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(Cxema 3a/1a4¥ ¥ KJIIFOUYEBBIE MTAPAMETPbI

ITapaMeTpbI (KUAKOCTH: TITIOTHOCTb, BA3KOCTh, KOA(DPUIIMEHT MOBEPXHOCTHOTO HATSKCHMUS,
CKOPOCTb 3BYKa, JABJICHHE HACBIIIEHHOIO Napa...

IlapameTpsl ra3a: mioOTHOCTh, BA3KOCTh, CKOPOCTH 3BYKa...

YpaBHeHMsI COCTOSIHMS JIJTA )KUKOCTH U rasza

IHapameTtpsl Tesa: pasmep, Gpopma, CKOPOCTh ABUKEHHUSI, MACCa, )KECTKOCTh, IIIEPOXOBATOCTD,
CMa4uBa€MOCTb, [IOPUCTOCTb...
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Macmrad D [ O(0.1m)+O(10m)

* CIIEMMUHT Kopalinei,
* aBApUITHOE MMPUBOJHEHUE CAMOJIETOB H BEPTOJIETOB,
* IUIECKaHHMS KUJKOCTEN B TAHKEPAX U Ta30B0O3aX.....

HeneBbie GpyHKIMM: OLICHKA TUAPOAMHAMUYECKUX HATPY30K, YCKOPEHUMN, HAMIPSKEHUN U 1epopMarinit
B KOHCTPYKIUAX




Cxema TedueHHUs P yaape 3aTyIUICHHOTO Tea

Axis of symmetry

“...the motion produced by the impact of a flat-nosed body is identical only instantaneously with

that (in one half of) the flow field of a flat plate moving through an infinite fluid”
Batchelor G.K. (1967) Introduction to Fluid Mechanics. Cambridge University Press

Fs Fugita (1954),
Chuang (1966),
Verhagen (1967)

air cushion

B OTCYTCTBHE BO3IYXa COYIAPEHHE TENA C MOBEPXHOCTHIO KUAKOCTH IIPHBOTUIO O K JIABJICHHIO
nopagka p;c;V (water hummer pressure). 3T0 IaBleHHe He HaOmogaeTcd B 3KCIEpPHMEHTaX.

ILIOTHOCTBEO M BA3KOCTBIO BO3OYXA HENB3A MpeHeOpeys.
Birkhoff G. (1960) Hydrodynamics: a Study in Logic, Facts and Similitude. Princetone University

Press.



O1neHKa riApOANHAMUYECKUX HArPy30K

F=d(uV)/dt ruaponHamMu4ecKas Harpy3Ka

i IpUCOEIMHEHHAs Macca
, du dV
F=?
ab

rae b — niyOMHa NOTPYyKEHUsI HM)KHEW TOUKHU TeJla
10J1 CBOOOTHYIO MOBEPXHOCTh

V = db/di

Kak npaBuiio, paccMaTpuBawTCcH 1Ba
ciydas:

1) mageHre ¢ MOCTOSTHHOM CKOPOCTBIO

2) CKa4yOK CKOPOCTH MPU COyJAPEHUHU Tea,
HMMEIOIIEr0 MIOCKUM TOpeIl, CO CBOOOTHOM
ITOBEPXHOCTBHIO
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IKCNePUMEHTAIbLHASI YCTAHOBKA
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ﬁ:ﬂ . paaMyc KPMBH3HBI
d MOBEPXHOCTH JTHA:
| | R=130cm  BbIIyKIIOE AHO
R=130cm  Boramyroe mIHO

R= o0 IJIOCKOE JTHO

BricokockopocTHas kamepa: Motion Xtra HG-100K
yactota kajpoB ot 500 7o 5000 kagpoB B CEKYHIY



3aBUCUMOCTh CKOPOCTH OT BPEMEHU
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Bricora nagenust H=5cwm, iyOuHa XUJIKOCTH /1 = 6cm

3aK0H COXpaHEHUS UMITYJIbCA: MV_og=(M+ p)V,

OcCHOBHbIE IPUHIUIIBI:
CKadyoK CKOpPOCTH MOXKET OBITh MOJIYYEH M3 3aKOHA COXPAHEHUS UMITYJIbCa
Macmrab BpeMeH! 3aBUCHUT OT JeTajiei TCUCHHS.



IIprcoenuHeHHas Macca KaK (PyHKIUS TJTyOHHBI CI0s
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[IpunoxeHrue Kk CKUMOOPAUHTY

[Ipu yOuHe 2 ¢M 1 SKBUBAJICHTHOM
panuyce 30 cM, kodppureHT
MIPUCOETMHEHHON MACChI OKOJIO 6.6.
[IpucoeaunenHas macca ckuMOopa
nopsiaka 420 kr.
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Macmtad D [1 O(0.01mm)=+O(1mm)

CTpYHHBIE IPUHTEPHI (UEPHUIIA, PACILIABEI METAILIIOB),
HAHECEHHE a3PO30JIbHBIX NOKPBITHH,
KpUMHUHATUCTHYECKAs HKCIIEPTH3A,

o0JIe/IcHeHNE CaMOJIETOB, BEPTOJIETOB, KOpaOJIeii.....

IeseBble GyHKIUM: MCCIIEIOBAHNE HOBBIX (PU3HUECKUX
MEXaHU3MOB, ONITUMHU3AIUA TEXHOJIOTHUYECKUX
MPOIIECCOB, MOBBIIIEHUE KAYECTBA OKPBITHI. ...

Glass plate

Camera Mirror

[lagenue kammm
Ha CYXYI0 OBEPXHOCTh

A Satellite
- # drop

-

ITanenue xarmm
Ha TOHKHUU CJION KUIKOCTH



Macmrad D [ O(lcm). Pons cMaunBaeMOCTH.

C. Duez, C. Ybert, C. Clanet, L. Bocquet (2007) “Making splash with water repellency” Nature Physics. V. 3

Agure 3 Detailed chronophotography of impacting spheres with two different wettabilities at the same impact velocity U/ = 5ms™". a, Hydrophilic sphere (1.4, 2.2
and 3.9 ms after initial impact). b, Hydrophobic sphere (1.5, 2.4 and 4.0 ms after initial impact). For the hydrophilic sphere, the considered impact velocity is below the
threshold for air entrainment: the ascending film is shown to follow the sphere and gather at the pole. For the hydrophobic sphere, the impact velocity is above the threshold
for air entrainment: the ascending film detaches from the sphere, thereby creating a cavity during the impact. ¢, Left: Diagram of the impact geometry; right: magnification of
the triple-line region. &, is the dynamic contact angle, which is larger than the static contact angle &, for a moving triple line (with velocity v). The threshold velocity is

reached as the contact line is no longer stable, which occurs as 6, — 180°.
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Flgure 2 Threshold velocity U* for air entrainment as a function of (advancing)
static contact angle 8, of the impacting body. The dashed lines are the theoretical
predictions based on relations (1) and (2). The shaded area is the splash domain.
The different symbols correspond to different bead diameters—square: 23.4 mm
(glass); down-triangle: 20 mm (aluminiumy; circle: 15 mm (glass, steel); up-triangle:
7 mim (aluminium, steei). The beads are covered with various coatings to modify
their wettability (see the Methods section). To focus on wettability as the only
surface parameter, only smooth objects have been considered in the presant study
(see the Methods section). Inset: Dependence of the threshold velocity for a wetting
glass sphere (25.4 mm) on the ratio 1,4,/ 1t, . We used various liquids to explore this
dependence: water, isopropanol, ethanol and a water—glycerol mixture (20 wt% of
glycerol). For these fluids, the contact angle on the sphere surface was always
below 10°. The dashed line is a linear prediction U = £y, o, (with £ ~0.1).



Macmtad D [1 O(Icm). CxonbIBaHHE BO3YITHON KaBEPHHI.
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Liquid Impact” Phys. Rev. Lett. 104, 024501
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Macmtad D [1 O(0.1mm)+O(Imm)

E.Q. Li, S.T. Thoroddsen (2015) “Time-resolved imaging of a compressible air disk under a drop impacting on a solid
surface” J. Flluid Mech. 780. 636-648.

@ “’;l ﬂlugm ! i

. Droplet

o Glass slide

2]
i Half Kirana
Lo mirror camera

Long-distance
Light 2 microscope

C. Josserand and S.T. Thoroddsen (2016) “Drop Impact on a
Solid Surface” Annual Rev. Fluid Mech., 48, 365-391:

r(pm)

Sigurdur Thoroddsen:
“With 50-ns laser pulses for each video frame, s u_r orodasen
H index=32

interferometry can be realized at 5 Mfps to obtain
the time-resolved evolution of the air-layer profile
for higher impact velocities”

>3700 uuTUpOBaHUI

126 xanpos pa3pemenneM 800x600 mpu CkOpoCTH
ChEMKHM 7 MJIH. KaIpOB B CEKYH]LY.




3axBaT BO3qyXa

TopusonTansHeiit pasmep obnactu ~ v2RH
Hasnenne B razosoit npocnoiixe ~ P = u VR/H 2

BeprukansHas cuna ~ jigVR/H?(2RH)
«[TpucoennHennas macca» yexkopsemoii xuaxoctu~ p;(VZRH)?
p(VZRR)'V _ pu(VZRA)'v?

T H

BeprukanbHas cuna ~

2/3
CKeHIMHT 478 TOMUMHE! BO3AYIIHOA npocnoiiku: H*~R (ﬁg;) = RSt?/3

2/3
CkeitnuHr ana pagmyca obnactu: L*~ (pﬁ:;) R1/3



3axBaT BO3QyXa

air pocket

IIpo0JieMbI ¢ H3MEepEeHUAMH

H;ncomp (pm)

1% 107 O
- OPMHPOBAHKE BO3AYIITHOTO
. KapMaHa 1 €ro CXJIOMbIBAHUE
Mani et al. (JFM 2010)

Thoroddsen et al. (JFM 2003)



Coynapenue chepbl co CBOOOIHOMN MOBEPXHOCTHIO

air pocket

Smith, Li & Wu (JFM 2003), Korobkin, Ellis & Smith (JFM 2008),
Hicks & Purvis (JFM 2010), Hicks & Purvis (Phys. Fluids 2011)
Mani, Mandre & Brenner (JFM 2010)
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IKCNEPUMEHTAJIbHAN YCTAHOBKA




3axBaT BO31yXa
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OrneHka Ha4aJabHOTO pajinyca BO3AYIIHOW MPOCIIOVMKHA ITPH TTaJCHUN
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HOTepH OCCCUMMETPUYHOCTH ITPHA MAJIBIX CKOPOCTHAX IBHKCHUA




IHouemy BSI3KOCTHO-MHEPUMOHHBIA CKEWJIMHI [J TOPU30HTAJIBHOIO pa3Mepa 3aXBauyeHHOM

DnQTlVllll.lnﬁ nﬁ"ﬁl‘T" TTNUAUMOAHUM R NAMUAMAY TTNA ICOTONLIY RITAAHUUL CATAMALCMACTIA T'A29 TN TTANCH N
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CKa3bIBATHCHA CYIIECTBEHHBbIM 00pa3oM? BhINOJHAETCA JIM TO JKe caMoe JIJIsl CKEHJIMHIa TOJIINHbI
BO3AYIIHOIO CJI0s1 M 00beMa?

IIpouece B raze M30TepMUYECKHUI:

Mandre, S., Mani, M. & Brenner, M. P. 2009 Precursors to splashing of liquid droplets on a

solid surface // Phys. Rev. Lett. 102 (13), 134502.

IIpouecc B rase axuadaTu4eCcCKuii:

Mani, M., Mandre, S. & Brenner, M. P. 2010 Events before droplet splashing on a solid surface // J.
Fluid Mech. 647, 163—185.

P
T RV p} g

ITapameTp cxxuMaeMoCTH st citydas aguabarudeckoro ckatus rasza (Mandre et al, PRL 2009).
BiusiHME 5TOTO NTapaMeTpa cKa3sIBaeTcs Ipy €+ > 5,

1

B Hicks et al (2012) nmapamerp €™+ Bapeuposaics ot 0.01 xo 10



YTOYHEHHAs MOJeJIb ¢ yu4eToM TepMoaud Py3nmn, BA3KON JUCCUTIALIUN,
M3MeHeHHsl BSI3KOCTH MPU M3MEHEHUH TeMIlepaTyphl:

Hicks P.D. , Purvis R. 2013. “Liquid-solid impacts with compressible gas
cushioning”// J. Fluid Mech. 735. 120-149.
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YTOo4HEeHHAsl MOJeJb ¢ Y4eTOM TepMoau(Ppy3nu, BA3ZKOH TUCCUIIALMH,
M3MEHEeHNsl BA3KOCTH MPH W3MEHCHHH TeMIIePaTyphbi:

Hicks P.D. , Purvis R. 2013. “Liquid-solid impacts with compressible gas
cushioning”// J. Fluid Mech. 735. 120-149.

(a) S ' (b)y 7
Peg =75
4 Adiabatic -
Isothermal S
=%
7] e
Z
on
. it
[(a
(d)
S
(=3
B
=
U
A

X direction X direction



A v g
(a) 200

(b) 2
===Theory | 1

u, (ms~")
=

P(Pa) 1}

1 1 1 1
0 002 004 006 008 0.0
r (mm)

0 0.02 0.04 0.06 0.08 0.10
r (mm)

Inertial gas flow in the thin-gap limit. Theoretical prediction
(red dashed line) and BI gas flow simulation result (blue solid line) of the velocity (a)

and pressure (b) profiles within the gas: R=1 mm, U=5 m s~', h;=/hy= 100 nm (thus,
hg/R = 107%).

ITpumep xapakTepHON BEIWYUHBI PAAUAIBHON CKOPOCTHU ra3a B pacyeTax

Bouwhuis W., Hendrix M.H.W., van der Meer D., Snoeijer J.H. Initial surface deformations during impact on a liquid pool
//'J. Fluid Mech. 2015. V. 771. P. 503-519.

C. Josserand and S.T. Thoroddsen (2016) “Drop Impact on a Solid Surface” Annual Rev. Fluid Mech.,
48, 365-391.
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IIpu KakuX mapaMeTpax HAYMHACT CKA3bIBATHCS BJIAMSAHNE KANMWLISAPHBIX 3P dexToB?

CKEWIHMHT JU1s1 TONIIUHBI BO3YIITHOW MPOCIOWKH MPU BEAYIIEH POJIM UHEPLIUU KUIKOCTH

8q~RSt=2/3
CKeWIHMHT JIJ1s1 TOJIIMHBI BO3YIIIHOW MPOCIONKH MPU BEAYLIEH POJIU KaMMIIIAPHBIX 3PHEKTOB
84~RCall?

7.3 . a7
D PEKTH CONOCTABUMBI TIPH V. ~ T]Z;Y"/ (Pz/ R4/7)

JIist kariy AuamMeTpoM 1MM 3Ta CKOPOCTh COOTBETCTBYET 7 CM/C.

Browhuis W., Hendrix M.H.W., D. van der Meer, Snoeijer J.H. “Initial surface deformations during
impact on a liquid pool” J. Fluid Mech. 2015. 771. 503-519.



IIpu kakux mapaMerpax BO3MOKHO MOABEIIMBAHNE KAIJIA HA BO3AYIIHOH MMPOCJIONKe
0€3 KOHTAKTA C MOBEPXHOCTHIO?

Kolinski J.M., Rubinstein S.M., Mandre M.P., Weitz D.A. (2012) “Skating on a film of air: drops
impacting on a surface”. Phys. Rev. Lett. 108. 074503.

Kolinski J.M., Mahadevan L., Rubinstein S.M. (2014) “Drops can bounce from perfectly
hydrophilic surfaces”. EPL. 108. 24001.

de Ruiter J., Lagraauw R., van den Ende D., Mudele F. (2015) “Wettability-independent bouncing
on flat surfaces mediated by thin air films” Nature Physics. 11. 48-53.

JI1s1 Kanuiu BOZIbI PEKUM «CKEUTHUHTa» BO3MOXKEH Mpu ckopocTu najenus V < 0.48m/c (We<4),
IIpY 3TOM MUHUMAJIbHAsI TOJIIIMHA MPOCIONKHU cocTaBisieT nmopsiaka 200Hm.

B 00JIbIIMHCTBE MHTEPECHBIX ISl IPAKTUKHU PEKUMOB CMaulBaHUE HEM30€KHO, MUHUMAaJIbHBIE
TOJIIIIMHBI BO3YITHOW MPOCIONKH UMEIOT MOPSAIOK MEHEE 3.5HM.

Driscoll M.M., Nagel S.R. (2011) “Ultrafast interference imaging of air in splashing dynamics”.
Phys. Rev. Lett. 107. 154502.



Ha kakux macmradax mepoxoBaToCTH aKTyaJIeH BONPOC 3aCeBa MOBEPXHOCTH TeJia

MUKPOMy3bIpbKaMu?

)
H L}
ide 5 ;
view 1 ; rop; \
' — i
i nm roughness .

i Isolated contact

BN
i Cominuousi

Air

[}
contact :
L} / '
% .

I

Top [solaled Continuous Bubblcs
view  contact contact

HEIEL

Li E.Q., Vakarelsky I.U., Thoroddsen S.T. “Probing the nanoscale: the
first contact of an impacting drop” J. Fluid Mech. 785. R2.

ITpu mepoxoBaroctu nopsijika 10 HM BOZHUKAIOT MUKPOITY3bIPbKHU
BO3/lyXa B 30HE HAYaJIbHOTO KOJIIIEBOTO KOHTAKTA.

[1y3bIpbKH OTCYTCTBYIOT TOJIKO B CIydae MOBEPXHOCTH, KOTOpas
SBIISIETCS TJIAJKOM HA MOJIEKYJISIPHOM YPOBHE.



Macmradb D [J O(lcm). Pukomer.

Kurt Steiner
(pexopa 2013 roga 88 «OMMHIUKOBY
Pexopnnoe paccrosgaue okoso 120m
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Clanet C., Hersen F., Bocquet L. Secrets of successful stone-skipping // Nature. 2004. V. 2004. P. 29



JIBH>KEHHE Tela K CBOOOIHON MOBEPXHOCTU MEJIKOM JKUJIKOCTH

E projector

spherical
lens d v
(zero dioptre)
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high-speed camera
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JIBM>KeHME Teaa K CBOOOIHON MOBEPXHOCTU MEJIKOM JKUJIKOCTH:
CKOPOCTh OOpa

E projector

spherical

lens d v
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CoyaapeHue BBITYKJIOTO TeJa C INIOCKUM JTHOM

bubble(s) bottom

Brenner (1961) The slow motion of a sphere through a viscous fluid towards a plane surface //
Chem. Engng. Sci. V. 16, 242

Starovoitov V.N. (2004) Behavior of a rigid body in an incompressible viscous fluid near a
boundary. In: Free boundary problems (Trento 2002), Intern. Ser. Numer. Math. Birkhauser,
Basel, 2004, V. 147. 313-327.

Balmforth et al (JFM 2010)



Kapuranus npu COymapeHuu ¢ JTHOM

Bricora maneans H=8cwm

bubble(s) bottom

R =30cMm




BoInykJabId TUCK
COyJIapEHUE C IHOM JIOTKA




3aBUCUMOCTh CKOPOCTH OT BpEMEHU
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[TonbITKY IPEOJ0AETh «I1apaJOKC HEPA3ZPHIBHOCTH

*KOHCYHAA MICPOXOBATOCTHb IIOBCPXHOCTHU

*CBOMCTBA HUJIKOCTH B 30HE KOHTaKTa (CKUMAEMOCTh, 3aBUCUMOCTh BSI3KOCTH OT JaBJICHMUS,
HEHBIOTOHOBCKHE A(DPEKThI, CMAYMBAEMOCTh TOBEPXHOCTH )

s iepopmMupyemMoe Tea0 Iu00 JHO JTOTKA

°0TKAa3 0T HEPA3PBIBHOCTHU, UCITIOJIbB30BAHUC YTOYHCHHOT'0O KPUTECPUA HAYAJIA KABUTAIIUHA

A. N. Prokunin, “The effects of atmospheric pressure, air concentration in the fluid, and the surface
roughness on the solid-sphere motion along a wall,” Phys. Fluids 19, 113601 (2007)

KpnTepnn HavdaJia KaBUTalluu:
Joseph D.D. (JFM 1998, V. 366, P. 367-378)

Seddon J.R.T., Kok M.P., Linnartz E.C., Lohse D. (2012) Bubble puzzles in liquid squeeze:
cavitation during compression. EPL 97, 24004



Bo3MOXHOCTH KABMTAIIMM B CIBUTOBOM TedeHUuHu?

Hence, we investigate the tension of the liquid during
pressurisation of the squeeze film between a sphere and
boundary. The tension, T, can be written as the sum of the
pressure and the shear stress, S, namely T = —pI + S [16].
The largest element of the shear-stress tensor is 511, and
the effect of shear stress is always to try to tear the fluid
apart, regardless of the direction of the flow —if the liquid
can be “broken” through shear in one direction, changing
the direction of the shear should equally break the liquid
but with the vapour cavities opening up in the opposite
direction. This is different to the effects of pressure, which
are reversible due to flow reversibility such that pressurisa-
tion occurs during sphere-boundary approach and depres-
surisation occurs during sphere-boundary separation.

We can now specify the new formal requirement for the
inception of vapour cavitation as p—|S;,| < p,, where p,
is the vapour pressure of the liquid [16]. Thus, although
the pressure of a system can be very large, cavitation can
occur provided that the shear stress is also very large,
as it always acts to oppose the effects of pressurisation
in the squeeze film.
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F1cURE 9. Tracings from photographs of drops in shear flow showing change in
shape with increasing values of shear 4 up to breakup. Cases (a), (b), and (c) are for A
=2X10"% 1.0, and 0.7 respectively. Case (d), for which no breakup was observed, is
for A =6.0. After Rumscheidt & Mason (1961).

Cox & Mason (Annu. Rev. Fluid Mech., 1971)
G.I. Taylor (Proc. Roy. Soc. A. 1932, 1934)
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Fig. 2: (Colour on-line) Non-dimensionalised pressure (a), magnitude of the shear stress (b), and their difference (¢) for the
liquid in the lubricating layer between a falling sphere and solid boundary. We only plot the positive part of their difference in
(), such that eoloured regions correspond to areas where the shear stress dominates over the pressure. {d), (e), and (f) are the
respective parameters for the lubricating liquid between a Hat diek and boundary.

HesichocTu B moaxoae Seddon et al (2012):

1) mocTosiHHAsI CKOPOCTH JBUKEHUSI, OTCYTCTBHE CBSI3M C MHEPIIMOHHBIMU () (PeKTamMu BO BHEITHEM
MTOTOKE

2) mpeamnosioKeHHE O JOKadbHOU Aedopmaliuu ctaibHOU cdepsl (B nyxe Teopuu ['epma) npu
OTCYTCTBHH YyU€Ta CKUMAEMOCTH KUIKOCTH

3) B cayyae npubnuxeHus MIOCKOToO JUCKA K JHY Mbl He HaOII0MaeM KaBUTaAIlUU, CKOPOCTh
ACUMIITOTUYECKHU CTPEMUTCS K HYJIO MpU NMPUOTMHKEHUH K JIHY JOTKa



Cxema TeueHus

JlokanbHO cepruyecKoe Teo

virtually inviscid viscous + compressible

NueprimonHbie 3PEKThHI: MPUCOETUHEHHAS Macca

Coy(B)=1+W.(h*)
W,(h*)=3/8h*>

Knaccuka: Lamb, Milne-Thomson....

Cnyuaii manoro 3a3opa (Yang, Phys. Fluids 2010, 22, 123303):

Psg(h*), 1.0=h"<hj, hi=1.0618
W.(h*)=\B(h"), hi=h"<h,

$—
W), b = b $=1.1287

B(h*) =—26.8008h* +94.0442h*% — 110.95h*
+44.2738.






