
I = radial 
s = surface 
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Dropwise Condensation Phenomena 

Dropwise condensation of water vapor on long vertical tubes was in- 
vestigated as to in situ cleaning and promoting techniques for a variety 
of tube materials. 

Excess promoter on the tube surface significantly reduces heat transfer 
but appears to be slowly removed by draining. 

Measured steamside heat transfer coefficients for copper, gold, Admiralty, 
Cu-Ni 90-10, and Monel tubes are adequately correlated by the theory of 
Mikic (1969) modified to include the effect of wall thickness. 

A photographic study revealed that falling drops are elongated into 
rivulets on long vertical surfaces. Short (<65 mm) rivulets and small, barely 
visible drops over most of the area are evidence of excellent dropwise con- 
densation. 

SCOPE 
Heat transfer can be greatly improved by condensing 

vapor as discrete drops rather than as a continuous film. 
Dropwise condensation of water vapor is achieved by 
applying an organic compound to render the surface non- 
wetting. Promoter life is short under industrial conditions 
mainly due to fouling. One of the objectives of this study 
was to find more effective cleaning and promoting tech- 
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niques for a variety of tube materials, especially the more 
corrosion-resistant alloys. Testing was done in a single tube 
apparatus and a five-effect Multiple Effect Flash Evapora- 
tor (Bromley and Read 1970). 

Steamside heat transfer coefficients with dropwise con- 
densation have been reported by others for copper, zinc, 
and stainless steel and were found to be dependent upon 
the thermal conductivity of the tube material. Two dis- 
parate theories have been advanced to explain this phe- 
nomenon. The validity of these theories was tested by 
measuring dropwise heat transfer coefficients for a variety 
of tube materials. 
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CONCLUSIONS AND SIGNIFICANCE 
Copper, copper alloy, and gold tubes were cleaned and 

promoted in situ to 1 0 0 ~ o  excellent dropwise condensa- 
tion. Cuprous oxide and iron oxides were removed from 
tube surfaces by sulfur dioxide in steam. Stubborn de- 
posits were removed by either chlorine, bromine, or (di-) 
nitrogen trioxide in steam followed by sulfur dioxide. 
These gases are very toxic and corrosive and must be used 
sparingly. Promotion of the tubes to dropwise condensa- 
tion was accoinplished using either tetralcis octadecyl thio 
silane, n-octadecyl mercaptan, or lauryl mercaptan, all of 
which are excellent promoters. 

Karbate (coated carbon) tubes could be promoted to 
dropwise condensation only if the impervious coating were 
removed and the promoter applied to the dry tube sur- 
face. Karbate could not be promoted satisfactorily under 
condensing conditions. 

Overall heat transfer coefficients with dropwise con- 
densation were measured as a function of cooling water 
velocity in the range 2 to 8 meterdsecond for a variety of 
tube materials. Steamside coefficients calculated from 
these overall coefficients showed that the steamside coeffi- 
cient depended upon the thermal conductivity of the tube 
material, and, for thin walled tubes, the tube wall thick- 
ness. The variation of the steamside coefficient with ther- 
mal properties and tube thickness was due to the non- 
uniformity of metal temperature caused by the presence 
on the surface of large drops that can be considered inac- 
tive. The steamside coefficients were adequately corre- 

lated by the theory proposed by Mikic (1969) modified to 
include the effect of finite wall thickness. Thus the use of 
dropwise condensation on thin-wall titanium would result 
in little increase in heat transfer whereas the maximum 
possible dropwise heat transfer coefficient can be attained 
on a rather thiclc-wall (- lmm) promoted high con- 
ductivity (copper) tube. 

Although only a monolayer of promoter was required to 
attain dropwise condensation many layers were applied 
during promotion to ensure complete coverage. The ther- 
mal resistance of these excess layers was appreciable. The 
time required for the excess promoter to be removed de- 
pends upon the promoter and can require up to seven 
hours for a 1.8 meter tube. The mechanism of removal of 
the excess promoter was, most probably, draining by 
gravity. 

The character of high quality dropwise condensation on 
a vertical surface more than a few centimeters high was 
different from that previously reported. Falling drops were 
elongated into rivulets. These rivulets were unstable be- 
yond a certain length to width ratio due to surface forces. 
With high quality dropwise condensation only short (< 
65 mm) rivulets were found. Short rivulets were important 
because they increased heat transfer by increasing the fre- 
quency at which an area of surface was swept clear of 
drops. The lost tails of the rivulets result in a small num- 
ber of single randomly spaced moderate sized ( I  to 3 mm) 
drops on the surface. 

PREVIOUS WORK 

Bromley et  al. (1968) conducted a limited number of 
tests on copper tubes of promoters, methods of application, 
corrosion-erosion resistance, etc. The tubes were prepared 
for promotion by in situ cleaning with sulfur dioxide in 
steam or, for stubborn deposits, chlorine in steam. The best 
promoter found was tetrakis octadecyl thio-silane 
[ (CI~H&)&]  which was applied by injecting a 1% 
solution in octanoic acid into the seawater feed. This pro- 
moter had a life of several hundred hours under favorable 
conditions. 

Wilkins et al. (1973) found that in the absence of or- 
ganic contamination gold condensed water vapor in a film- 
wise manner. The gold was readily promoted to excellent 
dropwise condensation with tetrakis octadecyl thio-silane. 

The effects of heat-flux, steam velocity, promoter and 
plate height were found to be small for fluxes less than 
0.25 MW/m2 and plate heights from 25 to 100 mm by 
Tanner et al. (1965b) and Le Fevre and Rose (1965). 
Earlier Shea and Krause (1940) had noted a dependence 
upon plate height; however, this was probably due to poor 
quality of dropwise condensation. 

Only a monomolecular layer of promoter is required to 
achieve dropwise condensation. During the application of 
promoter much more than a monolayer can be accumu- 
lated on the surface. The thermal resistance of these ex- 
cess layers of promoter can significantly reduce heat trans- 
fer. Tanner et  al. (196513) reported that one hour was 
required to remove the excess layer with the promoter 
dioctadecyl disulfide. Using the same promoter Citakoglu 
and Rose (1968) found that up to 3 hours were required 
to remove the excess layers. 

The steamside coefficient has been shown to depend 
upon the thermal properties of the subsurface material. 
Tanner et al. (1965b) reported a coefficient of 0.24 
MW/m2"C for copper and 0.034 to 0.045 MW/m2"C for 

stainless steel, both with the promoter montanic acid. No 
difference was noted in the appearance of the two sur- 
faces. 

Griffith and Lee (1967) reported steamside coefficients 
for several surfaces in a horizontal position facing down. 
Their results were coefficients of 0.057 MIS'/m*-C for cop- 
per, 0.026 MW/m2"C for zinc, and 0.011 MLl/m2"C for 
stainless steel. Each of these surfaces was identically gold- 
plated; therefore, these differences cannot havc. been due 
to surface characteristics such as nucleating ability. They 
could only be due to the differences in thermal properties 
of the subsurface material. 

Until recently no theory of dropwise condensation con- 
sidered explicitly the effect of the thermal properties of 
the surface material. These effects have been shown to be 
important. Two recent theories have been advanced to 
explain this phenomenon. Mikic (1969) treats the prob- 
lem as essentially steady state while Nijaguna and Abdel- 
messih (1971) consider transients to be controlling. 

EXPERIMENTAL APPARATUS 

The apparatus used in this investigation has been described 
(Broinley et al., 1968; Wilkins et al., 1973) and consisted of 
a vertical condenser with an active tube length of 1.42 m 
housed in 76.2 mm I.D. glass pipe. Water vapor (made from 
sea water) at one atmosphere condensed on the outside of 
the tube and distilled water was circulated through the inside 
in a closed loop. The feed seawater used to generate vapor, 
had been filtered, pH adjusted, and degassed. Excess brine 
and the condensate were sent to drain. 

Inlet and outlet cooling water temperatures were measured 
in insulated mixing chambers with Hewlett-Packard quartz 
thermometers, absolute accuracy ?O.Ol"C; in addition therino- 
couples were used. The cooling water flow was read from 
a calibrated rotometer. A short-range mercury thermometer 
was read to 0.01"C for the steam temperature. 

A detailed description of the apparatus can be found in 
Wilkins (1972). 
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TABLE 1. CONDENSER TUBE SPECIFICATIONS 

Wall Thermal 

Tube material mm mm at93" C 
O.D., thickness, conductivity 

Admiralty alloy 443 15.9 1.24 121 W/m"K 

Copper-Nickel alloy 706 15.9 1.24 50 
Gold 99.95% pure 15.9 0.89 294 
Karbate 18.8 3.43 97 
Monel 16.0 0.51 27 

Copper OFHC alloy 101 15.9 0.89 393 

Condenser lubes 
The specifications of the condenser tubes used in this work 

are listed in Table 1. The thermal conductivity data for the 
metal tubes were obtained from Touloukian (1970). The 
thermal conductivity of Karbate" was obtained from the 
Union Carbide Company. 

Cleaning 
Condenser tubes must be clean before they can be promoted 

effectively. The previous technique of using sulfur dioxide 
and chlorine in steam was found to be effective on copper 
alloy tubes as well as on copper. The alloy tubes tested were 
brass, 90-10 copper nickel, and Monel. Bromine or (di-) nitro- 
gen trioxide in steam was also found to clean well. Of the 
cleaning agents (di-) nitrogen trioxide was the most effective 
for stubborn deposits; however, it is also the most toxic and 
caution must be exercised in handling this gas. 

Hot, foamy, acidified sea water was found to be moderately 
effective as a cleaning agent. Loose iron oxide could be re- 
moved from the tube surface by foam. Sulfur dioxide also 
slowly ( 1  hr.) removed the more adherent iron oxide. The 
best foamers tested were Alipal C0436f and Joy.+ 

PROMOTERS 

The promoters that worked well for copper 
and gold were also found to be excellent promoters for 
Admiralty, 90-10 copper-nickel, and fair for Karbate. 
There wits some variation. Tetrakis octadecyl thio silane 
was best for copper, 90-10 copper-nickel and gold. The 
mercaptans n-octadecyl and lauryl were better on Ad- 
miralty, Karbate, and Monel. A 50-50 mixture of the two 
mercaptans also appeared to remove the protective film 
that forms on the arsenical inhibited Admiralty. None of 
the other cleaning agents were particularly effective in 
removing this film. 

An attempt was made to promote a titanium tube but 
only very short-lived dropwise condensation could be 
achieved. 

Promotion by vapor phase transfer worked well for all 
the tubes tested except for Karbate. The technique worked 
best when the promoter was injected directly into the 
boiling sea water. Approximately 1 cu. cm. or less of solu- 
tion was required to promote a single tube. 

The Karbate tube could not be promoted in place for 
more than a few minutes. This is in agreement with the 
observation of McCormack and Westwater ( 1965) that 
graphite particles are extremely poor nucleation sites for 
drop formation. I t  was found that if the impervious coat- 
ing normally present on Karbate was removed by sanding 
the tube with fine steel wool, dropwise condensation could 
then be maintained for several minutes by in situ promot- 

Karbate is the trade name of Union Carbide Co.  for resin-impreg- 
nated graphite. 

t Alipal C0436 is an ammonium salt of sulfated monylthenoxypoly 
(ethylene-oxy) ethanol produced by General Aniline and Film Corp; Joy 
is a combination of three surfactants (sulfated alkyl ethylene oxide: tri 
alkylamine oxide; alkyl glycerol sulfonate) and is produced by Procter 
and Gamble Corp. 

ing. However, since this was not satisfactory, the Karbate 
tube was removed from the apparatus and promoter 
(n-octadecyl mercaptan) was applied directly to the tube 
surface. This gave good dropwise condensation that lasted 
several hours. A possible reason for the poor performance 
of the Karbate was the porosity of the tube since these 
pores could trap water and hence tend to make the tube 
more wetting. 

Extensive life tests were not conducted on any of the 
promoters or tubes. General trends were noted. These ob- 
servations can be summarized as follows for copper and 
copper alloys: 

1. Promoter life on a given tube increases with increas- 
ing copper content of a tube, reaching a maximum with 
pure copper. 

2. Promoter life increases with increasing molecular 
weight within a class of compounds, for example, thio 
silanes, mercaptans. Promoter life tends to be longer for 
the thio silanes than for the mercaptans for the same basic 
unit. 

3. Resistance to erosion increases with increasing cop- 
per content of tube material. 

These observations are consistent with a mechanism that 
involves the chemical adsorption of the active end of the 
promoter molecule to the copper atoms of the surface as 
proposed by Blackman and Dewar (1957). 

Promoters on gold and Karbate had a shorter life than 
on pure copper. On these former materials the promoter is 
probably physically adsorbed rather than chemically; 
therefore, a shorter life could be expected. 

OVERALL HEAT TRANSFER COEFFICIENTS 

Overall heat transfer coefficients with dropwise con- 
densation were measured for the tubes listed in Table 1. 
These results are summarized in Figure 1. The coefficients 
are considered to have an error of from 1 to 3%. Tabular 
values are recorded by Wilkins (1972) along with some 
filmwise results. 

The promoters used were: 

Material Promoter ( s )  

Admiralty Lauryl + n-octadecyl mercaptan 
Copper Tetrakis octadecyl thio silane 
Copper-nickel go-10 Tetrakis octadecyl thio silane 
Gold Lauryl mercaptan 
Karbate n-octadecyl mercaptan 
Monel Lauryl + n-octadecyl mercaptan 

COMPARISON W I T H  OTHER REPORTED RESULTS 

Overall dropwise heat transfer coefficients for a vertical 
copper tube have been reported by Hampson (1961) and 
Bromley et al. (1968). The overall coefficients for gold in 
Figure 1 were previously reported by Wilkins et al. 
( 19 13) .  No coetticients with dropwise condensation are 
known to have been reported for the other tube materials. 

Hampson ( 1961 ) reported overall dropwise coefficients 
for a 15.9 mm O.D., 0.51 mm wall-thickness, 0.61 m long 
vertical copper tube. Over the common range of velocities, 
the present results agree within the experimental error 
with those of Hampson. 

The present results for a copper tube were 40 to 50% 
higher than those of Bromley et al. (1968). This differ- 
ence was greater than their experimental error and was 
probably due to a combination of fouling of the inside 
tube surface and an unaccounted systematic error in their 
data. 
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direct method was developed, therefore, to c&date the 
steamside coefficients. This method has been dtwribed by 
Wilkins et al. (1973) and basically was the Wil,on method 
modified to account for the uncertainty in rhe experi- 
mental data and in the correlation for the imide coeffi- 
cient. The steamside coefficients calculated in this mariner 
are listed in Table 2.  These values are considered to be 
the lower confidence limit on the true value at  the 95% 
confidence level. 

Factors That Can  Influence the Steamside Coefficient 
Noncondensa bles 

The steamsidc coefficicnt with dropwise condensation 
has been shown to be quite sensitive to the noncondens- 
able gas concentration in the steam. Le Fevre and Rose 
(1965) reported that simply blowing off steam was in- 
effective in removing noncondensables even if done for 
several hours. Placing a vent near the condensing surface 
was necessary to adequately remove inerts in their closed ' 
"%i;ner et al. (1965a) found the effects of noncon- 

O 4~ 2 lo densables could be eliminated by having a low ( 2  ppm) 
noncondensable gas concentration in the steam, condens- 
ing only a small (15%) fraction of the total steam flow and 

Fig. 1. Overall heat transfer coefficients with dropwise condensation. maintaining a high steam velocity across the condensing 

Cooling Water Velocity (m/sec) 

Fouling of the Inside Tube Surface 

At the temperatures encountered in these experiments 
the copper tube will react with the oxygen in the cooling 
water to form an oxide film that can have a deleterious 
effect upon heat transfer. This may also be a problem but 
to a lesser extent with Admiralty and 90-10 copper-nickel. 

An easy way to remove this oxide film is to acidify the 
cooling water to a pH of from 2 to 4. Two methods of 
acidifying were employed initially, namely adding con- 
centrated HCl batchwise or bubbling SO2 continuously into 
the cooling water. The overall heat transfer coefficients 
obtained with these two methods differed by 10%. The 
coefficients with SOz were the lower ones as shown in 
Figure 2. 

Other tests with SO2 that were conducted showed that 
in the absence of oxygen in the cooling water there was 
no lowering of the heat transfer coefficient. The reduction 
was probably caused by the formation of cuprous or cupric 
sulfite both of which are insoluble in hot water but soluble 
in dilute HCI. This lowering of the heat transfer coeffi- 
cient with SO2 was quite reproducible although, if there 
were no initial oxide film on the tube, a few hours were 
required due to the slow rate of oxygen transfer to the 
cooling water. The coefficients rose quickly when the SOz 
was replaced with HC1. 

STEAMSIDE COEFFICIENTS 

The surface temperature of thin-wall tubes cannot be 
measured accurately under condensing conditions. An in- 

Material 

Copper 
Gold 
Admiralty 
Cu-Ni 90-10 
Monel 

surface. 
The precautions taken to eliminate noncondensables in 

the present investigation were those normally employed in 
a seawater conversion plant. The dissolved oxygen content 
of the seawater feed was measured by Sridhar ( 1972) and 
found to be 35 to 45 ppb. Nitrogen is twice as soluble in 
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Fig. 2. Effect of SO2 in cooling water on heat transfer. 

TABLE 2.  OBSERVED AND PREDICTED STEAMSIDE COEFFICIENTS WITH DROPWISE CONDENSATION 

h0 
ho observed ho ho with thickness 

B.t.u./hr-ftZ "F (MW/mZ-"C) transient constriction dependence 

40,000 
35,000 
28,000 
22,000 
9,700 

0.226 0.226* 0.216 
0.199 0.167 0.205 
0.159 0.122 0.158 
0.124 0.079 0.103 
0.055 0.070 0.070 

O 0.226, the value for copper, was arbitrarily chosen as the reference value for calculations of ho for the transient theory. 

0.216 
0.204 
0.174 
0.119 
0.050 
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seawater as is oxygen for a total noncondensable gas con- 
centration in the steam of at most 0.28 ppm. A minimum 
of 10 to 2056 of the total steam flow passed completely 
through the active condensing section to the auxiliary 
condenser as shown by Bromley et al. (1968). Noncon- 
densables should not have affected the steamside coeffi- 
cients in the present investigation. 

EXCESS PROMOTER 

The rates of removal of some of the promoters used in 
this study were determined. This was accomplished by 
adding excess promoter to a copper tube that had been 
condensing dropwise for several hours. The effect of this 
excess promoter on the overall heat transfer coefficient 
was observed. The result of adding 1/4 cc of a 50-50 mix- 
ture of lauryl and n-octadecyl mercaptan is shown in 
Figure 3. The overall coefficients required five to seven 
hours to return to their previous values. When lauryl mer- 
captan alone was tested, heat transfer was reduced for 30 
to 45 minutes. 

The decreased heat transfer after adding excess pro- 
moter appears to be caused by the thermal resistance of 
the excess promoter as was suggested by Citakoglu and 
Rose (1968). The mechanism of promoter removal was 
not clear. 

A few calculations showed that promoter distilled 
rapidly from the sea water boiler and was nearly quanti- 
tatively transferred to the condensing surface and that 
neither dissolution nor evaporation appeared to be the 
mechanism of removal. 

The most likely mechanism seems to be draining due to 
the forces acting on the film. These forces were gravity 
and viscous drag ot the falling drops. Using an equivalent 
film thickness based on heat transfer measurements an 
apparent viscosity was calculated for the promoter n-octa- 
decyl mercaptan using the draining equation of Van Ros- 
sum (1958). The result was an apparent viscosity of 5 cp. 
This was a reasonable value and indicates draining was the 
most probable mechanism of promoter removal. 

SURFACE THERMAL PROPERTIES (TRANSIENT THEORY) 

Nijaguna and Abdelmessih (1971) have proposed a 
model of dropwise condensation that considers the pre- 
coalescence life of a drop to be the limiting factor. Their 
model approximated the growth of a precoalescence drop 
by the transient conduction through a composite slab, one 
slab (the drop) of finite thickness in contact with a semi- 
infinite slab and no contact resistance. Their final expres- 
sion for the average steamside coefficient was 

where N d  was the active drop density. This expression is 
not dimensionally consistent. To be correct the right hand 
side should be multiplied by the area covered by one drop. 

This model predicted that the steamside coefficients 
should vary as the group (ks/dE) that is (dmp). This 
model was based on the transient part of the solution to 
the conduction problem. Before applying this prediction 
one should ascertain that the steady state part of the 
solution can be neglected. This is equivalent to finding that 
the response time of the metal surface is long as com- 
pared to the precoalescence lifetime of a drop. This was 
not considered by Nijaguna and Abdelmessih (1971). 

Using the results of Heasley (1965) for the response 
time of the metal surfaces, the average maximum pre- 

I hr 
0.5 hr 

I I I I I I I I I  
I 2 3 4 5 6 7 8 9 1 0  

Cooling Water Velocity (m/sec) 

Fig. 3. Effect of excess promoter on heat transfer. 

coalescence drop size determined by McCormick and 
Westwater ( 1966), and kinetic theory for maximum 
growth rate the response time and precoalescence lifetime 
were calculated. For a copper surface the response time 
was two orders of magnitude smaller than the precoales- 
cence lifetime. For titanium the response time was one 
order of magnitude smaller. 

Thus the heat flux capacitance does not appear to be 
significant in dropwise condensation. This theory also does 
a poor job of correlating the experimentally observed co- 
efficients from the present work as also shown in Table 2. 

Constriction Resistance Theory 
Mikic (1969) considers the differences in the observed 

steamside coefficients to be due to the nonuniformity of 
the surface temperature with dropwise condensation 
caused by the presence of large inactive drops on the 
surface. The effect of thermal conductivity is to change 
the degree of surface temperature nonuniformity. 

The local vapor-to-surface resistance is highly nonuni- 
form over the dropwise surface. On bare areas and at the 
edges of drops condensation is rapid, while there is little 
condensation on the center portion of large drops. Thus 
the heat flux is nonuniform over the surface. For a surface 
with a finite thermal conductivity the local temperature 
then will depend upon the local heat flux. A higher heat 
flux implies a higher temperature. 

The condensing surface can be  divided into an inactive 
area and an apparent effective area. The inactive area 
would be the area covered by large drops. Welch and 
Westwater (1961) found that 97% of the heat load was 
transferred through drops smaller than 0.25 mm diameter 
and no important conduction takes place on drops large 
enough to be seen by the naked eye. These small drops 
comprise the effective area. 

The dropwise process was then represented by an ele- 
mental heat channel of radius b. An adiabatic disk of 
radius c placed on one end of the channel represented the 
inactive drop. The boundary conditions were unifoim flux 
over the effective area n(b2-~2)  and uniform flux over 
the total area ( ~ b 2 )  of the other end of the infinitely long 
channel. There was no heat loss from the other sides of 
the channel. 

The effect of the adiabatic disk on heat transfer to the 
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elemental heat channel was to introduce another resist- 
ance, the amount being inversely proportional to the' ther- 
mal conductivity of the channel for a fixed geometry. 
Mikic ( 1969) terms their resistance the constriction re- 
sistance and the relation for two surfaces, I and 11, was 

(2)  
- krr 

( & ) r r  kr 
--- 

The steamside heat transfer coefficient was expressed as 

ho-' = Ro + R, 

The resistance R, was the constriction resistance and Ro 
was the remaining resistance and was constant for all sur- 
faces. 

The problem of constriction resistance has been treated 
as a steady state problem and the distribution of drops on 
the condensing surface was assumed to be stationary. This 
is true in the statistical context of the word stationary. As 
was shown in the preceding section, the transient response 
of the surface was small compared to the life cycle of an 
area of the surface, thus the assumption of steady state 
was justified. Using Equations (2 )  and (3) with copper 
as the reference substance and the experimental values of 
ho, a best value of Ro was calculated by the method of 
least squares. The resulting calculated ho values for the 
constriction theory are also shown in Table 2.  

Mikic (1969) uses this theory to correlate the experi- 
mental results of Griffith and Lee (1967) and Tanner et 
al. (1965b) for copper and stainless steel. This was not 
proof of the validity of the theory since there were only 
two experimental materials. This theory is inadequate to 
predict the third experimental coefficient (zinc) of Grif- 
fith and Lee ( 1967). 

Effect of Finite Tube Wall Thickness 
In the development of this constriction resistance theory 

Mikic assumes an infinitely long heat channel. This length 
was necessary to allow the heat flux to become uniform 
across the channel. The tube used in the present work 
cannot be assumed infinitely thick. Many of the drops 
were several times larger than the thickness of the tube 
wall. The effect of assuming an infinitely thick heat chan- 
nel is to underestimate the magnitude of the constriction 
resistance. 

The heat flux in the tube wall will be nonuniform under 
the large inactive drops and at the cooling surface. A 
constriction resistance will be created at this cooling sur- 
face in the same manner as the one at the condensing 
surface. Its magnitude will in general depend upon the 
wall thickness, drop size, distribution, and cooling wall 
coefficient. As a first approximation these effects can be 
taken as a function of wall thickness alone. This function 
can be used to modify Mikic's (1969) expression, giving 

the sum of two resistances: 

(3) 

(4) 

where Z is wall thickness. The present results were corre- 
lated using 

(5)  

The correlated results using Equations ( 3 ) ,  (4), and (5) 
again with copper as the reference substance are shown in 
the last column of Table 2. Including the thickness de- 
pendent term results in a somewhat better fit of the ex- 
perimental results and indicates there is an additional re- 
sistance that should be considered in dropwise condensa- 
tion with thin-walled tubes. 

Other Evidence for Thickness Dependence 
Hurst and Olson (1972) measured the tenperature of 

the underside of a 0.025mm thick copper horizontal foil 
which had dropwise condensation on the upprr side. The 
foil was cooled by high velocity air. Infrared radiometry 
was used to measure the temperature over an area about 
0.8 mm in diameter. The temperature of the underside of 
the foil under the center of large drops was found to be 
appreciably cooler than under the edge of the drop or 
under small drops. 

Hurst and Olson (1972) also present analytical solutions 
for the temperature profile in the copper plate under a 
growing drop. From this solution they predict that for 
either very small drops or a comparatively thick condens- 
ing surface the base of the drop can be taken as isother- 
mal. For a drop diameter of 2.5 mm, a copper surface 
0.1.25 mm thick would be sufficient, they predict, to make 
the base of the drop isothermal. Clearly, if thih were true 
there should be no thickness dependence in the present 
results for the steamside coefficients. 

The results of Griffith and Lee (1967) were taken with 
specimens gold plated to a thickness of 0.125 mm. Their 
results showed a definite effect of subsurface thermal con- 
ductivity. The analytical model of Hurst and Olson 
(1972) does not appear to be valid except perhaps for an 
air-cooled foil which has a very low heat transfer coeffi- 
cient to the air. With such a low coefficient Literal con- 
duction is more important than conduction through the 
foil. In the present work the inside coefficients were 2 to 
3 orders of magnitude greater. In such a case the base of a 
drop large enough to be considered inactive cannot be 
taken as isothermal. 

P HOTOGRAP H IC STU D I ES 

A high speed and a still photographic study was made 
of the characteristics of dropwise condensation on a long 
vertical surface. The situation on a long vertical surface 
was found to be significantly different from that pre- 
viously reported. This is illustrated by Figure 4. There are 
several striking characteristics shown in this photograph. 
The moving drops were elongated into rivulets. A maxi- 
mum length of 65 mm was attained by these rivulets. The 
width of the head of a rivulet was found to increase as 
the 0.2 power of rivulet length. 

These moving rivulets were unstable and broke up by 
the loss of a tail fragment. In many cases the tail frag- 
ments slowed down and became stationary drops. These 
stationary drops were quite interesting in that they were 
too large to have grown in place by coalescence. Several of 
these drops can be seen in Figure 4. Viewing tlie tube in 
situ the source of these drops was a mystery. The mech- 
anism of tail fragment loss was established from the high 
speed studies. Tail fragments in various stages can also 
be seen in Figure 4. 

The mechanism causing the break up of these rivulets 
was surface tension instability. With excellent dropwise 
condensation only short rivulets were found. As the quality 
of the dropwise (contact angle) decreases, the rivulets 
become longer and eventually form standing streams such 
as reported by Shea and Krause (1940). This was due to 
the stabilizing effect of viscous forces at the solid-liquid 
interface which makes it difficult for the distant edges of a 
fragment to draw together by surface forces. As the rivulet 
lengths increase, the rivulets tend to break at random 
places rather than just at the tail. In that case the frag- 
ments tend to be large and to keep moving. Kawai and 
Kamo (1966) reported the formation of rivulet 1i:ngths of 
up to 100 mm being attained on a 0.3 m plate. When these 
rivulets broke the fragments remained in motion. 

The variation of the fractional area covered by moving 
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CU, 

p 

Conversion Factors 
1.0 W/m-”K = 0.5779 B.t.u./hr-ft-”F 
1.0 MW/m2 = 0.317 x lo6 B.t.u./hr-ft2 
1.0 MW/m2-”C = 0.176 x lo6 B.t.u./hr-ft2-”F 

= thermal diffusivity of the solid 
= density of the solid 

Fig. 4. Character of dropwise condensation on a long vertical surface. 

drops with heat flux for plate heights of from 25 to 100 
mm was investigated by Rose (1967). For  the fluxes en- 
countered in the present investigation Rose (1967)  pre- 
dicted a fractional coverage by moving drops of 0.02. The  
rivulets on long vertical tubes were found to cover u p  to 
20% of the area. Since the  heat  transfer coefficient re- 
mains high, the increased coverage by moving drops must 
be compensated by the increased sweeping frequency of 
these short rivulets. Condensation was rapid on the bare 
areas exposed by these rivulets as can be seen by  the 
disappearance of a track a short distance behind the rivu- 
let. With a poorer quality of dropwise condensation the 
rivulets were longer and tended to remain stationary. This 
reduced both the sweeping frequency and heat transfer 
as was reported by Shea and Krause ( 1940). 
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= radius of elemental heat channel 
= specific heat of the solid 
= radius of adiabatic disk on elemental heat channel 
= steamside heat transfer coefficient 
= thermal conductivity 
= thermal conductivity of the solid 
= drop density 
= heat flux 
= thermal resistance in dropwise condensation not 

= constriction resistance 
= average surface temperature 
= average vapor temperature 
= time 
= wall thickness 

including the resistance in the surface 
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