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Abstract—Improved theoretical results for heat transfer through individual drops and for the mean

distribution of drop sizes are used as a basis for assessing the validity of the basic assumption of dropwise

condensation theory [1]i.e. that the mean heat flux can be found from steady calculation of the heat transfer
through individual drops and a steady distribution of drop sizes.

NOMENCLATURE

A{r)dr, fraction of surface covered by drops with
radii in the interval r, ¥ + dr;

A parameter in drop size distribution theory
(71

heg, specific enthalpy of liquid-vapour phase
change;

ke, thermal conductivity of drop;

ky, thermal conductivity of promoter layer;

m, entier {in(r/f)/Iny};

N, Q.r/kAT (excluding effect of surface
curvature);

Q.r/ke (AT — 200 T, /h;,r) (including effect
of surface curvature};

n, ratio of principal specific heat capacities
CP/ Cys

o, mean heat flux for condensing surface;

Ow, mean heat flux through base of a drop;

Q. mean heat flux through curved surface of a
drop;

R, specific ideal-gas constant;

R, thermal resistance of promoter;

r, drop radius;

T effective minimum drop radius;

7, effective maximum drop radius;

F, radius of smallest viable drop,
200,T /he AT

s, distance between neighboring nucleation
sites;

T, vapour temperature;

Lo promoter layer thickness;

vy, specific volume of condensate;

Vg, specific volume of vapour;

o, interface heat-transfer coefficient;

Vs parameter in drop size distribution theory
(71

AT, vapour-to-surface temperature difference;

v, oyrfke;

a, surface tension.

INTRODUCTION

THE BasIC assumption of the theory of dropwise
condensation 1] is that the mean heat flux for the
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condensing surface may be obtained from a calcu-
lation of the steady heat-transfer rate for a drop of
given size and a steady distribution of drop sizes. In
view of the highly non-steady nature of the actual
process, wherein around a million coalescences can
occur in one second on a square centimetre of the
condensing surface, this procedure may seem some-
what dubious.

The steady model has been justified [2] by the
excellent agreement between the theoretical result and
heat-transfer measurements. Such comparisons are,
however, somewhat confused by additional assump-
tions and approximations incorporated in the theory
[1]. In the original theory an approximate equation
was used for the heat-transfer rate through a drop of
given size and this was used in conjunction with an
approximate drop size distribution to evaluate the
mean heat flux for the surface. The object of the present
work was to examine more carefully the validity of the
basic assumption by adopting more rigorous theoreti-
cal solutions for heat transfer through a single drop
and for the drop size distribution.

HEAT TRANSFER THROUGH A SINGLE DROP

For a hemispherical drop with uniform base tem-
perature, the combined resistance arising from con-
duction in the drop and interphase mass transfer at the
vapour—liquid interface has been evaluated [3]. More
recently solutions have been obtained for other con-
tact angles [4,5]. For the case of the hemispherical
drop the result may be expressed

N=v—1* i ﬂiﬂ
- o lam+ 1+

. 1 23x§x 2m + 1\? 0
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N=
kAT @
_ azr 3
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and g is the interface heat-transfer coefficient which,
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for a given vapour pressure, may be estimated from lower and upper limits the integral has been evaluated
kinetic theory. Equation (1) may be approximated,* numerically for a range of values of AT and for vapour

for all v, by temperatures at which heat-transfer measurements
5 /2 109 have been made. As in {1] we have used
N="In 109 + 2L (@) L
v/S.7 4 n—1 hfg 2n
o = |~ | — . 9
4+ 1 e, T, RI

Equation {4) has a maximum error less than 0.3%.

The effect of surface curvature is also included by In Fig. 1 the result {line a) is compared with
replacing AT in equation (2) by AT ~ 201 T,/ r.  experimental data for steam at pressures near aimaos-
Then, from equations (2) and (4} we obtain the mean  pheric and around 5 kPa (0.05 bar). In view of the fact
heat flux through the base of a hemispherical drop:  that the theoretical result is wholly free of empiricism

and contains no adjustable parameters the com-
4 kf 20LfT . . . . .
Oy, =20, = AT — e parison is considered generally satisfactory. It is seen,
rol’ however, that, for both pressures, the theory gives an
7/2 — 1.09
In{1 + v(1409 W,,) .5
x { ’ \ + v/5.7 — 1 } ©) 10 " - e e

T, 3% K

DROP SIZE DISTRIBUTION

A theoretical calculation [7] of the mean distri-
bution of drop sizes, developed since the original
theory {1], gives

w=ifie2 2050 o

where A{r)dr is the fractional area covered by drops
having base radius in the range, r,r + dr. The values of
the constants f and 7 were calculatedt [7] as 0.55 +
0.05 and 0.19 + 0.03 respectively, and m is the largest
integer for which y™ = r/f, i.e. m = entier{In(r/7)/Iny;

It has been shown [6] that equation (6) may be
satisfactorily approximated by

A(r)z;{o.sn(%) -1.39(-:;)+1.296(9 } (7 Q/IMW/m?)

/

HEAT FLUX-TEMPERATURE DIFFERENCE Ig .- R
RELATIONSHIP e
The mean heat flux is given by L7y 3306 K T
: 251 d
0 =f 0, A(r)dr. ® R S
N 1 T
. 20! ey
Thus, for given values of smallest and largest drop A A
radius and adopting equations (5) and (7), we may L // s
obtain, wholly theoretically, the dependence of ¢ on § 15 7/ o
AT. <] H 2% //’:/
: e
i .« // ///@
COMPARISON WITH EXPERIMENT 1ol 4 ///% o
The radius of the smallest viable drop is 7 = ; /:/% °/
200, T,/he AT while, for condensation of steam, visual & P //
observation suggests an average maximum adherent BS 7 /’
drop radius of around 1 mm. Using these values for the {
’ IPUUUIE WY SR P ——
T S ST s 01 015 02 025 03
*In obtammg, equatlon (4) use has been made of the O/(MW/mz)
limiting results [6]: : »
N’ ~ v —0.8v%, for small v; FiG. 1. Dropwise condensation of steam at atmospheric and
=~ (2/m)in{l + 1.0%v), for large v. low pressure. Comparison between experiment and theory.

*New calculations, made in the course of the present work, o, {8, 107; +, [97; &, [1t]; 4 [12]: ®. [13]; x, [14]:
suggest f = 0.59, y = 0.164. O. [15].
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overestimate of the heat flux. This suggests that,
notwithstanding the high rates of coalescence, the
steady conduction treatment of heat transfer through
the drops is probably satisfactory. One would expect
that disturbances following coalescence would result
in enhancement of the heat transfer so that a steady
conduction calculation would underestimate the heat-
transfer rate.

A possible explanation of the discrepancy between
the theoretical calculation and the observations is the
fact that the theoretical drop size distribution [7]
relates only to those drops which have undergone
coalescence. The theoretical distribution would seri-
ously overestimate the population of the primary
drops (those which form at nucleation sites and have
not yet undergone coalescence} if the mean spacing of
nucleation sites significantly exceeds the smallest drop
diameter. Estimates of the nucleation site density [13,
16-18] based on optical and electron microscope
photographs, however, suggest that the primary drops
are closely packed. Graham and Griffith [13,16] give
nucleation site densities of 2 x 108cm™% and 6 x
10® cm ™2 for conditions for which 7 ~ 0.07 yum, while
Tanasawa and co-workers [17, 18] indicate a site
density exceeding 10!° cm ™2 when 7 =~ 0.01 um. These
data suggest a mean spacing-to-radius ratio s/F for
nucleation sites, of around 7 (on the basis of a uniform
equilateral triangular array of sites one would es-
timate a site density of 2/s%,/3, so that when s/r = 7 we
obtain site densities of 4.8 x 108cm~2and 2.4 x 10'°
cm™? using values of 0.07um and 0.0lpm re-
spectively for ), so that primary droplets grow on
average to a radius of about 3 ¥ to 4 7 before coalescing
with neighbours. A lower limit to the validity of the
theoretical drop size distribution might thus be around
5F

The sensitivity of the heat flux calculation to the
(erroneous) lower end of the drop size distribution can
be assessed by evaluating the integral in equation (8)
using a lower limit in excess of 7. This procedure
excludes from the calculation heat transfer through
drops with radius between 7 and the lower limit of
integration on the basis that there are, in fact, many
fewer of these drops than indicated by equation (7).
Results were obtained using various multiples of ¥ as
the lower limit of integration. It was found that
agreement with the experimental data was best when
using a lower limit of around 10 #. The result obtained
when using a value of 107 is shown (line b) in Fig. 1.

The fact that different promoters are known to give
significantly different results (see for instance [9])
suggests that a promoter layer resistance (not included
in the present calculation) might play a role in
explaining the discrepancy between the theoretical
result and the experimental data. In order to in-
vestigate this possibility AT in equation (5) was
replaced by AT — Q.R, where R, represents the
promoter layer resistance (if @, were uniform over the
base of the drop and if the additional resistance were
due simply to conduction in the promoter layer then
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R, = ty/k,) and the equation re-arranged to give an
amended expression for Q. Various values of R, were
used and the integral in equation (8) evaluated (using 7
as the lower limit). It was found that fair agreement
with the experimental data could be obtained when
using R, = 0.15m? K/MW, see line ¢ in Fig. 1. If it is
assumed that R, represents the resistance due to
conduction in a promoter layer having, for example, a
thermal conductivity equal to that of paraffin wax
(0.25 W/m K), this would represent a layer thickness of
about 0.04 um, i.e. around 20 times the thickness of a
mono-molecular layer of the promoter dioctadecyl
disulphide.

Finally, it should be noted that, in all of the
foregoing calculations, the maximum drop radius was
taken as 1mm. Further calculations were carried
out (taking the lower limit of integration in equation
(8) as ¥ and not including allowance for promoter layer
resistance) using different values of 7. It was found that
a value of 7 of 1.5 mm led to good agreement with the
experimental data at low pressure but continued to
overestimate the heat flux at atmospheric pressure,
while a value of 20 mm gave good agreement at
atmospheric pressure but under-estimated the heat
flux at low pressure. Shown on Fig. 1, line d, are the
results obtained with # = 1.75mm.

CONCLUDING REMARKS

1. A wholly theoretical calculation, based on steady
conduction in each drop and including the resistance
associated with interphase mass transfer and the effect
of surface curvature, together with a steady distri-
bution of drop sizes, gives fair agreement with expe-
rimental data at atmospheric and low pressure.

2. The fact that the theoretical result overestimates
the heat transfer suggests that disturbances in the
drops following coalescence do not play a significant
role, i.e. despite the fact that the time interval, during
which drops grow without encountering drops of
similar size, is very short, the time taken for distur-
bances to die away, following coalescence, is signi-
ficantly shorter.

3. The magnitude of the discrepancy between the
theoretical result and experiment is put in perspective
by the fact that it may be approximately accounted for
by:

(a) an overestimate of the population of the smallest
(primary) drops approximately as anticipated,
or

(b) an additional resistance equal to that of a
promoter having a thickness of about 20 mol-
ecular layers, or

{c) by taking, as the maximum drop radius, a value
of about 1.75 mm rather than 1 mm.
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THEORIE DE LA CONDENSATION EN GOUTTES

Resume — Des resuitats théoriques connus sur le transfert de chaleur entre les gouttes individuelles et sur la

distribution moyenne des trailles de gouttes sont utilisés pour évaluer la validité de ’hypothése a la base de la

théorie de la condensation en gouttes | 1]. c’est-d-dire que le flux de chaleur moyen peut étre trouvé a partir du

calcul en régime stationnaire du transfert thermique & travers les gouttes individuelles et d’une distribution
stationnaire des tailles des gouttes.

EINE THEORIE FUR TROPFENKONDENSATION

Zusammenfassung — Verbesserte theoretische Beziehungen fiir den Wirmedurchgang durch einzelne

Tropfen und fiir die mittlere TropfengroBenverteilung werden dazu benutzt, die Giiltigkeit der grundlegen-

den Annahme der Tropfenkondensationstheorie [1] abzuschitzen, d.h. daB der mittlere Wirmestrom aus

der stationdren Berechnung des Wirmedurchgangs durch einzelne Tropfen bei zeitlich unverdnderlicher
TropfengroBenverteilung ermittelt werden kann.

TEOPUS KAMNEJABHOW KOHAEHCALMWHU

AnnoTamms — Ha ocHosanum Goslee 104HBIX TEOPETHYECKMX DPE3YJILTATOB 10 MEPEHOCY Telllia Yepes

OT/E/bHBIC KAITH U CPeiHeMy DACHpeIeIeHHIO Kale/b 10 PasMepaM MPOBE/EHA OLEHKA CIpaBe/UTH-

BOCTH OCHOBHOT'O [OTYUIEHAS TEOPHH KaleJbHOW KOHJIEHCALUMH. COrNacHO KOTOPOMY CDE/IHIOIO M10T-

HOCTb TETJIOBOTO [OTOKA MOXHO ONPEIEHTL U3 PacueTa NEPeHoca Ten1a Yepe3 OTACIbHbIC Kanau H
pacTipe/leTeHUs Kallellb 110 Pa3MepaM B CTAIMOHAPHOM PEXKME.



