“x

ETA-Lab

Energy Transport Advances

enamac

ero > DOITt AdVa s
aporatao

- s > s ginee 0

m 21.11.2024 2024 Fall Semester



=PrL LastTime

y Transport Advances

Bubbles and electrochemical reactions

Blocking reaction area

Additional resistance for ion transport

Additional diffusion resistance
Bubble-induced convection
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Electrode
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Overpotential (n) is the additional voltage
required to drive the electrochemical
process over the thermodynamic limit ¢,
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sz\L Activation Overpotentials
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Thermodynamic limit Ga_s bubbles are e_I(_ectrlcaIIy_lnsuIatlng,_
> which creates additional resistance for ion
Current density i (A/cm?) transport across the electrolyte
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Potential ¢ (V)

Mass transport region
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At higher current densities, the reaction
may be limited by how quickly the
reactants and products are transferred
to and away from the electrode (not
driven by electrical field)
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Filmwise

Drop nucleation

b Condensation
A
Convection

Film boiling

DOI: 10.1038/natrevmats.2016.92
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Ashalim Solar Power Station Condenser, Holtec
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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
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Initial State After Embryo Formation
m (b) - (a)
r m || j' At equilibrium, assume r =1,
Vepet Jv = i P, — P, =20/,
Vapor
Py > Psat(Ty) Tv Py
TV PV
oaG 0= AG L F,
_— = — 17
Liquid Tv Py 07" € 3 " € O-lv o
er
(a) (b) Fg =2 —3cos0 + cos> 8

Figure 9.2 in Carey
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Droplet Embryo

= Tallor expansion of AG near r,

AG 1

AG
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AG = AG, — 4o, Fo(r — 1,)% + -+

Density fluctuation in supercooled
vapor produces droplets of random r

If r < 1, the droplet collapses
If r > r,, the droplet grows
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fzi Equilibrium Droplet Radius
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After Embryo Formation gsat,l(Tvr Psae) = gsat,v(Tvr Psar) = gsat
o v RT, P,
gv—gsat=j vvdsz dP = RT,In| —
ir Psat Psqt P Psat
Py
9di — Ysat = J v;dP = v(P; — Pgqyt)
vapor Psqt
Py > Peat(Ty) Ty Py
e ’ P,—P, =20/,
20 20
- T, P _ ~
s ' Er Te—RTvl (Pv)+P — P NRTvl (i)
6 U ! Psat sat v U . Psat
(b)

1, ~ 1 nm, for water vapor with T, = 100°C and P, = P,,;(110°C)
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b Condensation
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https://doi.org/10.1021/nl303835d
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saturated vapor

Interfacial resistance

terfacial resi conduction

Curvature induced resistance

Conduction through droplet

constriction
resistance —

Constriction resistance

1 |
heat flux lines
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Interfacial Resistance

20 \p, | (28 _1 (P, AP)T_%AT
2—-6) " |2nR\ JT, 2" v
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~ hy —=P,T, 1 |AT

AT 2
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Clausius-Clapeyron

ap » pvhlv

on the saturation curve
dT
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saturated vapor

interfacial resi conduction
interfacial resistance resistance

Lo (26 \pohiy | 1 (R
©\2-6) T, [2nRT,\" 2p,hy
o I

et | qa
| | AT; = ——— Y
: ' l anzhi Qd[ ]
| o
' heat flux lines Hemispherical shape assumed
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Curvature-Induced Resistance

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

20
r =~
RTeq In P,
4] Psat(Teq)
. dP p hl Phl dp hl hl 1
Clausius-Clapeyron v Y Y AT =>dlnP=-—"2d=
PeY dT T _RTZ P _RT? " R YT
20 200, Tsqt(Py)
r = —
_RTeq hyy ( 1 1 ) hio(Tsae(Py) — Teq)
(2 R Tsat(Pv) Teq
200;T<,+(P
ATcap _ l sat( v)
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saturated vapor

interfacial resi conduction
interfacial resistance resistance
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fzi Overall Droplet Resistance
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saturated vapor

Interfacial resistance

terfacial resi conduction

Curvature induced resistance

constriction
resistance —

Conduction through droplet

1 Y
heat flux lines

da ZO-Tsat(Pv) dd
21r?h; hy,T Attk;r

ATy = AT; + AT gy + AT eon =
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it Distribution of Droplet Radii

= Cumulative distribution function (postulated form)

- \1/3
F(r) = (Tmax) forr, <r < 15,44
e . —2/3
= Probability distribution function  4(;) = ar _ !
A7 3r
o)
Tmax = K3 |—

PY
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f;F{ Dropwise Condensation Heat Transfer

Tmax

"o_ qa
q —f 27TTZA(r)dr
Te
1 "max
dd
h;. =— A(r)d
ac Ath 2z Adr
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 = T3°[5 + 0.3(Tsqr — Tw)] Eg. 9.42 in Carey

Temperature in Celsius and HTC in kW/m?2K
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Ti Dropwise vs Filmwise Condensation

Dropwise condensation Filmwise condensation
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b Condensation

q

Drop nucleation

Convection

Dropwise condition

Transition

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

104

pwise vs Fiimwise Condensation

steam on a short vertical copper surface.
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Dropwise

Filmwise
(without promoter)
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10 100

Tsat - Twall (°C)

Figure 9.6 in Carey
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f:Fi Filmwise Condensation on a Flat Vertical Surface

\ L Force balance on the shaded film element
Liquid Film

d
(6 —y)dx(pr — pv)g = 1y <d—§> dx

Saturated Vapor at P,

*g

Integrating this equation w.r.t. y

NCETET

H 2

Total mass flow rate per unit depth in y-direction

= J""udy:pz(pz—pv)g53
l 0 314
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Liquid Film

Saturated Vapor at P,

*g

k,AT
dq = ;

dx

dq = hy,dm’

kAT hy,dm/
5  dx

dd kl[.llAT

AT =Tgqe — Ty,

dx  pi(pr — py) ghyy63

Usingd =0atx =0

B [ 4kl,LllXAT
pi1(p1 — pv)ghy

]1/4
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Ti Filmwise Condensation HTC

Vi = e _
uxe kl 3

h 1/4
hixe f[PZ(Pl — Pv)ghlvx3] /

4kl.ulAT

%x Liquid Film h, = ﬁ =k [pl(pl - Pv)ghz”r/4
% : 8 | 4k xAT

/ aturated Vapor at P

? S d P \' - 1 (*Xe kl 4 pl(pl _ pv)ghlv 1/4
; *g hl — X_e 0 de = §kl [ 4kl‘uleT ]
.

%

%

%

7

Nusselt equation for flmwise condensation
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T{ 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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