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[Tpencrasiena MoIe/ b BCKUIIAIONMIEH »KUJIKOCTH, IIOCTPOEHHas Ha 6a3e paHee Mpei-
JIOXKEHHOI aBTOPOM 0000IIIEHHO-PABHOBECHOM MO/Ie/IN cMech. B MoJiesin yuTeHa CKuMa-
eMOCTb KUIKOI ppakiuu. [IpoBenen xapakTepucTUIeCKnil aHAJIN3 YPABHEHUN MOIE/H
1 [OKa3aHa UX runepboandHocTh. IlpuBemenbl pacdeTHbie (GOPMYJIbI Y3I0BOIO METO/Ia
XapaKTEePUCTUK, C UCIOJb30BAaHUEM KOTOPOT'O PACCUUTAHO TeUYeHWe IIPHU Pacla/jie IIpo-
M3BOJILHOTO Pa3pbIBa BO BCKUITAIONIEN YKUJIKOCTH.

Knaoueswvie cro6a: 0IHOCKOPOCTHAST MHOTOKOMIIOHEHTHAsI CMECh, (pa30BbIe IIPEBpa-
[IIeHNs, TUTIEPOOIMIECKasl CACTEMa yPABHEHUI, y3I0BOM METOM, XapaKTEePUCTHK.

Humuposanue: Cypos B.C. Mojenb Bekumaromeil »KuIKOCTH. BbraucimrebHbIE
rexuosorun. 2020; 25(1):39-48.

BBenenue

BspbiBHOE BCcKunanme yKUJIKOCTH, BOZHUKAIOIIEE IPU PE3KOM IMaJICHUN JIaBJIEHUs, TIPeICTaB-
JISIET TEOPETUYECKUI U MPAKTUYECKUII UHTEPEC B CBA3U C BO3PACTAIONIUMU TPEOOBAHUSIMU
K obecIledeHnio Oe30MacCHOCTH SHEPreTHIECKUX YCTAHOBOK. PaboThl 10 MCC/IeTOBAHUIO Te-
YeHHUl BCKUIAIOMIEH *KUIKOCTH omucanbl B [1]. B pamMkax pasiumdHbIX Mojeseil IucjaeHHO
HCCJIEIOBAJIOCH SIBJIEHUE B3PBIBHOTO BCKUIIAHWSI YKUJKOCTH MDY CHIZKEHUN JaBjeHust [2—6].

B pabore nipejicTaBieHa MoJiesIb BCKUTIAIOIIEN XKIJIKOCTH, TOCTPOEeHHas Ha 6a3e 0JTHOCKO-
POCTHO# TUIIEPOOINIECKOiT JBYXTeMIEpaTypHOit Mojenn u3 |7], ¢ ucroab30BaHneM KOTOPOI
POBeJICH psijl pacyeroB. [lokazano, 4To npu BKOYeHHN B 00001meHHO-paBHOBecHY O (OP)
MO/Ie/Tb cMecH (hpa30BBIX IIPEBPAIEHUI TUIT CUCTEMbI YPABHEHUI HE MEHSIETCST — OHA OCTACTCsT
ruepOoIMIecKoii. A 9TO JaeT BO3MOYKHOCTD TP MHTEIPUPOBAHNN yPAaBHEHHI NCITOTH30BATH
XOPOIIIO 3aPEeKOMEHI0OBABINNE ce0OsT IMCIEHHbIE METO/IbI PEIIeHns] TUIEPOOTMIECKIX CUCTEM.
B nannoit pabote npm MHTErpUPOBAHUYN yPABHEHUI MOJIEJIN CMECU IIPUMEHSLIICS y3JI0BOI Me-
roj xapakTepucTuk (YMX) [8, 9|. UcnonbzoBarne YMX jaeT BO3MOKHOCTB IIPOBOJIUTE PAC-
geThl pu udnciaax Kypanta, nmpeBocxogdmux eauHuIly. Kpome Toro, OTMeTuM, 9TO OIMUCAH-
Hblii B paboTe ojiHoMepHbIilt Y MX ecrecTBeHHBIM 00pa3oM 06001aeTCd Ha MHOIOMEPHBIH CJTy-
Jaii, ec/ii MPUMEHUTH [POIIEJLYDPY PACIIEIIEHUsI TI0 TPOCTPAHCTBEHHBIM Hatnpasierusim [10].
B kadecTBe ypaBHEHUil COCTOSHMS BOJBLI M BOJSHOIO Iapa MCIOJIH30BAIUCH COOTHOIIEHUS
u3 [11, 12].

1. Moaeanb BCKUHOAIOMIEH >KNJIKOCTH

VpaBHeHHUs, OIICHIBAIOIINE OJIHOMEPHOE TeUeHUe MaPOKUIKOCTHOMN CMecH IIPU HaJmInn (a-
30BBLIX IPEBPAIEHUN B JIMBEPTEHTHON (bOpMe, UMEIOT BHU]L
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3nech ¢ — agumabaTudeckas CKOPOCTh 3ByKa. TakuM oOpa3oM, cucTeMa ypaBHEHUI MOJIETN
JKUJIKOCTH TP HAJIU4Inun (ba30BbIX IIPEBPAIeHUil B KBa3UJINHENHHON (hopMe TPUHUMAET BU]T
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XapakTepucTuiecKoe ypaBHeHHe CHCTEeMbI (4), Oy Jaromieecs u3 BbIPAyKeHMsI
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rae A = dx/dt, mmeer TOJIBKO JEHCTBUTENbHbIE KOPHI A1 g = U £ ¢, A3 = Ay = A5 = A\g = .
XapaKTeprucTUIeCcKre COOTHOIIEHHsI BJIOJIb XapaKTEePUCTUIECKUX HapaBjenuii dx/dt = utc
cucreMbl (4) MOryT OBITH MOJIYUICHBI U3 YPABHEHUSI
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d d
Aeu —p 0 0 0 - —f . péj
0 A—u -1 0 0 _yde_Ldp
p dt  pdt
5 dp o du
0 —pct A—u 0 0 I —u— —pc
ddto dcti -0
u
0 —Gu 0 A-—u 0 Ly—ult —Gstg
gt u
0 —K; 0 0 AN—u Lg— — Kg—
t u t Uddg t gt
Pl u
0 _Gliq 0 0 0 ]liq — u# — Glin
PaCKprBaH onnpeae/mTe b, IIOJYIUM BbIpazKE€HU A
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CIIpaBe/IJIMBbIE HA XapaKTEPUCTHYECKUX HAIpaBIeHuIX A = u *+ c¢. Bjioab TpaekTopHoil Xa-
PAKTEPUCTUKUA \ = U BBIIOJTHAIOTCS PABEHCTBA

d d d
dp = Gdp+11dt, dp’, = Gst?erfstdt, dag, = Kst?erLstdt, defly, = Gh-qfﬂlith, (7)

KOTOPBIE HEIIOCPEJICTBEHHO CJIEYIOT U3 cucTeMbl (4).
[TockosIbKY paccMaTpUBaIiCh OTHOCUTEILHO HeGoJIbInue Jasienus (10 10 arm), B Kadect-
B€ ypaBHEHUIl COCTOSTHIS BOJIBI U BOJISHOIO Mapa UCIOIL30BAJNCH YIIPOIIEHHBIE COOTHOIICHUST
u3 [11]:
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Puc. 1. SaBucumocTu ckopocTeil 3ByKa OT 0ObEMHON JIOJIU Iapa: CNyp — CIUIONIHAsL KpUBasl, Cg —
[ITPUXOBAsl, Cyy — IITPUXILYHKTUPHAS

Fig. 1. The dependence of the speed of sound on the volume fraction of steam: cyp — solid curve,
cs — dashed, ¢y — dash-dotted

e Vg = 1.19, pig = 7.028 - 108 Ta, by, = 6.61 - 107* M3 /xr, gy = —1.177788 - 105 Tk /kr,
biig = 6.61-107* M3 /x1, ¢y 15y = 4.15-10° [Tk / (kv - K), ve = 1.47, g = 2.077616 - 105 [Tk /T,
o5t = 0.955 - 10% T/ (xr - K).

Ha puc. 1 npusenenbr 3aBucHMOCTH Cnp(g) U Cs(Qg) JIs TAPOBOMSIHON CMECH IpH
HOPMAJIbHBIX YCJIOBUAX, paccuuTaHHbie 110 dhopmysie (3) ¢ UCHOIb30BAHUEM yDaBHEHUil CO-
crostaus (8), (9) u (10) cooTBeTCTBEHHO, a TakKe KpuBas Cyy ((st), BBIYUCICHHA C OMOIIBIO

dbopmyssr Bysa [13]
1 At Uyiq

2 0.2 0 .2 7
PCw PstCst pliqcliq

[ VstP . Viig(P + Diiq)
e Csp = 4/~ Clig = 5 . I3 npencraBieHHBIX JAHHBIX BHJIHO, YTO CKO-
(1 = buigp?. )
pst plzq( lqulzq

POCTH 3ByKa B CMECH, PACCUMTAHHBIC C HCIOJIb30BaHHEM ypaBHeHHil cocrosaus (8)—(10),
OKa3bIBAIOTC OJIU3KUMU MeXKJy cO0O0il, HO HECKOJIbKO MEHBITUMHU, YeM jgaeT dpopmyra By-
Jla. 3aMeTUM, OJIHAKO, YTO MPH PeIIeHnd 3a7a4 ¢ (GasoBbIMU IPEBPAIEHUSIMUA HEOOXOINMO
IPUMEHSATDH ypaBHeHus coctostuusd (8), (9) Bmecro (10), HOCKOIBKY OHH JAIOT 3HATHTEIHLHYTO
IOIPENTHOCTD [IPU BBIUUCICHUN Y/IeIbHOI BHYTPEHHEN SHeprun *KujKoil dbpaximn. B ciyqae
npuMenenust (10) IpUXOANTCs MCKYCCTBEHHO 3aBBIIIATD YIEJIbHYIO TEIIOEMKOCTb YKUJIKOCTH.

2. Mero/uKa YNCJIEHHBIX PAcueTOB U PEe3yJIbTAaThl BbIYNCJIEHUM

st auciennoro uaTerpupoBanus ypasuenuii (4) npumensiics Y MX. Ilpu ero ucrosb3osa-
HUU JIOCTATOYHO OIPEJIEINTh 3HAYCHNUsT UCKOMBIX BEJIUNIHH B y3J1€ (T, typ1) O U3BECTHBIM
3HAYEHUAM STUX BEJIMYNH B y3J1aX, HAXOIAIIMXCA Ha n-M BpeMeHHOM cJjioe. [IpumMensiiach ce-
JIYIOINast uTeparuonHasi mporeaypa. [lomaranock, 9ro Ha “HyseBoii” urepanuu (v = 0) 3Haqe-
HUsI ICKOMBIX TIEPEMEHHBIX B TOUKE (Xy, t,,41) COBIAJIAIOT C UX 3HAYEHUSIMU B TOUKe (Tg, t,),
[IPU 9TOM XapaKTepHuCTuIecKue Harpasienus dx/dt = u,dx/dt = u £ ¢ anmpoKCUMUPYIOTCS
BBIPAKEHUSIMU
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xp —xl =u'At,  xp — o] = (U + )AL,z — 2 = (U — )AL,

e At = t,41 — t,. Touku nepecedenns MOJYyICHHBIX XapaKTEPUCTUIECKUX HAIPABICHUN
¢ psamoii t = t,, (puc. 2) oupeaeIATCs COOTHOEHNSIMU

] =a — (U + )AL, ol =xp —uPAL, o = — (U — )AL (11)

[Tapametpsl (p, u,p, p%, st p?iq)(l) B HallJleHHLIX Toukax (vr,7c,rr)") maxomarca maTep-
HOJISAIE] 0 UX W3BECTHBIM 3HAYCHUAM B y3iaX (Tg_1, Tk, Tk41). llepermimem cooTHOIIe-
mnst (6), (7) B KOHETHO-DA3HOCTHOM BHJIE:

I v
py+1($katn+1> - pl/(a:La tn) + (pc)z (uVJrl(xk?thrl) - uy(l‘L,tn)) - (U + C) At,
L

P @ ta) — 2 (w0, t) = () (07 (0 tusn) — (2. 1)) = TGAL,

v v Gs g v v v
(pgt) o (:L‘kv tn+1) - (Pgt> (va tn) - ( pt) (P +1(xk’ tn+1> - pP (wC’ tn)) = (Ist)o At’
C

KS v v v 14
a?t—’_l(xkatn-l-l) - aZt(xC7tn> - ( pt) (P +1(xk7tn+1) —p (xCatn)) = (Lst)o At’
C

v v Gz Y v v v
()™ arctaed) = (o) (est) = (2 (o) = 7 (ast)) = ) .
C

P (@h tr1) — PP (TR, ta) — (p0)% (W @k, tgr) — u” (2R, tn)) =

() a2

(1)

Pemtag cucremy (12) npu v = () OTHOCUTEIBLHO MEPEMEHHBIX (p, U, P, P2, gt p?iq) , Haiijgem
YTOYHEHHbIE 3HAYEHUS UCKOMBIX (DYHKIUI B TOUKE (Ty, t,11). 3aTEM MO STUM JIAHHBIM U3 BbI-
paskenuii (11) BEIMHCIIAIOTCH HOBbIE KOOPAMHATHI (1, To, k)", KOTOpBIE, B CBOIO OYEpeID,

A

n+1

Puc. 2. Pacuernas cxema qmag YMX  Fig. 2. The computational scheme for UMKh
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HCIIOJIB3YIOTCS JIst onpejiesienust (p, u, p, p, s, P?w)m uz (12), e HeoGXOMMO MOJIOKUTh
v = 1. OnmcanHbIil HTEPAIOHHLIH TPOIECC TPOIOIKACTCH BIVIOTE JIO CXOINMOCTH.

IIpu oCTaHOBKE MPAHMIHBIX YCJIOBHIT TAKZKe HCIIOIb3YeTCs XapaKTePUCTHUECKIH TOIXOJI,
Hanpumep, eciin Ha JieBoii TpaHuIle U3BECTHA 3aBUCHMOCTD JaBjenus oT Bpemenn P(zy,t),
TO OCTAJIbHbIE IIEPEMEHHBIE OIPEJIeIAI0OTCA U3 COOTHOIICHNUIT

H v
P(z1,tngr) = P (@R, ta) — (pe) (0" (21, tns1) — 0" (2R, 10)) = — (u - C) At,
R

P(mlvthrl) _py(x07tn) - <C2> (pVJrl(xlathrl) - py(x07tn)) = éAta

c

v v Gs Y v v v

(pgt) i (xlatn—i—l) - (pgt) (xCatn) - ( pt) (p —H(‘Tl,tn—&—l) - P (xC’tn» - (Ist>c At,
C

KS v 1 v 14
0 (@1, o) — (e ) — ( pt> (0 (1, o) — (@ ) = (L) A,

v v Gz Y v v v
(10?111) o (xlﬂthrl) - (p?zq) (l’c,tn) - ( ;q) (p +1(x17tn+1) - p (xca tn)) = (Iliq)c At.
C

7 °C u, m/c
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Puc. 3. 3aBucumocTun mapamMeTpoB IHpHU pacaje MPOU3BOJBHOTO Pa3pbiBa K MOMEHTY BPEMEHU
t = 0.5 c: cruomHble KpuBble — 6e3 yuera ¢dazosoro npesparierus (S = 0), IITPUXOBbIE U MITPUX-
[yHKTUpHBIE — pu ero Hajuduu s 5 = 0.02 u 0.04

Fig. 3. The dependences of the parameters in the breaking of an arbitrary shock at specific time
t = 0.5 c: solid curves — excluding phase transformation (8 = 0), dashed and dashed-dotted lines,
with phase transformation, for 8 = 0.02 and 0.04
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Jl1st minTrocTpam IpuMeHeHHsT OIMCAHHOTO BBIIIE YUCIEHHOTO METO/Ia PACCMOTPEHA 3a-
Jnada Pumana mpum ciie/lylommux 3HadeHusX IapaMeTpoB Ha MOMeHT Bpemenu t = 0: “cjeBa’
or muadparmel (z < 50 M) — py = 0.7 MlIla, up = 0, (as)r = 0.15, (Tyq)r = 440 K;
“cupasa’ or mee (z > 50 m) — p;, = 0.3 Mlla, u;, = 0, (as)r = 0.3, (Ti) = 408.8 K.
Temieparypa HACBIIIEHNs OIIPEIEISIIACh U3 BhIPAXKEHUA

T,
TN p — T** - —7
) n(p/p.)
rie p. = 20.2 - 10° ITa, T, = 4200 K, T,, = 31 K. MarencusHOCTb (Ha30BOro Iepexosia

BOJa—IIap HaXOAuJIaCb U3 COOTHOIICHUA

Im = @liqﬁ (Tliq - TN(p)) .

B pacuerax moJiarajoch, 9To ¢as30Bblil IEPEX0/] B IPOIECCe KUIIEHUs TPOUCXO/IUT B YCIOBUAX
MIEPErPeTOro COCTOSIHMS, KOT/Ia TeMIlepaTypa *KUJIKOCTH ITPEBBIIIAET TeMIIepaTypy HachIIe-
uust: Ty — Tv(p) > AT, tne AT — neperpes xkuznkoct. B moment Bpemenu ¢t = 0 gua-
dparma MrHOBEHHO YAAJISIIACh, IIPUA 9TOM PEaJIM30BAJICI PEXKUM TEUeHHs ¢ yIapHOl BOJIHOIM,
ABUZKYIIEHCA BIIPABO, U BOJIHOW Pa3perKeHnsd, IepeMelaloleiicda BJIeBO.

Ha puc. 3 npeacraB/ienbl JaHHbIE YUCJICHHBIX PACUCTOB TEUCHUS, ITOJTyICHHbIE K MOMEH-
Ty Bpemenn t = 0.5 ¢, BBINOJIHEHHbIE Kak 1pu ydere napoobpaszosanus (S = 0.02,0.04;
At = 1 K), tak u npu ero orcyrcrsun (f = 0). Pacderst Bommosnnenst Ha cetke n3z 1000
y3Ji0B. Kak BUJIHO U3 IIPEJICTAaBIEHHBIX PUCYHKOB, MHTEHCUBHOE 11apoo0pa30BaHue IIPOUCXO-
JIUT B 00JTACTH KHUIKOCTH, PACIIOJIOZKEHHOI cIeBa OT KOHTAKTHON I'PAHUIIbI, TJIe TeMIIepaTypa
JKUJIKOCTU TIPEBBIIIAECT TEMIIEPATyPy HACBIMEHUA. Y 4ueT (pa30BOro IMpeBpaIleHus TPUBOIAT
K 3HaYUTE/JIbHOMY POCTY KOHIICHTDAIIUU I1apa B BOJHE Pas3TPYy3KH, a TaKxKe K HeOOJIbIIo-
MY YBEJIUYEHUIO KaK CKOPOCTH JIBUYKEHUS CMECH, TaK W JlaBjeHus. KoHIeHTpanusa napoBoit
dpaxmun 3a GPOHTOM YIAPHOIO CKadKa yMeHbImaeTcss. OTMETUM Tak:Ke, UYTO TeMIIepaTypa
JKuaxoi dpaxmun 1}, B paccMaTpuBacMOM BpeMeHHOM MHTepBaJle IPAKTUIeCKH He MeHsAeT-
1, TIOCKOJIBKY HE YUUTBIBAJICH MEK(PPAKIIMOHHBINA TEIJI000MEH.

Takum oOpazom, 1pejicTaB/ieHa MOJIe/Ib BCKUIIAIOIIEH KUJIKOCTH, ba3upyrolasics Ha 0600~
IIIEHHO-PABHOBECHOI MOJIE/I CMECH, B KOTOPO#l yuTeH (ha3oBbIil mepexoj] u3 KUJIKOH (ppak-
nuu B rapoByio. [lokazana runepbosimaHocTsb ypasaenuit Mojesu. [loyyueno anaiutudeckoe
BbIpazkKeHue JJjigd CKOPOCTU I[epeMellleHUs MaJIbIX BO3MYIIEHUI BO BCKUIIAIOIIEH *KUJIKOCTHU.
Ornucan MeTOL MHTErPUPOBAHUS yPABHEHHIT MO/IE/TH, OCHOBaAHHbBIN Ha METOJIE€ XaPAKTEPUCTUK,
C HUCIIOJIb30BAHMEM KOTOPOT'O BBINIOJIHEH pacdeT 3a/a4u PuMana Bo BCKUIAIONIEN KUJIKOCTH.
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Abstract

A model of a boiling liquid is presented, built on the basis of a one-speed two-temperature
mixture model previously proposed by the author, in which the forces of interfractional interaction
are taken into account. The liquid fraction was considered compressible. A characteristic analysis
of the equations of the model is carried out and their hyperbolicity is shown. Relations for charac-
teristic directions and differential relations along these lines are written. An analytical formula for
calculating the speed of sound in a boiling liquid is obtained. It is noted that the speed of sound
in a liquid when taking into account phase transformations is somewhat lower than is predicted
by the Wood formula. The calculation formulas of the iterative algorithm of the nodal method
of characteristics are presented, which implies that the flow is calculated during the decay of an
arbitrary rupture in a boiling liquid. In the calculations, it was assumed that the phase transition
during the boiling process occurs under conditions of an overheated state, when the temperature of
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the liquid exceeds the saturation temperature. It is shown that taking phase transformation into
account leads to a significant increase in the vapor concentration in the unloading wave, as well as
to a small increase in both the speed of the mixture and pressure. The concentration of the vapor
fraction behind the shock front decreases.

Keywords: single-speed multicomponent mixture, phase transformations, hyperbolic system of
equations, nodal method of characteristics.
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