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=PFL LastTime

= Velocity distribution function
= Relationship between macroscopic properties and velocity distribution

= Evaporation kinetics (Schrage eguation)
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=PFL - Mass Balance

Mass balance
PvWo

I o __
Z= mp — My = PpyWo
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Vapor at T, R, 1
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=PFL  General Governing Equation

-

PvWo

v

E-——

Vapor at T, R,

»
»

n 0
Surface S?just m, my

inside vapor7 T ¢ }
= = - - ' z=0

v

Interfac:ej o
Liquid at Tz,P,

Define é(u, v, w)dudvdw = nf (u, v, w)dudvdw which represent the number of molecules one
expect to find in the ranges uto u + du, vto v + dv, wto w + dw in a unit volume
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=PFL  One-Dimensional Case

u
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Evolution of F caused by streaming of molecules, external forces, and collisions
between two molecules
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=F7L  Boltzmann Equation

a¢ 0¢ d¢ d¢
ot ox "oy VoV

0§ u_ 9§ 0v 0§ ow
ou ot v at  ow ot

+ +Q(S, <)

The major complexities are buried in Q(F, F)
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=L Bolling

cooking (nuclear) power plant Immersion cooling
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=F7L  Evaporation vs Boiling

Evaporation Boiling

Bubble
nucleation
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=PFL Intended Learning Objectives Today

= Analyze the free energy of vapor embryo (Thermodynamics)

= Understand the derivation of bubble growth kinetics at small sizes

 Reading materials: Carey, Chapter 5.2, 5.3, 6.1
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=PFL  Formation of a Vapor Embryo
(Homogeneous Nucleation)

Vapor bubble in bulk liquid at

Initial State After Embryo Formation
m constant temperature and pressure
'[ m : ‘L I ]I Gibbs free energy analysis

Liquid G=G + G, + G;
i PP (T) T, R
T R b H (b) - (a)

Vapor—| N
AG; = —N, gi

AG, = N,G,(T,, P,) + (P, — PV,
(a) (b) 9v(T1, By) + (P, )

AGL' = 47TT'20'lv
Figure 5.7 in Carey
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=F7L. Homogeneous Nucleation
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Initial State

Liquid
T, R

(a)

After Embryo Formation

]

[

1|

Liquid

T, R

Va por\

(b)

AG = Nv(gv —g) +(P—P)V, + 47‘[7”20'“,

Assuming the system reaches
equilibrium when r =1,

gv:gl
B, — P, = 20y, /7,
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=PrL
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Gibbs Free Energy Change

AG = Nv(gv — g + (P, = P)V, + 4nray,

Considering T, and P, as fixed values, assuming mechanical equilibrium is always satisfied

2

ff" is a function of r

Pvzpl+

With ideal gas law, N, = P,V,/kgT; is also a function of r

AG can be considered as a function of r, to which we can apply Taylor expansion near r,

dAG . (3G,\ dP, dN, . dP
7:”"<apz>n o g v =90 =g Vo +4mr* (P = RB) + Bmray,
dN dP 20
= v v v lv
=M 9, — §1) — ==V F 4nr? P, —P
vdr+ T (v — J0) I Y 4nr < . + ) v)

Atrzre,%zo
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=PrL
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Gibbs Free Energy Change

dAG dN 20’1
A 2 v
dr (gv g;) +4nr < -

. pv>

B d*AG  8moy, , 1
Atr =r,, Tz 3 + o7

1+ TP,

AG A

8o 1 AG,
AG = AGy ——2[ 2+ (r—7.)2 + -
e 3 20- e
1425w

TePl

Homework

Figure 5.9 in Carey




=PrL
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Gibbs Free Energy Change ’

AG ¢
Density fluctuation in superheated
AG liguid produces bubbles of random r
e 71N
/ N\
/ \\ If r < 1, the bubble collapses
/ \ If r > 1, the bubble grows
/ \ .
I \ r

\ How do we determine r,
Figure 5.9 in Carey



=PrL
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Equilibrium Bubble Radius

After Embryo Formation

.

gsat,l(Tl: Psat) - gsat,v(Tl: Psat) = Ysat

dg = vdP — SdT

(v P RT, P,
gv—gsat=J vvszj TdP=RTlln P

Psat

Py
9di — Ysat — Jr vdP = vl(Pl - Psat)

In equilibrium 9v = g

lvl (Pl o Psat)]
PITR

Liquid Psat
F;<F;ut (Tl) T2 F:
P
Vupor\_ sat
20 20
Te = =
Pve o Pl

Pgqt €xXp [

(%] (P l sat)] Pl



=P*L  Heterogeneous Nucleation

Initial State After Embryo Formation Constant pressure constant temperature
m Gibbs free energy analysis
i[ m Ir ] G =G + G, + G;
Liquid (b) — (a)
-
Liqui BB, (T,) T, B -
T AG; = =N, g
Vapor T, P AG, = Nygy + (P, — PV,
r 6
AG; = oAy + 0spAgy, — 051 Agy

(a) (b) = oy, Ay, + 0y, cos 0 Ag,

= 0 (A + Agy cos 0)
Figure 6.2 in Carey
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=PFL Gibbs Free Energy Change
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Initial State

]

After Embryo Formation

’ Liquid
Liquid
T{ Fi Pl<§0'f (T!) Te P!
Vapor T, F
r 6
(a) (b)
o, F
16 = a6, - (120E) (5 4

AG = N,(G, — §) + (P, — BV,
+05,[277r?(1 + cos @) + nr? cos (1 — cos? 6)]

4

3

2

1
2

3

+—cos@ ——cos36

4

AG 1
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=PrL
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Equilibrium Bubble Radius

P <P

After Embryo Formation

[]

Liquid
(T.) T, R

Vapor 4 T, F

20

gsat,l(Tl» Psat) — gsat,v(Tl: Psat) = Ysat

dg = vdP — SAT

P, )
Psat

[ " RT,
v — Ysat = ] v,dP = j po = RT;In

Psat

Py
i — YIsat = Jr vdP = vl(Pl - Psat)

In equilibrium 9v = g

= Pye= Pgqt €X

[vl (Pl _ Psat)]
PIT™ R

20

Te = =
Foe = P Pg,t €x p[

(%] (P l sat)] Pl
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=P7L Gibbs Free Energy Barrier
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4 1 3 1 . 4
AG 4 AG, = 3 TTe Ol [E-FZCOS@—ZCOS 0 =37 o, F(0)
AG, T~ When 6 = 180°, F(8) = 0
/ N\
/ \ When 6 = 90°, F(6) = =
\ 2
/ \ 0
/ \ . When 6 = 0°, F(0) =1
re \ r \

\ Same as homogeneous nucleation
Figure 5.9 in Carey
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=PrL
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Embryo Size Distribution

Let's assume the number of embryos consisting of n molecules per unit volume N,, follows

N, = pn, eXp [—

pn,. can be understood as the number of liquid molecules per unit
volume (AG = 0 corresponds to the liquid phase)

For an embryo of size n, define j,,, as the evaporating molecular flux and j,,. as the
condensing molecular flux [m-2s1]

For equilibrium distribution of N, NnAnjne = Npv1An+ U+

A, and A,,, are the interfacial areas of n and n+1 molecule embryos, respectively
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=P7L  Embryo Size Distribution
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NnAnjne — Vn+ 1An+ 1j(n+1)c

The rate at which n molecule embryos — n+1 molecule embryos through evaporation
IS the same as n+1 molecule embryos — n molecule embryos through condensation
No net exchange between two size groups

In superheated liquid, equilibrium is not necessarily satisfied

Consider the excess rate of n molecule embryos — n+1 molecule

Jn = N;;Anjne - N;+1An+1j(n+1)c

N*
. (Nn  Npiq . (N) Treating n as a
Jn = Nufnne <Nn Ny ~NnAnne on continuous variable
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