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MOJIEJMPOBAHUE HEYCTOHMUYNBOCTHU PUXTMAMEPA-MEIIIKOBA
I'PAHUIBI PA3JAEJIA IOKPBITHE-IIOAJIOKKA IIPH 3JIEKTPOB3PBIBHOM
HUKEJIUPOBAHUU AJIIOMUHUA

B Hacrosmielr paboTe mpeanokeHa MOJIENIb 00pa3oBaHMs HEYCTOHUMBOCTH PuxrtMmaiiepa-MemkoBa Ha TpaHHIE pa3zieia
IIByX HEC)KUMAEMBIX BS3KHX KHIKOCTCH MPU 3JICKTPOB3PHIBHOM HUKEIHWPOBAHWU ATIOMUHHS. Y CTAHOBICH P XapaKTEPHBIX
ocoOeHHOCTEH A1 HeycToldnBocTH PruxTMmaiiepa-MemkoBa, KOTOpbIE 00YCIOBICHB HHTCHCUBHOCTHIO HMITYJIBCHOTO BO3IEHCT-
Bus. Pa3BuTHE HECTAOMIBHOCTH HAUYMHACTCS C BO3MYIICHUS MAJOW aMIUTHTY.BI, KOTOPas NEPBOHAYAILHO BO3PACTACT JIMHEHHO
co BpeMeHeM. Jlanee HEYCTOHYMBOCTh MPHOOpPETAET HEMMHEHHBIA XapakTep cO CMEIIMBAHUEM HUKENA M amoMuHUs. [lokazaHo,
YTO MOCJEC UMITYJILCHOTO BO3ICHCTBUS HUKEICBONW MMIYJIbCHON MJIa3MEHHOH CTpyell Ha MOBEPXHOCTh ATIOMHHHEBOTO 00pasiia,
HeycTOMYnuBOCTh PuxTMmariepa-MelkoBa nepexoauT B HeycTonuuBocTh KenbBuHa—I enbMrosbia. MHTEHCMBHOCTH UMITYJIBCHOTO
BO3JICHCTBHUS 00YCIIAaBIMBACT Psj XapaKTEPHBIX 0COOCHHOCTEH HeycToWunBOCTH PuxTtmaiiepa-MenikoBa. Tak B ciydae qocTa-
TOYHO CJ1a00T0 MMITYJIbca U (MJIK) MIPU MajbIX OTKIOHEHUAX (JOPMbI KOHTAKTHOM TPaHMIBI OT (JOPMBI YIAPHOM BOJIHBI TPaHHIA
pasznena ra3oB MpeTepIieBacT MPOMOPLUHOHATBFHO Majble I3MCHEHHS, JTUHEHHO H3MEHSIOINeCS BO BpeMeHH. B aToM cirydae pas-
BHBAETCS JIAMIUHAPHBIN PEKUM HEYCTOHYMBOCTH. A B CIIydae YBEJIWYEHHSI MOIIHOCTH BO3ICUCTBHUS JaXke TIPH MAIIBIX OTKIIOHE-
HUSAX (HOpM KOHTAKTHOW T'PaHHIBI U YAAPHOH BOJHBI, BO3MYILICHHE TPAHUIBI CTAHOBUTCS HEIWHEHHBIM, IIPOCTPAHCTBEHHO HEOI-
HOpPOIHBIM. B 3TOM ciydae pa3BuBaeTcs TypOYIEHTHBI PeKUM HEyCTOMYMBOCTH. Korma mpoXoauT yaapHas BOJIHA, BOSHUKAIO-
iast MeXXAY JBYMsI KOHTAKTUPYIOLUIMMHU CIJIOUIHBIMHU CPeaMU Pa3IMYHOM IJIOTHOCTU — )KMJIKUM HUKEIEeM U KUAKUM aJIFOMUHU-
€M, B TOM clly4yae, KOTja IMOBEPXHOCTh UX pa3J/ieia UCIBITHIBACT YCKOPEHUE OT UMITYJIbCHOM IJIa3MEHHON CTPYH M3 MPOAYKTOB
3JIEKTPUYECKOTO B3phIBA HUKEJICBOW (HOJBIH M ATFOMUHUECBOM IMOJUTOKKOM BO3HHKAET HEYCTOHYMBOCTh PuxTMaiiepa-Menikosa.
VYBenuueHne aMIUTUTY/ 16l KOJIeOaHU MPOUCXONT C BO3PACTAHHEM JUTHHBI BOJHBI HAYATbHONH HEOJHOPOIHOCTH.

KiloueBble cjioBa: mareMarudeckas MOJeNIb, HEYCTOMYMBOCTh PuxTmaiiepa-MemikoBa, HeycToiuuBocTh KenbBuHa-
T'enpMrosbpna, 3MeKTPOB3PHIBHON CHHTE3, TEPMOPEATUPYIOIINEC KOMIOHEHTHI, aTFOMUHHN, HUKENb, HAMPHKEHUE, NepOpMaIis,
YOPOYHEHHBIN CIIOM.

Romanov D.A.}, Molotkov S.G.?, Kolmakova T.V.2, Kuziv E.M.}, Gromov V.E.}

MODELING RICHTMYER-MESHKOV INSTABILITY INTERFACE
COATING-SUBSTRATE WITH NICKEL PLATING OF ALUMINUM
ELECTROEXPLOSIVE

In this paper we propose a model of formation Richtmyer-Meshkov instability at the interface of two incompressible vis-
cous liquids at electroexplosive nickel plating of aluminum. We set the number of unique features for Richtmyer-Meshkov insta-
bility, which are caused by the intensity pulse action. The development of the instability begins with small-amplitude perturba-
tions, which initially increases linearly with time. Further the instability becomes nonlinear character with a mix of nickel and
aluminum. It is shown that after exposure to nickel pulse pulsed plasma jet on the aluminum surface of the sample, Richtmyer-
Meshkov instability becomes Kelvin-Helmholtz instability. The intensity of the impulse action causes a number of characteristic
features of Richtmyer-Meshkov instability. Thus, in the case of a sufficiently weak pulse and (or) for small deviations in the
shape of the contact boundary from the shape of the shock wave, the gas interface undergoes proportionally small changes line-
arly varying with time. In this case, a laminar instability regime develops. And in the case of increasing the impact power even
for small deviations of the contact boundary and shock wave shapes, the perturbation of the boundary becomes nonlinear, spa
tially inhomogeneous. In this case, a turbulent instability regime develops. When a shock wave occurs between two contacting
continuous media of different densities, liquid nickel and liquid aluminum, when the interface of them undergoes acceleration
from a pulsed plasma jet from products of an electric explosion of a nickel foil and an aluminum substrate, the Richtmeyer-
Meshkov instability arises. An increase in the amplitude of the oscillations occurs with an increase in the wavelength of theinitial
inhomogeneity.

Keywords: mathematical model, Richtmyer-Meshkov instability, Kelvin-Helmholtz instability, electroexplosive synthesis,
termoreaction components, aluminum, nickel, stress, strain, hardened layer.
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Beenenne

DKCIePUMEHTATBHO © TeopeTuuecku [1-7]
MOKa3aHO, YTO MPH JOCTATOYHO MHTEHCHUBHOM HM-
yJbCHOM YCKOPEHHH KOHTAKTHOW IpaHHIbl (KOH-
TAKTHOTO Da3pbiBa) JIBYX PA3UYHBIX [a30B WIH
KHUIKOCTEH (opMa 3TOH IpaHUIBI MOXKET IMpeTep-
NIEBaTh CYILECTBEHHBIE M3MEHEHHS, €CIM OHAa HE
coBmaaaeT ¢ GopMoii yaapHOH BOJHBI. DTH pacue-
Tl HE YYUTHIBAJIH BI3KOCTh COINPUKACAIOIIUXCS
cper. YUeT BS3KOCTH OJHHM M3 MEPBBIX ObLT Mpo-
BenieH B [8].

[nsa HeycrtoiuuBoct PuxrtMmaiiepa-Memkosa
XapakTepeH psa 0coOeHHOCTeH, KOTopble 00y-
CJIOBJICHBI HHTEHCHUBHOCTBIO HUMITYJBCHOIO BO3-
nerictBus. [lpu mocTaToyHO ClIabOM UMITYJIBCE U
(nru) TpU MaNbIX OTKJIOHEHUSIX (OPMBI KOHTAKT-
HOH TpaHULbl OT (GOPMBI yIapHOH BOJIHBI IPaHHULIA
pasfena ra3oB IpPETEpHEBAET MPONOPLUOHAIBHO
Masble U3MEHEHMs], JTUHEHHO W3MEHSIOIIHECS BO
BpeMEHU (JTaMHUHAPHBIA DPEXUM Pa3BUTHS HEyC-
toitunBocTH). [IpH yBENWYCHUH MOIIHOCTH BO3-
JEHCTBUS aKe NPU MalbIX OTKIOHEHUAX (HopM
KOHTAaKTHOM I'PAaHULBI U yIAPHOU BOJIHBI, BO3MY-
IIEHWE TPaHMIBl CTAaHOBHUTCS HEIWHEHHBIM, IPO-
CTPAaHCTBEHHO HEOAHOPOAHBIM U TIEPEXOAUT B
TypOyJICHTHBIN PEXKUM Pa3BUTHSL.

ens HacTosmIe pabOTH 3aKI0YaIach B II0-
CTPOCHHMH MOJEIU 00pa30BaHus C1aboW HEIMHEH-
HOM HeycroiumBoct Puxrtmaliepa-MemkoBa Ha
TPaHULE pa3fena ABYX HEC)KMMAaeMBIX BSI3KHX

XC® X XK, zZ0® z X,

¢ u®
U=
G

rae X( z(t( — Ge3pa3smMepHbIe KOOPAMHATHI U

O Lt pit
spems, U, w"” , P"" — GespasmepHnie ckopo-

CTHU U JaBJICHHUC.

¢ WO
Wi =
G

JKUJKOCTEH IpPU DSJIEKTPOB3PHIBHOM HHKEINPOBA-
HUU aTFOMUHUS.

1. locTaHOBKA 321a4H U €€ pellleHne

XKunkocts, IMErOIIast IOTHOCTD Py, AMHAMU-
YECKYyI0 BSI3KOCTH |lp, 3aMOJHSAET MOIYIIOCKOCTD
{—00 <X <, z> 0}. dpyras *HIKOCTh HMEET Xa-
PAKTEPUCTUKH Pi, Wi, 3AIOJHIET MOIYILIOCKOCTb
{—0 <x<00,2z<0}.

B HayanbHBIE MOMEHT TpaHULly XUAKOCTEU
IPE/ICTaBUM B BHJIC

z=x(xt) =x, >cos(kx), t=0. (1
Ocb OX MpelcTaBisieT COOOM TPaHHIly Tepe
UMITYJIbCHBIM BO3/ieiicTBHEM (pHC.1).
z

Puc.1. [TonoxeHue rpaHuIlbl pa3zena nepes
HUMITYJIbCHBIM BO3JZ[CI‘/'ICTBI/IGM

NmnynbcHOE  YCKOpEHHE ONpeneum
g(t) = G-4(t), manpaBiieHHOE BIOIB OCH Z.

[Tepeiinem k Oe3pa3MEpHBIM BEIMYWHAM II0
bopmynam, MpeaioKeHHbIM B [6]:

KakKk

e Gk,  x0® X,
XO
C et PO @
(r,+r1,)G’

3anuiieM ycloBHE HEC)KMMAeMOCTH M ypaB-
Henusi HaBbe-Crokca B Oe3pasmepHoit hopme (3),
IITPUXH y Oe3pa3MEpHBIX BEJIMYHH OITyCKAEM:

'”1‘]‘“)+'”1‘]’m:0,
X X

fu®” +u® fu® +w W _ B x—ﬂp(i) +Ccl) xﬂzu(i) + T 9

Tt X 1z fix S

D) D) D) (i) 20 1(i) 20 (i) 2
ﬂ:-;f +\N(i) ﬂ:[\/( +\N(i) ﬂ¥ — . B(i) :;ﬂ;’ +C(i) )@ﬂuz + ﬂﬂvvz( 2_ d(t), (3)
X z X e X X @
i_l’(l)+l’(2) i_k>¢]’\<i) o
B()_T’ C()_W’ |—1,2-

I'panuyHbIe YCIOBHS Ha MOBEPXHOCTH paszeia
(Z(=kx X () umetor Bux (4), wrpuxuy Oespas-

MCPHBIX BCJIMYMH OIIYCKAacM.
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NpU d1eKMPOB3PbIEHOM HUKEAUPOBAHUU ATTOMUHUS
u® =u®, wo =w?,
m1) ?Tu(l) N ﬂ\N(l) 9 _ ma a‘[u(z) ﬂvv(z) 9
ez Wxg efz Wxog
(1) (2)
po . ocge W _ 5o sooge W 4
fz |4
x I o WO x X o W
Mt x K»X, m 9x K »,

VciaoBue ManocTH HayajdbHBIX BO3MYIIEHHI
e = k-& <<1, takum 00pa3om, B Oe3pa3MepHbIX Iie-
PEMEHHBIX TOJIIMHA BO3MYILCHHOW TpaHULBl Z
UMeeT TOT ke mopsiaok. B [9] mpemioxeH meTon
ACHMITITOTHYECKOTO PA3IOKEHUs M0 Tapamerpy &,
NpUYeM BJAIIKM OT TPaHUIIBI PElIeHHEe CHCTEMBI TI0-
nyqatorcs ipu ¢ — O Ui pUKCHPOBaHHBIX Z U X,
a B 00JlacT BO3MYIICHHOW TPaHUIIBI pa3Jiena cio-
sx nipu & — 0, 1 pukcupoBanHbIxX Z/e u X'. Bae-
neM uncio Peitnonsaca ReY = 1/CY. Hns yuera
Bs3KHX 3(dekToB B 001acTH BO3MYIIEHHOW Tpa-
HAOBI pazgena B [9] MpeasioKeHO — B3STh
Re” = O(¢?), Tak kaxk s GONBIIMX 3HAYCHHUIA

X §x¢t9 = (1+ At9 cos(x9 - eS—AttLg cos(x9 -

3Vp

[IepBoe cilaraemMoe B CyMMe€ 3TO OOBIYHBIN
pOCT BO3MYIIEHUS TPAaHUIIBI B JIMHEHHON MOJENH,
BTOPOE CllaraeMoe IPEJCTaBIsACT CO0OM BI3KOE 3a-
TyXaHUE 3TOTO POCTa; TPETHE CIAraeémMoe sIBISAETCS

Re?, MOTPAaHUYHBIA CIIOM MeEHBIIE aedopMallin
BO3MYIICHHOW I'PaHULIBI U KPUBU3HA TTOBEPXHOCTH
paszena MOXKHO INpeHeOpedh MpH pacyeTe BSI3KHUX
3¢ ¢deKkToB. A TpU MEHBIINX 3HAYCHHSIX Re" ua-
000poT, cucTeMa B 3TOM YTOJIIEHHOM IOTpaHUY-
HOM CJIO€ BBIpOXKIaeTCs, Oyaydu HE B COCTOSTHHUH
00ecreunTh HEMPEPHIBHOCTD BSI3KUX HAIPSHKCHHIMA
B MacmTa0e BO3MYIIEHHOW rpaHunbl. [lodTOoMy
yucno PelHonmpaca AOMKHO OBITH JOCTaTOYHO
OOJBIITNM, UTO M IPOUCXOANT B HAIIEM CITydae.

Hedopmarmro rpaHUIbl pa3zaena MpeiokKeHO
UCKaTh B O€3pa3MEpPHOM BHUJIC:

Aité @@

e cos(2x9), A= TOr @ (5)

HEJIMHEWHBIM B3aUMOJIEHCTBUEM BO3MYILEHUS C
caMHM COOOH.

B pa3mepHbix mnepemeHHbIX ypaBHenue (5)
MPUHUMACT BUJI:

3 N
= (0]
242 r (l)r (Z)m(l) m(2) = X A3G2k3t2
(420 _ 4+ AGK- 1623@ 1 T [y XoA® KT cos(2kx) - (6)
X r+r rome +4r“m?)+
o g P X )%
Jlns >KMOKOTO HHUKEIs ,u(z) = 4,9-10° Ila-c, & N
p(z) = 8,9-10% xr/M®, u s KMAKOro AMFOMUHESA & I
1 =1310" Ma-c, p” = 27-10° kv’ [10]. Bpe- |, N

3yJabTare pacuera mo ¢opmyie (6) moctpoum rpa-
(UK 3aBHCHMOCTH W3MEHEHUS] OTHOCUTENILHON aM-
IUINTYABl KONeOaHW TpaHULbl pasfena >KUIKUH
HUKENb — SKMJIKAN aIIOMUHHUM OT JJIMHBI BOJIHBI
HavanbHoro Bo3myiueHus npu G = 100. Ha puc.2
OpEJICTAaBICH 3TOT TpauK JUIs ABYX 3HAYCHUH
BPEMEHH TOCIIE OKOHYAHUS UMITYJIbCa YCKOPEHMS.

U3 pucyHka BUAHO, YTO YBEIHUYEHHUE aAMILIH-
TyOpl KoJeOaHWW TNPOUCXOIUT C BO3PACTAHUEM
JUIMHBI BOJIHBI Ha4aJIbHOM HEOIHOPOAHOCTH. [Ipy-
TUMH CJIIOBaMH, BCIEACTBUE HEYCTOMYNBOCTH Pux-
TMaiiepa-MenikoBa HauOonbliee pa3BUTHE MOTY-
yaroT 0osiee AJUHHOBOJHOBBIE Bo3MymeHus. On-
HAaKO, HY’KHO 3aMETUTh, YTO yYET IOBEPXHOCTHOTO
HATSDKEHUST MOXET IOJABIATh KOPOTKOBOJIHOBBIE
BO3MYILEHHS, XOTS B HEKOTOPBIX CIIy4dasiX 3MEHe-
HHUE BeJIMYUHBI G MOXKET UCKIIIOYHUTH 3TO BIHSHHUE
[11-15].

“1.x 10"

-2.% 10"

Puc.2. 3aBUCUMOCTb U3MEHEHUS OTHOCUTEIIBHON
AMIUTUTYAbI KOJICOAHMIT TPAHMIIBI pa3aesia KUIKUH
HUKEJb — KAIKUAN aJTIOMAUHUN OT JUIMHEI BOJIHEI
HavanpHOTO Bo3MymeHus pu G = 100, crutonrHast
manans —t=0.5-10" ¢, myrxTHp — t=1.5-10" ¢ nocie
OKOHYAHUS AMITYJIECA YCKOPCHHUS
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3aKiaro4eHue

[Ipn mpoxoxneHuu yoapHOW BOJIHBI BO3HH-
Kaomel MeXIy ABYMS KOHTaKTHPYIOIIUMHU
CIUIOIIHBIMHA CpEJaMM Pa3IMYHONW IUIOTHOCTH —
KHUJIKUM HUKEJIEM M KUIKUM ATIOMHUHHEM, KOrna
MOBEPXHOCTh MX pazfielia UCIBITHIBAET YCKOPEHUE
OT MMITYJIbCHOM IIJIA3MEHHOM CTPYyH U3 IPOLYKTOB
ANIEKTPUYECKOT0 B3PbIBA HUKENIEBOH (Qonbru u
AITIOMUHHEBOH MOAJIOKKOM BO3HUKAET HEYCTONUH-
BocTh PuxTmaliepa-MemkoBa. YBenudyeHue am-
IUINTYABI KOJIeOaHUH POUCXOAUT C BO3PACTaHUEM
JUIMHBI BOJIHBI Ha4yallbHOM HeomHopomgHocTH. He-
yCTOWUMBOCTh PuxT™maliepa-MenikoBa Ha rpaHule
paszena HUKEIb-aJIOMUHHMN SIBISETCS TMpeeib-
HBIM cllydaeM HeycTtolumBoctu Panes-Teitnopa,
KOTrJla TIOCTOSIHHOE BO3JEHCTBHE CHIIBI 3aMEHSAETCS
Ha KPaTKUHA UMITYJIbC.

Hccnedosanue evinorneno npu QuHaHcogoll
noooepoicke PODU 6 pamkax HAyUHbIX NPOEKMO8
Ne 16-32-60032 mon_a_ok, 16-32-50133 mon_nup u
I'panmom Ilpesudenma Poccuiickoii @edepayuu
07151 20CY0APCMBEHHOU NOOOEPICKU MOLOObIX POC-
CULICKUX  YYeHblX — Kanoudamoe wuayxk MK-
1118.2017.2, coczadanuss Munodpuayxu Ne 2708
Ha GbINONHEHUE HAYYHO-UCCAe008AMENbCKOU pa-
b6ombi.
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