenunn «IX XaputoHOBcKue
TeMaTu-4ecKkue uyTeHus», 12—16 mapra 2007 r., Capos., C.133-138.

3. K.L.C. Nielsen, C. Craciun, T.R. Craig, R. Turcotte High-velocity projectile initiation of emulsion
explosives //https://www.researchgate.net/publication/257432578 High-
velocity Projectile Initiation of Emulsion Explosives

INVESTIGATION OF SHOCK-WAVE INITIATION OF EMULSION EXPLOSIVES
A.S. Yunoshevl, M.P. Devushkin]'z, AV. Plastininl, A.A. Pluman®?

'Lavrentyev Institute of Hydrodynamics SB RAS, Novosibirsk, Russia
“Novosibirsk State Technical University, Novosibirsk, Russia

The study of the process of shock-wave initiation of explosives (HE) is important for
many reasons, for example, in connection with the determination of the conditions for the
safe handling of explosives, or from the point of view of optimizing detonation initiation
methods. The main class of industrial explosives at the moment are emulsion explosives
(EmEx). However, there are very few scientific works devoted to shock or shock-wave
initiation of this class of explosives. For example, in [1, 2], the shock-wave initiation of
various EEMs with an initial density of 1.248 g/cm’ and 1.18-1.33 g/cm’, respectively,
created on the basis of ammonium nitrate, is studied. In [3], the process of detonation
initiation in various compositions of EmEXx is analyzed when they are shot through by high-
speed compact projectiles.

In this work, we study the initiation of detonation in an EHE by the impact of a thin
duralumin plate. The emulsion matrix under study is based on an emulsion matrix, which
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contains a solution of ammonia (68.25%) and sodium (10.55%) nitrate in water (15.2%),
industrial oil I-20 (4%), and the emulsifier sorbitan monooleate (2%). The density of the
emulsion is 1.41 g/em’. Expancel 461 DET 40 d25 polymeric microballoons were used as a
sensitizer.

A thin duralumin plate was thrown by a sliding detonation of an active explosive
charge onto a flat passive charge from the investigated explosive. The location of the
charges was such that the impact of the plate on the passive charge occurred at a small
angle, and the speed of the point of contact between the thrown plate and the passive charge
exceeded the detonation velocity of the passive charge. As a result of the impact, a shock
wave propagated into the passive charge, which in some experiments turned into a
detonation wave. Under the above conditions, the loading pattern of the passive charge is
stationary. The impact process was recorded using pulsed radiography. The shape of the
shock and the shape of the detonation (in the case of detonation initiation) waves were fixed
on the X-ray pattern. According to the X-ray patterns of the passive charge loading process,
the shock adiabats of the investigated EmEx were constructed and the detonation wave
velocities were calculated in the case of their initiation.

On the obtained X-ray patterns, one can directly measure the depth of initiation H (in
the case of detonation excitation). It is also possible to estimate the energy of shock-wave
initiation of the investigated explosive, if we assume that the kinetic energy of the
movement of the thrown plate in the direction of the passive charge is completely absorbed
by the investigated explosive and goes to excite the detonation process. For an EEM with an
initial density of 1.0 g/cm’ at a speed of a thrown plate of 0.88 mm/us, the initiation depth
was approximately 5 mm; this initiation energy, per unit surface, was 1.57 J/mm”.

References
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TOHKAS KPUCTAJJIMYECKASI CTPYKTYPA, CIIEKTPAJIBHBIE CBOVMCTBA
U MUKPOMOP®OJIOIUS INIEHOK YPHEPTOEMKHX COEJUHEHUM,
MOJYYEHHBIXMETO/JOM KPUCTAJJIN3ALIAY U3 TA30BOM ®A3BI

HA PA3JIMYHBIX MOJIOKKAX

A.B. Cmankesuy, A.B. Cobonesckas, A.H. ['peyosa, M.C. Cmpenvyosa, O.A. ®ponosa
POAL-BHUUT®, r. CHexunck, Poccus

B nanHO#M paboTe MpoBeNEHBI NCCIEAOBAHUS CTPYKTYPHI TOHKHX IIEHOK Pa3IndHON
TOJIIMHBI n3 6en3oTpudypokcana, UKJIOTPUMETIIICHATPUHUTPAMHHA,
[UKJIOTETpaMETHIICHATETPAHNTPAMIHa,  TPHAMHHOTPUHUTPOOCH30a,  JUHUTPOAHM30JIa,
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MEHTadpPUTPUTTETPAHUTPATA, JMaMHHOIUHUTPOITHIICHA, TTOTY9EHHBIX METO/IOM
KPHCTAJUTU3alMU U3 Ta30BOi (ha3pl Ha Pa3IMYHBIX MOJJIOKKAX: MOJMATHICHTepedTanara,
MOJICpraMeHTa, AJIIOMUHUS, KBapIeBOIO CTEKJA, IIOJIMMEPHOW CMOJBI, KPEMHHUS H
candupa. [IpoBeaeHa npeaBapuTerbHAs MOATOTOBKAa ra3000pa3HBIX NMPOIYKTOB, KOTOPHIE
OBLIH TOJTyYEHBI METOJIOM TEPMOBAKyyMHOH CyOnuMamuy. Y CTAaHOBJIEHO, YTO MOTydacMble
TOHKHE IUIEHKM MMEIOT MOJICKYIAPHOE CTPOCHUE COOTBETCTBYIOIIEE HCCIENYEMbIM
BemecTBaM. OrmpeneneHa TeKCTypa TONyYeHHBIX IUIEHOK. B ocHOBHON  Macce
MHUKpPOMOPQOJIOTHSI TIEHOK OIpeAeNseTcs YacTHIAMH, HMEIOUIMMH CcTon04aryo Qopmy,
HEpPaBHOBECHYIO OTPAaHKY M Pa3BHUTYIO MOBEPXHOCTb. V3MepeHHs NMpOBOAMINCH METOJaMHU
PEHTTCHOBCKON TH(PPaKTOMETPUH, CIIEKTPOCKONNK KOMOHMHAIIMOHHOTO paccesHUsl CBETa,
UK-cnexktpockonuy, Y®-Bua- crnekTpopoTOMETpUH, ONTHYECKOW W DIEKTPOHHOH
MHKPOCKOITHH.

Kpome TOro, mpoBeneHbI HCCIEOBAaHUS TOIOJOTHH TOBEPXHOCTH U DIICKTPOHHBIC
CBOMCTBA MOJTy4YEHHBIX TEKCTYPHUPOBAHHBIX IUIEHOK.

FINE CRYSTAL STRUCTURE, SPECTRAL PROPERTIES
AND MICROMORPHOLOGY OF FILMS OF ENERGY- INTENSIVE
COMPOUNDS OBTAINED BY CRYSTALLIZATION FROM THE GAS
PHASE ON VARIOUS SUBSTRATES

A.V. Stankevich, A.V. Sobolevskaya, A.N. Gretsova, M.S. Streltsova, O.A. Frolova
RFNC-VNIITF, Snezhinsk, Russia

In this work, we studied the structure of thin films of various thicknesses from
benzotrifuroxan, cyclotrimethylenetrinitramine, cyclotetramethylenetetranitramine,
triaminotrinitrobenzene, dinitroanisole, pentaerythritol tetranitrate, diaminodinitroethylene,
obtained by crystallization from the gas phase on various substrates: polyethylene
terephthalate, parchment, aluminum, quartz glass, polymer resin, silicon and sapphire.
Preliminary preparation of gaseous products, which were obtained by the method of thermal
vacuum sublimation, was carried out. It has been established that the obtained thin films
have a molecular structure corresponding to the studied substances. The texture of the
obtained films was determined. In the bulk, the micromorphology of films are determined
by particles having a columnar shape, nonequilibrium faceting, and a developed surface.
The measurements were carried out by x-ray polycrystalline diffraction, Raman
spectroscopy, IR spectroscopy, UV-Vis spectrophotometry, optical and electron
microscopy.

In addition, studies of the surface topology and electronic properties of the obtained
textured films were carried out.
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BJUSAHUE JOBABKH YIJIEPOJIA PA3JIMUHOM AJVIOTPOIIMN
HA MPOLECC I'OPEHUSI CMECEBBIX PAKETHBIX TOIIJINB

C.1O. Hapvwrcnwiii, B.FO. /lonmamos, A.C. Kosnos, B.B. ®@omenko,
I'.B. Cemawxun, B.A. Mapuyxos, C.B. /lecamos, A.C. Ky3axog

OI'VII «CrienmaibHOE KOHCTPYKTOPCKO-TeXHU4ecKoe Otopo «TexHomnory,
r. Cankr-IlerepOypr, Poccust

B nmaHHOW paboTe MPOBEACHBI WCCICIOBAHWE BIMSHHS VyIiIepoJa pa3InIHOM
AITIOTPOIMH Ha XapaKTePUCTUKU TOPCHHS cMeceBBIX pakeTHHIX TorwtuB (CPT). B kauectse
MOJICTIEHBIX COCTaBOB HCIOJB30BaJIOCh IacTooOpa3sHoe pakerHoe tommeo (IIPT) [1],
KoTopoe siBisiercss HeoTBepkACHHRIM CPT. B pementypax MOJAETBHBIX COCTaBOB
HCIIOJIE30BAIHCH aKTHBHOE TOPIOYEE CBA3YIOIIEE Ha XIIOPHO-KHUCIIOH OCHOBE C T0OABICHUEM
yriaepoga W IEpXJIOpaT aMMOHHS B KauecTBe OKWcCIHTeNs. [lomoOHBIE COCTaBEI
HCCIIeIOBANCH B paboTe [2].

B nmanHOoM mccnemoBaHue Oosiee TIyOOKO OBIJIO M3YYEHO CpPaBHUTEIHLHOE BIIASHUC
pa3HBIX BUIOB yriiepoaa Ha ckopocTh ropeHnss CPT. 3a 0CHOBBI HCTIONB30BAIICS MOICTBHBIN
coctaB 0e3 n06aBok. I[IpenBapuTeNbHO OBITM TMPOBEICHBI TEPMOJUHAMHUYECKUE OIICHKH
JTAaHHBIX MOZEIHHBIX COCTaBOB.

ITo pesympTaTaM mcciaeOBaHUI BBISIBICHBI 3aKOHOMEPHOCTH BIHMSHHUS T0OABICHUS
yriepona pasHoit amnorporuu Ha CPT, B paGore mpuBeneHBI CpaBHUTEIbHBIC TaOJMIIBL.
Haubonpmrass mpubaBka B CKOPOCTH TOPEHHUsI MOJEIBHOTO COCTaBa Oblla IOJIydeHa C
UCTIONIb30BaHUEM YTIepoja B BUAE JETOHALMOHHBIX HaHoanMa30B (JJHA) u coctasuna 23%
OT CKOPOCTU TOPEHHUSI UCXOJHOTO MOJENIBHOIO COCTaBa MpHU AaBICHUE B KaMepe CropaHus
10 MITa.

Jlumepamypa

1. Copoxun B.A., Snosckuit JI.C., )Kusoros H.IL. u ap. PakeTHO-IpsMOTOYHBIC IBUraTelId Ha
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2. C.IO. Hapeokasiid, A.C. Kosnos, B.1O. Jonmatos, B.B. ®omenko u ap. BiausHue Moandukamn
TETPUJIOBBIX JICTOHAIIMOHHBIX HAHOAIMAa30B HAa TOPEHHE MOJENBHBIX MACTOOOPA3HBIX PaKETHBIX
tomus. dusnka ropenus u B3pbBa. 2021. T. 57. Ne6. C. 48-55.

KOMIUIEKCHAS OHEHKA INEPCIIEKTUB ITIPUMEHEHUA
MAJIOYYBCTBUTEJIBHBIX B3PBIBYATBIX COCTABOB
B OCKOJIOYHO-®YI'ACHBIX BOEITPUITACAX CPEJHEI'O KAJINBPA

K.C. Konobos, 1.A. Kysueyos, A.C. CuupHos
AO «'ocHHUMmMmam M. B.B. baxupesay, r. [I3epxunck, Poccust

[IpoBenen aHammM3 IMIUPOKOW HOMEHKIATYPHl HCIBITAHUH OOCTPUIAcOB Ha
YCTOMYMBOCTh K IITAaTHBIM M HECAHKLMOHHWPOBAHHBIM BO3JEHCTBUSM BEPOSTHBIM Ha
CTaluAX KU3HCHHOT'O MHUKJIa, B TOM YHCJIC PACCMOTPEHBLI OTCYCCTBECHHBIC U 3apy6e>1<Hb1e
MeToauKkHu ucnbeiTaHui. [lpennoxkeH moaxon, MO3BOJSAIOIIANA COBMECTHO pacCcMaTpuBaTh
PE3YyabTAaThl SKCIICPUMEHTAJIbHBIX I/ICCJ’IC}IOBaHI/Iﬁ o pasHbIM METOJUKAM B CpaBHCHHUU C
peanbHBIMU YPOBHSAMM BO3JEHCTBUN Ha CTAUAX KU3HEHHOIO LIMKJIA.
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[TpoBeneH KOMIUICKC WCHBITAHUH YCTOWYMBOCTH OOCTIPHIIACOB, CHAapsDKEHHBIX
B3PBIBYATBIMHU COCTaBaMM Ha OCHOBEC IITATHBIX, a TAKXKC MaJIOYYBCTBUTCIBHBIX BB. IL]'IS{
HHTEPIIPECTUPOBAHUA TOJIYUYCHHBIX  PE3YyJIbTAaTOB BBITIOJTHCHBI OLICHOYHBIC paC‘IéTBI
KOJINYECTBA TeIIa 3aHOCHMOTO B OOempHuIac NMpH NMPOHUKAHHHM BHYTPH KOpIyca Iyjib H
OCKOJIKOB. IIpenyoxeHbl CIeHapHH peaknmuid B3PBIBYATBIX COCTABOB HA JIOKAJIBHBIH
pasorpeB B 30He OCKOnka. Pa3paboTaHHeIi B Xome paboTHl (opMaTU30BaHHBIN
BHCPFCTI/IHCCKI/Iﬁ noaxoJ IO3BOJIICT 00BACHUTH TMOJTYUYCHHBIC OKCICPHUMCEHTAJIBHBIC
Pe3yJIbTATHI.

HCCJIEJOBAHME MPOIECCA OKUCJEHUS AJIJIOMUHUEBOM
JOBABKHU ITPU JTETOHAIIU B3PBIBYUATBIX COCTABOB
C IPUMEHEHMUEM CUHXPOTPOHHOI'O U3JIYYEHUSA

HA. Py6u031'2, KA. TeHZ, A.O. I{amkaposz, A.C. lOHomeeZ, A.B. HﬂacmuHuHZ,
C.M. Kapaxaﬁoez, AA. Cmy()eHHukoel '2, B.I1 Xa/zeMquyK],
A.E. Kypenur’®, JI1.B. Mananuesa®, . A. Kysueyos®

1L[Kl'[ «CKU®» Uucruryra karamuza uM. I.K. Bopeckosa CO PAH, p. n. Konsnogo,,
HoBocubupckas obnacts, Poccus
*MucrutyT ruapoxuHamMuky uM. M.A. JlaBpentsesa CO PAH, r. Hosocubupck, Poccust
*AO «oCyapCTBEHHbIH HAYYHO-HCCIIEI0BATENbCKUIl HHCTHTYT MAITHHOCTPOCHHS
nm. B.B. Baxupesay, r. [I3epxxunck, Hmxeropozckas o6in., Poccust

Cpenu  TMpUMEHSEMBIX  MMITYyJIbCHBIX ~ PEHTTGHOBCKMX  METOJOB  M3Y4YCHHS
JETOHAIIMOHHBIX W yJApHO-BOJIHOBBIX SIBICHMI AaKTUBHO pa3BUBAIOTCS  METOBI,
OCHOBaHHBIC HA WCIIOIb30BAHUM CHHXPOTPOHHOTO H3IyYEHHsS YCKOPHUTENEHl BBICOKHX
9Heprui. VX mperMyIecTBO 3aKOYaeTcsi B MaJOM BPEMEHHM dKCIo3unuu (MeHee 1 HC),
XOpOIIeH TIIOBTOPSEMOCTH HWMITYJIbCOB HM3JIYy4E€HHS M OTCYTCTBUEM BO3MYIIAIOLIMX
BO3ACUCTBUH Ha HCCIETyeMBbIi OOBEKT.

Pabora MOCBSIILIEHA UCCIIE0BaHUIO JIETOHAIIMOHHBIX XapaKTepUCTUK
IIOMHHU3UPOBAHHBIX B3PHIBYATBIX COCTABOB C HCIOJB30BAaHUEM CHHXPOTPOHHOTO
m3nydenusi. MccnenoBanuch HM3roTOBJIEHHBIE METOJOM JIMThSl LMJIMHIPHUYECKHE 3apsiibl
(020x30 mm) m3 B3peBUaTBHIX cocTaBoB OJIA-30T um C25A, umMmeromme NpaKkTHIECKH
OJTHAKOBOE II0 Macce KOJIWYECTBO OKTOT€HAa M AIIOMHHHEBOTO HAIMONHUTENSA, HO
OTIIMYAIOIINECS] DYHEpProcoaepkaHneM cBssytomero BemectBa (B OJIA-30T ~ 17 %
aKTHBHOTO CBA3YIOIIETO, @ B C25A ~ 19 % MHEPTHOTO CBA3YIOIIETO).

OKCHEpUMEHTANBHO TOMYYEHBl JaHHBIC O BPEMEHHU DPEaKIWW ATIOMHHHS B BOJIHE
pasrpy3Kd NPOAYKTOB NETOHAIMM, a TAKXKE YPABHCHHE COCTOSHHS IIPOTYKTOB B3DPbIBa
uccienyeMeix BB, omnpeneneHbl nX AEeTOHAMOHHBIE XapaKTEpUCTUKHU. sl ompeneneHus
CTENIEHN pearupoBaHMsi T'OPIOYETO HAIMOJHUTENS HEMOCPEJCTBEHHO B YCIOBHSX B3phIBa
OblIa NCIIOJIB30BaHA METOIMKA MAJIOYTOJIOBOI'O PEHTI€HOBCKOTO PaCcCEesTHHUSI.

B pabore wucnomb3oBanoce obopymoBanme LKII «CLCTU» na 0Oaze YHY
"Kommexc BOIII1-4 — BOIII1-2000" 8 s1d CO PAH.
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INVESTIGATION OF THE OXIDATION PROCESS OF AN ALUMINUM
ADDITIVE DURING DETONATION OF HIGH EXPLOSIVE USING
SYNCHROTRON RADIATION

LA. Rubtsovl'z, KA. Tenz, A.0. Kashkarovz, A.S. Yunoshevz, AV. Plastininz,
S.M. Kamkhanovz, AA. Studennikov"z, V.P. Khalemenchuk’,
AE. Kurepinj, LV. Malancheva3, LA. Kuznetsov’

ISRF «SKIF» Boreskov Institute of Catalysis SB RAS, Kol’tsovo, Novosibirsk region, Russia
?Lavrentyev Institute of Hydrodynamics SB RAS, Novosibirsk, Russia
3JSC “State Scientific Research Institute of Mechanical Engineering after V.V. Bakhirev”, Dzerzhinsk,
Nizhny Novgorod region, Russia

Among the applied pulsed X-ray methods for studying detonation and shock wave
phenomena, methods based on the use of synchrotron radiation from high-energy
accelerators are actively developing. Their advantage lies in the short exposure time (less
than 1 ns), good repeatability of radiation pulses and the absence of disturbing effects on the
object under study.

The work is devoted to the study of detonation characteristics of aluminized
explosive compositions using synchrotron radiation. Cylindrical charges (020x30 mm)
made by casting from the explosive compositions OLA-30T and C25A, having almost the
same amount of octogen and aluminum filler by weight, but differing in the energy content
of the binder (in OLA-30T ~ 17% of the active binder, and in C25A ~ 19% of the inert
binder).

Experimentally obtained data on the reaction time of aluminum in the wave of
discharge of detonation products, as well as the equation of state of the explosion products
of the studied explosives and were determined their detonation characteristics. The
technique of small-angle X-ray scattering was used to determine the degree of reaction of
the fuel filler directly in the explosion conditions.

The work was done at the shared research center SSTRC on the basis of the VEPP-4
- VEPP-2000 complex at BINP SB RAS.

WHUIIMUPOBAHMUE JETOHAIIUU B BB HA OCHOBE OKTOI'EHA
YJIAAPHBIMH BOJTHAMH MTPAMOYT'OJIBHOI'O NPOPUJISA
C AMILIMTYJOU JABJIEHUSA 1O 5 I'lla

E.H. Bozoanos, E.B. Pviuacos, U.A. Cnupun, B.H. Knazes, P.A. Boponkos,
I'.A. Koznos, B.B. bapabun, /I.B. Kprouxos, /].H. 3amomaes, A.M Heun

POAL-BHUD®, r. Capos, Poccus

Jns  Bepudmkanum Momenell KWHETHKH JETOHAIMH, NPUMEHAEMBIX TIpU
MaTeMaTHYECKOM MOJEIHPOBaHUK pabOTHl W3Aeiuid, coiepxkammx BB, ucmomesyrorcs
JAaHHBIE TI0 yJapHO-BOTHOBOMY HHHITUMPOBAHHUIO NETOHAIMH, ITOJyJ4aeMbIe B MOJEIBHBIX
skcriepuMerTax. OCHOBHBIMH TIPU 3TOM SBIISTIOTCSI 3KCIIEPUMEHTHI MO0 HHHUIIMHPOBAHUIO
CTAI[MOHAPHOW JETOHAIMM YJAPHBIMU BOJHAMHU MPSIMOYTOJBHOTO (CTOI000pa3HOro)
npoduns B auana3one amrumtydq ot 2 go 20 I'Tla. B HHX perucTpupyroTCs Takue
XapaKTePUCTUKH, Kak mnpodWid JAaBicHUS 332 (PPOHTOM yHApHOW BOJIHBL, TIIyOWHA
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BO30YKICHHS ACTOHALINH, POQIIN BOITHOBOH CKOPOCTH, KOTOPHIC TIO3BOJIAIOT HAOIIOIaTh
3a SBOJIIOIHEH HHUIIMUPYIONICH YAapHOI BOJIHBI [IPU TIEPEXO/IC €€ K ACTOHAIUH.

YcneuHpIMH IBIISIIOTCS TE MOJECIN KUHETUKU ACTOHAIINU, KOTOPBIC TP OJJMHAKOBOM
HaOoOpe MapaMeTpoB CIOCOOHBI € MPHEMJIEMOW TOYHOCTHEO OIMCATh BECh HaOOpP
OKCICPUMEHTAJIBHBIX JAaHHBIX IO YIapHO-BOJTHOBOMY MHUIITUUPOBAHUIO.

HaI/I6onee LICHHBIMU 11 TECTUPOBAHUA MOI[eHeﬁ KHHCETUKU JJCTOHALMU ABJISIFOTCS
OKCIICPUMEHTAJIBHBIC PE3YJIbTAThI, IMOJYYCHHBIC IMPH OTHOCUTCIBHO HHU3KOMHTCHCUBHBIX
YIapHO-BOJIHOBBIX BO3ACHUCTBUAX. DTH PE3YyJIbTAThHl IO3BOJLIIOT HAOIIONATh HSBOIIOIIIO
WHULNAUPYIOMIECH yIApHOW BOJHBEI B [CTOHAIIMOHHYID B JOCTaTOYHO IIPOTSIKCHHOM
BPEMEHHOM HHTEpBaje, a UX KOPPEKTHOEC MaTEMATHICCKOE OTHMCAHUE SBISICTCS CEPhE3HBIM
TECTOM, CBHICTCIHCTBYIOIIUM O TPABHIBHOCTH 3aJI0OKCHHBIX B MOJACISIX (DHU3UICCKUX
MPHUHITATIOB.

B nmanHO# pa®oTe MpOBEACHO HCCIEAOBAHKME MPOIEcca HHUIUMHPOBAHUS JICTOHAIUH
BO B3pPbIBUATOM BCIIECCTBE Ha OCHOBEC OKTOI€Ha YJIAapHBIMHU BOJHaMHW IMPAMOYTOJBHOI'O
npoduns ¢ gaBinenueM Bo ¢Gponte 2 m S5 [Tla. Harpyxemme BB ocymecTBisuioch
YIapHAKOM C TIPIMEHEHHEM CTBOJBHBIX HAarpyXalollWX YyCTAHOBOK. Permcrparus
MpoBeJiIeHa C MCIIOJIb30BAaHMEM METOJa MaHraHWHOBOTO JaTyuka JnaBieHus, PDV wu
paguounTepdepomerpa. Ilomydensr mpodunu naBiaeHWsS 32 (QPOHTOM HHHUITUUPYIOMICH
yIapHOI BOJIHBI B Pa3IMYHBIX CCUCHUSAX Harpyxaemoro oOpasuna BB, 3apeructpupoBaHbl
HETpephIBHEIE X-t W D-t amarpaMmbl mepexoja WHUIMHPYIOMICH YyOapHOW BOJHBI B
JICTOHAIIMOHHYI0. DKCICPUMCHTAIBHBIC TAHHBIC CPABHCHBI C PACYCTHBIMU, TIOJTYYCHHBIMU C
MOMOIIBI0 MOJETA KHHETHKW jaetoHanuu «OUYATD»: HaOmomaeTcs XOpoIlee COTIacue
pPaCUCTHBIX W JKCIEPUMCHTAIBHBIX JaHHBIX. Pe3ynbTaThl SKCHEPUMEHTOB TaKKE MOTYT
OBITH MTOJIC3HBI IS TECTHPOBAHUS IPYTHX MOJICICH KHHETUKH JCTOHAIUH.

INITIATION OF DETONATION IN EXPLOSIVES BASED
ON HMX BY RECTANGULAR SHOCK WAVES
WITH A PRESSURE AMPLITUDE OF UP TO 5 GPa

E.N. Bogdanov, E.V. Rychagov, I.A. Spirin, V.N. Knyazev, R.A. Voronkov,
G.A. Kozlov, V.V. Barabin, D.V. Kryuchkov, D.N. Zamotaev, A.M. Ivin

RFNC-VNIIEF, Sarov, Russia

To verify the models of detonation kinetics used in mathematical modeling of the
operation of products containing explosives data on shock-wave initiation of detonation
obtained in model experiments are used. The main ones are experiments on the initiation of
stationary detonation by shock waves of a rectangular (table-shaped) profile in the
amplitude range from 2 to 20 GPa. They record such characteristics as pressure profiles
behind the shock wave front, the depth of detonation excitation, and wave velocity profiles,
which make it possible to observe the evolution of the initiating shock wave during its
transition to detonation.

Successful models of detonation kinetics are those that, with the same set of
parameters, are able to describe with acceptable accuracy the entire set of experimental data
on shock wave initiation.

The most valuable for testing models of detonation kinetics are the experimental
results obtained under relatively low-intensity shock-wave impacts. These results make it
possible to observe the evolution of an initiating shock wave into a detonation wave over a
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sufficiently long time interval, and their correct mathematical description is a serious test of
the correctness of the physical principles embedded in the models.

In this work, we studied the process of detonation initiation in an HMX-based
explosive by rectangular shock waves with front pressures of 2 and 5 GPa. The loading of
explosives was carried out by a impactor using barrel loading installations. The registration
of process was carried out using the method of manganin pressure sensor, PDV and radio
interferometer. The pressure profiles behind the front of the initiating shock wave in various
sections of the loaded explosive sample were obtained, x-t and D-t diagrams of the transition
of the initiating shock wave to the detonation wave were recorded. The experimental data
are compared with the calculated ones obtained using the “OCHAG” detonation kinetics
model: a good agreement between the calculated and experimental data is observed. The
experimental results can also be useful for testing other models of detonation kinetics.

O BO3MOKHOM BJIMAHUU ITOP U IPYT'UX CTPYKTYPHBIX JE®EKTOB
HA TEMIEPATYPY INIOJIMMOP®HOI'O IPEBPAIIEHUA OKTOI'EHA

A.M. 3no6un, I1.C. benyxuna, C.B. bonoapesa, C.A. Baxmucmpos, C.0. I pebennuxosa,
TE. Kupcanosa, H A. Mupownuuenxo, A.B. Cxeupckasa, A.A. Cmapocmuna, FO.B. llletixos

POAL-BHUND®, r. Capos, Poccust

[onydern OombIION O00BEM HSKCICPUMCHTANLHOTO MaTepHaia B  IPOIECCE
WCCIICIOBAaHHS YCTOHYMBOCTH CTaOWIBHOW MpH KOMHATHON Temmeparype [ - dasbl
OKTOT€HA, MOIIHOTO TEPMOCTOMKOTO B3PHIBYATOTO BEIISCTBA, HAIICAIIETO MIMPOKOE
MIPUMEHECHNE B Pa3IMIHBIX B3PBIBHBIX YCTpoWcTBaX. M3ydanocsk BiIHMsHUE paga GU3HICCKUX
(hakTOpOB Ha TeMIlepaTypy HOIUMOPGHOTO MPEBPAIICHUS OKTOreHa [ — J, TaKHX Kak
BHEIIHEE  JaBJICHUE, TpaHyJIOMETPUYEeCKAH  COCTaB, JEPEKTHOCTh KPHCTAJIIOB,
MpeaBapuTeIbHOE TEPMHUIECKOE CTapeHNE, BaKyyMHUPOBAaHME.

B pabore mpencraBieH aHanMHM3 pe3yibTaTOB AKCHEPUMEHTANBHBIX HCCIEIOBAaHUI
MpeBpalieHuss OKToreHa [ — 0 B 3aBUCHUMOCTH OT pa3Mepa KPUCTAJIOB, IMPOBEICHHBIX
MeToAaMu TudQepeHInaIbHO-TEPMUIECKOTO aHanu3a, AuddepeHnarsHO-CKaHNPYyomeit
KaJOPUMETPHUH, a TAK)KE MMKHOMETPHYECKIM METOIOM H3MEPEHHUS TUIOTHOCTH KPHUCTAIIIOB.

Ha ocHOBaHWMHM TepMOAMHAMHYECKOTO TWOAXONAa M OOOOIIEHHOTO YpaBHEHHS
Knaneiipona - Kinay3uyca paccMoTpeH pa3MmepHbiii 3pdeKT — 3aBHCUMOCTh TEMIEPaTyph
Hadaia mnonuMop¢HOro mpeBpamieHus [ — J OKTOTeHa OT pPa3MepoB KPHCTAJUIOB.
IIpoBencHBI OICHKU BIHSHUSA Ha ATOT 3(PdexT pas3nuyHbiX Qu3nuecKkux (HaxkTopos:
BHEIIHETO JABJICHHS, W3MCHEHHs IUIOTHOCTH Marepuaia H3-3a CTPYKTYPHBIX Ae(heKToB
(mucioKaIuii, MHKpPOIOpP, MHKPOTPEIIMH U Jp.), BKJIaJa IOBEPXHOCTHOW JHEPTrUH B
cBOOOIMHYIO JHEpruio [nO0Oca, 3aBUCUMOCTH BJHSHUS CTPYKTYPHBIX Je(QEKTOB Ha
SHTATBIHIO (Ha30BOTO MEPEX0a.

[ToxazaHo, 9TO B yCIOBHSAX NMPOBEIECHHBIX SKCIIEPUMEHTOB JIeiicTBHE psina (hakTOpoB
(maBieHne, M3MEHEHNE TUIOTHOCTH Marepuaia, 00yCIOBICHHOE MPUCYTCTBHEM Ie(EKTOB,
MTOBEPXHOCTHAS SHEPTH) HE MOKET OOBSICHUTH HaOII0JaeMBIi pa3MepHBIi 3 dekT.

ChemaH BBIBOA O TOM, 9YTO CHIDKEHHE TeMIepaTypbl Hadana MOJMMOpP(HOTo
npeBpaieHus f — J oKToreHa Ha 5-7 rpaaycoB IpH yBEIMYEHUH Pa3MEpOB KPUCTAIJIOB B
uaTepBasie or 100 MxMm g0 500 MKM MOXXET OBITH CBS3aHO C 3aBUCHUMOCTBIO CKadKa
SHTAJBIHMH Ha (Pa30BOM TMEpeXo/e OT CTPYKTYPHBIX JEPEKTOB.
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ON POSSIBLE INFLUENCE OF PORES AND OTHER STRUCTURAL DEFECTS
UPON TEMPERATURE OF POLYMORPHIC TRANSFORMATION OF HMX

A.M. Zlobin, P.S. Belukhina, S.V. Bondareva, S.A. Vakhmistrov, S.E. Grebennikova,
T.E. Kirsanova, N.A.Miroshnichenko, A.V. Skvirskaya, A.A. Starostina, Yu.V. Sheikov

RFNC-VNIIEF, Sarov, Russia

By now, a lot of experimental studies were implemented with regard to the £ - phase
of HMX being stable at a room temperature, which is a strong heat-resistant explosive
having wide application in various explosive devices. The effect of some physical factors
was studied on a temperature of the polymorphic transformation f — J, such as ambient
pressure, granulometric composition, imperfection of crystals, prior thermal ageing,
vacuumization etc.

The work presents analyzed results of experimental studies of the polymorphic
transformation f — & of HMX depending on a crystal size, which were performed via a
differential-thermal method, differential-scanning calorimetry as well as a pycnometric
measuring method of crystalline density.

From a thermodynamic approach and the Clapeyron-Clausius generalized equation a
size effect was considered — dependence between a temperature of onset of HMX
polymorphic transformation f — J and crystal sizes. It was assessed how different physical
factors influenced on this effect. The physical factors are as follows: ambient pressure, a
density change of a material owing to structural defects (dislocations, micropores,
microcracks etc.), the contribution of surface energy to Gibbs free energy, dependencies of
the effect of structural defects on enthalpy of a phase transition.

It was showed that under the conditions of the implemented experiments the action of
the folowing factors (a pressure, a material density change owing to defects, surface energy)
cannot explain an observed size effect.

The authors concluded that a temperature drop of the beginning of HMX
polymorphic transformation f — J by 5-7 degrees with increasing crystal sizes from 100
pm to 500 pm may be connected with dependence between enthalpy jump in a phase
transition and structural defects.

BJUSIHUE BLICOKUX TEMIIEPATYP HA KPUTUUECKUI TUAMETP
JETOHAIIMU ITACTHYHBIX U 3JIACTUYHbBIX B3PBIBUATBIX COCTABOB

JLT. Cyxosa, I'.Il. Kyyenxo, A.C. I'naokos, B.Al. basomos
AO «'ocHUU «Kpucrammy, r. 3epxkunck, Hmxeropoackas o61., Poccus

W3yyeHo BIUsSHME BBICOKHX TEMIEpaTyp Ha KpUTHYecKuil quamerp netoHanuu (dy,)
IUTACTUYHBIX M 3JIACTUYHBIX B3pbIBUaThIX cocTaBoB (IIBB u OBB) Ha ocHOBe OkTOTeHa U
ourukinooktana (bLIO), comepxamux pa3inyHble KaydyKd. TepMUpOBaHHE IIHYPOB W3
€OCTaBOB MpoBoAMIOCH MpH Temmneparypax 130 °C, 170 °C u 190 °C B teuenue 30 MUHYT.

Pe3ynpTaThl MCHBITAaHUM MOKA3BIBAIOT, YTO Yy BCEX COCTaBOB, HE3aBHCHUMO OT
HCIIONb3YEMOr0 KaydyKa, IOC€ BBIAEPHKKU IPU BBICOKHX TEMIIEPATypax CHUKAETCA dip.
[Ipruem weM BrINIEe TeMIepaTypa, IPH KOTOPOH TMPOUCXOANIO TEPMUPOBAHHE, TEM OOJBIIE
HaOMI01aeTCs CHUKEHUE dig.
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IIpennonaraercs, 4To Ha CHIKeHHE d,, COCTABOB TNPHU BHICOKHX TeMIeEpaTypax
BIHMSET KaK POCT Ae()EKTHOCTH KPHCTALIOB, OOpa3yrolieiics B MPOIECCe U3MEHCHHS HX
obbeMa TpU HarpeBaHWM W OXJAKICHWH, TaK W W3MECHEHHE YCIOBUH KOHTaKTa
COpPOLIMOHHOTO CJIOS ¢ TOBEPXHOCTHIO YacThll BB u cocTosiHMsA camoro copOIOHHOTO CIIOS.

[IpoBeneHHbIe HCCIENOBAHUS TTOKA3bIBAIOT, YTO BO3JCHCTBHE BHICOKUX TEMIIEPATyp
Ha wu3fenws (MIHYpPHI) M3 COCTaBOB Ha oOcHOBe okrtoreHa u bBIIO He oka3wsiBaeT
OTPHULIATENHHOTO BIMSIHHA HAa BEIHYUHY dyp, KOTOPHIH TOJIBKO YMEHBIIAETCH, 0OecHeunBas
TEM CaMBbIM HaJIe)KHOCTh ()YHKIIMOHUPOBAHHS JCTOHAIIMOHHON IICTIN.

OmHako BBICOKHE TEMIIEPAaTyphl OTPHIATEIFHO CKa3bIBAIOTCS Ha (U3UICCKOM
COCTOSIHUH m3lenuil. [ImnTensHOe BO3IEHCTBHE BBICOKHX TEMIIEPATyp MPUBOAUT K ITOJHOM
(hM3MYecKoll U XUMHYECKONW CTPYKTYypH3aIlMH KaydykKa B COCTaBe, B PE3YJIbTATEC TEPSCTCS
TUTACTHYHOCTD M NIACTHIHOCTH ITHYPOB M OHU CTAHOBSITCS XPYITKAMHU.

CrnenoBarenbHO, TpPHU OKCITyaTalldd TPU BBICOKHX TeMIepaTypax H3Aenus
HEO0OXOUMO 3aKJII0YaTh B KOPIYC C LEIbI0 TMPEIOTBPALICHHS pPa3pyIICHUs H3IEIHA H
UCKITIOYEHHS HAPYIICHHS [EIOCTHOCTH B3PHIBHOH IIETIH.

THE EFFECT OF HIGH TEMPERATURES ON THE CRITICAL DETONATION
DIAMETER OF PLASTIC AND ELASTIC EXPLOSIVE COMPOUNDS

L.G. Sukhova, G.P. Kutsenko, A.S. Gladkov, V.Ya. Bazotov
JSC “GosNII “Kristall”, Dzerzhinsk, Nizhny Novgorod region, Russia

The effect of high temperatures on the critical detonation diameter of plastic and elastic
explosive compounds based on HMX and bicyclooctan containing various rubbers was
studied. The heating of the cords from these compounds was performed at temperatures of
130°C, 170°C and 190°C during 30 minutes.

The test results show that for all compounds regardless of the used rubber, the critical
detonation diameter decreases after exposure at high temperatures. Moreover, the higher the
temperature of thermalization, the smaller the critical detonation diameter.

It is assumed that the decrease of the critical detonation diameter of compounds at
high temperatures is affected by the increase of the defectiveness of crystals formed in the
process of changing in their volume during heating and cooling, the changes of the contact
conditions of the sorption layer with the surface of the explosives particles and the state of
the sorption layer itself.

The performed studies show that the effect of high temperatures on products (cords)
from compounds based on HMX and bicyclooctane does not adversely affect the value of
critical detonation diameter, which only decreases, thereby ensuring the reliability of the
detonation circuit.

However, high temperatures negatively affect the physical condition of the products.
Prolonged exposure to high temperatures leads to complete physical and chemical
structuring of the rubber in the composition, as a result, the plasticity and elasticity of the cords
are lost and they become brittle.

Therefore, during operating at high temperatures, the products should be enclosed in a
housing to prevent their destruction and to exclude the violation of the integrity of an explosive circuit.
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IHAPAMETPBI 3BABUCUMOCTHU MEXJAY KPUTUYECKUM JTUAMETPOM
JETOHAIIMA U KPUTHUYECKNUM CEYEHUEM JETOHAIINU,
ONPEJAEJIEHHBIM METO/OM KJIMHA U METOAOM ITUPAMMU 1bI
I IIVIACTUYHBIX BB

A.B. Becconosa, J].A. Ilponun, FO.B. Llleiikos, O.B. Lllesnseun
POALI-BHUND®, r. Capos, Poccust

JIJs OIICHKH NTETOHAIIMOHHOM CIIOCOOHOCTH IIACTUYHBIX B3PBHIBUATHIX BEIICCTB, a
MMEHHO JUTSl MCCIIEIOBaHUs TIPENIeTIOB paclpocTpaHeHus aAeToHannu B BB, B 3aBucUMOCTH
OT TMOCTABJICHHBIX 3a7lad U TpeOyeMOl TOYHOCTH TMONYYCHHsS PE3yJIbTATOB HCIIOIB3YHOTCS
pasnuYHble METONbl. B  KiIacCcMueckoM BapuaHTe IS TaKOH OICHKH HCIIOJIB3YIOT
KPUTUYECKUM JUaMeTp [ETOHAllMM, OINpENelseMblii Ha LMIMHAPUYECKUX 3apsagax BB.
Kpome TOrO, B MpakTuke HCCIEAOBaHUN WCIOIB3YETCSI METOJ KIMHA U METOJ MTUPAMHU/IbI,
MIPY MCTIOJTE30BAHUH KOTOPBIX (DAKTHYECKHU TOMYUYaAIOT TaKUe 3HAYSHUS CEUEHUS 3apsaa, pu
KOTOPBIX MPOU3ONUIO 3aTyxaHWe AeToHanuu. [lo aHamoruu, B 5TOM cllydyae HCIOJb3YIOT
TEPMUH «KPUTHYCCKOE CCUCHHE NCTOHAIMW». B CHIly 0COOCHHOCTEHW KaXIOro MeEToIa
JIOCTOBEPHOE CPaBHEHUE MO JCTOHAIIMOHHON CHOCOOHOCTH pa3nu4HbIX BB, s koTophix
OTCYTCTBYIOT JaHHBIE MO XapaKTePUCTHKAM, MOJYYEHHBIM OAHMM M TE€M >XE€ METOJIOM,
MPOOJIEMAaTHYHO, TaXE C YYSTOM HCIOIH30BAHUS H3BECTHBIX COOTHOIICHUH [ 1, 2].

DKCHEepUMEHTANbHO-PACYETHBIM ~ MyTeM Uil MiacTUuHbix BB momydensr
3aBUCUMOCTH MEXKIy XapaKTEepPUCTUKaMU JIETOHAIMOHHON CIOCOOHOCTH, MOJNyYeHHBIMH
pa3uyHbIMU MeToaaMu. [IpensokeHHble 3aBUCUMOCTH TTO3BOJISIIOT UCTIOIB30BATh JaHHBIE,
MOJIy4eHHbIE OQHUM M3 METOJIOB IJIsi OLIEHKH pe3yJbTaTOB, XapaKTEPHBIX ISl JPYTUX
METOJIOB C YyYETOM METOAMYECKHX OCOOCHHOCTeH. TakuMm o0pa3oM, MOSBISIETCS
BO3MOXXHOCTh  JIOCTOBEPHO  COTIOCTaBJISITH  PE3yJbTaThl  OLIEHKHA  JIETOHALIMOHHOM
CIIOCOOHOCTH  IUIACTHMYHBIX BB, mMoONydeHHOH  TONBKO OJAHMM W3  HM3BECTHBIX
JKCICPUMCHTANBHBIX METOJIOB, C Pe3yJbTaTaMH OICHKH JCTOHAIIMOHHOW CIIOCOOHOCTH,
MOJYYCHHBIMU JPYTUMH MeToaaMu. Hampumep, NaHHBIC, MOJNyYCHHBIC HA KJIMHE JIFO0OM
IIMPUHBI, MOTYT OBITh KCIOJB30BAHBI JUIS ONPEHCICHUS JMANa30Ha, B KOTOPOM OYAyT
JIeKaTh 3HAYEHHs] KPUTHUECKOTO JUaMeTpa JeTOHaluu aaHHoro BB winm xputuyeckoro
CeYeHMs JETOHAIMM, TOJIYYEHHOTO [Jsi HEro MeTOAOM mupamuabl. B  pesynbrare
CTAHOBWTCS BO3MOXHBIM JIOCTOBEPHOE CpaBHEHHE TIO JETOHAIMOHHOH CIIOCOOHOCTH
mIacTHIHBIX BB, s 0AHOTO M3 KOTOPBIX OBLIO OMpPENETICHO 3HAaYeHHEe KPUTHISCKOTO
JMaMeTpa, A APYroro — KpUTUYECKOTO CEYEHUs Ha KJIMHE, JI TPEThEro — KpUTHUECKOE
CeueHHue Ha MUpaMu/Ie.
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PARAMETERS OF DEPENDENCE BETWEEN CRITICAL DIAMETER
OF DETONATION AND CRITICAL CROSS-SECTION
OF DETONATION DETERMINED WEDGE METHOD
AND PYRAMID METHOD FOR PLASTIC HE

A.V. Bessonova, D.A. Pronin, Yu.V. Sheikov, O.V. Shevlyagin
RFNC-VNIIEF, Sarov, Russia

Various methods are used for evaluation of detonation capability of plastic
explosives, namely for investigation of limits of detonation propagation in HE, depending
on the intention and required accuracy of result obtainment. For this evaluation in the classic
variant, critical diameter of detonation is used. It is determined using cylindrical HE
charges. Besides, the wedge method and the pyramid method are employed for
investigations. These methods allow to obtain actually values of charge cross-section when
detonation deceleration occurred. In similar, the term “critical cross-section of detonation” is
used in this case. Due to peculiarities of each method, reliable comparison on detonation
capability of various HE, which have no data on characteristics obtained by similar method,
is not certain even when using the known ratio [1, 2].

For plastic HE, the experimental-calculated method is employed for getting
dependences between characteristics of detonation capability obtained by various methods.
The suggested dependences allow using data obtained by one of the methods for evaluating
results typical for the other methods with account for methodical capabilities. Therefore, the
opportunity appears for reliable comparing results of evaluation of detonation capability of
plastic HE obtained by only one of the known experimental methods and results of
evaluation of detonation capability obtained by other methods. For example, data, which are
obtained by wedge of any width, can be used to determine the range, where values of critical
diameter would be located for detonation of this HE or critical cross-section of detonation
obtained by the pyramid method. In result, it becomes possible to perform reliable
comparison of detonation capability of plastic HE. Value of critical diameter was
determined for one HE, value of critical cross-section on wedge was determined for the
second HE, and value of critical cross-section on pyramid was determined for the third HE.
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MOJYYEHHUE BBICOKOJANCHEPCHbBIX BB U AIIOMUHHNU3UPOBAHHBIX
KOMITIO3UTOB HA X OCHOBE C IPUMEHEHUEM YJIbTPA3ZBYKA

H.C. Tonoxonnuxosa, C.M. Bamvanos, B.A. Bypnawos, E.B. Kapauna,

O.M. Jlyxoskumn, /I.B. Munvuenxo, A.B. Pyonues, IO.B. llleiikos
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B pabore mpemiokeH ~ HOBBIH  CIOCOO — TMPUTOTOBJICHUS ~ KOMIIO3HUTOB
BbICOKOUCTIEpCHBIX BB ¢ mopomxamu HanoamomMuHus. ITog00HBIE KOMIO3UTBI UMEIOT
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JIOCTaTOYHO BBICOKYIO UYBCTBHTEIBHOCTH K JIa3€PHOMY H3JIYYCHHIO W B OCHOBHOM
WCTIONB3YIOTCS AJIs pa3pabOTKu 0€30MacHBIX CPEACTB HHUIIMUPOBAHHUS.

Jlnst moBbIieHns 3Qexta TyBCTBUTEIHHOCTH K JIA3€PHOMY H3IYUEHHUIO SIBIISAETCS
BaXXHBIM TOCTHYB KaK MOKHO OoJiee paBHOMEPHOTO paclpeeleHNs] HAHOUYACTHI TFOMUHUS
MeXay Kpuctamiamu BB. H3BecTHo, d9TO yibpTpa3sBykoBas 0Opa0OTKa CyCHEH3UH
HaHOAIIOMHWHHUSA 3HAYUTCIIBHO YJIyUYHIaCT €ro AUCICPTUPOBAHUEC U MMPUBOJIUT K MOJYYCHUIO
KOMITO3UTOB ¢ 0ojiee paBHOMEpPHOW CTPYKTypoH. DTO, B CBOIO oOuepelb, MPUBOAUT K
3aMETHOMY MOBBILIEHUIO YyBCTBUTENBHOCTH BB k nazepHomy uznydenuto [1].

ABTOpamMHM  pemiajgach  3ajada  JalbHEWINEro  yJlIydIleHWs pPaBHOMEPHOCTH
pacnpenenenuss 4actTull Al B KOMIO3WTE, 3a CUET WX BKIIOUCHHS HEMOCPEICTBECHHO B
CTPYKTYpY YacTHIl B3pbIBYATOTO Marepuaia. s 3TOro HCIIONB30BaM METOJ BBICAIKH
BeICOKOAUCTIepcHOro BB (B maHHOM citywae, rekcoreHa) W3 pacTBOpa B AaleTOHE B
CyCIICH3MIO HAHOAIIOMUHHUS B BOAE WM TekcaHe. llpomecc OCYHmIECTBISUIM TIpU
HETIpEepBhIBHOM BO3JEHCTBUM yJbTpa3Byka. [Ipeanonaranock, 4To 4acTUIbl HAHOATOMUHUS
MOTYT B 3THX YCIOBHSIX WUIPATh PONb LEHTPOB KPHUCTAJUIN3AIMU, BOKPYT KOTOPBIX OyIyT
dhopmupoBaThcs kpucTauisl BB.

ITo maHHBIM XMMHYECKOTO aHANIN3a, BEICKa3aHHOE MPEAIONI0KEHHE OIpPaBIbIBACTCS,
Y 3HaYMTENIbHAS YaCTh HAHOATIOMHHUS BKIIIOUYEHA B CTPYKTYPY KPHCTAJUIOB TEKCOTEHA. JTO
CO3JaeT MPEIIOCHUIKN IS TIOBBIILICHNS] YyBCTBUTEINBEHOCTH K JIA3€PHOMY HM3ITYyUYEHHIO, TaK
KaK ITOBBIIIACTCS IUIOIIAAb KOHTAKTa MEX/y KOMIIOHEHTaMH Ha MeX(a3HOH rpaHHIe.

Kpome Toro, mokaszaHo, 4To IpH BbICAJKE BBICOKOIMCIIEPCHOTO FeKcoreHa mpu Y3-
BO3ACUCTBIY BO3MOXHO, B 3aBUCUMOCTH OT YCIIOBHIA:

- HOBBINICHHE YEIbHOM MOBEPXHOCTH ocaxaaemMoro BB ua 2000-3000 cm*/r mpoTuB
JIOCTHTaeMOH ITpH BBICaKe Oe3 yIbTpa3ByKa;

- ToyydeHue Ooiiee KPYIHBIX, HO MaloAe(EeKTHBIX KPHCTAJUIOB, NMPAKTHUECKH HE
COJICPIKAIX BHYTPEHHUX IMOP. DTOT PE3yIbTaT MOXKET OBITh MHTEPECEH C TOUKH 3PEHHA
BO3MOKHOCTEH CHHYKEHHS YyBCTBUTEIBHOCTH BB K MeXaHUYECKHUM BO3JEHCTBUAM.

Jlumepamypa

1. Tarent Ne2637016 «Cnoco0 HM3rOTOBIEHUS TEPMOCTOHKUX CBETOUYBCTBHUTEIBHBIX B3PBIBUATHIX
COCTaBOB M CBETOJETOHATOp Ha X ocHoBe» / O.M. JlykoBkuH, }O.B. IlleiikoB, C.M. BarpsiHOB,
C.A. Baxmuctpos, O.H. Kanamraukosa, [[.B. Munsuenko. — ®I'VII POSAL-BHUND®. 3assneno
20.03.2017. Omy6nmkoBano 29.11.2017.

BJIMAHUE JOBABKHU AJIIOMWHUEBOT' O TIOPOILIKA
HA JETOHAIIMOHHBIE XAPAKTEPUCTHUKHA SMYJIbCHOHHOI'O
B3PBIBYATOI'O BEHIECTBA

A.C. FOnowes, C.A. boposunosckuii, C.M. Kapaxanos, A.B. ITnacmunun
WucturyT ruppoaunamuku CO PAH, r. HoBocubupck, Poccus

OMyJIbCHOHHBIE — B3pbIBUaThle  BemecTBa (OMBB)  sBmsoTcs  OCHOBHBIMH
MPOMBIIUICHHBIME ~ B3phIBYaTBIMU  BemiecTBamMu (BB) mockombky oOmagarorT  psimom
MPEUMYIIECTB 10 CPaBHEHHWIO C TpaJUIHMOHHBIMH BB, wucrons3oBaBmmMucsT paHee.
AJIOMUHHEBBIH TTOPOLIOK SBISETCS OJHMM M3 KOMIIOHCHTOB HEKOTOPBIX cMeceBbIX BB, B
TOM YHCIIE W SMYITbCHOHHBIX [1, 2], KoTOpbIi mobOaBiusror B BB, 4T00B yBEIMYUTH WX
MOIIHOCTh M METATEIbHYI0 CIOCOOHOCTh. BimsHWE amOMUHHS Ha JICTOHAIMOHHBIC
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xapakrepuctuk BB 3auactyto Hempenckasyemo [1, 3]. OHo ompenensiercst npuponoi BB,
Mopdosorreii U pa3MepoM allOMHHHEBBIX YaCTHL, CTPYKTypoil 3apsga BB wu t.a. s
GonpImIHCTBA MOIIHBEIX BB no6aBieHne anfoMUHUS HE IPUBOAUT K YBEIMYCHHUIO CKOPOCTH
Win jgaBieHus netoHammu [2, 3]. OmHako Bpemsi NIEHCTBUS BBICOKOTO JaBJICHUS Ha
OKpYXKaroIlee 3apsi/i BEIECTBO MOXKET 3HAUUTEIHHO BO3paCcTaTh, YTO aKTyalbHO, HATIPUMED,
pu 00paboTKe MaTEePHUAJIOB B3PHIBOM.

HecMoTpss Ha mmMpoKoe WCIOJB30BAHME ATOMUHU3UPOBaHHBIX OMBB B
MPOMBIIIICHHOCTH, ACTATBHO X ICTOHAIIMOHHEBIC XapaKTePUCTUKH Majlou3ydeHBI. PaboTHl,
B KOTOPBIX TPUBOJATCS PE3yJIbTAThl UCCICAOBAaHMS ICTOHAIIMOHHBIX XapaKTepucTHK OMBB
¢ mobaBIIeHUEM aITIOMUHIS, HEMHOTOYUCIICHHEI [4-7]. Kak mpaBuiio, U3y4atoTcsl COCTaBHI C
TIOTHOCTBIO Gortee 1.0 I/cM’, 4To aKTyanbHO IPH BEACHHH FOPHBIX PaboT. OTMEUaeTCs, 4TO
CKOpOCTh NeToHanuu OMBB ¢ mobaBieHneM alOMUHUS BCETa MEHBIIE, YeM Y UCXOIHOTO
OMBB [4, 5, 7], a naBneHHe B OKpYXaroLleil cpeae NMpH 3TOM OKAa3bIBACTCS HECKOJIBKO
Gosb1ie.

KpoMe wm3MepeHns MeXaHHYECKHX XapaKTepPHCTHK IIOJIE3HYI0 HWH(POPMALHUI0 O
MOBEJICHUY AFOMUHIS B JETOHAIIMOHHOW BOJIHE MOXKHO ITOJIyYUTh, U3MEPUB TEMIIEPATYpPY
nponayktoB aeroHamwm (I1J]). B maHHO#W paboTe W3ydanoch BIHMSHHS aJTIOMHUHHEBOTO
TOPOIIIKA HA IETOHALHOHHBIEC XapaKTepHCTHKH IMBB ¢ HauyansHOI mioTHOCTBIO 0.5 T/eM’.
DTOT COCTaB HMHTEPECCH TEM, YTO O0JANacT CKOPOCTBIO JCTOHAIUHU OKOJIO 3 KM/C, 4TO
MO3BOJISIET WCIOJIB30BATh €ro JJIsl CBapKH METAIUIOB B3pBIBOM. ONHOW U3 H3MEPACMBIX
XapaKTepUCTHK sBJsANach apkocTHas TeMmeparypa I1J[. OcnoBoit OMBB, ucciaegyemoro B
JAaHHO# paboTe, SABJACTCS SMYIbCHOHHAS MaTpHUIA, COJEpXKAmas: aMMHAYHYH) CEIHTPY
68 %, wnarpueByro cenutpy 11 %, Bomy 15 %, ungyctpuambHoe Macio M-20 4% wu
IMyJbraTop copOuran MonooneaT 2 %. B kadecTBe CEHCHOWIHM3aTOpa WCIOJIB30BAIUCH
nomMepHble MUKpoOaimonbl Expancel 461 DET 40. B kadectBe 100aBKU HCTIOTB30BAIICS
aFOMUHUEBBINA mopomiok ITATI-2 wm, mis 6ojiee OJHOTO TIOHWMAaHUS BIUSHUS JT00aBOK,
MOJIOTOE€ CTEKJIO.

CkopocTh JeToHanuu wucxogHoro OMBB ¢ mmotHOcTRIO 0.507 r/em’ paBHa
3.14+0.05 mm/mke. Cropoctsb geronamun IMBB ¢ 20 % Al (¢ mmotHOCTBIO ~0.60 T/CM’)
cocrapiseT 3.38+0.05 mm/MKc. JlobGaBineHrne MOJIOTOTO CTEK/Ia BMECTO aIFOMHHHUS B TOM K€
KOJIMYECTBE TMOHIXKACT CKOpPOCTh JeToHammu 10 2.84+0.05 wmm/mkc. JlaBieHue B
JICTOHAIIMOHHOW BOJHE JUis cocTaBa DOMBB+20% Al yBenuumBaeTcsl 1O CpPaBHECHUIO C
nmaBieHueM umctoro OMBB  mpumepno Ha 50%. IlomydeHHBIE pe3yabTaThl MOXKHO
OOBSICHUTH JOMOJHHUTENBHBIM BKJIAJOM peakiuu amromunus ¢ [1]1 cpasy 3a ¢pontom YB
HapsIy C BKJIAJIOM 3a CUCT YBEIMUYCHHS TUIOTHOCTH AIFOMUHU3UpOBaHHOTO DMBB.

SpxoctHas temmeparypa I1/] ymeHsmmaercst npu nobaBieHun amroMuHUS B OMBB.
OTOT pe3ynbTaT MOXET OBITh CBA3aH C HEOTHOPOAHOCTBIO pAaCHpeleNeHHs MO
TEeMIepaTyp B BemlecTBE 3a (DPOHTOM [IETOHAIIMOHHOHW BONHEBI. 3a (ppoHTOM YB HacTuipl
AJTFOMUHHS TIporpeBaroTcs, otoupas terio ot [1/]. Ha HavampHOM 3Tarme 3TOrO mporecca
TeMIIEpaTypa 4acTHLl AIIOMUHMS 3HAUUTENBHO HIbKE Temnepartypsl [1/]. Benenctsue atoro
MPOMCXOOUT JKPAaHHUPOBKA W3Iy4eHHS OT BBICOKOoTeMnepaTypHeIX [IJ] wactumamu
ATFOMUHUSL.

PesynbTathl naHHON pabOTHl JEMOHCTPHUPYIOT CIOKHOCTh MHTEPIPETALUN BIIUASHUS
JI00aBKH aTIOMUHMS Ha IeTOHAIIMOHHBIE XapakTepucTuku OMBB.
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EFFECT OF THE ADDITIVE OF ALUMINUM POWDER ON DETONATING
CHARACTERISTICS OF THE EMULSION EXPLOSIVE

A.S. Yunoshev, S.A. Bordzilovsky, S.M. Karakhanov, A.V. Plastinin
Lavrentyev Institute of Hydrodynamics SB RAS, Novosibirsk, Russia

Emulsion explosives (EmEX) are the main industrial explosives (HE) because they
have a number of advantages over traditional explosives used in the past. Aluminum powder
is one of the components of some mixed explosives, including emulsion ones [1, 2], which
is added to explosives to increase their power and propelling ability. The influence of
aluminum on the detonation characteristics of explosives is often unpredictable [1, 3]. It is
determined by the nature of the explosive, the morphology and size of aluminum particles,
the structure of the explosive charge, etc. For most powerful explosives, the addition of
aluminum does not lead to an increase in the detonation velocity or pressure [2, 3].
However, the time of action of high pressure on the substance surrounding the charge can
significantly increase, which is important, for example, in the processing of materials by
explosion.

Despite the wide use of aluminized EmEX in industry, their detonation characteristics
have not been studied in detail. There are few works that present the results of studying the
detonation characteristics of EmEx with the addition of aluminum [4-7]. As a rule,
compositions with a density of more than 1.0 g/cm3 are studied, which is important in
mining operations. It is noted that the detonation velocity of EmEx with the addition of
aluminum is always lower than that of the original EmEx [4, 5, 7], while the pressure in the
environment is somewhat higher.

In addition to measuring mechanical characteristics, useful information about the
behavior of aluminum in a detonation wave can be obtained by measuring the temperature
of detonation products (DP). In this work, we studied the effect of aluminum powder on the
detonation characteristics of an EmEx with an initial density of 0.5 g/cm’. This composition
is interesting in that it has a detonation velocity of about 3 km/s, which makes it possible to
use it for explosive welding of metals. One of the measured characteristics was the DP
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brightness temperature. The basis of the EmEx studied in this work is an emulsion matrix
containing: ammonium nitrate 68%, sodium nitrate 11%, water 15%, industrial oil 1-20 4%
and emulsifier sorbitan monooleate 2%.

Expancel 461 DET 40 polymeric microballoons were used as a sensitizer. PAP-2
aluminum powder was used as an additive or, for a better understanding of the effect of
additives, ground glass.

The detonation velocity of the original EmEx with a density of 0.507 g/em’® is
3.14+0.05 mm/us. The detonation velocity of an EmEx with 20% Al (with a density of
~0.60 g/cm’) is 3.38+0.05 mm/ps. The addition of ground glass instead of aluminum in the
same amount reduces the detonation velocity to 2.84+0.05 mm/ps. The pressure in the
detonation wave for the EmEx + 20% Al composition increases by approximately 50%
compared to the pressure of pure EmEx. The results obtained can be explained by an
additional contribution from the reaction of aluminum with DP immediately behind the SW
front, along with the contribution due to an increase in the density of aluminized EmEXx.

The brightness temperature of the DP decreases when aluminum is added to the
EmEXx. This result can be related to the inhomogeneity of the distribution of the temperature
field in the substance behind the front of the detonation wave. Behind the SW front,
aluminum particles are heated, removing heat from the DP. At the initial stage of this
process, the temperature of aluminum particles is much lower than the temperature of DP.
As a result, radiation is screened from high-temperature DPs by aluminum particles.

The results of this work demonstrate the complexity of interpreting the effect of the
aluminum addition on the detonation characteristics of the EmEX.
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COBMEIEHHBIX JA3EPHO-UHTEP®EPOMETPUYECKHUX METOIUK

B.U. Tapoicanos, /I11. Kyuxo, A.B. Bopoovés, M.A. PanvHukos,
/1.C. bospuuxos, I0.4. Amunos, I0.P. Huxumenxo

POAL-BHUUT®, r. Cuexunck, Poccus

[IpencraBneHbl TOCTAHOBKA W TOJIYYCHHBIC PE3YIBTATHl ONBITA IO PETHCTPAIlUN
BpeMeHHOTro Tmpoduist chepuuecKkn CXOIAIIecs IeTOHAIMU B IUIACTU(UIIMPOBAHHOM
TpuamuHOTpuHUTpOoOeH301¢e (IICT) ¢ o1HOBpEeMEHHON AMAarHOCTUKOM BOJIHOBBIX ITPOIIECCOB
COBMEINICHHBIMH JIa3€pPHO-UHTEPHEPOMETPUUECKUMU KOMIUIEKCAMHU, TOCTPOSCHHBIMU Ha
Pa3IMYHBIX ONTHYECKUX CXEMaX, Yepe3 OKHO U3 (PTOPUCTOTO JIUTHSL.

HccnenoBanock mepecxkaTtue ACTOHALMH TPH €€ CXOXACHHH B IOIXyCHEepHUIeCKOM
apsne [ICT ¢ HapyXHBIM W BHYTPEHHHM paaumycamMd 75vMMm u 20 MM  mocie
3aJIeHCTBOBAHMSI €r0 MO BHEIIHEH MOBEPXHOCTH CUCTEMON MHUIMUPOBaHUS. JJOCTUTHYTOE B
paccMaTpruBaeMOM HKCIIEPUMEHTE MEepecikaThe Mo AABIEHUI0 OTHOCUTENBHO TOUKH JKyre —
2,3 (npu HOpMaunbHO# neronauuu 30,6 I'TIA no [1]).

[Io oKcepUMEHTANLHO TMOJYYEHHOMY MAKCHMaJbHOMY 3HAUYE€HHIO CKOPOCTH
u(?)Lirmax HA KOHTAKTHOM rpanuric BB ¢ nanukatopueiM okHoMm u3 LiF HaiineHo cocrosHue,
COBMAJAKOIICEe C MHUKOBBEIM COCTOSHHEM pacdéTHoro npoduis Ha pagmyce 20 mm. Takum
00pa3oM, IKCHIEePUMEHTAIFHO-PACYETHRIC TTapaMeTPhl IePeckaToil JeTOHAMK Ha Paguyce
20 MM B MakcumyMe npoduiist TakoBel: maBineHue — 70 I'Tla, ckopocts dponTa 9,45 Km/c,
MaccoBas ckopoctb [1B 3,88 xwm/c.
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REGISTRATION OF SPHERICALLY CONVERGING
DETONATION WAVE IN PLASTICIZED TATB USING COMBINED
LASER-INTERFEROMETRY PROCEDURES

V.I. Tarzhanov, D.P. Kuchko, A.V. Vorobiev, M.A. Ralnikov,
D.S. Boyarnikov, Yu.A. Aminov, Yu.R. Nikitenko

RENC-VNIITF, Snezhinsk, Russia

The paper presents the experimental procedures and results obtained during the
experiment on registration of the time profile of spherically converging detonation wave in
plasticized triaminobtrinitrobenzene (TATB) with simultaneous diagonostics of wave
processes using the combined laser-interferometry systems based on different optical
circuits, through the lithium fluoride window.

Detonation supercompression was studied as it converged in the semispherical TATB
charge having the outer and inner radiuses of 75 mm and 20 mm, correspondingly, after its
initiation over the external surface by the firing system. The achieved experimental pressure
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supercompression with respect to Jouguet point was equal to 2.3 (at normal detonation of
30.6 GPa, according to [1]).

The state coincided with the peak state of the design profile on 20 mm radius was
found by experimental maximum velocity u(?)iirmax at the HE — indicator LiF window
interface. Then the computational and experimental parameters of supercompressed
detonation on 20 mm radius at the profile maximum are the following: pressure — 70 GPa,
front velocity — 9.45 km/s, mass velocity of explosion products (EP) — 3.88 km/s.
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BJUSAHUE TEPMOMEXAHUYECKOI'O BO3/IEMCTBMUSI,
BO3HUKAIOIIETO B ITPOIECCE PA3ZBUTHUSA 'OPEHUA BB
HA OCHOBE OKTOTI'EHA U TATBH, HA UX CTPYKTYPHBIE U3MEHEHUS

E.B. Xanoees, C.H. bapanos, E.H. bopuckos, C.I. Heowuna,
H.U. Huxugopos, [I.A. Ilponun, O.B. llesnscun, A.B. [Llkypsaxos

POALI-BHUUD®, r. Capos, Poccust

Lenpto HacTOSAMIECH PaOOTHI SIBISICTCSI UCCIICIOBAHKUE BIUSHUS TEPMOMEXAHHICCKOTO
BO3JICHCTBUS, BOZHUKAIOILIETO B IMpoLecce pa3BuTHs ropeHus BB Ha ocHOBe okToreHa u
TATB, B repMeTHdHOM 00BEME B YCIOBHSAX HAPACTAHUS NABJICHUS (METOJ BO3PACTAOICTO
JTABJICHUS B MAHOMETPUYECKOH O0MOE) Ha UX CTPYKTYpPHBIC U3MCHEHUSI.

OrnpeneneHo BIUSAHUE TTapaMEeTPOB TEPMOMEXAHUUECKOTO BO3JEHCTBUS (aMILIUTY A,
CKOPOCTh HapacTaHWsl 3HAUCHUs NABJICHHUs U TEMIEpaTypbl) Ha HU3MEHEHHUS B CTPYKTYype
neranedt u3 BB Ha ocHoBe oktoreHa u TATD npu ux ropeHnr, HAXOAUBIINXCS B COCTaBe
CIUTONTHBIX 3apsAIOB W 3apsioB co ImeleBbIM 3a3opoM 0,5 mMm. JIJig OIEHKH CTENeHH
MOBpEXACHHOCTH JeTanel n3 BB nociie TepMoMexaHn4ecKoro BO3eHCTBUS UCTIOJIb30BAHBI
VIIBTPa3BYKOBOH METOI M METOX IBETOBOW nedekrockonmu. OmpenercHO H3MEHEHHE
IVIOTHOCTH Jetasied u3 BB B pe3ynbrare BO3NEHCTBHUS C  HMCIOJIb30BAaHUEM
TUAPOCTATUYECKOTO U TAMMaMETPUUYECKOTO0 METOJIOB.

N3ydeHo BiusiHUE CTENEHU MOBPEKICHHOCTH AeTanel u3 BB Ha ocHOBe okTOreHa u
TATD, npenBapUTenbHO MOABEPTHYTHIX TEPMOYAAPY C PE3KUM TEMIIEPATYPHBIM MEPEnagoM
70 105 °C, Ha nporecc pasBUTHs HX FOPEHUS.

JlaHa olleHKa BO3MOKHOTO Pa3BUTHs Mpoliecca TOpeHus 3apanoB u3 BB Ha ocHoBe
oktoreHa W TATDB kak CIUIOIIHBIX, TaK M 3apsiioB cO IIeieBbIM 3a30poM 0,5 MM,
c(hOpMHUPOBAHHBIX U3 JieTalel IOABEPTHYTHIX TEPMOMEXaHNUECKOMY BO3JEHCTBHUIO.

Pesymprarel HacTosmmeidl pabOTBHI TPEACTABISIOT NPAKTUYECKUH WHTEpeC mpHu
peIIeHrH BOIPOCOB, CBSI3aHHBIX C OIEHKOH Oe3omacHocTn m3menuii ¢ BB, a Ttakke
MOJEIUPOBAaHUH B3pbiBa BB npu aBapuilHbIX TENIOBBIX BO3AEHCTBUSIX.
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HCCJIEJOBAHUE CBOWMCTB IIEPCHEKTUBHOI'O
TEPMOCTOUKOI'O B3PBIBUATOI'O BEIHECTBA —
2,6-BUC(IIMKPUJIAMMWHO)-3,5-IMHUTPOIINPUINUHA

A.C. Koznos, C.M. Ilymuc, A.1O. Mepwun, /].B. bapmawosa, I1.I. Bykogckuil,
O.B. bazanos, I'.B. Cemawikun, A.A. Komomun, C.A. [ywenox

OTI'VII «CrenmanbHOE KOHCTPYKTOPCKO-TeXHOornyeckoe 6ropo «TexHomory,
r. Cankr-IlerepOypr, Poccust

B HedrerazonoObIBaonield  MPOMBIIUICHHOCTH MIUPOKO  HPUMEHSIOTCS
MPOCTPEJIOYHO-B3pBIBHAS  allllapaTypa, COJAEpXKallas pa3IMYHbIE B3pHIBUATHIC BEIECTBA
(BB) u cpencrBa mammmupoBanus [1,2]. B mocnmemHee Bpems, B CBSI3U C HCTOIICHUEM
3a[lacoB  «IIPUIIOBEPXHOCTHOW» HEPTH W HEPYTEHPOIYyKTOB (C TIAYOMHBI 10 3 KM),
HEOOXOMMO TNPOBOAUTH PAOOTHI MO AOOBIYE ITHUX MOJE3HBIX HCKOMAEMBIX C OOJBIINX
rryouH (no 7 kM), rae Temmeparypa Moxer pocturath 10 250-280°C. CooTBETCTBEHHO,
anmapaTypa, HMCIOJb3yeMas Ha NaHHBIX TIJyOMHaX, JOJDKHA BBIJIEPKUBATH HE TOJBKO
MOBBIIIEHHOE JIABJICHUE, HO M MOBBIIMICHHbIE TeMIepaTypsl. Ecinu s naBineHus npobieMa
pemraeTcs KOHCTPYKTUBHBIMM METOAAMH IIPHM H3TOTOBICHUH alllapaTypbl, TO B CIIydae
NOBBIIEHHBIX Temriepatyp (280 °C wu Oomee) HeoOXomWMMO WHcIoib30BaTh BB, He
pasnararoluecs Ipu yKazaHHBIX TeMrieparypax [3].

OmHUM 13 TIEPCIIEKTHBHBIX TEPMOCTOWKNX BB, KOTOpoe MOXET MCIOJB30BaThCS B
TakoH ammaparype, sBisgeTcs 2,6-Ouc(nmukpuiaMuio)-3,5-muanTponupunnd  (PYX),
CIOCOOHBIN COXPaHATh CBOM B3pBIBUATHIE CBOMCTBA 10 Temmeparyp 360 °C [3].

Hamu Ob1n paspadboran npoctoi M 3¢ deKkTuBHbI criocod nomyuenus PYX [4], a B
HacTtosiliedl paboTe W3y4EeHBI W OIpEAEIECHBl €ro OCHOBHBIE (U3UKO-XUMHYECKUE U
B3pBIBUATHIC XapPaKTCPUCTUKH:

- UyBCTBUTENIBHOCTG K yaapy, B coorBeTcTBUM ¢ 'OCT 4545-88, cocramser 100 u 0
% npu nageHuu rpy3a 10 u 2 K COOTBETCTBEHHO;

- HWKHHUH Tpenen (TMopor) 4yBCTBUTENBHOCTH K TPEHUIO TIPH yJapHOM CIBHIE, B
cootBercTBHH ¢ 'OCT P 50835-95, cocrasisieT 2200 KI‘/CMZ;

- TeMImepaTypa Hadajia WHTeHCHBHOTO pasnokeHus (Tuyp), OmpeneneHHas METOIOM
nepuBarorpadUIecKoro aHaigusa, coctasmia 368 °C;

- XUMHUecKasi CTOMKOCTb 3a 14 uwacoB mpu temnepatype 110 °C, B cooTBETCTBUHU C
OCT B 84-744-73 (MBK «Bynkan-2000»), cocraBmia 10 MM prt.cT. (6€3 ydeTa mepBOTO
gaca);

- PasIMYHBIMM METOJaMH OLEHEH KpMTHYeCcKuil nuamerp neroHaumu (d,) PYX,
KOTOpBIH cocTaBun oT 3,9 (s Sy, = 1650 em’/r) 10 1,8 mm (s Syx= 12500 eM?/r);

- TpeIBapUTENIbHO  OLEHEHBl  KOI(QQHIMEHTHl  YpaBHEHHUS, OTPaXKalolIero
3aBUCUMOCTh d,, OT yJenpHON moBepxHocTH BB, nms pacdera xpuTHyeckoro nuamerpa
JICTOHAIIMY 110 MeTony [5, hopmyna 2.76]: a=1,85; b= 0,37,

Ha ocnose PYX wusroroBneH cocras, copepxamuit 95 % PYX u 5 % uneprroro
MoJMMepa U OmpeielieHa ero ckopocTh getoHauun (7,10 kv/c mpu miotHOCTH 1,64 r/em’),
KOTOpast COOTBETCTBYET PACUETY, BBINIOJIHEHHOMY B COOTBETCTBHH C [5].

[TonydeHHsle JaHHBIE TO3BONISIOT paccMaTpuBaTh PYX Kak NepcreKTHBHOE
TepMmocToiikoe BB s ncnonb3oBaHus B TITyOOKHX HE(TSIHBIX U Ta30BBIX CKBAXKUHAX.
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MOJYYEHUE U KPUCTAJLJIM3ALIMSI TEPMOCTOMKOIO
B3PBIBYATOI'O BEHIECTBA PYX

C.M. Ilymuc, A.FO. Mepwun, /[.B. bapmawosa, A.C. Koznos,
I'B. Cemawxun, A.A. Komomun, C.A. [{ywenox

OI'VII «CrieninanbHOE KOHCTPYKTOPCKO-TeXHOIOrnueckoe 0ropo «TexHnomory,
r. Cankr-IlerepOypr, Poccus

BricokosHepreTuuecke TepMOCTONKHE COeIUHEHUS, COJIepIKallie HECKOIbKO 2,4,6-
TPUHUTPOPECHWIBHBIX (MUKPUIBHBIX) ()ParMEHTOB, HAN0OIEE MEPCIICKTUBHBIC COCTUHCHNS,
KOTOPBIC HAIIUTH TMPUMCHEHUE B KOCMUYECKOM, TOpHOAOOBIBarOIIeH M HeTAHOW 00IacTIX
[1,2]. Cpenu Hux ocobenHo Beensrorcs HNS (rekcanutpoctuinbben), PYX (2,6-6uc(2,4,6-
TPUHUTPOPEHUIAMUHO)-3,5-AMHUTPOTIIUPHUINH ) u T.1. [1]. PYX SBIIAETCA
MAJIONCITONB3YEMbIM COCAMHECHUEM, HECMOTpPSI Ha TO, YTO SIBIISCTCS OOJIee TEPMOCTONKHM
BB, wem HNS [1]. Orpanndennoe npuMeHeHue PYX oOyCIOBIEHO TeM, YTO METOJ €ro
nony4yeHuns, onmcaHHblii eme Coburn M.D. B 1972 romy, He mperepmen H3MEHEHHH, a
CyMMAapHBIA BBIXOJI KOHEYHOTO MPOAyKTa He mpeBbiman 65 % [3]. Iloaromy B HacTrosmee
BpeMs ONITUMU3aLK MeTo1a oayyeHust PY X sBisieTcst OqHON U3 MEPCIEKTUBHBIX 3a/1a4.

WzBectHsbIit cioco6 momydenns PYX (wmm «[TupuHay, kak ero Ha3Bamu Poccuiickue
yueHsle [4]) npouecc ABYXCTAAUHHBINA U 3aKII0UAETCA B aKIMIMPOBAHUM MHUKPUIXJIOPUAOM
2,6-TMaMUHONIMPUINHA B Cpelie ampoToHHOro pactBoputens (AM®DA) ¢ mociemyromum
HUTPOBAaHUEM NponaykTa ankunupoBaHusa [3]. Kak OblIO OTMEUYEHO paHee, CyMMapHBII
BBIXO/] IPOIYKTa COCTaBIsIeT He Oonee 60-65 %, 4TO AenaeT JaHHBI METO]] SKOHOMHYCCKU
HenesnecooOpasHeIM. B HacTosimeil pabore Hamu paszpadboraH Meron moiydeHus PYX c
BBIXOJ0M 70 85 %.

O,)N NO
AN ) AN 2]
AN ; ‘ ‘
2 PicCl  + ‘ > i >
= " Pic—N N N— Pic " io— & — Pi
H,N N NH, H H Pic—N N N—Pic

i=MgCOs; ii = i-PrOH, reflux, 3 h; iii = HNO;, 1 h, 0-15 °C

PaszpaGotannsiii cuate3 PY X, Takke Kak U B citydae [3], sIBsieTCs IBYXCTaJuNHBIM,
OJIHAKO B Ka4eCTBE PACTBOPUTEJIS HA MEPBOIl CTaAUN UCIIOIB30BAIU NIPOMAHONI-2, B KOTOPOM
HCXOZHBIE KOMIIOHEHTHI XOPOIIIO PacTBOPHUMBI, a KOHEUHBIH (T.H. pre-PYX) He pacTBOpuM.
Ilocnenyromee HuTpoBaHue pre-PYXa a3oTHOH KHMCIOTOH, HE COAEprKaIled OKUCIHbI, MPU
temrnepatype 0-15 °C no3BosisieT nonyuuTs Xpomarorpaduyecku uucteiii PYX Bbixomom 95
%. IlomydeHHBII TakuM 00pa3oM MPOIYKT SBJISETCS MEITKOJUCIEPCHBIM W HE oOiajgaer
HOCTOSIHCTBOM YJIENIbHOM MoBepXHOCTH (Sy,; oT 5000 n0 10000 em?/r). Jlnst oGecriedeHus
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MOCTOSIHCTBA Sy; HAMH JIOTIOJHUTENBHO Pa3pabOTaH METOJ] KPUCTAIN3ALMU U3 CHCTEMBI
Pa3IMYHBEIX PACTBOPUTENEH, TO3BONIAIOMUN MOTYYUTh MPOAYKT C 3aaHHOM Sy,

CrpoeHue, HHAMBUAYaJIbHOCTh M COCTAB MOJYYEHHOTO COEIUHEHUS MOJTBEPIKICHBI
metozamu SIMP ('H, °C u COSY ('H, "*C)), UK- u V®-CrekTpoCKOMIH, TOHKOCIONHOM
xpomarorpadueil, a Takxke aaemeHTHBIM (C,H,N) anammsom.
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JETOHAIIMOHHASI CIOCOBHOCTh CYCIIEH3UM B3PBIBYATBHIX
BEHIECTB B HUTPOMETAHE

A.A. Komomun, C.A. /[ywenox, A.C. Koznoe

OI'VII «CrenuanbHOE KOHCTPYKTOPCKO-TeXHONormdeckoe 6ropo «TexHomory,
r. Cankr-IlerepOypr, Poccus

JleToHanmoHHAsT CHOCOOHOCTP MHOTHX TBEpPABIX HHIUBHIyanbHEIX BB ¢
Pa3IMYHBIMHA XHMHUYECKUM CTPOCHUECM U TUCTIEPCHOCTBIO, psina )Kuakux BB u ux pactBopor
JIpyT B Jpyre W B WHEPTHBIX PACTBOPHUTENAX, a Takxke cMmecedl TBepiasix BB pasnoit
JUCTIEPCHOCTH JIPYr C JPYrOM M C PAa3IMYHBIMH OPTaHUYECKUMH M HEOPTaHUYECKUMHU
WHEPTHBIMH BEIIECTBAMU XOpomo u3BecTHA [1-4]. OmHaKO, IEeTOHAIMOHHAS CTIOCOOHOCTH
cMmecel TBepabIX u kuakux BB (cycnensuit BB) mccnemoBana Mano, X0TsS OHH SBISIOTCS
YacThI0 COCTABOB IUIACTH3OJBHBIX H TACTOOOPA3HBIX B3PBHIBYATHIX KOMIIOZHIHH IIMPOKO
HCTIONB3YEMBIX Ha MpakTHKe [5-8].

B manmnoit pabote, Hauaroii B 2011roxy [9-10], sKCIepIMEHTATBHO HCCIIEIOBAHEI
KpuTHYeckue amameTpsl petoHarmun (di) cycmensmit kpuctaiumdeckux BB (TOHa,
reKcoreHa, okToreHa, Fox-7) paszinnuHoi aucniepcHocTH (yaenbHas noBepxuocts 350 - 7000
cM’/r) B HHTpoMeTaHe. Y/eldbHas IOBepXHOCTh BB  ompememsimack 1o X
razonponuraemoctd Ha mpubope I[ICX-12. CycneH3ur TOTOBIINCH BHOPO-BAKyyMHBIM
crocoOoM. 3apsapl CyCIeH3Uil U3rOTaBIMBAIMCH B TOHKOCTEHHBIX JIABCAHOBBIX TPYOKax
pasnuuynoro auamerpa. CeTUMEHTAI[MOHHAS YCTOHYMBOCTH U OJHOPOJHOCTH CYCIICH3UI
obecreunBanach 3arymieHHeM HX HeOombIIoi mobaBkoit aspocuina (2,5% wmac.). Taxmm
00pa3oM ompenessuTUCh KPUTHIECKHEe THaMEeTphl JAeTOHAINK cycneH3nid BB mpakrudeckn
6e3 obonouku. TounocTs ompeneneHus coctaisuia 0,5 mM. s gucToro HHTpoMeTaHa
d,=18 mm, 3arymennoro d,=19,5 mm. O0bemMHas nons Kpuctaummdecknx BB B cycrieH3nsx
coctasaia 0,02-0,49.

B pesynapraTte wmcciaemoBaHWM TONydeH OOJBIION MacCHB AKCHEPHUMEHTATBHBIX
JaHHBIX. YCTaHOBﬂeHO, YTO 3aBUCUMOCTHU KPUTUYECKUX AUAMETPOB AE€TOHAIIUN cycneH31/1171
oT 00beMHOM nonu TBepAbIX BB nmeror S — oOpasublil Bua. [lokazaHo BIMSHUE yIETbHOM
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nosepxHocTd BB Ha 3TH 3aBucHMMOocTH. XapakTep MONYyYEHHBIX 3aBHUCUMOCTEM HArisIHO
CBUJICTEIILCTBYET O BIMSHUM BUAAa M JUCHEPCHOCTH TBepaoro BB Ha meroHanmoHHyIO
CHOCOOHOCTh CYCIICH3UIl M OTpa’kaeT M3MECHEHHE BPEMEHH DPAa3JIOKEHHS KOMIIOHEHTOB B
30HE XMMHYECKOH peakIiy B AETOHAIMOHHON BOJIHE.

IlonydyeHHble 3aBUCUMOCTH Ul cycneH3ud TBepaplx BB B HuTpoMeraHe
COTIOCTaBJICHBl C AHAJIOTHYHBIMH SKCIEPUMEHTANBHBIMHU 3aBHUCHMOCTSIMH JUIS JIPYTHX
B3pPBIBYATBIX CUCTEM: PACTBOPOB XuAKkuXx BB B HUTpoMeraHe; pactBopoB TBepaoro BB B
HUTpOMeTaHe; OMHapHBIX CMeceil BBICOKOAMCIIEPCHBIX TBepAbIXx BB; OmHapHBIX cmecei
rpyboaucnepcHOro W BBICOKoAmcHepcHoro BB; cocTaBoB, coxepKammux —CcMecH
rpy0OIUCTIEpCHOTO | BhICOKomuctiepcHoro BB u nHepTHOE cBa3yromee [1] . [lokaszano, 4To
TakoW xe S — oOpa3HBI BUA Kak Ui CyCHEH3MH MMEIOT 3aBHCHUMOCTH Uil OMHApHBIX
cMecel TBepABIX TpyOOIMCHEPCHOTO M MHKpOHHOro BB  (oT4eTnMBO BBIp@)XKEHHBIX
TeTEPOTCHHBIX CUCTEM).
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MO/JIEJIMPOBAHME CTPYKTYPBI JETOHALIUM B BUHAPHBIX
I'A30BBIX CMECSX VIJIEBOJIOPOJ0OB C BOJOPOJIOM

A.B. Tpoyiok, I1.A. @omun, U.B. Temepsosa
Wuctutyt runponunamuku uM. M.A. JlaBpentseBa CO PAH, r. HoBocubupck, Poccus

[IpemtoxxeHa o0000mICHHAS MO KHHCTHKH [UIS OIMCAHHS JIETOHAIIHOHHOTO
TOpPCHUS JABYXTOIUTMBHBIX T'a30BBIX CMECCH MeTaHa, TeKcaHa M KepOCHHA C BOIOPOJIOM U
ClIeTIaH YMCIICHHBIN pacueT pa3Mepa JCTOHAMOHHOW SYCHKU B CTEXHOMETPHICCKON CMECH
MeTaHa C BOAOPOAOM. AKTYaJbHOCTb PaOOTHI CBsA3aHA C (i) MEPCIEKTUBOM HMCIOIb30BAHUS
JIAHHBIX CMeCed B HENpPepBhIBHBIX JCTOHAIMOHHBIX JABHraTenax, (ii) mpoOreMoit
obecrieueHns 0e30MacHOM TPAHCTIIOPTHUPOBKH BOAOPOJAA HAa 3HAYUTEIHHBIC PACCTOSHUS B
paMKax CyIIeCTBYIONIEH Ta30TPaHCIOPTHONH CHUCTEMBI Ui TpuUpogHoro raza u (iii)
OIMPCACIIAIOIINM BIIMAHUEM padMepa STYEHKU Ha JCTOHAIIMOHHBIC XapaKTCPUCTUKU ra3oBou
CMECH.

[Tpennaraemass KHHETHYECKasi MOJIENb MO3BOJISIET PACCUUTHIBATH TEIUIOBOH 3(hdeKT
XMMHUYECKOH peakIMy, MOJISIPHYIO Maccy M BHYTPEHHIOIO DHEpPIuio cMecu 0e3 pacuera ee
JIETaJbHOTO XMMMYECKOTO COCTaBa. B pamkax Moaenu MHpeUIOKEH alrOpuTM pacdera
nepuoja UHIYyKIUHA. XUMUUECKUE TIPEBPAIICHUsI B UHAYKIIUOHHON 30HE 3aMEHSUTUCH OIHON
OpyTTO-peakiiell pas3joXKeHUs MeTaHa, TeIuIoBOH H(QeKkT KOTOpoW MHOro MEHbIIEe
COOTBETCTBYIOILIETO 3HaUeHUs B Imiockoctu Yenmena-)Kyre. MonspHas Macca cMecH B 30HE
OCHOBHOTO TEIUIOBBIJICIICHUS] PACCUUTHIBAIACH 1O OOBIKHOBEHHOMY Au(depeHInaIsHOMY
KHHETHYECKOMY YPaBHEHHUIO

BriepBbie clemaH YUCIEHHBIM NBYMEPHBIH pacdeT MHOTO(POHTOBOW CTPYKTYPBI
JIETOHAIIMOHHOM BOJIHBI B CTEXMOMETPUYECKPH METAHO-BOJOPOJHOM CMECH C BO3JIYXOM.
Jlns pacueTa XMUMHYECKOW pEakIH HCIIONB30BaHA MPEII0KCHHAS KHHETHYECKas MOJCHb.
[Tonmygennas B pacdeTe KadeCTBEHHAs CTPYKTypa ICTOHAIIMOHHOW BOJHBEI (B TOM YHCIE
JUHAMUKA €€ TEPEeCTPOMKH OT peryaspHOd K HEperyaspHOW INpH yMEHbIIECHUH
KOHILIEHTPAllMX BOAOPOJA) U pPa3Mep JETOHALIMOHHOW SYEWKH XOpPOILIO COOTBETCTBYIOT
SKCHEPUMEHTY.

HccnenoBanue BBINOIHEHO 3a cueT rpaHTa Poccuiickoro Hayunoro @onga Ne 22-29-
01307, https://rscf.ru/project/22-29-01307/.

MODELING OF DETONATION STRUCTURE IN BINARY GASEOUS
MIXTURES OF HYDROCARBONS WITH HYDROGEN

A.V. Trotsyuk, P.A. Fomin, I.V. Tetervova
Lavrent’ev Institute of Hydrodynamics SB RAS, Novosibirsk, Russia

Generalized models of chemical kinetics of detonation combustion of two-fuel
gaseous mixtures of methane, hexane and kerosene with hydrogen and 2-D numerical
calculation of multifront detonation structure in stoichiometric mixture of methane with
hydrogen are presented. The relevance of the work is associated with (i) the prospect of
using these dual-fuel mixtures in continuous detonation engines, (ii) the problem of ensuring
the safe transportation of hydrogen over long distances within the existing gas pipe-line
system for natural gas, and (iii) the determining influence of the cell size on the detonation
characteristics of the gas mixture.
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The proposed kinetic model makes it possible to calculate the heat release of a
chemical reaction, the molar mass and internal energy of a mixture without calculating its
detailed chemical composition. Within the framework of the model, an algorithm for
calculating the induction period is proposed. Chemical transformations in the induction zone
were replaced by one gross reaction of methane decomposition, the thermal effect of which
is much less than the corresponding value in the Chapman-Jouguet plane. The molar mass of
the mixture in the main heat release zone was calculated using the one ordinary differential
kinetic equation.

A two-dimensional numerical calculation of the multifront structure of a detonation
wave in a stoichiometric methane-hydrogen mixture with air was made for the first time.
The proposed kinetic model was used to calculate the chemical reaction. The qualitative
structure of the detonation wave obtained in the calculation (including the dynamics of its
transformation from regular to irregular with decreasing hydrogen concentration) and the
size of the detonation cell are in good agreement with the experiment.

The study was supported by the Russian Science Foundation grant No. 22-29-01307,
https://rscf.ru/project/22-29-01307/.

IMPOI'HO3HAS OLNEHKA BJIUAHUA BBIXOJA JETOHAIIMOHHBIX
HAHOAJIMA30B B 3ABUCUMOCTHU OT 2JIEMEHTHOI'O COCTABA BB

B.1O. ﬂwwamoel, AH. Osepunz, EJL SﬁaeﬂbMaH3, A.0. ﬂ0p0x064

'®I'VIT «Crienmansroe KOHCTPYKTOPCKO-TeXHonorndeckoe 6ropo «TexHomory,
r. Cankr-IlerepOypr, Poccus
>OI'BYH MHCTHTYT CHHTETHUECKHX TIOJMMEpPHBIX MaTepuanos uM. H.C. Erukononosa PAH,
r. Mockga, Poccus
3®I'BOY BO Cankr- Ilerepbyprexuii XUMHKO-(apMaleBTHUECKUIl yHUBEPCHTET,
r. Cankr-Ilerep6ypr, Poccust
“3aBox «[lmactMacey, r. Koreiick, YensGunckas o6macts, Poccns

JleToHanlMOHHOE TIpeBpalleHue B3pbIBUaTOro Beuiectsa (BB) B HacTosAmuit MOMEHT,
u B OyayIieM TOXKe, HEBO3MOXXHO OIHCATh IPOCTOH M KOHKPETHOHW 3aBUCHMOCTHIO, TEM
6osiee u mponecc nomydenust JJHA — OZHOMOMEHTHO M MapajuleNbHO HUAYT MHOXECTBO
peakLuii B Tuia3Me 30HbI XMMUYECKHX peakluii, TeMIieparypa IjIa3Mbl oueHb Besuka — 3500
— 4000 K, naBnenue 25-30 I'Tla, mmpuHa 30HBI XUMHYECKHX peaknuii ~ 0,6 MM, a BpeMs
nporecca cocraBmsger 0,1 — 0,3 mxc. Oxucnurens (kucnopox monekyn BB) Bo ¢ponte
JIETOHALIMOHHOM BOJIHBI M [0 IockocTu YenmeHna-)Xyre B3anMOAEHUCTBYET C TOPIOYUM
(yrmepon m Bomopon B Moiekyidax BB), cosmaBas meoOxommmeie P, T- ycmoBus mis
KOAryJsLMA HAaHOKAIeb «IHIIHET0» YIJIepoAa B 30HE XHMMUYECKHX peakiuid. Berxons 3a
npenensl mwiockoctn Yemmvena-)Kyre 3T HAHOKAIUIM CIIUBAIOTCSI B Ooliee KPYIHBIE W MIPH
OCTBIBaHMH, B 3aBUCUMOCTH OT P,T-ycnoBuil KpUCTaUIM3YIOTCS B BHJE HaHOAIMA30B WIIH
amMop(u3yoTCH.

B nanHOil paboTe, Ui NPOTHO3HOM OLIGHKHM MOYKHO HCIIOJIb30BAaTh TOJBKO CaMble
MPOCThIE M OYEBUIHBIE JAaHHBIE — MAacCOBOE COJAEp’KaHHE BCEX 3JIEMEHTOB — YIJIEPOAa,
BOJIOPOJIa, a30Ta M KUCIOPOJAa B MOJIEKYJaX YIJIEPOJOCOAEPIKAIINX HHIUBUAYAIbHBIX U
cMmeceBbix BB oomieit hopmyner C,H N Oy.

Kynomnoo6pasnas 3aBucumocTth Bhixoma [HA ot coxmepxkanus yrinepona B BB
ompezenseT To KoiawdecTBo yriepona (23-34 % wmac.) B KOMOMHAIIMM C KHCIOPOOM,
KOTOpPOTO HEOOXOAMMO M JOCTATOYHO JUIS MOJYYEHHs MPHEMJIEMOTO BBIXOJla HAHOAIMAa3a


https://rscf.ru/project/22-29-01307/
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(6onee 5% mac. ot maccsl BB). Bomopon (1,5 — 3,0 %), Kak 1 9acTh CropeBIIero yrieposa,
SBIISICTCA TOPIOYUM [UId Kucinoposna BB 1 BbleneHHs MOMONMHUTENHFHOTO KOJIHMYECTBA
sHepruu, obecrneuynBaromeii Heooxonumsle P, T — ycaoBusS B 30HE XUMHUYECKUX PEAKLIUIH
(3XP).KonmuecTBo okucauTens (KUCIOpoaa) uMeeT cBoiMl omrtumyMm (42-46 % wmac.) st
obecrieyeHnss HY)KHOTO KonmuecTBa dSHepruu B 3XP, moctatodHodt st obOecriedeHwHst
Hy)HbIX P, T — ycnoBuii 1t o6pazoBanus npactpykrypsl JJHA B 3XP.

A30T cuHWTaeTcs WHEPTHBIM JJIEMEHTOM [UI1 B3PBIBHBIX IIPOLIECCOB, OJHAKO,
OTYETIIMBO BEIpaKEHHAs KyIoJI000pa3Has 3aBucHMOCTh Bbixona JIHA ot ero comepskaHus B
BB (23 — 31 % wmac.) mokaspIBaeT, 94TO 3TO — HE Tak. bojee Toro, aHOManbHO OOJNBIIOE
KOJIMYecTBO a3oTa B kpuctammurax JJHA (~ 2,5 % mac.) monrBepskaaet 31o.

JIis monydeHue MpUeMIIEMOT0 BBIXOJa B MPOMBINUICHHBIX YCIOBHIX Oonmee 5 %
Mac. HEOOXOTUMO, YTOOBl OIHOBPEMCHHO OBLTH COONFONCHBI CICAYIOIIUC YCIIOBHS:
conepkanne Bonopoaa B BB cocrasmsio ~ 1,5 — 3,0 % mac., yraepoaa ~ 23 — 34 % wmac.,
azota ~ 23 — 31 % wmac. u kucmopoma ~ 42 — 46 % wmac. 3aBHCHUMOCTH Cyry0o
SMIUpPHUYECKasi, OJJHAKO OYCHb MpocTas M yaoOHas B padore.

Ontumanbaoe conepxanue JJHA B AlIl — ot 45 mo 71 % wmac. mocturaeTcs mpu
Hann4ny B Monekynax BB yranepona ot 26 mo 31 % mac.

HMHpHBHIyanbHEIe BB, NBoliHEIE H TPOHHbIE KOMIIO3HIIHH BB

19-H 19-N 19-¢ 19-0
. + A X
8 no C - 23 - 34 % mac.
18-H 18-0 mo N - 23 - 31 % mac.
hd XXU moH - 1,5 -3,0% mac.
; H i mo O - 42 - 46 % Mac.
16154 &0
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1 ® -y iC 40 x
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p-Hi 1 2-C 2.0 1-0
9 x
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Pucynox 1. 3aBucumocTts Beixoaa JIHA oT comeprxaHus yriiepojia, BOJ0OpOaa,
a3z0Ta M KHclopoja B Moiiekynax BB

YcraHOBIIEHB! ONTUMAaNbHBIE AMANA30Hbl COAEpkaHUs B Mosiekyidax BB yriepoma
(23 — 34 % wmac.), Bogopoma (1,5 — 3,0 % mac.), azota (23 — 31 % mac.) u kuciopoxna (42 —
46 % Mac.), 9TO B COBOKYITHOCTH C BBICOKOW BEpOATHOCTBIO MOTYT obecneunTs Borxon JJHA
Gonee 5 % mac.

PaGora BbImosHEHa NpW YacTHYHOH (MHAHCOBOM monnepxke rpanta POOU B
pamkax Hay4yHoro nmpoekra Ne 18-29-19112.
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JAHHBIE ITIO CKOPOCTSAM XUMHNUYECKUX PEAKIII/II71 B BA3E TE®UC
A.A. Benos, O.U. Tonop, JI.B. bopooaues

MockoBckuil rocygapcTBeHHbIH yHuBepcuteT uM. M.B. JlomoHocoBa, r. Mocksa, Poccus

Ckopocmu XumuueckKkux peakuuﬁ. I[J'IH pacyeTa 3aaaqd 9KOJOrnu U ONTHUMHU3AIHNU
XUMHUYCCKUX TTPOU3BOACTB Tpe6yeTC${ 3HATh 3aBUCUMOCTH CKOpOCTGﬁ XUMHYCCKUX peaxunﬁ

K(T) ot temmeparypbl. B XHMHYECKHX 3KCIEPUMEHTaX HEMOCPEACTBEHHO H3MEPSIOT

KOHIICHTPAIUH PEarnpyIONINX BEIICCTB B 3aBHCHMOCTH OT BPEMEHH, U IO 3TUM NPOQHIISIM
OTIPEICIISIOT CKOPOCTH peakuuil mpu (UKCHPOBaHHON Temmeparype I U JaBICHHH p .

3arem 9kcrnepuMmenTtanbHyo 3aBucumocth  K(7T)  anmmpoKCHMHPYIOT — 000O0IIEHHOM
dbopmymoit AppeHuyca

K(T)=AT" exp(-E/T). (1)
Kak mpaBuiio, mo KaxaoW peakiMyd OMyOJMKOBAHO MHOTO SKCHEPHUMEHTANbHBIX DPadoT,
NpUYeM [HMANa30H YCJIOBHHA B HHMX YaCTHYHO NEPEKPBIBACTCS, YACTUYHO pPa3INYaeTCs.
Arnmpokcumanyu Buja (1) coOpansl B KOMIeHANYMBI [ 1,2].

Bazvt oannvix. VI3-3a HEM30SKHBIX IOTPEIIHOCTEH OSKCIIEPUMEHTA PE3YIIbTAThI
pa3HbIX aBTOPOB OTJIMYAIOTCS, IPHYEM 3a4acTyld BeCbMa CYIIECTBEHHO. UYTOOBI
HUBCIUPOBATh WHAWBHUIYAIbHBIC OTKIIOHCHUS OTACIBHBIX JKCIEPHUMEHTOB, MPOBOISAT
COBMECTHYIO 00pabOTKy OOJBIIOTO KOJMYECTBA JAHHBIX PA3IUYHBIX HMCTOYHHUKOB. Takue
00paboTku MyONIMKYIOTCS B KoMOeHmuymax [1,2] m B Temarmdeckux cOOpHHKAaX (CM.,
Hanpumep, [3-5]).

OmHako TMpH OSTOM OCTAaeTCS HEICHBIM, C KAaKOW TOYHOCTBIO ITONYYCHEI
ko3 dunueHTs hopMynsl AppeHuyca. Bo MHOIMX ciy4asx Ui ammpoOKCHMHPYROMICH
KpuBO# (1) MPUBOAAT PKCHEPTHYIO OIEHKY JOBEPUTEIHLHOTO Kopuaopa. Kak mpaBuiio, oH
cocraisier +0.3—0.5 s lgK , r.e. ucrunnoe 3navenne K 10 2—3 pas Goublue 1160

MEHBIIIE TPHUBEJACHHOTO B cOopHUKe. OYEBWIHO, TAaKHUE OIEHKH SBIIIOTCS CHIBHO
MepecTPaxOBOYHBIMHU.

C 1960-x romoB B MHCcTHTYTE mpuKianHod Matematukud uM. M.B. Kengprma PAH
KOJDIGKTHB IOX pyKoBoacTBoM KammTkuHa co3maetr 06a3y manHeix TEOUC 1o
TEIUIO(PU3MYCCKUM CBOWCTBAM BEHISCTB. B mocneaHue Tofbl B 3Ty 0a3y BKIIOYCH pasfed,
MOCBSIIIICHHBI  CKOPOCTSIM XUMUYECKUX PEaKUWd, OINUCHIBAIONIMX DS  aKTyalbHBIX
nporeccoB. [lyis co3maHust 3TOTO pasnena ObUIM pa3pabOTaHbl HOBBIE MATEMAaTHUYCCKUE
METOJIbl PErPecCUr OKCIEPUMEHTAIbHBIX JaHHBIX, HM3MEPEHHBIX CO 3HAYUTEIbHBIMHU
MOTPEIIHOCTAMU [6]. B maHHO# paboTe mpencTaBieHO TEKYIEe COCTOSHUE PaOOT MO STOMY
HaNpaBJICHUIO.

Memoo oopabomku. AHanu3 SKCIEPUMEHTAIBHBIX JTaHHBIX IMOKA3bIBAET, YTO JJIA

ra3o(ha3HbpIX peakiiii MeX1y MaloaTOMHBIMH MOJIeKynaMu Haimudue MHoxutens 7" B (1)
SIBJSIETCS.  HEOCTOBepHBIM. [loaToMy OyneM HCXOOUTh M3 KIacCHYecKoil (hopmyIibl

Appennyca, B kotopoit m =0. Cnenaem 3ameny nepemennbix x=1/7T, y=IgK . Torma

3aKOH AppeHuyca MPEeBPAIAETCs B MPSMYIO.

I[J'ISI armpoKCUMaliMi  Mbl  HCHOJIB3YEM MOJIMHOMbBI, OPTOTOHAJIM30BAHHLIC Ha
MHOXKECTBEC OKCICPUMCHTAJIbLHBIX TOYCK C BE€CaMH, paBHBIMU O6paTHI)IM KBaJpaTaMm
norpemHocreil. biaromapss opToroHanpHOCTH 0a3zuca MOTPEIIHOCTH  KOA(QQUIHEHTOB
armpoKCuMalnun SIBJIIFOTCA HEKOPPCIMPOBAHHBIMU. D10 IO3BOJISCT TOCTPOUTH
CTaTHCTUYECKHU JIOCTOBEPHEIE OLICHKH MOrPEIIHOCTH K03(HUIHEHTOB 5
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anmpokcuMupytomeil kpuBod. CamMu K03 PUIMEHTEI MOXHO OKpYIJIATH HE3aBUCHUMO B
mpenenax COOTBETCTBYIONIMX IMOTpEIIHOCTe. HamoMHWUM, YTO TpH PA3NIOKEHHH TIO
HEOPTOTOHAJIHHBIM MOJTHHOMAaM K03 PHUIIHCHTBI pa3IoKEHHS OKa3bIBAIOTCS
KOPPCIUPOBAHHBIMUA, W WX HE3aBUCUMOE OKPYIJICHHE MOXXET BHOCHTh 3aMETHYIO
MOTPEIIHOCTb.

Cucmemur peakyuii. ONMCaHHBI METOJ] OBUT IPUMEHEH K CIEAYIOUINM CHCTEMaM
peakuuit: (1) 20 peakmmii BOJOPOJO-BO3IYIIHOTO TOPEHUS, CYIIECTBEHHBIX IJIS 3aaad
mwrazmoxumun (7' <1000 K, p ~1 arm); (2) 15 peakiiuit TepMUUICCKOTO PA3IOKCHHS dTaHA
[7], (3) 10 peakuuii BOIOPOI-KUCIOPOTHOTO TOPCHHUS, CYIISCTBEHHBIX B YCJIOBHSIX COIUIA
peaktuBroro asurareist (7 ~ 3000 K, p ~150 atm); (4) 16 peakimii ¢ yuactuem S, H, O,
N, CyIIeCTBEHHBIX B YCIOBHSIX HWXKHHUX cioeB atmochepsl (7 ~300 K, p~1 arm).
ITonydyeHHass TOYHOCTH ammpoKcuMauuu coctapisieT 1-10% 1 Xopollo H3yYEHHBIX

peaxtmii 1 20-30% 1151 I0X0 U3Y4YEHHBIX. JTO B 3-5 pa3 TOUHEE MUPOBOrO yPOBHS.
Pabora monuepsxana rpanTom [Ipesunenta PO MK-3630.2021.1.1.
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DATA ON CHEMICAL REACTION RATES IN THE TEFIS DATABASE

A.A. Belov, O.1. Topor, L.V. Borodachev
Lomonosov Moscow State University, Moscow, Russia

Chemical reaction rates. The calculation of environmental and chemical production
optimization problems requires knowledge of the temperature dependences of chemical

reaction rates K(T'). In chemical experiments the concentrations of reacting substances are
directly measured as a function of time, and from these profiles the reaction rates at a fixed
temperature 7 and pressure p are determined. The experimental dependence of K(T) is
then approximated by the generalized Arrhenius formula
K(T)=AT"exp(-E/T). 1
As a rule, many experimental papers have been published for each reaction, and the
range of conditions in them partly overlap and partly differ. Approximations of the form (1)
are collected in compendiums [1,2].

Databases. Due to unavoidable errors of the experiment the results of different
authors differ, and often considerably. In order to level out deviations of individual
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experiments, joint processing of a large number of data from various sources is carried out.
Such treatments are published in compendiums [1,2] and thematic collections (see, e.g., [3-5]).

However, the accuracy with which the coefficients of the Arrhenius formula are
obtained remains unclear. In many cases an expert estimate of the confidence belt for the

approximating curve (1) is given. As a rule, it is 0.3—0.5 for Ig K, i.e. the true value of

K is up to 2—-3 times greater or less than that given in the collection. Obviously, such
estimates are highly overestimated.

Since the 1960s at the Keldysh Institute of Applied Mathematics, Russian Academy
of Sciences, a team led by Kalitkin creates a TEFIS database on the thermophysical
properties of substances. In recent years, this database has included a section on the rates of
chemical reactions that describe a number of relevant processes. To create this section, new
mathematical methods for regression of experimental data measured with significant errors
were developed [6]. This paper presents the current state of work in this area.

Processing method. Analysis of experimental data shows that for gas-phase reactions

between small atomic molecules the multiplier 7" in (1) is unreliable. Therefore, we
account for the classical Arrhenius formula in which m =0. Let us replace the variables

x=1/T, y=IgK . Then the Arrhenius law turns into a straight line.

For approximation we use polynomials orthogonalized on the set of experimental
points with weights equal to the inverse squares of the errors. Due to the orthogonality of the
basis, the errors of the approximation coefficients are uncorrelated. This provides
statistically valid estimates of the error of the coefficients and the approximating curve. The
coefficients themselves can be rounded independently within their respective uncertainties.
Recall that when decomposed by nonorthogonal polynomials, the expansion coefficients
appear correlated and their independent rounding can introduce a noticeable error.

Reaction systems. The method described has been applied to the following reaction
systems: (1) 20 hydrogen-air combustion reactions significant for plasma chemistry
problems (7 <1000 K, p~1 atm); (2) 15 reactions of thermal decomposition of ethane
[7], (3) 10 hydrogen-oxygen combustion reactions significant at jet engine nozzle conditions
(T ~3000 K, p~150 atm); (4) 16 reactions involving S, H, O, N significant at lower
atmosphere conditions (7 ~300 K, p ~1 atm). The obtained approximation accuracy is 1-
10% for well studied reactions and 20-30% for poorly studied ones. This is 3-5 times more
accurate than the world level.

This work was supported by grant MK-3630.2021.1.1 from the President of the
Russian Federation.
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IPEJIIOJIAT AEMBIII MEXAHU3M OBPA3OBAHUSA
JETOHAIIMOHHBIX HAHOAJIMA30B

B.IO. ,Z]o,mamogl ,AH. O3epuH2, A.C. Kosnos', A.0. ,Z]opoxoej

'®OI'VIT «Crenpansaoe KOHCTPYKTOPCKO-TeXHOIOTHIecKoe 0ropo «TexHomory,
r. Cankr-IlerepOypr, Poccust
*PI'BYH MHCTHTYT CHHTETHYECKHX MTOTMMEPHBIX MaTepuainos uM. H.C. Exnkononosa PAH,
r. Mocksa, Poccus
33aBog «ITnactmaccy, r. Koneiick, Uensiounckas oonacts, Poccus

[Tpeamnomnaraercs BOSHUKHOBEHHE (DPAKTAIBLHOM YTIepOAHON CETKU C (QIYKTyaIlusIMHU
IUIOTHOCTH yriiepoJa B IUIa3Me 30HBI XuMmuueckwx peakuuii (3XP) mpu B3phIBHOM
pasnokeHUH B3peBUaTEIX BemiecTB (BB). B «y3max» 3Toif ceTkHW, 007amaromimit
HanOONBIICH IIOTHOCTBIO, YITIEPOJHBIH KOHJICHCAT YCIeBaeT c(hopMHPOBATh TPEXMEPHOE
YIOPSI0YEHHOE SAPO.

VYraeponHas mnazMa 3a miuockocTelo UenMeHa-XKyre cTaHOBUTCA CHadana >KMIKUM
YIIEpOaOM, a 3aTeM KPHUCTAIU3yeTCs B KPHUCTAIIMTHl JETOHAI[MOHHBIX HAHOAIMa30B
(AHA). IIpomecc kpucTaUIM3aluy 3aBepiiacTcs B Auana3zone 1/3-3/4 muamerpa 3apsiia oT
(poHTa IeTOHAIIMOHHON BOJIHBI.

3aKIIr04YeHue:

1. CpenaHo mpeanookKeHHUe, YTO KOHACHCUPOBAHHBINA yTrIepo] B 30HE XMMUYECKUX
peakiuid JOJKCH UMETh IUIOTHOCTh B Jauamna3oHe 2,5-3,2 r/cM3 B COOTBETCTBUU C €rO
orpeziesieHNeM B rutazme MeToioM MYPP (ManoyrioBoe peHTTeHOBCKOE pacCEeuBaHue).

2. BeposiTHO BO3HMKHOBEHHE (PpaKTAIBLHON YIIIEpPOJHON CETKH C OHOBPEMEHHBIMHU
¢ykryanmsimu - tiotHoctH  yraepoga B 3XP ¢ oOpasoBaHHMEM — TPEXMEpHOTO
YIOPSIOYEHHOTO pa B y3J1aX CETKH.

3. Bpems xumuueckux peakuuil B 3XP ykmaaeiBaercs B pamku 0,1-0,3 mkc, a
nmpuna 3XP ot 0,4 1o 1,4 mm uis obpazosanus JJTHA.

4. OOpa3oBaHMe HaHOAIMa30B IPOUCXOJWT Ha PACCTOSHHUM OT  (pOHTA
JIETOHAIIMOHHOM BOJIHBI B 1/3-3/4 nnamerpa 3apsina.

5. HawubGosnee Bricokuii Beixox JJHA (Gonee 6 mac.%) mocturaercsi, Koraa Ha €ro
obpazoBanue yxoaut 20+2 mac.% ot obiero yrieposaa BB.

Pabora BbIMONIHEHA NPH YaCTUYHOU mojaepkke rpanta PO®U B pamkax HaydHOTO
npoexTa 18-29-19112.

BJIMAHUE JUCIIEPCHOCTHU COEPOUJJAJTBHOI'O OKTOI'EHA
HA T'OPEHUE CMECEBBIX PAKETHBIX TOIIJIUB

C.1O. Hapuvixcnwiii, B.B. @omenko, M.B. Axmuipckuil, A.C. Ky3zakos, C.B. [ecamos,
CM. Ilymuc, O./. Iywun, C.A. Jywenox, A.A. Komomun, A.C. Ko3znos

OI'VII «CrieninanbHOE KOHCTPYKTOPCKO-TEXHOIOTHIecKoe Oropo «TexHomory,
r. Cankr-IlerepOypr, Poccus

B nanHOi pabote B mccienyeTcs BIMSHHE JUCIEPCHOCTH BBICOKOIHEPIeTHUECKOM
JI00aBKU Ha XapaKTePUCTUKU cMeceBbIX pakeTHbIX TommBa (CPT). B kauecTBe MOAEIBHBIX
cocraBoB CPT wucnone3oBaince nactoodpasHeie paketHsie Toruusa (ITPT) [1] Ha ocHoBe
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nepxijopata amMMoHusI ([IXA) W XJIOPHOKHCIOTO SHEPTrOHACHIIIEHHOTO CaMOTOPSIIETO
CBS3YIOIIET0, MPUMEHSIEMOTO B pabote [2], ¢ 100aBIeHHEeM BBICKOIHEPTETUIECKOM TOOABKH.
B KkauecTBe BBICOKORHEPTeTHUYECKOW MOOABKH HCIIOJIB30BANCA C(HEepoumanbHBI OKTOTCH
cnenyronmx  (pakmmit:  160-250, 80-160, 40-80 u <40 Mrm. Jlas OLEHKH BIHSHUS
BBICOKOIHEPIeTHYECKOI OOAaBKH ObUTH MPEIBAPUTEIHFHO BBHIIIOTHEHBI TEPMOIMHAMUYECKUE
pacueTsl XapaKTepPUCTHK MOJIEIBHBIX COCTaBOB.

OKCIIEpUMEHTANBHEIE  Pa0OTHI MO  OMPENCICHHIO  XapaKTEPUCTUK  TOPCHUS
MOJIETIBHBIX COCTaBOB NMPOBOAMIUCH HA MAHOMETPHUUECKON YCTAaHOBKE BBICOKOTO JABICHHS
(YB]) npu naBienusx qo 120 MIla u mogensHOM pakeTHoM asurarene (MP/]) xamutpa 30
MM Tpu gaBneHHsx g0 25 MIla. OtnmensHOo OBITHM HMCCIEIOBAHBI PEOJOTHUYECKHE
XapaKTEePUCTHKH MOJICIIBHBIX COCTABOB.

Ilo pesymbraTaM UCCIEIOBaHWNA BBIABICH XapakTep BIUSHHUS IUCIIEPCHOCTH
OKTOT€Ha Ha CKOpPOCTb TOPEHHUS M PEOJOTHI0 MOJENBHBIX COCTaBOB, OINpPEACIICHBI
napaMeTpsl IpoLecca FOpeHusl.
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nacToo0pa3HbIX pakeTHHIX TomumB. dusnka ropenus u B3pbiBa. 2021. T. 57. Ne6. C. 48-55.

TOPMOKEHHUE TPOAYKTOB B3PbIBA IINTACTU®UIIUPOBAHHOI'O
OKTOI'EHA BO ®TOPUJ JIUTHUA

A.A. Cmanosos, E.H. boeoanos, B.U. Bypenun, JI.U. Kanynosa,
A.O. Heosxun, JI.K. Aumoniox, T.A. I'osopyrosa, A.E. Cagppornos

POALI-BHUUD®, r. Capos, Poccust

Jns tectmpoBaHus ypaBHeHHH cocrosHus [IB mpuBiexaercs mumpoxuii Habop
Pa3IUYHBIX JKCIEPUMEHTAIBHBIX JaHHBIX, B YaCTHOCTH, PE3YNbTaThl IKCIEPUMEHTOB IO
TOPMOXEHHIO MPOJIYKTOB B3PbIBA B ONTHYECKH MPO3payHble MpPErpajbl ¢ perucrpanueit
npopuiss  MaccoOBOM  CKOPOCTH  METOJaMH  BBICOKOYYBCTBUTCIBHOW  JIa3epHOM
natepdepomerpuu (VISAR, PDV).

Baxxayro nHpOpMAaIUio B SKCIIEPUMEHTAX COAEPKUT NPoduinb TeHmopoBcKoil BOTHE
paciupeHusi, B KOTOPOW MPOAYKTHI B3pbIBa pacluupsAroTcs U3 coctosinus Yenmena-Kyre no
OTHOCUTENIbHO HU3KUX nAaBieHuil. [lockonbky BosHa Teinopa siBiseTcs HeCTalMOHAPHOU
30HOU ZLCTOH&L[I/IOHHOEI BOJIHBI, TO MNOpU YBCIWYCHUU IJIMHBI 3apsgia CKOPOCTh CliaJa
JaBJICHUS B HeH YMEHbLIIACTCSA, YTO IO3BOJACT PCAIU30BBIBATH PaA3IMYHBIC JUANIA30HLI
W3MEHEHUH AaBJICHUS B IPOAYKTaxX B3pbIBA.
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B nmanHO# paboTe U1 TECTHPOBaHWS YpaBHEHHS COCTOSHHS IMPOIYKTOB B3PHIBA
UTACTH(GHUIMPOBAHHOTO OKTOTCHA MPOBEICHEI IBE CEPUHU IKCICPUMECHTOB IO HETIPEPBIBHOM
pEeTUCTpallid ¢ TOMOINBI0 MHOTOKAHAIBHOTO KOMIUIEKCAa T'eTepOAMH-MHTEepepoMeTpa
3aBHCHMOCTEH CKOPOCTH KOHTAKTHON I'paHHIBI MPOAYKTHI B3PhIBA — ONTHYECKOE OKHO H3
¢ropuna nutus. B mepBoit cepum mmnmMHApHYecKue 3apsAasl auameTpom 100 MM u
touHON 40 1 60 MM MHULIMUPOBAIUCH C TIOMOIIBIO IJIOCKOBOTHOBBIX TEHEPATOPOB, a BO
BTOpPOM CepUU HHULMUPOBAaHUE 3apsiaoB auamerpoM 120 MM u TommuHOM 20 MM
OCYILIECTBIIOCH B TOYKE Ha OCH. B TIpOBEIEHHBIX SKCTIEPUMEHTAX PEeaTn30BaHbl COCTOSHUS
B IpoaykTax B3pbiBa oT ~40 I'Tla no 10 I'Tla.

[TonmydeHHbIe 3KCTIEpUMEHTAIBHBIE PE3YNbTaThl HCHOJIB30BAHBI AJSI TECTHPOBAHHUS
YpaBHEHHS COCTOSHUS NMPOIYKTOB B3PHIBA HCCIIEAYEMOIO B3PBIBYATOTO BEIIEeCTBa B (hopme
Jlxonca-Yunkunca-JIu (JWL). Pe3ynapTarel mpoBeIeHHOTO PAacU€THOTO MOJEITUPOBAHUS B
JIIBYMEPHOH TCOMETPUU HAXOIATCS B VIOBICTBOPUTEIHHOM COTJACHH C pe3ylbTaTaMu
SKCHEPUMEHTOB.

PACUYETHO-3KCIIEPUMEHTAJIBHBIE HCCJIEJOBAHMUS
PACITPOCTPAHEHUSA JETOHAIIUU B IWINHAPUYECKUX
3APAAX U3 TATH

A.B. Epacmos, B.B. 3mywrxo, T.U. 3mywro, K.H. Ilanos
POALI-BHUUD®, r. Capos, Poccust

Uccnenosan mpoiiecc pacnpocTpaHeHUsl IETOHALMK B HWIMHAPUYECKUX 3apsiiaX U3
wiactudunupoanHoro TATB co crampHOW 000J0YKOW BHYTPH TNPH HHUIIUHPOBAHUHU
HOpMaJbHOW [ETOHAMM MO JIMHUM Ha HApY)XHOM MNoBepxHOcTU 3apsna. KoHcTpykuwms
WHUIOHAATOpa O0ecleurnBacT HaJAe)KHOE WHUIIMHIPOBAHNE HOPMAJIBHON IETOHAIIMM Ha
nmoBepxHocTH 3apsina m3 TATDB 6e3 3agepxku. B skcrepumeHtax ompeneneHa ¢opma
(dponTa AeroHanuoHHOW BOJHEI ([IB) peHTreHorpaduyeckuM METOJOM Ha HECKOJBKO
MOMEHTOB BpeMeHU. C MOMOIIBI0 SJIEKTPOKOHTAKTHBIX JATYMKOB H3MEpPEHa CKOPOCTh
pacnpoctpanenus ¢ponra JB 1o HapyxHO#l moBepxHocTH 3apsaa. [lomyueHo, 4TO B
0o0JacTH MPSIMON BUIUMOCTH TOYKUA WHHUITMHPOBAHUS CKOPOCTh (hpoHTa pacxossimieiics /1B
cocraBmsieT =~7,3 kM/c. B oOmacth “TeHM”’ TOYKH WHHUIMHUPOBAHUS CKOPOCTh (PpoHTA
pacxopseiics B yMmeHbIIaeTCs B 3aBUCMMOCTU OT MPOMIEHHOTO PACCTOSIHUS, KaK I10
HApPY>XKHOMW, TaK U MO BHYTPEHHEH MOBEPXHOCTHU 3apsja 10 3HadeHus ~5,7 km/c. [Ipu atom
OKOJI0 o00Oomouku 3adukcupoBaHa 30Ha HenpopearupoBaBiiero TATB. TIposeneno
YUCJIEHHOE MOJIEJIUPOBAHUE DJKCIIEPUMEHTOB C HCIOJIb30BAaHHEM KHHETHUKH JETOHAIMH
SURF. Pe3ynbTaThl pacdeToB XOPOIIIO COTIACYIOTCS C IKCTIEPHUMEHTAIFHBIMU JaHHBIMH, KaK
Ha paHHEW CTaau¥ Tpollecca WHUIIMAPOBAHUS JETOHAINU, TaK U B 00JacTH “TEHW TOUYKH
WHULNAHPOBAHUS, TJe CKOpocTh (hpoHTa [IB yMeHbmaercs.
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NUMERICAL-EXPERIMENTAL INVESTIGATIONS OF DETONATION
PROPAGATION IN CYLINDRICAL TATB CHARGES

A.V. Erastov, V.V. Zmushko, T.I. Zmushko, K.N. Panov

RFNC-VNIIEF, Sarov. Russia

The authors investigated the process of detonation propagation in cylindrical charges
made of plasticized TATB with a steel shell inside of it when normal detonation was
initiated along the line on the external surface of the charge. The initiator design provides
reliable initiation of normal detonation on TATB charge surface without delay. In
experiments the front shape of detonation wave (DW) was determined by the X-ray
radiography method for several times. Velocity of DW front propagation on the external
surface of the charge was measured by electrocontact gauges. It was revealed that velocity
of diverging DW front was ~7.3 km/s in the line of sight of the initiation point. In the area of
the initiation point “shade”, velocity of diverging DW front decreased depending on traveled
distance both on the external and internal surfaces of the charge up to the value of
~5.7 km/s. Besides, zone of unreacted TATB was recorded near the shell. Numerical
simulation of the experiments was performed with use of SURF detonation kinetics.
Calculation results are in good agreement with the experimental data both at the early stage
of detonation initiation process and in the area of initiation point “shade” where DW front
velocity decreases.

HN3YYEHUE B3PBIBUATHIX BEHIECTB ITPU JIUHAMUYECKOM
HATPYKEHUU METOAOM COCTABHOI'O CTEPKHA 'OITIKUHCOHA

B.A. Ihwxos

CapdTU HUAY MUY, r. Capos, Poccus

B pabore mo nmTepaTypHBIM JaHHBIM 0030pHO PACCMOTPEHBI BHIBI HUCCIEAOBAHUI
XapaKTEepUCTHK B3pbIBUAThIX BemiecTB (BB) mpm muHamMmueckoM HHU3KOCKOPOCTHOM (710
~100 wm/c) MexaHHYEeCKOM BO3ICHCTBHH, OTBEUAIOIIEM aBapWHHBIM Harpy3kam IIpH
XpaHEHHH, NepeBO3Ke, TepakTe M T. I. YacTo mpu Takux BO3JCHUCTBHSAX B TBepAblx BB
MHHUIMMPYIOTCS B3pbIBUaThle mpeBpamieHus [1]. Haubonee BeposSTHBIM MeXaHM3MOM
BO3HMKHOBEHMSI B3PBIBUATHIX IPEBpAIEHUIl SBIsIeTCS 0Opa3oBaHUE OYaroB pPEakKIH,
BO3HUKAIOIIHUX TpH TutacTuieckoM jaedopmupoBanuu BB [2]. Pa3paborka ¢usnmdeckux
MOJIeTIed W KOJIMYECTBEHHOE OMNMCaHHWE MPONECCOB Ae(HOPMHUPOBAHUS, Pa3pyLICHUS U
BO30YK/I€HHsI B3pBIBUATOTO MpeBpaiieHNs B BB Ha cerogHs naneko HE 3aKOHYEHEI,
MOATOMY HMCCIISIOBAaHUsI IPOJIODKAIOTCS B IIEJIAX IMOJy4eHHs Oojiee IOJIHOro oObema
JaHHBbIX. I/ICCHe}lOBaHI/IX BBITIOJIHAIOTCA C NMOMOIIBIO PA3JIMYHBIX METOJ0B, B TOM YHUCJIIC
M3BECTHOTO MeToza coctaBHOro crepxkHs ['onkuncona (CCIY). Takue paboThl MpOBOASATCS
kak B Poccum, Tak u 3a pyoexom, Haripumep, [3-7].

[MonpoGuee u3 paboThI [7] pacCMOTPEHBI Pe3yIbTaThl CCIIEIOBAHHS AMHAMUYIECKOTO
cxarus mwiactagunuposanHoro TOHa meromom CCI'. OmBITEI IPOBEACHBI MPH CKOPOCTSIX
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nedopmari 7500-12000 ¢, TTocTpoeHs! AHarpaMMbl «ycHIHe-IehOpMaIHs», «yCHITHe-
CMCIIICHHE», OIICHEHA BEIMYHMHA YHEPTUH, HeoOXoauMmas A BO30YKACHHS B3PHIBYATOTO
npespamienus. Ilpennoxkeno wucnonszoBate Meton CCIT kak [IONOJHUTENBHBIM K
MMEIONTUMCS METOaM M3ydeHUs XapakTepucTuk BB [7].
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OMNPEJIEJJEHUE ®YTACHOT'O U METATEJIbHOT' O JIEMCTBUS 3APS/I0B
B3PBIBYATHIX BEHIECTB C NCITIOJIb30BAHUEM METOA0OB
MATEMATHYECKOI'O MOJAEJIUPOBAHUSA

C.I1. 3omxun, A.A. Cenesenes, A.B. Cxnapos
POAL-BHUND®, r. Capos, Poccust

B nmokmame mpencTaBieHBI KOMIIBIOTEpHBIE Monenu (UU(GpOBBIE  aHAIOTH)
HKCHEPUMEHTAIFHBIX METOJWK IO ompeneneHuio ¢yracHoctn BB (mpoba Tpaymwrst) u
METaTeNbHOT0 JACHCTBHUS MPOAYKTOB JMeToHamuu (IuimmHApP — TecT). Llens paboTel —
CO3/laHHE KOMIBIOTEPHBIX Mojened mpoOsl Tpayiyis u HUIMHAP - TecTa AJIS pacueTHOTO
ompezenenust ¢pyracHoctn BB u merarenpHoro nelictBusi mpoaykroB aeronanmu (I1]1).
Merton pacu€THOW OLEHKH (YracCHOCTH OCHOBBIBACTCS HAa YHCIEHHOM MOJICIMPOBAHUU
B3phIBa 3apsna BB B cBuHIOBOH O00MOe Tpayiyis ¢ mocieayromuM H3MEpeHHEeM CTETICHH
pacimpeHusi BHYTPEHHETO KaHalla CBHHIIOBOM O0oMOBL. MeTon pacyeTHOW OIEHKH
MeTarenbHOro neiictBus I1J] oCHOBBIBaeTCS Ha YHCICHHOM MOJCIHUPOBAHUU JIHHAMHUKHU
paznéra MenHOW TpyOBI mocie neroHanuu 3apsina BB mpu ogHOBpeMeHHOH peructpaiuu
paauanbHOM CKOPOCTH Pa3niéra NUIMHAPUYECKONW OOOJOYKH B 3aBUCUMOCTU OT CTENEHHU
pacmumpenus I1/1.

B rmpouecce paboThl € MOMOLIBIO METOAOB KOMIBIOTEPHOTO MOJEIHPOBAHMS
MPOBOJIMIINCH HCClieloBaHus paboTocnocoOHocTH 3apsinoB BB B cBuHIOBOW GomOe
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Tpayuist, pacueTsl CKOPOCTH METaHHS M BEIMYUHBI CMEIICHUS [IINHAPHIECKOH 000I09KH
Mpu  JE€TOHAaUMU 3apsanoB W3 pasnuuHeix BB. Paccuurtansl sHepruss [apuu wu
TePMOJAMHAMHUYECKHA KpuTepuu (yracHocT mis paccMmaTpuBaeMmbix BB. Ilomyuensr
KOPPENSAIHOHHBIE 3aBHCUMOCTH MEXIy BEIWYMHOM TEPMOIUHAMUYECKOTO KPHUTEPHS
(hyracHOCTH ¥ TaKUMH NapaMerpaMu padotocnocodHocTH 11/ kak MakcuManbHast CKOPOCTh
METaHUSI MEIHOW IWIMHAPHYCCKOW 000s0uku (pUCYHOK 1), sHeprust ['apHu, mokasaTeib
(yracaoctu no Tpayiyio.

Bepudukanust pacuetHslx Moxeneidl mpoObl Tpaywis M IWIHHApP-TECTa OblLia
MPOBEICHA METOJOM CpPaBHEHMS DSKCIIEPUMEHTAJIBHBIX M PACUETHBIX pPe3yJIbTaTOB IS
cienyromux BB: okToreH, rekcoreH, TpOTHII, TOH, U TeKCAHUTPOCTUILOCH.
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Pucynox 1. KoppensiuoHHas 3aBUCUMOCTb MEXAY TEPMOJUHAMUYECKUM
KpHUTepHreM (yracHOCTH U MaKCHMaIIbHBIM 3HAa4€HHEM CKOPOCTH
MUIAHIPUIECKON 000I09KH

DETERMINATION OF EXPLOSIVE CHARGES PERFOMANCE USING
NUMERICAL SIMULATION METHODS

S.P. Zotkin, A.A. Selezenev, A.V. Sklyarov

RFNC-VNIIEF, Sarov, Russia

The report presents the computer models (digital analogues) of experimental methods
for determining the high explosive (HE) performance (Trauzl test) and projectile action of
detonation products (cylinder test). The purpose of the work is creating computer models of
the Trauzl test and the cylinder test for the calculated determination of the HE performance
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and the projectile action of detonation products. The calculation method for determination of
the HE performance is based on numerical simulation of explosion of the HE charge in the
Trauzl lead block, followed by measuring of the expansion degree of the inner channel in
the lead block. The calculation method for determination of projectile action of detonation
products is based on numerical simulation of the dynamics of the copper tube expansion
after detonation of HE charge with simultaneous registration of radial velocity of the
cylindrical layer depending on expansion degree of the detonation products.

In the course of the work, the studies of the performance of the HE charges in the
Trauzl lead block, calculations of the radial velocity and the displacement value of the
cylindrical layer during detonation of charges for the various HE, were carried out using
computer simulation methods. The Garney energy and thermodynamic performance criteria
for the HE under consideration were calculated. Correlations dependencies between the
value of the thermodynamic criterion of explosive performance and such experimental
parameters of the detonation products performance as the maximum projectile velocity of
cylindrical layer (Figure 1), the Garney energy, and the performance value of the Trauzl test
were obtained.

Verification of the numerical models of the Trauzl test and the cylinder-test was
carried out by comparing experimental and calculated results for the following explosives:
HMX, RDX, TNT, PETN, HNS.
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Figure 1. Correlation dependence between the thermodynamic performance
criterion and the maximum velocity of the cylindrical layer
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OLIEHKA ®YTACHOCTHU CMECEBbBIX BB HA OCHOBE
TEPMOJUHAMMWYECKHX KPUTEPUEB PABOTOCIIOCOBHOCTH
MPOJYKTOB JETOHALIMU

A.A. Cenesenes, A.IO. Anennuros, I1.A. Yemumxun, C.I1. 3omxun

POSAL-BHUND®, r. Capos, Poccust

B nmoknaze mpuUBEICHBI PE3yNbTaThl TEPMOJMHAMHYECKHAX PACUYETOB II0 OIICHKE
paborocniocobHocTH ((pyracHOCTH) cMeceBBIX B3pbIBUaThIX cocTaBoB (CBC) Ha ocHoBe
OKTOTCHA W IepXJIopara aMMOHHUS C J0OaBKOW MOPOIIKOB aKTHBHBIX METAIJIOB (aJIFOMHUHHUS,
MarHus Wi Oopa). PaccmarpuBamuch ciiemyrone KpUTEpHH padOTOCIIOCOOHOCTH
NPOJIYKTOB  B3pbIBa: TPOW3BEACHHE YACIbHOW TEIUIOTHl B3phIBA Ha  YAEIbHOE
razoconepxanue 1B (Qp - ng), mapamerp «Cuna» I1B (F), nokazarens pyracnoctu ( f)
JUTsI TIpOMBITIUIEHHBIX BB, monydennsiii B pabote [1] u kpurepwmii a¢pdexruBHOCTH BB 110
MMITYJIbCY BO3yIIHOH yaapHoii Bousl (1) , monyuennsiit B pabote [2]

F;=ng'R'TA, (1)
0 0.5
f= (—”) - (Tr)*%, @)
Qp,TNT
0.5204
_ JeB _ Qp 0.259
= dBB _ (=P . T
f) JTNT (QP,TNT) r ®)
Tr = (Qpng) ,
(@png)TnT

rae ng — yaenbHoe razoconepxkanue 1B, T, — temneparypa I1B B Touky Yenmena-XKyre,
Qp — TeroTa B3phiBa.

Jns  paccmartpuBaembix CBC  pacueTHBIM METOJOM  OINpPEIETICHBI MacCOBBIC
COJICP)KaHUSI KOMIIOHEHT, TIPpH KOTOPBIX KpUTepHH S(PQPEKTHBHOCTH  JIOCTHTaiOT
MaKCHMAaJIbHbIX 3HAYCHWI. AHAIM3 IOJNydEHHBIX PACYETHBIX PE3yIbTAaTOB IOKa3al, YTO
UCIIONIb30BAaHUE B KadecTBe akTHBHOW no0aBku B CBC mopomka 0opa NpuUBOAMT K
OosipIIeMy YBEIHYEHHIO TPOTWJIOBOTO SKBHBAJIEHTAa II0 HMITyJIbCy BO3AYIIHOH YB mo
CPaBHEHHIO C J00aBKOW MOpPOIIKA allOMHHHS WIM MarHus. B Toxe Bpems, IO KpUTEPHIM
«Cnmay» IIB mnn «mpoda Tpayryis» n006aBKH MOPOIIKA ATIOMUHUS WIM MarHusl sIBISTIOTCS
6osiee > PEeKTUBHBIMY 110 CPABHEHUIO € J00ABKOM Mopomika 6opa.  AHamu3 TOJyYEHHBIX
pacdeTHBIX Pe3yNbTaTOB TaKKe MOKa3al, YTO MCIOJIb30BAHUE TOPOIIKOB MarHusl mim 6opa
BMECTO ITOPOIIKA AJIFOMMHUS HE TIPUBOAUT K 3aMETHOMY yBeinueHuro dddexrusnoctu [1B

C TOUYKH 3peHus (PyracHOro AeHCTBUSL.
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ESTIMATION OF COMPOSITE EXPLOSIVES PERFORMANCE USING
THE THERMODYNAMIC CRITERIA

A.A. Selezenev, A.Yu. Aleynikov, P.A. Ustimkin, S.P. Zotkin

RFENC-VNIIEF, Sarov, Russia

The results of thermodynamic calculations of composite explosives performance are
presented in the report. The composite explosives (CE) containing HMX, ammonium
perchlorate, and powders of active metals (aluminum, magnesium or boron) are considered.
The following criteria of composite explosives performance are considered: production of
specific explosion heat on specific gas content of explosion products (@p - ng), “Force” of
explosion products (F), the performance criterion (f) for industrial high explosives (HE)
that has been formulated in the work [1] and the criterion of HE efficiency on impulse of air
shock wave (f}) that has been formulated in the work [2]

Fy=ng-R-Ty, (1)
0 0.5
f =( - ) - (Tr)°23, @
Qp,TNT
J 0 0.5204
_ JsB _ P . T0.259
f] "~ Jrar (QP,TNT) Tr ’ ®)
Tr = (Qpng)

B Qpng)TnT’
where ng is specific gas content of explosion products, T, is explosion products temperature
in Chapman-Jouguet point, Q,, is explosion heat.

Mass contents of the component at which the performance criteria reach the
maximum value are determined for the considered CE using calculation method. The
analysis of the obtained calculation results show that using boron powder in CE leads to
larger increase of TNT equivalent on impulse of air shock wave in comparison with
aluminum or magnesium powder. At the same time, according to the "Force" of explosion
products and Trauzl test criteria, additives of aluminum or magnesium powder are more
effective in comparison with boron powder. The analysis of the obtained calculation results
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also show that using magnesium or boron powders instead of aluminum powder does not
lead to noticeable increase of CE performance.
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YPABHEHHSI COCTOSHHSA
H ®A3O0OBBIE IIEPEXO/BbI

EQUATIONS OF STATE
AND PHASE TRANSITIONS

OCOBEHHOCTH CCKUMAEMOCTHU HEPUSA
TP YJAPHO-BOJIHOBOM HATI'PYKEHHUU 110 25 I'TTA
B OKCIIEPUMEHTAX C ®OTOXPOHOTI'PA®UYECKOM
M JIABEPHO-TETEPOJAMHHOM TUATHOCTHUKOM

B.U. Taporcanos, J.I'. Ilankpamoe

POAL-BHUUTO, r. Cuexunck, Poccus

[IpencraBneHsl pe3ynpTaThl N0 YAAPHOH CIKAMAEMOCTH BBICOKOYHCTOTO IIEpHs,
nonydeHusie B POAI-BHUUT® B corpymamdectBe ¢ LANL [1,2] mpu B3pbHIBHOM
HArpy»XeHHH KJIMHOBBIX O00pa3IoB C peann3anueil BBICOKOCKOPOCTHOH aedopmaryu B
0o0JacTH TPOTeKaHWS Y—0O— H O—KHUAKOCTH (a30BBIX NpeBpameHnd. JlmarHocThka
MPOIIECCOB  OCYMIECTBISIACh C  COBMEMIEHHEM  (HOTOXpPOHOTpaUIeCKO  METOTUKH
ontudeckoro peraara (OP) [3] u 1a3epHO-TeTepPOUHHON METOTUKY.

[Tonmy4yeHbl HOBBIC TaHHBIC 1O CTPYKTYpPE BOJH HAMPSKCHUN B KIMHOBBIX 00pa3max
Hepust U Pa3IUYHBIX PEKUMOB HX B3PBIBHOTO HATPYXKCHUS, OTIUYAIONIMXCS aMILTUTYIO0N
U JUTUTEIBHOCTHI0 UMITYJIbCA HATPY3KU. 3aperrcTPUPOBAHA SBOIIOIUS €IHHOTO MPOoduis
YIPYyToro u y-o — (pa30BOro MpeIBECTHUKOB, BIUIOTH JI0 UX pa3feleHHs MPH CaMbIX HU3KHUX
ypoBHsix HarpykeHus. C ucnosip3oBaHueM mpoduwis (Ha3oBOro MPEIBECTHUKA MOCTPOCHA
3aBHCUMOCTh OT BPEMEHH OOBEMHOW CKOPOCTH 3BYKa, XapaKTepH3yIollas KHHETUKY
TIPOIIECCOB B HEM, PEATM3YIOUINXCS MPH AepOopMaIii.

YcTaHOBNEHBl TpaHWIBI OONAcTel CyImIECTBOBAaHWS B IEPUHA OAHO-, JBYX- H
TPEXBOJIHOBBIX KOH(MUTYpAINi, CBA3aHHBIX C YIPYTO-IUTACTHYECKUM TIOBEICHUEM LIEpHS U
Y—Oo—TIpeBpalieHneM. [IpuBeIeHs SKCIIepUMEHTAIIFHBIE KOPPEISIIMA CKOPOCTH CBOOOIHOM
MOBEPXHOCTU W , BOJIHOBOI CKOPOCTH D W TPOIOIBHOTO HAMPSDKEHUSI O, C MPOMICHHBIM
mo oOpasmy paccTosHHEM X IS ()a30BOTO TIPEIBECTHHKA M OCHOBHOHM IIIIACTHYECKOH
BonHBL. [locTpoeHa ymapHas ammabaTta mepus B BuIe D,u —COOTHOIIEHHS (4 — MaccoBas
CKOpOCTh), a Takxke B Buae GyHKuud o, (1) u 6. (V/Vy) (V/Vy— OTHOCUTENBHBIN YICTbHBIN
00BEM). [IpoBenieHO cpaBHEHHE PE3YNNbTAaTOB C JINTEpaTyPHBIMH JaHHEIMHA. KoHCTaTHpyeTCs
xopoiee cootBercTBrue AaHHbIX POAL-BHUNUT®, POAL-BHUUD® u JIAHIL.

[MpencraBnensl HEeKOTOpbIE (akThl, CBSI3aHHBIE C IUIABJICHUEM LEpHsl Ha yJIapHOM
annabate. B uactHocTH, B moarBepkaeHue naHHbiXx POSL-BHUND®, 3aduxcupoBan
W3JI0M yJapHOM aauabatsl B D,u —KOOpJMHATAX C JIOKaIu3auei B Touke ¢ D = 2,38 kM/c u
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u = 0,723 xm/c. DTO C y4eTOM MOTPENIHOCTH AMPOKCUMAILMHI COOTBETCTBYET JHAIA30HY O,y
= 9,3 — 14,2 T'Tla — guama3oHy IUIABJICHHUS IO JAaHHBIM H3MEPEHHH CKOpoCTed 3ByKa U
HUMITYJIbCHBIM PEHTTEHOCTPYKTYPHBIM JaHHBIM. B 3TOM e nuama3zoHe B IIpefesiaX OJHOTO
KJIMHOBOTO 00pasiia 3aperucTpUpPOBAHBI HW3JIOMBI 3aBUcuMocTedl W(x) um D(x). Ilpm
G, =10—-12TTla metomom OP 3aduKcHpoBaHO pe3KOE CHIDKCHHE HWHTCHCUBHOCTH
OTPaXEHHOTO OT CBOOOJHOW TOBEpXHOCTH o0Opas3lia CBeTa W yBEIHYEHHE IUCICPCHH
CKOPOCTH pa3JieTa CBOOOIHOM MOBEPXHOCTH LiEpHsL.

OKCIIepUMEHTAJIBHO TOATBEPKACHO YCTAHOBIEHHOE TEOPETHYECKH OTCYTCTBHUE
nepeceueHus yaapHoi aguabaTsl ¢ JTUHHEH o-e—(a3oBoro paBHoBecus. C MpUBICICHUEM
nanubix JIAHJI mo nBykpaTHOMY yJapHOMY CXKaTHIO IEpHs YKa3aHO Ha BO3MOXKHOCTH
pacrosiokeHusi 3TOM JMHUM paBHOBecHs B G (V/Vp)-koopanHarax Mexay annabaramu
OIHOKPATHOT'O U ABYKPATHOI'O CXaTUH.

[To sKcIepHMEHTaNbHO 3apErHCTPUPOBAHHBIM BOJHOBBIM NPOQMISM CKOPOCTH
JIBIDKEHUS] CBOOOTHOM MOBEPXHOCTH KJIMHOBBIX 00Pa3IlOB ONPEEICHBI TOJIIINHEI OTKOJIOB U
oTkonbHas mnpouHocTh wnepus (0,2-0,4 I'Tla), 3aBucAmue OT TpagueHTa MMITyJIbCca
pacTATMBAOIIUX  HAOPSHKEHMH U aMIUIMTYJHOTO  3HA4eHUS  IPEJIIECTBOBABLIMX
PaCTSHKEHUIO COKUMAIOIIMX HAIPSKESHUH.
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FEATURES OF CERIUM COMPRESSIBILITY UNDER SHOCK-WAVE
LOADING UP TO 25 GPa IN EXPERIMENTS USING PHOTOCHRONOGRAPHIC
AND LASER-HETERODYNE DIAGNOSTICS

V.1 Tarzhanov, D.G. Pankratov

RFNC-VNIITF, Snezhinsk, Russia

The paper presents the results of experiments on high-purity cerium shock
compressibility, obtained at RFNC-VNIITF in cooperation with LANL [1,2] under
explosive loading of wedge specimens with high-rate deformation in the region of y—a— and
o-liquid phase transitions. The process diagnostics was performed using the
photochronographic optical lever (OL) technique [3] and the laser-heterodyne method.
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New data on the structure of stress waves in wedge cerium specimens were obtained
for different explosive loading conditions which differed in load pulse amplitude and
duration. The evolution of the single profile of elastic and y-o — phase precursors was
recorded up until their separation under the lowest loading levels. The volume velocity of
sound as a function of time, which described the kinetics of processes occurred under
deformation, was plotted using the phase precursor profile.

The boundaries of single-, two, and three-wave configuration domains existing in
cerium were defined, which were related to elastoplastic cerium behavior and the y—o—
transition. Experimental correlations of free surface velocity, W, wave velocity, D, and
longitudinal stress, o, with the distance travelled along the specimen, x, for the phase
precursor and the main plastic wave are given. The shock cerium adiabat was plotted in the
form of the D,u —relation, where u is the mass velocity, and also in the form of the functions
o (u) and o (V/Vy), where V/V, is the relative specific volume. The obtained results were
compared to the literature data. The data acquired by RENC-VNIITF, RFNC-VNIIEF, and
LANL was found to be in close agreement.

Some facts related to cerium melting on the shock adiabat are presented. In
particular, in support of RFENC-VNIIEF data, the shock adiabat break was recorded in D,u —
coordinates with localization in the point with D = 2.38 km/s and u = 0.723 km/s. With
regard to the approximation error, this corresponds to the range c,, = 9.3 — 14.2 GPa, that is,
the melting range according to measured sound velocity and pulse X-ray data. The breaks of
W(x) vs D(x) curves were recorded in the same range within a single wedge specimen. The
sharp falloff in intensity of light reflected from the specimen free surface and the increased
dispersion of cerium free-surface scatter velocity was recorded at 6., = 10 — 12 GPa by the
optical lever (OL) technique.

The theoretically-predicted absence of shock adiabat intersection with the oi-e—phase
equilibrium line was experimentally validated. The possibility of this equilibrium line
positioning in o, (V/Vy)-coordinates between the single and double compression adiabats
was shown using the LANL data on double shock compression of cerium.

The cerium spall thickness and spall strength (0.2-0.4 GPa) dependent on the
gradient of the tensile stress pulse and peak pretension compressive stresses were
determined from experimentally recorded wave profiles of free-surface velocity of wedge
specimens.
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PEAKIUA HEPUA HA YIAPHO-BOJIHOBOE HAT'PYKEHUE
B OBJIACTM (y-a) PA30BOI'O ITIPEBPAIIIEHUSA

B.A. BopuceHo;c], B.I. CM,MCZKOBI'Z, B.A.EpazyHeuz, M.B. )Kepnomemoe"z,

EE. Ll]ecmmcoe"z, AM. Hobypeul‘z, MU, Trauenxo"’

1CapCDTI/I HUAY MUDU, r. Capos, Poccus
2POSL-BHUUAD, r. Capos, Poccust

UccnenoBamu snextponutndeckuii nepuit Mapku 1[9-0 (CT48-295-85) uncroToit
99,83%. Copepxanne mnpumecerr (macc.%): La — 0,07%, Nd — 0,05%, Fe — 0,02%.
ITnotHOCTH MaTepuana 6,75r/cm’. Jlnst cosnanus ymapHoii Bousl (YB) B o6pasuax mepus
WCIIONB30BaN OayumucTudeckyro yctanoBky Cap®TU HUAY MHUODU kamubpom 37Mm
(paboumii Ta3 — renmil) W B3pBIBHBIE Harpyxatomme ycrpoiictea POSI-BHUNDOD.
IIpodmnu nmaBnenns w3mepsanu [IB/®-matamkamu ¢ pa3smepamMu  dyBCTBHTEIBHOTO
leMeHTa 2X2 MM° M TONIIMHON 30 MKM B PeXHME KOPOTKO3aMKHYTOH H3MEpHTEIBHON
mend. B 3ToM pexuMe TOK JaTyiKa IpOTOPLIHUOHAICH TPOU3BOTHON TABJICHHUS MO0 BPEMEHH
[1]. DxcneprMeHTH IPOBECHBI B AMama3oHe AaBieHni Harpyxenus 0,2-11,81Tla.

AHanu3 pe3ynbTaToOB IMOKAa3all, 9TO PEaKIUel 1epus Ha Harpyxenne Y B, Onm3koi k
[T-o6pa3Hoit ¢dopme, SBISETCS WMITYJIbC IABJICHUS CO CIOXKHON CTPYKTYypoi mpoduis,
KOTOpasi CYIIECTBEHHBIM 00pa30M 3aBHCHT OT YPOBHS IaBJICHUS BO (ppOHTE BXOZSAIIEH B
Hepuii yaapHo# BoaHBI Py, BrineneHs! msiTh THIIOB KOHGUTYpAIHid POoGHIIsS B 3aBUCUMOCTH
ot P,:

1. P,4<0,6I'TIa - ynpyras BoiHa.

2. 0,6I'TIa<P,<3,3I'Tla - nByxBOJHOBAas KOH(MUTypauus U3 BOJH MU3DHTPOIUYECKOTO
cXKaTws, TepBas W3 KOTOPBIX YyHOpyruid TnpenBecTHUK ¢ amrmumutynor 0,6ITIa. Ilpwm
MPEBBIICHANA STOTO JaBICHUS B IIEPHH HadWHAeTCS (y-0) IpEBpamieHue, MOJHOTa M
CKOPOCTh KOTOPOTO 3aBHUCHUT OT MABJICHHS HATPYKCHHSA: NMPH (PUKCHUPOBAHHOM IaBICHUH
Harpy>KeHus TPOUCXOIUT HapaboTka o -(a3bl A0 ONpenesi€HHOro e€ KOoJINYecTBa
(ne3aBepiiéHHbIA (a3oBbIil nepexos). B marepuane peanusyercs COCTOSIHHUE CMEIIaHHBIX
(a3 1 JOMONHUTENEHO K YIPYroMy MPeJBECTHUKY (POPMUPYETCS BOJIHA W3DHTPONUYECKOTO
ckatus. B aToM nnamasoHe Harpy)Kalomiux AaBICHHHA HAOIIOTAETCS aHOMAJUS CKOPOCTEH
BOJTH C)KaTHA U Pa3rpy3KH: CKOPOCTh YMEHBIIIAETCS C YBEITHUCHUEM JIaBICHUS.

3. 3,3I'TIa<P,<6,2TTla - TpexBONHOBas KOHQUTypaIus: YIPYTHH MpeIBECTHHK,
BOJTHA M33HTponHuyeckoro cxatus u YB. O0pazosanue YB, cornmacuo [2,3], MOKHO cUHMTATh
yKa3aHUEM Ha 3aBepleHHe (a3oBOro rnepexosa.

4. 6,2T'T1a<P,<11,8I'Tla - nByxBOJHOBAsI KOHGHUTYpALMs: YIPYTHI peBECTHUK 1 Y B.

IIpu yposusix Harpyxenust P,>3,3I'Tla, ckopocts ¥YB yBenuuuBaercsa ¢ poctoM P,
JlaBneHne mepexoja BONHBI U3PHTPONUUECKOro CxkaTus B YB, mepBoHadanbHO
cocrasistoniee BeanuuHy ~ 0.84ITla, HauMHas ¢ HEKOTOPOro AaBieHHs (B OINBITAX HE
ONpeJIeJIeH0), yMEHbIIaeTCss M NpH  JaBleHUsAX HarpyxeHus P,>6,2ITla Bonna
U39HTPOIUYECKOTO CXKATUS HE PETUCTPUPYETCSL.

5. P,>11,8T'Tla - oqHOBONHOBasI KOHPUTIYpALHSL.

Ckopocth ¥YB B a-ha3e pacTér ¢ pocTOM JaBICHUS HATPYKCHUS U MPU IaBICHHUSIX
11,81'TIa B iepuu pacmpocTpaHsercs ToJIbko YB.

BomHa pasrpy3ku B LepuM HMEET OJHOBOJIHOBYIO KoHpurypamuio. B BoiHe
pas3rpys3ku mnpu AaBJICHUAX HArpyKEHUs, NJOCTUTHYTBIX Ha OaJNTMCTHYECKOM YCTaHOBKE,
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MPOUCXOAUT  OOpaTHbIi  (0-y)  mepexox.  DTO  cienyeT W3 Pe3yJIbTaToB
peHTFeHOFpa(bI/I‘IeCKOFO aHaJIn3a HCXOAHBIX U ITOCTOIIBITHBIX 06pa3u013 uepus.

HpOBe}IeHO CpPaBHCHHC IIOJIYYCHHBIX PE3YJIbTATOB C MaHHBIMU TCOPETHUCCKUX U
HKCHEPUMEHTAIBHBIX (CTaTHKA ¥ JUHAMUKA) UCCIICOBAaHHUH.
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CERIUM REACTION TO SHOCK-WAVE LOADING IN THE REGION
OF (y-0) PHASE TRANSFORMATION

V.A. Borisenok], V.G. Simakovl'z, V.A.Bragunetsz, M.V. Zhernokletovj'z,
E.E. Shestakovj'z, AM. Poduretsl'z, M.I Tkachenko'’

!SarPhTI MEPHIL, Sarov, Russia
’RFNC-VNIIEF, Sarov, Russia

Electrolytic cerium of the CE-0 brand (ST48-295-85) with a purity of 99.83% was
studied. Impurity content (mass.%): La - 0.07%, Nd - 0.05%, Fe - 0.02%. The density of the
material is 6.75g/cm’. To create a shock wave (SW) in cerium samples, the SarPhTI ballistic
installation with a caliber of 37mm (working gas — helium) and explosive loading devices
RFNC-VNIIEF were used. Pressure profiles were measured by PVDF gauges with a sensor
element size of 2x2 mm2 and a thickness of 30 microns in the mode of a short-circuited
measuring circuit. In this mode, the sensor current is proportional to the time derivative of
the pressure [1]. The experiments were carried out in the range of loading pressures 0.2-
11.8GPa.

Analysis of the results showed that the reaction of cerium to shock wave loading,
close to the step-shape, is a pressure pulse with a complex profile structure, which
significantly depends on a loading level in a front of a shock wave P, entering into cerium.
There are five types of profile configurations depending on P;:

1. P; <0.6 GPa - elastic wave.

2. 0.6 GPa< Py <3.3 GPa is a two-wave configuration of isentropic compression
waves, the first of which is an elastic precursor with an amplitude of 0.6 GPa. When this
pressure is exceeded, a (y-a) transformation begins in cerium, the completeness and speed of
which depends on the loading pressure: at a fixed loading pressure, the a-phase is worked up
to a certain amount of it (incomplete phase transition). The state of mixed phases is realized
in the material and, in addition to the elastic precursor, an isentropic compression wave is
formed. In this range of loading pressures, there is an anomaly in the velocities of
compression and unloading waves: the velocity decreases with increasing pressure.
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3. 3.3GPa< P, <6.2GPa - three-wave configuration: elastic precursor, isentropic
compression wave and shock wave. The formation of a shock wave, according to [2,3], can
be considered an indication of the completion of the phase transition.

4. 6.2GPa< P, <11.8GPa - two-wave configuration: elastic precursor and shock wave.

At loading levels of P, >3.3GPa, the rate of SW increases with increasing P;. The
transition pressure of the isentropic compression wave into the shock wave, initially
amounting to ~ 0.84GPa, starting from a certain pressure (not determined in experiments),
decreases and at loading pressures P; > 6.2 GPa, the isentropic compression wave is not
recorded.

5. P;>11.8GPa - single-wave configuration. The rate of SW in the a-phase increases
with increasing loading pressure at pressures of 11.8GPa in cerium, only SW spreads.

The rarefaction wave in cerium has a single-wave configuration. In the rarefaction
wave, the reverse (0-y) transition occurs at the loading pressures reached on the ballistic
installation. This follows from the results of X-ray analysis of the initial and post-test cerium
samples.

The obtained results are compared with the data of theoretical and experimental
(statics and dynamics) studies.
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AHOMAJIBHASI TEPMOJUHAMMUKA SHTPOIIMHUHBIX ®A30BBIX
MMEPEXOJO0B B BEHIECTBE OKCTPEMAJIbHBIX IIAPAMETPOB

H.JL Hocunesckuil, B.K. I'pasnos, /[.H. Huxonaes, A.B. LLlymog

OO0bennHEHHBIH HHCTUTYT BBICOKHX TemnepaTyp PAH, r. Mocksa, Poccus

Jloxnan aBisieTcsa NpOAOKEHUEM U Pa3BUTUEM TEMBI JOKIAJ0B, IPEACTaBISBIINXCS
Ha koH(epenumsx XHY B 2015-2019 rr. Ha mpumepe miotHoro u ropsiuero ¢uronaa
(mna3Mel) Bojoposa (meitepusi) M azora OOCY)XKHAaeTcs B3aUMOCBSI3b aHOMANWH B
SKCHEpUMEHTaX MO0 [IUHAMUYECKOMY CXAaTHI0 C TepMO- M TUAPOJUHAMUYECKUMU
0COOCHHOCTSIMU  cl1ab0 W3YyYEHHOM CBS3KM JBYX CONpSDKEHHBIX OOBEKTOB - T.Ha3.
“auTponuitnoro” dazosoro nepexona (S-PT) [Mocunerckuit-XHU-2015] u comyTcTByromei
eMy 30HbI aHOManbHOI TepMonuHamMuku (ATR).

OHTponuiiHble mepexonsl  (arona-(QIrona  CYMIECTBEHHO CJIOXKHEE II0 CBOMM
CBOHCTBAM M TOMOJIOTHMH (Da30BBIX TPaHUI], HEXEJM NPUBBIYHBIE (BaH-1ep-BaaabcoBbl)
nepexonbl. B kadecTBe mpuMmepa B Jokiane odcyxaaercs Hanuuue B S-PT Tperbel 30HBI
METacTaOMIBHOTO COCTOSIHUS (IOMHMO JBYX OOBIYHBIX - IMEPErpeTOr M MepeoXiIaAeHHOM
¢a3) c AByMs JONOJHUTEIbHBIMH CIMHOAAMSIMH W 3aMBIKAIOIIEH HMX CHHTYJISIPHOM
KOHLIEBOH TOYKOH wyznegoli cxumaeMoctTd. OOCYXKIAIOTCS CIEACTBHUS ITOTEHIMAIBHO
BO3MOXKHOTO TIOHaJaHWss B 3Ty 30HY BeIIECTBA, MHCCIEAYEeMOro B  IIpolecce
KBa3UM33HTPOMUYIECKOro cxkaTus B skcnepuMmenTax UIIX® PAH u BHUND®.
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3ona ATR sBnsgercs 30H0I 0THOBpEeMEHHON aHOMAaIbHOM OTPUIATETIHFHOCTH TPYIIIIBI
HOPMAJIBHO MOJIOXKUTECJIBHBIX BTOPBIX MEPEKPECTHBIX MPOU3BOAHBIX TECPMOJUHAMHUYCCKOI'O
MOTEHIIMANa, TAKUX Kak mapameTp ['proHaif3eHa, KO3pGHUIMEHT TEPMUUECKOTO PACIIUPEHUS
n Op., YTO TMPOABIACTCIA, B YaCTHOCTH, B MHOI'OYMUCIICHHBIX B3aHMOIICPECCUCHUAX U
HapyLICHMSIX MOpsAJKa MHOTMX H30JIMHHUH Hccienyemoro BemectBa. DopmalbHO Bce
agoManuu cBa3kH (S-PT)+(ATR) MoxHO TpakTOBaTh, Kak MPOSABICHUE OOIIEH aHOMAINU —
MHorocnoifnoctu B 30He ATR psma TepmoamHamudeckux nosepxHocrteit T(P,V), U(P,V),
S(P,V)) u ap.

Kak mnpumep ymoMsHyTHIX aHOManuii oOCyxmaetcs 3(PGeKT T.Ha3. “ymapHOTo
OXJIKJEHUS B a30Te, dKCIepUMEHTANbHO 3adukcupoBanHbii eme B 1980-x B.Hemmncom
npu MerabapHoM ckaTud a3zoTa. [lozke 3ToT 3¢h¢eKT ObUT TEOPETHYCCKH OOBICHEH
E.fIxkyboMm, kak cieactsue dbdexta nomumepusayuu aszotra. B maHHoM mokiane 3¢hdexT
“ymapHOTO  OXJaXIEHUs’  pacCYUTaH Ha  OCHOBAaHWU  aHAIW3a  PE3YJIbTATOB
“nepBonpuHOMMHLIX” BhUUCHeHn#  YPC azora b. Mummunepom u ap. (2016). Kak
CIeNCTBHE, ATOT A(QEKT TMpencKka3blBaeTcsi, KaK JOCTIKHMBIN B 3aITaHUPOBAHHBIX
SKCIIEPUMEHTAxX 10 KBasum3dHTpormdeckomy cxkaTtuio B MIIXD PAH u BHUND®. Bonee
TOTO, €CTh BCE OCHOBAHUS OXXKHIAThH MPOsIBICHUS dPdekTa “ymapHOro OXIKIACHUS TPH
HEKOTOPBIX JOCTIDKUMBIX TlapaMeTpax B OJKCIEPHUMEHTaX C KBa3HU3IHTPOIMHYECKUM
CXKaTHeM B BOAOPO/Ie (IEHTeprn) K MHOTHX APYTUX INIAHETAPHBIX QITIOMAAX.

ANOMALOUS THERMODYNAMICS OF ENTROPIC PHASE TRANSITIONS
IN MATTER OF EXTREME STATE

LL. losilevskiy, V.K. Gryaznov, D.N. Nikolaev, A.V. Shutov
Joint Institute for High Temperatures RAS, Moscow, Russia

Present contribution continues discussion of the problems already discussed in
previous contributions at previous Khariton readings at 2015-2019. The main subject of
present discussion is interrelation of well-known anomalies in dynamic compression
experiments on hydrogen (deuterium) and nitrogen with thermo- and hydrodynamic features
of poorly recognized combination of two tightly connected objects — so called “Entropic
phase transition” (S-PT) (see e.g. [losilevskiy, Khariton Readings, 2015]) and conjugated
accompanying Anomalous Thermodynamics Region (ATR). The point is that Entropic
fluid-fluid phase transitions are much more complicated then well-known “ordinary” (van-
der-Waals-like) phase transitions in physical properties and topology of phase boundaries. It
is for example, presence of 3™ additional nonstandard metastable region in S-PT (besides
two well-known ones — overheated dense and overcooled rare phases — with two additional
spinodals and one more singular end-point (SEP) — both of being of zero-compressibility
objects (!). The interesting but not explored problem is what will happen when dynamically
compressing sample would reach this new metastable region during quasi-isentropic
compression in corresponding future experiments in IPCPh RAS and VNIIEF. Main feature
of ATR zone is simultaneous negativity of great variety (usually positive) second cross
derivatives of thermodynamic potential, e.g. Gruneisen parameter, thermal expansion
coefficient etc. The main consequence of this negativity is mutual crossing and violated
order for great number of isolines like isotherms, isentropes, Hugoniots etc. It should be
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stressed that formal origin for all mentioned above anomalies of the double object (S-
PT)+(ATR) could be considered as direct result of outstanding feature of this double object.
Namely — multilayered structure in Anomalous Thermodynamic Region of a number of
thermodynamic surfaces like T(P,V), U(P, V), S(P,V) etc. The effect of so-called “shock
cooling” is under discussion as important example of anomalies mentioned above. This
effect was discovered experimentally by W.Nellis in 1980-s in reflected shock compression
of nitrogen at Megabar pressure range. This effect was explained later by E.Yakub as a
consequence of polymerization in shock compressed nitrogen. Presently we expose the
results of our calculations of the “shock cooling” effect in nitrogen on the base of using of
so-called First-Principle Equation of State (FPEOS) calculated by K.Driver & B.Militzer in
2016. We predict and discuss possibility of real generation and diagnostics of this effect in
future experiments in IPCP RAS (Chernogolovka) and VNIIEF (Sarov). Even more, we
have enough reason to expect appearance of the discussed “shock cooling” effect in similar
Anomalous Thermodynamics Region, really achievable in quasi-isentropic compression
experiments on dense hydrogen-helium mixture and many other fluid planetary substances.

YIAPHO BOJIHOBOE C’)KATHE I'A300BPA3HOI'O A30TA
B TUAITA3OHE JABJIEHUH 140 - 250 I'Tla

M.B. }Kepnomemoel, A.E. KO@LI/Z@GI, MT. Hoeuicoe], B.K. I'pasnos 2,
HnJl Hocwzeec;cuzlz, A.B. ll]ymoez

'POSL-BHAUAD, r. Capos, Poccns
*MuctuTyT MpobieM xumudeckoi dusuki PAH, r. Yeproronoska, Poccns

OnuCHIBAIOTCS TIOCTAHOBKA M PE3yJbTaThl SKCHEPHUMEHTa N0 yIapHOMY CXKaTHIO
ra3o000pa3HOro a30Ta, MPeJBAPUTEILHO CTAaTHYECKH cxartoro 1o rmiotHoctr p0 = 0.5; 0.65 u
0,8 r/cM3, momosHSIONTHE U pa3BUBaIoNIMe MpoBeneHHbie B0 BHUMD® panee (2008-2010)
HKCIEPUMEHTHI 110 YAapHOMY CXKaTHIO JKHAKOTO a30Ta B nuamasoHe masneHwmid 100 — 330
I'Tla. Hacrosimue -SKCIEPUMEHTHI, IPOBEACHHBIE Ha T[EHEPATOpax YAAPHBIX BOJH
nonychepudyeckoil reomMeTpun B auana3zone naaeicHuit 140 — 250 ITla, mo3BoistOT
paclMpuTh JMana3oH HayalbHBIX IUIOTHOCTEH YAApHOTO CXaTusi W TOJYYUTh
JIOTIOJTHUTENbHBIE JKCIEPHUMEHTAIbHBIE JaHHbIE MO YPaBHEHHIO COCTOSIHUSI IJIOTHOTO
TUTOTHOM HenAea bHOH ITa3MBl a30Ta B quamazoHe nasieHnit 140 — 250 I'Tla u Temmepatyp
15 — 50 kK. PesympTaThl HacTOSIIMX W3MEPCHHH MaBICHWH W TeMIepaTyp a3ora
JIOTIONTHSIOTCS. X CPaBHEHHEM C PacUeTHBIMH JaHHBIMU XapaKTEPHUCTHK YAapHOTO CXKATHSA,
MOJyYCeHHBIMH B paMKaxXx TpeX TEOPEeTHYECKUX IMOAXOJO0B: - B TPaAULHOHHOM
«KBa3MXMMHUUYECKOM» TpencTasienun (kog SAHA); B u3BecTHOM MHTEpHoysiquoHHOM YPC
SESAME, un B pamkax ctpororo nepsonpuHuunsoro noaxona (FPEOS), ¢ ncnionszoBanuem
JAHHBIX pacueTa, omyOnmkoBaHHBIX B nutepatype (Driver & Milirzer, 2021). TloxyueHnsie
B HACTOSIIMX KCIIEPUMEHTAX PE3yJIbTaThl XOPOIIO COTIACYIOTCS C IKCIIEPUMEHTAIbHBIMHU
JAaHHBIMHM, TTOJyYCHHBIMH paHee JUIA JKUIKOTO a30Ta, Tle 3a(UKCHPOBAHO MaKCHMaJIbHOE
cxarue a3zora B auanasone P = 100 - 300 I'Tla u o6HapyxeHO, YTO 3aBUCUMOCTh JaBJICHUS
OT IUIOTHOCTH NPHOOpETaeT HeOObIUHbIM, MPAKTHYECKH U30XOPHBIN XapakTep CO CTENEHBIO
ckatus p/p0 = 4.2. Takxke mNOJIyYeHHbIE SKCIIEPUMEHTAIIBHBIC JlaHHBIE HaXOJSTCS B
YIOBJICTBOPUTEIHHOM COTJIACHH C pe3yJbTaTaMH pacdéra MO «XHUMHYECKOH» MOIEITH
TUTa3MBl ¥ ¢ pacyeTaMy B paMKaxX NEpPBONPHHINIHBIX TOAXO0IO0B, HO 3aMETHO PACXOIATCS C
pe3ynbratamu pacuéra no YPC SESAME
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SHOCK-WAVE COMPRESSION OF GASEOUS NITROGEN IN THE RANGE
OF PRESSURES FROM 140 GPA TO 250 GPA

M.V. Zhernokletov', A.E. Kovalev', M.G. Novikov', V.K. Gryaznovz,
LL. Iosilevskiyz, A.V. ShutoV’

'"RFNC-VNIIEF Sarov, Russia
’Institute of Problems of Chemical Physics of RAS, Chernogolovka, Russia

The set-up and the experimental results are presented on shock compression of
gaseous nitrogen, previously statically compressed up to density p,=0,8; 0,65 and 0,5 g/cm’.
They add and develop the experiments fulfilled in VNIIEF earlier (2008-2010) on shock
compression of liquid nitrogen in the range of pressures between 100 GPa and 330 GPa. The
presented experiments implemented in shock-wave generators of the hemispherical
geometry in the range of pressures of 140-250 GPa enable one to expand a range of initial
densities realized in the framework of shock compression and to obtain additional
experimental data for an equation of state of dense nonideal nitrogen plasma in the pressure
range of 140-250 GPa and temperatures of nitrogen over a range of 15-50 kK. The results of
the given measurements of pressures and temperatures are compared with the calculated
data of characteristics of shock compression, which were implemented within the
framework of three theoretical approaches — in traditional “quasi-chemical” representation
(code SAHA); in the known interpolated equation of state SESAME, and in the context of
strict principled approach (FPEOS) with the use of the calculated data published in the
literature (Driver & Milizer, 2021). The results achieved in the presented experiments are in
good agreement with experimental data obtained earlier for liquid nitrogen, where
maximum compression of nitrogen was recorded in the range of P=100+300 GPa and it has
been found that a dependence between a pressure and density acquires an unusual isochoric
behavior with a degree of compression p/p, = 4.2. The obtained experimental data also are in
satisfactory agreement with the calculated results using a «chemical» plasma model and
with the calculations in the context of principled approaches. But they disagree apparently
with the calculated results using the equation of state SESAME.

TEPMOJUHAMUWYECKHUE CBOMCTBA YIAPHO-CIKATOI'O A30TA
B IIMPOKOM JIUAITA3OHE JJABJIEHUHA

B.K. I'pasnos, U.JI. Hocunesckuii, A.B. LLlymog

WncruryT npobiem xumudeckoit ¢pusuku PAH, r. UepHoronoska, Poccus

IIpencraBneHsl pe3yibTaThl pacdeTa TEPMOTUHAMUYECKAX CBOWCTB  IDIa3MBI,
MOJTYYCHHOW TP YIAPHOM CXKaTHH MCXOITHO XHIKOTO M Ta3000pa3HOro (IMpenBapuTebHO
CKaToro) asoTa 1O /MJaBJICHHH MerabapHOTO JHWana3oHa, COOTBETCTBYIOIIUX BBICOKO
HMOHU30BAaHHBIM COCTOSIHUSIM a30THOW ITa3Mbl. Pe3ynbTaThl MOIYYEeHBI B paMKax MOJAETH
SAHA-N, pa3paboTaHHOI Ha OCHOBE KBa3sMXHMMHYECKOTO IPEJCTABICHHS, B KOTOPOM
MHOT'OKOMIIOHEHTHasi ~ IUla3Ma  COCTOMT U3  DJJEKTPOHOB,  HOHOB,  MOJEKYI,
B3aUMOJICHCTBYIOIUX MEKAy coboit. Ilomxom TO3BONSET MOAYYHTH HApSOy C
KOMITOHEHTHBIM COCTaBOM YPaBHEHHE COCTOSIHHMS M BCE TEPMOJMHAMHUYECKUE (YHKIHH,
MPOaHATM3UPOBATh BIMSHUE PA3IMYHBIX MJIa3MEHHBIX 3()(EKTOB, BKIIOYAIOIINX Pa3InuHbIE
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BUJIBI MEKYACTUYHOTO B3aUMOJCHCTBUS, BHIPOXKACHHUE JIEKTPOHOB M 3P (EKThl N3TydeHMs,
CyIIECTBEHHBIC TIIPH BBICOKHX TeMIlepaTypax yAapHO-CKaToll Iia3Mbl. OTME4YeHBI
BhIpaXKCHHbIE AP (PEKTHI, COOTBETCTBYIOLINE PAa3JIMUHBIM 00sacTsM (a30BOi AUarpaMmbl OT
OTHOCHUTENIFHO TOJOororo (mpW HHU3KHX JaBJIEHUS YAAPHOTO CXaTusi) 10 MOYTH
BEPTUKATBHOTO XOJa YyAapHOl anmabaTbl TPH BBICOKMX JaBJICHHSX. [loyueHHBIE
pe3yabTaThl COMOCTABIAIOTCS C paHee NPOBEICHHBIMH W HOBBIMH SKCIEPHUMEHTAMHU
BHUND®, mnpoBeneHHBIMH MpPH TOMOIIM TEHEPATOPOB YAAPHBIX BOJIH Pa3IMYHOM
reoMeTpu. BmecTe ¢ 3TUM NpEACTaBIEHO CPaBHEHUE pE3yNbTaTOB pacdeTa C JaHHBIMU
XapaKTEpUCTHK yAApHOIO CXATUs, IONYyYEHHBIMM B paMKaX JABYX TEOPETHYECKHUX
noaxooB: xopowo u3BecTHeIM YPC SESAME u naHHBIMU NEPBONPUHLIMITHOIO MOAXOAa
(FPEOS, Driver &  Milirzer, 2021). IIpoBemeHHOe  cpaBHEHHE  ITOKA3aJo
YIOBJIETBOPUTEIBHOE COINIACUE HAIIMX PE3YyIbTATOB C SKCHEPUMEHTOM, PE3yNbTaTaMH,
MOJYYeHHBIMH B paMKax HOpsMoro umcieHHoro mopenuposanus (FPEOS) um 3amerHoe
pacxoxnenue ¢ pesynpraramu pacuéra mo YPC SESAME.

THERMODYNAMIC PROPERTIES OF SHOCK-COMPRESSED NITROGEN
IN A WIDE PRESSURE RANGE

V.K. Gryaznov, I.L. losilevsky, A.V. Shutov

Institute for Problems of Chemical Physics of the RAS, Chernogolovka, Russia

The results of calculating the thermodynamic properties of plasma obtained by shock
compression of initially liquid and gaseous (preliminarily compressed) nitrogen to pressures
in the megabar range corresponding to highly ionized states of nitrogen plasma are
presented. The results were obtained in the framework of the SAHA-N model, developed on
the basis of a quasi-chemical representation, in which a multicomponent plasma consists of
electrons, ions, and molecules interacting with each other. The approach makes it possible to
obtain, along with the component composition, the equation of state and all thermodynamic
functions, to analyze the influence of various plasma effects, including various types of
interparticle interaction, electron degeneracy, and radiation effects, which are significant at
high temperatures of shock-compressed plasma. Pronounced effects are noted corresponding
to different regions of the phase diagram from a relatively flat (at low shock compression
pressures) to an almost vertical course of the Hugoniot at high pressures. The results
obtained are compared with previous and new VNIIEF experiments carried out using shock
wave generators of various geometries. At the same time, the calculation results are
compared with the data on the shock compression characteristics obtained within the
framework of two theoretical approaches: the well-known SESAME EOS and the first-
principles data (FPEOS, Driver & Militzer, 2021). The comparison showed a satisfactory
agreement between our results and the experiment, the results obtained in the framework of
direct numerical simulation (FPEOS), and a noticeable discrepancy with the results of
calculations using the SESAME EOS.
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KBASUM3SHTPOIIUYECKOE CXKATHE I'A300OBPA3HBIX I'EJIUA
N AEUTEPUSA B COEPUYECKNX KOHCTPYKIIUAX
ITPU TEPAITACKAJIBHBIX JABJIEHUAX

M.B. )Keprnoknemos, C.®. Manauxun, H.b. Jlasvioos, A.O. bnukos,
C.10.Coepun, A.B. Pviockos, B.A. Apunun, b.U. Tkauenko, A.U.Jloceunos, A.B./Jecmsapes,

B.A. Kompaxos, A.U. Jlaévioos, H.H. Anawkun, B.B. Xpycmanes

POAI-BHUUDD, r. Caposa, Poccus

[puBomsaTcss ~ pe3ynpTaThl  YETHIPEX  OKCIEPUMEHTOB 1O  HCCIICAOBAHHIO
KBa3WM3OHTPOTIMUECKOTO CXKATUSl Ta3000pa3HBIX Telnusl W JEWTepus BO B3PBIBHBIX
chepryecknx KacKaaHbIX KOHCTPYKIWSIX. ['enmuid W aedTepuit ObUIM TMpeABapHUTEIHLHO
CTaTUUECKH CXKATBL. PernucTparmus mporecca cxxaTus ra3a nmpoBeeHa peHTreHorpaguaeckum
METOAOM C HCHOJb30BaHUEM peHTreHoBckoro kommiekca PI'K-B-JI POALI-BHUNDO.
IlnotHOCTH Tra3za ompeneisiach MO MOJYYEHHOMY TMOJIOKEHHUIO TPAaHUI] CTalIbHBIX
00070YeK, CXKUMAIONIMX Tra3. OKCIePHUMEHTHl MOJCIUPOBAIUCH TI0 OJHOMEPHOM
ra30MHAMUYECKOl MporpaMMe, B KOTOPOH Ui HM3y4aeMbBIX Ta30B HCIOJIB30BaJIOCh
ypaBHeHue coctosgHusi KombimeBa - XpycrtaneBa. [laBleHus MOJydeHBI W3 pPacyeToB,
KOTOpPBIE YIOBJIETBOPUTEIHHO ONHCAIN IWHAMHUKY CXATHs T'a30B BO BCEHl COBOKYIMHOCTH
9KCIIEPUMEHTOB.

B nepBoM sKkcnepuMeHTE MO CXATHUIO TeNUsl MOJYyYeHO MAaKCHUMalbHOE IaBIICHHE
P =49 TIla npyu MIOTHOCTH Ppax =~ 6.4 r/en’, MPHU 3TOM CTEIEHb CxKaTthusi O=p/py~320, BO
BTOpOM dKcrepumente P, =10.9 TIla, pp.x = 10.3 F/CM3, crerieHb cxatus 0~470. ns
JeHTepUs 3TH NapaMeTpbl COCTABIAIT: Py, = 3.4 TIla, ppax =6.0 F/CM3, CTENEHb CHKATHUS
0=162, B mepBoM dskcmepumente, M Pg, =13.3 TIla, ppu=11.4 I‘/CM3, CTENEHb CIKATHS
5~520 — BO BTOpOM.

ITokazano, yto B obnactu maeneHwit ~11-13 TIla cxaTus neWTepuss W reaus B
OJIMHAKOBBIX KOHCTPYKLHUSAX COBIAIAOT.

[onmydeHHBIC pE3yaBTATHI 3TUX YETHIPEX IKCIEPHUMEHTOB COMOCTABIICHBI C TAHHBIMH
B TepamacKalbHOW 00NacTH MdaBieHWH, momydeHHBIMEH Bo BHMUO® B aHamormgHbIX
HKCIEPUMEHTAX Ha JPYTUX CHEepPUIECKUX KOHCTPYKITHAX.

Crenan BBIBOJI, YTO B pe3yJbTaTe MPOBEACHHBIX YKCIIEPUMEHTOB MOJIyUYEHbI JaHHbIE
MO KBA3WU3IHTPOIMUYCCKOMY CXKATHIO JCUTCpUs W TeNus B TepamacKaabHOH 00JacTh
JIaBJICHUM, He MNPOTHBOpEUalue MNOJOXKEeHUsIM pacueTHelx no YPC POAL-BHUUDD
W39HTPOIIAM H COTJIACYIOIIHECS C AKCICPUMCHTAIBHBIMU JTaHHBIMH, MPEJICTaBICHHBIMHU B
IpyTuX padoTax.
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QUASI-ISENTROPIC COMPRESSION OF GASEOUS HELIUM
AND DEUTERIUM IN SPHERICAL STRUCTURES
AT TERRAPASCAL PRESSURES

M.V. Zhernokletov, S.F. Manachkin, |V.A. Raevskiy, N.B. Davydov, A.O. Blikov,
S.Yu. Sogrin, A.V. Ryzhkov, V.A. Arinin, B.1. Tkachenko, A.1. Logvinov,

A.V. Degtyarev, V.A. Komrakov, A.I. Davydov, N.N. Anashkin, V.V. Khrustalev
RFNC-VNIIEF, Sarov, Russia

The results of four experiments on quasi-isentropic compression of gaseous
deuterium and helium using explosive spherical cascade devices are presented. Deuterium
and helium were statically pre-compressed. The position of the boundaries of the steel shells
that compressed the gas was determined on the results registered by the
RGK-B-L X-ray complex (RFNC-VNIIEF). Gas density was calculated using this data.
Experiments were simulated using one-dimensional gas-dynamic code. Kopyshev-
Khrustalev equation of state was used to model the helium and deuterium. The above
mentioned pressures P are the results of numerical simulations which describe the gas
compression dynamics of all the experiments in proper way.

In the first experiment with helium the data are: pressure P = 4.9 TPa, ultimate
density pmax ~ 6.4 g/cm’, and compression ratio & = p/py ~ 320; in the second experiment the
data are: P = 10.9 TPa, p. = 10.3 g/cm3, 8 = 470. For deuterium the parameters of the first
experiment are: P = 3.4 TPa, p. = 6.0 g/cm3, d = 162; for the second experiment the
parameters are: P~ 13.3 TPa, py~ 11.4 g/cm3, 6~ 520.

It was shown that the compression ratios of helium and deuterium in the pressure
range =~ 11 - 13 TPa coincide with each other when identical spherical devices are used.

The presented data are compared with other VNIIEF’s data received in a similar
pressure range by using different spherical devices. The results of helium’ and deuterium’
quasi-isentropic compression in the terapascal pressure range are consistent with data of
other studies and doesn’t contradict the calculated isentropes of RENC VNIIEF.

KBA3HUHN3DOHTPOIIMYECKOE C/)KATHUE HE!II[EAJILHOIZ IIJTA3MBI I'EJIUSA
B OBJIACTH JABJIEHHUH O 600 I'Tla

I'.C. Anoybaes, A.O. bnukos, M.A. Mouanos, B.A. Ozopoonuxos, B.B. Epacmos,
A.A. Typxos, B.A. Apunun, A.B. Puiockos, C.E. Enghumos, E.I1. Boaxos

POAL-BHUND®, r. Capos, Poccust

Kroueskie CJIOBa: KBa3UU3OHTPOIMNYICCKAs CXKXNMaEMOCTh, TeOpeTI/I‘IeCKI/Iﬁ
IJIa3MEHHBIH (1)2130131)1171 nepexon, rmiasmMa rejaus.

IIpencraBneHsl  AaHHBIE 1O  KBa3HUHM3dHTPOMHMUYECKOH  CKUMAEMOCTH  CHIIBHO-
HeWIealbHOW TUTa3Mbl renusi B oOmact maBiennit 250-600 ['Tla B ycrpoiicTBax
ITMHAPIYECKON TeoMeTprH. TIaTensHast mpopadoTka KOHCTPYKINH IKCIIEPIMEHTATBHBIX
YCTPOWCTB TO3BOJIMJIA TONyYUTHh NAHHBIE O C)KaTHM HEWICAaTbHON IUIa3MBI TeNus OO
IIOTHOCTH ~ 3 T/CM® IIPH MOCTOSHHOI Temmepatype ~ 20000 K.

TpaexkTopuio  ABIKEHHS  METALIMUECKHX  O0OJNOYEK, CXKUMAIONNX  IDIa3MYy,
PETUCTPUPOBATT C TIOMOIIHI0 MOIIHBIX HMIYJIBCHBIX HMCTOYHHKOB pPEHTTEHOBCKOTO
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U3ITY4EHUs! C TPAaHUYHON 3HEpruei anekTpoHoB A0 60 M»B. 3HaueHus NIOTHOCTH IIa3MbI
TNl OIpENeNieHBl M0 H3MEPEHHOMY 3HAYCHHMIO paguyca OO0O0JOYeK B MOMEHT WX
«OCTaHOBKM». J[laBieHHe C)XaTol IUIa3MBl IOJTY4YEHO HA OCHOBE Ta30JMHAMUYECKHUX
pacyeToB, YUUTHIBAIOIINX PEAIbHBIC XapaKTEPUCTHUKHU SKCIIEPUMEHTATIBHBIX YCTPOHCTB.

B nacrosmiei pabote He 3aperUCTPHPOBaHA AHOMANIHS SKCICPUMEHTAIBHBIX JAHHBIX B
005acTH JaBICHHH TEOPETHYECKH IIPEAINoaraeMoro IUIa3MEHHOTo (a30BOro Iepexopa
(I1®IT) B remum.

QUASI-ISENTROPIC COMPRESSION OF A NONIDEAL HELIUM PLASMA
AT PRESSURE UP TO 600 GPa

G.S. Yandubaev, A.O. Blikov, M.A. Mochalov, V.A. Ogorodnikov, V.V. Erastov,
A.A. Turkov, V.A. Arinin, A.V. Rizhkov, S.E. Elfimov, E.P. Volkov

RFENC-VNIIEF, Sarov, Russia

Key words: quasi-isentropic compressibility, theoretical plasma phase transition,
helium plasma.

Data on the quasi-isentropic compressibility of a strongly nonideal helium plasma in
the pressure range of 250-600 GPa in cylindrical geometry devices are presented. A careful
study of the designs of the experimental devices made it possible to obtain data on the
compression of a nonideal helium plasma to a density ~ 3 g/cm’ at a constant temperature of
~ 20000 K.

The trajectory of motion of metal shells compressing the plasma was recorded using
powerful pulsed X-ray sources with a boundary electron energy of up to 60 MeV. The
values of the helium plasma density are determined from the measured value of the radius of
the shells at the moment of their «stop». The pressure of the compressed plasma was
obtained on the basis of gas-dynamic calculations, taking into account the real
characteristics of the experimental devices.

In the present work, the anomaly was not recorded by experimental data in the
pressure range of the theoretically assumed plasma phase transition (PPT) in helium.

YIAAPHOE C)KATHUE THAPU1OB METAJIJIOB
JL.®. I'voapenxo, M.B. JKepnoxnemos, A.A. Kaaxun

POALI-BHUUD®, r. Capos, Poccust

B noknane aHanu3upyrOTCs pe3yNbTaThl BHIIOIHEHHBIX B pa3Hble rofsl B0 BHUND®
9KCHEPUMEHTAIBHBIX HCCIIeIOBAaHUN yNapHBIX aauadaT FHAPUIOB U JIEHTEepPHI0OB BaHAIus,
KaJbll¥s, MAarHus, TaHTala, TUTaHa, LUUPKOHHMS C pa3lMYHON KOHLEHTpalHeHd aTOMOB
BOZIOpPOJia WM JAeWrepusi B auanazoHe naBiaenuii 30+220 I'Tla. ns pspga coenuHeHUi
MPEACTABISAIOTCS HOBBIE JAHHBIE.

ITpn BeIOOpPE (GOPMBI YpaBHEHHS COCTOSHHS IIPOBEIEHO CPABHEHHE OINMCAHUS
SKCHEPUMEHTOB C pacyeTaMu Uil THAPHUIOB BaHAJUs W TaHTala, BBIIOIHEHHBIMHU C
HCTIONIb30BaHUEM IUPOKOANANIA30HHOTO ypaBHEHMS COCTOSHMA [1] m mpocroro mo ¢opme
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ypaBHEHHs cocTosiHUS Mu-I'pronaiizeHa. Ilpu ompenenennu mapamerpos npocroro YPC
WCIIONB30BAaHO OTMEUEHHOE paHee B SAMNOHCKMX paboTax CBOICTBO OJMHAKOBOI

C)KIMACMOCTH (po~C(2)) MeTalla ¥ €ro COCOUHEHWH ¢ wm3oTomamu Bomopoma D u H.
[IpuBenennsie B paboTe pe3ynbTaThl CBUACTEILCTBYIOT O TOM, YTO TIPHU pacyeTax yJapHbIX
ananabaT pacCMOTPEHHBIX COSTUHEHH TaHHOE CBOMCTBO BBITIOTHSIETCS.

CpaBHEHHE TI0Ka3aJI0, YTO B IMATIa30HE MCCIICIOBAHHBIX JaBICHUN U TUIOTHOCTCH HE
BBISIBIICHO TPAKTHYCCKU 3HAYMMBIX OTIMYWH B pacdeTax yIapHbIX ammabatr V u Ta m ux
COCIMHEHUH C BONOPOJOM W  JeiiTepweM, TMOIYYCHHBIX C  HCIOJB30BaHUECM
mHUpoKoananazoHHoro u npocroro YPC. YuurtbeiBasg 3TO, B JalbHEWIIEM BCE PACYETHI,
pe3yIbTaThl KOTOPHIX MPEICTABICHBI B JTOKJIAZC, BBHIONHEHBI C HCMoib3oBaHueM YPC B
npoctoit popme.

Pe3ynpTaThl TPOBEACHHBIX SKCIEPUMEHTOB CIIyXaT Oa30BBIM MaTepUAIOM st
pa3pabOTKN ypaBHEHHWH COCTOSIHUSI TaKMX COCAMHEHHMH W KaauOpoBKM (Bepudukaimn)
METOJIMK pacyeTa CBOMCTB BEHIECTB «HM3 MEPBBIX NPUHIUMNOB». OJHAKO CPaBHUTEIHHO
HEOOJBIIONH 00BEM WMEIOIIEHCS JKCIEPUMEHTAIbHOM M pacueTHOW WH(GOpMAIUA O
TEPMOJMHAMHYECCKIX CBOWCTBAX THUAPHAOB (ISHTEpHOOB) THTaHA, LUPKOHUS W TaHTaja
OTPaHMUYMBAET Pa3pabOTKy MIMPOKOJNANA30HHBIX YPABHEHUI COCTOSIHHS ATHX COCTUHECHUH.

Jlumepamypa

1. A.T. I'opnees, J1.®. I'ynapenko, A.A. Kaskun, B.I'. Kynenskun. Mognenb ypaBHEHUsI COCTOSIHUS
MeTa/uioB ¢ 3()(EKTUBHBIM Y4eTOM HOHHM3auuH. YpaBHeHus coctosius Ta, W, Al, Be / ®I'B.
2013, 1.49, Ne 1. C. 106 - 120.

YPABHEHHUE COCTOSIHUSA ITPOJYKTOB B3PBIBA BB B ®OPME JWL
HA OCHOBE 3KCHHEPUMEHTOB IO CXEME CYLINDER-TEST
C CUHXPOTPOHHOU JUATHOCTHKOH

E.B. Cyuupnos, [.B. Ilempos, A.FO. 'apmawes, A.K. My3vips,
K.M. Ipocsupnun, C.B. Llaxmaes, 3.P. Ilpyyan, K.A. Ten, A.O. Kawxapos

POAL-BHUUTO, r. Cuexunck, Poccus

IIponecc coBepuieHnss pabOTH HAA OKPYKAIOMIEH Cpeloi NMpH IETOHAINH, a TaK XKe
apaMmeTpsl YAApHOM BOJHBI, CO3JaBacMOW B OKpyKarolled cpene, aas Kaxaoro BB
OJTHO3HAYHO OIPENEITIOTCS YpaBHEHHUEM COCTOSHHS MpoaykToB B3peiBa (I1B). YpaBHeHnune
COCTOSIHUSI IPOAYKTOB B3pbiBa BB kak mpaBuiio ompenensiercs Ha ocHOBE u33HTpoIsl [1B,
npoxojsame 4epe3 Touky Yenmena-XKyre. [ns omnpepeneHuss xoga  M33HTPOIIB
pacmupenus [1B mpoBoasT 3KCrepuMEHTHI IO OIMPEICIEHUIO METaTeIbHOTO AecTBus BB.
C 5TOl HeNnbl0 IMHUPOKO HCHOJB3YIOTCS SKCIIEPUMEHTHI [0 TOPLUEBOMY METAHUIO IIIACTHUH
npoayKTaMmu B3pbiBa BB, a Takke 3KCIepUMEHTHI 0 METAHUIO IIMITHHIPHYCCKIX 000I0YCK,
MOJYYHBIIUE Ha3BaHUE 3KCIepuMeHTOB mo cxeme Cylinder-test. Hanmnume meramimueckoit
000JI0YKHU B SKCIIEPUMEHTE BHOCHUT MCK)XKEHHE B MPOIECC PACHIUPEHUS MPOTYKTOB B3pPhIBA
BB, HO siBiisieTCst HEOOXOIUMBIM JIJIsl OCYIIECTBIICHUSI ONTHUECKON WM 3JEKTPOKOHTAKTHOM
JIMarHOCTHKH.

B nanHoif paboTe mpenokeHa peaakuus dKcnepuMenToB mo cxeme Cylinder-test 6e3
METaJUTMIeCKOi 000JI0YKHM C OUAarHOCTHKOW Tporecca pacmupeHus [IB mpu momomn
CUHXPOTPOHHOT'O M3JIY4YE€HHs. DKCIIEPUMEHTHI BBIIIOJIHEHBl HA YCKOPHUTEIHLHOM KOMILIEKCE
BOIIII-3 Uncturyta simepuoit ¢pusuku umenn 1. Byakepa CO PAH.
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Ha ocHoBaHMM 3KCHEpHMEHTAbHBIX OAHHBIX MOCTPOEHA H3IHTPOIA PaCIIUPEHUS
npoaykToB B3pbsiBa BB mnst ypaBHenusi cocrosHusi [IB B dopme [xonca-Yunkunca-JIu
(JWL).

JONES-WILKINS-LEE EQUATION OF STATE FOR HE DETONATION
PRODUCTS BASED ON CYLINDER-TEST EXPERIMENTS USING
SYNCHROTRON DIAGNOSTICS

E.B. Smirnov, D.V. Petrov, A.Yu. Garmashev, A.K. Muzyrya,
K .M. Prosvirnin, S.V. Shakhmaev, E.R. Pruuel, K. A. Ten, A.O. Kashkarov

RFC-VNIITF, Snezhinsk, Russia

The work done by detonation products on the environment in a process as well as
shock-wave parameters generated within the environment for each HE are definitely defined
by the equation of state for detonation products (DP). The equation of state for detonation
products is generally determined based on the DP isentrope passing through the Chapman-
Jouguet point. The experiments to determine the HE throwing action are conducted to
establish the behavior of the DP expansion isentrope. For this purpose, common are the
experiments on end-face throwing of plates under the effect of HE detonation products and
the experiments on throwing cylindrical shells, so-called cylinder-test experiments. The
presence of the metal shell in the experiment contributes to distortion of the HE detonation
products expansion process but remains necessary to conduct optical and electric-contact
diagnostics.

This work suggests the revised version of the cylinder-test experiments without metal
shell involving diagnostics of detonation products expansion through synchrotronic
radiation. The experiments were conducted using the accelerator complex VEPP-3 of
Budker Institute of Nuclear Physics, SB RAS.

The experimental data were used to plot isentropic expansion of the HE detonation
products for the Jones-Wilkins-Lee (JWL) equation of state for detonation products.

OINIPEJAEJIEHUE ITAPAMETPOB YPC JWL JIUIS1 HPOMBIIIJIEHHOI'O BB
62KB HA OCHOBE JJAHHBIX IWJIMH/P - TECTA

A.A. Cenesenes', A.M. Heaxod®, IT.A. Yemumxun', C.IT. 3omxun’

"POSI-BHANA®, . Capos, Poccust
2AO «MHCTHTYT B3pbIBa», T. Mockea, Poccns

Jlnsa omucaHus mpouecca M303HTPONMYECKOTO PACIIUPEHUs! MPOAYKTOB JETOHALUU
(IL]) mmpoko ucnomnb3yercs ypaBHeHue [[xonca-Yunkuuca-JIu (JWL) [1-3]. YpaBHeHue
Jutst m303HTpotsl pacupenus [1/1 B dopme JWL mmeeT Bug

Ps(v) =A-e RV + B.eRev ¢ . p~(Fe) v=2

rue P — IOTHOCTE BB B HCXOIHOM COCTOSTHUM.
s ompeneneHuss KOHCTAHT, BXOAANIMX B ypaBHeHHs (1), MCIONB30BalKCh MapameTphbl
angnabatel ['toronuno B Touke Yenmena-XKyre (CJ)
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1
Eqp=Eo +5Pg - (1—-vg) )
U DKCIEepUMEHTANFHBIC JaHHBIC MMHAP-TecTa 1t BB 6JKB (Metommka T60OM [4]). dns

OTIpeJieNieHUs] TapaMeTpoB ypaBHeHus u30dHTponsl I1JI B dopme JWL wmcmonb3oBanach
cucTeMa ypaBHEHHH, peaioKeHHas B [2]

Ps(vey) = Py,
Es(ve) = Eg,

dPs _ 2 3)
( dv ) = —poD%,
‘lJ=UC]
Es(v)) + Ec(v)) = Ey, i=123.
Cucrema YpaBHEHU 3) penranach OTHOCHUTENLHO HEU3BECTHBIX

A,B,C,Rq, R;, E,. TlapameTp (@ oLieHMBANICS U3 COOTHOIIEHHUS
w=y-—1, “4)
re Y - mokasarenb aauadartsl npu pacumperny [1]] B6mu3u atmochepHOTo naBieHUs.

Kunernueckast osHeprus nwiMHApudeckod ob6omoukun w11 (oHeprust [apum)
pacCcYUTHIBANIACH ITO COOTHOIICHUIO U3 PabOoTHI [5]

w? 1
Eg="(n+3). )
rne W - panuanbhas ckopocTh UMIMHAPAYECKOH 0GOI0UKH, 1) - OTHOLIEHHE MACChl TPYObI
Kk Macce BB.

Bepudukamms xoncrant ypaBuenus (1) mis BB 6)KB mnpoBomunace mpu
CpPaBHEHHH pE3yJbTaTOB YHCICHHOTO pEIICHHs 3aJadyd [0 pas3ieTy MEIHOW TpyObl c
BHYTPEHHUM IHaMeTpoM 60 MM W TOJIIMHOW OOOJOYKH 6 MM C pe3yidbTaTaMH IWIHHIP-
Tecta mo meroanke TO60M [4]. B tabmmie 1 mpuBeneHBI MOJYYCHHbIE TaKUM 00Opa3zom
koHcTaHTel it YPC JWL mponyktoB neroHanmu BB 6)KB. Ha pucynke 1 mpuemeHo
CpPaBHCHHE pE3YJIbTATOB HKCICPUMECHTOB II0 W3MEPCHUIO 3aBUCHMOCTH BEIIMYHHEI

paauaibHOTO CMEUIeHHs LWIMHIPUYECKOH OOOJNIOYKM OT BpeMeHu [4] ¢ pe3ynbraTamu
YHCJICHHOTO PEIIeHHs B TPOrpaMMHOM KoMIutekce «Master Professional» [6].

Tabnuya 1. Tapamerpel YPC JWL s nponykToB netonaiun ammonura 60KB

BB | pg,r/er’ | A TTIa B, I'Tla C,ITla R, R, W
6)XB 1.017 82.432 14.985 0.347 4.485 1.951 | 0.129
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Pucynox 1. 3aBHCUMOCTb BEITUUUHBI PaIHaTBHOTO CMEIICHUS [AITHHIPUICCKOMN
000JIOYKH OT BpeMeHH (JIMHUS — pacdeT, KPYKKU — dSKCTIEpUMEHT [4])
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DETERMINATION OF THE JWL EQUATION OF STATE PARAMETERS
ON THE BASIS OF THE CYLINDER - TEST DATA FOR 6GV
INDUSTRIAL EXPLOSIVE

AA. Selezenevl, AM. Isakovz, P.A. Ustimkinl, S.P. Zotkin'

'RFNC-VNIIEF, Sarov, Russia
2 JSC «Institute of explosion», Moscow, Russia

Jones - Wilkins-Li (JWL) equation of state is widely used [1-3] to describe an

isentropic expansion of detonation products (DP). The JWL equation for isentropy
expansion of detonation products has the form


http://engjournal.ru/catalog/mech/mlgp/1401.html
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Ps(v) =A-eR? + B.e Rev ¢ . p~(F0) v=2

were Pg is high explosive (HE) density at initial state.
The parameters of the Hugoniots at Chapman-Jouguet (CJ) state

1
Eqp=Eo +5Pg - (1—-vg) )
and experimental data of the cylinder test for HE 6GV (T60M methods [4]) were used to
determine the constants of JWL equations of state. The system of the equations obtained in

the work [2] was used to determine the parameters of the isentropy equation of the
detonation products at the JWL form

PS(UCJ) = P,
ES(UCJ) = Eg,

(%)vzvq B _pODz’ v

Es(v;)) + E;(v)) =E,, i=123.
The system of the equations (3) was solved to obtain 4, B, C, R, R, Ey unknown
quantities, W parameter has been estimated using ratio (4)
w=y-—1, 4)
were Y is adiabatic gamma of the detonation products near atmospheric pressure.

Kinetic energy of the cylindrical outer skin and detonation products (Garney energy) was
calculated using formula from the work [5]
w? 1
Ec = 7(77 + g), (5)
were W is radial velocity of the cylindrical layer, 7] is the relation of the tube mass to the
HE mass.

Verification of constants of the equation (1) for 6GV explosive was carried out by
comparing of the numerical solution results of the task on radial expansion of the copper
tube that has 60 mm internal diameter and 6 mm thickness with the results of the cylinder
test using T60M method [4]. The constants of JWL equation of state for detonation products
of 6GV HE obtained by such method are shown in the table 1. The comparison of the
experimental results on measuring dependence of radial displacement of the cylindrical
outer skin on time [4] with the results of the numerical simulation using "Master
Professional" computer code [6] is shown in the figure 1.

Table 1. JWL equation of state parameters for detonation products of 6GV explosive

Explosive | pg,g/em’ | A,GPa | B,GPa | C,GPa R, R, )
6GV 1.017 82.432 | 14985 | 0347 | 4.485 | 1.951 | 0.129
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Figure 1. Value of radial displacement of cylindrical outer skin as a function
of time (line — numerical simulation, circles — experiment [4])

References

1. Souers P. C., Wu Ben and Haselman L. C. Jr. Detonation Equation of State at LLNL, 1995,
UCRL-ID119262 Rev 3, February 1,1996.

2. Urtiew P.A., Hays B. Parametric Study of the Dynamic JWL-EOS for Detonation Products. ®I'B,
1991, Ned, C.126-136.

3. Andreyev S. G., Shestakov M.A. Estimation of performance of high density explosives use of the
JWL equation of state. Engineering magazine: science and innovations, 2015, issue 07. URL:
http://engjournal.ru/catalog/mech/mlgp/1401.html.

4. Isakov A.M. Determination of explosive characteristics of the industrial explosives (IE) use of the
T60M method. Part 1. Measuring charge T60M 2020, 207 p. Report, JSC “Institute of explosion”,
2020.

5. Richard Catanach, Larry Hill, Herbert Hary, Ernest Aragon, Don Murk. Cylinder Test
Specification. Los Alamos, LA-13643-MS, Issued: October 1999.

6. V. Rudenko, M.Chabourov, E.Tchekhounov. Virtual physics laboratory of the package MASTER.

Proc. International Conference “Physics Teacher Education beyond 2000, Barselona, 2000

METO/bI PACYETA U303HTPOIIBI TIPOAYKTOB JETOHAIIUU 11O
JAHHBIM HUJIMHAP-TECTA: AHAJIN3 1 CPABHEHHUE

A.H. Axmemsanos’, B.A. Bupuenxo', A.A. Kazax', C.B. llaxmaes’
'OTYII «CrenuansHoe KOHCTPYKTOPCKO-TEXHOIOrHYeckoe 610po «TeXHOmor,
r. Cankr-IletepOypr, Poccus
2POSL-BHUUT®, r. CHexutck, Poccus

W3BecTHBI TPU OCHOBHBIX CIIOCO0a pacyera M309HTpOIN HpoaykToB netoHaruu (I1]])

IO 3KCHEPUMCHTAJIBHBIM JaHHBIM ME€TOAWKHN MUJINHAP-TECT:

— T[psMOE€ YUCIIEHHOE MOJIENTUpOBaHue dKcrepuMenTa [1];
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— TpUOTIDKEHHBIN METOI, petokeHHbIN Tetnopom [2,3];

— MeTOoJ, ucToiabr30BaHHbIN JI.B. 3aryckuneiM u coTpynaukamu [4].

[IpoBenensl pacdeThl MO BceM TPEM METOAaM Ha TMPUMEpPE IKCIEPUMEHTAIbHBIX
JIAHHBIX [UIUHAP-TecTa i cocTaa b [5].

AHanu3 pe3yIbTaToB PACcYETOB MMOKa3all CIEAyIOIIee:

— TIEePBBIA METOJ TO3BOJSIET C MAaKCUMAIbHO JOCTYMHOW TOYHOCTBIO PacCUUTAThH
n3o3HTOITYy [1/1, HO MIpenmonIaracT NCIOIh30BaHUE CIICITUATIBHBIX KOMIIBIOTEPHBIX ITPOTpaMM
1 OOJBIIAX PECYPCOB MAIIMHHOTO BPEMCHH;

— BTOPOH METOA TMOKa3adl 3aBHCHMOCTh pe3yibTaTa pacdera OT (OpMBI
aNMPOKCUMAITUH JKCIICPUMCHTANBHBIX JaHHBIX M OTHOCUTEIBHYIO OINHOKY pacyera B
00acTi HU3KHX NaBieHui 10 50% 1Mo CpaBHEHHUIO C IMIEPBBIM METOJIOM;

— TpeTWil METOJ OKa3aJcs yAadHOM KOMOWHAIMeH BBICOKOH TOYHOCTH pacyera,
MpUOIKAIOMIEHCS K IEPBOMY METOJY, C €0 TOCTYIMHOCTHIO.
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CTPYKTYPHBIE U JTUHAMHWYECKHNE XAPAKTEPUCTHUKHA
METAJIVI-TPA®EHOBBIX KOMITIO3UTOB B YAAPHBIX BOJIHAX

E.B. Lllopoxos, U.I'. Bpooosa, U.B. Xomckas, C.B. Pazopenos, JI.A. Emuuna

POAI-BHUUT®, r. Caexunck, Poccust
Wncruryt dpusuxn metamioB YpO PAH, r. Exarepun0ypr, Poccus
WncruryT npobiem xumudeckoit ¢pusuku PAH, r. Ueproronoska, Poccus

N3ydeHs! CTpyKTypa U MEXaHUIECKUE CBOWCTBA METAIIIOMATPUYHBIX KOMIIO3UTOB Ha
OCHOBE JIIOMHHHMEBBIX CIUTaBOB pasHoro coctaBa (AA -3003, AA -5154 u Al) ¢ rpadhenom
(0.1 Bec. %), «in-situy» CHHTE3MPOBAHHBIX IOJ] CJIOEM COJIEBOTO paCIIaBa, B 3aBUCUMOCTH OT
XMMHYECKOTO COCTaBa M pa3Mepa 3epHa MaTPHUIL. XUMHIECKHH COCTaB CHHTE3MPOBAHHBIX
KOMITIO3UTOB, MPOU3BOAMIM CHEKTpaJbHBIM aHaiu3oM Ha crnekrtpomerpe ICPE-9000
SHIMADZU ¢ WHIYKTUBHO-CBA3aHHOW 11asmMod  (morpemHocts  +0.005 mac.%).
ATTecTanuio yriepoJHbIX BKIIOUEHHH B KOMIO3MTaX MPOBOIMWIN IHEPTOAUCIEPCHOHHBIM
aHAIM30M Ha CKaHHUPYIOMIEM dJIEKTpOHHOM Mmukpockorne (COM) Quanta- 200 u MeTooM
PaMaHOBCKOM CHEKTPOCKOMHUM, HCHoib3yst cnekrpomerp Renishawu-1000. O6pabotka u
aHaJM3 CHEKTPOB BBINOJHEHbl C MOMOIIBI0 BCTPOSHHOIO KOMIUIEKCa IMPOrPaMMHOTO
obecnieuennst Wire-30 u cnenmanu3upoBaHHOro mnporpammuoro mnakera Fityk 0.9.8. [Jlns
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CpaBHEHHs 3aKOHOMEPHOCTEH CTPYKTypOoOOpa3oBaHUS KOMIIO3UTOB C Pa3HBEIM pa3MepoM
3epHa OBUIM HCCJIEJOBaHbl AIOMOMATPUYHBIE KOMIIO3UTHI TPEX COCTABOB B JIUTOM
kpynuozepauctoM ( KK) u nedopmupopanusix mMenko -3epauctom (MK, paszmep 3epha < 1
MM) u cyomukpokpuctamndeckomM ( CMK, pasmep 3epHa < 1 MKM) COCTOSIHHSX.
Jedopmanus KOMIIO3UTOB OCYIIECTBIIsIIack MeTogamu [omkmHcoHa — Kombckoro u
JIVUHAMHUYECKOTO0 KAaHAJIBHO-YTIJIOBOTO IIPECCOBAHUSA (AKVYII). HM3mepeHbl TBEPIOCTD
KOMIIO3UTOB U JHUHAMHUYCCKHEC MCXAHUYCCKHEC CBOHICTBA B HUHTEPBAJIC KBA3UCTATUYCCKUX
ckopocreit edopmammn ot & = 1.8 -4.7x10° ¢! TIpoBenensr usmepenus cpoiictre CMK
KOMIIO3UTOB, (IMHAMHYECKOTO TpeAelia YIPYTOCTH Ouyp, M JWHAMHYECKOTO TIpeaera
Tekydectn Y) TNpH yIapHO-BOIHOBOM Harpykenuu ¢ & >10° ¢ '.CrpykTypHble
HCCIICIOBaHMSA MOKA3ald, 9YTO TpadeH He SBIACTCS MHOKYISATOPOM M HE BIMSACT HA pa3Mep
3epHA JUTHIX ATIOMOMATPHUYHBIX KOMIIO3UTOB. TBEPIOCTh JHUTHIX KOMIIO3UTOB 3aBUCHT OT
XUMHYECKOTO COCTaBa MAaTPHIIEI M MOBHIIIaeTcsa Ha 5-10% OTHOCHTENTFHO HEapMUPOBAHHBIX
Al cmraBoB. H3MmenpdyeHHE CTPYKTYpHl KOMIIO3UTOB TIPH JHHAMHYCCKOM  COKATHH
OTHOCUTENIbHO JuToro coctosHus (mo 100-50 MKM) TpUBOAWT K HE3HAYUTEIHLHBIM
W3MEHEHUSM TBEPAOCTH M MUKPOTBEPAOCTH MaTpuilel. TBEpmocTs MK kommosuTa AlGn
Bo3pacTaet Ha 25%, a MukpoTBEpaocTh MaTpunbl MK kommnosura AIMgGn - He 6ornee, yem
Ha 15-20%. Ilepexox ot KK x CMK cocTosiHIIO BBI3BIBAET pe3KOE MOBBIIICHHE TBEPIOCTH
KOMITO3UTOB: B 1,6 pa3a B KoMITo3uTax Ha ocHOBe Al-Mn cmiaBa u B 2.6 pa3a B KOMITO3UTE
AlGn. TIpu ¢popmupoBannu nepopmupoBanHoi MK u CMK cTpyKTypsl HaHOIJIACTHHKH
rpadeHa ApoOATCs, H3rH0arOTCsl ¥ PACIIONararoTCsl MPEMMYIIECTBEHHO 110 TPaHULAM 3epeH-
cy03epeH, oOecmeunBasi TOMOJHUTEIBHBIN JeQOPMAMOHHBI MEXaHH3M YIPOYHCHHUS 3a
CU4éT B3aUMOJCHCTBUSA C OHWCIOKAIUSAMH. B JIerHpOBaHHBIX KOMIIO3UTAaX OHH MOTYT
pacmoyiarathCsl Takke Ha (QparMeHTax XpPYIOKHX KPUCTANIOB HHTCPMETAJUIUIOB.
YcTaHOBNICHA CBS3b YIPYTO-IUIACTUYECKUAX CBOMCTBA ATFOMOMATPUYHBIX KOMIIO3HTOB OT
pasMepa 3epHa U XUMHUIECKOTO COCTaBa MaTPHIILI M MOKa3zaHo, 4to mepexoa ot KK k CMK
CTPYKTYpE TOBBIIIAET UX B cpeaHeM B 1.5 paza. CpaBHEHHE yIPYTOIUIACTHYECKUX CBOHCTB
CMK kommo3utoB co cBoiictBamu CMK HeapMHpOBaHHBIX MAaTEpPHAJIOB IOKa3ajo, YTO
nmobaBka rpadena B kommdectse 0.1% ympodHseT MaTeprai U BBI3BIBACT POCT Oyp U Y - Ha
30-50 % B 3aBHCHMOCTH OT XHMHYECKOTO CocTaBa Marpuipl. [loBbImieHUE
YOPYTOIIACTUYECKUX XapaKTePHCTUK TIPH JIETHPOBAaHWU Al MaTpHumbl cOmpoBOXKIaeTCs
CHIDKEHHEM OTKOJIbHOM mpouHoctn Ha 10-20 %, Tak Kak TBepAble 4YacTUIBI TpadeHa
SIBIITIOTCSI KOHIIEHTPATOPaMU HANpPsDKCHUHM NPH JUHAMHYSCKOM PACTSIKCHHU B YCIOBUAX
OTKONa. BennmuuHa OTKOJBHONW MPOYHOCTH Ui JICTUPOBAHHBIX TIpad)eHOM CIUIABOB
cocraBisiet ~1.5 T'Tla. Jloka3zaHo, 4To ympouHstonmii 3pQPekT rpadeHa yBETUUHUBACTCS C
YMCHBIIICHHEM pa3Mepa 3epHa KOMIO3UTOB. [Ipe/ioskeHbl MEXaHH3MBI YIPOYHCHUS
ATFOMOMATPHYHBIX KOMIIO3UTOB, QPMUPOBAHHBIX rpadeHOM.

Uzyuenst ocobenHoctnn QopmupoBanusi CMK CTpyKTypel W IHHAMHYECKHX
MEXaHHYECKHX CBOWCTB MeIH, JIETHpOoBaHHOW MuKpomobOaBkoit 0.02 mac.% rpadena,
TIOJTYYeHHOW BBICOKOCKOpOCTHOHW nedopmarmeit merogom JKVYII. Panee moxazaHo, 9to
OTIIMIHUTENLHOM ocobeHHOCThIO MeTona JIKVTI, sBisercs KOMOMHIPOBAHHOE BO3JIEHCTBUE
BeicokockopocTHoi (10*-10° ¢ ') medopmarmu cipura, YIapHO-BOJHOBOU NteopManuu
cxarust u temneparypsl. @opmuposanue npu JAKVYII nepaBHOBecHON CMK cTpykTypHl B
MeJlb-IIUPKOHUEBOM KOMIIO3UTE, HMPOUCXOJUT B PE3yJIbTaTe NpOleccoB (parMeHTaluu u
JUHaMU4eckoil pexpucramuimzanun. J(uHamudeckue coiictBa CMK cmiaBoB Ha OCHOBE
MEIU WCCIENOBaHbl B YCIOBUSX YAApHOTO cCxaTtusg WHTeHcuBHOCThIO 4.7-7.3 TTla u
ckopocthio gedopmamun (0.9-2.1)-10° ¢, Tlokasaxo, uto JKVYII (n=1) kommosuta Ha
OCHOBE MeIW YyBeIM4uBaeT oyp. U Y B 4,9. pa3a u B 1.7 pa3a OTKOJIBHYIO NPOYHOCTH I10
cpaBHenuto ¢ KK cocrosiauem.
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INomydyeHHBIE HKCIEpUMEHTANBHBIE JAHHBIE O XapaKTepe OTKOJIBHOTO pa3pyLICHHs
kommo3utoB ¢ CMK crpykrypoit, chopmupoBannoit npu JKVII, u oneHka BIUSHUS
JIICTIEPCHOCTH M JIe(EKTHOCTH CTPYKTYPbHl Ha COIPOTHBJICHHE BHICOKOCKOPOCTHOMY
neopMHUpOBaHHI0 TIpH  CYOMHUKPOCEKYHIHBIX JUIMTEIBHOCTSIX HArpy3KH  TO3BOJISIT
MIPOTHO3MPOBATh TIOBEACHHE TIOJOOHBIX MAaTEpHAIOB B JIKCTPEMAIBHBIX YCIOBHAX WX
9KCIUTyaTaIlHH.

JlarHas paboTa BBIIOJHEHAa B paMKax TOCYIJapCTBEHHOTO 3alaHus MuHHCTEpCTBa
HayKd W BeIciiero obopazoBanusi P® B mo teme «Crpykrypa» Nel22021000033-2 u Ne
AAAA-A19-119071190040-5.

STRUCTURAL AND DYNAMIC CHARACTERISTICS
OF METAL-GRAPHENE COMPOSITES IN SHOCK WAVES

E.V. Shorokhov, I.G. Brodova, 1.V. Khomskaya, S.V. Razorenov, L.A. Yolshina

RFNC-VNIITF, Snezhinsk, Russia
Mikheev Institute of Metal Physics, UB of the RAS, Ekaterinburg, Russia
Institute of Problems of Chemical Physics of the RAS, Chernogolovka, Russia

The structure and mechanical properties of metal matrix composites based on
aluminum and its alloys of different composition (AA-3003, AA-5154) with graphene
(0.1 wt.%) synthesized in situ under a layer of molten salts are investigated as a function of
chemical composition and grain size of the matrix.The chemical composition of the
materials obtained was studied by spectroscopic analysis on ICPE-9000 SHIMADZU
spectrometer (+0.005 wt.% uncertainty). Carbon inclusions in the composites were analysed
by energy dispersive spectroscopy using a Quanta-200 scanning electron microscope and by
Raman spectroscopy on a Renishaw U1000 instrument. The spectra were processed and
analysed with the help of the built-in Wire-30 software package and Fityk 0.9.8 data
analysis application. Aluminum matrix composites of three compositions were studied in as-

cast coarse-grained (CQG), deformed fine-grained (FG, grain size < 1 mm) and deformed

submicrocrystalline (SMK, grain size < 1 pm) states in order to compare structural
characteristics of composites with different grain size. The composites were subjected to
deformation in a split Hopkinson-Kolsky bar and by dynamic channel angular pressing. The
hardness and dynamic mechanical properties of the composites are measured at the quasi-
static strain rate from € = 1.8 -4.7x10° s . The properties of SMC composites (dynamic
elastic limit oy and dynamic yield strength Y) under shock-wave loading with ¢ >10° s™'
were mearsured. Structural studies have shown, Graphene is not an inoculant and does not
affect the grain size of the as-cast aluminum matrix composites. The hardness of the as-cast
composites depends on the chemical composition of the matrix and increases by 5-10 %
compared to the unreinforced Al alloys. Refinement of the structure relative to the as-cast
state induced by dynamic compression (down to 100 - 50 pm in FG state) leads to minor
changes in the hardness and microhardness of the matrix. The hardness of FG AIGr
composite increases by 25%, while the microhardness of FG AIMgGr composite matrix
increases by no more than 15-20%.. It is found that grain refinement to SMC state induces a
sharp increase in the hardness of the composites with various compositions (by a factor of
1.6-2.6). When FG and SMC deformated structure is formed, graphene nanoplatelets break
up, bend, and primarily occupy the position along the grain-subgrain boundaries, providing
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an additional deformation mechanism of reinforcement due to a contact with the
dislocations, but the graphene may reside on the surface of brittle intermetallics in the
alloyed composites. A correlation of the elastic-plastic properties of aluminum matrix
composites with the grain size and the chemical composition of the matrix is established. A
transition from CG to SMC structure is shown to improve the elastic-plastic properties by a
factor of 1.5 on average. A comparison of the elastic-plastic properties of SMC composites
with the properties of SMC unreinforced materials has shown that a 0.1% addition of
graphene strengthens the material and increases oyg and Y by 30-50 % depending on the
chemical composition of the matrix. The enhancement of elastic-plastic properties induced
by alloying the Al matrix is accompanied by a 10-20 % decrease in the shear strength. Its
value for graphene-doped samples is ~1.5 GPa and tends to slightly decrease with increasing
graphene concentration, since the graphene solid particles are stress concentrators during
dynamic tension under spall conditions. It is proved that the reinforcing effect of
graphene increases with decreasing grain size of the matrix. Mechanisms of reinforcing
aluminum matrix composites with graphene are proposed. ~ The features of the formation
of the SMC structure and the dynamic mechanical properties of copper doped with a
microadditive of 0.02 wt % graphene obtained by high-speed deformation by the DCAP
method are studied. Previously, it was shown that a distinctive feature of the DCAP method
is the combined effect of high-speed (10°-10° s') shear deformation, shock-wave
compression deformation, and temperature. The formation of a nonequilibrium SMC
structure in a copper-graphene composite during DCAP occurs because of fragmentation
and dynamic recrystallization processes. The dynamic properties of SMC alloys based on
copper were studied under conditions of shock compression with an intensity of 4.7-7.3 GPa
and a strain rate of (0.9-2.1) x10° s". It is shown that the DCAP (n=1) of the copper-based
composite increases cHEL and Y by 4.9. times and 1.7 times the spall strength compared to
the CG state. The obtained experimental data on the nature of spall fracture of composites
with an SMC structure formed during DCAP and an assessment of the effect of structure
dispersion and imperfection on the resistance to high-speed deformation at submicrosecond
loading times will make it possible to predict the behavior of such materials under extreme
operating conditions.

The results were obtained within the state assignment of Ministry of Science and
Higher Education of the Russian Federation (theme “Struktura” 122021000033-2, and Ne
AAAA-A19-119071190040.

YTOUYHEHHAS ®A30BASA JTUATPAMMA YIJIEPOJA U ®A30BbIE
MEPEXO/IbI B AJIMA3E IIPU B3AUMOJIEMCTBAU C UMITYJIbCHBIM
JIABEPHBIM U3JIYYEHUEM

M.IO. Ilonos, B.J]. Yypxun, b.A. Kynenuykuii, B./{. brank
OI'BHY TUCHVYM, Mockaa, r. Tpourk, Poccus

Panee mamm ObUTa TpeINIOKEHa YTOYHEHHAs (a3oBas OUarpamMma yriepona,
BKJIFOUAroIas 00JIacTh HECTAOMIIBHOCTH aiaMasa B AWana3oHe IaBieHui ot 55 mo 115 I'Tla
npu temneparype 300 K, kotopas cyxaercs no 55-75 I'lla npu temneparypax okosno 5000
K [1, 2]. DkcrnepuMeHTaIbHO JOKa3aHO, 4TO B 3TOM oOnactu (opMupoBaHHe anMmasa
MpeKpalaeTcs, a Yyxke COOPMHPOBABIIMECS aiMa3bl IMEPEXOJIT B 0ojee IUIOTHBIC
YIJACPOIHBIC  JIYKOBHYHBIC  CTPYKTYpPhl  (YyJUIepEeHOBOTO  THma  (COCTOSIUE M3
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IISTHYTOJBHHKOB M IICCTHYTONBHAKOB), OGONOUKH KOTOPHIX CBSI3aHEI SP° CBsi3sME. UHCIIO
CJIOEB B 3THUX CTPYKTYpax YMEHBIIaeTcs ¢ pocToM Temiepatyps! oT ~10 mpu 300 K mo 2-5
npu 2400 K. Jlnsg cpaBHEeHHS, JyKOBHYHBIE CTPYKTYpHI, CGOPMHPOBABIINECS IPH
nmasienusix Hmke 50 I'Tla, oGpazoBanbl 00oOYKaMH TPa(eHOBOrO THIA, COCTOSIIUMHU
TOJIBKO U3 IIECTHYTONHAKOB M HE HMEIOT MEKCIIOEBIX SP° CBSI3EH.

DopMUpOBaHUE IJTYKOBUYHBIX CTPYKTYp (YIUIEPEHOBOTO THIA MOMXKET SBISTHCS
penepoM naBieHUd u TemmepaTyp. MX oOpa3oBaHue B TMpollecCe B3aMMOJICHCTBUS C
anMa3zoM c(OKYCHPOBAaHHOTO Ha TIIyOMHY 5 MKM jna3epHoro mmiryinsca (100 He, mimHa
BOJIHBI 532 HM, MOLIHOCTh UMIyJbca BapbupoBaiach ot 0 10 1,5 MJI>K, MHTEHCUBHOCTb 10
20 I'Br/cm’) yKasblBaeT Ha JaBleHHEe M Temmeparypy okomo 70 I'Tla u 2400 K
cooTBeTcTBEHHO [3]. Pasmep mosocTH, co3gaHHOW B anMase Ja3epHBIM BO3JACHCTBHUEM,
OTHCBIBACTCS MOJCTBIO 00pa30BaHMs B3PBHIBHOW IMOJIOCTH TIOCIE B3pBIBA BHYTPH TBEPHAOTO
Tena (KamyQJeTHBI B3pbIB, 00BEM MOJOCTH MPOMOPIHOHAJICH OSHEPTUH C Y4YETOM
MEXaHUYECKUX XapaKTepUCTHK anmasa). [Ipu aTom it GOpMUpPOBaHHS TaKOM MOJIOCTH 3a
cYeT IIacTHYECKO# nedopmanuu anMasza TpedyeTcsl ypoBeHb HampsbkeHui okono 90 I'Tla,
YTO COTJIACyeTCcsl C AaBlCHHEM (POPMHUPOBAHHSA ITYKOBUYHBIX CTPYKTYp (YIUIEPEHOBOTO
tuna. IlokasaHo, 9T0 B TakoM pexuMme ocymecTBiseTcs 3¢hdexkTuBHas pe3ka amMasa
nazepom [3].
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REFINED CARBON PHASE DIAGRAM AND PHASE TRANSITIONS IN
DIAMOND WHEN INTERACTING WITH PULSED LASER RADIATION

M.Yu. Popov, V.D. Churkin, B.A. Kulnitskiy, V.D. Blank

Technological Institute for Superhard and Novel Carbon Materials, Troitsk, Moscow, Russia

Earlier, we proposed a refined carbon phase diagram, including the diamond
instability region in the pressure range from 55 to 115 GPa at a temperature of 300 K, which
narrows to 55-75 GPa at temperatures of about 5000 K [1, 2]. It has been experimentally
proved that in this region, diamond formation stops, and already formed diamonds turn into
more dense carbon onions structures of fullerene type (consisting of pentagons and
hexagons), the shells of which are connected by sp® bonds. The number of layers in these
structures decreases with increasing temperature from ~10 at 300 K to 2-5 at 2400 K. For
comparison, onions structures formed at pressures below 50 GPa are formed by graphene-
type shells consisting only of hexagons and do not have interlayer sp® bonds.

The formation of onions fullerene-type structures can be a reference point for
pressures and temperatures. Their formation during interaction with diamond of a laser pulse
focused to a depth of 5 microns (100 ns, wavelength 532 nm, pulse power varied from 0 to
1.5 mJ, intensity up to 20 GW/cm®) indicates a pressure and temperature of about 70 GPa
and 2400 K, respectively [3]. The size of the cavity created in the diamond by laser action is
described by the model of the formation of an explosive cavity after an explosion inside a
solid (the volume of the cavity is proportional to the energy taking into account the
mechanical characteristics of the diamond). At the same time, for the formation of such
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cavity due to plastic deformation of the diamond, a stress level of about 90 GPa is required,
which is consistent with the pressure of the formation of onions fullerene-type structures. It
is shown that in this mode, effective laser cutting of diamond is carried out [3].
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VIAPHASI C(KUMAEMOCTD IEHOBOPA ¥ MEHOAU®JIOHA
B IUANIA3OHE JABJEHUIA 7-25 TTa

@.U. Tapacos, A.FO. Hukonaes, P.H. Kanynnukos,
A.C. Jlobaués, B.E. Cumonos, .M. I'oponawnbvlii

POAL-BHUUT®, u/ Cuexunck, Poccust

PaGora mocBsmeHa HCCIENOBAaHHMIO YAApHOW CXKHMAaeMOCTH IeHoOopa u
neHoaudiaoHa. B paboTre mpeacTaBieHbI MOCTAHOBKA U ITOJTyYEHHBIE Pe3yIbTaThl B3PHIBHBIX
HKCHEPUMEHTOB IO OINPEICICHUIO CKOPOCTH yJapHOW BOJHEI B 00pa3max u3 meHobopa u
neHonu(pIoHa B auana3zoHe gasieHunid 7-25 I'Tla. HawanmpHas MmIOTHOCTH 00OpasIioB u3
neHobopa cocrapisiia 0,65 rlem’ , 00pasnoB u3 neHoxudaona — ot 0,65 no 0,85 r/em’.

Jns  ompeneneHWs CKOPOCTH yIAapHOM BONHBI B 00pa3lax IMPUMEHSUIACh
AIIEKTPOKOHTAKTHASI METOIMKA. B aKCIIeprIMeHTax NCIOIb30BaJIOCh OT 6 110 8 map JaTYHKOB
B 3aBUCUMOCTH OT rabaputoB oOpa3ma. Touku yaapHBIX aguabaT MaTepHANIOB
OTIPEEISITUCH TI0 METO/Ly TOPMO>KEHUSI.

Jlist co3manust yIapHBIX BOJH B 00pa3iax MPUMEHSUIMCh B3PBIBHBIC HATPYKAFOIIUE
YCTPOMCTBa Ha OCHOBE MOIIHBIX B3PHIBYATHIX BEIIECTB C YAapHUKaMHu u3 ctanu. CKopocTH
nosiéTa yJapHUKOB BapbUPOBAJIKCH B JUana3oHe ot 2,7 10 5,7 km/c.

SHOCK COMPRESSIBILITY OF FOAM BORON AND FOAM DIFLON
WITHIN THE PRESSURE RANGE OF 7 TO 25 GPa

F.I Tarasov, A.Yu. Nikolaev, R.N. Kanunnikov,
A.S. Lobachyov, V.E. Simonov, Ya.M. Goropashnyi

RENC-VNIITF, Snezhinsk, Russia

The paper is devoted to the investigation into shock compressibility of foam boron
and foam diflon. The experimental setup is presented and the results of explosive
experiments are given. The experiments aimed at determining shock velocity in specimens
of foam boron and foam diflon within the pressure range of 7 to 25 GPa. The initial density
of specimens was 0.65 g/cm’ for foam boron and from 0.65 to 0.85 g/cm’ for foam diflon.

The electric contact technique was used to determine shock velocity in the
specimens. In the experiments, 6 to 8 pairs of gauges were applied depending on specimen
size. Hugoniot points for the materials were determined through retardation method.
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Explosive loading devices based on high-power explosives with steel impactors were
used for shock wave generation. Impactor flight velocities varied from 2.7 to 5.7 km/s.

PETHCTPALUSA ®A30OBOI'O IIEPEXO/JIA B CTAJIAX Ct3IIC, 12X18H10T
N AK-33 I1IPU JABJIEHUU YIAPHOI'O C/KATHUA A0 25 I'lla

A.Il. Kypynenxo, /[.H. 3amomaes, A.M. Heun, /[.B. Kpiouxos, H.A. Tepewkuna,
U.P. Tpynun, JI.A. baxcenos, A.E. Caghponos, T.O.Crrnonesa, A.H. Baranouna

POALI-BHUND®, r. Capos, Poccus

B noknane mpuBeneHbl pe3yibTaTbl HKCIEPUMEHTANbHONM PETUCTPALUUA CKOPOCTH
JBIDKEHUS cBOOOTHOM moBepxHocTH W(t) oOpasuoB u3 craneit Ct3IIC, 12X18H10T u AK-
33, HarpyKEHHBIX CTAILHEIM YIaPHUKOM €O cKopocTaMu Wy, =600 M/c 1 1200 m/c.

Pa3ron cTajbHOTO yAapHUKA TOJIUHOW 2 MM TMPOW3BOJHWICS B CTBOJIE ITOPOXOBOMH
Harpyxaromei ycranoBke kaauopom 100 MM. Y 1apHHK TOPMO3WIICS O CMEIIEHHYIO COOPKY
C TpeMs BCTPOCHHBIMH B Hee 00pa3maMu U3 UCCIeIyeMOro MaTeprana. ToNIiHb 00pa3ios
cocraBysi 1,4 u 6 M.

B Takoif TOCTaHOBKE OKCIIEPUMEHTOB OBUIM 3apeTUCTPUPOBAHBL  YIPYIUi
MIPEIBECTHUK U €ro 3aTyXaHWe IO TOJNIIHHE 00pa3na, OTKOIBHBIA UMITYJIbC B O-&- (ha30BBIH
nepexon B cranu Ct3IIC u AK-33, u ero orcyrctue B ctamu 12X18H10T.

Ha pucynke 1, B KayecTBe IpHMepa, NpHBEAEHBI 3aBUCHMOCTH W(t) oOpasinoB
TONIMHOW 4 MM M3 HCCIEIyeMbIX CTalle, Harpy)keHHe KOTOPBIX IPOBOJMIOCH CO
ckopocthio 600 u 1200 m/c.
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Pucynox 2. BpeMeHHbIe 3aBUCUMOCTH CKOPOCTH JIBIIKEHHUST CBOOOIHBIX
MOBEPXHOCTEH 00pa3IoB

B oskcnepumenrax ¢ W,,=600 Mm/c naBieHHE YJApHOTO CKATHA COCTaBUIIO
~ 12I'T1a, yto MeHbIe naBneHus (a3oBOro mepexosa B Kejes3e, MOITOMY Ha 3aBUCHMOCTSIX
W(t) He peructpupyetcs (asosbiii mepexoxa. Jms Wy,=1200 M/c naBneHue yaapHOTo
cxarus coctaBuiio ~ 26 I'Tla u Ha 3aBucuMocTsax W(t) BUIHA XapakTepHas “‘CTyNneHbKa  Ha
(hpouTe BOTHOBO# ckopocTh. Mckmouenue coctapisiet ctans 12X18H10T.

[TonyueHHble pe3ynbTaThl IOATBEPXKAAIOT HW3BECTHBIE JaHHblE MO (azoBomy
nepexoay B kenese [1,2] u cransax [3]. [IpeanoxeHHbIi 1 OTPaOOTaHHBIH B JaHHOH paboTe
MOAXOA, BKJIIOYAIOINA B ceOs BBHICOKOCKOPOCTHOH pasroH yJapHHKa B CTBOJIE
Harpy’karomie yCTaHOBKE ITyIIEYHOTO THIIA, OJHOBPEMEHHOE HAarpy>XeHHE B OJHOM OIIBITE
Tpex oOpas3LoB pa3iMYHON TONIIMHBI WM Pa3HBIX MaTEPHAIOB, PETHCTPAIMIO CKOPOCTH
JBIDKEHUS] CBOOOIHON MOBEPXHOCTH C IOMOINBI0 METOJUKH HENPEPHIBHON IOTIEPOBCKOM
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JIMarHOCTUKU Ha OCHOBE omnThyeckoil cxemMbl PDV, mno3Bosser mnpuMeHUTH €ro K

HCCIICIOBAHMIO MTOBEACHHS PA3IMYHBIX MAaTCPHAJIOB, B TOM YHCIIC HCIIBITHIBAONIUX (ha30BhIC

MPEBPAICHHS B OTHOCUTEIHHO HU3KOW 00JIaCTH HATPYKCHHUS.
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PHASE TRANSITION RECORDING IN St3PS, 12H18N10T AND AK-33
STEELS AT SHOCK COMPRESSION PRESSURE UP TO 25GPa

A.P. Kurulenko, D.N. Zamotaev, D.V. Kryuchkov, I.A. Tereshkina, LR. Trunin,
D.A. Bazhenov, A.E. Safromov, T.O. Sklyadneva, A.N. Balandina

RFNC-VNIIEF Sarov, Russia

The report presents the results of experimental recording of the free surface velocity
W(t) of specimens made of St3PS, 12H18N10T and AK-33 steels loaded with a steel
impactor with velocities of W=600 m/s and 1200 m/s

The acceleration of a steel impactor 2 mm thick was carried out in the barrel of a
powder loading installation with a caliber of 100 mm. The impactor was decelerated on a
mixed assembly with three samples built into it from the material under study. The sample
thicknesses were 1,4 and 6 mm.

In this setup of experiments, the following was recorded: an elastic precursor and its
attenuation over the thickness of the sample, a spall pulse and a-¢- phase transition in steel
St3PS and AK-33, and its absence in steel 12H18N10T.

Figure 1, as an example, shows the dependences W(t) of samples 4 mm thick from
the studied steels, whose loading was carried out at a speed of 600 and 1200 m/s.
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Figure 2. Time dependence of the rate of motion of the free surfaces of the samples

In the experiments with W=600 m/s, the pressure of shock compression is 12 GPa,
which is less than the phase transition pressure in iron, therefore, no phase transition was
formed on the dependences of shock compression W(t) at a velocity of 1200 m/s, the shock
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compression pressure was 26 GPa and in W(t) dependences there is a characteristic “step” at
the wave velocity front. The exception is steel 12HI8N10T.

The results obtained confirm the known data on the phase transition in iron [1, 2] and
steels [3]. The approach proposed and tested in this work, which includes high-speed
acceleration of the impactor in the barrel of a cannon-type loading installation, simultaneous
loading of three samples having different thicknesses or different materials in one
experiment, recording of the rate of motion of its own surface using the method of
continuous Doppler diagnostics based on the optical scheme of the PDV, makes it possible
to apply it to the study of the behavior of various materials, including those undergoing
phase transformations in a relatively low loading region.
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OIMUCAHHUE YJAPHOI'O C’KATUA HEKOTOPBIX
MOJIEKYJIAPHBIX KPUCTAJIJIOB

M.A. Bupioxosa™, J1.B. Ilempos’, FO.M. Kosanes’, E.5. Cuupros’”

'POILI-BHUUT®, r. CHekurck, Poccus
2FOsHO-Y panbckrii rocyaapetsennsii yansepeuter (HUY), r. Yensbuuck, Poccns

IIponeccel, mpoTekaromue Npud AEHCTBUM YAApPHBIX BOJH HAa JHEPreTHYECKHUE
MaTrepuabl, IPeICTaBISIOT OONBIION, KaK MPAKTUUECKUH, TAK U TEOPETUUECKUI HHTEpEC U
SBJISIIOTCS. OOBEKTOM MHOTOYMCIICHHBIX HccienoBaHui [1]. B nmaHHBIX HccienoBaHMsX
OJTHOM M3 aKTyalbHBIX NpoOieM sBisieTcss MpobieMa yIapHO-BOJHOBOTO pa3orpeBa
SHEPreTHUECKOT0 MaTepuaia. OJTO CBA3aHO C TEM, YTO KHHETHKA YJapHO-BOJHOBOTO
WHHAIMMPOBAHUS  JETOHAIIMM  KOHACHCHUPOBAHHBIX  B3pbIBUAaThIX  BemecTB  (BB)
CYIIECTBEHHBIM 00pa30M 3aBHCHT OT TEMIIEPATyphl, BOSHUKAIOWIEH IMOCIE MPOXOXKICHUS
ymapHoOi#l BonmHBEL [loaTOMy pa3paboTka MaTeMaTHYECKHUX MOJeNel ypaBHEHHH COCTOSHUS
JUISL ONIPEAENEHNs YAApHBIX aauadaT ¥ TEMIIEpaTyp yAapHO-BOIHOBOTO CXKAaTHs B 3a/1adax
WHUINANPOBAHUS JETOHAINH SBIIEeTCS 0cOOeHHO akTyanpHOH. /st BB moctponts ymapHyto
asnabaTy B HMIMPOKOM JMalia30He JaBJICHUI He MPEACTaBISETCS BO3MOXKHBIM, TaK KaK MpU
YAapHO-BOJIHOBOM CXAaTUU BO3MOXKHO WMHHIMUpPOBaHME JeToHauuu. B Hacrosiiee Bpems
Npe/IaraloTcst pa3InvyHbIe crtocoObl BOCCTAHOBIICHNUS yapHbIX aanabar BB Ha ocHoBaHuM
HKCHEPUMEHTAIBHBIX JaHHBIX 110 M30TEPMUUECKOMY CXaTHIO, HampumMep B pabote [2]. B
JIaHHOW paboTe OBLT MpeAoKEH aNropuTM MoctpoeHus ynapHeix anuabar TATB u TOHa
Ha OCHOBAaHUHM JKCIICPUMEHTAJIbHBIX HAHHBIX IO UX HM30TEPMUYCCKOMY CIKATHUIO B paMKax
ypaBHEHHs cocTosiHMS B (hopme Mu-I'proHaii3eHa, KOTOpBI OTIHYaeTcs OT MOIXOJa,
OIMCAaHHOTO B paboTe [2], TeM YTO IpH IepecyeTe 3HAYCHUH TABICHUH ¢ N30TEPMUIECKOTO
CKaTHsl Ha YAApHO-BOJIHOBOE MPHMEHSIOTCS TOJBKO T€ MapaMeTphl, KOTOPBIE MOTYT OBITh
TIOJTYYCHBI B Pe3yJbTaTe HETIOCPEICTBCHHBIX H3MEPEHUII.
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Jlns ompeneneHusl 3HaYeHUH JaBICHUH YZAapHOTO CXKaTus B JAaHHOM paboTe Oblam
HCIIONIb30BaHbl IKCIIEpUMEHTANbHBIE JaHHbIC, MpHuBeIcHHbIe B pabdorax [3,4] mnis TATH u
pabote [5] nna TOHa. B pe3ynbTaTe npoBeJCHHBIX pacueToB ObLIA TOMydYeHa TaOIUJIHAS
3aBHCHUMOCThH JIaBJICHHUS YAAPHOTO CXKATHA O CTETIEHHU CXKATHS.

IIpu moctpoeHmH yaapHBIX aanadaT KpOME SKCIEPUMEHTAJIBHBIX TAaHHBIX OBLIH
anpoOupoBaHbl TMONY3MIIUPUYECKHE YpaBHEHUS COCTOSHUSA [6,7], XOpOIIO ONMHCHIBAIOIINE
SKCIEPUMEHTAIBHBIE JaHHBIE TI0 H30TepMHUYECKOMY CxaTuio [3-5]. Pacuer namnenuit
yIapHOTO CaTusi OB TPOBENEH IO IPEUIOKCHHOMY B IaHHOH paboTe anropurmy
nepecyera. /laHHbIle TPOBEIECHHBIX PAcUeTOB ITOKAa3aly, YTO JABJICHHS yJapHOTO CXKATHS,
MOJyYCHHBIE IIyTEM IIepecueTa C IIOMOINBI0 SKCHEPUMEHTANBHBIX JaHHBIX [3,5]
ypaBHeHHI cocTosHMA [6,7] , coBmajalT B Npelenax Auana3oHa MOrPElIHOCTH
ompeneneHus creneHu cxkatud [3,5]. CnenoBarenbHO, ypaBHEHUSI COCTOSIHUS [6,7] MOryT
OBITh TPUMEHEHBI TPU OIMUCAHUHM XOJOTHOW COCTaBJIAIONICH Oosee oOMMX ypaBHEHHI
COCTOSIHUS,  ONpPENENAIONINX  IapaMeTpsl  YAApHO-BOJHOBOTO  CXKaTWA. 1 eruioBast
COCTaBJIAIONIAs YPAaBHEHUH COCTOSHHMS ONpPEAEIIach B COOTBETCTBUH C PEKOMEHIAIMSIMU
paboTsI [8], UTO MO3BOJMIIO PACCUUTATEH TEMIIEPATYPHI YAAPHOTO CIKATHSL.

Ha ocHOBaHMM pe3ynbTaToOB, IMOIYYEHHBIX B JaHHOH paboTe, MOXHO [JelaTh
CJICIYIOIIHE BBIBOIbIL:

1. TlpeanokeH anroput™M TNOCTPOCHUS YIapHBIX anuabar BB Ha ocHoBanmm
SKCHEPUMEHTANBHBIX JaHHBIX [0 U30TEPMHUUYECKOMY CXKATUIO;

2. Iloctpoensl U anpoOMPOBaHBI YPaBHEHMSI COCTOSHHMS, O3BOJISIOIINE IIPOBOJUTH
pacueTslb TeMIepaTypsl yaapHoro cxkatus BB.
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DESCRIPTION OF SHOCK COMPRESSION OF CERTAIM
MOLECULAR CRYASTLS

M.A. Biryukoval'z, D.V. Petrov], Yu.M. Kovalevz, E.B. Smirnov"?

'RFNC-VNIITF, Snezhinsk, Russia
2South Ural State University (National Research University), Chelyabinsk, Russia

The processes in shocked energetic materials represent a great theoretic and practical
interest. They have also been the subject of a huge number of studies [1]. Shock-wave
heating of energetic materials is one of the relevant ussies in these studies. The reason is that
kinetics of the shock detonation initiation in condensed explosive is highly dependent on the
temperature following the shock wave. Development of mathematical models for the
equations of state (EOS) to calculate shock Hugoniots and shock compression in the
detonation initiation problems is, thus, of great importance. A wide-pressure-range shock
Hugoniot for HE can hardly be constructed, as detonation might initiate under shock
compression. In the recently proposed methods, for example the one described in [2],
isothermal compression experimental data is used to recover the HE shock Hugoniots. In
this paper, the algorithm for constructing shock Hugoniots for TATB and PETN using the
experimental data on their isothermal compression based on the Mie-Gruneisen EOS has
been proposed. In our approach, in contrast to the one presented in [2], parameters of direct
measurements can only be used to convert the isothermal compression pressure into the
shock compression one.

In the present study, the experimental results for TATB from [3,4] and PETN from
[5] were used to calculate the shock-compression pressure. Table dependence of the shock-
compression pressure on the compression ratio was obtained. In addition to the experimental
data, semiempirical EOSs [6,7], which describe well experimental data on isothermal
compression [3-5], were approved when constructing shock Hugoniots. The shock-
compression pressure was calculated with the recalculation algorithm proposed in this
paper. The calculations showed that the shock-compression pressures recalculated, using the
experimental data [3,5] and EOSs [6,7], (agree) within the range of the compression ratio
error [3,5]. Consequently, the EOSs [6,7] can be applied when describing the cold
component of more general EOSs defining shock compression parameters. The thermal
component of the EOSs was determined as recommended in [8]. This enabled the
calculation of the shock- compression temperature.

The results of this study allow us to make the following conclusions:

1. Algorithm for constructing the HE shock Hugoniots using the isothermal
compression data has been proposed;

2. EOSs to calculate the HE shock compression temperatures have been constructed
and approved.
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N30TEPMA METAJUIA, IOCTPOEHHASI HA OCHOBE OBOBIIEHHOI'O
YPABHEHMUA VI KOO®OPUIIUMEHTA I'PIOHAU3EHA

C/A. I'unes

Wncruryr runponnnamuxu uM. M.A. JlaBpentseBa CO PAH, r. HoBocubupck, Poccus

B paMkax MOIy>MIHPHYECKOTO TOAXOJa pPacCMaTPUBACTCA METOX ITOCTPOCHHS
KPHUBOH XOJOZHOTO CKAaTHS U M30TEPMBI METAIIa HA OCHOBE O0OOIIEHHOTO ypaBHEHHUS I
koaddunmenTa ['pronaiizeHa. B 9gacTHBIX ciydasx o00OImIEHHOE ypaBHEHHE CBOIUTCS K
Pa3NIUYHBIM TEOPETHYECKHM MOJEIIM KOHIESHCHpPOBaHHOTO BemiecTBa — CmdTepa-Jlangay
(+=0), Hyrneitna—Mak-Jlonanga (+=1), 3ybapeBa—Bamenko (=2), rae ¢ — O6e3pa3MepHBIit
mapameTp B 0000meHHOM ypaBHeHUH. [lanpHeiee pa3BUTHE TOIYIMIIMPHIECKOTO METOIA
NPUBEJIO K MOHMMAHWIO, YTO HH OJIHA W3 HW3BECTHBIX MOJEICH HE HUMEET SBHOTO
MPEeUMYIIEeCTBAa Mepe] APYTUMH, a JIydlliee OMNHCAHUE JKCIePHUMEHTAIBHBIX JTaHHBIX
JIOCTUTACTCS €CIIH MapaMeTp ¢ SBISCTCS HEICTOYUCICHHBIM (2 I HEKOTOPBIX BEIIECTB —
OTPHIIATEIILHBIM).

[IpoBenenHbIii B HacTOsIIEH padOTe aHANU3 SKCIICPUMEHTATIBHBIX JAaHHBIX IO
CKMMAeMOCTH METAJUIOB TI0Ka3aj, 4YTO Oe3pa3MepHBId mapamerp f, BXOIAIIUN B
00001menHoe ypaBHeHHe | proHaii3eHa, He SIBIISETCS IMOCTOSHHBIM. JTO O3HAYaeT, UYTO MPH
CKaTUM TIPOUCXOTUT W3MEHEHHE XapaKTepa B3aWMOJCHCTBHS aTOMOB B KpHucTamie. B
OTIIMYHE OT HW3BECTHBIX NOIXOIOB, B HACTOSIIEH paboTe mapamerp ¢ Mpeluiaraercs
paccMaTpuBaTh KakK (YHKOWIO CXKaTWa. AHaNMW3 TIOKa3bIBaeT, dYTO TIapaMerp ¢
YBEJIIMYHUBAETCS ¢ pOCTOM IUTOTHOCTH. OOCyXIaroTcs HadallbHOE M TpeAeTbHOe 3HAUCHHE
napameTpa ¢ mpH CXKaTWd. B MpeanoioKeHU! IKCIOHCHIMATBHOTO XapaKTepa M3MEHEHUS
napameTpa ¢ ¢ INIOTHOCTBIO, HAWJCHBI CBOOOTHBIC MAPAMETPhI MOTYIMITUPHUYSCKON MOICITH
nns  amoMuHMs. HacTosmuii moaxoa MO3BOJISIET B paMKax MalloNapaMeTpUdecKoro
YpaBHEHHs COCTOSIHUS OIMCATh W30TEPMY aTIOMUHHMSI C JIy4llled TOYHOCTBIO U B Oojee
HIMPOKOM JTHATIa30HE MJIOTHOCTH. J{JIs1 KpUBO# XOJOHOTO CxKaTHs paboyasi 00JacTh MOJICITH
YBEJIMYCHA TMMOYTU Ha NOPAAO0K BCJIUYMHBI IO INIOTHOCTU U 60.]'168 4Y€M Ha JBa mopsJaKa 1o
JaBIICHUIO (IO CPAaBHEHHIO C MOJEJBI0, B KOTOPOH MapamerTp ¢ MOoJaraics MOCTOSHHBIM).
IIpu cxxarnm amoMuHUS 10 23 pa3 OTIMYUE HACTOAIICH MOIENU OT OOIIENpU3HAHHBIX HE
npesbimaeT 2.5% 1o aBiIeHHUIO.
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YIAAPHOE CKATHUE IOPUCTOI'O HAHOPASMEPHOT' O HUKEJIA

A.FO. Jloneobopooos, C.FO. Ananves, B.B. Axyuies,
T.A. Pocmunog B.C. 3ubopos, M.JI. Kyckos

denepanbHbIil HCCICIOBATENLCKHUI ICHTP XuMuueckoi pusuku uM. H. Cemenosa PAH,
r. Mocksa, Poccus

HccnenoBano ynapHoe CkaTHE ITPECCOBAHHBIX 00pa3IoB Mopolika Hukesst. CperHuit
pa3mep gactui coctaBisul 50 HM, MOPUCTOCTh 00pa3noB —okojo 50%. YnapHbIe BOJHBI
CO3/IaBATHCh METAIUIMYCCKUMH IDIACTHHAMH cO cKopoctsasmMu oT 300 mo 5000 w/c.
[MapameTpbl ymapHBIX BOJH B 00pa3max OIMpPENeSUIHCh C MMOMOINBI0 METOoNa JIa3epHOM
nunreppepomerpun (VISAR) u anexrpokoHTakTHOM MeToanku. C moMoIbio 4-KaHaJIbHOM
HHTEePPEPOMETPHICCKON PErHCTPALlU OMPEACISUINCH MAaCCOBBIE CKOPOCTH Ha KOHTaKTHOM
TpaHUIle MEXAy oOpa3maMu W OKHaMH w3 BOIbl wid LiF. DTo mo3BOAIIO OmMpenensiTs He
TOJIBKO CKOPOCTH yJapHOW BOJIHBI, HO M COCTOSIHHS Ha M3EHTPOIAxX pasrpy3ku. B auanasone
Hmxke 8 I'Tla mpodun ynapHBIX BOJH B 00pa3lax MMEIOT CIOKHYI0 MHOTOCTYIIEHYATYIO
CTPYKTYPY, B KOTOPOIl 4ETKO BBIACISIOTCS BOJHA-TPEIBECTHUK M BOJHA YIIOTHEHHUA. [Ipu
Ooiee BBICOKMX IABICHHUSIX HHUKAKUX O0COOEHHOCTEH He oTmedeHo. llomydeHHas ymapHas
agnabaTa HAHOPAa3MEPHOTO HUKEJS B MpeleNnax OMMNOOK M3MEPEHHUS COBIAJaeT C YAapHOI
annabaToil MUKpOHHOTO HHUKEIS MpH TOH ke mopuctoctH [1]. TlapameTphl cocTostHUS TTPH
yaapHoM cxkatuu a0 61 ['Tla xopolo onuckiBatoTCs MOAEIbIO 3ebJOBHYA JJIs OPUCTOM
cpensbl [2] ¥ MOTYT OBITH PacCYMTAHBI C IIOMOIIBIO YpaBHEHUs cocTossHUsE Mu-I'proHaiizeHa.
OpHako, pe3ynbTaThl MO COCTOSHUSAM Ha H302HTPONAX Pasrpy3Kd MMEIOT CYIIECTBEHHBIE
ocobennoctu. Ilpm pasrpyske u3 cocrosuuii ¢ naBienuem no 20 I'Tla pacueTHbIe
W39HTPOIBl PACIIUPEHUs] ONHUCHIBAIOT JaHHBIE B IpelesiaX MOrPEeUIHOCTH JKCIEepUMEHTA.
OTH UW3PHTPONBI ONM3KKM K U3IHTPONAM CIUIONIHOTO HUKENS, IOJYyYCHHBIMH B
MPEIIONOKEHUN «3EpKATbHOW cuMMmeTpum». OTHAKO B CpeiHEM JAHMama3oHe IpHU
pacmmpeHnr U3 coctosHmid ¢ paBieHneM 20-35 T'Tla w3sHTpombl HAa aMarpaMMax
JTaBJIEHUE—MaccoBasi CKOPOCTh 3HAYUTENHEHO OTKIOHSIIOTCS B CTOPOHY MAacCCOBBIX CKOpOCTEit
Ha 300—400 m/c BBIIIE, 4eM B CiIydae «3epKaJbHOW cuMMeTpum». Ilo pacderam B 3TOM
JUama3oHe MOJDKHO HadaThes IUIaBiieHHe Hukensd. OgHAKO TNpHYMHA 3HAYUTEIHHOTO
OTKJIOHEHUs] HaKJIOHA M33HTPOI PACHUIMPEHUs B 3TOM AMANA30HE OcTaeTcss HeacHou. IIpu
pacupeHuH H3 cocTosHMM ¢ faBneHueMm 61 I'Tla wuseHTpona cHOBa COBHAAaeT C
«3EPKAITBHOINY.
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SHOCK COMPRESSION OF POROUS NANOSIZED NICKEL

A.Yu. Dolgoborodov, S.Yu. Ananev, V.V. Yakushev, T.A. Rostilov.
V.S. Ziborov, M.L. Kuskov

N. Semenov Federal Research Center for Chemical Physics of the RAS, Moscow, Russia

Shock compression of pressed samples of nickel powder has been studied. The
average particle size was 50 nm, and the sample porosity was about 50%. Shock waves were
created by metal plates with velocities from 300 to 5000 m/s. Shock wave parameters in the
samples were determined using laser interferometry (VISAR) and electrocontact technique.
Using 4-channel interferometric recording, mass velocities were determined at the contact
boundary between the samples and windows made of water or LiF. This made it possible to
determine not only the shock wave velocities, but also the states on the unloading
isentropes. In the range below 8 GPa, the shock wave profiles in the samples have a
complex multistage structure, in which the precursor wave and the compaction wave are
clearly distinguished. At higher pressures, no features were noted. The resulting shock
adiabat of nanosized nickel, within the limits of measurement errors, coincides with the
shock adiabat of micron nickel at the same porosity [1]. The parameters of state under shock
compression up to 61 GPa are well described by the Zel'dovich model for a porous medium
[2] and can be calculated using the Mie-Gruneisen equation of state. However, the results on
the states on the unloading isentropes have significant features. When unloading from states
with pressures up to 20 GPa, the calculated expansion isentropes describe the data within the
experimental error. These isentropes are close to the isentropes of solid nickel obtained
under the assumption of "mirror symmetry". However, in the middle range, upon expansion
from states with a pressure of 20-35 GPa, the isentropes in the pressure—mass velocity
diagrams deviate significantly towards mass velocities 300-400 m/s higher than in the case
of “mirror symmetry.” According to calculations, nickel melting should begin in this range.
However, the reason for the significant deviation of the slope of the expansion isentrope in
this range remains unclear, since, upon expansion from states with a pressure of 61 GPa, the
isentrope again coincides with the “mirror” one.
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MATEMATHUYECKOE MOJEJIMPOBAHUE PE3YJBTATOB
SKCIHEPUMEHTOB IO IBYKPATHOMY CXKATHIO
HOJIMMETUJIMETAKPUJATA C HCITIOJIb30BAHUEM
CUHXPOTPOHHOM TUATHOCTUKH

H.JI. Knunauesa, E.C. [llecmaxoeckas, A.Il. Anosey

IOxHO-Y panbckuii rocyIapcTBEHHBIH YHUBEPCHTET
(HanMOHATBHBIN NCCIeROBATENbCKUM YHUBEpCHTET), T. UenssouHck, Poccus

MaremaTH4yecKoe MOJICIUPOBAHNE YAAPHO-BOTHOBBIX IPOIIECCOB C HCIIOIB30BAHUEM
pe3yIbTaTOB CHHXPOTPOHHON PpETHCTPAIliM OTKPBHIBACT INIHPOKHE BO3MOXKHOCTH IS
MOCTPOCHUS WIM YTOYHEHHS YPAaBHEHHHM COCTOSHHMS KOHCTPYKIIMOHHBIX MaTepHuajioB. B
JTaHHOM  paboTe  TPEACTaBICHBI  pPE3yAbTaThl  YHUCIEHHBIX  JKCIEPHUMEHTOB  IIO
MOJICIUPOBAHMIO YAApHO-BOJIHOBOTO HarpykeHus monuMermiamerakpmiata (IIMMA) c
MOMOIIIFI0 MAaTEMaTHYECKOW MOJICNH, OIMUCHIBAIOMIEH ABYMEpPHBIE YIPYTOIUIACTHYCCKHUE
TeYeHHs] B JlarpaHkeBbIX nepeMeHHbIX. Cucrema ypaBHeHuil MCC 3amucaHa ¢ y4yeTom
HEOOPATHUMOCTH PEeallbHBIX (PU3MUYECKIX MPOIIECCOB, JUIS YeT0 B YPAaBHEHHUSIX UCIOIb30BAHEI
HEpaBHOBECHbIE HANPSXKEHUS, KOTOPbIE YUYUTHIBAIOT KOHEUHOE BPEMsI pellaKCcallii CUCTEMBI
K paBHOBeCHOMY cocrosiHuto [1-3]. Jlng omucaHusl MJIACTUYECKUX TEUEHUU MpUMEHEeHa
mozaens Ilpanarns—Pelica [4, 5], B KOoTOpod SBHO (UIypHpYyeT TEH30p CKOpOCTEeH
IUTACTHYCCKUX  Jeopmanuii. BoccTaHOBIGHHWE ITUIOTHOCTHM BEIIECTBA BIONB JIyda
cuaxporpornoro m3nydeaus (CHU) W OTHOCHTENHHOTO TMOTJIOMIEHHUS TMPOBOJWIOCH C
WCTIOJIb30BaHUEM METOJUKH [6].

JI71s1 4MCIEeHHOro peleHus NpeIoKEHHOH MaTEMaTHUECKON MOJIENH HCIIONIb30BAJICS
MOJTyaHATUTHIEeCKU MeTo [ 1], OTIHIUTEeNbHOH 0COOCHHOCTHIO KOTOPOTO SBJISIETCS TO, 9TO
TONBKO TIPOCTPAHCTBEHHBIE MPOM3BOIHBIC 3aMCHAIOTCS KOHEYHBIMHM PAa3sHOCTSIMH. B 3TOM
ciaydae cuctema ypaBHeHnii MCC cBoautes k cucteme mud(depeHINaIbHBIX YpaBHEHUH,
KOTOpBIE JIOMYCKAIOT MPHOIMKCHHOE aHAJUTHYECKOE pElIeHNe HAa HEKOTOPOM BPEMEHHOM
miare.

Kax u3BecTHO, 9KCIIEPUMEHTHI C OJHOKPATHBIM U JBYKPATHBIM YIApPHBIM CXKaTHEM
BELIECTBA SIBJIAIOTCS OCHOBOW JAJSi TIOCTPOSHUS! YpPaBHEHHUM COCTOSHHUS MaTepuasioB MpHU
BBICOKMX JaBieHusix [7, 8]. JBykpaTHoe cxaTHe IO CpPaBHEHUIO C OJHOKPAaTHBIM
COTIPOBOKIAETCS. MEHBIINM YBEJIMYCHHEM BHYTPEHHEH DHEPTHH, BCIEICTBHE UETO
peanu3yonmecs COCTOSHUS pAacCIoNaraloTcs HIDKE YHAapHOH aamabaTbl OJHOKPATHOTO
CXKaTHs, MPUOJIMKAICH K M30TepMe. ITO OOCTOATEIHCTBO OOBICHIECT 3HAUYCHHE, KOTOPOE
UMEIOT OIBITHI MO JABYKPATHOMY CXKATHIO UIS W3YYCHHUS COCTOSHHS BEIIECTB M WX
YpaBHEHHUI COCTOSHUS MPH BEICOKUX JTAaBIICHHAX.

B namHOii paboTe TPOBENCHO CpaBHEHHE pE3yIbTaTOB  MaTeMaTHYeCKOe
MOJIeIUPOBaHME dKCIEpUMEHTa [9] 0 yAapHO-BOJTHOBOMY Harpy>XeHHIO HUIMHAPUIECKOTO
obpasia [IMMA Bo BcTpeuHbIX yaapHbIX BosHax B 1D- u 2D-nocranoBke. Ilokasano, uro
MaTeMaTHUECKOE MOJENHUPOBAaHHE JKCIEPUMEHTOB IO ABYKPATHOMY CXKaTHIO BO3MOXKHO
Tonbko B 2D-nocranoBke. Tak kak MccieOBaHUE POJM PagualibHON pasrpy3Ku MoKaszalio,
4yto npoduin HanpspkeHuit st 1D- n 2D-pacyeToB Ha CTauy CXOXKJICHUS YAAPHBIX BOJIH K
LEHTPY XOPOUIO COINacyloTCsd, OJHAKO, Kak ITOKa3ajlu JBYMEpHbIE pacueTsl, majiee
BO3HHMKACT CYIIECTBEHHAs] HEOJIHOPOTHOCTh INIOTHOCTH TI0 PAIHyCy M3-3a MEpeoTPaKeHUS
YAapHBIX BOJIH, YTO, C OJHOW CTOPOHBI, JeNlacT HEBO3MOXXHBIM IMPUMEHEHHE OTHOMEPHBIX
pacdeToB M, C IPYroi CTOPOHEI, YCIOKHIET HHTEPIPETALIHUIO PE3YIIETATOB IKCIIEPIMEHTOB C
HCIIONE30BAaHUEM CHHXPOTPOHHON JHAarHOCTHKH.



YPABHEHUS COCTOSIHUS U ®A30BBIE ITEPEXO/IbI
EQUATIONS OF STATE AND PHASE TRANSITIONS 85

Jlumepamypa

1. Snoseny A.Il. Pacuer Teuenuii cpenpl Ipu BO3NEHCTBUM MHTEHCHUBHBIX MOTOKOB 3apsKEHHBIX
vacrtunl // [lpukinagHas MexaHuka U Texaudeckas pusuka. 1997. T.38. Ne 1. C. 151-166.

2. Jlanpay JI.J., JTupuun E.M. Teopernueckas ¢usuka. T.VI. I'maponunamuka. Mocksa: Hayka,
1988.

3. VYunxkunc M.JL. Pacuer ympyrormiactuueckux TteueHuid. B kH. BblunmciaurenbHble MeTOAbI B
rugpoarHamuke. Mocksa: Mup, 1967. C. 212-263.

4. Prandtl L. Spannungsverteilung in plastischen korper. // Proc. 1st Int. Congr. Appl. Mech. Delft.
1924. P. 43.

5. Peiic A. Yder ynpyroii pedpopManuy B TCOPHH ITUIACTUYHOCTH. Teopus ruiacTH4HOCTH. MoCKBa:
W3narenscTBO HHOCTPAHHOM IuTepaTypsl, 1948.

6. Heosmymiaromume MeTOIbl JMAarHOCTHKH OblCTponpoTekaromx mnpoueccos / Ilox. pexn. J.T.H.
A.JI. MuxaiinoBa. Capos: OI'YII «POAL-BHUNDD», 2015.

7. 3ababaxun E.M. Hekoropsie Bompochkl razomuHamuki B3pbiBa. CHexuHck: OIYIT «PDSAILI-
BHUNT®», 1997.

8. Amprmrynep JI.A. IlpuMeHeHHMe yOapHBIX BOJIH B (IU3MKe BBICOKHX JaBIEHHH. Y CIIeXH
¢usmyeckux Hayk, 1965. T. 85. Bem. 2. C. 52-91.

9. CwmupHoB E. b., Ilerpos JI. B., I'apmames A. 0., My3sips A. K., Honrux C. M. UccinenoBanue
OJHOKPaTHOTO M JBYKPAaTHOTO CXAaTHs IUIEKCUIVIaca M HoNuKapOoHaTa ¢ IPHMEHEHHEM
CHHXPOTPOHHOTO m3iydeHust // ®dusuka B3pbIBa: TEOpHs, IKCIEPUMEHT, IpHIoKeHns: Beepocc.
koH(., 2018.

MATHEMATICAL SIMULATION OF THE RESULTS OF EXPERIMENTS
ON THE TWO-FOLD COMPRESSION OF POLYMETHYL METHACRYLATE
BY USING SYNCHROTRON DIAGNOSTIC

N.L. Klinacheva, E.S. Shestakovskaya, A.P. Yalovets
South Ural State University (National Research University), Chelyabinsk, Russia

Mathematical modeling of shock-wave processes using the results of synchrotron
registration opens up wide opportunities for constructing or refining the equations of state of
structural materials. This paper presents the results of numerical experiments on modeling
shock-wave loading of polymethyl methacrylate (PMMA) using a mathematical model
describing two-dimensional elastoplastic flows in Lagrangian variables. The system of
continuum mechanics equations is written taking into account the irreversibility of real
physical processes, for which non-equilibrium stresses are used in the equations, which take
into account the finite time of system relaxation to an equilibrium state [1-3]. To describe
plastic flows, the Prandtl-Reiss model [4, 5] is used, in which the plastic strain rate tensor
appears explicitly. The restoration of the matter density along the synchrotron radiation (SR)
beam and relative absorption was carried out using the technique [6].

For the numerical solution of the proposed mathematical model, a semi-analytical
method [1] was used, the distinctive feature of which is that only spatial derivatives are
replaced by finite differences. In this case, the system of equations of continuum mechanics
is reduced to a system of differential equations that admit an approximate analytical solution
at a certain time step.

As is known, experiments with of one- and two-fold compression of matter are the
basis for constructing the equations of state of materials at high pressures [7, 8]. Two-fold
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compression, compared with one-fold compression, is accompanied by a smaller increase in
internal energy, as a result of which the realized states are located below the shock adiabat
of one-fold compression, approaching the isotherm. This circumstance explains the
importance that two-fold compression experiments have for studying the state of substances
and their equations of state at high pressures.

In this paper, we compare the results of mathematical modeling of the experiment [9]
on shock-wave loading of a cylindrical PMMA sample in counterpropagating shock waves
in 1D and 2D formulations. It is shown that mathematical modeling of experiments on two-
fold compression is possible only in a 2D formulation. Since the study of the role of radial
unloading showed that the stress profiles for 1D and 2D calculations at the stage of shock
wave convergence to the center are in good agreement, however, as shown by two-
dimensional calculations, then a significant density inhomogeneity along the radius arises
due to the re-reflection of shock waves, which , on the one hand, makes it impossible to use
one-dimensional calculations and, on the other hand, complicates the interpretation of the
results of experiments using synchrotron diagnostics.
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CPABHUTEJIbHBIN AHAJIU3 NOBEJIEHU S KPUCTAJLJIOB BEPUJLIIUS
N MATHUSA ITPU YJIBTPABBICOKHUX JABJIEHUAX

H.A. Cmupnos
POAL-BHUUT®, r. Cuexunck, Poccust

B pabore mnpencraBieHbl pe3yiabTaThl IMEPBONPHHIMITHBEIX pacu€roB  (azoBoit
CTa0MJIBHOCTH PAa3JIMYHBIX KPUCTAIMYECKUX CTPYKTYp OepwiulMs HM MarHus 10
ynbTpaBbicokux gasiaeHuit (> 10 TIla). [Toka3aHo, 4To mpH CXKaTHM MarHuil mperepreBacT
P CTPYKTYPHBIX MEPEX0J0B, KOTOPBIE CONPOBOXKIAIOTCA 3HAYUTEIBHBIM YMEHBIICHHEM
Ko3(unneHTa ynakoBKH KpHCTaiuia. B cBoro odepenp, ok (aza BBHICOKOTO NAaBICHUS
Oepwimust  octaércss  CTa0MIBHOW 10 OYEHb BBICOKHX JaBieHMH. B pabote
MPOAHATM3UPOBaHbl N3MEHEHUS 3JIEKTPOHHON CTPYKTYphI KpucTaiuioB Be m Mg B nporecce



YPABHEHUS COCTOSIHUS U ®A30BBIE ITEPEXO/IbI
EQUATIONS OF STATE AND PHASE TRANSITIONS 87

CIKaTusd W BbIABJICHBI HCKOTOPBIEC HWHTCPCCHBIC 3(1)(1)CKTLI. Taxoke MOCTPOCHDBI (i)aBOBLIC
JuarpaMmbl  paCCMOTPEHHBIX METAJUDIOB MW BBIIIOJJTHEHO CPAaBHCHHUEC C HMCIOHIMMUCH
OKCIICPUMEHTAIIBHBIMA U TCOPETUUCCKUMU JaHHBIMHA APYTUX pa60T.

COMPARATIVE ANALYSIS FOR THE BEHAVIOR OF BERYLLIUM
AND MAGNESIUM CRYSTALS AT ULTRAHIGH PRESSURES

N.A. Smirnov
RFENC-VNIITF, Snezhinsk, Russia

The work presents results of relative phase stability calculations from first principles
for different crystal structures of beryllium and magnesium to ultrahigh pressures (>10
TPa). It is shown that magnesium under compression undergoes a number of structural
transitions accompanied by a significant decrease in packing index. Body-centered cubic
high pressure phase of beryllium remains stable up to very high pressures. Changes in the
electron structures of Be and Mg under compression were analyzed and some interesting
effects found. Phase diagrams for both the metals were also constructed and compared with
available experimental and theoretical data.

YPABHEHUE COCTOSSHUS MOJIMBJIEHA OKOJIO KPUTHYECKOW TOYKH
D®A30BOI'O IEPEXOJA ’ KHAKOCTB-IIAP ITPU N309HTPOIIMYECKOM
PACHIMPEHUMU ITIOCJIE YJAPHOTI'O CKATHUSA

K.A. bospckux, K.B. Xuwenxo

OObennHEHHBIH HHCTUTYT BBICOKHX TemrepaTyp PAH, r. Mocksa, Poccus

C HUCIoNIb30BaHUEM TpPEX MPOCTBHIX MOJeNed MOJYy4eHO YpaBHEHHUE COCTOSHUS
MOJIUOJICHA MIPHU BBICOKUX TEMIIEpaTypax BOJHM3M KPUTHYECKOH TOUKH (a30BOTO mepexoja
KuAKocTb—rap. Mcnonas30BaHbl ABE MOAETH ¢ ABYMS NapaMeTpamMu: YpaBHEHUE COCTOSIHHS
Ban-nep-Baanbca

RT a
P=——- — (1)
V-b V
W YpaBHEHHE COCTOSHHS, ITOTydeHHOE P PACCMOTPEHUH MOAETHHOM 3a7adu 3apsKeHHBIX
TBepAbIX ctep [1],
RT 1
= eV, (2)
v(i-4y) 3
Takxe UCIONB30BaHA MOJENb C TpeMs MapaMeTpamMH: ypaBHEHHE COCTOSHUS
B3aMMO/IEHCTBYIONIUX TOYEUHBIX IIEHTPOB [2]
RT a
P=—- . 3)
V-b  V(V+xb)
3neck R — razoBasi nocTosiHHas; a U b — napametpsl B (1) u (3); e — anemeHTapHbIi 3apsn; 4
— mapaMmeTp B (2), UMEIOIIMHA CMBICT CTENEHW YMAKOBKH (JOJM 3aHITOrO 4YacTUIAMU

P
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o0BeMa); a — eme omuH mapamerp B (2); y — mapametp B (3), KOTOpPBHIA Ha3bIBACTCS
YIPaBISAOLIUM.

Ilo xaxzmomMy M3 53THX TpeX YPAaBHEHMH COCTOSIHMS OLIEHUBAJIOCh IOJIOKECHUE
KpUTHYECKOHl TO4YkM ()a30BOro mepexoja IKUOKOCThb—Iap Ha (Ha30BOW jauarpamme
MOJHOJICHa C MPUBJICUYECHHEM IAHHBIX SKCIEPHUMEHTOB IO M300apHUECKOMY PaCIIMPCHHIO
3TOTO MeTaylia B XKHUAKOH ¢a3e. [1o pe3ynpraTaM OIEHOK MapaMeTpOB KPUTHUECKONH TOUKH
OBUIH TTONTyYeHBI HAOOPHI ONTUMAIBHBIX (AIOIINX MUHIMAJIbHOE OTKJIIOHEHHE OT OMBITHBIX
JIAaHHBIX) TAPAMETPOB TPEX yPaBHEHHUH COCTOSHHS MOIHNO/ICHA.

[To monydYeHHBIM ypaBHEHMSM COCTOSIHHSI TPOBEIEHBI pacueThl yAapHBIX aanadat
0o0pa3oB MosmOaeHa C BBICOKOH HadyalbHOM MOPHUCTOCTBIO, @ TaKKe H303HTPOIIBI
pacmpeHus yIapHO-CXaThIX 00pa3noB. Pe3ynbraTel pacyeToB MpeACTaBICHb! B CPABHEHUH
C UMEIOIIMMHUCS JaHHBIMHU SKCIEPUMEHTOB MPH BBICOKUX IIOTHOCTSAX SHEPIHH.

Pabota BrImonHeHa npu noaaepxke Poccuiickoro Hayunoro ¢onna (rpant Ne 19-19-
00713, https://rscf.ru/project/19-19-00713/).
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EQUATION OF STATE FOR MOLYBDENUM NEAR THE CRITICAL POINT
OF THE LIQUID-VAPOR PHASE TRANSITION DURING ISENTROPIC
EXPANSION AFTER SHOCK COMPRESSION

K.A. Boyarskikh, K.V. Khishchenko

Joint Institute for High Temperatures RAS, Moscow, Russia

Three simple models are used to derive the equation of state for molybdenum at high
temperatures near the critical point of the liquid—vapor phase transition. Two models with
two parameters are used: the van der Waals equation of state,

RT a
P=—8-—— 1
V—-b V? o
and the equation of state obtained by considering the model problem of charged hard
spheres [1],

RT 1
P=——————ae*V 3, ()

v(i-47) 3
A model with three parameters is also used: the equation of state of interacting point centers

(2], o
a

P=3% V(V+xb)’ )
Here R is the gas constant; a and b are parameters in (1) and (3); e is the elementary charge;
n is the parameter in (2), which has the meaning of the degree of packing (the fraction of the
volume occupied by particles); a is another parameter in (2); y is the parameter in (3), which

is called the control parameter.
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For each of these three equations of state, the position of the critical point of the
liquid—vapor phase transition on the phase diagram of molybdenum was estimated using
experimental data on the isobaric expansion of this metal in the liquid phase. Based on the
results of estimations of the parameters of the critical point, sets of optimal (giving the
minimum deviation from the experimental data) parameters of three equations of state of
molybdenum were obtained.

The shock adiabats of molybdenum samples with high initial porosity, as well as the
expansion isentropes of shock-compressed samples, were calculated using the obtained
equations of state. The calculation results are presented in comparison with the available
experimental data at high energy densities.

This work is done under the support from the Russian Science Foundation (grant
No. 19-19-00713, https://rscf.ru/project/19-19-00713/).
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SHEPT U B3AUMOJIEMCTBUA ACUMMETPUYHOM KOMILIEKCHOM
IJIABMBI C YYETOM D®PEKTA HEJITMHEWMHOI'O SKPAHUPOBAHMUS
B IPUBJIN)KEHUU KOPPEJAIMOHHOM IMOJOCTH

U A. Mapmuwinosa, U.JI. Hocunesckuii
OObenuHeHHBII HHCTUTYT BbIcOKUX Temneparyp PAH, r. Mocksa, Poccust

ABTOpBI pacCMaTPHUBAIOT BYXKOMIIOHEHTHYIO PaBHOBECHYIO AJIEKTPOHEUTPaJIbHYIO
CHCTEMY KJIACCHYECKMX MAaKPOMOHOB KOHEUHBIX Pa3MEpOB C 3apsaoM Z >> 1 W TOYEHHBIX
MPOTHBOMOIOXHO 3apsXKCHHBIX MHKPOWOHOB C CIMHHUYHBIM 3apsiOM B IPHOIMKCHUU
Ilyaccona—BonpiiMana B KOppermsiuoHHONM monoctd [1]. VYkazaHHoe mnpuOImKeHHE
sBIsieTCs Monubukaiuen npudnmxkenus Jledas—XOKKels B KOPPEISAIUOHHON MOJIOCTH JIJIs
JIBYXKOMIIOHGHTHOH  cucteMbl [2]. BceneactBue ydera d(Qekta HelIMHEHHOTro
JKPAHUPOBAHUS MPEJIOKEH CIIOCOO MPUOTMKEHHOTO JICICHUST BCEX MUKPOUOHOB CHCTEMBI
Ha JBa copTa (CBOOOJHBIX U CBSI3aHHBIX) M OTMEUCHO 3HAYUTEIHHOC YMEHBIICHUEC
a¢hdexTHBHOTO 3apsaaa Z* 1Mo CpaBHEHUIO C UCXOJHON BEIMYMHON 3apsia MaKpouoHa Z 3a
CYeT JKpaHUPOBAHUS TUIOTHOW cdepoil CBA3aHHBIX MHUKpPOWOHOB. B paboTe paccunTaHa
TIOJTHASL YHEPTHS B3aNMOJICHCTBHS BCEX YaCTHUI] B CHCTEME U IIPOJIEMOHCTPHUPOBAHO OTIHIHE
oT Oosee paHHHUX padoT [2,3]. Takxke, IpoBeACH pacyeT CBOOOTHOW YHEPTHH U JABJICHHS B
YKa3aHHOM CHCTEME.

Jlumepamypa

1. Martynova L.A., losilevskiy I.L. Effect of nonlinear screening on a modification of the Debye—
Hiickel plus hole approximation in complex plasma // Contrib. Plasma Phys. — 2019. — V. 59. — P.
1-6.

2. Khrapak S.A., Khrapak A.G., Ivlev A.V. and Morfill G.E. Simple estimation of thermodynamic
properties of Yukawa systems // Phys. Rev. E. —2014. - V. 89. —P. 023102.



YPABHEHUS COCTOSIHUS U ®A30BBIE ITEPEXO/IbI
90 EQUATIONS OF STATE AND PHASE TRANSITIONS

3. Farouki R.T., Hamaguchi S. Thermodynamics of strongly coupled Yukawa systems near the
onecomponent plasma limit. II. Molecular dynamics simulations // J. Chem. Phys. — 1994. — V.
101. —P. 9885 — 9883.

INTERACTION ENERGY OF ASYMMETRIC COMPLEX PLASMA
WITH ACCOUNT OF THE NON-LINEAR SCREENING EFFECT
IN THE CORRELATION HOLE APPROXIMATION

LA. Martynova, 1.L. losilevskiy

Joint Institute for High Temperatures of the RAS, Moscow, Russia

The authors analyze two-component electroneutral systems of classical finite-sized
macroions with the charge Z>> 1 and point-like oppositely charged microions with a unit
charge in the Poisson-Boltzmann plus hole approximation [1]. This approximation is a
modification of the Debye—Hiickel plus hole approximation for two-component systems [2].
As a result of taking into account the nonlinear screening effect, a method for the
approximate division of all microions of the system into two types (free and bound ones) is
proposed, and a significant decrease in the effective charge Z* compared to the initial
macroion charge Z due to screening of bound microions by a dense sphere is noted. In this
work, the total interaction energy of all system particles is obtained and the difference from
earlier works [2, 3] is demonstrated. Also, free energy and pressure are obtained in the
indicated system.
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JOIIVIEPOBCKASA 1 IIMPOMETPUYECKASA TUATHOCTHUKA
YIAAPHO-C)KATOM IJIA3MBI INIOTHOI'O KCEHOHA

I'A. Koznos, E.H. bozoanos, A.E. Kosanes, M.I'. Hosukos,
A.H. Manvuues, /{.B. Kosnoe, B.U. Bypenun, A.A. Cmanoeos

POALI-BHUND®, r. Capos, Poccust

[Tpn 3KCTIepUMEHTATBHOM OIPENENICHUH TapaMeTpOB COCTOSIHHH Ha M39HTPOIAX
MPOAYKTOB B3pHIBA METOJOM Tperpan B obOnactu naBieHuit Hke 5 [Tla, B KoTOpOit
MPONUCXOJUT CHIJIPHOE PpACIIMPEHHE M OXJAXKICHWE NPOIYKTOB B3pHIBA, B KauecTBE
3TaJIOHHBIX MaTEpHUaOB UCIONB3YIOTCS paziaudHble raspl. Hanbonblee pacmpocTpaHeHHe
MOJYYWJIM ONIaropojiHble Ta3bl — aproH, KCEHOH, KPHUITOH, YTO CBA3aHO C HMX OOJBIION
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MOJIEKYJISIPHOH Maccoif M OTCYTCTBHEM JAMCCOLMALMHM M XMMHYECKHX PEAaKIWi IMpH HuX
yaapHoMm cxatud. CremyeT OTMETHTb, 4YTO HauOONbIIMA 00BEM HCCIeIOBaHUMN
M39HTPOIIMYECKOTO PACHIMPEHUS MPOTYKTOB B3PhIBA OTEUECTBEHHBIMH HCCIIEIOBATEISIMH
IpOBEEH C KCEHOHOM. IlyTeM BapbUpOBaHUS HA4YaJbHOTO JaBICHHUSA Ta3a MOXKHO
peanu3oBaTh OCTATOYHO LIMPOKHH AMANa30H IapaMeTpoB Ha H3IHTPONAX PACIIUPEHUSI
MPOAYKTOB B3pHIBA.

B cBs31 ¢ pa3BUTHEM METO/OB M CPEJICTB PAacYETHOTO MOJICIMPOBAHMUS B MOCIIETHEE
BpeMsl OLIyIIaeTcsi He0OXOIUMOCTb YTOYHEHHsI YPaBHEHHUSI COCTOSIHUSI IIPOJYKTOB B3pBIBA
BB u COOTBETCTBEHHO JTAJIOHHBIX MaTepHaIOB. BHeapeHHEe NPEenU3HOHHBIX METOIMK
HETIPEepHIBHOM HEBO3MYILAIOIIEH ANarHOCTHKU JIaeT OCHOBAHWE IPEAIIOaraTh, 4YTo JAaHHAs
3a7a4a MOXKET OBITH pelleHa IIPU YCIIOBHH OTpeJeNieHnsl obiacTeil MX NMPUMEHUMOCTH B
HCCIIEIOBAaHMAX yJapHO-BOJIHOBOTO CKaTHs Ia30B.

Bompocsl pUMEHNMOCTH JIOIIEPOBCKMX METOAOB IHATHOCTHUKH (MHKPOBOJIHOBBIIM
uHTepdepoMeTp W TerepoamH-uHTEpdepomerp PDV) cBs3ansl ¢ B3anmopeHcTBHEM
30HJUPYIOIIETO Pagro ¥ WH(PPAKPACHOTO HIIYyYEHUS C PasorpeThiM M HOHH3MPOBAHHBIM
ra3oM 3a ()pOHTOM ymapHOH BOJIHBI. Pa3HBIN XapakTep 3TOro B3aMMOAEHCTBUSI 00YCIIOBIICH
pa3nuYMeM Ha MOYTHU YeThIpe MOpsAAKAa MEXIy JIMHAMH BOJH 30HAUPYIOIIETO U3IIy4eHHs.
Tak, 1711 MHUKPOBOJHOBOTO H3JIyYEHHs HPH OTHOCHUTEIBHO HHU3KUX CKOPOCTAX (HPOHT
yAapHOIl BONHBI B KCEHOHE SBISIETCA XOPOLIO OTpaKarolleld HMOBEPXHOCThIO, HO IPH
YBEIMYCHUH CKOPOCTH ()pOHTA 110 ~7 KM/C BO3HHKAET dP(PEKT SKPaHHUPOBKU H3ITyUCHUS.
Jns rerepoauH-uHTEpYEpOMETpa, HAOOOPOT, MMEETCsS IOPOr CKOpPOCTH (POHTA, IPH
Hepexo/ie uepe3 KOTOPBII BO3MOXKHA PETUCTPALUs ABIKEHHSI yIapHOM BOJIHBL.

HccnenoBanusM yKa3aHHOTO BHIIIE BONpOCa IIOCBSIIEHAa Hacrosmas pabora. EE
LENBI0 ABISIETCA ONpEAENICHHE HIDKHEr0 IOpora Imo CKOPOCTH JAOIUIEPOBCKHUX METOI0B
JUArHOCTHKYU MO PErHCTpalli yJapHOW BONHBI B KCEHOHE M OINpPENENICHUs] COCTOSHUIl Ha
ero ynapHoii agnabate.

B pabore mpoBeneHBI SKCIEPUMEHTANIBHBIE HCCIEIOBAHUS YAapHO-BOJHOBOU
CKMMAaeMOCTH KCEHOHA, M3HaYallbHO HaXOIUBILIErocs NpH JaBieHun Py=5 atM, B nuamna3one
MaccoBbIX ckopoctedd oT 1,7 mo 2,8 KM/C ¢ HMCHOJNB30BaHMEM METOJOB HENPEPHIBHOW
HEBO3MYIIAIOIIEH AMAarHOCTHKH — TeTepoauH-uHTepdepomerpa, paguonHTepdepomerpa u
HUPOMETPA.

IIpogeMoHCTpUpOBaHa MNPUHLUNHNAIBHAS BO3MOXHOCTh PETHCTpAllUM  yAApHOI
BOJIHBI B KCEHOHE C IIOMOIIBIO reTepouH uHTepdepomerpa PDV, HaunHas co 3HaueHUiH
MacCOBBIX CKOpocTeil Bbimie 2 kM/c. l3MepeHHblE 3HauY€HHs BOJHOBBIX CKOpPOCTEH
HaXOJATCS C COIJIaCHU C pe3yibTaTaMH PETHCTPALUU C UCIONb30BaHHEM MHKPOBOIHOBOTO
panronHTepdepomerpa. [loayueHHbIe SKCIIEpUMEHTANIBHBIE JaHHBIE TI0 yJapHO-BOJIHOBOM
CKMMAaeMOCTH KCEHOHa HAaXOMAATCS B COIJIACHMM C pe3ylbTaTaMHM pacdyeToB IO MOAETH
XUMHYECKOH IIa3MBl.
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DOPPLER AND PYROMETRIC DIAGNOSIS OF SHOCK-COMPRESSED
DENSE XENON PLASMA

G.A. Kozlov, E.N. Bogdanov, A.E. Kovalev, M.G. Novikov,
A.N. Malyshev, D.V. Kozlov, V.I. Burenin, A.A. Stanovov

RFNC-VNIIEF, Sarov, Russia

When experimentally determining the parameters of states on isentropes of explosion
products by the obstacle method in the pressure range below 5 GPa, in which strong
expansion and cooling of explosion products occur, various gases are used as reference
materials. The most widely used noble gases are argon, xenon, krypton, due to their large
molecular weight and the absence of dissociation and chemical reactions during their shock
compression. It should be noted that the largest volume of studies of the isentropic
expansion of explosion products by domestic researchers was carried out with xenon. By
varying the initial gas pressure, it is possible to realize a fairly wide range of parameters on
the expansion isentropes of the explosion products.

In connection with the development of methods and tools for computational
modeling, there has recently been a need to refine the equation of state for explosive
explosion products and, accordingly, reference materials. The introduction of precision
techniques for continuous non-perturbing diagnostics suggests that this problem can be
solved provided that the areas of their applicability in studies of shock-wave compression of
gases are determined.

Questions of the applicability of Doppler diagnostic methods (microwave
interferometer and PDV heterodyne interferometer) are related to the interaction of probing
radio and infrared radiation with heated and ionized gas behind the shock wave front. The
different nature of this interaction is due to the difference by almost four orders of
magnitude between the wavelengths of the probing radiation. Thus, for microwave radiation
at relatively low velocities, the shock wave front in xenon is a well-reflecting surface, but as
the front velocity increases to ~7 km/s, the radiation screening effect appears. For a
heterodyne interferometer, on the contrary, there is a front velocity threshold, when passing
through which it is possible to register the motion of a shock wave.

The present work is devoted to the study of the above question. Its purpose is to
determine the lower threshold for the speed of Doppler diagnostic methods for detecting a
shock wave in xenon and determining the states on its shock adiabat.

In this work, experimental studies of the shock-wave compressibility of xenon,
initially at a pressure of Py=5 atm, were carried out in the mass velocity range from 1.7 to
2.8 km/s using the methods of continuous non-perturbing diagnostics - a heterodyne
interferometer, a radio interferometer and a pyrometer.

The fundamental possibility of detecting a shock wave in xenon using the heterodyne
interferometer PDV is demonstrated, starting from mass velocities above 2 km/s. The
measured values of wave velocities are in agreement with the results of registration using a
microwave radio interferometer. The obtained experimental data on the shock-wave
compressibility of xenon are in agreement with the results of calculations using the chemical
plasma model.
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YJIAPHO-BOJIHOBASI C(KUMAEMOCTD IPOJYKTOB
B3PBIBA IUIACTU®UIIMPOBAHHOTI'O OKTOTEHA
B IMANIA30HE JIABJIEHUI 40-70 I'Ta

A.A Cmanosos, E.H. bocoanos, E.A. Yyoakos, B.U. Bypenun, JLU. Kanynosa,
I'A. Koznos, A.A. Ceoos, T.A. I'osopyrosa, A.M. Tapacos, E.C. Mumun

POAL-BHUNDD, r. Capos, Poccust

Jns BepuUKalMM pPAaCcYCTHBIX YpPAaBHCHHH COCTOSHHS HAa TPAKTHKE IIHPOKO
UCTIONB3YeTCST METOA Tperpag, B KOTOPOM TMapaMEeTPhl COCTOSHUS Ha H33HTPOIE
pacuIpeHust MPOIYKTOB B3PBIBA ONPEIEISIIOTCS MO pe3yabTaTaM U3MEPEHHA 3aBHCUMOCT el
OT BpEMEHH MACCOBBIX WJIM BOJIHOBBEIX CKOpPOCTEH B Tperpanax, BIUIOTHYIO
KOHTaKTHPYIOIIKX C 3apsIOM HCCIIeIyeMOro B3pBIBYATOrO BemecTBa. B obmactu naBrieHui
Bbllle cocTosiHuA Yenmena-’Kyre g Tex ke Leled MCHONb3YHTCS Pe3ynbTaThbl
SKCHEPUMEHTOB II0 OIpPENENCHUIO yIapHBIX aanadaT MPOAYKTOB B3phIBA M HM3DHTPOI
pacumpeHus u3 COCTOSHUH Ha yIapHBIX aanadarax MpoayKTOB B3PHIBA.

B nacTosmeli paboTe MpoBEIEHBI AKCIIEPHUMEHTAIBHBIE UCCIEIOBAHUS MEPECIKaThIX
MIPOAYKTOB B3PHIBA INIACTU(UIIMPOBAHHOTO OKTOTEHA. [lepecikaTbie IETOHAIIMOHHBIE BOIHBI
B o0Opasmax BB reHepupoBanmmch TNpH BO3ACUCTBUH METAJUIMYCCKHX YIAPHUKOB,
Pa3sTOHAEMBIX 10 CKOPOCTEH B HECKOJIBKO KHUJIOMETPOB B CEKYHIY C MOMOIIBIO B3PBIBHBIX
Harpy>karomux ycTpoucTB. [Iys perucrpanuu ABMKEHUS YJAPHUKOB M YJApHBIX BOJH B
obpasnax  NpPUMEHSUIUCH rerepouH-uHTEppepoMeTp U paauouHTepdepomerp
MUJUIMMETPOBOTO MAIa3oHa JAJUH BOJH.

B pesynprare mpoBeneHHBIX HCCICJOBAHUI C MCIIOIB30BAHUEM METO/Aa OTPasKEHUS
yAapHBIX aauabar MmojydeHa HOBas MH(pOpMaIMs O IapamMeTpax COCTOSHUM Ha yHapHOM
angrabaTe MPOIYKTOB B3pPhIBA IUIACTH(PHUIIMPOBAHHOTO OKTOTeHa B obmactu Aasienuii 40-70
I'Tla. DxcmepuMeHTanbHBIE IaHHBIE HAXOMATCA B COTJIACHH C pe3yiabTaTaMH pacdera
yaapHOU anmuadaTel MPOayKTOB B3phiBa ¢ momMoibio YPC 1B Ha ocHoBe Monmenn MBaB mist
XUMHYECKH Pearnpyronx cMecei.

PE3YJBTATBI DKCIIEPUMEHTOB 110 N303HTPOIIUMYECKOMY
CKATHUIO TAHTAJIA 10 CBEPXBBICOKHUX JTABJIEHU I

I".B. bopuckos, A.U. Buikos, HH. Ezopos, A.C. Kopuynos, U.B. Makapos,
B.H. Ilasnos, I1.5. Penun, U.C. Cmpenxos, O.M. Cypoun, C.H. Benos,
H.A. Bensesa, B.A. Apunun, C.E. Engpumos, A.B. Pvisickos

POALI-BHUUD®, r. Capos, Poccus

W3noxeHpl NOCTAaHOBKA U PE3YJbTaThl ONBITOB IO H303HTPONHUYECKOMY CHKATHIO
TaHTada (C HOPMaJIbHOW HAa4YaNbHOH IUIOTHOCTBIO) B YCTPOIlCTBE Ha OCHOBE
MarHUTOKyMYJISITHBHOTO T€HEpaTopa /0 JaBJeHU B HECKOJbko Merabap. [lonydeHHble Ha
P-p nuarpamMMe 3KciepuMEHTANIbHBIE TOYKU COMOCTABISIOTCA C HOPMAIbHON M303HTPOIOH,
MOCTPOCHHOW MOJIY(EHOMEHOJIOTHYECKH — O JTAHHBIM YJapHO-BOJHOBBIX KCICPUMEHTOB
MeTos1oM AnbTiryiepa-bpycHuknna-Ky3pMeHKOBa, U C aHAIOTUYHON KPUBOM, TOCTPOCHHOM
M0 TAHHBIM MEPBOMPHUHIIUITHBIX PACUETOB.
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EXPERIMENTAL RESULTS OF ISENTROPIC TANTALUM COMPRESSION
UP TO ULTRA-HIGH PRESSURES

G.V. Boriskov, A.I. Bykov, N.I. Egorov, A.S. Korshunov, I.V. Makarov,
V.N. Pavlov, P.B. Repin, I.S. Strelkov, O.M. Surdin, S.I. Belov,
N.A. Belyaeva, V.A. Arinin, S.E. Elfimov, A.V. Ryzhkov

RFNC-VNIIEF, Sarov, Russia

The authors provide the geometry and experimental results of the isentropic tantalum
compression (with a standard initial density) in the device based on the magneto-cumulative
generator up to several magabar pressure. The experimental points obtained on the P-p
diagram are compared with a normal adiabat built semiphenomenologically and based on
the data of shock-wave experiments by the method of Altshuler-Brusnikin-Kuzmenkov;
they are also compared with a similar curve that is built based on the data of first-principle
calculations.

ATIPOBAIIAA MOJEJEA MHKPOIIOJISA IO CIIEKTPAM
JABEPHOMU I1VTIA3ZMBI

A.A. benos
MockoBckuii rocynapcTBeHHbIH yHuBepcuTeT M. M.B. JlomonocoBa, r. Mocksa, Poccus

Beeoenue. B 1nazMe 3apspKeHHbIE YACTHIBI  CO3/1alOT  MHUKPOCKOIMHUYECKOE
ANIEKTpHUYECKoe ToJe (MIa3MeHHOe MUKpoIIoJe). M3-3a Xa0THUECKOTO TEIUIOBOTO JBIKEHUS
YaCTHUI[ OHO (IIYKTYHPYeT B IPOCTPAHCTBE U BPEMEHH. DTO IPUBOJIUT K Pa3MBITHIO IIOPOTOB
totoaddexra 1 MTAPKOBCKOMY YIIUPEHHIO JTHHUNA. B moTHO#N mma3zme ¢ iotHOCTHIO 0.1
r/Ky6.cM. u Gonee 3¢p¢ext llltapka yBenuuuBaeT LIMPHUHY JIMHUK CHibHEe, 4eM 3 QeKT
Homnepa. Ilpu 3TOM MHKpomone, BO-IEPBBIX, JOCTaTOYHO BEJIHUKO, & BO-BTOPBIX,
HeosHOpoaHO. [lo3TOMy U1 TpaBHIBHOIO OMMCAHMS ONTHUYECKMX CBOWCTB IUIOTHOM
TUIa3MBbI HY)KHO 3HAaTh CTATUCTUYECKHE CBOMCTBA MUKPOTIOISI.

Moodenu mukponona. zyuenne mukpomnosns Hadan Xomnbimapk [1]. OH mocTpounn
(hyHKIMIO pacupenencHus HANpsDKEHHOCTH OJHOPOAHOTO MUKPOTIONS B Pa3peXeHHOU
mrazmMe MmeronoM @ypre-npeodOpazoBanmsa. Ilo3mHee B smTepaType OBIIO MOCTPOCHO
0opIIOe KONMYECTBO MOZETEH Ha OCHOBE METO/a KOJUICKTHBHBIX KOOPAWHAT, TEOPHH
(hyHKIIMOHAMNA IIOTHOCTH, MeToia MonTe-Kapio. O030p 3THX MOIX00B IpUBeIeH B [2].

KagectBenno npyroi nogxon 001 npemnoxker KamntkuasiM u Kosmutuasm B [3,4]
(3t paboTel He ynoMuHarOTCA B [2]). DTOT TOAXOA TMONYyYWJI Ha3BaHWE MOMEIH
kBazuHe3aBucuMBbIX yacTull (Quasi-Independent Particles, QUIP). OGo0menue 3Toit Mmoaenu
Ha cIy4ail HEOAHOPOJHOTO MUKPOIOJISI HOCTPOEHO B [5,6].

Jlannas paboma sBnsSeTCS TNPOJODKEHWEM LHMKIa paboT, BBHINOJHEHHBIX B
KOJUIGKTHBE MOA pykoBojacTBoM Kamurkuua. Mel mpoBenu ampobamuto mojenun QUIP
MyTeM CpPaBHEHHs C KCIIEPUMEHTaMH IO CIEKTpPaM H3JIy4eHUsl CBEPXIUIOTHOW JIa3epHOMN
IUIa3Mbl. DTO 3KCIEPUMEHTHI MO CBeueHuto miasMbl Al [7] wim Ar [8,9], B KOTOpBIX
EJMKOM BHHBI JIAiIMAHOBCKHE CEpHH BOZOPOAonono0Hsix monos Al™%  Ar'' u
renmenono6Horo nona Ar 6,

B skcnepumenrtax [7-9] peanusyercs IIHMPOKMHM Auamna3oH yciaoBuid. IlmoTHocTH
npuauManu 3HadeHus 0.04-1.7 1/ky6.cMm., Temmeparypsl — 300-850 »B. ®opmambHbIi
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napametp HeuaeanbHocTu I BappupoBaics ot 0.05 go 5.0. IIpu 3THX YCIOBHUAX MUKPOTOJIS
oueHb BenWKH. OHHU OKa3BIBAIOTCS OCHOBHBIM (DaKTOPOM, YMEHBIIAIOUINM 3aCEJICHHOCTh
BEPXHHUX YPOBHEH M, COOTBETCTBEHHO, MHTEHCHBHOCTH CIIEKTPAJIBHBIX THUHHNA. PacueTtHoe
YHCIIO HAOJIIOAAEMbIX JIMHUH CHIBHO 3aBUCHT OT MUKPOIIOJIEBON (DYHKIMH paclpe/ielIeHusI.
ITosToMy cpaBHEHHE IPOBOAUTCS MO YUCTY HAONIOJAEMBIX JIMHUH B CHEKTPAIBHBIX CEPUAX
U UX MHTEHCUBHOCTAM. Takas mpoBepKa SIBJISETCS MPEICTABUTEIEHOM.

Pezynvmamut. Iloxazano, uro wmoxaenb QUIP mpaBuUiabHO ONUCHIBAET YHCIIO
HaOMI0aeMbIX JIMHUI M MX WHTEHCHBHOCTH BO BCEX NMEPEUYUCIICHHBIX dKcnepuMenTtax. [Ipn
9TOM KOHIIEHTpPAlWM{ H3IY4YaloUINX HOHOB OMNPEACNAIOTCS IO MOJCIH HOHHM3AIIMOHHOTO
paBHoBecust Caxa. B pesynsrare B Mogenu QUIP mukpononeBble U TEpMOJMHAMUYECKUE
CBOMCTBA OKa3bIBAIOTCS COTIIACOBAHHBIMU.

Taxke mnpoeaeHo cpaBHenue Mmoxaenu QUIP ¢ psgom apyrux mognenein [2]:
Xomermapka, Xynepa, Mrimecmaca (APEX), mpocTBIX TapMOHMYECKHX OCIIIIISTOPOB
(SHO). IToka3zaHo, 4TO 3TH MOJEIH HE MOTYT MPEACcKa3aTh YNUCIIO JIMHUAN, HAOII0JaeMbIX B
skcriepuMeHTax. OTMETUM TaKKe, YTO B CYIIECTBYIOIIMX METOAAX aHaJIn3a CIEKTPOB
NPOBOAAT WHAWBUIYalbHYI0 MOATOHKY Ka)KIOH JIMHUM B CHEKTPAJIbHOW CEpHH.
Temnepatypsl ¥ IIIOTHOCTH, KOTOPBIE TIPH 3TOM IIOJIyJat0TCs, MpoTuBOpedar Moaenu Caxa.
IIpn 3THX 3HaYEHHWAX TEMIEPaTypsl M IUIOTHOCTH KOHIIEHTPALUS H3ITydYaroIlero HOHa
HEPEAKO OKa3bIBAETCS UCUE3AIOLIE MO,

Takum oOpazom, mozxens QUIP omuchiBaeT COBOKYIHOCTH 3KCIIEPUMEHTAIBHBIX
CHEKTPOB MOHOB Pa3IMYHBIX JIEMEHTOB B IIMPOKOM [AUAMA30HE YCIOBUH. OTU CHEKTPHI
OITyOJINKOBAHBI Pa3UYHBIME SKCIEPUMEHTAIBHBIME Ja0opaTopusiMu. [loaToMy naHHYIO
MOJIETb MOXHO CUUTATh Ha/Ie)KHO BepHU(PHUITMPOBAHHOM.

Pabora nmonneprana rpanrom Ilpesunenra PO MK-3630.2021.1.1.
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VALIDATION OF MICROFIELD MODELS BY LASER PLASMA SPECTRA
A.A. Belov
Lomonosov Moscow State University, Moscow, Russia

Introduction. In plasma, charged particles create a microscopic electric field (plasma
microfield). Due to the chaotic thermal motion of the particles, it fluctuates in space and
time. This leads to a blurring of the photoelectric effect thresholds and Stark-like line
broadening. In dense plasma with a density of 0.1 g/cc and more, the Stark effect increases
the line width more than the Doppler effect. In this case, the microfield is, firstly, quite large
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and, secondly, inhomogeneous. Therefore, for a correct description of the optical properties
of dense plasmas, it is necessary to know the statistical properties of the microfield.

Microfield models. Holtzmark [1] started the study of the microfield. He constructed
a distribution function for the strength of a homogeneous microfield in a rarefied plasma by
the Fourier transform method. Later, a large number of models based on the collective
coordinate method, density functional theory, and Monte Carlo method have been built in
the literature. An overview of these approaches is given in [2].

Qualitatively different approach was proposed by Kalitkin and Kozlitin in [3,4]
(these works are not mentioned in [2]). This approach was called the Quasi-Independent
Particles Model (QUIP). Generalization of this model to the case of inhomogeneous
microfield is constructed in [5,6].

This work is a continuation of the cycle of work done in the team led by Kalitkin.
We have validated the QUIP model by comparing it with experiments on superdense laser
plasma emission spectra. These are experiments on Al [7] or Ar [8,9] plasma luminescence,
in which the whole Lyman series of hydrogen-like Al"'>, Ar''” ions and helium-like Ar™'
ions are visible.

In experiments [7-9] a wide range of conditions is realized. Densities were taken as
0.04-1.7 g/cc and temperatures from 300-850 eV. The formal non-ideality parameter I'
ranged from 0.05 to 5.0. Under these conditions the microfields are very large. They turn out
to be the main factor reducing the population of the upper levels and, consequently, the
intensity of spectral lines. The calculated number of observed lines strongly depends on the
microfield distribution function. Therefore, a comparison is made on the basis of the number
of observed lines in the spectral series and their intensities. Such a check is representative.

Results. 1t is shown that the QUIP model correctly describes the number of observed
lines and their intensities in all listed experiments. The emitting ion concentrations are
determined from the Saha ionization equilibrium model. As a result, in the QUIP model the
microfield and thermodynamic properties are consistent.

The QUIP model is also compared with a number of other models [2]: Holzmark,
Hooper, Iglesias (APEX), and simple harmonic oscillators (SHO). It is shown that these
models cannot predict the number of lines observed in the experiments. Note also that
existing spectral analysis methods individually fit each line in the spectral series. The
temperatures and densities obtained in this way contradict the Saha model. At these
temperatures and densities the concentration of the emitting ion is often vanishingly small.

Therefore, the QUIP model describes a set of experimental spectra of ions of various
elements over a wide range of conditions. These spectra have been published by various
experimental laboratories. Therefore, this model can be considered as reliably verified.

This work was supported by grant MK-3630.2021.1.1 from the President of the
Russian Federation.

References

1. Holtsmark J. // Ann. Phys. 58 (1919). 577

2. Demura A.V.//Int. J. Spectrosc. 2010 (2010). Art. ID 671073.

3. Kalitkin N. N., Kozlitin I. A. // Doklady akademii nauk. 411:1 (2006). 36. [In Russian]
4. Kalitkin N. N., Kozlitin I. A. // Doklady akademii nauk. 418:5 (2008). 614. [In Russian]
5. Belov A.A., Kalitkin N.N. // Doklady akademii nauk. 489:1 (2019). 22. [In Russian]

6. Belov A.A., Kalitkin N.N. // Annals of Physics. (2020) 168275.

7. Kilkenny J.D. et al. // Phys. Rev. A. 22:6 (1980). 2746.

8. Burris-Mog T.J. et al. // J. Quant. Spectrosc. Radiat. Transfer. 99 (2006). 120.

9. Hooper C.F., Jr. et. al. // SPIE. High intensity laser-matter interactions. 913 (1988). 129.



YPABHEHUS COCTOSIHUS U ®A30BBIE ITEPEXO/IbI
EQUATIONS OF STATE AND PHASE TRANSITIONS 97

KBAHTOBO-CTATUCTUHYECKHWI PACUET YJIAPHBIX ATTUABAT .
TYTI'OIINIABKUX METAJIJIOB B IIMPOKOM /IMAITA3OHE JABJIEHUU

M.A. Kaoamckuii, K.B. Xuwenko

OObeMHEeHHBIH MHCTUTYT BbICOKHX Temmepatyp PAH, r. Mocksa, Poccus

JIis  TOCTpOCHHsT ypaBHCHHS COCTOSHHS BCIIECTBA B IIMPOKOM JIHAIMA30HE
TEMIIEPATYp U IUIOTHOCTEM YCIEIIHO NMPUMEHSETCS KBAHTOBO-CTATHUCTUYECKUM mnoaxon. B
paMKax 3TOro mnoaxona OT}ICJ’IBHBII\/’I HHTEPEC JId ONHMCaHHA BEHICCTB B COCTOSAHHUAX C
BBICOKOIl IUIOTHOCTBIO SHEPrUM IPEJCTABISIOT SYeeUHble MOJEIM CPEIHEro aroma,
UCTIONb3YIOIINE HPUOIMIKEHHE CaMOCOTJIACOBAHHOTO IOJIS. DTH MOJENH OTHOCHTEIILHO
MPOCTHl B peann3alil U He TpeOyloT OONIBIIMX BBIUMCIUTENBHBIX 3aTpaT. Ilpu 3Tom
NpUMEHEeHNe NPUOIMKEHUI 3THX MoJesell TeM 0oJiee onpaBlaHo, YeM BBIIIE TeMIlepaTypa
U TUIOTHOCTH BEIECTBA. B CBSA3M C 3THM, B HACTOSIIEE BPEMS MPOIOHKAIOTCS HCCICIOBAHUS
CBS3aHHBIC C HW3YYCHHEM BO3MOXKHOCTH TPUMEHCHHS JTHX MOJCICH s ONHCaHHS
MOBEJICHHS IIMPOKOT0 Kiacca BEIIECTB B Pa3IUUYHBIX 001acTsx (a30BOW JuUArpamMMEIL.
Kpome TOrO, B paMKax 3THX HCCICIOBAHHIA MPOBOJUTCS YCOBCPIICHCTBOBAHUC paHEE
MPE/IIOKEHHBIX MOJIeNeH 1 UIET pa3padoTKa HOBBIX.

OpmHoit w3 paHee pa3pabOTaHHBIX MOJEIEH CpPEeTHEr0 aToMa SBISETCS MOJACID
Xaptpu—Poka—Cmtepa (XPC) [1]. Dta Moaenp AOCTATOYHO MIMPOKO WCTIOIB3YETCS IS
pacuéra TepMOIUHAMUYECKHX ITapaMeTPOB IPOCTHIX BEIIECTB B YCIOBHUAX OTHOCHTEIHHO
BBICOKMX TEMIIEpaTyp W OJM3KUX K HOPMAJIBHOW IUIOTHOCTH (00JIACTh TOpSYEH IIOTHOM
mwra3Mel). Ho mpu mpoBeieHWHM MIMPOKOAMAINIA30HHBIX PAcuéTOB paHee IPeCTAaBICHHEIC
peanuzanum 3ToH Mozenu [1] maBain cKadyku TEPMOIMHAMHYECKUX (DYHKITHM, CBA3aHHBIE C
MEPEX0I0M COCTOSIHUH IIIEKTPOHOB MEXKAY AUCKPETHBIM M HENPEPHIBHBIM CHEKTpoM. JInbo
TpeOoBaI BBOAA JONOJHHUTEIBHOIO CBOOOJHOIO MapaMeTpa, OTBEYAIOLIEro 3a CIOoco0
BBIOOpAa TPAHUYHOTO 3HAYCHUS DJHEPTUU COCTOSHHH DIICKTPOHOB, OTHECEHHBIX K
HETPEPHIBHOMY CIIGKTPY B KOHKPETHOW 0O0JAacTH BXOJTHBIX TCPMOIUHAMUYCCKHUX
napaMeTPOB.

B Hactosimieit pabote peamusoBaH BapuaHT Mmonenu XDC, s KOTOpOro mpu
MIPOBEICHUN IIUPOKOTUANIA30HHBIX pacu€ToB YpaBHEHHS COCTOSHHA HE TpeOyeTcs
JIOTIOTHUTEIBHBIX CBOOOJHBIX MTApaMETPOB, HO TIPH ATOM IIOJIydECHHBIE TEPMOJMHAMUICCKUE
3aBUCHUMOCTH OCTAIOTCS HEMPEPHIBHBIMU [2].

B pabote mpencraBneHsl pe3yabTaTel pacdeToB 1mo Moxenn XPC ynapHbIX agunadaT
THTaHa, MOJMOIEHA U peHUs I auanazoHa gasienui ot 1 I'Tla mo 10 IIa. ITpoBeaeno
CpaBHEHHE PE3yIbTATOB PACYCTOB C MMEIOIIUMICS SKCIIEPUMEHTAIBHBIMA JaHHBIMU.

Pabora BeImosiHeHa pu noaepxke Poccuiickoro HayuHoro ¢onga (rpant Ne 19-19-
00713, https://rscf.ru/project/19-19-00713/).
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QUANTUM-STATISTICAL CALCULATION OF SHOCK ADIABATS
OF REFRACTORY METALS IN A WIDE PRESSURE RANGE

M.A. Kadatskiy, K.V. Khishchenko
Joint Institute for High Temperatures RAS, Moscow, Russia

The quantum-statistical approach is successfully used to construct the equation of
state of matter in a wide range of temperatures and densities. Within the framework of this
approach, cell models of the average atom, which use the self-consistent field
approximation, are of particular interest for describing substances in states with a high
energy density. These models are relatively easy to implement and do not require large
computational costs. In this case, the use of approximations of these models is all the more
justified, the higher the temperature and density of the substance. In this regard, research is
currently ongoing to study the possibility of using these models to describe the behavior of a
wide class of substances in various areas of the phase diagram. In addition, within the
framework of these studies, the previously proposed models are being improved and new
ones are being developed.

One of the previously developed models of the average atom is the Hartree—Fock—
Slater (X®C) model [1]. This model is widely used to calculate the thermodynamic
parameters of simple substances under conditions of relatively high temperatures and close
to normal density (a region of hot dense plasma). But when performing wide-range
calculations, the previously presented implementations of this model [1] gave jumps in
thermodynamic functions associated with the transition of electron states between discrete
and continuous spectrum. Or they required the introduction of an additional free parameter
responsible for the method of choosing the boundary value of the energy of the states of
electrons related to the continuous spectrum in a specific region of input thermodynamic
parameters.

In the present work, a variant of the HFS model is implemented, for which, when
performing wide-range calculations of the equation of state, no additional free parameters
are required, but the obtained thermodynamic dependences remain continuous [2].

The paper presents the results of calculations using the HFS model for the shock
adiabats of titanium, molybdenum and rhenium for the pressure range from 1 GPa to 10
PPa. The calculation results are compared with the available experimental data.

This work is done under the support from the Russian Science Foundation (grant
No. 19-19-00713, https://rscf.ru/project/19-19-00713/).
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YPABHEHUE COCTOAHUSA PEHUSA ITPU BBICOKHUX
TEMIIEPATYPAX U JABJIEHUAX

K.B. Xuwenxo

OObeanHEeHHBIH MHCTUTYT BhIcOkHX Temnepatyp PAH, r. Mocksa, Poccust

Jns ananmmM3a pU3NYECKUX MPOIECCOB MPU WHTEHCHBHOM HMITYJILCHOM BO3ICHCTBHU
Ha BemecTBO TpeOyeTcs 3HAaTh TEPMOJMHAMUYECKHE CBONCTBA Cpeasl B IIHPOKOM
JMara3oHe JaBJICHUH W TeMIeparyp. B 3ToMm noxmaze mpeacTaBieHa MOJENb YpaBHEHUS
COCTOSIHUS JIJIs1 TYTOILIaBKOTO MeTajlla peHus B GpopMe CBOOOTHOM 3HEpTHH KaK (DyHKITHH
yAETbHOTO O0BbEeMa M TeMIepaTypbl C y4deToM (Da30BBIX IIepexoloB (TJIaBICHUS U
ucrmapenus). Pe3ynpTaThl pacyeToB TEPMOAWHAMHMYECKHX XapaKTEPUCTHK 3TOTO MeTailia
PaccMOTPEeHBI B CPAaBHEHHWH C MMEIOIIMMUCS JTaHHBIMHU YIApHO-BOJHOBBIX AKCIIEPUMEHTOB.
PazpaboranHas Monenb MHOro(asHOTO YpaBHEHHS COCTOSHHS pPEHHS MOXET ObITh
3¢ PEeKTUBHO HCIIOIb30BaHa IPH YHCICHHOM MOJEIMPOBAHUY TUHAMHKH IPOLECCOB IPH
BBICOKHX ITUIOTHOCTSX SHepruu. Pabora BeImoiHeHa npy noaaepxkke Poccuiickoro HayaHOTO
donma (rpant Ne 19-19-00713, https://rscf.ru/project/19-19-00713/).

EQUATION OF STATE FOR RHENIUM AT HIGH
TEMPERATURES AND PRESSURES

K. V. Khishchenko

Joint Institute for High Temperatures RAS, Moscow, Russia

To analyze physical processes under intense pulse action on a substance, it is
required to know the thermodynamic properties of the medium in a wide range of pressures
and temperatures. In this report, a model of the equation of state for refractory metal
rhenium in the form of free energy as a function of specific volume and temperature is
presented taking into account phase transitions (melting and evaporation). The results of
calculations of the thermodynamic characteristics of this metal are considered in comparison
with the available data of shock-wave experiments. The developed model of the multiphase
equation of state for rhenium can be effectively used in numerical simulation of the
dynamics of processes at high energy densities. This work is done under the support from
the Russian Science Foundation (grant No. 19-19-00713, https://rscf.ru/project/19-19-
00713/).

PACYET YIAPHBIX AJMABAT CIIJTABOB HUOBUSI C TAHTAJIOM
ITPHU BBICOKHX JABJIEHUAX

H.H. Cepeorun, K. B. Xuwenxo

OObenHEeHHBIH HHCTUTYT BBICOKHX TemnepaTyp PAH, r. Mocksa, Poccus

3HaHue TEPMOJANHAMHUICCKUX CBOWCTB MAaTepHaAJIOB MPCACTABIACT MHTECPEC, KAK AJIA
(I)yH,HaMeHTaJ'ILHBIX I/ICCJ'IG,Z[OBaHI/II\/'I, TaK JJIs1 peIICHUS NPUKIAAHBIX 3a4a4 (1)I/IBI/IKI/I BBICOKHX
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IUIOTHOCTEH Heprun. B HacTosmeil pabore MBI MpoBeNn pacdeTs! yOapHbIX aaunabatr [uis
crmaBoB Nb—Ta ¢ pa3nMyHbBIMH MacCOBBIMH JIOJISIMH KOMIIOHEHTOB Ha OCHOBE CMECEBOTO
MeToza [1]. B nanHOM MeTozne 00beM ymapHO-cxkaToit cMmecH (V1,) mpearnonaraeTcst paBHBIM
cymme 00beMOB KOMHOHEHTOB (V] u V,), cxKaThlX MO OTAENBHOCTH B BHJE TOMOTCHHBIX
MOHOJIUTHBIX 00pa3IOB B yAapHOIl BOJHE TOW K€ WHTCHCHUBHOCTH: ViH(P) = oy Vi(P) +
0,V5(P), Tne P — nmaBneHuWe; o W 0, — BECOBBIE JOIM KOMIIOHEHTOB (o + ap = 1). Jlms
pacdera yAapHBIX aaua0darT KOMIIOHEHTOB HCIOJIB30BAaHBI MOIYIMITUPUUECKHE YpaBHEHHS
COCTOSIHHSI KOHJICHCUPOBAHHOH (ha3bl METAIIIOB IIPU BBICOKHMX AABJICHISIX U TEMIIEPATypax.
PesynbpraTel NpOBEINCHHBIX B 3TOH paboTe pacdyeToB CPaBHUBAIOTCS C HMEIOLIIMMUCS
JAHHBIMH YIapHO-BOJHOBBIX JKCIIepUMEHTOB [2]. Pabora BbIMOMHEHa NpH IOJNEPKKE
Poccuiickoro HayuHoro ¢onga (rpant Ne 19-19-00713, https://rscf.ru/project/19-19-
00713/).
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CALCULATION OF SHOCK ADIABATS OF NIOBIUM-TANTALUM
ALLOYS AT HIGH PRESSURES

N.N. Seredkin, K.V. Khishchenko

Joint Institute for High Temperatures RAS, Moscow, Russia

Knowledge of the thermodynamic properties of materials is of interest both for
fundamental research and for solving applied problems of high energy density physics. In
this work, we have calculated the shock adiabats for Nb—Ta alloys with different mass
fractions of components based on the mixture method [1]. In this method, the volume of the
shock-compressed mixture (V7,) is assumed to be equal to the sum of the volumes of the
components (V; and V;) compressed separately in the form of homogeneous monolithic
samples in a shock wave of the same intensity: V1,(P) = a;V1(P) + a,V,(P), where P is the
pressure; a; and a, are the mass fractions of the components (a; + a, =1). The shock
adiabats of the components are calculated using semiempirical equations of state for the
condensed phase of metals at high pressures and temperatures. The results of the
calculations performed in this work are compared with the available data of shock-wave
experiments [2]. This work is done under the support from the Russian Science Foundation
(grant No. 19-19-00713, https://rscf.ru/project/19-19-00713/).
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IHAPAMETPBI KBASUYACTHUIIBI JABJIEHUA POTHOH
JJIAA 30JI0TA U IIVTIATUHBI

B.A. Kapenos, I1.B. Jlebeoes

PALI-BHUUD®, r. Capos, Poccus

Pacuers! kpuBBIX XO0NOIHOrO cxatus Wi 10 METauIoB «M3 MEPBBIX INPUHIIMIIOBY,
uaterpupytomue TEOPUIO ®YHKIMOHAIJIA TTNIOTHOCTH u >¢dexTuBHbIE METOABI
pelleHnss TPEXMEPHOU 3alauu AJIs 3JEKTPOHHOW IJIOTHOCTH B KPUCTAJUIMUECKOH sUelKe
metogoM FLPAW, conepkamuecs B nporpamme ELK [1], moka3sIBatoT xopoliee coriacue
C DKCIIEPHMEHTAILHBIMU JaHHBIMU. Ha 3To#t ocHOBE paccMOTpeHbI 001He 3aKOHOMEPHOCTH
cxarus [2]. Bonpekn n3BecTHON KapTHHE INpoliecca MOHHU3AIMK JIaBICHHEM B THAIla30HE
JIBYKpaTHOTO CXaTHs KOHJCHCHPOBAHHOTO BEUIECTBA IPOUCXOTUT OOpaTHOE SBICHHE
«aTOMH3aLUN» — MEpEMEIIeHUE AIIEKTPOHOB B aTOMHYIO 00JacTbh, 3aKIIOYEHHYIO BHYTPH
MT-cdeps! (Tunmanoro paanyca 2bopa). AHaNM3 pe3yabTaTOB pacdyeToB AAET JTAKOHHYHBINA
3aKOH «aTOMH3aLUN»

AZ
(6-1
CBSI3BIBAIOIINN YHCJIO YIABIIUX HA aTOM 3JIEKTPOHOB AZ W OTHOCHUTENbHOE ckaTue 0. Bcee
KBaHTOBO-MEXaHUIECKHE 0COOEHHOCTH COAEPIKATCSA B TPEX KOHCTAHTAX Z, Z| U Zp.

Jns aHanmm3a CBOMCTB 3JEKTPOHOB KpHCTalyia ObUla BBEICHA, OKa3aBIIAsCS
IJIOJIOTBOPHOM, BEJIMYMHA IUIOTHOCTH DJIEKTPOHOB B sUEWKE, CpeIHEH 1O BCeMY
MPOCTPAHCTBY 3a HCKIIOueHHeM aToMHOM MT-cdepsl. YcTaHOBIEHO, YTO 3aBHCHMOCTH
JTABJICHUS OT TPHUPAIICHUS STOW BETHMYUHBI U1 Bcex 10 31eMeHTOB Onm3Ka K CTEICHHOMN
«5/3». Ha pucynke ona npusezneHa aist Au, Pt, Pb.

z,—2,0 " +2,07, (1)
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Pucynok 1. 3aBucumoctn gaBnerus B Au, Pt, Pb ot nmpupamenns cpenneii mo sraeiike
ANIEKTPOHHOM TIOTHOCTH. JIMHMSA - cTeneHHas KpuBas «5/3»

ITonmy4yennsle 3aBUCUMOCTH  JaBJICHUS OT  DJIEKTPOHHOI  IUIOTHOCTH
MIPOMHTEPIIPETUPOBAHB! AHAJOTMYHO 3JIEKTPONPOBOJHOCTU 3JIEKTPOHOB B MeTajax, Iie
BBOJAT JKBHUBAJICHT MAacChl CBOOOJHOTO 3JEKTPOHA C AHAJOTHYHBIMU TPAHCIOPTHBIMU
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XapakTepuCTHKaMu. Tak B 3050Te, IUIATUHE U CBUHIE DKBUBAJIECHTHAs Macca 3JIEKTPOHA
paBHa 0.73m.. DTO 03Ha4aeT, 4YTO DJIEKTPOHHI B sueiike Au, Pt u Pb co3naror naBnenue
NPU CXKATUHM aHAJIOTUYHO BBIPOXKACHHOMY JIEKTPOHHOMY Ta3zy ¢ yMeHblueHHO# B 1/0.73
pa3a Maccoii anextpoHa. OmnperneneHbl Macchl 3JEKTPOHA M A IpYTuX dieMeHToB. OHu
cocraBwin | nans amoMuHUS W TaHTtanma, 1.3-1.4 mna ypana u ruryToHHsS. Ilockonbky
BBEJIEHHAs SKBUBAJICHTHAs Macca OTPAXKaeT CBOMCTBO MaTepuasa IpU CKATHH, €€ MOKHO
Ha3BaTh yIpyroi Maccoil. B urore nasneHue nmpuOIMKEHHO UMEET BUI:

5/3
bn,

P = 7(5 - 1)5/3 (2)

DTO0 BBIpaKCHHE IOKA3bIBACT, YTO IMOBEICHHE BEIIECTBA IPU CXKATHU MOXKET OBITH
MPUOIIHKEHHO MPOKIACCUPHUIMPOBAHO ABYMS KOHCTAaHTAaMH — YIPYTOH Maccoi 3JIeKTpoHa
M ¥ IUIOTHOCTBIO 1y , DKBHBAJCHTHOE (H3MYECKOE MPEICTAaBICHHE KOTOPOIl COCTOWT,
HallpuMEp, B KOJIUYECTBE DJICKTPOHOB, MadaroliMX Ha aTOM NPH ABYKpPATHOM CXKAaTUU B
COOTBETCTBUH ¢ 3aK0HOM (1).

BrmzocTe «ympyroif» Macchl K eIWHHUIE, TO €CTh SKBHBAJICHTHOCTH HM30BITOUHBIX
JNIEKTPOHOB B sYelKe NpU CKATHH HEB3aUMOJCHCTBYIOMEMY BBIPOXKIECHHOMY Tra3y
OTpaXkaeT, MO-BHIMMOMY, (HM3HMKY SBJICHHS, CYIICCTBEHHO 3aBYaJIMPOBAHHYIO CIIOXKHBIM
MOAXOI0M, CTapTYIOIIUM C OJIOXOBCKHX (YHKIHMHA B TBepaoM Teie. OHa oTpakaercsi B
M3BECTHOM ()CHOMEHE KBa3WYaCTHI, B JAaHHOM Cllydae KBa3W4acTUI] JABJICHHS,
MOJIYYMBIIUX OT aBTOPOB Hokiana HazBanue POIHOH.

BOmu3u aroma  TOBelIeHHME BaJEHTHBIX O3JIEKTPOHOB 00amgaeT 0COOEHHOCTHIO.
Y CcTaHOBIICHO, YTO BHYTPH Cepbl HEKOTOPOTO pajuyca, Ha3BaHHOTO PagHycoOM HM3O0JILHH,
3aps]l COXpaHseTcs mpu cxkatuu. st Au pamuyc m3omnsiuu coctasuin 1.6 Bohr, mis Ce, Yb
—2.4 Bohr. OnHOBpEMEHHO pajyC H30JSAIUN COOTBETCTBYET IIOYTH AHTHIHOMY
MPEICTaBICHNI0 00 aToMme, KaK HEIEeTMMOHN YacTHIle, TBEPAOM IIapuke. To e€cTh paanyc
M30JIAIINH MOKET OBITh Ha3BaH PAJIlyCOM aToMa.

Obparenne K TOCIECIHUM SKCIIEPUMEHTAIBHBIM JaHHBIM C IBYKPATHBIM XOJOIHBIM
ckatueM [3] mOBBIIIaET JOCTOBEPHOCTH INPEICTABICHHBIX MAapaMETPOB KBAa3WYACTHUI] IS
30JI0Ta U MJIATHHBL
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HCCJIEJOBAHME TEILIO®HU3NYECKHUX CBOMCTB METAJJIOB
B ’/KWJIKOM N OKOJIOKPUTUYECKOM COCTOSIHNU:
MEPBOIPUHIUIIHBIA PACYET U SKCIIEPUMEHT

JI.B. Munakoe, M.A. [lapamonos, B.b. @oxun, U.C. I'anvyos,
I1.P. Jlesawos, A.B. /loposamosckuii, M.A. [lleiinonun

OObearHEeHHbIH HHCTUTYT BbICOKHX TemiepaTyp PAH, r. Mocksa, Poccust

MBI mpefcTaBisieM HAIld TEKYIIHE JOCTIDKCHHS B OIHMCAHUHM TEPMOJAWHAMIYCCKUX,
TPAHCHOPTHBIX WM ONTHYCCKUX CBOWCTB METAUIOB METOJOM KBAHTOBOH MOJICKYIISIPHOM
MUHAMUKA B [IMPOKOM JHAma30oHE MapaMEeTpOB: OT OKPECTHOCTH IUIABJICHUS O
KpUTHYIECKOH TOUKU. B pabote OymyT mpencTaBlieHbl JaHHBIC TI0 TEINIOBOMY PACIIUPEHUIO,
SHTAJIBIINYU, YAEIbHOMY COIPOTHBIICHHIO M HOPMAaJbHOW CIIEKTPAJbHOW H3I1y4aTelIbHOU
criocobHocTu. Tarkke OymyT MpPOJAEMOHCTPUPOBAHBI pacUeTHBIE 3aBUCHMOCTH IUIOTHOCTH,
SHTAIBIINN, N300apHONH W M30XOPHOU TEIUIOEMKOCTH, IapameTrpa ['proHaii3eHa U CKOPOCTH
3ByKa OT TEMIIeparypbl BIOJL KpUTHYEeCKOW wu300apel mit Zr, Mo wu Fe. Jlna
MEPEYHCIICHHBIX METAJUIOB OYAyT NpPEICTaBICHBI OLEHKH KPUTHYECKHX IapaMeTpOB,
MOJIy9YCHHBIC BIICPBHIC C IIOMOIIBIO IEPBONPHHIMITHEIX PACUETOB.

I[lomumMo  pacueTHBIX  JaHHBIX  HAaMH  OYAyT  TIPCJACTABICHBI  HOBEIC
SKCIIEPUMEHTANIbHBIE JaHHbIE 10 HUMIYJIbCHOMY HarpeBy OJEKTPUYECKUM TOKOM
LUMPKOHUEBOM U JKEJNe3HON NpoBoJioueK. MbI OTMEYaeM OTJIMYHOE COTJache MEXIy
W3MEPEHHOMN YHTANIBITUCH TUIABJICHUS M PACCYMTAHHBIM 3HAYCHHCM.

B pabote OymyT o0CyxmaThcs pe3ybTaThl MIEPBONPUHIIMITHBIX PACYCTOB YACIHHOTO
compoTuBieHus 115 Zr 1 Fe B mmpokom amamna3zone temmepatyp. byayT npencrasineHs! ab
initio pacdeThl HOPMAaJbHOW CIEKTPAILHON HM3IydaTelbHOW crocoOHocTH it Zr u Fe B
XKHUAKOU (haze BIOJIb KPUTHICCKOU N300aphI.

Pabota BeImoONHEHA Mpu noIepxKe Poccuiickoro HaydHoro ¢onma (rpant Ne 20-79-
10398).

INVESTIGATION OF THERMOPHYSICAL PROPERTIES OF METALS
IN LIQUID AND NEAR-CRITICAL STATES: FIRST-PRINCIPLE
CALCULATIONS AND EXPERIMENT

D.V. Minakov, M.A. Paramonov, V.B. Fokin, 1.S. Galtsov,
P.R. Levashov, A.V. Dorovatovskiy, M.A. Sheindlin

Joint Institute for High Temperatures RAS, Moscow, Russia

We present our current advances in describing the thermodynamic, transport, and
optical properties of metals from the vicinity of melting up to the critical point by the
quantum molecular dynamics method. We focus on the analysis of thermal expansion,
enthalpy, resistivity, and normal spectral emissivity. Calculated dependences of density,
enthalpy, the isobaric and isochoric heat capacities, the Gruneisen parameter, and the speed
of sound on temperature along the critical isobar for Zr, Mo, and Fe are going to be
demonstrated. The first ab initio estimates of the critical parameters for the metals under
consideration are also presented.
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New experimental data on electrical pulse heating of zirconium and iron wires are
also presented. We note an excellent agreement between the measured enthalpy of fusion
and calculated value.

The results of the first-principle calculations of the resistivity for Zr and Fe in a wide
temperature range will be discussed. Ab initio calculations of the normal spectral emissivity
for Zr and Fe in the liquid phase along the critical isobar will be presented.

This work has been supported by the Russian Science Foundation (grant No. 20-79-10398).
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BJIMAHUE TEXHOJIOI'MA U3IOTOBJIEHUS 1 TEPMOOBPABOTKH
HA JTMHAMUYECKYIO IPOYHOCTbD KAPOITPOYHOI'O
CIIVTABA UTHKOHEJIb 718

C.B. Pasopenos’, I B. I'apxyuwun', A.C. Casunwix’, C.A. Ampowenxo’

'MrctnTyT npobem xumudeckoii Gpusukn PAH, r. UepHoromnoska, Poccns
*Uucruryt npobnem mamuHosenenus PAH, r. Cauxr-Ierep6ypr, Poccus

ITyrem perucTpammu ¥ aHaIW3a TIONHBIX BOJHOBBIX MpOQIIIEH TPOBEICHEI
W3MEPEHUs] TUHAMHUYECKOTO TMpefesia YHOPYTOCTH H  KPUTHYECKUX pa3pyIIaroIInx
HanpsDKEHUH TIPU OTKOJIE 00pas3IoB >KapoIlpodyHoro ciuiaBa Inconel 718, M3roToBICHHBIX
TPaIUIMOHHBIM METOJIOM BAaKyyMHOW HWHIYKIMOHHOW IIJIABKM B HMCXOJHOM COCTOSHHH U
Tmocsie TepMUUecKoil 06paGOTKM 3-X BHIOB MPHM HOPMAIbHONH M MOBbImEHHOH 10 650°C
TemrepaType. AHaJOTMUHBbIE W3MEpEeHUs] ObUIM IPOBEJECHBI Ha oOpa3uax cmiasa Inconel
718, anaMTHUBHO M3rOTOBJIEHHOI'O METOJOM MPSMOrO JIA3epPHOTO BBIPAIIMBAHMS IPH
HOpPMaJBHOM TemrepaType. Y/JapHO-BOJHOBOE HarpyKeHHE TECTHPYEMBIX 00pasloB
OCYILIECTBIJISUIOCH C TOMOIIBIO JIETKOIa30BOM IyNIKH, Pa3TOHSIONIEH MEIHBIH yJapHHK
tommuHo# oT ~0.1 MM g0 ~1 MM g0 ckopoctu 372+10 Mm/c, YTO COOTBETCTBYET
MaKCUMaJbHOMY JaBJIEHHIO yraapHoro cxatus ~6.5 TITla. Tommmaa o00pa3noB
BapbHpOBaNach B JITHX OJKcmepuMmeHTtax or 4 mo 0.5 mM. Bo Bcex skcmepumeHTax
OCYIIECTBIISUIACH PETHCTPALUs Npoduiel CKOpocTH CBOOOIHONH MOBEPXHOCTH C TIOMOIIBHIO
nazepHoro mHTeppepomerpa VISAR. HMccnenoBaH mpomecc 3aTyxaHUS YIPYrodl BOJHEI
CKaTus TP €€ PaclpOCTpaHEHHIO TI0 00pa3Ily W 3aBUCHMOCTH OTKOJHHOH MPOYHOCTH OT
cKopocTH aedopMupOBaHHS TEepel pa3pylmIeHHEM B IHAara3oHe 10°c" — 5%x10%™". I
BBISIBIICHHSI aHU30TPOIIMN TTPOYHOCTHBIX CBOWCTB CIUIaBa MPOBEICHEI IBE CEPHH OIBITOB TI0
Harpy>KeHWI0 aJJUTUBHO M3TOTOBJIEHHBIX O00pa3loB BIONb M  HEPIEHAUKYISPHO
HalpaBJICHUIO HAIlJITaBKHU.

Bo Bcex cmywasx HaOnromaercsi 3aTyxaHuWe MOJOOHBIM 00pa3oM YIpyroro
Npe/IBECTHUKA C TPOWAEHHBIM pacCTOsHHEM. TepMooOpaboTKa aIIUTHBHBIX 00pa3oB
INPUBOAUT K 3aMETHOMY POCTY [AWHAMHYEeCKOro mpeaena ympyroctd. CHIbDkeHHe
JMUHAMUYECKOTO Mpejesia ynpyrocTd U 0ojee OBICTPBIA MHpOIecC 3aTyXaHHs YIPYroro
MpeIBECTHUKA Ha TOJICTHIX OOpa3lax IeMOHCTPHPYET JHUTOW cruiaB. MUHHMManbHOE
3HavyeHne npenena ynpyrocta 0.35 GPa m3mepeHo B SKCcriepuMeHTaX ¢ JIMTBIMH 00pa3aMu
HOMUHAIBHOW TOMIUHBI 4 MM. I BCeX THIIOB HCCIENOBAHHBIX OOpa3IOB OKHUAAEMO
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HaWJIeHO, 4YTO BEJMYMHA OTKOJIBHOW TIPOYHOCTH BO3pPACTa€T C POCTOM CKOPOCTH
ne(OPMHUPOBAHUS, MPHYEM CKOPOCTh POCTa MPOYHOCTH 3aBUCHT OT TEPMOOOPAOOTKH.
MakcuManbHble ~ KPUTHYECKHE  PACTATHBAIONIME  HANPSDKEHUS  W3MEPEHBl IS
TEPMOOOPAOOTAHHBIX AJJIUTUBHO H3TOTOBJICHHBIX 00Opa3loB CIUIaBa, a OTKOJbHAs
MPOYHOCTH OOpa3IOB JIMTOTO CIUIaBa B paMKax pa3dpoca M3MEpEeHWi paBHA MPOYHOCTH
HCXOIIHBIX aJTUTHBHBEIX 00pa3IOB HE 3aBUCHMO OT CKOpocTH aehopmupoBanus. [TokazaHo,
YTO aHW30TPONIMS CTPYKTYPHI, CBSA3aHHAs C TEXHOJOTHEH W3TOTOBJICHUS aITUTHBHOTO
MaTepuaia, ci1abo BIUSICT HAa MPOYHOCTHBIC CBOWCTBAa aJIUTHBHBEIX 0OOpa3IloB BO BCEM
JMana3oHe YCJIOBUN HarpyXeHUs.

Ha ocHOBaHWU TIPOBEJACHHBIX HM3MEPEHUN BCEX THUIIOB HCCIIEJOBAHHBIX 00pa3loB
crutaBa WHkoHenp 718 mpu KOMHATHOW M TOBBIMIEHHOW 70 ~650°C Temrneparype
MOCTPOCHBI ~ KPWUBBIE 3aTyXaHHWs JUHAMHYECKOTO Tpe/ieNa yOpyrocTh Mo  Mepe
pacmpocTpaHeHus] YIpyrod BOJHBI CKaThs MO oOpazmam ToimmHod oT 0.2 1o 4 MM u
3aBUCUMOCTH MX OTKOJILHOUM MPOYHOCTH OT CKOPOCTH AePOPMHUPOBAHUS B BOJIHE Pa3TPy3KH
B auamasone ot 10° ¢ g0 5x10°™, ammpokcMMHUpOBaHHBIC CTENCHHBIME (GYHKIMAMH H
ompeeNIeHbl HX K0P PHUITUCHTHI.

WHCTpyMEHTaNbHBIC U3MEPCHHS MPOYHOCTHBIX  XapaKTEPUCTUK  JIATOTO U
agauTUBHOTO cmuiaBa Mukonens 718 mnpu  ygapHoM  BO3JCHCTBUM  JIOTIONHEHBI
METaUIOTPaUIECKUMA  HCCIICOBAHUSIME €0 CTPYKTYPHBIX XapaKTePUCTHK B 30HE
OTKOJIGHOTO pa3pyIICHUs, KOTOPBIC MOKa3adl HE3HAYUTEIBHBIC PAa3IUuus B MOP(OIOTUU
30HBI OTKOJA I JUTBIX W aJJIUTHUBHBIX OO0pa3lOB, HATPY)KAEMBIX B HANpaBICHUH U
MePICHANKYISIPHO HAIPABICHUIO HAIJIABKH.

EFFECT OF MANUFACTURING TECHNOLOGY AND HEAT TREATMENT
ON THE DYNAMIC STRENGTH OF THE HEAT-RESISTANT
INCONEL 718 SUPERALLOY

S.V. Razorenovl, G.V. Garkushinl, A.S. Savinykhl, S.A. Atroshenko®

nstitute of Problems of Chemical Physics, RAS, Chernogolovka, Russia
“Institute of Problems of Mechanical Engineering, RAS, St. Petersburg, Russia

By registering and analyzing the velocity histories measurements of the Hugoniot
elastic limit and critical fracture stresses were carried out under the spalling of samples of
the heat-resistant Inconel 718 alloy manufactured by the traditional method of vacuum
induction melting in the initial state and after heat treatment of 3 types at normal and
elevated temperatures up to 650°C. Similar measurements were carried out on samples of
Inconel 718 alloy, additively manufactured by direct laser deposition at normal temperature.
Shock-wave loading of the tested samples was carried out using a light-gas gun accelerating
a copper impactor with a thickness of ~ 0.1 mm to ~1 mm to velocity of 372+10 m/s, which
corresponds to a maximum shock compression pressure in the samples of ~6.5 GPa. The
thickness of the samples varied in these experiments from 4 to 0.5 mm. In all experiments,
free surface velocity profiles were recorded using a VISAR laser interferometer. The
process of decay of an elastic compression wave during its propagation through the sample
and the dependence of the spall strength on the strain rate before spallation in the range of
10°%c" — 5x10°%™" are investigated. To identify the anisotropy of the strength properties of
the alloy, two series of experiments were carried out on loading additively manufactured
samples along and perpendicular to the direction of surfacing.
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In all cases, the decay of the elastic precursor with the distance traveled into the
sample is observed in a similar way. Thermal treatment both cast and additive samples leads
to a noticeable increase in the Hugoniot elastic limit. A decrease in the Hugoniot elastic
limit and a faster process of decay of the elastic precursor on thick samples is demonstrated
by a cast alloy in as-received state. The minimum value of the elastic limit of 0.35 GPa was
measured in experiments with cast samples with a nominal thickness of 4 mm. For all types
of samples studied, it was expected, the spall strength increases with an increase in the strain
rate, and the rate of strength growth depends on thermal treatment. The maximum critical
tensile stresses were measured for thermally-treated cast and additively manufactured alloy
samples, and the spall strength of cast alloy samples within the measurement range is equal
to the strength of the additive samples, regardless of the strain rate. It is shown that the
anisotropy of the structure associated with the additive material manufacturing technology
has a weak effect on the strength properties of additive samples over the entire range of
loading conditions.

Based on the measurements of all types of studied Inconel 718 alloy samples at room
temperature and elevated to ~650°C, curves of decay of the Hugoniot elastic limit as the
elastic compression wave propagates over samples with a thickness of 0.2 to 4 mm and the
dependence of their spall strength on the strain rate in the rarefaction wave in the range from
10° s to 5x10%™", approximated by power functions and their coefficients are determined.

Instrumental measurements of the strength characteristics of the as-received and
thermal treated cast and additive Inconel 718 alloy under impact were supplemented by
metallographic studies of its structural characteristics in the zone of spall fracture, which
showed minor differences in the morphology of the spall zone for cast and additive samples
loaded along with and perpendicular to the direction of surfacing.

CTPYKTYPA U IMHAMMWYECKHAE CBOMCTBA AJTIOMAUHHUEBOI'O CILTABA
AK6, HOJTYYEHHOTI'O CEJIEKTUBHBIM JIABEPHBIM CIIJIABJIEHUEM

AN KﬂeHO@I, AH. Hemposaz, ur. lUupuHKuHaz, ur. Epodoeaz,
B.B. Acma(})be@z, TU. ﬂ6ﬂonc;<ux2, E.Fb. CMupHOBI

"POSI-BHUANT, r. CHexwunck, Poccns
*UucturyT dusuky Metamios umenr M.H. Muxeesa YpO PAH, r. Exarepun0ypr, Poccus

B paborte mccneoBaHo BIMSIHAE CTPYKTYPBI MOHOJIMTHBIX M CETYATHIX 00pa3noB Al-Mg-
Cu-Si crutaBa AK6, a Tarxke T€OMETPUH TIOCTPOSHUST CETYATHIX 00pasIoB, CHHTE3MPOBAHHBIX
METOJZIOM CeJIeKTUBHOTO Ja3zepHoro miasnerns (CJIII) ma 3D mpuaTepe mo meramry Realizer
SLM100, Ha nuHAMHYECKHEe MEXaHMYeCKHe CBOWCTBA. [ cHHTE3a MCCliemyeMbIX 0OpasroB
WCTIONTb30BalM Tiopomiok criaBa AK6, wmsrotoBneHHbi Ha mpemnpustun OTYIT BUAM.
HccnenoBaHo BIMSHYE TTApaMETPOB CHHTE3a 0OBEMHBIX 00pa3ioB cruiaBa AK6 co CIUIonmHbIM
3aITOJTHEHUEM JUTSl MCKITIOYEHNSIKPHUCTAIUTM3AMOHHBIX Je(eKTOB, CBsi3aHHbIX ¢ MeTtogoMm CJIIT,
KOHTpPOJIMPYSl MapamMeTpbl CHHTE3a TaKkhe KaK TOJIIHMHA CJIOs, MOIIHOCTh Ja3epa, CKOPOCTh
CKaHMpOBaHWsL. B pe3ynbrare MmosydyeHa 3aBUCUMOCTb CTPYKTYPHBIX XapaKTEpPHCTHK, TBEPJOCTH
u Mmukpotepaoctu CJIIT crutaBa oT mapameTpoB cuHTe3a. [lokaszaHo, YTO HMpPH MOIIHOCTH
nazepa P=100-200 Bt u ckopoctu ckannpoBanus 6onee 400 MM/C B CTPYKTYpe COXpaHSIFOTCS He
MPOTUTABJICHHBIC YACTHIBl TOPOIIKA W TPHUCYTCTBYIOT TOpSYME TPEIIMHBI W TOphL. Jlims
yCTpaHeHHsI 3THX Ae(PEKTOB W TIOBBIICHHS Ka4deCcTBa CTPYKTYPHI NPEUIOKEHO H3MEHEHHE
pexXHUMa TIeyaTH 3a CYeT CHIDKEHHS CKOPOCTH CKaHMPOBAHUS JIA3EPHOTO ITydKa. Y CTaHOBIICHO,
gro CJIIT o6pasim! u3 cutaBa AK6 HIMEIOT CMEITaHHYO CTPYKTYPY, COCTOSAIIYIO U3 CTOIOYATHIX
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1 PaBHOOCHBIX 3€pEH, CPeIHUIT pa3Mep KOTOPHIX Ha OPSIOK HIDKE, YeM B CIUIaBE, TOJIyYCHHOM
TPaIUIIMOHHBIMU METOJIAMHU JIUThS.

CHHTE3MpOBaHBI ceTYaThle 00pa3Lbl ¢ pa3sHOW reoMeTpreil mocTpoeHus (KyOWdIecKoi,
TeKCaroHaJbHOW TOIOJIOTUM, TOMOJIOTHH TPHXKIIBI IEPUOINUYECKON TOBEPXHOCTH MUHUMATbHON
sHepruu (TIITIMD)), ¢ U3MEeHEHHEM TeOMETPUYCCKIX TTapaMeTPOB, TAKUX, KaK TOJIIIHA CTCHKH
peLIeTKH W NepuoA peweTku. MccnenoBaHo BIMSHHUE JUTOM CTPYKTYPbl M T€OMETPUUYECKUX
MapaMeTpoOB CETYATHIX OOpa3slOB HA ITUHAMHYCCKHC MCEXAaHHYCCKHE CBOWCTBA CIUIaBa B
JTaTia30He CKOPOCTEH JeopMarin 10%-10° ¢ JlnHamMuuecKkue MEeXaHMYEeCKHE CBOMCTBa Ha
CKaTHe CeTYaThIX 00pa3IoB M 0OPA3IOB CO CIUIOLIHBIM 3aIIOHEHHUEM ONPECIIUIN TI0 METOIY
I'onkuncona-Konbckoro. IlokazaHo, 4TO CHUKEHHE CyMMAapHOM JOJIM IUIOINAAX OTBEPCTUM B
TUTOCKOCTH TIOCTPOSHUSI M TEPHEeHAMKYJSIPHOW el IUIOCKOCTH OT 86 10 4% TpUBOIUT K
TPEXKpaTHOMY TIOBBIIICHUIO AUHAMIYECKOTO Tpesieia TEKYIeCTH U K POCTY Ipezesa MPOYHOCTH
B 4,7 paza.

PabGota BeImonHeHa B pamkax rocynapctBenHoro 3aganusi MUHOBPHAYKU Poccun
(tema «CtpykTypa», Ne 122021000033-2).

STRUCTURE AND DYNAMIC PROPERTIES OF AK6 ALUMINUM
ALLOY PRODUCED BY SELECTIVE LASER MELTING

Al Klenovl, A.N. Petrovaz, 1G. Shirinkinaz, 1G. Brodovaz,
V.V Astqﬁev", T1I Yablonskihz, E.B. Smirnov'

'RENC-VNIITF, Snezhinsk, Russia
’M.N. Mikheev Institute of Metal Physics of Ural Branch of RAS, Yekaterinburg, Russia

The influence of the structure of monolithic and mesh samples of Al-Mg-Cu-Si alloy
AKa®6, as well as the geometry of the construction of mesh samples synthesized by the method of
selective laser melting (SLM) on a Realizer SLM100 3D metal printer, on the dynamic
mechanical properties of aluminum alloy AK6 was studied. The AK6 alloy powder
manufactured at the VIAM was used for synthesis of the studied samples. The influence of the
synthesis parameters of bulk samples of the alloy with continuous filling was studied to exclude
crystallization defects associated with the SLM method by controlling the synthesis parameters
such as layer thickness, laser power, and scanning speed. As a result, the dependence of the
structural characteristics, hardness, and microhardness of the SLM alloy on the synthesis
parameters was obtained. It is shown that at a laser power of P=100-200 W and a scanning speed
of more than 400 mm/s, unmelted powder particles remain in the structure and hot cracks and
pores are present. To eliminate these defects and improve the quality of the structure, it is
proposed to reduce the scanning speed of the laser beam. It has been established that SLM
specimens from the AK6 alloy have a mixed structure consisting of columnar and equiaxed
grains, the average size of which is an order of magnitude lower than in the alloy obtained by
traditional casting methods. Mesh samples with different construction geometry (cubic,
hexagonal topology, topology of thrice-periodic minimum energy surface (TPMES)), with a
change in geometric parameters, such as lattice wall thickness and lattice period, are synthesized.
The influence of the cast structure and geometrical parameters of mesh samples on the dynamic
mechanical properties of the alloy in the range of strain rates of 10>-10* s has been studied. The
dynamic mechanical properties of mesh samples and samples with continuous filling were
determined by the Hopkinson-Kolsky method. It is shown that a decrease in the total share of the
area of holes in the construction plane and the plane perpendicular to it from 86 to 4% leads to a
threefold increase in the dynamic yield strength and to an increase in the tensile strength by 4.7 times.



JMHAMUWYECKAS IPOYHOCTH U PEOJIOTUSI MATEPHAJIOB, IMHAMUKA KOHCTPYKIMIA
DYNAMIC STRENGTH AND RHEOLOGY OF MATERIALS, DYNAMICS OF CONSTRUCTIONS 109

The research was carried out within the state assignment of Ministry of Science and
Higher Education of the Russian Federation (theme «Struktura» Ne122021000033-2).

OTKOJIBHOE PA3ZPYHIEHUE OBPA3LIOB U3 CTAJIMA 12X18H10T,
N3TrOTOBJEHHBIX METOJOM CEJIEKTUBHOT' O
JIABEPHOTI'O IIVIABJIEHU S

T.0. Cxasonesa™, M.C. Adueamos’, B.A. Bpazyney', U.C. I'nymos', H.B. ITuxynun', A.M. Iooypey',
B.I' Cumakoel’z, HA. Tepemkuﬁal‘z, MU Tkaqemco]‘z, Uupr. prHqu'z, E.E. Illecmaxos"’

"POAI-BHUNDD, r. Capos, Poccus
2Cap®TU HUSY MUOMU, r. Capos, Poccns

Jloknan MOCBSILEH OMNpENeNeHUI0 NUHAMUYECKUX IPOYHOCTHBIX XapaKTEPUCTHK
00pa3noB Ha ocHoBe mopomka u3 ctamu 12X18H10T, M3roTOBICHHBIX MO TEXHOJIOTHH
cenektuBHoro nasepHoro mamienus (CJIII) m cpaBHeHHWE WX CO CBOWCTBAMH CTajw,
MOJYYCHHOW II0 TPAaAWIMOHHOW TEXHOJIOTHH TOPSAYEKATaHOTO TIIPOKaTa, MPU yIApPHOM
Harpy>XeHHUH co CKopocTsamu a0 450 m/c.

Y1apHO-BOJTHOBBIE AKCHEPUMEHTHI TPOBEICHBI IO CXEME, COTJIACHO KOTOPOH
YIapHHK, Pa30THAHHBIN B CTBOJIE IMHEBMATHYECKOH Harpyskaromel yCTaHOBKH CTBOJHHOTO
Trna kamuopoMm 40 MM, coymapsercs C MHUIICHHBIM OJIOKOM, Ha KOTOPOM 3aKperieHa
o0oiimMa ¢ TpemsI BCTPOSGHHBIMHU B Hee oOpasnamu quamerpoM 10 MM ¥ TOMmMHON 4 MM 13
ctanu Mapku 12X18H10T, U3roToBICHHBIMHU MO Pa3IMYHBIM TEXHOJIOTUSAM (TOPSTYCKaTaHbIH
npokar - obpaser Nel, ropsiuekaTaHslii IPOKAT, OTOMXOKEHHBIH NpW Temmeparype 650°C -
obpazerr Ne2, CJIII — oOpazery Ne3). HarpyxeHne MHIIEHHOTo OJIOKa IPOBOIMIOCH
ynapaukoM u3 crann  12X18H10T (rops;uexaraHplif NpOKaT) TOIMMHOW 2 MM €O
ckopocTssMu 0T 165 M/c o 450 M/c (amana3oH nmaBieHuil cxarus ot 3 mo 9 ['Tla). Beero
TIPOBE/ICHO IATh SKCIIEPUMEHTOB.

Jlmst perucTpanuy CKOpocTed IBIKEHHS CBOOOMHBIX ToBepxHOCTeH W(t) Tpex
00pa3oB W TMOUIETHOW CKOPOCTH YHAapHHKa TIPHMEHSIaCh METOIHMKa HETPEephIBHOMN
JIOTIEPOBCKON JMArHOCTHKH Ha OCHOBE ONTHYecKoi cxeMbl PDV. 3apernctpupoBaHHbIE C
moMmomiplo  Metomukun PDV  cmektporpammbel, ¢oTorpadui  TONEPEYHBIX  CPE30B
COXpaHEHHBIX 00pa3I0B MPHUBEICHBI ISl HKCIIEPUMEHTA C ITOJUIETHOW CKOPOCTBIO yJIapHHUKA
Wyn =225 m/c Ha pucyHke 1.
Obpaser; Nl
02 ; 02

30 15 A — EUU‘:

0.06 0.05

Obpmen N2 O6paac; N3
625 . - 025

a — 3
182 1825 183 1835 184 184.5 18!

4

Pucynox 1. DxcriepuMeHTANBHBIE CIEKTPOrpaMMBI B (poTorpaduu omepedHbIX
cpe3oB 00pasuos npu Wy, =225 m/c
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IIpodmwmu  W(t), 3apeructpupoBaHHele MeTogukod PDV, ormmuarotes s
«TPaTUIIMOHHBIX» CTalel U cTanu, M3roToBieHHoH no TexHonoruu CJIII. IIpu npakTuyeckn
OJIMHAKOBOM MaKCHMaJIbHOM 3HaYCHUH CKOPOCTH W CHJIBHO Pa3jiM4aroTcs HAaKIOH (poHTa
yIapHOH BOJHBL, IJIUTEIFHOCTh CTAallMOHAPHOTO MAaKCHMaJbHOTO Y4YacTKa 3aBUCHMOCTH
W(t) (y o6pasua u3 cranu CJIIT oH OTCYTCTBYET) M OTKOJIBHBIN HMITYJIBC.

CpaBHUTENBHBIN aHANM3 pE3yJNbTaTOB IIOKasaj, 4YTO mpexen [roronmo, a,
cJenoBaTeNIbHO, M AMHaMu4eckuil penen texkydectu cranu CJIII B ~ 1,5 pa3za Gombie, yem
y CTaJi, U3TOTOBJIEHHOH 110 TPAJANIIMOHHON TEXHOJIOTHH.

Meramnorpadudecknii aHaJIN3 COXpPAaHEHHBIX B ONBITaX 00Pa3OB TAKXKE MOATBEPIHII
MHOTOCTaJMMHBIH  XapakTep OTKOJIFHOTO  pa3pylIeHHs W  MEHBIIYI0  CTEIeHb
MOBPEXKACHHOCTH 00pas3inoB u3 ctamu CJIII mo cpaBHeHHWIo ¢ oOpasnamu TpaguIOHHON
TEXHOJIOTHH W3TOTOBJICHUS MPH OJMHAKOBBIX YCIOBUSAX ACHCTBUS PACTATHBAIOIINX BOJH.
OTO CBUAETENBCTBYET O TOM, YTO IPOYHOCTHBIE XapakTepuctuku cramu 12X18HI0T,
n3rotoBieHHo mo wMetoxmy CJIII, kak HpH BBICOKOCKOPOCTHOM C)KAaTHH, TaK W IPH
pacTsbkeHnn Bbime, eM y cramu  12X18H10T, w3roTroBieHHOH 1O TpaguIIMOHHON
TEXHOJIOTHH TOPSYEKaTaHOTO MTPOKaTa.

SPALL FRACTURE OF SPECIMENS OF STEEL 12CR18NI10TI
MANUFACTURED USING SELECTIVE LASER MELTING

T.O. Sklyadnevaj'z, M.S. Adigamovz, V.A. Bmgunetsl, LS. Gnutov', LV. Pikulin', A.M. Podurets"?,
V.G.Simakovl’z, LA. Tereshkinaj'z, M. Tkachenko”, LR. Trunin 1'2, E.E Shestakov"?

'RFNC-VNIIEF, Sarov, Russia
2SarPTI RNU MEPhI, Sarov, Russia

The report is devoted to determining the dynamic strength characteristics of
specimens based on 12Cr18Nil0Ti steel powder, manufactured using selective laser melting
(SLM) technology and comparing them with the properties of steel obtained using
traditional hot-rolled rolling technology under impact loading at speeds up to 450 m/s.

Shock-wave experiments were carried out according to the scheme, according to
which the striker, dispersed in the barrel of a 40 mm caliber pneumatic loading installation
of a barrel type, collides with a target block, on which a holder is fixed with three samples
built into it with a diameter of 10 mm and a thickness of 4 mm made of steel grade
12Cr18Nil10Ti made by various technologies (hot-rolled steel - sample No. 1, hot-rolled
steel annealed at a temperature of 650 ° C - sample No. 2, SLP - sample No. 3).

The target block was loaded with a striker made of steel 12Cr18NilO0Ti (hot-rolled
steel) 2 mm thick at speeds from 165 m/s to 450 m/s (compression pressure range from 3 to
9 Gpa). A total of five experiments were conducted.

To record the free surface velocities W(t) of the three samples and the approach
velocity of the impactor, we used the continuous Doppler diagnostics technique based on the
PDV optical scheme. Recorded using the PDV spectrogram technique, photographs of the
cross-sections of the stored samples are shown for the experiment with the approach speed
of the impactor W, = 225 m/s in Figure 1.
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Figure 1. Experimental spectrograms and photographs of cross sections
of samples at W,=225 m/s

The W(t) profiles recorded by the PDV method are different for "traditional" steels
and steel made using the SLM technology. At almost the same maximum velocity W, the
slope of the shock wave front, the duration of the stationary maximum portion of the W(t)
dependence (it is absent for the SLM steel sample), and the spall pulse differ greatly.

A comparative analysis of the results showed that the Hugoniot limit, and,

consequently, the dynamic yield strength of SLM steel, is ~ 1,5 times greater than that of
steel manufactured by traditional technology.
The metallographic analysis of the samples preserved in the experiments also confirmed the
multistage character of spall fracture and the lower degree of damage to samples made of
SLP steel compared to samples of traditional manufacturing technology under the same
conditions of action of tensile waves. This indicates that the strength characteristics of
12Cr18Nil0Ti steel manufactured using the SLM method, both under high-speed
compression and tension, are higher than those of 12Cr18Nil0Ti steel manufactured using
the traditional hot-rolled rolling technology.

ABTOMOJEJIBHASI BOJTHA PA3PEXXEHUS
B YIIPYTOIINTACTHYECKOM MATEPHAJIE

B.H. Hoeun

POAL-BHUUT®, I'. Cuexunck, Poccus

[TonyueHo aHanMTHUECKOE peUIeHHE 3ajaun 00 OJHOMEpHOW  pasrpys3ke
YOPYIOIUIACTUYECKOTO  MaTepuana M3 IPOU3BOIBHOIO  HAINPSHKEHHOIO  HAYallbHOI'O
cocrosiHus. [IpoBefeHO CpaBHEHHE C pe3ylabTaTaMH YHUCIEHHBIX PacueToB MO JBYMEPHOI
nporpamMe CIIPYT. ITloka3aHo, YTO CTPyKTypa NIacTUYECKOTO TEUEHUs CYIIECTBEHHO
3aBUCHT OT Cc1I0co0a KOPPEKTHPOBKU JEBHATOPA HANPSDKCHHI B IByMEPHBIX IPOTPAMMHBIX
KOMIUTEKcax. PaccMOTpeHBI ITOCTaHOBKH SKCHEPHMEHTOB, PE3yIbTAaThl KOTOPHIX MOTYT OBITh
WCTIONIb30BaHbI ISl KATMOPOBKH ABYMEPHBIX METOMNUK.
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SELF-SIMILAR RAREFACTION WAVE IN ELASTOPLASTIC MATERIAL

V.N. Nogin
RFNC-VNIITF, Snezhinsk, Russia

An analytical solution is derived for 1D rarefaction of elastoplastic material from an
arbitrarily stressed initial state. Comparison with calculations by a 2D code SPRUT is
provided. The plastic flow pattern is shown to be strongly dependent on the method of stress
deviator correction in 2D codes. Discussed are setups of experiments whose results can be
used to test and adjust 2D techniques.

O TOYHOCTH OIIPEJAEJEHMS BEJIMYAUHBI OTKOJIBHON MPOYHOCTH
O JAHHBIM U3MEPEHUI HA KOHTAKTHOM NOBEPXHOCTH

A.B. Kpacunvnuxoe, B.H. Hoeun

POSAL-BHUUT®, r. Cuexunck, Poccust

[ony4yeHO aHATMTUYECKOE PEIICHHUE 3a1a4i O (JOPME OTKOJIBHOTO CHTHAJNIA B paMKax
MOJENM MTHOBEHHOTO  paspyuleHus: [Uid TPOCTEHMINEro  ypaBHEHHS  COCTOSTHHS
KOHJCHCUPOBAHHOTO BemiecTBa P = (y — 1)pE + CZ.(p — por). IlOKazaHo, 4TO TpaauLIMOHHO
WCTIONIb3yeMasi JUIsl OLIEHOK OTKOJLHOM TPOYHOCTH (GOPMYNIA Oy = %po CoUnmax — Umin)»

rie  Uma~ MakcuManpHas CKOPOCTh CBOOOZHOH TOBEPXHOCTH, Unin = CKOPOCTh
MMOBEPXHOCTH TEPeA BBIXOJOM OTKOJBHOTO HMMITYJbCa, [UIA YAAPHBIX BOJH C
TpanenenIaTbHBIM IPoGUIeM MOXET MPUBOINTE K omnOKe 710 30% B BeTUYIHHE OTKOJIBHOM
npouHoctd. Ha mpuMepe 4HCICHHOTO MOAEIMPOBAHHUS IKCIIEPHMCHTOB II0 CTOJIKHOBEHHIO
IUIACTUH M3 HEpXKaBeIoIIeW CTanu I[O0Ka3aHo, 4TO Pacdy€Thl C pPEalbHBIM YpaBHEHHEM
COCTOSIHMSI BEIleCTBA KaKk B THUIPOJMHAMHYECKOM, TaK U YHOPYrolacTH4YeCKOM
MPUOJIMKEHUU TOJTBEPKNAIOT BBIBOJBI, ITIOJIYUYCHHBIC TPH aHAIU3E aHAJIUTUYCCKOTO
peIIeHHS I MOJICIIBHOTO YPABHEHUS COCTOSHUSL.

THE ACCURACY OF SPALL STRENGTH EVALUATION FROM CONTACT
SURFACE MEASUREMENTS

A.V. Krasilnikov, V.N. Nogin

RFNC-VNIITF, Snezhinsk, Russia

An analytical solution is derived for the spall signal waveform within the
instantaneous failure model for a simple equation of condense matter state in the form
P=@—-DpE+Cé(—py) It is shown that the traditionally wused formula
Oomic = % 00CoUmax — Umin), With U, for the maximal free surface velocity and U,,;, for the
velocity before spall signal output, for shock waves with trapezoidal profiles, the error in the
determination of spall strength may reach 30%. Using stainless steel as an example, we
show that calculations with a real-world equation of state both in hydrodynamic and in
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elastic-plastic approximations verify what was inferred from the analysis of the analytical
solution for the model equation of state.

O KPUTUYECKOM NOBEJEHUU METAJIJIOB, AKTUHUJIOB U
METAJVIMYECKOTI'O IIJIYTOHUA ITPU BBICOKOMHTEHCUBHOM
BHEIITHEM BO3/IEMCTBUA

H.U. Cenvuenxosa, U.P. Tpynun, A.A. Vuaes
POAL-BHUNDD, r. Capos, Poccust

PaGota mocBsieHa yCTAaHOBICHHIO OOMMX 3aKOHOMEPHOCTEH JIWHAMHYCCKUX
JNECTPYKTUBHBIX ~ TMPOLECCOB  (AMHAMHYECKOTO pa3pymIcHHs W JHUCHCPTHPOBaHUA),
MPOTEKANUX B METAJUTaX, NpPU BBHICOKOMHTCHCHUBHOM BHEIIHEM BO3JCHCTBHH B
JMMHAMHUYECKOM JHara3oHe HePaBHOBECHBIX COCTOSHUH  ~ 10°+10°c.

YCTaHOBIICHBI  KOJMYECTBCHHBIC XAPaKTCPUCTHUKH KHHETUYCCKHX  IIPOIIECCOB,
KOTOPBIC SIBJISAIOTCSA OTKJIIMKOM CHCTEMBl Ha BHEIIHee Bo3jaedcTBue. OmnpenencHb
(pakTangpHas pa3MEpPHOCTh, IMOKA3aTellb XepCTa JUCCHIIATUBHBIX CTPYKTYpP — HPOIYKTOB
JUICTIEPTUPOBAHUSA, THAPOIUHAMUIECKAX MOJI, KIIACTEPOB LIEHTPOB pa3pymeHus [1].

JluccumaTtuBHBIE CTPYKTYpPHI  00JIaJar0T CBOMCTBOM camomomobus [1, 2].
CamomionoOue AWCCHIATUBHBIX CTPYKTYpP SBIISICTCS CIIEACTBHEM CaMOOpTaHU3aIllMHA B
HEpaBHOBECHBIX CHCTEMax; KHHETHKa TIPOIECCOB IHHAMHYECKOTO paspylieHUs ¢
JUCTIEPTUPOBAHMS AEMOHCTPHUPYET MPUMEPHI MACIITAOHO-MHBAPHAHTHOTO TIOBEACHUSI.

MacmTabHasi ”HBAPUAHTHOCTh BO3HUKAIOIIUX JAUCCUIIATUBHBIX CTPYKTYP YKa3bIBacT
HA TO, YTO HEPABHOBECHAsS CHCTEMa JTOCTHUIIIa KPUTUICCKOTO COCTOSHHS.

Takke NPU3HAKOM TOTO, YTO CHCTEMa HAXOMUTCS B KPUTHYCCKOM COCTOSHHU
SABIISCTCS. OOpAILICHHE B OSCKOHEYHOCTh CKMMACMOCTH (BOCIPHEMYHBOCTH) ¥, 7 ~ K,
K — ynpyruit mogyns [2].

Vcnonb3ys mapHbIi TOTCHIMAT KPUCTALTHUECKOM PEMICTKH OTPEICICHO BRIPAXKCHUE
JUI  CKMMAeMOCTH (BOCIPUUMYMBOCTH) HArpyKaeMoro o0Opasia, KOTOpas 3aBHCUT OT
TUIOTHOCTH IICHTPOB Pa3pyIICHUSI.

VYcraHoBneHue OOMMX pelaKCAIlMOHHBIX MPU3HAKOB JUII HEPAaBHOBECHBIX CHCTEM
MO3BOJISIET TIPOTHO3UPOBATH IMOBEJICHUE HENCCIIeTOBAaHHBIX cHCTeM [2, 3].

B HacTosimee BpeMs Uil MCCIIENOBAaHMS IOBENCHHMS KOHACHCHPOBAHHBIX CpENl B
AKCTPEMANTBHBIX YCIOBUSAX IPUMEHSIOTCS BHICOKOMHTEHCHBHBIC YCTAHOBKH: HMMITYJIBCHBIE
PEaKTOpbI, YCKOPUTENH, (EMTOCEKYHAHBIE Ja3ephl. MOITHOCTHBIE BO3MOXHOCTH TaKHX
YCTaHOBOK CBSI3aHBI CO CTOHKOCTBIO 3JICMEHTOB, Y3JIOB.

[Toka3ana aHaOTHS KOJUYCCTBCHHBIX XaPAKTEPUCTUK TYPOYICHTHBIX TCUCHHHA B
cUCTEMaX Pa3TUYHON (HU3UIECKOHN MPUPOIBL.

[Iposeneno umcnenHoe moxaenupoBanue 2D, 3D mporecca AWCHEPrupoOBaHUS M3
METaJUIMIECKUX 00pa3I[0B C HAHECCHHBIMU BO3MYILICHUSIMH B BUJIC TUPAMUIIOK [4].

CHporHo3upoOBaHO IOBEICHHE METAUTHUECKOr0 IUTyTOHHS, TOPHUS, ypaHa B
JMaTa30He HEPABHOBECHBIX cocTostHmit £ ~ 10 + 107 ¢, E ~ 30 + 300 JIx/r ¢ mpuMeHeHHeM
YCTaHOBIICHHOTO BPEMEHHOTO WHBApPHAHTa IMIOBEICHHUS METAJUIOB B JKCTPEMaJbHBIX
ycmoBusax [1-3] ® OSKCIepUMEHTaNbHBIX JaHHBIX [0 KPUTHYECKOMY JaBJIICHHIO,
MIPHUBOIAIIETO K Pa3pyIICHAIO, METAIUTMYECKOTO TUTyTOHUS [5].
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ON CRITICAL BEHAVIOR OF METALS, ACTINIDES AND PLUTONIUM
METAL ON HIGH-INTENSITY EXPOSURE

N.I Sel’chenkova, LR. Trunin, A.Ya. Uchaev
RFENC-VNIIEF, Sarov, Russia

The paper is devoted to establishing of general regularities of dynamic destructions
(those of dynamic failure and dispersion) in metals, under high intensity external action in
the dynamic range of non-equilibrium states £ ~ 10° =+ 107 s.

Stipulated are kinetic process specifications of quantity, which are a system’s
response to exposure. Determined are fractal dimension, Hearst index of dissipative
structures — dispersion products, hydrodynamic modes, failure center clusters [1].

Dissipative structures possess a self-similarity property [1, 2]. Dissipative structures’
self-similarity is a consequence of self-organization in non-equilibrium systems; kinetics of
the dynamic failure processes and dispersion demonstrate examples of a scale-invariant
behavior.

Scale invariance of arising dissipative structures points out to the fact that the non-
equilibrium system has reached a critical state.

Also an attribute of the system in a critical state is compressibility becoming infinite
(susceptibility) y, ¥~ K, K — an elastic module [2].

Using a crystal lattice pair potential, there is determined an expression for
compressibility (susceptibility) of a loaded sample that depends on failure centers density.

Determining of common relaxation attributes for non-equilibrium systems allows
prediction of unstudied systems’ behavior [2, 3].

At present, to study condensed media behavior under extreme conditions, applied are
high-intense facilities: puled reactors, accelerators, femtosecond lasers. High-power
capabilities of such facilities are related to resistance of elements, units.
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It is shown an analogy of turbulent flows specification of quantity in systems of
various physical natures.

Carried out is 2D, 3D numerical simulation of process of metal samples’ dispersion
with applied perturbations in the form of pyramidions [4].

Predicted is behavior of plutonium metal, thorium, uranium in the range of non-
equilibrium states 7 ~ 10° = 107 s, E ~ 30 + 300 J/g using established temporal invariant of
metals behavior under extreme conditions [1- 3] and experimental data on critical pressure,
causing failure of plutonium metal [5].
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ABTOMOJEJIbHBIE 3AKOHOMEPHOCTH JE®OPMHUPOBAHHUS U
PA3PYHIIEHUSA MATEPHUAJIOB TP NHTEHCHUBHBIX BO3AEUCTBUSAX

O.b. Haiimapx
HNMCC ¥YpO PAH, Poccus, r. Ilepms, Poccust

KitroueBrle cnoBa: cTelieHHasi YHUBEPCAIbHOCTD, YIPYTO-IIACTHIECKHE BOTHOBBIE (DPOHTHI,
pas3pyieHue, arnadaTHaecKuii CIBUT

3aKkoHOMEpHOCTH (OPMHUPOBAHUS YIPYTO-TUIACTHYECKIX BOJHOBEIX (POHTOB U
paspylleHusi TPU JAWHAMHYECKOM H YAaPHO-BOJHOBOM HAIPY)KCHHH CBSI3BIBAIOTCS C
MeXaHU3MaMH CTPYKTYPHOH pelakcanuu, 00YCIOBICHHBIMU KOJUIGKTUBHBIMU d(P(PEKTaMU B
aHcaMOJIAX Ne(eKTOB (MHKPOCIBUTOB, MHUKPOTPEIIMNH) B YCIOBUSX CHCIMATBHOTO THIIA
KPUTHYCCKHUX SIBICHUNH — CTPYKTYPHO-CKEHIIMHTOBBIC MEPEXOAbl. Y CTAHOBJCHA CBSI3b
MEXaHN3MOB Pa3JeJICHUs] BOJIHOBOIO ()pPOHTA HA YNPYTHH NPEIBECTHHK W ILIACTHYECKHUN
(POHT C TEPMOTUHAMHUKON METACTAOMIIBHOTO COCTOSIHUSI TBEPIOTO Teha ¢ nedeKTaMu U

(hopmMupoBaHUEM obmacreit OPHEHTAI[HIOHHOTO YIIOPSIIOYCHHS nedekros,
00HapYKMBAIONINX KOJJIEKTUBHYIO JWHAMHKY TPH (OPMHUPOBAHMM aBTOMOJCIIBHBIX
TUTACTUYECKUX BOJTHOBBIX ($poHTOB. YcraHoBieH BUJI HEpaBHOBECHOTO

TCPMOJANHAMHUYCCKOTO MOTCHIMAaIa TBCPAbIX TEI C ,I[e(l)eKTaMI/I B 3aBUCHMOCTH OT
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«mapameTpa mopsiika» - AedopManui, HWHIYIUPOBAHHOW MedeKTaMu, W IOJYYEHBI
OTIPENIeNAIONINE COOTHOIICHHUS, OMMCHIBAIOIINE CBS3b PETAKCALMOHHBIX MEXaHH3MOB U
JIOKAJHM3alMI0  MOBPEXICHHOCTH. Iloka3aHO, 4dYT0 YHHBEPCATBHOCTh IIACTHYECKHX
BOJTHOBEIX (DPOHTOB OOYCIIOBIICHA «ITOJYMHCHUEM)» KUHETHKU PENAKCAINH KOJIJICKTHBHBIM
MoJaM Ne(eKTOB aBTOCOIUTOHHOM MPHPOIBI, (POPMHUPYIOUIMMCS B OOJNIACTH IMEpeXoaa OT
YOpYyroro mpeaBecTHUKH (mpeaena [loroHno) k rmwiactudeckoMmy ¢Gponty. [Ipm 3tom
aMIUTUTYAa VYIPYroro MpPEABECTHUKA OIpeIeNsieTcs KHHETHKOW Iiepexona B 00IacTh
METAacTaOWIBPHOCTH B 3aBUCHUMOCTH OT JWHAMHUKH POCTa HAMPSDKCHUH, MaKCHMalbHas
aMIUTUTyJa YIPYroro IpeaBECTHUKA - IIUPUHOW OONacCTH MEeTacTaOMIBHOCTH II0
HanpspkeHusM [1-3]. VcTaHOBICHO, YTO 3aKOHOMEPHOCTH (POPMHPOBAHUS IIIACTHYECKUX
BOJIHOBBIX (prHTOB AHAJIOT'MYHbI KMHCTUKE WHUIHUHUPOBAHUA o0JIacTel JTOKaJIM30BAHHOTO
(amnabaTHYECKOr0) COBUTAa  Ha CIEKTPe MAacIiTabOB KOJUICKTHBHBIX MOJ Ie(EKTOB;
MEXaHHU3MaM }Ie(bOpMI/IpOBaHI/IH JIOKQJIN30BaHHBIM CABUI'OM W Pa3pyHICHUA COOTBETCTBYCT
WHUIIUUPOBAHUE IBYX PA3HBIX TUIIOB KOJIJICKTUBHBIX MO Z[e(beKTOBI ABTOCOJIMTOHHBIX MO/
W JUCCHUMATHBHBIX CTPYKTyp obOoctperus [l]. Ilokazano, 4uro ¢opmupoBanue
ABTOMOJICJIEHBIX TUIACTHYCCKUX BOJIHOBBIX (DPOHTOB, MHOXKECTBCHHOTO OTKOJIA, BOJH
paspylieHuss MOXET OBITh CBS3aHO C  KAa4eCTBCHHBIMH  W3MCHCHHSMH  THIIOB
METacTaOWIBHOCTA MAaTepuaioB ¢ JAe(eKTaMu, CICJACTBHEM KOTOPBIX  SIBIISCTCS
«pPE30HAHCHOE»  BO30YKIEHHE  YCTAHOBICHHBIX  KOJUIEKTHBHBIX  MOA  JedeKkToB.
O6cyxnarorcs aCHMIITOTUYECKUE 3aBUCUMOCTH BA3KOCTH, 00yCIIOBIICHHBIE
pEeTaKCallMOHHBIX MEXaHW3MOB W HEIWHEHHOW KHHETHKOH medexToB. Pe3ynbrarhl
MOJICIUPOBAHMUA  MEPEYHCICHHBIX  3((EeKTOB  MONTBEPXKAEHH  OPHUTHHAIBHBIMHU
MTUPOKOINANIa30HHBIMU dKCIIEpUMeHTaMu [4,5].
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SELF-SIMILAR REGULARITIES OF DEFORMATION AND FAILURE
UNDER INTENSIVE LOADING

O.B. Naimark

ICMM UB RAS, Perm, Russia

Keywords: self-similarity, power-law universality, elastic-plastic wave fronts, fracture,
adiabatic shear

The patterns of formation of elastic-plastic wave fronts and fracture under dynamic
and shock-wave loading are associated with the mechanisms of structural relaxation caused
by collective effects in defects ensembles (microshears, microcracks) under conditions of a
special type of critical phenomena - structural-scaling transitions. A link is established
between the mechanisms of wave front splitting into elastic precursor and plastic front with
the thermodynamics of the metastable state of a solid with defects and the formation of
regions of orientational ordering of defects that exhibit collective dynamics during the
formation of self-similar plastic wave fronts. The form of the non-equilibrium
thermodynamic potential of solids with defects is established depending on the "order
parameter" that is the deformation induced by defects, and constitutive relations are
obtained that describe the relationship between relaxation mechanisms and damage
localization. It is shown that the universality of plastic wave fronts is due to the
“subordination” of the relaxation kinetics to the collective modes of defects of autosoliton
nature, which are formed in the transition region from the elastic precursor (the Hugoniot
limit) to the plastic wave front. In this case, the amplitude of the elastic precursor is
determined by the kinetics of the transition in the metastability region depending on the
dynamics of stress growth, the maximum amplitude of the elastic precursor is determined by
the width of the metastability region with respect to stresses [1-3]. It has been established
that the regularities of the formation of plastic wave fronts are similar to the kinetics of
initiation of localized (adiabatic) shear regions on the scale spectrum of collective defect
modes; The mechanisms of localized shear deformation and fracture correspond to the
initiation of two different types of collective defect modes: autosoliton modes and
dissipative blow-up structures [1]. It is shown that the formation of self-similar plastic wave
fronts, multiple spall, and failure waves can be associated with qualitative changes in the
types of metastability of materials with defects, the consequence of which is the "resonant”
excitation of established collective modes of defects. Asymptotic dependences of viscosity
due to relaxation mechanisms and nonlinear kinetics of defects are discussed. The results of
simulation of the listed effects are confirmed by original wide-range experiments [4, 5].

The research was supported by the Russian Science Foundation grant No. 21-79-30041.
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UCCJENOBAHUE JMHAMWYECKHAX CBOMCTB MATEPUAJIOB
B COTPYJHUYECTBE C THCTUTYTAMMU PAH

I''U. Kanenw, C.B.Paszopenos, A.B. Ymxun, B.E. Mouanosa, /.M. Lllarkoeckuil,
A.B. Ilemposyes, /].A. Bapgonomees, B.B. [{pemos, E.A. Kosnos, B.H. Tapacanos,
J.T. FOcynos, C.C. Moxkpywun, /I.H. Kazaxoe,C.U. barabun, /|.A. Benses,
C.H. Manwoeuna, HH. Tanyy, A.B. JJo6pomvicios,B.B. Cacapaose, H.B. Kamaesa,
A.E. Illecmaxos, A.B. Cedos, A.B. [lasnenxo

POSAL-BHUUT®, r. Cuexunck, Poccust

B pabore mnpuBeneHBI pe3ymbTaThl HMCCICIOBAHUS TEMICPATYPHO-CKOPOCTHBIX
3aBUCHUMOCTEHl JAMHAMHUYECKHUX CBOMCTB MAaTepuaioB, HCIOJIb3YEMBIX B AaTOMHOM
SHEpreTUKe, TaKUX Kak LupkoHueBble cruiaBel 2100, 3110, 3125, D635; peakropHble
cTanu: ManoakTuBupyemas crtanb OK181, mepcmexTuBHas peakTopHas crans X13B2,
aycTeHuTHas HepxkaBetomas ctanp X16H15SM3T1 B cpaBHenuu co cransio 12X18HI10T,
tuTaHoBble ciiaBel: - BT1-00, BT1-0, BT20, OT4, amfoMHUHHEBBIE CIIJIaBbI, MarHHUEBBII
cruta Mal4T1. JluHaMu9ecKre HWCCIIeIOBaHMsI MPOBOAWIN B JWAla30HE IaBICHUH [0
20..30 I'Tla, Temmeparypy 0o0pasloB BapbUpOBajiu B auamnazoHe or muHyc 160 mo 1020
rpaxycoB Ilenmbcus. CoxpaHeHHBIE OO0pa3Ipl AHAUIM3HPOBAIA Ha CTPYKTYPHO-(ha30BbIe
W3MEHEHNs, OOYCIIOBIIEHHBIE BO3JCHCTBHEM YIApPHBIX BOJH Ha 00pas3ibl C Pa3InIHOMN
TEMIIEPaTypOH, a TakKe BBIABICHHE OCHOBHBIX MEXaHM3MOB Ne(QOpPMAalU M Pa3pyLICHHUS.
Hdns  marnueBoro cminaBa Mal4Tl, craneit 30XI'CA u 12X18HIOT  BbImonHEHbI
KaJTHOPOBKA MOETH Pa3pyIICHHUS.

Pabora BemonHena mpu momnmepxke [oc.koHTpakToB NeNe H.4x.44.90.13.1111,
H.4x.44.95.16.1012 u H.4x241.9b.17.1013

STUDYING DYNAMIC PROPERTIES OF MATERIALS
IN COOPERATION WITH THE RAS INSTITUTES

G.I. Kanel, S.V. Razorenov, A.V. Utkin, V.E. Mochalova, D.M. Shalkovsky,
A.V. Petrovtsev, D.A. Varfolomeev, V.V. Dremov, E.A. Kozlov,
V.1 Tarzhanov, D.T. Yusupov, S.S. Mokrushin, D.N. Kazakov,
S.1. Balabin, D.A. Belyaev, S.N. Malyugina, N.I. Taluts, A.V. Dobromyslov,
V.V. Sagaradze, N.V. Kataeva, A.E. Shestakov, A.V. Sedov, A.V. Pavlenko

RFNC-VNIITF, Snezhinsk, Russia

This paper presents the results of studying temperature-velocity dependences of
dynamic properties of materials applied in nuclear power engineering, including zirconium
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alloys E100, E110, E125, E635; reactor steels, namely, reduced activation steel EK181,
advanced reactor steel Kh13V2, and austenitic stainless steel Kh16N15M3T1, which is
compared to steel 12Kh18NI10T; titanium alloys VT1-00, VT1-0, VT20, and OT4;
aluminum alloys; and magnesium alloy MA14T1. Dynamic properties of materials were
studied under pressures up to 20..30 GPa. The temperature of samples varied from -160 oC
up to 1020 oC. The recovered samples were analyzed to reveal the changes in phase and
structure of shockwave-loaded samples having different temperature, as well as the main
deformation and fracture mechanisms. The fracture models for alloy MA14T1 and the
30KhGSA and 12Kh18N10T steels were calibrated.

The work was supported by Government Contracts ## N.4h.44.90.13.1111,
N.4h.44.95.16.1012, and N.4h241.9B.17.1013.

CTATHYECKASA, IMHAMUYECKAS U YIAPHO-BOJIHOBAS ITPOYHOCTD
TPYBHOW CTAJIM MAPOK 17T'1C, 09T2C, 10I'2®BI0 U KJIACCA
IMPOYHOCTH K60

B.A. Ozopoonuxos, M.A. Cuipynun, K.B. Epoghees, E.B. Kynaxos, A.C. Ilynkos,
E.B. Kowamosa, @.®. I'anues, A.M. Ilodypey, M. U. Tkauenxo, T.0. Cxrsonesa

POAL-BHUND®, r. Capos, Poccust

[Tpn pa3paboTke CcHennalU3UpPOBAHHBIX B3PHIBO3AIIUTHEIX KaMep, K KOTOPBIM
NPEABSBISIOTCS MOBBIIIEHHBIE TPEOOBaHMS MO IPOYHOCTHOW HAJEKHOCTH, OJHAM U3
Ba)XHBIX BOIPOCOB SIBISETCA BBIOOp MaTepHaia CHIOBOTO KOPIyCa, BOCIPHHUMAIOIIETO
UMITyJIbCHBIC (IMHAMHYECKHE W YAapHO — BOJHOBBIC) Harpy3ku [1]. Kak mpasuio, mis
TaKUX KOHCTPYKIHMH HCIOJIB3YIOTCA TPYOBl MPOMBIIMIJIEHHOTO NPOU3BOACTBA Pa3IMUHBIX
TUIOPa3MEPOB U3 HU3KOJIErHpoBaHHOM ctanu [2]. IIpu 3ToM Bcerna BO3HUKaeT BONIPOC O
BBIOOpE TOW WMJIM WHOW MapKH CTalld, OCOOEHHO Ha 3Tale PacyeTHOrO OOOCHOBAHMS WX
B3PBIBOCTOMKOCTH, MOCKOJBKY XapaKTEPUCTUKH IWHAMHUYECKOW IPOYHOCTH MaTepuana
TpyO, KaK MpaBWIIO, HE U3BECTHBI. B CBSI3M ¢ 3TUM B JaHHOI paboTe BIEPBBIC NMPHUBEICHBI
Pe3yNIbTaThl MCCIIEAOBAHUS CTATHUECKOHM, AMHAMHUYECKOH M YAApHO-BOJHOBOW NMPOYHOCTH
Ha C)KAaTHe W pacTsHKEHHE MaTephana TpyO M3 HU3KOJIETHpOBaHHOH cramu mapok 17T'1C,
09I"2C u neruposanHoii ctanu Mapok 10" 2DBIO, knacca npounoctu K60.

Kpome Toro, npuBeaeHb! JaHHbBIE O TIOBEJCHUH HECYIEH ClIOCOOHOCTH TPYO M3 dTHX
MapoK CTaIM INpH AWHAMUYECKUX HArpy3kax  B3pBIBHOTO THMA. YCTaHOBJIEHO, YTO
B3PBIBOCTOMKOCTH 000JI0YEK W3 MEHee NMPOYHOH, HO Oojee miuacTuyHoi cramu 091 2C, npu
ckopoctsix gedopmammu (2 — 5)-10%c” Heckombko BbIIIe, a XapakTep pa3pyIleHns MeHee
KaTacTpo(uyueH 10 CpaBHEHHIO ¢ 000J0YKaMH U3 OoJiee MPOYHON, HO MEHee IIACTHYHOU
ctanu Mapku 10I2OBI0 u 10XCH/I.

Jlumepamypa

1. Coipynun M.A., OropoanukoB B.A. B3spbiBo3amuTHble KaMmepbl JUIsl  HCCIEI0BaHUI
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2015, Ne 2, ¢c.5—13.
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obonoyek u3 cramu Mapok 09I'2C u 10XCH/I ¢ mpoaonbHBIME M KOJBIIEBEIMH CBAPHBIMH IIBAMH
Ha B3pbIBHOE HarpyxeHue. //Onsnka ropenus u B3poia. 2020, Ne 6, c. 116 — 121.
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HNCCIEJOBAHUE JE®@OPMHUPOBAHUSA U PASPYIIEHUS OBOJIOYEK
U3 HU3KOJIETUPOBAHHOM CTAJIU ITPU BHYTPEHHEM
B3PBIBHOM HAT'PYXEHUHN

K.B. Epoghees, M.A. Coipynun, B.A. Ocopoonuxos, /1.B. Xanun

POALI-BHUND®, r. Capos, Poccus

B3pblBO3alUTHEIE  KaMepbl (B3K)  sBmsAroTcS ~ OCHOBHBIM  KOHTYPOM,
06eCHe‘II/IBaIOHII/IM 6e3OHaCHOCTB B3PBIBHBIX OKCIICPUMEHTOB B HUCIIBITATCIbHBIX
KOMIUIEKCaxX IJI1 UCCIENOBaHMs TUApoInHaAMuYeckux npoueccoB. CunoBoit koprnyc B3K,
paboTaromuii Ipu TUHAMHYICCKUX HArpy3kKaX, K KOTOPOMY HPEIAbSBISIOTCS MOBHIIICHHBIC
TpeOOBaHUS MPOYHOCTHON HANEKHOCTH, W3TOTABIMUBACTCS W3 KOHCTPYKIMOHHBIX CTaJICH.
[TosBITeHIE HOBBIX MapOK CTalei C MOBHIIICHHRIMI MEXaHUICCKAMH XapaKTCPUCTHKAMHU U
OTCYTCTBHE JAHHBIX 00 WX JIUHAMHYECKHX CBOMCTBaxX OIpeAeiseT HEOOXOTUMOCTh
BBINIOJIHEHHUST TPOYHOCTHBIX HCCICJAOBAHUNA WX CBOKMCTB, B TOM YHCIE OIPEICIICHHUEC
B3PBIBOCTOHKOCTH W HECYIIIEH CITOCOOHOCTH 000JI0YEeK M3 HU3KOJICTHPOBAHHBIX CTACH IS
000CHOBaHMS WX MPUMEHEHHS B KOHCTPYKIHsIX B3K.

B nmoxmame mpencTaBieHBl HCCIEHOBAaHUS JAeHOPMHUPOBAHHS W pa3pyIICHUS
MUIAHIPUYECKUX 000049ek u3 cranu mapok 0912C, 17T1C, 10I2DFI0 u cramm kiacca
npouHoctd K60 pasmuunbix THIOpa3zMepoB: ¢ auamerpoM oT 820 MM go 1420 mMm u
TOMUUHOK cTeHkH oT 10 MM go 21,6 MM @Ipu BHYTPEHHEM B3PBIBHOM HArpy>KEHUH
3apsinamu BB maccoii ot 2 10 34 xr TO.

BrIsiBIIeHBI OCOOCHHOCTH YIPYTOMIACTHYECKOTO AeGOopMHUpOBaHUS 00O0JOUEK IMPH
peaxky Ha AMHAMHUYECKHE HArPy3KH, CBS3aHHBIC C WX MPOYHOCTHBIMH H IIACTUIECKUMHU
CBOICTBaMH.

YCTaHOBIICHBI XapaKTep pa3pylIcHHs OO0OJIOYCK U MpElebHBIC HEepa3pyIIAloIie
YpOBHH Je(opManuii, OnpeaessIFoIUe HECYIYI0 CIIOCOOHOCTh Ka)XIOW M3 HCCICTYEMBIX
00o0J10ueK.

[IpoBeneHo cpaBHEHHE HECYIIEH CIIOCOOHOCTH 000IOYEK C PA3IUYHBIM JHAMETPOM
1 TOJIIMHOMN CTEHKH, HAJTHIUEM WM OTCYTCTBHEM KOHCTPYKTHBHBIX OTBEPCTHI B Hamboee
Harpy>XeHHOM IIEHTPAILHOM CEUCHUH. Y CTAHOBJICHO, YTO MIPH YPOBHIX Aedopmartuii ~15%
BO3MOXKHO paspylieHHe OOOJIOYKH ¢ O0pa30BaHMEM MArUCTPAILHOW TPEIIUHBI B 30HE
CBApHOTO IIBA, YTO CHIKACT YPOBHH JOMYCTHUMBIX TPEACIbHBIX Ae()OpMAaIHii.

[Tonmy4yeHbl 3aBUCUMOCTH MaKCHMAJbHBIX JedopManuii 000JI0YeK OT YACIbHOM
B3PBIBHOM HArpy3KH, B KOTOPBIX TaK)KE YUYTEHBI Pe3yNbTATHl MPEABIAYIINX CPABHUTEIBEHBIX
rccaegoBanuii o0oaouek u3 crtaau 0912C u 10XCH/I.

Jlns maHHBIX MapoK CTajeil Tak)kKe BBIMIOJIHEH PsJ MCCIEAOBAHUM IO OMpENeNIEHUI0
Pa3IMYHBIX CTATUYCCKUX U TUHAMHYCCKHUX MPOYHOCTHBIX MapaMeTPOB.

RESEARCH OF DEFORMATION AND DESTRUCTION OF COVERS
FROM THE LOW-ALLOYED STEEL AT INTERNAL EXPLOSIVE LOADING

K.V. Erofeyev, M.A. Syrunin, V.A. Ogorodnikov D.V. Khanin
RFNC-VNIIEF, Sarov, Russia

Containment chambers are the main contours ensuring safety of explosive
experiments in testing complexes for the research of hydrodynamic processes. The chamber
power body working at dynamic loads, to which increased requirements of strength
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reliability are imposed, is manufactured of structural steels. The emergence of new steel
grades with the increased mechanical characteristics and the lack of data on their dynamic
properties define the need of performance of strength researches of their properties,
including definition of the explosive resistance and bearing capacity of covers made of low-
alloyed steels for justifying their application in designs of containment chambers.

The paper presents the researches of deformation and destruction of cylindrical
covers from steel of brands 09G2S, 17G1S, 10G2FBYu and steel of the class of durability
K60 of different standard sizes: with the diameter from 820 mm to 1420 mm and thickness
of the wall from 10 mm to 21.6 mm at internal explosive loading by charges from 2 to 34 kg
of TNT.

Features of elastic-plastic deformation of covers on reaction to the dynamic loads
connected with their strength and plastic properties are revealed.

The nature of destruction of covers and extreme nondestructive levels of
deformations defining bearing capacity of each of the studied covers are established.

Bearing capacity of covers was compared with a different diameter and a thickness of
the wall, availability or lack of constructive openings in the most loaded central section. It is
established that at levels of deformations ~ 15% are possible destruction of the cover with
formation of the main crack in the zone of the weld joint that reduces levels of admissible
limit deformations.

The dependences of the maximum deformations of covers on unit explosive load, in
which results of the previous comparative researches of covers from steel 09G2S and
10HSND are also considered, are received.

For these steel grades the number of researches on determination of different static
and dynamic strength parameters is also executed.

HNCCIEJOBAHHUE ITPOYHOCTHBIX XAPAKTEPUCTUK OBPA3IIOB
N3 OBEJHEHHOT' O YPAHA ITPU YIAPHO-BOJIHOBOM HAT'PYKEHUU

A.B. Onvxoseckuii, A.E. Kosanes, A.1. Heanywxun, /[{.11. Kyuxo, /[.I'. Ilankpamos
POAL-BHUUT®, r. Cuexunck, Poccust

B nmamHON paboTe TpeACTaBICHBI IIOCTAHOBKHM M PE3yIbTaThl  B3PBIBHBIX
JKCIIEPUMEHTOB MO  M3YYEHHMI0O  NPOYHOCTHBIX  XapaKTepUCTUK  00pa3loB U3
HEJITUPOBAaHHOTO OOEJHEHHOTO YypaHa TEXHUYECKOH YHCTOTBI M €ro JeTHpPOBaHHOIO
MoiuOJIeHoM cruiaBa. /[l perucTpanuMu  BpeMEHHBIX Impoduield  ckopocteid  W(t)
JIMarHOCTHUPYEMBIX  YY4acTKOB  CBOOOJHOW TOBEPXHOCTH  HCCIEAYEMBIX  00pa3IoB
UCIIOJIb30Baach MHOTOKaHaJbHAs Ja3epHO-TeTEepOJMHHAs IUAarHOCTHKA. Takod moaxon
MO3BOJSIET MOMYYUTh CTAaTUCTUUECKU MPEACTaBUTENbHBIE PE3YNbTaThl B OTHOCHUTENIBHO
HEOOJIBIIOM KOJIWYIECTBE CPABHUTENBHBIX B3PBIBHBIX 3KCIEPHMEHTOB. 3HAYMMBIX OTIMUUH
MPOYHOCTHBIX XapPaKTEPUCTHK IPH WHTEHCHBHOM YIAapHO-BOJIHOBOM HAarpyKeHHH HE
MPOSIBUIIOCH ST METalla TEXHWYECKOW YHCTOTHI M €ro JIETMPOBAaHHOTO MOJIHOAEHOM
CIIaBa, B OTIAMYHE OT HU3KOCKOPOCTHOTO Je(hOPMHUPOBAHUS.
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4. E.AKo3znos, C.B.bonmapuyk, }0.H.3yeB, C.M.HoBropoaues, MexaHu3Mbl BBICOKOCKOPOCTHOM
nedopManud W paspyLICHUS MEIKO3EPHHCTOrO HEIETHPOBAHHOTO YpaHa TIIPH B3PHIBHOM
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STRENGTH PROPERTIES OF THE SHOCK-LOADED DEPLETED
URANIUM SAMPLES

A.V. Olkhovsky, A.E. Kovalev, A.I. Ivanushkin, D.P. Kuchko, D.G. Pankratov
RFNC-VNIITF, Snezhinsk, Russia

The work presents the set-ups and results of explosive experiments aimed to study
strength properties of the samples made of technically pure unalloyed depleted uranium and
its molybdenum-doped alloy. Multi-channel PDV diagnostic procedure was used to record
time velocity profiles, W(t), for diagnosable portions of the test samples’ free surface. This
approach allows us to collect statistically representative data from a relatively small number
of comparative explosive experiments. In contrast to low-rate deforming, intense shock-
wave loading revealed no significant differences in the strength properties of technical-
purity metal and its molybdenum-doped alloy.
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BJUSIHUE HA JMHAMHWYECKUE MEXAHUYECKUE CBOMCTBA YPAHA
PA3SMEPA 3EPHA U JIETUPOBAHUSA MOJIMBJAEHOM

E.B. Kowamoea, /[.H. 3amomaes, ®@.D. ['arues
POALI-BHUND®, r. Capos, Poccus

B cBs3M ¢ IMpOKUM MPUMEHEHHEM ypaHa B BOCHHOM 00J1acTH, aTOMHOM SHEpreTHKe,
KOCMHMYECKOH TeXHHKE M APYTUX OTPACIAX NMPOMBIIUICHHOCTH [1] HEOOXOIUMO MOTydeHHe
HOBBIX JAHHBIX O BIMSHUHU pa3Mepa 3epHa U JIETUPOBAaHUS ypaHa Ha €ro MEeXaHW4YeCKHe
CBOMCTBa JAJIS1 MPOBEJCHMS MPOYHOCTHBIX PACUETOB, a TAKKE CO3JaHHMS MaTeMaTHUYECKHUX
MoJIeneii MaTepHana B IIUPOKOM AHarna3oHe ckopocteil gedopmuposanns (102-10° ¢™).

B nmannoif pabore mpencTaBieHBI pPE3YNbTATHl HCCIENOBAHUS W CPaBHEHUS
MPOYHOCTHBIX U IUIACTUYECKUX CBOMCTB KPYMHO3EPHHCTOTO M YJIBTPaMEIKO3E€PHHCTOTO
(YM3) ypaHa HelernpoBaHHOTO 1 JierupoBaHHOTo MoinoaeroMm (~0,3% u ~1,3% Mo).

Jns popmupoBanus YM3 CTpyKTypbl B ypaHe M €ro CIUIaBe C MOJHOAEHOM
UCIIONIb30BaH METOJ] 00pabOTKM 3arOTOBOK KPYIMHO3EPHUCTOTO ypaHa, 3aKIIOYaIONIMHCS B
COYETaHWH CIEHUAIBHBIX TEepMOOOPAaOOTOK M HMHTEHCHBHOW IUIACTHYECKOH IedopMaruu
[2]. Cpennuit pasmep 3epHa YM3 HenerupoBaHHOTO ypaHa cocTaBmil ~0,2 MkM, YM3
crutaBa ypana ¢ 0,3% monubaeHa - ~3 MKM.

HccnenoBanne  MEXaHMYECKMX  CBOWCTB  INPOBEICHO HA  ITHEBMAaTHYECKOHN
Harpy’karomuie ycTaHOBKe 10 MeToxy KoIbCKOTo ¢ MCHONIb30BaHUEM COCTaBHOTO CTEPIKHS
TonkuacoHa [3] mpm NMHAMHYECKOM CKaTHH B JHAMa3oHE CKOpOCTeH aedopmarmit
(5,0:10%-3,6-10%) ¢

Ha ocHOBaHnM aHaiaM3a COBOKYITHOCTH IIOJYYEHHBIX SKCHEPHMEHTAIBHBIX JTaHHBIX
YCTaHOBJICHO, YTO M3MEJIbYEHHE 3¢pHA Y HEJICTUPOBAHHOTO U JISTHPOBAHHOTO MOJIMOJICHOM
(0,3% Mo) ypana Ha aBa — TpU MOpPsAKa IPUBOANT K YBEIHMUYCHHUIO €r0 YCIOBHOTO Mpejea
TexkyuecTH Ha ~47% u ~32 %, mnactuuHocTH Ha ~23% U ~55%, COOTBETCTBEHHO.

JlerupoBanue KpymHO3epHUCTOTO ypaHa moiubaeHoMm ~0,3% u ~1,3% npuBOoIUT K
YBEIMYECHUIO YCIOBHOTO mpenena Tekydectn Ha ~40% wu ~60%, COOTBETCTBEHHO.
[ImacTuaHOCTE KPYHMHO3EPHUCTOTO ypaHa lerupoBaHHOTO ~0,3% MommOmena B ~3 pasa
BBIIIE, YEM Y KPYITHO3EPHUCTOTO HEJIETHPOBAHHOTO ypaHa.
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INFLUENCE OF GRAIN SIZE AND ALLOYING
OF URANIUM BY MOLYBDENUM ON DYNAMICAL
MECHANICAL PROPERTIES OF URANIUM

E.V. Koshatova, D.N. Zamotaev, F.F. Galiev
RFNC-VNIIEF, Sarov, Russia

In relation to wide application of uranium in a military area, nuclear power
engineering, space technology and other branches of industry [1] it is necessary to obtain
new data on influence of grain size and alloying of uranium on its mechanical properties for
implementing strength calculations as well as for creating mathematical models of a
material in a wide range of strain rates (10°-10° s™).

This work presents the results of the study and the comparison of strength and plastic
properties of coarse-grained and ultrafine-grained (UFG) uranium to be unalloyed and
alloyed by molybdenum (~0,3% and ~1,3% Mo).

To form a UFG structure in uranium and its alloy with molybdenum, a method of
blocking was used for blanks of coarse-grained uranium. This method consists of special
heat treatment and intensive plastic strain [2]. An average grain size of UFG unalloyed
uranium was ~0,2 pm, UFG uranium alloy with 0,3% molybdenum was ~3 pm.

The study of mechanical properties was implemented on a pneumatic loading facility
according to Kol’skiy method with the use of a Hopkinson-split-bar method [3] at dynamic
compression in a range of strain rates (5,0-10* 3,6:10%) s™".

It was found based on the analysis of obtained experimental data that grain
refinement of uranium unalloyed and alloyed by molybdenum (0,3% Mo) on two-three
orders leads to an increase of its conventional yield strength by ~47% and ~32 %, plasticity
increased by ~23% and ~55%, respectively.

Alloying of coarse-grained uranium by molybdenum ~0,3% and ~1,3% brings about
an increase of conventional yield strength by ~40% and ~60%, accordingly. Plasticity of
coarse-grained alloyed uranium by ~0,3% molybdenum is three times higher than that of
coarse-grained unalloyed uranium.
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JTUHAMMYECKAS TIPOYHOCTb MEJIM U CIIJTABOB MEJH C
CYBMUKPOKPUCTAJUIMYECKOM CTPYKTYPOU, MIOJTYYEHHON
BBICOKOCKOPOCTHBIM NIPECCOBAHUEM

U B. Xomckas, J[I.H. A60ynruna, C.B. Paszopenos, E.B. [llopoxos, JI.A. Emuuna

Wuctutyt dpuzuku metamuioB uM. M.H. Muxeesa YpO PAH, r. Exarepun6ypr, Poccust
POAL-BHUUT®, r. Cuexunck, Poccus

W3yueHo BIMSHHME OUCTIEPCHOCTH U IE(PEKTHOCTH KPUCTAJUTUUECKOW CTPYKTYpHI Ha
COINPOTHUBIICHHE BBICOKOCKOPOCTHOMY JIe(OPMHUPOBAHHIO M Pa3pyIICHHIO MEAU YUCTOTOM
99.8 mac.% W CIUTaBOB MeIW, JierTHpoBaHHbIX MuKpomobaBkamu (0.02-0.10 wmac.%)
UPKOHMS, XpoMa H rpadena. Cyomukpokpucrammudeckas (CMK) cTpykrypa B MaTtepranax
ObUTa IONMydeHa METOIOM JMHAMHUYECKOTO KaHaJIbHO-yrioBoro mnpeccoBanus (IAKVII).
Meton JIKVYII, paspaborannsiii B POSI-BHUUT® (ITatert P® 2006 T), npeacrapuseT
co6oii BricokockopocTHoit (10°-10° ¢') BapuanT kBasucratmueckoro PKYIL Jledopmamms
IpocTOro ciBura, koropas Gopmupyer ctpykrypy npu PKVYII, B ciywae AKVII siBnsiercs
BBICOKOCKOPOCTHOHM, Kpome Toro, Ha obOpazen mpu JIKVII nmelicTByeT ymapHO-BOJHOBas
nedopmanms cKaTtus, UYTO CO3JAET JOIOJHHUTENBHBIM HMCTOYHUK Ae(dOpPMaIIOHHOTO
Hakiseria. I[Tokazano, uto CMK crtpykTypa B Menu (OpMHpYeTCsl 3a CUET LHMKIMYECKUX
IpoueccoB (hparMeHTalM M JUHAMHYECKOW pEKpHCTaIM3anud. B cmimaBax memu mpu
JKVYII mnporekaroT mporecchl (pparMeHTanud W YaCTHYHOTO  Ae(POpPMAIMOHHOTO
YIOPOYHEHHUS C BhIICTICHUEM HaHOPa3MePHBIX YacTUll BTophiX (a3 - Cr u CusZr.

JlnHaMu4eckue CBOWCTBA MaTEPHAJIOB HCCIICAOBAHBI B YCIOBHUAX YAAPHOTO CHKATHA
UHTEHCUBHOCTHIO 4.7-7.3 T'Tla 1 ckopocThiO nedopmanuu (0.9-2.1)-10° ¢™. Peructpanuto
BOJIHOBBIX IIPOIIECCOB B 00pasliax OCYLIECTBIISUIN C IIOMOINBIO [IOTIIEpOBCKOTO U3MEPUTEIIS
ckopoctu VIZAR. B pesynprate OBUTM TONYYeHBI TPOGUIM CKOPOCTH CBOOOIHOM
MOBEPXHOCTH MEIH, CIUIABOB U KOMIIO3UTOB B HCXOIHOM cocTosHuu u mocie JKVIL
Kpome TOro, mis cIulaBOB JONOJHHUTENBHO OBUIM MOJydeHbl mnpoduim cBOoOOIHOM
MOBEPXHOCTH Iocie KoMOnHMpoBaHHOW o0padotku: JIKVYII n omkura npu 400-450°C. U3
aHaJM3a BOJIHOBBIX MNpoguiel, ObUIM paccYWTaHbl: JUHAMMYECKUI Npeaen YIpyrocTH
(oygL), IMHAMUYECKUH Tipesien TeKyuecTn (Y) ¥ OTKONbHAs MPOYHOCTh (0,) MAaTEPHAIIOB JIO
n mnocine JKVII mo pasmuunbiM pexumam. M3 cpaBHEHHs BOJNHOBBIX mHpoduied u
JMHAMHYIECKUX XapPAaKTEPUCTUK CAENaH BBIBOJ O TOM, 4YTO M3MEJIbYEHHE HCXOIHOH
kpymHOKpucTamnaeckor (KK) crpykrypsr mo mmkpoxpuctammmdaeckoro (MK) m CMK
COCTOSIHMH MPHUBOJUT K CYIIECTBCHHOMY U3MEHEHHIO IMHAMUYECKUX CBOWCTB MaTE€PHAJIOB.

[Tokazano, uto m3menpueHue 3epHa meau ot 100 1o 0.05 - 0.5 Mxm, To ectb 10 CMK
n CMK + HK cocrosauii B 6 pa3 yBennunBaeT JUHAMHYECKUH MpeaeN YIPYTrocTH (oygy) U
IUHaMuU4ecknid  mpemen  Tekydectd  (Y). D710 0oO0ycimoBieHO — crenn(UYECKUMHU
HEpPaBHOBECHBIMH COCTOSIHUSIMHM, chopmupoBaHHbMH B meau npu JKVYII B pesyinbrate
BBICOKOCKOPOCTHBIX IIPOIIECCOB (h)parMeHTallMd W JUHAMHYECKOW pPEeKpUCTAJUIN3AlMU.
Onpeneneno, uTo aucnepruposanue crpykrypsl meau ao CMK + HK-coctosHus
yBennuMBaeT B 1.4 pa3a OTKOIBHYIO IPOYHOCTh, IO CpaBHEHUIO ¢ ee 3HaueHueM B KK-
cocTosiHMU. DJT0 cBs3aHO ¢ ¢(opmupoBanueM B Meau npu JKVIL, n = 4 crpykTypsl,
COCTOSIIIE M3 CHUIBHO pPAa30pPUEHTHPOBAHHBIX 3epeH pasmepamu 50-350 HM, C
MPEUMYIIECTBEHHO HEPAaBHOBECHBIMH OOJBIICYTIOBBIMH T'PAHHLAMH, YTO CIIOCOOCTBYET
3aMEUICHHIO POCTa MHUKPOTPELIMH, T.€. 3aTATUBAHMIO IIPOIECCa BBICOKOCKOPOCTHOTO
paspymenus.  Takum  o0pa3oM, MOXXHO OTMETUTH  CIEAYIOIIHE  OCOOCHHOCTH
nepopmannonHoro moseaeHuss meau ¢ CMK+HK-ctpykrypoit, momyuennoit AKVIL, B
YCIOBUSIX yOApHOTO CXATHsI TpH CyOMHKPOCEKYHIHBIX JJIUTENBHOCTAX HArpPy3KH:
BO3pacTaHNWe XapaKTEPUCTHK YNPYTO-TUIACTUYECKOTO Mepexo/a, YBeInIeHNEe KPUTHIECKOTO
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paspylaroIiero HampspKeHHs IpH  OTKOJIE M 3aTATHBaHUE IMIpoIecca OTKOJIHHOTO
pa3pymenus, no cpaBHeHnio ¢ KK coctosnueM.

W3menpuenne kpuctamuutoB 10 MK cocrosnus (3-5 mxm) B crutaBax npu AKVYIL, n
= 1 yBenuuuBaet oyg; B 1.9-2.8 paza u ¥ B 1.6-1.7 paza, no cpaBHeHuto ¢ ucxoausiMm KK
coctosianeM. OOpaszoBanne CMK crpykrypsr mpu AKVYII, n =3 B crutaBax HIpuUBOIWT K
noBBIIEHUIO 6y U Y B 1.9-3.7 u 1.8-2.6 pa3, coorBercTBeHHO. OTMETHUM, YTO B CIUIaBE
Cu-0.1 mac.%Cr ¢opmupoBanne MK u CMK cTpyKTypsl HPHBOANT K YBEIHYCHHUIO
OTKOJILHOM NPOYHOCTH Gy, B 1.3-1.5 pasa, mo cpaBuenuto ¢ ucxoxuoit KK crpykrypoii. B
crumaBe Cu—-0.03 mac. %Zr mocne JIKVII ob6pasyercs cTpyKkTypa ¢ MeEHbLIEH moineit
BBICOKOYTJIOBBIX I'DaHML, HaOIIONAeTCs CHIXKEHHE Gg,. Ilocnenyromue omxuru npu 400 n
450°C mpHuBOISAT K TONOJHUTEILHOMY YBEIHUEHUIO fuHaMudeckux cBorictB CMK cmnaBoB
Cu-0.03 %Zr u Cu—0.1%Cr B 1.2 u 1.9 pa3a, cooTBeTcTBeHHO IlOBBIIIEHHBIH YPOBEHB
MEXaHHYECKOTO CBOWCTB CIUIABOB, MO CPAaBHEHHMIO C MEIbl0, CBSI3aH C YIPOYHECHHEM,
00yCTIOBICHHBIM BBIICJICHHEM HaHOYAacTHUI[ BTOpeIX a3 B mpomecce JKVYII u
nocnenytomero otTxkura. [lokazano, yro JKVYII kommo3uta Ha OCHOBE Meou C
MuKponob6askoit rpadena (Cu-0.02 % Gn) npuBOIUT K yBeTUUEHUIO Oypy U Y B 4.0-5.6 pa3
U oy B 1.5-1.8 pas. IlomydeHHbIE SKCIIEPUMEHTANbHBIE JaHHBIE O XapPaKTePe OTKOJIBHOIO
paspylIeH!ss MEIH U CIUIaBOB MEIM, JETHPOBAHHBIX MHUKPOJ00aBKaMH IIMPKOHUS, XpOMa H
rpapera ¢ CMK crpykrypol, cdopmupoBanHoit npu JKYII u omneHka BIUSHUSL
JIICTIEPCHOCTH M Je(EKTHOCTH CTPYKTYPHl Ha CONPOTHBICHUE BBICOKOCKOPOCTHOMY
neGopMHUpOBaHMIO TIPH  CYOMHKPOCEKYHIHBIX JUIMTEIBHOCTSX HArpy3kh IIO3BOJIST
nporHo3uposats nosefeHne CMK wmarepuanoB B 3KCTpeManbHBIX YCIOBUSAX HX
SKCIUTyaTaluH.

Pabora BEIIOIHEHa B paMKax rocyJapcTBEHHOTO 3aaHusi MUHOOpHAYKH IO TeMaM:
«Ctpyxktypa» Ne 122021000033-2 1 Ne AAAA-A19-119071190040-5.

THE DYNAMIC STRENGTH OF COPPER AND COPPER ALLOYS
WITH A SUBMICROCRYSTALLINE STRUCTURE OBTAINED
BY HIGH-SPEED PRESSING

1LV. Khomskaya, D.N. Abdullina, S.V. Razorenov, E.V. Shorokhov, L.A. Elshina

Miheev Institute of Metal Physics UB RAS, Ekaterinburg, Russia
RENC-VNIITF, Snezhinsk, Russia

The influence of the dispersity and imperfection of the crystal structure on its
resistance to the high-strain-rate deformation and fracture of copper of 99.8 wt. % purity and
copper alloys alloyed with microadditives (0.02-0.10 wt.%) of zirconium, chromium and
graphene have been studied. The submicrocrystalline (SMC) structure in the materials was
obtained by dynamic channel-angular pressing (DCAP). The DCAP method developed at
RFNC-VNIITF (RF Patent 2006) is a high-speed (10°-10° s™) version of the quasi-static
method of equal-channel angular pressing (ECAP). The deformation by simple shear, which
forms the structure in the case of ECAP, in the case of DCAP is a high-strain-rate process;
furthermore, the sample is affected by the shock-wave deformation of compression, creating
an additional source of deformation-induced strengthening. It was shown that the SMC
structure in copper is formed due to cyclic processes of the fragmentation and dynamic
recrystallization. In copper alloys by DCAP the processes of the fragmentation and partial
strain hardening occur with the precipitation of nanoparticles of the second phase - Cr and
CusZr.
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The dynamic properties of the materials were studied under conditions of shock
compression with an intensity of 4.7-7.3 GPa and the strain rate of (0.9-2.1)-10° s™'. The
registration of wave processes in the samples was carried out using a VISAR laser Doppler
velocimeter. As a result, profiles of a free-surface velocity of copper, alloys and composites
were obtained in the initial state and after DCAP. In addition, profiles of a free-surface
velocity were additionally obtained for alloys after combined treatment: DCAP and
annealing at 400-450°C. Based on the analysis of the obtained wave profiles, the following
characteristics were calculated: the dynamic elastic limit (o), the dynamic yield stress (Y),
and the spall strength (o,) of materials before and after the DCAP according to various
treatments. Based on the comparison of wave profiles and dynamic characteristics, it is
concluded that the refinement of the structure from the initial coarse-grained (CG) to
microcrystalline (MC) and SMC states leads to a significant change in the dynamic
properties of materials.

It has been shown that the grain refinement of copper from 100 to 0.5-1.0 pm, that
is, up to the SMC and SMC+NC states increased the dynamic elastic limit (oxz;) and the
dynamic yield stress (Y) of copper by six times. This is due to the specific nonequilibrium
states formed in copper during DCAP as a result of the high strain-rate fragmentation and
the dynamic recrystallization processes. It has been determined that the refinement of the
copper structure to an SMC + NC state increases the spall strength in 1.4 times as compared
to its value in the CG state. This is due to the formation in copper upon DCAP with n =4 of
a structure consisting of highly misoriented grains with dimensions from 50 to 350 nm with
mainly nonequilibrium high-angle boundaries, which promotes a slowing down of the
growth of the microcracks, i.e., leads to a delay of the process of the fracture induced by
high-strain-rate deformation. Thus, the following features of the deformation behavior of
copper with an SMC + NC structure obtained by DCAP under conditions of shock
compression upon submicrosecond durations of loading can be noted: an increase in the
characteristics of the elastic—plastic transition; an increase in the critical fracture stress
during the spalling; and a delay of the process of the spall fracture as compared to CG state.

The refinement of crystallites to the MC state (3-5 pm) in alloys during DCAP, n =1
increases oyp; by 1.9-2.8 times and Y by 1.6-1.7 times, compared with the initial CG state.
The formation of SMC structure at DCAP, n =3 in alloys leads to an increase in oy, and Y
by 1.9-3.7 and 1.8-2.6 times, respectively. Note that in the alloy Cu-0.1 wt.%Cr the
formation of the MC and SMC structure leads to an increase the spall strength oy, by 1.3-1.5
times, compared with the initial CG structure. Subsequent annealing at 400-450°C leads to
an additional increase in the dynamic properties of the Cu-0.03%Zr and Cu-0.1%Cr alloys
by 1.2-1.9 times, respectively. The increased level of mechanical properties of the alloys,
compared with copper, is associated with the additional strain hardening caused by the
precipitation of nanoparticles of the second phases during DCAP and subsequent annealing.
It is shown that the DCAP of a copper-based composite with a graphene microadditive (Cu-
0.02 wt.% Gn) leads to an increase in oyg, and Y by 4.0-5.6 times and oy, by 1.5-1.8 times.
The obtained experimental data on the nature of the spall fracture of binary copper alloys
doped with microadditives of zirconium, chromium and graphene with a SMC structure
formed during DCAP and the estimation of the influence of the dispersion and defect of the
structure on the resistance to high-speed deformation at submicrosecond durations of
loading will allow us to predict the behavior of SMC materials under extreme operating
conditions.

The work was carried out within the framework of the state task of the Ministry of
Science and Higher Education of the Russian Federation according to the theme: "Structure"
No. 122021000033-2 and No. AAAA19-119071190040-5.
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3KCIHEPUMEHTAJIBHOE UCCJIEJJOBAHUE PEOJIOTMYECKHUX
M MPOYHOCTHBIX CBOMCTB KUJIKOCTEM
TP THTEHCHUBHBIX BO3IENCTBUSIX

U A. baunurosa, C.B. Yeapos, O.b. Hatimapk, FO.B. basanoun
HUMCC YpO PAH, r. ITepms, Poccus

KimroueBble cnoBa: TOJSIPHBIE ¥ HEMOJNSAPHBIE JKUAKOCTH, OTKOJIbHAs MPOYHOCTb,
IMHaAMHYEcKas BI3KocTh, VISAR.

IIpuMmeHeHne ynapHO-BOJHOBOIO HAarpye€HWsT U CHCTEM PErucTpalud BbICOKOI'O
BPEMEHHOTO pa3pelICHUs MAl0T YHUKAIBHYI0 BO3MOXKHOCTH MJII Pa3pabOTKH METOJOB
HCCIICIOBAaHMS PEOJIOTHICCKUX CBOWCTB W pa3pyIICHUS KOHICHCHPOBAHHBIX CpPEl U UX
CBSA3M C MHOIOMACINTAOHBIMH MEXaHM3MaMH CTPYKTYPHOH peiakcaliil W pa3pylICHUs.
lenpro paboOTHI SBISAETCS SKCIECPUMEHTAIBHOEC HCCICIOBAHHE PENAKCAIMOHHBIX CBOWCTB
KUAKOCTeW (B TOM  YMCIE TOJSAPHBIX: JIUCTHUIMPOBAaHHAs  BOJA, TJIMIICPHH,
MPOTIAHTOHOCHUTEINIM, ¥ HEMOJSPHBIX: CHIMKOHOBOE, TpaHC(HOPMATOPHOE MAaCIO, JOJICKaH)
TIPY CKATUH M PaCTSHKEHHUH B YCIOBHAX yJApHO-BOJHOBBIX BO3ICHCTBHUI TSI YCTAHOBICHUS
CBS3M  ABTOMOJENBHBIX  3aKOHOMEpPHOCTEH  NMe(OpMHpPOBAHHMS W  pa3pyIICHU,
ACHMIITOTHYECKAX 3aKOHOMEPHOCTEH W3MEHEHHsS BI3KOCTH. B pabore mpuBOIATCS
pe3yNbTaThl HCCIEMOBAHUSA TPOQMICH MAacCOBOW CKOPOCTH JKUIKOCTEH, MOIBEPTHYTHIX
YAapHO-BOTHOBOMY HArpy>KEHWIO METOJOM OJJIEKTpOB3phiBa TipoBoaHmka (OBII) wu
WCIIONIb30BaHWEM TEXHUKH B3pbIBHOTO TeHeparopa (BI'), peanmmsoBanHbIXx Ha 0a3e
unctutyroB UMCC YpO PAH u UIIX® PAH [1, 2, 3]. YcraHOBiIEHHbIE 3aKOHOMEPHOCTH
PCOJOTHYECKOTO  MOBEACHUS, Pa3pyNICHHUS O KUIKOCTEH OOHApPYXKHBAIOT TPU3HAKU
aBTOMOJICIIEHOCTH,  XapaKTepHbIC  JJIs  TOBCACHUS  TBEPABIX  Tel  (CTeIeHHas
YVHHBEPCATHHOCTh KBAa3UILIACTUYECKOTO (PPOHTA, 3aBHCUMOCTH OTKOJBHOH IMPOYHOCTH,
ACHMIITOTUKU BSI3KOCTH), IO3BOJISIIOT YCTAHOBUTH CBS3b MEXAaHU3MOB CTPYKTYPHO#
penakcanyuu ¢ 0COOCHHOCTIMU (POPMUPOBAHHUS BOJTHOBBIX ()POHTOB B JKUIKOCTSIX.

HccnemoBanue BHITIOTHEHO MTpH (hrHAHCOBOHW moanepkke PODU u [lepmckoro kpas
B paMKax Hay4yHoro npoekrta Ne 19-48-590016.
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EXPERIMENTAL STUDY OF RHEOLOGICAL AND STRENGTH
PROPERTIES OF LIQUIDS UNDER INTENSE LOADING

L A. Bannikova, S.V. Uvarov, O.B. Naimark, Yu.V. Bayandin
ICMM UB RAS, Perm, Russia

Keywords: polar and nonpolar liquids, shear strength, dynamic viscosity, VISAR

The use of shock-wave loading and high-time resolution recording systems provides
a unique opportunity to develop methods for studying the rheological properties and
destruction of condensed media and their relationship with multiscale mechanisms of
structural relaxation and destruction. The aim of the work is an experimental study of the
relaxation properties of liquids (including polar: distilled water, glycerol, propane carriers,
and nonpolar: silicone, transformer oil, dodecane) under compression and tension under
shock-wave effects to establish the connection of self-similar patterns of deformation and
destruction with asymptotic patterns of viscosity changes. The paper presents the results of a
study of the mass velocity profiles of liquids subjected to shock-wave loading by the method
of electric explosion wire (EEW) and using the explosive generator (EG) technique
implemented on the basis of the ICMM UB RAS and IPCP RAS institutes [1, 2, 3]. The
obtained regularities of rheological behavior and destruction of liquids reveal signs of self-
similarity characteristic of the behavior of solids (the power-law universality of the quasi-
plastic front, the dependence of the shear strength, the asymptotics of viscosity), allow us to
establish a connection between the mechanisms of structural relaxation and the peculiarities
of the formation of wave fronts in liquids.

The reported study was funded by RFBR and Perm Territory, project number
19-48-590016.
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YUCJIIEHHOE MOJEJIMPOBAHUE INOBEJEHUS METAJIJIOB U CILJIABOB
ITPA JTIABEPHOU YIAPHOU IMTPOKOBKE

JI.P. Jleoon, IO.B. basnoun, O.b. Haiimapk

Hucrutyt Mexanuku crommHslx cpen YpO PAH, r. Ilepms, Poccust

B pabote mpemnoxena mMonens AeOPMAIIIOHHOTO ITOBEJCHUS W paspyLICHUs IS
MIMPOKOTO KJlacca MaTepHasioB (METAUIBI M CIUIABBI), CIIOCOOHAS OIMCHIBATH IOBEIICHHE
MaTepHaJioB B IIHPOKOM JIHAma30He CKopocTel aedopmaruii (ot 10 0 107 ¢), naBnenmit
(ot 10 MIla mo 10 I'Tla) u remneparyp (0T KoMHaTHOM 10 0,5 TeMIepaTypsl IUTaBICHHUS).
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KoHcTaHTBI O TpemIoKeHHOW MOJENH OIpEeNeNsuIdi B HECKOJIBKO JTaloB C
WCTIONB30BAaHUEM Pas3iHYHBIX OKCIIEPHUMEHTANbHBIX JaHHBIX: 1. Pemenme 3amaunm
MHUHUMH3AIUH HEBSA3KH MEXIY JKCIHEPHUMEHTANbHON auarpamMmoi nedopMupoBaHus (Ipu
KBa3HCTAaTHYCCKOM HArpy>KCHUH) U pacuéToM. 2. PemreHne 3a1aun MUHHUMU3AIUN HEBS3KH
MEXIy OKCICPUMCHTANBHOW muarpamMmoi aedopmupoBaHus (Ipd IHHAMHYCCKOM
HATPYXEHHUH NpH ckopocTsx aedopmarmu 10°-10° ¢ ') u pacuérom. 3. Peurenne 3amaun
MUHUMU3AIUN  HEBS3KH MEKAY OKCICPUMEHTAIbHBIMH JAaHHBIMH W PacuéToM TIpH
TOBEIIICHHBIX TEMITEpPaTypax.

B kauecTBe BepUPHUIUPYIOLIETO SKCIEPUMEHTA UCTIONb30BAIN MOJU(DUIIMPOBAHHBIN
tect Telyopa, KOTOpBIM 3akioyaeTcss B COYAAPEHUHM LWJIMHIPUYECKOTO YyJIapHUKAa C
MEpHBIM CTEep)KHEM. B TakoM sKCIEepHMEHTE ISl MCCIEAYeMOr0o MaTepHajia peajn3yeTcs
HanpsuKEHHO-Ie(POPMUPOBAHHOE COCTOSIHHE, HEOJHOPOIHOE BIOJNb [UIMHBL, a TaKkXke He
olHOOCHOE. Martepuan aepopMHUpyeTcs ¢ pa3IMYHBIMU CKOPOCTSAMHU jAedopMmaruu U J0
pasnuuHbIX creneHeil nedopmanuu. ComocTaBieHHE KCHEPUMEHTAIBHBIX M PacuETHBIX
JAHHBIX OCYIICCTBIACTCA 10 KOHEYHOH (JopMe HaleTalomero yaapHUKa, a TakkKe II0
TeMIIepaTypHBIM MOJISIM, U3MEPEHHBIM B MPOLECCE COYAAPEHUS, KOTOPBIE CBUIETENBCTBYIOT
0 JIMCCHIIALNY YHEPTUH IPpH JepOopMUpPOBaHHH.

IlocTpoenHass Moens YCHENIHO INPUMEHEHa U1 ONUCaHWA NOBEICHUSA pAja
MaTepHaoB MpPHU yJapHO-BOIHOBOM HArpy»K€HUH C UCIONb30BaHHEM ja3epa. [IpoBeneHo
CpPaBHEHHE C JKCIEpUMEHTaIbHbIMU AaHHBIMU [1]. IlomydeHo xopoliee COOTBETCTBUE
pacuéra u SKCIIepUMEHTA.
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NUMERICAL SIMULATION OF THE BEHAVIOR OF METALS
AND ALLOYS DURING LASER SHOCK PEENING

D.R. Ledon, Yu.V. Bayandin, O.B. Naimark
Institute of Continuous Media Mechanics UB RAS, Perm, Russia

The paper proposes a model of deformation behavior and fracture for a wide class of
materials (metals and alloys), which is capable of describing the behavior of materials in a
wide range of strain rates (from 10-4 to 107 s-1), pressures (from 10 MPa to 10 GPa) and
temperatures. (from room temperature to 0.5 melting point).

The constants for the proposed model were determined in several stages using
various experimental data: 1. Solving the problem of minimizing the discrepancy between
the experimental deformation diagram (under quasi-static loading) and the calculation. 2.
Solving the problem of minimizing the discrepancy between the experimental deformation
diagram (under dynamic loading at strain rates of 102-103 s-1) and the calculation. 3.
Solving the problem of minimizing the discrepancy between experimental data and
calculation at elevated temperatures.

As a verification experiment, a modified Taylor test was used, which consists in the
impact of a cylindrical striker with a measuring rod. In such an experiment, a stress-strain
state is realized for the material under study, which is inhomogeneous along the length, and
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also not uniaxial. The material is deformed at different strain rates and to different degrees
of deformation. Comparison of experimental and calculated data is carried out by the final
shape of the projectile, as well as by the temperature fields measured during the collision,
which indicate the dissipation of energy during deformation.

The constructed model has been successfully applied to describe the behavior of a
number of materials under shock-wave loading using a laser. A comparison with
experimental data [1] was made. Good agreement between calculation and experiment is
obtained.
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SKCHHEPUMEHTAJIBHOE UCCJIEJOBAHUE BJIUAHUA UHTEHCUBHOI'O
HATPYXKXEHUSA, THUIIUNPOBAHHOTI'O JIABEPOM, HA BHYTPEHHIOIO
CTPYKTYPY METAJIIMYECKAX MUAIIEHEN

A.H. banaxnun, C.B. Vsapoes, U.A. bannukosa, A.H. Buuexos, A.E. [Ipoxopos, O.b. Haiimapx
HUMCC YpO PAH, r. ITepmsb, Poccus

KiroueBble cnoBa: MHTEHCUBHOE Harpy:KeHHe, Ja3epHOE BO3JeHCTBHE, MUKPOCTPYKTYpA,
VISAR.

[IpuMeHeHrE yIAapHO-BOJIHOBOT'O HATPYXKCHUS, WHHUIMUPOBAHHOTO JIa3€POM, IaeT
BO3MOXKHOCTh JJISI H3YYEHHUS TIOBEICHHWS Marepuaja B YCIOBHSIX HWHTCHCHBHBIX
BO3JeHCTBUM. JIJI1 MHULMUPOBAHUS yNAapHOW BOJIHBI B MarepHuaje MUILEHU NPUMEHSIN
BBICOKOHEPTeTHIECKUH HAaHOCEKYHIHBIN MMITYNbCHBIN na3ep Beamtech SGR-Extra-10 c
sHeprueii mmmyinbca mo 10 Jk; masepHbIi mydok (oKycupoBaics Ha TOBEPXHOCTH
METANTUNIECKOW MUTIICHH B MATHO pazMepoM 1x1 mimm 3x3 mwm. [Ipodwmitb cKOpOCTH THUTEHOM
MOBEPXHOCTU MHIIICHH, MOJIBEPTHYTON BO3JCHCTBHIO JTa3ePHOT0 MMITYJIbCA, 3aIMUCHIBANICS C
MPUMEHCHUEM JIa3€PHOTO JIOMIUIEPOBCKOTO u3Meputens ckopoctd VISAR. Usyuenue
BHYTPCHHEH CTPYKTyphl MaTepuaia MHUIICHEH TOCie OJHOKPATHOTO HArpyXEeHUs
BBIMOJIHSUTA HAa METaIorpaduueckux Nnuiudax B MOMEPEUYHOM CEYCHHMH 00pas3lia B 30HE
BO3JICUCTBYSI B HANIPABJICHUU PACIIPOCTPAHCHUS yIapHOU BOMHEI. [loydeHHBIE pe3ybTaThl
CBHUJICTCIILCTBYIOT O BO3MOXKHOCTH PAa3BHUTHUS JIOKAJIBHOW TOBPEKICHHOCTH Marepuaia
MUIIIEHH, B TOM YHCJE TPEeNIIeCTBYIOMEel CTaAund OTKOJNA, B HCCIEIOBAaHHOM JAHAIa30HE
MHTEHCUBHOCTEN BO3JIEHCTBHUS.

UccnenoBanus  momnmepaHel  rpaHToM  Poccmiickoro  HaydHoro  ¢oHIa
Ne 21-79-30041.
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EXPERIMENTAL STUDY OF THE EFFECT OF INTENSE LOADING INITIATED
BY A LASER ON THE INTERNAL STRUCTURE OF METAL TARGETS

A.N. Balakhnin, S.V. Uvarov, I.A. Bannikova, A.N. Vshivkov, A.E. Prohorov, O.B. Naimark
ICMM UB RAS, Perm, Russia
Keywords: intensive loading, laser impact, microstructure, VISAR

The use of shock-wave loading initiated by a laser makes it possible to study the
behavior of a material under conditions of intense impacts. To initiate a shock wave in the
target material, a Beamtech SGR-Extra-10 high-energy nanosecond pulsed laser with a
pulse energy of up to 10 J was used; the laser beam was focused on the surface of a metal
target into a spot 1x1 or 3x3 mm in size. The velocity profile of the rear surface of the target
exposed to the laser pulse was recorded using a VISAR laser Doppler velocity meter. The
study of the internal structure of the target material after a single loading was performed on
metallographic sections in the cross section of the sample in the impact zone in the direction
of shock wave propagation. The results obtained indicate the possibility of developing local
damage to the target material, including the previous spalling stage, in the studied range of
exposure intensities.

The research was supported by the Russian Science Foundation grant
No. 21-79-30041.

PAZPYHIEHUE CBUHIA, HAXOJAIIEIOCA B TBEPJAOM U ’KUJIKOM
COCTOSIHUSX, IOJ1 BO3JIEMCTBUEM YJIAPHOI BOJIHBI
CIHAJAIOHIET'O MTPODUJIA

A.H. Manvuues, O.H. Henamosa, B.U. Croxos, A.H. Kamuixos,
/.B. Kproukos, [{.H. 3amomaes, U.B. [Llubepun, A.b. ['eopeuesckasn

POAL-BHUND®, r. Capos, Poccust

B noknane mpencraBieHbl NOCTAaHOBKA U PE3YJbTaThl CEPUM IKCIEPUMEHTOB IO
HCCIIEIOBAaHUIO XapaKTepa pa3pyLUEHUs CBHUHIA, HAXONALIETOCS B TBEPAOM M KHUAKOM
(ha30BOM COCTOSIHWM TIpHM BO3ACHCTBHM YAApPHON BOJHBI CIAQAAONIETO TPEYTONBHOTO
npoduns (Bomuel Teiinmopa). MakcumanpHas amIumTyga YB Ha Bxome B oOpaser
cocraBisna ~17, 44 I'Tla, 94To COOTBETCTBYET TBEPAOMY H JKUAKOMY COCTOSIHUIO CBUHIIA B
pasrpyske. ['paaguenT cnana nasnenus 3a pponrom YB cocrasmsin ~120 ['Tla/cm. Xapaxrep
paspylIeHHs ONpeNelsuIcsl U3 aHalM3a MMITYJIbca TOPMOXKEHMSI Pa3orHaHHOTrO oOpasia Ha
NOJIOKKAaxX M3 (ropomnacta u (GTOpPUAA JIUTHS, PETUCTPUPYEMBIX C MOMOIIBIO METOIUK
MaHI'aHUHOBOT'O JJaTYMKA U JIa3epHOro uHTepdepomerpa «Visar.

[Ipun permcTparii OTKOJIAa B «TBEpIOW» (aze 3aperncTPUPOBaH XapaKTEPHBIN
HMMITYJIbC COOTBETCTBYIOIIMH TOPMOXEHHIO TOHKOTO OTKOJBHOI'O CJIOS U IMPaKTUYECKH
MIOJIHOE OTCYTCTBHE AAJbHEHIIMX UMITYJIbCOB 10 MOMEHTAa TOPMOKEHHUSI OCHOBHON MAaccChl
oOpasma.

TopMoxeHHEe <«KUAKOW» (a3l  XapakTepU3yeTcss MOHOTOHHO  CIIAJafOIIiM
IpopHUIEeM CKOPOCTH, aMIUTUTYAa KOTOPOTO YMEHBINAETCS C YBEIUYEHHEM PAaCCTOSHUS.
XapakTepHbIX UMITYJIbCOB CBSI3aHHBIX C (JOPMUPOBAHHEM OTKOJIBHOTO CJIOSl U €r0 OTPHIBOM
OT OCTaJILHOW Macchl 00pa3iia He 3aUKCHPOBAHO.
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Ha 3apeructpupoBaHHBIX 3aBHcHMOCTAX P(t) ¢dukcupyercs aHaJOrHMIHOE
MOHOTOHHOE CHI)XCHHE JABJICHHSA MPHU TOPMOXKCHHUH AWCIIEPTHPOBAHHOM YacTH oOpasma.
ITamenue CcKOpoCTH W [aBJICHHS MOXKHO CBSI3aTh C YMCHBIICHHEM IUIOTHOCTH
JICTIEPTUPOBAHHOTO MaTepraa.

[TonydeHHble pe3yabTaTBl COTJACYIOTCS C pacueTaMH, BBINOJIHEHHBIMH —IIO
OJTHOMEPHOW JIarpaH)keBOH METOIMKE C HCIIOJIb30BAaHWEM COTJIACOBAHHOM CHCTEMEI
OTIPEIETAIONINX COOTHOUICHUH CXKaTHs, IUIACTUYECKOTO Je(OPMHUPOBAHMS, OTKOJIBHOTO
paspymenus 1 komnakruposanus csunna (COC PUHI-JAPK-L).

ITonmyden 3HAUMUTENBHBIA O0BEM SKCIIEPUMEHTAIBHBIX MAHHBIX U1 BepHU(UKAIIUU
pacyeTHbIX MOJEINEH.

B pesynbraTe CpaBHHUTENBHBIX HKCHEPUMEHTOB II0 HCCIEIOBAHHIO OTKOJIHHOTO
paspymieHHsI B «TBEpIOW» U <(OKMAKOW» (Dazax IIOKa3aHO CYIIECTBEHHOE pa3Iuyune
XapakTepa 3aperucTpUPOBaHHBIX MPOGIIICH CKOPOCTH U JaBICHUS.

FRACTURE OF SOLID AND LIQUID LEAD BY THE ACTION OF A SHOCK
WAVE WITH A FALLING PROFILE

A.N. Malyshev, O.N.Ignatova, |V.A. Raevskiy, V.1.Skokov, A.N.Katykov, D.V. Kryuchkov,
D.N. Zamotaev, LV. Shiberin, A.B. Georgievskaya

RFENC-VNIIEF, Sarov, Russia

The paper presents experimental set-up and experimental results to study a fracture
behavior of lead in solid and liquid phase states under the action of a shock wave with a
falling triangular profile (a Taylor wave). A maximum amplitude of a shock wave (SW) at
entry into a sample amounts to ~17, 44 GPa. It corresponds to a solid and liquid state of lead
at unloading. A gradient of a pressure decrease behind SW was ~120 GPa/cm. The fracture
behavior was determined by analyzing an acceleration pulse of an accelerated sample at
substrates made of fluoroplastic and lithium fluoride recorded through techniques of a
manganin-based sensor and a laser interferometer «Visar».

When recording spall in a «solid» phase, the authors recorded a typical pulse
complying with deceleration of a thin spall layer and a practically total lack of further pulses
up to the moment of deceleration of great bulk of a sample.

The deceleration of a “liquid” phase is characterized via a monotonically decreasing
velocity profile, whose amplitude decreases with increase in a distance. Characteristic
pulses, which are connected with the spall layer formation and its separation from the
remainder of the sample, were not recorded.

A similar monotone pressure reduction is recorded in observed dependencies P(t) at
deceleration of a dispersed part of a sample. A drop in velocity and pressure may be
associated with a decrease in density of a dispersed material.

The obtained results agree with the calculations fulfilled via a one-dimensional
Lagrangian technique by the help of a self-consistent system of defining relationships of
compression, plastic deformation, spall fracture and compaction of material damage (SCS
RING-DRK-L).

Lots of experimental data were achieved to verify calculated models.

As a result of comparative experiments for the studies of spall fracture in «solid» and
«liquid» phases, a considerable difference was showed in characters of recorded velocity
profiles and pressure profiles.
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JUHAMUYECKHUE CBOMCTBA AJTIOMUHUEBO-MATHUEBO-JIUTUEBOI'O
CIIVTIABA 1420

JH. 3aMomaeel, E.B. Komamoeaj, B.A. Hyu,moez, AT I/Iou/leeu, B.U. CKOKO@I,
AH. Maﬂbzme@], B.I'. Cumaxkos ]‘2, E.E. Illecmakos "2, uc. FHymos',
T.A. It oeopynoeal, B.A. Bpazyney', M.A. Mycamoea2 , H.A.Jloaunos"’

"POAI-BHUNDD, r. Capos, Poccus
2Cap(I)TI/I HUAY MUDU, r. Capos, Poccust

B pabore mpencraBieHBl pe3yNbTaThl HUCCICIOBAHUSA JIHHAMHYCCKUX CBOWCTB
ATIOMUHHEBO-MarHueBo-1MTHEBOro cmiaBa 1420 [1] MeTomamMu COCTaBHOTO CTEPIKHS
Tonkurcona (CCT) i TOpMOXKEHHS B AHana3one ckopocteil aepopmarmn 10°-10% ¢,

OKCIIEPUMEHTHI TI0 HCCIEIOBAHUIO G- AMAarpaMM JUHAMHUYECKOTO CXKaTHs CIUIaBa
1420 mpu ckopoctsax nepopmammm & =1350-7000 ¢! mposenensr  meromom CC.
YCTaHOBIIEHO, YTO YCIOBHBIA Tpeles TeKydecTH cruiaBa 1420 me 3aBucur or & . He
3aBHCUT OT & W Je(hOPMAIMOHHOE YNPOUHEHHE: NMPH PasHBIX & HAKIOH G-€ AMArPaMM
npubnu3uTensHo  oauHakoB. CrutaB 1420  oOmagaeT BBICOKMMH — IDTACTHYCCKUMU
cBoiictBamm: ipu € =7000 ¢ o medpopmupyercs 6e3 paspymenns 10 gedopmarmn 72%.

ITo cpaBrHenuto co cruaBoM J[16 y crutaBa 1420 Ha amarpaMMax G-€ MPHCYTCTBYET
Oornee IUIMTENBHBIA TNEPEXOMHBI YYaCTOK OT YIPYroro y4acTKa K y4YacTKy pa3BUTHIX
IUIACTUYECKUX eopMaluid, mpeaen Tekydecty cruasa 1420 cocrasiser (353,4+4,4) MIla,
4yTO Ha ~5 % Oouble, yeM npeaen Tekydectu cruiasa J116 (337,5£10,3 MITa) [2].

[lo moNyYeHHBIM 3KCIEPUMEHTANBHBIM GO-¢ JUarpaMMaM UICHTH()UIUPOBAHEI
3HaYeHUs apaMeTpoB Mojaenu aepopmuposanus Jxorcona-Kyxka crumaBa 1420.

OKCIIEPUMEHTHI 110 UCCIIEAOBAHHIO YIPYTOro MPEABECTHHKA, OTKOIBHOW MPOYHOCTH
W YIapHO-BOJHOBOW CoKMMaeMOCTH ciutaBa 1420 mpoBeneHBI METOIOM TOpMOkeHUs. JIist
CO3/IaHMs YIApHBIX BOJH B 00pa3lax B JUana3oHe JaBlICHHUS yaapHoOro ckatus ao ~8 I'Tla
ObLTM TNPUMEHEHBI B3PBIBHBIE MeETATENbHbIE YCTPOMCTBA U CTBOJIBHBIE HArpyKaromiue
YCTaHOBKHM. Perucrpanusi OCyLIECTBIISJIACh METOAUKONW HENPEPHIBHOW JOTIEPOBCKON
peructpanuu 1 metoaoM [1BJIdD-natunka naBnenwus.

B nmmanazonme maBnenmit ymapHoro cxatus 2+6 I'Tla meromom IIBJI®-nmatumka
3apETUCTPUPOBAHBl TPO(QWIM HaBlieHHS B 00pas3max, ONpeAeTeHBl 3HAYCHHS CKOPOCTH
(bpoHTa ymapHOW BOJHBI W TIOCTPOCHA AaNMpPOKCUMAINUs yJapHOW aauabathl B BHIC
3aBMCHMOCTH JaBjeHms P ot wMaccoBoit ckopoctm U: P=20,34-U+12,08-U° mnpu
0,129<U<0,247 xm/c. 1o nory4yeHHBIM KCIIEPUMEHTAIBHBIM JaHHBIM WACHTH(UIINPOBAHBI
3HAaYeHHS TapaMeTPOB ypaBHEHUs cOocTOsTHUS Mu-I pronaiizena s crumasa 1420.

B nmamasome maBneHms ymapHoro cxkarus 2+8 [Tla MeTonmkoidt HempephIBHON
JIOTUIEPOBCKOM  PErHCTpalliil  3apeTHCTPUPOBAHBl BPEMEHHBIE 3aBHCHMOCTH CKOPOCTH
JIBIDKGHUSI CBOOOJHOW TMOBEPXHOCTH HccienyeMoro obOpasna cmiaBa 1420. 3HadyeHus
aMIUTUTYABl YNPYroro TMpeaBEeCTHHKAa (YyHpyroro mpejaena I[IOroHHO) U OTKOJNBHOM
MPOYHOCTU cocTaBuiu oyp~0,5 I'lla u o,,,~0,83 I'Tla. Ynpyruit npenen ['toronno criasa
1420 mpumepHO TakoM Xke, Kak y 3akanéHHoro cruiasa /{16 [3], u B ~2 pa3a BbllIe, 4eM y
oToxOKkE€HHBIX cmaBoB 16 mu A1 [3]. OtkonbpHass npodHocTh crnaBa 1420 B ~2 pasa
HUXe, 4eM y cruiaBoB AMr-6 u AJ11 [4].
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DYNAMIC PROPERTIES OF ALUMINUM-MAGNESIUM-LITHIUM ALLOY 1420

D.N. ZamotaeV', E.V. KoshatovaI, V.A. PushkoV’, A.G. Ioilev”, V.1 Skokov',
A.N. Malyshevl, V.G. Simakovj, E.E. Shestakovl, LS. Gnutovl, TA. Govorunovaj,
V.A. Bragunetsj, M.A. Musatova", N.A.Loginovu

'RFNC-VNIIEF, Sarov, Russia
2SarFTI NIYaU MIFI, Sarov, Russia

The paper presents results of investigation of dynamic properties of aluminum-
magnesium-lithium alloy 1420 [1] by the split-Hopkinson-pressure-bar (SHPB) method and
the method of deceleration in the strain rate range of 10°-10* s,

Experiments with investigation of o-¢ diagrams of dynamic compression of alloy
1420 at strain rates & =1350-7000 s were performed by the SHPB method. It is revealed
that the conventional yield strength of alloy 1420 does not depend on & . Neither does strain
hardening depend on & . Inclinations of c-¢ diagrams are approximately similar at different
£ . Alloy 1420 has high plastic properties. At & =7000 s it is deformed up to deformation
of 72% with no destruction.

Comparing to alloy D16, a longer segment of transition from the elastic area to the
area of developed plastic strains takes place in the o-¢ diagrams in alloy 1420. The yield
strength of alloy 1420 is (353.4+4.4) MPa that is ~5 % higher than the yield strength of
alloy D16 (337.5£10.3 MPa) [2].

Values of parameters of the Johnson-Cook strain model for alloy 1420 were
identified using the obtained experimental 6-¢ diagrams.

Experiments on investigation of elastic precursor, spall strength and shock-wave
compressibility of alloy 1420 were performed by the deceleration method. Explosive
launching devices and barrel loading facilities were used for generating shock waves in
samples in the range of shock compression up to ~8 GPa. Recording was performed by the
continuous Doppler recording method and by the PVDF pressure gauge method.

In the range of shock compression pressures of 2+6 GPa, the PVDF pressure gauge
method allowed to record pressure profiles in samples, to determine values of shock wave
front velocity, and to plot approximation of shock adiabat as pressure P versus mass velocity
U: P=20.34-U+12.08-U? at 0.129<U<0.247 km/s. Parameters of the Mie-Grueneisen
equation of state were identified for alloy 1420 basing on the obtained experimental data.
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Dependences of free surface velocity on time were recorded for investigated sample
of alloy 1420 in the range of shock compression pressure of 2+8 GPa by the continuous
Doppler recording method. Values of amplitude of elastic precursor (elastic Hugoniot limit)
and spall strength were 03~0.5 GPa and o,,0.83 GPa. The elastic Hugoniot limit of alloy
1420 approximately equals to that of hardened alloy D16 [3], and it is ~2 times higher than
that of annealed alloys D16 and AD1 [3]. The spall strength of alloy 1420 is ~2 times lower
than that of alloys AMg-6 and ADI [4].
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SKCIHEPUMEHTAJIBHO-PACYETHOE NCCJIEJOBAHUE
JE®OPMUPOBAHUA ME/IU MAPKU M1, CIIJTABOB BHK U CBUHEIL-
CYPbMA B JIMAITA3OHE CKOPOCTEM JE®OPMAIIUHU 10>-10° C'

10.A4. Kysneyosa, E.B. Kowamoea, A.B. Kanomanos, @.D. I'anues, A.1l. Kypynenxo

POALI-BHUUD®, r. Capos, Poccust

HccnenoBanne pU3NKO-MEXaHMYECKUX CBOMCTB KOHCTPYKIIMOHHBIX MaTepHalOB PU
TUHAMUYECKOM HAarpy)KeHHH SBISIETCS BaXHOM M akTyanbHOM 3amadeir. Hambomee
3 GEKTHBHON CXEeMOIl HCCIIeZOBaHUS IIPOIECCOB Ie(OPMHUPOBAHUS W Pa3pyIICHUS
MaTepuagoB  SBJISETCS  OKCHEPHMEHTANbHO-PACUCTHBIH  METOA,  IOJpPa3yMeBArOIIHH
COBMECTHOE ITPUMEHEHHE SKCIEPHUMEHTAIBHBIX ¥ YHCIEHHBIX METO/IOB.

B pamkax Hacrosimeld pabOTBl NpPUBENEHBI  3KCIEPUMEHTaIbHO-PACUETHBIE
pe3ysibTaThl  WCCIENOBaHWS  JUHAMH4Yeckoro  nedopmupoBanus — o0OpasnoB U3
Menko3epanucToit Menun M1 m cmmaoB BHXK H8XK2K1 m cBuHen-cypsMa MeTomaMu
Telinopa u cocTaBHOTO cTepkHS [ ONKMHCOHA.

OKCHEeprMEHTHI Ha TUHAMHUYECKOE C)KaTHe 00paslioB METOJOM COCTABHOTO CTEPIKHS
['ONKMHCOHA TIPOBEJCHH B AMAmasoHe ckopocteil medopmammii & =(1850-5100) ¢, Ha
OCHOBE 3apernCTPUPOBAHHBIX 3aBUCHMOCTEH MaJalomiero (B HarpyXarolleM CTEp)KHE) W
MPOXOASIIEro (B ONOPHOM CTEPIKHE) UMITYJIBCOB JiepopMalii OCTPOEHBI G- AUATPAMMBI.

DKCIIepUMeHTHI TT0 MeToxy Telopa mpoBeIeHBI CO CKOPOCThIO ymapHuka W=(70-
330)M/c B amamasoHe ckopocreil meopmammii & =(1950-8250) ¢”. IToctpoeHs!
9KCIIEPUMEHTANIbHBIC OTHOIICHHS KOHEYHOW MIMHBI oOpaslia K HadaJbHOH JUIMHE B
3aBHCUMOCTH OT CKOPOCTH COYIAapeHHs, a TaKXKe 3aBUCHMOCTH PpaJuyca HUCIBITAHHBIX
00pa3loB OT AJMHBI NMPHU Pa3lIUYHbIX CKOPOCTSAX coyaapeHus. [losyueHo, 4TO yCIIOBHBIM
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mpenen TeKyd4ecTH Menko3epHuctod memnu M1 cocrtaBiser 467 Mlla, cmmaa BHXK
H8X2K1 cocraBnsier 1528 Mlla, crinaBa cBuHel-cypbMa coctaiseT 85 Mlla.

Ha ocnoBanumm momydeHHbIX 1o wmerony CCIT sKcnepUMEHTaNbHBIX JTaHHBIX
OTIpeNeNIeHBl TTapaMeTphl Monenu NpodHocTH J[xoHcoHa-Kyka u BepuUIIMpOBaHEI C
MOMOIIBIO 3KCIIEPUMEHTANBHBIX JaHHBIX M0 MeTony Teimopa. UUCICHHOE MOMICIUPOBAHIE
MIPOBOIMIIOCH B TPEXMEPHON ITOCTAaHOBKE C MPHUMEHEHHEM pacueTHOro komiuiekca JIOI'OC-
IIpouHnoCTS.

[TomoOpanHbIe MapaMeTphbl paCUETHON MOJIETH ONUCHIBAIOT 0-& AUATrPaMMBbl JUIS BCEX
MaTepHajOB ¢ MAKCUMaJIbHOM MOTrpelIHOCThIO He npeBblatomei 8%. B onbitax mo merony
Teitmopa cpaBHCHHE SKCICPUMCHTANBHON JIHHBI OOpa3loB IOCIE yoapa C pacueTHOH
MOKA3bIBACT YTO IMOTPEIIHOCTH HE TPEBHIMIACT 5%.

[TonydeHHbIe TmapaMeTpbl MaTepuasioB OyayT B dajbHEHUIIEM HWCIOIB30BaHBI JIJIS
BHEJPEHUS B MPOTpPaMMHBIA MOAyib makera mporpamm «JIOIOC» mns MoaenupoBaHHS
MIPOIIECCOB MTOBEICHIS KOHCTPYKINH, B KOTOPBIX BaXHYIO POJIb HTPAET MPOYHOCTb.

EXPERIMENTAL-CALCULATED STUDY OF STRAINING OF M1 COPPER,
ALLOYS OF WNiFe AND Pb- Sb IN THE RANGE OF STRAIN
RATES OF 10%-10° S™!

Yu.A. Kuznetsova, E.V. Koshatova, A.V. Kal'manov, F.F. Galiev, A.P. Kurulenko

RFENC-VNIIEF, Sarov, Russia

The study of physical-mechanical properties of structural materials at dynamic
loading is an important and topical problem. The most efficient scheme for studying
processes of straining and fracture of materials is an experimental-calculated method, which
implies a joint use of experimental and numerical methods.

This work contains experimental and calculated results of the studies of dynamic
straining of samples made of fine-grained copper M1, of alloys WNiFe Ni8Fe2K1 and Pb-
Sb via a Taylor method and split-Hopkinson-bar method.

The experiments for dynamic compression of samples using a split-Hopkinson-bar
method were performed over a range of strain rates of & =(1850-5100) s”. Some o-&
diagrams were built on the basis of recorded dependencies of an incident pulse of
deformation (in a loading bar) and a transient pulse of deformation (in a support bar).

The experiments with a Taylor method were fulfilled with an impactor velocity of
W= (70-330) m/s in a range of strain rates &€ =(1950-8250) s'. Experimental relations were
built between a finite length and an initial length of a sample depending on an impact
velocity as well as dependencies were constructed between a radius of tested samples and a
length at different impact velocities. It was obtained that conventional yield strength for
fine-grained copper M1 is 467 MPa. For alloy WNiFe Ni8Fe2K1 it is 1528 MPa and for a
Pb- Sb alloy it is 85 MPa.

Based on experimental data gained via a split-Hopkinson-bar method, parameters for
a Johnson-Cook strength model were determined and verified by the help of experimental
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data according to a Taylor method. Numerical simulation was performed in a three-
dimensional set-up by using a computed complex named LOGOS -STRENGTH.

The selected parameters of a calculated model describe o-¢ diagrams for all materials
with a maximum error not exceeding 8%. In tests on a Taylor method a comparison between
experimental lengths after impact and calculated lengths of samples shows that an error does
not exceed 5%.

The obtained parameters of materials will be used at a later time to promote a
«LOGOS» software package into a programming module for simulating processes of a
behavior of a construction, where structural strength plays a key role.



BBICOKOCKOPOCTHOE METAHHE
H COYOAPEHHE. ABAEHHUS KYMVYASIIIHHA

HIGH-VELOCITY LAUNCHING AND IMPACTS.
CUMULATION PHENOMENA

IIPUPOJA TYHI'YCCKOTI'O B3PBIBA
U CONMMYTCTBYIOUUX TEOPU3NYECKUX ABJEHUN

I1.A. Qomun

WuctutyT rugpoanHamuku uM. M.A. JlaBpentseBa CO PAH, r. HoBocubupck, Poccus

Cnemnan 0030p BBIOJHEHHBIX paHee HcclenoBaHuid TyHrycckoro siBieHus [1]
W TIPEJICTABIICH PsiJ HOBBIX pacueToB 1o mpuponae TyHrycckoro B3pbiBa. [lokasaHo, 49TO B
ocHOBe TyHI'YCCKOTO COOBITHSI JIEKHT AETOHAIMS TOPOMIAIBHOTO oOsiaka, 00pa3oBaHHOTO
pasoBBIM BBIOPOCOM Ta3OTHApPATHOIO MeTaHa B arMmocepy. BriOpocom merana
0OBSCHSETCS BEIHOC HAa TOBEPXHOCTH TaK HA3bIBaEMBEIX “‘KaMmHel JIkoHa”, 0Opa3oBaHHBIX
ocasouyHbIMH  mopojamu.  [lomoOHBIE  BBIOPOCHI  HE  SBISIFOTCS  YHUKaJbHBIMH
(boBanenkoBckuit Kparep). JleToHanus MeTaHO-BO3AYIIHOTO OOJIaka WHHIMHPOBAHA
OTHOCHTEJIFHO HEOOJBIIUM, TIIOJIOTO JIETEBIIUM METEOPUTOM, CKOPOCTh KOTOPOTO K
MOMEHTY HWHHIMHPOBAHUS 3aMEIIMIACh JI0 HECKOJIBKHUX KHJIOMETPOB B CEKYHIY.
VYkazaHa o0ylacTh, OTKyAa MpOM30IIEN BBIOpOC. PaccuMTaHbl BO3MOXHBIE TPAacKTOPHH
METEOpHTa, OLIEHEHBI €r0 MaKCUMaJIbHBI 1 MUHUMaJbHBINA pasmeps! (15 u 2 m). Onpenenen
HanOosee BEPOSITHBIH CEKTOp €ro NaJeHus, KOTOPBIH HAXOOUTCS OT OIHIEHTpa Ha
PacCTOSHUU HECKOJIBKHX JECATKOB KHJIOMETPOB. [J1s onpeiesieHns MUHUMAJIBHOTO pa3Mepa
METEOpHTa, CIIOCOOHOTO BO30YAMTH AETOHALMIO, C/IeaHa OLEHKA pa3Mepa JIeTOHAIMOHHOM
SYEHKN B METAHO-BO3AYIIHON cMecH C J00aBKaMH JICTYYHX.

BeironHeH MOZENbHBIA AKCIIEPUMEHT MO BBHIBANY Jeca (B3pBIB JETOHUPYIOLIErO
mHypa B (opMe Kojblla HaJ| «JIeCOM» M3 MPOBOJIOUYEK). Pe3ynpTaThl 3KCIiepUMEHTa ObUIN
cTathcThHdeckn oOpaboTaHbl. [lokaszaHo, YTO BBIBAJ MPOBOJIOYEK ITOJHOCTHIO WIAECHTHYEH
BBIBaITy Jieca nipu TyHrycckoM B3pbiBe. B pamkax makera Fluent cnenan pacuer B3pbIBHOM
BOJHBI B BO3yXe, TICHEPHPYEMOW MTIHOBEHHBIM B3pPBIBOM TOPOHMIAJILHOTO 00JaKa,
HaKJIOHEHHOT'O K TOPH30HTAJIBHOW IIOBEPXHOCTH. Pe3ynbTaThl pacuera KaueCTBEHHO
COOTBETCTBYIOT 9KCIIEPUMEHTY.

JlanHo OOBsACHEHHWE CBETOBBIM, AaKyCTHUYECKMM M aTMOC(EpHBIM  SBICHHAM
(yBennueHne SPKOCTH CepeOpHCTHIX OONAaKOB Hall ceBepHOH EBpomoil mocie B3phIBa,
HapyIIEHUs O30HHOTO CJIOS, MarHWTHas Oyps), CBA3aHHBIM C TYHTYCCKHM COOBITHEM.
CnenaHa OIIEHKa XapaKTEpHOrO pa3Mepa MHKPOYAacTUI[ METEOPUTHOTO BEIIECTBa,
HalileHHoro B paiioHe B3peiBa. OlLlEHEHAa BO3MOXKHAs CKOPOCTb BpAILEHHsSI METEOpUTa U
CBSI3aHHOE C HeW u3MeHeHue ero Tpaekropuu. IIpoaHanmusupoBaHa BEpOSITHOCTh B3PHIBOB
Hanogobue TyHrycckoro.
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NATURE OF TUNGUSKA EXPLOSION
AND ASSOCIATED GEOPHYSICAL PHENOMENA

P.A. Fomin
Lavrent’ev Institute of Hydrodynamics SB RAS; Novosibirsk, Russia

A review of previous studies [1] and a number of new calculations on the Tunguska
phenomenon are presented. It is shown that the Tunguska event is based on the detonation
of a toroidal cloud formed by a one-time release of gaseous methane (having a gas-hydrate
nature) into the atmosphere. The release of methane explains the removal to the surface of
the so-called "John's stones", formed by sedimentary rocks. Similar releases are not unique
(Bovanenkovo crater). The detonation was initiated by a relatively small, flat flying
meteorite, the speed of which had slowed down to several kilometers per second before the
moment in time of initiation. The area from which the ejection occurred is indicated. The
possible trajectories of the meteorite were calculated, its maximum and minimum sizes (15
and 2 meters in diameter respectively) were estimated. The most probable sector of its fall is
located at a distance of several tens of kilometers from the epicenter. To determine the
minimum size of a meteorite capable of initiating a detonation wave, an estimate was made
of the size of the detonation cell of a methane-air mixture with volatile additives.

A model experiment was carried out on forest felling (explosion of a detonating cord
in the form of a ring over a "forest" of wires). The experimental results were statistically
processed. It is shown that the fallout of the wires is completely identical to the fallout of the
forest during the Tunguska explosion. In the frames of Fluent computer package, a
calculation was made of a blast wave in air generated by an instantaneous explosion of a
toroidal cloud inclined to a horizontal surface. The calculation results are in qualitative
agreement with the experiment.

An explanation for the light, acoustic and atmospheric phenomena (increase in the
brightness of noctilucent clouds over northern Europe after the explosion, ozone layer
disturbance, magnetic storm) associated with the Tunguska event is presented.

An estimate was made of the characteristic size of microparticles of meteorite matter
found in the explosion region. The possible speed of rotation of the meteorite and the
associated change in its trajectory are estimated.

The absence of a significant amount of meteorite matter in the epicenter area is
explained. An estimate was made of the characteristic size of microdroplets torn off the
molten surface of the meteorite (and, accordingly, the characteristic size of microparticles of
meteorite matter found in the explosion region). The possible speed of rotation of the
meteorite and the associated change in its trajectory are estimated. The probability of
explosions similar to the Tunguska is analyzed.

References
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CKOPOCTBD B3PBIBHOI'O METAHUSA OBOJIOYEK U ®PAIT'MEHTOB
M.M. Boiixo, E.®. I pasnos, U.A. Ilepesanos
MI'TY um. H.O. baymana, r. Mocksa, Poccust

B pabote mpoBeneH CpaBHUTENBHBIA aHAIN3 HM3BECTHBIX IOAXOA0B K TNpodieMe
B3PBIBHOTO METaHUS METAIMYECKUX HWINHIPUIECKIX 000109eK U UX (parMeHToB, cpenu
KOTOPBIX MOYKHO BBIJICJIUTH Hanboiee IUPOKO NPUMCHACMYIO METOAHUKY C HU3BECTHBIM
cooTHomeHueM ['apuu [1].

B mocnennee BpeMs B 3apyOeXHBIX MCTOYHHMKAX MOSBHIIMCH COOOUICHHS 00
UCCJIEJIOBAaHUAX JOTOJHUTENLHOIO YCKOpEHHs (DparMEHTOB HArpy>KEHHBIX B3PBIBOM
METaJUINYEeCKUX 000JIoueKk mocie u3 paspymeHus [2, 3]. B Hame# cTpaHe aHaJIOTWYHBIE
WCCIIeIOBaHUs TPUMEHHUTEIHPHO K CTalbHBIM 000JOYKaM TMpoBomsTcs ¢ Hawanma 2000-x
rozioB [4]. SIBneHne NOMOIHUTENBFHOTO YCKOPEHUs! (PParMEHTOB B M3BECTHOW Mepe MEHSIOT
HalllM TPEICTABICHHUS O NPUMEHNMOCTH U3BECTHBIX COOTHOLIEHHH, B YACTHOCTH, (hOPMYJIBI
TapHu U151 onpesienieHyst He TOJIBKO CKOPOCTH 000JIOUKH, HO M ()parMEeHTOB.

B Hacrosimed paboTe Ha  OCHOBaHMM  JIOCTATOYHO  OOJIBIIOrO  0OBEMa
9KCIIEPUMEHTAIBHBIX JAaHHBIX MO CKOPOCTH CTalbHBIX 000J0YeK M HUX (ParMeHTOB
NpeAIokeHa METOAMKA YTOYHEHHUsI IapaMeTpoB, CoAepKammxcs B ¢opmyne [apHu, a
HUMEHHO, XapaKTePUCTHYECKOH CKOpocTH ['apHM ¢ y4eTOM JOMOIHUTEIBHOTO YCKOPEHHS
(dbparmMeHnToB, a TaKke KOdPPUIIMEHTa HaArpy3kd. [IpoBeIeHO cpaBHEHHE pPACUETHBIX H
SKCTIEPUMEHTAIBHBIX pe3ynbTaToB. [I0ka3aHO 3aMETHOE MOBBIIICHHE TOYHOCTH PAcUETHBIX
OLICHOK I10 CPaBHEHUIO C KIIACCHYIECKUM MoAxoa0M ["apHu.
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YW CJIEHHOE MOJIEJITMPOBAHUE ®OPMUPOBAHUSA KYMYJIATUBHOM
CTPYU N3 BPAIIAIOIIETOCA KYMYJISITUBHOI'O 3APSAIA

C.C. Paccoxa
MI'TY um. H.3. baymana, . Mocksa, Poccus

[TpoBeneH YMCIEHHBIH aHanM3 (PYyHKIHMOHMpOBaHUs Bpamiaommxcs K3 ¢ nmomoursio
YHUCICHHOTO MOJEIUPOBAaHUS METOAOM THAPOAMHAMHUKHU crilaxkeHHbIXx dactul, (SPH) B
nporpaMMHoM komiuiekce ANSYS LS-DYNA [1].

Jnuua 3apsiga cocrtaBimsuia 1,6d,,, Beicota o6munoBku 0,6d,,, ee Tommmua 0,04d,.,
yron nipu BepimHe — 60°, rae dy, — AnaMeTp KyMyJIsITHBHOTO 3apsiia. s MoxenupoBaHus
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MaTepuaiioB kopmyca K3 (ctamp) w oONHIOBKH (MEAb) WCIONB30BANACh MOICITH
ynpyromiactudeckoro  marepuana  (*MAT PLASTIC KINEMATIC). BspsiBuatoe
BerecTBo (BB) paccunThIBanoCh ¢ MOMOIIBIO CTAHAAPTHON MOIEIH, KOTOPask UCIIONb3YeTCs
B LS-DYNA (*MAT HIGH EXPLOSIVE BURN) u ypaBHeHusi cocTosiHHS B (opme
Jxonca-Yunkunca-JIu (JWL).

B xadecTBe OCHOBHOTO PAacYeTHOIO BapHAHTA MOJEIHPOBATIOCH (PYHKIIMOHUPOBAHUE
HeBpamatomierocs K3. PesynpTartel umcneHHoro wmozenupoBanus K3 B ycrmoBmAx
HavyaJIbHOTO BPAICHUS! COBNANAIOT C W3BECTHBIMH JKCIEPHUMEHTAIBHBIMH JAHHBIMHU [2-7].
OO1mas [uIHa CTPYH BMECTE C BO3YIIHBIMHU IIPOMEXKYTKaMH OKa3bIBACTCS HE 3aBHUCSILCH OT
yrinoBoit ckopoctd K3, 4To cBUAETETBCTBYET 00 OTCYTCTBHM 3HAYUTENBHOTO BIMSHHS
BpallleHUs Ha TPaJiMeHT oceBoi ckopocTH Boyib KC.

CrulomHOCT,  CTPYHM B OCEBOM  HAIPABJICHHM, COIJIACHO  pe3yjibTaTaM
MOJICIUPOBAHMSA, 3aBUCHT OT YII0BO# ckopocTu. C 00pa3oBaHHEM LEHTPAIbHOTO KaHajla B
CTpye TOJIIMHA €€ CTCHKH B pPauajJbHOM HAINPABICHHH CHIDKACTCS. OJTO TPHBOIUT K
COKpAIIICHUIO BPEMEHM OT Hadaja pa3BUTUSl IIEEYHOH HEYCTOMYMBOCTH 0 pa3phiBa
Matepuana KC B mecte chopmupoBasmieiics meiiku [8]. MapiMu cnoBamu, crutontHod KC
TpeOyeTcs 0oJbllle BpeMEHH OT Havyasla Pa3BUTHS IEHKN IO TOTO MOMEHTA, KaK yTOHEHHE B
MecTe ee 00pa3oBaHMS MPUBENET K Pa3pYIICHHIO CTPYH, M3-3a2 OOJBIIEr0 MyTH, KOTOPBIHA
JIOJDKHA TIPeoJoJeTh IieedHas BhaauHa ¢ noepxHocTd KC mo cpaBHeHHIO co cTpyel ¢
LEHTPAIBHBIM KaHaJoM. BcnencrBue storo mexanusma Bpamaromascs KC, mis ciaydas
yrioBoii ckopoct K3 menee 100 00/c, panblie pa3pymiaeTcs Ha OTAEIbHBIC SJIEMEHTHI, YeM
HE Bpallarouascs. TOT MEXaHN3M OOBSICHSICT CHIU)KCHHE TITyOUHBI IIPOOUTHS B OTCYTCTBHE
LIEHTPOOSIKHOTO Pa3pyIICHHsI CTPYH LTS MaJIbIX HaYaIbHBIX YITIOBBIX cKopocTel Bpamientst K3 [9].

JaHHyl0 uIer0 MOXXHO (opManM30BaTh IyTEM MEpEONpeNeNieHns] H3BECTHBIX
3aBUCUMOCTEH 151 KO3PPHUITUEHTA MTPEeNeTHHOTO YATUHEHMS Ny, [2]:

. PjégoR]zo b
nb=A+B-sZO-R]0;nb=C(T>, (1)
rae A, B, C, D — noctosiHHBIE KOYPPUITUEHTHI; £,( — HAYAILHBIN IPATUEHT OCEBOW CKOPOCTH;
R;, — pammyc KC; Y — mpenen Ttekydectu wmarepuana crtpyu. Ilepeonpenenenune

3apucumMocTedl (1) 3axmodaercs B TOM, 49TO BMecTo pammyca KC R;, mpemmaraercs
UCIIOJIb30BaTh TOJILIMHY CTPYH B paJHaibHOM HanpasieHud. Ee 3HaueHne yMeHbIIaeTcs 13-
3a 00pa3oBaHMs IIEHTPAJbHOIO KaHalla, YTO NPUBOJAMT K COKPAIEHUIO MNPEAEIEHOrO
K03(dULIKeHTa YIIMHEHNS U TITyOUHBI TPOOUTHS CTPYH.

Ha ocHOBe pe3ynbTaToB YHCIEHHOTO MOJEIMPOBAHUSI OLIEHEHBI paclpeeIeHus
yroBbix ckopocteii KC B 0CeBOM M pajvanbHOM HAMpABICHHUSX JUI  PA3IMYHOTO
HauyanbHOro Bpamienust K3. Iloka3aHo, 4To B pajuaibHOM HAMpaBICHHH pacIpelesieHue
YIJIOBOM CKOPOCTH HAa HAYaJIbHOM JTale €€ PACTSDKEHUS HOCHUT IMOCTOSHHBIM XapakTep ¢
MOCJIEIYIOLIMM TOPMOYKEHHEM CJIOEB BOJIM3M BHEIHEH MOBEPXHOCTH CTPYH U PaCKpPYyTKOU
WX B IEHTPAIbHON YaCTH.

Kpome 3toro, npousBe/ieHa OlieHKa PACTIPEICICHHUS HAIPSHKCHUI 110 JAJMHE CTPYH U
1O ee TOJNIIMHE B CPEAMHHOM cedyeHHH. [loka3aHo, 4TO Al CPEJUHHOTO CEYEHHs CTPYH B
paauaibHOM HaNpaBiIeHUHM XapakTep HANPSHKEHHOTO COCTOSHMS SIBJISETCS CMENIaHHBIM.
B oceBom HampaBieHHH SIPKO BBIpaKe€Ha 00JaCTh BCECTOPOHHEIrO CXKaTHs BO3JIE TOYKH
CXJIOTIBIBAHUSI OOJIMIIOBKM Ha OocH cUMMeTpuu. [Ipu ynaneHMn oT Hee K TOJIOBHOW 4yacTu
CTPYH PpACTATMBAIOIIMI XapakTep HAaIpsHKEHHOTO COCTOSIHUSI CTaHOBUTCS Bce Oolee
BBIP@)KECHHBIM.
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NUMERICAL SIMULATION OF JET FORMATION
FROM ROTATING SHAPED CHARGE

S.S. Rassokha
Bauman Moscow State Technical University, Moscow, Russia

A numerical analysis of rotating shaped charges functioning was carried out using
numerical simulation by smoothed particle hydrodynamics method (SPH) in ANSYS LS-
DYNA software package [1].

The length of the charge was 1.6d,., the height of the liner — 0.6d,, its thickness —
0.04d,., liner apex angle was 60°, where dy is the diameter of the shaped charge. To
simulate the materials of the SC case (steel) and liner (copper), an elastic-plastic material
model (*MAT PLASTIC KINEMATIC) was used. High explosive (HE) was calculated
using the standard model that is used in LS-DYNA (*MAT HIGH EXPLOSIVE BURN) and
the equation of state in the form of Jones-Wilkins-Lee (JWL)

As the main calculated variation, the functioning of a non-rotating shaped charge was
considered. The results of numerical simulation of the shaped charge under conditions of
initial rotation coincide with the known experimental data [2-7]. The total jet length,
together with air gaps, turns out to be independent of the SC angular velocity, which
indicates the absence of a significant effect of rotation on the axial velocity gradient along
the jet.

According to the simulation results, the continuity of the jet in the axial direction
depends on its angular velocity. With the formation of a jet central channel, its wall
thickness decreases. This leads to a time reduction from the start of the neck instability
development to the rupture of the jet material at the formed neck [8]. In other words, a solid
jet requires more time from the beginning of the neck development to the moment when
radius reduction at the neck site leads to the destruction of the jet. This happens due to the
longer path that instability must develop from the jet surface compared to the jet with a
central channel. Because of this mechanism, a rotating jet for the case of an angular velocity
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of a shaped charge less than 100 rps, is breakup into separate elements earlier than a non-
rotating one. This mechanism explains the decrease in the penetration depth in the absence
of centrifugal destruction of the jet for small initial angular velocities of SC rotation [9].

This idea can be formalized by redefining the known dependencies for the maximum
elongation factor ny, [2]:

pyézoR? D
nb=A+B-ézo-R]0;nb=C(+]°), (1)
rae A4, B, C, D — constant coefficients; &,, — initial axial velocity gradient; R 0 — radius of the
jet; Y — yield strength of the jet material. The redefinition of dependences (1) is that instead
of the jet radius Rj, it is proposed to use the jet thickness in the radial direction. Its value
decreases due to the formation of a central channel, which leads to a reduction in the
maximum elongation factor and, consequently, the depth of penetration of the jet.

Based on the results of numerical simulation, the distributions of the jet angular
velocities in the axial and radial directions for different initial SC rotations are estimated. It
is shown that in the radial direction the distribution of the angular velocity at the initial stage
of jet stretching is constant, with the subsequent deceleration of the layers near the outer
surface and spin-up in the central part.

In addition, the distribution of stresses along the length of the jet and its thickness in
the middle section was estimated. It is shown that for the middle section of the jet in the
radial direction, the nature of the stress state is mixed. In the axial direction, there exists an
area of compression near the point of collapse of the liner on the axis of symmetry. With
moving from it to the leading part of the jet, the tensile nature of the stress state becomes
more and more obvious.
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MNMPUYUHBI IPEKPAIEHUS ITPOHUKAHUSA KYMYJSITUBHOM CTPYU
M.A. Bracosa, O.B. Ceupckuii

POALI-BHUND®, r. Capos, Poccust

CornacHo ruapoguHaMudeckoil Teopun M.A. JlaBpeHTheBa INTyOMHA NPOHUKAHUS
kymymsatuBHoi cTpyn (KC) ompenmemnsiercss e€ monHO#M mmmHONW. OnHAaKO, KaK MOKAa3bIBACT
OIIBIT TMPAaKTUYCCKOI'0 MNMPUMCHCHUA KYMYJIATUBHBIX 3apsa0B, MPCKPAIICHUEC MPOHHUKAHUA
OOBIYHO HACTYIACT paHbBIIE, YeM CTPYS HU3PACXOIyeTCs MOTHOCTHIO. s HOCTOBEpHOTO
OTIHMCaHUS YKCIICPUMEHTATIBHBIX PE3yIBTATOB BBOIATCS MapaMeTpsl «3()()EeKTUBHON UTHHBD)
Wi «3QPEKTHBHON (KPUTHICCKON) CKOPOCTH» KYMYJISTHBHOW CTPYH, CYTh KOTOPBIX
COCTOHT B WCKIIIOUCHHU W3 PACCMOTPCHHUS 3aMBIKAIOIIETO YYacTKa CTPYH, IO Pa3IAIHBIM
MPWIMHAM HE YYaCTBYIOIICTO B NMIPOHUKAHWU. 3HAYCHHUS d(PPEKTHBHON CKOPOCTH BBOIATCS
B pacu€THBIE METOAMKHM KaK IOCTOSHHOE 3HAY€HHME ISl KOHKPETHOM Mapbl MaTepUalioB
CTpyu | TIiperpaabl (oTedecTBeHHbIe Meromukun MITY) wim B BUAEC SMIUPHUYECKON
3aBHCHMOCTH OT (DOKYCHOTO pAacCTOSHHI. B [mokmame paccMOTpeHa  BO3MOJKHOCTh
pasnenenus crpyd Ha d(OEKTUBHBIN M HEPaOOTOCIOCOOHBIM YYaCTKH MO (PH3UIECKH
000CHOBaHHBIM IPUYHHAM 0€3 HEOOXONMOCTH MOCTPOCHHUS IMITMPUICCKUX 3aBUCHMOCTEH.

C ucnonp30BaHUEM KOMITIEKCa IBYMEpHBIX mporpamM MKJI u 10CTymHBIX aBTOpam
SKCHEPUMEHTANbHBIX PEe3yJIbTaTOB PACCMOTPEHBI M BBEACHBI B HHXKCHEPHYIO MOIEIb
NpoHUKaHUs KyMyasITUBHOM cTpyn ATOS-M Heckonbko pacu€THBIX anropurmMoB. OHU
MO3BOJISIIOT ~ ONPEAENTUTh  KPUTHMUECKUE  YCIOBUSL ~ OKOHYAHUS  IPOHUKAHUS U
COOTBETCTBYIOIINE UM 3HA4YCHUS «I(PPEKTUBHONH CKOPOCTW» IO CIIEIYIOIIMM BO3MOXKHBIM
MPUIHHAM:

— IIpodyHOCTHOE CONPOTHBIEHUE INpPETpajbl MPEBHILACT JABICHUE, CO30ABAEMOE
CTpyel Ha TpaHHIe CTPYS/TIperpaa;

— O6wem ¢dopmupyemMoli KaBepHBI B Tperpaae HEIOCTATOYCH IJIsi BBITCKAHUS
0TpabOTaHHOTO MaTepHaa CTpyH;

— JlokanpHOE CY)XEHHE KaBepHBI W3-32 YBEIWYCHHUS PACCTOSHHUS MEXKIy
AIIEMEHTaMH CTPYH IIPH MIPOHUKAHUN (PParMEHTHPOBAHHOU CTPYH;

— BsammMopeficTBHe CTpyn CO CTEHKaMH KaBEpHBI M3-3a HATHMYHS CKOPOCTH Apeiida.

[Mpumenenne pa3pabOTaHHBIX ajJrOPUTMOB IIO3BOJIIET HPOBOIUTH JIOCTOBEPHBIE
pacdérsl MPOOMBHOM CHOCOOHOCTH KYMYJISATHUBHBIX 3apsoB, B TOM 4YHCJIE IOCTPOCHHE
3aBUCHMOCTEH BEITMYMHBI IPOOUTHS OT (POKYCHOTO PacCTOSHHUSI.

O BJIMSIHAY 3A30POB HA TUHAMUKY
PA3I'OHA JIBYXCJIOMHOMU IJIACTHHbBI

A.B. Kpacunvnuxoe, B.H. Hoeun, A.E. Kosanes, A.B. Onvxosckuii
POAI-BHUUT®, r. Cuexunck, Poccust

[MpoBenén amHammM3 mpomecca pasroHa JBYXCIOMHOW IUIACTHHBI C  33a30POM.
Jns mpocToil MOZIENBHON CHCTEMBI MONY4YeHbl NPHONVDKEHHBIE (HOPMYJNBI Ul pacuéra
CKOPOCTH JBIDKCHHUS] CBOOOIHON MOBEPXHOCTH Ha HAYAJIBHOW CTaJWM Pa3rOHA IUIACTHHBI.
Iloxa3aHo, 4To Haju4Me 3a30pa MPUBOAUT K IOMOJIHUTEIBHOMY CKAadKy CKOPOCTH IO
CpaBHEHHUIO ¢ cuTyanued Oe3 3a3opa. [IpoBeneHBl OJHOMEpHBIE W JBYMEPHBIE pPacy&Thl
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METaHHs JABYXCIOWHOM  IJIACTHHBI, IOJATBEPIUBIINE NPUOMMKEHHBIE  (OPMYIIBL
C wucrnonp3oBanneM Metoaukun PDV mpoBeneHBl IKCHEPUMEHTHI C MHOTOKaHAJIBHOMN
perucTpanueii  CKOpOCTH  CBOOOJHOW  TIOBEPXHOCTH  ABYXCJIOWHOW  TUIACTHHBI,
MOATBEPAMBILNE 3HAYMMOE BIUSHHUE 3a30pa.

THE GAP EFFECT FOR DYNAMICS
OF ACCELERATION TWO-LAYER PLATE

A.V. Krasilnikov, V.N. Nogin, A.E. Kovalev, A.V. Olkhovskiy

REFNC — VNIITF, Snezhinsk, Russia

Analysis of acceleration process of two-layer plate is provided. For model system has
been get approximate formulae of the free surface velocity at initial stage of two-layer plate
acceleration. It is shown that gap gives additional velocity jump versus situation without
gap. 1D- and 2D-calculations of throwing two-layer plates validate approximation formulae.
With PDV method have been realized experiments with multichannel registration of free
surface velocity two-layer plate that confirmed significant gap effect.

YCHUJIEHUE AKCHAJIBHOI'O MATHUTHOT O IIOJIA
B OCECUMMETPHYHbBIX KOHUYECKHUX TEHEHUAX

C.B. Cmankesuy
Wncturyt 'maponunamuxu um. M.A. JlaBpenTheBa, r. HoBocubupck, Poccus

B noknane paccMarpuBaeTcs SBJI€HUE YBEIMUSHHUS MAarHUTHOTO TOJIS B KOHHYECKHX
TEUEHHSX MaTepualioB, 1eOpPMUPYEMBbIX JeHCTBUEM B3pbIBa. IlocTaHOBKA 3a1aun CBs3aHA
¢ npoOyeMOil TeHepaluy CBEPXCHIBHBIX MAaHUTHBIX MOJIEH, a TakkKe C 3a/Jauei BIUSHUS
MarHMTHOTO MOJIS Ha KyMYJISITHBHYIO CTPYIO.

Ha ocHOBe 4YMCIICHHOTO MOJEIMPOBAaHUS 3a/laud HECTAIOHAPHOW MarHUTHOMN
THJPOJUHAMHUKH B ABYMEPHOH OCECHMMETPHYHOM MOCTAHOBKE MPEICTABICHBI PE3YJIbTATHI
pacueToB YCWJICHHS aKCHaJbHOTO MArHUTHOTO TIOJIS, TIEPBOHAYAIHHO CO3JaBAacMOTO B
KOHMYeCcKOoH KyMmynsaTuBHOH obOmmmoBke (KO) B mpormecce ee mehopMupOBaHHS TIOX
JICCTBUEM B3pbIBa OKpYyXarolleM ee 3apsaa. B pacuérax ydMThIBaIMCh HPOLECCHI:
CBs3aHHBIE C HeCTalMoOHapHOW IudQy3neli MarHUTHOTO TIONA, IKOYJIEBEIM HarpeBOM
Matepuaia KO 1 u3MeHeHne BCIEICTBHE ITOTO €€ 3IEKTPONpOBOAHOCTH. [Ipeanonaraiocs,
4yT0 HadajgbHoe noJie B KO co3maercs okpyXarolieM ee COJICHOUIOM.

B pesynbrare pacueToB yCTaHOBIEHO, YTO YCHJIEHHE MarHUTHOTO HOJS B 00JacTH
cxioneiBanun KO MpOoUCXOoAUT B PE3YyJbTaTC BO3HUKAIOMNWX HWHAYKIIUOHHBIX TOKOB,
00yCIOBICHHBIX PAaCTsDKEHHEM YacTHUIl MaTepuasia CTPYH B HallpaBIEHUH JIMHUHA MarHUTHOM
WHAYKIOHWU I0JIAA, a TaKKE 6I)ICTpI)IM YMEHBIICHUEM CBA3AHHOT'O C YaCTULAMU CPECJibl IIOTOKA
MarHUTHOM MHAYKIMU TPH HMX MPUOMIDKEHHHM K OCH CHUMMETpHH. MakcuManbHOoe
YBEJIIMYEHHE MarHUTHOTO TIOJIS 3aBUCUT OT HAYaJIbHON CKOPOCTH IBIXEHHUS dmeMeHToB KO,
yriaa TpH  KOTOPOM OHH JOCTHTAalOT OCH CHMMETPHM ¥ MOXET JIOCTHUTaTh
3HaueHud >1000 pa3. Ilpu HavyanpHBIX 3HaYeHUsAX MarHuTHoro noist B KO paBHBIX
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0,05-0,1 Tn xoHeuHoe mone MoxeT mpeBbimare 100 Tn, a HarpeB SJIEeMEHTOB,
obpasyromieiics KyMYJIATHBHOH CTpyH, BOJM3M OCH CHMMETPHH MOXET JOCTUTaTh
HECKOJBKUX COTCH I'PaayCoB.

[MonmydeHHBIC PE3yNBTATHI ITOKA3BIBAIOT BO3MOXKHOCTBH JOMOJHHTEIEHOTO HAarpeBa
JJIEMEHTOB KYMYIISITHBHOH CTPYH 3a CUST MPEABAPUTEIHHOTO CO3IaHUS B KYMYJISITUBHBIX
00JIUIIOBKaX MAarHUTHOTO ITOJIS, YTO MOXKET MPUBOAUTE K YMEHBIICHHUIO TIpe/ieiia TeKYIeCTH
HX MaTCpHUANOB ¥, COOTBCTCTBEHHO, K 3aMCUICHUIO PAa3BUTUSA  IUIACTHYCCKOU
HCYCTOWYHMBOCTH  CTpyH. BcemenctBue dStoro 3¢ddekra BO3MOXKHO  yBEITHUYCHUC
3¢ GEKTUBHOCTH ASHCTBHSI KyMYJISITUBHOM CTPYH.

AMPLIFICATION OF THE AXIAL MAGNETIC FIELD
IN AXISYMMETRIC CONICAL FLOWS

S.V. Stankevich

Lavrent’ev Institute of Hydrodynamics, Novosibirsk, Russia

The amplification of the magnetic field in conical flows of explosively deformed
materials is considered. The problem statement is relatedto the problem of generating
superstrong magnetic fields and to the problem of the effect of a magnetic field on a shaped-
charge jet.

The amplification of aninitial axial magnetic field in a conical shaped-charge liner
(SCL) deformed by explosion of the charge surrounding the liner was studied by numerical
simulation of the problem of unsteady magnetohydrodynamics in a two-dimensional
axisymmetric formulation. In the simulation, the unsteady diffusion of the magnetic field,
the Joule heating of the SCL material, and the change in its electrical conductivity due to
this heating were taken into account. It was assumed that the initial magnetic field in the
SCL was generated by a solenoid surrounding the liner.

The results of the simulation show that magnetic-field amplification in the region of
SCL collapse is due to the induction currents caused by the stretching of jet material
particles along the magnetic field induction lines and by a rapid decrease in the magnetic
induction flux associated with material particles as they approach the axis of symmetry. The
maximum increase in the magnetic field can reach a factor of 1000 or more and depends on
the initial velocity of the SCL elements and the angle at which they reach the axis of
symmetry. When the initial magnitude of the magnetic field in the SCL is 0.05-0.1 T, the
final field can exceed 100 T and the elements of the resulting shaped-charge jet near the
symmetry axis can be heated to several hundred degrees.

The results show the possibility of additionally heating of shaped-charge jet elements
by preliminary generation of a magnetic field in a shaped-charge liners, which can reduce
the yield strength of the liner material and, hence, slow down the development of plastic
instability of the jet. Using this effect, it is possible to increase the efficiency of the shaped-
charge jet.
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YCKOPEHHE IVIOCKUX YJAPHUKOB C UCIIOJIb30BAHUEM
CIIUPAJIBHOTO MATHUTOKYMVYJIATUBHOI'O TEHEPATOPA

I A. Tenaes, A.A. Aeanos, A.C. Bopuckun, FO.B. Bracos, C.H. Boroduenkos,
B.A. lemuoos, C.A. Kazaxos, I1.B. Penun, A.B. Quaunnos, A.M. Tapacos

POAL-BHUND®, r. Capos, Poccust

OmHuM U3 crocoOOB OMpEICNCHHs MapaMeTPOB YPaBHEHUIH COCTOSHUS BEIICCTB
SBIISICTCS 00pabOTKa Pe3yabTaTOB U3MEPEHHS BOJTHOBBIX H MAaCCOBBIX CKOPOCTEH B MUILICHHU
MpU yAape MO HeW TUIACTHUHBI, ABWKYIIEWCS CO CKOPOCTHIO HECKOJBKHX KHUJIOMETPOB B
CeKyHIy. Y CKOpEHHUE TUIACTUH JI0 TAKUX CKOPOCTEH MOKHO BBIIIOJIHUATH AJIEKTPOMArHUTHBIM
crocoOoM. B kadecTBe MCTOYHHMKA DJIEKTPOMArHUTHOW DHEPTHH BO3MOXKHO MPUMEHEHHE
CIIUPATTLHOTO B3PHIBOMATHUTHOTO T€HEPATOpa, HO HEOOXOIUMO YUUTHIBATh, YTO K MOMEHTY
coyIapeHus yJapHUKa U MUIIEHU CTOPOHA YJapHUKA, IPOTHBOIIOJIOKHASI TOW, Ha KOTOPYIO
BO3JICHCTBYET MarHWTHOE JaBlIeHUE, JOJDKHA OCTAThCS B TBEPAOM COCTOSIHUU M HE JOJDKHA
OBITh BO3MYIICHA THUAPOIMHAMUYCCKUMH HEYCTOWYHMBOCTAMHU. B JOKIane mpeicTaBiICHEI
pe3yNbTaThl KCIEPUMEHTOB M0 YCKOPEHUIO MJIOCKUX YAAPHUKOB U3 aIFOMUHUS IJIOLIAIbIO
25 cm® uw wmaccoit ~70 IpaMM C HCIOJIb30BAHUEM CIHUPAIBHOIO B3pPBIBOMarHUTHOTO
reHeparopa co cratopom guameTpom 200 MM U UX CpaBHEHHUE C pacueTaMHu.

ACCELERATION OF FLAT STRIKERS WITH THE USE
OF HELICAL MAGNETO-CUMULATIVE GENERATOR

D.A. Tepaev, A.A. Agapov, A.S. Boriskin, Yu.V. Vlasov, S.1. Volodchenkov,
V.A. Demidov, S.A. Kazakov, P.B. Repin, A.V. Filippov, A.M. Tarasov

RFNC-VNIIEF, Sarov, Russia

The analysis of measurement results of wave and mass velocities in the target at the
plate strike is one of the methods to determine the equation of state parameters. The plate is
moving with the velocity of several kilometers per second. The acceleration of the plates up
to such velocities can be performed by the electromagnetic method. A helical explosive
magnetic generator can be used as a source of the electromagnetic energy. We must take
into account that by the moment of collision of the striker and the target, the striker side
opposite to the side influenced by the magnetic pressure, should remain in the solid state and
should not be disturbed by hydrodynamic instabilities. The report presents the results of the
experiments of the acceleration of flat strikers made of aluminum with the area of 25 cm®
and the mass of 70 g with the use of a helical explosive magnetic generator with a stator of a
200 mm diameter, and their comparison with calculations.
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nPAMOE YUCJIIEHHOE MOJEJIMPOBAHUE TYPBYJIEHTHOI'O
HNEPEMEHNINBAHUA C YYETOM UCTOPHUU TPOLECCA

10.B. Auunkun, A.P.Iyaxcosa, JL.U. [Jleemapenxo, B.FO. Konooanun, B.A. I[lImenés

POALI-BHUUD®, r. Capos, Poccus

Ocoboe MecTo cpeay IMPOLECCOB, BKIIOYAIOMNX TypOyJIeHTHOE IepeMelInBaHMe,
3aHMMAET TPOIIECC TOPEHUs, KaK XUMHUIECKOe, TaK U TEPMOSACPHOE, M OH CHIHHO 3aBHCUT
OT CTENEeHH CMEUIeHHs (TOMOT€HHOT'O WM TEeTePOreHHOI0) YJYacTBYIOIIMX B IIpoIecce
ropeHus BemecTs. [Ipn 3TOM JIoKaJIbHAsS CTETIEHb CMELICHUsI 3aBUCHT OT TOT'O, SIBJISTIOTCS JIN
BEIIECTBA  CMCIIMBAIOIIMMHUCS  WJIM  HECMEIIMBAIOIIMMHCA.  [IpH  9HCICHHOM
MOJICIUPOBAHNH, TTO-BUAUMOMY, MOKHO CUHTATh, YTO Ta3bl ABJSIOTCS CMEIIMBAIOIINMUCS
BEILIECTBAMH, a KOHJCHCHPOBAHHBIC BELIECTBA U KHUIKOCTH — HECMEIIMBAIOIIIMHUCS.

Jnist ompezneneHus JIOKaJIbHOW CTENEHHW CMEUICHUs B JIIO0OI CMellaHHOW syelke
aBTOpaMM B paMKax MeToja KOHLEeHTpauuid [l] mpu mIpsMOM  MOJETMPOBAHHU
TypOyJIEHTHOTO TEPEMEINBaHMs pa3pab0TaH CIEHHAIbHBIH METOJ, KOTOPBIH COCTOHT U3
JIBYX QJITOPUTMOB:

a) anropuTMa OINpeeICHUs COCTOSHUS CMEIICHHsI B CMEIIIAHHOH sTueiKe,
0) anropuTMa ydeTa HCTOPHHU MPOIIECCa CMEIICHHS.

TecTupoBaHWe MeTOda MPOBEACHO Ha KJIACCHYCCKOM 3aaade TPaBHTAILMOHHOTO
MepeMEIInBaHMs.

Jlumepamypa

1. C.M. Baxpax, IO.I1. I'naronesa, M.C. Camurynus, B./l. ®ponos, H.H. Snenxo, 10.B. Suunkun
PacueT razomuHamMHuYecKuX TEUCHUII Ha OCHOBe MeToja koHreHtpanuii // JJAH CCCP, 1981,
T.276, Ne4.,
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3KCIEPUMEHTAJIbHOE HCCJIEJIOBAHUE HEYCTOMYMBOCTH
PUXTMAMEPA-MELIKOBA IIPU YHCJIE MAXA
MAJAIOIIEN YJIAPHOM BOJHBI M<5

A.A. Takmes, 10.A. Iluckynos, U.JI. Byzaenxo, H.b. Anuxun

POAL-BHUUTO, r. Cuexunck, Poccus

Ha ymapHoit TpyOe 9SKCIEPHMMEHTAJBHO  HCCIIEIOBAJOCh  B3aMMOJCHCTBHE
CTallMOHAPHOM y/apHOIl BONHBI ¢ yuciioM Maxa M = 5 ¢ KOHTakTHOH ra3oBoi rpaHuIei
paszena cpex pasHOW IUIOTHOCTH KBasuchepuueckoil ¢opmel. ['panmiia pasmena
chopMupoBaHa B pe3ysbTaTe I'OPEHHs CMECH C KOHIGHTpauueid Bomopoaa 8 00. % c
BO3/yXOM Tipu HadanbHOM naBiueHuu 20 klla. K MoMeHTy B3auMONEWCTBHUS C yIapHON
BOJIHOH TopeHue cMecH (11amMst) GOpMHUPOBAIO TOHKYIO, OJH3KYIO K ChepHUECKOM IpaHHILy
paszena Jierkoro rasa (TMPOAYKTHI CTOpaHWs) M TspKeloro (HecropeBmmas cMmech). [Tocie
B3aUMOJICHCTBHS C yIAPHOW BOJHOW MONyYeHBI (DOTOM300PaKCHUS Pa3BUTHS HAYATHHOTO
BO3MYIICHUSA B TOPOHNANBHBIA BHUXpb. OIpeneneHsl MPOCTPAHCTBEHHO-BPEMEHHBIC
3aBHCUMOCTH JIBHXKCHUS yTApHOW BOJHBI, BEPXHEW W HIDKHEHW TPaHUIl TOPOUIATBHOTO
BUXPS, €0 TIPOIOJIBHBIN U MOMIEPEYHBII pa3MephL.

t=15 Mkc

t =45 MKc t= 65 MKC

3a ymapHOW BOJTHOW MOXHO MPAaKTHYECKU NPEHeOpedb rOpEeHHeM W CUHTaTh, YTO
TEUeHHE B OCHOBHOM pa3BUBAaeTCs 3a CUeT JCHCTBUS Ha TpaHMIly pasjiena Cpej
HeycToiunBocTH Puxrtmaiiepa-MemkoBa. DKCIEpUMEHTHI MOTYT OBITh TOJIE3HBI MpPHU
PacyeTHO-TEOPETUUECKOM MOJIeNTUPOBAaHUU TypOyJIEHTHOTO HepeMeIInBaHus
B COKUMaeMBbIX Cpefiax.
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EXPERIMENTAL STUDY OF RICHTMYER-MESHKOV INSTABILITY
AT THE INCIDENT SHOCK-WAVE MACH NUMBER M=~5

A.A. Tyaktev, Yu.A. Piskunov, I.L. Bugaenko, N.B. Anikin
RFNC-VNIITF, Snezhinsk, Russia

Shock tube experiments were conducted to study interaction between steady-state
shock wave with the Mach number M = 5 and quasi-spherical gas interface separating two
media of different densities. The interface was formed by the combustion of hydrogen-air
mixture (8 vol.% H;) at the initial pressure of 20 kPa. To the moment of shock-wave
interaction, the mixture combustion (flame) was forming a thin interface, quasi-spherical in
shape, between light (combustion products) and heavy gases (unburnt mixture). The
pictures made upon shock-wave interaction show evolution of initial perturbation into a
toroidal vortex. Space-time dependencies for shock wave propagation, and for upper and
bottom boundaries of the toroidal vortex were determined. Vortex longitudinal and lateral
dimensions were measured.

t=5us

t=45ps t=65us

The combustion can be neglected behind the shock wave to assume that the flow is
mainly developing due to the Richtmyer-Meshkov instability affecting the interface. The
experiments can be worthwhile for numerical simulation of turbulent mixing in
compressible media.
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PE3YJIbTATbI PACYUETHO-3KCIIEPUMEHTAJIbHBIX UCCJIEJOBAHUIA
TYPBYJEHTHOI'O IEPEMEIIUBAHUS HA KOHTAKTHOM I'PAHULIE
T'A3-)KHAKOCTb O] JEMCTBUEM KOCOM YJIAPHOM BOJIHBI

H.B. Heemeporcuykuii, A.H. Pazun, B.B. 3uywxo, A.D. Borvwaxosa,
E.JI. Cenvrosckuii, E.A. Comckos, E.B. Boopos, O.JI. Kpusonoc, K.B. Anucugopos,
E.B. Jlesxuna, C.B. @ponos, A.C. Coxonosa, U.P. @apun

POAL-BHUNDD, r. Capos, Poccust

[lpuBeneHBI SKCHEPUMEHTANBHBIE W PACUYCTHBIC PE3yJbTATBl HCCICIOBAHUS
pa3BuTHA TypOyJICHTHOTO MEpEeMEIINBAHMS HAa HAKJIOHHONW KOHTAKTHOH I'paHUIC BO3IYX-
JKUAKOCTh TOJ| JeHCTBHEM KOCOW YIapHOW BOJHBI. JKCIIEPUMEHTHl TPOBOAMINCH B
BO3AYIIHOW ymapHO#l TpyOe. B kadecTBe >KHIKOCTH HCIIONB30BajaCh BOJA M TIIHIEPUH.
UYucno Maxa ymapHOW BOJHBI B OIBITaxX cocTaBisuio M = 1,7-2,2. VYros Hak/IOHA yaapHOH
BOJIHBI K KOHTaKTHOW rpanuue coctamsut 15 ° u 30 °. IIpr mpoXoKIEHHH BONHBI depe3
TPaHMIy pa3BUBaNach HeycTOHYMBOCTh KenbBuHa-I'enmpMronpna u  TypOYyJIEHTHOE
NepeMeIIuBaHue  BemecTB.  llome  TEYeHHS  PETUCTPUPOBAIOCH  CKOPOCTHBIMH
BHACOKaMepaMH. DKCIEPUMEHTATBHO YCTAHOBICHO, YTO C YBEIHUYCHHEM YIJa IafcHUS
yIapHO# BoJHBI ¥ (min) yncia Maxa YB ckopocTh pocTa MIMPUHEI 30HBI TypOYJIEHTHOTO
NepeMeIIMBaHusl  yBEJIMYMBACTCS; pa3Mep Kalenb JTUCHEPIHpPOBAaHHON  KHIKOCTH
YMEHbBIIAETCs; BA3KOCTh JKUJIKOCTH yMEHbIIaeT MHUpHUHY 30HbI TII.

YncneHHOE MOJEIMPOBaHME OIBITOB MO JBYMEPHOM METOAWKE IIOKa3aJlo, 4YTO
METOJMKAa  yJOBJIETBOPUTENBHO  pACCUMTHIBAET  MAaKCUMAJbHYIO  BBICOTY  30HBI
TypOyJEHTHOTO TepeMeNnBanusi, HO TpeOyeTcs ydeT TypOYJIeHTHOH BS3KOCTH,
TIOBEIIICHIE TOYHOCTH MOJACIHPOBAHUS IOTOKOB MAacChl, HMITYJIbCa W YHEPTHUHU Yepe3 TPaHu
CYETHBIX STYCCK.

RESULTS OF NUMERICAL AND EXPERIMENTAL STUDY OF TURBULENT
MIXING AT TILTED INTERFACES UNDER INCLINED SHOCK WAVE

N.V. Nevmerzhitskiy, A.N. Razin, V.V. Zmushko, A.E. Bolshakova, E.D. Senkovskiy,
E.A. Sotskov, E.V. Bodrov, O.L. Krivonos, K.V. Anisiforov, E.V. Levkina,
S.V. Frolov, A.S. Sokolova, I.R. Farin

RFENC-VNIIEF, Sarov, Russian

The experimental and numerical studies of the turbulent mixing propagation at
inclined air-liquid interface under effect of an inclined shock wave are presented. The
experiments were conducted in the air shock tube. Water and glycerin were used as a liquid.
The Mach number of the shock wave in experiments was equal to M = 1.7-2.2. A tilt angle
of the shock wave to the interface was equal to 15 ° and 30 °. In the passage of a shock
wave through the interface, the Kelvin-Helmholtz and the turbulent mixing of matters were
propagated. The flow field was recorded by high speed video cameras. It was
experimentally obtained that with increasing the angle of shock wave incidence and (or) the
Mach number of the shock wave, the growth rate of a width of a turbulent mixing zone
increases; the size of dispersed liquid drops reduces; and the liquid viscosity reduces the
width of a turbulent mixing zone.
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Numerical simulation of experiments with a two-dimensional technique shows that
this technique satisfactorily calculates the maximum height of the turbulent mixing zone,
but it is required to take into account the turbulent viscosity, the accuracy enhancement in
the flux simulation of mass, momentum and energy through borders of counting cells.

SKCHEPUMEHTAJIbHBIE JIAHHBIE 1O BEJIUYUHAM
NYJbCAIIUH CKOPOCTH )KUJKOCTH B 30HE TYPBYJIEHTHOI'O
NEPEMEIINBAHHWS HA TPAHULIE I'A3-)KUJIKOCTD
NPU HEYCTOMUYUBOCTHU PIJIESI-TEMJIOPA

H.B. Hesmeporcuyxuii, E.J]. Cenvroscxuii, E.A. Comckos, E.B. Foopos, O.JI. Kpusonoc,
K.B. Anucugpopos, C.B. @ponos, U.P. ©apun, /].0. Kouemxos

POAL-BHUND®, r. Capos, Poccust

IIpencraBineHsl SKCHEPUMEHTANBHBIE OAHHBIE [0 UCCIECJOBAHMIO IyJIbCALUN
CKOPOCTH B 30HE TYpOYJIEHTHOTO IEpEeMEIIMBAHUS, PAa3BHBAIOLICIHCA HAa TPaHHIE Ta3-
JKUAKOCTD TpU HeycToiuuBocTH Panes-Teinopa. OnbITel MPOBOAWINCH HA JIETKOTa30BOM
NylIKe B JMANA30HE BEITMYMH YCKOPEHHS KHIAKOrO ciosi oT g~ 10°g, o g% 10%g,.
HccnenoBanusi mpoBOAWINCH C HCIIOJNB30BAHUEM aTTECTOBAHHOW METOIUKU TPACCEpHOt
BU3yaJu3anuu. B kauecTBe >KMIKOCTH HCIOIb30BAIICS BOAHBIA PACTBOP ATUIOBOIO CIHPTA,
B KAuecTBE TPAcCepOB — B3BEIICHHbIE B >KUAKOCTH YACTHUIIbl MOJHUIPONUJICHA. 30HA
HNepeMeIIuBaHNs PEerucTpupoBanack AByxkanpoBoil CCD-Buneokamepoil mpu MOJCBETKE
TEYEHUsI «IA3EpHBIM HOKOM». [IpMHUMAaNOCh, YTO CKOPOCTH TPaccepOB COOTBETCTBYIOT
CKOpPOCTM JKHUIKOCTM B 30HE IepememinBaHusd. Ilo 3HaYeHMsIM 3THUX CKOpPOCTEM
ONPEIEIISIINCH ITYJIbCALIUA CKOPOCTH B 30HE NIEPEMEIIMBAHUS.

IlonydeHbl AaHHbIE NO MyJbCallUM CKOPOCTH B 30HE NEpPEMEIIMBAaHUS TIa3a U
XKHUIKOCTH. BenwdymHa MakCHMalbHOW ITyJIBCAlMA CKOPOCTH (OTAENBHBIX BBIOPOCOB)
M3HAYalbHO YBEJIUUMUBAETCS C YBEIHMUYEHUEM CPEIHEH MacCOBOW CKOPOCTH TEUEHHUS B 30HE
TTI, a 3aTemM yMeHbIIAETCs, U TP MACCOBON CKOPOCTU TEUEHHS Vi, ¢, = 70 M/C BBIXOJNT Ha
MOCTOSIHHBIN PEXHUM U COCTaBJISIET IPUMEpHO 8,4 M/c.

Cpeansisi BeTUUKMHA MyJIbCAllUK CKOPOCTH cocTaBisieT 8-15 % oT cpenHelt ckopocTu
TeueHus B 30He TII.

EXPERIMENTAL DATA OF LIQUID VELOCITY PULSATIONS
IN TURBULENT MIXING ZONE AT GAS-LIQUID INTERFACE
UNDER RELEIGH-TAYLOR INSTABILITY

N.V. Nevmerzhitskiy, E.D. Senkovskiy, E.A. Sotskov, E.V. Bodrov,
O.L. Krivonos, K.V. Anisiforov, S.V. Frolov, LR. Farin, D.O. Kochetkov

RFNC-VNIIEF, Sarov, Russian
The experimental data are presented for velocity pulsations in the turbulent mixing

zone propagated at gas-liquid interface under the Rayleigh-Taylor instability. The
experiments were conducted with the use of light-gas gun in the range of liquid layer
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accelerations from g~ 10%g, to g~ 10*g,. The study was performed with the help of a
certified method — particle image velocimetry. The water solution of ethanol was used as a
liquid, and the polypropylene particles suspended in liquid were used as tracers. A mixing
zone was recorded by two-framed CCD video camera under the «laser knife» lighting of a
flow. It was supposed that velocities of the tracers correspond to velocities of liquid in the
turbulent mixing zone. According to the values of these velocities, the velocity pulsations in
the mixing zone were determined.

The data of velocity pulsations in gas-liquid mixing zone were obtained. The value
of maximum velocity pulsation (for individual ejections) initially increases with the growth
of average mass flow velocity in the turbulent mixing zone, and then reduces. With the
mass flow velocity of Vi ,, = 70 m/s, the velocity pulsation remains constant and equals to
approximately 8.4 m/s.

The average value of velocity pulsation is 8-15 % from the average flow velocity in
the turbulent mixing zone.

JAACHEPTUPOBAHUE KAIUIN XKUAKOCTH
noa AEMCTBUEM BO3AYIIIHOU YIAPHOU BOJIHBI

H.B. Heemeporcuykuii, A.b. I'eopeuesckas, E.J]. Cenvkogckuii,
E.B. Jlesxuna, E.A. Comcxos, O.JI. Kpusonoc, K.B. Anucughopos, C.B. @ponos

POAL-BHUND®, r. Capos, Poccust

ITpuBenenst Pe3yIbTATHI pacyeTHO-3KCIIEPUMEHTATBHBIX HCCIIeTIOBaHUH
(hparMeHTaIK KAk JKUAKOCTH (BOJAA, CIMPT, MIIMIEPUH) TIPH BO3ACHCTBUN BO3IYIIHON
yaapHo# BoHEI ¢ AaBieHueM 0,2 u 3,2 aTh. DKCIIEPUMEHTHI POBOIMIMCH HA BO3IYIIHOK
yaapHoW TpyOe; AWaMeTp Kalulk >KUAKOCTH cocTaBism ~ 0,6 MM m 2 mMm. IIpomecc
PETUCTPHUPOBAJICS CKOPOCTHOM BHIEOCHEMKOM.

3aperucTpUPOBaHbl YaCTHUIIBI TUCTICPTUPOBAHHOMN KUIKOCTH Pa3MEpPOM OT = 3 MKM,
MOCTPOCHBI PACMPENEIICHUS] YACTHI[ JKUAKOCTH IO pa3MepaM, W OMpPEICIICHBI CKOPOCTH
OTJCNBHBIX ~ YACTHIl, pa3pabdoTaHa MONyIMIHPUYCCKAS MOJCIb JUCIECPTUPOBAHHUS
JKUJKOCTH. DKCIEPUMEHTAIBHBIC PE3YJIbTaThl COMOCTABICHEI C PE3yJIbTATAMU YUCICHHOTO
MOJICITUPOBAHHS.

Kniouesvie cnosa: ynapHas BoNHa, IPOOJNCHWE, KAaIUI JKHIKOCTH, CICKTP YAaCTHII,
YHUCIICHHOE MOJIETUPOBAaHUE.

DISPERSION OF LIQUID DROP UNDER EFFECT OF AIR SHOCK WAVE

N.V. Nevmerzhitskiy, A.B. Georgievskaya, E.D. Senkovskiy, E.V. Levkina,
E.A. Sotskov, O.L. Krivonos, K.V. Anisiforov, S.V. Frolov

RFNC-VNIIEF, Sarov, Russian

The results of experimental and numerical research of dispersion of liquid drop
(water, alcohol, glycerin) under effect of an air shock wave with the pressure of 0.2 and
3.2 gage atmospheres are presented. The experiments were conducted with the use of an air
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shock tube; the liquid drop diameter was ~ 0.6 mm and 2 mm. The process was recorded
using high speed video filming.

The dispersed liquid particles with the size from =3 um were recorded; the size
distributions of liquid particles were plotted; the velocities of individual particles were
determined, and a semiempirical model of liquid dispersion was developed. The
experimental results were compared with the results of numerical simulations.

Keywords: shock wave, liquid drop, fragmentation, particle distribution, direct

numerical simulation

YUCJEHHOE MOJEJINPOBAHHUE S5KCIIEPUMEHTOB
IO B3BAUMOAEUCTBHUIO MOIIHBIX Y® JIASEPHBIX UMITYJbCOB
C KOHAEHCUPOBAHHBIMA MUIIEHAMU

ur. jlebo

MMHPDA-Poccuiickuil TeXHOIOIMYECKUI YHUBEPCUTET,
WHCTUTYT HCKYCCTBEHHOIO MHTEIUIEKTa, I. MockBa, Poccus

OmHMM W3 OCHOBHBIX IIPETEHAEHTOB Ha [paiiBep B OyOyIIeM TEpPMOSICPHOM
peakTope SBISETCS MOIIHBIA JKCUMEpPHBIM Jasep. B mokmame mnpencrtaBieH o0030p
pe3ynapTaTOB  YUCICHHOTO  MOZCIHPOBAHUS  Jla3ep-IDIa3MEHHBIX  JKCIIEPHMEHTOB.
OKcnepuMeHThl BhIModHeHBI Ha ycraHoBke «[APITYH» (KrF- skcumepnsiii masep,
Ouzndeckuit mHCTUTYT M. I[L.H. JleGemeBa PAH). MopaenupoBaiuch TpU CEepHU
JKCIIEPUMEHTOB: 1) TpOXWraHWEe ATIOMHUHHEBBIX (OJBr pazIM4yHOW TOMMHMHBL [1];
2) wu3ydeHHE pa3BUTUSI OCOOCHHOCTEH HEYCTOWYHMBOCTH IIPH YCKOPEHHHM TOHKHX
MOJIMMEPHBIX TUIEHOK MOIIHBIM Y@ umIynbcoM, U GopMupoBaHue TypOyJIEHTHOTO CIIOS
(«1azepHast ymapHas TpyOa») [2], [3]; 3) B3aumopelcTBHEe MOMIHBIX Y® HMIYIbCOB C
JIBYXCJIIOWHBIMA MHIIICHAMHU (TIOMUHHIA TUTIOC OPICTEKIO) M HUCCICIOBAHUE «TOHKUX)
CTPYKTYD, (GOPMUPYIOLIUXCS B BemecTse [4, 5].

W3yuaercs cxaTue U HarpeB TEPMOSIACPHOW MUIIEHHM B BUJE JBOMHBIX BCTPEUHBIX
KOHYCOB TIpH OOIy9eHUH €€ METa/KOYIBHBIM yIbTPa(pHOICTOBBIM JIA3EPHBIM UMITYIHCOM
B THOpuAHOM peakTope [6, 7]. Dxcumepnsiii KrF ma3ep reHepupyeT n3nmydeHne Ha JUTMHE
BONHBI A=0.248 MKM, DIMPOKYIO IIOJIOCY T€HEpalnh, BO3SMOXXHOCTh Pa0OTHl B YaCTOTHOM
pexXuMe, U IpyTue NpUBJIEKATEIbHBIC YePTHI.

UmncieHHOE MOJENUPOBAaHWE BBIIONHEHO [0 JBYMEPHBIM MWIMHIPUYICCKAM
nporpammam  “NUTCY” (siinepoBble koopauHatel) U “Atlant C” (narpaHxeBble
KoopauHartsl) [8].

PaGora BbIOJHEHA B paMKax HayyHOW mporpaMMbl HarumoHanbHOrO IEHTpa
¢usuku n matemaruku (HLIOM).

Jlumepamypa
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7. T'.B. Jonronesa, N.I'. JIe6o. // KBanToBas anextponuka. (2019), 49(8), 796-800.

8. W.I. Jle6o. B.®. Tumkun. VccnenoBaHue TrHAPOIUHAMHYECKON HEYCTOWYHMBOCTH B 3amadax

nazepHoro TepmosepHoro cuateza. MOCKBA. ®U3MATIIUT, 2006.

NUMERICAL MODELING OF THE EXPERIMENTS OF THE POWER
UV LASER PULSE INTERACTION WITH THE CONDENSE TARGETS

1.G. Lebo

Russian Technological University-MIREA, Institute of Artificial Intelligence,
Moscow, Russia

A review has devoted the numerical modeling of the power UV-laser pulse
interaction with the condense targets. The experiments have been made at the KrF-laser
‘GARPUN’ (Lebedev Physical Institute of RAS). We have modeled the three sets of
experiments: 1) a burning through Al foils of the different thickness [1]; 2) the study of
hydrodynamic instability development at the thin film acceleration with help of UV laser
pulses (‘laser shock tube’) [2], [3]; 3) the interaction of power UV laser pulses with two-
layer targets (Al + plexiglass), and study of ‘fine structures’ in the matter [4, 5].

The opportunity of the use of two-side cone laser targets in hybrid fusion-fission
reactor with MJ UV - laser driver has discussed [6, 7]. The excimer KrF laser
fundamentally generates UV light at A=0.248 um, a wide bandwidth, the opportunity of
high repetition rate of pules, and a number of attractive features.

The simulations have been made using 2D cylindrical codes ‘NUTCY’ (Euler
coordinates) and ‘Atlant C’ (Lagrange coordinates) [8].

This paper has been made in frame of the Scientific Program of National Centre of
Physics and Mathematics.
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MOJAPUKAINH k-¢ MOJAEJN JISI ABYMEPHBIX
YAAPHOBOJIHOBbBIX TEHEHUU

10.B. Tpemvauenxo A.P. I'vocosa, B.I1. Cmayenxo, I0.B. Anunkun
POALI-BHUND®, r. Capos, Poccus

DeHOMEHOJIOTHYECKHE MOJIETTH TYPOYJICHTHOCTH HAIIUTH IIHPOKOE IPUMEHEHHE MPH
ONMMCaHWM pa3HoOOpa3HbIX TeueHuidl. Haubomee pacnpocTpanéHHas cpeau HUX — K-g
MOJIeTIb, KOTOpasi OTIMYAETCS OTHOCHUTEIBHOW MPOCTOTOW M HE TpeOyeT 3HAYMTENbHBIX
MAaIMHHBIX pecypcoB. IIpu sTtoM B [1] mms mMomenu ynmamoch moxoOpars €IUHBIN HAabOp
KOHCTAaHT, ITO3BOJIIIONIHNA YIOBICTBOPUTEIHFHO OMICHIBATE IMUPOKUI KiIacc TYypOyICHTHBIX
TEYCHU.

KoppekTHoe omucanue MOpoxAeHUS TypOyJIeHTHOCTH Ha ynapHoil BonHe (YB)
MPECTaBISIET COOOH CIOXKHYIO MpoOieMy sl (PEeHOMEHOJIOTHYSCKUX Mojeiel. JlaHHbIH
BOIIPOC paccMaTpUBajIcs B psizie palorT.

B Hacrosmieli paboTe mcciemyercs BONPOC O TeHEpaluH TypOyleHTHOCTH B k-g
MoJenH TypOyJIeHTHOTO TepeMentuBaHus [1] npu npoxoxaennn YB. Ha ocHoBe Takoro
aHanmM3a MpPEIVIOKEHBI MOTUPHUKANNK TEHEPAlMOHHBIX uWieHOB k-¢ wmomemu. Jlms
HECKOJBKMX TECTOBBIX 3aJad IPOBEICHO HCCICAOBAHHE Pa3BUTHA TYpOYICHTHOCTH Ha
TpaHHIIe pa3fieNia IBYX pa3InIHBIX Ta30B MpH MpoxoxaeHuu Y B mo metomuke DT'AK [2] ¢
k-¢ mMonenpto 6e3 W3MEHEHHUs MOAOOPAaHHBIX paHee KOHCTAHT MOJCIH. DTH PE3YJbTaThI
SIBIISTIOTCSI COZIEPKAaHUEM TaHHOH paboTHI.

Jlumepamypa

1. AP. TyxoBa, A.C. IlaBnynun, B.Il. CraueHko. VYTo4yHeHHe KOHCTaHT Kk-& Mojenu
TypOy/IEHTHOCTH Ha OCHOBE PE3yJIbTaTOB MPSIMOTO UYHCIEHHOTO MOAEIHPOBAHUS MPOCTEHIINX
TypOyJIeHTHbIX TeueHui u usmepenuii / BAHT, cep. TII®, Bbim. 3, 2005, c. 37-48.

2. H.C. Japosa, O.A. Jubupos, I'.B. XKaposa, A.A. Illanun, }0.B. Snmnxun. Komruiekc nporpamm
OI'AK. JlarpamxeBo-dillepoBa METOJMKAa pacdéra JABYMEPHBIX Ia30JMHAMUYECKUX TECUCHUMN
MHOTOKOMIOHeHTHOH cpeasbl. / BAHT, cep. MM®II. 1994. Bein. 2. C. 51-58.

NPUMEHEHHUE MOJIEJIA UCTOYHHUKA YIAPHO-BOJTHOBOI'O
NBLJIEHUS METAJUIOB, OCHOBAHHOM HA ®U3UKE
HEYCTOMYUBOCTU PUXTMAMEPA-MEIIKOBA, JJI51 PACYETA
CIHEKTPA PA3BMEPOB YACTHIL OJIOBA U CBUHIIA

A.B. I'eopeuesckas
POAL-BHUND®, r. Capos, Poccust

Mopenb HWCTOYHHKA YAApPHO-BOJHOBOTO IIBUICHMS, OCHOBaHHas Ha (usnke
HeycToHunBoCcTH PuxTmaiiepa-MemkoBa U pa3BuTas Uia pacd€ra BBEIOPOIIEHHONH MacChl
YacTUI[ METalula U €€ PacHpeleNeHns M0 CKOPOCTAM B MOTOKE, IPUMEHEHA Ul pacdéra
pacmpeseneHns 4acTUIl o pa3Mepam. Mogens pa3paboTaHa Uil METaJUIOB, NMEPEXOISAIINX
B PACIUIaBJICHHOE COCTOSIHUE MOCIIE YAAPHO-BOIHOBOTO BO3JEHCTBUS.

B pabote npoaHanu3upoBaHbl SKCHEPUMEHTHI, npoBeneHHbie B JIAHJI u BoO
BHUMND® mno perucrpanyu pa3MepoB YacTHIl, BHIOPOLICHHBIX W3 Y3KHX IIOJIOC C
HavyalbHBIMU BO3MYILICHUSIMU Ha CBOOOJHOW MOBEPXHOCTH OOpa3LOB M3 OJIOBA M CBUHIIA.
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IToka3zano, 4yTo AJI1 MPOTHO3UPOBAHUS CHEKTPA Pa3MEPOB YACTHUI] MPHU NMBUICHUU >KUIKOMN
cpenbl HeoOXOIUMO 3HATHh HE TOJILKO €€ MJIOTHOCTh M TIOBEPXHOCTHOE HATSDKEHHE, HO H
HAYaIbHYI0 aMIUTUTYAY @y W JUIUHY BOJHBI A BO3MYIICHHHA, MPOQIIb YIAPHOH BOJHEIL.
CormacHO Pa3BUTOM TEOPHUH pa3Mep YacTHIl B IOTOKEe B OoJbIIell Mepe omperensercs
JUJTMHOM BOJIHBI BO3MYILIECHUN, YeM HadaJbHOW aMIUIMTynoW. Pe3ynbTarsl pacu€roB Mo
YPaBHEHHUSIM MOJIENU COTJIACYIOTCA C JAHHBIMU SKCIIEPUMEHTOB.

METOJUKU UCCJIEJOBAHUS «IbIJIEHUSI» U UX CPABHEHHUE
C CUHXPOTPOHHOM PAJIUOTPA®PUEM

K.A. Ten ' 3.P. Ipyysn ', U.A. Py6yos ', A.0. Kawrkapos *,
A.A. Cmyoennuxog 2, JLU. [lexmman 3, B.I1. Tonouxo, 3'4,
A.FO. I'apmawes 3 J.B. I[lempos 5 EB. Cmupnos > K.B. Hoeocenos g

'WMucruryT ruapogunamuky uM. M.A. JlaBpertsesa CO PAH, r. HoBocubupck, Poccust
2[IKII "CKUD", Wucruryt katanusza um. I'.K. bopeckosa CO PAH, r. Konbioso, Poccus
*Uncruryt spepHoit pusuxn um. .. Byakepa CO PAH, r. HoBocuGupck, Poccus
*HMucTUTyT XMMHHK TBEpIOTo Tea n Mexanoxumun CO PAH, r. HoBocubupck, Poccns
SPOSII-BHUNAT®, r. Cuexunck, Poccns
SHoBocubupckuii rocy1apcTBeHHbli yauBepeuTet, r. Hopocubupck, Poccus

Beixox cunbHOM  ymapHOM  BosHBI  Ha  cBoOOmHyo moBepxHocTb  (CII)
MeTaUIM4ecKoro o0pasia NpHBOAWUT K BBIOpocy oOnaka dwactui u3 oOpasma (Tak
Ha3bIBaEMOE «IIBUICHHME»). B nmTeparype uMeeTcss HECKOJIBKO Mojeneil BeIOpoca
MHKPOYACTHIl, U3 HHX Hamboiiee TEOPETHYECKH pa3BUTa MOJAEIh C PpPa3BHTHEM
HeycToiunBocTeil Ha Tpanune CII m manpHeWmeM OTphIBE MUKpoUacTHIl. B mocnemnee
BpeMs MHTEpEC K SIBICHHIO «IBUJICHHS» CHIBHO BO3POC B CBS3M C BIMSHHEM BBIOpOca
«IIBUTH» Ha pe3ynpTaThl U3MepeHui anHamuku apmwxeHns CII ¢ ucmonb30BaHUEM
Ja3epHBIX METOJOB PETHCTPALNH JBIKCHHA. JKCIIEPHUMEHTAIBFHOE HCCIEIOBAHUE STHX
TIPOIIECCOB CHIIBHO 3aTPYMHEHBI M3-3a MaJbIX pa3MepoB Mukpouacturl (1 — 100 mxm) u
OoubIINX cKopocTeid ux nojera (2-5 km/c). Hanbonee yacto 1uist MCClie1OBaHUS «ITBUICHUS
UCIIONB3YIOTCS  nasepHble cuctembl PDV  u  mbesomarumku. WX nmoctomHcTBa —
MHOTOKaHAJIbHOCTh U BO3MOXKHOCTb TPaHCIIOPTHPOBKH O0OpYyIOBaHHS. A HENOCTaTKH —
HU3Kasi TOYHOCTh U CJIOKHOCTh KaTHOPOBKHU Moka3aHuid. CHHXpOTpoHHOE u3nydenue (CH)
Jla€T BO3MOXKHOCTH IOJYYEHHMs MHOTHX paauorpaduyeckux CHHUMKOB (KHMHO) Hpolecca
3apOKACHUS U AMHAMHUKH TBHKEHUS 00J1aka MUKPOYACTHII.

B nanno#i paboTe ABWKEHHE o00JIaka BOJH(PAMOBBIX MHUKPOUYACTHI] HCCIICIOBAIOCH
OJTHOBPEMEHHOTO TPEeMsI METOJMKaMu — JiazepHoit PDV, nmbe3omarankamMu u paguorpadueit
CHHXPOTPOHHOTO KHHO. OTIBITH IPOBOAMINCE Ha 0a3e yCKopHTenbHOTO Komiuiekca BOIII-
3 — BOIIII-4 B UA® CO PAH. CuHXpOTpOHHBIE PEHTTCHOBCKHE HMITYJIECHI HMEIOT
OJIMHAKOBEIE mapameTps (mmuTEeNPHOCTD 1 HC, TIepUO.T CIIeZIOBaHUS
124 HC) B TEYEHUM JJIUTCIBHOTO BpPEMEHH, YTO MO3BOJISET TIIATEIBHO KaTUOPOBATh
nerekrop DIMEX gans u3mepeHust macchl (M IUIOTHOCTHM) MpHM JABWXEHMH oOJaka

MHUKpPOYacTHL. TOYHOCTh HM3MEPEHMS IIOTHOCTH COCTaBIsIeT ~ | mr/em3. TInotHOCTH
obJyiaka Tarxke M3MepsuIach WHIMUKATOPHBIM METOJOM IO JBIDKCHHIO TAHTAJIIOBOH (OJIBIH
(c momompro PDV) 1 1o naBneHuro Ha he30JaTINKH. TeCTOBBIH BOIB(PPAMOBEIH MOPOIIOK
(~ 10 MKM) HaHOCHJICSI TOHKHM CJIOEM Ha CTaJbHYIO IUIACTHHY, KOTOPask METaJIach 3apsiioM
BB. Ha cHuMke cieBa mokaszaHbl paguorpaduueckue Kaiapbl, a CIpaBa — H3MEpEHHbIC
CKOpPOCTH TaHTaJo0BOW (osbru (cupeneBbiit — PDV, 3enensiit — CU) u nauHEHHbIE MacChl
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o6uaka el (kpacHslit PDV, wepnsriii — CH).
BuiHO, YTO MHTErpanbHO BCE METOIUKH PABHOLCHHBI, HO «OBICTPHIE» W3MEHEHHMS
IUIOTHOCTH BOJb()PaMOBOIA IBUIM BUAHBI TOJNBKO IpU panuorpaduu ¢ nomoinsio CU.

1546 Tungsten powder -
pd, rfocm*® 1546 Tungsten W, ks

0864
16 T 0.07 Mass, {PD' / i
14 e e 0.06 9z ‘ 1

0.05
0.04
0.03
0.02 0z
0.01

0

M(t), mg

X, MM Time, us

ONPEJEJIEHUE UHTEI'PAJIBHBIX XAPAKTEPUCTHUK IOTOKA YACTHIL,
BBIBPACBIBAEMBIX CO CBOBO/JIHOM MOBEPXHOCTH CBHUHITIOBBIX
OBPA3L OB, B YCJIOBHUAX UX IBYXBOJIHOBOI'O HAT'PYKEHHUA

A1l Aemywenxo, E.A. Yyoaxos, A.B. @edopos
A.O. Hzoexun, A.JI. I'amos, M.I1. Kanunun

POALI-BHUUD®, r. Capos, Poccus

[IpencraBnsier uHTEpec 3ajJadya MCCIEAOBAHMS IMpOLECca YAAPHO-BOIHOBOIO
MBUICHUS! TIOBEPXHOCTH METajljla B YCJOBMAX, KOTAa METal MOJABEPraeTcsi BO3AECUCTBUIO
HECTallMOHAPHOW yAapHOW BOJHBI, MPHUBOAIIEH K €ro paspylieHHio, U HOoCIeAyIoUeMy
BO3JICHCTBUIO KOMIIAKTUPYIOIIEH BOJHBI (BTOpasi yaapHas BoyiHA). JlelicTBUE 3TOM BOJHBI
TIPUBOJUT K JOTIONTHUTEIHPHOMY BBIOPOCY BEIECTBA C IMOBEPXHOCTH. B HacTosmieit pabote
IIPOBEJICHA CEepUsl HKCIIEPUMEHTOB [0 PErucTpaly YAEJIbHON Macchl MOTOKA IbUIM IpPH
JIByXBOJTHOBOM HArpy>KCHHH CBHHIIOBBHIX 00PAa3I0OB B YCIOBHAX PAa3HHUIIBI MEXKITY BHIXOJAaMHU
BOJH uepe3 5 MKc. Perucrparus ckopocTr 00pa3oB ¥ YaCTHIl IPOU3BOIIIACH C TOMOIIBIO
Merona PDV. BeiOpomeHHass Macca YacTHI[ OINpeaensiach ¢ TOMOIIBI0 MeEToja
WHANKATOPHBIX HKPaHOB W METOAa ONTHYECKOTo JaTdnka w3 (Qropuma muTHA,
HUHTETpUpPOBaHHBIX ¢ PDV.

MaccoBble XapaKTepUCTHUKU TMBUIEBOIO TOTOKA ONPENESUIUCh C  MOMOIIbIO
PETUCTpAIMK CKOPOCTH MHIUKATOPHBIX SKPAHOB (MeTaTH4ecKkue (HOJIH M MpO3payHbIe
CTEKJIa) ¥ OKHA M3 (PTOPHJA JIUTHUSI, KOTOPBIC YCTAHABIUBAINCH HA MyTH JBHKCHUS MOTOKA
YacTHUI[ HA pa3HBIX 0a3ax U3MepeHus. B ombiTax BapbHpOBAIKCh HMapamMeTpbl 00pabOTKH
noBepxHocTH: 00 Ra ~ 2 (A ~40 MM, A ~ 6 Mkm), mu6o Ra ~ 0,044 (A ~25 mxm, A ~ 0,2
MKM). AMIDIITyZa TIepBOH yaapHOH BomHBI coctaBisuia P=45 I'Tla, uto moctaTtoyHO s
IUIaBJICHUsl MeTaa. B 3KcnepuMeHTax MOJy4yeHO paclpeieiieHUe YAEJIbHON Macchbl
MOTOKA B 3aBUCUMOCTH OT BPEMEHH U OTHOCUTEIBLHOU CKOPOCTH.

[lo pe3ynpTaTam HKCHEPUMEHTOB, B KOTOPBIX PETUCTPUPOBAJIOCH MBUIEHHE 110
Bbixoga BTopoii YB Ha CII oOpasma, ObUIO TOJy4eHO, YTO YyHAENbHAs Macca
BBIOPACHIBAEMBIX YaCTHUI[ YBEIUYHMBACTCS B 6,5 pa3 NpU YBEIUYCHUH MIEPOXOBATOCTH
MOBEPXHOCTH 00pa3ia. DTO COOTBETCTBYET CYIIECTBYIONIMM IPEACTABICHUSIM O TBUICHUH,
KaK O pe3yjbTare BIAUSHUS mepoxoBatocTu. OHAKO MO pe3yabTaTaM OMBITOB, B KOTOPHIX
3apEruCTPUPOBAHO TMbUICHHE, WHAYLMPOBAHHOE BTOpod YB, ynenpHas macca 4acTull
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OKa3aiach OJM3Ka 10 3HAYCHHSIM IPH Pa3HBIX KiaccaX o0Opabotkum moBepxHocTH. [lo-
BUIUMOMY, 3TO OOCTOSITENILCTBO CBS3aHO C TEM, YTO IIOCIE BbIXOJa TNepBod YB,
MPUBOJAIICH K TIJIABJICHUIO CBUHIIA, MPOWCXOIUT paspylleHue obOpasma. Brtopas YB
pacIpoCTpaHseTcsl Mo Pa3pyIICHHON cpelle, KOMMaKTUpys oOpasern ¥ GopMUPYsS HOBBIE
ycIIoBUs sl BBIOpoca yacTuil. TakuMm o6pa3omM, 00paboTka MOBEPXHOCTH 00pa3IoB CiIabo
BIIHSIET Ha Maccy BHIOpAchIBaeMBIX YAaCTHII IOCIIE BBIX0a BTOpoil YB.

DETERMINATION OF THE INTEGRAL CHARACTERISTICS OF THE FLOW
OF PARTICLES EJECTED FROM THE FREE SURFACE OF LEAD SAMPLES
UNDER THEIR TWO-WAVE LOADING

A.P. Yavtushenko, E.A. Chudakov, A.V. Fedorov, A.O. Yagovkin, A.L. Gamov, M.P. Kalinin

RFENC-VNIIEF, Sarov, Russia

Of interest is the problem of studying the process of shock-wave dusting of a metal
surface during its loading under conditions when the metal is exposed to a non-stationary
shock wave, leading to its destruction, and subsequent action of a compaction wave (the
second shock wave), leading to an additional ejection of matter from the surface. In the
present work, a series of experiments was carried out to record the specific mass of a dust
flow under two-wave loading of lead samples under conditions of a difference between
wave outputs after 5 pus. The velocity of samples and particles was recorded using the PDV
method. The ejected particle mass was determined using the indicator screen method and
the lithium fluoride optical sensor method integrated with the PDV.

The mass characteristics of the dust flow were determined by recording the velocity
of indicator screens (metal foils and transparent glasses) and lithium fluoride windows,
which were installed in the path of the particle flow at different measurement bases. In the
experiments, the surface treatment parameters were varied: either Ra ~2 (A ~40 um, A ~ 6
pm) or Ra ~ 0.044 (A ~ 25 pm, A ~ 0.2 um). The amplitude of the first shock wave was P =
45 GPa, which is sufficient to melt the metal. In experiments, the distribution of the specific
mass of the flow depending on time and relative velocity was obtained.

In experiments in which dusting was recorded before the second shock wave
reached the free surface of the sample, it was found that the specific mass of ejected
particles increased by a factor of 6.5 with an increase in the surface roughness of the
sample. Which corresponds to the existing ideas about dusting. However, in experiments in
which dusting induced by the second shock wave was recorded, the specific mass of
particles turned out to be close in values for different classes of surface treatment.
Apparently, this circumstance is due to the fact that after the release of the first shock wave,
which leads to the melting of lead, the sample is destroyed. The second shock wave
propagates through the destroyed medium, compacting the sample and creating new
conditions for particle ejection. Thus, the treatment of the surface of the samples has little
effect on the mass of ejected particles in the field of the second shock wave.
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PE3YJIbTATBHI UCCJEJOBAHUM JUCITEPT UPOBAHUS
CBHUHIA ITP YIJAPHO-BOJIHOBOM HAT'PYKEHUM N
W309HTPOIMUYECKOM PA3I'PY3KE

H.B. Hesmeporcuyxuii, E.J. Cenvrosckuil, E.A. Comckos, A.b. I'eopeuesckas,

A.H. Manvuues, E.B. boopos, O.JI. Kpusonoc, E.B. Jleskuna,

B.U. Croxos, K.B. Anucugpopos, C.B. ®ponos, /I.B. Koznoe, U.P. Dapun
POAL-BHUUD®, r. Capos, Poccust

IIpuBeneHbl pe3ynabTaThl SKCIEPUMEHTAIBHBIX MCCIEAOBAHUN IUCIEPTUPOBAHUS
CBHHI[OBOTO  00Opa3ma B  BakyyM TIOCIie  yJIapHO-BOJIHOBOTO  HATrpyXeHHS U
H309HTPOIHYECKOM pasrpysku c UCTIOJIb30BaHHEM IJIEKTPOHHO-ONTHYECKON
MHUKPOCKOMUYECKON METOAUKH U MeToauku PDV: mccrienoBanach JUHAMHKA W CIIEKTD
JCTICPTUPOBAHHBIX  vacTuil. Jlus  oOecriedyeHHs ONTHYECKON  BU3yalu3alMd U3
JUCTICPTUPOBAHHOTO O0JIaKa TPHU IOMOIIHM JuadparMbel CO MICTBIO «BBIPE3aics» TOHKUI
noToK (mmpuHO# 0,5 MMm).

DKCIepUMEHTHI TIPOBOJIMIIUCH B TEPMETHIHON OpoHekamepe. OOpasern TOMMHHON 1
WM 2,5 MM Harpykajcst TBEpAbIM B3pBIBUATHIM BEHIECTBOM Yepe3 METAJUINYECKYIO
MOJITIOKKY TOMIHUHOHN 1 1 2 MM. IHTEHCUBHOCTD yIapHOW BOJHBI BapbHpoOBaiach oT P ~ 23
no 38 I'Tla. Tlocie Harpy)KeHUsI CBUHEI] HAXOAMJICS JTUOO B KHUAKOU ¢aze, Tudo B TBEPIOi
(haze, mibo B cMecH XKUAKOW 1 TBEpIOH (a3.

[Monyueno, 4ro mnpu pa3HoM (Ha30BOM COCTOSIHUM paCHpeseNieHHs YacTHI]
JUCTICPTUPOBAHHOTO CBUHIIA IO Pa3MepaM U UX CKOPOCTH 3HAYHUTEILHO Pa3JIMYatOTCs.

RESULTS OF INVESTIGTATIONS OF LEAD DISPERSION UNDER SHOCK
LOADING AND ISOENTROPIC UNLOADING

N.V. Nevmerzhitskiy, E.D. Senkovskiy, E.A. Sotskov, A.B. Georgievskaya, |V.A. Raevskiy,
A.N. Malyshev, E.V. Bodrov, O.L. Krivonos, E.V. Levkina, V.I. Skokov, K.V. Anisiforov,

S.V. Frolov, D.V. Kozlov, IR. Farin

The results of experimental study of lead sample dispersion into vacuum after shock
loading and isoentropic unloading with the use of electron-optical microscopic methods and
PDV-method are presented: the dynamics and the spectrum of dispersed particles are
studied. To obtain optical visualization, a thin flow (0.5 mm wide) is cut from the dispersed
cloud with the help of split diaphragm.

The experiments are conducted in a leak-proof armor chamber. The sample with the
thickness of 1 or 2.5 mm is loaded by a solid high explosive through the metal substrate
with the thickness of 1 and 2 mm. The shock wave intensity is varied from P ~ 23 up to
38 GPa. After loading, lead remains in a liquid phase or in a solid state, or in a mixture
of liquid and solid phases.

It is obtained that in a different phase state, the size distributions of particles in
dispersed lead and their velocities differ significantly.
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XAPAKTEPUCTUKH YIAPHO-UHAYIIUPOBAHHBIX
HNBUIEBBIX IOTOKOB C IIOBEPXHOCTH OBPA3IIOB U3 CBUHIIA
U MEJU TP UX HATPYKEHUU OHOM WU IBYMSI
MHOCJIEAOBATEJIBHBIMHA YJIAPHBIMHA BOJTHAMUA

A.JI. Muxaziinos, B.A. Ozopoonuxos, C.B. Epynos, C.A. @uniowun, /I.E. 3omos,
E.B. Kynaxos, M.A. Coipyrun, M.B. Aumunos, H.B. Heemepocuyxuii, K.H. Ilanos,
E.A. Yyoaxos, A.C. Ilynkos, A.B. Muwanos, A.b. I'eopeuesckas, U.B. FOpmos,
J.H. 3amvicnos, E.B. Boopos, U.A. Kanawnux, A.O. Heoexun, A.B. Yanaes

POAL-BHUND®, r. Capos, Poccust

C ucrons30BaHAEM METOIUK HMITYJIBCHOH peHTreHorpaduu, MHUKPOCKOIHYECKOM
Ja3ePHO-ONTUYECKON CHEMKH, IMHE30IJICKTPHUCCKUX MATIYUKOB JABICHUS W TCTCPOIMH-
nHTepdepomMeTpa ¢ MHIUKATOPHBIMH JKpaHAMU HCCIIEJIOBaHA KaueCTBEHHAs KapTHHA H
KOJINYECTBEHHBIE XapaKTEPUCTUKH MPoIIecca BRIOpOCa YaCTHIl CO CBOOOIHON MTOBEPXHOCTH
(CIT) 006pa3moB U3 CBUHIIA U MEJH MPHU BBIXOJIC HA HEE OJHOH WIIH JBYX MOCIEA0BATEIbHBIX
YIapHBIX BOJH, Pa3JICIICHHBIX IT0 BpeMeHHU Ha ~0,2 MKC.

VcTaHoBII€HO, YTO:

—TIpU Harpy’xeHunm oOpasia u3 Mmeau oxHoi YB mHTeHCcHBHOCTBIO Py =45 I'Tla
(Pys < Py,) ¢ ero CII BBI6paCBIBaeTC}I MOTOK YacCTHIl U MHUKPOOTKOJIbHBIX (PparMeHTOB,
y/IenbHAsh Macca MOTOKa ~17 Mr/cM”, a MpH ero HarpyCHHH IBYMs ITOCIIEIOBATCIHHBIMH
VB unrencuBHocThio P;=45 I'Tla u P2—65 I'Tla, pa3znenennpiMy Ha 0,2 MKC, TIOTOK YaCTHII,
BBIOpOLIEHHBIX Ha rnepBoil YB, «cobupaercs» CII, yckopenHnoit Bropoit YB, npu stom
yIeIbHas Macca YacTHI] B IOTOKE cocTaBiseT ~0,7 mr/cm?;

—TIpU HarpyKeHuu o0paslia M3 CBUHIA ofHOH YB mHTeHcuBHOCTBIO Py=44 I'Tla
(Pys > Py;) u, B oramune ot meau, ¢ CII BbIOpacekiBaeTcs NOTOK 4YacTHIl B BHJE
KyMyJIATHBHBIX CTPYif, ye/IbHAs Macca [OTOKA ~26 MI/CM”, a IIPH €ro HArPY)KEHHH ABYMsI
nocnenoBareabHIMA YB mHTeHCHMBHOCTBIO P=39 I'Tla u P,=59 I'Tla, pa3neneHHBIMU Ha
0,2 MKc, TOTOK YacTHLl YIUIOTHsIETCA 3a cueT nopkatus ero CII npu Beixozie Ha Hee BTOPOM
VB, yienbHas Macca OCTACTCS Ha TIPEKHEM YPOBHE ~26 Mr/cM”.

CHARACTERISTICS OF SHOCK-INDUCED DISPERSIVE FLOW
FROM SURFACES OF SAMPLES MADE OF LEAD AND COPPER
AT THEIR LOADING WITH ONE OR TWO SEQUENTIAL SHOCK WAVES

A.L.Mikhaylov, V.A.Ogorodnikov, S.V.Erunov, S.A.Finyushin, D.E.Zotov, E.V.Kulakov,
M.A.Syrunin, M.V.Antipov, N.V.Nevmerzhitskiy, K.N.Panov, E.A.Chudakov, A.S. Pupkov,
A.V.Mishanov, A.B.Georgievskaya, 1.V.Yurtov, D.N.Zamyslov, E.V.Bodrov, I.A.Kalashnik,

A.O.Yagovkin, A.V.Chapaev

RFNC, Sarov, Russia

When using techniques of flash radiography, microscopic laser-optical survey,
piezoelectric pressure gauges and a heterodyne-interferometer with indicator screens,
the authors investigated a qualitative pattern and quantitative characteristics of ejection of
particles from a free surface (SF) of samples made of lead and copper, as one or two
sequential shock waves (SW) separated in time by~0,2 us pass towards a free surface.

It was found that:

—at loading of a copper sample by one SW with wave strength of Py =45 GPa
(Pgw < Prciting) @ flow of particles and micro-fragments is ejected from its surface, specific
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weight of a flow is~17 mg/cm’, and at its loading by two sequential SW with intensity of
P;=45 GPa and P,=65 GPa, separated in time by 0,2 us, a flux of particles ejected in the
first SW, «is collected » by FS, accelerated by the second SW, in this case specific weight
of particles in a flow is ~0,7 mg/cm?;

—at loading of a lead sample by one SW with wave strength of Py,=44 GPa
(Psw > Petting) and, in contrast to copper, from FS a partlcle flux is ejected in the shape of
cumulative jets, specific weight of a flow is ~26 mg/cm’, and under its loading by two
sequential SW with intensity of P;=39 GPa and P,=59 GPa, separated in time by 0,2 us,
a particle flux is compacted at the expense of its constriction by FS at outlet of the second
SW to FS, specific weight remains at a previous level ~26 mg/cm?.

OCOBEHHOCTH BbIBPOCA IIBUVIEBBIX YACTUIl U ®PAI'MEHTOB
CO CBOBO/IHOM MOBEPXHOCTH YJIAPHO-HAT'PYKEHHbBIX
MEJHBIX OBPA31IOB

A.B. @eoopos, C.A Qunrowun, E.A. Yyoakos, A.I1. Aemywenko, A.I. Xaraes

POALI-BHUUDD, r. Capos, Poccus

ITpn BbIXOnmE ymapHOW BOJHBI Ha cBoOogHyro moBepxHOCTh (CII) MeramioB
MPOUCXOJUT MUKPOKYMYJISITUBHBIX BBIOPOC YaCTHII, KOTOPBIH HA3BIBAIOT YAAPHOBOIHOBBIM
MbUIeHUEM MaTepraios [1,2].

B Hacrosimeit paboTe ¢ IOMOIIBIO METOJA J1a3ePHOTO T€TePOAUH-HUHTEPEepoMeTpa
PDV [3, 4] npuBeneHsl pe3yinbTaThl CEpUH YAAPHOBOIHOBBIX SKCIEPHUMEHTOB ¢ 00pasamMu
MeIy ¢ pazHoMacmTabHOH (MHUKPOMETPOBOTO M MHJUTMMETPOBOTO JHAIa30Ha) BEIMYMHON
IIEPOXOBAaTOCTH IOBEpXHOCTH. PeructpupoBamu ckopocts CII, ckopocts obnaka
MHXEKTHPYEMBIX MeJKuX dacTull mbuta (1-100 Mxm) u xpymHbIX ¢parmentos (0,1-2 Mm),
OpuYeM Ul MWIUDIMMETPOBOTO  Macmraba  IIEepoXOBaTOCTH  3TH  IapaMeTpsl
PETHCTPUPOBAIHCH OTNIETHHO B 00JaCTH KaHABOK U OTJICIIBHO B 00J1aCTH TPEOHEH.

Oco0eHHOCTh TBUICHNUS B 00JIaCTH PacIoIoKeHHs TpeOHel 3aKI09aeTcs B TOM, 4TO
B oOpasle ¢ aMIuUTyn0d Bo3MylleHus 1,9 MM M JUIMHOH BOJHBI 4 MM IIpH CKOPOCTH
cBoOoaHOM noBepxHOcTH W = 1,8 KM/C peannsyercst qucnepcHs CKOPOCTH BeTMYuHOH W =
0,98 - 1,26 xm/c. [laHHas! TUCTIEPCHSI CKOPOCTH PeaTH3yeTcs N3-3a JEHCTBUS C IBYX CTOPOH
BCTPEUYHBIX BOJH Pa3rpy3KH, 4TO MPUBOAUT K MHOXECTBEHHOMY OTKOJIBHOMY JIPOOJICHHIO
rpeOHel Ha WX BepIIUHAX.

Jliist 06nacTH paclooKeHNs1 KaHaBOK 3apeTHCTPUPOBAaHBI TPEKH ckopocTh boiee 30
(¢parMeHTOB ¢ HMX MakcHUMaibHOM BennmumHOW ot 1,6 kM/c nmo 3,88 km/c. Ilpm
(opMHpOBaHMM JIMHEHHOM KYMYJISTHBHOW CTPYyM IIPOMCXOIUT €€  pacTsHKEHUE,
miacTrdeckas aeopMmais ¢ pa3pblBOM IIeek W oOpa3oBanneM (parmMeHToB. [lokazaHo
YTO BpeMsl OT Hadana (OPMHUpPOBAaHMS B KaHAaBKaX KyMYIATHUBHBIX CTPyH AO OTphIBa
(dparmenToB cocrasiser 0,2 - 2,6 MKC.

Pabora sBnsiercst mpomoimkeHueM [4], B KOTopoii ¢ npuMeHenueM merona PDV Ha
MeIHBIX O0pa3lax ¢ KpYMHOMAacIITA0HBIMH BO3MYLICHHSMH IIOKa3aHa BO3MOXKHOCTh
perucTpaiu CKOPOCTH BBIOpachIBAEMOro 00Jlaka YacTHI] MO0 BCEH ero riyOuHe H
OTIpeZIeTICHUsI BHYTPCHHEH CTPYKTYphl Marepuala NpH MHOXXECTBEHHOM OTKOJBHOM
paspyIieHHH.
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PECULIARITIES OF EJECTION OF PARTICLES AND FRAGMENTS FROM
THE FREE SURFACE OF SHOCK LOADED COPPER SAMPLES

A.V. Fedorov, S.A. Finyushin, E.A. Chudakov, A.P. Yavtushenko, A.G. Khalaev

RFNC-VNIIEF, Sarov, Russian

When the shock wave comes to the free surface of metals, the microcumulative
particle ejection is occurred, and it is known as the shock ejection of materials [1, 2].

In this paper, the results of shock experiments with copper samples of different
surface roughness (the scale of micrometers and millimeters) using the photon Doppler
velocimetry (PDV) [3, 4] are performed. The free surface velocity, the velocity of ejecting
fine particles (1-100 pm) and large fragments (0.1-2 mm) were recorded. These parameters
for millimeter scale of roughness were recorded separately in the area of grooves and in the
area of crests.

A peculiarity of ejection in the area of crests location is that the velocity dispersion
of W =0.98-1.26 km/s is occurred in a sample with the perturbation amplitude of 1.9 mm
and wave length of 4 mm under the free surface velocity of W = 1.8 km/s. This velocity
dispersion leads to the multiple spall fragmentation of crests at their peaks.

For groove locations, the velocity tracks of more than 30 fragments are recorded
with the maximum value of 1.6 km/s up to 3.88 km/s. Under the formation of linear
cumulative jet, its tension, plastic deformation with the neck breaks and fragmentations are
occurred. It is shown that the time from the start of cumulative jet formation in the grooves
up to separation of fragments is equal to 0.2-2.6 ps.

This paper continues the work [4] where using PDV in copper samples with large
scale perturbations, the velocity of a cloud of ejecting particles is possible to record through
all of its depth. The possibility of determination of the material internal structure under
multiple spall fragmentation is shown.
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METOAOAHKH 3KCIIEPHUMEHTA H
B3PBIBHBIE TEXHOAOTHH.
MOAOEAHPOBAHHE NHHAMHYECKHX
IIPOITIECCOB

TEST TECHNIQUES AND EXPLOSIVE
TECHNOLOGIES. SIMULATION
OF DYNAMICAL PROCESSES

MMOPOIIKOBBI COCTAB, COJEPKAIIWI JETOHAIIMOHHBIE
HAHOAJIMA3BI (JIHA) - DX®®EKTHUBHAS JOBABKA B DJIEKTPOJIAT
N3HOCOCTONKOTI O XPOMUPOBAHHUS

B.IO. J[ormamos 1, C.II. Bozoanoes 2, B.A. Mapuyxos ,1 A.C. Koznos !

'OT'YII «CrenuansHoe KOHCTPYKTOPCKO-TEXHOIOrHYecKoe 610po «TeXHOIor»,
r. Cankr-Ilerep6ypr, Poccust
Cankt-IleTepGyprekuii rocyAapCTBEHHBI TEXHONOTHIECKHiT HHCTHTYT (TEXHHUECKHi YHHBEPCHTET)
r. Cankr-IlerepOypr, Poccus

[TpumeHeHne neToHAMOHHBIX HaHOoaIMa30B (JJHA) mist HaHeceHns rabBaHUYECKUX
MOKPBITHH n3BecTHO Oosee 30 JieT, HO MUPOKOTO PACIPOCTPAHEHHS HE MOJYYMIIO, TaK KaK
ObL1a BO3MOXKHOCTb HCIIOJIb30BaHMS TOJIBKO BOAHBIX (5 Mac. % mo IHA), He cToMKuX BO
BPEMCHH, CYCHEH3HH, C MOJydeHHEM HECTAOMIBHBIX PE3YNIBTATOB MO KAUYECTBY IMOKPBITHI.
Kpowme Toro, nepeBo3ka ~95% BoIbI B BUIE€ CYCIICH3MIA OYSHB 3aTpaTHA.

K HacTosimemy BpeMEHH BIIEpBBIE pa3pabOTaH psiJi CyXHX MOPOIIKOBBIX COCTaBOB
(IIC), comepxkamux 72,525 mac. % JHA, XOpOIIO COBMECTHMBIX C BIICKTPOJUTAMHU
XPOMHUPOBaHUs, HUKEIUPOBAHMUS, 30JI0YCHMS, cepeOpeHHs] M JAlOIINX BHICOKOE KayecTBO
nokpbITuil. [1C - He TOKCHYEH, He MyTareHeH, He KaHI[ePOTeHEeH.

Hcnonms3zoBanne [1C BO3MOKHO B TpEX BapHaHTaxX:

1. Hambomee onTuManbHBIH - BHECEHHE B JUCTIJUINPOBAHHYIO BOAY C
nocienyomnieit 00padoTkoit yieTpazsykom (V3), a 3aTeM - B AIEKTPOJIHT;

2. Buecenue B Boay 0e3 00paboTku Y3, a 3aTeM - B JJICKTPOJIHT;

3. Haumenee ontumainbHbIl - BHeceHue [IC HemocpeaCTBEHHO B ANICKTPOJIUT.

B nanHoii pabore ommcano npumeHenue I[IC it KIIaCCHYECKOTO AJIEKTPOJIMTA
M3HOCOCTOMKOTO XPOMHPOBAHUS, OJHOTO W3 CaMbIX NPHUMEHSIEMBIX B MHpE, €0 COCTaB!
Cr;0 — 250 r/n, H,SO,4 — 2,5 t/n, TIC (B pacuere Ha JJHA) - 5,0 /1. Pexxum ocaxneHus:
IIOTHOCTB TOKA - 50 A/mM’, Temnepatypa anekrpoinuta 55°C. Pabouas konuenTparus JHA
- o1 5,0 1o 1,0 r/x1 B ayexTponuTe.
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Tabnuya 1. CpaBHUTEIBHBIC 3HAYSHUS 1I0 MUKPOTBEPAOCTH ¥ N3HOCOCTOMKOCTH (XPOM H3HOCTOHKMIT)

= Mukpoteepaocts, Hy, Kre/Mm>
= é’ Tonuuza nokpeitust 20 MM (40 MuH) g
<
E _ 2i. | fs
5 & 5| 3| L.%| .3 R2Ez| 23
Nl BoF |TBIGE| G2 | TE| 98| F O|2EEE| £«
55 S| E5| €5 | E5| ES = |sEsE| 22
£ 3 o8| o x ° 7 S o ° g g SZZ7% g =
5 & E2 | Fa| =8 = 2 = E Q Z S ES Z
5 19} 2 = = m 9 =
S m A a ) ~ I E2ES ©
N ~ o g =
1 - 690 750 887 874 892 818,6 202 0,82
2 5,0 1050 | 1032 982 994 1057 1023 75 0,31

N3HOCOCTOMKOCTh TOKPBITHH OIIEHMBAJIM IO CKOPOCTH €ro HMcTupaHus. Juck c
MOKPBITHEM HCTHUPAIIN C IIOMOIBIO a0pa3MBHOTO MOPOIIKA KapOuaa KpEeMHUS 36PHUCTOCTH
20-40 MKM, KOHTP-TEJIOM CIY)XWIa KOpYHIOBas Kepamuka. M3 Ttabmumpl 1 BuaHO, 4TO
CKOPOCTBH M3HOCA XPOMOBOT'O ITOKPBITHS IPH BHeceHUH B di1ektposut I1C yman B 2,6 pasa.

PacceuBaromnyio crocoOHOCT 3JIEKTPOJUTA (PABHOMEPHOCTh OCAKACHHS MeETaa)
KOCBEHHO MOXXHO OXapaKTEpHU30BaTh U PA3HHUIEH MEKAY MaKCHMAaJIbHBIM M MUHHMAJIbHBIM
3HA4YEHMAMH MUKPOTBEPJOCTH A OJHOTO M TOTO ke oOpasua. M3 Tabmuups! 1 BUgHO, 4TO
Takas pa3HUIA 3HAYUTENbHA Ul XpOMOBOTO TOKphITHA Oe3 nobaBku IIC (Gomee 200
Krc/MM?) W HA06OpOT, BIONHE NpPHEMIEMa Ui XPOMOBOTO MOKphiTHS ¢ JIHA
(75 kre/mm?).

B mpormiecce paGoThl ObLTO MOKA3aHO, YTO CIIMITKOM BBICOKAs MUKPOTBEPAOCTH (IS
M3HOCTOMKOro XpoMa), 6onee 1100 Kre/MM”, IPUBOIUT K OXPYITYHBAHHMIO OKPHITHS (I1a[aeT
M3HOCOCTOMKOCTB) M 3HAYUTEIBHOMY TPEUIMHOOOPAa30BaHUIO - MOSBICHUIO OOJIBIIOTO
KOJIMYECTBA MEJIKMX TpeIIuH. VcTHpaHuWe TakuX IOKPHITHA HPUBOAUT K YacCTHYHOMY
OTCIJIOCHHIO MUKPOYACTHII IOKPHITHH ¢ OOHa)KEHHEM MaTpUIbI (IaJaeT ajare3us MOKPBITHS K
Matrpuie).

HccnenoBanne BbIMoiHEHO 3a cyer rpanta PH® B pamkax HayyHOro mnpoekra
Ne21-73-30019.

PA3BUTHUE TEXHOJIOT U N3TOTOBJEHUS MAJIOTIJIOTHBIX
MOPHUCTBIX CPEJl, PACYETHO-TEOPETUYECKHUE 1
SKCHHEPUMEHTAJIBHBIE UCCIIEJOBAHUA UX TIPUMEHEHUSA
JJIAA YIIPABJIEHUSA TAPAMETPAMMU YJAPHBIX BOJIH

U A. Benos, C.A. benvkos, C.B. bonoapenko, A.IO. Boponun, B.H. /lepxay,
A.B. Unoweuxuna, A.A. Kysuna, U.B. Kysoemun, A.E. Miocosa, A.H. Pykasuwinuxos,
E.FO. Conomamuna, K.B. Cmapooyoyes, I1.B. Cmapoodyoyes, O.0. [Llapos

POALI-BHUND®, r. Capos, Poccust

MasonnaoTHbele MHKPOCTPYKTYPUPOBaHHBIE cpenbl (MEHbI) B TOCIEAHHE TOJBI
IIMPOKO BOCTPEOOBaHBI B AKCIIEPUMEHTAIIBHBIX HCCIIEIOBAHHSX, TPOBOJIUMBIX HA MOIIHBIX
JIa3epHBbIX YCTAHOBKAX. B 4aCTHOCTU MajOIIOTHBIE CPEMBI HAXOAAT IPUMEHEHUE B KAUECTBE
[IPEIBAPUTEIILHOTO KacKaJla YCHICHHUS JABJICHUS B OKCIEPUMEHTAX IO W3MEPEHUIO
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ypasHenus coctosaus (YPC) [1, 2]. Con MaJIOIUIOTHBIX HEH IIHUPOKO HCIIOJIB3YIOTCS LIS
CITIAKUBAHKMsI HEOJHOPOAHOCTEH JIa3epHOTO MsATHA, (OKYCHPYeMOro Ha MHIeHb [3].
JlomoTHUTEIbHBIE  BO3MOKHOCTH, TMOSBISIIOTCS B JIa3€PHBIX  OKCIIEPUMEHTaX IpHU
HCIIONIb30BaHUH MAaJIOIUIOTHBIX cpen (MeH), Kak 3(QQEeKTUBHBIX MOTIOTHTEICH JIa3epHOTO
W3TY4YCHHUS B YCIOBUAX, KOT/Ia MOTJIOIICHUE JTa3epHOr0 M3TyUeHHS HCIIO0NIb3YeMON YacTOTHI
Ha TBEPJOTENbHBIX MHIICHAX OKAa3bIBACTCS HEBEIMKO (WIM HEIOCTaTOYHO BeENHKo). B
NJIOHN skxcnieprMEHTaIbHBIE HUCCIENOBAaHUS MUIICHEH, COAEPKAIUX CJIOM MAaJOIJIOTHOMN
NEHBI, B TEUEHHUE YK€ MHOTUX JIE€T BeAyTcs Ha JasepHbIX ycTaHoBKkax JIYY u UICKPA-S5.

B pabote ommcanbl pa3BuBacMblc Ha HaHHBIH MOMeHT B WJIDU TexHOMOTHUECKUE
LIETIOYKH [4] 1Mo co3/1aHMI0 MAJIOIUIOTHBIX MAaTEPHAIOB C 3aJJaHHON TUIOTHOCTBIO, TONIIMHON
W pa3MepaMu 10p, B TOM YHCIIC C BKIFOUCHHSMH HaHOKJIACTEPOB METAJUIOB ¢ OONBIINM Z
[5]. TomydueHHsle meHBI NPOXOIWIM ATTECTALMIO HA CHENUAIBLHOM HW3MEPHUTEIHLHOM
o0opynoBanuu [6] W HHTETPUPOBATNCH B MHIICHHbIE KOHCTPYKLUHH IS JIa3epHBIX
HKCIEPUMEHTOB.

[IpuBenensl pe3ynbTaThl pacuéToOB MapamMeTpPOB YIApHBIX BOJIH JUIsI MHILIECHEH,
coJiep KaluX MaJOTIOTHBIN YIapHUK ¥ HHIUKATOp U3 MeTaluia, o nmporpammam CHJIT [7]
n JIMAHA [8]. YuutsiBaics oObeMHBIH XapaKTep TOTJIOMICHUS JIa3ePHOTO HM3IIyYCHUsS B
obnacTH, pa3mMep KOTOPOH OINpenessuIics TITyOnHON TeOMETPHIECKON TTPO3PATHOCTH TIEHBI B
pa3IMYHBIX KOHGHUTYparusx [9].

OKCIIepUMEHTAIbHO MOATBEPKIEHA TOMOT€HHOCTh MAJIOIUIOTHBIX IIEH, B TOM YHCJIE
U C JONMPOBAaHMEM METauloB ¢ OosbmuM Z. IIpencraBieHbl NOCTAHOBKA M PE3YNIBTAaThI
SKCHEPUMEHTOB, NPOBEAEHHBIX Ha YycTaHoBKe JIYU mo ympaBIeHHIO pa3BUBacMBIM B
MaTepuanax AaBICHHEM. B sKkclepuMeHTax NPUMEHSIOCh HM3Iy4eHHE C AJIHMHOM BOJIHEI
0,53 MkM, BpemeHHas (opma sSIBIsUIaCh Tpareluedl ¢ JUIMTENbHOCTHIO Ha IIOJIyBBICOTE
uHTeHcuBHOCTH OT 3,3 1o 4,0 He. DokycupoBka npousBoawIachk B MATHO & 600 MKM C
PaBHOMEPHBIM PACIPEAEICHIEM SHEPTUH, HHTCHCUBHOCTh B IISITHE OOMYYEHHs COCTABILIA
710 2:10" Br/em’.

PaboThl BBITIOJIHEHEI B paMKax MpoekTa 4 «Pu3nKa BHICOKHX IUIOTHOCTEH IHEPTHUIDY
Hanmonanenaoro Lleatpa ®uzuku u MaremMaTuku.
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DEVELOPMENT OF MANUFACTURING TECHNOLOGIES
OF LOW-DENSITY POROUS MEDIA, DESIGN-THEORETICAL
AND EXPERIMENTAL STUDIES OF THEIR APPLICATION
FOR SHOCKWAVE PARAMETERS CONTROL

LA. Belov, S.A. Belkov, S.V. Bondarenko, A.Yu. Voronin, V.N. Derkach,
A.V. Ilyushechkina, A.A. Kuzina, 1.V. Kuzmin, A.E. Myusova, A.N. Rukavishnikov,
E.Yu. Solomatina, K.V. Starodubtsev, P.V. Starodubtsev, O.O. Sharov

RFNC-VNIEF, Sarov, Russia

In recent years, low-density microstructured media (foams) are widely used in
experimental studies carried out on powerful laser facilities. In particular, low-density media
are used as a preliminary cascade of pressure amplification in the experiments of the
equation of state (EOS) measurement [1, 2]. The layers of low-density foams are used for
smoothing the non-uniformities of the laser spot focused on the target [3].

Additional capabilities appear in laser experiments when using low-density media
(foams) as effective absorbers of laser emission in conditions when the absorption of laser
radiation of the used frequency on solid-state targets is small (or not large enough). In the
Institute of Laser Physics (ILPHI), experimental studies of targets containing layers of low-
density foam have been conducted for many years on the LUCH and ISKRA-5 laser
facilities.

The work describes the technological chains [4], being developed at the moment in
the ILPHI, to create low-density materials with a given density, thickness and pore size,
including high-Z metal nanoclusters inclusions [5]. The resulting foams have been certified
on special measuring equipment [6] and integrated into target structures for laser
experiments.

The results of calculation of shock wave parameters for targets containing low-
density impactor and metal indicator according to Spectral Non-Equilibrium Absorption
Dynamics [7] and DIANA [8] programs are given. The volumetric nature of laser emission
absorption in the area, the size of which was determined by the depth of geometric
transparency of the foam in various configurations [9] was taken into account.

The homogeneity of low-density foams, including doping of high-Z metals, was
experimentally confirmed. The formulation and results of experiments carried out at the
LUCH facility to control the pressure developed in materials are presented. The 0,53 pm
wavelength emission was used in the experiments, the pulse shape represented trapezoid
with a duration at half-height of intensity from 3,3 up to 4,0 ns. Focusing was carried out
into the 600 um spot with a uniform distribution of energy; the intensity in the irradiation
spot was up to 2:1013 W/cm2.

The work was carried out within the framework of the “Physics of high energy
densities” project of the National Center for Physics and Mathematics.
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CBAPKA B3PbBIBOM TPYB

O.5. lipennos, U.A. Tepewxuna
POALI-BHUUD®, r. Capos, Poccus

JIJist cBapHOTO COSNMHCHHMS TPYO MpeiaracTcsl MPUMEHEHHE TOCTaATOYHO HOBOTO, HO
YK€ HaIIeIIIero CBOS MECTO B TEXHOJIOTHYCCKUX Pa3pabOTKax METOJa — CBapKa B3PHIBOM.
DTOT METOI MOXKET BBITOJHO OTIHYATHCA (PKOHOMHS MATCPHAIBHBIX H (PUIUICCKUX
PECYPCOB) OT CBOUX CTATHUCCKUX AHAJIOTOB (JICKTPOHHO — JIy4eBas, aprOHHO — JTyTroOBas,
IUTa3MEHHasl, Ta30Bas CBapKa ¥ T.II.) 0COOEHHO B TPYAHOIOCTYIHBIX IO T€OTrpadUIecKuM H
KIIMMaTHIECKUM YCIOBHUSM PETHOHAX.

[Ipemmaraercst NpUMEHSTh B Ka4eCTBE 3aMONHUTENS BOXy. VICIOmB3yeTcs: MpUHITUIT
HECO)KUMAEMOCTH JKHAKOCTH TPH KBAa3HIMHAMHYICCKOM HArpyXKeHHH. B oZHOMEpHBIX
Ta30IMHAMUYECKUX M YIPYTOIUIACTHYECKHX pacdeTax oOIpeneieHa HenehopMHpOBaHHAS
Macca Bojpl. MonenbHbIe dKCIIEPUMEHTHI ¢ TpyOamu paauycoM R = 57 MM ToaTBEpIuIN
pe3ynabTaThl PACYCTOB M MPHHIUIHAIBHYIO BO3MOXHOCTH CBapKH B3PBIBOM TpyO mpu
WCIIOJIb30BaHUU BOJIbI B KAUE€CTBE 3aIIOJHUTESL.

HNCCJIIEJOBAHUS CETYATBIX AJJUTUBHBIX CTPYKTYP,
NPEJHA3ZHAYEHHBIX JJISI OCJABJIEHUSA YJAPHBIX BOJIH

A.FO. I'apmawes, E.b. Cmupnos, /[{.B. Ilempos, A.U. Knénos, /I.T. Ocynos, /I.11. Kyuxo

POAL-BHUUT®, r. Cuexunck, Poccus

B pabGote Ha ycranoBke coctaBHBIX crepkHeil ['onmkmacona (CCI') mccnemoBaiich
0o0pa3mpl, WMemue Kak CIUIOMHYI0 (OJHOPOIHYIO), TaK M OO0BEMHO-TIEPHOTUIECKYIO
CTPYKTYpy. OKcrepumeHTbl 1o HarpyxeHuto MerogoM CCIT mo3BONSIOT TMONy4aTh
JMUHAMUYECKHUE JUArpaMMbl CXKAaThs M PACTSHKCHUS B TUAMAa30HE CKOPOCTel nedopmanuu
£=102-103 ¢,

Llens paboThl: HCCHEIOBaHWE AMHAMUYECKHUX CBOMCTB 00pa3lOB-MaTepHalos,
M3TOTOBIICHHBIX METO/IOM aIMTHBHBIX TEXHOIOTHH.

3ajaya: TMONyYeHHWE AWHAMUYECKUX IPOYHOCTHBIX XAPAaKTEPHUCTUK W aHAIIU3
IKCMEPUMEHTANIBHBIX ~PE3yJbTATOB, TIOJNYYCHHBIX B pE3yJibTarTe IMPOBEACHHUS CEpUH
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skcriepuMenToB Ha ycraHoBke CCI ¢ obpasnamu 3-D amomununs mapku AK6, nmerommmu
CIUIOIIHYI0O U OO0BEMHO-TIEPHOIMUYECKON CTPYKTYpY, HPH CKOpPOCTAX AedopMaruu OT
5,5%102 10 37,0x102 ¢,

OO6pasipl U3 aJIOMHHKSA, aHAJIOTHYHOTO IO XMMHUYECKOMY cocTaBy ciiaBy AKO,
33/IaHHON 00BEMHO-TIEPUOAMYECKON CTPYKTYPHI, OBIITH M3TOTOBJICHBI CIIOCOOOM JIa3epHOTO
criekaHus MeTajuinueckoro mopomka (Selective Laser Sintering) Ha HPOMBINIICHHOM
3-D npuntepe.

B xome wccnenoBanumii mposemeHo Oomee 150 skcmepumentoB. [lomydeHbl
JriarpaMMBbl HarpspkeHue-nedopManust 1 CKopocTu aedopMarun-aedopManys B Iuana3oHe
ckopocrelt ynapauka ot 7,14 mo 31,2 m/c, pu 3TOM COOCTBEHHBIE CKOPOCTH JAe(OpMaLIuU
o6pasnoB coctaBmmu ot 8x102 mo 37x102 ¢”'. TIpoBeaeHo CpaBHEHHE pe3yIbTATOB
WCCIIEJIOBaHUH TPOYHOCTHBIX CBOWCTB CIUIOIIHBIX, OOBEMHO-CTPYKTYPHUPOBAaHHBIX |
00pa3noB, MOTy4YeHHBIX TPAIULIMOHHBIM METOAOM, NIPEII0KEHBI HATIPaBICHUS TalbHEHIIINX
UCCIIEOBaHM.

MNEPCIIEKTUBA PA3SBUTHS MUKPOBOJHOBOM JUATHOCTUKH
BBICTPOITPOTEKAIOIUX ITPOLHECCOB B ITUPOKOM KJIACCE
CTBOJIBHBIX CUCTEM

O.U. Opexoel, AJL Muxaﬁﬂer,B.H. X@opocmul—lz, E.C. Mumui’®

' ®Ouwman POSIL-BHUND® «<HUMUC nm. 10.E. Cenakosay, r. Hikanii Hosropona, Poccus
2POSIL-BHUMADD, r. Capos, Poccns

MuKpOBOTHOBAsE paguOUHTEPPEPOMETPUs aKTHBHO paspuBaetrcs B MDPB PDALl-
BHUUD® ¢ 2000 r. mpu AMATHOCTHKE OBICTPOMPOTECKAMOIIUX Tra30IHMHAMHYCCKIX
nporeccoB. Pa3BuTHe METOAMKM MHKPOBOIHOBOM AMAarHOCTHKHM MO3BOJMIIO IIONYYUTh
HOBBIE HKCIIEPUMEHTAJIbHbIE PE3YIbTATHI IO UCCIEIOBAHUIM PACIPOCTPAHEHUS ACTOHAIIMHI
B 3apsiax B3peiBuaThix BemecTs (BB), yaapHo-BomHOBOro wuHunmupoBaHus BB,
a7nabaTHYecKoro paclIMpeHHs MPOIEeCCOB B3pbIBa M JAPYIUX MONOOHBIX 3amad [1]. Dro
CTaJl0O BO3MOXKHBIM OJIarofiapsi CO3MaHHIO CEPUM OJHOKAHAIBHBIX W MHOTOKaHAIBHBIX
paguountTepdepomerpos (PU) 3 MM 1uanazoHa B Qmimane POAI-BHUNDD
«HUUHNUC nm. HO.E. CemaxoBay.

MeHnpiee BHUMaHHE yIENEHO MHKPOBOJIHOBOH JHAarHOCTHKE IIPOIECCOB B
CTBOJBHBIX CHCTEMax IIyIIEYHOTO THIA - BO B3PBIBHBIX yaapHbIX creHmax (BYC),
SIBIISTIOIINXCST OCHOBOM HCITBITATENFHBIX KOMIUIEKCOB THMa «CTBOI) ¢ KaHAaJaMH CTBOJIOB
kaimubpamu ot 30 1o 900 MM, obecnieunBaromux oTpadboTky BB, uccnenoBanus mporecca
nepenavyu SHepruu B3peiBa BB MeTaeMoMy yIapHUKY WK CHapsIIy.

KpomMe TOro, CTBONIBI SIBISIIOTCS. OCHOBOHM IIMPOKOrO Kijacca BOOPYXKEHUH OT
CTPENIKOBOTO  OpYXHsS  KaluOpOM  €IMHULBI-IECATKH MM  JIO  Pa3HOOOpa3HBIX
APTWLICPUICKIX CHCTEM KaJIUOpOM JECATKA-COTHU MM WM BHYTPHCTBOJIbHAS OQJTMCTHKA
SBJISIETCS OCHOBOWM JIsl pa3paboTku opykelHbIx cuctem [2]. KiodeBbiM Bompocom
peamu3anuyu  pagUOMHTEPPEPOMETPUN ISl CTBOJNBHBIX CHCTEM SBISETCS BBIOOp U
peamm3anms  crocoba  BO3OYKIEHHS AJICKTPOMArHUTHBIX BOJNH AN OOECTIeYCHUS
OTHO3HAYHOH WHTEep(PEepEeHIIMOHHON KapTHHBI INPH PACHPOCTPAHEHWH BOJH B CTBOJE U
B3aWMOJICHICTBHH C YIAPHUKOM (CHAPSAOM) B TIPOIIECCE €r0 ABIKCHUS.

C TOYKH 3peHHs DIEKTPOJUHAMUKHA CTBOJI OKBHBAJCHTEH METAJUINIECKOMY
BorrHOBOAY (MB) kpyrioro ceuenns. KirodeBoif 3a1adeii BOTHOBOIHOW TEOPHU U TIPAKTHKH
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SBISCTC BO3OYXKICHHWE | pacmpocTpaneHne 1o MB  ocHoBHOW BomHel HIl ¢
MUHUMaJIbHBIMH TIOTOHHBIMH MOTepsAMH. M3BecTHO, 9YTO B cCBepxpa3MepHelx MB c
OTHOIIICHHEM JUaMeTpa BOJHOBOAA D K aiuHE BOJHBI A B auanazone D/A=(5...30) norepu
Ha TIOPSIKU MEHbIIIE, YeM B CTaHJAPTHBIX OJHOBOJHOBEIX MB. OnmHako, B cCBEpXpa3MepHBIX
MB B03M0>X€H MHOIOMOJOBBIM PEXHUM, UTO NIPUBOJUT K CUJIBHOM YaCTOTHOM 3aBHCHUMOCTH
KodpduumenTa mepenadyr, HEMPUEMIIMMON UL pealn3alludl PaluouHTephEepOMETPUH B
CTBOJBHBIX CHCTEeMax. B /oKkmaze paccMOTpPEeHbI BOMPOCH ONTHMAIBHOTO BO30YKACHUS
OCHOBHOHM BOJIHBI B BOJHOBOIaX ¢ cooTHomeHwmeM D/A=(1...300) B mpencrasisromeMm
WHTEpeC M AWana3oHa KaJIUOpOB OT HECKONBKHX MM IO COTEH MM H TIPEIIIOKCHEI
BapHaHTHl TUAJICKTPUYCCKUX H3IydaTeNiel I OTHENBHBIX YYaCTKOB, IMEPEKPBIBAIOIINX
BECh yKAaaHHBIH AHMANa3oH KaTHOpPOB W TPEOYIOMMX Pa3IHYHBIX 3JICKTPOIUHAMUYICCKHUX
MIOJTXOJIOB.

Marepuaisl JIOKJIa/1a MTOKa3BIBAIOT peanbHyIo BO3MOKHOCTH
panuonHTepEpPOMETPHH TPOIIECCOB B CTBOJILHBIX CHCTeMax Kanubpa oT 3 10 900 MM mpu
MaKCHUMAaJIbHBIX JTTHHAX CTBOJIOB 10 5-10 MeTpoB.

Jlumepamypa

1. HeBo3mymaromye METOAbl AMArHOCTHKK OblcTponpoTekaromux npoueccos/Iloa.pea. Muxaiinosa
AJL — Capo:®I'VII «POAL-BHUNDD», 2015.

2. Ilopmrer C.B. PagmonoxaunoHHBIE METOABI HM3MEPEHHH AKCIEPUMEHTAIBHOW OalIMCTHKH.
Exarepun6ypr: YpO PAH, 1999.

DEVELOPMENT PROSPECT OF MICROWAVE DIANOSTICS OF FAST
PROCESSES FOR WIDE CLASS OF BARREL SYSTEMS

Yu. I Orekhov', A.L. Mikhaylovz, V.N. Khvorostin®, E.S. Mitin’

I“NIIIS im. Yu.E. Sedakova” — Branch of RENC-VNIIEF, Nizhny Novgorod, Russia
2 RFNC -VNIIEF, Sarov, Russia

Microwave radio interferometry is being actively developed at RFNC -VNIIEF
since 2000 to diagnose fast gas-dynamics processes. Development of methods of
microwave diagnostics leads obtaining of new experimental results for detonation
propagation in explosives charges, shock wave initiation of explosives, adiabatic expansion
of explosion processes and other similar matters [1]. This became possible due to
developing and creating of series of single-channel and multi-channel radio interferometers
in the 3 mm range at the Branch of RFNC -VNIIEF “NIIIS im. Yu.E. Sedakova”.

Less attention has been paid to microwave diagnostics in barrel systems (so-called
explosion striking stands), which are the base for test complexes of the type “Barrel” with
30-900 mm calibers, providing research process for explosives and energy transmission
from explosives to a launching impactor or a bullet.

In addition to that, barrels are also the base for a wide class of weapon systems from
small arms having calibers of units-tens mm to various artillery systems with calibers from
tens to hundreds mm and intra barrel ballistics is a basis for developing weapon systems
[2]. The key goal of radio interferometry for barrel systems lies in selecting and
implementing a method of exciting electromagnetic waves to provide a clear interferometry
picture for wave propagation in a barrel and impactor/bullet movement within a barrel.
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The barrel can be presented as a round metal waveguide (MW) in electrodynamics.
The key goal of waveguide theory and practice is exciting and propagating the base wave
H11 over MW with minimal linear losses. It is well known, that in oversize MW with a
ratio between a diameter to wavelength in the D/A= (5...30) range the losses are orders of
magnitude less than in standard single-wave MW. But in oversize MW a multi-wave mode
is possible that leads to a strong frequency dependency of the transmission coefficient,
which is unsuitable for implementing barrel systems interferometry. In this paper there are
covered the aspects of optimal main wave exciting in waveguides with a diameter to
wavelength ratio in the range D/A=(1...300) for calibers from several millimeters to
hundreds of millimeters. Different options are suggested for dielectric radiators for specific
sections, covering the entire range of calibers and requiring differentiated electrodynamics
approaches.

The article presents real capabilities of radio interferometry processes for barrel
systems with 30-900 mm calibers with maximal barrel lengths of 5 to 10 meters.

References

1. Un-disturbing diagnostic techniques of fast processes/Mikhaylov A.L. — Sarov, “RFNC -
VNIIEF,”, 2015

2. Porshnev S.V. Radiolocation measurements methods for experimental ballistics. Ekaterinburg,
UrO RAS, 1999.

HOBBIINEHUE TOYHOCTHU METOJA 'ETEPOJUH-UHTEP®EPOMETPA
IIPU TASOJUHAMUYECKHUX UCCIIEJOBAHUAX C HCIIOJIb30OBAHUEM
CTBOJIBHBIX HAT'PYKAIOINNX YCTAHOBOK

E.A. Yyoaxos, C.A. Qunowun, A.E. Cagpponos, A.M. Tapacos,
JL.B. Yepnos, E.A. Pazymxos, T.0. Cknsonesa , /I.B. Kpioukos,
JL.H. 3amomaes, A.1l. Kypynenko, B.B. bapabun

POALI-BHUUD®, r. Capos, Poccust

[TpencTaBnens! pe3yapTaThl aAanTali METoa reTepoanH-uaTepdepomerpa (PDV)
JUIs TIPOBEJEHUS Ta30JUHAMUYECKHUX HCCIEOBAHUN C HUCIONb30BAaHHEM CTBOJIbHBIX
Harpy>karolux ycTaHOBOK. [l coriacoBaHus M3MEPUTENbHBIX KaHAJIOB IO BpPEMEHAM
perucTpauyy NpOBEACHBI U3MEPEHUS OTHOCUTENBHBIX BPEMEHHBIX MOIPABOK I'€TEPOIMH-
uHTEpPEepOMeTpa ¢ TOYHOCTHIO BILIOTH 10 0,1 HC ¢ HWCHOIB30BaHMEM KOPPEISAIIHOHHOTO
aHamM3a BpPEeMEH NPOXOXKACHUS (EMTOCEKYHIHBIX HUMITYIBCOB C PA3IHYHBIM IEPHUOIOM
MIOBTOPEHUSI YEPE3 HU3MEPSIEMBIE BOJOKOHHBIE JUHMM. JlJI1 ydyeTa mepekoca COyJIapeHHs
METaeMoOro oOBEKTa C HCCIeNyeMbIM O0Opas3lioM M OINpPEJeNIeHUs] CKOPOCTH JIBHIKEHHS
yIapHOHM BOJIHBI MPEJIONKEH METOA JIMHEWHOH perpeccu, MOo3BOJISIONMN Haubosee MoJIHO
UCIIOJNIb30BaTh BECh OOBEM JKCIIEPUMEHTAJBHBIX JIAHHBIX W CTATHCTHYECKU OIPEACNATH
JIOBEpPHUTENbHbIE HHTEPBAJIBl IOJy4aeMbIX OLEHOK. JlIs HageXXHOH perucrparuu
MapaMeTpoB yNPYrod BOJHBI MPEIOKEH MEeTOJ AaKTHBHO-NIACCUBHOM JHAarHOCTHKH
reTepoIMH-MHTEPHEPOMETPa, MO3BOJISIONINI MTOJHOCTHIO YCTPAHUTH TIOMEXOBYIO ONOPHYIO
JUHAIO W, COOTBETCTBEHHO, YBEIMYUTh TOYHOCTh M PAa3pEIAlONIyI0 CHOCOOHOCTHh
uHTEepepoMeTpa Kak 0 BPEeMEHH, TaK U IO CKOPOCTH.
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HETERODYNE VELOCIMETER ACCURACY INCREASING
IN INVESTIGATIONS INVOLVING BALLISTICS LOADING

E.A. Chudakov, S.A. Finyushin, A.E. Safronov, A.M. Tarasov,
L.V. Chernov, E.A. Razumkov, T.O. Sklyadneva, D.V. Kryuchkov,
D.N. Zamotaev, A.P. Kurulenko, V.V. Barabin

RFNC-VNIEF, Sarov, Russia

Results of heterodyne velocimeter (PDV) adaptation in some investigations involving
ballistics loading are presented. Measurement channels time alignment accuracy about
0,1 ns is acquired with correlation analysis time of flight for two femtosecond impulse laser
with difference repetition rate. Linear regression is used for impactor tilt and shock velocity
calculation allowing using statistical approach in confidence range determination. Active-
passive heterodyne velocimeter method is proposed for «base» line suppression and elastic
precursor registration with high temporal and velocity accuracy and resolution.

INPUMEHEHUWE METOJA KBAJIPATYPHOT'O JOIIOJIHEHUSA
JJIA BPEMSAPA3ZPEHNIEHHOT'O BOCCTAHOBJIEHUA YACTOTBI CUTHAJIA

H.F. Anuxun
POAL-BHUNUT®, r. Cuexunck, Poccust

Panee, B pabGore [1] ObUT mpemsio’)keH WTEPATUBHBIA METOJ KBaIpaTypPHOTO
JOTIONTHEHHSI U1 BOCCTAHOBJICHHWS MTHOBEHHON YacTOTHI JIOIUICPOBCKOTO CHTHAINA,
OCHOBAHHBIN Ha MPEOOPA30BAHUAX UHTETPATBHON CBEPTKU CUTHANA C sapaMu F I (p), F ()
ocoboro BHIa, oNpeAeNEHHPIMI Ha KOHEYHBIX WHTEpBAJAX MPHONMKEHHOW JOTUIEPOBCKOM
dha3el  @(f) KpaTHBIX JOIUICPOBCKOMY mepuoay. I[IpeoOpa3oBaHus, OCIAONsAs IIyMEI,
MIPOM3BOIAT TPUOIIDKEHHYIO MEPBYIO IOIUIEPOBCKYIO TapPMOHHKY Sln(t) 1 TIPUOIMKEHHO
KBaJpaTypHOE K HEW JOTONHEHHE S| () W MO3BOJSIIOT ONIPEACIUTH HOBOE IMPHOIMKECHUE
qacToTel  wp(t) U a3l  @(f) JOIUIEPOBCKOTO CHWTHAla, a Takke MpelelbHOM
CPEIHEKBAIPATUYHOW OINMOKHM OTPEACICHUS YacTOTHl  Y,(2). B  mpenmonoxeHun
MIOCTOSIHCTBA CHEKTPaJbHOW MJIOTHOCTH ciy4yaiiHoro myma D, B TOIJIEPOBCKOM CHUTHAJe
ommubKa Y, (?) ompemensaiach HHTETPAIBHBIM IIPEOOpPa30BAHMEM CBEPTKH JOIUIEPOBCKOM
9acToTel Wp(t) ¢ sapom, 3aBucsmmM oT Dy, = const MrHOBEHHOW aMmruuTyasl A;(1)
JTOTIEPOBCKOM TApMOHHKH S I (t) m orubaromet F snep F "((p) wF (0).

B Hacrosmieii paboTe MeTOJ KBaIpaTypHOrO JOMOJTHEHHUS MONYYMI 3HAYUTEIBHOE
pa3BUTHE — IpeoOpa3oBaHus ¢ AApamMu F I (9), F () ObLIM 3aMeHEHBI HA IPe0Opa3oBaHuUe C
KOMIUICKCHBIM SIpoM f{(), KOTOPOE TO3BOJIACT OMPECIUTh KOMIUICKCHYIO JIOTUIEPOBCKYIO
TapMOHUKY S;(1)= S I (t)+iSll(t), B KOTOpO# ) I () u iSll(t) — TOYHO KBaJJpaTypHbIE CUTHAJIBI.
[IpemnoskeHHBIH TOIXO MO3BOJSET BHIPA3UTh MEPBYIO TapMOHHKY, €€ aMIUIATYAy Ai(1),
JIOTIEPOBCKHE YaCTOTY Mp(?) U a3y ((?) BCero uepes MIeCTh MepBOOOPa3HBIX BUA!

]lin(qJO) = f‘po h;(_‘—,n((p)se(q’)d(p9
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K
rme ¢, = @(t) - npubmmkeHHas mortepoBckas dasa, a hy (@) = cos—- L

®
hin(@) = sm— k =n,n £ 1. Ilpennoxken crnocob onpeneseHus U3 3KCHepI/IMCHTaJ'ILHOFO
curHaua Se OI_IeHKI/I MOMEHTJIBHOH CHEKTPaIbHON ITIOTHOCTH MOITHOCTH LITyMa

[]n+1n] (@) + []n 1n] () + []n+1 n] (p) + []n ln] (90)
2wp ()

Dy (@) =

Torma, cpeaHEKBaJApaTUYHAs MOTPEUIHOCTh JOIUICPOBCKOW YACTOTHI BBIPAXKACTCS
4yepe3 mepBooOpa3HyIo

X(po) = [?° D, (@) wp (@) dg.

BripaxkeHue MHTErpanbHBIX MPeoOpa3oBaHUI CBEPTKU Uepe3 CEeMb BBIYMCISIEMBIX Ha
KaXJ0i urepanuu QyHKIui (MepBOOOPa3HBIX) MO3BOJIAET CYIIECTBEHHO COKPATUTh BPEMsI
pacueta. PaccMoTpeHsI IprMephl BOCCTAHOBIICHHUS YaCTOTHI SKCIIEPUMEHTANBHBIX CHTHAJIOB
Kak B MPEINOJIOKEHHH IIOCTOSHCTBA CIIEKTPANBHONW IUIOTHOCTH IyMa, TaK H C
BBIYUCIICHHEM €€ MOMEHTAJIbHOTO 3HAYCHUS.

YacTo 3KCIIEpPUMEHTAIBHBIN JOIUIEPOBCKUN CHUTHAT COJCPIKUT HECKOJIBKO KPATHBIX
JIOTDIEPOBCKUX TapMOHUWK. J[Jis BBIYUCICHHS JOIUICPOBCKOW (ha3el B paboOTe MpPETOKEH
croco0 COBMECTHOTO HCIIOJIb30BaHUS IMPOU3BOJIBHOTO KOJMYECTBA TapPMOHHK, KOTOPEIC
paccMaTpUBAIOTCS B KauyeCTBE HE3aBHUCHMBIX W3MEPCHHUH JIOIJICPOBCKOTO CHUTHAJIA.
IIpencTaBneHbl MPUMEpPHI UCIIONB30BAHMS 3 TAPMOHHK IKCICPUMEHTALHOIO CHTHANA IS
BBIYUCIICHUS YaCTOTEI.

Bo MHOTHX 3KCHEpHUMEHTaX PETUCTPUPYETCS MOIUIEPOBCKHN CHUTHAN, Ybsl 4acTOTa
WHCTPYMEHTAILHO CABUHYTa (OOBIYHO BBEPX) Ha HEKOTOPYIO (DMKCHUPOBAHHYIO BEIHUYUHY.
B pabore mpemnoxkeH crnocod YUCICHHOTO CABUTa YaCTOTHI 3aPETHCTPUPOBAHHOTO CHTHAJA
Kak BHHM3, TaKk M BBepX. Ha mpuMepax BOCCTAHOBICHHS IOIUIEPOBCKOH YaCTOTHI
HKCHEPUMEHTAIFHOTO CHUTHAIa CO CABHIOM, KaK MHCTPYMEHTAIBHBIM, TaK M UYHCIICHHBIM,
paccMOTPEHBI OCOOCHHOCTH M MIPEUMYIIIECTBA METO/IA.

Jlumepamypa
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APPLICATION OF THE QUADRATURE COMPLEMENT METHOD
FOR TIME-RESOLVED SIGNAL FREQUENCY RECONSTRUCTION

N.B. Anikin
RFNC — VNIITF, Snezhinsk, Russia

Previously, in [1], an iterative quadrature complement method was proposed for
reconstructing the instantaneous frequency of a Doppler signal, based on integral signal
convolution transforms with kernels 71 (9), F (p) of a special form, determined at the finite
intervals of the approximate Doppler phase, ¢(?), that are multiples of the Doppler period.
While reducing the noise, these transforms produce the approximate first Doppler harmonic,
Sll (1), and its approximate quadrature complement, and make it possible to find a new
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approximation of both Doppler signal frequency, wp(t), and phase, @(z), as well as the
maximum rms frequency error, x(?). Assuming a constant spectral density of random noise,
D,,, in the Doppler signal, the error, y,(?), was determined by the integral transform of the
convolution of the Doppler frequency, wp(t), with the kernel, which depends on D,
const of the instantaneous amplitude, A4,(z), of the Doppler harmonic, S1 (1), and the
envelope F of kernels F' I (o) and F ().

The quadrature complement method proposed in the present paper has been
significantly improved; the transforms with the kernels II((p) F () have been replaced by
a transform with a complex kernel f((p) which makes it p0551ble to determine the complex
Doppler harmonic, s;(2)= S, I (1)+iS, (t) in which S] (1) and iS, (t) are exactly quadrature
signals. The proposed approach allows expressing the first harmonic, its amplitude 4,(?), the
Doppler frequency wp(?) and phase @(z), in terms of just six antiderivatives in the form

Jien(90) = [*° hign () (@)do.
where @, = @(t) is the approximate Doppler phase, hi ,(p) = cos 2 hkn(qo) = sm—(p

and k =n,n+ 1. A method for determining the instantaneous spectral density of n01se
from an experimental signal, Se, is proposed.

[]n+1n] (p) + []n 1n] () + []n+1n] (p) + []n 1n] (QD)

Do) ~ 2wp ()

This implies that the rms error of the Doppler frequency is expressed in terms of the
antiderivative

X(po) = [** Dy (@) wp(9)dy.

Expressing the integral transforms of the convolution in terms of seven functions
(antiderivatives) calculated at each iteration can significantly reduce the calculation time.
Examples of experimental signal frequency reconstruction are considered both under the
assumption of a constant noise spectral density and with the calculation of its instantaneous
value.

The experimental Doppler signal often contains several multiple Doppler harmonics.
To calculate the Doppler phase, we propose a method for sharing an arbitrary number of
harmonics, which are considered as independent measurements of the Doppler signal.
Examples of using 3 harmonics of the experimental signal to calculate the frequency are
provided.

A Doppler signal, whose frequency is instrumentally shifted (usually up) by some
fixed amount, is recorded in many experiments. A method for numerically shifting the
frequency of the recorded signal both down and up is proposed. The peculiar features and
advantages of the method based on the examples of Doppler frequency reconstruction of an
experimental signal with a shift, both instrumental and numerical, are considered.

References
1. N.B. Anikin. Quadrature complement method for time-resolved signal frequency reconstruction //
Rev. Sci. Instrum. 92, 075104 (2021).
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YUCJIEHHOE MOJAEJIUPOBAHUE TUHAMUKH YJAPHO-BOJTHOBOI'O
HATI'PYKEHHWSA BB BBICTPOJIETAIMMHUA TOHKUMMU IIJIACTUHAMHU

E.U. Jlunenxosa, A.A. Cenezenes, M.B. Enughanosckuii, A.B. Cxriapog

POALI-BHUUD®, r. Capos, Poccus

B nporpammuom kommiekce «Master Professional» [1] peanmn3zoBana meromuka
YUCJICHHOTO MOJICIMPOBAHMS TpoIlecca B3aMMOJCHCTBUS  OBICTPONIETAINECH  TOHKOM
IacTHHbI ¢ 00pasiom BB. C ucnons3oBanreM pa3pabOTaHHOW METOIMKH Oblia IIPOBEICHA
CepHsl pacuyeToB MO OIPEICTCHUIO MapaMeTpoB YIapHO-BOJHOBOTO HArpy>KeHus oOpasiia
rexcanutpoctTwibOeHa (I'HC) TOHKMMHM TJIACTUHAMM Pa3UYHOTO THIA: CIUIONIHON
TUTACTUHOM W3 OJJHOPOJHOTO MaTepuaia (JlaBcaHOBas IUIEHKA) U MHOTOCJIOWHOM TTaCTHHOMN
(bTopomnact-noaunmMua-Gropormiact) (pucyHok 1).

[TomydeHs! pacyeTHBIE 3aBHCHMOCTH BEIWYMHBI JABJICHHWS Ha (pPOHTE YyHapHOU
BouHEI (YB) (pucyHOK 2) M 3HaUeHHsI MaccoBoil ckopocTH 3a ppoHToM YB B 06pazue T'HC
OT CKOPOCTH TUIACTHHBI.

OmnpeneneHbl 3HaYCHUS MHUHUMAaJbHOW CKOPOCTH TONIETa IUIACTHUHBI W TiIyOnHa eé
npoHuKHOBeHUs1 B o6pazeny [[HC, mpu KOTOPBIX MPOMCXOIUT MHULIMHUPOBAHUE JIETOHAIMN
obpasma BB. Paccumrtansl mapameTpsl ymapHoid BosiHBI B oOpasue 'HC B ycmoBmsax
OTCYTCTBUS HHUITUMPOBAHUS JAETOHAINH. Pe3ybTaThl pacueToB MOKA3alH, YTO AaBJICHUE Ha
(hpoHTE yHapHOI BOJHEI, pacrpocTpaHsromeiics no oopasny ['HC, Haxogures B MHTEpBaje
or 10 mo 24 I'Tla, korga CKOPOCTh IUIACTHHBI HAXOAWUTCS B MHTEpBaie OT 2 10 4 KM/C.
ComnocTaBieHHe Pe3yIbTaTOB YHCICHHOTO MOJIEIUPOBAHIS C PE3YIbTaTAMU AKCIIEPUMEHTOB
MO3BOJIMJIO paccyWTaTh AN paccMaTrpuBaemoro obOpasua 'HC  dwncieHHoe 3HaueHuHe
KPUTEpHs MHUITMMPOBAHUS feToHauu P2T.

3r

1 — o6pazens THC, 2 — ¢ropormacrt, 3 — momuumMun

Pucynox 1. Cxema 1ByMEpHOH pacueTHOW MOJIENH ISl TIPOBEICHUS pacyeTOB
B iporpamme «Master Professional»
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Pucynoxk 2. 3aBUCIMOCTH JaBIICHHUS OT BPEMCHH, TIOJTYYCHHOW Ha JaTUYHKE,
pacnonoxeHHoM B oOpasie ['HC npu HarpyxeHHUH ero COCTaBHOM
IJIACTUHOM, UMEIOLIEN pa3TuYHy0 HAaYaJIbHYI0 CKOPOCTh

Jlumepamypa

1. V.Rudenko, M.Chabourov, E.Tchekhounov. Virtual physics laboratory of the package MASTER.
Proc. International Conference “Physics Teacher Education beyond 2000, Barselona, 2000.

NUMERICAL SIMULATION OF DYNAMICS OF SHOCKWAVE LOADING
OF EXPLOSIVES BY HIGH VELOCITY THIN PLATES

E.I Lipenkova, A.A. Selezenev, M.V. Epifanovskyi, A.V. Sklyarov

RFNC-VNIIEF, Sarov, Russia

Using “Master Professional” computer code [1], the technique of numerical
simulation of interaction process of the fast-flying thin plate with high explosive (HE)
sample has been developed. Using the developed technique, the series of calculations were
carried out to determine the shock wave parameters at loading of the
Hexanitrostilbene (HNS) sample. The thin plates of different types were considered: the
single-layer plate from homogeneous material (the mylar film) and the multilayer plate
(teflon-polyimide-teflon) (figure 1).
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3r

1 — HNS sample, 2 — teflon, 3 — polyimide

Figure 1. The scheme of two-dimensional model for carrying out calculations
using “Master Professional” code

The calculated dependences of the pressure at the front of the shock wave (SW)
(figure 2) and values of the particle velocity behind of the SW front in the HNS sample as a
function of the plate velocity have been obtained.

The values of minimum velocity of plate flight and depth of its penetration into HNS
sample, at which initiation of detonation of HE sample takes place, have been determined.
Parameters of the shock wave in HNS sample at the conditions of failure of detonation
initiation were calculated. The calculation results showed that pressure at the front of the
shock wave extending on sample HNS is in the range from 10 up to 24 GPa when the
velocity of the plate is in the range from 2 up to 4 km/s. The comparison of the numerical
modeling results to the experimental results allowed to calculate value of the detonation
initiation criterion ( P27 ) for the considered sample of HNS explosive.

P
GPa
40

30 ====2km/s

== 3kms

......... 4 km/s
20
10
0

0 0,005 0,01 0,015 0,02 0,025 0,03 us

Figure 2. The dependences of pressure on time are obtained on the sensor located
in the HNS sample at different initial velocity of the multilayer plate
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HCTOYHHUK TOPMO3HOI'O U3JIYHYEHUS HA BA3E
JJMHEMHOI'O THAYKIIMOHHOI'O YCKOPUTEJISA

U A. XKypasnes, U.B. Ilensun, O.A. Hukumun, C./[]. Xpenurxos, A.P. Axmemos
POAN-BHUUT®, Crexunck, Poccus

Jns  monyudeHuss HEOOXOAMMOW W MaKCHMalbHO MOJNHOW uHpopMauuu 00
nuccienyeMoM oOBekTe Tpu TpoBeneHuH [JIM1 HEoOXOoAMM TNPHHIMITHAIHLHO HOBBIH
HWCTOYHUK  TOPMO3HOTO  M3JIY4YECHMs, HALEJICHHbI Ha  MOJy4YeHHEe IydkKa C
CyOMIJUTHMETPOBBIM (POKYCHBIM pa3MepoM Ha MHUIIICHU.

B nactosee Bpemss B POSL] BHUUT® cosmectno ¢ USAD CO PAH Bemytcs
paboTHl O pa3paboOTKe W HACTPOHMKE MOIIHOTO JIMHEHHOTO YCKOPHTENS 3JEKTPOHOB C
SHEpruel HeCKOJIbKO AecATKOB MOB 1 ToKOM 10 IBYX KHJIOamIep.

B mpexncraBneHHON cTaThe OMUCaHBl PabOTHI MOITAITHOTO MOHTa)Ka W HACTPOUKH
YCKOPHUTEISL. IIpencraBieHbl PEHTTEHOTrpaMMBbl TeCT-00BEKTOB BBIIIOJIHEHHbIE
C TIOCTETICHHBIM YBEIMYCHHEM IIapaMeTpOB TOKAa W DJHEPruM yckopurens. OIMUCcaHbI
MEpOIIPUATHSI HANPABICHHBIX HAa MOJIYYEHHsS] IPOEKTHBIX XAPAKTEPUCTHK YCKOPUTENS M
BBIBOJlY HAa MHIUEHb CHUJIBHOTOYHOTO BBICOKOSHEPTMYHOIO  3JEKTPOHHOIO  IydKa
C MUHUMAJIBHBIM [IOIIEPEYHBIM Pa3MEPOM.

B xopne mpoBeneHus 3THX pabOT OBUIM BBHIIOJHEHBI PEHTIeHOrpadUIecKue CHUMKH
TecT-00beKTOB. [IpencTaBeHbI pe3yIbTaThl OTPAOOTKH PA3INIHBIX PEKUMOB YCKOPUTEIIS.

CUCTEMA JUATHOCTUKH ®OKYCHOI'O IISTHA JIMHEMHOTI'O
HNHAYKIIMOHHOT'O YCKOPHUTEJISA B HAITPABJIEHUHY OBPATHOM
JABU/KEHHWIO 3JIEKTPOHOB

I1.4. Konecruxog', B.IO. ITonumos’, C.A. Konecnuxos', A.P. Axmemos’,
A.B. Kanaynos', B.IO. Deepm’, O.4. Yepnuya', 0.A. Huxumun', FO.A. Tpynes®,
JI.1. Crosopooun’, M.I'. Amnyxanos’, A.B. Bypoaxos’,

B.B. ﬂanuﬂoez, B.B. Kypquekoez, C.C. Honoez, K.U. JKusankoé’

'POAL-BHUNT®D, r. CHeskurCK, Poccust
“MsId CO PAH um. akanemnka I M. Bynxepa, r. HoBocubupck, Poccust

B POAL-BHUNUT® BBeaeHa B OSKCIUTyaTalldi0 YCTaHOBKa Ha 0asze JMHEMHOTO
MHAYKIHOHHOTO yckoputens (JIMY) mns uccneaoBaHus MUHAMHYECKH Pa3BUBAIOUIUXCS
OOBEKTOB 3a CYET B3PHIBHOTO HATPYXKEHHUS MO METOAY HMIYJIbCHOW pPEHTreHOrpadui.
OnHuM U3 OCHOBHBIX mpeumymiecTB JIMY sBnsieTcs BBICOKOKaYECTBEHHBIN 3JIEKTPOHHBIN
My40K M Malblii pa3Mmep (okycHoro msaTHa. st HACTPONKM yCKOpHTENs HEOOXOAUMO
co3/1aHNe KOMILUIEKCa OBICTPOIEHCTBYIOMHNX U A(PPEKTHBHBIX TUATHOCTHK.

Pazpaborana cucrema mmarnoctuku JIMY, xoHTponmpyromias pa3smep (QOKyCHOTO
MITHA B OOpaTHOM HANpaBICHWW IBIDKCHHUIO OJJEKTPOHOB. I[IpW »TOM KOHTpOIH
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OCYILIECTBIIICTCS B KaXJIOM ITyCKE HE3aBUCHMO OT HAaJIW4YUs TECT-OOBEKTOB Ha OCH
peHTreHorpadupoBaHHus.

IIpencraBnena paspaboTaHHAs CHUCTEMa JAMATHOCTHKH  ()OKYCHOTO  IISITHA
B 00OpaTHOM HampaBlICeHUH, TPUHIMI ee paboThl. IIperncraBieHsl pe3ynbTaThl PacdeTHBIX
U DKCIIEPUMEHTAIbHBIX HWCCIENOBAHUM TIO0 ompeneneHuto ¢okycHoro msatHa JIAY
C HCIIOJIb30BAHUEM CHCTEMBI THArHOCTUKU METOJIOM «IIOJyTEHH OT PE3KOTO Kpasi».

THE PINHOLE DIAGNOSTIC SYSTEM OF LINEAR INDUCTION
ACCELERATOR IN A DIRECTION OPPOSITE TO THE BEAM MOTION

P.A. Kolesnikov], V.Yu. Politov], S.A. Kolesnikov], AR. Akhmetov],
A.V. Kaplunovl, V.Yu. Evert', O.A. Chernitsa', O.A. Nikitin', Yu.A. TruneV’,
D.1. Skovorodin®’, M.G. AtlukhanoV’, A.V. Burdakov’,

V.V. Danilovz, V.V Kurkuchekovz, S.S. Popovz, K.I Zhivankov’

'RENC — VNIITF, Snezhinsk, Russia
BINP, the SB of the RAS, Novosibirsk, Russia

RFNC — VNITF has put into operation a facility based on linear-induction
accelerator (LIA) to study dynamically evolving objects through explosive loading using
flash radiography technique. One of the main LIA advantages is a high-quality electron
beam and a small-sized focal spot. A variety of responsive and efficient diagnostic tools is
required to adjust the accelerator.

A system to diagnose the LIA is developed which allows sizing the focal spot size in
the backward direction as to the direction of electron motion. At that, this is done in each
run regardless the presence of test objects on the X-ray radiography axis.

The system developed to diagnose the focal spot in the backward direction is
depicted, and its operation principle is described. The computational and experimental
results are presented on determining the LIA focal spot through “half-shadow from sharp
edge” diagnostic technique.

JAETEKTHPYIOMAS CTAHIUA CACTEMBI PETUCTPALIIA
JIMHEMHOI'O HHAYKIMOHHOTI'O YCKOPUTEJIA

J.B. Cvickos, B.IO. Deéepm, [I.H. [llenenes, I1.A. Konecnuxos,
A.Il. Knesyos, I'.B. Cmaspueyxuti

POAL-BHUUT®, r. Cuexunck, Poccust

B macrosmee Bpems B POAI-BHUUT® Bemercs pa3paboTka HOBBIX
MEePCINEKTHUBHBIX CUCTEM perucTpanuu. sl perucrpaluy PEeHTTEHOBCKUX HW300pakeHHH
pa3paboraHa Mo3aW4Hasi CLUHTHULSLMOHHAs DJIEKTPOHHAs CUCTEMa — JETEeKTHUpPYOIast
CTaHIIUA. Tpa[[I/IL[I/IOHHaH CUCTEMA PErucTpanuu Ha OCHOBC (bOTOJ'I}OMI/IHeCIJ,eHTHI)IX OKpaHOB
C 3allOMHHAHUEM TIO3BOJISICT  3apPETUCTPHPOBATH TOJNBKO OJUH KaJp TEHEBOTO
pPEeHTreHOBCKOro n3o0OpaxkeHus. Takas cucrema oOjagaeT JUHAMHYECKHM JTHAara30HOM
~ 10" OTH.€/1. M HU3KO} UYBCTBUTEIHHOCTHIO.
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MHOTrOKaapoBass CHCTEMa pETUCTpAllMd Ha 0a3e  JIEKTPOHHO-ONTHYCCKUX
PETHCTPATOPOB MO3BOJIIET 3aPETHCTPUPOBATH 10 JIBYX KaJPOB TEHEBBIX PEHTTEHOBCKUX
M300paXeHNl Ha OJMWH perucrparop. Takas cuctema o0JagaeT HU3KUM TUHAMHUYECKUM
muamasonoM ~ 10° oTH.ex. (M3-3a CIOCO6GA ONTHYECKOTO MEPEHOCAa CBETA M TEXHHUECKHX
XapaKTePUCTHK).

JleTexTupyromias CTaHIUS OCHOBaHA Ha BOJOKOHHO-ONTHYECKOM IIEPEHOCE CBETA,
MO3BOJIICT 3apEeTUCTPHUPOBATh OoJiee MBYX KaapoOB PEHTTEHOTpaQUIECKUX H300paKeHH.
Taxoii meTekTop 00JNagaeT BRICOKMM TUHAMHYICCKAM JTHATIA30HOM ~ 107 OTH.€J. ¥ BBICOKOI
YyBCTBUTENBHOCTHIO 200 ramMMma-KBaHTOB Ha €OUHHUYHBIN d1emeHT. [leTexkTupyromas
CTaHIUs pa3paboTaHa W BBEICHA B JKCILTyaTAalMI0 COBMECTHO crermanuctamu USAd CO
PAH u POAL-BHUUTO®.

[enpro JaHHOTO JOKJIana SABJSAETCS OMHMCAaHUE CIoco0a cheMa CHUHTHILIAIIHOHHOTO
CcBeTa C KpHUCTAUIOB Ha TpPUMEpPE OJHOTO KaHaja pPErucTpalfy, OIHCAHUE CXEMBI
MOCTPOCHUS JETEKTUPYIONIEH CTaHIIMU. B JOKiame NpPUBEACHBI TEPBBIE PE3YNIbTATHI
pPETHCTpAINK Ha NETEKTUPYIONIYIO CTAHIIMIO, H CPAaBHEHHUE C PE3yIbTaTaMH PETHCTPAINK Ha
TPaJIUIIMOHHYIO CUCTEMY PETUCTPAIINH.

DETECTING STATION IN THE RECORDING SYSTEM
OF LINEAR-INDUCTION ACCELERATOR

D.V. Syskov, V.Yu. Evert, D.N. Shepelev, P.A. Kolesnikov,
A.P. Klevtsov, G.V. Stavrietskii

RFNC-VNIITF, Snezhinsk, Russia

Currently, RFNC — VNIITF is developing new advanced recording systems. A
mosaic scintillation electronic system, i.e. a detecting station, has been created for X-
radiography. A conventional recording system based on storage photoluminescent screens
allows recording only one frame of a shadow X-ray image. Such system has a dynamic
range of ~ 10" rel. units and low sensitivity.

A multi-frame recording system based on electron-optical recorders enables
recording up to two frames of a shadow X-ray image per one recorder. Such system has a
low dynamic range of ~ 10? rel. units (due to both optical light transport mode and technical
characteristics).

The detecting station based on fiber-optical light transport allows recording more
than two frames of X-ray images. Such detector has a high dynamic range of ~ 10’ rel. units
and high sensitivity of 200 gamma quanta per a single element. The detecting station has
been developed and put into operation jointly by the specialists from Budker Institute of
Nuclear Physics of the Siberian Branch of the Russian Academy of Science and RFNC —
VNIITF.

The report is aimed at describing the mode of scintillation light capture from crystals
using a single recording channel as an example, and presenting the block schematic diagram
of the detecting station. The report gives the first recording outcomes using the detecting
station, and compares with the recording outcomes using the conventional recording system.
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MOJIEPHU3UPOBAHHBIN TEHEPATOP TAMMA-UMITYJIbCOB
HA BA3E BETATPOHA THUIIA BUM

K.B. Casuenxo, 10.1I1. Kyponamxun, B.1. Hudxcezopooyes,
B.Jl. Cenemup, B.A. @omuués, A.A. Yunun, O.A. LLlampo

POAL-BHUNDD, r. Capos, Poccust

OnrcaH MOJEPHU3UPOBAHHEIN TEHEPaTOp TaMMa-HMITYJIbCOB, MPEICTaBISIOIINN
co0Ol IHMKIUYECKUI YCKOpHUTENh Ha 0a3e OE3KeNe3HOTO HMITyIhCHOTO OeTaTpoHa C
CHUCTeMOW cOpoca YCKOPEHHBIX DJJCKTPOHOB Ha TAaHTAJIOBYK MHIICHb. | eHepaTop
NpeJHa3HaYeH U1 paguorpapupoBaHUs JUHAMHYCCKUX OOBEKTOB C  OOJBITUMHU
ONTHUYCCKAMHU TOJIIMHAMH ¥ IMO3BOJISET MOTyYaTh O TPEX raMMa-UMITYJIbCOB 32 OJJUH LUK
yckopeHus. [IpuBeseHO onucaHue YCKOPUTENS U Pe3yJIbTaThl €r0 TECTOBBIX BKIIIOUEHHH B
2021 romy. OmeHeHHas TpaHM4YHas SHEPrUs ANIEKTPOHHOrO Iyuyka coctaBmwia 70 M»>B.
TonmuHa MPOCBEUYEHHOTO CBUHIIOBOI'O TECT-OOBEKTa HA PACCTOSHUHM 4 M OT TaHTAJIOBOH
MHUIIEHH — 165 MM, ATHTENTHHOCTh TaMMa-HMITYJIbCa Ha ITOJYBBICOTE B OJHOMMITYJIBCHOM
pexxnme — 100 He, B TpeXUMITYIbCcHOM peskumMe — 150 He. PazMepsl HCTOYHWKA U3ITydeHUS —
(2x4) mm. TlpuMeHeHne TaKuX TeHEPATOPOB B COCTaBE PEeHTTeHOrpauIecKoro KoMIiekca™
MO3BOJIUT TOBBICUTH 3()(EKTUBHOCTh TA30JMHAMHYECKUX HCCIEIOBaHUM 3a CcUeT
VIIYYIICHUS €TO BBIXOHBIX XapaKTEPUCTUK U ONTHMHU3AIUN TCOMETPUH OTIBITOB.

Jlumepamypa

1. Tlar. 2548585 Cl1 RU MIIK GO3B 42/02. «MobuibHblii paanorpaduyeckuii KOMIUIEKC M
HCTOYHUK M3JTydeHUs: OETaTpOHHOTo THHa i pamuorpaduyeckoro komruiekcay. .M. 3eHkos,
IO.I1. Kyponarkun, B.1. Huwxeroponues, B./l. Cenemup, O.A. lllampo, BU. 2015, Nell.

UPGRADED GAMMA-RADIATION GENERATOR BASED
ON IRONLESS PULSED BETATRON

K.V. Savchenko, A.A. Chinin, V.A. Fomichev, Yu.P. Kuropatkin,
V.1. Nizhegorodtsev, I.N. Romanov, V.D. Selemir, O.A. Shamro, E.V. Urlin

RFNC-VNIIEF, Sarov, Russia

The paper concerns an upgraded gamma-radiation generator which is a cyclic
electron accelerator based on the ironless pulsed betatron with a dump of the accelerated
electrons onto the tantalum target. The generator is designed for the radiography of dynamic
objects with the large optical thickness and enables up to three gamma-pulses to be obtained
in one acceleration cycle. The description of the accelerator and results of its testing
powering in 2021 are provided. The estimated boundary energy of the electron beam is
equal to 70 MeV. The thickness of the lead test object examined with gamma-rays is
160 mm at 4 m from the tantalum target. The full width of the output y-pulse at half
maximum in a single pulse mode is equal to 100 ns, the same width in a three pulse mode is
equal to 150 ns. The dimension of the radiation source is 2x4 mm. The application of these
generators within the radiographic complex* will improve the hydrodynamic investigation
efficiency by increasing the complex output parameters and optimizing the experiments
geometry.
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SJIEKTPOHHO-OIITUYECKAS KAMEPA U1 PETUCTPALIUN
U30BPAKEHU B HAHOCEKYH/IHOM OBJIACTH BPEMEHHU
C JIMHEAHBIM JUHAMUWYECKHUM JIMAITIA30HOM
CBET/CUI'HAJI BOJIEE 1000

M.U. Kpymux
000 «Hayuno-IIpoussoacreennoe Ipennpustue HAHOCKAH», r. MockBa, Poccust

B Hayuno-IIponssoacteennom Ilpennpustun HAHOCKAH 3aBepmiena pazpaboTka
Y TIpoBelieHa MpOoOHas dKCIUTyaTaIlls 3aTBOPHOMN AJIEKTPOHHO-ONTHYECKOH kKaMepsl (DOK)
HoBoro mokosennst HAHOTEMT-38. OcHOBHOE Ha3HAUYEHHE — JETAIBHOE, NIPEINU3UOHHOE
WCCIICIOBAaHUE  NPOCTPAHCTBEHHO-BPEMEHHBIX M  DHEPIreTHYECKHX  XapaKTePHUCTHK
OBICTPOIIPOTEKAIOIINX MIPOIIECCOB B HAHO - U MHUKPOCEKYHIHOH 001aCTH BPEMEHHU.

DOK obnajgaer BO3MOXXHOCTBIO PETUCTPUPOBATH H300paKeHHE C JUTUTEIHHOCTHIO
skcro3uiuu ot 60 He 10 1 000 MKC, B KOTOpOM MPHCYTCTBYIOT KaK 00JaCTH C TPEJeIbHO
MaJBIMH YPOBHSAMH JHEPTEeTHYCCKONH HKCIO3HMIUU, TaK W YPOBHAMH B THICIYY pa3
6onpminmu. HenmuneitHocTs npeoOpasoBanus Ceem-Cucnan B AMHAMHUYECKOM JHMaIa3oHE
1:1000 cocramnsier He 6omnee 1%.

DOK moryT 00beqUHATHCS B MHOTOKaMEPHBIE KOMIUIEKCHI, YIPaBIIsieMble OT OJTHOTO
KOMITBIOTEPA, JUIsl TIOJIyYECHUS CepUH U300paskeHNH OBICTPOIPOTEKAIOLIETO MPOLiecca.

B ctpyxrypy D0K Bx0auT:

- OwraHapHBIA (IMOMHBIN) SJEKTPOHHO-ONTHYECKHH mpeobOpazoBarens (DOII) ¢
pabouynm TuamMeTpoM GoTokaToma 25 Mm;

- MajorabapuTHBI BBICOKOBONBTHEIA (6... 9 kB) ¢opmupoBarens, HUMITyIBC C
BBIXOJ]a KOTOpPOTO TMoAaercs Mexay ¢ortokaromoM W 3kpaHoM OOIl. muTensHOCTH
BKJIFOUEHHUST  (IUIMTENBHOCTH  dKkcmo3uruu) OOIl  ompenensercs  UIMTEIHLHOCTHIO
BBICOKOBOJIBTHOTO UMITYJIBCA;

- nudposas Manomymsimas cuctema cuutbiBanus (I{CC) u nmepenauu B KOMOBIOTEP
3apernCTPUPOBAHHOTO M300pakeHus ¢ akpana DOI1.

- TIPOEKIIMOHHBIN 00BEKTHB ¢ MacmTaboM mepeHoca 1:1 u yrioBoit aneptypoit 18°,
KOTOpBIH IepeHocHuT n3oodpaxenue ¢ skpana JOI1 na L[CC.

- natepdeiic csa3u SOK ¢ ynpaBisomUM KOMIIBIOTEPOM.

N3obpaxenne ¢ skpana DOIl dyepe3 NPOEKIMOHHBIH OOBEKTUB MEPENACTCS C
macmradbom 1:1 Ha kpynHodopMmarHsiii cencop sCMOS LICC.

- Pazmep cencopa 22,5x22,5 mm;

- Yucno nukceneit 2048x2048;

- Pazmep nukcens 11x11 mMxm;

- [onnsti 3apsa nukcens 91 000 e

- lym urenns 1,5 e".

Jdns  crabunuzanuM — mMapaMeTpoB  CEHCOp — TepMOCTaOWIM3UPOBAaH  IpU
temmeparype +5°C.
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Ha wusmeputensupix crenpax HIIII HAHOCKAH onpenenstorcsi OCHOBHBIE
napamerpst HAHOTEMT-38: yHKIHS TEMHOBOIO TOKA M TIEPEaTOUHAS XapaKTePHCTHKA.

Bricokoe KauecTBO MOITy4aeMBIX H300pakeHHII oOecreynBaeTcss HE TOJBKO
amnmapaTHbIMH, HO U IPOTPaMMHBIMU CpeACTBaMHU. B xoze mpenoOpaboTKu MCTIONB3YIOTCS
pe3ynbpTaThl KaJMOPOBKH CEHCOpa, YTO IO3BOJSAET IONYYHUTh H300paKEHHS BBICOKOTO
Ka4yecTna.

B HITIT HAHOCKAH pa3pa0oTaHsl cienuabHbIe TIPOTPAMMBI

1. Cerntrum - a1 KOMIEHCALlMM HEOIHOPOAHOCTH dKCIIO3ULIMOHHOTO 1ot JOK.

2.Iso_Line_v1.0 - JUTSt JIMHeapu3aluu nepenaTouHon

xapakTepucTuku JOK.

Cosnannas DOK obnaaeT yHUKaJIbHOW COBOKYITHOCTBIO TApaMETPOB:

—YyBCTBUTEFHOCT: OJHOKBAHTOBAas, B TOM CMBICJC, YTO Ka)XKIBIA BBIOWTHIA W3
tdorokatoga DOIl ¢oTorNEeKTpOoH 00s3aTETPHO NPUMET YYacTHEe B (OPMHPOBAHUH
KOHEYHOTO M300paKeHHUSI.

— JIlunamuueckuii auana3oH: He Menee 1000.

— HenmmuetHOCTS TIepe1aTOYHOM XapakTepucTHKH: He Oomee 1 %.

—IIpocTpancTBeHHOE pa3pemieHue 1o S5 %-HOMY KpHUTEPHIO KOHTpacTa CTaHAapTa
TocymapctBennoro  Omnrtmueckoro HWucturyra P®: He wMenee 980 muHmii Ha
TOPU3OHTAIBHBIN (BePTUKAIBHEIN) TadapuT N300pasKeHHUS.

Cencop LICC upe3BbIYaiiHO YYBCTBUTEICH K AJICKTPOMArHUTHBIM ITOMEXaM JF000Tro
TUNA, TO3TOMY NPUMECHEHA MHOTOYPOBHEBas JKPAaHHPOBKA BCEX JJICKTPOHHBIX OJIOKOB
KaMepbl ¢ OECKOHTYpPHOU cxeMmoll 3a3emicHus. KpoMe TOro, BRICOKOBOJBTHAS M aHAJIOTO-
mudpoast yactu DOK ranpBaHUYECKH pa3BsI3aHbL.

OObenuHeHNe B OJJHOM KOPITyCe KaMephl OWILIAaHAPHOTO AJICKTPOHHO-ONTHYIECKOTO
npeoOpazoBarenst  (DOIT) 25 MM 0e3 MukpokaHampHOW rmacTuHbel  (MKII),
MajorabapuTHOTO BBICOKOBOJBTHOTO (6... 9 kB) dopmupoBaTens 3aTBOPHOrO MMITYJIbCca
O0I1 u mudpoBoi MaTOMIYMSIIEH CUCTEMBl CUYUTHIBaHUS H300paskeHus ¢ dkpana DOII,
MO3BOJIATIO co3/1aTh cepuitHyto DOK, koTopast Ha CETOAHSINIHNN JIeHbh HE NMEET aHaJIOTOB B
mupe. Hwm poccuiickue, HEH 3apyOexsble (HUPMBI, BBIMycKatommue 3aTBopHBIE DOK
YKa3aHHOTO BPEMEHHOTO JTUAIa30Ha, HE IMEIOT B CBOCH HOMEHKJIATYpE MOTO0HBIX Kamep.

B noxmane mpuBeneHBl pe3ynbTaThl NpuMeHeHHUs kamepst HAHOTI EIT-38 B cocrase
npoToHorpaguueckoro komiickca Muctutyra @usuku Beicokux Duepruid, r. [IpoTBUHO,
MockoBckast obnactsb

MNOAABJIEHUE TIPOCTPAHCTBEHHOI'O ITYMA
MATPUYHBIX ®OTOINPUEMHHUKOB

M.C. Cemun

000 «BUJJEOCKAHY, r. Mocksa, Poccust

Paccmotpenst  Bo3moxkHocTH mpumeneHuss RTNS  (RealTimeNoiseSuppression)
TexHOJOTHH B peructparopax Ha 6aze CMOS u CCD Bupeokamep NpH pemICHUH 3a1ad
BBISIBIICHHS MAJIOKOHTPACTHBIX OOBEKTOB.

[puBomurcs ¢ynkuonaneHoe pemenne RTNS TexHOmormu, BKIFOYAroOIIee
anmnapaTtHyIo ¥ IPOrpaMMHYIO YacTH.

AnmapaTHass 4YacTh pemiaeT 3ajady EepHOAMYECKOTO  IUIOCKONApaIeIbHOTO
CKaHMUPOBAHHSI MPOEKIIUH N300Pa)KCHUS CLICHBI 10 TIOJIF0 MATPHIIBL.
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3agaueii mporpaMMHON yacTH siBisieTcss moctpoeHne RTNS m300paxeHust creHb!
myTeM 00pabOTKH PErUCTPUPYEMBbIX 3HAYCHHUH SIPKOCTEH MUKcenel B pazax cCkaHUpOBaHMUSL.

[TpuBoasTCS pe3ynpTaThl HCccaenoBaHUS MakeTHOTO obpasia RTNS/CMOS kamepsl.

IIpumenenne RTNS  TexHONOrMM TpH  PETUCTPAIlMM  CTAllMOHAPHBIX U
KBa3HCTAIIMOHAPHBIX ~ HM300paXCHWH  NPUHIUNHAIGHO CHUMAaeT OrpaHHYEHHs  Ha
BO3MO)KHOCTDH BBISBJICHHSI B HUX MaJIOKOHTPACTHBIX OOBEKTOB, OOYCIOBICHHOE Pa3IHINEeM
CBET/CUTHAJIBHBIX XapaKTEPUCTHK CBETOUYBCTBUTEIBHBIX OOMAcTed Mo (pOTONpHEeMHHUKA,
YTO TIO3BOJISICT MPHOMM3HUTCS K TeoperndeckoMy 3HadeHnio CKO mryma peructpupyemoro
BUJICO CUTHAA.

SPATIAL NOISE SUPPRESSION OF MATRIX PHOTODETECTORS
M.S. Semin
“Videoscan”, LTD, Moscow, Russia

The possibilities of using RTNS (RealTimeNoiseSuppression) technology in
recorders based on CMOS and CCD video cameras in solving problems of detecting low-
contrast objects are considered.

It contains a functional decision of RTNS technology, including hardware and
software parts.

Hardware part solves the problem of periodic plane-parallel scanning of image scene
projection on the matrix field.

The task of software part is to build RTNS scene image by processing of recorded
values pixel brightness values in scanning phases.

It presents the research results of the of RTNS/CMOS camcorders model sample.

The use of RTNS technology in the registration of stationary and quasi-stationary
images fundamentally removes restrictions on the possibility of detecting low-contrast
objects in them, due to the difference in the light/signal characteristics of the photosensitive
areas of the photodetector field, which makes it possible to approach the theoretical value of
the noise level of the recorded video signal.

®OTOHENUTPOHHBIN UICTOYHUK HA BA3E JUHENHOI' O
HHIYKIOMOHHOI'O YCKOPUTEJIS

U.B. Ilensun, [.B. Ilempos, O.A. Huxumun, A.P. Axmemos, C./[. Xpenxos,
P.B. IIpomac, E.U. Yyxaee, K.C. Bonocenxo, [{.H. [llenenes

POAL-BHUNUT®, r. Cuexunck, Poccust

B pabore paccmoTpeHa KoHmenmus (OTOHEWTPOHHOTO WCTOYHMKA Ha 0aze
TMHEHHOTO MHIYKIHOHHOTO yekopurens (JINY), cozgarnoro US® CO PAH coBmecTHO ¢
POALl BHUUT® nns npoBeneHus peHTreHOrpadMuecKuX IKCIEPUMEHTOB. Bo3MoOXHOCTH
peamuzanmu  Ha 6Oaze JIMY MomHOro (OTOHEHTPOHHOIO UCTOYHHKA OOYCIIOBIICHA
napaMeTpamMmu GOpMHUPYEMOT0o YCKOPUTEIEM 3JEKTPOHHOIO ITyYKa, 2 HIMEHHO TOKOM ITyuKa
u ero sHepruei. VimmysibcHas MOIIHOCTh yckopurtens pocturaetr 40 I'Bt, uto mo3Bosser
co3aath GOTOHEHTPOHHBIH UCTOYHHK C YHUKAIBLHBIMH XapaKTEepPHUCTUKAMHU.
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B paGore mpencraBieHsl pe3yabTaThl pacueTHO-IKCIIEPUMEHTAIBHBIX UCCIIEIOBAHUN
M0 TeHepaluh IOTOKOB (OTOHEHTPOHOB HA JMHEHHOM WHIYKIMOHHOM YCKOpPHUTEIE.
PaccMoTpeHbI pa3inuHbIe THITBI U MaTepUalibl POTOHEUTPOHHBIX MHUIICHEH.

PHOTONEUTRON SOURCE BASED
ON LINEAR INDUCTION ACCELERATOR

LV. Penzin, D.V. Petrov, O.A. Nikitin, A.R. Akhmetov, S.D. Khrenkov,
R.V. Protas, E.I. Chukhaev, K.S. Volosenko, D.N. Shepelev

RFNC-VNIITF, Snezhinsk, Russian

The work addresses the concept of photoneutron source based on the linear induction
accelerator (LIA) that has been developed by BINP SB RAS jointly with RENC-VNIITF to
perform X-ray experiments. The possibility of implementing the LIA-based powerful
photoneutron source is determined by the parameters of an electron beam formed by the
accelerator, i.e. beam current and beam energy. The pulsed power of accelerator reaches
40 GW, that allows generating a photoneutron source with unique characteristics.

The work presents the results of numerical and experimental studies on generation of
photoneutron flows at the linear induction accelerator. The different types and materials of
photoneutron targets are described.

PAJIMOTPA®USA HEUTPOHHBIMU ITIOTOKAMM,
TEHEPUPYEMBIMHA NPOTOHAMM BHICOKHX YHEPT U
MPHU OBJIYYEHUHU BOJIb®PAMOBOI MUILIIEHU

10.5. basapos, M.A. Kapnos, B.B. Mapmviwes, C.B. benos, A.A. Jlemudos, A.A. Xpucmenxo

POSAL-BHUND®, r. Capos, Poccus

PaccMoTpeH HOBBI METOA BHU3yalM3allUd C BBICOKUM IPOCTPAHCTBEHHBIM
pa3pelicHueM HU3KOIUIOTHBIX OOBEKTOB 32 BBICOKOIUIOTHBIMH TPErpagaMH: HMITYJIbCHAs
pamuorpadusi BBICOKOIIOTOYHBIMH HEWTPOHHBIMH  IyYKaMH, TCHEPUPYIOIIUMUCIT B
MHUIIICHIX-KOHBEPTEpax U3 BoJb(ppama npu ux 00IyUeHUH TPOTOHHBIMH MYYKAMH BBICOKHX
sHepruid. [lomydueHsl panuorpaduyeckue H300pakeHUs OOpPO- M YIIIEPOAOCOICPIKAIIIX
00BEKTOB, B TOM YHCJIC YXUBOTHOTO MPOMCXOXKICHUS C pa3peiarmnieil crnocooHocTsio ~ 200
MKM, HaXOSIIUXCS 32 CBUHIIOBOH Mperpajon ToammHoi 40 cM.

B mHacrosmee Bpems U1 WCCIENOBAaHWS BHYTPEHHEH CTPYKTYPBI DPa3THYHBIX
00BEKTOB, a Takke B 00JACTH HEPa3pyMIAIOIIET0 KOHTPOJS IMUPOKO HCIIONB3YETCS METOJ
PEHTI€HOBCKOH W TamMa paauorpaduu [1], Takke B MOCIETHHE TOIBI Pa3BUBACTCS METOJ
MPOTOHHON [2] W CcUHXpOTpoHHOHW [3] paamorpadmu. DTH METOIBI HWCHOJB3YIOT IS
MONMYYEeHNSI H300paKEHUH BBICOKODHEPTETHUECKHE MPOTOHBI, WJIA TaMMa-KBAaHTBL
BeposaTHOCT TOTIIONIEHHS TaMMa-KBaHTa BEIIECTBOM 3aBHCHUT OT €T0 SHEPTUU U TNIOTHOCTH
BEILECTBA, a JJIsi HACTPOMKH TIIyOMHBI BpIrroBCKOro muka SHEprueil MpOTOHHOIO Iy4Ka
TpeOyeTcsi MMETh amnpHOpHYI0 HH()OPMALUI0 O IUIOTHOCTH M COCTaBe HCCIEAYEeMOM
KOMITO3MIIMM, 4YTO HE BCeraa BO3MOXHO. Hanuuuwe pomonHuTENnbHOrO (oHa OT
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KoMnToHOBCKOTO paccessHUsT B Marepuaje U BTOPHUYHOE H3IYyYEHHUE TPHU ITOM BHOCHUT
JIOTIOJIHUTEIbHBIA  Mapa3uTHBIA (QOH B  H300pakeHHe, yXYOIlas pPa3peIlaroIlyio
CIOCOOHOCTh M OTHOIICHHE CUTHAI-IIyM. J[js 3a1a4 pacro3HaBaHust 00bEKTOB, COCTOSIIINX
M3 JIETKUX DJJIEMEHTOB, B TOM YHCJE€ OpPraHMYECKOrO MPOMCXOXKIACHHUS, OOJBIIUMHU
MEepCICKTHBaMU 001agaeT HelTpoHHas paauorpadus [4], MO3BOIONIAS BU3YATH3UPOBATh
MAaJIOTUIOTHBIC 00BEKTHI, PACIIOIOKEHHBIC 3a BEICOKOIUIOTHBIMHY MperpagaMu. IIpoBeneHHbIC
HAMH SKCIIEPUMEHTHI MO pa3pabOTKe HMITYJILCHOIO HEHTPOHHOTO HCTOYHHKA HA OCHOBE
BOJIL()PAMOBOW MHUIIICHH, 00IydaeMOH BBICOKOIHEPTETHUYCCKUMH IPOTOHAMH, TO3BOJFIN
TTOTyYUTh BBICOKOKAYECTBEHHBIC HEUTPOHHBIC N300paskeHIsI 0OBEKTOB, PACIION0KECHHBIX 32
CBUHIIOBOW mperpamoi TommuHor 40 cM MexXIy OObEeKTaMH M HUCTOYHHKOM HEHTPOHOB
(pucyHoxk 1).

P

—

Pucynox 1. M306paxeHHs: HEKOTOPHIX 00BEKTOB B HEHTPOHHOM ITy4Ke: J1abopaTopHasi MbILIb
(Mus albus officinarum), raoreHoBas jamiia, BAKyyMHas paguojiamIia,
¢new-auck, pene, TaTyHHBIH BUHT
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RADIOGRAPHY BY NEUTRON FLUXES GENERATED FROM HIGH ENERGY
PROTONS DURING NEUTRON EXPOSURE OF TUNGSTEN TARGET

YU.B. Bazarov, M.A. Karpov, V.V. Marmyshev, S.V. Belov, A.A. Demidov, A.A. Khristenko

RFNC-VNIIEF, Sarov, Russia

A new method of visualization with high spatial resolution of various small-sized
low-density objects against the background of thick high-density obstacles is considered:
pulsed neutron radiography by high-flux neutron beams generated in heavy converter targets
when they are irradiated with high-energy proton beams. Neutron radiographic images of
boron- and carbon-containing objects, including of animal origin, with a resolution of ~200
pum, located behind a 40-cm-thick lead barrier, were obtained.
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INPUMEHEHUE CUHXPOTPOHHOI'O U3JIYYEHUA
JJISI UCCIEAOBAHUA YIAPHO-UHAYIIMPOBAHHOI'O ITBIJIEHU A

M.B. AHmunoeI, A.B. I eopzueecmﬂ] , B.A. Oeopodnukos', AJL Muxml/zos',
HA. CnupuH], A Kanawnuxos', A.A. Ymemcoe], UB. IOpmoe', O.b. CoepuHa],
A.B. ®edocees’, K.A. Ter?, D.P. Ilpyyor’, A.O. Kawkapos®, H.A. Py6yos’

'POSI-BHANA®, . Capos, Poccus
2I/I]—lCTl/ITyT ruapoauHamuke uM. M. A. JlaBpentheBa CO PAH, r. HoBocubupck, Poccust

IIpencraBneHbl MOCTAaHOBKH M PE3yIbTAaThl SKCIIEPUMEHTOB IO HCCIICAOBAHHIO
mporiecca  yAapHO-MHIYLHUPOBAHHOTO TMBIJICHUA C HCIHOJB30BAHHEM CHHXPOTPOHHOTO
m3nyudenuss (CU) w3 BuITiepa, YCTaHOBJIEHHOTO Ha YCKOpHUTENEe 3apsyKCHHBIX YaCTHI
BOIIII-3 (UA® CO PAH, r. Hosocubupck). Ilo cpaBHeHHIO C TpaauIOHHBIMHU
HUCTOYHHKAMHU PEHTTCHOBCKOTO M3IYYCHUS, BOSHUKAIOMICTO TP TOPMOKEHHH YCKOPESHHBIX
JJIEKTPUYECKUM II0JIEM 3JIEKTpOHOB Ha aHone, CU mmMeer Gonee BBHICOKYIO MHTEHCUBHOCTB
MOTOKA, CTAOWJIBHOCTh M KOTCPCHTHOCTh, MAalylH YIJOBYIO PAaCXOAMMOCTh U BpeMs
9KCIIO3ULIMHY, & TAKK€ BBICOKYIO MEPUOJUYHOCTH MOBTOPEHHUS, YTO MO3BOJSET MPOBOJIUTH
PEHTICHOBCKYIO XPOHOTPa(UIO B3PHIBHBIX IPOIIECCOB, BBHICOKOTO IPOCTPAHCTBEHHOTO H
BpEMEHHOTo paspemienus. B omnmmame ot mportonorpaduu, CH ¢ MATKUM PEHTT€HOBCKIM
CHEKTPOM TIO3BOJIIET PETUCTPUPOBATh HHU3KOIUIOTHBIE OOBEKTH, HAMpHUMEp, YAApHO-
WHIYIUPOBAHHBIC TTBUIEBBIEC TIOTOKH.

HccnenoBanus  TPOBOOWIM € WCHOJB30BAaHWEM  OJOBSHHBIX  0OpasIoB,
Harpy»aBIIUXCS OJHON WM ABYMS MOCJIEIOBATENbHBIMU yIaPHBIMUA BOJIHAMH C JJaBICHUEM
~40 T'Tla. TokapHBIM CITOCOOOM 3aJIaBaIM Pa3IUYHbIEC IIEPOXOBATOCTH 00pa3moB: Rz 5, 20 u
60 mxMm. B ompITax mepen CBOOOJHOW TMOBEPXHOCTHIO CO3/IaBAM BaKyyM WIIH Ta30BYIO
cpeny (BO3myX, TE€IHii, a30T) ¢ NaBICHUsAMH OT 1 10 8 arM. B ombITax Takke MpOBOAWIH
M3MEPEHUS] C IIOMOIIBIO ITbE30JIaTYMKOB W JIa3ep-TETEPOANH HHTEP(HEepOMETPHIECKOTO
METoAA.

UcnonbzoBanne CU B 3TUX OMBITax MO3BOJIAJIO MOJTYYUTh HEOCTYIHBIC JIJIsl APYTUX
METOZIOB JaHHBIE O 3apOXKIECHUH W Pa3BUTHH YOApHO-WHAYIHPYEMBIX IBUIEBBIX ITOTOKOB
NP PAa3IMIHBIX PEXKUMAax yIapHO-BOJHOBOTO HArpY)KEHHUS, TPH JABWXCHHH IMOTOKOB B
Pa3IUYHBIX CpeIax.

OINNPEJEJIEHUE METOAOM M/I-MOJAEJINPOBAHUA XAPAKTEPUCTUK
N30TEPMHUYECKOI'O CKATHUA MOJIEKYJIAPHBIX KPUCTAJIJIOB
SHEPTETHUYECKHUX MATEPUAJIOB

B.IO. Kopones, E.B. I'vcaposa, A.A. Ceneszenes, B.5 Tumosa

POALI-BHUUD®. r. Capos, Poccust

B pabote mpexacraBieHsl pe3ynbTaThl ompeneneHus napamerpo YPC u agmabat
I'oronno g OONBIION HOMEHKIATYphl MOJIEKYJSIPHBIX KpPUCTAJUIOB 3SHEPreTUYEeCKHX
MmatepuanoB. [lapamerppr YPC wu agmabGar ['loroHMo OBUIM TONyYeHBI METOIAMH
KJIaCCHYECKOM W KBAaHTOBOM MOJNEKYNIsApHOW awHaMuku. I[IpoBeneHa BepuduKanus u
YCTaHOBIICHBI TPEAETbl IMPUMEHUMOCTH CYIIECTBYIOUIMX OTKPBITBIX IapaMeTpH3aIlui
MekMoneKyisipHoro cunoBoro nonst (ReaxFF) anst omumcanust yJapHO-BOJIHOBBIX CBOWCTB
MOJIEKYJISIPHBIX KPUCTAJJIOB 9HEPTETHYECKUX MaTepHaIOB.
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Ha ocHOBe MeTOIOB KBAaHTOBOI MOJIEKYJISIPHOM NMHAMUKU PAaCCUUTAHBI U30TEPMBI
cxartus MoJjeKyJsapHbIX KpuctauioB HMX n RDX. PesynbraThl NpoBeNEHHBIX pacuéroB
MOKa3aji MPeuMyIIecTBa METOI0B ab-initio mepen metomoM ReaxFF mims momenmpoBanust
CBOMCTB MOJICKYJSIPHBIX KpHUCTAUIOB Ipu naBneHusx Boime 20 ['Tla. B wactHOCTH, B
mpencTaBIsieMol pabote Mpu momoutu ab-initio M]J] mMonenupoBaHusi MpPOBENEH pacyeT
n3orepM cxatus MoHokpuctauia B-HMX (mpu temmeparype 10 u 300 K) B mHTepBane
nmasyienus ot 0 mo 40 I'Tla u monokpucramuia RDX (mpu Temmneparype T = 300 K) takxe B
uaTepBane gaineHus ot 0 mo 40 I'Tla. B mpencrasisieMoit paboTe MoKa3aHO, YTO U30TECPMEI
cxarus MoHOKprcTauioB B-HMX u RDX, paccuntaHHbIe pa3HBIMH METOAAMH, COBIIAIAIOT
no nasnenust 12 - 15 I'Tla. C yBenudyeHreM NaBJ€HUsI pacdeThl HA OCHOBE CHJIOBOTO TOJISI
ReaxFF-lg 3aBplmaroT BEeNMUYMHBI AABIEHUS IO CPaBHEHHIO C OSKCHEPHMEHTAILHBIMH
3HAQYEHUSMH U pE3yJIbTaTaMH PACUETOB HA OCHOBE KBAHTOBOM MOJIEKYIISIPHON AMHAMHUKHU.
Pe3ynpTaThl pacu€ToB IpeACTaBICHBI HA PUCYHKE 1.

4lh - Swweneprnient| 1] -7
+ - “cnepunent| 2] ; .
¥ = Dwcnepumest| 3] /
* = weneprnient|4] /' 4o

k1T) d

20k

1 —MD-pacuér npu T = 10 K; 2 — MD-pacuér npu T = 300 K; 3 - DFTMD-pacuér npu T = 10 K;
4 — DFTMD-pacuér npu T = 300 K;

Pucynox 1. 3aBUCUMOCTb JAaBIEHUSI U30TEPMHUUECKOTO CXKATHsI MOHOKpUCTAIa
B-HMX oT BeMUHHBI CTETICHU CHKATHS
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DETERMINATION OF ISOTHERMAL COMPRESSION
CHARACTERISTICS OF ENERGETIC MATERIALS MOLECULAR
CRYSTALS BY THE METHODS OF MD-MODELING

V.Yu. Korolev. E.V. Gusarova, A.A. Selezenev, V.B Titova

RFNC-VNIIEF, Sarov, Russia

The report presents the results of determination of the equation of state (EOS)
parameters and Hugoniots for a large list of energetic materials molecular crystals. The EOS
and Hugoniots parameters have been obtained using classical and quantum molecular
dynamics. Verification of the intermolecular force field (ReaxFF) was carried out. The
limits of applicability of the existing open parametrizations of the intermolecular force field
(ReaxFF) for description of shockwave properties of the energetic materials molecular
crystals have been determined.

The compression isotherms of HMX and RDX molecular crystals were calculated
using methods of quantum molecular dynamics. The results of the carried-out calculations
showed advantages of the ab-initio methods compared to the ReaxFF method when
properties of molecular crystals are calculated with pressure over 20 GPa. In particular,
calculations of B-HMX isotherms at the temperature 10 and 300 K in the range of pressure
from 0 to 40 GPa and RDX isotherms (at T = 300 K) in the range of pressure from 0 to 40
GPa have been carried out using ab-initio MD methods. The work shows that isotherms of
B-HMX and RDX monocrystals calculated by different methods match up to the pressure of
12-15 GPa. When pressure increases the ReaxFF-lg force field-based calculations
overestimate pressure in comparison with experimental data and calculation results which
were obtained using quantum molecular dynamics. The obtained calculation results are
presented in figure 1.

P

GPa |
40 - - exper!menml data[1] ! »,’ 2 37 .04
+ - experimental data[2] Ve ,‘4
X - experimental data[3] / s
« - experimental data[4] + 7
30 i
S
20
10 -
0 : . : '
1105 L1 LI5S 12 125 13 135 14 145 15 PPO

1 - MD calculation at T =10 K; 2 - MD calculation at T = 300 K; 3 - DFTMD calculation at
T =10K; 4 - DFTMD calculation at T = 300 K; markers - experimental data

Figure 1. Dependence of isothermal compression pressure of f-HMX
molecular crystal on compression degree
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PEAJIM3ALUSA MOAEJIN KHA3SEBA 111 KHWHETUKU 'OPEHUS BB
MOHOTOHHBIM METOJZOM JPOBHBIX YACTHUIL
HA HEINOJABUKHBIX CETKAX

UE. Yepeonuuenxo, FO.B. Anunxun, B.A. [[Imenée, B.H. Knsazes

POALI-BHUUD®, r. Capos, Poccust

Monens KuszeBa «OUAI» paccMaTpuBaeT MpoOIECC B3PHIBUATOTO TPEBPAIICHHS U
€ro mepexos B IETOHAIIMOHHEIN PeXXUM ¢ yIETOM BPEeMEHH MHIYKIIMHA U BO3MOXKHON CMEHBI
TUTIA PeaKIiy pa3iokeHus. JJaHHas Mo/eb mpeanoaraeT XpaHeHHe UCIOIb3yEeMBIX B HEll
BEJIMYMH Ui Kaxou siueiiku. [lpu e€ MmonenupoBaHuM Ha HEMOABMKHBIX CETKAaX BO3ZHUKAET
npobieMa KOPPEKTHOTO MepeHOCa KHHETHIECKNUX BETHYNH U3 TICHKU B SUCHKY.

Jlnst perienns aToi mpo6iemsbl B MeToauke I'AK [1] ObuTo pemeHo ucroib30BaTh
MOHOTOHHBIH METOJ APOOHBIX YacTHIl [2], OCHOBAaHHBIA Ha JArpaH)KEBOM IPEICTABICHUH
gactu. B pabore [3] MeTos ObIT MpUMEHEH [UIS almpOKCHMAIH ypaBHEHNH KHHETHKH MK
[4]. Ons moxenu KHsi3eBa MCTIONIB30BANICS aHAJIOTUIHBIN TIOIXO.

B nmanHoit pabote ommchiBaeTcs peanmsarus monenmn «OYAI» B marpaHXeBo-
sitnepoBoit  merommke OI'AK. IlpuBeneHBI pe3ynpTaThl pacu€ToB B CPaBHEHHH C
AKCIEPUMEHTAIBHBIMU TaHHBIMU.
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Teopetnueckoe obocHOBaHNE (heHOMEHOOTHYECKOI MOJIENH YAApHOBOJIHOBOM
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PEAJIN3ALIUA MOJAEJIA MK /U1 KHHETUKHW 'OPEHUS BB
B METOJMKE 3I'AK

C.C. Jlveosa, 10./]. Yepnviues, B.b. Tumosa

POALI-BHUND®, r. Capos, Poccust

Kunernka MK [1] Hamuia [QOBONBHO IIMPOKOE TIPHUMEHEHHE B YHCICHHBIX
HCCIIEIOBAaHMUAX TPOIIECCOB, CBA3AHHBIX C TOPEHHEM B3pBIBUATHIX BemiecTB. IIpu 3ToMm, Kak
IIpaBHUJIO, OHA HCIOJB3YETCA B JIArpaHXKXEBBIX pacy€Tax, B KOTOPLIX MacCa BEIICCTBA B
ssyeiikax He MCHACTCA, & MCHATBHCA MOXKET TOJBKO €TI0 COCTOSAHHUC. KacarenpHO KMHETHKH
BbIT'OpaHUA BB sT0 O3Ha4yacT, 4TO B TaAKHUX sTueiiKax MOXKET MMPOUCXOAUTH JIMIIb BBIACICHUC
SHEPTUH B COOTBETCTBHM C €r0 KalopuHHOCThIO. OMHAKO MpPH NPOBEICHHUU PAcUeTOB B
SHIIEPOBBIX TICPEMCHHBIX HWMEIOTCS  CYIICCTBCHHBIC TPOOJIEMBI IPH MPOTPaMMHOU
peanu3anuy KHHETHK, B TOM Yuciie u kuaeTnkn MK.

[lepBas mpoOaeMa cBsi3aHa C TEM, YTO HA HEMOJBM)KHBIX CETKaX MACCHI SUCCK M UX
COCTaB MOTYT MEHSTBCS 32 CUET MTOTOKOB UepPE3 CTOPOHBI siueeK. s HUBEIHMpOBaHUS TOM
npoOIeMbl B HacTosmied pabore wucmonkdyercs KuHeTHka MK B MOTHOCTBIO
muddepeHnmanpaoil hopMe (OTMETHM, YTO OOBIYHO TPU peaU3alMK 3TOH KHHETHKU
ypaBHEHHUE POXKICHHS OYaroB Ha IEpPBOM BOJIHE WHTETPUPYETCS BAOJIL TpsiMoil Panes-
MuxenbcoHa).

Bropas npobiema cBsizaHa C T€M, 4TO JUISI KHHETHKU TpeOyeTcs O4eHb MeNKas CeTKa
MacmTaba Jonel MIIIIIMETpa MPH pa3Mepax MOACTHPYEMBIX CHCTEM HMOPsIKa HECKOIBKHUX
JIECATKOB CAHTUMETPOB. B 3il1epoBbIX pacueTax mpu UCIOJIb30BAHUN OAHOPOIHONU CETKH BO
Bcell CUETHOH 00JIACTH 3TO CTAHOBUTCS TPYIHO MPEOIOJMMON mperpanaoi. Bexoa U3 aToi
CUTYallUu 3aKJI0YaeTcs B UCHOJIb30BAaHUM HEOJHOPOAHON CETKH, YTO OCTUTAETCS MyTEM
WCIIOJIb30BaHUsl aJAlITUBHO-BCTPAUBAIOIICHCS TPOOHOM CETKH B OKPECTHOCTH HEKOTOPBIX
0COOCHHOCTEH TCUCHUS.

B noknane gaHo omucaHue MPOrpaMMHOM peaju3aliid KUHETHUKH U HPUBOISATCS
Pe3yNbTaThl PaCUe€TOB HECKOJIBKUX TECTOBBIX 3aad.

Jlumepamypa
1. Moposor B.T'., Kapnierko N.1., Kyparos C.E., Cokonos C.C., lllampaes JI.B., [Imurpuesa JI.B.
Teopetnueckoe obocHOBaHNE (heHOMEHOIOTHIeCKOi MOJIENH YAApHOBOJIHOBOM

gqyBcTBUTEeNbHOCTH BB Ha ocHoBe TATB. //Xumnueckas pusuka, .14, #2-3, 1995.

PEAJIN3AIINS IBYMEPHOI YHUO®UIIMPOBAHHOM
MOJIEJIM HUK B METOJUKE DTAK

10.B. Tpemvauenxo, B.H. Kosnos, IO.B. Anunrkun

POAL-BHUND®, r. Capos, Poccust

Jns  ydera TypOYNEHTHOrO TIepeMENIMBAaHHWA B Ta30JHHAMHYECKHX pacderax
B.B. HukudopossiM Obuta pa3paborana mojysMmupuueckas Monens [1,2], yuuTsiBaroras
aHuzoTponuio TypOyneHTHbIX Buxped. [losmHee B.M. KosznoBeiM Obiia mpemioskeHa
Moaudukanus stoit monemu (Mogens HUK) [3], kotopast mo3Bosnia MoBBICUTh TOYHOCTH
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ormucaHus TYpOYJIEHTHBIX TEYEHHH M OOECICUNTh CXOIUMOCTh PA3HOCTHOTO PEIICHHUS
MOJICIIbHBIX YPABHEHUH NIPU HAJIMYMH yAAPHBIX BOJIH.

3a mpomeamiee BpeMs HAKOIJICH 3HAYMTENBHBIA  ONBIT  HPAKTHYECKOTO
ucnonp3oBanus Moaenu HUK u B Hee BBeleH psaAn yrouHeHwil. B Hacrosmieir pabote
MIPUBOJATCS OCHOBHBIE ypaBHEHHS yHHOHUIMpoBaHHONW Bepcun Moxaemn HUK co Bcemu
BBEJICHHBIMH YTOUYHEHHUSMH B IBYMEPHOM NPHUOIKCHHH.

B paGote onmceiBaeTcs yHCIeHHas peanu3anus yHupuuupoBanaoii moxenn HUK B
Metoauke OI'AK [4], u npuBoaATCS pe3ynbTaThl €€ TECTUPOBAHUSL.
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ocHoBe MoauduipoBanHoit Mogenmn Hukudoposa // VIII XapuroHoBCKHi YyTeHHS IO IIpobiieMam
(u3KMKK BBICOKUX IIOTHOCTEH aHepruu. Capos, 2006.

4. JHaposa H.C., Iubupos O.A., XKaposa I'.B., [llanun A.A., Saunxun 10.B. Kommieke nporpamm
OT'AK. JlarpamxeBo-3iiiepoBa MeTOAMKAa pacuéTa ABYMEPHBIX Ta30JMHAMHUYCCKHX TEUYEHHH
MHorokommoneHTHoi cpensl. // BAHT, Cep. MM®IIL. 1994. Bem. 2. C. 51-58.

MOJAEJUPOBAHUE TEIINIOMACCONEPEHOCA B TYPBYJIEHTHbBIX
CTPYSX C ®A30BbIM IIEPEXOJ0M B COILIE KPP/

I1.B. Jlebeoes

@uman MI'Y um. M.B. JlomonocoBa, moc. Caruc, Poccus

B nmamnO#l paboTe paccmaTpuBaeTCs MOJICIMPOBAHHE TEIIOMAaccolepeHoca B
TypOyJNeHTHBIX CTpysAX C (a3oBeiM mepexomoM B come JKPJI, koTopas oOXBaThIBaeT
MIMPOKHUN CHEKTP HAYKH M TEXHHWKH, OT MOJETa KOCMHYECKOTO JIETATeIFHOTO armmapara 10
IBIDKEHUS Toprieasl. [Ipu unciieHHOM pacdére coria OBIIIO PACCMOTPEHO YETHIpE PeKuMa
moJnéTa, COOTBETCTBYIOMMX pabounx pexkumax PIATT Ha 4eThIpéx pa3HbIX BeIcoTax: 0 KM,
10 %M, 20 kM, 30 kM, rIe aTMOchepHOe TaBICHHE U TEMIIEpaTypa PaBHO COOTBETCTBEHHO
101325 IMa n 288.76 K, 26500 ITa u 223.3 K, 5450 I1a u 216.7 K, 1197 Ila u 226.5 K,
HaOmozass IpU 9TOM BIMSHUE CKOpocTH 5 Maxa Ha0eraromiero rnoroka Bo3lyxa Ha
3aTOIUIEHHYI0 CTPYIO, HAXOJUM IMapaMeTpsl Ha BBIXOJE M3 COIUIA U pacHpeeNeHHe Jhcel
Maxa Ha HEKOTOPOM pacCTOSHUM OT BBIXOJa M3 COIUIAa JJO M300apUYEcKOro ydacTka, TJe
paBHOACUCTBYIOIIAsl CWJI paBHA HYyN0 U €€ MMIyJbC HE MEHSEeTCd, paccMaTpUBaeM
KaTaJUTHYECKHE PEaKINH B TIOTOKE U Ha €r0 TPaHHULAX C MyJIbCAIHIMHU.

B Xxome umCIeHHOrO MOJEMUPOBAHMS TaKke OBUTM BBHIOpAHBI TEOMETPUYECKHE
XapaKTEPUCTUKU COIUIA C KPUTHUECKUM auameTpoM 250 mm, u auamerpoMm 1250 mm Ha
BbIxoze. I[lapameTpsr aTMocdepsl A NAaHHBIX BBICOT OBUIM B3ATHI COTJIACHO MOJENH
«Atmoctepa crargaptaass» mo ['OCT 4401-81.

Hns YHCIICHHOTO MOJICTAPOBAHHS ObLTa oCTpoeHa perynspHasi,
KBa3MOPTOTOHAIBHAS CETKAa C BO3MYIICHHSMH B 00JACTH sIpa MOTOKA M pa3pekeHHeM K
creHku. Jlns Oonee TOYHOTO pelIeHHs Ha CKauykax YIUIOTHEHMS ObUIa YCTaHOBJICHA
penakcanus CeTKH.
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B kaxmoMm 4uCIEHHOM pacuéTe HCIOJIb30Bajach €AMHAs YUCIECHHAas MOJENb U
TpaHUYHBIC YCJIOBHSL: PEIIATIICH OCpeTHEeHHBIE 1o PeitHonbacy ypaBHeHus HaBre-CTokca ¢
YpaBHEHHEM DJHEPrUM M YpPaBHEHHEM HEIPEPHIBHOCTH, C MPUMEHEHHEM MOJENU
typOyientHoctd k-o SST, Takke Obula BbIOpaHa MOJENb COBEPIIEHHOTO Ta3za C
M3MEH’IEeMOI OT TeMmepaTypsl BA3KOCTBIO. MaccoBble HONM OBUIM HAaMIEHBI C ITOMOIIBIO
CBOOOJTHOTO MPOTPAMMHOTO KOMITIEKCa HamucaHHOTo Ha s3bike MATLAB. B kxputnueckom
CEYEHHH COIUIA YCTAHOBIICHO MPaHMYHOE YCIIOBHE M30BITOUHOTO naBieHus, pasuoe 107 Ila.
Breninue rpaBUTallMOHHBIE CUIIBI HE YYUTBIBAIOTCS, CIEA0BATEABHO KOJIUYECTBO JBUXKCHUS
HE MEHSETCS.

B kauecTBe pe3ynbTaTOB OBIIM MpEACTAaBICHBI MO YHcesl Maxa coIula Ha pasHBIX
BbICOTaX MNon€ra. M3 maHHBIX NHOJEH TeYeHHs BHIHO, YTO HAa MajbIX BBICOTAX COILIO
paboTaeT B pexHWMe CHIIBHOTO IepepacIIMpeHus, Ojaromapsi YeMy M BO3HHMKAeT OTpHIB
MPOAYKTOB CrOpaHHS C BHYTpPEHHEH MOBepXHOCTH corula. Ha OonbIIoi BBICOTE COILIO
paboTtaer B pexuMe HEJOPACIIUPEHHs, NOATOMY MOTOK Ta3a MpPOJOJIKAET PaCHIUPSTHCS
Jla’ke TP BBIXOJE U3 COILIA.
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Pucynox 1. Cxema ctpyn

Kak moka3pIBalOT MHOTOYHCIIEHHBIE OMBITHI, OJJHMM W3 OCHOBHBIX CBOWCTB TaKOW
CTPYH SIBIIIETCS TIOCTOSIHCTBO CTATHMYECKOTO JABJICHHH BO BCEX O0JACTH TEYEHHS, B
CIIEJICTBMUA Y€r0 CKOPOCTh B TMOTEHIMAILHOM SIApE CTPYH OCTAETCS MOCTOSHHOIM.
PasmbIBaHKMe CTpyHW 3a TpenesiaMH HAYalbHOTO y9acTKa BBIPAXKAETCS HE TONBKO B €€
YTOJIIIIEHNUH, HO U TAK)XKe B M3MEHEHUH CKOPOCTH BJIOJb €€ OCH.

B o61iem Bujie ypaBHEHHE ISl BRIYMCIEHUS CHIIBI TSTH BBITIISIAT CIIEAYFOIHM
o0pazom:

R = Wadm+ﬂ(pa —py) dF
[
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3D KOMIIJIEKC JJIA MOAEJIUPOBAHUSA BBICOKOCKOPOCTHbBIX
JUHAMMNYECKHUX MPOLHECCOB B CIIVIOHIHBIX CPEJAX HA OCHOBE
MHOT OCETOYHBIX AJITOPUTMOB U CXEMBI 'OJJYHOBA
MOBBIIIEHHOM TOYHOCTH B SMJEPOBBIX IEPEMEHHBIX

M.X. Abysapos, E.I'. I'nazosea, A.B. Kouemxos, C.B. Kpuvinog

HauunonanbsHslit uccienoBarensckuii Hukeropoackuii rocyiapcTBEHHbIH YHUBEPCUTET
nm. H.W. JloGauesckoro, r. Huxanii Hosropon, Poccust

B mHacrosmeit BpeMs aisl peUICHUs CIIOKHBIX TPEXMEPHBIX 3a1ad JAWHAMUKA
KOHCTPYKLMH ITPH HECTAIMOHAPHOM Harpy)X€HHs U IIPH B3aUMOJICHCTBUH C OKPYKarOIMMHU
CKUMAaeMBIMH CpPEeaMH B OCHOBHOM HCHOJB3YIOTCS 3apyOekKHbIE KOMMEPUYECKHE
Beruncautensubie cuctemMbl LS-DYNA, AUTODYN, EUROPLEXUS u ap. B cBsi3u ¢
MOCJICIHUMH COOBITHSIMHA W HAJIOKCHHBIMH CAHKLMSIMU HCIOJIb30BaHUE 3TUX CPEICTB B
Poccun nocrasieHo nox Bonpoc. OTedecTBeHHas! BEIYUCINTENbHAsE cucteMa FlowVisoon,
JUId pelleHus 3aJad JUHAMUYECKTOM MPOYHOCTH MPEANOoNaraeT HCHOIb30BAHUE TAKKE
umnoptHoro mnakera nporpaMmMm ABAQUS. B pamkax poccuiickoit cucremsr JIOI'OC
CYLIECTBYIOT MPOTrpaMMBbl, MOJACIUPYIOIIKE IUHAMHYECKHE 3aJauydl NMPOYHOCTH HA OCHOBE
MKD u 4uCIEeHHBIX CXeM THNA YWIKHHCA B JIArPAaH)KEBBIX INEPEMEHHBIX, 00JaJaromux
W3BECTHBIMH HEJOCTATKaMH, CBSI3aHHBIMH C MCKaXEHUSIMH JIarPaH)KEBBIX PAacYETHBIX CETOK
npu O6osbInuX Aedopmanmsax U nepeMelieHusx. B papabarsiBaeMbIX B MOCIeaHEE BpeMsl B
eBpocoroze u CIIA BeruuciurensHbix cuctreMax EUROPLEXUS, ALE3D, DYTRAN
UCTIONB3YIOTCSL YMCICHHBIE MOJAENM B DHUIEPOBBIX IMEPEMEHHBIX, KaK MJI OMMCAHUS
JUHAMUKYA KOHCTPYKLUI, TaKk M OKPYXKAIOUIUX CpelA, KOMIIEHCHPYIOIUX HEeIO0CTaTKU
JarpaHkeBbIX NoaxonoB. HanGonee mponxsunyTas pazpabotka ALE3D JluBepmopoBckoii
naboparopun CIIA pe3pemeHa K NPUMEHEHHIO TOJNBKO OINpPENEICHHBIM aMEPHKAHCKHM
OpraHu3alysM eme A0 BBEACHHA caHKuud B oTHomeHuu P®. Ilostomy B memsx
UMIOPTO3aMELIeHUs U MOJAEpKaHUs HAy4YHO-TEXHHYECKOro IapuTeTra HpeJlaraercs
opuruHanbHas 3D TeXHONOrust ¥ BBIYMCIMTENbHAS CHCTEMa ISl MOJICIIMPOBAHUS yIapHO
BOJIHOBBIX TIPOLIECCOB B JKUAKHX M TBEPIABIX Je()OPMHUPYEMBIX Tenax M IPOIECCOB
B3aUMO/ICHCTBUS KHUIKOCTH U TBEPABIX Ie(POPMUPYEMBIX T€J B HEMOJBIIKHBIX SHIICPOBBIX
CeTKax C SBHBIM JIarPaH)XEBHIM BBIJICJICHUEM ITOJIBI)KHBIX KOHTaKTHBIX TOBEPXHOCTEH W
rpannn Ten (sharp interface tracking), opueHTMpoBaHHas Ha mpuMeHeHHE cyrnepOBM.
YucneHHOe MOJETHPOBAHUE TIPOLIECCOB B3aMMOJEHCTBHUA KOHCTPYKLUII €O cpenaMu
NPOBOJIUTCS B TEOMETPUYECKHM W (HU3MYECKH HEJIMHEHHON IIOCTaHOBKE B OSHIIEPOBBIX
MNEPEMEHHBIX Ha OCHOBE MHOTOCETOYHBIX AJTOPUTMOB U €IUHOTO UYUCIEHHOTO METoja —
MOIU(UIMPOBAHHOTO MeTOAa ['0/TyHOBA MOBBIIIEHHOW TOYHOCTH. KOHTaKTHBIE ajrOpUTMEI
CTPOSITCS. HAa OCHOBE TOYHBIX pELICHMH 3afaudl pachajga MPOU3BOJIBHOTO DPAa3phiBa, Kak
MEXAy CpeJaMy C IIapoBBIM, TaK M C IOJHBIM TEH30POM HampsDkeHHH. B obmactsx,
YAaJEeHHBIX OT TPAHUL], HHTETPUPOBAHUE MPOUCXOJUT HA HEMOBIKHOM 1EeKapTOBOU CETKe,
a B 00nacTsX, MPUMBIKAIOMIMX K I'paHHWLAM, Ha TOJBIDKHBIX JIOKaJIbHBIX ceTkaXx. OOMeH
napaMeTpamMH MEXAy CeTKaMU NMPOU3BOAUTCS C IOMOIIBI0 HHTEPIIOIUPOBAHUS C BECOBBIMU
kodpdunuenramu. Jlis  omnucaHus ~ HeoOpaTUMOro  JaeOPMHPOBAHUS  IJICMEHTOB
KOHCTPYKLUI UCHOJIB3YeTCs] TEOPHsl ITACTHUECKOTO TeUSHUsI C YIpOuHEeHHueM. YuCIeHHbII
QNrOpUTM CTPOUTCS HA OCHOBE MNPHHIMIA pacUielIeHus A YHPYTomIacTHYeCKUX
TedeHuil. OpUrHHAJIBHOCTH IPEIaraeéMoro KOMIUIEKCAa IO CpPaBHEHHMIO C H3BECTHBIMU
MakeTaMU IMPOTrpaMM COCTOUT TakKe B CO3JaHUM PACUETHOM MOJeNu KOHKPETHOH 3amayuu



METO/IMKH SKCIIEPUMEHTA U B3PbIBHBIE TEXHOJIOI'HUA. MOJAEJIMPOBAHUE TUHAMWYECKHUX IMPOLIECCOB
196 TEST TECHNIQUES AND EXPLOSIVE TECHNOLOGIES. SIMULATION OF DYNAMICAL PROCESSES

Ha OCHOBE€ IIOBEPXHOCTHBIX CETOK PpaCCUUTBIBACMBIX O6’beKTOB, 3aJaHHBIX B BHIC
ctagapTHeIX STL ¢aiioB, HEMOCPEACTBEHHO MOTYYCHHBIX KOHCTPYKTOPAaMH, C TIOMOIIIBIO
nmkeHepHslx CAD cuctem mpoektupoBanus (KOMITAC, SOLIDWORK wu nap.). Ha
OCHOBEC 3THUX HOBerHOCTeI\/’I ABTOMATUYCCKH CTPOATCA BCE HCO6XOI[I/IMBIC PaCYC€THBIC CETKU.
Takasi TEXHOJIOTHS CYIIECTBEHHO COKpalllaeT 3Taml MOATOTOBKHM TPEXMEPHOM pacueTHOM
MOJCJIIN U IIO3BOJIACT 3(1)¢)CKTI/IBHO BBIACIATE U OTCJIIC)KUBATH I'PAHUYHBIC W KOHTAKTHBIC
MOBEPXHOCTH MPH OOJBLIMX MepeMelIeHHsIX U nedopmanusix

JlaHHBI MHOTOCETOYHBIN MOJXO0 MoKaszal cBow d(dekTuBHOCTh TpH pemenun 3D
JMMHAMHUYECKHX 33124 ¢ OOJBIIUMU TIEpEMENICHUAMH U Je(hOpMalsIMH, PEIIeHNE KOTOPBIX
mo LS DYNA, AUTODYN BbI3bIBa€T 3HAUUTENbHBIE TPYAHOCTH. JTO 3aJayd pasroHa
Ie(OPMHUPYEMBIX  YIIPYTOIUIACTHYCCKMX T Tra3000pa3sHbIMH  MPOAYKTAMH  B3DbIBA,
(hopMupOBaHHE YAAPHBIX BOJH W BBICOKOCKOPOCTHBIX CTPYH NHpH IETOHALWU TBEPIBIX
B3pBIBYATHIX BEIIECTB M MX B3aWMOJICHCTBHE C YNPYyToIUIaCTUUECKUMH Tenamu [1], 3amaun
poOHBaHUS nedopMupyeMbIMU  yJApHUKAMH  MHOTOCIIOWHBIX — YIIPYTOILIACTHYECKUX
Mperpaj ¢ y9eTOM PHKOIICTHPOBAHHS.

Pa6ora BemonHeHa npu GpuHaHcoBoi nopuaepxxkke PH® (mpoekt 22-29-00672) u npu
noanepkke [IporpaMmel cTpaTerndeckoro akaaeMmudeckoro Jmaepersa "Ilpuopurer 2030"
MuHucTepCcTBa HAYKHU | BBICIIETO 00pazoBaHus Poccuiickoit deneparnum.

Jlumepamypa

1. M.X. AGy3sipos, ['mazosa E.I'., A.B. Kouerxos, C.B. Kpsinos. UncneHHas METOUKa PEIICHUS
TPEXMEPHBIX 3aJa4 B3aUMOJIEHCTBUS BEICOKOCKOPOCTHBIX Ia30BbIX CTPYil ¢
ynpyroruiactudeckumu nperpagamu. BAHT, cep. MaTemaruyeckoe MOSTMPOBAHUE HH3UIECCKUX
nporeccos, 2021. Beim. 4. C.24-40.

3D COMPLEX FOR SIMULATION OF HIGH-SPEED DYNAMIC
PROCESSES IN CONTINUOUS MEDIA ON THE BASIS
OF MULTI-GRID ALGORITHMS AND THE GODUNOYV SCHEME
OF INCREASED ACCURACY IN EULER VARIABLES

M.Kh .Abuziarov, E.G. Glazova, A.V. Kochetkov, S.V. Krylov

National ResearchNizhny Novgorod State University N.I. Lobachevsky, Nizhny Novgorod, Russia

At present, foreign commercial computing systems LS-DYNA, AUTODYN,
EUROPLEXUS, etc. are mainly used to solve complex three-dimensional problems of
structural dynamics under non-stationary loading and when interacting with surrounding
compressible media. In connection with recent events and imposed sanctions, the use these
funds in Russia put into question. The domestic computing system FlowVisoon, for solving
problems of dynamic strength, also involves the use of an imported ABAQUS software
package. Within the framework of the Russian LOGOS system, there are programs that
simulate dynamic strength problems based on the FEM and Wilkins-type numerical schemes
in Lagrangian variables, which have known drawbacks associated with distortions of
Lagrangian computational grids under large deformations and displacements. In the recent
developments in the European Union and the USA, the EUROPLEXUS, ALE3D, DYTRAN
computer systems use numerical models in Euler variables to describe both the dynamics of
structures and environments that compensate for the shortcomings of Lagrangian
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approaches. The most advanced development of ALE3D by the US Livermore Laboratory is
allowed for use only by certain US organizations even before the imposition of sanctions
against the Russian Federation. Therefore, in order to replace imports and maintain
scientific and technical parity, an original 3D technology and computer system is proposed
for modeling shock wave processes in liquid and solid deformable bodies and processes of
interaction between liquid and solid deformable bodies in fixed Eulerian meshes with an
explicit Lagrangian selection of moving contact surfaces and boundaries of bodies (sharp
interface tracking), focused on the use of supercomputers. Numerical modeling of the
processes of interaction of structures with media is carried out in a geometrically and
physically nonlinear formulation in Euler variables based on multigrid algorithms and a
single numerical method - a modified Godunov method of increased accuracy. Contact
algorithms are built on the basis of exact solutions to the problem of decay of an arbitrary
discontinuity, both between media with a spherical and with a full stress tensor. In areas far
from the boundaries, integration occurs on a fixed Cartesian grid, and in areas adjacent to
the boundaries, on moving local grids. The exchange of parameters between grids is
performed using interpolation with weight coefficients. To describe the irreversible
deformation of structural elements, the theory of plastic flow with hardening is used. The
numerical algorithm is based on the splitting principle for elastoplastic flows. The
originality of the proposed complex in comparison with known software packages also lies
in the creation of a calculation model of a specific problem based on surface grids of
calculated objects specified in the form of standard STL files directly obtained by designers
using engineering CAD design systems (KOMPAS, SOLIDWORK, etc.). Based on these
surfaces, all the necessary computational grids are automatically built. This technology
significantly reduces the stage of preparing a three-dimensional calculation model and
allows you to effectively select and track boundary and contact surfaces with large
displacements and deformations. This multigrid approach has shown its effectiveness in
solving 3D dynamic problems with large displacements and deformations, the solution of
which by LS DYNA, AUTODYN causes significant difficulties. These are the problems of
acceleration of deformable elastoplastic bodies by gaseous explosion products, the
formation of shock waves and high-speed jets during the detonation of solid explosives and
their interaction with elastoplastic bodies [1], the problems of breaking through deformable
impactors of multilayer elastoplastic barriers, taking into account ricocheting.

The work was supported by the Russian Science Foundation (project no. 22-29-00672)
and by the support of the federal academic leadership program "Priority 2030" of the
Ministry of Science and Higher Education of the Russian Federation.
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TUJIPOJIMHAMUAYECKHUE JIBOMHUKH HATPYXKAIOIUX YCTPOMCTB
JJISA KBASUM3OHTPOIIMYECKOTI'O C)KATHA

I'.C. Anoybaes, A.O. bnukos, M.A. Mouanos, C.B. Epynos, B.A. O2opoonuxos, B.B. Epacmog

POAL-BHUNDD, r. Capos, Poccust

KmroueBbie  crmoBa:  KBa3HUM3IHTPONHMUECKAas  CKAMAeMOCTb,  Harpykarolue
YCTpOMCTBA, ra30IMHAMUYECKOE MOJICIMPOBAaHUE, HEUAcaIbHAs TU1a3Ma, AeHTepHil, reauil.

[IpemoskeHa ympolneHHas cXeMa Harpy)KaroIlero YCTpOMCTBa I MCCIIIOBaHUS
KBa3MM3HTPOIIMYIECKOTO CXKATHS HEUACANBbHOM IIa3Mbl (TMAPOAMHAMUYECKHH TBOMHUK).
OHa MO3BONSET MOJEIMPOBATH JABWXECHHE OOOJOYEK IEPBOIO M BTOPOTO KAaCKaIOB C
IIOMOIIIBK 3aJaHUA Ha BHEIIIHEH TpaHUIIC KaME€pbl BBICOKOI'O JaBJICHUA T'PAHUYHOTO
YCIIOBHS BTOPOTO POja.

[IpenmymiecTBOM TaKOro MOAXO0JA SBISIETCS OOJBIIAsl MPO3PAavyHOCTh M YIOOCTBO
MIPEICTaBICHNS MaHEPhl CUeTa MOCPEACTBOM 3aMEHBI ITOA0MPAEMBIX BXOJHBIX ITapaMeTpPOB,
XapaKTepU3YIOIINX HarpysKarollee yCTPOICTBO, AMarpaMMoil CKOPOCTH Hapy>KHOM TpaHUIIbI
obOomouky TepBoro Kackama. Manepa cduera BepuHUIMpyeTCs Ha pPE3yNbTaThl OMBITOB
C MaKeTaMH.

HYDRODYNAMIC TWINS OF LOADING DEVICES
FOR QUASI-ISENTROPIC COMPRESSION

G.S. Yandubaev, A.O. Blikov, M.A. Mochalov, S.V. Erunov, V.A. Ogorodnikov, V.V. Erastov

RFENC-VNIIEF, Sarov, Russia

Key words: quasi-isentropic compressibility, loading devices, gas-dynamic
computation, non-ideal plasma, deuterium, helium.

A simplified scheme of a loading device for researching the quasi-isentropic
compression of a non-ideal plasma (hydrodynamic twin) is proposed. It allows simulating
the motions of the shells of the first and second cascades by specifying a second-type
boundary condition on the external boundary of the high-pressure chamber.

The advantage of this approach is greater transparency and convenience of
representing the manner of counting by replacing the selected input parameters
characterizing the loading device with the velocity diagram of the external boundary of the
shell of the first cascade. The manner of counting is verified against the results of
experiments with models.
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ILTAHBI IIO MOAEPHU3ALIAN HHHEﬁHQFO HHAYKOUOHHOI'O
YCKOPUTEJIA C TPAHUYHOU DHEPI'MEUN SJIEKTPOHOB /10 2 M>B

A.0. ernuual, HA. Kapawncxuﬁ', IT.A. Kozzecuukoel, O.A. HukumuH],
HA. Cmapocmemcoz, A Hukuqboposz, A.B. Kyﬂemcoz, ITA. EGKZ, O.A. ITasnoé’

'POSAI-BHUNT®, r. Caesxunck, Poccust
2MSId CO PAH um. akagem. V1. Byaxepa, r. HoBocuGupck, Poccus

B POSAI-BHUUT® B 2011 roxy BBelneHa B dKCILTyaTalldi0 peHTTeHOTpaduiecKas
yCTaHOBKa Ha 0a3e NWHEHHOro WHAYKIHOHHOTO yckoputens (JIMY). JINMY ucnonw3yetcs
JJIA UCCIICAOBAHUA JUHAMUYCCKH pa3BUBAIOIUXCA 00BEKTOB IIpyU B3PbIBHOM Harpy>XCcHHU.
B xonme ombiTHO# skcrutyaTanuu JIMY Obutn 0TpaboTaHbl pa3iUYHbIE Y3Jbl YCKOPUTENS H
BBISIBJICHBI HEJOCTATKH.

Jlng  TOBBINIEHWST HAACKHOCTH pabOThl  YCKOpUTENS M HMH(POPMATHBHOCTH
MOJyYaeMBIX pe3yJbTaTOB IPHUHATO pEIICHHWE TPOBECTH MOJCPHU3AIMIO CHCTEMEI
HUMITYJIbCHOTO MTUTAHUS, CHCTEMbI TPAHCIIOPTHPOBKH Iy4Ka, HHAYKTOPHOI CHCTEMBI.

B nokmame paccMOTpeHBI BBIABICHHBIE HEAOCTATKH, IIyTH WX YCTpPaHEHHS,
MpencTaBIeHBI 3Tanbl MoAepHu3anun JINY, BHeApeHNEe HOBBIX PElIeHUH 1Mo 00eCTIeueHUT0
CTaOMITLHOCTH PabOTHI YCKOPHUTEIIS.

PLANS ON UPGRADING THE LINEAR-INDUCTION ACCELERATOR WITH
THE ELECTRON BOUNDARY ENERGY OF UP TO 2 MEV

A.O. Chernitsa’, LA. Kamchinsky], P.A. Kolesnikov!, O.A. NikitinI,
D.A. Starostenko’, D.A. Nikiforovz, Ya.V. Kulenko®, P.A. Bak’, O.A. PavioV’

'RFNC-VNIITF, Snezhinsk, Russia
ZBINP, the SB of the RAS, Novosibirsk, Russia Federation

In 2011, RFNC — VNIITF put into operation a radiography facility based on linear-
induction accelerator (LIA). The LIA is applied to study dynamically evolving objects under
explosive loading. In the course of the LIA pilot operation, various accelerator assemblies
were worked-up, and the shortcomings were revealed.

To improve accelerator operation reliability and information value of the obtained
results, it has been decided to upgrade the pulsed power system, the beam transport system,
and the inductor system.

In the work, the revealed shortcomings are analyzed, and paths to eliminate them are
considered. The work presents the stages of the LIA upgrade, and describes new solutions to
be implemented to ensure accelerator stable operation.
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I'EHEPATOPHBIE JATUUKU JJIA U3BMEPEHUA NAPAMETPOB
IF'ABOAMHAMHNYECKHUX ITPOIECCOB

U.B. FOpmos, A.A. Ymenxos, M.B. Anmunos, A.B. @edocees, B.A. Ocopoonukos
POAL-BHUND®, r. Capos, Poccust

IIpu mpoBeneHNM ra30JMHAMUYECKHUX SKCIEPHMEHTOB Ba)KHO IOy4aTh ITaHHBIC O
BpeMEHaX NPUX0Ja yAapHBIX U JETOHAI[MOHHBIX BOJH B MHTEPECYIOIINE 00JIaCTH, a TaKXkKe
U3MEpATh JaBICHHUA. METOIUKH, HCIONB3yeMble B OSTHX OIBITaX, TOJDKHBI ITO3BOJISATH
MIPOBOIUTH H3MEPEHHUs] C JOCTaTOYHOH TOYHOCTBIO, TPeOYyeTCsl yCTaHaBIMBATH OOJBINOE
KOJIMYECTBO  JATYMKOB, TPH OTOM HEXEJaTeJbHO TMOIaBaTh HANpsHKEHHE Ha
9KCIEpUMEHTAILHBIE COOPKH.

B nokiane npencraBieHbl KOHCTPYKIMH U ITPUMEPBI IPUMEHEHUS pa3pabOTaHHBIX B
NOB POAL-BHUMO® naT4vkoB reHEpaTOpPHOrO THUIIA, OCHOBAHHBIX HA HCIOIb30BAHUU
IIbE30KepaMUYECKUX U (EpPOMArHUTHBIX MaTepHaloOB. OTH JATYUKH IIO3BOJISIOT
pPETUCTPUPOBATh BpEMEHAa IMPUXOJA YAApPHBIX M JAETOHAIMOHHBIX BOJMH. B oTmmume ot
3JIEKTPOKOHTAKTOB TaKHE JaTYMKH Ooiiee MH(YOPMATHBHEL, MTO3BOJIAIOT MOIYy4aTh AAHHBIE O
CTPYKTYpE yIapHOBOJIHOBOTO TEUCHUS M OLIEHUBATH WM M3MEPSATh BEIWUIHMHY JABICHUS B
nmuana3oHe 1o ~4 I'Tla. JIaT4nky MMEIOT KOMITAKTHBIE Pa3Mephl U CPABHUTEIHHO MPOCTYIO
KOHCTPYKUMIO. JI7sI perncTpanuy CUTHAJIOB, KaK MPaBHJIO, HCHONB3YETCS MAaKCHMAaJIbHO
IpocTast HIEKTPHUYECKas cXeMa. JTO AENAacT NPEICTABICHHbBIE ATINKH yIOOHBIM CPEACTBOM
JULS TIPOBEZICHUS Ta30JHHAMUYECKUX HCCIICAOBAHUI.

B3PBIBO3AIIIUTHASI KAMEPA JIJIS1 IBYXPAKYPCHOM
PEHTTEHOTI'PA®HH C HECYIIEA CIIOCOBHOCTBIO JIO 1 KI' TD

A .B. Xanun, M.A. Coipynun, M I1. Kanunun, B.M. Pomanos,
E.E. Macnos, [].A. Bapasun, I0.4. Kanununa

POALI-BHUUD®, r. Capos, Poccust

ITIpn npoBeneHuHM WcCiIeAOBaHUI OBICTPONPOTEKAIOIINX IIPOIECCOB B Makerax,
COJIEpIKalllX B3pHIBUATHIE BELIECTBA, C MOMOIIBIO PEHTIEHOTPa(UUECKHX KOMILIEKCOB,
npuMeHsiercss B3peiBo3amuTHas kamepa (B3K). E€ koHcrpykims momxkHa o0ecHeyuTh
MOJNHYIO JIOKamM3anuio (yIepikaHWe) Ta3000pa3HBIX INPOAYKTOB B3pBIBA, TOKCHYHBIX
a’po30JIel M OCKOJIIKOB OT B3pbIBa Hccaegyemoro makera. C mempio oOecredeHus
pentreHorpadupoBanus, Takas B3K nomkHa wMeTs JBe mapel  AMaMETPaIbHO
MPOTHUBOMOJIOKHBIX pagrorpaduueckux OKOH (10 YMCIy KaHaJOB BBIBOJIA CKAHUPYIOIIETO
m3nyuenns). Ucnonnenne B3K ¢ pacnonoxenuneMm paguorpaduyeckux OKOH B Hauboiee
Harpy>KeHHOW IIEHTPAJIbHOH YacTH HE JOJDKHO CHIDKaTh HECYIIYI0 CHOCOOHOCTh U
MIPOYHOCTHYIO Haa&xHOCTh B3K.

B noknanme mpencraBieHs! pe3ynbTaThl pazpadotkn B3K ¢ Hecymiel cmtocoOHOCTEIO
1kr TD nmiast AByXpakypCcHOU paauorpaduu.

Ha ocHoBaHMM pacueTHO-3KCIIEpUMEHTANIBHBIX HccieoBaHui BeiOpaHa cxema B3K,
MaTepHal e€ OCHOBHBIX 3JIEMEHTOB U rabaputHsie pazMmepsl. Konctpyxmus B3K cocrout us3
JIBYX HE3aBHCHMBIX KOHTYPOB: BHYTPEHHEH KaMepbl, BOCIPHHHMAIOIIEH HMITyJIbCHOE
(B3pBIBHOE) BO3/EHCTBUE M BHEUIHEH KaMephl, 00ECIICUNBAIOIEH TepPMETHYHOE yaeprKaHue
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IPOAYKTOB B3pbIBA B ClIyyae aBapUHHOW pasrepMeTH3alludl BHYTPEHHEro KOHTypa. Takoe
ucnonaenne B3K 1M03BONINUT MOBBICHTH HAZAEKHOCTH BCEH KOHCTPYKITHH.

Pe3ynpTaThl pacyeTHOr0 MOJECTUPOBAHMS IOKA3alH, YTO pazpabaTeiBacMas Kamepa
MMeeT JOCTAaTOYHYI0 HECYIIYIO CIIOCOOHOCTD MPH MPOEKTHBIX M TOBBIIICHHBIX HArpy3Kax, a
Takke OBUIM BBIBICHBI OCOOCHHOCTH HANPSKEHHO-IE(POPMHUPOBAHHOTO COCTOSHUS
KOHCTPYKLIMH 1 HanOoJee HarpyXeHHbIe 001acTy.

OKCIIepUMEHTAIbHOE UCCIEI0BAHNE BHYTPEHHEH KaMephbl IPU HAarpy3ke OT B3pbIBa
chepuueckoro 3apsma BB 1,5 kr TD 1moka3ano, YTO OHAa COXpaHSET CBOIO
KOHCTPYKLIMOHHYIO IIEJIOCTHOCTH, IIPOYHOCTh M T€PMETHYHOCTh, a AJIEMEHTHI €€ CHIIOBOTO
Kopryca paboTatoT B 06JacT ynpyrux aedopMaiiui.

IIpu ucnelTaHWM BHEHIHEW KaMephbl HapacTalOIMM BHYTPEHHUM JaBJIEHHEM Trasa,
OHa COXpaHWJIa TePMETUYHOCTD IpH AaBineHNH ~20 aT. [lorydeHHbI pe3yapTaT IPeBhILAcT
pacdeTHoe 3HadeHHe AaBieHUs B e€ monoctd (12 ar) mpu MTHOBEHHOM BBIXOJE TOPSYMX
MPOAYKTOB B3pbIBa M3 BHYTPEHHEH KaMmepsl B Ciydae pasTepMeTH3alliil BO BpeMs
MIPOBEICHUS SKCIICPUMEHTA.

[IpoBeneHHble HCCIEIOBAaHMS TOKA3alIM, YTO pa3pabOTaHHAs B3PHIBO3AIIUTHAS
KaMepa C TpOEKTHOW Hecymied cnocobHocThio n0 1 kr TO orBewaer TpeGOBaHHAM
MOBBIIEHHONM  HAJEXKHOCTU U MOXET  HCIHOIb30BAThCA AN ABYXPaKypCHOH
peHTreHorpadum.

THE CONTAINMENT CHAMBER WITH BEARING CAPACITY
UP TO 1 KG OF TNT FOR DUAL AXES X-RAY ANALYSIS

D.V. Khanin, M.A. Syrunin, M.P. Kalinin, V.I. Romanov,
E.E. Maslov, D.A. Varavin, Yu.A.Kalinina

RFENC-VNIIEF, Sarov, Russia

When carrying out researches of the fast-proceeding processes in the models
containing explosives by means of radiographic complexes, the containment chamber is
used. Its design has to provide full localization of gaseous products of explosion, toxic
aerosols and splinters from explosion of the studied model. For providing the X-RAY
analysis, such chambers must have two couples of diametrically opposite radiographic
windows (on number of channels of the conclusion of the scanning radiation). A version of
a chamber with arrangement of radiographic windows in the most loaded central part should
not reduce bearing capacity and strength reliability of a chamber.

In the paper, results are provided for developing a chamber with bearing capacity of
1 kg of TNT for the dual axes X-RAY analysis.

On the basis of experiment-calculated studies, the scheme of a containment chamber,
a material of its basic elements and overall dimensions are chosen. The design of
containment chamber consists of two independent contours: the internal chamber perceiving
pulse (explosive) action and the external chamber providing hermetic confinement of
explosion products in the case of emergency depressurization of the internal contour. Such a
version of a chamber will allow one to increase reliability of the whole design.

Results of rated modeling showed that the developed camera has sufficient bearing
capacity at the design and raised loadings and features of the stressed-deformed condition of
the design and the most loaded areas were revealed.

The pilot study of the internal chamber at the explosion load of the spherical charge
of 1.5 kg of TNT showed that it keeps the constructional integrity, durability and tightness,
and elements of its power body work in the field of elastic deformations.
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When testing the external chamber with the increasing internal pressure of gas, it
kept tightness with the pressure of ~ 20 atm. The received result exceeds the design value of
pressure in its cavity (12 atm.) at the instant exit of hot explosion products from the internal
chamber in the case of depressurization during the experiment.

The conducted researches showed that the developed containment chamber with
design bearing capacity to 1 kg of TNT meets the requirements of the increased reliability
and can be used for the dual axes X-RAY analysis.

NPUMEHEHUE METOJA OCEBOM I'OJIOTPA®UU ®PAYHIODEPA
JJISA PETUCTPAIIMA ITIOTOKOB YACTHIL

A.B. @eoocees, M.B. Aumunos, A.H. I[lodysanos, B.A. Oz0poonuxos,
A.A. Ymenxos, O.b. Coepuna, J{.A. Illonuxos

POAL-BHUND®, r. Capos, Poccus

B mocnenHee BpeMsi HHTCHCUBHO UCCIICAYCTCS SBICHHUE YIaPHO-HHIYIIUPOBAHHOTO
OBUICHUS, 3aKioyaromieecss B BeIOpoce co  cBobomuoit  moBepxHocTH  (CII)
KOHJICHCHPOBAaHHOT'O BEI[ECTBA MIOTOKA MUKPOYACTHUI] MIPH BBIXOJE HAa HEE YIapHOW BOJHEL.
OO6pazyromyecs: MPU 3TOM MbUIEBbIE TTOTOKU XapPaKTEPHU3YIOTCS OONBIIAMH CKOPOCTSIMH —
no 10°-10* m/c, Mansivu mioTHOCTSIME ~ 0,1-100 Mr/em® u ManeiMu pasmepamu ~ 107°-10°
"M BBIOpachBacMbIX yacThI, OJHHM M3 OCHOBHBIX M HAHMEHEE M3yYCHHBIX NapamMeTpoB
JTHUX MBUICBBIX MOTOKOB SBJICTCS PACIpPECIICHIE COCTABIAIONINX UX YACTHII 10 pa3Mepam
U CcKopocTsM. /[l TONy4eHHs UENOCTHOW KAPTHHBI TaKUX IOTOKOB HEOOXOJHMO
perucTpupoBath 007acTe ¢ pasMepamMu ~Z20 MM ¢ MHKPOHHBIM pa3pelICHHEM, C
akcrio3uiuedn He Oosnee 5 He. CymecTBEHHOW MPOOJIEMON MPHU ITOM SBIACTCS Maias
rryOWHA PEe3KOCTH UIsl YacTHI[ pa3MepaMH HECKOJIBKO MHKPOMETPOB, TaK U YacCTHI
muamerpom d=1, 5, 10 u 20 MkM, ipu A=0,5 MKM (3eJI€HBIH [IBET), TITyOMHA KOHTPACTHOTO
n3o0paxenus Oyzaer pasHa 2, 50, 200 u 800 MKM, COOTBETCTBCHHO.

Takue u3MEpEeHUs] MOXKHO TPOBOJWTH C HCIOJIB30BAaHMEM METOJAa OCEBOI
ronorpapun  Ppaynrodepa. B mokmame mpeACTaBICHBI peanu3alis W PUMEPHI
WCIIONB30BAaHUSI 3TOTO METOJMA ISl PETUCTPAlliid TOTOKOB YACTHIl, B TOM YHCIE MPH
TIPOBEICHUH B3PHIBHBIX OMBITOB. Permerparnuio mpoBommmn Ha KMOII matpumy wiom Ha
ronorpaduueckue mmacTuael BPII-M, ¢ mcnonp30BaHNEeM HMITyIBCHOTO Ja3epa C JTHHON
BOJIHBI 532 HM U JIJIUTENBHOCTBIO ITy4Ka ~5 HC.

PETICTPAIIMSA ITPOJIETA METAEMbBIX OBFBEKTOB C ITIOMOIIBIO
KOMBHUHHUPOBAHHOT'O HHAYKIONOHHO-OIITUYECKOI'O JATYHKA

U.B. Tponvinun, /1.3. lasnemuun, B.FO. ®aoees, /{.B. Hazapos, U.B. Owxun,
C.B. XKapxkos, B.I'. Cumaxos, B.A. bpacyney, A.A. Oxunuuy, E.E. [llecmakos

POAL-BHUND®, r. Capos, Poccust
[Ipu SKCHEPUMEHTAIBLHBIX KCCICIOBAHUSAX Ha 3Tane pa3pabOTKU W HUCHBITAHUI

OIIBITHBIX O6p8.3LIOB apTHJ'IJ'ICprICKOFO BOOPYKCHUL BO3HHUKACT HeO6X0,I[I/IMOCTB
peructpanu IMnpoJjeTta METacMbIX 00BEKTOB (MO) B 3aJaHHBIX Yy4YaCTKax CTBOJIa, B TOM
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YHucle B YCIOBMAX CYIIECTBEHHBIX O3JICKTPOMAarHWTHBIX IIOMEX, BO3HHUKAIONINX IIPH
cpabaTbIBaHUU JNEKTPO-PU3UUECKUX YCTAHOBOK. B OTAENBHBIX CIydasX BO3HUKAET
HEOOXOMMOCTh B TIepeIade 3aperuCTPUPOBAHHOTO CUTHANIA Ha OOJIBIITNE paccTOSHUS (10 1 Km).

BrimenepeunciieHHeIM - TpeOOBaHUAM HauOojee YIOBIETBOPSET HEKOHTAKTHBII
METOJl HM3MEPEHHUs M pPErHCTpalii, OCHOBAHHBI Ha WHIYKIHOHHOM perucTpaTope
(matuuke).

Jns peannsanmu Tiepenadd curHaia perucrpanuu npoiera MO Ha OGonpime
PaccTOSIHUSA U 3aIIUTHl OT AJIEKTPOMATrHUTHBIX TIOMEX, HanOojee ONTUMAIbHBIM CIIOCOO0M
SBIISICTCA METOJ Mepeaayyl CUTHAIA [0 ONTHYECKUM JIMHHSIM.

B  Uucruryre ¢msukum B3peBa (MPB) BHUHUO® Oemm pa3paboran
KOMOMHHPOBAaHHBIM MHIYKIIMOHHO-ONITHYECKHUI TaTYMK T€HEPAaTOPHOTO THIIA.

ITpn mpomere MO ¢ cocraBHOIl 4acThio M3 (DEPPOMATHUTHOW CTamM (KOJIBILO,
YIapHUK) B 30HE YYBCTBHTECIBHOCTH JAaT4MKa, TEHEPUPYETCS CHUTHAI 3JC WHIYKIHUH,
HaNpsOKEHHE M MOIIHOCTH KOTOPOTO JIOCTaTOYHBI Ui (POPMHPOBaHMS H3JIydaTeieM
ONTHYECKOTO CUTHAJA Ha BBIXOJIE JaTUMKa IV YCIEIIHO Iepeadn Ha pacCTOSHUS 10 1 KM.

KoMOuHMpOBaHHBIA JaTYWK OBUI yCHEIHO OTpaboTaH B CEpPUHM OIBITOB Ha
ycranoBkax HITY-50 (Harpy»karomasi IHeBMaTHueckas yCTaHOBKA) IPH CKOPOCTH ITpOJIETa
MO 500-700 m/c.
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MOBUW/IBHASA CUCTEMA IIUTAHUSA 3JIEKTPOMATHHUTA
IT'EHEPATOPA TAMMA - UMITIYJIbCOB HA BA3E BETATPOHA THITA BUM

A.A. Yunun, F0.11. Kyponamxun, B.1. Huscecopoodyes,
K.B. Casuenxo, B./[. Cenemup, O.A. [Llampo, B.A. Pomuues

POALI-BHUUD®, r. Capos, Poccust

Onmcana MOOWIBHAs CHUCTEMa WIHTAaHUS DSJEKTPOMAarHWTa TeHepaTopa TaMma-
UMIYJIbCOB Ha 0Oaze Oertarpona tuma BUM, mno3Bonsromas co3maBaTh B 00OMOTKax
3JEeKTPOMArHuTa YHHUIOJISPHBIN MUMITyJIbC TOKa aMIUIUTyAoN /=~ 110 KA U JIUTENBHOCTBIO
mo ocHoBaHHO ¢~ 1 Mc. Pa3dpoc Bpemenu cpadatsiBanust Af < 50 He. CucTemMa COACPIKUT
BBICOKOBOJIBTHEIM ~HMCTOYHHK TTaHus 3Y 25 — 15M, EMKOCTHOH HaKONUTENIh U3
koHneHcatopoB MOTIIC - 24 - 290 obmeit émkocthio Co~ 2,4 MD, MOOynh KOMMYTAIWH,
SJEMEHTHl YIpaBICHHs, CHHXPOHHM3AIMA W KOHTpoJis. [IpuBeneHBl KOHCTPYKIHA,
ANIEKTpUYECKasi CXeMa U OCLUJUIOTPAaMMBbl CUTHAJIOB C JATYUKOB KOHTPOJIS €€ MmapaMmeTpoB.
CucreMa BXOJAUT B COCTaB MOOHJIBHOTO KOMIUIEKCAZ, TMPEJHA3HAYEHHOTO  JIs
peHTreHOrpadupPOBaHUs TUHAMUYECKUX OOBEKTOB C OOJIBIIUMH ONTUICCKUMHU TONIIHHAMHU.
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MOBILE POWER SUPPLY SYSTEM OF ELECTROMAGNET
FOR GAMMA-PULSE GENERATOR BASED ON CYCLIC ACCELERATOR

A.A. Chinin, Yu.P. Kuropatkin, V.I. Nizhegorodtsev,
K.V. Savchenko, V.D. Selemir, O.A. Shamro

RFNC-VNIIEF, Sarov, Russi

The authors describe a mobile power supply system of electromagnet for gamma-
pulse generator based on cyclic accelerator [1]. It allows producing a current pulse with the
amplitude of 110 kA and the length of 1 ms in the magnetic coils. The time spread of the
system triggering is less than 50 ns. The system contains a high-voltage charger, a battery of
a capacitive storage of 2,4 mF, controls and synchronization elements located in the
switching rack. The electrical scheme, the construction and oscillograms of the betatron
output parameters are provided. The system is a part of the mobile radiographic complex
and is aimed to radiograph dynamic objects with the large optical thickness.

PEHTTEHOT'PA®ONYECKHUE N3MEPEHUSA B OKCIIEPUMEHTAX
IO MIOCTPOEHHUIO YPC BEIIECTB
C BOJIbIINMU ATOMHBIMHA HOMEPAMUA

H.U. Ezopos, I'.B. bopuckos, A.1. bvixos, I1.b. Penun, B.H. Ilagnos,
U.C. Cmpenxos, O.M. Cypoun, [].A. Macnos

POAL-BHUND®, r. Capos, Poccus

O0ocHOBaHa MPENU3UOHHAS TOYHOCTh METOJa PEHTTECHOTPaUICCKUX H3MEPEHUI
JUIA TIOCTPOCHUSI YPAaBHEHHH COCTOSHE BEIIECTB C OONBIIMMH AaTOMHBIMH HOMEpPaMH B
obract MerabapHBIX HaBICHWH C WCIONB30BAHMEM YCTPOWCTBA HM303HTPOITHIECKOTO
ckatmsi Ha ocHoBe TeHeparopa MK-1. IlpuBeneHo cpaBHEHHE pe3yIbTATOB
PEHTreHOrpaMICCKUX M3MEPEHHA, BBIOJHCHHBIX B OJJHOM M TOM K€ SKCIICPUMEHTE IBYMSI
HAYYHO-HCCIICIOBATCIILCKUMHE TPYIIIAMHU, UCTIONB3YIONIMMHU Pa3InIHBIC METOIBI 0OPabOTKH
JTAHHBIX PEHTTeHOTPadUPOBAHHUS.

RADIOGRAPHIC MEASUREMENTS IN THE EXPERIMENTS
OF EQUATION OF STATES WITH LARGE ATOMIC NUMBERS

N.I. Egorov, G.V. Boriskov, A.l. Bykov, P.B. Repin, V.N. Pavlov,
LS. Strelkov, O.M. Surdin,D. A. Maslov

RENC-VNIIEF, Sarov, Russia

The precision accuracy of the radiographic measurement method is validated. The
method is intended to set up the equations of state with large atomic numbers in the area of
megabar pressures. The device of the isentropic compression based on the MC-1 generator
was used. The results of the radiographic measurements were compared in one and the same
experiment by two scientific research groups. The groups used different methods of the
X-ray radiography data analysis.
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