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MOJIEJUPOBAHUE TYPBYJIEHTHOT'O NIEPEMEIIIUBAHWSI,
BBI3BAHHOI'O TMIPOJIMHAMHUYECKUMH
HEYCTOUYUBOCTIMU

M.-I]. Csio', X.-C. C&*, IO-1II. Yoncan"?

1 o o o
I/IHCTI/ITyT IIPUKIaTHOU (I)I/ISI/IKI/I " BBIYMCIIUTCIBbHON MaTCMaTHKH, HCKI/IH, Kurait

2HeHTp MPUKIIATHON (GU3NKH U TEXHOIOTHH, JIA00PaTOPHs MOAETHPOBAHNA (DU3UKH BHICOKHX TUIOTHOCTEH
sHepruu U MHxeHepHblil komtemxk, [lekunckuii yausepeuret, Ilexnn, Kuraii

E-mail: xiao_mengjuan@163.com

TypOyneHTHOEe TepeMelnBaHKe, BbI3BaHHOE HeycToiumBocTsimMu Penes—Teiinopa (PT), Puxtmaiiepa—
MemikoBa (PM) u KenbBuna—Ienpmrosnbia (KI7), yacto BcTpedaeTcs Kak B IPUPOIHBIX SBICHUSAX, HATPUMED,
TIPH B3PBIBE CBEPXHOBOM 3BE3/IbI, TAK U B TEXHUYCCKHUX O0IACTAX, HAIPUMED, TIPU TEPMOSIICPHOM CHHTE3EC
C MHEpUUAJIbHBIM yAepKaHueM mia3mbl. Kak mpaBuiio, 3TU TpU HEYCTOMYUBOCTHU CYIIECTBYIOT OJHOBpE-
MEHHO M TECHO B3aWMOCBSI3aHBI, 00€CIeUnBas TypOyJCHTHOE MEPEMEIIMBAHNE, YTO 3HAUYUTEIILHO YCIOXK-
HSET MOJCINPOBaHUE TYpOYJIEHTHOCTU. B perieHnn npakTu4eckux 3ajqad Hanbosee BBITOJHBIMU B ILIAHE
BBIYHCIIUTEIBHBIX 3aTpaT SIBISIOTCS MOJEIN, OCHOBaHHbIE Ha ypaBHeHUAX HaBbe—CTOKca, YCpEIHEHHBIX
o PeitHonpacy (momensix RANS), mo3BoNSIOMMX MPOTHO3UPOBATh CTATUCTUYECKU YCPETHEHHOE MOBEe-
HUe TypOyIeHTHOTO nepemenuBanusi. OJTHAKO CYIIECTBYET OUYSHb MaJIO MOJIeNIeH TypOyICHTHOCTH, KOTOpPEIC
MOTYT JaTh €JIWHBIA MMPOTHO3 MPH PEIICHUM Pa3IMYHBIX 33734 TypOyJICHTHOTO MepeMelnBanus. B cBsa3u
C 3THM HEIAaBHO OBUIH OMYyOJIMKOBaHBI paboThI o yimyumeHuio Moaeneit K—L [1-5], K-g [6] u BHR [7], Ha-
MPaBJICHHOMY Ha IOJIyYE€HHE €IMHOIO U PEAIN3yEMOr0 MPOrH03a KaKk KAHOHUYECKOTO, TaK U KOMIJIEKCHOTO
MepeMEILINBaHU.

B monensx, ocHoBaHHBIX Ha ypaBHeHHsX HaBre—CTOKCa, yCPETHEHHBIX 10 PeiHONB/ICY, BCe MacIITaObI
SIBIISIFOTCSL YCPEHEHHBIMU ¥ CMOJISIUPOBAHHBIM, TIOTOMY MOJYYUTH MOAPOOHYI0 HHPOPMAIIHUIO, HATIPUMED
0 CTPYKTypax W KoJieOaHUAX, HEBO3MOXKHO. Kpome Toro, cymiecTByrolas BepCHs HE MO3BOJSET OINUCAThH
KPUTUYECKHUI MEPEXONHBIA mpouecc. B Takux ciydasx, Kak OpaBUiIO, UCIOJIB3YKOTCA METOIbI MOAEIUPO-
BaHUA KPYMHBIX BUXxpei. OmgHAKO NI 3334 MepeMEIINBaHUs ¢ TOBTOPHBIM YIApHO-BOJIHOBBIM BO3JEHC-
TBUeM, BKItodaromux HeycrounBoctu PT, PM u KI' u cioxHble BOJHBI, YIOBIETBOPUTEIBHBINA MPOTHO3
C TIOMOIIBIO TOJILKO METOJIOB MOJICIMPOBAHUS KPYITHBIX BUXPEH (HE OTPaHUYCHHOTO MOJACISMH TypOyJICHT-
HOCTH) TIOKa €III¢ HE MOJIyYeH: B TAKOM MOJICIIMPOBAHUY pacueTHas GpakTHYeCKas IUPUHA TIEPEMEIIMBAHUS
U CKOPOCTh €€ poCTa 3aBbIlIeHEI. B mocnenHeit padbote [8] Obuta peacTaBicHa HOBask TUAPOIUHAMHYECKAs
MOZI€JIb Ha OCHOBE MOJEIMPOBaHUs KPYTHBIX BUXPEN C BBEAECHUEM YPaBHEHUA NIOICETOYHON KUHETUYECKON
SHEPI'UH U JTUHAMHUYECKH ONpeAeIeHHBIME Ko3(dunmenTamu Monenu. KapauHansHOe yimydilieHHe 3aKITH0-
yaercs B yuete 3dekra oOpa3oBaHuUs IUIaBydeCTH B POpPME 3aMBIKaHMs, JOKA3aHO SBIISIOMIETOCS OXHUM
U3 IOMUHUPYIOIIUX MEXaHU3MOB CO3/IaHuUs TypOYJIEHTHOTO niepeMelnBanns PM nipu MOBTOPHOM yJIapHOM
C)KaTUM M COXPAHSIONIETO CBOE 3HAUCHUE JIAXKE MPH CaMbIX MaJIbIX MaciTadax. JTa HOBas MOZEIh CHavasa
ObUTa IPUMEHEHA JJIs PEUICHUs 3a1a4u TypOyJlIeHTHOCTH PM mpu MOBTOPHOM IUIOCKO-BOJHOBOM yIapHOM
Bo3aeiCTBUU. C IOMOIIIBIO 3TOM MOJENH, B COUETAHUU C YIIYUIICHUEM 110 BO3MYIICHUIO HAYAJIBLHON CKOPO-
CTH, BIIEPBBIE BBIOJIHEHO NPOTHO3UPOBAHUE LIWPUHBI NEPEMELIMBAHMS, COMIACYIOLIEECS C IKCIIEPUMEH-
TaMH. 3aTeM 3Ta MOJIeNb ObliIa MPUMEHEHA K 0oJiee CIOXKHOM 3aaue TypOyJIeHTHOro nepemMernnBanus PM
C MEPEBEPHYTHIM IIEBPOHOM: U KAUE€CTBEHHBIE, U KOJIMUECTBEHHBIE PE3YJIBTATHl COMIACYIOTCS C pe3yibrara-
MH 3KCIIEPUMEHTA.

OTMeEU€eHO, UTO CyIIECTBYIOIIME METOABI MOJEIUPOBAHUS KPYITHBIX BUXPEH MO3BOJISIIOT MIPOTHO3UPOBATh
I100JIEHY O 3BOJTIONHIO ITUPUHBI IEPEMEIIMBAHUS B COIVIACHU C KCIICPUMEHTAMU U MTOJTy4YaTh MOPOOHEIC
XapaKTEPUCTUKH, CTPYKTYPBI U TapaMeTPhl, KOTOPbIE HEJI3S MMOJIYUYUTh B XO/I€ SKCIIEPUMEHTOB. B nanbHen-
LIEM 3TH PE3YJIBTaThl MOKHO UCIIOJIB30BaTh JJIsl UCCIEAOBAHUA MEXaHU3Ma IEPEXO0B U CO3JaHUs IEPEXO-
HBIX MOJEJIEN EpEMEIIMBAHUS.
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Turbulent mixing, induced by Rayleigh—Taylor (RT), Richtmyer—Meshkov (RM), and Kelvin—Helmholtz
(KH) instabilities, broadly occurs in both natural phenomena, e. g. supernova explosions, and engineering
applications, e.g. inertial confinement fusion (ICF). These three instabilities usually simultaneously exist and
are highly coupled to drive turbulent mixing, which raises a great challenge for turbulence modeling. For
practical problems, Reynolds-averaged Navier—Stokes (RANS) models that predict the statistical averaged
behavior of turbulent mixing serve as the most viable approaches as they can significantly reduce the com-
putational cost. However, there are very few turbulence models that can yield a unified prediction of differ-
ent turbulent mixing problems. Thus, recently, we have published series of works to improve the K-L [1-5]
model, as well as K-¢ [6] and BHR [7] model, to yield a unified and realizable prediction of both canonical
and complex mixings.

In RANS models, all scales are averaged and modeled, thus no detailed information, such as structures
and fluctuations, can be obtained. Also, the critical transition process cannot be described in the present
version. To overcome these shortages, large-eddy simulation (LES) becomes the most available method.
However, for the re-shocked RM mixing problems involving RT, RM KH instabilities and complex waves,
satisfactory prediction has not yet been achieved with the pure (not constrained by turbulence models) LES,
by which both the predicted actual mixing width (MW) and its growth rate are over-predicted. In our recent
work, a new dynamic LES model is developed [8], with a sub-grid kinetic energy equation introduced and
model coefficients dynamically determined. The key improvement here is to consider the buoyancy produc-
tion effect in the closure form, which is proved to be one of the dominant mechanisms generating turbulence
for the re-shocked RM mixing and remains important even at the smallest scales. This new model is first
applied to the planar re-shocked RM problem. Combined with the improvement of the initial velocity per-
turbation, a consistent prediction of MW with experiments is realized for the first time. Then, this model is
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further applied to a more complex RM turbulent mixing problem-inverse chevron. Both the qualitative and
quantitative results are consistent with the experimental results.

Noted that the present LES predicts a global evolution of MW in consistent with experiments, it can also
unveil the detailed characteristics, structures and quantities not provided by experiments. These results can
be further utilized to investigate the transition mechanism and to develop mixing transition models.
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B nanHoii pabote nccinenoBanoch pacnpeaesicH!e MIOTHOCTH B MEHOILIACTE MPH HATPYKEHUH B3PHIBOM
unnHAprudeckux 3apsaoB Ha ocHoBe BB TATD [1] auamerpom 40 mM. MeTonuka ornpenencHus mapamer-
POB CXaroro BellecTBa 3a (PPOHTOM yIapHON BOJHBI OCHOBAaHA HA U3MEPEHUU MPOXOJSIIETO CHHXPOTPOH-
Horo u3nyuenus (CH1) ot ycxkopurens BOIIII-4 (sHeprust anekTponos — 4,5 3B, Burmiep ¢ 9-1o moiarocami).
Jlesio B TOM, 4TO CHHXPOTPOHHOE M3IYYCHUE MOXKET OBITh ITOJIC3HBIM, TAK KaK OHO JIa€T BO3MOXKHOCTB CO3/1a-
HUS HCTOYHUKOB M3JTYYEHUS BBICOKOM sIpKOoCTH [2]. Bpems Mexay CHUMKaMU ONpPEesioCh EPHUO0M Bpa-
nieHus OaHuel (OTJENbHBIC CIYCTKH 3JCKTPOHOB) B YCKOpHUTeNe u cocTapisio 200 He mpu mecty 0aHvax.

10



COAEPXAHWE HA MPEABIAYLLYIO CTPAHULY HA CIIELYIOLYIO CTPAHULLY MEYATH

s peructpanuy NpoxoAsIIero u3ayueHus ¢ ucronb3zoBanueM CU ucnonb3oBaics peHTIeHOBCKUN Je-
tekrop DIMEX, koTophlii npencTaBiseT co00l KaMepy ¢ MOHWU3AIMOHHBIM T'a30M (KCeHOH). [ BhrumcC-
JICHUS. MacChl C)KaTOT0 BEIIECTBA MPOBOIMWIACH KanuOpoBKka noriomieHus nerekropa DIMEX. [{nst atoro
Mepe]T IETEKTOPOM CTaBUIIACh M3BECTHAS MacCa TOTO XKe BellecTBa. Bce kaHabI IeTeKTopa KaaTuopoBaIiCh
onHoBpeMeHHO. [IIOTHOCTH BemecTBa BAOJIb JIyda CUHXPOTPOHHOTO U3Jy4Y€HUs CHIIBHO MEHSJIACh, U3-3a
Yero MEHSUICS U CIIEKTp morionieHus. biaromaps kamuOpoBKe MOXKHO ObLTO BOCCTAHOBHUTH MAacCy CIKaTo-
ro Bemectsa Baonb CU. [IpennoxkeHHbIH METO/] MO3BOJIUI CKBO3HBIM 00Pa3oM BOCCTAHOBHUTH IUIOTHOCTh
BEILIECTBA 33 OYEHb KOPOTKUM MPOMEXYTOK BPEMEHM (IUIMTENbHOCTh UMMyNbca — 1 HC). BaxkHo oTMe-
TUTh, 4TO OJIarogapsi ucmnonb3oBanui nerekropa DIMEX peanu3oBbiBaicss crioco0 MOBBIIICHUS BPEMEH-
HOTO Pa3pellieHus MyTeM COBMEIEHUS HECKOJIbKHX 3amuceil nerektopa. C mMOMOIIBI0 TaHHOW METOIUKHU
OBLJIO BOCCTAHOBJICHO OTHOCUTEIPHOC M3MEHEHHE HHTCHCUBHOCTH BIIOJb OCH 3apsija npu jaeroHanuu BB

(puc. 1).

Puc. 1. Pactipenenenre HHTEHCUBHOCTH BIOJIb OCH 3apsija Ipu aeToHaunu BB
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In this paper, the density distribution in foam was studied when loading cylindrical charges based on
explosive TATB [1] with a diameter of 40 mm by explosion. The technique for determining the parameters
of compressed matter behind the shock wave front is based on measuring the passing synchrotron radiation
(SR) from the VEPP-4 accelerator (electron energy — 4.5 eV, wiggler with 9 poles). The fact is that synchro-
tron radiation can be useful, since it makes it possible to create high-brightness radiation sources [2]. The
time between the images was determined by the rotation period of the bunches (individual clumps of elec-
trons) in the accelerator and was 200 ns at six bunches.

A DIMEX X-ray detector, which is a chamber with an ionization gas (xenon), was used to register the
transmitted radiation using SR. To calculate the mass of the compressed substance, the absorption of the
DIMEX detector was calibrated. To do this, a known mass of the same substance was placed in front of the
detector. All detector channels were calibrated simultaneously. The density of matter along the synchrotron
radiation beam varied greatly, which is why the absorption spectrum also changed. Thanks to calibration, it
was possible to restore the mass of compressed matter along the SR. The proposed method made it possible
to restore the density of the substance in a very short period of time (pulse duration — 1 ns). It is important to
note that thanks to the use of the DIMEX detector, a method was implemented to increase the time resolution
by combining several detector records. Using this technique, the relative change in intensity along the charge
axis during detonation of explosives was restored (fig. 1).

Fig. 1. Intensity distribution along the charge axis during explosive detonation.
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BOMBAPAUPOBKH 3EMJIM TATAKTHUYECKUMHU KOMETAMUA
KAK IPUMUHA CYNEPKOHTUHEHTAJIbHONW HUKJUYHOCTHU:
HOBAS ®PUSNYECKAS UHTEPIIPETALIUA ®PEHOMEHA
«ACTUHHOTI'O MOJAPHOTI'O BJYXIAAHUS

A. A. bapenbaym

Hucturyt npobiem vedtu u raza PAH, Mocksa, Poccust
E-mail: azary@mail.ru

W3BecTHO [1], uTo mukinnyeckue OoMOaparpoBku CONHEYHON CUCTEMBI TaaKTHUYECKUMU KOMETAMU SIB-
JSIOTCS [IaBHBIM penbedoobpasyroniuM (akTopoM Ha BCeX IUIaHeTax. B vacTHocTH, Ha 3emiie OHU BHI-
3BIBAIOT PACKOJI KOHTUHEHTAJIBHBIX JUTOC(EPHBIX IUINT, a TAKKE MX OOBCAMHECHUE B CYNEPKOHTUHECHTHI
MOTIEPEMEHHO, TO B FOXKHOM, TO B CEBEPHOM IMONYIIAPUH. ABTOPOM NPEIIOKEH (DPU3MUYSCKUN MEXaHU3M,
OOBACHSIFOIINH 3TH (haKThl 00MOAPIUPOBKAMHU 3EMIIM TATAKTUYCCKUMHU KOMETAMH B TAJIAKTHYECKUX PyKaBax
[2] u mpeneccueit miockocTu HKIUNTHKY ConHeuHOU cucteMsl [3].

[MonspHOCTH 00pa30BaHUS CYNEPKOHTUHEHTOB OOBIYHO OOBSICHSIOT ()EHOMEHOM «UCTUHHOTO MOJIIPHOTO
onyxmanus (TPW)» DToT eHOMEH COCTOUT B M3MEHEHUU OPHEHTAIUU OCH BpAIlEHUS 3EMIIH MPH HEU3-
MEHHOCTH Te0oTpapUueCKUX MOJIOKEHUHN €€ MAarHUTHBIX NONMI0CcoB, @u3nueckoii npuunHoii TPW cuuraercs
KOHBEKIIMSI MAHTUMHOTO BEIIECTBA, U3MEHSIOIIAs HAIIPABIICHKE TJIaBHOM OCH MOMEHTa UHEPLIUU 3EMIIH.

Ha ocHoBe Mexanusma [2,3] Hamu npeanoxkeHa wHas ¢uzndeckas MHTEpHperaius ¢peHomeHa TPW.
IIpenmonaraercsi, 4To MOM JACHCTBHEM KOMETHBIX OOMOApIMPOBOK MEHSET OPHEHTAIUI0 OCh BpAICHUS
He 3eMJId B IIEJIOM, a e¢ BepxHel nuTocdepHol 00O0JIO0YKH B KOTOPOW JBHIKYTCS JIMTOC(EPHBIC TUIMTHI.
YcTaHOBIIEHO, UTO 3Ta 000JI0UKa BpaIllaeTCsl aBTOHOMHO OT BpaileHus MaHTuu 3emud. [loaTtomy Ha aBrbke-
HUE TUTOC(HEPHBIX ITUT OTHOCUTEIBHO MAHTHH CYIlIeCTBEHHO BinsieT cuiia Kopuomnuca. [loctpoena Mosiens,
KOTOpasi YYUTHIBACT 3TO 00CTOATENLCTBO. Ha mpumMepe pacmnana cynepkontuHeHTa [laHren mokasaHo, 4To
neiictBueM cuiibl Kopronnca MOXKHO OOBSCHUTH Kak crienn(uky o0pa3oBaHus ATIAHTHUECKOTO OKEaHa, TaK
Y BO3HUKHOBEHHUE TPAHC(HOPMHBIX Pa3jIOMOB Ha ATIIAHTUYECKOM CPEIMHHOM OKEaHMUSCKOM XpeoTe.
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EARTH BOMBARDMENT BY GALACTIC COMETS
AS THE CAUSE OF SUPERCONTINENTAL CYCLICITY:
ANEW PHYSICAL INTERPRETATION
OF THE “TRUE POLAR WANDER (TPW)” PHENOMENON

A. A. Barenbaum

Oil and Gas Research Institute RAS, Moscow, Russia
E-mail: azary@mail.ru

It is known [1] that cyclic bombardments of the Solar System by galactic comets are the main relief-
forming factor on all planets. In particular, on Earth, they cause a split of continental lithospheric plates,
as well as their association into supercontinents alternately, either in the southern or in the northern hemi-
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sphere. The author have proposed a physical mechanism that explains these facts by the bombardments
of Earth by galactic comets in the Galaxy spiral arms [2] and the precession of the Solar System ecliptic
plane [3].

At present, the polarity of the supercontinents formation is explained by the phenomenon of “true polar
wander (TPW)”. This phenomenon consists in a change in the orientation of Earth's rotation axis while the
geographical positions of Earth’s magnetic poles remain unchanged. The physical cause of TPW is con-
sidered to be the mantle matter convection, which changes the direction of main axis of Earth's moment of
inertia.

Based on the mechanism [2, 3], we propose another physical interpretation of the TPW phenomenon. We
believe that under the influence of cometary bombardments, it is not the rotation axis of mantle and Earth
as a whole that changes its orientation, but the rotation axis of Earth's upper lithospheric shell, in which
lithospheric plates move. It has been established that this lithospheric shell rotates autonomously and with
a higher angular velocity than Earth's mantle. Therefore, the movement of lithospheric plates relative to the
mantle is significantly affected by the Coriolis force. A model has been constructed that takes this circum-
stance into account. Using the breakup of the supercontinent Pangea as an example, it is shown that the ac-
tion of the Coriolis force can explain both the specifics of Atlantic Ocean formation and the occurrence of
transform faults on Atlantic mid-ocean ridge.
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BJIUAHUE MOIIIHOCTH BB HA OIITUMAJIBHBIE TAPAMETPbI
OBJIMIOBKU KYMWIATHUBHOI'O 3APATA

M. A. Bracosa, O. B. Ceupckuti

Poccwiickuii @enepanpubiii SAnepusrii Lieatp — Beepoccniickuit HUU sxcniepuMeHTanbHON QU3UKH,
Capos, Poccus

OnHUM U3 HanpaBieHUH TOBBIIIEHUS 3()()EKTUBHOCTH KyMYIISITUBHBIX 3aps/IOB SIBISICTCS MPUMCHEHHUE
MOIIHBIX Opu3aHTHBEIX BB. MomHocTs ucnonszyemoro BB urpaer ocoOyro poib, MOCKOIBKY OHO SIBISETCS
€JIMHCTBEHHBIM UCTOYHUKOM 3HEPTUU i (hOpMUPYEMOIl KyMYJISTHBHOHN cTpyu. B pabote mpoBoauTcs pac-
YETHOE UCCIIEIOBAHKE 110 BEIOOPY ONTHUMANLHBIX TapaMeTpoB (YITIOB pacTBOpa U pactpeesiCHUS TOJIIHH )
MEJIHBIX KOHUYE€CKHX OOJIMIIOBOK MPUMEHUTEILHO K UCTIOIB30BaHUIO TpeX TUNIOB BB: Ha ocHOBe rexcorena,
oktoreHa u ’AB B KyMyJIsTUBHOM 3apsizie.

Jliig uccrieioBaHus BHIOPaHBI TPAIUITMOHHBIC KOHCTPYKIIUU KYMYJISITHBHBIX 3aps/I0B — C METHBIMU KOHU-
YECKUMH OOJUIIOBKAMH U KOJIBIICBHIM MHHUIIMUPOBaHUEM mmamku BB. OnTumanbHas reoMeTpust 0OIHIIOB-
KM JIOJDKHA COOTBETCTBOBATH CYIICCTBYIOIIMM TEXHOJOTHUYECKUM BO3MOXKHOCTSIM HM3TOTOBJICHUS 3apsiIoB
1 00ecreunBaTh MAKCUMAIILHBIC PACUCTHBIC BEIIMYMHBI OPOHENPOOUTHS HA 3aJJaHHOM M ONTUMAJILHOM (ho-
KYCHBIX PACCTOSHUSX.

[To pe3ynbTaraM ucciaeI0BaHUl MMOKA3aHO, YTO ONTUMAIIBHBINA YTOJI pACTBOPA OOJHUIIOBKY YBEITHUYUBACTCS
MIpH MOBBIIIEHUK MolTHOCTH BB u cocraBnsger ~55° ansa cocraBa Ha OCHOBE rekcoreHa, ~60° s coctasa
Ha OCHOBE OKTOTeHa M ~65° s coctaBa Ha ocHoBe ['AB.
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EFFECT OF HE POWER ON OPTIMAL PARAMETERS
OF SHAPED CHARGE LINER

M. A. Vlasova, O. V. Svirskiy

FSUE “Russian Federal Nuclear Center — All-Russian Research Institute of Experimental Physics”, Sarov,
Russia

The use of powerful high explosives is one of the trends in increasing efficiency of shaped charges. The
power of the applied HE plays a specific role, because it is a unique energy source for a formed shaped
charge jet. In the work the calculated studies are being implemented to choose optimal parameters (apex
angles and wall thickness distribution) of copper conical liners as applied to the use of three types of HE: on
the basis of RDX, HMX and GAV (CL-20) in a shaped charge.

Conventional designs of shaped charges have been selected for studies — with copper conical liners and
ring initiation of an explosive charge. Optimum geometry of shaped-charge liner should be in keeping with
existing manufacturing capability for producing charges and it should provide with maximum estimated
values of armor penetration at prescribed and optimum stand-off distances.

The research results have demonstrated that an optimal apex angle of liner increases with increasing HE
power and amounts to ~55° for a RDX-based composition, ~60° for a HMX-based composition and ~65° for
a GAV (CL-20)-based composition.

1-5

4D APXUTEKTYPA U 3AKOHBI KYMYJISIIIUU BOJIH IE BPOMJISA
3JIEKTPOHOB B CTPYKTYPAX C PASMEPAMM OT 1075 1O 10%*6 m

@. U. Bvicukaiino

MocKkoBCKuU# ToCyqapCcTBEHHBIN 00acTHON yHUBepcuTeT, MockBa, Poccust

E-mail: filvys@yandex.ru

BriepBrie npenoxkeH U Bepu(UIUPOBaH SKCIIEPUMEHTaMU OOLINI MOIX0A K CTPYKTYPHO-CTallOHAPHOM
U TUHAMUYECKOM, OTPAaHUYEHHON M HEOTPaHWYEHHOM KyMYJSAIMM IUIOCKUX BOJH 1€ bpoiins anekTpoHOB
B aTOMHBIE CTPYKTYpBbI — nosble Monekyisl (Cg ), aTOMbl BOZOPO/Ja U B MPOTOHBI IIPU 3aXBaTe 3JIEKTPOHOB
ATOMHBIMHU siipaMH. DTU TPU BUAA HIEKTPOHHOW KyMYJISLIMU BOJH 1€ bpoilsis anekTpoHOB B MOJIbIE MOJIEKY-
JIBl, aTOMBI ¥ aTOMHBIE Spa COMPOBOXKAAIOTCA COOTBETCTBYIOLUIMMHU KOJJIATICAMM M MYJNbCALUSIMHU dJIEKTPH-
YECKOTO IT0J1s HIEKTPOHA H IPOTOHOB B 0GIACTH TIONBIX MOISPU3yeMBIX Mostekys (~10™ m), atoma (~107"" m)
W aHaJIOTHYHO B 00JIACTH MPOTOHA B aTOMHOM SIpeE C MOCIIEAYIOIIUM MPEBPaIiEHHEM 3TOT0 IPOTOHA B HEl-
Tpos (~107" M). Kak moATBepsKICHO IKCIEPHIMEHTAIBHO, KOJIIAIC BOMH 1¢ Bpoiiiis 2IeKTpOHOB, COTTIACHO
TeopeMe BUpHalla, COIPOBOXKIAETCS BBIAEICHUEM TOJOBUHBI IOTEHIIMAIBHON 3HEPTUH IEKTPOHA, B CIIydae
o0Opa3oBaHus aTOMa, B BUJE MEKTPOMAarHUTHOTO u3y4yeHus (mpu sHepruu = 13,61 3B ¢ yueTtom Bcero kac-
KaJia Mepexo/ioB Ha HWKHUM SHepreTHdecKuil ypoBeHs). [Ipu e-3axBare aTOMHBIM SpOM U HEUTPOHU3ALMH
MPOTOHA CIeAyeT OXKHUIATh aHAJIOTWYHOE M3JTy4YeHHE SHEPTrUuH B BHUIE HEHTpHHO (c sHeprueit ~0,85 MaB).
CornacHO OCHOBaM KBaHTOBOM MEXaHUKH, JIETKUH 3JIEKTPOH HE MOXKET HAaXOAUTHCS B sApE aroma, TeM 0o-
nee BHyTpH 1poToHa (~107"> M). IIpOHUKHOBEHHE YIEKTPOHA B ATOMHOE SIIPO, a 3aTeM B IPOTOH BO3MOKHO
TOJIBKO MPH OJHOBPEMEHHOM (OMLMKIOHMYECKOM) MEPEHOCE YacTH Macchl aTOMHOTO sizipa (ToJsipu3anuu
MPOTOHA) Ha BONHY Ae Bpoiis anekTpoHa, T. €. B porecce IeKTPOHHOTO 3axXBara 3JIeKTPOH HabupaeT mMac-
cy. OTKpbITast aBTOPOM OMKYMYIALMS BOJIH Ae Bpoiiist moka3pIBaeT HECOCTOATEIBHOCTD CIIOPa O XOIOTHOM
WM TOpsIUEM SIAEpHOM CHHTE3€. B mpupoe 3ToT CHHTE3 SABIAETCSA CTPYKTYPHBIM CHHTE30M. 31€Ch BaXKHYIO
POJIb UTPAIOT IUIOTHOCTH YHCIa YacTHll (PacCTOSHUE MEXKIY DIEKTPOHOM M MPOTOHOM), MPOLECCH] CTPYK-
TypHOU OMKyMyJsIMY Y-QyHKIKN BOJH Aie Bpoiiis sneKTpoHOB B MPOTOHBI U BEPOSITHOCTH IPOHUKHOBEHUS
3JIEKTPOHA B BUJE BOJIH ¢ bpoiiis B MPOTOH aTOMHOTO A1pa. XapaKTepHbIE pa3Mepbl aTOMOB, pealIbHBIX
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TE€Il U IJIa3MEHHBIX CTPYKTYp, B TOM YHCJIE 3BE3[, ONPEACIAIOTCS pa3MepaMu BOJIH Jie bpoiist 351eKTpoHOoB,
JIOKAJIN30BaHHBIX B KYJIOHOBCKHUX NMOTEHIMAIBHBIX sMax. Hamuune xymynsanuu BoiH e bpoins ot 1071
10 107 ™ MPUBOIUT K OOBEMHOM KyMYJISIIUHU B 10" Pa3 MacCHBHBIX 3Be3[ B KBAaHTOBBIE 3Be3/bl (Oeible
KapJMKH, HEUTPOHHBIE 3BE3/IbI U YEPHBIE IBIPHI) C PE3KUM YMEHBIICHHUEM UX XapaKTEepHBIX pasmepos. [Ipu
3TOM Ha OuH NpoToH npuxoautca 0,85 MsB mo-TeHUuanbHON AMEeKTPUUECKOW 3HEPruu KyMYJIATHBHOM
BHYTpH 3Be3fbl. [Ipu oOpa3oBaHuK HEHTPOHHOM 3Be3bl (¢ Maccoil 1,5-2 maccel ConHIa) BeIAETSETCS 10
200-370 M»B Ha HYKJIOH TpaBUTAllMOHHON 3HEPIUU NpHU paauyce HeWTpoHHOU 3Be3nbl 10 kM. CornmacHo
TeopeMe BHpHaJa, MOJIOBUHA TOM 3HEPriuH (OKyCHpYeTCs BHYTPH 3BE3[bl, a MOJOBUHA cOpachIBaeTCs Ha-
PYXy (B OKpy»Karoliee MpoCTPaHCTBO). Tak B KOJUIEKTHUBHOM KOJJIarice BOJH A€ bpoiins 31eKTpoHOoB, ¢ Of-
HOU CTOPOHBI, MPOSIBIIsiETCS UHTEP(EpEHIIHs KyJTOHOBCKOTO ¥ TPaBUTALIMOHHOTO MOTEHIIMAJIOB, a C APYTOi —
pa3HuIa Macc ANIEKTPOHA U HYKJIOHOB B 1839 pa3, uTo yBenuM4MBaeT IpaBUTALIMOHHYIO SHEPTHIO OTHOCH-
TeJbHO KynoHoBcKoit (0,85 MaB). Ho 6e3 Ky/moHOBCKOTro KoJrtarica BofH Jie Bpoiist aneKTpOHOB B IPOTOHEI
3Ty TPaBUTALMOHHYIO SHEPTHIO BBICBOOOANTH HEBO3MOXHO! KakiuM 00pa3oM BHYTPH HEHTPOHHOH 3BE3.bI
yaepxxuBaetcs sueprust 100—185 MaB Ha HykIIOH, MBI HccleqyeM B cieaylomeit padore. U 3nech 6e3 Kyio-
HOBCKHUX CHJI HE OOOUTHCH!
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4D ARCHITECTURE AND CUMULATION LAWS
OF ELECTRONS DE BROYLE WAVES IN STRUCTURES
WITH DIMENSIONS FROM 107 TO 10** m

P I Vysikaylo

Moscow State Regional University, Moscow, Russia
E-mail: filvys@yandex.ru

For the first time, a general approach to the structurally stationary and dynamic, limited and unlimited
cumulation of plane de Broglie waves of electrons into atomic structures — hollow molecules (Cq), hy-
drogen atoms and into protons when electrons are captured by atomic nuclei was proposed and verified by
experiments for the first time. These three types of electronic cumulation of de Broglie waves of electrons
into hollow molecules, atoms and atomic nuclei are accompanied by corresponding collapses and pulsations
of the electric field of an electron and protons in the region of hollow polarizable molecules (~107° m), an
atom (~107"° m) and similarly in the region of the proton in the atomic nucleus, followed by the transforma-
tion of this proton into a neutron (~10715 m). As confirmed experimentally, the collapse of de Broglie waves
of electrons, according to the virial theorem, is accompanied by the release of half of the potential energy
of the electron, in the case of the formation of an atom, in the form of electromagnetic radiation (at energy
=13.61 eV, taking into account the entire cascade of transitions to the lower energy level) . With e-capture
by an atomic nucleus and neutronization of a proton, one should expect a similar emission of energy in the
form of a neutrino (with an energy of ~0.85 MeV). According to the fundamentals of quantum mechanics,
a light electron cannot be in the nucleus of an atom, especially inside a proton (~107" m). The penetration
of an electron into an atomic nucleus and then into a proton is possible only with the simultaneous (bicy-
clonic) transfer of a part of the mass of the atomic nucleus (proton polarization) to the de Broglie wave of
the electron, i.e. in the process of electron capture, the electron gains mass. The bicumulation of de Broglie
waves, discovered by the author, proves the inconsistency of the dispute about cold or hot nuclear fusion. In
nature, this synthesis is a structural synthesis. Here an important role is played by the density of the number
of particles (the distance between an electron and a proton), the processes of structural bicumulation of the
y-functions of de Broglie waves of electrons into protons, and the probability of an electron penetrating
in the form of de Broglie waves into a proton of an atomic nucleus. The characteristic sizes of atoms, real
bodies and plasma structures, including stars, are determined by the sizes of de Broglie waves of electrons
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localized in Coulomb potential wells. The presence of cumulation of de Broglie waves from 10"t 10" m
leads to a volumetric cumulation of 10'° times massive stars into quantum stars (white dwarfs, neutron stars
and black holes) with a sharp decrease in their characteristic sizes. In this case, one proton accounts for
0.85 MeV of the potential electric energy cumulative inside the star. During the formation of a neutron star
(with a mass of 1.5-2 solar masses), up to 200-370 MeV per nucleon of gravitational energy is released at
a neutron star radius of 10 km. According to the virial theorem, half of this energy is focused inside the star,
and half is dumped outside (into the surrounding space). So in the collective collapse of de Broglie waves
of electrons, on the one hand, the interference of the Coulomb and gravitational potentials is manifested,
and on the other hand, the difference in the masses of the electron and nucleons by 1839 times, which in-
creases the gravitational energy relative to the Coulomb (0.85 MeV). But without the Coulomb collapse of
de Broglie waves of electrons into protons, this gravitational energy cannot be released! How the energy of
100-185 MeV per nucleon is kept inside a neutron star, we will investigate in the next work.
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METEOPUT YEJABUHCK: 10 TET HA 3EMJIE
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2I/IH(:THTyT reosnorur 1 munepanoruu umenu B. C. CoboneBa CO PAH, HoBocubupck, Poccust

0630p. Yensdbunckoe codpitue 15.02.2013 rona — Hanbosee sSpkoe U MOITHOE COOBITHE HA HAILIEM BEKY
C BTOp>keHHeM HeOonbLIoro HebecHoro Tena. Cynepbomnu Habmogancs B HECKOJIBKHUX pernoHax Ypania u npu-
BeJI K pa3pyIIUTENbHOMY BO3IEHCTBUIO YIApHOH BOJHBI M BBIMAJCHUIO MHOKECTBA (hparMeHTOB. OCHOBHAS
Macca Oblla M3BJe4eHa OceHblo u3 o3epa Yebapkynb. BemecTBo Meteopura YensOuHCK ABISETCS OOBIKHO-
BeHHbIM XOHApUTOM LL5 S4 WO u mpeacTaBieHO HECKOJIBKUMH BH3YaJbHO Pa3IMYUMBIMH JIUTOJIOTUSMH,
yAapHBIMHU MPOXKUIIKAMH U Kopoi Tasnenus [1-4]. Kak B Menkux ¢parmeHnTax, Tak 1 B OCHOBHOM Macce U3
03epa BBIABISIETCS CBETIas1, TEMHAs M yAapHO-pacIiaBHas TUToNoruu. Hannune Takux 30H yKa3bIBaeT Ha To,
YTO B KOCMHUYECKOH MCTOPHU POAUTEIHCKOTO Tejaa MeTeopuTa YensOMHCK UMENH MECTO yIapHble COOBITHS,
KOTOpBIE, BEPOSITHO, JIOKAIBHO IPUBOAMIN K YACTUYHOMY HJIH TIOJIHOMY IUIABJICHUIO HCXOAHOTO XOHJPHUTA.

Borarblif Hay4HBI MaTepual, MOJYYEHHBIH B pe3ynbTare HaOMOneHUH OonMa, aHaIN3 MOCIEACTBUHA
SHEPTEeTHYECKUX BO3ACHCTBUN U HCCIeNOBaHUS (ParMEHTOB METEOpUTa TO3BOJIMIN MO-HOBOMY B3IVISIHYTh
Ha HEKOTOpbIE POLIECCHI ABOJIIOLIUH BellecTBa MeTeopuTa YeasiOMHCK B KOcMOce U Ha 3eMiie.

B 0030pe nuteparypsl 3a 10 j1eT paccMOTpEeHBI BONPOCHL: aHAIN3 CBETUMOCTH 00JIMAA U ero (parMeHTa-
UM, TIOBEICHUE Ha TEMHOW TPAaeKTOpUH MojeTa GpparMeHToB; (OPMUPOBAHNE «CHEXKHBIX MOPKOBOKY; TO-
Teps 6onee 99% BemecTBa 1 00pa3oBaHUE MTIOMOB; cladas MPOYHOCTh METEOPOH A U IPUYHNHA B3PBIBHOTO
paspyLIeHus; TEKCTYpa JINTOJIOTHIL; CTPYKTypa SK30THYECKHX MUHEPAJIOB U JIP.

O06001eHue Bcex TaHHBIX MO BO3PACTy AJIsl MeTeopuTa YensOMHCK BBISIBIIIO YETHIPE OCHOBHBIX UMIIAK-
THBIX coObITHs (~4450, 2550, 1700, 25 Ma), a Takkxe BEpPOSTHOCTH €llle AByX-4eThipex coObIThii (~3700,
1000 Ma u nip.) [5, 6]. [Ipu 3ToM Bo3pact 25 Ma, mo-BHIMMOMY, COOTBETCTBYET ATAITy OOMIBHOTO TOSBICHHUS
UMIaKkTHOTO paciuiaBa. C Apyroil CTOpOHBI, MpocTeiilas uHTepnpeTanns 00pa3oBaHUsl TEKCTYPHBIX 30H
CBHUJIETENILCTBYET O TOM, YTO BCE TPH JIUTOJIOTHH MOTYT 00pa30BaThCs BO BPEMS OHOTO MMITAKTHOTO COOBI-
TUS: (PparMeHTHl CBETJION JTUTOJOTHH OBLIM MOMEIIEHbI B yAapHbIH pacIuiaB, a TEMHas JIMTOJIOTHs 00pazo-
BaJIach B pe3ylbTaTe TEIUIOBOTO B3aUMOIEHCTBUS MEXIY HUMH. DKCIIEPUMEHTHI, BEIMOTHEHHBIE B POSAL] —
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BHUNUT®, nokazanu, 4To TaKOH MEXaHU3M BO3MOXKEH 7Sl (POPMUPOBAHUS TEKCTYphl OPEKYNH B KPYITHBIX
obnomkax YensiOnuckoro mereopura. [7, 8].

ABTOpHI OaronapsT 3a MoAAEPKKy MUHUCTEPCTBO HAyKU U BhIcIIero obopa3oBaHust PO B pamkax [Ipo-
rpaMMel pa3BuTts Yp®Y B cootBeTcTBHHU ¢ porpamMmoil «IIpuopruter—2030%.
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V. I. Grokhovsky, R. F. Muftakhetdinova, G. A. Yakovlev, E. V. Brusnitsyna, E. V. Petrova // Planet. and Spa.
Sci. —2020. — Vol. 192. P. —-105050.

THE CHELYABINSK METEORITE: 10 YEARS ON EARTH

V. I. Grokhovsky', M. Yu. Larionov', A. Yu. Pastukhovich', E. V. Petrova', R. F. Muftakhetdinova',
G. A. Yakovlev', V. V. Sharygin"?, E. V. Brusnitsyna'

'EXTRA TERRA CONSORTIUM, Institute of Physics and Technology, Ural Federal University,
Yekaterinburg, Russia

2Sobolev Institute of Geology and Mineralogy SB RAS, Novosibirsk, Russia

Review. The Chelyabinsk event of 15.02.2013 is the most striking and powerful event in our lifetime,
connected with an entrance of a small celestial body into the atmosphere of the Earth. The bolide was
observed in several regions of the Urals and resulted in the destructive shock wave and the fall of many
fragments. The main mass was recovered in the autumn from Lake Chebarkul. Chelyabinsk meteorite is an
ordinary chondrite (LL5 S4 WO0), which contain several visually distinguishable lithologies, shock veins
and fusion crust [1-4]. Both the small fragments and the main mass from the lake reveal light, dark, and
impact-melt lithologies. The presence of such zones indicates impact events during the space history of the
Chelyabinsk meteorite parent body. Such phenomena may have caused partial or total melting of the original
rock (light lithology) in local areas.

The rich scientific material obtained from the observations of the bolide, the analysis of the consequences of
energy effects and the research of meteorite fragments allowed to take a fresh look at some processes of the
evolution of the Chelyabinsk meteorite in space and on Earth.

The overview of the sources for 10 years addresses the following issues: analysis of the luminosity of the
bolide and its fragmentation; behavior of fragments during dark flight; the formation of “snow carrots”; loss
of more than 99% of the substance and formation of plumes; weak strength of meteoroid material and the
reason of its explosive destruction; texture of lithologies; structure of the exotic minerals, etc.
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Analysis of all known datings of the Chelyabinsk meteorite matter reveal four main impact events (~4450,
2550, 1700, 25 Ma) and probability of another two-four events (~3700, 1000 Ma u ap.) [5, 6]. Apparently,
the event on 25 Ma corresponds to the stage of abundant impact melt formation. On the other hand, the
simplest explanation of these textural zones coexisting is a formation of all three lithologies during a single
impact event: fragments of light lithology have been placed in a melt, and dark lithology is the result of
the thermal interaction between them. The experiments carried out in RFNC — VNIITF proved that such a
mechanism of breccia texture formation is possible for large fragments of Chelyabinsk meteorite [7, 8].

The authors acknowledge for the support the Ministry of Science and Higher Education of the Russian
Federation within the Development Program of UrFU “Priority—2030".
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MOJEJNPOBAHUE PA3BBUTHUS
THJIPOJMHAMUYECKUX HEYCTOMYNUBOCTEN
U IEPEMEIINBAHUS B JIASEPHBIX MUIIIEHSX TPSIMOTO
OBJIYYEHUS IO KOMIIJIEKCAM TUTP-3T 1 OMET'A-3T

. B. Jlembosckuii, B. A. Jlvixos, JI. B. Coxonos, /. B. Xumuy, A. H. Illyuwinebun

OI'VII «Poccwuiicknii @enepanvubiii Anepusriii Leatp — Beepoccniickuit HUU texamueckot hpu3nku
nmenH akagemuka E. M. 3a0a0axunay», CHexxuHCK, Poccus

B SKCIICPUMCHTAX C OJAHOKACKaJAHBIMU MUIICHSIMHU, NPOBCACHHBIMU HAa YCTAHOBKC NIF no cxeme He-
HpsAMOro OONyYeHHs, INOMYYeH BBIXOA TepMOslepHOH sHeprun Erq ~ 1,3 MJDx npu sHeprum nasepa
E; = 1,9 MJIx [1]. Bo3MOXHOCTb Te MOAACPHOTO 3aKUT'aHUA MHIIEHEN MPSIMOro 00aydYeHHs Ha MEraaxo-

L b
YIBbHBIX JIA3C€PHBIX YCTAHOBKAX C€IIC MPEACTOUT BbIACHUTD. OCHOBHBIMU TPYAHOCTSAMU HA 3TOM IIYTHU ABJIAOT-
Csa pa3BUTUC TUAPOANHAMUYCCKUX HCYCTOI\/’ILH/IBOCTCI\/'I [2] 1 BbI3BAHHBIC UMU MPOILECCHL Typ6y.]'ICHTHOFO ne-
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pememnBanus [3]. C ucnonb30BaHUEM ABYMEPHBIX MporpaMMmHbix koMiuiekcoB TUI'P-3T u OMETA-3T
[4] mpoBeZieHO M3yUYEHHE 3TUX MPOLECCOB Ha CXKaTHE U TEPMOSAJIEPHOE TOPEHUE ONHO- U JBYXKacKaJHOU
MUILeHeH TpsmMoro obaydeHus. CorlacHO MPOBEAECHHBIM pacdeTaM OJHOKACKAAHOW MUILEHH [5] IIMHHO-
BOJIHOBBIE BO3MYILEHUS C HOMEpAaMU TapMOHUK [ ~ 4-12 u ammutynoi 4; ~ 1% B acHMMeTpuUH IIOIVIO-
IIEHHOM JIa36pHOM DHEPIUU HE NPHUBOJAT K CUJILHOMY CHWKEHUIO E1gq B 5TOM ciyuae. [lns 5Tok MuiieHu
YPE3BBIYANHO ONACHBIMH OKa3bIBAOTCS KOPOTKOBOJIHOBBIE BO3MYIICHUS: aMILIUTYAbI Ag) ~ 0,1% nnn Bo3-
MYLICHUS, 3aJaHHbIe B HaYaJbHBII MOMEHT BPEMEHH Ha TPaHUIIe TOIUIMBA U a0JIsITOpa ¢ aMILTUTYA0H BCEro
Seo ~ 1076 cm, NPUBOJAT K CHUKEHMIO Ergq B 2-3 pasa. IIpu coxatum JByXKacKaJHbIX MUIIEHEH Tuna [6]
NpoHCXoauT d(P(PEKTUBHOE CIIIAKMBaHKUE BO3MYILICHHUH B Mpollecce WX Iepenadd OT BHEIIHEero KacKaia Ha
BHYTpeHHUI. B pe3ynbrare 1ist BO3MyIIEHNH B aCUMMETPUHM TOIVIOIIEHHOM JIa3epHON SHEPTUH ONaCHBIMU
OKa3bIBAOTCS JUIMHHOBOJIHOBBIE BO3MYIIEHUS € A, ~ 1%, KOTOpbIE IPUBOAT K CHUKEHHIO Erq B 23 pasa.
Jl1g TakuxX MMILIEHEH BaXHO MPAaBUIILHO ONMMCHIBATH MPOLIECCH Pa3BUTHS HEYCTOWYMBOCTEH U TepeMELINBa-
HUS Ha TPaHMIIaXx BHYTPEHHETO Kackaja, BBIMOJIHEHHOTO U3 MaTepualia ¢ BRICOKMM Z. B noknazae npuseneHo
CPaBHEHHUE pe3ybTaToOB MPSMOro MOJEIUPOBAHUS POCTa THAPOINHAMUYECKUX HEYCTOMUMBOCTEH U pacue-
TOB MEPEMEIINBAaHHA C HCIIOIb30BAaHUEM MOJTYIMIIMPUIECKON ke—MOIENH TYpOYACHTHOTO TIepeMEeIMBaAHMS
[7], IpOpBENEHHBIX C LIETBI0 U3YUEHHS UX BIUAHUS HA CXKaTUE U TOPEHHUE JIa3epHBIX MULIEHEH [5, 6].
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SIMULATION OF HYDRODYNAMIC INSTABILITIES AND MIXING
IN DIRECT-DRIVE ICF TARGETS
BY TIGR-3T AND OMEGA-3T CODES

D. V. Dembovsky, V. A. Lykov, L. V. Sokolov, D. V. Khimich, A. N. Shushlebin

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

A thermonuclear yield Ey = 1.3 MJ for a laser energy £; ~ 1.9 MJ was obtained in NIF experiments with
single-cascade indirect-drive targets [1]. The possibility of igniting the directly driven targets of MJ lasers is
still to be proved. Here the main difficulties are hydrodynamic instabilities [2] and the turbulent mixing they
cause [3]. The 2D TIGR-3T and OMEGA-3T codes [4] were used to study the compression and combustion
of single- and two-cascade direct-drive targets. Our calculations for the single-cascade target [5] suggest that
long-wave perturbations with harmonics / ~4-12 and amplitude 4, ~ 1% in absorbed laser energy asymmetry
do not significantly reduce ETN. Extremely dangerous for this target are short-wave perturbations: the am-
plitudes A4, ~ 0.1% or perturbations with as low amplitudes as 64, ~ 107 cm specified at the initial time on
the fuel-ablator boundary, reduce ETN by 2-3 times. In the compression of the two-cascade targets of type
[6], perturbations effectively smooth in their transition from the external to the internal cascade. As a result,
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here dangerous are long-wave perturbations with 4,, ~ 1% which make ETN about 2-3 time lower. For
these targets, it is important to correctly describe the processes that govern the development of instabilities
and mixing on the boundary of the external cascade made of a high-Z material. The paper compares results
obtained in the direct simulation of the growth of hydrodynamic instabilities and calculations with the semi-
empirical ke—model of turbulent mixing [7], performed with the aim to study the effect of instabilities and
mixing on target compression and combustion [5, 6].
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YCTOUUYUBOCTDb TOPU30OHTAJBHOTO CJOS KUJIKOCTHU
C TSIKEJIOM IPUMECBHIO

O. H. J/lemenmves

UensOMHCKUIA TOCYTapCTBEHHBIN yHUBepcUTeT, Yensionuck, Poccus

PaccmarpuBaercs Bsi3kas HeCKUMaeMasl KHUAKOCTb, COEprKallas MPUMECh TSDKENBIX TBEPAbIX YaCTHLI.
KuakocTs ¥ mpuMech MpeanoaaraloTcsl B3aMMOIIPOHUKAIOIIMMU U B3aUMOJCHCTBYIOIIUMU JIPYT C APYTrOoM
CIUIOIIHBIMH CpelaMH, B3aUMOACHCTBHEM MEXIy YacTHLaMH mpeHeOperaercs. B3aummoneiicTBue MExIy
(azamu Ipy UX OTHOCUTEIHLHOM JBIKEHUU TouHuHsAeTCs 3akoHy Crokca. OObeMHast A0JIS 4aCTHL HACTONb-
KO MaJia, 4To MONpaBKoi DHHIITEHHA K BA3KOCTH XKHIKOCTH MOXKHO NpeHeOpeyb. YacTHIIbI TpeanoiIararoTces
cepuueckuMu, HeneGopMUpyEMBIMH, OJUHAKOBOW MAacChl M paanyca; INIOTHOCTh MaTepualia 4acTHL Ha-
MHOTO OOJIbIIE MIOTHOCTHU JKUAKOCTH.

KunkocTs 3amonHseT TOPU30HTAIBHBIN OECKOHEYHBIH CIIOH, OrpaHMYECHHBIA TBEPABIMH MapajuiebHbI-
MU IJIOCKOCTAMH. YacTHUIlBl ¢ ONHOPOJHON KOHLIEHTpalMel MOMaJaloT B CIOW yepe3 BEPXHIOI T'PAHUILY,
a HIDKHSS TPpaHUIa HarpeBaeTcs. YacTHUILbI 0CENaloT, MOATOMY B HEBO3MYILIEHHOM COCTOSHUM IPOUCXOAUT
MOTIepEYHOE JBMKEHUE IPUMECH B CJIOE C paBHOMEPHOI BEPTHKAJIBHOM CKOPOCTHIO. YacTuIlpl MomagaroT
B CJIOH MpHU TEMIIEpaType ero BEPXHEHN rpaHuUIIbI.

B npenensHOM ciyuyae B3BELIEHHBIX YAaCTHUI] paclpe/lelieHne TeMIepaTypbl OKa3bIBaeTCs JIMHEHHBIM 110
BepTUKaU. C yBETUYEHUEM CKOPOCTH OCAKIEHMS YacCTHII, & TAKKE C pOCTOM MX MacCOBOM KOHIIEHTpaluH
U OTHOCHUTENIBHOW TEIUIOEMKOCTH YBEJINYMBAETCA HCKaXXEHHE JTMHEWHOTO pachpeAefieHHs TeMIleparypsl
xunkocty. [Ipu nanpHeimeM yBelTuUeHNH YKa3aHHBIX IapaMeTPOB Ha HIKHEW rpaHuLe GopMUpyeTCs Mo-
TPaHUYHBIHN CJIOH, BHYTPH KOTOPOTO COCPEAOTOUEHO OCHOBHOE U3MEHEHNE TEMIIEpaTyphl HECYIIEH Cpelibl.

Bynem paccmarpuBaTh yCTOHUMBOCTD CJIOS 110 OTHOIIEHHUIO K HOPMaJIbHBIM BO3MYILEHHUAM, HEPHOTUUECKUM
no ropu3oHTany. [lonmydeHHas kpaeBas 3aja4a ONpeaessieT CIeKTp AeKPEMEHTOB BO3MYIIEHHS U MPEIebl yc-
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TOWYHMBOCTH PABHOBECHS CIOSI AKUAKOCTHU (rasza), COlEpKallero MpuMecHble YacTulpl. JleKpeMeHT 3aTyXaHus
BO3MYILEHHU 3aBUCUT OT HE3aBHCUMBIX MapaMeTpoB 3agauu: yucen [pacroda, [panarns u Fanunes (unum cko-
POCTH OCaXJICHUS YaCTHIL), MACCOBON KOHIIEHTpPALIK IPUMECEH, BOTHOBOTO YHCIIA U BpEMEH penakcanuu. J{ns
pelleHus KpaeBoil 3a7aun MpUMeEHsJICS METO MOIIaroBoro MHTerpupoBanus Pynre—Kyrra—MepcoHa ¢ opto-
roHanuzamueit mo I'pamy—IlIMuaTy pe3ynsTHPYIOMNX BEKTOPOB PELICHUS Ha Ka)KAOM IIare MHTErpUpOBAHUS;
OpPTOHOPMHUPOBAHUE MPOBOJMIOCH K MAKCHMAIBbHOMY MO MOIYJIO (Ha JAHHOM LI1are) BEKTOpPY PEeIIeHMUS.

C yBenmueHHEeM MacCOBON KOHLEHTPALUK MPUMECH Ha HIKHEW TpaHuLe Closl HAYMHAET (POPMHUPOBATHCS
TeMIepaTypHbIi MOTPaHUYHBIN CI0H (IPOMCXOOUT «BBIAYBaHKE» paclpeaeeHus TeMieparypsl rasa). C poc-
TOM CKOPOCTH YacTHIl TaKKe HaOII0AaeTCs YCHICHNE NCKaXKAIOLIEeTo BIMSHUS IPUMECH Ha pacrpeesieHue
TeMIepaTypsl Hecyei cpeasl. CTa0HIM3upylolee BIUsHAE ASHCTBUS YaCTHIl HA YCTOMYMBOCTH PABHOBECHUS
NP 5TOM Bo3pacTtaeT. B croe Bozayxa TONMMHON 2 cM ABHKEHHE APEBECHBIX YaCTHIl CO CKOPOCTHIO 12 cMm/c
YBEJIMYHBACT yCTOMYMBOCTh MOYTH B 4,5 paza. OnHako npu OOJBLIMX 3HAUYCHUAX CKOPOCTH OCAKICHUS ee
JanbHEHIIee yBEeNUYeHNe TPUBOIUT K HEOONBIIOMY MCKaKEHHIO YCTAaHOBHUBLIETOCS paclpenesieHus TeMIie-
paTtypbl Hecyleil cpeabl 1, CIeA0BaTeIbHO, K HEOOIBIIOMY YBEIHYESHUIO CTaOMIM3UpYIoLIero s Qekra.

STABILITY OF A LAYER OF FLUID WITH HEAVY IMPURITY
O. N. Dementev

Chelyabinsk State University, Chelyabinsk, Russia

A viscous incompressible liquid containing an admixture of heavy solid particles is considered. The liquid
and the impurity are assumed to be interpenetrating and interacting with each other continuous media, the
interaction between particles is neglected. The interaction between the phases during their relative motion
obeys the Stokes law. The volume fraction of particles is so small that the Einstein correction to the fluid
viscosity can be neglected. The particles are assumed to be spherical, non-deformable, of the same mass and
radius; the density of the particle material is much greater than the density of the liquid.

The fluid fills a horizontal infinite layer bounded by solid parallel planes. Particles with a uniform con-
centration enter the layer through the upper boundary, and the lower boundary is heated. The particles settle,
therefore, in the unperturbed state, there is a transverse motion of the impurity in the layer with a uniform
vertical velocity. Particles enter the layer at the temperature of its upper boundary.

In the limiting case of suspended particles, the temperature distribution turns out to be linear along the
vertical. With an increase in the settling rate of particles, as well as with an increase in their mass concentra-
tion and relative heat capacity, the distortion of the linear distribution of the liquid temperature increases.
With a further increase in the above parameters, a boundary layer is formed at the lower boundary, inside
which the main change in the temperature of the carrier medium is concentrated.

We will consider the stability of the layer with respect to normal perturbations that are periodic along the
horizontal. The resulting boundary value problem determines the spectrum of perturbation decrements and
the stability limits for the equilibrium of a liquid (gas) layer containing impurity particles. Decrement of the
damping of perturbations depends on the independent parameters of the problem: the Grashof, Prandtl and
Galileo numbers (or particle settling velocity), impurity mass concentration, wave number, and relaxation
times. To solve the boundary value problem, the Runge—Kutta—Merson step-by-step integration method was
used with the Gram-Schmidt orthogonalization of the resulting solution vectors at each integration step; or-
thonormalization was carried out to the maximum modulo (at this step) solution vector.

With an increase in the mass concentration of an impurity, a temperature boundary layer begins to form at
the lower boundary of the layer (there is a “blowing” of the gas temperature distribution). With an increase
in the particle velocity, an increase in the distorting effect of the impurity on the temperature distribution of
the carrier medium is also observed. The stabilizing effect of the action of particles on the stability of the
equilibrium increases in this case. In a layer of air 2 cm thick, the movement of wood particles at a speed of
12 cm/s increases the stability by almost 4.5 times. However, at high values of the settling rate, its further
increase leads to a slight distortion of the established temperature distribution of the carrier medium and,
hence, to a small increase in the stabilizing effect.
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JIABEPHO-OITUHYECKHUE METOJAbI KOHTPOJIA
BBICTPOITPOTEKAIOHNINX T'ASOAUMHAMUYECKHUX ITPOLECCOB

U. B. 3aiiyes, FO. /I. Apanos, A. E. [lopyudonos, B. I Kamenes, B. H. Typxun, A. A. Tuxos,
II. B. Kybacos, A. C. beiukos, I1. H. Apowyxk, A. A. Tasnees, H. A. Ky3omun

OI'VII «Beepoccuiickuii HayyHO-UCCIEA0BAaTENbCKUI MHCTUTYT aBToMatuky uMm. H. JI. Tyxosa», Mockaa,
Poccus

Bo B3pBIBHBIX SKCIEPUMEHTAX I MHULUUPOBAHHUS U JUATHOCTHKH OBICTPOIPOTEKAIOMINX MPOLECCOB
HCIIOJIB3YIOTCSI CHCTEMBI Ha OCHOBE J1a3€PHO-ONTUYECKUX KOMIUIEKCOB.

Bo OT'VII «BHUMA» 0cBOEHBI cienyrolye ONTHYECKHEe METOABI peruCTparvn:

* BBICOKOCKOpPOCTHas nudpoBas GoroxpoHorpadus ¢ 3epKaJbHON pa3BepTKoii;

* MHOTOKaHaJbHas Jla3epHas TeTepoArHHas HHTephepoMeTpruiIecKas aHEMOMETPHsI Ha OCHOBE METOOB
PDV u ®at6pu-Ilepo;

* peructpauusi korepeHTHOro ooparHoro paccesaus (KOP) Ha miIoTHBIX 00BbEMHBIX paccenBaroIuX 00-
pa30BaHUsX;

* ronorpaduyueckasl perucTpanus 00beMHBIX TBUIEBBIX, a9PO30JILHBIX 00pa30BaHUiN H TUIA3MBI.

Jlns mpoBeneHus B3pBIBHBIX 3KCIIEPUMEHTOB IIPEIIOKEHBI CUCTEMBI ONTUYECKOIO MOJAPHIBA HA OCHOBE
TBEPAOTEIbHBIX JIA3EPHBIX YCTPOUCTB.

B noknane mpUBOAATCS METOABI JIA3€PHO-ONTHUECKON perucTpanuy, GuU3ndecKue NPUHLIUIBI, 0COOeH-
HOCTH M TIpeleNbHBIE BOBMOXHOCTH. [IpeacTaBieHbl TEXHUYECKHE XapaKTePUCTUKN pa3pabOTaHHOM amrma-
paTypbl Ha MX OCHOBE M PE3YJIbTaThl AKCIIEPUMEHTOB 110 UCCICIOBAHHUIO PA3IMYHBIX OBICTPOIIPOTEKAIOIINX
ra3oJMHaMHU4YECKHUX ITPOLIECCOB.

Kpome atoro, mist pacmmpeHus quana3oHa PErHCTPaldH KOHLEHTPAMK YaCTHI JUCIEPCHON (a3bl
MPEAIOKEHO UCTIONB30BaTh KoMOnHanuio MetogoB KOP, paccesnust Mu u ronorpaduu.

LASER OPTICAL METHODS TO CONTROL
HIGH-RATE GAS DYNAMIC PROCESSES

L V. Zaytsev, Yu. D. Arapov, A. E. Dormidonov, V. G. Kamenev, V. N. Turkin, A. A. Tikhov,
P. V. Kubasov, A. S. Bychkov, P. N. Yaroshchuk, A. A. Tavleev, N. A. Kuzmin

FSUE “Dukhov Automatic Research Institute”, Moscow, Russia

Systems based on the laser optical complexes are used in the explosive experiments to initiate and diag-
nose the high-rate processes.

FSUE “VNIIA” has mastered the following optical recording methods:

* high-speed digital streak photography with mirror sweeping;

 multi-channel laser heterodyne interferometric anemometry based on the PDV and Fabry-Perot methods;

« recording of coherent backscattering on the dense volume dissipative formations;

* holographic recording of volume dust and aerosol formations and plasma.

Optical initiation systems based on the solid-state laser devices have been proposed to conduct the explo-
sive experiments.

The report addresses the laser optical recording methods, physical principles, peculiarities, and limit
capabilities. The technical characteristics of the equipment developed with regard to the features mentioned
above are presented as well as the results of the experiments to investigate high-rate gas dynamic processes.

In addition, the combination of coherent backscattering, Mie scattering, and holography methods is pro-
posed in terms of expanding the recording range of dispersed particle concentration.
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OCOBEHHOCTH ITPOLHECCA BBIBPOCA BEIIIECTBA
HPU IBYXBOJTHOBOM HAT'PYKEHHUU OBPA3IIA N3 CBUHIIA

T. A. Aoueamosa, M. B. Aumunos, H. B. Bacnses, A. b. I'eopeuesckas, /[. H. 3amvicnos,
M. O. Jlebeoesa, K. H. Ilanos, /[. A. [lonwxkos, A. C. Cokonosa, b. U. Tkauenxo, E. A. Yyoaxkos,
U. B. Opmos, A. O. Heoexun, A. I1. Aemyuwienxo

OI'VII «Poccuitckuii @enepanbubiii Anepuslii Llentp — Beepocceuniickuit HUU 3kcniepuMeHTaIbHON
¢u3ukm», MHCTUTYT 3KCIIEpUMEHTAIBHON Ta30JMHaMUKH 1 (GU3NKH B3phiBa, CapoB, Poccus

[Ipu nccnenoBanuyu npouecca yaapHO-BOJTHOBOIO «IIBUICHHUS» MTOKa3aHO, YTO Macca MOTOKA YacTHUIl, BbI-
OpomeHHast co cBoooaHoN noBepxHocTu (CIT) oOpasia mon aeiictBueM ofaHOW ymnapHOW BoiHBI (YB), 3a-
BUCHT OT CTeneHH o0paboTku noBepxHocTH [1—4]. OgHako B psae mpakTuiecku BakHbIX ciydaeB Ha CII
o0pasia MOXKET BBIXOJUTh MOCIIEA0BATEILHOCTE ABYX U Oonee YB [5—7]. ITocne Beixona Ha CII neproii VB,
UMEOLIeH 32 (POHTOM CHal AaBICHUS U MacCOBOH CKOPOCTH, MPHUBOISIINI K OTKOJBHOMY Pa3pyLICHHIO
o0pasia, uepe3 MPOMEKYTOK BPEMEHH OT 3 110 4 MKC BBIXOAUT BTOpas YB — BomHa KOMIakTHpOBaHUA. BbI-
XOJ BTOPO BOJTHBI HA (PPOHT CKOMITAKTUPOBAHHON 4acTH 00pa3la MOXKET MPUBOIUTH K JAOTIOJIHUTEIBHOMY
BBIOPOCY BellecTBa co ChopMUPOBaHON MOBEPXHOCTH, UMEIOILEH TOPUCTYIO CTPYKTYpY. Bompoc o ToMm, yem
00yCIIOBJIEHO «BTOPUYHOE MBUICHUE» C 3TOH MOBEPXHOCTH, M CBSI3aHO JIK OHO C MCXOJHBIMH MapaMeTpaMu
IIEpOX0OBAaTOCTH MOBEPXHOCTH, OCTAETCS HEAOCTATOUHO N3yUYEHHBIM

st Toro, yToObI pa3odparkesi, Kak MPOTEKAeT 3TOT Mpolecc, B paboTe MpUBEACHA pelaKLusl SKCIEePH-
MEHTOB, HaIllPaBJIEHHBIX Ha UCCIIEOBaHIE poLecca YAapHO-BOIHOBOTO BBIOpOCA TIOTOKA YaCTHIL, B YCIOBHU-
SIX OTKOJILHOTO Pa3pyLICHUS] H KOMIIAKTUPOBAHUS 00pa3I0B HAXOIAIINXCS B KUIKOH (aze

[IpoBeneHo cpaBHEHNE PE3YNIBTATOB OIBITOB, OTYYEHHBIX Pa3HBIMU METOAAMH C MTOJMPOBAHHBIM U IIIE-
poxoBaThIM 00pa3LaMu, KOTOpOe MOKa3ajo, YTO BEIOPOILIEHHAs: Macca BEIIeCTBa B IOTOKE YaCTHII, HE IMEET
BBIPaXEHHOM 3aBUCUMOCTH OT HAYaJbHOW IIEPOXOBAaTOCTH MOBEPXHOCTH B YCIOBHSX JBYXBOJIHOBOTO Ha-
rpyXyeHus: oOpasia u3 cBuHIA U cocTasiuser (120 MF/CMZ), YTO 3HAYUTENTHHO OOJIBbILE YeM MPHU OJHOBOIHO-
BOM Harpyxenuu (30 MF/CMZ).

Lenp paGoThl 3aKiIroyaeTcsi B UCCIENOBaHHE MPOLECCOB, MPOTEKAIOUINX PH pa3pyIIEHHH U BHIOpOCE
BEIIECTBA B Pe3yJbTare IBYXBOJHOBOTO HAarpy>KeHHs oOpasla W3 CBHHLA C Pa3HOM HadalbHOHM LIepOXOBa-
TOCTBIO.
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PECULIARITIES OF THE SUBSTANCE EJECTION PROCESS
DURING TWO-WAVE LOADING OF ALEAD SAMPLE

T A. Adigamova, M. V. Antipov, N. V. Vaslyaev, A. B. Georgievskaya, D. N. Zamyslov,
M. O. Lebedeva, K. N. Panov, D. A. Polshkov, A. S. Sokolova, B. I. Tkachenko, E. A. Chudakov,
L V. Yurtov, A. O. Yagovkin, A. P. Yavtushenko

FSUE “Russian Federal Nuclear Center — All-Russian Research Institute of Experimental Physics”,
Institute of Experimental Gas Dynamics and Explosion Physics, Sarov, Russia

When studying the process of shockwave “ejection” it was shown that the mass of the particle flux ejected
from the free surface (FS) of a sample under the action of a single shock wave (SW) depends on the degree
of surface treatment [1-4]. However, in a number of practically important cases, a sequence of two or more
shockwaves can reach the FS of the sample [5—7]. After the first shock wave leaving the FS with pressure
and mass velocity dropping behind the front, which leads to chipping of the sample, the second shock wave,
a compacting wave, leaves in a time interval from 3 to 4 ps. The output of the second wave at the front of
the compacted part of the sample may lead to an additional release of the substance from the formed surface,
which has a porous structure. The question of what causes the “secondary dusting” from this surface and
whether it is related to the initial surface roughness parameters remains insufficiently studied.

In order to understand the course of this process, the paper presents a version of experiments aimed at the
investigation of shock-wave ejection of particle flow under conditions of chipping and compacting samples
being in the liquid phase.

Comparison of the experimental results obtained by different methods with polished and rough samples
showed that the ejected mass of the substance in the particle flow has no pronounced dependence on the
initial surface roughness in the two-wave loading of lead sample and is (120 mg/cmz), which is significantly
greater than for single-wave loading (30 mg/cm?).

The aim of the work is to investigate the processes occurring during fracture and ejection of the substance
as a result of two-wave loading of a lead sample with different initial roughness.
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MOAEJUPOBAHUE TYPBYJIEHTHOCTHU B UHAYCTPHUAJIbBHBIX
HPUJIOKEHUAX

A. C. Koszenkos

OI'VII «Poccuiickuit @enepansubiii Anepusiii LHentp — Beepocceuniickuit HUU skcnepruMenTanbHoi
¢uzukm», Capos, Poccus

HI'TY um. Anexceesa, Huwxnauit Hosropon, Poccust

Co3nanne (QU3MKO-MaTeMaTHUECKUX MOJENEH W BBIYMUCIUTEIBHBIX TEXHOJIOTHN I M3YUCHUs ABHIKE-
HUS KUIKOCTH M Ta3a, B YaCTHOCTH JAJISl ONMUCAHMs TypOYyIEHTHBIX TE€UEHHH, BCTPEUAIOLIMXCS B Pa3ivy-
HBIX 00MACTSX HAay4YHBIX U WHAYCTPHAJIbHBIX 3HAHUH, C LENbI0 IPOTHO3UPOBAHNUS TIOBEIEHHS U 0000IIEeHHS
3aKOHOMEPHOCTEH MPOTEKaHUs STHX MPOLECCOB UMeeT OOJbIoe 3HAaYCHUE, KaK ¢ (yHAaMEHTaJIbHOM, TaK
Y C IPAKTHYECKOH TOUYKH 3pEHUSI.

YucneHHOE MOAIECNTHUPOBaHUE TYPOYIEHTHOCTH OMMPAETCSI Ha HECKOJIBKO IMOIXOA0B, OCHOBAaHHBIX Ha OIH-
CaHMHU BHUXPEBBIX CTPYKTYP Pa3lIUYHBIX MaclITa0oOB, CPEAU KOTOPBIX BBIACISIIOT TPH OCHOBHBIX, 8 UMEHHO:
npsiMoe yrcienHoe moaenupoBanue (DNS, Direct Numerical Simulation), MogenupoBaHue KpyIHBIX BUXpel
LES (Large Eddy Simulation) u pemenue ocpenHennsix 1o PeitHonbiacy ypaBaenuii HaBbe-Crokca RANS
(Reynolds—Averaged Navier—Stokes). Hanbomnee npimMeHnMbIMU Ha npakTuke sBisatoress RANS monenu Typ-
OyJIEHTHOCTH, KOTOPBIE XapaKTePU3YIOTCsl YCTOWYMBBIM UTEPALIMOHHBIM MTPOLIECCOM U IPUEMIIEMBIMHU PE3YJIb-
TaraMu Ui OONBIIMHCTBA MPAKTHYECKH BAKHBIX THIOB TeueHWH. OIHAKO, OHU HE SIBISIOTCS YHUBEPCAIIb-
HBIMH ¥ TIOIXOAALIMMH IJIs1 PeLIeHUs] IUPOKOTO Kpyra MpUKJIaIHbIX 3a/ad, U 3TO HajlaraeT olpeAeieHHbIe
TpeOOBaHUS K UX NPUMEHUMOCTH Ha MpakTuke. JJaHHOTO HEZOCTATKa JUIIEH «CBOOOIHBIA OT AMIIUPU3Ma
DNS nonxon, npiMeHeHHE KOTOPOTO Ha MPAKTUKE OIPAaHUYEHO B BUAY MOTPEOHOCTH B OTPOMHBIX BBIYHCIIH-
TENBHBIX pecypcax. AnsrepHaTrBoit DNS siBisieTcs «mpakTadecku cBoOOIHbIH oT smnupu3Ma» LES moaxon,
NpUMEHEHHE KOTOPOTO TpeOyeT ONpeeeHHOTO KadecTBa AUCKPETHBIX MOJEIEeH, YTO MPOSBISIETCS B CYILECT-
BEHHO 0oJiee MENKMX ceTKax 1o cpaBHeHUIo ¢ RANS. OcobeHHo 3To XapakTepHo Ajst odnacteil BOiMM3u TBep-
IBIX CTEHOK, TIe BUXPEBbIE CTPYKTYPHI MIMEIOT TOBOJILHO MaJjble pa3Mephl u TpeOoBanus K cetkam aist LES
npuonmxaloTes K TpedosanusiM 11t ceTok DNS. [Tlonnmanwue toro, yto npuMeHenue LES nonxona Bo3mMoxHO
TOJIBKO B OYEHb OTAAJICHHOH MEPCHEeKTUBE, TOCITYKHUIO TOMUYKOM Ul CO3AaHHs albTEPHATUBHBIX MOJEINEH.
Ot Mozenu 0a3upyrOTCs Ha MOCTYJAaTe O TOM, YTO B TeUEHHE ONMMKalIINX AeCATHICTHI HA IPaKTUKe OyayT
npuMeHaTbess RANS Monenu, a 1 MOIeTMpoBaHus KPYIHBIX OTPBIBHBIX BUXPEBBIX CTPYKTYP BAAIU OT CTe-
HOK, B CHJIy HAMHOTO MEHBIIMX TpeOOBaHMI K BBIYUCIUTEILHBIM pecypcaM 1o cpaBHeHuto ¢ DNS, MoxHO
ucnonb3oBark LES monenu. Takue mopenu nonyuriu Hazpanue DES wimu rubpunasix RANS-LES mozeneii.

[Ipaktuka npumenenust DES unu rubpunnasix RANS-LES moneneit B Oombieil cBoeil 4acTi CBOAUTCS
K pacyeTaM Ha MHOTOOJIOYHBIX CTPYKTYPHUPOBAaHHBIX CETKaX C MPHUMEHEHHEM CXEM BBICOKOTO MOPSIKA TOU-
HOCTH BIUIOTH JIO0 CE€AbMOTro. Mcronp30BaHNe CETOK TaKOro Kiacca BHI3BIBAET ONPEAETICHHBIE CIOKHOCTU
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MPY MOJETUPOBAHUH TE€UCHUH B MPOMBILUICHHBIX KOHCTPYKIHAX CIIOKHOM TeOMeTpUIeCKOi KOH(UTypaluy,
[Je MOCTPOEHHUE ONIOYHO-CTPYKTYPUPOBAHHOW CETKH BO3MOXKHO, HO 9TO HEONpaBIAaHHO JOPOTO U KpaiiHe
HeadexkTUBHO.

[Ipu pacuerax mpuKIagHBIX 3a7a4 BHIYUCIUTEIBHON THIPOIUHAMUKN BCE OONblIee MPEANOYTEHUE OT-
JaeTCsl HECTPYKTYPUPOBAHHBIM PACUETHBIM CETKaM, COCTOSALIMM M3 MHOTOIPaHHUKOB MPOU3BOJILHON (op-
MBI C BBIIEJICHUEM MPH3MATHYECKUX MOTPaHUYHBIX ci1oeB. Vcmonbp3oBaHHe MPOU3BOJIBHON HECTPYKTYpH-
POBaHHOH CETKH MPUBOAUT K PSAAY TPYAHOCTEH, OMHA M3 KOTOPBIX 3aKITIOYAETCsl B TOM, YTO Ha HECTPYKTY-
PHPOBaHHOH CETKE 3aMETHO CYXaeTcsl KPyr AOCTYIHBIX CXeM Ul AUCKPETU3allii KOHBEKTHBHBIX MOTOKOB.
OT cBOIICTB BEIOpaHHOI CXeMbI JUCKPETH3aLUH HANpsAMYIo 3aBUCHT kKadecTBO DES mMonenupoBanus: cxema
JOJDKHA UMETh MAJTYIO TUCCHUIIAIMIO U 00eCIIeYnBaTh yCTOWYNBOCTD CUETa Ha MPOU3BOJIILHONW HECTPYKTYPH-
poBaHHOI1 ceTke. /11 MOAETMPOBaHUS OTPHIBHBIX TYpOYIEHTHBIX TEYEHUH B 00ACTAX CIOKHOW reOMeTpu-
Yyeckoil popMblI Hanbollee ePCIeKTUBHBIM MPEACTABISETCS TOIX0/], OCHOBaHHBIN Ha BBIJCICHUU CTPYKTY-
pHUpOBaHHBIX oOnacTeld B 001Iel HECTPYKTYPHUPOBAHHOM pacueTHOM ceTKe. THIMMYHBIMU NPEACTaBUTEISIMU
TaKUX CETOK SIBIISIOTCS CETKH, COCTOSALINE U3 YCEUCHHBIX MECTUIPAHHUKOB, IJIs1 KOTOPHIX BO3MOXKHO BBIJE-
JICHHE JIOKAJIBbHBIX CTPYKTYPUPOBAHHBIX 00IacTel, ¢ IpeodaalaloinMi OTPEIBHBIMH TEUSHHUSMH, AJIS1 MOJIE-
JUPOBAHMS KOTOPHIX HEOOXOAMMO HCTIOJIB30BATh YHCICHHBIE CXEMBbI BRICOKOTO HOpsiIKa TOUHOCTHU. [ToaTomy
BO3HHMKAET HEOOXOOMMOCTh B BBIPA0OTKE METOIMK pacueTa OTPHIBHBIX TypOYJEHTHBIX TEUCHUH Ha CETKaXx,
COCTOSIIIMX U3 YCEUEHHBIX IIECTUTPAaHHUKOB.

Baxmnas npoOnema, U, HaBepHOe, caMasi CII0KHAasl C MHKCHEPHOW TOYKH 3PEHHs, 3aKITI0YAeTCs] B CUJIb-
HOU 3aBHCHUMOCTH Pe3ylbTaTOB MOJACIUPOBAHHUS OT BEIOPAaHHOTO CETOYHOTO pa3pelIeHus] — HEAOCTaTOYHOE
pasperieHre B 001acTH BUXpeoOpa3oBaHHs M HBONIOLUN BUXPEBBIX CTPYKTYP MOXET MPHBECTH K CyIIeCT-
BEHHOH MOTPEIIHOCTH MOJYYEHHBIX PE3YJAbTAaTOB. JTO (PAaKT TaK)Ke HAKJIAABIBAET ClICIHaIbHbIC TPeOOBaHUs
K 3Tamy IMOCTPOCHUS ceTouHol Monenu. Kpome Toro, mpuMeHsieMble YHCIeHHBIE METOIbI TPeOyIoT Kamuo-
POBKHM 3Ha4eHUI KOHCTaHT MoAeneit Tuna DES mis npuMeHsieMbIX cxeM, Tak KakK YHCJICHHas peajn3anus
W BHJ CXEMBI, UCTIOJIb3yEeMOW sl alMpPOKCUMAallM YPaBHEHUH, OKa3bIBaeT CYLIECTBEHHOE BIHMSIHUE HA HX
3HaueHH, KOTOPbIe MOTYT OTJIMYATHCSl B HECKOJIBKO pa3. HeoOXonuMo OTMETUTH M TO, YTO BaXKHBIM 00CTOS-
TEJNBCTBOM NPH Hcnoib30BaHuy DES Ha HECTPYKTYpHUPOBaHHON CETKE SBJSIETCS 3aBUCHMOCTD JHCCUIIATHB-
HBIX CBOWCTB CXEMBI OT TUIA SYEEK PACUETHON CETKH.

Takum 0Opa3om, BO3HUKAET HEOOXOAMMOCTD B U3yUYSHHU CBOMCTB CYILIECTBYIOIIUX CXEM H HX aJalTalun
Ha clly4yail MOJETHPOBaHUs TypOyIEHTHBIX TEUCHUI Ha HECTPYKTYPHUPOBAHHBIX CETKaX, COCTOSIIHNX U3 yce-
YEHHBIX IECTUTPAaHHUKOB. Pe3ynbraTel paboT Mo JaHHOMY HAlpaBIICHHUIO B PaMKax Pa3BUTHS U BHEIPEHUS
nakera nporpamm JIOI'OC npeacraBieHbl B JTaHHOM AOKJIAJE.

Pesynbrarsl momy4eHsl npu GUHAHCOBOM MOAEPKKE HALIMOHAIBHOTO MpoekTa «Hayka 1 yHUBepCUTETBI
B pamKax mporpammbl MunoOpHayku P® mo cozganuio mononéxubeix nadoparopuii Ne FSWE-2021-0009
(nayunas tema: «Pa3paboTka 4MCIIEHHBIX METOAOB, MOJCIECH U aJrOPUTMOB JJIsi ONMMCAHUS THIPOIUHAMU-
YECKHX XapaKTEPUCTHK KUAKOCTEH 1 ra30B B €CTECTBEHHBIX NPUPOIHBIX YCIOBHAX, U YCIOBUAX (PYHKIIHO-
HUPOBaHUS UHAYCTPHAIBHBIX OOBEKTOB B LITATHBIX M KPUTUYECKHX YCIOBHSAX Ha CyNEpPKOMIIBIOTEpAx Iie-
TadUIONICHOTO Kiacca») U Npu nojaepkke rpanta [Ipesunenta Poccuiickoit denepanun mo rocyaapcTBeH-
HOM mojepkke BeAymux HayuHslx mkon HIII-70.2022.1.5.

SIMULATION OF TURBULENCE IN INDUSTRIAL APPLICATIONS
A. S. Kozelkov

FSUE “Russian Federal Nuclear Center — All-Russian Research Institute of Experimental Physics”, Sarov,
Russia

NNSTU n.a. R. E. Alekseev, Nizhniy Novgorod, Russia

The development of physical-and-mathematical models and computational technologies to study the mo-
tion of liquids and gases and, in particular, to describe turbulent flows in various research fields of science
and industry in order to predict the behavior and generalize the regularities of such processes is of a great
importance, both on the side of fundamental science and on the practical side.
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The numerical simulation of turbulence relies on the use of several approaches based on the description of
eddy structures of different scales, among which the following three basic approaches can be mentioned: the Di-
rect Numerical Simulation (DNS), the Large Eddy Simulation (LES), and the solution of the Reynolds-Averaged
Navier-Stokes (RANS) equations. The RANS models of turbulence, which are characterized by the iteration
process stability and acceptable simulation results for most practically important types of flows, are most often
used in practice. However, they do not belong to a set of the general-purpose models for solving a wide range
of application problems and this fact imposes a number of requirements on the RANS model applicability in
practice. The DNS approach, which is “free of empiricism”, has no such disadvantage, but it finds a restricted
application in practice because of the need in massive computing resources. An alternative to DNS is the LES ap-
proach, which is “almost free of empiricism”, it requires using discrete models of a special quality. Significantly
refined meshes are used, as compared to the RANS approach, especially in the areas near rigid walls, where the
eddy structures have small sizes and the mesh requirements for the LES method are close to the mesh require-
ments for the DNS method. The understanding of that the LES method application is a matter of the distant
future encouraged researchers to develop alternate models. These models are based on the hypothesis that the
RANS models will be used in the nearest decades, while to simulate large detached-eddy structures, which are
at a distance from walls, the LES models can be used in view of their much less needs in computing resources,
as compared to the DNS methods. Such models are referred to as DES models, or hybrid RANS-LES models.

The application of the DES, or hybrid RANS-LES models is reduced to calculations on multiple block-
structured meshes using schemes of a higher order (up to the 7th order of accuracy). The use of such meshes
causes difficulties in simulating flows for industrial structures of a complex geometric configuration, where
it is possible to build a block-structured mesh, however, this work requires unreasonably high costs and is
highly inefficient.

When solving the application CFD problems, unstructured computational meshes of arbitrarily-shaped
polygons with the identified prismatic boundary layers are preferred.

The use of an arbitrary unstructured mesh causes a number of difficulties, one of them is a narrowing
range of available schemes for the convective flow discretization. The DES simulation quality directly de-
pends on the features of the selected discretization scheme: the selected scheme must have a low dissipation
and provide the computation stability on an arbitrary unstructured mesh. To simulate detached turbulent
flows in the areas of a complex geometric configuration, the approach based on the identification of struc-
tured areas in the general unstructured computational mesh seems to be a promising approach. Typical ex-
amples of such meshes are those consisting of truncated hexahedrons, for which it is possible to select local
structured areas with prevailing detached flows, the simulation of which requires using numerical schemes
of a higher order of accuracy. So, there is a need in developing techniques to simulate turbulent flows on the
meshes of truncated hexahedrons.

An important problem and, perhaps, the most hard to resolve one, from the engineering point of view, consists
in a strong dependence of the simulation results on the selected mesh resolution, because insufficient resolution
of the mesh in the area of generated eddies and evolving eddy structures may lead to a considerably large error
in the results obtained. In view of this fact, special requirements are imposed on the mesh model building stage.
Besides, the numerical schemes require verifying the values of constants in the DES type models because the
numerical implementation of the scheme used to approximate the equations and its form significantly affect
the values of constants which may differ by several times. Note also one important aspect of using DES on an
unstructured mesh — the dissipative scheme properties depend on the type of cells of the computational mesh.

So, there is a need in studying the properties of existing schemes and ways of adapting them to simulate
turbulent flows on unstructured meshes of truncated hexahedrons. The report presents the results of efforts in
this research area within the development and introduction of the LOGOS software package.

The results have been obtained with financial support from the Science & Universities National Project
under the Young Scientists Lab Program of the RF Ministry of Education and Science # FSWE-2021-0009
(Research Topic: Development of CFD methods, models, and algorithms to simulate liquids and gases in
natural and industrial environments under normal and critical conditions on petascale supercomputers”) and
with the RF President Grant for Scientific Schools NSh-70.2022.1.5.
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CHUJIBHBIE YIAPHBIE BOJIHbI, ABUXYLUIUECAH
IO CTEIIEHHBIM 3AKOHAM K HEHTPY NJIU K OCH CUMMETPUHA

A. H. Kpatixo, X. @. Banues

HenTpanbHBIA HHCTUTYT aBHALIMOHHOTO MoTOpocTpoeHus uM. I1. Y. bapanosa, Mocksa, Poccus

Wzyuarorcs NMAMHAPUYECKH U CHEepUIECKH CUMMETPUYHBIC TEUEHHS UACATBHOTO (HEBSI3KOTO U HETell-
JIONPOBOAHOTO) COBEPILIEHHOTO ra3a ¢ MokKasarejaeM annadarsl ¥, IPUMBIKAIOIINE K CHIIBHON yIapHOH BOJIHE
(YB), nBmwxkymieiicst kK ocu (v = 2) uiH K HeHTpy (v = 3) cummeTpu (nanee — k «LIC») mo HemogBM»xHOMY XO-
J01HOMY Ta3y. M3 mapamMeTpoB XOJIOAHOTO I'a3a B YCJIOBUS HA CUJIBHON Y B BXOIMT TOJILKO €TI0 IJIOTHOCTD P
OTO MO3BONAET MCKATh M HAXOAWTH PELICHUS C «OOpaTHBIM CTENEHHBIM MO BPEMEHW» ! ycKopeHHneM Y B
(c Hauanom otcuera ¢ B MoMeHT nipuxoza ¥ B B LIC). [TepBoe aBToMonenbHOE perienue ¢ ¥YB, oTpaxaromieiics
ot LC, moctpounn I'ynepmneii [ 1] (cm. Takxke [2]). B pemenun ['yaeprnes mokaszatenb CTEEHH 7 = Hix (v, y) <1
B (opMmyIie [UIsl aBTOMOJIENBHON Tiepementoil &= Cr/1" ¢ T=—¢, HaXOOUTCS U3 YCIOBUSI CYIICCTBOBAHUS
Takoro peuieHus. Camble MOJHBIE PE3yAbTaTHl MO #(V, Y) MONy4YeHbl B [3—5], mpuyeM Bompeku [2] mpu oT-
CYTCTBHHU orpanndenuii no y. ns y = 6/5, 4/3, 7/5, 5/3 u 3 onu npusenens! B [6]. He nponomkaemslie 10
LC «cTeneHHble» peleHus C 1 # A (V, y) B [1-6] He nzyuanuce. [Ipu nHOU 3amKcy UMEHHO UM OOJIBIIOE
BHHUMAaHHUE yaeIeHO B [7-9].

ABTODEI [ 7-9], 3aMEHUB 7 Ha MaCCOBYIO JIaTPaHXEBY IIEPEMEHHYIO 71 1 BBels & = Cm/ o, HINYT pELIEeHue
pa3zaeneHreM MepeMeHHbIX

+1 - - -1 ! 1 +1
p= Y—pOS(E)), P u=n""u () T Z(8), Y =n () T(E), —= —Vy—ul :
-1 T 2y
371€ech u — CKOpOCTh ra3a, u; —u 3a YB ipu 7 =r| n ¢t =t;, 3aBUCUMOCTH OT ¢ HalJIeHbI U3 YCIOBHI Ha CUILHON
VB, a 8(€), Z(§) u T(§) onpenenstor ypaBHEHUS ((IUTPUX» — MPOU3BOAHAS 10 & > 1)

' ' Y—l ' 2Z
GS'=H, GZ'=1—¢ef, e7'=T- =2,
252 y+1 0
vApAv 0T o1 2(v-1)Z?
ZYSlez -1 21a2’H:2(V 1)212 S + (V )
gHay 25 VIEHA =AY l v(y+1)T

n ycnosus: (1) = Z(1) = 7(1) = 1 3a YB. [Ina takux pemennii YB, HHTEHCUBHOCTH KOTOPBIX C MPHOIMKe-
uueM k LIC nipu ¢ > ¢, cpasy pacrtet, BO3MOXHbI b juist 0 </ < [", roe

_ 3(y+1)v
_4—v+(v+2)y'

3OT0, TEM HEe MEeHee, He 03HaJaeT, uTo YB ¢ ypaBHeHueM r = rl(ﬂ:/ﬂ:l)l/ ¥ IIpU TIPOU3BOJILHOM TOKA3aTelNe
crenenu [ < [" nowner mo LIC. B obuieM ciyuae TaKOro He MPOUCXOAMUT M3-3a TOTO, YTO MPU HEKOTOPOM
o+ > 1 pemenne ypaBHenuii (1) HeM36ekKHO MPUBOIUT K OOPALIEHHIO B HYJIb MHOXKHUTENS G ). IPH OTIINYHOM
oT Hyas QyHKimu Hy.. B cuny paBenctsa G, = 0 Haxion unymeit B LIC xpuBoit Cm = £, 1| B Kax 10 Touke
paBeH HakioHy C -xapakrepucTuku. OqHako npu /), # 0 Ha Hell He BBINOJIHAETCS YCIOBUE COBMECTHOCTH,
U TONYYMBILAsCS KPUBasg — HE XapaKTEPUCTHKA, a orudaromas xapakrepuctuk. [losBnenne orudaromei —
CBUJIETENTLCTBO HEOOXOIMMOCTH BBEJCHUSI HEABTOMOIENbHOW Y B, KoTOpas, forHaB aBToMOAEIbHYI0 ¥YB 10
ee mpuxoa B LIC, orpaHn4rBaeT B IIIOCKOCTH M1, { MJIH 7, t 001aCTh aBTOMOJENBHBIX peleHui [7-9].

B mpoTHBONONOKHOCTH CKa3aHHOMY BBIIIE, JUISl BCEX V U Y €CTh TaKHe MoKa3arelb cTeneHu [ = (v, ¥)
u 3HaueHue & = E«(v, v) > 1, 4TO U1 HUX BBEINONHSAIOTCS 00a paBeHCTBa G+ = 0 1 H. = 0. OTBeuaronue 3Tum
L(v, v) 1 Ex+(V, ) kpuBble — C -xapakTepucTHKH, npuxoasme npu ¢ = 0 B L{C ogHOBpeMEHHO C aBTOMOJEIb-
Holi YB. EcTecTBeHHO 0XMAATh, YTO STH PEUICHHUS COBMANAIOT ¢ pemeHusiMu [1-6]. Tak oHO U ecThb, HOO
C Y4EeTOM OTJIMYMS B ONpeACIeHUH IEPEeMEHHOM & Bce HaliieHHbIe B [7—9] moka3arenu creneHu /«(v, y) pas-
HBI Vi(V, 7) € n«(v, v) u3 [1-6]. C apyroit croponsl, hopmupytrommasics npu ! # [«(v, y) IBIKyIIascs 1Mo Xo-
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JoMHOMY ra3zy HeaBToMonenbHast ¥YB B Manoit okpectHoctu LIC cTanoBuTCs aBTOMOAenbHON Y B pernenuit
[1-9] ¢ I = L(v, y) = vax(v, }).
Pa6ota BemonHena npu yactuuHoi nopaepxkke POOU (mpoekt 20-01-00100).
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STRONG SHOCK WAVES MOVING WITH THE POWER-LAW
TO THE CENTER OR TO THE AXIS OF SYMMETRY

A. N. Kraiko, H. F. Valiev

P. I. Baranov Central Institute of Aviation Motors, Moscow, Russia

Cylindrical and spherically symmetric flows of an ideal (inviscid and non—heat-conducting) perfect gas
with an adiabatic index y, adjacent to a strong shock wave (SW), moving to the axis, (v =2) or to the center (v
= 3) of symmetry (hereinafter referred to as “CS”) along a stationary cold gas are studied. Of the parameters
of a cold gas, only its density p, is included in the conditions at a strong SW. This allows you to search and
find solutions with the “inverse power-of-time” acceleration of the SW (with the start of the countdown ¢ at
the time of the arrival of SW in the CS). The first self-similar solution with the SW, reflecting from the CS,
was built by Gooderley [1] (see also [2]). In the Gooderley solution, the exponent 7n = n (v, y) <1 in the
formula for the self-similar variable &= Cr/ 1" with t=—¢, is found from the condition of the existence
of such a solution. The most complete results for n(v, y) were obtained in [3—5], and contrary to [2] in the
absence of restrictions on y. For y = 6/5, 4/3, 7/5, 5/3 and 3 they are given in [6]. The “power-law” solutions
with 7 # n. (v, y) not continued to the CS were not considered in [1-6]. With a different record they are the
ones that were given considerable attention in [7-9].

The authors of [7-9], replacing » with a mass Lagrangian variable m and entering & = Cm/ v, are looking
for a solution by separating variables

v+1

0= T3 ). =t (o) 2(2). = (310 T(8). L= vErhu,
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Here u is the gas velocity, u; is u behind the SW when » = r| and ¢ = ¢, the dependences on ¢ are
found from the conditions on a strong SW, and (&), Z(§) and 7(§) determine the equations (“stroke” is the
derivative by £ > 1)

G&' = H, GZ’=%§H, @T’zT—%,
1
G_ y6y71T2f2/V 'Y_l 5 H_z(v_l)8YT2—2/V l—lZ 2(\/—1)22 ( )
T 2/I2lv T Ak2 &, H= 1+2/1-2/v +
g 28 vig ! v(y+)T

and conditions: 6(1) = Z(1) = 7(1) = 1 behind SW. For such solutions SW, the intensity of which
immediately increases with the approach to CS at ¢ > ¢#,, are possible only for 0 </ < /", where

” 3(y+1)v
"=
4—v+(v+2)y

This, however, does not mean that the SW with the equation = rl(r/ﬂ:l)l/v with an arbitrary exponent of / <
[" will reach the CS. In the general case, this does not happen due to the fact that for some &, > 1 the solution
of equations (1) inevitably leads to the conversion of the multiplier G. to zero for a function /. other than
zero. By virtue of the equality G. = 0 the slope of curve Cm = .7, running in the CS at each point is equal
to the slope of the C -characteristic. However, when H,). # 0 the compatibility condition is not fulfilled on
it, and the resulting curve is not a characteristic, but an envelope of characteristics. The appearance of the
envelope is evidence of the need to introduce a non—self-similar SW, which, having caught up with the self-
similar SW before its arrival in the CS, restricts the area of self-similar solutions in the plane m, t or r, ¢ [7-9].

In contrast to the above, for all v and y there are such exponents / = /.(v, ) and the value of & = .(v, 7)
> 1, that both equalities G+ = 0 and H. = 0 hold for them. Meet these /(v, y) and &.(v, y) curves are the C -
characteristics coming at # = 0 in CS at the same time with the self-similar SW. It is natural to expect that
these solutions coincide with solutions [1-6]. The way it is, because taking into account differences in the
definition of the variable  all found in [7-9] exponents /.(v, y) are equal to vn.(v, y) with n.(v, y) from [1-6].
On the other hand, emerging at / # /.(v, ) moving cold gas non—self-similar SW in a small neighborhood of
the CS becomes self-similar SW of solutions [1-9] with / = l.(v, y) = vars(v, ¥).

The work has partially supported by the RFBR (project 20-01-00100).

References

1. Guderley, G. Starke kugelige und zylindrische VerdichtungsstdBe in der Nahe des Kugelmittelpunktes
bzw. der Zylinderachse [Text] // Luftfartforschung. — 1942. — Bd. 19. — Lfg. 9. — S. 302-312.

2. Landau, L. D. Course of Theoretical Physics. Vol. 6. Fluid Mechanics [Text] / L. D. Landau and
E. M. Lifshitz. — Oxford : Pergamon, 1987.

3. Kraiko, A. N. Self-similar compression of ideal gas by a disk, cylindrical or spherical piston [Text] /
A. N. Kraiko, N. I. Tillyaeva // High Temperature. — 1998. Vol. — 36, No. 1. — P. 116-124.

4. Valiyev, K. F. The reflection Tillyaeva of a shock wave from a centre or axis of symmetry with adiabatic
exponents from 1.2 to 3 [Text] // J. of Applied Mathematics and Mechanics. — 2009. — Vol. 73, No. 3. —
P. 281-289.

5. Valiyev, Kh. F. Cylindrically and spherically symmetrical rapid intense compression of an ideal perfect
gas with adiabatic exponents from 1.001 to 3 [Text] / Kh. F. Valiyev, A. N. Kraiko //J. of Applied Mathematics
and Mechanics. — 2011. — Vol. — 75, No. 2. — P. 218-226.

6. Kraiko, A. N. Theoretical Gas Dynamics: Classics and Modern [Text]. — M. : TORUS PRESS, 2010.

7. Kuropatenko, V. F. Dynamic compression of a cold gas sphere [Text] / V. F. Kuropatenko,
E. S. Shestakovskaya, and M. N. Yakimova // Doklady Physics. — 2015. — Vol. 60. — Issue 4. — P. 180—182.
8. Kuropatenko, V. F. Shock waves in gas sphere [Text] / V. F. Kuropatenko, E. S. Shestakovskaya, and
M. N. Yakimova // Bulletin of the South Ural State University. Ser. Mathematical Modelling, Program-
ming & Computer Software (Bulletin SUSU MMCS), — 2016. — Vol. 9, No. 1. - P. 5-19.

31



COAEPXAHWE HA NPEABIAYLLYIO CTPAHULY HA CNEOYIOWYIO CTPAHULLY MEYATH

9. Kuropatenko, V. F. The analytical solution of the problem of a convergent shock in the gas for one-
dimensional case [Text] / V. F. Kuropatenko, F. G. Magazov, and E. S. Shestakovskaya // Bulletin of the
South Ural State University. Ser. Mathematics. Mechanics. Physics. —2017. — Vol. 9, No. 4. — P. 52-58.

1-13

O BJIUAHUU 3A30POB HA IUHAMMUKY PA3ZI'OHA
ABYXCJIONMHOMU INJIACTHUHBI

A. B. Kpacunvnukos, B. H. Hoeun, A. E. Koeanes, A. B. Onvxoeckuii, H. C. JKunsesa

OI'VII «Poccuiickuii @enepansubiiit Anepusiii Lientp — Beepoccuiickuit HUM texnuueckoit pusuku
nMmenu akagemuka E. Y. 3a6abaxunay, Caexunck, Poccust

E-mail: krasilnikovav@vniitf.ru

IIpoBeneH ananu3 mpouecca pa3roHa IByXCJIOMHOM IIJIACTUHBI € 3a30poM. 7151 MpoCTOi MOIENBHON CHC-
TEMBbI TIOMYUYCHBI TPUOMMKEHHBIC (OPMYIIBI JUIS pacdeTa CKOPOCTU JIBIDKEHHS CBOOOIHOW MOBEPXHOCTH
Ha HauyaJIbHOW CTaJuU pa3roHa IuiacTuHbI. [lokazaHo, 4TO HamMyue 3a30pa NPUBOAUT K JOMOIHUTEIBHOMY
CKauKy CKOPOCTH I10 CPAaBHEHUIO ¢ CUTyaIuen 0e3 3a3opa. [IpoBeneHbl OTHOMEPHEIC U JIBYMEPHBIC PacyeThl
MeETaHUsI IBYXCIOWHOM TUTACTUHBI, TOITBEPAUBIINE TPUOIMKEHHBIC (opMyIibl. C UCIIOIB30BAHUEM METO/IH-
ku PDV mpoBesieHbI 3KCIIepUMEHThI ¢ MHOTOKaHAIBHON PETUCTPAIIUE CKOPOCTH CBOOOIHOM MOBEPXHOCTH
JIByXCJIOMHOM TUIaCTUHBI, NOATBEPAUBILINE 3HAUUMOE BIMSIHUE 3a30pa.

THE EFFECT OF GAPS ON THE DYNAMICS
OF TWO-LAYER PLATE ACCELERATION

A. V. Krasilnikov, V. N. Nogin, A. E. Kovalyov, A. V. Olkhovsky, N. S. Zhilyaeva

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

E-mail: krasilnikovav@vniitf.ru

Acceleration of a two-layer plate with a gap was analyzed. For a simple model system, approximation for-
mulas were derived to calculate the free surface velocity at the initial stage of acceleration. The gap is shown
to cause an additional velocity jump compared to the case where the gap is absent. The formulas were con-
firmed through 1D and 2D plate acceleration calculations. Experimental multichannel measurements of the
free surface velocity with the PDV technique confirmed the gap to be of a significant effect on the velocity.

1-14

NCITOJBb30OBAHUE YACTUYHO YCPEAHEHHBIX
YPABHEHHUHN HABBE-CTOKCA IJisA MOJAEJIUPOBAHUSA
TYPBYJIEHTHBIX TEYHEHHUU
11 A. Kyuyeo6, B. @. Tuwxun
OUL UuctutyT npuxinaanoi marematuku uM. M. B. Kengeia PAH, Mocksa, Poccus

TCIICHI/DI, coAeprKalme Mnepexoa K Typ6y.]'IeHTHOCTI/I, MNpUCyII HIUPOKOMY KpPYTY SIBIICHUM U mnpounec-
COB, TAKMX KaK B3PbIBbl CBEPXHOBLIX, TOPCHUC I'A30BbIX CMGCCI\/'I, 00TeKaHue Tel pa3quH0171 q)OpMI:I n T II
YucaeHHoe MOJCIMPOBAHNUE TaKUX TCYCHHUH npeaACTaBIACT CyH.[eCTBCHHLIfI HpaKTI/I‘lCCKI/II‘/'I HUHTCPEC
U SBJISCTCS CIO0XKHOM CaMOCTOSTEIbLHOM 33.2[3‘161\/'1. I[J'I}l PpCHICHUA 3TOM 3amaum CyHI€CTBYCT HCCKOJIBKO OC-
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HOBHBIX IOJXOIOB B BBIYMCIMTENLHON THAPOANHAMUKE, HMEIOIIUX CBOIO 00MacTh MPUMEHUMOCTH, AOCTO-
WHCTBa U HenocTarku. Tak, mpsimoe uncienHoe moxaenupoanue (DNS) u meron kpynubeix Buxpeit (LES/
ILES) sBasiroTcs ONTHUMAaTBHBIMU TOIXOAaMU AJsl OMUCAHUS TEYEHHUH, B KOTOPBIX MPOUCXOAUT MEPEXo] K
TypOyJIEHTHOCTH, T.K. OHM pa3peliaoT IUPOKUH Juana3oH MaclTa0oB TEUCHUs, HO, IPU 3TOM, TpeOyIOT
3HAUUTEIIbHBIX BHIYUCIUTEIBHBIX PECYPCOB 3a CUET MCIOIB30BaHMs MOAPOOHBIX ceTok. [loaxompl Ha ocHO-
Be ycpenHeHHBIX ypaBHeHHH HaBbe—Crokca (RANS) HCIonp3yIOT MOTHOCTBIO CTOXaCTHUECKOE OMHMCaHUEe
TypOyJIEHTHOCTH M 00JaJal0T CYyIECTBEHHO 00Jiee HU3KOW BBIYMCIUTENLHONH CTOMMOCTBIO. [Ipu aTOM OoHI
[IO3BOJISIIOT OIKCHIBATh TOJIBKO YCTAHOBUBILMECS WIM MEIJICHHO MEHSIOIUECS TeueHMs. BO3MOXKHON alb-
TEPHATHUBOM SIBISIOTCS THOPUIHBIE METO/BI, TPU3BaHHbIe 00beAnHUTE gocTonHcTBA DNS/LES 1 RANS.

B nmanHO#l pabore paccmarpuBaeTcs THOPHIHBIN MOAXON HAa OCHOBE YAaCTUYHO YCPEAHEHHBIX YpaB-
nenuit HaBbe—Ctokca (PANS) [1, 2], obecneumBaromuii OecrioBHbii nepexoq or RANS k LES.
JIeMOHCTpHUPYIOTCS €r0 BO3MOXHOCTH HA IIPUMEPE MOACIBHBIX 3a/1a4.
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USE OF PARTIALLY AVERAGED NAVIE-STOKES EQUATIONS FOR
MODELING TURBULENT FLOWS

P. A. Kuchugov, V. F. Tishkin
Keldysh Institute of Applied Mathematics of the Russian Academy of Sciences, Moscow, Russia

Flows containing a transition to turbulence are inherent in a wide range of phenomena and processes, such
as supernova explosions, combustion of gas mixtures, flow around bodies of various shapes, etc. Numerical
simulation of such flows is of significant practical interest and is a complex independent task. To solve this
problem, there are several main approaches in computational fluid dynamics, which have their own area of
applicability, advantages and disadvantages. Thus, direct numerical simulation (DNS) and the large eddy
method (LES/ILES) are optimal approaches for describing flows in which there is a transition to turbulence,
since they allow a wide range of flow scales, but at the same time require significant computational resources
due to the use of fine grids. Approaches based on the averaged Navier—Stokes equations (RANS) use a
completely stochastic description of turbulence and have a significantly lower computational cost. At the
same time, they allow one to describe only steady or slowly changing flows. A possible alternative is hybrid
methods that combine the strengths of DNS/LES and RANS.

In this paper, we consider a hybrid approach based on partially averaged Navier—Stokes equations (PANS)
[1, 2], which provides a seamless transition from RANS to LES. Its capabilities are demonstrated on the
example of model problems.
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B3PBIBHOE METAHHUE IUCKPETHBIX MACC
A. K. My3vips

OI'VII «Poccuticknit @enepansubiii Anepusiii Lleatp — Beepoccniicknit HUU texanueckort hpuznku
nmenn akagemuka E. M. 3a0a0axunay, CHexuHck, Poccus

BBICOKOCKOPOCTHOE IBHMKEHHUE TEN U UX B3aMMOAEUCTBHE C MHUILEHBIO ABJSIETCS PACHPOCTPAaHEHHOH Te-
MO¥ Hay4YHBIX U PUKIIAJAHBIX UCCIeAoBaHul. [y 3THX 1enell pa3pa0boTaH U UCIONIb3YeTCs PSJl yCTaHOBOK.
K HUM OTHOCSTCS, HanpuMep, JIETKOTa30BbIe MYIIKH, B3PHIBHBIC YCKOPUTENH, Ta30KyMYJISTHBHBIC 3aPSIIIbI
[1, 2]. B u3naraemoii paboTe MCCIEIOBAaHO B3PHIBHOE METATEIBHOE YCTPOUCTBO MPOCTON KOHCTPYKIIHH, CO-
CTOSIILIEE M3 CJIOSl B3PBIBUATOTO BELIECTBA M Pa3MEILEHHBIX HEMOCPEACTBEHHO Ha HEM DIIEMEHTOB B BHIE
CTaJbHBIX LIAPUKOB TUaMeTpoM 3 MM. PacmonararoTcs mapuky yepes paBHbIE IPOMEKYTKU Ha MPSIMOM K-
HUH BIOJb paclpocTpaHeHus: (ppoHTa CKOB3SIIEH AeTOHAIIMU U 3arTyOIsIOTCS B TUIACTUYHOE B3PBIBUATOE
BEIIECTBO Ha MOJIOBUHY AMameTpa. Takas KOHCTPYKLHMSI MOXKET CTaTh OCHOBOHM B3PBIBHOTO METATENBHOTO
YCTPOWCTBA ISl CO3MaHMS YHIOPAJOUCHHBIX OCKOJIKOB. B HUX BO3MOKHO peryiupoBaHKe KOJHMYECTBa Mopa-
JKaIOIMX JIEMEHTOB Ha €AMHUILY TUIOIIAAN 33 CUET IUIOTHOCTH UCXOTHOTO PACIIOIIOKEHUS, a TAKXKE Bapua-
U] CKOPOCTH TOJNLIMHONW U MOITHOCTBIO B3PBIBYATOTO BeliecTBa. [l momydeHus pe3ysibTaToB UCI0Ib30Ba-
Jlach UMITYJbCHAs peHTreHorpagus (puc. 1).

Puc. 1. llapuku B monere

Banmnmuctuka. B mpoBegeHHBIX 3KCIIEPUMEHTAX MOJIEKATH ONPENEICHUIO CIeNyIoNe OalIuCTHIeCKue
XapaKTEPUCTHKH CUCTEMBI IIAPUKOB. 3HAYEHHSI UX CKOPOCTH HPH BapHalWHU TOJILUHBI CJIOS B3PHIBYATOTO
BemecTBa oT 4 1o 14 MM Bozpociu ot 600 10 950 m/c. CBs3b ckOpocTH € ToNmMHON BB HOCHT HennHeHbIH
XapakTep M annpoOKCUMUPYETCsl KyOUYeCKHM ITOJIMHOMOM. YCTaHOBIIEHO, YTO AajibHEHIIee YTOMIIEHHE 3apsi-
na BB He npuBOAUT K CYLIECTBEHHOMY YBEJIMYEHUIO CKOPOCTH LIAPUKOB M3-32 OOKOBON pa3rpy3KH.

CreneHp TOpMO3simero >pQekra Bo3myxa OmNpeneneHa M0 YPaBHEHHIO IBM)KEHHs IIaphKa C Y4eTOM
COIPOTUBIIEHUS cpeabl. Ero penieHne mokaspIlBaeT yMEHBIIEHHE CKOPOCTH C MPOIMIEHHBIM PAaCCTOSHUEM
no ’xcroneHTe. Ha 6aze no 400 MM oHO cocTaBisieT He Oonee 2%.

YcToWuMBOCTh TPaeKTOPHUHU ABMKEHHUS Ha 0azax 10 400 MM monTBepkaeHa Mo OTIeYaTkaM yaapa o Mu-
nreHd. B memoM coxpansercs mpsMOTUHEHHOCTh PACTIONIOKEHHS [IAPUKOB B IBUKEHHH. YXOZ OT NEpBOHA-
YalbHON TMHEHHOCTH UMEET NOPSIIOK JUaMeTpa IapuKa.

[Nopaxaromiee neiicTBUE CHCTEMBI YCKOPEHHBIX IapuKoB. 3mepeHa riryOrHa KpaTepoB B aTFOMUHHEBOM
muenu (puc. 2) ot 1,73 £ 0,38 mm g0 4,1 £ 0,3 mm. [locTpoena smnupuyeckas 3aBUCUMOCTh TTyOUHBI
OT ckopocTu yaapa. st onucanus 3¢ ¢deKxTa NpUBIeYEH adpOAMHAMHYECKUN MEXaHH3M B3aUMOACHCTBHS
OCKOJIKOB C mperpanoi [4]. B Hem paccMarpuBaeTcsi IBHKEHHE KECTKOrO HEAe(POPMUPYEMOTo yIapHUKa
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B Cpelie C MHEPIMOHHBIM U IPOYHOCTHBIM COMPOTHBIICHUEM. B MHEPIIMOHHBIN YICH YpaBHEHUS BXOIUT KO-
3¢ (UIUCHT CONTPOTURIICHUS MaTeprajia MUIICHN IPOHUKAHUIO B HEE CKOPOCTHBIX yaapHUKOB. [locTanoBOY-
HBIC JJAHHBIE OIBITOB U MOJYYCHHBIC PE3yabTaThl TO3BOJIMIIN ONPEACIUTh 3HaYeHUs Ko3(pdunuenta. B nua-
naszoHe ckopocreit ynapa 590-930 m/c mo IropalitoMUHUEBON MUIIICHHU €ro BeJIMYUHa cocTanser 2,8—1,3.

Puc. 2. Kpareps! oT ygapa rpymniisl IIapHaKoOB
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EXPLOSIVE THROWING OF DISCRETE MASSES
A. K. Muzyrya

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russia Research Institute of Technical Physics”,
Snezhinsk, Russia

High-speed movement of the bodies and their interactions with a target are widely studied in both scien-
tific and applied research works. Several test devices have been developed for these purposes. They include
light-gas guns, explosive accelerators, gas cumulative charges, etc. [1, 2]. This paper studies an explosive
throwing device of a simple design comprising a high-explosive (HE) layer and a number of steel elements,
namely, 3-mm steel balls, placed directly on top of this layer. The balls are equally spaced along the straight
path of the sliding detonation front propagation and embedded in a plastic explosive layer at a half-diameter
depth. This simple design can be used as a basis for an explosive throwing device to produce ordered frag-
ments. This allows for adjusting the number of striking elements per unit area by varying the initial density,
as well as velocity variation by changing the HE thickness and yield. Flash radiography was used to obtain
the results (fig. 1).

As for ballistics, ballistic characteristics of the balls system that were to be determined during the experi-
ments are as follows. The variation of the HE layer thickness from 4 up to 14 mm gave the increase in veloc-
ity values from 600 up to 950 m/s. “Velocity vs. HE thickness” dependence is of nonlinear character and is
approximated by cubic polynomial. It is established that further increase in thickness gives no increase in
balls velocity due to side dumping.

The air braking effect was determined from the ball motion equation considering resistance of the me-
dium. Solution of this equation demonstrates that velocity decreases exponentially with the distance covered.
For the base up to 400 mm, this decrease is less than 2%.
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Fig.1. The balls shot in flight

For bases up to 400 mm, stability of the path is evidenced by the dents left on the target. In general, the
balls remain aligned in motion. The deviation from initial linearity is of the order of ball diameter.

As for the damage effect of the accelerated balls system, the depth of the craters left in aluminum target
(fig. 2) was measured to be from 1.73 £ 0.38 mm to 4.1 + 0.3 mm. Empirical “crater depth vs. striking veloc-
ity” dependence was constructed. Aerodynamic mechanism of fragment-barrier interaction was used to de-
scribe this effect [4]. It considers rigid nondeformable striker moving in a medium with inertial and strength
resistance. Inertial term of equation includes a coefficient of target material resistance to penetration of high-
speed strikers. The experimental setup data and the results obtained allowed for determination of the value of
this coefficient. For duralumin target, this value is 2.8—1.3 within the striking velocity range of 590-930 m/s.

Fig. 2. Craters left after a group of balls hit the target
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CEPHbBIN JATUUMK UMIIYJIbCHOT'O JABJEHUS
A. K. My3vips

OI'VII «Poccuiickuit Denepanpubiii Anepusiii Lleatp — Beepoccniickuit HUU Texandeckoi Gpu3uku
nmenu akagemuka E. M. 3a0abaxunay», CHexxuHCcK, Poccus

3aBUCUMOCTh (U3MUECKUX CBOWCTB BEIIECTB OT CHJIOBBIX M TEMIEpaTypHBIX YCIOBHUH WILTIOCTPH-
pyeTcs, B YaCTHOCTH, U3BECTHBIM (PaKTOM H3MEHEHHsSI AIIEKTPONPOBOJHOCTH MPU BapHaluH JICHCTBYIOLIE-
ro AaBieHus. Tak, JIEeKTPUYECKOe CONPOTHBICHNE MaHTaHWHA (KOTOPBIH B HCXOAHOM COCTOSIHUH SBJISICTCS
MIPOBOJTHMKOM) pacTeT ¢ yYBEIMUYEHUEM JlaBieHNsa. BHMMaHue uccnenoBaresneil mpuBiekiia cepa cBoe pKo
BBIPRKEHHOH CITOCOOHOCTHIO MPEBPALIATHCS OT COCTOSHUS M30JIATOPa A0 POBOIUMOCTH MeTalia. JHepre-
TUYeCKas IMHUPHHA 3alpeIeHHON 30HbI MEKIY KBAHTOBBIMU YPOBHIMHU 3JIEKTPOHOB — BaJIEHTHBIM U NIPOBO-
numoctu coctaisieT 0,7 3B [1]. Ona npeononeBaeTcsi COBMECTHBIM JICUCTBUEM NABICHUS U TEMIIEPaTypPhl,
MepEeBOIA IEKTPOHBI B 30HY MPOBOAMMOCTH. [IpH 3TOM AaBieHNEe N3MEHSIOIIETOCS BO BPEMEHHU yAapHOIO
HMMITYJIbCA COMPOBOXKIAETCS a/IeKBaTHBIM U3MEHEHHEM ITPOBOJUMOCTH CEPBI. DTO 3aMeyuaTeIbHOE CBOMCTBO
MOCIYKHJIO MPEANOCHUIKON B MPENNPUHATHIX MOMBITKAX CO3AaHMUs M3MEPHUTENBHOTO peoOpazoBaTes s
perucTpanyy yaapHo-BOJTHOBOM MM B3pBIBHOM Harpy3ku [1].

B nabopatopHBIX yCIIOBHAX aBTOp pa3padoTal W MCCIIEAOBaJ CEPHBIM JaTYMK UMITYJIbCHOTO IABJICHHUS.
Ero ocHOBY cocTaBmI1 4yBCTBUTENBHBIN 3JIEMEHT B BUJIE TOHKOTO JucKa. [1o ycioBUsAM npUMeHEeHHs JaTuiK
JOJDKEeH 0071aaTh BEICOKOH pa3peraroleii CiocoOOHOCTBIO IO BPEMEHH, YTO HANPSMYIO CBSI3aHO C TOJIIH-
HOM cepHoro aucka. McxonHblil MaTepuan — MenquuHcKas cepa. 13 nmopuuu nopomika 50 Mr npeacTosio u3-
TOTOBHUTH IIPECCOBAHMUEM MPOYHBIH TUCK TonuuHOM nopsiaka 0,1 mM. [TogoOpanHoe onTUManbHOE IaBIEHUE
pyuHoro npecca coctasnsger 50 Kr/em?., Crnenyromas onepanys 3aKkII04aeTcs B pa3MEILEHUH JCKa B THE3/E
HWIMHIPHYECKOTO (hTOPOIIIACTOBOTO OCHOBaHHMS. B €ro mpogoibHBIX OTBEPCTUSAX MPOJIOKEHBI MPOBOJIOY-
HBIE KOHTaKTHl. HampeccoBKy cepHOTO cKa Ha FOJIOBKH KOHTAKTOB YAA€TCsl OCYIIECTBUTD O3 pa3pyLieHus
nucka. OTopoIiacT OCHOBAaHUS — TEXHOJOTHMYHBIM MaTepuall il MPpOBOAUMBIX oneparuii. CyliecTBeHHa
TaKxKe OJN30CTh aKyCTUYECKHX JKECTKOCTEH cepbl M PTOPOIIacTa, 4YTo CBOAUT K MUHUMYMY BOJIHOBBIE OT-
paXXeHus Ha TPaHULE UX KOHTAaKTa.

[on neiicTBHEM BBHICOKOTO JaBIICHHS COIPOTHUBICHUE 00pa3lia cepbl U3MEHIETCS B IIMPOKOM JHaNa3oHe
10°-1 Om. COOTBETCTBYIOIIMH pa3Max 3JIEKTPHUECKOTO HANPSDKEHHs HENpUeMIIeM Ul OCUMILIOrpadupo-
Banus. [lapamiensHoe MoacoeIMHEHNe MIYHTUPYIOIEro conpoTuienus R ~ 10 Om cxumaer Maciutab
U JaeT BO3MOXKHOCTH 3allMcaTh BECh JMANa3oH MaJeHHs HANpsKEHWS Ha PEerHMCTPUPYEMOM CONPOTHUBIIE-
HuK. B skcepuMeHTe (QuKCHpyeTcs M3MEHEeHHEe HalpsyKeHUs Ha MapajulelbHOM COCAMHEHWH, BHavaje
Ha myHTe U (6€e3 mojcoeIuHsAEeMOro yIapHoi BOJHOM CONPOTHUBIIEHHUS Cepbl R.), a 3aTeM Ha OOILEM CO-
nporusineHun U (f). OHO U3MeHsieTCs 13-3a IIPOLECCOB B cepe (puc. 1). Pacuer R, nposoautes mo Gpopmy-
e R, (t) =R, / (Um / U” —1). PacueTHas 1 onbITHas KaaMOPOBKA JIA€T CBA3b JABIEHHA C R ..

Puc.1. Ilpumep 3anmcy yaapHOTO UMITYJIbCA CEPHBIM AATYMKOM
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B nmpezncraBieHHOM OIBITE aTIOMUHUEBAS [JIACTHHA TONUIMHOM 5 MM Harpykajiach yaapoM MIUIUMET-
POBOM IIACTUHBI CO CKOPOCThIO 1,45 kM/c. JlaTumk pa3Menaiics Ha ThUTbHOW CTOPOHE Harpy:KaeMou Iiiac-
tuHbL [lapamerpsl cepHoit Tabnerku: Tommumua 0,145 + 0,005 mMm, guamerp 10 mm, macca 21,10 £ 0,05 mr.
Ha ocnumorpamMMe BepXHsisl JIMHUS (PUKCHPYET BPEMs MEXKTY 3aMbIKAaHUSIMA KOHTAKTOB YIapHOHN BOJIHOM
B aTIOMUHUU. MeTKku BpeMeHH Ha BTopoil muuuu 10 MI'u. AMIUIUTYa UMITYIbCa COOTBETCTBYET AABICHUIO
160 x0Gap.
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SULPHUR IMPULSIVE PRESSURE SENSOR
A. K. Muzyrya
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Snezhinsk, Russia

Physical properties of substances depend on the stress and temperature conditions. This is illustrated,
among other factors, by a well-known fact that electrical conductivity varies with virtual pressure. Thus,
electrical resistance of manganine, a conductor material in its initial state, grows with pressure. Sulphur is
of special interest for the researchers due to its pronounced ability to change its state from insulator to metal
conduction state. Energy band gap between the quantum levels of electrons, i. €., conduction and valence
electrons, is 0.7 eV [1]. To cover this band gap, combined pressure and temperature action is needed in order
to transport electrons into the conduction band. At that, the pressure of time-varying shock pulse is accom-
panied by the change in sulphur conductivity. This remarkable property was a prerequisite for the attempts
undertaken to design a sensing device to record the shock-wave and explosive load [1].

A sulphur impulsive pressure sensor was developed and tested by the author in the laboratory conditions.
A sensing element represented by a thin disk formed the core of this sensor. According to its practical appli-
cation conditions, the sensor should be of high time resolution, which directly depends on the sulphur disk
thickness. The medical-grade sulphur was chosen as the initial material. The task was to press 50 mg of pow-
der into the ~0.1 mm-thick high-strength disk. The optimum pressure of hand-operated press was selected to
be 50 kg/cm?. The next operation was to place the disk into a special hollow in the cylindrical fluoroplastic
base. Wire contacts were located inside its longitudinal holes. The author managed to press-fit the sulphur
disk onto the contact heads without disk failure. Fluoroplastic is a readily producible material suitable for
the operations conducted. Besides, acoustic stiffness of sulphur is very close to that of fluoroplastic, which
is essential since this ensures minimization of wave reflections at their interface.

Under high pressures, resistance of a sulphur sample varies over a wide range 10°~1 Q. The correspond-
ing peak-to-peak voltage is unacceptable in respect to oscillographic testing. Parallel connection of shunt
resistance, Ry, .. *10 Q, compresses the scale and allows for recoding the whole range of voltage drop
across the recorded resistance. In the experiment, the change in voltage across the parallel connection was
registered, first, across the shunt, Ug, .. 1. €., without consideration of sulphur resistance, R, conditioned by
the shock-wave action, then, across the total resistance, U, (¢). It changes due to the processes that take place
in sulphur (fig. 1). Rs is calculated by: R, ()= Ryun / (Ushunt /U, —1). The calculated and experimental data
were used to calibrate the probe in order to determine how pressure relates to R..

In the experiment, a 5 mm-thick aluminum plate was shocked by a 1 mm-thick plate at a speed of
1.45 km/s. The sensor was placed at the rear side of the plate being shocked. The sulphur pellet was
0.145 £ 0.005 mm thick, 10 mm in diameter with a mass of 21.10 £ 0.05 mg. The top trace on oscillogram
depicts the time between the contact closure due to shock wave action in aluminum. Time marks on the sec-
ond trace correspond to 10 MHz and pulse amplitude corresponds to the pressure of 160 kbar.
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Fig. 1. Shock pulse recorded by sulphur sensor
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COEPUYECKASA OBOJOYKA
OJI AEMCTBUEM BHYTPEHHET O B3PBIBA

A. K. My3vips

OT'VII «Poccutickmii ®enepansubiit Anepusiii Lientp — Beepoccuiickuit HUM texHnueckol Gpu3nku
nMenn akagemuka E. 1. 3a6abaxunay, CHexxMHCK, Poccus

Pa3noo0pa3Hbie cocyapl H 000TOUKH HAXOAT NPUMEHEHHE B PA3IHYHBIX OTPACIAX TEXHUKH KaK OTAENb-
HbIE YCTPONCTBA, TaK M B KAaueCTBE COCTaBHBIX dYacTel KOHCTPYKIMH. OIUH M3 BUIOB TaKUX KOHCTPYK-
LU — B3pbIBHBIE KaMepbl. OHM NCHIONB3YIOTCA AJIA JIOKAIU3alMY IPOTYyKTOB B3phIBA, 3AIMIIAI0T IEPCOHAI
1 000pyHOBaHUE OT BPEJHOTO JUHAMHYECKOTO BO3IEHCTBHUS MPH BHINOJIHEHUH TEXHOJOTHYECKUX MpoLec-
COB M Hay4HBIX HMccleqoBaHUM. Takas JIoKkanu3alus OCYIIECTBISIETCA NMPHU B3PHIBHOM CHHTE3€ alMa3HON
CTpYKTypHl yriepoaa [1]. IlpuMepom HayuyHOro HampaBIeHUS CIYKUT MPELU3UOHHAs JUarHOCTHKA JIETOHA-
LUUOHHBIX U YIAPHBIX BOJIIH CHHXPOTPOHHBIM M3JTy4eHHEM KoJuaiaepa MHcTuTyTa sigepHoil pu3nku nMeHn
I'. . bynkepa CO PAH, nns yero B kaHaJl BMOHTUPOBaHa B3pbIBHAs Kamepa [2].

[loBenenne o0oJOUEK, MOABEPTaeMbIX [EHCTBUIO BHYTPEHHErO B3pHIBA, NPEICTABISECT HHTEPEC
B HAYYHOM M MPAKTUYECKOM acnekTax [3]. 3aKOHOMEPHOCTH MX TUHAMHUYECKOTO Je(OPMUPOBAHUS JIEKAT
B OCHOBE Pa3pabOTKH B3PHIBO3AIINUTHEIX YCTPOUCTB. Takue kamepsl MPpU3BaHBI JIOKAJIM30BaTh B3PHIB U 0e3
pa3pylIeHHs BbIIEPKUBAaTh UMITYJIbCHYIO Harpy3Ky.

[IpencraBnenHast paboTa COCTOUT U3 JABYX 4acTeH — pacdeTHO-TEOPETHUYECKON M AKCTIEPUMEHTAIBHOM.
B mepBoit chopmynupoBano auddepenHnmanbHoe ypaBHEHHE AN MEPEMEIIeHHs] CTEHOK OOONOYKH IOJ
JeficTBHEM B3pbIBa M YIIPYIoil cuiibl conpoTuBieHusd. KpaTkoBpeMeHHOe IeHCTBIE B3pBIBHOM HArpy3KH 3a-
MEHSIETCS] Y4eTOM KOHEUHOH HadadbHOH cKopocTH. Pemenne nomyyaercs B BUIE TapMOHUYECKON (QYHKIHH.
[lo ammuTyne xoneOaHU MOMYYEHO BHIpaKEHHE [Tl MaKCUMaJIbHOM AedopManny Kak OTHOIIEHHS H3Me-
HEHHA panuyca 000JOYKH K €ro HauaJlbHOMY 3HaYeHHUI0. YCTaHOBIEHO, YTO MAaKCUMajbHas AeQopManus €
3aBHCHUT OT MAacChl 3apsijia B3pbIBYATOrO BEIIECTBA 71 M €T0 KAJIOPUHMHOCTH ¢, OT Macchl 000m0uku M u ee
paauyca R, a TakKe OT 4aCTOThI COOCTBEHHBIX KOIeOaHui m:

N

m
€= Q(HJ_R (o0 — k03¢ PUIKEHT OTPaXKEHHUS IPOAYKTOB B3PbIBA OT CTEHKH).
)
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OObeKkToM M3y4eHHUs! B TIPOBEACHHBIX B3PBHIBHBIX OIBITAX CIYKWJIa 000JOYKA M3 aTIOMHUHHEBOTO CILa-
Ba D-20 guamerpom 160 MM c TommuHo# crenku 3 mMM. [Ipu mocnexoBarenbHOM HarpyXeHUH 00OJIOUKH
B3pBIBOM 3apsioB ot 0,25 no 1,9 r TeH30pe3ucTopamMu u3MepsIach H3MEHSIOMAsACS BO BpeMeHH e opma-
1ust. [lomydyeHHbIe B 1eCATH TOYKaX 3HAUYCHHS YCPEIHSUIUCH, H 3aBUCUMOCTh MaKCUMaJIbHOU Jie()opMaIiy OT
Macchl 3apsizia alnmpoKCHMHUPOBajiach Bo3pacTaroneld IMHeHHOW (QyHKIMEeH:

£%(m) = 0,1182m (r).

Hanee mo ananutudeckor (hopmyne M3 TEOPETHUECKOH YacTH MOTy4YeHa pacueTHas 3aBUCUMOCTH IS
ycloBul 3kcniepuMenTta. CpaBHEHHE PacueTHON M SKCIEPHUMEHTAIFHON 3aBUCHMOCTEH MOKazano MX OJu-
30CTh. B HccnenoBaHHOM HMana3oHe Macc B3pBHIBUATOrO BEIIESCTBA pa3inyKe B 3HAYCHUIX AeopManuii He
npesbiIaer 5%.
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SPHERICAL SHELL IMPACTED BY INTERNAL EXPLOSION
A. K. Muzyrya

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russia Research Institute of Technical Physics”,
Snezhinsk, Russia

Various vessels and shells are applied in different technological areas both as stand-alone devices and as
integral structural parts. One of the types of such structures is the explosion chamber. Explosion chambers
are used in order to localize explosion products and to protect personnel and equipment from hazardous
dynamic impact during technical processes and research. In technical purposes, the localization is performed
during explosive synthesis of the structure of a carbon diamond [1]. Precision diagnostics of detonation and
shock waves by collider synchrotron radiation at Budker Institute of Nuclear Physics with an explosion
chamber integrated with the channel is an example of the research area [2].

The behavior of shells impacted by internal explosion is a matter of scientific and practical interest [3]. The
patterns of their deformation are the foundation for explosion-proof device development. These chambers
are implemented to localize the explosion and to sustain pulse loading without any destruction.

The given paper consists of two parts — numerical simulations and experiments. In the first part we
formulated a differential equation for the displacement of shell walls impacted by explosion and elastic
resistance force. The short-term effect of shock loading is replaced by accounting for finite initial velocity.
The solution is obtained in the form of a harmonic function. The expression for maximum deformation as a
ratio of shell radius alteration to its initial value was obtained through the oscillatory amplitude. Maximum
deformation € was established to depend on the charge mass of explosives m and its caloric content ¢, on the
shell mass M and its radius R, as well as on its oscillation frequency :

g:a[ﬂj@

v oR (o — the factor of explosive product reflection from the wall).

®
The subject of the conducted explosion experiments was a shell made of aluminum alloy D-20 with a
diameter of 160 mm and a wall thickness of 3 mm. In the experiments the time-dependent deformation was
measured by resistance strain gages at the sequential explosive loading of the shell with 0.25-1.9 g charges.
The values obtained in 10 points were averaged, and the dependence of maximum deformation on the charge
mass was approximated by the increasing linear function:

€%(m)=0.1182m (g).
40



COOEPXAHUE HA MPEABIAYLLYIO CTPAHULY HA CNEAYIOLLYIO CTPAHULY MEYATb

Further, the calculated dependence for the experiment conditions was obtained through the analytical
formula from the theoretical part of the work. The comparative analysis of calculated and experimental
dependence showed good agreement. The difference in deformation values within the investigated range of
explosive masses does not exceed 5%.
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NCCIUEAOBAHUE ITPOLHECCOB B IOJIMMEPHBIX MUHIEHAX
PU BBICOKOSHEPITETUYECKOM BO3JEMCTBUN

JI. C. boiikos', O. I Onvxoeckas', B. A. Tacunos', E. ]I. Kazaxos"?,
C. 4. Txauenxo'>, A. P. Cuupnosa' >

l¢>ez[epaJn>Hoe rocyJapcTBeHHOE yupexaeHue «DenepanbHblii HCCIEeN0BaTeNbCKUM IeHTp MHCTUTYT
npuknagHon Mmatematuku uM. M. B. Kennpiia Poccuiickoit akanemun Hayk», Mocksa, Poccust

2 v o o
HaLII/IOHaJ'H:HLII/I HCCJICAOBATCIbCKUU HECHTP «Kyp‘laTOBCKI/II/I HUHCTUTYT», MOCKBa, Poccus

3CDez[epaanoe TOCYIapCTBEHHOE aBTOHOMHOE 00pa3oBaTeIbHOE YUPEKACHNE BRICIIET0 00pa3oBaHuUs
«MocCKOBCKHI (DU3UKO-TEXHHUECKUH HHCTUTYT (HAIIMOHAIHHBIA NCCIIEIOBATEIIbCKIUI YHUBEPCUTET )Y,
Mocksa, Poccus

BrINOMHEH LUK SKCIEPUMEHTAIBHBIX U TEOPETUYECKUX MCCIETOBAHUN BO3AECHCTBUS PENATUBUCTCKOTO
anekTponHoro mydka (POIl) Ha monumepHble MumeHd. DkcnepuMenTsl nposoaunuck B HUL «Kypuaros-
ckuil MTHCTUTYT» Ha CUJIBHOTOYHOM YCKOpHTene 31eKTpoHoB «KanbsMapy, renepupytomem POII ¢ ammnu-
Tynoi Toka 10 45 KA npu sHepruu 3MekTpoHoB 10 300 k3B u moaHOM ¢uitoeHCce YHEPruu Ha MUILEHb 10
1 kJIx/cm? [1]. JIMHAMHUKA TIa3MBI B THOIHOM MIPOMEKYTKE YCKOPUTENS U3ydaach C TIOMOIIBIO 3JIEKTPOH-
HO-OINITHYECKOH XpoHorpaduu. s nmpo3padHbix MaTepraIoB TUHAMHUKA yAAPHBIX BOJH, BOSHUKAIOIINX IO
JeiCTBUEM PEaKTHBHOW CHIIBI, aHAJIM3UPOBAJIaCh METOIOM Jia3epHBIX TEHEBBIX H300paxeHuil. JJocrarouHo
nojiHas ¢usndeckas kapruHa BozaeicTBus POIT MoxkeT ObITh MOyueHa MPH CONOCTABIECHUH SKCIEPHUMEH-
TaJbHBIX JAHHBIX C PE3yJlbTaTaMy pacyeToB. TpexMepHOE MOIENUPOBAHUE CBSI3aHHBIX IUIa3MOJMHAMMYeE-
CKMX W YNPYTOIUIACTMYECKHX SIBICHUN BBIMOJIHEHO MOCPEACTBOM MynbTH(u3nueckoro kona MARPLE3D
(UIIM PAH) [2]. OTnenpHas 4acTh UCCISIOBAHHI OCBSIIEHA aHAIH3Y B3aUMOJICHCTBUS CTAIKMBAIOIIIUXCS
MOTOKOB IIJIa3Mbl C aHOJIA U KaTOZQA, U MPOSACHEHUIO BIMSHMS 3TOTO SIBICHUS HA BEIMYMHY CHUJIBI 1aBJICHHUA,
pa3BUBaeMOl Ha TBEPAOH MOBEPXHOCTH MUIeHH. Pa3paboTaHHas ¢ 3TOH Leabl0 METOAMKA TTO3BOJISIET OCY-
HIECTBIIATh KOMIUIEKCHOE MOJIEIMPOBAaHNE, BKIIOUAIOIIEe HarpeB U HCTIapeHNe MUIIEHHU 0] BO3eHCTBHEM
UIEKTPOHHOIO TMy4YKa M HEJIMHEWHBIE BOJHOBBIE NPOLIECCHI, NMPHUBOASIINE K BHYTPEHHUM pPa3pyLICHUSIM
1 OTKOJIbHBIM SIBJIEHMSIM B HEUCIIApEeHHOM 4yacTW MHUIIEHH. B pacderax HMCmonib30BaHbl HIMPOKOAMATIA30H-
HBIE YpaBHEHHsI COCTOSIHUS JUIS OTMCAHMA XUIKOH M TBepAoi (a3 BellecTBa MpU HU3KUX TeMIleparypax.
MogenupoBaHue SBIECHNN B Ta30IIa3MEHHOM CpeJie U B OCTATKE MUILIEHH OCHOBAHO HA METOJMKE CKBO3HOTO
pacueTa ¢ BBICOKMM pa3pelIeHneM, a TakKe Ha BBICOKOIIPOU3BOAUTENBHBIX BEIYUCICHHUAX. PeannzoBaHHbIe
KOMIBIOTEPHBIE MOJENH MPOLUIM BATUAALMIO HA JOCTATOYHO MPEACTaBUTENFHOM HabOpe TeCTOBBIX U MpH-
KIagHbIX 3a1a4. PazpaboTaHHOEe mporpaMMHoOe oOecriedeHne MOXKET OBITh UCIIOIB30BAHO ATl YHCIEHHOTO
pacdeT HanpsHKeHHO-1e(hOPMUPOBAHHOTO COCTOSHHS Pa3IMYHBIX CTPYKTYPHBIX JIEMEHTOB, HATPYKEHHBIX
OOJIBIIMMU UMITYJICHBIMH CHJIAMH W/UIIM TIOTOKaMU HEPTHH.

Pabora nopnep:xana rpantom PH® 21-11-00362.
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STUDY OF PROCESSES IN POLYMER TARGETS
UNDER HIGH-ENERGY IMPACT

D. S. Boykov', O. G. Olkhovskaya', V. A. Gasilov', E. D. Kazakov'"?,
S. I. Tkachenko"?, A. R. Smirnova"?3

'nstitute of Applied Mathematics. Keldysh RAS, Moscow, Russia
National Research Center “Kurchatov Institute”, Moscow, Russia

3Moscow Institute of Physics and Technology, Moscow, Russia

A series of experimental and theoretical studies of the effect of a relativistic electron beam (REB) on
polymer targets has been completed. The experiments were carried out at the National Research Center
“Kurchatov Institute” on a high-current electron accelerator “Kalmar”, which generates a REB with a current
amplitude of up to 45 kA at an electron energy of up to 300 keV and a total energy fluence on the target
of up to 1 kJ/em? [1]. The plasma dynamics in the diode gap of the accelerator was studied using electron-
optical chronography. For transparent materials, the dynamics of shock waves arising under the action of
a reactive force was analyzed by the method of laser shadow images. A fairly complete physical picture
of the REB effect can be obtained by comparing the experimental data with the calculation results. Three-
dimensional modeling of coupled plasmodynamic and elastoplastic phenomena was performed using the
MARPLE3D multiphysics code (IPM RAS) [2]. A separate part of the research is devoted to the analysis of
the interaction of colliding plasma flows from the anode and cathode, and to the elucidation of the influence
of this phenomenon on the magnitude of the pressure force developed on the solid surface of the target. The
technique developed for this purpose makes it possible to carry out complex modeling, including heating and
evaporation of the target under the influence of an electron beam and nonlinear wave processes leading to
internal damage and spall phenomena in the non-evaporated part of the target. The calculations used wide-
range equations of state to describe the liquid and solid phases of matter at low temperatures. Modeling of
phenomena in the gas-plasma medium and in the target remnant is based on the high-resolution end-to-end
calculation method, as well as on high-performance computing. The implemented computer models have
been validated on a fairly representative set of test and applied problems. The developed software can be
used for numerical calculation of the stress-strain state of various structural elements loaded with large
impulsive forces and/or energy flows.
This work was supported by a grant from the Russian Science Foundation 21-11-00362.
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COBCTBEHHASI HEYCTOMYUBOCTD
T'PAHULBI HAJIUHAPUYECKOI MOJOCTH

I’ B. Opnos

OI'VII «Poccuiickuit Denepanpubiii Anepusiii Lleatp — Beepoccniickuit HUU Texandeckoi Gpu3uku
nmenu akagemuka E. M. 3a0abaxunay», CHexxuHCK, Poccus

K cepeaune mpomuioro Beka B TEOpUH YIPYTOCTH OBbUIO cHOPMYTHUPOBAHO MOHSATHE CBOOOAHON OT Ha-
MpsbKeHUH moBepxHocTH [ 1], koTopas B [2] B 3a1a4ax JBMKEHUS TPAaHUYHOMN MOBEPXHOCTH IIapa U TPaHULIBI
c(epuieckoil MOJIOCTH Ha3BaHA MPOCTO CBOOOTHOM, a ee ABMKEHUS 0e3 HanpsHKeHUI — COOCTBEHHBIMH JIBH-
xerussmMu. B [2] u B pabote [3] ocTaBieH 6e3 BHUMaHUS TOT ()aKT, YTO MaJarolnas U3 CPe/ibl Ha CBOOOIHYIO
IpaHUIly pe30HaHCHAas BOJHA HE MMEET BOJHBI OTPAKEHHOMW, MMOCKOIBbKY HET HAIPSKEHUH, TOPOXKIAIOIINX
B CpeJie TaKylo BOJHY. B 3TOM ciyuyae Bechb UMIYNIbC M BCsS SHEPIHsI MAAAIONIEH BOIHBI BBI3BIBAIOT MPOU3-
BOJIbHBIE IBUKEHHE TOYEK CBOOOTHON MOBEPXHOCTH, HE UMEIOLINX HUKAKOW CBS3U C APYTHMH €€ TOUKaMH.
Takoe sBIEeHHE €CTECTBEHHO Ha3BaTh COOCTBEHHOH HEYCTOMYHMBOCTBIO CBOOOAHOM rpaHULbl. M3BEeCTHBIM
MPOSIBIICHHEM TaKOW HEyCTOWYMBOCTH MOXKHO Ha3BaTh PE30HAHC, XOTS €CTh MPUMEpPHhl COOCTBEHHOH Heyc-
TOMUYMBOCTH, HE UMEIOIINE PE30HAHCHOTO Xapakrepa. B noknane [4] Ha OCHOBaHUM ONBITHBIX JAaHHBIX Y/a-
JIOCh JIOKA3aTh CyIIECTBOBAHUE PE30HAHCA TPaHUIBI C(HEPUUECKO MOJOCTH OT SAEPHOrOo B3phiBa HA CeMu-
MaJIATHHCKOM TTOJTUTOHE NpY AN(PAKIHMHU TUIOCKOH 3BYKOBOM BOJIHBI JJ1s1 €AMHCTBEHHOM YaCTOTHI, 3aBUCAIIEH
OT pajyca MoNOCTH R, MPOJONBHOMN ¢, ¥ MONEPEYHOH ¢, CKOPOCTEi yNpyroi BOIHBI Ha IPAHHIE CPEIbI
1 0TOOpa dHEPruHU Ha Hell ¢ KodhduienToM 3atyxanus B = 2(c; /cp)z/R.

B HacTosimmem gokiiaae u3naraercs peeHue 3a1aun o JuQpaKuy miIoCKod MOHOXPOMATHYECKOH BOHBI
YacTOTHI (® Ha rpaHulle OECKOHEYHON HMIMHAPHYECKOH MOJI0CTH paguyca R. B IuauMHapruieckux KOOpArHa-
Tax 7, (p C MOMOIIBIO paBeHCTBa 3oMMepdenbaa (13.12) [5] anst nanaromeii BOIHBI TOTYYEHO PELICHUE ypaB-
HeHus beccens B BUIe CyMMBbl HE3aBUCHMBIX OTPa)KEHHBIX BOJIH KPATHBIX IO () TAPMOHMK C aMIUTUTYIOM,
MPEeACTaBUMOM APOOBIO OT TMHEHHBIX KOMOMHAIMIA OecceneBhIX (DYHKUUH LEIbIX MOPSIKOB C apTyMEHTOM
®R/c,,. ToNbKO OXMH 4WICH STON CYMMBI, ONMCBHIBAIOLIMI OTBET HA LIEHTPAIBHOE, HE 3aBUCSAIICE OT yIia @
rapMOHHYECKOE BO3/ICHCTBHE, MOXKET MPHHUMATh OECKOHEUHOE 3HAUCHHE JIIsl 0ECKOHEUHON CeprH pe30HaH-
CHBIX YaCTOT, ONPE/CNACMBIX TOIBKO PAJHYCOM MONOCTH R M CKOPOCTSMH C,), Cy.

Tlonpaznenenne MHM noaroroButensHoit komuccuu OJIB35M B paMkax KOHTpakTa ¢ MEXIAYHapOI-
HeIM TipoekToM COGITO-MIN nepenana POALl — BHUUT® mecsunslii 00beM gaHHBIX ¢ 45 ceiicMuue-
CKUX CTaHIHMH, paboTaIOUINX KPYIIIOCYTOYHO C IIaroM JUcKpeTu3auuu Bpemenu 1/500 cexyHmpl, B paiioHe
MOIITHOTO ToA3eMHoro pyaHuka Kunnnaxti B @unnsaanu. PynHuK KpyriocyTodHO BeaeT OypOB3pHIBHEIC
U TpaHCIOpPTHBIE paboThl. CHcTeMa BBIPaOOTOK 3TOTO PYAHUKA BKIIOYAET KMJIOMETPOBBIE HMIIMHAPHYECKUE
TOHHEJIM Pa3HOTO paAnyca, BKII0Yas OTPOMHBINA MOA3EMHBIN 3a11 BEICOTOM Oonee 35 METpOoB, IIMPHHOM OKO-
70 70 MeTpoB U AAMHOM B 15 QyTOONBHBIX MOJEH.

A5t HaXOXKICHHsI HCM3BECTHBIX 3HAYCHHIA MPOOJIBHOM M IONEPEIHON CKOPOCTEH ¢, €, yIPYrHX BOIH
pyaHoro Tena ObUTH pa3paboTaHa OpUTHHAJIbHAS METOAWKA ONpeesIeHHs BPEMEHH MPHUX0a 3TUX BOJH Ha
CEeHCMHUYECKHE CTAaHLIMU OT KOPOTKO 3aMEJIEHHBIX B3PHIBOB C HEM3BECTHBIM BPEMEHEM MHUIMAINH U OpH-
THHAJIBbHAS METOIMKa 00paOOTKH 3THX JaHHBIX ¢ moMomsio Python-mporpamm. DT0 MO3BONMIO MOTYYUTH
3HAYEHUs CKOPOCTeH ¢, ¢, ¢ TouHocThio 0,01 mpouenTa, a no Gororpadusm TOHHENEH U 3a/1a OLIEHUTh UX
s¢dexTuBHBIe paauychl R. M3 3THX OaHHBIX, npeHeOperas KpaeBbIMU 3(dexkTamMu ATHMHHBIX UUIMHIPH-
YeCKUX TOHHENEH M KpUBHU3HOHM YIpPyTHX BOJIH JAJEKUX B3PBIBOB, MAJAOUINX HA HUX, MOXKHO C XOpOIlIeH
TOYHOCTBIO YKa3aTh PE30HAHCHBIE YaCTOThHI TOHHENEH.

Koneunoe npeobpaszoBanne Pypoe (KIID) celicMuuecKkux JaHHBIX CTaHLWE OT B3PBIBOB MOKA3bIBAET
HaJIM4Me SIBHO BBHIPQYKEHHBIX IMHKOB HA PE30HAHCHBIX yacToTax. IIpu 3TOoM Jaske Ui CpaBHHUTENBHO OOIb-
mux ToHHesnel B uaTepsai yactoT KIID no wactorsr HalikBucra B 250 repi nonaaaet JUIllb OAWH pe30HAHC,
U HEeT YETKHX J0KAa3aTeNIbCTB TOTO, YTO 3TOT €AMHCTBEHHBIN MUK €CTh MPOSABICHUE HMEHHO PE30HAHCA TOH-
HEJlsl, a He 3ByKOB KaKkoro-To HMKIMYEeCKH paboraromiero obopynosanus. Ho pasmepsl 60p1I0ro0 3a1a JaroT
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LENbIX TPU ABHO BBIPAKEHHBIX PE30HAHCHBIX MHKA A0 4acTOThl 250 repii, KOTOpHIE ¢ BHICOKOM TOYHOCTBIO
orpaxaetr npeodpazoBanne Oypre Ha yactorax 22,8; 107,1 u 192,6 repu. [lonyyenHsie pe3yabTaTbl O3BO-
JISIIOT CYMTATh JOKa3aHHBIM CYIIECTBOBAaHHE COOCTBEHHON HEYCTOMYMBOCTH IPAHULIBI ATHMHHBIX [IUIHHIPU-
YECKUX MOJIOCTEH.

[IpencraBnsercs, 4To n3ydeHne cOOCTBEHHONW HEYCTOWYMBOCTH CBOOOIHBIX OT HAMIPSKEHUS TPAHUL] yKa-
3bIBACT HOBBIM MyTh K NOHMMAaHHUIO HCTOYHUKA HEYCTOMYMBOCTH Kak B MulieHsax Y TC, Tak ¥ B naifHepax.
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PROPER INSTABILITY OF THE BOUNDARY OF THE CYLINDRICAL
CAVITY

G. V. Orlov

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

In the middle of the last century, the concept of a stress-free surface was formulated in the theory of
elasticity [1], which in in the problems of motion of the boundary surface of a ball and the boundary of a
spherical cavity is simply called free surface [2], and its motion without stresses was called proper motion.

The authors of [2] and [3] ignore the fact that the resonant wave incident on the free boundary from the
medium does not reflected since there are no stresses to generate the reflected wave in the medium. In this
case, all the momentum of the incident wave cause arbitrary motion of points on the free surface which are
not anyhow connection with its other points. Such a phenomenon can naturally be called the proper instabil-
ity of a stress-free surface. Its well-known manifestation is resonance, although there are examples where
proper instability is not resonant in character. On the basis of experimental data it was proved in [4] that
the boundary of a spherical cavity from a nuclear explosion at the Semipalatinsk Test Site resonates during
diffraction of a plane sound wave for a single frequency depending on the cavity radius R, and the compres-
sional ¢, and transverse ¢, velocities of the elastic wave at the medium boundary and energy extraction on it
with an attenuation coefficient 8 = 2(c, /cp)z/R.

This paper presents a solution to the problem of diffraction of a plane monochromatic wave of frequency
o at the boundary of an infinite cylindrical cavity of radius R. In cylindrical coordinates 7 and ¢, using Som-
merfeld equation (13.12) [5] for a plane incident wave, a solution of the Bessel equation is obtained in the
form of a sum of independent reflected waves of ¢-fold harmonics with an amplitude that can represented
as a fraction of linear combinations of Bessel functions of integer orders with the argument ooR/cp. Only one
term of this sum, describing the response to a central harmonic action independent of the angle ¢, can take
an infinite value for an infinite series of resonant frequencies determined only by the radius R and the veloci-
ties Cps Cye

Under a contract with the COGITO-MIN international project, the INM division of the CTBTO
Preparatory Commission provided RENC-VNIITF with a monthly volume of data from 45 seismic stations
which keep round-the-clock records at a sampling step of 1/500 s near the Kyylahti mine in Finland, where
drilling, blasting and transportation operations are underway day and night. The mining system includes
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kilometer-long cylindrical tunnels of different radii and a huge underground hall more than 35 meters in
height, about 70 meters in width and about 15 football pitches in length.

To find unknown values of the velocities ¢, and ¢ of elastic waves of the ore body, an original tech-
nique were developed to determining the arrival time of these waves to seismic stations from short-delayed
explosions with an unknown initiation time and to process these data using Python programs. With these
techniques it became possible to determine ¢, and ¢, accurately to 0.01 percent, and to estimate the effective
radii R from photographs of tunnels and hall. From these data, ignoring the edge effects of long cylindrical
tunnels and the curvature of incident elastic waves from distant explosions, one can specify the resonant
frequencies of the tunnels with good accuracy.

The finite Fourier transform (FFT) of the seismic data from the stations shows the presence of pronounced
peaks at resonant frequencies. At the same time, even for relatively large tunnels, only one resonance falls
within the FFT frequency range up to the Nyquist frequency of 250 hertz, and there is no clear evidence
that this single peak is caused by the tunnel’s resonance rather than by the sound of some equipment in cy-
clic operation. But the size the hall gives as many as three pronounced resonant peaks up to a frequency of
250 hertz, which to a high degree of accuracy reflect the Fourier transform at frequencies 22.8, 107.1 and
192.6 hertz. These results allow us to believe that the existence of proper instability of the boundary of long
cylindrical cavities is proven.

It seems that the study of the proper instability of stress-free boundaries open up new vistas to understand-
ing the source of instability of targets in spheres and in liners.
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O BPAIIIEHUU YCTOMUYUBBIX KYMYJSTUBHBIX CTPYH
N3 TEKCTYPOBAHHbBIX OBJIMIHOBOK

B. I Cmenuxos, A. C. Ilupozepckuii, A .H. Jlowkapeg

AO «HIIO «bazanery, Mocksa, Poccus

Ocy1ecTBieHO peHTreHorpagupoBaHie KyMYJISITUBHBIX CTPYH B OPTOTOHAJIILHOW MPOEKIHH, 00pasye-
MBIX KYMYJISITUBHBIMH 3apsiiaMH ¢ MEAHOW OOIUIIOBKOW MPOTrpecCUBHON (YBEIMUMBAIOIINXCS OT BEPIINHBI
K OCHOBaHUIO) TOJIIMHBI U3TOTOBJIEHHBIX METOOM POTALIMOHHOM BBITSDKKH. DKCIIEPUMEHTATBHO YCTAaHOB-
JICHO, YTO BpallleHHe KyMYJSTUBHOU CTPYH, 00€CIEYeHHOE TEKCTYPOH KyMYJISITUBHON OONUIIOBKH, 32 CUET
CHJI TMHAMUYECKOW HEYypPaBHOBEILIEHHOCTH M LEHTPOOEKHBIX CUJI MOXKET MPUBOIHUTH K XapaKTEPHOMY pas3-
PYLIEHHIO HOCOBBIX YYaCTKOB CTPYH.

PoranmonHas BBITSHKKa — OUH M3 CaMbIX paclpOCTPaHEHHBIX CIOCOOOB U3TOTOBICHUSI KyMYJISTUBHBIX
00JIMIIOBOK obOecneynBalonux IeOopMaliio KPYUeHUsI U CABUra HAPYKHBIX CIIOEB METaJlla JIMCTOBOH 3a-
TOTOBKH OTHOCHTEIILHO BHYTPEHHHUX CJIOEB. DTO MO3BOJIIET 00ecneunTh ynpasieHue napamerpamu KC u3
TEKCTYpOBaHHBIX aHU30TPOIMHBIX OOJIHMIIOBOK M MPHBOAUT K CIIMH KOMIIEHCAIIMU MOTEph OpoHernpoOuBae-
MOCTH OT BpaleHHs1 O0EBBIX YacTel Ha TPAEKTOPHH MOJIeTa.
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TumnoBas peHTreHorpaMMa IpeAcTaBiIeHa Ha puc.l.

B nmanHoii crarbe OyneT onucan MexanusM paspyiieHust KC u nmpeacraBieHsl pe3yabTaTbl pacdeToB yac-
TOT BPALEHUSI TUIUPYIOIIMX YaCTeH KyMYJIATUBHBIX CTPYH, IPOBEACHHBIE HA OCHOBE PEHTTC€HOBCKUX CHUM-
KOB.

; e

-

Puc. 1. PentrenorpaMma HOCOBOM YaCTH KyMYJISITUBHOM CTPyH
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ROTATION OF A STABLE SHAPED-CHARGE JETS
FROM TEXTURED LINERS

V. G. Smelikov, A. S. Pirozerskiy, A. N. Loshkarev

JSC «Scientific production association «Bazalt», Moscow, Russia

This paper studies X-rays of shaped-charge jets (SCJ) in an orthogonal projection formed by shaped-
charge with a copper liner of progressive (increasing from the top to the base) thickness made by the method
of metal spinning.

It has been experimentally established that the rotation of the shaped-charge jet, provided by the texture of
the liner due to the forces of dynamic unbalance and centrifugal forces can lead to the characteristic destruc-
tion of the nasal sections of the jet.

Metal spinning is one of the most common methods of manufacturing liners that provides torsion and
shear deformation of the outer layers of a metal sheet relative to the inner layers. This method enables to
control the parameters of the SCJ from textured anisotropic liner. Moreover, this approach leads to spin
compensation of armor penetration losses from the rotation of combat units on the flight path.

A typical radiograph is shown in Fig. 1

Fig. 1

This article describes the mechanism of SCJ destruction and presents the results of rotational frequencies
calculations of the SCJs’ leading parts, carried out on the basis of X-ray images.
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KOHKPETHBIE KOHOUT'YPAIIUHN CUJIIBHOTI'O C/KATHUSA I'A3A
N HEKOTOPBIE PEKOMEHJALIUU IO MUIHEHAM IJIA JITC

C II Baymqu, FO. B. Huxonaes', E. Y. Honokun"?

'®rAOY BO «COTU HUSY MU DNy, Cuexunck, Poccus
2Pr'YII «I10 «Masixy», O3épck, Poccus
E-mail: spbautin@mail.ru, ynikolaev@list.ru, epnk@rambler.ru

HcxonHble reoMeTpuyecKie mapaMeTpbl MULICHHU IJIs Ja3epHoro TepmosinepHoro cunresa (JITC) ompe-
JENSI0TCS KOH(PUTYypalel TeueHHs CKaTusl, BOSHUKAIOIIETO B PE3y/IbTaTe BHEITHETO BO3/ACHCTBUS HA Hell-
POHHIIaEMYIO CTEHKY MUIIEeHH (nopiueHs). B paborax [1, 2] mocTpoeHbI peieHus IByX HadyalbHO-KPaeBbIX
3agad (HK3), onuceiBaromnx ogHO- ¥ JBYMEPHBIE TEUCHUS CXKATHUS MMOJUTPOITHOTO ra3a, KOTOphIe 3aJal0T
3aKOH JBUKCHUS [IOBEPXHOCTH CKUMAIOLIETO IIOPLIHS.

B pab6ore [1] paccmarpuBaercss HK3 mist cuctemsl ypaBHeHwmii razoBoi nuHamuku (CYT]L), onuceiBato-
mias npu ¢ >0 pasJeT MOJUTPOIHOTO ra3a B BaKyyM Ha KOCOHM CTEHKE B MPOCTPAHCTBE (PU3MUYECKUX aBTO-
MOJIENIbHBIX TIEpeMEHHbIX & =x/f, M=y/t, anpu ¢ <0 CHUIBHOE CKAaTHE ra3a B IPU3MATHYECKOM OOBEME.
Pemienne 3amaun cTpouTCS B BHIE CXOISIIMXCS PSAIOB MO CTEMEHSM IEepeMEHHOH 3 MJIsl HCKOMBIX Ta3o-
JUHAMUYECKHUX [1APaMETPOB C, U, V — CKOPOCTH 3BYKa U MPOEKIHUHA BEKTOPA CKOPOCTH ra3a Ha JEKapTOBbIE
ocH. 3necb 3 — u3BecTHas (QYHKUMS HE3aBHCHUMBIX MEPEMEHHBIX, 33Jai0lIas 3BYKOBYIO XapaKTEPUCTHKY,
pa3leNsIoNy 0 HICKOMOE T€YEHUE M LEHTPUPOBAHHYIO BOJIHY Pumana. I M3BECTHOIO 4acTHOIO pelle-
Hus paccmarpuBaemoit HK3 [3] MOXKHO MOCTPOUTD 3aK0H JBUKEHHUS MOPIIHA, CKMMAIOIIETO CHEalbHbIH
MpU3MaTUYECKUil 00beM B 00nacTu ABoHOW BONHEI ([IB). B pabore [4] mocTpoeH 3aKoH JBHXKSHHSI MOP-
e B obnactu 1B u yctaHoBieHo, 4To eciu ra3 B obnactu [IB cxkuMarh Bo3neHCTBHEM Ha MUILICHD JIBU-
KEHHEM HEIPOHUIAEMOTO MOPIIHS, TO BHE 3aBUCUMOCTH OT HadaJlbHON reoMeTpHUYecKoil KoH(Urypamuu
MOpILEHb C TEYCHHEM BpEMEHH HauMHAET BHITMOAThCSI B CTOPOHY KOCOHM CTeHKH. B okpecTHOCTH KpaiiHel
TOYKH TOPIIHS, B KOTOPOH OH KacaeTcst KOCOH CTEHKH, BO3HUKAET 00J1aCTh OOJIBIION TOKAIbHON KyMYISLIUH.
Ota o6nacTh U mapamMeTpsl KyMYISALUU TeM OOJblile, YeM paHblIe MOBEPXHOCTh HEMPOHUIIAEMOT0 TTOPLIHS
OyZleT HaKJIOHEeHa K KOCOH CTeHKE IoJ OCTPBIM yraoM. OTciona MOXHO JaTh PEKOMEHIAIHIO 10 MCXOIXHON
reOMETPHHU MHUIIEHH — B KaueCTBE MUILEHH OpaTh HE 1Iap, a TeTpasap, Y KOTOPOro BHELIIHUE TPAHU JOIKHBI
OBITH BOTHYTBIMH K LIEHTPY MHLICHH [5].

B pab6ote [2] paccmarpuBaeTca HK3, onuceiBaronas 6e3yqapHoe ofHOMEpPHOE (CiIydau MI0CKOH, IUINH-
JIpUYECKOil U chepUuecKoil CHMMETPHH) «CXKATHE M3 MOKOS B TIOKOI»: U3 MCXOAHOTO MOKOAIIErOCsS COCTOSI-
HUsI HEC)KATOTO ras3a IoJ BO3JICHCTBHEM HEMPOHMUIAEMOTO MOPIIHS OCYIIECTBISETCS Oe3ynapHbIi mepexon
TAaKKe B IOKOSILIEECH, HO yXKE B CKATO€ OJHOPOJHOE COCTOSHME. Takoe CxkaTHue sBISIETCS SHEPreTUYECKU
Hanbonee BHITOTHBIM, MIOCKOJIBKY paboTa HEMPOHULIAEMOTO MOPIIHS TPATUTCS TOJNBKO Ha CXKarue, HO HE Ha
pasroH raza. Mcnons3ys gannoe pemenne HK3, 010 nccnenoBaHo ckatue rasa Al OBYX CIIOCOOOB BO3-
JeiicTBrs Ha MULIeHb. [IepBrIii cmocod — cxkaTue ra3a CHapy>KH, KOrja JIBH)KEHHE HEPOHUIAEMOTO MOPILIHS
MPOUCXOAUT K OCH WU K LIEHTPY CUMMETPHH C)KUMaeMOH 00JaCTH U panyC KPUBU3HBI MOPIIHS CTPEMHUTCS
K Hymto. BTopoii cmocob — cxxkarue W3HyTpH, KOTAa paAnyc KPUBU3HBI MOPIIHS MPU CKATHHA HE CTPEMUTCS
K Hymo. B pabote [2] 3agaua o Oe3ymapHOM «CKaTWM M3 TOKOSL B MOKOI» OblLIa perieHa B 0OpaTHOM Ha-
MpaBJICHUN M3MCHEHMS BPEMEHM OT f =1 K { =1, IOpU ITOM f; <lx, YTO COOTBETCTBYET IIEPBOMY CIIOCO-
Oy BO3IEHCTBUS Ha MUILEHb. 31€Chb £ — (MHAIBHBIA MOMEHT CXKAaTHsl, f, — HauyaJbHbIi MOMEHT CKaTHs.
B pacuere yureHo, 4TO B paccMarpuBaeMoM Oe3ylIapHOM TE€USHHUH €CTh KOHKpeTHas 0COOEHHOCTh: B (PUHATIb-
HBI MOMEHT CKaTHsl f = £ BO3HHMKAET CKadOK IUIOTHOCTH Ha nopuiHe [2]. YncneHHoe pelieHne 3Toi 3a1aun
B 0OpaTHOM HampaBiIeHUH H3MEHEHHs BPEMEHH IO3BOJWIO IONYYHTh 3aKOH JBW)KEHHS CKUMAIOLIETO
HETPOHHULIAEMOT0 TIOPLIHS B BHJE HaOOpa TOYEK MPOCTPAHCTBA MEPEMEHHBIX (t, r), B KOTOPBIX OIpEJeIie-
HBI CKOPOCTh M TUIOTHOCTH Ta3a. [lanee, HCHONb3ys MOMYYEeHHBIH 3aKOH ABMXKCHUS MOPIIHA, 3a1a4a o Oe3y-
JApHOM «C)KaTHUU U3 MOKOs B IIOKOW» pEIIEeHa B IMIPSMOM HAIIPABICHUU U3MEHEHUS BPEMEHU OT f, K fx, 4TO
COOTBETCTBYET BTOPOMY CIIOCOOY BO3ACHCTBUS Ha MHUIIEHb. DTO CIIOCO0 ABJIsieTCs OoJiee yCTOWYHMBBIM, YeM
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C)KaTHe ra3a MpH JBUKCHUU HETIPOHUIIAEMOTO MOPIIHS K OCH WIH K IIEHTPY CUMMETpUU. B MOMEHT (uHaIb-
HOTO CXAaTHsl fx Ta3 MOKOUTCS C MOCTOSHHOM IUIOTHOCTHIO B 10 ThICSY pa3 Oombliel nepBoHavansHOl. Umeet-
Csl KOHKPETHOE CBOMCTBO TEUEHUS «CHKATUS U3 IMOKOS B MOKOI»: B MOMEHTHI BPEMEHHU, HEMOCPEICTBEHHO
MPEIIIECTBYIONUE UTOTOBOMY CKATHIO, IPOUCXOIUT OTPAKEHUE ra3a OT HEMOJBUKHOW CTEHKH, KOTOPOE Be-
JIeT KaK K JOMOJHUTEIILHOMY TIOBBIIICHHUIO TUIOTHOCTH Ta3a, TAK M K YMEHBIICHHIO €r0 CKOPOCTU. DTa 0COOCH-
HOCTH TEUEHUS «CHKATHUS U3 TIOKOSI B TIOKOW» JaeT OCHOBAHUE IS CIEAYIOLIEH PEKOMEHIANU K MUIICHSIM JJIs1
JITC: B neHTp TeTpa’ApHON MUILIEHU 3apaHee MOMEIATh TETPAdIPHBIN CEPACUHUK U3 OUEHB IIJI0XO0 CKUMae-
MOTO0 MaTepuaia, UMEIONINI COOTBETCTBYIOLIUE pa3Mephl M CTOPOHBI KOTOPOTO BOTHYTHI K LIGHTPY TeTpa’apa.

[TomyueHHbIE pe3yabTaThl aHATUTUYSCKUX U YUCIECHHBIX pemieHuit KoHkpeTHhIX HK3 ra3oBoit quHaMuku
Y JIaHHBIC HA UX OCHOBE PEKOMEHAINH 10 KoHCTpyKuuu mutieHer i JITC obecnieuar 6osee ycToiunBoe
u OoJiee CIIIbHOE Oe3ylapHOe CIKaTHE.
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The initial geometrical parameters of the target for laser thermonuclear fusion (LTF) are determined by
the configuration of the compression flow resulting from external action on the impermeable wall of the tar-
get (piston). In [1, 2], solutions of two initial-boundary value problems (IBV) were constructed that describe
one- and two-dimensional polytropic gas compression flows, which set the law of motion of the compressing
piston surface.

The paper [1] considers the IBV for the system of equations of gas dynamics (SGDE), which describes at
t >0 the expansion of a polytropic gas into vacuum on an oblique wall in the space of physical self-similar
variables &=x/f, n=y/t, and at 1 <0 a strong gas compression in a prismatic volume. The solution of
the problem is constructed in the form of convergent series in powers of the variable S for the desired gas-
dynamic parameters c, u, v are the speeds of sound and the projections of the gas velocity vector onto the
Cartesian axes. Here 9 is a known function of independent variables that defines the sound characteristic
separating the desired flow and the centered Riemann wave. For a known particular solution of the con-
sidered IBV [3], it is possible to construct the law of motion of a piston compressing a special prismatic
volume in the region of a double wave (DW). In [4], the law of motion of the piston in the DW region was
constructed and it was found that if the gas in the DW region is compressed by the impact on the target by
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the movement of an impermeable piston, then, regardless of the initial geometric configuration, the piston
begins to bend towards the oblique wall over time. In the vicinity of the extreme point of the piston, where it
touches the oblique wall, there is a region of large local cumulation. This area and cumulation parameters are
the greater, the earlier the surface of the impermeable piston is inclined to the oblique wall at an acute angle.
From here, we can give a recommendation on the initial geometry of the target — as a target, take not a ball,
but a tetrahedron, in which the outer faces should be concave towards the center of the target [5].

The work [2] considers an IBV that describes a shock less one-dimensional (cases of plane, cylindrical
and spherical symmetry) “compression from rest to rest”: from the initial resting state of an uncompressed
gas under the influence of an impermeable piston, a shock less transition is also carried out into a resting, but
already compressed homogeneous condition. Such compression is energetically the most favorable, since
the work of the impermeable piston is spent only on compression, but not on acceleration of the gas. Using
this IBV solution, gas compression was studied for two methods of impact on the target. The first way is to
compress the gas from the outside, when the movement of the impermeable piston occurs towards the axis
or the center of symmetry of the compressible region and the radius of curvature of the piston tends to zero.
The second way is compression from the inside, when the radius of curvature of the piston during compres-
sion does not tend to zero. In [2], the problem of shock less “compression from rest to rest” was solved in
the reverse direction of time change from 7 =# to ¢ =#, with £, <#, which corresponds to the first method
of impact on the target. Here #. is the final compression moment, #, is the initial compression moment. The
calculation takes into account that in the shockless flow under consideration there is a specific feature: at
the final moment of compression ¢ =t a density jump occurs on the piston [2]. Numerical solution of this
problem in the reverse direction of time change made it possible to obtain the law of motion of a compressing
impermeable piston in the form of a set of points in the space of variables (t, r), in which the velocity and
density of the gas are determined. Further, using the obtained law of piston motion, the problem of shock-
less “compression from rest to rest” is solved in the forward direction of time change from ¢, to #, which
corresponds to the second way of influencing the target. This method is more stable than compressing the
gas when the impermeable piston moves towards the axis or towards the center of symmetry. At the moment
of final compression #, the gas is at rest with a constant density 10.000 times greater than the initial one.
There is a specific property of the “compression from rest to rest” flow: at the moments of time immediately
preceding the final compression, the gas is reflected from the stationary wall, which leads both to an addi-
tional increase in the density of the gas and to a decrease in its velocity. This feature of the flow of “compres-
sion from rest to rest” gives rise to the following recommendation for targets for LTF: in advance place a
tetrahedral core made of a very poorly compressible material in the center of a tetrahedral target, having the
appropriate dimensions and the sides of which are concave towards the center of the tetrahedron.

The obtained results of analytical and numerical solutions of specific IBV of gas dynamics and recom-
mendations based on them on the design of targets for LTF will provide more stable and stronger shockless
compression.
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JIZKOYJIEB HAT'PEB KYMVYJIATUBHOM CTPYH,
®OPMUPYEMOM NPU CXJONBIBAHUU KOHUYECKOU
METAJJIMYECKOM OBJIMIIOBKU B MATHUTHOM IOJIE

C. B. Cmanxesuu

Wuctutyt ruaponunaamMuky uM. M. A. JlaBpentseBa CO PAH, HoBocubupck, Poccus

HoBocubupckuii rocynapcTBeHHBIN TeXHUYECKUi yHIUBepcuTeT, HoBocnbupcek, Poccus

Kymynsinust KoHUYeCKOM METaJIMYeCKOH OOJIHMLOBKH MPUBOAUT K OOPa30BaHUIO BBICOKOCKOPOCTHOM
CTpyH, obnafaromeii 00IbpIoN NPOoOHBHOM crocoOHOCTEIO. [lapaMeTpbl KyMYISTHBHOW CTPYH MOXKHO H3-
MEHHUTH MPH HaJO)KEHHH BHEUIHETO MarHUTHOTrO moisi. B mpouecce ¢hopMupoOBaHHMS M ABHXCHUHU CTPYH
B MarHWTHOM I10JI€ IPOUCXOJUT PE3KUNA POCT BEIMYMHBI MATHUTHON MHIYKIMH B METaJlJIe BCJIEACTBHE CXKa-
THS MarHUTHOTO TIOTOKA M PacTSKEHHSI CUIIOBBIX JIMHUN MarHUTHOTO 1OJI BMECTE C BELIECTBOM.

B HacTosieit pabote npencTaBaeHbI pe3ynbTaThl YUCICHHOTO MOACIUPOBAHHS KyMY/ISIIMA MarHUTHOTO
MOJISL U JIDKOYJIeBa HarpeBa KyMYJISITUBHBIX CTPYH, BOZHUKAIOIIUX IPH B3PEIBHOM 00)KaTHH METaITUUECKOTO
KOHyCa C MpeABAPUTEIHHO CO3JaHHBIM B HEM MarHUTHBIM MojeM. 3ajaya paccMaTpuBajach B AByMEpHOU
HECTAaLlMOHAPHOW MOCTaHOBKE. B oTinume oT M3BEeCTHBIX paloOT, yYUTHIBajJach KOHEUHAas 3JIEKTPOINPOBOJI-
HOCTh Marepuana KoHyca. VccnenoBanaock BAMSHUE Ha MapaMeTpPhl CTPYH Pa3IHYHBIX CIIOCOOOB CO3JaHMS
HayaJIbHOTO MarHUTHOTO MOJIS B KOHYCE C MOMOUIBI0 OJHOTO MJIHM ABYX COJIEHOMJIOB, a TaKXkKe MOCTOSHHBIX
MarHuTOB.

YcTaHOBIIEHO, YTO BETMYHHA MATHUTHOTO TI0JIS B TIPOLIECCE CKATUS KOHYCa MOXKET YBEJIMUMBATHCS B COT-
HU pa3. [Ipu ABM>KEHUU CTPYU B MAarHUTHOM T10JI€ BOZHUKAIOT MHTEHCUBHBIE MHIYKIIMOHHBIE TOKH, TPUBO/S-
M€ K JUKOYJIEBY HarpeBy Marepuana cTpyu. Iloka3aHo, 4To yueT KOHEUHOH 3IIEKTPOIPOBOJHOCTH MeTalIa
U €€ YMEHBIIIEHHE B MPOLiecCce KyMYJIALNUN MPUBOAAT K 3HAUYUTEIbHBIM U3MEHEHUSM B paclpe/lelIeHnH Mar-
HUTHOTO TIOJIS, MHAYKIMOHHBIX TOKOB M JKOYJIeBa HarpeBa cTpyH. [Ipu oTHOCHUTENbHO HEOONBIIOM Hayallb-
HOM MarHUTHOM none(~0,1 Ti) Temneparypa KyMynaTuBHOM cTpyu yBenuuuBaetcs Ha 200-300 rpanycos.
HarpeB oka3piBaeTCsi HEpaBHOMEPHBIM IO CEUEHHIO CTPYH M ee JyiuHe. Vcrmonb3ys pa3iudHble COCOOBI
CO3/1aHUs HauaJIbHOI'O MarHUTHOTO MOTOKA, MOXKHO YIPABIATh PacIpeeieHUEM TeMIIepaTypbl KyMy s THB-
HOM CTpyH 1O €€ AJIMHE. YIpaBIseMblil HarpeB CTPyH MOXKET MPUBOANUTE K TEPMUUECKOMY Pa3yIpPOUHEHHUIO
Marepuana CTpyH, YBEJIHUCHHIO €€ MPEAeIbHOTO YATHHEHHS U YIy4IlIeHHIO MTPOOUBHON CITIOCOOHOCTH.

JOUL HEATING OF A SHAPED-CHARGE JET PRODUCED
BY THE COLLAPSE OF A CONICAL METAL LINER
IN A MAGNETIC FIELD

S. V. Stankevich

Lavrent’ev Institute of Hydrodynamics, Siberian Branch, Russian Academy of Sciences, Novosibirsk,
Russia

Novosibirsk State Technical University, Novosibirsk, Russia

The collapse of a conical metal shaped-charge liner leads to the formation of a high-velocity jet with
high penetration capability. The parameters of the shaped-charge jet can be changed by applying an external
magnetic field. The formation and motion of the jet in the magnetic field are accompanied by a sharp increase
in the magnetic induction in the metal due to magnetic flux compression and the stretching of the magnetic
field lines together with the material.

This paper presents the results of numerical simulation of magnetic field cumulation and the Joule heating
of shaped-charge jets produced by the implosion of a metal cone in which a magnetic field was previously
created. The problem is investigated in a two-dimensional non-stationary formulation. In contrast to previ-
ous studies, the finite electrical conductivity of the cone material is taken into account. The effect of various
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methods of magnetic field generation in the cone (using one or two solenoids and permanent magnets) on
the jet parameters is studied.

It is found that the magnitude of the magnetic field can increase several hundred-fold during the cone col-
lapse. The motion of the jet in the magnetic field gives rise to high inductive currents leading to Joule heating
of the jet material. It is shown that taking into account the finite electrical conductivity of the metal and its
decrease during shaped-charge operation leads to significant changes in the distribution of the magnetic field,
induced currents, and the Joule heating of the jet. When the initial magnetic field is relatively low (~0.1 T),
the temperature of the shaped-charge jet increases by 200-300 degrees. The heating is not uniform over the
jet cross-section and length. The temperature distribution of the shaped-charge jet along its length can be
controlled using various methods of generating the initial magnetic flux. Controlled heating of the jet can
lead to thermal softening of the jet material, an increase in the ultimate elongation of the jet, and an improve-
ment in its penetration capability.
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PETUCTPALIUS OBJIAKA MUKPOUACTHII BOJIb®PAMA
CUHXPOTPOHHO! PAJJUOTPA®UEN U JITM

K. A. Ten':3, 3. P. Ipyyan', H. A. Py6yog"?, A. O. Kawxapos', B. IT. Xanemenuyx'?,
A. A. Cmyoennuxos" >, JI. H. Hlexmmar®, B. IT. Tonouxo>*, A. FO. F'apmawes®, /1. IT. Kyuko®,
JI. B. Illempog®, E. 5. Cmupnos’, A. FO. ®édopos’

lI/IHCTI/ITyT rugponuHaMuky uM. M. A. JlaBpentheBa CO PAH, HoBocubupck, Poccus
2]_IKH «CKH®», UuctutyT katanusza um. I. K. bopeckoa CO PAH, Konsroso, Poccust
3 Wucturyt sneproit ¢pusuku M. I. U. bynkepa CO PAH, HoBocubupck, Poccus
4I/IHCTI/ITyT xuMuH TBepaoro tena u mexanoxumun CO PAH, HoBocubupck, Poccus

SOI'YI «Poccuiickuii ®denepansubiit Anepusriii Lientp — Beepoccuiickuit HUU Texanveckoit Gu3uku
nmenn akageM. E. U. 3ababaxuna», Cuexunck, Poccus

[Ipu BbIXOAE CHMIIBHOW yAapHOI BONHBI Ha CBOOOAHYIO IOBEPXHOCTh METAIJIOB MPOUCXOIUT BHIOPOC 00-
Jaka MUKpouacTul (007aKko «mbuIny). MIHTEpec K 3TOMY SIBICHHIO CBS3aH C BIUSHHEM BHIOpOCA «IIBLIM
Ha pe3yabTaTsl u3MepeHuil quHamuku ABmkeHus ClII ¢ Mcrnonb30BaHUMEM TEHEBBIX, NIEKTPOKOHTAKTHBIX
U JIa3€pHBIX METOJ0B PErHCTpalMy JIBUKEHHUA. DKCIIEPUMEHTAIBHOE HCCIIEJOBAHNE ITUX MPOLIECCOB CHIIb-
HO 3aTpyAHEHbl M3-3a MajbX pa3MepoB MukpodacTun (1-100 MxM) W OONBIIMX CKOPOCTEH WX MoOJeTa
(1-5 xm/c). Haunbonee vacto ncnomb3yrorcs nasepHble cuctembl JII'M u mbe3omatumku. MX mocrouH-
CTBa — MHOTOKaHAJIBHOCTb U BO3MOYKHOCTh TPAHCIOPTUPOBKU. A HETOCTaTKU — HU3Kas TOUHOCTb U CIIOXK-
HOCTh KaJIMOPOBKH MOKa3aHUi. CHHXPOTPOHHOE M3Iy4YeHHUE JaeT BO3MOXKHOCTD MOJYYESHUSI MHOTUX Paaro-
rpaduuecKuX CHUMKOB (KMHO) Ipoliecca 3apoXAeHHUs U TMHAMUKN 00Jlaka MUKPOYacTHII.

B noknane npuBOAATCS pe3yibTaThl OMHOBPEMEHHOTO U3MEPEHHs TMHAMUKHY MBUIEBOrO 00JIaka 13 BOJb-
(hpaMOBBIX MUKPOYACTHII TPEMSI METOAUKAaMHU — J1a3epHoii JII'M, nbpe3onaTyukaMu 1 CHHXPOTPOHHOTO KHUHO.
OmnbITH TPOBOAMIHCEH HA ycKopuTenbHoM Kommiekce BOIIII-3 — BOIIII-4 B UHcTHTyTE simepHON QU3HKH
CO PAH. IlocraHoBKa OMBITOB NOKa3aHa Ha puc. 1. O6IaKo MUKPOYACTHL CO3AaBATIOCh B3PHIBHBIM MeETa-
HUEM MOpOIIKa Bolb(pama.

[TokaszaHo, 4TO UHTErpaJIbHO BCE METOIUKH PABHOLICHHBI, HO «OBICTPBIE» H3MEPEHUS MIIOTHOCTH O0laKa
BUHBI TOJIBKO NpHU paanorpaduu ¢ nomorsio CH.
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Puc. 1. Cxema mocTaHOBKH 3KCIIEPUMEHTOB:

1 —3apsan BB; 2 — cranpHO# IUCK; 3 — MOPOLIOK U3 MUKPOUYACTHUI] BOJb(pama; 4 — JETEKTOp;
5 — xormumatops! JII'M 1 mbe301aTYuKY; )KENTHIM [IBETOM [TOKa3aHO HarpaieHue myduka CU
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REGISTRATION OF A CLOUD OF TUNGSTEN MICROPARTICLES
BY SYNCHROTRON RADIOGRAPHY AND PDV

K. A. Ten" 3, E. R. Pruuel', I. A. Rubtsov"?, A. O. Kashkarov', V. P. Khalemenchuk'?,
A. A. Studennikov'?, L. I. Shekhtman®, B. P. Tolochko>*, A. Yu. Garmashev’, D. P. Kuchko’,
D. V. Petrov’, E. B. Smirnov°, A. Yu. Fedorov’

'nstitute of Hydrodynamics M. A. Lavrentiev SB RAS, Novosibirsk, Russia
2TsKP “SKIF”, Institute of Catalysis G. K. Boreskov SB RAS, Koltsovo, Russia
3Institute of Nuclear Physics G. I. Budker SB RAS, Novosibirsk, Russia

*Institute of Solid State Chemistry and Mechanochemistry, Siberian Branch, Russian Academy of Sciences,
Novosibirsk, Russia

SFSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical
Physics”, Snezhinsk, Russia

When a strong shock wave reaches the free surface of metals, a cloud of microparticles (a cloud of “dust”)
is ejected. Interest in this phenomenon is associated with the influence of the “dust” ejection on the results
of measurements of the dynamics of the motion of the SP using shadow, electrocontact and laser methods of
motion registration. Experimental study of these processes is very difficult due to the small size of micropar-
ticles (1-100 microns) and high speeds of their flight (1-5 km/s). The most commonly used are PDV laser
systems and piezo sensors. Their advantages are multi-channel and the possibility of transportation. And the
disadvantages are the low accuracy and complexity of calibrating the readings. Synchrotron radiation makes
it possible to obtain many radiographic images (movies) of the process of nucleation and the dynamics of a
cloud of microparticles.

The report presents the results of simultaneous measurement of the dynamics of a dust cloud of tungsten
microparticles by three methods — laser PDV, piezoelectric sensors and synchrotron cinema. The experiments
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were carried out at the VEPP-3 — VEPP-4 accelerator complex at the Institute of Nuclear Physics of the
Siberian Branch of the Russian Academy of Sciences. The setup of the experiments is shown in fig.1.
A cloud of microparticles was created by explosive throwing of tungsten powder.

Fig. 1. Scheme of setting up experiments:

1 — explosive charge; 2 — steel disk; 3 — powder of tungsten microparticles; 4 — detector;
5 —PDV collimators and piezoelectric sensors; SR beam direction is shown in yellow

It is shown that integrally all methods are equivalent, but “fast” measurements of cloud density are visible
only with SR radiography.
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SKCIHIEPUMEHTAJIBHOE UCCJIEJOBAHUE
HEYCTOMUYUBOCTHU PUXTMAHNUEPA-MEIIKOBA
IMPU YUCJIE MAXA IMMAJJAIOIIEHN YIAPHOM BOJIHBI M = 5

A. A. Taxkmes, FO. A. Iluckynos, U. JI. Byeaenxo, E. C. Moposoe, H. b. Anuxun

OI'VII «Poccwuiicknii @enepanvubiii Anepusiii Leatp — Beepoccniickuit HUU texamueckot hpu3nku
nmenH akagemuka E. M. 3a0a0axunay», CHexxuHck, Poccus

Ha ynapnoii TpyOe sKcriepuMeHTaIbHO UCCIIEI0BAIOCh B3aUMO/ICHCTBIE CTALIMOHAPHON YIApPHOW BOIHBI
¢ ynciaoM Maxa M = 5 ¢ KOHTaKTHOHM ra30BOW rpaHUIIEl pa3zaena cpell pa3HOM IUIOTHOCTH KBasuchepuue-
ckoit opmel. ['pannna pasnena copMupoBaHa B pe3yibTare TOpeHUs] CMECH C KOHIEHTpaLue Bogopoaa
8 00.% c Bo3myxom mpu HavasnbHOM aAaBieHun 20 klla. K MoMeHTy B3auMoaeHCTBHS C yIapHOW BOJHOM
ropeHue cmec (Iiams) GOpMHPOBAIO TOHKYIO, OIM3KYIO K cpepryecKoil TpaHuIly pasienia JEerKoro rasa
(IPOIYKTHI cropaHus) U TsDKEJIOTo (HecropeBiuas cMeck). [locie B3anMomelcTBHs ¢ yaapHOH BOJIHOW TO-
JTy4eHbl POTOM300paKEeHHsI Pa3BUTHsI HAYaJIbHOTO BO3MYIIEHUS B TOPOHJAIBHBINA BUXpH (puc. 1). Ompene-
JIEHBI IPOCTPAHCTBEHHO-BPEMEHHBIE 3aBUCUMOCTHU JIBUYKEHUS yIAPHOU BOJIHBI, BEPXHEU U HUYKHEU I'PaHHULL
TOPOUJANBHOIO BUXPsl, €0 IIPOAOIbHBIN U MOIEPEYHBIN Pa3MEPBL.
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Puc. 1. Pa3Burune kBasucQepuaeckoil TpaHUIIBI pa3aelia B TOPOUJANBHBIN BUXPh

3a ynapHOW BOJHOM MO)KHO MPAaKTHUECKU MPEeHeOpeYb FOpEHHEM M CUUTAaTh, YTO TEYCHUE B OCHOBHOM
pa3BHUBaeTCs 3a cUeT JEHCTBUS Ha TpaHHUIly pasesia cpel HeycToHuuBocTH PuxTmaiiepa—MemkoBa. Dkcrie-
PUMEHTBI MOTYT OBITH MOJIE3HBI IIPH PACUETHO-TEOPETUIECKOM MOJICIIMPOBAHUH TYpOYJIEHTHOTO ITepeMEII-
BaHHA B C)KUMAaEMBIX Cpelax.

EXPERIMENTAL STUDY OF RICHTMYER-MESHKOYV INSTABILITY
AT THE INCIDENT SHOCK-WAVE MACH NUMBER M =5

A. A. Tyaktev, Yu. A. Piskunov, I. L. Bugaenko, Y. S. Morozov, N. B. Anikin

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
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 in-
terface, 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
(fig. 1). 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.

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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Fig. 1. Transform of a sphere-like interface into a toroidal vortex
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KPUTHUYECKOE HOBEJAEHHUE METAJIJIOB, AKTUHHUOB
N METAJNJIMYECKOTI'O IIVIYTOHUA
B ABJEHHUU CAMOOPIAHU3AIIUU
IPU BBICOKOUHTEHCUBHOM BO3JENHCTBUHU

H. U. Cenvuenxosa, U. P. Tpynun, A. A. Yuaes

OI'VII «Poccwuiickuii dhenepanbHbIi saepHbli meHTp — BHUU skcnepuMenTanbHol Gu3nkmny, Capos,
Poccus

E-mail: otd@expd.vniief.ru

PaboTa nmocesIIeHa yCTaHOBICHHUIO OOIIUX 3aKOHOMEPHOCTEH AMHAMHYECKUX IECTPYKTUBHBIX MpOIec-
COB (IMHAMUYECKOTO pa3pylleHHs U JUCTIEPTHPOBaHUS ), MPOTEKAIOLINX B METAILIaX, IPH BHICOKOWHTEHCHB-
HOM BHEIIHEM BO3/ICHCTBIH B IMHAMUYECKOM JMANA30He HEPABHOBECHBIX COCTOSHII £ ~ 1070107 c.

YcTaHOBNEHBI KOJUYECTBEHHBIE XapPaKTEPUCTUKH KUHETUYECKUX IPOLECCOB, KOTOPBIE SBISAIOTCS OT-
KIIMKOM CHCTEMBI Ha BHeIIHee Bo3neiicTBue. OnpeeneHsl GppakTaabHas pa3MepHOCTb, [TOKa3aTelb XepeTa
JUCCHUIIaTUBHBIX CTPYKTYP — MPOAYKTOB AUCIEPTUPOBAHUS, THAPOAMHAMUYECKUX MOJI, KJIaCTEPOB LIEHTPOB
paspymenus [1].

JuccunatiBHbIE CTPYKTYpHI 001a1at0T CBOMCTBOM camoriono6us [1, 2]. Camononobue AucCUIaTUBHBIX
CTPYKTYp SIBISIETCS CIEACTBHEM CaMOOPTaHHU3allMM B HEPABHOBECHBIX CUCTEMAax; KMHETHKA MPOLIECCOB -
HaMHYECKOTO pa3pyLICHUs U TUCIIEPTUPOBAHUS IEMOHCTPUPYET IPUMEPHl MaclITAOHO-UHBAPUAHTHOTO TI0-
BEJICHUS.
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MacmrabHass ”HBApHaHTHOCTh BO3HHMKAIOLIMX JHCCUIIATHBHBIX CTPYKTYpP YKa3bIBaeT Ha TO, YTO HEPaB-
HOBECHAsI CUCTEMA JOCTUITIA KPUTHUUECKOTO COCTOSHUS.

Takske MPU3HAKOM TOTO, YTO CHCTEMa HAXOIUTCS B KPUTHUECKOM COCTOSIHUH SIBIsIETCs oOpamieHue B oec-
KOHEYHOCTh CKMMAEMOCTH (BOCIIPUUMYUBOCTH) ¥, ¥, ~ K~ LK- yOpyTuii MOayas [2].

Hcnonp3ys napHblii HOTEHIMAI KPUCTATIINYECKOM PEeIIETKH ONPEEeIEHO BEIpaKeHNE JUIsl CAKUMAEMOCTH
(BOCIIPUUMYHUBOCTH) Harpy>kaemMoro oopasua, KoTopas 3aBUCHT OT IFIOTHOCTH LIEHTPOB Pa3pyLICHHs.

VYcraHoBieHHE OOIIMX PETaKCAMOHHBIX MPU3HAKOB AJISl HEPAaBHOBECHBIX CHUCTEM IO3BOJIAET MPOTHO3M-
pOBaTh MOBEJCHUE HEUCCIECAOBAHHBIX CUCTEM [2, 3].

B Hacrosiiee Bpems A7 McciaeloBaHMs MOBEIEHUS KOHACHCUPOBAHHBIX CPEXl B AKCTPEMANbHBIX yCIIO-
BUSIX MIPUMEHSIFOTCSI BBICOKOMHTEHCUBHBIE YCTAHOBKH: UMITYTbCHBIE PEAKTOPBI, YCKOPUTENH, (eMTOCEKYHI-
HbI€ J1a3epbl. MOIHOCTHBIE BO3MO)KHOCTH TAKUX YCTAHOBOK CBSI3aHBI CO CTOMKOCTBIO 3JIEMEHTOB, Y3JI0B.

[Toka3ana aHanoOrusi KOJIMYECTBEHHBIX XapaKTEPUCTHK TypOYJCHTHBIX TEUCHUH B CUCTEMax pa3inyHOM
(u3nuecKkoi MpUPOAILL.

[IpoBeneno uncnennoe moxenuposanue 2D, 3D npouecca nucneprupoBaHus U3 METALNIMYECKUX 00pas3-
LIOB C HAHECEHHBIMHU BO3MYILIEHUSAMH B BHI€ TUPaMUAOK [4].

Criporao3upoBaHO MOBEACHHE METAIIIMUECKOTO ITyTOHMS, TOPUS, YpaHa B JUara30He HEPaBHOBECHBIX
cocrostamii £ ~ 107°+107 ¢, E ~ 30300 JLx/r ¢ MIPUMEHEHUEM yCTaHOBJIEHHOTO BPEMEHHOIO MHBAapHaHTa
MIOBEACHUS METAJUIOB B SKCTPEMAJIbHBIX YCIOBUSIX [ 1—3] 1 3KCIIEpUMEHTAIbHBIX JTaHHBIX 10 KPUTHYECKOMY
JIaBJICHUIO, PUBOJAIIETO K pa3pyLIEHUI0, METAIIIMYECKOTO IUTyTOHUS [S].
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CRITICAL BEHAVIOR OF METALS, ACTINIDES AND PLUTONIUM
METAL ON HIGH-INTENSITY EXPOSURE

N. I. Sel’chenkova, I. R. Trunin, A. Ya. Uchaev

FSUE “Russian Federal Nuclear Center — All-Russian Research Institute of Experimental Physics”, Sarov,
Russia

E-mail: otd@expd.vniief.ru

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-equilibri-
um states  ~107°+1077 s,

56



COAEPXAHUE HA MPEALIAYLLYIO CTPAHULY HA CNEAYIOLWYIO CTPAHULY MEYATb

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, hydrody-
namic 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,
x~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 facili-
ties: puled reactors, accelerators, femtosecond lasers. High-power capabilities of such facilities are related
to resistance of elements, units.

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 perturba-
tions in the form of pyramidions [4].

Predicted is behavior of plutonium metal, thorium, uranium in the range of non-equilibrium states
t~107%+107 s, E ~ 30+300 J/ g using established temporal invariant of metals behavior under extreme con-
ditions [1- 3] and experimental data on critical pressure, causing failure of plutonium metal [5].
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PEIT'MCTPALIUA IIVIOTHOCTHU U CKOPOCTH
HBIJIEBOTI'O IIOTOKA IIPU YAAPHOM HAT'PYKEHHUU
KOHCTPYKIIMOHHBIX CTBIKOB

B. IT. Xanemenuyr', K. A. Ten', H. A. Py6yos" >, 3. P. Ilpyyan', A. O. Kawixapos',
A. A. Cmyoennuxos' >, JI. H. Hlexmman®, B. IT. Tonouxo®, E. B. Cnupnos®, M. IO. Cmon6ukos’

1I/IHCTI/ITyT ruaponnHaMuky uM. M. A. JlaBpentreBa CO PAH, HoBocubupck, Poccus
2I/IHCTI/n"yT aneproit pmsuku um. I. U. bynkpa CO PAH, HoBocubupck, Poccus
3IIeHTp KOJUIEKTHBHOTO TI0JIb30BaHUsT « CHOMPCKHIA KOJIBIIEBOH HCTOYHUK (OTOHOBY, KonbiioBo, Poccust
4I/IHCTI/ITyT XUMUM TBepaoro tena u Mmexanoxumun CO PAH, HoBocubupck, Poccus

OI'YII «Poccniickuii Denepanbublit Anepnsiii Lientp — Beepoccuiickuit HUM texnnueckoit pusuku
nMmenHu akagemuka E. M. 3a0a0axunay», CHexunck, Poccust

B pabote uccnenoaics npouecc BEIOpOCa YacTUI] U3 KOHCTPYKLMOHHBIX CTHIKOB METAJJIOB TOJ Jeiic-
TBUEM yrapHoi BonHbI (Y B) natencuBHocThio ~40 I'Tla. Beidpoc BeniecTa hopMHUPOBAICS U3 IIETH MEXKIY
IByMsi OOKOBBIMHU TTOBEPXHOCTSIMH compsiraeMbix aetaneil. Beixon YB Ha cBobomnyto noBepxuocTs (CII)
U ee B3aMMOJEHCTBUE C MaTepHalIoM CTEHOK LIETH MPHBOIUT K (OPMUPOBAHUIO MBLJIEBOTO MOTOKA C MO-
CIIEAYIOIIUM 00pa30BaHUEM MENKOAMCIICPCHBIX YaCTHIl, JBUTAIOMINXCS C CKOPOCTSMH 3HAYUTENBLHO MPEBbI-
HIAIOLUIMMHU CKOPOCTH CBOOOTHOM MOBEPXHOCTHU JAETalICH.

HUccnenoBanue BEIOpoCa 4acTHI MPOBOAMIACH METOAOM UMITYIbCHOW PEHTIeHOTpadui CHHXPOTPOHHBIM
n3nyyeHueM c 3Heprueit 20 xk3B. Perucrtpauus peHTreHOBCKOW TeHH mpoBoamiach aerektopom DIMEX,
obecneunBarominM 3anuch 100 KagpoB ¢ MPOMEKYTKOM BpEMEHU MEXAy Kaapamu 124 Hc.

B noxnane mpencraBiieHbl 3KCIEPUMEHTANBHBIE PE3YAbTAThl 10 PErUCTPALMH JIMHEWHON IIIOTHOCTH
U CKOPOCTH IIOTOKA 4acTull. MccnenoBanbl CTBIKU ¢ pa3HOM reOMETpHUeEl conpsraeMelx geraneil. Ilokazana
3¢ PEKTUBHOCTH UCIIONB30BAHHON METOAMKH JUISI MCCIEOBAaHHS IPOLIECCOB MBUICHHUS U3 KOHCTPYKIMOHHBIX
CTBIKOB. Pe3ynbTrarsl paboThl BaXKHBI TS aHAJIM3a KOPPEKTHOCTH Pa0OTHl YCTPOWUCTB YAapHOTO HATrPY>KEHHS.

REGISTRATION OF THE DENSITY AND VELOCITY OF THE DUST
FLOW DURING SHOCK LOADING OF STRUCTURAL JOINTS

V. P. Halemenchuk', K. A. Ten', I. A. Rubtsov"3, E. R. Pruuel', A. O. Kashkarov',
A. A. Studennikov'?, L. I. Shekhtman®, B. P. Tolochko*, E. B. Smirnov°, M. Y. Stolbikov’

'Lavrentiev Institute of Hydrodynamics SB RAS, Novosibirsk, Russia
Budker Institute of Nuclear Physics SB RAS, Novosibirsk, Russia
3Center for Collective Use “Siberian Ring Photon Source”, Koltsovo, Russia
“Institute of Solid State Chemistry and Mechanochemistry SB RAS, Novosibirsk, Russia

SFSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical
Physics”, Snezhinsk, Russia

The process of ejection of particles from structural joints of metals under the action of a shock wave (UV)
with an intensity of ~40 GPa was investigated. The release of the substance was formed from a gap between
the two side surfaces of the mating parts. The release of HC onto a free surface (SP) and its interaction with
the material of the slit walls leads to the formation of a dust flow followed by the formation of fine particles
moving at speeds significantly exceeding the speed of the free surface of the parts.

The study of the emission of particles was carried out by the method of pulsed radiography by synchrotron
radiation with an energy of 20 keV. Registration of the X-ray shadow was carried out by a DIMEX detector,
which provides recording of 100 frames with a time interval between frames of 124 ns.
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The report presents experimental results on the registration of linear density and particle flow velocity.
Joints with different geometries of mating parts are investigated. The effectiveness of the technique used
to study the processes of dusting from structural joints is shown. The results of the work are important for
analyzing the correctness of the operation of shock loading devices.
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NCCIEJOBAHUE CXOXKIAEHHUSA MEJIHBIX
TOJCTOCTEHHbBIX IMJIMHAPUYECKHNX OBOJOYEK
IIPU B3PBIBHOM HAT'PY’KEHUH

B. 1. 3envoosuu’, A. 2. Xeiigpey', B. H. Benakos®, C. B. Banywxun®, E. B. Illopoxoe*

1I/IHCTI/ITyT ¢uzuku merammioB YpO PAH, Exkarepun0ypr, Poccus

2PI'VII «Poceniickuii Oenepanpabnii Anepusiii Leatp — Beepocceniickuit HUU Texandeckoi Gpu3uku
nmenu akagemuka E. M. 3a0a0axunay», CHexxnHCK, Poccus

MerannorpadpuueckuM METOJOM HCCIIeJOBaH MPOILECC CXOXKICHUS MEAHBIX TOJICTOCTEHHBIX LUJIMHAPH-
YeCcKHX 000JI0YEK 0] AeHCTBUEM B3pHIBA.

HunuHapuyecKue TOICTOCTEHHBIE 000I0YKH U3 MeAr M1 ObUTH MOABEPTHYTH B3PHIBHOMY HATrPY>KEHHIO.
Pa3mepbr 0007104€eK U AeTany Harpy:KeHHs IpeACTaBIeHbI B Ta0I. 1.

Tabmnuna 1
PaSMepBI 0007104Y€K U XapaKTCPUCTUKHU B3PBIBHOTO HATPYKCHUMA
Homep JwnameTp/TonmuHa, S/R Jnuna, Tommuna cnog BB, | Tonmuna xopryca, | Tonmuna npokiaak,
000J109KH MM MM MM MM MM
! 60/8 0,266 250 2 20 5
2 ’ 300 3

Cpennuii yuactok 00oso4ek ObuT okpyxeH ciioem BB. Tonmuna ciost Oblia pa3HOW JUIsi HArpy)KaeMbIX
obomouek. JlJist 3aiepKKH pasiieTa IPOIyKTOB B3PhIBA U YBEIWYCHUS MPOJODKUTEIILHOCTH ICHCTBUS yaap-
HOTO MMITYJIbCa, CHCTEMa ObLTa OKPYKeHa KopIrycoM u3 ctaiu 10. Mex 1y moBepXHOCThIO 000JIOUEK U CIIOEM
BB pacmnonaranu npokiaiku u3 ISHOIUIACTA, IS CIIAXUBAHUS (POPMBI yIapHOTO UMMyIbca. JleToHanuoH-
Has BOJIHA CO3/laBajia Ha MOBEPXHOCTU 00OJIOYEK YIApHYIO BOJIHY, TOJ JCHCTBHEM KOTOPOW MPOMCXOIUIO
WHEPILMOHHOE CXOXKIACHHE 000JI0YKM K ocH cUMMeTpuH. B padortax [1-3] cxoxaeHne 000mouek moj aeiic-
TBHEM CKOJIB3SIIEH JIETOHAIIMU OCYIISCTBISLIA C HCIOIb30BAHUEM KOJIBIIEBOM CHCTEMbl WHUIIMUPOBAHUS
BB. /Ins Takoro croco6a MHUIIMUPOBAHUS TPeOyeTcss CBOOOAHBIN JOCTYN K TOPILY 00OJIOYKH, YTO OCIOXK-
HSIET ero MpuMeHeHue. B HacTosIel paboTe MHUIIMUPOBAaHUE HaKIIaqHOTO BB ObLIO BHIMOIHEHO U3 BOCBMH
TOYEK, PABHOMEPHO PACIOJIOKEHHBIX MO0 OKPY>KHOCTH Ha IWIHHPUYECKON MMOBEPXHOCTU 000JI0YEK. ITOT
cnoco0 Oosee MPOCTOH It NPAKTHYECKOTO TPUMEHEHHSL.

BbuI0 yCTaHORBIIGHO, YTO MPU HEMOJIHOM CXOXJICHUU HA BHYTPEHHEH NOBEPXHOCTH 000J04YKH 00pa3oBa-
JIOCh BOCEMb BBICTYIIOB, TO €CTh IPOM30IILIA ITOTEePs] yCTOMUMBOCTH TNaakoro ¢pponta aedopmanuu. [pen-
JIOKEH MEXaHW3M 00pa30BaHUs BHICTYIIOB, OCHOBAHHBIM Ha JACHCTBUU MaXOBCKUX BOJH C OOJBIION aMILIU-
TyAOH JaBICHHS, BOZHUKAIONINX B 000JOYKE MPU B3aUMOACHCTBUU COCETHUX yIapHBIX BOH. OOpa3oBaHue
Y Pa3BUTHE BHICTYIOB CIIOCOOCTBYET CXOXK/ICHHIO O00JIOYKH B IUIHH/IP.

YCTaHOBJIEHO, YTO BHICOKOCKOPOCTHAS JehopMaIiis MEIH MPH CXOKICHHH 000JI0UEK OCYIIECTBISETCS
MPEUMYIIIECTBEHHO JIBOMHHMKOBaHHEM. B HapyXHBIX 30HaX 00OJOYEK JBOMHHKOBaHHE mpeoOianaer. Bo
BHYTPEHHUX 30HAaX JIBOWHUKOB MEHBIIIE. B mporecce cXoxkIeHUs TeMIIepaTypa BHYTPEHHEH 4acTH 000JI04eK
MOBBINIAETCS, ¥ 3TO MPUBOAMUT K U3MEHEHUIO MexaHu3Ma Jedopmaniui. Bkiiaa TBOMHUKOBaHUS yMEHBIIACT-
Csl, aKTHBH3UPYETCS CKOJIbKCHHE.
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O6Hapy>KeHLI y4aCTKn JIOKaJIM30BaHHOM ,[[C(i)OpMaL[I/II/I BHYTPHU U BOKPYT BBICTYIIOB, YTO CBA3aHO C JdH-
HBIM METOAOM MHUITUUPOBAHU B3PbIBA.
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THE STUDY OF CONVERGENCE OF COPPER THICK-WALLED
CYLINDRICAL SHELLS UNDER EXPLOSIVE LOADINGH

V. I. Zeldovich', A. E. Kheifets', V. I. Belyakov®, S. V. Balushkin®, E. V. Shorokhov*

'Institute of Metal Physics UB RAS, Ekaterinburg, Russia

2FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical
Physics”, Snezhinsk, Russia

The process of convergence of copper thick-walled cylindrical shells under the action of explosion was
investigated by metallographic method.

Cylindrical thick-walled M1 copper shells were subjected to explosive loading. The sizes of the shells
and loading details are presented in Table 1.

Table 1
Shell dimensions and blast loading characteristics
Number | Diameter/Thickness, S/R Length, Thickness of explosive Thickness of Thickness of
of shell mm mm layer, mm casing, mm gasket, mm
! 60/8 0.266 250 2 20 5
2 ' 300 3

The middle section of the shells was surrounded by a layer of explosives. The thickness of the layer was
different for the loaded casings. In order to delay the flight of explosion products and increase the duration of
the shock pulse, the system was surrounded by a steel 10 casing. Foam pads were placed between the surface
of the shells and the explosive layer to smooth the shape of the shock impulse. The detonation wave created
a shock wave on the surface of the shells, under the action of which there was an inertial convergence of the
shell to the axis of symmetry. In [1-3], the convergence of the shells under the action of sliding detonation
was carried out using a ring system of initiation of explosives. This method of initiation requires free access
to the end of the shell, which complicates its application. In the present research, initiation of the superim-
posed explosive was performed from eight points evenly spaced circumferentially on the cylindrical surface
of the shells. This method is simpler for practical application.

It was found that incomplete convergence produced eight protrusions on the inner surface of the shell,
that is, there was a loss of stability of the smooth deformation front. The mechanism of overhangs formation
was suggested based on the action of Mach waves with large pressure amplitude arising in the shell during
the interaction of neighboring shock waves. Formation and development of protrusions contributes to con-
vergence of the shell into a cylinder.
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It was found that high-speed deformation of copper during convergence of shells is carried out mainly
by twinning. Twinning predominates in outer areas of the shells. There are fewer twins in the inner zones.
During convergence, the temperature of the inner part of the shells increases and this leads to a change in the
deformation mechanism. The contribution of twinning decreases and sliding is activated.

Areas of localized deformation in and around the protrusions were found to be associated with this meth-
od of blast initiation.
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CFD-MOJAEJIUPOBAHUE MNPOLECCOB CO3JAHUA
N PASPYHIEHUA CTPATUOUKALIUHU
C HCITOJIB30OBAHUEM BUXPEPAZPEINAIOIIEIO HOAXOAA
K MOAEJUPOBAHUIO TYPBYJIEHTHOCTH

A. A. Kanaes

WucTuTyT nipobniem 6e30macHOTo pa3BUTHUS aTOMHOM YHepreTuku Poccuiickoii akagemun Hayk (MBPAD
PAH), Mocksa, Poccus

Joxiiag nmocesiieH 00CYX ICHUIO Pe3yIbTaTOB PACUETHOTO MCCIICAOBAHUS MPOIIECCOB CO3JAHHS U pa3-
PYIICHHS CTpaTH(UKAIIMK C UCIIOIH30BAHNEM pa3pabOTaHHOTO U Pa3BUBAEMOTO IS MPUMEHCHUS B WHXKE-
HepHo#l npakTrke B UBPAD Buxpepaspemaroniero noaxoaa K MoJAeIMPOBaHUIO TypOYJISHTHOCTH. AHaN3
PE3yNBTAaTOB SKCIICPUMEHTOB, UCCIICAYIONUX MPOIECCHl CO3IaHus U pa3pylICHUs cTpaTu(UKAIUU JIETKOTO
rasa, ¥ X pacuyeTHOE UCCIICOBAHUE TTO3BOJISICT MOYYUTh HH(OPMAIIMIO O BIUSHUY Pa3IUYHbIX (AaKTOPOB
Ha 3TH Tporecchl. B goknane OymyT npeacTaBIeHbl BRIBOJBI O MPUMEHHUMOCTH Pa3BUBACMOT0O BUXpepas3pe-
IIAFOIIETO MOX0a K MOACITUPOBAHHUIO TYPOYICHTHOCTH JIJISl UCCIIENOBAaHUS MPOLIECCOB CO3/IaHUs U pa3py-
IICHHS CTPaTU(MKAIIUY JIETKOTO T'a3a B KOHTEKCTE 3a/1a4 BOJAOPOIHOM 0€30MacHOCTH U HAMEUYCHBI TIEPCIIeK-
THBBI JAJIbHENIINX UCCAEAOBAHUI B 3TOM 001aCTH.

OCHOBHBIE TE3WCHI JOKJIaa:

* 0030p UCTOJIB3YEMOT0 PaCYCTHOTO METO/Ia MOICITUPOBAHHS,

* IPEICTABIECHUE PE3YJIBTATOB MOJAEIUPOBAHUS SKCIEPUMEHTAIBHO U3MEPEHHBIX MMPOLECCOB CO3IAHUS U
pa3pylIeHUs CTpaTH(UKAIIMY JIETKOTO ra3a B Pa3JIMYHBIX yCIOBUSIX;

* aHAJIN3 MOJIYYEHHBIX PE3YIbTaTOB U UX CPABHEHUE C IKCIIEPUMEHTAIbHBIMU JaHHBIMU.
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CFD MODELING OF STRATIFICATION CREATION
AND EROSION PROCESSES USING EDDY-RESOLVING APPROACH
FOR TURBULENCE MODELING

A. A. Kanaev
Nuclear Safety Institute of the Russia Academy of Sciences (IBRAE), Moscow, Russia

The report is devoted to a discussion of the results of a computational study of stratification creation and
erosion processes using eddy-resolving approach for turbulence modeling developed in IBRAE for application
in engineering practice. An analysis of the results of experiments addressing light gas stratification build-up
and mixing and their computational study allows obtaining information on the influence of various factors
on these processes. The report will present conclusions on the applicability of the developed eddy-resolving
approach for studying light gas stratification creation and erosion processes in the context of hydrogen safety
problems and outline prospects for further research in this area.

The main theses of the report:

* review of the used computational modeling method;

* presentation of a computational study of light gas stratification creation and erosion processes under
different conditions;

» analysis of the obtained results and comparison with experimental data.
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