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KOJIbLLIEBOM KAHAIJE
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B pamkax ¢usnyeckoii JuHeapuzanuu ypaBHenuii HaBbe—CTokca 00 01HO-
HANMpPaBJEHHOM AKCHAJILHOM JIAMMHAPHOM TeYEeHHMH HBIOTOHOBCKOI KHUAKOCTH
HaiileHO aHaJMTHYecKoe pelleHHe 3a1a4Yl MIeHTH(UKALMHN MO0JsA CKOpocTeil BO
BXOJHOH 00JIaCTH KOJIBLIEBOT0 KaHAJA, YTO MO3BOJIMJIO0 MOJYYUTH B IBHOM BH/e
COOTHOIIIEHHUE /ISl pacyeTa JJIMHbI HAYAJIBHOI0 THAPOANHAMUYECKOI0 YYACTKA.

Knioueswvie cnosa: xonvyegou Kaman, HbIOMOHOBCKAS HCUOKOCb, ONUHA HAYATb-
HO20 2UOPOOUHAMUYECKO20 YYACHKA.

KosbiieBasi reoMeTpusi, HapsiLy € IMIMHIPHYECKHMHU TPyOaMH W TUIOCKMMH KaHajJaMu, Haubolee
94acTO MCIOJIB3YETCS B Pa3IMUHbIX TEXHUYECKHX cucTtemax [1]. B [2] mokaszaHo, 4To mpoBeeHue mpo-
iecca TeIvIonepeaay B PEKUME HAYaIbHOTO MMIPOJMHAMUYECKOTO YYacTKa SIBJSETCS OJHUM M3 CIIO-
C000B MHTCHCH()UKAIMH TEII00OMeHa. [109TOMY BBISBICHHE 3aKOHOMEPHOCTEN (hOPMHUPOBAHHS CTPYK-
TYPBI [TOJIsI CKOPOCTEH HA HAYAIbHOM YYacTKE M ONpEeIeHHEe €ro ITHHbI B HAPABICHUU TCUCHHUS JKUI-
KOCTH aKTyaJIbHO.

BriepBbie Takast 3aa4a Jiist KOJIBIIEBOTO KaHala Oblia paccMOTpeHa B [3] Ha OCHOBE MOTPaHCIIOWHO-
o MPUOJIMKEHNUs C IPUMEHEHHEM JTnHeapu3anuu Jlanrxaapa [4]. JletanbHblit 0030p MOCIIEAYOMUX TEO-
PETHYECKMX M DKCIIEPUMEHTAIBHBIX HCCIIEAOBaHUM 3TOM mpobiembl [5] mokasan, 4ro pasauyue B
OIpe/IeJICHMH XapaKTEPUCTHK HAaYaJbHOTO THAPOAWHAMHYCCKOTO yYacTKa CYIIECTBEHHO. YTOYHEHHE
JUTMHBI HAYaJIbHOTO THAPOJANHAMUYECKOTO YIACTKA HAa OCHOBE YHCICHHOTO HHTEIPUPOBAHHMS YPaBHCHHUIA
HaBbe—CToKkca, Hampumep [6], BBI3BIBACT BOMPOCH KOPPEKTHOCTH HMCIOJIB3YEMBIX BBIYHCIMTEIBHBIX
IPOLIETYP, CBA3AHHBIX C CYLIECTBOBAHUEM M €IMHCTBEHHOCTBIO PELICHUS CaMKX ypaBHeHwuit. [Ipennpu-
HUMAIOTCS TaKXKe JaJbHEHIINE TONBITKH OTHICKAHHS AHAIUTHYCCKUX PEIICHHH, HAPUMEp, UCIIONb-
3YIOIINX HAEATH3AIINIO O IIOJI3YIIeM» TeueHHH [7].

B cBsi3u ¢ 9TMM B JaHHOH paboTe ¢ MO3MIHIA (HHU3MIECKON JIMHEAPU3AIUH YPABHEHHS TIOTPAHMYHOTO
CIIOSl HA OCHOBE THITOTE3bI OJJHOHANPABICHHOCTH TCUCHHUs (OPMYIIMPYETCS W aHATMTHYECKU aHAJH3H-
pyercs 3ajava OTBICKAHWS [UIMHBI HAYaJIbHOTO THIAPOJANHAMHYECKOTO ydYacTKa B TOPHU30HTAIBLHOM
KOJIBIIEBOM KaHaJe.

Iocmanoexa 3adauu. Marematudeckasi GOpMYJIHPOBKA 3aaud B IMJIMHAPUIECKONU CHCTEME KO-
opauHat umeer Bux [8]:

p(aur b0, 0% 4, U j:_@ﬂ{gi(rﬂj_ﬂjLi(%ﬁUr ﬂ )
ot ar oz ar ror o r2 a&\la &
du,  du, auzj_ op, J1 6[ (auz ou rﬂ 0%, .
+0u +U S—— =1+t —||*+2 , 2
'0( at o ‘oz oz "\vorl Uor oz 0z° ?
10 ou
——(r +—2=0; 3
ror (rer) oz ©)
v, (r,z2,0)=u,(r,z,0= 0, ¢, (r,0t) =0, u,(r,0t) =y, = const; 4
v, grz,l 1) =auzgzl t_q. v (m28) =0, (2. =0, 4, (,.2.) =0, (1,,2,8) = O, (5)

rae U, , U, —paauaibHas ¥ aKCHalIbHas KOMIOHCHTBI BEKTOPA CKOPOCTH XKUIKOCTH; P — H30BITOYHOE
JaBIeHUE; O,/] — IUNIOTHOCTH U KOY(P(OHUIMEHT TMHAMHYCCKOH BSI3KOCTHU JKUAKOCTH; t — Bpems; f,l, —
paJuychl BHYTPECHHEHl U BHEIIHEH COOCHBIX LMIMHAPUYECKHX TPYO, COCTABIISIOMNUX KOJIBLEBO KaHa,
| — auna konbuesoro kanana (I >1,).
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Kak mpaBwmiio, mis 3ameikanus cuctemsl (1)—(5) JomonmHUTETRHO pacCMaTpHUBAETCA YPaBHEHHE OT-
HOCHTEIHHO maBieHus [9]

16(6pj a°p {16( au,j 10{ a(rur)} a( aUZj a( auzj}
vl R Sy A Rl N ey U, ——* |+—| v, —% |+—| U, +
ror\ a ) 9z ra @ Jra 2 al"a ) a\"a

1az(auj 3% 16(0) 162“au auﬂ
+ r—- |+ +—% - —L |+ r Z4 L 6
2'7[rar2 ar az: ral\r Jraa @ a ©)

C Kpa€BbIMH YCJIOBUAMUA

p(r,0,t) = p, = consi, w =0, (7)
z
op(r,zt) opln,zt
p(; ) — p( 2 ) — (8)
r or

ITyctb TeueHHe MO BCeH JUIMHE KaHAla SBISETCS OXHOHANpABICHHBIM, T. €. U, =0, Torma u3 (3)

crenyer, uto U, =U,(r,t), npuaem (1) Beiposkmaetcs B 0p/ar =0, a (2) TpancdopMupyercs B

9u, __0p qa(auj ©)
ot 0z radr\ oOr
C T'PaHUYHBIMH YyCJIOBHUAMU
U, (r,0)=up, U, (r,t) =0,(rat) =0 (10)
H BBIIIOJIHEHHEM OaJIaHCOBOI'O COOTHOIIIEHMUS
)
—Iru rt)dr =u,. (11)
I’ _rl "1
[pu 5ToM U3 (6) CIIEqyET MOCTOSHCTBO AKCHATIBLHOTO TPAIUEHTA JIaBIEHHs, T. €. 0p/dZ=const.
B 6e3pa3mepHom Buze cucrema (9)—(11)3anmmercs
N _, 110 F{ avFJ 12)
0Z Re ' RO
V(R0)=1V(R,2)=V(R, 2=0; (13)
LI RV(R 2 dr=1 (14)
2_ R ’
R

e T=ygt/d=27d=Z, R=r/d; V=u,/uy; P= p/(pug); R2=n,/d; Re=uydyn — uucno
Peitnonbaca; d =2(r, —1,) —ruapasiuaeckuii auamerp; C =-dP/ dZ.

Pewenue. Tlpumennm k (12), (13)oxHocTopoHHEE HHTErpasibHOE Tpeobpa3oBanue Jlarmaca mo me-
pemennoit Z [10]:

ddV | 1ady (c ,
pr= += R dR -sReY + S+1j Re 0; (15)
Vi(R. 9=V (R $=0, (16)
rae S,V —wusobpaxenne Zu V coorserctBeHHO. Pemenue (15), (16)ects
V(R9=(C+ 3/ 8+¢( R¥w( ), (17)

rre p(R9=(c+ 3{[ K( R/ SR H R sk (I VR 9Re
+[10(RVsRe - b( RVSRE ¥ & shhe
w(s)= 19, 1 (9=15(RVsRg K( B/ sRe o[ R skedk sR 9

lo, Ko —dynkuuu Beccenst 1 Makgonanbsaa MHEMOTO aprymenTa [11].
OpuruHai nepBoro ciaraeMoro rnpapoit yactu (17) pasen [12]
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C'[(c+s)/s?]=cz+1, (18)

rne L' — oOpatHBIif omepaTop npeodpazoBanus Jlarmaca.
JL1st HaXOXKACHUS OpUTHHATIA BTOPOTO cllaraeMoro mpaBoid yactu (17) mpuMeHUM BTOPYIO TEOPEMY
Bamenko—3axapuenko [13]. Kopuu snamenarens y (s) =0 Takossi: 1) s =0 — kpatHOCTH 1Ba; 2) Gec-

KOHEYHOE CYCTHOE MHOXKECTBO OJHOKPATHBIX KOPHEH s, ypasaenus ¥(s,)=0. Jlns kopHst s =0

P(R,0) _ . @(R,s) @ (R,s) P(R,s) 7 (s)
0 —E%{Zexp(sZ)—y(s) +exp(sZ) (5) exp(sZ)—yz(S) }

Tax kax (=) =1, (=) u K} (z)=—K, () , 70
¢, (R,s)=| Ko (RJsRe) - Ky (Ryv/sRe) |1y (RsRe) +[ Iy (RysRe) — I (RsRe) | K,y (RsRe) +
+(C+9)VRe{[ RyK, (R, VsRe) - Rk, (RisRe) | I, (RVsRe ) +
+| Ko (RivsRe) - Ko (RysRe) |RI, (RVsRe) +[ Ry, (RynJsRe) - i1, (R VsRe ) | Ky (RVsRe) +
+ 1y (RsRe) - 1, (RyVsRe) | RK, (RVsRe)} (245,
¥ (s) =\Re| RI, (RisRe) Ky (Ry[sRe) - Ry (RJsRe) K, (R, sRe ) -
—RyI, (RyJsRe) Ky (RiJsRe ) + Ry (RysRe ) K, (RsRe) | /(245),

TOrjga
(p(,]&)(;) =_1—CZ+%CR6[—<R2 —R12)+(R22 —Rlz)ln(R/Rl )/1n(R2/R1)]. (19)
v
Jlns kopHel s, uMeeM
& ¢(R,s,)
- exp(s,Z), (20)
= v (s,) (7]

OTKyJa CJIEIyeT, 9TO (U3NUECKOMY CMBICITY 3a/la4dl YJOBIETBOPSIOT YHCTO MHHUMBIE KOPHH, MTOITOMY

\S,Re =u,i mmu s, = —,u,%/Re.
Tak xak I, (iz)=J,(z); Ko(iz)=i%N0(z); L (iz)=iJ, (2); Kl(iz):%Nl(z), e J,(z),

J;(z) — gynxuuu Beccens mepsoro pona; N, (z), N, (z) — dynkuuu Heiimana [14], To
2 2
n n 7[
w[R%][ ——ge};{m(m>—NO<Rzﬂn>JJ0<Rﬂn)+[Jo<Rzun>—Jo(Rlun]zvo(m,,)};(zu

My | M.
4 (__nj:__niZ[_RlJl(Rllun)NO(R2/un)_RZJO(RIIUn)Nl(R21un)+

Re Re
+RyJy (Rotty ) No (Rt )+ RiJo (Rotty, ) Ny (R, ):' . (22)
Cymmupys (18)—(20), ¢ yaerom (21) u (22), moxyaum
1 2 52 (Rzz _R12) R S 2
V(R.Z)= CRe ~(R?-R; )+—R21nE =23 (CRe— 7 ){[ No (Rutt,) = No (Ropt, ) ) (Rat, ) +
n-2 | n=1
R

Lot o) o (R oo -2 2 |
/{ﬂz |:_R1J1 (Ritty ) No (Rotty ) = RyJo (Rysty ) Ny (Ryphy ) +
+RyJy (Rotty, ) No (R, )+ R (Ropt, ) Ny Ry, )]} ) (23)

rae M, — KOpHHU ypaBHEHHS
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Jo (Rtn) No( Rottn) = b( Ritn) N Rzn) =0,

R =;F€/(l— R, R, =;/(1— R, R= /T, ; koHcranTa C onpenenena u3 (14)npu Z — o
32 = = - -
C=Ee(1— R)Z/[1+ R+(1- ®)/InR, (24)

COBIajaromas ¢ pe3yabratoM B [15].

Ananuz. XapaktepHas CTPyKTypa THAPOANHAMHUUYECKOTO OIS Oe3pasMEPHBIX CKOPOCTEH Ha BXO-
HOM yuacTke (puc. 1) MOKa3bIBaeT, YTO MPU MaJbIX 3HAYCHHAX R HaGII0NaeTCs acCHMETPHs PO
CKOPOCTH CO CIBHHYTHIM MaKCHMAJIbHBIM 3HAYECHHEM B CTOPOHY IOBEPXHOCTH COOCHOTO IMMIIHHIPA

0.0624
0.0614
0.0604
0.059

0.038

0.0574

Puc. 2. Bua dyrkumu f (R)

Puc. 1. Nons ckopocTer, NPUMbIKaIOLWNX KO BXOAQHOMY CEYEHUIOo
KONnbLUEBOro KaHana npu pasnuyHbiX Yucnax Re u OTHOWweHnAxX
paaunycoB BHyTpeHHeVI N BHELUHEWN COOCHbIX UMINNHOPU4YeCKnx
Tpy6 R:a) Re=100,R= 0,9¢; 6) Re=100,R= 0,01;

e) Re=10, R=0,5; Re=1000, R= 0,5 2) Re=1000, R= 0,

1.0

0.05 010 0ls 020
z

MEHBILIET0 pajuyca, a yBeJudeHue dyucia Re npaxktudecku nu- )
Y Puc. 3. UsmeHeHne makcumanbHoOM
HEHHO YBEIMYMBACT JJIWHY THIPOAMHAMHUYECKOTO HAYaIbHOTO GeapasMepHOi CKOPOCTH BAON
y4dacTKa. KonbLeBOro KaHana npu Re = 1:
[Ipennonaras, uyto apeiidom pannanrbHONH KOOPAWHATHI MaK- ~/ —pacyer; o — akenepumenT

CHMAJIbHOM CKOPOCTH Ha HAYaJIbHOM THIPOJMHAMHYECKOM yJacTKe MOXKHO NpeHeOpedb M CUMTaTh ee
MTOCTOSTHHOM M paBHOM

J/n R, HaiinenHoi u3 ycnosus 1-V ( R, Z)/ V( R ,00) =&,

I7Ie OTHOCUTENbHAsI TOYHOCTh £ NMPUHUMAETCS, Kak mnpasuio, paBHoi 0,02[16], u orpannymBasch pery-

JSIPHBIM peXUMOM (B peleHuu (23) yuuThIBaeTCS TOJBKO MEPBOE ClIaraeMoe psifa), HallIeHO BhIpaXKe-
HUE JUIMHBI HAYaJIbHOTO THIPOANHAMHYECKOTO YUacTKa B KOJILLIEBOM KaHaJe:

z, = (R) R, (25)
rie f (R) :In{¢(,ul)/[£v( ﬁ,oo)]} ;
#()=2(CRe-Z){[ N( Bu)- N Rey] A RY+[ L ®)- § BRY K R)/
HB[-Ru(Ruy) N(Ru)- RY &) N B )+ BE Bl § R+ R B, (NuR].
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Kaxk cienyer u3 (25), 1miHa HavambHOrO ydacTKa MporopiuoHansHa uucity Re (koncranta C 06-

paTHO MpomopiHoHaTbHa Re), uTo cormacyercs ¢ onenkamu [17]. Ormerum, yto mpi R - 0 1 R - oo
HOJTydaeM YacCTHBIE CIIydau ISl KPyTrJIol TpyOBbl M IJIOCKOTO KaHaia cooTBeTCTBEHHO (puc. 2). Konnue-
CTBEHHOE CpPaBHCHHE TIOJYYCHHBIX PE3yJbTATOB MPOBEIECHO C KIACCHYECCKHMH 3KCIIEPUMEHTATbHBIMU
nmanaeiMu [3] (puc. 3). Pasnuume pacCYMTaHHBIX U 9KCIIEPUMEHTAIBHBIX 3HAYEHHI CKOPOCTH B 00JIaCTH,
NPUMBIKAIONIEH KO BXOJHOMY CEYEHHIO, MOKET ObITh OOBACHEHO TEM, YTO B MOJEIN HE YYUTHIBAECTCS
pacxoj KHHETHYECKOM SHEPTUM MOTOKA KHMIAKOCTH Ha HUBEIMPOBAHUE HEOTHOPOJHOCTH JABJICHHS IO
CedyeHMIo KaHaia. TeM He MeHee, 9TO He OKa3bIBaeT CYIIECCTBEHHOTO BIMSHUS Ha JUTHHY THIPOJHHAMH-
YECKOr0 y4acTKa.

3axniouenue. CuHTE3MpPOBaHHAS MOJIENb THAPOIMHAMUKH BO BXOIHOM 00JIACTH KOJBIIEBOTO KaHa-
Jla XapakTepU3yeTcsi KaYeCTBEHHON U KOJMYECTBCHHOM aJeKBAaTHOCTHIO M MOXET OBITh TIPHMEHEHA JJIs
pacuera JUTMHBI HAYaJIbHOTO TMIPOJANHAMHYIECKOTO yJacTKa IPH JAMHHAPHOM TCUEHHH BA3KHUX HECKHU-
MaeMBIX JKUIAKOCTEH.
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ON THE IDENTIFICATION OF ENTRANCE HYDRODYNAMIC REGION IN CASE OF
LAMINAR FLOW OF NEWTONIAN FLUID IN HORIZONTAL ANNUL AR CHANNEL

A.V. Ryazhskikh
Voronezh State Technical University, Voronezh, Russian Federation
E-mail: ryazhskihav@bk.ru

In the frameworks of physical linearization of tRavier-Stokes equations in a cylindrical coordi-
nates system on the one-way axial force-feed lanfioa of Newtonian fluid, a mathematical model of
the flow development in the entrance region of @zoatal annular channel is formulated. The unknown
constant gradient of pressure along the chanmelniaected with the equation of continuity writterain
integral form of stability of liquid flow in any oss section of a channel. Use of the one-way iategr
Laplace transformation along the longitudinal cagate allowed to obtain an analytical expression of
the local hydrodynamic field at the entrance regimidl determine pressure losses coincided with the
classic data. Analysis of the characteristic stmgcbf the hydrodynamic field of dimensionless eélo
ties at the entrance region showed that for snadilles of the ratio of the radii of the inner andkeowwo-
axial cylindrical tubes constituting the annulaachel, asymmetry of the longitudinal velocity plefis
observed with a shift of the maximum value towatds surface of a coaxial cylinder of smaller radius
and an increase in the Reynolds number practitiaarly increases the length of the hydrodynamic
entrance region. Assumption about the absenceafobtithe radial coordinate of the maximum velgcit
in the entrance hydrodynamic region, limited to sbecalled "regular” regime, made it possible tnid
tify the length of the entrance hydrodynamic regiothe annular channel by the completed expression
in an explicit form that correlates with the clasdiestimates obtained as a result of computatiexal
periments. It is noted that when the ratio of theiirof the inner and outer coaxial cylinders apgttes
zero or infinity (corresponding to particular casgdsa circular tube and a flat channel), the knaen
sults for the lengths of the entrance hydrodynarmagions are obtained. Difference between velocity
values calculated by the proposed model and expatahvalues in the region adjacent to the entty se
tion is explained by the fact that kinetic enerdythe liquid flow is not accounted for by levelitige
pressure inhomogeneity along the channel crosgeaedonetheless, it is shown that it does not reave
significant influence on the length of hydrodynamaidrance region.

Keywaords: annular channel; Newtonian fluid; lengththe entrance hydrodynamic region.
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