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Dutch school

1908
1913
(Kamerlingh Onnes

But no fundamental understanding of
nonequilibrium phase transition: T(r,t)

aircon)



Exp and theory of boiling in gintwo phase T<Tc

Boiling occurs at
extremely weak heating
near criticality

(Op/0T)p
~ (T-—T)" 1

CO2: Tc-T =1 K, bottom heating 0.1 K
under 19, Yoshiharaet al (JAXA)



New experiment Kawanami et al (Japan)

Heating from below with liquid and gas
Gastemperatureishomogeneous. T-Tc=0.1 K
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Ginzburg-Landau scheme is not appropriate
for iInhomogeneous T(r, t)

Start with entropy functional of

order parametrer i and energy density e
(micro-canonical)

S = [ dr[S(p.e) - CIV2/2)

gradient entropy

1 0S8 _
Definition of T 7 — 5o at fixed



One-component fluids:
Nn: number density, e: interna energy density

EntropyS = /dr[ns(nj 6) — C’\Vn\z/Z]

regular bulk) gradient
Internal energy o — /’ Iré
Internal energy
density e = e + K|Vn|?/2

regular bulk) gradient

Definition of T: 1/T — 55/(56
at fixed n



Equilibrium:maximize S at fixed

N = [drn and &
Then T=const. and

0S M
—T(—)2=u—-—TV  —Vn = const
((m)E 4 AL
M=0CT+ K

interface : u(n,T) — MV?n = piex

This was first derived by van der Waals.



van der Waals  (vg, € = const)

s = kBlﬂ[(€/ﬂ+ﬁ‘t}0ﬂ)d/2(1/voﬂ— 1)]+const.

e = dnkgT /2 — evgn”
p = nkgT/(1 —vgn) — evgn?

Stress tensor for K=0 ., ,
M;; = pd;; — CT[nV<n + (Vn) /2](‘5@'J

+CTV,nVn — 0;;

reversible stress + viscous stress (7,¢)



9 = _V(pv), (p=mn)

ot

0
P(E+V-V)V=—V'ﬂ—pgez

o V-(ep+TM)v

—e -_ . .

8tT 1

+VAVT — pgvz, (e = e + ,01;2/2)

StressIT contains gradient terms



Entropy production >0 If no heat from outside
—3 = /dr—[V AVT + Z%v 0]

Gradient terms are included



11 Adiabatic cooling from boundary
T=11T . toT,,=0. T.a <n>=n,

to = EQ/VO
¢ = interface
width

1500 _ 2000 _ 3200 _
Liquid wetting layer isa piston expanding interior




1-2
Early stage adiabatic expansion by sounds

Changes at cell center. Still no domainsin interior
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2 Soundsto a bubble

hanged
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2-1. Bubblein heat flow
t<0: gasdroplet at center,
T=0.875T . In equilibrium

t>0: T, ,,= 0.875T + AT

(heated), T,,, Isfixed

t=160 t=2100 t=68000




2-3. Bubbleisattracted to

heated wall. Apparent partial
wetting

Tyot/Tec is changed

from 0.875 to 0.945

Ttop/Tc = 0.875
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2-2. Apparent wetting in heat flow

(continued)
T,/T. = 0.875

T, /T =0.895 0.945 1.1

AT/Tc=0.225
Steady convection

. . Diffuse profile
with no gravity



2-4. Latent heat transport is suppressed
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5)\935

t heat

transport by flow along
A
A

IClen

)\Ilq —
Nu

for larger Thot

wetting layer, no gravity
Steady flow

(S
-
LLI
LO
(Q\

oo [ —
i ow m oo o g
id e m——— oy ou by
bl d ol da g g e i e o v, oy, . o e, . L L L -y A e
o .\l..-...l.-p._r._r-.r.t..l.lilllllf.rl.ll.llrlf
i llfraayyyanascsascsascssssam=smagy
il AR s i sanssasanaanss=s)
LI ] Mmoo s F YAV A A ARsR =g
L S e T I I R I R S R A O |
i e rrri
_“ e el L T e i |
] N, ._-r-._....r-_..-.__..r:l.lllll....llll.l.l._...l....“
] Fa s J..f. .-.-J_...rl-.l.l-.__.l_T.T|1+4pi.._-..-ll_l.1..11.\l.-..
.-- vl J...f..-....-r.r.ft.-...l.l.lll..ll..lllllr.--....l\.1.'. I
." Il | .J.J.Jfffjl'lllllllllll\.‘.t.ﬁhh
ﬂ we Pivammw mamam b P
L] N o A IER L —— o F F
s e Al Vanwm= - FF
LI f..r.,.[.—l-.l..\tt;.._.___..__..-_..r Frr
L e o
B r—— 4 - -
§m e -
LR Fommuy || | e TN
i lel...._.._-. I i i & e
.-m i # i am - h
[ P emwmwniy iy
.—F ‘1.‘1.“\1‘*‘----'--..".!.‘,;#
i A o . T YN
._-_..__ 3 e e L e T swwnhyiyly
il P Y L =wuuy
BER .\_.lq\..lllt-....._..f.._.._...-.._i._.dd...r.r.:.
TR e e L LR R R R A A I R N L
EEELLY \__\__.1\...1__.__:_:_._:_._.:...._.___
.--.-.fl.qt ﬁ.‘.l.--..‘_.-_!..-_..-_.-_ll.!llill.ll.-.l-
EEEELERY .._._.ll.t\.it.t.t_l \\\\\\\ o
Wy RE o fi“‘l“-‘---“l\“!h
TR R L LA ll!-..._..‘....ll.l..ﬁ_
EEEET T Y e
B R L L L L L I = g FF
e T




g
| S—
= -
= -
PR — L e - —
B P e o, e o p—
Bl F F T e e M, Y, T, Tt AT q O
L I S R B R R TR T T B S S, N N I Y pnl—
] T T T T A A R N I I Al o ¥ O
-H‘.p....r.r-..r.:..p-ri.-pl.l..ltl.l.l\...._1%.&.““\\.}} ._..I..-.r_ _u e 7
L T A R T | - " pp—
"Mff:..-.r,.rr.. iiiiiiiiiiii __H—.n ﬂ\ \a...-..f.-..,_z....”,_ Ll —
I L A =g vy J,..f_..f..rl...-li...._..v ] e J ——
-'..__r...r.-.r.r.-..i.ilr. lllllllll J#Hffrfr’:filllll.\\.
-'.._.....J....rr.lr.r.r.-p-.,f |||||||| W By R .\\_ | e— t
L T T T R r — .
R A O A o I I TN = - —g p—
N e m———— e w g “ — S ==
L e e e e e e et .J....Il.\;.&.h.-\.l\ —= e W
BR Ty e e e e T e e e R T e e e e e up._r......_.r.-.r._r—__\_tl..ll.f__-q‘\‘ V
R M R, L mo o o T TR T R Mmoo o me .-..f.r..rr_fruf./f.l.f...ll1\._-..‘.u- <> Vl:v
fR m o e e o e e R e R e e e e T T R st N e e
R e e e e B T e T T T !J...f......i-!:jr...l..ff.ff;f.fl:!.r\xh — L p
R L. T . L N S N i .r..f—r..er-r.f.r.l.t‘_aﬂ.r.._..._nr S -
P m R R M W % W R am aa B s o m F — O
4§ e o m o om R T W, M om o ar e g 2 -y g —
PR s e o e e T T e e T e e e o i T, B, By e _.-IL u
I I T e T e o ~ T | 'Y O d
.‘....l.||.:...-..r..-rl.l-..|4|.1.1.......\.\...-\- -.__-.-‘ - < >
.-__\_..,.._..-.ll.rr.-rurlrupurirlrll.-ll.\.-_..\_-.xk_.. e e .1;._..__.._
I A et L -, .h._:..\u.  — —+—
-‘.-\l.lilfi.i..f.-...-...-l.-lillllnt..._-....-_.._‘_..‘— t_.-‘..\l_‘ [ S
e il pv=rf AL T —v
B o — — e f ] A AN — O
P —— e LA NS = AN =D L
A et A S & B SOSEA R NN — ~J
—‘__..-_._._....I.I...Llnl.llr.lnlllll.ll.-lilll.\‘._.rfffurlrfj.._-rr.—r:lfff.lr: - =
_._.-._.__-..1_.1..1.-...-....-L.-Ii|..lnl.-|-l.r.-.rlr.-...a....f...—-f...-f.r.-r!}rf:rf.f:.f:..l.h’:. - — [ —
I T A A e e T R LT L L N N Y L | L J
I T T T T T B I T T T B R e e e S A T I B > O —
.....r..r..._.._;_.:_r.f......fr.....qh_._..\\_.-.Fl.lnlr..r..r.l-.rjllr.l.-.nl..._..q-u.\.-ﬁ — u
.r}.jpilrFJ.l.rlflfli.liulnrl-Ill..ll.sul.ll-.\I-ﬁL\‘.ll|.|r-.l.-.li.l.i.lu-|..-.llllllf.lun.l._.\-1‘
I Pt g - — = = = m mm | m IB
L mmmmm e e e = F T T T om T om om om om omomow om om om om F ——
=

09

08

06

05
x/L

<
1o
@
Jo
N
J1o
g
1o
__________o
o ©O ¥ o Q@ @ ¥ q 3
wmmmm_woooow
c @ ©9Q 0 5090 9004
6 060 o © oo o

[EMp&)eay Je XnjjjeaH



8-1. Bailing: gapplied, Tt/Tc=0.77, Tb/Tc Is
changed from 0.94 to 1 at t=34000

ot o

t=34600 t=35100 1=35230

A bom

+=66300 t=71000 t=74100




Wetting dynamics:
evapor ation, spreading,....

2D ssmulations but 3D axisymmetric
droplets



3a) Precursor film formation

INn complete wetting

Plate temperature Tw was not higher than
initial liquid temperature

..

>

Complete wetting case

Fast growth of precurser
film due to evaporation and condensation

Large @ , Precursor film extension



Nonequilibrium
spreading: complete wetting :®, > 0.14

final

transient

Spreading on
dry wall surface.

Wall i1s cooler than

in fluid. .

Precursor film formed ahead of droplet
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J: TAsJ — v - [()\VT)QE]S — (‘}"VT)“C]] — O,

Evaporation rates
e i
All surface Wist = 2‘?1'/0 drrJ/sin 6.

Near contact line re
con = 27 drrJ/sin 6.

25 |

| 4

L ong tirfte

40 ¢

20 short time

1J:mass flux through interface

W ot ro = 2Xxinterface width

15 |

20

On long times
evaporation occursonly
at contact line

0 5 10 315 20



Droplet detachment by strong o, wall T/Te s changed
heating from 0.875to 0.975

No gravity

Gas pushes
liquid droplet

e

Thin vapor layer formed




TH= 0.2FsT o
Tl:l = 0.a7sT :

t =800

t =360

t =300







Marangoni effect In mixtures
surface tension change:

tangential component of shear stress
[o - 1fl]jump = Vv

accumulation of subcooled liquid interfacial vapour pressure
noncondensable gas (condensation) and temperature gradient

condensation zone

convection
system pressure .
- # | | transfer M aran g0n|
evaporation zonge i1 | to liquid
P LT = £ q eff&t
superheated liguid
gvaporation

heater surface heat flux

Fig. 13. Nondeformable isolated vapour bubble with steady-state mass flow.



Marangoni effect In mixtures
surface tensi on change:

0y = ( +) 0T + (2 )T0¢
Solute fugacity: ( = et2/ kT

Surfacetension isdefined on the coexistence surface
P=Pcx(T,). At constant P, |
5T — (aT/ag)cx,p(SC
v =9 — kgTl (Gibbs)

CRITICAL
- '_"_"_'?'
|

No Marangoni for purefluids
P=Pcx(T) or T=Tcx(P)

EEEEEE



solvent (C02 or H20)+solute

d d
= (aT)cx,p = —8 x K¢/ Ker

positive for ethanal.....

negative for argon.... The Jomenal af Supercrirical Fiuids, Vol, 4, No. 4, 1991
| perfect »
| FEF IHe /
TABLE I T;/Tew, pt/meoTleo, Kxr/reoTleo, and py/Ky: for | 2 S
09+ solute and for Ho© + solute near the solvent critical ' #E.r'"r}."'
point, where T} = dT./dX and p} = dp./dX. The last quan- I I Eﬁf}fﬂ.
tity iz related to the temperature-derivative of the surface L f;r-"'-éi"
tension in BEq.(2.66). Data are taken from Refs 727, = el I
Solvent Solute T,/Tw pi/neoleo Kur/neoleo ph/Fr: % e I
CO, Neon —0.0517 0.919 1.02 0,800 . (S < O
COs Argon —0.192 inas 0,956 0,581 :
C0O2 Ethanol 0.530 0.654 —0.380 —1.81 |
Cs  Pentanol 2,20 1.06 —2.42 —0.809
Ce  BEthane -—-0.182 —0.187 0175 —1.07
B.0 Toluene —132 —0048 1434 [Emal R
Ho O DO —0.0050 —0.0041 0.0050 —1.21
TEMPERATURE

(Onuki 2008) (Senger9



Bubble velocity in mixturevg + vy + vc

/
- P— P
gravity Vg ~ Rzg
77
M ar angoni U\ 77)\ RQ (c:mass fraction)
Evapor ation- Q
condensation Ve N~
p'T'As

ve/vas ~ pa/p'cR (a : micro length)
Q:heat flux,p’:gas density,As.entropy difference

n:liquid viscosity, A:liquid thermal conductivity



Y

2 'y’

RT’
2n + 31’ 3

C
Aeff [C]
T': temperature gradient within bubble
Q: heat flux far from bubble
7. diffusion flux far from bubble

UM —

depends on solute species evenn at low densities



SEIINETRY -

2. Two-phasedynamics with “—:;.“

N A O A O e o =

and condensation

3 Wetting dynamics:
evapor ation, spreading,....

4 Marangoni effect in
mixtures
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