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Llenb paboThi:

o OKcCnepumMeHTarnbHble N HATYPHbIE AAHHbIE
FOBOPAT O TOM, YTO (POHTaHbI, BO3HUKaKOLLKE
Npu pacnpocTpaHeHN BeEPTUKaANbHbIX NaBy4vYnx
CTPYU B CTPATUPULNPOBAHHOMN XXNOKOCTHU
CNOCOOHbI reHepupoBaTb BHYTPEHHMNE BOJIHbI
(boHayp n ap. 2006, Keeler at al. 2005,
Tpouykaa n gp. 2008).

o Llenbto paboThbl ABNAeTCS NPSAMOe YNCNEHHOE U
TeopeTnyeckoe MoaenupoBaHne gMHaMUKU
dooHTaHa, obpasytouierocsa npu NPOHNKHOBEHUN
BEpTUKaNbHOW CTPYU HENTPaAnbHON NNnaBy4vyecTu
CKBO3b MUKHOKIMNH
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FIGURE 4. Visualization of flapping fountain at Re =72 and Fr = 1.0, with Uy =32 cm s !,
Ry =24 mm and Ap/p,=0.00454.

Between 16Re */* < Fr < 27Re */? the flow becomes unstable, resulting in several
interesting modes of oscillation. The first mode of oscillation is a two-dimensional
flapping motion. This usually, but not always, develops into a flapping mode, whereby
the plane of flapping rotates about the fountain axis, so the direction of flapping
changes. This behaviour then develops into a circling or multimodal flapping motion,
where the top of the fountain circles around the fountain axis. In many cases the
fountain was observed to switch continually between the different flapping/circling
modes. The motion of a flapping fountain is captured in figure 4, where the peak of
the fountain can been seen as it moves from one side to the other. The motion can
also be seen in movie 1 (available with the online version of the paper).

In the laminar bobbing region the fountain behaviour is highly unsteady and three-
dimensional. It is characterized by the rapid fluctuation in fountain height, as the
fountain front continually rises, stagnates and then collapses around the next rising
front. A distinct difference between this behaviour and the flapping/circling modes
is that, with the bobbing motion, the fountain height is always at a maximum in the
centre of the fountain axis, whereas for the flapping or circling modes, the location
of maximum fountain heighi is always off-axis. On the regime plot in figure 2, this
region occurs for 35Re */* < Fr < 10. A series of typical images of a laminar bobbing
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FIGURE 5. Visualization of laminar bobbing behaviour present at Re = 123 and Fr = 2.1, with
Upg=54cm s ', Rg=24 mm and Ap/py=0.033. Between (a) and (r) a series of fountain
fronts rise and fall around the fountain column. Images are about 60.7 ms apart, with image
(a) taken 12.991 s from the start of the run.

fountain is given in figure 5. In figure 5(a) the fountain is at its maximum height.
In figure 5(a-f) the fountain front collapses and then rises again in figure 5(g—k),
collapses in figure 5(/-0) and then rises again in (p-r). Between the flapping motion

Willilamson et al.
JFM 608 (2008):
Bobbing mode
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P ity

Puc. 1.

CornachHo I'l-reopemMe Teopur pasMepHOCTER OIS
6e3pazMepPHOro NEpAOCAAa aBTOKONc6aHAid nMeeM

7= T o o Yo ho LS pg'8 diy
W7 /28888 w3

HccnepoBanme mMokasajio, 9TO B PACCMOTPEHHBIX
AVANAa30OHAX 3HAYEHMH ONpENeJIsiOIIAX [1apaMeTPOB
nepuoyn 7 3aBHCHAT rIIaBHBIM OOGpa30OM JHMIIb OT ABYX
NEPBLIX APrYMEHTOB 3TOr0 COOTHOIMICHMS, 4 OCTAJIb~
HBIC HE SABIAIOTCA CYIICCTBCHHBIMHA.

IIpm maneix V, HaGniofnaioTcst yKa3aHHbIC BbllIe
CHAMMETPHYHbIE CTAIAOHAPHBIE TEYEeHHMsI C pacrexa-
HUEM BOABI B 06e CTOPOHLI OT KaHajJla B BOJOCIIHB-
HOM IR BOnHOBOM pexxkmme {3]. C pocrom V, a1H Te-
YEeHHS CTAHOBATCA KBAa3HCTAMOHAPHBIME. Hns Kax-
[Oro OTHOCHTENBLHOTO 3arny6neHus p; = hy/3 npm
onpepeneHHoM 35adenad F = F; BX BURX pe3Ko usMe-

HASTCA M BO3HHKAIOT paccMaTpHBacMbIC ycroﬁqn—
BBIC MTONEpPEYHBIC aBTOKOINeOaHAN.

Y CTaHOBJIEHO, YTO OCHOBHOM NMPHYHHON CyIIECT-
BOBaHHS aBTOKOJeOaHHI ABJISIETCS BO3HHKHOBEHHE
B OKPECTHOCTH 3AaTOIUICHHOTrO Y4YacTKa BBITEKaro-
ufeil U3 KaHajla CTPYH NEPHOXAISCKN MEHSIIOIAX Ha-
OpaBlIeHHE HAa NPOTHBONOJOXHOE NONEPCYHLIX ne-
penagoB gaBJICHHsI, COOOIIAIOUIAX YACTULIAM KHIKO-
CTH B CTPYE€ COOTBETCTBYIOIUMI HMIYIXBC. IDTH
nepenank faBI€HAA B caydae cBoGogHoro dhboHTann-

HJOKIIAOEI AKAODEMHWHA HAYK Tom 361 N 3

g = ] o 25 TR i

LR o

pOBaHASA BBI3BIBAIOTCS HMIIYJIBCAMH, TPHXOXSLAMEA
C MecTa nafgeHssi CBO6ONHOM CTPYH Ha NOBEPXHOCTH
KHAKOCTA, a IPH peXHMMax, Korga cso6oguoe ¢hon-
TAHHAPOBaHHE OTCYTCTBYET, CBA3aHBI H C OTJIHYHEM B
3HAYCHHIX FHRPOCTATHYECKOM COCTaBISIONEH AaB-
JIEHHs A3-3a Pa3sHANGI [Ty OHHBI XXKAAKOCTH IO OGCHM
CTOpPOHaM OT KaHaJia.

IMonyueHHnle B 2KCNEpPAMEHTaxX 3HaYeHMA 1 =
=1/./8/g B H3y4YEHHOM QHMana3oHe ducea Ppyna F =

= VO/JSE’ OpPEeACTaBJICHBLI TOYKAMH Ha PHC. 2 I me-
CTH yKa3aHHBIX B TaGJ. 1 3HaYeHWIf OTHOCATENBLHOMR
rAyOHHEI 3aTOIUICHHS BBIXOQHOI'O CeYeHHAA KaHaja
p = hy/3, B pmanazone 0 < p < 40 (CILUIOIIHBbIE JIHHUA
Ha pHC. 2 — pac4eT).

OGpamaeT Ha ceGsi BHAMAaHAE HETPUBHANLHBIA
XapaKkTep NOJY4YEeHHBIX 3aBHCAMOCTe#. Ecnm ¢ yse-
magenneM F npu p = 0 1 p = 5 cymecrByeT MOHOTOH-
HBIA pocT nepaona 7, To y>xe npna p = 10 cHagana Ha-
6r0KaeTcs BecbMa ObICTpOe yOBIBaHHE €ro KO OIpe-
IEJIEHHOrO MHHHMAJIBLHOIrO 3HAYeHMs1 T;, H 3aTeM
cHOBa pocT. 3HadYeHust T,,, IJisi Pa3JIAYHBIX p CyIe-
CTBEHHO OTJIHYAIOTCA APYT OT apyra. OpHaKo OpH
HHOM cnnoco6e o6paGoOTKHA B MpeACTaBJICHAsI JaHHbIX
IKCNEPHEMEHTOB, a MMEHHO, B BHAE 3aBHCHMOCTEH

6espasmepHoro nepmoga 7* = t/./hy/g or umcna
Ppyna Buna F* = V,/.[ghy, 3savenns T, nis scex

1998

Kapnukos, TpyLunHa
OAH (1998)






OcHOBHbIe ypaBHeHUSA

YpaBHeHnsa Haebe-CTokca B npnbnmxkeHun byccuHecka:

1 0,
0U, +U,0,U, :—aiP+R—eazui e
a.U, =0.
ypaBHeHVle A14a NIAOTHOCTU .
Ao« 1
0.0+U 0. p+U - 0°
P TECIP T dz RePr P

NcxogHbIv npodounsib NAOTHOCTMW:

P (2) =1+ 05[1-tanh 2(z - 2,)]



OcHoBHble napamMeTpbl DNS

U.D
Uucno PeliHonbaca Re = T/ -
U
Fr=——
Uncno dpyaa N, D,

DNS BbinonHanocb npyn 0 < Fr<9 and Re =400



OnucaHue YucrieHHoOro Metoaga

NHTerpnpoBaHne OCHOBHbIX ypaBHEHNN NPOBOAUTCA HA paBHOMEPHOM
ceTke paamepom 200 x 200 x 200 ¢ warom 0.15 no kaxgown KoopanHaTte
n warom no spemeHn 0.015. Ha BOKOBbIX 1 BEPXHEN rpaHULax CTaBUTCA
rpaHn4Hoe ycnosne HervmaHa no Bcem koopanHatam. Ha HmxXHen
rpaHuue (npu z=0) cTaBUTCS rpaHNYHOE YCrnoBMe ANA CKOPOCTU B BUAE:

U iID (X y,t) = exp(— 4(X2 i yz))(é-iz +U ; (X, y,t))

npu amnnutyge dnykryaumin 0.001. B HayanbHbIN MOMEHT BpEMEHU
[Tonis ckopoCcTn U NNOTHOCTWU nonaranucb pasHbiMyn 0. AgnabaTnyecku
«BKMOYanoch» rpaHN4YHoE ycrioBue Ansd CKOpoCTU. YCTaHOBMEHWE CTa-
TUCTUYECKU CTaLMOHaAPHOro Te4eHus nponcxoguno nput > 120.
[anee BblMMCNEHNA NPOBOAMNUCL HA NHTEpPBAre BpEMEHW, BKMOYalo-
lwem 5-6 nepnoaoB BHYTPEHHUX BOJTH, reHEPUPYEMbIX B MUKHOKITUHE.
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Fr=7.0
a = 0.001
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U3onukHMYeckasi NOBEPXHOCTb Zp (X,y)— 2z, npn p =15

Fr=4
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CneKkTpbl oCUMNNALUNA N3ONMUKHUYECKON NOBEPXHOCTU B 0OnacTu
BepXyLwWKu ¢poHTaHa U BHYTPEHHUX BOJSIH B NMMKHOKIIMHE HAa PAaCCTOSHUM
10 6e3pa3mMepHbIX eaAUHUL OT LeHTpa (poHTaHa
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3aBucuMOCTH OT Fr BbICOTbI POHTaHA Zm

OUCNEPCUUN U HYAaCTOThl OCLUNNSALNA BepXyLKn poHTaHa Az n QZ

AMMnMTyAbl BHYTPEHHUX BOJIH IOIW
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BbicoTa TypbyneHTHOro choHTaHa Turner (1966) Zrt,n ~ Fr

BbicoTa namMmHapHoro ¢oHTaHa Zrln ~U* /(DgAp/ p) ~ Fr?

3/2
BbicoTa HecTaumoHapHoro ¢ontana £, ~ Fr

1/2
Annpokcumaums ans gucnepcun A = (Z—V(Fr —Fr, )j

a

AcumnToTvka ans yactotel 2, ~ DAL /(U %) ~ Fr™



KoHKypeHUuna moa konebaHun ocuunnumpyroLlero
doHTaHa

[MpeactaBm None CKOPOCTU OCUMUIIMPYIOLLErO POHTaHa Npy Marown HagKpu-
TUYHOCTW B BUAE CyMMbIl CTALMOHAPHOIO peLUeHNs 1 ABYX MOZ KonebaHuiA:

U, (X, ¥,2,t) = AU, (% ,2) + Re{A (DU, (X, ¥, 2) + A (DU 5 (X, ¥, 2)f
O TR
AL 1) = AL (Bt expl-ia,,t)
B, = yl,Z(Fr — Frl,z)

Bynaem nonarate  Fr, < Fr,

B cnyyae manoi HagKpUTUYHOCTW NPEANONIOXKUM TakKe

5‘41,2 >> 151,2 A ‘C‘J_L — wz‘ >> /81,2



KoHKypeHUuna moa konebaHun ocuunnumpyroLlero
doHTaHa

C y4eToOM HENMHENHOrO CaMOBO34ENCTBNA U B3aUMOLENCTBUA MO/,
yCpenHeHHasa no «ObICTPbIM» OCUMNNALNAM CUCTEMA YPaBHEHNU
Ana amnanTyn moa UMeeT BUA;

AL~y e - FrolAf - aal /Al
d|A,|° 2 : 2IA |2
%:WZ(H—FQ)\AA _az‘Az‘ _rz‘Ai‘ ‘AZ‘

BbinonHum 3aMeEHY NnepemMeHHbIX.

2
\Al\z _ A4 (Fr - Fr)m, ‘AZ‘Z _h (Fr — Frl)m
a, a,

BBeagem «mepaneHHoe» spems: I = 2y1(Fr — Fl’l)t



KoHKypeHUuna moa konebaHun ocuunnumpyroLlero
doHTaHa

CucTtema ypaBHEHWUIA ANs aMnnnuTyd MOA:

ml_ml m; —Rmm,

dr
dm, _ 2
dar um, —m; —R,mm,
r
roe R1,2 =TI, /02’1 N BBEAEH HOBbLIA «yNPaBNAKOLLNA» NapamMeTp:
e yz(Fr - Frz)
yl(Fr - Fr1)

—0 < U<V, |y, npu Fr, < Fr <o



PeweHuna gns amMmninnTtya mon
(m_u mz) = (O, O) - CTaUMoHapHbIN OHTaH, HeycTonumso npu Fr > Fr,
(m,m,)=(1,0) - revepupyetcs 15 mopa, ycroiumeo npn U <R,

(ml, mz) = (O, ,u) - FeHepupyeTca 29 moaa, yctonumeo npu H >1/ Ri

(1R uR
)= [E

ycroiume npn - RR, <1 («cnabas» cBs3b MOA)

j -0BYXMOAOBbIN PEXUM

Bcnysae RR, >1 («CUITbHOW» CBA3U MOJ) ABYXMOAOBbIN PEXNM

HeycTonume, unpu 1/ R <4 <R, peleHue GuctabunbHo



PeweHua ona amnnutya Moz

A

Fr
Fr, =Fr(u=1/R)




CpaBHeHue C pe3ynbTatamMm
YUCIeHHOro MmoaenupoBaHus
(cumBOnbI)

e A, = (A +[a0)"

1.2 —

Noom ezous
0.8 a, a,

| Fr,.=36 Fr,=48
0.4 —

R=2 R,=047




3akJII0YeHHue

[lpn goctatovyHo OGonbwunx yncnax dpyna (Fr)

dooHTaH coBepLUaeT aBToKonebaHus,
conpoBoXaawLlmecs reHepaumen BHYTPEHHUX
BOJSIH B MNUKHOKNMHe. MoXHO pasnuyatb ABe
MoObl aBToOKonebaHun. YYactotra ocuunnauunin
dooHTaHa MOHOTOHHO YMEHbLUAeTCcs C poCcToM Fr
N coBnagaeT C 4YacTOTOW BHYTPEHHUX BOJIH.
3aBUCUMOCTb aMnnnTyabl ocLUUNNALNUN
dooHTaHa XOpoLlO corfnacyetcd C pelleHnem
TEeopeTU4eCcKon Moaenn KOHKYpeHUun AByX mMoA
B PEXNME MArKOro caMmoBo30yXOeHUS.






