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OOCNIIXEHHA PO3N0AINY AOTUMHUX HAMPY)XEHb CUN TEPTS B
TPYBOMPOBOAAX NPU TYPBYJIEHTHOMY PEXXUMI PYXY PIOAUHU B
rMAOKIU OBJIACTI

B cTtaTTi npuBeaeHo pe3ynbTaTv TEOPETUYHUX AOCHIAKEHb Ta OTPUMAHI
MaTeMaTU4Hi Mopeni, AKi AaTb MOXXJ/IMBICTb BUSHAYMTKU po3nogin #o-
TUYHUX HaMNpyXXeHb B TpybonpoBoaax npu Typ6yneHTHOMY pexuMi py-
Xy piavHKM B rnagkin oénacri.

KnwuoBi cnoBa: Teopia pyxy NOTOKy; TypOyneHTHUI peXxum; rigpoam-
HaMiYHa CTPYKTYpa; AOTUYHI HAanNpy)XXeHHs; Tpy6onpoBoAau.

B cyyacHux yMoBax CNoCTepiraETbCsA TEHOEHLIS PO3BUTKY B ranya3i
rigppoeHepreTUKN, TENIOEHEPreTUKMN, TiAPOTEXHIYHOrO OyaiBHUUTBA SIK Y
CBITi, Tak i B YKpaiHi B WifioMy. [1na yCcnilWHOro NPoEKTYBAHHSA BEIMKOIO
psay 06’'ekTiB HeobxigHe MpoBeAEeHHS HOBMX HAYKOBUX AOCAIO)KEHb Ta
BNPOBAaAXEHHS 1X Y BUPOOHULTBO.

Po3nogin AOTUYHUX HaMNpy)XeHb CUN TepTS BiAOMUW 3 OCHOBHOIO
PiBHAAHHSA PiBHOMIpHOro pyxy piauHu (puc. 1) i BUpa)kaeTbcs NiHiINHOW
3aNeXHiCTIo

2.2
ropRevr (1)
7, 321 1,
oe o —TrycTUHa piguHu, r/cm3, v — KiHeMaTu4yHa B'A3KicTb piguHu, M?/c;
d - piameTp Tpybonposoay, M; 5, — BHYTPILIHIN paaiyc Tpybonposoay, M;

T=7,

¥ — BiACTaHb Bifg oci TpybonpoBoAy A0 KOOPAUHATU LUMAIHAPUYHOI NoBe-
PXHi 3 Hanpy>XeHHAM 7, M; 7, — OOTUYHI Hanpy>KeHHs Ha BHYTPILWHIN

noeepxHi Tpy6onpoeoay, H/Mm2.

HOTUYHI Hanpy)XeHHs Ha BOKOBIN NMOBEPXHI KPYrNOLMAIHAPUYHUX
MOBEPXOHb, PafdiyCu SIKMX pO3TallOBaHi Ha oci Tpybonposoay, 3rigHO 3
3aKOHOM |. HbioTOHa npo cuny TepTs B piAWHI, BUPAXKAKOTbCHA PIBHAHHAM
H. . NeTpoBa
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Puc. 1. Po3nogin AOTUYHMX Hanpy>KeHb CUJT TEPTS MO XKXMBOMY Nepepisy B Lusi-

HOPUYHOMY TPyOONpPOBOAI NPU NaMiHAPHOMY peXxumi: 1 — KpyrnoumniHapuyHa
NOBEPXHS 3 OQHAKOBUMU OOTUYHUMU HATIPY>KEHHAMU

MpupiBHABLWK MiXX C0BO0IO NiBi YacTUHK piBHAHL (1) Ta (2) oTpuMae-
MO gudepeHLUianbHe PiBHAHHSA pO3MoAiny WBWAKOCTI B3A0BX pagiycy
2
Re ;/rdr. (3)
32z,
nicns iHTerpyBaHHSA SIKOr0 OTPUMAHO PiBHAHHSA nNpodinto ocepegHeHol
LWBMAOKOCTI pyXy PiAvHM BAOBX paaiycy Tpybonposoay

uXZZ/IReZSd%(rOZ—rz). (4)

—du, =1

HeobxigHo BiAMiTUTHK, WO Npu TypbyneHTHOMY pexxuMi pyxy (Benu-
Kux giametpax TpybonpoBOAiB W BENUKUX BUTPaATax, TO6TO Npu ymcnax
PenHonbaca Re > 2320 ) BUSABNEHO 3HAYHE BiAXUEHHS TEOPETUYHO BU-
3HaYeHMUX BUXIAHUX NapaMeTpiB 3a piBHAHHAM (4) Big pe3ynbTaTiB eKc-
nepMMeHTanbHUX OOCNIOXKEHb.

Tob6To maHe PiBHSAHHA NpuaaTHe AN PO3PaxyHKY pPo3noAiny WBuA-
KOCTi B340BXX papiycy nuvwe npy NaMiHapHOMY pexuMi. Toai MOXHa
CTBEPOXKYBaTH, WO i OCHOBHE PIiBHAHHSA PiBHOMipHOro pyxy piauvHu (1),
sIKe NOKJIaAeHO B OCHOBY BMBOAY PIBHAHHSA (4), TeX NnpuaatHe nuwe Ans
NAMIHApPHOr0 peXunMmy.

3aranbHoBIAOMO, WO TypbyneHTHI Teuil € HannowwupeHiwow ¢op-
MO0 PYXy PiAWHM i rasi., SKi NOBCAKAEHHO 3yCTPi4alOTLCA B NPUPOAI Ta B
ycix obnactax TexHikn. Hanbinbw npocTi 3 HUX — Ue pyx B Tpybax, noT-
Kax, KaHanax towo [1-2].

HocnigxeHHsaM npodinto ocepefHeHOI WBUAKOCTI Npu TypbyneHT-
HOMY peXXuUMi pyxy piavHuW B rnagkii o6nacTi (rnagki Tpy6u) 3ariMaBcs
I. Hikypanse (HimeuuunHa, 1932) [3-4]. Ha puc. 2 HaBeaeHO TOYKK, ANg
AKUX HUM BM3HAYEHi enopu ocepenHeHuX LWBMAKOCTeNn B TpybonpoBo-
pax piametpom 1, 2 3, 5, 10 cM B 3aNeXXHOCTI Big, OCHOBHUX Aitounx ¢pak-
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TopiB: AiaMeTpa TpybonpoBoay, KiHEMAaTtU4HOI B'A3KOCTI, yncna PenHo-
nbAaca i KoediuieHTa rigpasniyHoro onopy. l. Hikypag3se 3anponoHyBaB
ANS anpPOKCMMYBAaHHA €KCNepUMEHTANbHUX TOYOK POPMYNN, HA OCHOBI
norapudMiyHoro 3akoHy. Heo6xigHo BiAMITUTK, WO Li 3aN€XKHOCTI BKJIO-
YaTb pAL 3MIHHUX KoediuiEHTIB | He BiANOBI[ATb rPAHUYHMM yMOBaM
Ha OCi Ta BHYTPILLIHIN NoBepxHi TpybonpoBoay.
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Puc. 2. EkcnepuMeHTanbHi Touku Ha rpadiky Hikypanse B Tpybax npu Typbyne-
HTHOMY PeXUMi pyxy piauMHu B rnagkiv obnacti, ans akux |. Hikypap3se nobyny-
BaB eniopu ocepeaHEeHUX WBUAKoOCcTeN y Tpybonposonax: @ — giametpoM 1 cMm;
¢ - piameTpom 2 cm; A - giametpom 3 cm; B - niameTpom 5 cm; O - giameTtpom

10 cM; 1 — naMiHapHUit pexxuM pyxy noToky (npodink Myasenns);
2 — TypOYNeHTHUI PeXxnM pyxy pianHun B rnaakin obnacti (rpadik I'. Bnasiyca)

byna npunHaTa rinotesa, wo npodinb ocepefHEHMX WBUAKOCTEN
MOXXHA OMUCATWN PIBHAHHSAM, OTPMMAHUM HA OCHOBI pilleHHA gudepeHLi-
aNnbHOro PiBHAHHA ANA NaMiHapHOro pexumy (4), WNAXoM 3amiHu noc-
TIMHOIT KiHEMATMYHOI B'A3KOCTI 3anNpOMOHOBAHMUM PIBHAHHAM 3aranbHoOl
TYpOyneHTHOI KiHEMaTUYHOI B'A3KOCTiI.

3rigHO 3 BUKOHAHWUMM TEOPETUYHUMMU N EKCMEPUMEHTANbHUMK O0-
cnigyxeHHamu [5] oTpumaHo piBHAHHSA 3arafibHoOl KiHeMaTUyHOT Typbyne-
HTHOI B'A3KOCTI

1 ( 1/m (n n) I/m n)”
Viot = o Vimax Vo — 7 Vs ) (5)

"
e HeBigOoMi NapaMeTpy BU3HAYaKTLCS 3@ CUCTEMOK PiBHSHb

4L,



O
Vimar = kVA Re
k = alg Relg(1001)+b
m = clg Relg(1001)+d }, (6)
n=2/m

vy =Av

0€ Viuax ~— MaKCUManbHe 3Ha4YeHHSA KiHeMaTu4Hol TypbyneHTHOI

B'A3KOCTI, IKe BUHUKAE Ha oci TpybonposoAay; k, m i n — NOCTiNHI napa-
METpU ANs NeBHOro pexumMy pyxy notoky; (/g Re; [g(100.1)) - koopanHaTy
Ha rpadiky Hikypapnse, siki BpaxoByTb 061acTi rigpaBniyHoOro onopy.

BuxigHi po3paxyHKoBi napamMeTpu k£ i m, SIKi BA3HA4YalTbCA piB-
HAHHAM (6), BKNOYaOTb HEBIQOMI KoedilieHTU. BoHM oTpUMaHi Ha OCHOBI
eKCNnepuMeHTaNbHMX TOYOK METOAOM HAaWMEHLUUX KBAApaTiB 3 AOBIpYOI0
nMoBipHocTi 95% i, BignoeigHo, gopieHTL a =—0,000675; b =0,0273;
c=-0,0195; d=0915. EKkcnepuMeHTaNnbHi TOYKW BKJIKOYAKTb AOCHi-
OXXeHHs Tpy6 pi3HOro giaMeTpy, pi3HOI LWOPCTKOCTI, MaTepiany Tpybon-
poBoAy, BMAY PiAMHK Ta 1I TeMnepaTypun, BUMIpPOBaNbHOI anapaTtypu, a
TakoxX rigpasniuni (IFY) Ta aepoanHamiyni (ALLY) yctaHoBku [6].

3 piBHsAHHA (5) BUNNMBaE, Wo Ha oci Tpy6onposoay npu =0 Mae-
MO MaKCMMaJibHe 3HAYeHHs 3arajibHol TypbyneHTHOI KiHeMaTU4YHOI
B'A3KOCTI y TpybonpoBoai

Viot max = v/l((kRe)l/m +1yﬂ, (7)
a Npu 7 =F, MAEMO MiHiManbHe 3HaYeHHS 3arafibHoi TYypOyneHTHOT KiHe-

MaTUYHOI B'A3KOCTi y TpybonpoBogi
Viot min =Vs = Av, (8)

AIKe BUHMKAE 33 PaxyHOK CUN TEPTSA Ha BHYTPIWHIA NOBepxHi Tpybonpo-
BO4y, WO BiANOBIiAA€E rpadikaM, AKi OTPUMaHi Ha OCHOBI eKCNepuMeHTa-
NbHUX paHux [6].

Toni piBHAHHA (4), 3 ypaxyBaHHAM piBHAHHS (5), gna nobymosu
Npodinto WBUAKOCTI NP TYPOYNEHTHOMY PeXuMi pyxy piavuHuW B rnagkin
obnacTi npusoanTbLCA A0 BUAy [6]

VRCZ(FOZ —rz)
Uy = | P
64((k Re) /m (rO” —r”)+ rO”) Yo
Mpn xapakTepucTuui CTPYKTYPU NOTOKY, KPiM OOCNigXeHb 3aranib-

HOT KiHeMaTu4Hoi TypOyneHTHOI B'AI3KOCTIi Ta npodins ocepeaHEeHUX
LWBWAKOCTEN, BaXK/IMBMM NAapaMeTPOM € AOTUYHI HANPYXEHHS.

(9)
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BuBYEHHAM NUTaAHHA PO3NOAINY AOTUYHUX HANpPYXeHb B Tpybonpo-
BOoOax npu TYpOYNEeHTHOMY peXuMi 3anManuca pag  BYEHUX:
M. A. BenukaHos, [x. Tennop, B.M.MakaseeB, A.M. Konmoropos,
0. M. 06yxos, T.KapmaH, JI.T.JlonusHcekunn, T.B.Xene3Hskos,
M. T. Kucenvos, J1. Mpanatne, I'. WnixTidr, | K. HikiTiv, H. T. OxxyMaryno-
Ba, J1. |. Bucoubkui, . C. Bucoubkun, |. A. JasnetwwuH, 0. . Bonoguu [1-
4] Ta iH. Ane He3BaXaKwun Ha BEJINKY KiNbKiCTb HAayKOBUX AOCHiAMXEHb,
pAA NMUTaHb 3a/INWIAETLCS HEBUBYEHMUM.

AHani3 pe3ynbTaTiB [OC/IOXEHb Pi3HMX BYEHMX MOKa3aBe, WO A0Ci
He OTPMMAHO PIBHAHHA PO3MOAiINY OOTUYHUX HANpyXeHb B TpybonpoBo-
Aax npu TypbyneHTHOMY pexxuMi pyxy pigMHu B rnagkin obnacrti.

BpaxoByloumn 3anexHicte (2), aky 3anponoHyBaB BycciHeck ans
JIAMIHAPHOIO pPeXXKnMy, MOXHa 3anmcaTti

du_,

dr
Le 7,, — Hanpy>XeHHsA Ha KPYrosi LMAIHOPWUYHIA NOBEPXHi pafiycoMm 7

z-rxt = pvtot ’ (1 0)

He3aNeXHo Bif a3MMYTHOI CKNaAo0BoI i napanenbHe oci 0.X .

MigcTtaBnsoun B piBHAHHA (10) piBHAHHSA (5) i (7), oTpMaeMo Ha-
NPY>XEeHHA Ha KPYroBin LWAIHOPUYHIN NOBEPXHI PafiyCoOM 7 He3anexHo
Bi a3MMYTHOI CKNaaoBol i napanenbHe oci 0.X

S 2 vRe? (kRe)l/m((rOZ —FZXF”_I)—F(F(? —r”))— rry

a pronm 321, ((k Re)l/ m(ron —r”)+ ron) .

HeobxigHo BigMIiTUTK, WO PiBHSAHHSA (1) € OCHOBHUM PIBHAHHSAM piB-
HOMIpPHOro pyXy AN laMiHApHOro peXuMy, a piBHAHHA (11) € OCHOBHUM
PIBHSAHHAM PIBHOMIPHOr0o pyxy Npu TypbyneHTHOMY pyci.

MaKcuManbHe 3HaYeHHS OOTUYHMX HaMpyXeHb Npu TypbyneHTHO-
MY PEXMWMi 0TPUMAEMO 3 piBHSAHHS (11) npu r =15

(11)

2.2
ry = pAae r_, (12)
32}"0
i OTPMMAEMO aHANOrYHNM BMPA3, AK | ANA NaMiHAPHOMo peXxunmy
2.2
Re“v
Ty =p/1—2 .
32]’0

[loTUYHI Hanpy»XeHHA Ha oci Tpybonposoay (r=0) npu TypbyneHT-
HOMY i JaMiHapHOMY peXXnMax AoPiBHIOTL HyJo (puc. 3).
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Puc. 3. Po3nogin BoTMYHUX Hanpy»XeHb: 1 — naMiHapHUM peXXuM pyxy NoTokKy;
2 — TypOYNEeHTHUIN peXxuM pyxy piouHKU B rnapKin obnacti; 3 — obnactb foKkBaa-
PaTUYHOrO Ta KBAAPaTUYHOIO ONopy Npu TypbyNeHTHOMY peXXuMi;

4 — KpPYrnoumniHAPWYHI MOBEPXHI 3 O4HAKOBUMU OOTUYHUMM HaNPYKEHHAMMU

BucHoBku

B cTaTTi npuBeaeHoO 3anexHOCTi pO3NoAiNny B340BX paaiycy A0TUY-
HUX HANpPY>XeHb NPX TaMiHApPHOMY Ta TYpbyNneHTHOMY peXxXuMi pyxy piau-
HWU B rnagkin obnacti. [loTUYHI HanpyXXeHHs NpW NaMiHAPHOMY peXuMi
B3A0BX PaAiycy 3MiHIOKTLCA 33 NIHIMHUM 3aKOHOM W BMPaXatoTb OCHOB-
HMWN 3aKOH PIBHOMIPHOIO PyX ANS JJAaMiHAPHOI0 PeXXuMmy.

Bnepwe oOTpMMaHO PpIiBHAHHSA PO3MOAINY AOTUYHUX HAMNPYXKEeHb
B34,0BX pagiycy npu TypbyNeHTHOMY peXxuMmi pyxy pianHu. BoHu 3MiHto-
I0TbCA 3@ KPUBOMIHINHUM 3aKOHOM W BMPaXkakTb OCHOBHWMW 3aKOH piB-
HOMIpPHOro pyXxy Ass TypbyneHTHOro pexxumy. Bneple oTpMaHo piBHAH-
HS 4N BU3HAYEHHS MAaKCUMaNbHUX OTUYHUX HaNpy>KeHb nNpu Typbyne-
HTHOMY PeXMMi Ha CTiHUi TpybonpoBoay 1 AOBeAEHO, W0 BOHM No GopMi
CniBNagatoTb 3 PIBHAHHAM O/ BU3HAYEHHS MAKCUMANbHUX HaMpPYy>XeHb
npw naMiHapHOMY peXuMi, ane, 3po3yMino, 3a abCoNTHOK BENIMYMHOK
BOHM ByayTb 3HA4YHO BiNnbWNMN.

TeopeTUyHi AOCNIOXKEHHS KYTOBOI LWBUAKOCTI, WWBWUOKOCTI NiHINHOI
Ta KyToBOI AedopMaLin pigKMX YAaCTUHOK NOTOKY ByayTb NpMBEAEHI B Ha-
CTYNMHWUX CTATTSAX.
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RESEARCH OF THE SHEAR STRESS DISTRIBUTION IN PIPES IN THE
REGION OF HYDRAULICALLY SMOOTH TURBULENCE

The paper presents the analysis of the literature about the
development of the water turbulent flow theory in pipes. According to
the results of analysis and theoretical studies, we obtained
mathematical models. These models describe the profiles of the
averaged velocity of turbulent flow in smooth pipes.

We have hypothesized that the averaged velocity profile is described
by the Navier-Stokes differential equation for the laminar flow
regime. We have included kinematic turbulent viscosity in the
equation besides molecular kinematic viscosity. This kinematic
turbulent viscosity results from the movement of masses from one
layer to another, which was recommended by J.V. Boussinesq.

On the basis of experimental data I. Nikuradze and F.0. Shevelev, we
obtained a distribution of the total kinematic viscosity in the pipes,
including the kinematic viscosity on the pipe inner surface and the
kinematic turbulent viscosity.

We have used the kinematic viscosity distribution equation in the
pipes and obtained the averaged velocity profile equation. This
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equation takes into account the boundary conditions on the inner
surface of the pipe and on the axis of the pipe. Its adequacy is proven.
The paper presents the equations of the shear stresses distribution
along the radius of in pipes in the region of hydraulically smooth
turbulence. The shear stresses of the laminar flow along the radius
vary linearly and describe the basic law of uniform laminar flow.

For the first time, the equation of shear stress distribution along the
radius of turbulent flow is obtained. The shear stresses vary
according to the curvilinear law and describe the basic law of uniform
turbulent flow.

The equation for calculating the maximum shear stresses of turbulent
flow near the inner surface of the pipe is obtained. It is proved that
they coincide in shape with the equation for calculating the maximum
stresses of the laminar flow, but the values will be much larger.

The main flow parameters (angular velocity, velocity of linear and
angular deformation of fluid particles and diffusion) describe the
hydrodynamic structure of the turbulent flow. Their theoretical
research will be presented in future articles.

Keywords: flow theory; turbulent flow; hydrodynamic structure; shear
stresses distribution; pipes.
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WCCNEQOBAHUE PACNPEOENIEHUSA KACATENIbHbIX HAMPAXXEHUN
CUN TPEHUA B TPYBONPOBOAAX NPU TYPBYJIEHTHOM PEXXUME
OBWXEHUA YXUAKOCTU B NMAJKOWU OBJIACTU

B cTaTtbe npuBeneHbl pe3ynbTaTbl TEOPETUHECKUX UCCNIEA0BaHUM U NO-
Nly4YeHHbl MaTeMaTUYecKue Moaenu, No3BonsolMe onpeaenuTb pac-
npenenieHne KacaTesnbHbIX HanpsXkeHU B TpybonpoBoaax npu Typ6y-
JIEHTHOM peXXuMe ABUXKEHUS XKUAKOCTU B rnaakomn obnacrtu.

KnioueBble cnoBa: Teopusa ABUXKEHUS NOTOKA; TYPOYNEHTHbIN PEeXUM; ru-
APOAMHaMMYECKas CTPYKTYpPa; KacaTesibHble HanpshkeHus; Tpy6onpo-
BOAbl.
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