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Abstract-- Drop distributions have been determined at atmospheric and low pressure for dropwise
condensation on a smooth vertical copper surface promoted with di-octadecyl disulphide. Nucleation
site densities of 200 x 10° sitesjcm® were found. Significantly larger drop populations were found at
atmospheric pressures than low pressures.

By means of a heat transfer theory it was found that at atmospheric pressure. drop conduction was the

limiting resistance while. at lower pressure. interfacial heat transfer was as important as drop conduction.

The most important drops for heat transfer were found to be those less than ten microns in diameter. The

distributions for this size range had to be inferred from the heat transfer measurements as the microscope
and camera were unable to resolve drops this small.
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NOMENCLATURE

area;

drop diameter ;

minimum drop diameter thermo-
dynamically possible;

interfacial heat transfer coefficient ;
latent heat of vaporization;

liquid thermal conductivity;
constant ;

number of drops in a band +20 per
cent of D per cm?;

dN/dD per cm?;

rate of heat transfer;

resistance to heat transfer;

drop radius;

resistance to heat transfer due to
interfacial mass transfer effects;
resistance to heat transfer due to drop
conduction;

resistance to heat transfer due to
curvature;

time;

AT,

[

temperature difference due to drop
curvature;

temperature difference due to drop
conduction ;

saturation temperature ;

total temperature difference;

specific volume of vapor;
accommodation coefficient for mass
transfer ;

liquid density;

surface tension.

INTRODUCTION

The RATIONAL solution of any heat transfer
problem begins with the definition of the
geometry. For dropwise condensation this
means that the drop size distribution must be
specified. The most important contribution
of the present work is the measurement of the
drop size distribution. In order to describe the
whole drop size spectrum, it will be necessary to
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use both the drop size measurements and some
heat transfer measurements. These two measure-
ments are related through theory, to be de-
veloped, for dropwise condensation. Finally
the important drop size for heat transfer will be
shown and the relative importance of the various
heat transfer processes in dropwise condensa-
tion will be delineated.

EXPERIMENTAL PROGRAM

The same basic apparatus was used to make
both the drop distribution measurements and the
heat transfer measurements. A schematic of the
test section is shown in Fig. 1. The test surface
was a copper cylinder 0-8 in. dia. and oriented so
that condensation occurred on a vertical sur-
face. A mirror finish was used for all the measure-
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Fi1G. 1. Condensing chamber —test section cooling chamber
assembly. The condensing surface is the disc in the front and
center of the test section. It is oriented vertically.

ments reported here. The polishing and pro-
moting procedure was as follows. The surface
was first polished with 0-3 and 0-05 p aluminum
oxide polishing compound and washed in
distilled water. It was dipped in a 1 per cent solu-
tion of di-octadecyl disulphide dissolved in
carbon tetrachtoride and allowed to stand for
15 min to dry.

The stecam to be condensed was generated
from de-gassed water. It entered at the right
of Fig. 1, was partially condensed, and passed

CLARK GRAHAM and PETER GRIFFITH

out at the left of the condensing chamber. No
more than 33 per cent of the steam was con-
densed. The velocity of steam across the sur-
face was low enough that the drops ran almost
vertically down the test surface.

MERCURY
MANOMETER

DRAIN 4 LITER FLASKS
TWO [SKW
HOT PLATES

VAPOR PUMP 8 EXIT SECTION
CONDENSER
SECTION

BOILER SECTION

F1G. 2. Schematic layout of the vapor system.

Great care was taken both to de-gas the
system and to make accurate temperature
measurements. The vapor system illustrated in
Fig. 2 was used to accompoish this. [1] gives
the details of thermocouple placement, test
section geometry, and running procedure. In
general, the procedures and precautions out-
lined in [2] and [7] were followed both for de-
gassing and for ensuring accurate temperature
measurements. As will be clear in the section on
heat transfer, the success of our attempts to
minimize the temperature measurement errors
and the effects of non-condensibles is indicated
by the fact that the heat flux—temperature
difference measurements reported here are
almost the same as those reported in [2-6].
Figure 3 shows a comparison of these data with
those from other sources. No direct measure-
ments of the gas concentration in the steam
were made, however.

Two separate kinds of measurements were
made: heat flux and drop distributions. The
relationship between the heat flux and the wall
sub-cooling is shown in Fig. 4 for the two satura-
tion temperatures which were run in these
experiments.

DROP DISTRIBUTION MEASUREMENTS
A large fraction of the effort was expended in
measuring the drop distributions. The actual
measurements were made with a Polaroid
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FiG. 3. Comparison of this heat transfer data with that taken by other experimenters.

Perfect agreement is not to be expected as all test sections are not the same size and the

venting arrangements differ. Large velocities past the surface can increase the heat transfer
rate by sweeping drops off when they are still quite small.
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(5) Lefevre and Rose [4] and Citakoglu and Rose [2]

(6) Present Work

microscope camera at a variety of magnifica-
tions. The details of the procedure used to
obtain these measurements are presented in [1].
Briefly, however, the procedure was as follows.

A specially constructed microscope mount
was used to enable movement of the scope in
both the vertical and horizontal directions. This
permitted the microscope’s field of view to be
exactly located on the surface. Long distance
objective lenses (made by Vickers) permitted
high magnification (up to 400 x) observation
of the condensation process through the glass
window. A Polaroid film pack adapted to a
Leitz shutter mechanism was used for the
micro-photographs.

Two types of lighting were utilized in order to
get the large range of pictures needed for
complete photographic coverage of the drop
size spectrum. Most of the pictures were taken
using a standard vertical illuminator mounted
behind the objective lens. When a iz s shutter
speed was sufficient to stop the action, an

incandescent bulb was used as the light source
for the illuminator. For high magnification
{200 x and 400 x ) pictures, it was necessary to
use a strobe lamp of duration 10ps placed
inside the vertical illuminator to stop the
action of the small “‘active” drops. When this
technique was used, two vertical illuminators
were mounted in series on the microscope. The
illuminator with an incandescent bulb was used
first to focus the microscope on the surface and
then was shut off. The strobe illuminator
could then be blinked while the shutter of the
camera was open to take the picture.

The limitations of the optical system dictated
the procedure which was used to take the
pictures. A single picture, large enough to en-
compass a typical area at 400 x magnification
would have been ideal. However, with the
film size used at 400 x, the field of view was so
small that one large drop filled it. Therefore
a number of randomly spaced (in time) pictures
at the same heat flux setting were taken. In
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to get an appreciable amount of drop nucleation.

order to ensure a good sample it was necessary
to have the number of pictures taken depend on
the magnification, with more pictures necessary
at higher magnifications. Reference [1], again,
describes the procedure in greater detail.

Drops down to 10 in size were counted and
measured. Drops down to one micron could be
seen, but the resolution at that size was so poor
that the diameter could not be determined with
any accuracy. If higher magnification is used
so that drops smaller than ten microns could be
measured, the objective lens must be so close to
the surface that it interferes with the large drops
on the surface. The ten micron limit represents
the lower limit for the optical system used in
these experiments.

Figure 5 shows the high and low pressure
drop counts. The number of drops at a given
size on Fig, 5 is actually the number of dropsin an
average square centimeter on the surface which

DIAM, D MICRONS

F1G. 5. Measured dropwise size distribution for a mirror
smooth copper surface at two different saturation
temperatures.

lie in a size range from plus to minus 20 per cent
of the given size. The next section shows how the
data of Fig. 5 can be used to help predict the
heat transfer.

HEAT TRANSFER AND DROP POPULATION

The idea behind this section is to evaluate
the heat transfer through a single drop, and then
to sum the heat transfer through all the drops on
the surface using the distribution given on Fig. 5.
The most important assumption which must be
made in order to use this procedure is that the
bare spaces between the drops are completely
inactive. There is no direct evidence that this is
so. It is, however, not necessary to assume
that any heat is transferred between the drops in
order to account for all the heat transfer
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observed. The possibility does exist that a two-
dimensional gas is adsorbed on the surface and
that it then condenses on the drops. This
mechanism is not considered here.

The mechanism of dropwise condensation,
as envisioned here, is as follows. Vapor con-
denses on the surface of the drop (through an
interfacial resistance); the latent heat is con-
ducted through the drop and thence on through
the surface. It is assumed that no non-
condensible gas is present. The interfacial heat
transfer can be described with a heat transfer
coefficient h; in which:

2a M \!H?
hy={+—— —r 1
! |:2 - zx] <2nRT> T.v ™)

Equation (1) (from [8]) is, in effect, a heat
transfer coefficient for mass transfer. The mass
transfer accommodation coefficient, o, is taken as
1-0, as the most careful measurements appear
to indicate this is what it should be for clean
water.

The temperature of a drop in equilibrium with
vapor at a certain pressure depends on the drop
size. As the drop gets larger, the relation between
the system temperature and vapor pressure ap-
proaches that of the steam tables [9]. In effect,
part of the overall temperature difference driving
the heat transfer is expended because of the
curvature of the drops. When the Clapyron
relation and the equation of equilibrium across
a curved interface are combined, equation (2)
results [9]:

2T,
AT, = (2_3_0)1. (2)
Hfgp.f ¥

For a given wall subcooling, no drops below
a minimum radius of curvature are possible.
From equation (2), this minimum can be

expressed as:
2To \ 1
= (5 ) (3)
Hfgpf AT:

Forming a ratio between equations (2)
and (3) allows one to express the lost temperature
driving force for heat transfer due to drop
curvature in a very convenient form:

AT, = Jl‘ﬂ AT,. (4)

The major resistance when condensing steam
is the drop conduction resistance. From [10],
among others, the temperature difference due
to this resistance for a hemispherical drop, is:

Qr

AT, =
= Ahmr?

(5)

If we neglect the subcooling of the liquid
compared to the latent heat of condensation,
the drop growth rate for a hemispherical drop is:

d
0 = pH,, 2nr2(a—; > (6)

Combining equations (1), (3) and (4), the overall
temperature difference is:

0 Qr

AT, = BEAT, + 2 . (7

anr
When the heat transfer rate is eliminated from
equation (7) by use of equation (6), and the
variable is changed from radius to diameter, the

result is:
dt  pH,, D/2k + 2/h;

This equation plus the drop size spectrum of
Fig. 5 can be used to evaluate the heat transfer
rate. This is accomplished by looking at the
increment of heat transferred for each drop size
and summing over the entire area. The result
for the total heat transfer rate (Q/A4), is:

D

max_ (1= Dy/D
A) = A 2 1 7 Pmin/Y
(Q/A),=m T,f ND (D/Zk o, )dD 9)

min
This equation can be used to predict the heat
transfer on a typical surface. From the pictures,
D,..is as follows:

Table 1
T °F) D,y (mm)
88 3
212 2:5

D, is evaluated from equation (3).
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DISCUSSION AND RESULTS

The minimum drop size calculated from equa-
tion (3) turned out to be far smaller than the
size measurable on the photograph even at
400 x . Therefore, it was necessary to infer what
the drop distribution was for the small sizes by
integrating equation (9) for a variety of drop
distributions. The right distribution was the
one which gave the measured heat flux for that
temperature difference. Figure 6 shows the
distributions that were tried for atmospheric
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F16. 6. Various trial drop distributions used to match the

measured heat transfer data at one atmosphere pressure and

measured drop distribution. Of this set, 4-3 was the one
which gave the correct heat transfer rate.

pressure condensation. The one which gave
the right integrated heat transfer was chosen. A
similar calculation was made for the 88°F
saturation temperature heat transfer data; the
resulting distribution curves for both atmos-
pheric and low pressure are shown in Fig. 7.
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F16. 7. The final drop distribution used in all subsequent

calculations. L-3 is the low pressure (T, = 88°F)distribution

curve which matched the low pressure heat transfer data

in the same way that the A-3 curve matched the atmospheric
pressure heat transfer data.

It is appropriate to discuss these curves, as
they summarize the most important findings
reported here. There are two limits which the
drop populations, for drops below ten microns,
must lic between. The upper limit (at one
atmosphere) is line A-6 of Fig. 6. It is fixed by the
agglomeration process and is determined by the
statistics of drops touching when they start
from a random array on the surface. [11]
describes this process. The lower limit, which
is clearly too low, from the photographs.
assumes that only those drops which are large
enough to measure are present on the surface.
{There are visible drops too small to measure
on the surface) The truth lies between these
limits. ‘Unfortunately, a large proportion of the
total heat is transferred by the drops which are
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FiG. 8. The fraction of measured heat transfer which occurred in drops below the size shown.

As can be seen, most of the heat is transferred in drops less than 10 p dia. Curve 3 (the “‘correct”

one) is slightly above 1-0 because the calculation method given in the text ignores the con-

striction resistance which is estimated to be about 10 per cent of the total. As can be seen for

curve 3, about 60 per cent of the heat transfer is due to drops too small to measure. It is also

evident that increasing the population of small drops very substantially increases the net
heat transfer.

too small to measure. If we look at the limits of
heat transfer, we can see on Fig. 8 how important
the details of the drop distribution which is
actually chosen are. Clearly the bulk of the heat
transfer occurs where the drops are too small to
measure.

Figure 8 shows that drop distribution A-3
gives about 12 per cent more heat transfer than
is actually measured. If the constriction
resistance were added into equation (9) using
the theory of [12], it is estimated that the overall
heat flux—temperature difference for distribution
A-3 would be just about right. The details on the
construction resistance are in [1] and [12].
More than 90 per cent of the heat for distribution
A-3 is transferred through drops smaller than
100 p.

A similar calculation has been completed for

distribution L-3 for the data taken at a saturation
temperature of 88°F. The general result is
similar. It is clear that the differences between
drop distributions L-3 and A-3 are large enough
to be quite significant in the heat transfer. That
is, if atmospheric pressure properties are used
with the L-3 drop distribution the calculated
heat flux will be significantly in error. This is
both a surprise and a disappointment. It is a
surprise because the obvious ways of changing
nucleation site density, like surface roughening,
have very little effect on the heat transfer [1].
Yet it is clear from Fig. 8 that changes in
nucleation properties can have a large effect.
Apparently at the scale in which nucleation is
important the differences between various sur-
face finishing procedures are not significant.
It is a disappointment in that a simple, universal
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dropwise condensation heat transfer correlation
appears to be out of reach. Separate drop
distribution curves will be needed for high and
low pressure and for each fluid-material com-
bination.

Figure 8 is interesting from another point of
view. For all practical purposes, drops greater
than 100y are inactive. They transfer less than
10 per cent of the total heat. If we turn to Fig. 9,
curve 3, however, we can see that more than 60
per cent of the surface is covered by drops greater
than 100 i dia. When we deduct the 10 per cent
bare area, we find that the remaining 30 per cent
transfers 90 per cent of the heat. This is an indi-
cation of how non-uniform the heat transfer
actually is on the surface.

By dropping terms out of equation (9) one
by one, it is possible to see how significant the
different heat transfer resistances actually are.
The result of a calculation using the appropriate
drop distributions is summarized on Fig. 10.
It is clear that the drop conduction resistance
is important at both high and low pressures.
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has been assumed equal to 1-0.
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CONCLUSIONS

The measurements of drop distributions and
the development of equation (9) allow one to
compare quantitatively the various factors
affecting dropwise condensation. The picture
which emerges is just as complicated as the
boiling picture, and just as difficult to reduce
to an engineering correlation. In spite of this,
our understanding of the processes which
constitute dropwise condensation and of how
they combine is quite good. The conclusions
which we can draw from this work are sum-
marized below.

(1) For a temperature difference of 0-5°F
during low pressure condensation (7, = 88°F)
the nucleation site density was measured to
be 200 x 10° sites/cm?. At the same temperature
difference for condensation at atmospheric
pressure, the site density increased by a factor of
about three. Below a temperature difference of
0-5°F, the nucleation site density dropped
sharply with temperature difference.

(2) For low pressure condensation (T, =
88°F) drops smaller than 150 dia. occupying
35 per cent of the surface area transfer 90 per
cent of the total heat. At atmospheric pressure,
drops of diameter less than 40 u covering 23 per
cent of the surface transfer 90 per cent of the
heat. In each case, approximately 10 per cent
of the surface is bare. Fifty per cent of the heat
is transferred through 5 per cent of the surface
area for both low and atmospheric pressure
condensation.

(3) The resistance due to conduction through
the drops is the most important resistance for
both atmospheric and low pressure con-
densation.
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DISTRIBUTION DE GOUTTES EN DIMENSION ET TRANSFERT THERMIQUE
DANS UNE CONDENSATION EN GOUTTES

Résumé— Des distributions de gouttes ont été déterminées a la pression atmosphérique et a basse pression
pour la condensation en gouttes du disulfure de di-octadécane sur une plaque de cuivre verticale et lisse.
On a trouvé des densités de sites de nucléation proches de 200 10° sites/cm?. On a constaté des populations
de gouttes significativement plus grandes 2 la pression atmosphérique qu’aux basses pressions.

A Paide d’une théorie de transfert thermique on a trouvé qu'a la pression atmosphérique la conduction
des gouttes est la résistance limitative, tandis qu’a une pression plus basse le transfert thermique interfacial

est aussi important que la conduction des gouttes.
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Les gouttes les plus importantes pour le transfert thermique sont celles dont le diamétre est inférieur a
dix microns. Dans ce domaine de tailles, les distributions ont été déduites des mesures de transfert thermique
alors que la résolution du microscope et de la caméra était insuffisante.

DIE VERTEILUNG DER TROPFENGROSSE UND DER WARMEUBERGANG BEI
TROPFENKONDENSATION

Zusammenfassung— Die Verteilung der Tropfengrisse wurde bestimmt bei der Tropfenkondensation an
eincr glatten senkrechten Kupferoberfliche, die mit Dioktadecyldisulfid iiberzogen ist. Die Versuche
wurden bei Atmosphirendruck und kleinen Driicken durchgefiihrt. Es wurden Keimstellendichten von
100-10'® Keimstellen pro cm” gefunden. Bei Atmosphirendruck war die Tropfenhiufigkeit merklich
grosser als bei niedrigeren Driicken.

Mit Hilfe der Wirmeiibertragungstheorie wurde errechnet, dass bei Atmosphirendruck die
Warmeleitung im Tropfen den begrenzenden Widerstand bildet, wihrend bei niedrigen Driicken der
Wirmeiibergang an der Grenzfliache gleiche Bedeutung erlangt, wie die Leitung im Tropfen. Es wurde
gefunden, dass die Tropfen mit einem Durchmesser von kleiner als 10 p beziiglich des Wiarmeiibergangs
besonders wichtig sind. Die Verteilung der Tropfen dieser Grissenordnung musste aus den Wirmetiber-
gangsmessungen abgeleitet werden, da das Mikroskop und die Kamera nicht in der Lage waren, Tropfen

dieser Grosse aufzunehmen.

PACNPEJEJEHUNE KAIIEJb 110 PASMEPY U TEIIJIOOBMEH ITPU
KADEJBbHON KOHOEHCAIIMU
AnHoramua—IIpoBegeno UaMepeHie pacnpejesieHNA Kalledb 10 pasMepy Npu aTMocepHoOM
M TIOHIMKEeHHOM JIaBJIEHMU B MpoIfecce KAMeJbHON KOHAEHCANMN HA T3 K0l BepTHKaIbHOI
II0BEPXHOCTH U3 MeM, AKTHBMPOBAHHONM AM-OKTafelnI-gucysibduiom. Misvepernse 1i10T-
HOCTH 1eHTpOB KoHxeHcauuu pasHbl 200 x 108 ya 1 KB, cm. oOHApYKEHO, UTO IIPU aTMOCHep-
LOM JABJIeHUU IIOTHOCTD Karlesib 3HAUYNTEIbHO (OJIbUIE, YeM 11IPU HOHUHEHIIOM .

C TOMONBbI0 TEOpHM TeIIo00MeHa YCTAHOBJIEHO, 4TO NpH  arvocfepHOM JaBICHUH
KaneJbHasg TPOBOLMMOCTb MMeeT KOHEYHOe COLPOTMBJIEHUE, TOTAA Kak NpH TOHMMKEHHLIX
HaBIEHNAX TelJI006MEH HA OBEPXHOCTH pasjeia UrpaeT TAKYIO e POib, KAK I KalleldbHasn
rougeucaius. ITokasano, 4ro B npoiecce Terjioo6mMeHa 0osblltoe y4acTHe NIPUHIMAIOT KATIN
nmamerpom meree 10 MuKpoH. Pacnpejiesienus HX MO pasmepy HeoOXOAMMO pacCUMTHIBATH 110
U3MepeHUAM TennooGMeHa, T.K. HAGIIOJeHHA C TOMOIILI0 MHKPOCKONA B KHHOKaMEpbl He

O0HAPYMHBAIOT TAKUX MEJIKNX Karledb.



