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MogenupoBaHue; uucra wu Kputepun nopobus; kombumHauum umucen nogobus;  KpuTepuanbHble
YpaBHEHUA; 3aKOHbl CONMPOTUBIIEHA

B HacTosilwee Bpems yyebHad W HayyHas nuTepaTtypa OMNMCbIBaeT TOMbKO OOWH METOop
rMapaBMYECcKOro pacyeTa HamnopHbIX TPyOOMpoOBOAOB, KOTOPLIA MOXHO HasBaTb knaccudeckum [1-9].
B HEM M3HayanbHO cuUMTalTCA 3af4aHHbIMU CKOPOCTb TEYEHWst XUOKOCTU U guameTp Tpybonposopa.
3aBNCUMMOCTb KO3dhduMUMEHTA TMOpPaBMMYECKOro TPEHUSI B HESIBHOM BuMOE paccMmaTpuBaeTcs B BuAe
dyHKUMKM OT ymcna PenHonbaca, OTHOCUTENBHOWM LWIEPOXOBATOCTU U (DOPMbI MOMEPEYHOrO CeYeHUs]
TpybonpoBoga. Kak npaBuno, obGocHOBaHMe Takoro nogxoga oOTcyTcTByeT. [lonbiTka MpuBECTU ero,
cofepXallasica B nUTepaTypHbIX UCTOYHUKAX, MOCBALEHHbIX (PU3NYECKOMY MOAENMPOBAHMUIO SBMEHUS,
npeacrtaensaetcs HenonHon [10—13]. Kpome Toro, B npakTudecknx pacyetax MOryT BCTPETUTBCS Takue
cny4vaun, B KOTOPbIX U3HA4YarnbHO 3agaBaemMasi HPopMaL s He COOTBETCTBYET NPUHATON B KIacCUYecKom
3apgade. CerogHsa B Takux criyqyasx npuxoguTcst npuberatb K NOUCKY pelueHns nogobHbix 3agaqy MeTOA0M
nocrnegoBaTensHoOro npubnumkeHusa. Nokaxem, 4YTO B OOMbLUIMHCTBE CryvyaeB B 3TOM HET HMKaKOW
HeobxoouMMoCTW, ecnn  paccMaTtpuBatb nodobHOro poga 3agadn, CTPOro  PyKOBOACTBYSACH
COBPEMEHHbLIMM MeToAaMn PU3NYECKOro MOAENMPOBAHUS TMAPABNNYECKUX ABNeHNI [14].

PaccmoTpuM BHavane 3agady B Kraccu4eckoit noctaHoBke. B Hell 3agaH auameTp TpyGonposoada
D, ckopocTb TeyeHus xugkoctn B HeM U, NMNOTHOCTb U BA3KOCTb XWAKOCTU p W Vv, abconoTHas

BbiCOTa BbICTYMOB LUEPOXOBATOCTM BHYTPEHHEN noBepxHocTM Tpybbl A. HyxHo HaiiTu nepenan
naBnenus Ap Ha yyacTke TpybonpoBoaa, AnvHa kotoporo /. MpuHUMaem, 4To Ha 3TOM yyacTke Tpy6a

nMmeeT MnocCTtodaHHOE nMnonepeYvyHoe cedeHue, crnepoBaTenibHO, Npu CTauMOHAPHOM TeYeHUn OBUXeHune
KUOKOCTU B HeWn paBHOMEpPHOE. 3anuwem ycnosue paBHOMEPHOro Te4yeHudA, KOTopoe W3HadallbHO
3a4aHo, HWXe 6yp,eM €ro HasblBaTb WHTErparibHbiIM YCnoBMeM OBUXEHUA. I'IpM cTaunmoHapHoOM
paBHOMEpPHOM ABWXEHUN cuna [AaBlieHUd, O6yCJ'IOBJ'IeHHaﬂ nepenagom aaBrieHuA (aKTMBHaFl cmna),
ypaBHOBeLUMBaETCA cunon conpoTuBeHna TpeHunsa BHyTpeHHeVI NOBEPXHOCTU pr6bl:

l
Apw=tyly, AperE, (1)
me @ W y — nnowagb MOMEepeYHOro CeyeHnst TPyBbl M ee CMOYEHHbIi NepuMeTp, R:Z -

rMapasMYecknini paguyc, 7, — KacaTefbHOe HanpshkeHne CUnbl TPEHUS, NMPUMOXEHHOW K BHYTPEHHEw
noBepxHoctn Tpybbl. OHO nNpUHMMaeTCs MPONOPUMOHANbHLIM  KMHETUYECKOW SHEpPrMn MOTOKa,
K03(POULIMEHT NPONOPLIMOHANBHOCTU Ay HasbIBAETCs KOIMPULMEHTOM TMAPABIIMHECKOrO TPEHNS:

2

oo @

Mogctasnss (2) B (1), nony4nm doopmysly paBHOMEPHOTO ABWKEHUS XKUOKOCTU B Tpyoe:

Ap=dgp—"t . (3)

OQHako MCTOPUMYECKM CROXMITOCh Tak, YTO B MpPaKTUYECKMX pacyeTax ucnonb3yeTca gpyras
3aBMCMMOCTb, Ha3biBaemas dopmynon [lapcu-Bencbaxa:

2

U~ 1
Ap=do p—— . (4)
p 0'02D
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dopmyna (4) He COOTBETCTBYET YC/IOBUIO PaBHOMEPHOrO OBMXKEHUS, U pacdeTbl MO Hew npu
NPOYMX PaBHbIX YCIOBUAX OAT BENUYMHY KO3I(ULMEHTa TMAPaBIINYECKOTO TPEHWS, B YeTblpe pasa
NPEBLILAKLLYH TY XXe BESIMYMHY, KOTOPYH MOXHO nony4uTb rno dopmyne (3).

Mponssegem B dopmyne (4) npeobpasoBaHus, WCMNONb3ys credywowme 0003HaYeHus:
Ap Hp o
—=AH,; J, = , rae AH,6 — nepenag nbe3oMeTpuyeckon BbICOThbl, J —  YKIOH
p p / p p
PrE
neesomeTpuyeckon nuHuM. C yyeTom 3TMX npeobpasoBaHu BMecCTO (4) npuaem K crnegyroLlen
3aBMCUMOCTHU:

2
Jp=2,0—U s
2¢gD

KoTopas nerko npeobpasyetcs B chopmyny LLesn ana HanopHoro notoka:
8
U= fRJ ) (5)

PaccmaTtprBaemoe siBneHne onpeaensaeTcss Tpems yucnammu nogobus: PenHonbaca, Ounepa u
®pyna. Yncno PenHonbAaca B HEM SIBMSETCH KpUTEPUEM NOJ0OMS, Tak Kak B HEFO BXOAST XapaKkTepHble

UR 5
BEITMYMHbI, KOTOPbIE MO YyCNoBMKO 3adayn 3apaHee U3BECTHbI: Re=—— . Yucno Smnepa HE ABNAETCA
14

Kputepunem nogobus, NOCKOJIbKY BXOAALLMA B HEro xapaKTepru?l nepenag naslieHUA A]_) 3apaHee He

nassecteH: Eu= p2 . XapakTepHasi BenW4yuHa He 3aBMCUT OT KOOpAWHAT U BPEMEHW, MO3TOMY
pU

nepenazg AasrneHus, onpegensemMsln opmyrnon (4), He ABNAETCA XapakTepHbIM, Tak Kak OH 3aBUCUT OT

AnvHbl [ BbIGpaHHOro yyacTka Tpybonposoda. BuiGepeM B kayecTBe xapaKTepHOro nepenag AaBfeHus

Ha AnvHe TpyGonpoBoda, paBHoOi ruapaenuyeckomy paguycy [= R, B Takom cryyae U3 3aBUCMMOCTU
(4) nony4nm:

_ A
Ap=?0pU2. (6)

Ecnu noactasutb BblpaxeHwe (6) B 3aBUCMMOCTb, OMpedensioLlylo 4Yucno Jdunepa, npuaem K
cnegywuwemy pesynbTaTy, M3 KOTOPOro crnefdyeTt, YTo 4Mcro dunepa oTnmyaeTcs oT KoadduumeHTa
rMapaBNYECKOro TPEHUS HA NOCTOSIHHYIO:

_ho
2

Kak n noboe gpyroe, uncno nogobus ®pyna npeacraesnset cobon 6e3pasmepHyto KOMOMHaLMIO
N3 XapakTepHbIX BENWYUH, OOAMHAKOBYK ANs ABYX NoAOOHbLIX siBNeHMW. Ecnv ana nonyyveHust yucen
nogobusa ucnonb3oBaTb MeTod HbOTOHA paBeHCTBA OTHOLLUEHUS CXOACTBEHHBLIX CUIT B ABYX MOAOOHLIX
SABNEHnsAX, To uncno Ppyga nonyyaeTcs B TOM crnydae, korga 6epyT OTHOLLEHWE CUIbl MHEPLMM K cune
TskecTu. B paccmatpuBaemon 3agadve TedeHne B Tpybe peanmsyetcd C NMOMOLLBH MEXaHU4eCKoro
OBWXNTENS XXMOKOCTU (Hacoca) 3a cYeT co3aaBaeMon UM CuMbl AaBMEeHWs, paBHOW nepenagy AaBneHust
Ha AnuHe Tpybbl [, YMHOXEHHOMY Ha Nnollaab ee nonepeyvHoro ceveHnst @ . C Tem, YTobbl BbIMUCTIUTL
uncro Ppyaga, HeobXxoaAMMO cuny AaBreHUs, JENCTBYIOLLYIO B HAnMopHOM MOTOKE, 3aMEHUTb aKTUBHOW
Ccunown, OencTeytoLlen B 6e€3HaNoOpHOM 3KBMBANIEHTHOM MOTOKE. OKBUBANEHTHbIM OyaeM HasbiBaTb Takowm
©e3HanopHbIN NOTOK, B KOTOPOM MoLwaAb NOMepeyHoro CeYeHus, CpeaHsisi CKOPOCTb TEYEHN U AnvHa
COBMafaloT C aHanorMyHbIMM napameTpaMmu B HamopHoM noToke. Kpome TOro, yknoH cBoGogHOM
NOBEPXHOCTM ©OE3HaANOpPHOro MoToKa MPUHUMAETCSl PaBHbIM YKIOHY MNbE30METPUYECKOW IMHUK B
HanopHoM noToke. [pn Takon 3amMeHe nepenag Nbe30METPUYECKOW BbICOTbl B HANMOPHOM MOTOKE Ha
AnvHe TpyGbl [ ByoeT paBeH nepenagy YpPOBHSA CBOGOOHON NMOBEPXHOCTU KUAKOCTM Ha TOW Xe AnuHe B

Eu (7)

6esHanopHom notoke AH .:
AH,=AH.. (8)
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YMHOXVMM MEeBY0 W MpaByld 4acTu 3aBucumocTv (8) Ha pPg@, ydTeM, 4TO AHC:ZJP, B

pe3ynbTarte npuaem K crieqyrLunM BblpaKeHUAM:
pPEAH ,0=gplaJ,; Apw=F,J,, 9)

roe Fg — Chna TAXeCTU, NpunoxXeHHaa K XWUOKOCTH, Haxogsencs B oTpe3ke pr6bl AJTNMHOKO [ ¢

nnowaabo nonepeyHoro cedYeHna Fng — NpoeKuna Cunbl TAXEeCTU Ha OCb 3KBMBAlEHTHOro

OTKPbITOro NOTOKa (aKTI/IBHaﬂ CoCTaBndAwLWana CuUibl TAXECTU, NpuBoaALLad XXUOKOCTb B D,BI/I)KeHI/le). 3T0
O3Ha4aeT, 4YTO B 4uUClno Cbpy,qa BMECTO YCKOPEHUA Culbl TSXeCTn g  OoJpkHa BOWTU €ro akTuBHasi

COCTaBldWwan, paBHaa Npoekunn yCcKopeHuAa Ha OCb 6Ge3HanopHoro notoka — ng , cnegoBaTesibHO:

2
Fr=———_ Cneayet oTmMeTuTb, 4TO Npu 3amMeHe HamnopHOro MoTOKa 3KBMBANEHTHLIM Ge3HarnopHbIM
gJ,
MOMnoXeHne OCN HaNnoPHOro NOTOKa B BEPTMKANbHOW NITOCKOCTU MOXET ObiTb MobbiM.

Taknm o0Gpasom, siBNeHWe onpegensetca Tpemsa uducnamu nogobus: PerHonbaca, 3unepa u
®dpyaa, cpeam HUX TOMbKO OAMH KpUTepun — aTo uncno PenHonbaca. Ho mexay yncnamu nogobus ectb
SIBHbIE CBSA3M, KOTOPbIe MOXHO OOHapy>XuTb, UCNONb3YyS MHTErpanbHoe ycrnoBsue ABwxXeHusi. B kayectse
Takoro Bo3bMeM ypaBHeHue LLe3n ana HanopHoro notoka (5) u npusegem ero kK 6e3pa3mepHoMy BUAY:

U? 8 1
—=Fr=—=—. (10)
gJ,R Ay Eu

M3 3aBucumocTtun (10) cnegyeT, YTO B HEABHOM ypPaBHEHUWN CBSA3M MeXAy YnCriaMmm U KpUTEPUSIMU
nogobusa yncno dpyga MOXHO 3aMEHWUTb Yucnom Junepa. Knaccmnyeckoe KpuTepuanbHoOe ypaBHeHue
CBSA3M MeXay OCTaBLUMMMCS YMCIIOM U KpuTepuem nogobusa sanuwietcs B TakoM Buae (NpyHMMas BO
BHMMaHWe HeobX0AMMOCTb CODMAEHNsI reOMETPUYECKOro nNoaobus ABNEHUA ABMXKEHUS XUOKOCTU MO
HanopHbIM TPybonpoBogam):

ﬂ’Ozf(Reaga@)! (11)

rae @ - napameTp, yuYuTbiBalOWMA hopMy TpyObl (€ro MOXHO OMyCTUTb, €CNK peyb UAeT o Tpybax
0OVHaKOBOW (hOPMbI MOMNEPEYHOTO CeYEHNS).

B HacTosillee BpemMsa 3ajada B KIacCUYEeCcKOM MOCTaHOBKE oOKasanacb Haubonee nogpobHo wu
LUMPOKO MCCnedoBaHa 3KCMepUMEHTanbHO. 3aBUCUMOCTW, COOTBETCTBYHOLLUME  KpUTEPUAnbHOMY
ypaBHeHUO (11), HasbiBaemble 3aKOHaMW COMPOTUMBIEHMS, MOMy4YeHbl NO pesyrbTaTam (OU3MYECKNX
9KCMEPUMEHTOB ANS KaXKOOro pexuma OBWXEHUS XMOKoCTW. Tak B obract nammHapHOro pexuma
OBWKEHWS 3aKOH COMPOTUBIIEHNS, KOTOPOMY MPUCBOEHO MM lNyasenns, BbipaxkaeTcs hOpMyInou:

16
Ag=—. 12
0 Re (12

B 3oHe mmgpaBnuyeckn rmagkoro pycrna obnactu TypOyneHTHOro pexuma ABWKEHUS cpeam
npoynx, Haubonee LIMPOKO MUCMONb3YyEMbIX B MPAKTUYECKUX pacyeTax, SBNAETCS 3aKOH COMPOTUBIEHNS
Mpangtns [15,16]. OgHako B ero opMyny KO3MMULMEHT rmapaBiM4eckoro TpeHUs BXOOUT B HESIBHOM
BUAE:

%:2,0@(1@\/@ )+0.4. (13)

0
B 30He nepexogHon Konbpyk n YanT [17] npeanoxvnu Anst 3akoHa COMpPOTMBIIEHUS CrieayHoLLYo
hopmyny:

L 74— 2,018+ 208

T r —Re\/Z) , (14)
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D
B KOTOpPON 7 :? — paavyc BHYTPEHHEro ceyeHusi TpyObl.

B 30He KkBagpaTM4YHOro CoOMpoTUBIIEHNsT TYpOYNEeHTHOM 06nacTn ABUXKEHMS 3aKOH COMPOTUBIIEHNS
BblpaxkaeTcs hopMyromn:

1 7
——=2,0lg—+1,74 .
g, (15)

N

MoxHo BuaeTb, yto npu r—>0 dopmyna (14) npespawaetcs B (13), B TO BpeMs Kak npu
Re—o0 — B dhopmyny (15).

B npaktndeckux pacuyetax MOryT BCTPeTUTbCA Apyrue criydau, C WHOW TPAaKTOBKOW WCXOAHBIX
AaHHbIX. Hanpumep, B MnpakTvke rMapaBnnyecknx pacHeToB HaMopHbIX TPyOonpoBOAOB, MPUHATON B
MPOEKTHBIX OpraHM3aLusix, 4acTo K Hanopy, Heo6XoAMMOMY ANS NPEOAONEHNS FEOMETPUYECKOMN BbICOTHI,
npnbaBnsAlT MNPOM3BONIBHO BbIOPaHHBIM Nepenag MNbe30MEeTPUYECKON MUHUKM, HeobxoauMMbIN  Ans
npeononeHns cun TpeHus. Tem caMbiM BblOMpalT YKMNOH MNbe30METPUYECKOW NWHUM U OAMH U3
napameTpoB, onpeAensLmMx BbIOOp Hacoca, — Hanop. [anee, BbIOpaB no copTrameTpy MOAXOOSLLMIA
AvameTp TpybonpoBoaa, pacyeToOM HaXOAAT CKOPOCTb TEYEHMS XXUOKOCTU B TpyOe 1 BTOpOW napameTp,
onpegensoLwmn Beibop Hacoca, — pacxoa.

Cdopmynuvpyem 3agavy 2, B KOTOpPOW 3afaHbl: nepenaf fasneHus Ap Ha ydacTke TpyoGbl
anvHowo [ (Mnu nepenag nbe3oMeTPUHECKoi BbICOTHI AHp) , MNOTHOCTb U BA3KOCTb XWOKOCTU O N V,

abcontoTHas BbICOTa BLICTYMNOB LLEPOXOBATOCTM BHYTPEHHEN NOBEPXHOCTU TpyObl A 1 anameTp Tpyobl

D. Heobxogumo Hantu CKOPOCTb Te4eHud U n pacxoa XMAKOCTU Q OI'IyCKaﬂ OOKa3aTesnbCTBa,

cAenaHHble B MepBON 3ajade, NpuUXoaMm K BbIBOAY, YTO SABMEHWe onpedensioT ABa yuicna nogobus:
PenHonbaca u ®pyaa, cpeon KOTOPbIX HET KpUTEpUEB, MOCKOMNbKY CKOPOCTb TEYEeHWs 3apaHee He
ussectHa. B cootBetctBUM C [14] Hanigem kputepui nogobusi, KOMBMHMPYS 4yucra nogobus Takum
obpa3om, 4YTOObl BHOBb MOMyYEeHHOE 4WUCMO Nogobusi He copepxano CKOpoCTb TeyeHusd. B pgaHHoum
3agade BOo3BedeM vucno PenHonbaca B kBaapaT v pasgenum Ha vvcno ®pyaa. B pesynbtarte nonyynm:

2 3
Re” &R ; _Ar. (16)
Fr V2 p
MonyyeHHas 6e3pa3mepHasi KOMOUHALMA XapaKTEPHbIX BENIMYMH Ha3biBaeTcs Yicnom Apxumena
(B8 paccmatpuBaemon 3agade KpuTepuin). B COOTBETCTBMM C MPUHLMMNOM KOMOWHMPOBAHUS 4uCen
nogobusa B criydae OByx ymcen nogobus ogHO M3 HUX MOXHO 3aMeHWUTb KombuHaumen. 3aMeHUM 4mcro
PenHonbaca, B CBOW o4vepenpb, y4nTbiBas MHTErpanbHOe YCroBue ABWXKeHMs, yucrio dpyaa MOXHO
3aMeHUTb YncroM Jrnepa, a ero — kKoaprLUMEHTOM rMAPaBIMYECKOro TpeHusl. B Takom cnyyae BMecTo
KpuUTepuarnbHOro ypasHeHus (11) nony4mm cnegyrouiee:

2’0:¢(Ar>%a®)' (17)

[nsi HaxoXAeHWs1 3aKOHOB COMPOTMBIIEHUS B 3aBUCMMOCTU OT BHOBb TMOMYYEHHOro Kputepus
nogobus MpPoBOAWTL HOBbLIE SKCMEPUMEHTBI Ha (OU3MYECKUX MOAENAX HEeT HeoBXOOMMOCTW, HYXKHO
NpocTo caenatb NepecyeTbl, UCMOMb3ys COOTBETCTBYHOLIME (POPMYSbl AN 3aKOHOB COMPOTUBEHUS,
npuBedeHHbIe paHee B NepBoi 3adade. [ns 3Toro Hy)kHO MOCTYNUTb crieayroLlmmMm obpasom. Mcnonbays
3aBucuMOCTL (16), Hargem cBA3b Mexay Yicnamu PenHonbaca n Apxumesa:

RezzFrArzgz%Ar . (18)
u Ay

Oanee, yuntoiBas dopmyny (18), MOXXHO NONYy4YUTb 3aKOHbI COMPOTUBIIEHWUS, COOTBETCTBYIOLUMNE
KpuTepuarnbHOMY ypaBHeHuo (17).

Tak, B obnactu JTaMWHapHOro pexunma Te4eHnda nMeem:

32
Ag=—o0. 19
(U (19)
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3akoH conpoTuenenns MpaHAaTns B 30HE rMApaBrMYECKU FMafKoro pycna, CornacHo ypaBHEHWUIO
(17), okasancs BblpaXeHHbIM B IBHOM BUAE:

L 0lg(AN+131. (20)

s

K aHanornyHomy BbiBOQY MpUXOAMM, aHanu3upys 3aBUCMMOCTb, MOSyYEHHYO rocne
npeobpasoBaHust hopmyrbl Konbpyka-YawTa:

L 174- 201924 1O
r

T m)- (1)

B 30He «kBagpaTW4yHOro conpoTuBneHust obnactm  TypOyneHTHOro  ABWXEHUS  3aKOH
COMPOTMBIEHWS, €CTECTBEHHO, OCTaeTCsd HEeM3MEHHbIM, KOTopbii onpegenseT ¢opmyna (15). Mocne
onpeaeneHns BenuuMHbl KoaddUuneHTa rmMapaBnmMyeckoro TPEHUSI CKOPOCTb TEYEeHUS HaxogouTcs u3
dopmynsl (4).

O6patMmcs Tenepb K 3agade 3, KoTopas OT 3agayu 2 OTNMYaeTcs TeM, YTo B Hell 3agaHa
CKOPOCTb TEYEeHUs KMOKOCTM B TpyGonpoBode, HO He M3BecTeH AnameTp Tpybbl. B npakTnyeckux
pacuyeTax NogobHbI criyyaii MOXeT BCTPETUTLCH TOrAa, Koraa BennymMHa CKOpOCTY ABVKEHUS KUOKOCTU
B TpybonpoBoge [OOMKHbI MpeBbllaTb HeKoTopoe npedenbHoe 3HayeHue. Hanpumep, npwu
TpyGONpoBOAHOM TpaHcnopTe Nyrbhbl CKOPOCTb TeyeHuss ee B Tpybe pJdomkHa ObiTb Gornblue
He3aunsiowen. B npoTnBHoM criyyae B TpyGe NOSIBUTCS OCafoK, a Ha ero MoBepPXHOCTU — PYCIOBble
hopmbl B BUuZe pudbenen unm rpag, KoTopble pesko yBenMyaT CONnpOTUBIIEHNE ABVKEHMUIO MySbMbl.

Ccopmynupyem 3agady 3, B KOTOpOW 3adaHbl: nepenap AasrneHuss Ap Ha yyactke TpyObl
AONNHOKO l, NJIOTHOCTb N BA3KOCTb XWNAOKOCTU p n v, abcontoTHas BbicOTa BbICTYMNOB LIEepoXoBaToOCTU
BHYTpeHHel noBepxHOCTN Tpyobl A 1 ckopocTb TedeHuss U . Heobxoanmo HaiiT avameTp Tpyobl D u
pacxon >ugkoctn (. B aToii 3agave, kak M B npedblaylwien, cpeau ABYX uucen nogobwus,

onpeaensoWnxX SBneHne, HeT kputepues. MonyunM KpuTepuii nogobusi, nepeMHoXus ynucna dpyna u
PeliHonbaca, Torga HoBOe 4ucrno nogobws He OydeT cogepxaTb AMameTp TpyObl; OHO Ha3blBaeTCs
yucrom (B Halwen 3agade kputepuem) Kenerana:

3
FrRe= U— =Ke. (22)
gvJ,

3ameHum uyncno PeriHonbaca kputepuem KeneraHa. Janee, yuuTbiBas MHTerparibHoe ycrnosue
OBWXEHWs, Yncno dpyaga MOXHO 3aMEHUTb YUCITOM Jnnepa, a ero — Ko MULMEHTOM rMapaBAIUYECKOro
TpeHus. B Takom cnydae BMecTo KpuTepuanbHblX ypasHeHu (11) n (17) nonyuum criegytoLlee:

A
Ao =p(Ke,—, D). (23)
R
M3 3aBncmumMocTu (22) Haxoamm cBA3b Mexay Ymvcnamu PenHonbaca n Kenerana:
Ke A
Re=— =EuKe=""Ke. (24)
Fr 8

Hanee, ucnonb3ysa 3aBUCUMOCTb (24), MOMNy4MM 3aKOHbl COMPOTMBIIEHUS, COOTBETCTBYHOLLMNE
KpUTepuanbHoMy ypaBHeHuto (23). B o6nacti nammHapHOro pexunmMa Te4eHUsl HaxoauMm:

=128 (25)
Ke

3akoH conpoTuenexus MNMpaHaTns B 30He rMAapaBnnYeckn rnagkoro pycna TypOyneHTHon obnacTu
OBWXEHWS!, COTNacHO ypaBHeHMto (23), okasancs, Kak B 3agade 1, BblpaXXeHHbIM B HESIBHOM BUAE:

L 0019 Ke)-141. (26)

s
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B aToin 3apayve OTHOCUTENbHAs LLIEPOXOBATOCTb (UK obpaTHas e, HasbiBaeMasi OTHOCUTENbHOW
rMagKkoCTbio) 3apaHee He M3BEeCTHA, MOCKONbKY He 3afdaH BHYTPEHHUI pa3mep TpyObl. Bbipasum aTu
BENNYMHbI Yepes KpuTepumn nogobus, ncnonb3ysi 3aBUCUMOCTb (24):

R 2E A
Re:U—zEuKe; - Ke; Rey, =U— . (27)
1% A Rep 1%

3pecb Re, - kputepuin PeiiHonbaca, B KOTOPOM B Ka4ecTBe XapakTepHOro NIMHEeNHOro pa3mepa

npuHaTa abcontoTHas BbICOTa BbICTYMOB LUEPOXOBATOCTU BHYTPEHHEN MNOBEPXHOCTWM Tpybonposoaa.
3ameTuM TaKke, UTO YMCO Jinepa B ITOW 3ajade ABNSeTCs KputepmeM nogobus. Vicnonb3ysa BTOpPYIO
dopmyny B (27), nponssegem NOACTAHOBKY B 3aBMCMMOCTb (15), nonyynm:

L 0 01g(EY Ke)+234. (28)

ﬁ Rey

CooTBETCTBEHHO MPON30MaYT U3MeHeHus n B popmyne Konbpyka-Yanta:

L o34 p01g s, 7488
\/% EuKe ,13/21(6
O6paTUMCS K peLleHuio 3aaaumn 4, koTopasi OTNMYaeTcs oT 3a4ayun 3 TeM, YTO B HEN U3BECTHbI
Harop M pacxopf WIKOCTW, a AnameTp Tpy6bl He 3aaaH. Ho XxapakTepHbIn NIMHENHbLIN pa3mep BXOAWUT B
PACCMOTPEHHbIE BbIlLE, TaK HasblBaeMble, NorapudMUyeckne 3akoHbl COMPOTUMBIEHUS B obnactu
TYpBYNEHTHOro pexuMma [ABUXEHUs. TO co3daeT TPYAHOCTM NPpU MOMYYEHWM HOBbIX YuUcen noaobus,
MO3TOMY B MPUBEAEHHbIX HIDKEe pacyeTax GyayT WCMonb30BaHbl CTENEHHbIE 3aKOHbI COMPOTUBIIEHUS,
KOTOpble CYLLIECTBYIOT B 3TOM obnactu Hapsgy ¢ norapudmudeckumu. puseaeM 3TUM 3aKOHbl B
Krnaccuyeckon 3agade 1.

). (29)

B 30He rmgpaBrnM4ecku rmagkoro pycna CTEMNEHHOW 3aKOH conpoTuBieHnA HOCUT UMA Enasmyca:

0,224
A="75¢ (30)
Reo,zs

B [18] npuBoguTCca cneaytowasi doopmyna CTEMEHHOTO 3aKkoHa COMPOTMBIIEHUSA B KBaApaTUYHOMN
30He TypOyneHTHON obnacTu OBUKEHUS:

Ao =0,0925 (é)"’25 . (31)
r

B TOM Xe nuTepaTypHOM WCTOYHMKE [faHa cTeneHHas dopMyna Aana  KoagduumeHTta
rMapaBNYECcKOro TPEHUS B NePeXoHON 30HE:

Ay =0,0925 (éJrﬁ)O’25 .
r

32
Re (32)

Hangem cTeneHHble 3aKkOHbl COMPOTMBIEHMS BO BTOPOW 3adaye, MCMONb3ysi CBSA3b MEXAy
yncrnamu nogobus (18).

B 30He rmapaBriMv4ecku rmagkoro pycrna nmeem:

0,125 8
Re%25 = (8 Apy012s, do= 0,224 /1012 - (0.224)" 4y
Ao (8Ar)*1? 8Ar
C Y4€TOM 3TUX pe3ynbTaToB Nnocre I'Ip606p83OBaHVIIZ nony4nm:
0,134
//10 _Ar1/7 (33)

B 3oHe nepexogHou, ucnonb3ya 3asucumocTn (18) un (32), Hargem, npousBeas Heobxoaumble
npeobpa3oBaHns, CreayoLLy 3aBUCUMOCTb:!
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0,5
A 120245 o5 )

A9 =0,0925 (—
0 Ar®

Cdopmynupyem 3agady 4, B KOTOpOW 3afaHbl: nepenaf AaeneHuss Ap Ha yvactke TpyOGbl
AnviHoto [ (cnepoBaTenbHO, M YKIMOH Nbe30METPUYECKON JNIMHUM Jp ), NNOTHOCTb U BA3KOCTb XXWOKOCTU

£ W v , abconoTHas BbiCOTa BbICTYNOB LUEPOXOBATOCTU BHYTPEHHEW MNOBEPXHOCTM TpyObl A 1
pacxop xuakoctn O . Heobxoaumo HawTtu avameTp Tpy6el D u ckopocTb TeveHuss U . Cpeau AByx

yncen nogobus PerHonbaca u CDpy,D,a HEeT KpuUuTepueB, TaK KaK CKOPOCTb TeYeHUA U gunameTp pr6b|
3apaHee He U3BECTHbI. 3apgayva 3akno4yaeTcs B TOM, YTOOblI COCTaBUTL Takyro KOMOUHaLNo YKa3aHHbIX
yncen nogobus, KOTOpad 3T napamMeTpbl He COOAEepPXWUT. I'Ipemp,e BCero, Bblpa3nMMm HEU3BECTHYHO
CKOPOCTb Te4YeHud, BXOOALLYH B HUCna nogobus, yepes 3aaHHbIN pacxoa XnaKocCTu:

2 2

2
Re:@: 0 ;o Fr= v = 2Q5
1% 2wrv gRJp g;z'r_]p

C 1em, 4TObbI MCKMOUNTD B 3TUX hOopMyIiax HEM3BECTHLIN pagnyc TpyObl, MOCTYNMM CrieaytoLw M
obpasom:
3
Re’ 0°gJ,
— —ArRe*’=="2"2_M ,
Fr 64z3v°

roe M, =ArRe3 — HOBbIN KpUTEPUIA NOaoGUS.

B obnactu nammHapHOro pexuma OABWKEHUS UMEEM [Ba 3aKOHa COMPOTUBIIEHUS, OnNpeaensemble
dopmynamm (12) n (19). OTcroga nonyyunm:

3216° 216" . 2%%.16 19,03
Arpad » 0T 025 T 24025
Arre’ M, M5 MY

4
ﬂ’():

B 30He rugpaBnunyecku rnagkoro pycna CTeneHHble 3akOHbl COMPOTUBIIEHMS BblpaXaroTcs
dopmynamu (30) u (33). YuutbiBast ux, Hangem:

1o _(0,224)"% 1 (0,134)" 9 (0,224)'2(0,134)’
RS Ar Re’Ar
Ortctoga nocne npeobpasoBaHnii UMeEeM:
0,185
2’O = Ml/lg (35)

Onga Toro, 4ToBbl HAWTU 3aKOH COMPOTUBMEHUSA B 30HE KBaApPaTUYHOIrO COMPOTUBMEHUS, HYXHO
BHa4ane onpegenuTb BenWyYMHy OTHOCUMTENbHOW LepoxoBaTocTn. C 3TOM LUenblo BOCMNONb3yeMCs
dopmynon (8), onpenensioLllen BENMUNHY Yymcna dunepa ¢ y4eToM XapakTepHOro nepenaga gaBneHus
Ha XapaKTepHOWN AnMHe, paBHOW rMapaBnNnMYeCcKoMy pagnycy:

Eu—@ Ap gAHp gJ;rrr

OTcloga nmeem:
A 5_47r2ngA5_ 1

o

(36)

2

rae M, = — eLle OOMH HOBbIN KpUTEpUI Nogobus.

An’gJ A
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C yuyeTom 3aBucumocTtu (36) Haxogum:

(é)s/zo =(é)o,zs :ﬁ; 72120 =%
r M, 4 M,
Otclofa nocne npeobpasoBaHnini OKOHYaTENbHO NPUXOOMM K (hOpMyre:
Ao :% : (37)
M,

[nsi nonyyeHus CTEMEHHOrO 3aKOHA COMPOTMBMEHWUS B MEPEXOAHOW 30HE BHavane caenaem
NnoAroToBMTESNbHbIE pacyeThbl, UCMONb3ys COOTBETCTBYHOLIMNE 3aBMCMMOCTU B Buae (32) u (34):

3 2
L_ (Lf _é i . L_ (L)“_é L L
Re3 0,0925 r |34 Ar 0,0925 r 112,02 /10'
CnepoBaTternbHO:
1 L[ A0y A > 1

Re*Ar M, | 00925 7] 343.12,022,

[anee, Bo3BpaLlascb K nepBoHa4vanbHOW hopme 3anucu CTENEHHOro 3akoHa COMPOTUBIIEHMS,
ncnonb3ys AN OTHOCUTENbHOW LuepoxoBaTocTu copmyny (36), NpMaeM K 3akoHy COMPOTUBIIEHS B
nepexogHon obnacTtu sagaum 4:

1/4
22,43 4° 1

ME (M)

4o =0,0925 (38)

Nerko nokasatb, 4to npu M, — 00 3aBucumocTb (38) npespaliaetcs B (37), anpu M, —> o0 —

B (35). K coxaneHuto, BenuunHy koaduumeHTa ruapaBrMyeckoro TpeHus us cgpopmynbl (38) MOXHO
onpeaenuTb TONMbKO METOAOM MOCHea0BaTENbHOrO NPUBIKEHMSI.

OrpaHuyeHHbIi 06BbeM CcTaTby He MO3BONMI 0BOCHOBAaTb YCMOBUS CyLLECTBOBaHWS obnacten u
30H [OBWXEHWS XMOKOCTM B TPybOMpoBOAEe B pasHbiX 3agadvax, PacCMOTPEHHbIX Bbiwe. Ho, Tem He
MeHee, B 3TUX YCMOBUSAX MOXHO peKoMeHOoBaTb MeTod, OOblMHO WCMNOMb3yembld Mpu  peLleHuu
3apgauv 1. [lpexge BCero, OH 3aknioyvaeTcd B ONpederneHnM OUHaMUYECcKOM CKOpPOCTM noToka

U«=,]"2U , 3aTem auHamuueckoro umncna PeiiHonbaca, B KOTOPOE, KpOMe AMHAMUYECKOH CKOpOCTY

NnoToka, B KayecTBe XapaKTEepHOro MNMHENHOro pasMepa BXOOMT abComnioTHas BbICOTA BbICTYMNOB
«A

wepoxosaTtocTn: Rex=—— . Ecnu okaxetcsa, 4yto Re« <3,0, To ato 30Ha ruapasnuyeckn rnagkoro
v

pycna; ecrim Re« >70,0, To 910 30Ha KBagpaTUYHOIO CONPOTUBIIEHUS; 30HA NepexoaHas onpenensaeTcs

ycnoenem 3,0 < Rex <70,0. 31 gaHHbIe NO3BONAIT YCTAHOBUTL, MPaBUIILHO MU GbiNK onpeaeneHsbi

3aKOHbI COMPOTUBIIEHNA B NPAaKTU4YECKNX pacyHeTax. Ecnu HenpaBWuIibHO, TO pacyeTbl crenyeT NoBTOPUTD,
NCNoJ1b3yA B HUX 3aKOHbI COMPOTUBIIEHNA, COOTBETCTBYOLLNE 30HE ABUXEHUA XUOKOCTU.

Bbieo0nbi

B HacTosillee Bpems CyLLeCTBYeT TOMbKO OAMH METOL TMAPaBMMYECKOro pacyeTa HamnopHbIX
TpyGONpoBOAOB, B KOTOPOM BeNuuMHa KO3(bpULMEHTA TMAOPaBNUYECKOr0 TPEHUs onpedensieTca B
3aBMCHMOCTU OT KpuTepusi PeliHonbAca 1 YCroBuiA OOHO3HAYHOCTU SIBMEHUA, OTHOCSLLMXCS K OQHOMY
knaccy. B ctatbe 3TOT MeToa cocTaBnsieT cyTb 3agayum 1 (knaccmyeckon).
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B cTatbe paccMoTpeHbl 3a4ayn ¢ UHOWM POPMYNMPOBKOM, KOTOPbIE BCTPEYAlOTCS B NMPaKTUYECKMX

pacyeTax.

1. TlokasaHo, YTO B 3TMX YCMOBUSX B 3aBUCUMOCTU OT MOCTAHOBKWN 3adayvn MOSIBMSOTCS HOBble
Kputepumn nogobus, a BMECTE C HAMU — NHbIE KpUTEpUaribHbIE YPaBHEHNS.

2. [okasaHO, 4TO MpoBOAUTH (pM3Myeckoe MOAeNupoBaHWE Ans OnpeaeneHus 3aKkoHOB
COMPOTUBNMNEHNS, COOTBETCTBYIOLLMX HOBbIM KPUTEPUANbHBIM YPaBHEHUSAM, HET HEOOXOOUMOCTM.

3. YuuTbiBas CBA3NM MeXAYy BHOBb MOMYYEHHbIMU 4YucriamMmym nogobuss M Temu, KoTopble
NCMNOMb3ylTCS MPpU pelleHnn 3agavm 1, MOXHO HaWTU HOBbIE 3aKOHbLI COMPOTMBIIEHUS CNOCOOOM
NnpocToro nepecyeTta. ATOMy CMocoby, B OCHOBE KOTOPOro NEXWUT MEeTO4 KOMOWHauuu 4ducen
nogobus ¢ Lenbio NonyyYeHus Kputepmes Nogobus, NocBsiLLEeHa CTaTbs.
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Hydraulic calculation of pressure pipes
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Abstract

In the present time there is only one classic method for hydraulic calculation of pressure pipes. In it
fluid flow velocity and pipeline diameter are considered as given values.

The paper proposes a procedure for physical modeling and hydraulic calculation of pressure pipes,
based on the theory of similarity.

Methods for obtaining similarity criteria from combinations of similarity numbers were discussed.
Similarity numbers and criteria and criteria equations were defined.
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