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by

S. C. Garg, Ph.D.

ABSTRACT

A literature survey of the published information on the effect of
coatings and surfaces on dropwise condensation has been carried out.
The survey has shown that research to date in promoting dropwis2 conden-
sation has been limited mostly to small scale laboratory expéritnients.,
There appears to be a serious lack of data on methods of application of
various dropwise promoters, useful life of promoters, effective toncen-
tration, and frequency of promoter renewal. This lack of information is
highlighted by the total absence of dropwise condensation as a fadtor in
design of condensers in industry.

Recommendations are made to initiate an experimental program to
evaluate the effects of vibrating the condenser surface upon dropwisne
condensation and the coefficients of heat transfer.
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INTRODUCTION

In power generating systems utilizing steam (e.g., electrical
generation, ship's propulsion, and nuclear power reactor applications),
the steam leaving the power unit is reconverted into water in a condenser
designed to transfer heat from the steam to the cooling water as rapidly
and as efficiently as possible,

The mode of condensation of water vapor in these condensers is
important since it determines the efficiency of the condenser. There
are two clearly distinguishable ideal modes of condensation, namely (1)
filmwise - where the condensate forms a continuous film on the condensing
surface, and (2) dropwise -~ where the condensate is in the form of small
drops which are segments of spheres similar in shape, but differing in
size. In--practical condensers, however, the condensate is usually
distributed over the cooled surface in an irregular manner in which some
areas -approximate-dropwise condensation and others filmwise condensation.
This mode is generally described as mixed condensation.

There is considerable advantage in preserving dropwise condensation,
particularly when large heat transfer rates are desired, since the vapor
to condensing surface heat transfer coefficient is of the order of 10
times that for filmwise condensation, and the “overall" coefficient of
heat transfer is 2 to 3 times that for filmwise condensation. Increased
rates of heat transfer in dropwise condensation may be ascribed to (1)
the conduction of heat through the surfaces of drops being greater than
that through an equal quantity of liquid spread as a uniform film over
the same surface area, (2) the more rapid removal of liquid from the
condensing surface in drop form due to coalescence, and (3) the high heat
transfer rate through the exposed area between the drops or through tie
very small drops.?t

Considerable work has been carried out during the past 35 years or
0 in devising methods for initiating and maintaining dropwise condensa-
tion., Recent technological advances (e.g., space power systems and
saline water conversion) have brought about a renewed and vigorous
interest in the phenomenon of dropwise condensation. 1In these cases as
contrasted with more conventional systems, the resistance to heat transfer
provided by the condensing steam is a significant part of the total
resistance so that an increase in the steam side coefficients can have a
measurable influence on the ovarall efficiency of the system. In a
large desalination plant, for example, approximately 50% of the expense
is in the heat exchanger area and associated equipment, and an increase
in the heat transfer efficiency would result in a considerable saving
both in investment and in annual operating cost. Therefore, if methods
could be devised to promote and maintain dropwise condensation continuously
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for an indefinite period of time, the increased heat transfer rates
could be translated directly into a proportionate reduction of space,
weight, and the cost of condensing equipments. .

Various system variables such as heat flux, vapor pressure, surface
temperatire, -surface finish, nature of surface and wettability, presence
of impurities and noncondensible gases, vapor velocity, surface orienta-
tion, thermodynamic and transport preperties of the condensing vapor,
and presence of -dropwise condensation promoters affect the coefficients
of heat transfer in dropwise condensaticn. This report details the
findings of a comprehensive literature survey carried out to determine
the effects of coatings and surfaces on dropwise condensation.

MECHANISM OF HEAT TRANSFER IN DROPWISE CONDENSATION

Prior to discassing the effect of coatings and surfaces on coefficient
of heat transfer in dropwise condensation, it will be appropriate to
discuss various theories on the mechanism of dropwise condensation. 1t
has been accepted by all investigators that the heat transfer rates i
dropwise condensation are much higher than those in filmwise condensation
under otherwise identical experimental conditions. However, there is a
great deal of disagreement upon the precise machanism by which drops of
condensation originate. There are two widely different theories proposed
in the past, along with a number of variations of these two theories as
explanations of the formation of the droplet

The first main thecry was proposed by Jakob2 in 1936 which may be
sunmarized as follows. The high heat transfer or condensation rate in
dropwise condensation is Jue to a direct contact of the dry cooling
surface with hot steam impinging upon it. The condensing steam covers
the cooling surface forming a thin layer of water which continually and
quickly grows in thickness until it fractures to form droplets. 'This
thickness varies between zero and a small value §. As the drops coalesce
and roll off the surface, a portion of dry surface is exposed and almost
instantaneously covered by condensation of fresh steam such that the
process repaats itself. For a given steam condition, the average thick-
ness of this layer will depend mainly upon the behavior of the nuclei
initiating the condensation, upon the surface, and slightly upon the
rate of cooling. 1If the cooling rate is high (e.g., using a high vapor
to surface temperature drop), the drops of a given size are developed by
a layer of a given thickness but in shorter intervals of time and surface
area, In this case, greater cooling effect is brought into and through
the layer, more steam condenses and more drops form, all without changing
the average thickness of the layer. The temperature drop across a layer
of this kind was assumed tc be the same as predicted by the Nusselt theory
for filmwise condensation. However, the experimental results enable one
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to compute two limiting values for the average film thickness, 5.
From the basic equations of heat transfer,

Q = h AT ' (1)
where h = coefficient of heat transfer, Btu/hr ft2 of
Q = rate of heat flow, Btu/hr
and AT = vapor to surfaceé temperature difference, °F

and for heat conduction through a plane layer,

M

where k = thermal conductivity of the condensate, Btu/hr ft °F

we obtain:

5 = k/h 3)

Using the measured value of h = 14,000 Btu/hr ftz OF, and assuming.

the layer to consist of steam (k = 0.0137 Btu/hr ft °F), the mean layer
thickness would be:

§ ~ 0.98 x 1076 ft (~0.0003 mm)

corresponding to about 1,000 diameters of a molecule, this being a very
thin layer, since the molecules have a greater distance between them
in the steam. If, on the other hand, the layer should consist of water
in liquid form (k= 0.40 Btu/hr ft OF), its mean thickness would be:

U S -6
6 = Tho50 = 28-6 x 107 £t (~0.009 mm)

In view of the above two limiting values, the thickness § may be
considered to be of the order of 0.001 mm., In accordance with this, a
film such as Nusselt's is assumed to exist, but thé following essential
differences. Nusselt's film is a stable layer of continually increasing
thickness whereas the layer suggested by Jakob is unstable and changes

quickly, but is of a constant mean thickness. The thickness of Nusselt's

film depends on the rate of cooling, the height of the cooling surface,

etc., whereas the thickness of the Jakob's ilaver in dropwise condensation
) P

depends on the properties of the surface, the purity of steam, etc.

Only the rapidity with which new layers originate depends on the intensity

or rate of cooling.

The second main theory of dropwise condensation was offered by Emmons

in 1939. He suggested that the molecular processes of evaporation,
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condensation, and reflection of molecules at surfaces, studied in con-
nection with catalytic and electronic emission phenomena, can be applied
in a qualitative way to dropwise condensation.

Corsider a vapor in contact with a surface maintained at a lower
température than the vapor. When the rate of arrival of vapor molecules
exceeds the rate of their evaporation from the surface, there is a net {
accumulation of molecules on the surface. Before the vapor molecules :
have completely covered the surface, some vapor molecules will arrive .
on top of the first layer. These will arrive at the same rate as before, L
but, since the range of atomic forces is extremely small, the rate of
evaporation will depend on whether the vapor molecules have a greater
or lesser affinity for each other than for the cooling surface. .

When the surface has an equal or greater affinity for the vapor
molecules than the vapor molecules have for each other, the molecules
accumulate faster in the first layer than in the second and third layers,
and so on. The cooling surface soon becomes completely covered by a
layer of condensed molecules. In order for more layers to form, the
latent heat must now be conducted through the layer already present.
Finally, as the number of layers became large, they slip over each other
due to gravity, and the condensate thus flows off without exposing the
cooling surface., This is filmwise condensation.

On the other hand, when the surface has less affinity for the vapor
molecules than they have for each other, the second, third and subsequent
iayers of molecules form before a first layer is completely built. The
condensed molecules gather into drops, which grow until their weight
becomes sufficient to move thew over the surface. Since the adsorption
force between the first layer and the surface was assumed to be smaller
than the mutual attraction, these molecules are pulled from the cooling
surface when the drop moves downward, leaving behind a bare surface upon
which the process can repeat itself. This is dropwise condensation.

According to Emmons, the space between the drops is bare in dropwise
condensation and the surface has an important effect on the phenomena.
The vapor molecules condense on striking the bare cooled surface and are
therefore at a lower temperature than saturated vapor. The importance
of the process of reevaporation is shown approximately by the equation
for the rate of arrival of vapor molecules at the surface as given by
the kinetic theory of gases, The rate of condensation of saturated vap01
at a pressure of l-inch of mercury absolute would be 3150 1bs/hr £e2 if
there were no reevaporation. This is roughly 300 times as great as
normally used in power plant condenser practice.

According to Emmons, therefore, there must be a blanket of super-
saturated vapor covering the bare cooling surface between the drops.
Wherever this supersaturated vapor comes into contact with the surface
of a drop, condensation occurs very rapidly. A local przessure reduction
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takes place which, in turn, sets:up local eddy currents in the. vapor
between the drops. This mechanism is responsible for the very high
heat transfer coefficients in dropwise condensation.

There is a serious disagreement between the above two theories of
dropwise condensaticn. Nagle commented on Emmon's theory as follows.
The common experience of every man when he takes a bath is pertinent
to dropwise condensation. When he is. in the water and he gets up, the
film breaks almost at once and he is covered with drops. Therefore,
he cannot have any supercooled steam or any reevaporation on him. The
sheet of water breaks and draws up into drops due to the oily nature
of the surface rather than that the water that is deposited as conden-
sate and is réevaporated. 1In addition, one would expect that reevapora-
tior of condensate and subsequent condensation on the surface of the
drops would result in an abnormally low heat transfer rate rzther than
the very high one found experimentally. The Emmon's mechanism is also
in contradiction to that proposed by'Euckena earlier. Eucken proposed
that liquid nucleation occurs in a thin layer of supersaturated vapor
next to the surface, and that in this layer there is a flow towards the
drops because of a density gradient created by coadensation on the
surface of the drops.

In contrast to criticisms of Emmon's theory, Jakob's theory has
obtained support from a microscopic study of dropwise condensation
conducted by Welch and Westwater.? The authors took high speed motion.
pictures during dropwise condensation on three different, vertically
aligned, condensing -surfaces. Dropwise condensation was-induced by
adding 0.005 weight percent cuprice oleate to the feed water in the
steam~-supply boiler. Steam to surface temperature drops varied from
0.4 to &47°F and the heat flux varied from about 5,000 to 85,000 Btu/hr
ft2, Their photographs showed that dropwise condensation takes place
preferentially on the swept regions and only slightly on the drops.

The film which then forms on the swept regions builds up to an estimated
critical thickress of about 0.5 micron before fracturing tc form new
drops. The creation of essentially a "bare" sucface between drops
provided the explanation of high heat transfer coefficients obtained in
the dropwise condensation process.

The motion pictures- showed that the drops were segments of spheres
and had contact angles of 72° * 8°, Numerous coalescences were observed
to take place between microscopic drops. Whenever two or more drops
coalesced, a part of the metal surface previously covered by the drops
was exposed, and a distinct flash of light from the lustrous bare metal
was evident, Fresh steam condensed quickly on the cold surface until
the luster was lost, indicating the presence of liquid, Shortly there-
after, tiny new droplets became visible, At their first appearance, the
drops were considerably smaller than 0.0l mm and thus were too small to
permit accurate diameter measurements, At low heat fluxes, the lustrous
bare area was visible for a longer period of time compared to that at
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high heat fluxes. The time for the first appearance of drops in a bare
area was found to be a function of AT but not a function of the size of
the area. A definite interdependence of the steam to surface AT, average
heat flux, and the number of coalescences per unit area per unit time
was noted. As heat flux was increased, the heat transfer per coalescence
decreased, the bare area exposed per coalescence became smaller, and the
number of coalescences between small drops increased. The drops grew
faster and the frequency at which the drops became big enough to roll
down the surface in response to gravity increased. A: large number of
small drops appeared in the swept path. The study indicated that about
80% of the heat transfer occurred at the bare areas and in the thin
liquid film which form on the bare areas.

Based upon the above observations, the authors proposed the
following equation to predict the average steam side heat transfer
coefficient,

pA Xc A
h=- . 2 (4)
t, AT  Ag

density of liquid, 1b/ft3

where p

)\ = enthalpy difference between the vapor and the
condensed liquid, Btu/lb

Xe = critical film thickness at fracture, ft

te = critical time for film growth, hr

Ap = condenser area free of discrete drops, ft:2

2

and Ap = total area of the condenser surface, ft

The values of X¢ and Ag/Ar will depend on the properties of the liquid,
the solid, and the promoter. Since the local metal surface must show
temperature fluctuatious as drops form, coalesce, and roll off, the
local AT is not constant, and varies between zero and a maximum value.
In the experimental program, the average values of h and AT were measured
experimentally and that of t; obtained from the motion pictures.,

Their conclusions may be summed up as follows. For water condensing
on copper in a dropwise fashion, the condensation directly on droplets
is insignificant for all drops big enough to be seen. The cocndensation
occurs primarily between drops. The region between drops contain a
liquid film which builds up in thickness from zero to the critical value
at which time it fractures spontaneously to form new drops and newly
exposed bare areas. The bare areas cause growth of a new layer which




fractures again after reaching the critical thickness. Whenever a film
fractures, the drops on its periphery gain liquid by coalescing with
some of the fractured liquid film. At a AT of 2°F, as many as 1000.
coalescences in series were observed in the films which resulted in one
final drop of about 2 mm diameter after about 7 seconds. 6

In contrast with the above film fracture theory, Umur and Griffith
concluded from a recent investigation. of dropwise condensation that a
film no greater than a monolayer thick can exist in the area between
drops., This finding is based on both theoretical considerations from
a thermodynamic point-of-view and on an optical study. The optical
study involved determining film thickness by noting changes in the
ellipticity of plant polarized light when reflected from the metallic
condensing surface. These investigators also proposed a model for drop
growth which is consistant with experimentally observed values at
atmospheric pressure and at lower pressures which-have shown that growth
rate is a function of vapor pressure.

McCormick and Westwater’»3 and Peterson and Westwater’ considered
the initial formation of drops to be the principal mechanism in drop-
wise condensation. They investigated7 the identity, behavior, and
effective range of nucleation sites during dropwise condensation.
Furthermore, using photographic techniques,8 they found that the heat
flux at a particular pressure and AT was dependent upon the population
of active sites. They observed®;9 that the number of active sites
always increased as AT increased and concluded that drop coalescence
plays an active role in dropwise condensation becausc new .drops can
nucleate only on active sites exposed to the vapor.

The latest theory of dropwise condensation was offered by LeFevre
and Rosel0 in 1966. They considered heat transfer arising from condensa-
tion on a single drop and, by means of an assumed distribution of drop
sizes, deduced the mean heat transfer rate for the whole surface. The
three principal physical phenomena considered in the evaluation of the
heat transfer through a single drop were: the effect of surface tensiou
on the relations between the temperature and saturation pressures for
either side of a curved interface, conduction through the drop, and
dissipation associated with matter transfer by condensation,

Thus, it appears that while advances have been made, the mechanism
of dropwise condensation is far from being clearly understood.

LITERATURE SURVEY
Criteria for Dropwise Condensation
To analyze factors which determine if the condensation process in

a given system will be filmwise or dropwise, it will be necessary to
cxamine the forces acting on 1 cendensed drop, The forces acting upon
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‘ a droplet adhering to a surface are represented ian Figure 1, where

. Ojy> Osy» and ¢ 1 represent the interfacial tensions which are equiva-
a lent to the suirface molecular forces at the liquid-vapor, solid-vapor,
- and solid-liquid interfaces. At equilibrium:

1]
‘ - v - - - cosB -
& T Ogy T % %1y ) ©)

T

where ¥ is defined as the Adhesion Tension. © is the contact angle of

i the droplet. For (5., - 6531) <0, € > =/2 and the liquid withdraws

\ from the solid surface to form droplers. However, for (gev - Gs1) > G},
H Equation (5) cannot be satisfied and there can be no equilibrivm thereby
causing filwmwrise condensation. Therefore, the funcrioan cf a dropwise
promoter is to reduce the surface teasion of the solid-vapor interface,
while not reducing proportionately the solid-liquid aad liqu.d-vapor
interfacial tensions.

L Ale)

Ll

Dropwise Condensation Using Permanent Coatings

Investigation of the phenomenon cf dropwise condeasation bas showm
that it is possible to stimulate ané maintain drcpwise comdensation
using promoters applied to the condensing surface either as percaneant
coatings or as continually or iatermittently zpplied cozpcunds. Tdeally,
a permanent nonwettable surface would be the best method of producing
dropwise condensation. This coating could be applied to the condensing
csurface at the time of manufacture, and the condenser would coatinue to
f yield dropwise condersation during its lifetime. However, the survey
hazs shown that there is mo such things as a “permanent coating.™
Published information on vatrious available permanent-type coatings, their
effectiveness in maintaining dropwise condensation, and their comtribu-

: tion to the thermal resistance of the condensing surface are discussed

[ below.

Under a U. S. Navy Coatract, Hestinghouse11 investigatred the use

; of permanent, nonwetting agents for the coating of steam condeaser tubes.
% A screening apparatus was set up tc check the heat transfer rates and

g indicate durability of several promoters prior to testing om actual
pilot condenser. The prowmoters investigated in this manner were Dow
Corning Silicones DC-~1107, R-671, XR-4010, R-875 and R-991, and teflon -
(polytetrafluoro ethylene). The initial check showed that XR~4010,

R-875 and R~991 were completely ineffective. The performance of other '
coatings is shown in Figure 2. The observed improvement in overall

coefficient of heat transfer over the uncozted plate was approximately

507 for bC~1107, 207 for teflon, and 157 for R~671. An examination of

the duration of effectiveness of these coatings on f£lat copper plates

showed that teflon was the only coating of sufficient life expectancy

{over 125 hours) to warrant further investigation.
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The heat exchanger tubes in cthe firmal rest were 90-10 copper nickel
arranged horizomtally in & rows and 9 colums, and separated by 2 verti-

cal baffle in between the second and third row. 7The 18 cubes on ome side,

of the baffle were coated with 0.5 =il thick teflcz and the 18 tubes cn
the other side of the baffle were vacoated to facilitate comparisoa.
The resulss are shown in Figure 3. . -

Afrer approximately 40 hours of experimentarion, dropwise concdensa-
tion was observed on the vncoared rvbes also which was ascribed to.
surface contaninatica by oil carried over with the steam. 7Zhe results
for the o0il contaxinaced tube a2re alzo plorred in Figure 3 for cowpari-
son. 1t may be seea chat che overall coefficient of hear rransfer
irproved by 22% and 502 respectively for che zeflon coaced a2nd rhe
contaninated tvbes over the vncozted cudes.

Some experimsntzal work has been carried cut az the . S. Naval
Ship Research and Development Center, Annapolis, Maryland, to determine
the effectiveaess and curability of teflon over 2 period of time. For
this purpose, 2 szmall 3-pass, 74-tube, a2ir-ejector azfrer-cozxdenser was
modified to serve as a test condenser for the refloa coated tubes. The
rubes were 5/8-inch 0.D., No. 185NC of 96-10 copper-nickel, coared with
0.0005-izch tefloa oa tke outside.l2

The cozienser was operateé for a total period of 4535 hours with
kear transfer evaleation tests at four intervals; at the start of the
tesc, 2nd afrer 708, 2652, a2nd 453% hours. 7he performacce of the
teflon coated tube condemser afrer 453% hours showed 2 recucrion ia the
overzll neztc traasfer coefficienc of approximarely 227 of the value at
the start of test. This decrease was 2ttributeé to a gracuzl traasicion
fron dreowise to filowrise comcdeasarion waich increased the heat flow
resistance. This appareatly cccurreé due to a2 thin film of iroa oxide
that eaveloped the tube condeasing surface znd a2ffected the noowetring
property of the tefioa coating. However, evaluation tests conducted
after the stezn side of the tubes was cleaped showed that som=2 permanent
deterioration of the nomwetting property of tefloa had cccurred. The
reoval of irca oxide increased the heat transfier coefficient, but did
not restore then o the origiral wvalue odtzired at the beginaing of the
tests. The results of these tascs are tabulated in Tzdle 1.

Topper and Baerl3 introduced the concept of using teflom oa tubular
surfaces to obtain dropwise condensation as early as 1955. They showed
coasiderable improvesmeat in the overzll coeificient of heat transfer.
Later, swortzell® used teflon to induce dropwise coandeasation of steax
on a vertical condensing fube. 7The condemsation was carried out at
atoospheric pressure on a 35-inch long, 1/2-inch I.D. copper tube. The
method of application of teflon consisted of first lightly sandblasting
the tube to assure a clean surface followed by spraying the tube with
one coat of teflon and fusing i1t in an electric oven at 700°F. The
thickness of the teflon film was found to be l2ss than 0.001 inch. He




found the condensing steam film coefficients to be from 240 to 330 per-
cent over those of the copper tube before it was coated with the teflon
promoter. _

Depew and Reisbigb conducted an experimentzl program to study the
bekavior of a 0.00025-inch thick £iln of refloa to promote dropuise
condensation on 2 1/2-inch 0.D. alecxinu= tube. The tube was mounted
horizontally and both the dropwise and filowise condensations were
stndied. They found thac curves of heat transfer coefficlents versus
vapor to surface texperature Jdrop in drogwise and filowise ccedeasation
coaverged as the temperarure drop becazme large. This was caused by the
rapid formation of drops which tend to blanket the condenser surface
with liguid at kigh heat floxes. The authors also fourd that highest
Lest transfer coefficients were cbtained with rhinnest teflon filcs
tecsuse cf the high thernal resistance of tefloan. A teflon film thick-
ness of 0.00025-inch provided 12.5 times as mx:ch thermal resisrance as
the 0.02-inch thick alv=inu= wall of the condeaser tmbe and about 3
tines more than the condensing £ilm irself. This shows that the thick-
aezs of the teflon film is an important paramerer and ir should be kept
at a2 minimom to improve the overall performance of the teflen-coated
condenser tebes. It is claimed thar reflon films as thin as 0.00005
inch can be produced although the producticn of such 2 thin film will
be most difficelic.

teflon was 2iso carried ouc a2t the Naval Civil Engineering laboratory
and reported in 1953 by Satvrnino.l® He observed that droswise condensa-
tion gave overall heat transfer coefficieats which were 2 to 5 rimes
greater than those corresponding to £ilmwise condensation. The teflon
thickness in these experizents was estizated at 0.001 inch.

Erb and Thelenl7>18 a23d Erb19520 phave been conducting a research
progran in dropwise condensation at the Fraeklin Institute Research
Laboratory using gold, silver, and Parylene-N polymers, az ccndensation
promoters. Erbl? reported that 2 0.127¢ thick coating of gold on 127p
thick silver on 127¢ thick nickel oa 90-10 copper-nickel tubes produced
dropwice condensation even after 3650 hours of ccatinuous operation with
stear at 10i°F. An icprove=ent in the overall coefficient of heat trans-
fer of 50% was obtained. The estimated cost of this coating was $1.02
per sq ft of the tube surface. EZrb and Thelenl? have reported that a
coatiag of siiver on 316 stainless stecl tubes provided good dropwise
condensation from distilied water as well as seawater. A coating of
silver sulphide on nild steel tutes was also claimed to provide drop-
wis2 condensaticn for over 7500 hours of continuous operation. The use
of Parylene-N polymers in go:\oting dropwise condensation was also demon-
strated by Erb and Thelen. They formed a 0.25p thick film of Parylene-
I polymer coating on chrome-plated 90-10 copper-nickel tubes and obtaired
droowise condensation for over 2600 hours of continuous operation. Using
stean at 114°C, an increase in the overall coefficieat of heat transfer
of 387 was obtained.
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Recently, Ezbzo has been successful in czintaining dropwise coaden-
saticn coatinvously for over a2 year oa $0-10 copper-nickel which pad a
5u thick bright silver deposic followed by 2 0.025: thick electro-
deposited gold. Cocpared zo the unplated tube, the neat transfer
efficiency was found to be increased by up tc 100Z. Also, he has
observed a 40%Z increase in the overzll coefficient of heat transfer afrer
2 years of continucus condersation using 1 thick deposit of Parylene-N
on chromiun plated 90-19 copper-nickel. Additional ctz=Zies are now being
conducted on coatings based oa gold, silver, Parylene-} polr—ers, teflea,
and other fluoro-carbon resins.

Dzopwise Condensation Using Crganic Proooters

No coadeaser tube rcaterial having the cochina’ion of thermzl,
pechanicai ené checical properties required for sustzined dropwise
condensation has yer been found. Therefore, the condenser surface
properties must be altered with the application of 2 thin layer of so=e
substance havicg a low 2£finicy for the vapor apmd a very high affinity
for the metal.

Investigators have been testing 2 wide variety of organic co=pounds
to produce éropwise condeasation. Any compouné which consists of a
relarively active radical would be suitzble for this purpose if the
sclecules were orienved with the zctive part adsorbed on the cooiing
surface, and the inactive part acting as a surface upon which the vapor
melecules can condease. In such a2a arrange—enr, the active proooter
needs to be only one molecular layer thick. 1In computing the aoount
of promoter regquired to form oze molecular thick layer, allowance should
be made for the relatively rough svr-face finish of comercially availa-
ble condensing surfaces which will result im a corresponding increase
in the active surface area.

Drew, Nagle and Smith?l conducted one of the earliest series of
tests to deternine the effectiveness of various organic cocpounds in
promoting dropwise condensation. Their findings are detailed im Table 2.
Only those compounds which caused dropwise condensation to be mzintained
for at least 24 hours without proocter renewal are listed in the Table.
¥ost of these tests were carried out with scteam condensing at atmospheric
pressure. They concluded that:

- niperal oils are ineffective as proooters for condeasatior on
petal surfaces

- higher molecular weight fatty acids are very effective promoters
for all metals

- alcohols, organic nitrogen compounds, and halide¢; are ineffective
as promoters

12
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- only those subszances which are strongly absorbed or otherwisc
firoly held to the coaxdensing surfzce are significant dropwise
pro=oters

Nagle et alzz conducted rests o2 a 2-1f2-ianch 1I.D. x 2-7/8-inch 0.D. =
24-inch loag vertically counted copper pipe. Drogwise condensation of
stean was carried out oo the outer surface of thnis rtube a2t 5 psig usiag
oleic acid as the dropwise promoter. TIhey obtained overall heat transfer
coefficients which were 59% to 3507 greater then those in filowise con-
densation under identical operzting conditrions, with am average icprove-
cent of about 80%. ”

Fzrica and Karz23 carried our measurements of heat transfer, conzas:
angle, 2ad nuzber of drops per unif area oa 2 3-inch x l-:nch copger
piare sounred vertically. The dropwise coandensztion wes promwced by
stearic and oleic acids oa copper, chro—sd copper, znd nickel plated
copper surfzces. They observed a substantial increase in the overall
coefficient of hLeat t-aasfer cocmpared to that obrzined in fiinsise con-
densation. 7The experience of H22950324 in Britain, however, has showm
that the use of oleic acié as a2 pro-oter was not always successful
whereas thne vse of benzyl mercaptan was always successful on copper or
brass surfaces. Ha:pson25 a2lso fovnd xanthates, dithiophosphates,
synthetic resins such as bzkelite and the siliconez =5 be effective in
ce2intaining éropwise condensation. He alsv noted that zn excess of
oro—oter on the surface, which resulted from its injections into the
stean, caused 2 considerable redection ia the heat tramsfer rate in
éropwise condensation. His work included investigarion of the effects
of surface finishk on dropwise condensation which will be dezlt later
in this survey.

Filning anines, e.g., 13H»7iHy, have been shown by Tanzela and
Wiedcan?5 to induce dropwise :2adensazion on metal surfaces thereby
increasing the overall ccefficient of heat transfer by a factor of
three vhen used in full scale steam plants. This increase is very sub-
stantial in view of the fact that the overali coefficient of heat trans-
fer is controlled by 2 nuober of thermal resistances only one of which
is ¢ontrolled by the condensation mode. This may be illustrated by an
exanple. Consider a practical condenser as represented in Figure 4.

The overall coefficient of heat transfer rmay then be written:

i .1 1.1
TSR TRy by Ty (6)
where K = thermal conductivity of metal wall of the
condenser, Btu/hr ft OF
t = thickness of the metal wall of condenser, ft

hy, hy and hy = coefficients of heat transfer as shewn in Figure 4

13
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Assuming the condensing surface to be 1/4-inch thick cast iron, a
conducczance of condensing stean of 1000 Bru/hr ft“ OF, a conductance
. of heated water of 300 Btu/hr £t2 OF, and a corrosica filn conductance
of 150 Btu/hr £t OF, the overall coefficient of heat transfer is given
by:
; 1 i
} _ '0.25. 1 1 1

: 320 © 7000 T 300 © 150

8c BLU/hI "2 cp

(LRI R PR AN T TR v

The use of 2 pro-oter generally prevents corrosion of the coadensing
surface therby elininating its resistance to heat transfer. It cay
now be noted that to obtainr a 3-fold increase in the overall coefficient;
a 20-fold increase in condensing coefficient is necessary. To translate
. this order of magnitude of improvezent in the condensing coefficient to
the overall coefficient, it will be nec2sszry to increase the water side
coaductance and decrease the thermal resistance of the metal wall by
g similar proporticns. 27
Blackman and coworkers™ investigateé a rumber of compounds which
% could be used to promote dropwise condensation. They concluded that
active promoters have in the molecule an unhindered hydrecarbon chain
which confers water-repellency on the compound and an “anchoring® group
which is usually a divalent sulphur atom. This investigation is con-
sidered to be the most elaborate study in dropwise promcters to date,
b and will be discussed in some decrail here ia oz42r to 1ist the various
: promoters, their effective iives, and their minimum concentration
necessary to cause dropwise condensation.

In all of the tests, the following precautions and method of
promoter application to the condensing surfaces were observed. All
traces of grease and other possible contaminants were removed from the
apparatus. The condensing surface consisted of bright polished metal
and the condenser tube was completely wettable with cold water. Succes-
sive treatments with emery paper, mild abrasive powder, and a mixture
of mild abrasive powder and detergent powder produced the desired coa-
densing surface. The promoter was generally applied to this condensing
surface in the form of a solution in a low boiling solvent, e.g., ether,
acetane or carbon tetrachloride. A solution strength of about 17 was
) used.

' The compounds listed in Table 3 were found to produce pertect drop-
F - wise condensation (i.e., no filmwise condensation) for at least 500

: hours, during which time the condensate showed no change in appearance.
For some promoters, condensation was terminated for a few days and
restarted successfully. Some other promoters were tested for even longer
periods of time and found to maintain dropwise condensation over the
entire duration of testing with no deterioration. These compounds are
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listed in Table 4. Three promcters were tested on brass and copper
surfaces to determine minimum promoter concentratica necessary to sus-
tain dropwise condensation. The miniomum effective concentrations of.
these promoters are listed in Table 5. The authors concluded that the
minima effective concentration of the compound might depend upon any
P ~ one or more of the following factors: (2) actual concentration of the
compounid, (b) the mnlecular concentration of the ~ompound, (c) the
s molecular concentration of sulphur, and (d) the molecular concentiration
of the active hydrocarbon radical.

Table 6 lists a total of 13 compounds which promoted perfect drop-
g wise condensation but were tested rfor only 2 hours. Four other com-

pounds tested were Zound to be either poor or completely ineffective

E dropwise condensation promoters. The ineffectiveness of sodium
b3 dodecylsulphonate (C12Hy5303°Na) led the authors to believe that a
!

Eib)
e LI

-y
«
:’M—- P L

T —
o rssrebil

* sulphur atom having all of its valence electrons in use cannot form a
bond with the metal surface. This conclusion was ccafirmed by testins
dioctadecyl sulphoxide [(C18H37)2S0] and sulphane [(018~37)25°2] for
effectiveness as dropwise condensation promoters. The former, which has
two unused valence electrons, was found to be an effective dropwise
promoter whereas tke latter, which has no unused valence electrons, did
not promote dropwise condensation.

\ The authors concluded that compound whlch when oricnted at the

] metal surface in a monolayer, presented an "uuhlndered" hydrocarbon

i surface to the steam, were successful in promoting drcpwise condensation.

The surface-active groups cortained divalent sulphur or seienium. No

correlation between the structure of the compourd and their effective

life was obtained.
Furman and Hampson28 have also reported an experimental investiga-

E tion in filmwise ai'd dropwise condensation of steam, A strong solution

L of dioctadecyl xanti2Z>», CygH37-0-C-S5-S-C1gH37, in carbon tetrachloride

3 was applied to the condensing surface to promote dropwise condensation

- which improved the overall coefficients of heat transfer by a factor of

3 between 2 and 3. Welch and Westwater® found cupric oleate an excellent

2 promoter on copper, stainless steel, inconel and copper-nickel surfaces.

' p The promoter was found to be ineffective on aluminum and monel. With

: this promoter using a copper surface, perfect dropwise condensation

occurred with ethylene gly.:ol and glycerine,

Bobco and Gosman29 used fluorochemicals as dropwise promoters.

Perfluorinated acids were found to produce dropwise condensation of

pure vapors of ico-octane, iso~heptane, cyclo-hexane, carbon disul-

phide, and decalin. The use of these compounds in practical condensers

: is, however, questionable due to their corrosive action on the condensing

¥ § surface and their short useful life as condensatinn promoters,

EVPL Ea i Lot i 1 AR G LS i
L

M SLtERYarRY Lty iR s
C Corb

T

AR i) L B 1

Y

16

(P e

« e et % W N

W‘ T




R A T T T A til il AN e WA

4 NG NN AL T NI v SN At <

e C .

(ep1ydIns TLoTyirourydsoydLxo14L1pa3s~s1q)1d
oavuotyjotoryloaoydsoyd usoapiy T4Lo9pe3Id0TpP-00
ovﬂ:aﬁsmAHhoq:uo:ﬁ:mmo:QOﬁ:uﬂmomvovmﬂavﬂa
autydsoyd (oTyaLoapop) TaL

sueTTs (073 1409Q) STHBAIIY
oueo9poTyl TLOIpOPSTI~0T:1
Acquaquuos,AzuuoumvﬁOH:umcmoovmuoo
) 03PWRQAROTOTYI TA29pRIDQ0
23vWRQIVI-0TYITPTLa00e=N TL23pBIDO

930URADOUDTDS TA00pPEIDQ

oavuedooTya TLo9peiadQ

' 23 0TGTIoUBOOpUNog BURLO0UDTIS-TT TLA09pOQ
97 PUOTYAEDP~0T : T~oueodp TLo0popTd

' 230U0qAVDOTYITAY TLAO0pPOPId
(oavyauex 1A439)Tp QUdTAY3dWEdDP-00

. (oawyauex wnyssvaod)Ep duaTAIoMERIIP-00

€524 7(oLEn8Tn)

Hs-sa ¢(oltuslo)

tgzq 7(s5Cully)

a €(gSeutln)

15 7(s5%u2lo)
SZy2Tog- 0T (Zyo) - s5CHTTH
mw.hmmwﬁo

Zun-00-sLEu8To
L€38Tns -5 -HN-00 - *HD

No @5-L84815

Nos - LExBTo

N2 s+ 9T (Zuo) -00-55%uC T
$2u2T55.00-8(2HD) +00-55%ul o
mNENAOm'wU.mmNINMU
Snss+59-0-0T (%HD) <005+ S°HCD
%S-$0-0-0T(%u0) -0-0s.53

*(LZ Oouda93Joy) Sanoy 00§ ISBDT v 103

uorapsuopuo)y ostadox 1993xad Suponpoxg spunodwo)d

- oxm -

LI I Ly

"t °TqRL

e - -

g by 2N s e SIS i

17

BRI

(AR



TS0

2O y 4
e SRSt A AT EN Ryt q
Py 4 VIO A G

TTARNT

e .

W A T ORI WA

em e

(SR ST .

-

-

o et e e s

o T A 47 e e i« o A

Table 4. Compounds Promoting Dropwise Condensation
for Very Long Period of Time (Reference 27).

— .
L. Ccmpound Dropwise Condensation for at least
CGHS'CHZ'S’CHZJC6H5 1730 hours

Cy gllyg 0 +CS-SC,H, 1350 hours
C18H37-0-CS-S~(Cﬂz)lo-s-cs-ocleﬁ37 1680 hours
7H2°°°Co°(CHZ)IO'S'CS'OC2H5

CHvO-CO-(Cﬁz)m~S-CS-O-CZH5 3530 hours
CHZ-O-CO'(CHZ)IO-S-CS-O-CZH5

CyoHlys S1(SCyHs) 4

1850 hours

18




BRI

T

T

K aEarni

ELE e DINIEIS s PraE

Table 5. Minimum Effective Concentration of Promoter
for Dropwise Condensation (Reference 27).

Promoter

Brass Surface

Copper Surface

Dodecane thiol

0.12:% 0.03%
G, H,cSH
godgcy}gtggt:y)lthmsylane 0.25% 0.125%
12725 "1r275/3
godgcyioogdee;anethlolate 0.25% 0.25%
177357777 712725
19

<
PR

TUET S

:‘Qr:-:r - o o
.

e e v v e




Y

Mtoci s £ 2AAet NIPET AL bl BINAS s ¢ 3

Pl R e

P

TAN: W R

AT A P e Tr ety

DR Aoy e atd £

Ay

Rt PMER

LT VNS LAY M e A e T PRI o 1 ot

e

- e ————

Table 6. Comprunds that Promored Perfect Propwise Condensation
(tested only for 2 hours, reference 27).

12,

1. 0183370'65-5'(882)10-5003

2. 0185378-68-0-(Cﬂz)lo-O-CS-SC18837

3. CygHy,00°5C; 8,5

CyoHips-S-C0-(CH,),4-SCN

5. CE3-CO°NH’CS°S-(CE -C0-SC, H

2)10 12725

6. HS-(CHz)lovCO-S-(CHZ)IO-S-CO(CHZ)IO-SH

7. CH3'CO-NH~CS-S-(CHZ)IO-CO-S-(CHZ)IO-S-CO-(CHZ)IO-S-CS-KH»CO-CH3

8. S?'CH-(CHZ)IO

9. NHZ-CO'S-(CHZ)10

10. C12H25“SH

-Se-CN
-S-CO-NH2
11. 018H37°S-C-(NH2}2-0-06H2(N02)3

C1gtl37°5°Collys

13.AE§§§:SH

20
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Warson 223 eoworkersd sczgested the wse of weyes doxived from
?l2zts 25 prwmters. Thsy recommesded the wse of Iotms-leaf wax, Eris
Pt waEg 2o mwaran wex, Thess wawss coosist of esrers, acids 2=d
alcobols of Bydrocarions with c&ain leczids of baourzen 20 2nd 30 carioc
atows, zod 2re comperadle with che filming zuiors sod suipbor-Eicked
bydrocartons baving -03 2=d -0003 “z=cors™ i glace of the Y=, 2=d -S54
2xchors bur with comsiderzdbly locger hydrocarbon chaims. Ihey focond gZan
to m2inraia highest wvalve of the overzll bear rrazsfer ccefficiezss o
a copper twde, iy was pecessary £o imject the promozer at the race of
0.1 gn per sg fr of che condenser swriace 2t intervzls of 2T0 Loors.

The rime interval E=d ro Se recuced o 100 Bowrs for soccessful exoiwise
cor.lensation on alexinem, brass zzd copro-pickel coodensirg sorfaces.

Osment 2nd coworkers”™ performed a2 series of 1ife cests on nics
organic promoters and four éifferent metals wsing infustrial stezm. The
four megals were 70-30 brass, 2Z z2lcminum brass, 70-30 cupro-zickel and
zonel. The stezm was odraimed direcrly from tke plant bBoiler and sopplied
to the comdensers &t zbour armospheric pressure. The cozfenser twbes
were promoted by cocplete irmersion in 2 solution of the proowrer fer
15 minutes. 7The created tudes were exposed ro 2ir for 2, 6, or 2% kours
before being ficted inco the condenser. Each cocbinaticn of mezal,
procwoter, and z2ir exposure was tested four times. 7The prococers cested
a2re listed in Tzble 7.

The effective lives of the promwiers were feund to be imconsisrerz
aand, geaerzlly, cocparzatively short, the zverage life varying between
50 aaé 300 hours; except for Monel, for which 2ll prooorers gave very
shorz iives. The general nzture of the brezkdexn stroazly suggested
thar failuce was caused predoninanzly by fouling.

The testing was extended to include drop premorien by pre—orer
injection into the steanm at regular intervals. Using 1080 cc of 17
solution of promoter No. 9 of Table 7 in carbon tetrachloride, perfect
dropwise condensation on all four types of tubes was obtaineéd which
lasted for 100 hours. Dropwise condensation was maintaineé continuously
when the promoter was injected every 100 hours of operation. However,

a 2% solution of the same compound in paraffin maintained perfect drop-
wise condensation for a2 year of continuous operation when the con entra-
tion of the promoter used was Q.05 ppm of the steam condensed. Similarly,
a2 1% solution of compound No. 5 of Table 7 produced perfect dropwise
condensation on all 4 metal surfaces and maintained it for a year of
continuous operation when the promoter was injected at regular weekly
intervals. The amount of promoter used was 0.01 ppm of the steam
condensed.
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Tadle 7. DBrogpwise Conlensation Promoters

{refezezce 3%)

So. Sane Formuia
1 ; Dioczalecyl diselenide (:18’:53.'.&&0:, .5E37
2 | Discradecyl zamchare (.‘.15537-0-0-5-5-018537
3 | bidodecyl crithiocarbonate CEZE‘.'SS'C'S'S‘CIZEZS
& | Dioctalecyl disulghide clikaa7-s-s-claas7
5 | Tetrakis(colecanerhio)silane Si(s clzszs) A
6 | Dodecanerris(etbare thic)silanc (:lzaz.SSi‘(S-(:ZES)3
7 | 0SS-tri-octadecane phoschorodithiocare ((:1 82370)2255618837
8 |} Cctadecyl seleocyarate c18337SeC.‘.i
9 | ¥Yontan wax
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These experiments sopgest ther freguant cleaninmgy of tcles o remove
grease, sc2le, €gc., mEy oot be pecessary for conrimwous drozwise conlen-
sacicn. Bowever, the overall coefficizor of hear rransfer was foond T
deczease wich rime, as showm Iim Figure 5 for brass and copro-nickel txdes
using rerrakis(@olecanectthiio)silane 25 the promorer. 7ZThes, it apgears
tkas althoogl injection of 2 promorer ar regular inrervals mey be svf-
f.ciear o promote 203 meintein drozwice condensacion for comtimusas
speration, the condenser surface will have to be freqguently degreasad
or cleazed o ensure the becefits of dropwise condensarion inm pro.idicg
bigh cverail khear rransfer rates. )

Ezrmpsoal confrczed 2 stedy to derermine the duradilicy of varioos
promorers in m2inrafnics dropwise conlexsation. Ee concleded that mixed
promoters mzinzalired drepwise conensation for looger pericds of time
than sirgle premmrers, and diffzrent promorers have differing effecrive-
ness oo varicus merals.

Errar a=d Y;inker.?’z coxfecred an investization into che effect of
dropwise promorers on the opera2tions of comrerciazl seaxarer evaporators
azd showed imorovesenacs In the overall coefficiear of hear transfer.

They coeaclueded thar 2 refevcrion of 30 perceat in the capical cost of
seawater evaporators could be achieved vsing éropsise condensation
promozers recomxenceé in reference 27. To estimace the effectiveness
of éropwise condensacion premwrers in commercial coodeasers, Butcher
22@ coworkers>S coaducred rests on the condeaser of 2 350 kv turbo-
2lrernaror set. They wsed solutions of mixtures of straight-chain farty
acids of high molecviar weight in liguid paraffin 2s drogwise comdeasa-
tien promocers by imjeccing them inco the turbire exbaust stezm to give
a2 toral coverage in the condenser of zbout 1 m1/£c2 of the heat transfer
surfzce. 7Ihey cbserved that izprovement in condenser perforcance was
less marked than that obtaiped in s==211 laborztory rigs. The izprove-
ment in the overall coefficienz of heat transfer was about 20%4. It was
suggeszed that improvexment in the condenser perforc—zace was limited by
the water side coefficieat and the =etal wall resistance.

Birc and coworkers3% have also investigated the use of procoters
in seawater evaporaiors. 7Their full zscale test prograz= showed that
improvements in overzll heat transfer coefficients of -bout 30% can be
achieved by using dropwise promoters. They coacluded that injection of
dropwise promoters into steanm is a valuable technique for maintainiag
high heat fluxres.

Bliss and Harding35 used lard o0il to promote dropwise condensation.
Similar to the observatiorns of Butcher,33 they also reported that improve-
zenis in heat transfer on the condensation side has little effect upon
the overall coefficient of heat transfer due to the metal wall resistance
and the coefficient of heat transfer in evaporation on the other side of
the condensing surface. They noted substantial improvements in the
overall coefficient of heat traasfe. when brine was maintained under
forced circulation on the cooling side of the condensing surface.
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Brown and Thomas>® coasidered the effects of low absolute pressures
oa the condensatior process. Suoch pressures are used im rhe steam tarbime
condessers. Two 3/4-inch éiameter, 42-inches loog, admirvalry brass .tebes
were used as conlernsing tzdes and coated on the ourside with a layer of
approximarely 0.0001 inch thick reflom to infuce 224 maintainm dropwise
condemnsazion. They fousd the overall coefficiear of heat cransfer to
increase with the adbsolute presscre for botk the drepwise and the film-
wise condensations. The averall coefficients in dropwise condensation
were found to be betweza 2 to 3 rines those for filmrise condensation.
The fall-off in the overall coefficient of heat transfer with falling
pressures was wore marked for éropwise comdensarion than for filmwise

Sugawara and Kazsut237 uged dimenthylpolysiloxare, [(CH;), SiOl,,
as & prosoter on & copper condensing surface ané observed the condensa-
tion process microscopically. The copper plate was 17 cax 4 ez x 0.3 em
thick. Their observatioz confirmed rhe estimares by Welch and Westwaterd
of the critical thickress of rthe condensate £film to be between 0.4 and
0.7 micron (observed to kB2:0.63 micron) and the critical nuclei diameter
calculated from Fatica and KarzZ3 equation, 8.8 micron, agreed well witk
the calculated value of 8.7 micron by McCormick and Baer.>8

Dolloff and Metzger39 recently completed a study of dropwise conden-
sation of steam at hLigh pressures. They used cupric oleare at a
concentration of 72 ppm as a promoter. They observed that the heat
transfer coefficient kad its maximum value at low AT and decreased to an
essertially constant value depending on pressure ar hkigh AT, Similar to
the observation of Brown and Thomas,3® they observed an increase in the
coefficient of heat transfer with an increase in pressure at which
condensation took place.

Increased Heat Transfer Rate by Mechanical Wiping

Two reports were published in 1967 which showed advantages of
periodic mechanical removal of steam condensate from a condensing surface.
The concept is analogous to the ordinary automobile windshield wiper
wvhere, with proper blade design, the 1liquid film may be almost completely
removed, The wiping action o’f the blades provides a fresh condensing
surface periodically. Bauman?0 conducted a study on a 18 inch diameter
x 6 inch high cylinder which was wiped on both the inner and outer
surfaces with automobile type wiper blades. He obtained overall coeffi-
cients of heat transfer which increased with the wiper speed, and with
the coolant velocity. An increase in the overall coefficient of heat
transfer of 607 was obtained at a wiper speed of 180 rpm compared to its
value without wipers. Adamson%l extended the work of Bauman to ship-
board application of the principle. He has suggested the use of wipers
in condensers operating at various load cycles. The wiper blades would
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then Be engaged curing pealk or near-peak loed comcitioms only. k=
report dzraiis several designs of wiper blades for shipboerd _pplicazisc.

Effect of Conienser Surfzce

2s early as 19335, Irew, Nazle and Szich?: reporzed the effect of

surface finish on éragpwice condenszticn. iheir experimeats showed thot
. very smocth, or polisked surfaces incuced dropwise coxdeasation, even

in che abseace of 0il or farry aciés. On the other hand, they cozcluded
B chat £ilm condensarion can occer o very rough or very foul surfaces
evex if coarsd wich oil or fatty acids. It therefore appearc that in
the absence of z2ddizivscs or promorers, it is pecessary to have = smooth
surface to indvce dropwise coudeasacion.

Hazpsonz’ noted that 2 morror Soiish increased thé life of a brass
surface pro=cted with oleic acié to 4 cizes for finishes with numbers
3-6900 grades of ezery paper. He zlso noteé that very <lean and scooth
surface actuzily cavsed filmwise condensation at first which 1ater changec
to éropxise condensacicn due ro Impurities in the stean. )

The basic mechanis= of procotion and mainrenance of dropwise conden-
sacion lies in che fact that the condenser surface should be nonwettable
zo the condensing wapor. Any surface trezrcent, iacluding application
of dropwise pro—orers, whick will czuse the surface to become aonwettable
will te effeccive ip pro—oring dropwise coadensation. Tnerefore, it
becoses appareat that the nature of the metal surface and zaterisl detsr-
nines ©o some exteat if a given proc—cter will be successful in premering
1 dropsise condensarisn. Hempsen! has confirzed this in his experiments
: in vhich he chowed that the use of differeat prooorers on the szme metal
caused dropwise condensation for éifferent durations in time,

: He noted that using 2 nmixtrre of oleic acid and light lubricating »il a:

a procoter oz the surfaces of mirror smooth chroze~plated cogpper aad

%o. § emery paper treated stainless steel, the mnseful promoter litfe for
chroze-piated copper was twice as long as for stainless cteel. He also
found that a prometer of soze sort was necessary for dropwice condensation
and that highly peclished surface alone will not cavse dropwise condenca~
tion. Hic observatioa appears to be contrary to these of Drew, Nagle

X and Smith.2l However, this differenze may well be caused by degree of
surface pclish and cleanliness observed during tests.

Misra and Bonilla%? observed in their experiments with condensing
mercury vapor on different surface that it condensed in a dropwise marner
' on carbon steel and stainless steel surfaces, and in a filmwise manner
on nickel and copper surfaces. They noted with the stainless steel
condensing surface that even extreme care in cleaning the surface did not
produce filmwise condensation.

An elaborate study of surface characteristics to determine the
nucleation sites for dropwise condensation has been reported Sy licCormick
and Westwater./ The nucleation of water drops during dropwise condensition
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was studied oo 2 horizoaszl svrface of copper cocited with a monolayer of
benryl mercapran. “hotographic evidence showed thit drops nucleated -

at natural cavities on the condenser surface. Some cavitles were nuclea-
tich sites because they coztained trapped, liquid water. Ir addirion,
the authors found that the cavities procduced by needles and by spark
erosion and scratches made on the surface also nucleared drops. These
experiments were extended o include the effect of small soiid particles
on the condenser surface.

The suthors studied the behkavior of 37 possipiec sires in che photo-
graphic study. 9ut of this total of 37 sites, six were fourd to cucleate
from 2 to 5 times after which these sites became iractive. In a total
of 8 runs, they found six sites which did oot nuclexte at all, and 4
sites which nucleated in 7 runs. DProps also appeared from other locations
on the surface which could not be ideniified as nucleation sites from
photographs of the surface. 7They ccncluded that drsps nucleate at
preferred sites duering dropwise condensation.

To study the effect of suw2ll particles on the condenser surface,
particles of 24 different materials were tested for effectiveness as
nuclestion centers. 7The particle density in these tests varied between
800 and 55,000 particles per square centimeter. They found that the
nucleation characteristics of a particle was. indeperdent of the rarticle
density whereas nucleation ability among varicus kinds of particles varied
substantially. The relative o-der of nucleating abilities of these
particles was explained by the net heat of adsorption. A positive net
heat of adsorptior of the vapor on the solid was assumed to mean a
spontanecus process. Nucleation of drcps was found to occur on particles
of 13 materials having positive net heats ¢f adsorption. For the insolu-
ble, wettable particles, a size range of active auclzation sites of
about 2y-~- 30uwas observed.

McCormick and Westwater showed in a later papers that at a particular
pressure and temperature difference, the heat flux increases with an
increase in the population of active sites on the surface. However, as
the population of active sites increases, the crowding effect reduces
the growth rate for each new drop added to the total. It was estimated
that when an active site density of between 3 x 106 ¢t 3 x 107 per sg in
is reached, the coefficient of neat transfer in dropwise condensation
reduces to an extent that it equals the value for filrwise condensation,
thereby eliminating the improvements normally expected in dropwise
condensation. In addition, the authors observed that the number of
active sites depends on the surface preparations and its subcooling.

This behavior of sites in condensation seems analogous to their behavior
in nucleate boiling.
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. COMMERCIAL APPLICATIONS OF DROPWISE CONDZNSATION

Full Scale Tests

Most of the published work in filmwise or dropwise coandensation has
been limited €o single tube or plate condeasers under iddalized labora-
tory conditions. However, a few reports have been published which
detail cests conducted on full scale commercial ccndensers.

Tests asing octadecylanmine, C;gH378H,, as a dropwise condensation
promoter or. 2 full scale steam plant have been reported by Tanzola and
Weidman.26 As discussed earlier, an increase of between 100 to 200
percent in the overall coefficient of heat transfer was obtained. 1In
the drying machine of the paper mill where these tests were conducted,
an average reduction of 10 percent in steam requirements was secured
through the application of octadecylamine. The authors also noted a
sharp reduction in corrosion of the condenser tubes.

Blackman,; Pewar and Hampson27 conducted tests of three drop-promoting
compounds on z marine condenser. The three compounds, dodecarethiol,
C1oH75SH, tridodecyl phosphorothioite, (012H158)3PS, and decamethylene
di(ethylxanthate), C,H50-C5-S-(CHy)10-5-5SC-0C2H5, were applied on the
top surface of about 30 tubes in the condenser. The .tubes exhibited
dropwise condensation for over 2 years of operation.

Watson, Brunt and Birt%0 postulated the requirements for a material
to be used as a drop-promoter in a full scale steam plant as follows:

- both the material and any carrier shcald be compatible #ith
the steam plant,

- it should be inexpensive and nontoxic,

- it should not require specially cleaned surfaces, and should
maintain a clean condensing surface during use,

-~ it should have a long useful life, and

- it should produce a substantial increase in the steam-side
heat transfer coefficient in a reasonable time.

Based upon these requirements, they rejected the usefulness of
simple hydrocarbons, fatty acids, sulphur containing hydrocarbons which
are injected in solvents such as carbon tetrochloride, and filming
amines. They concluded that waxes derived from plants are the best
available dropwise condensation promoters, details of which have been
given earlier.

A series of life tests were reported by Osment et al3l using
industrial steam condensing in a power generating plant and in a marine
condenser, as discussed earlier. Brunt and Minken32 and Birt et al34
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- have reported a reduction of about 30% in the capital cost of seawater
evaporators if dropwise condensation promoters were used whereas Butchker
et 2133 reported an increase of about 207 in the overall coefficient, of
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) heat transfer. In short, savings of up 2o 30% could be obtained in
§ - commercial condensers with the proper application of the existing know-
’ L A ledge of dropwise condensation promoters.

g ; Effect of Corrosion Inhibitcrs

8 Corrosion films on metal surfaces in-condensation are usually
formed by oxidation of a thin layer of the metal surface. These metal
oxides generally uave low thermal conductivity thereby offering a
significant resictance to heat transfer. The net result is that even
if condensing co-«fficients are increased by an order of magnitude, the
net increase in the overall coefficient of heat transfer is very small.
if the metal surface could be protected from oxidation, a substantial
portion of the increase in condensation coefficient due to drop forma-
tion could be translated into an increase in the overall coefficient
of heat transfer.

} Some organic dropwise condensation promoters have been found to be
} corrosion inhibitors as well. Filming amines afford corrosion control
i
}
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by the formatioc. of a nonwettable film over the condenser surface.
Since these amines do not function by neutralization of carbonic acid,
their performances are independent of dissolved gas concentration.
The commonly employed corrosion inhibitors are straight chain
primary amines of 10-18 carbon atoms in their molecules, or their salts.
% Octadecylamines used by Tanzola and Weidman26 are about the most effec-
tive commercially available filming inhibitors. These amines have been
known to also 1if% or loosen and displace existing corrosion deposits
on the condenser surface, The usual effective concentration is about
1-3 ppm of the condensate. Since these amines are also dropwise conden-
. sation promoters, large increases in the overall coefficients of heat
: transfer have been obtained with their use. A third, and indirect
< benefit of corrosion inhibitors is that they increase the condenser life
- significantly.

By edu ey
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Requirements for Practical Use of Dropwise Condensation

dl ) For proper application of dropwise condensation to commercial
3 condensers, it will be necessary to carry out life test on full scale

{0 i condensers under actual operating conditions, To be acceptable, the
L condenser must be capable of producing dropwise condensation for the
é} life of the equipment and require only a minimum of special handling
s or servicing, It must yield uniform improvement in heat transfer on a

3 continuous basis and must not cause corrosion by reason of dropwise
" i condensation promoters.
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NOT REPRODUCIBLE

Idezlly, dropwise condensation will be most successful if tne
condenser tube mater al could be inherenrtly capable of praoducing ir .~
wise concensation, or a permanent coating might be applied at the t.~.
of manufacture to promote droprise condensation with a substaatizl
increase in heat transfer for the life of the equipment without be:ng
affected Dy steam impingement, fouling or deterioration. MNeither o
these approaches have been successful so far,

At this time, the most suitable merthod appears to be the intermittent
application of the dropwise promoter compound. The compcund could be
introduced into the condenser eithar by spraying it onto the tube
surfaces periodically or by adding it to the steam source as a
predetermined proportion of the condensate,

An area of research which appears promising is the effect
tion of the condenser surface on coefficients of heat transfer in filmr-
wise and dropwise condensation. Although effects of vibration on
coefficients of heat transfer in boiling have been investigated by
many authors, no such investigation appears to ‘have been carried out in
condensation. It.appears feasible that vibration of the heating surface
at an appropriate frequency and amplitude may cause break-up of the
liquid film in filmwise condensation to form drops, thereby increasing
the heat transfer rate.. Furthermore, vibration of the condenser surface
in aropwise -condensation may accelerate drop formation, reduce the drop
size necessary for sliding down the condenser surface, and/or increase
the sliding velocity of the droplet.

A savirg in the capital cost of condensers of around 307, observed
earlier, is substautial and investigation must be continued to realize
this saving in seawater evaporators, marine condensers, and other com=
mercial applications. The investigation should also determine 1f (le
cost of promoting dropwise condensation is offset by the savings
obtained by reduction of the condenser size,

fixen

of vibra-

CONCLUSIONS

1. Heat transfer rates in dropwise condensation are significantly

higher than those obtained in filmwise or mixed condensation.

2. Condensation on pure, chemically clean mectal surfaces is usnal™
filimwise. Very smooth and highly pslished surfaces can also cause
filmwise condensation. Compounds which make the condenser suafwce

nonwettable are good dropwise condensation prometers when applied
to the condenser surface,
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10.

Under laboratory conditions, some permanent-type coatings, e.g.,
:teflon, gold, silver, have been found to be effective dropwise
condensation promoters. However, the effective lives of some of.
these promoters have been short, possibly due to surface fouling or
removal of the coating in service. Furthermore, the effectiveness
of permanent-type promoters in maintaining dropwise condensation is
limited by their low thermal conductivity and the coating thickness.

Generally, organic compounds which, when orientéd at the metal surface
in a monolayer and presented an '"unhindered" hydrocarbon surface to
the steam, were successful in promoting dropwise condensation. The
surface active or ancnoring group usually contains a divalent sulphur
or selenium atom. A number of such organic compounds have been

found which, when applied to the tube surface or.fed periodically
into -the steam stream, are effective dropwise condensation promoters
for long periods of tims,

Only those substancec which are strongiy .adsorbed on the condensing
gurface are significant dropwise condensation promoters. .For
example, mineral oils, alcohols, organic nitrogen compounds, end
halides are ineffective in promoting dropwise condeasation whereas
high molecular waight fatty acids and natural waxes derived from
plants are good promoters of dropwise condensation.

Heat transfer coefficient can be increased by mechanjcally wiping
the condensing surfaces at frequent intervals, the improvement being
proportional to the wiping frequency.

Corrosion inhibitors which also '‘form a nonwettable layer on the
condenser surface are most suitable for achieving dropwise condensa-
tion and high overall coefficients of heat transfer.

The published information on the durability and behavior of dropwise
condensation promoters is incomplete and inconclusive,

The applications of condensation promoters are enormous. For example,
experiments with commercial seawater evaporators have shown that
improvements in the overall coefficient of heat transfer by using
dropwise condensation promoters can reduce the capital cost of, such
equipments by 30% or more, However, due to a lack of needed informa-
tion on dropwise condensation promoters, they are usually not used

An industrial practices.

Further research is necessary to determine durability and effective-
ness of dropwise promoters under a variety .of industrial conditions,
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, L 11. It is possible that vibration of the condenser surface may increase - :
i - heat transfer rates by, .accelerating drop formation, reducing drop
- % size necessary for\sl “ding down the condenser surface, and/or * /
- f\ 1ncreasing the 311d1ng velocity of the droplet i dropwise condensa~-

o

AN

oy ticn, Vibration. of the heating surface in filmwise condensation may

; cause breik up of the liquid film to form drops and ificrease heat
transfer rates.
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; RECOMMENDATIONS ;
t]

: s ' 1. Current research and devélopment programs to increase the useful g

life of permanent type coatings and organic promoters should and no

S R doubt will be continued. No major breakthrough i the way of new

b coatings or promoters is in sight. Consequenuly, the area of greatest
potential advancement is in the use of vibrations or wiping technlques.
It is, therefore, recommended that ar experimental program be
initiated to evaluate the effects of vibrating condenser surfaces.
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NOMENCLATURE

Condenser area free of discrete drops
Total area of the ccndeuser surface -

Film coefficient of heat transfer

T

Coefficient of heat transfer between condensing
vapor and the cordenser surface

-2
[

Equivaleat coefficient of heat transfer across
the thin corrosion layer

Coefficient of heat transfer between cooling
water .and--the condenser wall

"4

Thermal conductivity of condensate

Thermal conductivity of metal wall

Lo B

Rate of heat flow
t Wall thickness

to Critical time for film growth

AT  Vapor saturation temperature minus metal

surface temperature
u: Overall coefficient of heat transfer

Xe Critical film thickness at fracture

é Average film thickness
6 Angle of contact
A Enthalpy difference between the vapor

and the condensed liquid
p Density of liquid

(14 Interfacial tension
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é Figure 2. Performance of various coatings
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