Math-Net. Ru

H. H. Cyupnos, T. Amanbaen, Pazjer mpojykros
peakiun 1 oOpa30BaHHe BTOPUUIHBIX BOJIH BHYTPH
TpyOBI IIPU JAETOHAINHN B CHCTEMax ra3 — ILJIeHKa,

Becmn. Mock. yn-ma. Cep. 1. Mamem., mex., 1987,
Homep 1, 34-39

https://www.mathnet.ru/vmumm3023

UcnonszoBanme OOIMEepoccuiickoro MareMaTrnaeckoro moprasa Math-
Net.Ru mogpasymeBaer, 9T0 BBl IPOYUTAJIN U COTJIACHBI C TIOJIH30BATEIb-
CKHM COLJIAIIIEHUEM

https://www.mathnet.ru/rus/agreement

[lapaMeTps 3arpys3ku:
IP: 18.97.14.87
17 amBaps 2026 r., 04:59:20



https://www.mathnet.ru/vmumm3023
https://www.mathnet.ru/vmumm3023

BECTH. MOCK. YH-TA. CEP. I, MATEMATHKA. MEXAHUKA. 1987. N¢ 1

MEXAHMKA
YK 534.222
H. H. Cmupnos, T. Aman6aen

PA3JIET NPOAYKTOB PEAKHMH H OBPA30BAHHE BTOPHYHbBIX BOJIH
BHYTPH TPYBbl IPU AETOHALMM B CHCTEMAX IA3 — NJEHKA

HccnenoBanue neToHalnuy B HelepeMeUIEHHBIX I€TepPOTeHHBIX CHCTEMax'
(ra3oo6pasHblif OKHCJHTeNb B 06beMe — IIJIEHKAa XKHAKOrO TOpIOYero Ha
BHyTpeHHeH mnoBepxHocTH TPyOn [l—6]) mnpencraBiser ocoGblii HHTEpeC,.
TaK KaK ee BHYTDEHHs CTPYKTypa CYIIECTBEHHO OTJIHYaeTCs OT CTPYKTY-
pbl XOpOLIO M3BECTHOH IOMOTeHHOH AeTOHalUMH. BBHAy Toro uro ropiouee H
OKHCJINTEJb HaXOAATCA B Pa3HbIX ()azax W IpeABapHTE]bHO He MepeMelia--
HBI, mpouecc cMeceoOpa30BaHUSl NMPOMCXOJAUT BHYTPH CTPYKTYphl HeTOHa-
LHOHHOro KommJjekca [1, 2] 3a rosoBHO# ymapHO#H BoJHOH. B pesyabrare
TEIJIOOTAauH OT NOTOKa yAAapHOCKATOro ra3a ropiouee ucmapsiercs, obpa-
3ysl B NOTPAHHYHOM CJIO€ Y CTEHOK TPyOH CMech C OKHCJIHTeJNeM. Takum
06pa3oM, Ha HEKOTOPOM pPacCTOSIHHH OT TOJIOBHOH yJapHOH BOJIHBI B TPH-
CTEHOUYHOH oOJiacTH o6pa3yercsi 30Ha BO3MOXHOH AeToHauud F, B KOTOPOH
peasiu3yloTcsi ycJOBHS IO KOHLEHTPALlHOHHBIM IIpefieJlaM H KPHTHYECKOMY
JuaMeTpy, HeoOXOXHMMBE AJI PACIPOCTPAaHEHHsl [eTOHAIlMM B TOMOTEHHBIX
cmecsix [1]. 3oma F umeer ¢opMy KOJIbIEBOTO IHJIHHAPHYECKOTO CJOf,
PacnoJIo;KeHHOro BOJIH3H NMOBEPXHOCTH TPYOHL.

Bosuukaooumas B 30He F neTOHauus $IBJSIeTCS OCHOBHBIM HCTOUHHKOM
SHEPruH, NOAAEpKHBAIOLUIMM TeTePONeHHYI0 JeTOHAlHIO: JeTOHAIL[MOHHbIE:
BOJIHBl Ha IpaHHulle 30HH [ BHIPOKJAIOTCS BO BTOPHYHHIE YIapHBE BOJHBI,
JIOTOHSIIOLIHEe W NMOJNHTHIBAIOIHE TOJIOBHYIO yAapHywo BoJary. IIpu TeoperH-
YeCKOM OmpeJie/leHHH HWHTEHCHBHOCTH BTOPHYHBIX BOJIH HCNOJB30BAJHCH JH-
60 onHOMepHasi mjockasi [2] annpokcumauus, Ju00 AByMepHas anmpoOKCH-
Manus BO6JH3H moBepxHOCTH TpyOnl [3]. IIpu 3ToM passer mpoAyKTOB Je-
TOHAIlMH K OCH TPyObl He pacCMaTpUBAJICsl, TeYeHHe B sJpe IOTOKa Mpea-
noJiarajoch TaKHM Ke, Kak H BOau3u noBepxHoctH. [IpoBoasimuecs skcme--
pumeHTHl [4—6] Takke He HAlOT BO3MOXKHOCTb ONpeJNeJHTb CTPYKTYPY
TeUeHHsl B SiApe NOTOKa.

Ilenvio Hacrosime#l paboTH SBJseTCA YHCJIEHHOE MO/eJHpOBaHHE 3a-
Jlayd O pasJjieTe NPOAYKTOB AETOHAIHH LHJIHHAPHYECKOrO TIa30BOro CJOs
BHYTPb TpPYOHI.

[Ipu mpoBeneHHU YHCJIEHHOTO MOJeNHpPOBaHHA OyleM MpPEANOoJararh,.
YTO 30Ha BO3MOXKHOH HeTOHalMH o0pa3oBajiach BJOJb BCeH BHyTpPeHHEH
IIOBEPXHOCTH TPYOHl NOCJE MPOXOXKIEHHS FOJOBHOH yaapHO#H BoJHHL IlpH
3TOM B 30He F ropiouee C OKHCJHTENEM IIOJHOCTbIO NepeMellaHO H TNpea-
craBjsieT co00# OJHODOJAHYIO CMeCh; CMBIKaHHe NOIPAHMYHBIX CJOE€B 3a Tro-
JIOBHOH BOJIHOH B 30He HHHLIHHPOBAHHS METOHAIHM elle He [POH3O0ILJIO;.
CKOPOCTb a3a B 30He BO3MOXKHOH JeTOHallHH OJH3Ka K CKOPOCTH rasa B
fjpe MOTOKa, HHHIMHPOBAHHE [ETOHAIMH OCYILeCTBJISETCA OJHOBPEMEHHO
o BceMy ceueHHwoo. [Ipu cesaHHBIX NpeaNoJIOXKEHHsX Npollecc 00pas3oBa-
HHSI BTOPHYHOH BOJIHBl MOXHO MOJeJHDOBaTh 3ajauedl O pasjiere MPOAYK-
TOB JETOHALHH IHJIHHIPHUECKOTO TAa30BOT0 €J10s1 (B MHEPTHYI CPeAy K OCH
TpyGObl), MO KOTOPOMY pacCIpOCTpaHsieTcsl ycTOHYHBas JeTOHAlMOHHAas BOJ--
Ha, COXpaHSIWasl IJIOCKYI0 MNOBEPXHOCTb, HOPMAJbHYI0O K OCH TPYOHL..
Iycts mana Tpy6a paguyca R=O0B. O6aacts OA<r<<OB 3anfita cMecbio,
cnocoGHO# jeTonupoBath. O6sacts r<<OA 3amojiHeHa HHEPTHOH CMECHIO..
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3ajgauy Oynem pemlaTh B NOABHXKHOM cucreMe KoopauHat (x, r, f),
nepemeliaoUeiics CO CKOPOCTbIO PAacHpPOCTpaHEHHs JeTOHAUMH MO IMJIHHL-
DHYECKOMY CJIOI0 [AeTOHHpYlouiel rasosofi cmecH. Ocb x HampaBjeHa IO
OCH CHMMETpHH TpPyObl H OpHEHTHPOBaHa B CTOPOHY, IIPOTHBOMNOJIOXHYIO:
HanpaBJEHUIO ABHXKEHHS CHCTEMBbl KOOpJHHAT.

CucreMa KOODAMHAT M pacueTHas obsacTb H306paxceHHl Ha pHC. 1, a.
3necb GC — (pOHT cOGCTBEHHO AeTOHalHOHHOH BoJHH; ABCG — mpo-
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Puc. 1. Tlonss maotHoctelt (@) W naBsieHuit (6) cmycts BpeMs fy=170 MKC Ioc/ie Hayana

npouecca. 3HaueHHss NapaMeTpPoB Ha H3o0xopax (p=p/p:) H Ha H3obapax (p=p/p;) pas-

HH: 1 — 0,1; 2 — 02, 3 — 03; 4 — 0,35, 56 — 04; 6 — 0,5, 7 — 0,6; 8 — 0,8;
9—109 10—10; 11 —12; 12 — 14

10JIbHOE CeueHHe IUJIMHIPHYECKOro AeTOoHUpyollero ciaost; QF — ocwb Tpy-
6bl; BD — creHka TpyOHI. )

YpaBHeHHs, ONMHCHIBAIOIIME ABYMEPHOe HecTallHOHapHOe TeueHHe rasa,
HMEIOT BHA:

dp dpu 1 dpru
— I +_— _:0’
ot + ox rrooor
dpu n opu? 1 opr¥uv op
ot 0x rY or . ax '
dpv 1 dpuv +____1__ dpr¥u? ___Op ,
ot ox rY or or
OpE n OpuE N 1 Gpr¥vE opu 1 ‘opr’v
ot dx v or ox Yoo

3mech p — IJIOTHOCTb Ta3a; 4, U — COCTAaBJSIONUIME CKODOCTH rasa No
ocim Ox u Or; p — paBnenue; E, e — nonHasi U BHYTPeHHsIsI 3HEPrHH;
v=0,1 COOTBETCTBEHHO B NJOCKOM H OCECHMMETDHYHOM cJydyasix. [Ipenmo-
JIOXKHM, YTO 111 NPOAYKTOB J€TOHAlLHH CIPaBelJHBO yDaBHEHHE COCTOSIHHS
IIOJINTPOIIHYECKOr0 rasa

p=pRT, e=cyT, R, cy=const, (1)
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rae T — TeMmeparypa rasa; R, ¢y — Ta3oBasi IOCTOSIHHASL ¥ TENJIOEMKOCTb
rasa npu NOCTOSTHHOM 00beMe.
Hayaabnue ycioBust B o6aactu OBDENABCG caenyiouiue:

u=ug, v=0, p=po, p=po.

I'paHuYHbIE YCJIOBHS:
1) x=0H, OA<r<<OB:u=u;, v=0, p=p;, p=p1;
2) 0x<O0E, r=0
0<x<OH, r=0A }:v=0 (yc/loBusi CHMMETPHH WK HENMpOTEKaHHs:);

0<x<O0E, r=0B

3 x=0, 0<r<04 'i=—a’1~=—‘2‘f—=-a—u——-0 (ycioBuss  HenpepbiB-

x=0E, 0<r<OB| o ox ox dx
‘ HOCTH) .

Hnpnekcom «l» B BEHIOpaHHON cHCTeMe KOOpAMHAT 0GO3HAu€HH NMapaMeTps
3a ¢ponToM neroHauuH. MHaekc «0» OTHOCHTCA K mapaMerpaM HEBO3MY-
1[eHHOTO rasa.

B noxBuxXHOfA cHcTeMe KOODAHHAT COOTHOIUNEHHS MeXJy NMapaMeTpaMH
Uy, Po, Po B Uy, P1, P1, IOJNlyyaeMble H3 3aKOHOB COXpaHEHHs NOTOKOB Mac- .
CH, HMIyJbCa H 3HEPrHH INpPH Iepexofe yepe3 BOJIHY [AETOHALHH, HMEIOT
BHI:

2

. . poD? , o
uo—rD’ Pi=Pot Yo——l (1_‘ D2 ‘), (2)

’ 2
L=L_;(1_i), 3
[} Po Po(v—1) D2 .
\ v
1 (&

- S 4
w=n|1+ 1 (1-2)] 0
tae D — CKOpOCTb JeTOHALHMH, Y — II0Ka3aTeJb agHabaTh, Co?=1ypo/po.

3ajaua pemaercss MeTOoOM KpymHeix wactull [7, 8]. Ha mepBom sTa-
1le, alMPOKCHMHPYS CHCTEMY ypaBHEHHi

dp -0 opu __ op g _ - Op
ot oot ox ' ot or’
' OpE dpu _ dpur¥ 1
ot ox ar r’
HMeeM:
0=y — Pitya, i~ Pitg At 0= — Pi,j+12 — pi,ji—vj2 At
i.j o] Ax "y y Vi,g o Ar P/ ’

~ p 1 U, -—p.‘_l .u.__l '.
Ei.i:Ei,i—‘{ i+1/2,] :+1/2.1Ax1 i b2

+ Py 4172 Y, 172 —(F — 1) VPi, =172 Ui, j—172 ] At
(j—1/2)"Ar P

Se1y2,7 = (Sk,; + Se+1,)/2, Sii172==(Si,1+ Si,z+1)/2,‘ s=(u,v, p),

tae k=i—1, i; I=j—1, j.
Ha BropoM sTame onpejessizach NJIOTHOCTb B siUefike

iy = pep+ iy —Tlipye,; + Tl jmrp— Tl ) /[(F—1) Ar]Y ArAx,
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rie IF — mOTOK MaccH uyepe3 OAHY H3 GOKOBHX TPaHHIl SYeHKH 33 BpeMs
At:

. 4y T+
[(j—1/2) Ar]¥pe,; -—uﬂ-—;& ArAt, ug,j+ tp41,;> 0,

Meyrpe= -~ -
buk.i + up+1,]

[(—1/2) Ar]"0rs1. ArAt, g j + tp1,1< 0;

vl + Uy 1y

(LAryvp;, AxAt, vy 1+ Vg 141> 0,

L, 141=

v+ ~ -
(L Ar)%Pi,141 ——‘—l-—2-—1+—1 AxAt, v, + 01,141 < 05

oM. = { XMz, , Up,j + Uep1,; > 0,
k1720 = ~ ~ .
X1, Matya,;, Up,j+ Upy1,; < 05

& {Xi,lni,l+l/2, Vi1 + Vi1 >0,
* +1/72 7 ~ ~ ~ N
Xi4lli 14170, U+ U1 < 05 -
meX=@, v, B); k=i—1'%; I=j—1,].
CKOpOCTH 4, U W NJOTHOCTb MOJHOM 3Hepruu E B siuefike ompenessiuch 1O
dopMmyJe

— WP

o i, 1—1/2

i+1/2,] 1/2 it O; Li+1/2
P; j[(] — 1/2)Ar)¥ ArAx

H __ P; 1
. ”
rae X#= (u¥, vH, EH). JlaneHHe p ONpeneNsioch W3 yDaBHEHHS COCTOA-

eus (1). IIpu npoBef€HHH MOJEJBHBIX pacquOB HCNOJIb30BAJHCh CJEAYIO-
IIHe apaMeTphl rasa:

Ix
Po=0,1MIa; p,=1,3 %; y=1,4; R=287 ";(

Kr-

D=2000 %; ¢, =716 24
c kr-K °

Iasi ompenesieHHs NapaMeTpPOB u4;, Pi, Pi HCNOJb30BaJHChb COOTHOIIEHHS
(2)—(4). Paamep pacuyerHoii sueliku Ar=Ax pasen 0,01 M.

PaccMoTpeHHBII TpHMEp COOTBETCTBYeT cJyyalo, Korga B Tpybe pa-
nuyca 10 .cM npu arMochepHOM [AaBJIEHHH NPHCYTCTBYeT IMJHHADHYECKAs
30HA2 BO3MOXHOH JeTOHalMH TouuuHOA 5 cM. IlpuHsATOe pa3bueHHe Ha
siuefiky obecneynBaer HeOOXOAHMMYIO TOYHOCTb pacueToB. PacyeThl KOHT-
POJIbHBIX BapHAaHTOB C YMEHbIIEHHHIM BJBOe JHHEHHHIM pa3MepoM SueHKH
NOKa3aJ/H, YTO OT/IHYHe pesyabTatoB coctasaser 10%, a BpeMs pacueros
IIDH 3TOM YBeJIHUHBAETCS NPHOIH3HUTEJBHO B ueTHpe pasa.

Ha puc. 1 u 2 npeacraBjensl noss nJjoTHocre#d (a) u JaBACHHT / (6)
NpH pasJjieTe NMPOAYKTOB HETOHAIHH K OCH TpPyOH cHycTs BpeMs §=
=0,17-10% u #,=1,7-10"3 ¢ mocne WHHUHHPOBAHHS AETOHALMH. BeJUUHHH
IVIOTHOCTeH M [aBJEHHH OTHECeHH K COOTBETCTBYIOLUIHM 3HAUEHHSM 0; H
p1 3a GpoHTOM AeToHauUHH. M3 PHCYHKOB BHIHO, YTO TeyeHHe B spe NOTO-
Ka cymecTBeHHO HeofHoMepHO. CylunecTBYyIOT 06JlacTH KOHEUHHX pPa3MepoB
BOJIH3KM OocH TPyOBbl, IJIOTHOCTh H JaBJeHHe ra3a B KOTOPHX 0oJjiee yeM B
JiBa pa3a INpeBBHILAIOT IJIOTHOCTh H AaBJeHHe 3a (POHTOM COOCTBEHHO
JEeTOHALHOHHOH BOJHH. TakuM 06pa3oM, HHTEHCHBHOCTb BTOPHYHOH yaap-
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HOH BOJIHBI HE 0CJ1a0/sfieTCs, a yBeJHYHBaeTCs NPH pasJjere MPOAYKTOB Je-
TOHAUMH K OCH TPYOHI.

M3 puc. 1, a BHAHO, 4TO NJIOTHOCTb ra3a NPH OCECHMMETPHYHOM CXJO-
NbIBaHHH BTOPHYHBIX BOJIH y OCH TPyGH BO3pacraeT B NOJTOpa pasa IO
,CPaBHEHHIO C MAKCHMAJbHO} IVIOTHOCTBIO MO3afi COOCTBEHHO AETOHAIMOH-
HOH BOJHBL. TakuM o6pasom, BO6JMH3H OcH -00pasyeTcsi 30Ha rasa MOBHILIEH-
HO# nyoTHOCTH (o6jacTh KoJuianca). IIpu 3TOM perucTpupyemoe B3aHMO-
AeAcTBHE BTOPHYHBIX BOJIH JJIi NAHHOTO pacyera MPOHMCXOAHUT CIYCTsS Bpe-
M {y=0,85-10* ¢ ¢ MOMeHTa BO3HHKHOBEHHs COGCTBEHHO JETOHAUHOHHON

a

NS oed

N Sy

2 0'5 170 75 20 25 Jo 35 40 45. 50
7 7 -
/// ///// // 8 Y 7’0’
/ .
7 =0,057 5 72 / /
(T 777 77 % ‘
2» 5 10 15 . 20 25 0 35 40 45 50

Puc. 2. [Tons nuortHocrelr (e¢) ¥ masnenui (6) cnycrst BpeMs {,=1700 MKc mocse Hagaja

mpouecca. 3HaueHHs ~NlapaMeTpoB Ha H30x0pax (p=p/p1) H Ha H306apax (p~=p/p,)

paun: 1 — 0,1; 2 — 02; 3 — 0,3; 4 -~ 06; 5 — 07, 6 — 0,8, 7 — 0,9; 8 — 1,0;

9 — 1,2, 10 — 1,3; 11 — 1,4; 12 — 1,7; 13 — 2,0; 14 — 23; 15 — 2,6; 16 — 3,5;
17 — 4,0

BoJHE. B Teuenue Bpemenu 0,85-10~% ¢ <¢<<0,3-10~3 ¢ xapTuHa TeuyeHHs
KauyeCTBEHHO COBMajiaeT ¢ H300pa)keHHOH Ha puc. 1 mas MoMmeHTa K=
=0,17-10"3¢c (perynspHoe B3aumopeicrBue). IIpu sToM /JaBjieHus B 30He
KOJIJIanca HeBeJHKH H He NPEBHINAIOT MOJIOBHHBI JaBJieHHS 3a COOCTBEHHO
JIETOHALlHOHHOH BOJHOHM. ,

Cnycrsi Bpems t,=0,3-10"3c B6aH3H ocH TPyObl M3 30HBl KoOJJamca
HauyhHaeT (OPMHPOBATbCH Ta30KyMYJsTHBHAas CTPYys (HeperyJisipHoe B3aH-
MogefictBre). IIpu 3TOM NJIOTHOCTH rasa B 30He Kojsamca (pHC. 2,a) B
yeTHIpe pasa NPEBOCXOJHT MAKCHMAJbHYIO INIOTHOCTb B 30HE BTOPHYHOIO
B3pHIBa, a JaBJeHHe B 30He Kojjanca B 2,5 pasa MPEBOCXOLHT JaBJieHHe
B COOCTBEHHO JeTOHAaUHOHHOH BoJiHe. IIpM 3THX YCJIOBHSAX Ta30KyMYyJSITHB-
Hasi cTpys, (opMupylomiasicss B siipe MOTOKa, OOrOHSieT (PPOHT COGCTBEHHO
JIeTOHAIL[MOHHOH BOJIHBl M MOXET JOCTHTHYTb TOJIOBHOH YHapHOH BOJIHH
paHbllle, 4yeM BTOpHYHAs YAapHas BOJIHA, PACIPOCTPAHSAIOINASACSH MO BCEMY
ceyeHHIo TpyObl. Takas HepaBHOMEDHOCTb BO3JIEHCTBHSI NOTOKa Ha TOJIOB-
HyI0O YAapHYIO BOJIHY MOXeT NMpPHBECTH K 06pasoBaHHIO H3/IOMOB Ha Nepen-
HeM (QpOHTEe IeTepPOreHHOH [AETOHAlMH H K BO3HHKHOBEHHIO SYEHCTBIX H CIIH-

HOBBHIX CTPYKTYD.
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B. A. Araksn, Jl. II. CmMupHoB

CONPOTUBAEHHAE NB¥X JXUAKUX, TBEPADBIX U FA300BPA3HbIX C®EP
B OLHOPOJJHOM OCECHMMETPUYHOM IMOTOKE C YYETOM HX
B3AUMOJENCTBHUA

B Hacrosimie#t pabore ¢opMmysa AJsi CHJBI CONPOTHBJEHHS cdepHue-
“CKOH YacTHLbI, HaXOASLIEHCHA B HEOJHOPOLHOM IIOTOKE BSI3KOH JXHIKOCTH,.
NpHMEeHeHa [Js1 yueTa B3aUMOAEHCTBHSl passUyHbIX uvacTHU. g yuyera
B3aUMOJEHCTBUSA ABYX TBePAbIX YaCTHIL[ HCHOJBL30BAJCA TaKXKe METOJ Mpsi-
'MOT0 COTJIaCOBaHUA J3MOOBCKHX MOJIeH.

ly

Iz

Paccmorpym aBe XuAKHe Kanid, HaxXOAsIUHECS B ONHOPOLHOM IIOTO-
Ke-BsA3KOH xuAKoctH U (pucyHok). Pemenue ypasuenuii Ctokca

pAv=Vp, Vv=0

4Jsi OAHOH coepbl B, Haxonsmedcs B OLHOPOJHOM IOTOKE, HMEET BHJ

P= — b F-,
2 r's
" -3 1, x'r’ 1 b3c 1, 3x'r’
v _3yp [_x 1 L
4 r + r's 4 v I4+o0 | rs rs )’ )

rie b — panmyc cdephl,. u® — BA3KOCTH BHEIUHEH KHIAKOCTH, ué — BHYT-
peHHed, o=pui/pul.
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