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BBenenue

Ucnapenue jexanen Kanjim —
U3BECTHAS 321242 KJIACCUYECKON (PUBUKU

HoBble acriekTsl BOIpoca :

* CylecrBeHHasi HEOAHOPOAHOCTh JJOKAJbLHOU CKOPOCTH
HCIAPEHUS JiexKallel Kajiu BA0JIb ee MOBEPXHOCTH.
OC00eHHOCTH CKOPOCTH UCITAPEHUs BOJU3U KOHTAKTHOM
JIMHUU B pesKUMe MUHHUHIA.

 Hajimuyue BbIpaKeHHON KOHBeKIUUA MapaHIroHu B
ucnapsomencsa Kamie. Poab cuin Mapanronu B

ruApoAMHAMMKE KA. Buxpu B ucnapsiromencs
KarnJie.

 IIporpecc B 3KCIePUMEHTAJIBHBIX HCCAEI0BAHUAX
1 NPUKJIAAHbIE ACTIEKTHI 3212491






I{enb paOOTHI:

CoBMecTHOE onucanue aud@ys3uu mapa,
OWHAMUKM KUJIKOCTH U IIPOCTPAHCTBEHHOT'O
pacIpeaeiiCHUsl TEMIIEPaTypPhl B UCIIAPSAIOIICHCS
JIeXKAYEH Karlie.

Y4eT KOHBEKTUBHBIX CIIaracMbIX U
HECTAIHOHAPHOCTH B YPABHCHUSIX.



The Marangoni Convection

« Convective flows with
hexagonal patterns in a
flat fluid film

M, =

92 (cy AT)h
vk

Pearson, J. Fluid Mech., 4 (1958) 489



IIpumenenune kpurepusa MapaHrosnu
U1 KarlIu

M, =~ 2800 R, ~ 62

TypOyneHTHOCTM HeT, 3KCnepuMeHTarbHo (Ans Kanenb BoAbl)
TypbyneHTHOCTbL BO3HMKaET npn Ma>22000

A~ 0.03cm

KOHKypeHLI,I/IFl KOHBEKL MK 3a CYET nJaByvyecTtun n cun MapaHFOHI/IZ

B = pgh?B/(7.14 85 /0T) ~ 0.02 < 1 [Pearson,1958]

B - KOO (PULIMEHT TEMNOBOIO pacLUNpPEHUd,



Street of near-surface vortices. t=0.16 s
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Sessile drop shape

The Laplace equation:
ko + pgz = const
k + i—{ = const

For drop with rotational symmetry, we have:

Capillary constant
for toluene:

— 20
a—,/pg~0.260m

z=f(w,y) = Z=f(')‘)

k= —-Tr(GlQ) = ®)
_ 2fzfyfoy _fww(1+f5) _fy”(1+f§) = (2)
= 1+ f2 + f2)3/2 -
_ f f (3)

T+ 727 * 11+ )72

G,F — matrixes of first and second quadratic forms of the surface.



Effects of gravitational force
B, = 9270 (.4

20 sinf

J, g/(s cm"2)
Contrary to the total

evaporation rate,

the local evaporation
rate is not described
well with the spherical
cap approximation.
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The curvature of the sessile drop varies along the surface in about 1.5 times



Ry =r1/sing

1 i — 2
o (& +%22) =2 - pg2

Unknowns: r =1(s), z=2(s)

Az =L
- 2z z
Ry a? ?)
2z z
Ry a? F)
2(0) =0,
R2 'I"(O) = 1’




I panu4HBIC YCIIOBUA HAa OBEPXHOCTH KaIlJIH

YpaBHeHue Jlannaca Ha NoBepxXHOCTM Kannun B o0OLwem cny4vae

1 1 _ ov; Ov Oo
(P_pv_a<R1+R2)>nz_n<awk+6wi)nk_6w,;. (1)

30ecb pv -- aTMocepHoe gaeneHue, P -- nonHoe
rmapoanHamMmmyeckoe gaBrieHne Ha NOBEPXHOCTU Kansu.

Mpoekummn (1) Ha TaHreHUManbHOe N HopMarbHOE HanpaBneHne K MoBEPXHOCTU

COOTBETCTBEHHO:
do (Bv,- d¢)
= N — V7 ’

on ds

o 1 + 1 + 2 %
R1 R2 na'n'

)
|

S
|



[Mpoekunsa ypaBHeHUs1 HaBbe-CToOKCca Ha TaHreHUnanbHOe HanpaBneHue K
MOBEPXHOCTH:

o S K0 N Ovn Oy e
or p<8t+vfar +v"(37' +’Y))+77 on 1 7]'

30ecb

_Ov, Ov, Ovr Ouy dy
7_ +v1'd1_’

8z Or On Or

rpaHI/ILIHbIM ycnosuem Arid 3aBUXPEHHOCTU ABJIAETCA

rot v = vy(r, 2)i,.

— ldo
7_55 +2vf%°

(e NOBEPXHOCTHOE HaTShXKEHUEe ¢ 3aBUCUT OT MOMOXEHWUSA Ha NOBEPXHOCTU

Kannum BMecTe C TeMrneparypou.



IToBEepXHOCTHOE HATS)KEHUE U TEMIIEpaTypa

o(T) =09 — /(T — To)

oo = o(Tp) = 28.3049 g/sec?
o' = 0.11867 g/sec?

293.57

293.86

294.14




The mass and surface area:
M =mp [|™* 5(s)z%(s)ds

S = [,™* 2nz(s)ds

Evaporation:
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MoaenupoBaHue UCHapEHUA KaIlIu

gti‘ = DAu

YacTo ncnonbaytoT npubnmxeHne Ay = (0, MOTMBMPYA TEM, 4TO
t = R?/D <K toyqp. Ha camom fiene penakcaunsi k paBHOBECHIO

[TponcxoanT o4eHb MeaSIEHHO (oc 1/\/{3), OTKITOHEHUA OT

CTauMOHapPHOCTMN OKasbIBaOTCHA 3aMETHbI U Ja)e B KOHLEe npoLlecca
ncnapeHuns npesbiwaroT 1%.



J(r,t) = J(r,00) (1 + ﬂo—)
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Nonstationary evaporation for fixed
surface for sessile and spherical surfaces
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AHAJIMTUYECKOE PEIICHUE

Vcnonbays npubnmwkenne  Au =0 , a Takke npubnmkeHe NoBEpXHOCTY
Kannu, 6rn3kon K NOBEPXHOCTU cdrepbl, Mosb3ysacb hopMynamm

Deegan et. al. (Phys.ReVv.E 62 (2000), 756)

Lebedev N.N. (Special Functions and their applications, NJ, 1965)

MOXXHO HaUTWN

u(at, B) = oo+ (Us—Uoo)4/2(cha — cos ) f0°° c"ll:i: chf:ﬁ) —P_j /2+ir(cha)dr.

Rsin 8
cosha—cosf°*

Rsinh o
cosh a—cos 3?

r= o

J(£,0) = |DVu| = B2e (28 4 /2(z(¢,0) + cos 0)3/2x
X [5 SSROT - tanh(m — 0)TP_1 /a4ir(2(€,0))dr).

0 coshnr

1
e ! (s+?),  |im £(¢,0)dt

= 27 R? :
dt 0 /1—&2sin?0




dm/dt, mg/s

CpaBHeHMe ¢ 3KCNepuMeEHTOM
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9. (AY)

a, (AY)

B 3.5 min

Xiao-Min Lin et al. ucnoab3oBajin paccessHue
My4YKA PEHTT€HOBCKHMX YACTHIL HA MaJible YIJIbI,
4YTOOBbI NIOKA3aTh, YTO HAHOKPHUCTAJLJIIBI 00pa3yrOTCH

Ha BerHEﬁ IIOBCPXHOCTH KAILJIN
Narayanan, Wang, Lin, PRL 93, 135503 (2004).

a)
Superlattice domain

Gold Nanocrystal
Colloidal Droplet

X-ray beam

X-ray beam
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I ' mapoauHaMuKa U Temjionepegaya

du 1
§+(uV)u+;-gradp = v-Au (1)
diva = 0 (2)
"’%Jruv:r = KAT (3)

[MpumeHsa onepartop rot k (1), nonyyaem

%u + (uV)u — (u- V)u = vAu.

24(r,z) + (uV)y(r,z) = v (A'Y (r,2) — ﬂgﬁ) ’

where (7, z) = aa';" — aa':?;




a_ - ’I"U;r
Beoaoutcsa pyHKUMA TOKa ")b Takas 4Yto 3"7)
a - _ruz
or
Toraa aBTOMaTN4ECKM BBINOMNHAETCS ycnosne . [r + Qu,. /Or + Ou, /02 = 0
A =ry —2u,.
A =29 _ 1 Bur _ Bug) _
Ap=5% - 181 58 =r(Gr—3)=rv.
PasHOCTHbIe (hOpMYyTbI: Ugijt1/2 = "p"’jj‘; ; Vi,j
99 Z . y
W _ Yir1,i41 — Vv
_ %ij —Yig
Uy itl/2,f = -
’ ’ (i+1/2)h2

Vi j+1 — Vit1,j+1
Uy i+1/2,j+1 = (i +1/2)h2




1. Andpdpy3na napa B NPOCTPaAHCTBE BHE KAanNau

ou
 — pAw (1)
Ot

[PaHUYHbIE YCNOBUS: HA MOBEPXHOCTU Kanan u = wusg,

BAANW OT KanNnan v = 0, Ha oCax r = 0 N z = 0 nmMmeem
Ou/0r =0 n Ou/0z = O COOTBETCTBEHHO.

CeTo4YHblii MeTo4: HesaBHas cxema, HepaBHOMeEpHas pe-
LIeTKa, U3MEeHSAeMblii War no BpPeMeHu, MHTepnonsyuuns
BEJIMYMH HA rpaHuue Kanau.

5. BblyncneHme mMmaccbl ncnapmBLerocss 3a Manbli Npo-
MEXXYTOK BpeMeHn napa n obHOBNEHNE KPUBOI NOBEPX-
HOCTU Kanau



2. BblyucneHmne 1 1 CKOpPOCTENW u BHYTPU KaNu

<, _ 0% 10y | 9%

JANT) 2 or + 9,2 ry(r, 2) (1)
oY/0z = ru, (2)
op/or = —ru, (3)

[ paHU4YHbIe ycnoBua: 3 = 0 Ha BCEX rpaHuuax: Ha NOBEPXHOCTMU
Kanam m Ha ocax r =0 n z = 0.

CeTOYHbIW MeToa: HesiBHasA cxema, paBHOMEpHas pelleTka, rpa-
HUYHAA MHTEepnoNauns Ha NOBEPXHOCTW.



3. Bblunucnenmne v BHyTPU Kanau

0

o7t (uV)y =v (Av — :—2) (1)

[(paHu4Hble ycnoBusa: v = 0 npn r = 0; v = Ou,/0z
npu z = 0; v = 9o /(nd7) + 2u-(9¢)/(d7) Ha nosBepx-
HOCTW Kanawu, rae Odo/0r = —o'0T /0T — NpPon3BOAHAaS
NOBEPXHOCTHOIrO HATSIXXEHUSA BAOJNIb MOBEPXHOCTU Kan-
JIN; NOBEPXHOCTHOE HATSXXEHME o HA NOBEPXHOCTU Kan-
N CBA3aHO C TemnepaTypon T° no 3KCNepUMMeHTaNb-
Hol dopmyne o(T) = o9 — o' (T — Tp); AN Tonyona
oo = o(Tp) = 28.3049 g/sec?, ¢/ = 0.11867 g/sec?.

CeTOoYHbIVi MeToAa: SABHAsA Cxema, paBHOMeEepHasa peLueT-
Ka, FPpaHN4YHasa MHTepnonaumsa Ha NOBEPXHOCTMN.



4. BbldyucneHue 1" BHYTPUN KaNau

T
0 FuVT = kAT (1)
Ot
[CpaHn4HblE ycnosua: 91T /0r = 0 npu r = O;
T = T npn z = 0; 9T/Oon = —Qo(r)/k =

—LJ(r)/k Ha noBepxHOCTU Kanaun, rae Qo(r)
— CKOPOCTb MOTEpU Tenna C €ANHUYHOIW NNOo-
LAAKN NOBEPXHOCTUM KAanan, KOTopasa HanaeHa
npy MOAENNPOBAHUN UCNAPEHUA, 1T — HOPMANb
K MOBEPXHOCTU KanNawu.

CeTOo4YHbli MeToa: ABHAs cxemMa, paBHOMeEpHas
peweTKa, rPaHNYHaAsA MHTEPNONALMA Ha NOBEPX:
HOCTW.
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N Ha paHHEN CTaann NcnapeHums.
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CKOPOCTU
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Pacnpenenenus npu t=0.5 ¢, t=30 c.

time = 0.5 sec. time = 30. 'see:
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Conclusions:

« An approach to study the evaporation and fluid dynamics of a sessile drop
of capillary size is developed, based on joint solution of diffusion equation for
vapor, thermal conduction and Navier-Stokes equations. Both convective
terms and explicit time dependence were taken into account in the
equations.

* The dynamics of Marangoni convection in the drop is obtained and studied
in detail. Several dynamical stages of the convection characterized by
different number of vortices in the drop, are found.

*A street of near-surface vortices on the early stage of the Marangoni
convection is obtained. Stability of dynamics with respect to perturbations of
initial conditions is identified.

* The experimental and simulation results for the time dependent

drop evaporation rate agree well. The calculated evolution of

the contact angle agrees with the results of [4].

* The time-dependent corrections to the stationary local evaporation rates
decay as 1/\/{5 with time and can be noticable

« Effects of deviations of the drop shape from a spherical cap are analyzed



