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=PrL LastTime

= How wicking surfaces enhance CHF
= Different flow boiling regimes

T

G

Y T

Bubbly Plug Flow  Sjug Flow Wavy Annular Flow
Fh Flow Dispersed
Single-Phase Mist Flow

Liquid Flow

Single-Phase
Vapor Flow

= Evaluate ONB, HTC, and CHF in flow boiling with correlations

« ONB: Sato and Matsumura

« HTC: Rohsenow’s partition (subcooled), Gungor and Winterton (saturated),
Kandlikar (saturated)

« CHF: Celata (subcooled), Groeneveld lookup table (saturated)
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=PFL Microchannel Flow Boiling : Rationale and Definition

= Miniaturization forces heat dissipation problem into microchannel regime

= Microchannel leads to higher surface-to-volume ratio and lower liquid
layer thickness

= How confined the channel needs to be for us to consider it as micro?
(Kew and Cornwell https://doi.org/10.1016/S51359-4311(96)00071-3)

1/2

° > 0.5 Dy, : hydraulic diameter

g(p, — pV)Dl%

co=|

B 20.11.2025


https://doi.org/10.1016/S1359-4311(96)00071-3
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=PFL  Bubble Confined in Microchannels

inlet end
(a) —» o) —
Once confinement is reached:
(b) @)
o Bubble elongation dominates
© — > — o Thin-film evaporation becomes the key
heat transfer mechanism
o K o Flow patterns collapse to slug—annular
) regimes
— — o Macroscale boiling correlations break down
(e) c ______—
(f) —> ( —> )
: :
6, 6,
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Fig. 12.31 in Carey



=PFL Microchannel Flow Boiling HTC

» Liu and Garimella https://doi.org/10.1115/1.2754944

h = hepF + hy,S

he, =186( ’RezPrzD]1/3 w)
e Dh L Hs

B G(1—x)D
Hi

Re; U liquid viscosity at surface temperature
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https://doi.org/10.1115/1.2754944

=PFL Microchannel Flow Boiling HTC

» Liu and Garimella https://doi.org/10.1115/1.2754944

h = hepF + hy,S

05 (1L 0.105 c 0.25 k 0.75
F=2? ¢2 : (ﬁ) < p,tp> (ﬁ) pr0-167
( l) U Cp,l ki l

5 1 — :
Z=1+—+ — X2 = 1=x\ (P (M for laminar flow
X X X P1 Hy

Subscript tp: two phase properties ¥V, = x¥, + (1 — x)¥,

B 20.11.2025


https://doi.org/10.1115/1.2754944

=PFL Microchannel Flow Boiling HTC
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» Liu and Garimella https://doi.org/10.1115/1.2754944

h = hepF + hy,S

0.133
7"\ (R, 0.68
oy = ho | = | | =2 1.73p2%7 +( 6.1 2
" 0(616’) (Rpo> [ o +( TTp)?

— 3.4ln(RelF3)}

o oefaggr 55746
~ P T Re

hy = 5600 W/m*K, qy = 20 kW/m?*, R,o = 0.4 pm

R,: surface roughness (set as 1 um by Liu and Garimella)

p, = P/P. reduced pressure (normalized to critical pressure)


https://doi.org/10.1115/1.2754944

=P*L Microchannel Flow Boiling CHF

CHF model by Kandlikar https:/doi.ora/10.1115/1.4001124
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https://doi.org/10.1115/1.4001124

=PFL  QOscillations in Microchannels

Vapor Backflow Instability

A
- (
¥

60 fps; real time duration: 210 ms ‘S’"*d“‘ Mk
chepperle
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=P7L  Boiling vs Condensation

b Condensation

a Boiling

> AT

Drop nucleation

Filmwise

Convection

Film boiling

DOI: 10.1038/natrevmats.2016.92
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=P7L Why Condensation Matters

i

Il

Condenser in Cooling Systems, STACK

Condenser in Power Plants, Holtec

STAVA A |
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Intended Learning Objectives

= Nucleation in condensation
= Rose’s analysis of dropwise condensation

= Nusselt's analysis of filmwise condensation

Carey, Chapter 9

12
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=F7L Droplet Embryo

Initial State After Embryo Formation (b) —(a)
| — ] ]
Vapor AGe _7'
Vapor
Ty pon vz Peally v / /
//
iquid Ty By
Liquid . re
0
(a) (b)

If r < r,, the droplet collapses

Figure 9.2 in Carey If r > r,, the droplet grows
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=P7L  Equilibrium Droplet Radius

B 20.11.P77E=

Py > Pgat(Ty)

Liquid <

After Embryo Formation

-

[

Vapor

Tv Py

14

gsat,l(Tvr Psat) - gsat,v(Tvr Psat) = Ysat

Py Pv RT, P,
gv_gsat:j Vvdpzj 2 dP = RT, In P

Psqat Psqat sat

P
9di — Ysat = J v dP = vl(Pl - Psat)

Psat

P, — P, =20/,
20 20
T, = ~
RT, P, ) B RT, ( P, )
(2] n (Psat i Psat Pv (2] i Psat

1, ~ 1 nm, for water vapor with T, = 100°Cand P, = P,,;(110°C)



=P7L  Dropwise Condensation

https://doi.org/10.1021/nl1303835d
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Interfacial Resistance

/" 20 1 Ig v P l
9% =\=——=|hw o [
2—0 2TR \/Tv \/Tl constriction

resistance —
26 \pohiy | 1 P,
~ 1-— AT; = h;AT;
<2—6> T, .|2mRT, 2p,hy, )

Clausius-Clapeyron

Psat) P
d ( \/T B pvhlv o 717
dT  T3/2

dpsat - pvhlv
dT T

Assuming hemispherical droplet qi' = ZZC:”Z AT;

saturated vapor

= Schrage equation (condensation) iriobfsisas

conduction
resistance

/

heat flux lines

__Y9a
anzhi

qa (W]
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Curvature-Induced Resistance

Given a droplet radius r, the equilibrium droplet temperature at the interface should follow

20

r ~
RT. P

eq ] 1% )
¢/ ! <Psat(Teq)

Clausius-Clapeyron APsar _ poluv  Fsar hy,

dT T ~ RT?2

o~ ZO_vlTsat(Pv) AT - Zo-vlTsat(Pv)
hlv(Tsat(Pv) _ Teq) cap — hnﬂ”
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Conduction Resistance

saturated vapor

interfacial resi conduction

coqstriction
resistance —

1 |
heat flux lines

da

A’TCOTL

- klATcon

r/2

_ UYa
Atk r

nr
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=P7L  Overall Droplet Resistance

saturated vapor

Interfacial resistance

N conduction
interfacial resistance resistance

Curvature induced resistance

constriction
resistance —

Conduction through droplet

1 Y
heat flux lines

qa 20Tgq:(P,) da

AT, = AT; + AT, qp + AT = T N i
i lv l
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=PFL  Distribution of Droplet Radil

= Cumulative distribution function (postulated form)

1/3
F(r) = (rn;x) forr, <7r < 1y
= Probability distribution function  4(;) = ar _
ar 3
o
Tmax = K3 |—

PY
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=P7L Dropwise Condensation Heat Transfer

max
"o dd
q —f anzA(r)dr
Te
1 "max
dd
h;. =—— A(r)d
ac Ath 2z Ardr
Te

For dropwise condensation of steam at pressures below 1 atm, Rose et al.
recommended the following empirical correlation for the heat transfer coefficient

hae = T7°[5 4+ 0.3(Tsa —Tw)]  Eq.9.42 in Carey

Temperature in Celsius and HTC in kW/m2K
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Dropwise vs Filmwise Condensation

Dropwise condensation Filmwise condensation

22



=P7L " Dropwise vs Flimwise Condensation

B 20.11.2025

b Condensation

q

Drop nucleation

Convection

Dropwise condition

Transition

Top view

a® 9|

R

w

9

1%

Filmwise

AT

Data obtained by Takeyama and Shimizu [9.40] for condensation of

104

steam on a short vertical copper surface.

UL

Ll

T Illlll]

Dropwise

Filmwise
(without promoter)

Illlllll 1 | lllllll

10 100
Tsat - Twall (°C)

Figure 9.6 in Carey
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=L Flimwise Condensation on a Flat Vertical Surface

Force balance on the shaded film element

Liquid Film

d
(6 —y)dx(py — pu)g = 14 <d—§> dx

Saturated Vapor at P,

V)

l—»v *g
. (p1 — pv)g< y2>

U= Yo ——
Hi 2

Integrating this equation w.r.t. y

Total mass flow rate per unit depth in y-direction

W= p J5udy:pz(pz ~ py)g5>
l 0 3:“1
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=F7L  Energy Balance
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Liquid Film

Saturated Vapor at P,

*g

k,AT
dq = ;

dx AT = Tsat o Tw

dq = hy,dm’

kAT hp,dm’
5  dx

dd B kl[.llAT
dx  p(p — py) gh, 63

Usingd =0atx=0

B [ 4‘kl‘LllXAT ]1/4
p1(p1 — py) ghy,
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Filmwise Condensation HTC

Vv

Liquid Film ko [po = p)ghu)
l 5 l 4kl,uleT
Saturated Vapor at P,
1/4
- i xe&dx _ fk pi(pr — Py) ghyy /
*g l Xe 0 5 3 l 4—kl,uleT

huxe f[Pl(Pz — pv)ghlvx3]1/4

N_ — —
Yre =73 773 4, 1, AT

Nusselt equation for filmwise condensation

26



=PrL  Additional Comments ”

= Filmwise condensation still the most common operation mode in industry
* Not as bad as film boiling as liquid is much more conductive than vapor

= Dropwise condensation requires strong hydrophobicity at high
supersaturation (droplets must roll off the surface quickly before flooding
occurs). However, maintaining strong hydrophobicity over extended
period is challenging.
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