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AHHOTAIUA

Beenenue. [IpencraBneHo peleHne 3aJa4u OTPaKCHUS yIapHOH BOJIHBI OT CTEHKH, SKPaHUPOBAHHOMU CJI0EM I'a30B3BECH.
JluHaMuKa ra30B3BeCH ONHKCaHa B IBYXCKOPOCTHOMW JByXTeMmmeparypHoil ¢popmynupoBke. Meroa. B otnnuue ot
M3BECTHBIX MPUOIMKCHHBIX MOJIENEH 3albUICHHOTO r'a3a, OCHOBAHHBIX Ha MPUMEHEHUH KJIACCHYECKUX aBTOMOJIENIBHBIX
peIIeHUH TyTeM KOPPEKINH Ta30JHHAMHYECKUX apaMeTPOB U (PU3NUECKUX ITOCTOSHHBIX, OTYUYEeHO aCHMIITOTHYECKU
TOYHOE pelIeHne. AHATUTHIECKOE PEIIeHHEe ITOCTABICHHON 3a/1aui MMOCTPOCHO B BUE KOMITO3UIIMU DIIEMEHTAPHBIX
pacmaznoB pa3peiBoB. HepaBHOBECHOE pemIeHHE CXOMUTCS K TOYHOMY IPH YMEHBIICHUHM XapaKTePHBIX BPEMEH
JIMHAMHUYECKOH U TEeIIOBOM peslakcaluii HeCyILero ra3a 1 B3BELLEHHbBIX YaCTHL] IPOU3BOIbHON KOHIIEHTpauu. Pacuersl
10 HEPABHOBECHOH MOJIEIIH BBIITOJTHEHBI THOPUIHBIM METOJIOM KPYITHBIX YaCTUI] BTOPOTO MOPSIKA aIPOKCUMAIIMH MO
IPOCTPAHCTBY U BpeMeHU. OCHOBHBIE pe3yabTaThl. [IpuBeneHbl TOUHbIE U pacueTHBIC 10 HEPABHOBECHOI Moaenu
MPOGUIN OTHOCHTEIBHBIX BEIUYNH JABJICHHUS U IJIOTHOCTH CMECH, HOPMHUPOBAHHON CKOPOCTH IHCIIEPCHOM (ha3bl.
M3yueHo BOUsHME MHTEHCUBHOCTH MMAJAIOLICH yIapHON BOJIHBI, @ TaK)Ke KOHIEHTPALMHU YaCTHUIl B CJIO€ ra30B3BECH
Ha TapaMeTphl BO3IEHCTBHS yAapHO-BOJTHOBOTO MMITYJIbCA HAa CTEHKY. Hanmnume sKpaHHUPYIOIIETO CIIOS MPUBEIO K
TIOBBIIICHUIO AAaBJICHHS OTPAYKEHUSI OT CTEHKH 10 CPAaBHEHHUIO C OTPAKEHUEM yIAapHOH BOJHBI B YHCTOM rase. BrimomHeH
aHaJN3 BIMSHUS PEIaKCAIIMOHHBIX CBOMCTB CJIOS Ta30B3BECH IPU U3MECHEHHHU pa3MepoB 4acTHil oT 1 1o 8 Mxm. [lis
JIOCTATOYHO MEJIKUX YacTUIl | MKM U IMPUHATHIX MAaCIITa00B 33/1a4¥ HEPABHOBECHOE PELICHHE XOPOIIO BOCIPOU3BOIHUT
YAapHO-BOJIHOBYIO CTPYKTYPY M COOTBETCTBYET acUMOTOTHKE. C yBEeJIMUEHUEM Pa3MepOB JUCIIEPCHBIX BKJIIOYECHUN
BO3pacTaloT MPOCTPAHCTBEHHbIE 30HBI PETaKCallny, CIIaKuBaronye npoduim napamerpos. [lorpemHocTs pacyera
CKOPOCTH U JIPYI'MX IapaMeTpoB AJi1 HEPAaBHOBECHOM ra30B3BECH C YAaCTHUIAMH | MKM IO CPAaBHEHHUIO C TOYHBIM
pelenreM Haxomutcs B uutepBane ot 107 no 10-3. O6cykaenue. [lonydeHHbIe Pe3yabTaThl UMEIOT TPUKIAIHOE
3HaYeHUE NMPH 00OCHOBAHHWHM BIUSHUS MPUMECEl HHEPTHBIX YaCTHUI[ HAa TUHAMHYECKOE HArpyKeHHE KOHCTPYKIHH.
AHaIMTHYECKOE PEIICHNE 33a9i MOXKET ObITh BOCTPEOOBAHO MTPU TECTUPOBAHNH PA3TMYHBIX YNCICHHBIX CXEM.
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Abstract
The paper is devoted to solving the shockwave reflection problem from a wall shielded by a gas suspension layer. The
dynamics of the gas suspension are described in a two-speed two-temperature formulation. In contrast to the known
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TouHoe peLueHne 3aaa4m OTPaXeHUs YaapHOW BOHbI OT CTEHKW, 9KPaHNUPOBAHHOW C/l0eM ra3oB3Becu

approximate models of dusty gas based on the application of classical self-similar solutions by correcting gas dynamic
parameters and physical constants, an asymptotically exact solution is obtained. The analytical solution to the problem
is constructed in the form of a composition of elementary decays discontinuities. The nonequilibrium solution converges
to the exact one with a decrease in the characteristic times of dynamic and thermal relaxation of the carrier gas and
suspended particles of arbitrary concentration. Calculations based on the nonequilibrium model are performed by the
hybrid large-particle method of the second-order approximation in space and time. Both for the exact and calculate
profiles of the relative values of the pressure and density of the mixture, the normalized velocity of the dispersed phase
obtained from the nonequilibrium model are given. The influence of the intensity of the incident shock wave, as well
as the concentration of particles in the gas suspension layer on the parameters of the impact of the shock wave pulse
on the wall, is studied. The presence of a shielding layer leads to an increase in the reflection pressure from the wall
compared to the reflection of the shock wave in a pure gas. The analysis of the influence of the relaxation properties of
the gas suspension layer with a change in particle sizes from 1 to 8 um is carried out. For sufficiently small particles
of 1 micron and the accepted scales of the problem, the nonequilibrium solution reproduces the shock-wave structure
well and corresponds to the asymptotics. With the increase in the size of dispersed inclusions, the spatial relaxation
zones, smoothing the profiles of the parameters, increase. The error in calculating the velocity and other parameters for
a nonequilibrium gas suspension with particles of 1 um compared to the exact solution is in the range from 10-7 to 10-5.
The results obtained are of practical importance in substantiating the influence of inert particle impurities on the dynamic
loading of structures. The analytical solution to the problem may be in demand when testing various numerical schemes.

Keywords

exact solution, reflection, shock wave, wall, layer of gas suspension

For citation: Sadin D.V., Shirokova E.N. The exact solution of a shock wave reflection problem from a wall shielded
by a gas suspension layer. Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023,

vol. 23, no. 4, pp. 843—849 (in Russian). doi: 10.17586/2226-1494-2023-23-4-843-849

BBenenune

M3yuenue ynapHO-BOITHOBBIX SIBJICHUI B ra30B3BECSX
AKTyaJIbHO B TEXHOJIOTHSIX UMITYJbCHOTO HAHECEHUS TIO-
KPBITHI, B3PBIBOOIIACHBIX MPOM3BOACTBAX, & TAKXKE TPE/I-
CTaBJISICT TCOPETHYCCKUN WHTEPEC IMPH HCCICIOBAHUH
CTPYKTYPHBIX M PEIIaKCAIIHOHHBIX CBOWCTB CMEcCeH rasza
¢ gacturamu. JlaHHBIM BOIIPOCAM IMOCBAMICHO OONBIIOE
KOJIMYECTBO HAYYHBIX paboT, HarpuMep padoThI, B KOTOPBIX
W3yUYEHBI: peNlakcalys yIapHOW BONHEI B Ta3e C MEIKUMHU
B3BEIICHHBIMH YacTUIaMH [ | ]; pactipocTpaHeHHE U OTpa-
JKCHHUE yIapHBIX BOJH B CMECSX Ta3a M YaCTUI] MUKPOHHBIX
pasmMepoB [2]; mepenaya yaapHO-BOTHOBON HAarpy3KH dKpa-
HUPYEMOH MJIOCKON CTCHKE uepe3 CJION MOPOIIKOOOpa3HOH
cpenpl [3]; BIUSHUS CBOWCTB ra30BOM COCTaBIISIIONIEH B3Be-
CH TBEPJIBIX YAaCTHII HA PA3JICT CIKATOTO 00bhEeMa ra30B3BECH
B IBYXKOMIIOHEHTHOH cpezie [4]; B3aumoeiicTBre I0CKoi
YAapHOH BOJHBI C O0NACTSIMU PA3IMIHON (OPMBI U TUIOT-
HOCTH B MEJIKOJUCIIEPCHOHN ra30B3BeCH [5] U ¢ MIOTHBIM
cioem vactuil [6].

Baxxnoe mecTo B BOJIHOBOM JMHAMHUKE ra3oB3Be-
celf 3aHNMAarOT aHATMTHYCCKUE METObI HCCICIOBAHMS.
[IpucyTcTBHE B Ta3e B3BEUIICHHBIX YaCTHII YCIOXKHSET MO-
CTpoeHue pernieHuil. PaboThl B 7TOM HalpaBIeHUH OCHO-
BaHBI Ha MOJIEJH, TaK Ha3bIBAEMOTO 3albICHHOTO Ta3a
[1, 2, 7-9]. DTOT nOIX0/1 3aKIIF0YaCTCs BO BBeACHHH 3D eK-
THBHOI'O ITIOKa3aTCJIs1 auna6aTb1 B COUYCTAaHUU C UMCIOIIIMMHU
OMPEICIICHHBIN (PU3MYCCKUI CMBICIT OTPAHUYCHUSIMH, TIPU
9TOM CHCTEMa HECTAIMOHAPHBIX YPABHCHHM JBUIKCHUS
JIUCTIEPCHON CUCTEMBI YNPOILIAETCs 10 ypaBHEHUM co-
BepuieHHoro rasza. B [10] nokazano, yto Takas aHaJoTus
BO3MOKHA, €CIIM 00BhEM Ta3a Majio OTIIHYaeTcs OT 00beMa
cMecH (KOHIICHTPALUs YaCTHII MaJia).

B ciygae 60mbI10# 00REMHOI TOTTM YaCTHIT TOTIOTHHU-
TEJNBEHON NCKOMOM TTIEPEMEHHOH CITy’KHT MacCcoBast HITH 00b-
€MHast KOHIIEHTPAIHsI KaKoh-1100 13 (a3 mpu OJHOBPEMEH-
HOM YBCJIIMYCHHUHN YUCJIa ypaBHeHI/Iﬁ Ha CANHUILY. AHaJ'[OFI/ISI
CTAaHOBUTCS HEMOJIHOM BBUAY CYHIECTBCHHOTO OTIMYUSA

YPaBHEHHUS COCTOSIHHSI COBEPIIEHHOIO ra3a M JByXQas-
Hol cpensl. CnenoBaresbHO, IPUMEHEHHE M3BECTHBIX
ABTOMOJIETIBHBIX PEUIEHUI ra30BOM JUHAMUKH IS IBYX-
(ha3HBIX PAaBHOBECHBIX TEUECHHI C TIPON3BOIBHON KOHIICH-
Tpalyen 9acTuIl MyTeM U3MEHEHHS TUIOTHOCTH, TEIUIOEM-
KOCTEH M TTapaMeTpOB MOAOOUS SIBISETCS HEKOPPEKTHBIM.

TpyAHOCTb MOCTPOEHUSI TOUHOTO PELLIEHUs] BOJIHOBOM
JIMHAMUKU Ta30B3BECEH MPOU3BOJIbHON KOHIEHTPAIUU
JUICTIEpCHOM (pa3bl 3aKiro4yanach B MONYyYSCHUH MHBapUaH-
TOB PuMaHa, KOTOpbIE yal0Ch pa3peliuTh B IBHOM BUIE
MyTeM NPUBEJCHUS K MHTerpairy oT quddepeHnnaisHoro
ounoma [11].

Hacrosimmas pabora nmocssieHa acHMITOTHYECKH TOY-
HOMY PEILIECHHUIO 3aJa4d OTPaKeHUs yJapHOW BOJIHBI OT
CTEHKH, SKPaHUPOBAHHOM ci1oeM rasos3secH. Llens pabo-
THI — aHAJIN3 BIMSHUA psia GakTopoB (KOHIEHTPALNU
M pa3MepoB YACTHII, ”HTEHCUBHOCTH HAYaJILHOTO CKadKa
YIZIOTHEHMS) HA MapaMeTpPbl MPETOMICHHOTO W OTPaKeH-
HOTO y/IapHO-BOJIHOBOTO UMITYJIbCa, @ TAKXKE TOATBEPIK/Ie-
HUSI YUCIIEHHOM CXOIIMMOCTH HEPABHOBECHOT'O PELICHUS K
TOYHOMY.

HepaBHOBeCHaH MOJ€Jb JTUHAMUKH Ia3oB3BE¢CH

PaccmoTpuM TMHAMUKY I'a30B3BECH B JIByXCKOPOCTHOM
JIBYXTEMIIepaTypHO# Gpopmymuposke [12]:

% + 6plul _ 0’ aplul + aplul + ala_p _ _Fu ,
ot ox ot ox Ox
0 opou3 0 0 0
Pattz | OPatty 0(2_17 -F, P2€2  OP26ally 0n (1)
ot ox ox ot ot

0
—(p1E) T prEy) +
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0
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[.B. CagvH, E.H. LLnpokosa

1€ HIDKHHE MHICKCHI «1» 1 «2» — mapaMeTpbl Hecyiel u
JCIIepCHOM (ha3; BEpXHUH MHIEKC «°» — HCTHHHbBIE 3Ha-
4YeHHs IUNIOTHOCTH; O, P;, U;, E;, €; 1 p — 00beMHas 1011,
TIPUBE/ICHHAS IUIOTHOCTb, CKOPOCTb, TTOJHAS U BHYTPEHHSS
SHEPI'UU CUHAULIBI MACCI i-0i (a3bl, JaBleHHE rasa; F| 1
Q7 — BsA3Kas COCTABIISIONIAs CHIIBI MEK(a3HOTO B3aUMO-
JEWCTBHS W MOIIHOCTB TETIIOOOMEHa MEXly Ta30M U 4a-
CTUIIAMH B €INHAILIE 00BEMA; X U { — KOOPIUHATA U BPEMSI.

3aMBIKAIOIIUMHU COOTHOIIEHUSIMU CUCTEMBI (1) sB-
JISIIOTCSl YPABHEHUsI COCTOSHUSI MJI€aIbHOTO KaJlopuye-
CK{ COBEpPILEHHOTO Ira3a U HeCI)KUMACMbIX TBEP/bIX Ya-
cruit: p = (y; — Dpi°ey, ep = ¢,Ty, ey = o1y, {yy, ¢35 €2,
pyo} = const, rae 77 u T, — TeMiieparypsl Hecylel ¢asbl
U 4aCTUll; Y U ¢, — HOKa3aTeNb aauabarsl U yielbHas Te-
TUIOEMKOCTb T'a3a MPH IMIOCTOSIHHOM 00beMe; ¢, — y/IelIbHas
TEIIOEMKOCTh YacTHil. CHIIOBOE U TEIUIOBOE MeK(pasHoe
B3aHUMOJCHCTBHE ), Q7 OLPEJEINM U3 SMIUPUYCCKUX
cooTHomeHwu# [13]:

F = (G8)(ay/r)C (Rep)py(uy — up)luy — usl,
2 44
2 R612 Re%/zz

Or= (312)(ay/r )\ Nuy(T, — Tp),

+0,42 (0, < 0,08),

2+0,106Re ,Pri”  (Re;, <200),

Nu, =
b 12,274+ 0,6ReE7PEIS (Rey, > 200),

Rej, = 2rp°lvy = vol/liy  Pry=cpy /Ay,

rae Re,, Nu; u Pr; — uncna Peiinonsaca, Hyccensra u
Hpannrs; C, py, Ay 1 r — koo duumenT MexpasHoro
TPEHHUs, TUHAMUYECKas BSI3KOCTh, K03(duImenT rerio-
MIPOBOTHOCTH T'a3a M PAINYC YACTUIIBI.

IlocTanoBka 3agauu

Inockas ynapHas BosHa ¢ yncioM Maxa M, € [1,05;
1,50] 1 HayanbHOM KOOPIUHATON X = X = 3 M JIBHIKETCA
B BO3/lyX€ B HAIIPaBJICHUU XKECTKOH CTEHKU X = X,, = 8 M
(puc. 1). CteHka >kpaHHpOBaHa OJHOPOJHBIM CIIO-
eM raszoB3BecH x; < x < x,, (x; =4 m). ['a30B3Bech ¢
o0beMHO moseit a, € [10-10; 10-3] comepxur mo-
HOJIMUCIIEPCHBIE YaCTHIBI quaMeTpoM d € [1; 8] MKM,
IUIOTHOCTBIO P,° = 2500 Kr/M3 U TEemI0eMKOCThIO 4a-
ctun — ¢, = 710 Ix/(xr-K). B HauanbHbI MOMEHT BpeMe-
Hu ¢ = 0 mepen najaroliel yIapHOi BOJHON cpefia Hemo/-
BIKHA U HAXOJUTCS B TEPMOAMHAMUYIECKOM PaBHOBECHU
¢ napnennem p0) = 103 I1a u Temneparypoii pa3s Tl(l) =
=T 2(/) =293 K (j = 0,1 Homep obnactu Ha puc. 1). KpaeBbie
YCJ10BUA 3a/JaHBI B BUAC yCJ'IOBI/If/'I HEIPOTCKAHWA Ha CTCHKE
X = X,, ¥ IapaMeTPOB 3a MAaJalolIEN YIapHOW BOJIHOW IpH
x =0. Tpebyercss HAUTH aHATUTUYCCKOE PEUICHUE 3aa4H
OTpaKEHHS Y/IapPHOM BOJIHBI OT CTEHKH.

IocTpoenue TOYHOrO penieHUst

Haiinem acuMnToTHYECKH TOYHOE pEllIEHUE, KOT/Ia Bpe-
MeHa nuHammueckoi 4!, " u TeruioBoit ¢, 5’ penak-

3

1)

t 5 1|0

0 Xo X X, X, M

Puc. 1. YnapHO-BONHOBas TUarpamma.

TpaeKTopuH YAApHEIX BOJIH (KHPHbIC JIMHNH); KOHTAKTHBIN Pa3phIB
(IITpUXOBBIE JIMHUH), BEEP BOJIH Pa3peKeHUs (TOHKHUE MPSMBIE).
O6nacTu AnarpaMMbl: Ha4aJIbHOE COCTOSIHUE ra3a / M ra30B3BECH
0; cocrosinue 2 — 3a najarouieit s, 3 — OTpaKeHHOH OT CII05 S,
U 4 — MPETOMIICHHOH §3 yIapHBIMHU BOJIHAMH, 5 — 33 OTPa)KCHHOH
OT CTEHKM YJIapHOH BOJIHOM §4 M 7 — IOCJIE €€ NPEJOMIIECHHUS S5
Ha TPaHHUIIe CII0s ¢; 6 — 30HA MIOCTOSIHHOTO TeYEHHs 38 BOJIHOM
Pa3peKeHus 73 ¢y, 3 U t, — MOMEHTBI BPEMCHH TIPEJIOMIICHUS
U OTPaXKEHUs yAapHBIX BOJIH

Fig. 1. Shock wave diagram.

Trajectories of shock waves (bold lines); contact (dashed line);
fan of rarefaction waves (thin lines).
Diagram regions: initial states of gas / and gas suspension 0;
state 2 — behind the falling s, 3 — reflected from layer s,

and 4 — refracted 53 shock waves, 5 — behind the shock wave
reflected from wall s, and 7 — after its refraction s5 at the boundary
of layer ¢; 6 — constant flow zone behind rarefaction wave 7; ¢, t3

and #, — moments of refraction and reflection of shock waves

cauuii a3 [14] Mo OTHOLIEHUIO K BPEMEHHOMY MHTEpPBAITY
3ajJ1a4u thanLI.

[TapameTps! 32 naaroniell yiapHoi BoHol s (puc. 1)
IIpH 3a7aHHOM 4ncie Maxa M, ompenesnnm 1o Kiiaccu-
geckuM popmynam [15]. OOmiee pemeHne TOCTPOUM C
TIOMOIIIBI0 KOMITO3UITAN IIEMEHTApHBIX perieHui [16]: mpu
t; <t<t, (puc. 1) — pacmaga pa3psiBa ¢ 00pa3oBaHUEM
OTPa’KEHHOM OT CIIOS Ta30B3BECHU S, U IPEIOMICHHOM §3
YIOApHBIX BOJH, TIpH ¢, < { < t; — OTPaK€HHON OT CTEHKU
YAapHOH BOJIHBI Sy, IPH ¢ > {3 — NPENOMIICHHOH Ha MH-
TepQelicHOM IrpaHuLe ¢ yIapHOU BOJIHEI S5 U OTPAKCHHOM
BOJTHBI Pa3PEKEHUS 7.

Pacnao paspeiea nadaroweii yoaproti 601HbL Ha epanu-
ye cnos 2asoessecu. Paccunraem nasinenue P = pG) = p@¥)
U3 COOTHOLIEHHUS

X(Z) —1

U (P p@y [—A —— -
PP + p@)

701
=(P-pO0) |
POKOP + p0)

Onpeznenum ckopocts U = u®) = u®), nnortHocts cMecn
cieBa pG3 u cripasa p) OT KOHTAKTHOTO Pa3pPLIBa, A TAKIKE
CKOPOCTH JI€BOM D, 1 nipaBoii D, yIapHBIX BOJIH:
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IJic BEpXHUE WHACKCHl — MapaMeTpPhl B COOTBETCTBYIO-
mmx obnactsax (puc. 1). [lokazarenb MOTUTPOMBI CPEIbI
BBIYMCIIMM U3 YCIOBUIT HEM3MEHHOCTH KOHIICHTpauii a3
BHONL Tpaekropuit cMecu y = 1 + (§;R)/(Cyc, + {ycy), THE
;= p;/p — MaccoBble KOHIIEHTpanmu (a3, R; — razosas
nocrostaaas. Ormerum, 4to u3 di/dt = 0 caenyer y(1) =
=9(2) = y3) =y 1 y(0) = y(*) = y(5) = y(6), CxopocTh 3ByKa
B rasos3secu — a = Vyp/(pa,). B (2) ucnonp3oBans! miiot-
HOCTb CMECHU p = p; + p, U BCIIOMOTaTeJIbHbIE (hyHKIUH
X(‘) = (y(') + 2(11(') - 1)/(y(') -u () = (y(') + 1)/(y(') -1).
[Mony4eHHbIe 3HAUCHUSI B 007aCTH 4 SBISIFOTCS UCXOJI-
HBIMH JIJaHHBIMH JUISL PACUeTa OMpadiceHust yOapHo 0Hbl
om cmenxu. JlaBnenue orpaxkenus p(5) ompenenum 1o

¢dopmyie

-1
u® = (pS) - p@))y | —E———
P (KOO + p@)

a OCTaNbHBIC TTApaMETPBI U3 COOTHOIICHHH (2) MpH COOT-
BETCTBYIOIIEM U3MEHEHHH BEPXHHUX HHICKCOB.

Pacnao paspviea ompasicennoul om cmenku y0apHoul
BOJIHBL HA 2paHuye cos 2azoe3secu. Vlcnonb3ys paccuuTaH-
HBbIE IapaMeTpbl B obnacTsix 3 U 5, paccyuraeM JiaBjieHHe B
30HE MOCTOSHHOTO Teuenust P = p©) = p(7:

2a(5)(x(15) !
u® —y® + ——|1 - ) T
Y-\ Ap

71
pOKOP + py’

= (P—p®)

Cxopoctb U = u(® = 4(7) B 30H€E IOCTOSHHOIO TEYEHUS,
miotHocTh cMecu cneBa p() u cnpasa p(©) ot unrepdetic-
HOM I'PaHHIIBL,  TAKKE CKOPOCTH JI€BOM D3 ynapHOH BOHBI
ONPEJENUM U3 COOTHOIIEHHUIA:

1
=4,03) — _p3 _
U=u®—(P-p®) RETWETSRE

KOP + pO

G) _ 2B
Y3p® + w
¥y -1

p( = p®3

>

(7 _ ﬁ Gl D= (7)
(09] _l_p(3)(l_ ),0.2 —l—al

-1
G _1-U
6) — ~(5)| ) 5) y-1 Y61
PO =pOloz" +a) (1 205 a(S)) ’
©)
6 p 5 6 6
a§)=1——p(5)1— ()) a§)=l—a§ ),
\ \ a® (YO +240 -1 P 4O 200 +1
Dy=u®-a® |- 2y & 0
oy Y p Y

Pacuersl 10 HepaBHOBECHOI1 MOJeJIM M CPAaBHEHUE €
TOYHBIM pelieHHeM

[TpuBenem pesysabTaThl HCCIIEAOBAHNI MOCTABICHHOM
3aJ]a4y B HEPaBHOBECHOM JBYXCKOPOCTHOM JBYXTEMIIepa-
TypHO#H (opmynrpoBke (1) B CONOCTaBICHUH C aCUMIITO-
TUYECKU TOYHBIM aHAIUTHYECKUM pelieHueM. PacueTst
10 HEPABHOBECHOM MOJIENN BBIITOIHUM THOPUIHBIM METO-
JIOM KPYIHBIX YaCTHIl BTOPOTO TOPSAIKA anpoOKCHMAalnu
[17] Ha paBHOMEpPHOI CETKE ¢ MPOCTPAHCTBEHHBIM IITarOM
h=0,01 m. I1Iar mo BpeMeHN — NepeMEHHBII 1 ONpe/iesieH
grcaom Kypanra CFL = 0,4. [ omHOPOIHOCTH BBIYHCTIC-
HUI B 00JIACTH «YHUCTOTOY» Ta3a 3a1aJuM 00bEMHYIO JIOJTFO
YaCTHUIL TPeHEOPEXMMO Manoil o, = 10-10. Peanusyem ai-
TOPUTM B BHJI€ aCUHXPOHHOTO (MapajuiebHOT0) KOoJa Ha
si3bike Free Pascal ¢ rpaduueckoii 00paboTKol pe3ysIbTaTtoB
B Oubmuorexe Matplotlib.

Ha puc. 2 npuBeseHb! TOYHBIEC ¥ PaCUETHBIE TI0 HEPaB-
HOBECHOI MoJien PO HIIH TaBJICHNS U TUIOTHOCTH CMECH,
OTHECECHHBIC K COOTBETCTBYIOIINM 3HAYECHUSIM 3a TaJlaro-
el ynapHO# BOTHOHU (pHC. 2, @) M CKOPOCTH TUCTICPCHOM
(azsl, HOpMI/IpOBaHHOI/I HadaJbHOW CKOPOCTHIO 3ByKa B
«UUCTOMY Tasze al =\y,;pW/p;°M) (puc. 2, b). Pesynbrarst
MOJyUEHBI JJIs1 yAApHOU BOMHBI ¢ yncioM Maxa M, = 1,5.

TeOpeTI/I‘IeCKI/II/I u HpI/IKJ'IalIHOI/I HUHTEPECC MPECACTABIIACT
BIIMSHUE MHTEHCUBHOCTH MAJAlOLIeH ynapHOi BOJIHEL M,
a TaKoKe KOHLEHTPALMU YaCTUI] B CJIOE Ta30B3BECH 0 = Ha
napaMeTpbl BO3/ICHCTBYSI yIapHO-BOIHOBOTO UMITYIIbCA Ha
CTeHKy. Hanpumep, KakoBO COOTHOILIEHHE MEX/Y JaBlie-
HUSIMU 32 OTPaKCHHOM OT CTEHKHU YJapHOI BOJIHOM, dKpa-
HUPOBAHHOW CJIOEM Ta30B3BECH, U IIPU €TO OTCYTCTBHHU?

W3meHeHust naBlieHNs U INIOTHOCTH CMECH 3a OTPasKeH-
HOMH OT CJIOSl M CTEHKH yAAPHBIX BOJIH IO OTHOIICHUIO K CO-
OTBETCTBYIOIIIM 3HAYEHHUSIM 32 HCXOJHBIM CKadKOM YIUIOT-
HEHUS TIOKa3aHbl Ha PUC. 3 B 3aBUCUMOCTH OT Ha4aJIbHOU
00BEeMHON KOHIIEHTPAIIUK YaCTHII B CIIOE (xgo) u Ha puc. 4
IpH BapbUpoBaHuK unciia Maxa M. UncneHnnsle 3aMepbl
apaMeTpoB MPOU3BEAEHBI B TOUKaX Xy = xo — 0,01x,, (oT-
pakeHue oT cios razos3secu) u x,,’ = 0,99x,, (oTpakeHne
OT CTEHKH).

W3 puc. 3 u 4 BUIHO, YTO BEJIUYMHBI JaBICHUS U
TUTOTHOCTH CMECH 33 OTPaKEHHOH OT CTEHKH BOJIHOI MO-
HOTOHHO BO3PACTaIOT NPH yBEINYEHUU WHTCHCHBHOCTH
Ma/IaloIIero CKayka yIJIOTHEHUs U 00beMHON OJIM JnC-
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Puc. 2. TIpoduian OTHOCUTENBHBIX BEINYUH JABICHUS, ITIOTHOCTH CMECH (@) B ckopocTH yacTuIl (b) npu d = 1 MKM B MOMEHT
BPEMCHH /=22 MC.

Tounoe perienne (exact — cepasi CIUIOIIHAS JIUHMS ); pacueT Ha ceTke 1/800 (ToHKas crutoniHas JInHus) (TWIOTHOCTh M CKOPOCTh CMECH);
JiaBieHue (ITyHKTUPHAs JTMHUS)

Fig. 2. Profiles of the relative value of pressure, mixture density (a), and particle velocity (b) atd =1 pm at a time 7= 22 ps (the
exact solution is a bold solid curve; the calculations on the 1/800 grid are density and velocity of the mixture (a thin solid line) and
pressure (dotted line)
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Puc. 3. OTHOCUTENBbHBIC 3HAYEHUS JaBJICHUS U INIOTHOCTH CMECH 3a OTPAKCHHOM OT ¢J10s (@) U CTEHKH (b) yIapHBIX BOJH B
3aBHCHMOCTH OT Ha4aJIbHOI 0OBbEMHOI J10JIM 4acTHIL o)

Fig. 3. Relative values of the pressure and density of the mixture behind the shock waves reflected from the layer (a) and the wall (b)
vs. the initial volume fraction of particles aéo)

MIepCHOM (ha3bl IKPAHUPYIOWIETO CJIOsl. B mpakTHueckom
acIIeKTe CJIOH ra30B3BECH HE 3aIIUIIACT OT yJapHO-BOJ-
HOBOTO UMIYIIbCa, a, HAIIPOTHB, yBEININBACT JaBICHUC
oTpaxeHns. Hampumep, mpy HavarbHOW KOHIEHTPAITHH
YaCTHI ag =0,001 n uncne Maxa M| = 1,5 naBnenue or-
paenns coctasiuset pO)/pAy o9y = 3,397, uto B 1,5 pasa
GoubIme cirydast OTCyTCTBHUS SKPAHUPYIOIIETO CII0S B3BECH
pOp@)|,=2,207.

BnusiHue peslakcallMOHHBIX CBOHCTB CIIOS T'a30B3Be-
CH MPU U3MEHEHUH Pa3MepOoB YacTHIl OT | 10 8 MKM st
pacyeTHOH 00NacTH B OKPECTHOCTH CTEHKH IOKa3aHO Ha
puc. 5, a. JInsg 10CTaTOYHO MEIKHUX YacTull d < | MKM H
MIPHUHATBHIX MAaclITa0OB 3a/1a4u HEPAaBHOBECHOE PELICHUE
XOPOIIO BOCIIPON3BOJHT YapHO-BOJIHOBYIO CTPYKTYpYy U

COOTBETCTBYET acumnroruke. C yBelIMUYEeHHEM pa3MepoB
JUCTIEPCHBIX BKIIOYCHHH BO3pacTaroT MPOCTPAHCTBEH-
HbIE 30HBI peJaKCallii, CIIAXUBAONINe npoduan na-
pamMeTpoB (IITPUXOBasi KPUBASI I YACTULl THAMETPOM
d = 8 MKMm).

ToyHOCTH TPUMEHAEMOTO THOPUIHOTO METOAA KPYII-
HBIX YaCTHIl JUIsI PAaCCMaTPUBAaEMOH 3a7auM MOKa3aHa Ha
puc. 5, b. 3nechk mpu peIIeHUU 3a7adud B HEPaBHOBEC-
HOW (opMynHpOBKEe NPHUBEICHBI YNUCICHHbIEC 3HAYCHHUS
MOJIyJIsSi HOPMHUPOBAHHOW CKOPOCTH JUCIEpCHOM (a3bl B
OKPECTHOCTH CTEHKH NOCIE OTPAKEHMUs yAapHOH BOJHBI
|u§ )/a§1)| (aCUMITOTUYECKU TOUHOE 3HAYEHUE PABHO HYJIIO).
[TorpenrHocTh pacyera CKOPOCTH M APYTHX I1apaMETPOB
JUISl Ta30B3BECH C YacTUIaMu d = |1 MKM nipu uncie Maxa
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Puc. 4. OTHOCUTEIBbHBIEC 3HAYCHUS JABJICHUS U INIOTHOCTH CMECH 32 OTPAKEHHOM OT cJ1os (@) ¥ CTeHKH (b) yIapHBIX BOJH
B 3aBUCHMOCTH OT 4yMciia Maxa nafaroomen yrapHoi BosHbl M

Fig. 4. Relative values of the pressure and density of the mixture behind the shock waves reflected from the layer (a) and the wall (b)
vs. the Mach number of the incident shock wave M,
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Puc. 5. Ilpodunm OTHOCUTENBHON TTIOTHOCTH TA30B3BECH JUTS pa3MepoB dacTull d = 1, 4, 8 MKM (@) ¥ IOTPEIIHOCTE pacyeTa
HOPMHPOBAHHOM CKOPOCTH YacTHI NPpH d = 1 MKM 110 HEpaBHOBECHOW MOJIENN B OKPECTHOCTH CTEHKH (b)

Fig. 5. Profiles of the relative density of the gas suspension for various particle sizes d = 1, 4, 8 um (a) and errors in calculating the
normalized particle velocity at d =1 um according to the nonequilibrium model in a vicinity of the wall ()

najarouei ynapHoi Bonuel My = 1,5 HaXoANUTCS B UHTEP-
Baisie ot 10-7 mo 10-5.

3akJjoueHne

HOCTpoeHO ACUMIITOTUYCCKU TOYHOC PCHICHUE 3a/1a4
OTpaAKCHUSA yz[apﬂoi/i BOJIHbI OT CTCHKH, 3KpaHI¢IpOBaHHOI>1
CJIOEM I'a30B3BCCH, KaK KOMIIO3UIHUA 3JICMCHTAPHBIX PEC-
MICHHHI pacnagoB pa3pbIBOB. AHanuTH4YecKoe pemeHue
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YHUCIIEHHBIX cXeM. Mccaeq0BaHo BIUSHUE HHTEHCUBHOCTU
najarolle yaapHoil BOIHBL, KOHIIEHTPAL[MH YACTHIL B CIIOE
ra30B3BECH Ha MTapaMETPhI BO3JEHCTBUS YIapHO-BOTHOBO-
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