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=PFL LastTime

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

= Evaporation kinetics (Schrage equation)
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Mass balance
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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
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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 ]l Gibbs free energy analysis

Efouid G =G + G, + G
-l PP (T) T, R
T R Pt H (b) - (a)

Vapor—| N
AG, = =Ny gi

(a) (b) AG, = Nvgv + (Pl - Pv)Vv

AGi = 4‘7—[7"20'“7
Figure 5.7 in Carey
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=P 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 - gl) + (Pl o Pv)Vv + 47Tr20lv

Assuming the system reaches
equilibrium when r =1,
gv = g
B, — P, = 20y, /7,
4

AG, = 3 T2 oy,



=PFL 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

P, = P, + 222 s a function of r

r

With ideal gas law, N, = P,V, /kT; 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 . (9g,\ dP, dN, dP,
—— =N A _A)___Y 2 _
dr v (an>Tl dr + dr (gv gl) dT‘ VU + 47TT (Pl Pv) + 87Tr0—lv
dN dP, 20
_ M Via AN 4 2 lv o

dAG
Atr =1, — =
dr
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Gibbs Free Energy Change

dAG  dN, (5
dr  dr "7

20
— g;) + 4nr? ( rlv + P, — Pv>

d*AG  8moay, , 1
Atr =r,, 7 3 + 20,

1 AG,
r—1,)%+ -
quv)( )

Tepl

Homework

/ R
/ 3 Figure 5.9 in Carey
/ kY
\ .
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Gibbs Free Energy Change

AG ¢

Figure 5.9 in Carey

Density fluctuation in superheated
liquid produces bubbles of random r

If r < r,, the bubble collapses
If r > r,, the bubble grows

How do we determine r,



=PrL

B 09.10.2025

Equilibrium Bubble Radius

After Embryo Formation

.

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

dg = vdP — SdT

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

Psat

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

In equilibrium 9v = 91

v;(Pp—P
N Pve: Psat eXp[ l( l sat)]

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

Pgq: €xp [

Uy (Pl sat)] Pl
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Embryo Size Distribution

Consider the number of embryos consisting of n molecules per unit volume N,

Assume N, = py €Xp [—

py 1 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-2s-1]

For equilibrium distribution of N,, NyAnjne = Npv1Ans1Jm+1)c

A, and A, ., are the interfacial areas of n and n+1 molecule embryos, respectively

13



=P7L  Embryo Size Distribution
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NnAnjne = Npt1Any 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

E3 *

. ” . % . o p Nn . n+1
]n — NnAn]ne - Nn+1An+1](n+1)c — NnAn]ne N_ - Nn+1An+1](n+1)c N
n n+1

N*
© N 0( ) Treati
(N | N reating n as a
]n — NnAn]ne( - n+1> — _NnAn]ne

N, N,.4 on continuous variable
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Embryo Size Distribution

ON,:
ot =Jn-1 —Jn
(%)
Jn = _NnAnjneT
. I " ON;,

Assuming a steady non-equilibrium condition P 0
ON;,

=0 =] = const Steady stream of embryos growing progressively in size

dt
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=P7L  Embryo Size Distribution

At equilibrium, when r > r,, bubbles grow exponentially, so no embryos for r>r,

4
N*->0asn-n, n,b, =§m"e3

For very small embryos, phase change barely occurs, so things are near-equilibrium

A
N*/N—->1lasn-0

N(n)

N*(n)

"o FIGURE 5.10 Carey
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Embryo Size Distribution
de

] = _NnAnjne

on
d (N*
on ( N((;))> = ~JINMAM)je (W]~
va*(?)) = fn n[N (n)AM)j,(n)]"tdn’ N*/N->O0asn-n,

e

N’ e B
] = N((;)) < j [N(n)A)je(n)]™ dn’) True for any n

Ne -1
] = (J [N(W)A()j. ()]~ dn> N*/N > 1asn -0
0
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=PFL  Embryo Size Distribution "

AG 4
Ne -1
= N A 1 -1 d
J ( | e Ay, ) n> .
/ \
/ \
AG \ y
N(n) = pyexp|— - (77:) has a sharp minimum at r, or n, e A
| Kplj
[IN(n)A(n)j,(n)]~1 is only significantly greater than zero near n = n,
Therefore, we approximate j,(n) = j.(n,) = \/% One-way M-B flux from last week
P Ne -1 P (o'e} -1
]~ ——= < f [N()A(m)] 1 dn) ~—— ( f [N(n)A(n)] 1 dn)
\/27kaBTl 0 \/ZHkaTl 0
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Embryo Size Distribution

Poc ” )
/= \/Zm’nkBTl (Jo Al dn)

A(n) = 4nr?

AG (r)]

N(n) = py, exp [— kT,

207, \ 4
nkgT, = (Pl + rlv>§nr3

]~ 3PNl kpT) e jooex AG(r) dr
2 — P,/B,, \2mm o P kT,

After Embryo Formation

.

|l

Liquid
TR

Va porh..
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Embryo Size Distribution

]~ 30,1 kpT) e Jooex AG(r) dr
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=PFL  Physical Meaning of /

J represents the rate at which embryo bubbles grow from n to n + 1 molecules
per unit volume [m3s1]

This includes the rate at which bubbles of the critical size are generated

Higher J implies higher probability of nucleation
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=PFL  Generation Rate of Bubble of Critical Size

(Homogeneous case) E— T

- 11/2 f
J 60y, / 4mtrd o, 07— |
= exp\ ————5—
mm - P_
- ve -
10° L §=10%m° ¢’
increases sharply with temperature —’(;
. Pl < Acetone
There exists narrow range of temperature ——
. . ano
below which nucleation does not occur, and _(_Eemonol Water—=|
above which it occurs almost immediately. o
10
I I I
102 m3s71 =10"%um=3s~1 150 200 250 300
T, (°c)

FIGURE 5.12, Carey
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Measured Superheat Limit Data

T, Predicted (°C)

200

100

Predicted superheat limit obtained Octane
using equation (5.106)
with J = 102 m3 ¢

Heptane

= Ethanol
Methanol
Pentane
Butane
Data points taken from
Propane the compilation in ref.[5.6].

All results are for a pres-

Propene sure of one atmosphere.

L | . i .

100 200
Ts, Measured (°C)

FIGURE 5.13

Great agreement was found
for low surface tension liquids

For water, the predicted
superheat limit is about 300 °C
while the measured one is
250-280 °C

When homogeneous
nucleation does occur, vapor is
generated at an extremely
rapid rate



=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
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