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=PFL LastTime

= Analyze the free energy of vapor embryo (Thermodynamics)

= Understand the derivation of bubble growth kinetics at small sizes
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=P7L Gibbs Free Energy Barrier

4 . 1 3 R 4
AG 4 AGe = 3 O [§+Zc050 — 7 ¢os 0 =37 o1, F(0)
AG, T~ When 6 = 180°, F(8) = 0
/ N\
/ \ When 6 = 90°, F(0) =~
\ 2
/ \ 0
/ \ L When 6 = 0°, F(6) =1
o \ r

\ Same as homogeneous nucleation
Figure 5.9 in Carey
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=P7L  Embryo Size Distribution

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

AG (1)
kpT;

N, = pn; €Xp [—

Py, 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]

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

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

0 17.10.2024



=P7L  Embryo Size Distribution

0 17.10.2024

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

Jn = NﬁAn]’ne - N7916+1An+1j(n+1)c

o)
N Npwa _ oy N Treating n as a
N, Np..)  ‘nfnjne™5, continuous variable

Jn = NpdAnjne <



=PFL Embryo Size Distribution

ON;
ot = Jn-1 = Jn
()
Jn = _NnAnjneT
Assuming a steady non-equilibrium condition at” =0
ON,, _ . L
=0 =] = const Steady stream of embryos growing progressively in size

dt
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=P7L  Embryo Size Distribution

Consider the case where no embryos have r > r,

4
N,—-0O0asn-n, n,b,= §m~e3 when r > r,, bubbles grow spontaneously

For very small bubbles, 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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=P*L Embryo Size Distribution

’()

] = —NyApjpe——

on
d (N”
on ( N((y?))> = —JINMAM)je ()]
va*((nn)) =—J Ln[N(n,)A(n’)je(n,)]_l dn’ N*/N - 0asn - n,

e

N e o
] =4 ((;)) < L [N(n)A(n)je(n)]™ dn’) True for any n

Ne -1
] = (f [NM)AM)j.(m)]™ dn) N*/N - 1lasn—0
0
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=P*L Embryo Size Distribution

Ne -1
] = ( | @A oo dn) e
0

AG(r . :
_ () has a sharp minimum at r, or n, € \\
- kT

-~V

N(n) = pyexp

[IN(n)A(n)j,(n)]~ 1 is only significantly greater than zero near n = n,

. . . Pve
Therefore, we approximate j,(n) = j.(n,) = TzmmicaT, One-way M-B flux from last week

-1

 Be ([T P T . )‘1
] JankBTlOO [N A@®)] dn> \/ankBTl<fo ING)A@M)] ™ dn
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Embryo Size Distribution

A(n) = 4mnr?

4
nﬁv=§nr3 d—nzfnﬂ(Pve)(Z—;—l)dr
ve

1/2 , o
]~ 3png (kBT / J ox AG(r) Ir
2 — P,/B,, \2mm o P T,

After Embryo Formation

.

|l

Liquid
TR

Va porh..
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Embryo Size Distribution "

1/2 o - A
|30 (@ﬂ) / ( ["ex [Acm] dr) \G
2 = Pi/Rye \2mm 0 kpT AG, ——
e TN
/ N\
/ \
\
4710, F P i h
no; l A >
AGzAGe—< 3v )(24‘5)(7”—7’8)2 I \\ r
- 11/2 2
6 4
For homogeneous case, | = py; Ot exp | — TTe O
N P ( _ ﬁ) 3kpT
Pve
o vl(Pl B Psat) . 20
Pve — Psat expl RTl ] Te = Pve o Pl



=PFL  Physical Meaning of /

J represents the rate at which embryo bubbles grow from n to n + 1 molecules
per unit volume [m=3s-]

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

Higher J implies higher probability of nucleation

0 17.10.2024
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=PFL  Physical Meaning of /

ATTT2 : :
exp (— :;e;l”) increases sharply with temperature
Bl

] = pn,i [nm(z—i)

Pye

A change of 1°C can change J by as much as three or four orders of magnitude

We expect that there will exist a narrow range of temperature below
which homogeneous nucleation does not occur, and above which it
occurs almost immediately.

0 17.10.2024
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=PFL  Generation Rate of Bubble of Critical Size

(Homogeneous case) Pressure = 101 kPa

- 11/2
; 607, / ATTTE o7y o [ ]]
= ex B —
P
- ve -
10— L oy=10%m° s
Increases sharply with temperature —’(;
. 2l = Acetone
There exists narrow range of temperature o
. . ano
below which nucleation does not occur, and _(_Eemonol Water—
above which it occurs almost immediately. o
10—
I I I
102 m=3s71 = 10" 6um=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



=P*L  Heterogeneous Nucleation
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Initial State

]

L

Liquid
T, R

After Embryo Formation

Pl : gaf (TB)

Vapor 4

AG = N,(§, — g1 + (P, — BV,
+07,[277r?(1 + cos ) + nr? cos (1 — cos? 6)]

4
AGe = §7T7"e Oy E

3

+—cosO ——cos30

4

AG 1
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=P7L Heterogenous Critical Embryo Generation Rate

2
3 (1+ cos6 2
I Py ) <3F%> o <_ AGe> m2s )

=

2F mm kBTl

2
py replaces py ;, because we consider nucleation from the surface

Moo Given a threshold J (e.g., 101°m2s-1), one can
determine the limiting liquid temperature beyond
) / which rapid spontaneous nucleation occurs
10

This limiting superheat temperature is clearly a
function of the contact angle

J (m-3s-! for 8=0, m-2s-! for 8>0)
[

Sh
o

- geos ge00 [y However, according to this model, heterogeneous
! ! | | nucleation occurs at ~300 °C on most common
280 290 300 310 . .

T, (%) surfaces (which is not what we observe)

0 17.10.2024

FIGURE 6.3
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Intended Leamning Objectives Today

= Understand the mechanism for heterogeneous nucleation in practical
systems (entrapped gas/vapor theory)

» Understand Hsu’s criteria for nucleation site activation

= Analyze the timescales in the bubble cycle to evaluate bubble departure
frequency

« Reading materials: Carey 6.2, 6.3;
Zhang et al, 2021 (https://doi.org/10.1016/j.ijheatmasstransfer.2020.120640)

18
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=P*L  Entrapped Gas/Vapor Theory

Liquid Most real solid surfaces contain pits, scratches, or other
e irregularities
L~
Vapor = ¥
2 When liquid passes over a gas-filled groove, advancing
C CA 6, maintained during the filling process

Gas entrapped if 6, > 2y
(“nose” of liquid striking the opposite wall)

This initial gas core, entrapped or from outgassing of
heated liquid, can facilitate nucleation

Contact Line

0 17.10.2024

Figure 6.4 in Carey
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Entrapped Gas/Vapor Theory

Advancing
Liquid
-
Vapor
77777777777 /7777 777777
Y

Trapped Vapor Vapor
Volume

Volume = VI 7 ﬂ
Vo = V|
/
(a)

FIGURE 6.7

Liquid

(b)

IHLT
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=P7L  Entrapped Gas/Vapor Theory

0 17.10.2024

Clear correlation between locations of surface cavities and and those of bubble nucleation
sites has been documented in literature

When liquid is pressurized to dissolve entrapped gases before being heated, the required
superheat to initiate nucleation is on the same order of the homogeneous case

After the initial nucleation, surface cavities can be refilled with vapor to sustain nucleation

During boliling, bubbles released from surface cavities carry away entrapped gases; when
the system is subsequently cooled down, the cavities may no longer contain entrapped gas

Not a satisfactory explanation for heterogeneous nucleation of low surface tension liquids

21
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Criteria for Nucleation Site Activation

Colder

Whether bubble can grow out of the cavity
overcoming capillary pressure?

Whether bubble can keep growing as it gets closer
to the bulk fluid which is colder than the heated wall

22



=PFL - Hsu’s Model
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2|’b

vapor
bUbble ¥ = b = 2r

O

NN M NN Ty > Tsar M

cavity mouth radius =r

Figure 6.11 in Carey

A thermal boundary layer of fixed
thickness §; is assumed to be
adjacent to the wall

Hsu postulated the height of the
embryo bubble b, the bubble radius r,
and the cavity mouth radius r, follow

b =2r. = 1.61,

Not quite justified, should be seen as
order of magnitude estimation

23
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vapor
bubble

2|’b

Ty— b =2

e

AN\

A NN T > Tsat A

cavity mouth radius =

Figure 6.11 in Carey

_rc

24

oT  [(0°T
ot~ “\ay?

Steady-state temperature profile in
the thermal boundary layer is linear

Coldest point on bubble surface aty =b

b
Trop = Too + (Tyy — Too) | 1 -3

What is the required equilibrium
temperature given a bubble size?



=PFL  Clausius-Clapeyron Relation

2rb
vapor L :
bubble i __1 Along the liquid-vapor saturation curve
\gvx ap _ iy o hy  prhy
\\\\\\\\\\/\“ dT Ty, —v) Tv, T

Py
Psat(Tle) o Pl — Psat(Tle) o Psat(Tsat(Pl)) ~ Tsat(;)l) (Tle o Tsat(Pl))

— 2c Zojsat(l l)
P T P, — — =T, = P;) 4
sat( le) l T le sat( l) pvhlvrb
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Bubble Nucleation Criteria "

/ edge of thermal boundary layer Ttop =T, + (Tw _ Too) (1 _ 52)
t

21,

abble \Q _“
TN / T T T D

cavity mouth radius = r

20Tsqe(P)

pvhlvrb

Tie = Tsat(Pl) +

Ttop > Tie = EQ. (6.47) In Carey
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Cavity Mouth Radius (mm)

Bubble Nucleation Criteria

.
o
—h

T

.001

Saturated Water at Atmospheric Pressure.
6t=0.2 mm

Range of Active Cavity Sizes

Wall Superheat T, - T (°C)

Figure 6.13 in Carey

12
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If the bubble is too small, the Laplace
pressure will be too large for
nucleation to occur

If the bubble is too large, the top of the
bubble may be surrounded by liquid of
not-high-enough temperature
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