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OCOBEHHOCTU INTPUMEHEHWNA AJITOPUTMA SIMPLE
AJId PACUHETA C2ZKUMAEMbBIX TEHEHNUA

H. B. Tapacosa, A. C. Koszenkos, /1. II. Menemxkusa,
C. B. Jlamkun, O. B. Jdenucosa, M. A. Cuzosa
(OTVII "POAL-BHUUDD", r. Capos Huzkeropockoit obimacru)

Jlannasa pabora mocBsmeHa onucanuio momudukanuu ajgropurma SIMPLE muaa coygas
CXKMMAEMBIX T€YEHUH U NCCIEIOBAHUIO IPUMEHUMOCTHU PEATU30BAHHOIO AJITOPUTMA, IS PAC-
yeTa TPAHC3BYKOBBIX CXKUMAEMBbIX TeueHni B pamkax makera nporpamm JIOI'OC. Ha npuwme-
pe 3a/1a4 0bTeKaHus KPHLIOBOTO IPOMUIIa U TedeHus BHY TP auddy30pa JeMOHCTPUPYIOTCS
BO3MOXKHOCTHU PEAJTH30BAHHOIO AJITOPUTMA [0 JOCTHXKEHWIO MPUEMJIEMOIl TOYHOCTU U CKO-
POCTH CXOAMMOCTH HPHU HCHOJH30BAHUU PA3IUYHBIX CXEM IUCKPETU3ANUA KOHBEKTHBHOTO
CJIaraeMoro M W3MEHEHUHU APYTHUX CUYETHBIX mapamMerpoB. llosmydyeHHbIe pe3ysIbTaThl CDABHU-
BAIOTC C JAHHBIMH U3BECTHBIX YKCIEPUMEHTAJIHHBIX TECTOB.

Karouesvie caosa: anropurm SIMPLE, cxxumaembie TPaHC3BYKOBbIE TEUEHHS, CXEMBI JHC-
KpeTu3alun KOHBEKTUBHOTO cyiaraeMoro, naker nporpamm JIOTOC.

BBenenue

[IpobieMa mOCTpPOEHHS YHHUBEPCAJILHOTO aJrOPUTMA, JJId JYHCJIEHHOIO PelIeHHs CHCTEeMBI ypaBHEHU
Hasbe—CroKca, IpurogHOro Jjis pacyeTa TeYEHUil P MPOU3BOJIBHBIX 3HAYEHUdX ducia Maxa, XopoIio
u3BecTHA. Jljid pemeHus 3Toii mpobaeMbl OBLIO IPEIJIOKEHO HECKOIBKO IOIX0/I0B, KOTOPHIE MOXKHO YCJIOB-
HO pa3esuTh Ha aBe rpynmbl. K mepBoil rpymie OTHOCATCA METOIbl, W3HAYAJIHHO CKOHCTPYUPOBAHHBIE T
pacuera C)KUMAeMbIX TEYEHWIl W OCHOBAHHBIE HA PEIIEHUH TOJIHOM cucrembl ypasHenuii Hapre—CToKCa
[l—4]. DTu MeTombI MO3BOIAIOT PACCUUTHIBATH KaK JO3BYKOBBIE, TaK M CBEPX3BYKOBBIE TEUEHU, OJHAKO
Opu UX UCIOJIb30BaAHUU BO3HUKAECT HpO6JIeMa, YUCJIEHHOTO MOJE/INPOBAaHUA TEeYeHU IPpU 3HAYCHUAX TUCIIQ
Maxa, OIM3KMX K HYJIO, KOTOpad PEIIaeTCd C IMOMOUIbI0 CIIeNHAJIbHBIX IOAX0mOoB. Ko BTOpOil rpyimme
OTHOCATCA METOMBI, IpeIHA3HAUYECHHbIE /I PelleHns HeCKIMAeMBIX TeUeHHil, OCHOBAHHbIE HA PEIleHHN
cucrembl ypaaennit HaBre—(CTOKCa ¢ paciiemierneM 1mo pusandecKum nporeccam u 0600IIeHHbIEe Ha, CIKU-
MaeMslil ciydaii [5, 6].

YuciieHHoe pelleHne MOJHON cucTeMbl ypaBHeHuii Hasbe—Crokca 6e3 paciuemieHus Opu 3HAUEHHAX
quciia Maxa, CymeCTBeHHO MEHbIIUX €OUHHUIBI, COIPAZKEHO C CEPbE3HBIMU prﬂHOCTHMH, CBA3aHHBIMNI
CO 3HAUUTENHHO PA3JIHIAONIMUCI BPpEMEHAMH KOHBEKTHBHOI'O IIEPEHOCA U PACIPOCTPAHEHHS aKyCTHYe-
CKUx B03MyH_LeHI/II71, a TaK2Ke€ C MaJIbIMA U3MEHECHHUAMU OTHOCHUTEJIBHOI'O JaBJICHUA. B 9TOM C.quae BBUY
ZKECTKOCTHU CHUCTEMBI IIPU HUCIOJB30BaHUU KJIACCHUYIECKUX METOJ0B pDEUICHUA IOJIHOI CUCTEMBI ypaBHeHHﬁ
Hasbe—CroKca pe3ko yXyIIIaioTcd CBOWCTBA UX CXOTUMOCTH B YCTONIMBOCTH, 8 HEKOTOPBIE METOILI BOOD-
e CTaAaHOBATCA HEIIPUTOOHBIMMU. BOJIee TOro, 34€Ch IPAKTUIECKN CTAHOBUTCA HEBO3MOZKHBIM HCIIO/JIB30Ba-
HIE IBHBIX CX€M pacuera B CHJLY HEIPUEMJIEMO KECTKOTO OrpaHMYeHds Ha IIar Io BpeMeHu. Jljig pemenns
IpobJIeMBbI IHCIEHHOTO MOJAEIUPOBAHUA 2un036YKo6uir TedeHuii (dmciao Maxa MHOrO MeHbIE eMHUIb)
HA OCHOBE yPaBHEHU! JUHAMUKN CXKAMAEMOrO ra3a ObLI IPEeJIOXKEeH OIX0/, OCHOBAHHBIN HA MOIUMUKaA-
nun K03 OUIUEHTOB, OTBEYAIONIUX 38 IPOU3BOSHYIO IO BPEMEHH, METOIOM HCKYCCTBEHHON C2KAMAEeMOCTH
[3, 4]. K memocraTkam MeToma MCKYCCTBEHHOH CXKHMAE€MOCTH MOXKHO OTHECTH, B 9aCTHOCTH, €ro CyIe-
CTBEHHO HTepaHHOHHyIO (bOPMyJII/IPOBKy: AazKe IIpu MCIOJIb30BaHUN ABHOW CXEMBbI Ha KaXXJ0M IIare Iro
dbusmaeckomy BpemeHu TpebyroTca urepanuu (yCTAHOBJIEHNE IO IICEBJOBPEMEHN) JJis CBeIeHus OasaHca
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Macchl. Beibop ko3 dunmenTa nCKyCCTBEHHON CXKUMAEeMOCTH TaKKe ABJIAeTCd HETPUBHUAJIBHON 3ajatei,
IIOCKOJIbKY Ha HETr'0 HAKJ/IAABIBAIOTCA OIPENEJICHHBIE OTPDAHUYICHUA KaK CBEPXY, TaK U CHU3Y.

MeTozp! Bropoii rpymnbl H3HAYAILHO OPHEHTHPOBAHBI HAa PACUET HECXKUMaeMbIX Tedenuii [5, 6], B Ko-
TOPBIX JJId HAXOXKJIEHWS IOJId JaBJIeHUs, 00ECIeIUBAIOIIET0 BBHINOJHEHNE YPAaBHEHUsS HEIPEPBIBHOCTH,
perraercs cnenuaibabiM 00pa3oM "ckoucrpyupoBanuoe" ypasuenue Ilyaccoma. OmHUM U3 TakuxX METO-
ZIOB, IIHPOKO HIpHMEHseMBbIX Ha Ipakrtuke, apiaserca meron SIMPLE [5]. Merox SIMPLE wnecioxuO
0600umTh HA Caydail pacdera CXKUMaeMblXx TedeHuil [6], mogudunuposas umeromeecs ypasaerue [lyac-
cona. Momudukanua cocrour B mobasienwn B ypaBHeHume llyaccoHa KOHBEKTHBHOTO 9JIEHA W JOIOJI-
HUATEJIHbHOTO HECTAIMOHAPHOTO CJIAraeMOro, BO3HUKAIOIIETO W3-3a HEOOXOJUMOCTU KOPPEKIUU IJIOTHOCTH
IUIA YIOBJIETBOPEHUS yPABHEHUH HEIpPephIBHOCTH. TakuMm 00pa30oM, IpW MAaJbIX 3HAUYeHHAX duciaa Maxa
npeobJraiaroniee BiIugHTE OKa3bIiBaeT AudDy3nOHHBIN WIeH U MOayIaeTca (PAKTUIECKU UCXOTHOE yPaBHE-
uue [lyaccona. [Ipu Gombmiux 3HadeHmax duciaa Maxa npeobiamaeT KOHBEKTUBHBIN WI€H, OTPAKAIOMIAN
runepOoIMIecKyio Ipupony tedenud. JlaHHBIN METOI aBTOMATHYECKHW YIUTHIBAET JIOKAJIBHYIO IIPUPOILY
TedeHNd U MOXKeT IPUMEHAThCA KO BCell o0macTu Tedennd. VeToabl BTOPOil IPyIsl, OYeBUIHO, HoJiee KO-
HOMUYHBI 110 CPABHEHUIO C METOJAMU IIEPBOU IPYIIBI, U UX TOYHOCTDH B OOJIBIIMHCTBE CIYIaeB TOCTATOIHA
AJId paCde€Ta HO3BYKOBBIX U TPAHC3BYKOBbBIX TEYEeHUN.

Hecmotpg ma akTuBHOe ncmosb3oBanue mMerona SIMPLE mHa mpakTuke, HIMpOKOTO HCCIEIOBAHUA MIPH-
MEHUMOCTH TOTO METOA AJIA 33434 C pa3IMIHbIMU 3HaUYeHnaMu dncia Maxa, mo Kpaiineil Mepe B pycCKoO-
A3BIYHON JIATEPATYPE, HE CyHIECTBYET, & AHIVIOA3bITHAA OI'PAHUYINBACTCA OTACJIbHBIMU KOMMEHTAPUAMU 110
[IpUMEHEHUIO TOU nin UHOM MOmuUKAIUN METOIA JJId PEIIeHnd KOHKPETHBIX 3a]ad.

B mannoii pabore npejgcrasieno ucciaegosanue npuMmennmoctu Meroga SIMPLE mia pacaera rparc3sy-
KOBBIX TE€YEHUH. PaCCMOTpeHI)I 3a4a91 MOAEJINPOBAHNA BHYTPEHHUX Te‘IeHHﬁ, a TaKzKe 3aJa491 BHEIITHET'O
oOTeKaHud, IMyTeM pacdera KOTOPBIX OMPEIeIdiOTCS OCHOBHBIE adPOJNHAMUIECKNE XaPAKTEPUCTUKHU TeJl
pasauunoit kouduryparmuu. Ha ocHOBe amayn3a pe3y/bTaToOB PACIETOB CIEJAH BBIBOI O HEOOXOIMMOCTH
ucnosnb3oBanug mMoxudukanuu SIMPLEC [6] ¢ mesbo yBeamdeHns CKOPOCTH CXOAUMOCTH AJITOPHTMA B
YCJIOBHLX OIIyTUMOTO M3MEHEHUd IJIOTHOCTH IIPH JOCTATOYHO OOIbuInxX 3HadeHngax ducia Maxa. Kpome
TOrO, MPUBEJEHBI ONTHMAJIbHBIE 3HAYeHNA KOd(pdunuenToB penakcanuu. lIpomsBemen CpaBHUTEIbHBIN
aHAJIU3 HUCIOJIH30BAHUS PA3IUIHBIX CXEM JUCKPETU3AINN KOHBEKTHBHBIX MOTOKOB B PAMKAX JAHHOTO aJl-
TOpuTMa IPUMEHUTEJIBHO K PACIETy CZKHUMACMbIX TEeUYEeHUH.

0O6061menue anropurma SIMPLE Ha caydail cckmMaeMBbIX Te9eHUU

g onncanng HEC)KUMAEMbIX TeUeHn MCIOIb3yeTcsd cieayiomasa cucreMa ypasuenuit Hapre—Crokca:

Vi = 0;
9 (oii
—E9PtU) + V (put) = =Vp+ V (1, + 1) .

OcuoBuag umea SIMPLE-momobHBIX aaropuTMOB 3aKJIIOYAETCAd B TOM, UTO HEABHAS CBA3b TABJICHUS
U CKOPOCTH, MMEIOMAACS MPHU OINNCAHWN HECXKUMAEMBIX TEYEHWil, YINTHIBAETCA C MIOMOIIBIO IpPUMEHEe-
HUS HEKOTOPOIl MTeparuoHHON npomeaypbl pemrerus. Ha mepsBom srame ajropurma (mmar mpeamkTopa)
U3 YPABHEHUSA COXPAHEHHSA UMIIYJIbCA C HCIOJIbL30BAHUEM T'PAIMEHTA JABJIEHUS C MPEIbIAYIIel HTepaIun
BBIYHACIAETCA NPeJBapUTEJbHOE IOJIe CKOPOCTH, KOTOPOEe MOKa He yAOBJIETBOPAET YPaBHEHUIO HEIIPEPBIB-
voctu. B muckpernoit hopme B 00IeM Buje ypaBHEHUE BBITVIAMLUT CJIEIYIONIAM 00Pa30oM:

Aui m* 14uZ m* _ Aym—1 5pm—1 1
Pui,P+Z 1 Uip = Wy, sz ) (1)
! i Jp

3necs P — MHIEKC HEKOTOPOro0 KOHTPOJBHOrO 00beMa, a [ — MHIEKChI KOHTPOJBHBIX 00bEMOB, COCEl-
* (Y]

HUX C JAHHBIM; /M — HOMEp HTepanud; ;' — KOMIOHEHTa IPeJBAapPHTEIbHOrO HOJd CKOpOCTei; p —

nasienne; AP — momydennsle K09(MQUIUEHTH! JTHHEAHOTO ypaBHEHNS; Qumi_l — HCTOYHWKOBBIE YJICHBI

(mpaBag 9acTh); 0003HAYAET IUCKPETU3UPOBAHHYIO IIPOCTPAHCTBEHHYIO IPOU3BOAHYIO B O0IIEM BHjE

oz

(muckperu3anusa MoxeT OBITH Pa3HON).
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Ha cmenyromem sTame JaHHOE TOJIE CKOPOCTH KOPPEKTUPYETCI 33 CIET KOPPEKTUPOBKHU MOJIA JTaBJIEHUA
(mar koppekTopa) TakuM 00pa30M, 9TOOBI OJHOBPEMEHHO BBIMOJIHAINCH 3aKOH COXPAHEHUS UMITYJIbCA W
3aKOH COXpPaHEeHUd MaCChI:

pm :pmfl _,_pl; u™ = um* + ul_ (2)

[ToxcraBus coorHOmeHUs (2) B AUCKPETH3UPOBAHHOE yPAaBHEHHE MOMEHTOB U IPHHSAB BO BHUMAHUE yPaB-
nenwe (1), momyanm

Al
! ~ 1 ap’ ~/ ; Lo
Uip =%ip = Ju; \ 5o | 0 WP T T T gqm (3)
P Ti/) p P

Ynenom ﬂg, p Iperebperafor. lpu momcranoBke (2) B ypaBHEHHE HEIPEPBIBHOCTH MOJTYIaeTCHd BHIPAKEHIE

B [6(pu;>] _[a(our)
.

P

njm MoCJI€ UHTETPUPOBAaHUA 110 06'1)eMy B CJ/Iy49a€ NIPUMECHEHUA KOHe‘{HO—06’beMHOﬁ AUCKPETU3anun
* —/ o
D FF+ Y o (@n); S =0,
7 7

e FJZ‘ = ps (12’ nm) / S § — IOTOK MacChl 9epe3 IpaHb f ¢ HAIPABJIAIONIEM BEKTOPOM S t; Pf — ILIOTHOCTH
[IOTOKa Yepe3 I'paHb f.

[Tpw ucnonp3oBanum BhIpazkeHus (3) s KOPPEKIMH CKOPOCTH TOJIy9aeTca ypasHeHue llyaccona s
BBITUCJICHUA KOPPEKOUU JaBJICHUA:

S e (] _|Ale) (4)
5.%'2' ATILJ 51’2 P 51’2 P'

[MTaru mpegukTOopa m KOPPEKTOPA MOBTOPAIOTCA WTEPAIMOHHO 0 MOMEHTA JIOCTHUKEHUS MIPUEeMJIEMOit
TOYHOCTH JIJId BHIMOJTHEHUY 3aKOHOB COXPaHEHUS.

Dror Merox MOXKHO 0600mUTH HA ciaydail ckumaembix TedeHuit [6]. B obmux geprax momuduranms
METOZ[a COCTOUT B TOM, UTO IOCJI€ CTAHJAPTHOrO mepsoro mara ainropurma SIMPLE (wara mpeaukTopa)
¥ IOy ueHns IpeJBapUTENbHOr0 IoMd CKopocTH 4™ (m* — HOMep IPOMEXKYTOYHOH HTepaIni) HeobXo-
MO CKOPPEKTUPOBATH HE TOJHKO CKOPOCTH, HO W IIOTHOCTH TAKUM 00OPa3oM, ITOOBI YAOBIETBOPAIOCH
ypaBHEHNe HeIpPEPhIBHOCTU. B 3TOM ciiyuae mpu mIpuMeHEHUH KOHEYHO-OObEMHONW AUCKPETU3AINUU TOTOK
Macchl KOppekTupyercd [2, 6]:

Ff — (pm—l +Pl)f (ﬂ:m* + ﬁl)fgf,

—

wmn  Fy = F}"* + (p'ﬁm*S’)f + (pm_lﬁlg)f + (p’ﬁ'g)f. (5)

[Tocmenuanm wneHoM B (5), Kak IpaBUio, NpeHEOPEraoT, TaK KakK OH MMeeT BTOPOil MOPAI0K MAaJIOCTH.
Tpernii wien B npaBoii wactu (5), XapakTepu3yOIui KOPPEKIUIO CKOPOCTH, BBIPAKAETCS, KAK U JIJIs
cllydasd HeCXKHMAeMbIX TeUeHHil, 9epe3 TpaJueHT IpHpaIleHud JaBaeHnsd p':

m—1 _ 5pl
(o S%),«—-M(g .

31ech S — MOJYJIb HAIPABJSIONIErO BEKTOpPA TPAHU, PABHBIN ILIOMAAN I'PAHU; N — WHIEKC, 0DO3HAYA0-
Il HOPMAJIBHYIO COCTABIAIONIYIO BeKTOpa; Af — K03 (IHUIUEeHT IpONOPIHOHATLHOCTH, OIpeeleHHbIH

Ha I'PDAHU W 3aBUCAIIUI OT NUCKPETU3ANNHN YPAaBHEHUS COXPAHEHUS UMIIYJIHCOB;
CTABJIAIONIAA TPAJUEHTA.

— HOpMaJibHad CO-

on
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Bropoii unen B npaBoit yactu ypasHeHusd (5), oTBedaromyii 3a KOPPEKIUIO IIOTHOCTU U HOSBUBIIUIACT
Girarozjapd CKMMAeMOCTH, TaKzKe BBIPAKAETCH depe3 IPHUpAIleHNe JABJIEHHUHA, €CJIU UCIOJb30BATh CBA3b
IIJIOTHOCTHU W JAaBJICHUA U3 yPABHEHUA COCTOAHULA B a,ﬂI/Ia,6a,TI/I‘-16CKOM HpI/I6JII/I}KeHI/II/I:

(plunm* S)f = (g—g) . pr'f.

3mecs By — HeKOTOPHI K09 hUIUEHT, oTpakaomuii 00IIyo 3aBUCHMOCTb.
Torma ypaBHEHHE HEIPEPHLIBHOCTH CO CKOPPEKTHUPOBAHHBIMU IIOTOKAMHU U IIJIOTHOCTBIO B JIUCKDPETHOM
obbeme OyzeT BBITIAIETD CIeIyIOnuM 00pa3om:

(pm’l — p") AV 9p AV ap op’
At +8_pEpl+;(8_p>fopf ZAf( )+ZFf =0. (6)

3mech BepXHUI WHIEKC V — HOMEP MpeAbIayIero Momenta spemenn; AV — obbem gueiiku; At — mmar mo
BpEMEHH.

Ypasrenne (6) ay1a CKIMAEMbIX T€IEHUN OTIMYAETCS OT AHAJOTUIHOTO YPABHEHUS OTHOCUTENIHHO MPHU-
pallieHns TaBiaeHusd JJid HECKUMAEMbIX TeUeHUd IIaBHBIM 00pa30M TeM, 4TO OHO IO CYTHU CBOeil THIep-
60JII/I“I€CKO€ U IPpUCYTCTBUE KOHBEKTUBHOI'O HYICHA OEJACT €ro peueHne eJUHCTBEHHBIM. 9TO, B CBOIO
odepenb, OTpakaeTcd Ha 3aJaHUU I'PAHUYHBIX YCJIOBHI W TPAKTOBKE DOJIM JABJICHUA BO BCEH CHCTEMeE.
Pacuer sHeprum Takke OKa3pIBaeT BJIUAHUE HA BCIO CHCTEMY B IIE€JIOM.

OHI)IT opoBeOcHUA PaCHYETOB TEeYeHNI CO 3HAUEHUAMHN THCJIIA Maxa nopdaKa €JuHUIbI C UCIIOJIB30Ba-
HueM mauHON Mommdukarmum meroma SIMPLE mokaszasn, uro HEOOXOAMMO BBIOMpPATH HOCTATOYHO MAJIbIe
K03 DUIUEHTHI pETaKCANNN JJId MOMyIeHusd YCTOInBoro pemennsd. OIHAKO 9TO IPUBOIUT K MeIEHHON
CKOPOCTH CXOOAMMOCTHU IPU BBIYUCJICHUU II0JIA JABJICHUA. AJIH UCIPABJIECHUA JAHHOI'O HEAOCTATKA IIPEIJIO-
JKEHO HECKOJIbKO yTOYHEeHHbIX BapuaHTOB aaropurma SIMPLE [6]. Haubosee npesmodrurebHbIM U3 HUX
II0 COOTHOIIEHUIO CKOPOCTH CXOJMMOCTH H YHCJIEHHBIX 3arpatr gsigerca meron SIMPLEC [6].

Ota pasHoBugHOCTH MeToga SIMPLE Mmenee rpyba mpu orieHKe mpupalienns CKOPOCTH Ha, I1are KOppek-
topa. B anropurme SIMPLE npu nonyuenun ypasaenud [lyaccona oTHOCUTENBHO IPUPAIEHUS JaBICHAT

 (pu
HCIIOIB30BAJIOCH TOMYIIEHHEE: MPEeHeOPEera Tl TIEHOM [M (i — UHIEKC KOOPAMHATHBIX OCeid, Mo II0-
dr; |p
BTOPSAIOIIUMCS UHJIEKCAM BBINOJHAETCI CyMMUPOBAHHUE), TOTOMY 9ITO i'p = —Z A / A% (3mecs A} —

HeIMAroHAJIbHbBIE 3JIEMEHTHI MATPHUIILI JIMHENHBIX yPABHEHUN OTHOCUTEIHHO CKOpOCTI/I Ha 9Talle IPeIuKTO-
pa; A}, — AmaroHAJBHBIN WIEH) HEM3BECTHO Ha JAHHOM dTalle cueTa. ByzmeT Goiiee TOUHO, €CIU HCIOIb30-
BaTh HEKOTOpOe MpubJImKeHne 3Toro wieHa. Hampumep, mpupalierne CKOpOCTH B KaXKJOM KOHTPOJbHOM
o0beMe MOYKHO 3aMnCaATh KAK CPeJHEB3BEIIEHHOE TPUPAIIEHN CKOPOCTeHl U3 COCETHNX KOHTPOJBHBIX 00b-

€MOB: wr y
;Alul EA

R —— ,lfl
> Aj Sl
l

£
b
I

[Ipu ucnonb30BaHUY JAHHOTO BhIPAYKEHU JJid U 'p ypaBHeHue (4) U3MEHUTCS B 9acTH KO3 duueHTa npu
rpaJiieHTe IpUpAalleHud JaBJIeHUI:

O e (N8 p v
ow; |AY \ox; )], Oxy A%#—;A;"' dx;

Bamerum, uro AY # — Y AY, noromy 4ro kK Marpuie Kod(hOUIMEHTOB CHCTEMBI JTHHEHHBIX ypaBHEHHIT
1

P

OTHOCHUTEILHO CKOPOCTel Ha MTaHHBIA MOMEHT yzKe ObLIa MPUMEHEHA PEJaKCAIud ¢ KOI(MDMUITEHTOM Q.

yKaBa,HHI)Ie U3MEHECHUA MOXKHO PaCOE€HUBATH KaK HeKOTOpyIO ILOHOJIHI/ITGJII)HYIO pPeIaKCamuio MaTPUIbI
naByeHns ¢ KoddpdumuenTom peakcanuua op = 1 — ay. OTO yaydmaer o0yCIOBIEHHOCTh MATPHUILI K
YCKOPAET CXOIUMOCTb.
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Jlng yCKOpeHus CXOAMMOCTHU W MOBBIIIEHWA TOYHOCTH YMCJIEHHOI'O PEIIeHHWd P TPAHC3BYKOBBIX CIKMU-
Ma€MBbIX TE€IEHUAX HEOOXOAWMO THIATESbHO MOAXOAUTH K BBIOOPY CXEMbI AUCKPETH3ANNNA KOHBEKTHBHBIX
noTokoB [7]. CyuecTByonpe cXeMbl OTIMYAIOTCSA CIOCOOOM PEKOHCTPYKIUA 3HAYEHUS NCKOMOM BEJMIUHBI
Ha TPAaHb U, CJIEIOBATEIbHO, IMEIOT PAa3HbIE NUCCUIIATUBHBIE CBOMCTBA. (UXEMBI IIEPBOTO MOPAIKA COXPAHI-
IOT OTPAHUYEHHOCTH (OTCYTCTBUE CUJIBHBIX OCHUJLIAINN) PEIIeHust, HO ABJIMIOTCA OOJIee AUCCUTIATHBHBIMA,
9TO 3a9aCTYIO IPUBOIUT K IPE3MEPHOMY Pa3MBIBAHHIO (PPOHTA yaapHOH BOIHEI. (XeMbl BTOPOIO MOPAIKA
TOYHOCTH UMEIOT MEHBIIYIO JUCCUIATUBHYIO OIIKOKY, HO MOT'YT MOPOXKJATh Hebu3uIHbIe OCIMIIANUn [7].
UccenoBanne AUCCHIATUBHBIX CBOUCTB PA3JIMIHBIX CXEM JAUCKPETH3ANUN JJId PACIeTa TUAPOAUHAMU-
YeCKUX TypOYJEHTHBIX TEUYEHHUH, BKJIOYAd BHXPEPA3PEIIAIONINe MMOAXOAbl, MOXKHO HAWTH, HAIPUMEpP, B
[8, 9]. B manmoii pabore aus ucciemoanus OygeM HCIOIB30BATH KJIACCHIECKHAE CXEMBI JAUCKPETH3AINN:
MPOTUBOIOTOYHYIO, IEHTPAJbHO-PA3HOCTHOTO AudHEePEeHInpPOBaAHAA U THOPUIHYIO.

[Ipu npuMeHeHuN IEHTPaAJIbHO-PA3HOCTHRIX U THOPUIHBIX CX€M BO3MOXKHO BO3HHKHOBEHWE CUJIBHBIX OC-
OULIANAN, TIPUBOAAIIAX K PA3BUTHUIO HEYCTONINBOCTH U, KAK CJIEICTBHUE, K PACXOAUMOCTH UTEPAINOHHOTO
IIPOITECCA, OCOOEHHO HA HAYAJIHLHOM dTAIle PACIETOB B YCIOBHAX OTCYTCTBHUSA yCcToWdmBoro pemenus. Om-
HEUM 13 CIOCOOOB IOAABJIEHUS OCHuUIsAnuii sBiasiercs Beegernue cxem tuna TVD [10], B koTopsIx ucmoab-
3yIOTCA OIPAHUYUTENN IPAIUEHTOB. Tako# MmMOAXOM mpeicTaBigeT CODOH CIoCo0 yMeHbIIEeHUs MTOPAIKA
TOYHOCTH CXEMBI JI0 MEPBOrO B 00/IACTAX pPa3phIBOB pemreHnd. (OmTHAKO B PE3yJIbTATE PEHIEHHE MOIKET
MOy YUTHCA HEJAOCTATOYHO TOYHBIM U 00jamarTh 00sbiroil duciaennoit quddys3ueit B TaHHBIX 00IaCTAX.
AnbTepHATHBOI B TAKOM ClIydae gBJIFETCA UCIOAb30BaHNE OrPAHNIATEEH JIUIIL B HaUaJle HTePAIOHHOTO
nporecca. [Ipu BBIIONHEHNE HEKOTOPOrO KPUTEPHs (HAIPHUMED YCTORIMBOrO A eHNUs HEBSI3KH DEIIeHNs ),
0003HAYIAIOIIETO AOCTUKEHNE HEKOTOPOr0 yCTONINBOr0 COCTOSHUS HTEPAIUOHHOTO IIPOIECCA, HEODXOIUMO
ImepeiiTh Ha CXeMy BTOPOTO IOPAIKa TOYHOCTH yzKe 0e3 orpammumTesneii. JlamHag cTparerma okasaach
yCIemnoi n OblIa onpobOBaHA HA CEPUU TECTOBBLIX 337a4. B HacTodIneil paboTe UCIOIH30BAJICT OIPAHM-
anrens u3 [11] (Venkatarishnan).

VCKII0YATD OCHUJIILAIAA MOYKHO TaKKe, IPUMEHAd Ha HAYAJIHLHOM TAlle pAcIeTa MIPOTHBOIOTOTHYIO
CXeMy MEePBOT0 MOPHAIKA TOIHOCTH C HOCJIEIYIOIMNM TEPEKJIIOYEHUEM HA CXeMY BTOPOIO MOPAAKA TOYHOCTHU
[P JTOCTHKEHUHU TOTO K€ CAMOTO KPUTEPHII.

YucjieHHBbIE 9KCII€EPUMEHTHI

B macrogmeit pabore Bce pacdersl NpoBOAMIUCH B paMkax makera mnporpamm JIOI'OC — poccuiickoro
IPOTPAMMHOTO TIPOIYKTa WHKEHEPHOTO AHAJIN3a, IPETHA3HAYEHHOTO [JId PEIIeHNd COIPAKEHHBIX TPeX-
MEePHBIX 33/1a9 KOHBEKTHBHOTO TEILJIOMACCOIEPEHOCA, AdPOANHAMUKYU U THAPOANHAMUKHI HA, NAPAAAENDHVIT
9BM [12, 13|. B atom pa3gene paccMaTpUBAIOTCI HEKOTOPBIE U3BECTHBIE 33]a9M, [[JI1 KOTOPBIX MMEIOTCS
JTOCTOBEPHBIE IKCIEPUMEHTAJIbHBIE JAHHBIE U KOTOPbIE UCIOJIb3YIOTCA AJId KAJIUOPOBKA IUCIEHHBIX METO-
WK BeAyIINMU KOJUIEKTHBAMU, PAa3pabaThIBAIONUMA 9UC/IEHHBIE METOIbl U MPOrPAMMHOE ODeCIedeHue.

3amaua 1. Pacuer a’poamHaMMYeCKHX XapPAKTEPUCTUK KpbLIioBoro mpodwuaa RAE 2822.
PaccmarpuBaemsrit KpsLioBoii npoduis [14] nzobpaxen Ha puc. 1.

B mpexncraBmennoit Mojenun HCHONB3YIOTCA OJIOYHO-CTPYKTYpPHpPOBaHHBIE ceTKu. Kakmad pacueTHad
ceTkKa MMeeT CrylleHne B obgacTu 0Opa30BaHWA CKAYKA YIJIOTHEHWd MOTOKA. BOJHW3U TBEPABIX CTEHOK
IMOCTPOEHBI MPU3MATUIECKHE CJIOU ¢ KodddunmenTom pocrta He Gosee 1,12. Tommmra meppoit pacueTHO
A9effKI BO BCeX ceTKaX obeclleunBaeT 3HaUeHIe 6e3pa3MepHOro pacCTOgHUdA 0 cTeHKH y' < 1. Pacuermaa
00J1acTh mpeCcTaBIgeT Co00H MPAMOYTOJbHBIN TapaJLIe/IENnIIe], Pa3Mepbl KOTOPOrO B IBYX HAIIPABIEHUAAX
(z, y) onpenensaiorca u3 ycmoBusa obecnedenns paccTogansa B 20 XapaKTePHBIX JyinH (KOPHEBBIX XODPJ) OT
MOJIEeJIA JI0 TPAHUIBI pacieTHON 00JIACTH, a B HAIPABIEHUN TPETheill KOOPAUHATHI z OH WMEEeT TOJIIUHY,
paBayo 0,1m. [ljag 9wWC/IeHHOrO WCCIIEIOBAHUSA WCIOJB30BAJINCH TPU MOC/IEA0BATEIBHO CryIIAIOIINECT
pacuernsie cerku ¢ gucaom gdueek N = 52000;666 746;791 226 m xapakTepHBIM pa3MepoM d9IeiKku B
ocHOBHOI# obustactu ckadka d = (0,03;0,012;0,0008 m cooTBeTCTBEHHO.

B pacuerax paccMarpuBaimCh TPH peKuMa € Pa3HbIME 3HadeHuaMu umcaa Maxa (Tabm. 1). Bee pac-
9YeTHl BBINONHAIACH ¢ KodddumuenTom perakcanun o, = 0,95; o, = 0,001.
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Puc. 1. Obumit Bun pacaerHoil cerku 3amaum 1

Tabaruya 1
Pexxumbl pacdera 3amaum 1
Homep UYwucmo Maxa VYroa araku Ywucao Pefinonsaca [lmoraocts Jlapiaenue Mounekyngapuasa
M o’ Re Poc, KT /M3 Do, Ia BA3KOCTD [, [1a/c
1 0,725 2,92 6,5-10° 1,26 92810 4,5-107°
2 0,75 3,19 6,2-10° 1,16 84970 4,49.10~°
3 0,729 2,31 6,5-10° 1,48 108 987,8 5,34.107°

CpaBHEHUE PE3yJIBTATOB MOJIEJINPOBAHUS C YKCIEPUMEHTAJIHHBIMU JAHHBIMEA TPOBOAUJIOCEH JIJIsi pACIIpe-
nenenns KoddburnuenTa gapreanda Cp I 419 THTEIPATLHBIX XapaKTEPUCTHK — K03 unuenTos mognem-
Hoit cunbl Cy u 060Boro conporusienus Cp.

PaccmarpuBasioch BiIngHEE PAaCIeTHOW CETKH, MOJEIN TYyPOYIEHTHOCTH, CXEM MMCKPETHU3AIud KOHBEK-
THUBHOTI'O IIOTOKA W OTPAHUYWTEJIEN HA KOHEUYHBIH Pe3yabrar. Takwe MCCIIeOBaHUA IPOBOAUINCH [JIA OZ-
voro pexmma — upu M = 0,729. PesympraThr pacderoB mo pacupezeieHuio KOdIMDDUIUEHTa JaBICHUT
npuBesieHbl Ha puc. 2—4 (CM. TakKe IBETHYIO BKIIAJKY ).

XapaxTepHOil 0CODEHHOCTHIO JAHHOIO TE€UEHNU SIBJIFAETCA OTPBIB TOTOKA 38 CKAYKOM YILIOTHEHHS, 3aMbI-
KaIOIIIM TPAHC3BYKOBYIO 30HY, KOTOpas (opMupyercd Ha BepxXHel moBepxHocTu npoduid. U3 puc. 2—4
BHUJ[HO, UYTO CKAYOK HAXOJUTCHA HECKOJIHKO BBIIIE IO IMOTOKY W ABJIIETCH MEHEee WHTE€HCUBHBIM, 9€M B DKC-
[IepUMeHTE.

Ha puc. 2 (cM. Tak:ke IBETHYIO BKJIQJIKY) HPEICTABJIEHBI PE3YJIbTAThl PACIETOB HA CXOAMMOCTH HA
[OCJIeZIOBATENBHOCTH CTYIIAIOIIAXCA CeTOK. Pacuersl npoBogmiauch ¢ (k-w)-MOmenbio TypOyIeHTHOCTH
(SST) [15] ¢ npumenenuem CD-cxems! guckperusanuu. BugHo, 9T0 myTeM u3MesbueHUs CETKH B OCHOBHOI
obsracTu, re MPOUCXOJUT CUJIbHOE U3MEHEHUe TaBJIeHNu, ObLIa JOCTUTHYTa CeTOIHAA CXOAUMOCTD Ha, JBYX
6osree MOAPOGHBIX ceTKax. Jlaa maabHEAIINX BBIYUCICHHN HCIOJb30BAJaCh CETKA C KOJHIECTBOM dIEEeK
791226 (d = 0,0008 m).

Ha pmc. 3 (cM. Tak»ke IBETHYIO BKJIAJKY) MPEACTABIEHBI PE3YJIbTATHl PACIETOB IO ABYM MOIEJSIM
rypbynenrrocrn: Cnanapra—Amamapaca (SA) [16] u (k-w)-momenn Menrepa (SST) (cxema muckperusa-
man CD).

Ha puc. 4 (cM. Tak»ke IBETHYIO BKJIAJKY) IPEICTABIEHBI PE3Y/IbTATHI PACIETOB C MPUMEHEHUEM Da3-
JIYHBIX CXeM AUCKPETH3AIiH KOHBEKTHBHOIO IOTOKA C OTpaHHYHATENAMHE H Oe3 Hux, rme UD — mporm-
BOIIOTOYHASA CXeMa IepBOro mopaaka toaroctr; CD — meHTpaabHO-pa3HOCTHAA CXEMa, BTOPOTO HOpAIKa
rounoctu; QUICK — rubpugnas cxema, coueraromas B cebe cxemy UD coBmecTHO ¢ rpajueHTHOl mO-
npaskoit u cxemy CD. Pacuers npoBoauiuch ¢ ucnonbzoBanueM (k-w )-momenn TypOyIeHTHOCTH.

Buzso, 9TO TOYHOCTH HPOTHBONOTOYHON CXEMBI W CXeM C OTPAHMYIUTEIAMHI HEJOCTATOTHO JJIs THOJIyde-
HHOS pe3yJIbTaTa, IPHeMIeMO OJU3KOro K 3KCIEePHMEHTATLHBIM JAHHBIM.
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Puc. 2. Bagaga 1. Pacupenenenne kosddunuenra gap-
nenns ang pexuma ¢ M = 0,729 B pacuerax Ha CeTOU-
—d=0,03mm; —— — d=0,012 m;
————d=0,0008 M; 0 — 3KCIIEPUMEHT

HYIO CXOOUMOCTBD:

Puc. 4. 3amaua 1. Pacupenenenne kosddunuenra gas-
nenund g pexxuma ¢ M = 0,729 B pacuerax ¢ pa3HbIMHU
nuddepeHnmuaIbapIMu cxeMaMu: —— — UD; —— —
UD c orpannunrenamu; A — CD; —— — CD c¢ orpanu-
qurensvu; [1 — QUICK; o — skcnepumenT

c
157

o
o 9°°°°° °°/\\

Puc. 3. 3amaua 1. Pacupenenenune ko> dunuenra gap-
neHns aig pexxuma ¢ M = 0,729 B pacueTax ¢ pa3HbIMHI
Monenamu typbysrearnocru: —— — SST; — — — — SA;
0 — YKCIIEPUMEHT

[IpoBosuack cepusd pacaeToB C yBeIudeHueM
npeobIaaHus CXEM BTOPOrO MOPSAKA TOYHOCTH
[IpU AUCKPETHU3AINN, T. €. C YBeJIUIeHneM KOd(]-
dunuenrta cmemenns (y = 0,5;0,7;1). Ilo mepe
yBesnmdeHus kodddummenta cmerneHus HAOJIO-
aeTcd TpUOIUKEHNe YACIEHHBIX PEe3yIbTaTOB
K 9KCIIEPUMEHTAJIbHBIM. BBUJY UIEHTHIHOCTH
pe3yabTaTOB Ha PUC. 4 TPUBOAATCI PE3YJIbTa-
THI C MAaKCHUMAJbHBIM KO3 PUIIMEHTOM CMeIIe-
mug (y = 1).

Pazmbie cxembl BTOPOro mOpAiKa TOYHOCTH
JTAIOT IPAKTUYIECKH OJMHAKOBBINA PE3yJIbTaT, Ofl-
HAKO BCE OHU ILIOXO OMHCBIBAIOT CKAYOK YNAOM-
HeHUA Ha BEPXHEN KPOMKe KPBIIIOBOTO Mpodud,
9TO B MTOrE BJIUSET HA TOYHOCTH ONPEIEICHUS
MHTErpaJjibHbIX XapaKTEePUCTHUK.

Ha puc. 5 npuBoggarca rpacduku pacupesese-
g ko3 dunuenta nasnenus C), 119 PeKUMOB
lu2 (M =0,725u M = 0,75) ¢ ncmonbp3oBaHEEM
(k-w)-Monenu TypOyI€HTHOCTH.

B Tabm. 2 mpuBemeHbl 3HAUEHWS WHTETPAJIb-
HBIX XapaKTEPUCTUK — KO3(PDUINEHTOB MMOIb-
emuo#t cmiael Cy m JT060BOTO CONPOTHBJICHHA
Cp — IUIst 9THX PEXKUMOB pacduera B CPABHEHWUH
¢ sxcnepumenToM [14].

W3 npencraBieHHBIX JAHHBIX BUIHO, 9TO OCHOBHOE HECOBIIAIEHNE MOy Y€HHBIX PE3yIbTaTOB HAOII0maeT-
cd HA BepxHeW KPOMKe KPbLIa B 001acTu (pOPMUPOBAHUA IPIMOTO CKAYKA, YIJIOTHEHUS, T/le CYIIeCTBEHHO
mpeobIaaoT pasHOMACIITAOHBIE 3HAUYEHWA AaBjiaeHus u miorHoctu. C pocrom wmciaa Maxa TOIHOCTH
OIUCAHNA CKAYKA YIJIOTHEHUH IAJTA€T, MAKCUMAJIbHASA IMOTPEIIHOCTh WHTErPAJIHHBIX XaPAKTEPUCTHK I10-
cruraer 19 % mo Cy n 9,6 % 1o Cy, 9T0 OrpaHAYMBAET HCIOIb30BAHIE METOANKHE ONPEEJ€HHBIM CIIEKTPOM

3HadeHuil gnciaa Maxa.
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C
P ~ i C
1,5 ‘ ‘ 1.5 4
1 TW\:\ 1 m
0,5 : ) \\

. ; ' 0 o :
jv/ 02 04 O‘W o~ 02 0.4 06 08
: p : ‘

-1,5
a 0
Puc. 5. 3agaua 1. Pacupenesenne nasirenns C)p: a — pexkum 1; 6 — pezKuM 2; —— — pacder; © — SKCIEPUMEHT
Tabauua 2
Sagauga 1. Kosddunuenrsr nogbemuoi cunbl Cy u moboBoro conporusiaenus C,
Pexxum VcTOYHMK JAaHHBIX Cerka, d Cy ACy, % C, AC,, %
1 Pacuer 0,03 0,77 -3,6% 0,0139 -9,6 %
(M =0,725) —"— 0,012 0,76 —-2,9% 0,0137 —8,6 %
—"— 0,0008 0,76 —29% 0,0136 -7,2%
DKCIEePUMEHT — 0,743 — 0,0127 —
2 Pacuer 0,03 0,69 7,1% 0,0288 -19,3%
(M =0,75) —"— 0,012 0,7 5,8% 0,0287 —18,6 %
—"— 0,0008 0,7 5,8% 0,0287 —18,6 %
DKCIepuMeHT — 0,743 — 0,0242 —

3amaua 2. Pacuer a’pommHamuyueckux xapakrepuctuk Kpbiia ONERA M6. Paccmarpusa-
eTcs TeCTOBOe KpbLto camosera [17] (puc. 6).

Jag pacdera aspojMHAMHYECKUX XaPAKTEPUCTHUK I[IPEICTABIEHHOW MOJENN HCHOJIb3YeTCd OJI09HO-
CTPYKTYpPUPOBaHHASA CETKA, COCTOAINAL U3 2 MJIH d9eeK. PacdueTHasd o01acTh IpeacTaBageT cOOO mpamo-
YTOJIbHBIN TapaJuIeIenunes], pa3Mepbl KOTOPOT'O ONIPEAEIAI0OTCA U3 yCaoBud obecnedenns paccroguud B 20
XapaKTEepPHBIX JINH (KOPHEBBIX XOPJ) OT MOJEJNHU JO IPAHUIbLI pacdeTHoil obmactu. [ng MomenupoBaHus

O6TeKa,HI/IH KPbBLIIQ B34ThI IIapaMeETPhI CZKUMAEMOT'O
raza (BO3IyXa) IpPU CIEAYIOUUX YCIOBHAX: Poo =
= 30000T1a; poo = 0,348 kr/m3; T, = 300K. B
pacderax pacCMaTPUBAJNUCh YEThIPE peKuMa 0OTe-
KaHug co 3HadeHmamu dnciaa Maxa ot 0,699 mo
0,919 (raba. 3). Pacuers! BBIIONHAIUCH C KO-
dbunuenTom peraxcamun oy, = 0,95; o = 0,001.

CpaBHeHEe pPe3yabTaTOB MOJETUPOBAHUL C JKC-
HepUMeHTAIbHbIME JaHHbIMEU [17] npoBoguTca 1o
pacmpegenennio kodddunuenta gapnenna C, 11
BCeX pexXmMoB. 3HadeHHA (), OIpenendioTcsa B CIe-
nyromux cedenudax kpeiia: z = 0,239; z = 1,077,
z = 1,184 (puc. 7).

Puc. 6. Obuumii Bug pacueTHOR ceTKu 3ama9d 2
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Tabauya 3
Pexumbl pacdera 3agaqym 2
Pexxum M a,° Kooy ITa/c
1 0,699 3,06 4,65342-10 6
2 0,8399 0,04 5,6:10°6
3 0,8395 3,06 5,6:10°
4 0,9190 3,07 6,1-10~6

Puc. 7. 3agaga 2. Ceuenus kpbuia qis onpenerenns C)

Ha puc. 8—11 npexncrasrens! pacupenenenns Kosddunuenta gapnenns Cp B ce9eHRIX KPbLTa g BCEX
PEKMMOB, MOJIy 9€HHBIE C HCIOMb30BaHueM (k-w)-Momenu TypOyaeHTHOCTH (¢ — HOPMUPOBOYHBIH K03 du-
I[MEHT, DABHBIA [UANA30HY W3MEHEHUs KOODJWHATHI T B KaxKaoM cedenun). g pexuma 3 (puc. 10, cm.
TaK’Ke [[BETHYIO BKJIAJKY) pacupenesnenus kodddunnenra gapiaenns Cp IPUBOAATCA C UCIOIb30BAHAEM
(k-w)-monemn n mogenn Crnanapra—Aimapaca.

Kak Bugmo u3 puc. 8—11, ¢ pocrom aucsia Maxa u yria ataku COTJIacue MOJIy 9eHHBIX JTAHHBIX C YKCIEPU-
MEHTAJbHBIMA 3HAYEHUIMHA YXYIIAeTCH, OCOOEHHO 3TO MPOABJIAETCA B CEUYEHUHU, PACIOIOKEHHOM OJImKe
K Kpako Kpblila. JTO CBA3aHO C BOSHUKHOBEHUEM CPBIBAIONIUXCA BUXPEl, HA TOYHOCTb OMUCAHUA KOTOPBIX
W3MeHeHWe [JABJIEHUs U IJIOTHOCTU BJIUSIET €Ile 3aMeTHEE.

Tax, ma puc. 8, 10 u 11 npeacraBiiersl Pe3ybTaThl PACIETOB C OAWHAKOBBIM YIJIOM aTaKd, HO C Pas3-
guaHbIMu 3HadeHngMu quciaa Maxa. TodnocTs ommcanusa ckadka ymiaoTHeHud B cedenuax z = 1,077 u
z = 1,184 cm (ma pucynkax 6 um 6) mo Mepe pocra umcia Maxa yxymmaerca. Kak u B 3amadge 1, ume-
eTcd TeHJeHInd K (POPMUPOBAHUIO CKAYKA YIJIOTHEHWY HECKOJIBKO BBINIE IO MMOTOKY, 9eM cjexyer. llpu
M = 0,919 (cm. puc. 11) pe3ysbrarsl yKe HEIb3s CIUTATH YAOBIETBOPUTENLHBIMHE.

Ha puc. 9, 10 npeacrasiens: pacuers: ¢ aucaom Maxa M = 0,83 ¢ pasabpiMu yriamu ataku. OQdUeBuHO,
9TO NPU MEHBIINX yIJIaX aTaKW PE3YIbTATHI JyUIle COTJIACYIOTCA C SKCIEPUMEHTAIbHBIMI TAHHBIMU. DTO
CBA3aHO C MHTEHCHBHOCTBHIO CKAYKA VIJIOTHEHNUS, KOTOPAd IPU MEHBIINX yIVIAX ATAKW MeHee BhIpasKeHa U
JIydIite TOTAeTCH ONMCAHUIO B CBA3U C MEHBIINMU PA3PbIBAMU B IIOJIE [TaBJICHUS.

Takum oOpa3oM, npu IPOBEAEHUU PACIETOB C MCIOJH30BAHNEM ONMCAHHON METOAUKHU CJIEIyeT OrPaHU-
9UBATHCH JIOMYCTUMBIM IMAMA30HOM HCC/IeAYEMBIX MapaMeTpoB. Jljig TOYHOTO ompeeneHns 3TOrO Iuamna-
30HAa HEOOXOMMMBI AOMOJTHUTEIbHBIE UCCIEIOBAHNA B paMKax KayKJI0ro Kjacca 3aad. g mannoit 3amaqn
pueMJIeMbIe PE3YJIbTATHI MOy IaI0TCA IPU PACCMOTPEHUH PEXKUMOB CO 3HadeHuaMu gducyaa Maxa mo 0,85
c yrmamu ataku opu 3toMm 70 « = 3°. Ilpum yrie ataku o = 0 + 1° BO3MOXKHO pacCMOTpeHUE TeUeHUsd C
gnciaoMm Maxa mo M = 0,9.

3amaua 3. Pacuer BHyTpeHHEro redyenums B TpaHc3BykoBom amuddyzope. llpumenmmocTsb
anropurma SIMPLE nmna momenupoBanus BHYTPEHHUX TeIeHUN PACCMOTPHUM HA 3aJade TedeHUsd BI3KOTO
CKUMAaeMOTr0 ra3a B JABYMePHOM TpaHC3BYKOBOM muddy3ope. lng maHHOrO TedeHWs MMEIOTCH dKCIEPU-
MeHTaJIbHbIE JaHHBIE [0 PACIPEIETIEHUI0 CTATHIECKOTO JaBJeHns Ha BepxHeiil crenke muddy3opa [18].

Jag pacdera aspofMHAMHYECKUX XaPAKTEPUCTHUK IIPEICTABIEHHOW MOJENN HCIOJIb3YeTCd OJI09HO-
CTPYKTYpUpPOBaHHAdA CceTKa, cocTodrnad u3 70 Teic. aueek. Pacuernaa obmacTh mpejcraBieHa Ha puc. 12
(cM. Tak Ke IBETHYIO BKJIAJKY ).

Hnga mogenupoBanus Tedenus B 1uddy30pe B3ATHI MapaMETPhl CXKIMAEMOro ra3a (BO31yxa) IpU yCJIo-
BUHAX, npeacTaBiaeHHbIX B Tabi. 4. IIpoBegennbl pacdeTsl AByX PeKUMOB OOTEKAHUS C HAYAJbHBIM THUCIOM
Maxa, pasabM 0,5. Pacgersr Beimonaanucy ¢ koaddumumenToM penakcanun o, = 0,95; a, = 0,001.

CpaBHeHUe Pe3yJIbTaTOB MOAEINPOBAHNS C IKCIEPUMEHTAIbHbIMA JaHHbIME [18] mpoBoguTcs s pac-
npeznenennsa kodddunuenta napnennsa C, Ha BepxHeil cTenke nuddysopa.
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Puc. 9. 3agauga 2. Pacnpenenenua C), B cedeHHAX Ajia
Puc. 8. 3anaga 2. Pacupenenenuna C), B cedeHusix s A pex P A

pesxmva 1t a — 2 = 0239; 6 — 2 = 1,077 6 — 2z — pexuma 2: a — 2z = 0,239; 6 — z = 1,077; 6 — 2z =

=1,184; ¢ — roc; o —
= 1,184; ¢ — pacuer JIO['OC; o — skcmepumenT ,184; ¢ — pacuer JIOTOC; o — sxcnepuvent
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Puc. 10. 3agaga 2. Pacupenenenns C), B cegennsax s
pexuma 3: a — 2z = 0,239; 6 — z = 1,077; 6 — 2z =
= 1,184: e — pacuer ¢ momenwvo SST; ¢ — pacuer ¢
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0 0,2 0.4 0,6 0,8 1
a
C
1,5 -2
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6

Puc. 11. 3agaga 2. Pacnpenenenna C), B cegennax ajg
pexmma 4: a — 2z = 0,239; 6 — 2z = 1,077, 6 — 2z =
= 1,184; ¢ — pacuer; © — SKCHEPUMEHT
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Ha puc. 13, 14 (cM. TakKe [BETHYIO BKJIAJKY) IPEICTABJIEHBI HOJIA PACIpeeNeHns CKOPOCTU U CTa-
TUYIECKOr0 JaBjeHud BO Bceil obsactu muddy3opa mid peruma cAabbill CKG40K, Oy I€HHbIE C UCIIOJIb-
3oBanueM mogeneii Typbysearaoctu SST u SA coorBeTcTBEHHO. AHAJIOrMYHBIE PE3YJIBTATHI JIJIA PEKUMA
CuALHYL CKA%OK TpeAcTaBieHbl HA puc. 15, 16 (cM. TakKe IBETHYIO BKJIAJKY). VI3 PHCYHKOB BUIHO,
9TO I PeXKUMA CAGOuU cKawor obe Momenun TypOyJEHTHOCTH OJWHAKOBO OMHUCHIBAIOT IIOJIE€ TEYEHUd, B
TO BpeMd KaK JJId PEKUMA CUALHDIT CKGYOK IO PA3IUIAI0TCH.

Takue HaOIIOZEHUS MOATBEPKIAIOTCA MPEICTABIEHHBIMA HA puC. 17 (CM. TakiKe IBETHYIO BKJIAJKY)
rpadguKaMu pacupeeseHnsa CTATHIECKOTO JaBICHUS BIOIb BepXHE cTeHKU Auddy30pa IJid IBYX PeiKu-
MOB TedeHus (Ha PUCYHKE CTATHYECKOE JABJEHHE HOPMUPOBAHO HA IMOJHOE JIABJIEHUE Diot, KOODAUHATA
x — Ha BoicoTy "ropaa" muddy3sopa h). BugHo, 9T0 pe3yapraThl pacueToB B IEJIOM XOPOIIO COIIACYIOTC
C 9KCIEPUMEHTAJIbHBIME JaHHbIME. J[j1s1 pexxuma, cAabbill cka%ok noydeHHoe pemerne (cum. puc. 17, a) Hu
C OJIHOM MOJIEJIBIO TYPOYJIEHTHOCTH HE OMUCHIBAET TOYHO MECTOIOJIOXKEHNE CKAYKA, YIIOTHEHUs, 3aHUKAS
3HAYEHNE CTATUIECKOTO JaBieHnsd. 1eM He MeHee pe3yJbTaThl C NCIOIb30BAHUEM MOJENN TYPOYIeHTHOCTH
SST monagnator B moBepuresbHbIi naTEepBat. JljIa pexuma cuavhoill ckavor (cm. puc. 17, 6) moaydenHoe
pellleHre TOYHO OMUCHIBAET MECTOIMOJIOXKEHNE CKAYKa YIIOTHEHU, IYI€ CTATUIECKOe JTABICHNE HAYMHAET
CHJIBHO PACTH OT CBOET0 MUHUMAJBHOTO 3HadeHus. Hambosee TOUHBIE pE3yIbTATH I JAHHOTO PEKUMA
IPOIEMOHCTPUPOBAJIa MOZeNb TypbyinerTHOCTH Crnasapra—AJjiMapaca.

Tabaruya 4
ITapamMeTpbl pexxuMoB 3a/a9u 3
Pexxumbr
['pamrambie yenosus Hapamerp CuIbHBIA CKAUYOK CiabbIil CKa40K
Bxopg, Piot, I1a 135000 135000
Tiot, K 277,78 277,78
Brixop, Prrixs 11a 97 216 110660,9

Puc. 12. O6mmit Bujg, pacyeTHON CETKH 3aJa4un 3

J1.22e+005

1.04e+005
77. .

'fu 933 |3.65e+004

foo7 ! I5.06¢+004

Puc. 13. 3amaua 3. Pacupeenenue CKoOpoCcTH 1 CTaTHIECKOro naBienus B nuddy30pe mid pexxuMa caadoili CKawok;

Mozenb TypbymenTaoctu SST

Je76.03 J122e+005
282 09 . 1.04+005
'188 15 18.56e+004
9421 d 6.72e+004
fo27 | |4 874004

Puc. 14. 3agaga 3. Pacupenenenne CKOPOCTH U CTATUIECKOrO naByieHus B quddy30pe Iisd pexRuMa caabvili ckawox;
Mozenb TypOyneHnTHocTH SA
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I 1.22e+005
a2 oy
7 72e 003 . 21e+004

Puc. 15. 3amaua 3. Pacupemesnenue CKOpPOCTH U CTATHYECKOro jaByeHus B jauddy3ope misd pexkumMa cusbHbil

ckavok; Momennsb TypoymeaTaoctu SST

430 14 1.22e+005
L5 I 00e+005
21 5 07 7.79e+004

l 5.56e+004

.33e+004

Puc. 16. 3amaua 3. Pacupemesnenue CKOpPOCTH U CTATHYECKOro gaByieHusa B jauddy3ope mid pexkumMa cusbHbiil
CKaYOK; MOZeNb TypOymeHTHOCTH SA

P/p tot P/ ptot

l o |
l—o/‘(\o ) ‘ l

x/h

4 2 0 2 4 6 8 -6 -4 2 0 2 4 6 8 10
a 0

Puc. 17. 3amaua 3. Pacnpemenenns cTaTngeckoro JaBjeHus BIOJIb BepxHeil crenku quddy3opa: a — caabblil cka-
YOK YILIOTHEHUd; 6 — CHJIbHBIN CKAYOK YIUIOTHEHUS; —— — pacuer ¢ Momenbio SST; —— — pacuer ¢ Mozenbio SA;
0 — IKCIEPUMEHT

Taxum obpa3om, JTaHHYIO METOAUKY MOYKHO IIPUMEHHATH JJId PACIeTa BHYTPEHHUX TE€UEHUN U IOJIyIaTh
JTOCTOBEpHBIE pe3yabTaThl. Takume pe3ynbTarTsl 00T IpueMyIeMoil TodHOCThI0. (Ocoboe BHUMaHTE
CIeyeT yIeadTh BBIOOPY Mozesaun TypOyseHTHOCTH, HAanbojee MOAXOAAINeH Aad JAHHOTO KJIAcCa 3aad.

BriBoanl

[Ipoanasmsuposana npumenumoctb mMeroma SIMPLE gna pacuera cxkumaembix Tedenuil. Boimoaneno
CpPaBHHUTEIbLHOE TECTHPOBAHNE CXEM ANMPOKCUMAIUNU U OIPAHUYUTENeH TOTOKA C IIEJIbI0 ONpeIeIeHus CTe-
[IeHU BJINGHUA JAHHBIX IAPAMETPOB HA JIOKAJbHBIE W WHTErPAJIbHBIE XaPAKTEPUCTUKHU IOTOKA. [IpoBemeno
CpaBHEHUE ITOJIyIE€HHBIX PE3YJIbTATOB C YKCIEPUMEHTAJbHBIMA [TAHHBIMU.

B pesysbrare ucciemoBanmit MOYXKHO CIEJIATH BBIBOJ O TOM, ITO aJTOPUTM IPUMEHUM JJId pacIeTa 3313
BHEIIHUX U BHYTPEHHUX TPAHC3BYKOBBIX TEYEHUI C HEKOTOPHIME OIPAHUIEHUSIMU, KOTOPBIE IJId KaKIOTr0
KJIACCA 3a7a9 MOTYT ObITH cBOMMHU. Tak, HAITpUMED, JJjid 33Jad BHEIIHErO OOTeKaHwsd 00JIACTb PACCMOT-
peHusd orpaHWYWBaeTCd 3HadeHuAMH duciaa Maxa mo 0,85. DTo cBI3aHO C HEJOCTATOYHONU TOIHOCTHIO
rpynnsl MeronoB tuna SIMPLE gna onucanua ckadka ymioTHeHHS.

ITo pesyabraram mcciiemoBaHuii OIpeeeHa CTPATErs IPOBEIEHNA PACIETOB. Y Ka3aHBI ONTAMAJIbHBIE
CUYeTHBbIE MapaMeTpshl perraresd. BeipaboTansl obIIre peKOMEHJANNA B STOM HAIPABICHUN:

- 32—



Ocoberroctu npumenerns aaropurma SIMPLE mas pacdera c:KHMaeMbIX TE€IeHHH

1.

Heobxomumo ucmnomp30BaTh CXeMBI BTOPOTO MOPAAKAa TOTHOCTU C KO3 (PUIINEHTOM ITepeMelTnBaHN,
KaK MOXKHO OOJIBIINM, IPUMEHSS [IJIg YCTONINBOCTH HA MEPBBIX UTEPAIUAX OIMUCAHHYIO BBIIIE CTPA-
TErUI0 C UCIOJH30BAHUEM OI'PDAHUYHUTENENl U NPOTUBOIIOTOYHON CXEMBI.

. Ilockompky mcmonpayerca penakcamua Tuna SIMPLEC, T e. ap = 1 — ay, To yem Gombime perax-

caIys 10 CKOPOCTH, TEM MEHbIIIe HedBHAA PEIAKCANNA g JABJIEHUS. DTO YIyUIIaeT 00yCIOBIICH-
HOCTBH MaTPHUIIBI IJIA MPUPAIIEHNs TaBJIeHns. |IpuBegeHHbIe pACIeThl MTPOBOAUINCH ¢ KO3 buImen-
TOM peTaKCaIluu y, > 0,85.

YacTh pacyeToB MpOBOAWIACH C MCIOJb30BAHHEM Mojeneil TypbynenTaocTn Cnamapra—Ammvapaca u
Menrepa. Jlma pasHbIX KJIACCOB 3aJad JIYUIINE PE3YJIbTAThl TOCTUTAIOTCA HA PAa3HBIX Momenax. Heobxo-
IIMO TPOBOJUTH OTAEIbHOE INCIEHHOE MCCIEJOBAHUE II0 WX OIPEIEIEHUIO.

Crenyer oTMeTUTH, YTO MPECTABIECHHBIH AJITOPUTM PEAIN30BaH B paMKaX OTE€YECTBEHHOTO IIPOTrPaMM-
woro koza JIOI'OC, koropsrit obsragaer rubOKOCTHIO B IJIAHE PACHIHPEHUd (DYHKITHOHAIA, ITO IPAKTHIECKA
HEBO3MOZKHO IIPpU HUCIOJB30BaAHUN KOMMEPYECKHUX IMAaKETOB IMPOTrPaMM. 9TO IIO3BOJIUT AJAIITUPOBATH KO
[T pelIeHns 3aJad B TeX 00JaCTIX, B KOTOPHIX 3TO OymeT BOCTPeOOBAHO.
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Crarpg mocrynuna B pegakiuio 19.11.14.

SPECIFICS OF THE SIMPLE ALGORITHM APPLICATION FOR THE CALCULATION
OF INCOMPRESSIBLE FLOWS / N. V. Tarasova, A. S. Kozelkov, D. P. Meleshkina,
A. V. Lashkin, O. V. Denisova, M. A. Sizova (FSUE RFNC-VNIIEF, Sarov, Nizhny
Novgorod region).

This paper describes the modification of the SIMPLE algorithm for the case of
incompressible flows and the study of the applicability of the implemented algorithm for
the calculation of transonic compressible flows within the LOGOS program package. The
problems about flow over an airfoil and inside a diffuser are used to demonstrate the
capabilities of the implemented algorithm in terms of reaching acceptable accuracy and
convergence velocity when various schemes of convective component discretization are used
and other computational parameters are changed. The obtained results are compared with
the data of well known experimental tests.

Keywords: SIMPLE algorithm, incompressible transonic flows, schemes of convective
component discretization, LOGOS program package.




