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Abstract

A computer simulation of dropwise condensation of steam on a 240� 240 mm surface with 60,000 randomly

spaced nucleation sites is described. The maximum drop radius achieved was 3.9 mm, 0.21 ms after the start of
condensation. Uniform radii drop generations noticed by Rose and Glicksman (1973) had not developed completely
by 0.21 ms, although predicted to do so. The characteristic pro®le on the drop size histogram predicted by Tanaka
(1979) extends to drop sizes smaller than have been observed in experiments. A peak heat transfer coe�cient of just

over 2 MW/m2K was obtained, about twice the value measured by Tanasawa et al. (1978) immediately after the
condensing surface had been wiped. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

This paper aims to study the growth and coalescence

of drops in dropwise condensation of steam and the

build up of drop size distributed from nucleation to a

maximum radius of about 4 mm. It has proved imposs-

ible to do this by direct observation [1±5]. The tech-

nique used is computer simulation using more

realistically high site density, surface size and number

of time steps which is possible due to the increase in

capacity and speed of modern computers over that

available when previous simulations of dropwise con-

densation were attempted two decades ago [6±8].

Semi-theoretical calculation of heat transfer coef-

®cients in dropwise condensation has been successful in

predicting measured values. LeFevre and Rose [9] and

Rose [10±12] based their approach on postulating what

is in e�ect a drop population which was veri®ed by ex-

periment. This was elaborated by Rose and Glicksman

[13]. They noticed from ®lm frames taken by Westwater

and his colleagues [3,14±16] that distinct generations of

drops occupied the surface at any one time. They deter-

mined that the average radius of succeeding generations

were in the ratio g10.19:1 and the area of the surface

left vacant by any one generation f155% of that occu-

pied by the succeeding one. Based on expressions for

the interfacial, curvature and conduction heat transfer

resistances of the drops as a function of radius, an ex-

pression was obtained for heat ¯ux through a drop of

radius r and wall undercooling DTsÿw, at a given

pressure [11]. This was integrated over the drop distri-

bution to determine the average heat ¯ux density qav
and the heat transfer coe�cient, adwc.
Tanaka [17,19] developed a time-dependent theory,

based on conservation of drops and their volume, to

account for the changes in drop size distribution on

the path of departing drops. In his initial paper

Tanaka ignored all but the conduction resistance to

heat transfer and worked with a low initial drop den-
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sity of 106/cm2. Later [19] he included the e�ect of

these resistances, increased the initial drop number and

reduced the initial drop size to 2.1�re. Plotted in log/

log coordinates N(r ) vs r at various times in the cycle

showed a characteristic pro®le: a shallow minimum fol-

lowed closely by a maximum. This feature moved to

higher drop sizes as time progressed. The pro®le at

smaller values of r was independent of time and N(r )

was proportional to 1=r2:68. This region Tanaka called

the equilibrium region of small drops where a charac-

teristic steady distribution of microscopic drops exists.

Notably, this index of r is equal to the value found by

LeFevre and Rose [9] to ®t heat transfer data well.

However, later work by Rose [10] showed that an

index of 2.5 ®tted the results better, but only margin-

ally.

At higher values of r, the slope of the pro®le was ap-

proximately independent of time. Tanaka called this

the universal distribution for large drop range. The

picture which emerges is that the surface soon after

commencement of condensation is a little less than

40% covered by the larger drops, all of nearly the

same size. Subsequently, a steady distribution of

microscopic drops develops between the larger ones.

As time goes on, the number of these drops of given

radius remains constant. However, the size of the

Nomenclature

A area
Ci constants in Eq. 5
f fraction of area between drops of (iÿ1)th generation occupied by drops of ith generation

hfg latent heat
k thermal conductivity
l distance between drop centres

N nucleation site density
N(r ) drop population in range r, r+dr
q heat ¯ux density

Q heat ¯ux
r drop radius
R speci®c gas constant
x, y Cartesian coordinates

t time
T temperature
V condensate volume

v speci®c volume

Greek symbols
a steamside heat transfer coe�cient
g ratio of radii of successive drop generations; condensation coe�cient

n kinematic viscosity
r density
s surface tension

Subscripts
av average value
dwc dropwise condensation
e equilibrium value

f liquid
growth growth only, no coalescence
i interfacial, initial

m, max maximum, departure
min minimum
O initial

s saturation
w wall
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larger drops increases and their numbers decrease due

to coalescence. The size range of the microscopic drops
can therefore increase and hence the droplet coverage
of the surface, but the distribution of microscopic drop

sizes remains steady. The theory predicted that
adwcA1=r0:32m , at atmospheric pressure, very close to
Tanasawa's [18] ®t to experiment, adwcA1=r0:31m .

Tanaka [2] con®rmed the existence of the characteristic
pro®le by measurements of drop size distributions

from enlarged microscope photographs of steam con-
densation at 1.0lb, q=11,330 and 430 kW/m2 K. He
noted [17] that, if the instantaneous values predicted

by his theory are time averaged, then the characteristic
hump of his predicted pro®le disappears and the result-

ing drop distribution agrees closely, in the range which
could be observed, with that measured in other investi-
gations of steam condensing at atmospheric pressure

[1,4].
To date, the attempts to simulate dropwise conden-

sation by digital computer have been limited by com-

puter capacity. This set an upper limit on nucleation
site density, N, and a lower limit on drop size or the

length of the time steps employed. Gose et al. [6] car-
ried out a computer simulation on a 100�100 grid con-
taining 200 randomly distribution nucleation sites. On

this scale maximum drop size before departure was
allowed to vary between 0.5 and 18.8. Assuming a

departing drop radius range of 0.8±1.25 mm these
®gures correspond to the unrealistically low maximum
and minimum site densities of 1.1� 103 and 0.3/cm2.

Further, only 25 time steps were used in each case for
drops to grow from equilibrium to departure size.
Because of the multiple overlapping of drops ensuing,

this must lead to an unrealistic drop distribution. In
their own computer simulation, Tanasawa and

Tachibana [7] were able to use values of N up to only
3.2�103 sites/cm2 and starting radii of about 40 mm.
This led to an order of magnitude lower adwc than

obtained by reliable measurements.
In the most sophisticated simulation so far,

Glicksman and Hunt [8] divided the dropwise conden-
sing cycle into a number of stages, starting with values
of N up to 108/cm2, corresponding to 1000 sites on a

surface of 33�33 mm. Taking interfacial, curvature and
conduction resistances into account, the growth and
coalescence of drops was followed in an undisclosed

interval of time, stated to be short, until either a single
drop covered more than 4.5%, or seven drops covered

20% of the area. The former corresponds to a largest
drop diameter of 7.9 mm, so that edge e�ects must
have been considerable. Because of the size of the

steps, overlapping of drops had occurred when the
area around a large drop was examined for co-
alescences and the resulting drop centred on the orig-

inal site. This does not allow for previous coalescences
of smaller drops nearby which may lead to a drop

which is larger than the one considered initially. Thus
the position and distribution of drops after predicted

coalescences may be di�erent from the actual beha-
viour. The area of the second stage of condensation
was increased by a factor of 10. Drops were redistribu-

ted on the surface by a procedure which resulted in
equal heat transfer coe�cients in transition between
the stages and condensation rate in the area between

these drops equal to the average rate in the previous
stage. This was repeated until the stage in which a
drop ®rst reached the departure size. Only the ®rst

stage is relevant to the present study since the redistri-
bution of drops at the end of this stage destroyed the
natural distribution on the surface.
So far, then, no simulation from nucleation to

detectable size su�ciently detailed and with a high
enough site density has been reported. It is desirable
that this be done to link the developing drop distri-

bution with observations [1,3,4,14,16] and with the
drop size distributions which form the basis of success-
ful methods of predicting heat transfer coe�cients

[9,13,19]. This paper is aimed at bridging this gap. A
detailed computer simulation is carried out over 60,000
nucleation sites with 108 sites/cm2 on an area of 240�
240 mm. Time steps are chosen to be the intervals
between successive coalescences anywhere on the sur-
face and are automatically generated by the simu-
lation. The maximum drop size reached is about 4 mm.

2. Simulation

A Fortran 77 program was written to carry out the

simulation. It was run on a 16 Mb ram, 50 MHz, PC.
The details of the simulation are recorded elsewhere
[20]. The condensed ¯uid was water and the following
assumptions were made:-

1. Initially, the condensing area simulated has just been
swept free by a falling drop and all nucleation sites

are occupied by drops of twice the equilibrium size.
2. All drops at subsequent times are centred on a

nucleation site.

3. Heat transfer resistance is made up of interface, cur-
vature and conduction terms. The steam is free of
air and the condensing surface has very high ther-
mal conductivity so that constriction resistance is

negligible.
4. Condensation coe�cient is assumed to be unity in

Eq. 2.

5. Drops are hemispherical (contact angle=908).
6. Coalescences are instantaneous and there is no wait-

ing time in producing drops of twice equilibrium

size on ®xed nucleation sites whose positions are
chosen randomly and all of which remain active
during the simulation.
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7. Drops formed by coalescence are centred on the site
of the largest coalescing drop.

Following LeFevre and Rose [9] the heat ¯ux Q
through a drop of radius r at saturation temperature

Ts and wall subcooling DTsÿw is

Q �
DTsÿw ÿ 2Tss

hfgrfr

1

ai2pr2
� 1

4kfpr

�1�

where interfacial heat transfer coe�cient ai is given by
[1]

ai � 2g
2ÿ g

1

�2pRTs�
1
2

h2fg
vgTs

�2�

and g is the condensation coe�cient. The initial drop
size ri is taken to be twice the equilibrium size, re,

re �
�
2Tss
hfgrf

�
1

DTsÿw

�3�

in order to speed up the mainly growth-by-conden-
sation process which occurs at the smallest sizes. The

rate of growth of a hemispherical drop, radius r, sub-
ject to heat interaction, Q is given by

dr

dt
� Q

pr2
1

2rfhfg

�4�

Eliminating Q between Eqs. 1 and 4, and integrating
the resulting equation leads eventually to the implicit
equation for drop growth in a given time interval [20]

t2 ÿ t1 � C4

2C1
�r22 ÿ r21� �

�
C3

C1
� C4C2

C 2
1

�
�r2 ÿ r1�

�
(
C3C2

C 2
1

� C4C
2
2

C 3
1

)
ln
C1r2 ÿ C2

C1r1 ÿ C2
�5�

where

C1 � DTsÿw

2prfhfg

, C2 � Tss
pr2f h

2
fg

, C3 � 1

2pai
, C4 � 1

4pkf

A compromise between the size of the area to be

studied and the density of sites was necessary because
of the maximum capacity of the computer to store
arrays of drop radii and the positions of the nucleation

sites. The condition modelled was Ts = 1008C and

DTsÿw=3 K. This corresponds to re=0.017 mm, Eq. 3.
According to Rose [11], N � 0:037=r2e , so that N 1
1010/cm2. At this nucleation site density, only a small

area could be studied with consequently unacceptable
edge e�ects. Eventually, 60,000 sites were chosen on an
area of 240�240 mm, so that N=108/cm2. The coordi-

nates x and y of all nucleation sites were determined
using a random number generator routine. All par-

ameters in the program, including these coordinates
were declared as double precision variables. To assist
the computation, the simulation area was divided into

100 equal square regions. Fig. 1 shows the numbers of
nucleation sites in each region. Fig. 2 is the overall
¯ow chart for the simulation. At time zero (i= 1),

all 60,000 nucleation sites are occupied by drops of
radius ri.

The technique used at this stage and at all sub-
sequent times is shown in Fig. 3. In this ®gure there
are six adjacent nucleation sites. A time step is

assumed and the growth of all drops is calculated
using a Newton-Raphson iteration for r in Eq. 5,

ITERATION 1, Fig. 2. The program identi®es the big-
gest overlap, (r4+r2)ÿl2ÿ4, between any two adjacent
drops. In Fig. 3a these are drops r2 and r4. The two

drops centred on the bottom two sites r6 and r5 do not
overlap any of the others. Time steps are reversed

automatically using another Newton±Raphson iter-
ation, ITERATION 2, Fig. 2, to determine the time at
which r2 and r4 ®rst touch. The radius of the other

drops is also recalculated, ITERATION 3. The situ-
ation then is as in Fig. 3b. Having coalesced, the
resulting drop is located on the site of the largest of

the two, r4, Fig. 3c, or randomly placed on one or
other of the sites if they had been of equal size. The

Fig. 1. Distribution of nucleation sites over simulated area

divided into 100 regions.
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volume of the drop formed, V, is the sum of the
volumes of the coalescing drops and its radius

r � 3
��������������
3V=2p
p

. If the coalesced drop overlaps any of the
adjacent drops, r5 or r6, as in Fig. 3c, coalescence is

assumed to occur simultaneously with that of r2 and

r4. The resulting situation is shown in Fig. 3d. It is
possible that one of the coalescences may expose a

nucleation site. For example, the ®nal coalesced drop
covers the adjacent nucleation site on which drops r2
and r6 were situated but not that on which r5 was. On
this site a drop of radius ri is assumed to appear and

to start to grow immediately. The same procedure was

followed if any other nucleation sites, which were cov-
ered by any of the six original drops, were exposed by

Fig. 2. Flow chart of main features of simulation program.
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the coalescences. These covered sites, other than the

ones on which the droplets were centred, were ¯agged

at each time step and were revealed by a scan of the

surface at subsequent times. The secondary coalescence

procedure described above always resulted in all the

liquid from the coalesced drops ®nding its way into

the drop r4, formed by the initial coalescence. Because

of the additional time consuming screening which

would have been involved, condition 7 above could

not be observed during secondary nucleation.

After each time step and corresponding calculation

of drop growth, the program ®rst scans through the

drops in all 100 regions, Fig. 1, to ®nd the two drops

which overlap the most. Then the technique described

Fig. 3. Growth/coalescence simulation technique: (a) after initial time step (r4+r2)ÿ l2±4>(r1+r2)ÿ l2±1>(r2+r3)ÿ l2±3: (b) after

back stepping to point of initial coalescence: (c) coalesced drop sweeps up adjacent drops: (d) nucleation site is uncovered.
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above is applied to a square=20� the diameter of the

largest of them. The process of identifying the two

drops in question involves picking out each drop in

turn and comparing its distance from all the others,

with the sum of the radii. This is the most time-con-

suming part of the program and is speeded up con-

siderably by making these comparisons only with

drops in the same region, Fig. 1, or adjacent regions.

A ®nal scan of the whole surface is carried out to

ensure that there are no further coalescences.

At each time step, the program calculates the

volume of liquid inside the simulated area. This

volume is not taken to include that part of any drops

which overlap the boundaries of the simulated area,

XVOLOUT, Fig. 2. Finally, the average heat transfer

coe�cient for the time interval, �a dwc is calculated,
DHWTC, Fig. 2

�a dwc � rfhfg

ADT
DV
Dt

�6�

where DV, A and Dt are the accumulated volume of
condensate, the simulated area and the time step, re-
spectively. As a check on edge e�ects �a dwc is calcu-

lated, DWHTC2, Fig. 2, for an inner area, 200 �
200 mm in size, centred in the simulated area. Again,
that part of the drops overlapping the boundary,

Fig. 4. Drop disposition over central part of simulated area during steam condensation cycle: (a) 0.07 ms: (b) 0.13 ms: (c) 0.19 ms:

(d) 0.21 ms after sweeping by falling drop (Ts=1008C, DT=3 K).
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XVOL2, Fig. 2, is included in the calculation of the
total condensate volume of the inner area.

3. Results and discussion

The simulation was run for 900 time steps, corre-

sponding to 0.21 ms of the drop/coalescence cycle.
Each of these time steps, which corresponded to the
period between major coalescences, as described above,

took 6±7 h of running time. The total number of co-
alescences which actually occurred was much greater
than 900 because of the simultaneous coalescences
which accompanied the ones ending the time steps. It

was not possible to complete the simulation in one run
due to the requirements of other users of the PC and
because it was necessary to store the very large data

®les generated. At the end of the last run the largest
drop radius was 3.5 mm. Fig. 4a±d show the develop-
ment of the drops in the central 150�150 mm of the

surface after time steps 260, 558, 792 and 901, corre-
sponding to elapsed times of 0.07, 0.13, 0.19 and 0.21
ms from the start. These ®gures reveal the complexity
of the process of drop development. In some cases the

nucleation sites on which droplets have already co-
alesced with others of larger sizes, undergo many
further nucleations before they are covered by the big-

ger coalesced drops. Also, once a drop centred on a
nucleation site covers a neighbouring site, this site
becomes inactive for a relatively long time until it is

uncovered by coalescence of the drop covering it with
a neighbouring larger drop. For that drop to attain
this larger radius it must be far enough away to avoid

coalescing with the drop covering the original site

before it exceeds its radius. Otherwise the site will

remain inactive.

Fig. 5 is a histogram at 0.21 ms showing drop popu-

lation as a function of radius. At each radius, r, the

ordinate is the number of drops/mm in the radius

range r+ 2.5re divided by the simulated condensing

surface area in mm2. Considerable scatter is noticeable

especially at low drop sizes. This, particularly the very

low point at just over 0.1 mm and the high point

between 0.7 and 0.8 mm radius, is a consequence of the

narrow radius range used in preparing the plot.

Despite the scatter, it is evident that above about r=

0.4 mm drop population, N(r ) has an inverse power

law dependence on r with and index about 3 as shown

in Fig. 5. Between 1 and 2 mm there is a point of

Fig. 5. Drop size distribution 0.21 ms after start of conden-

sing cycle.

Fig. 6. �a dwc vs. time based on outer area.

Fig. 7. �a dwc vs. time based on inner area.
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in¯exion followed by a much steeper fall in drop popu-

lation, which is similar to the behaviour predicted
[17,19] and measured by Tanaka [2] at much higher
drop radii, much further into the growth/coalescence

cycle. The region of rÿ3 dependence of N(r ) is
Tanaka's [2] equilibrium region of small drops. Fig. 5
is evidence that Tanaka's predictions extend to much

lower radii than he was able to detect [2].
Figs. 6 and 7 show the heat transfer coe�cients,

�a dwc, Eq. 6, averaged over each time interval, calcu-
lated for the outer and inner areas. Scatter on these
®gures is caused by scatter in the values of the total

volume of liquid, V, on the area in question at begin-
ning and end of the time interval. Until about 40 ms
drops are small and grow rapidly due to low conduc-
tion resistance. At this stage not many straddle the
boundaries of the area. Later on there are more of

these drops and they are larger. As they coalesce with
larger neighbouring drops either inside or outside the
boundary considered, there is a discrete change in the

volume of liquid in the system. The result is a rapid
¯uctuation in liquid volume [20] and hence in heat

transfer coe�cient. Comparing Figs. 6 and 7, it is evi-
dent that the ¯uctuations in �a dwc are generally less
when referred to the outer area. This is because there

are no nucleation sites outside the outer area, as there
are outside the inner area, in the simulation as carried
out. However, the agreement between the smoothed

values of �a dwc is an indication that edge e�ects do not
invalidate the results of this investigation.

In both cases, Figs. 6 and 7, �a dwc increases relatively
smoothly up to 0.05 ms as the drops grow with few
coalescences. After this it peaks to just over 2 MW/

m2 K at 0.09 ms before decreasing at the end of the
simulation to about 1.7 MW/m2 K. These values are
very high compared to those obtained in practice

where for most of the time the surface is covered by
much larger drops over most of the growth/coalescence

sweeping cycle. However, Tanasawa et al. [5] showed
that rapid wiping of the condensing surface produced
values of �a dwc > 1 MW=m2 K. They stated that they

expected much higher values but could not measure
them because of insu�ciently fast response of the tem-
perature measurements, incomplete sweeping by the

wiper or a reduction in the expected numbers of active
nucleation sites after the sweeping. The work reported

here, although it extends only to 0.21 ms, shows a
peak in �a dwc > 2 MW=m2 K of only twice the value
measured [5]. It should be mentioned that DTwÿs=3 K

in the simulation compared to <2 K initially in the
measurements. Thus, the rate of growth of drops and
hence �a dwc is greater than in the experiments.

Fig. 8 shows the maximum drop radius as a function
of time. Again, due to the randomness of drop coales-

cences, the rate of increase of rmax ¯uctuated with
time. The ®gure shows the smoothed increase. Also

plotted is the radius of drops which do not coalesce,
rgrowth. This was calculated by iterating in Eq. 5. The
in¯uence of coalescence even at this early stage in the

condensing cycle is clear. At 0.21 ms a maximum drop
four to ®ve times that which would have occurred
from growth alone is achieved.

Fig. 4 shows the development of the generations of
drops noticed by Rose and Glicksman [13]. By 0.21
ms, Fig. 4d, these are still by no means distinct enough

to calculate the ratio of succeeding generation sizes, g,
or the fractions, f, of the areas between each gener-
ation occupied by succeeding ones. The mean spacing
between nucleation sites in the simulation is approxi-

mately (240/600000.5) mm or 1 mm. According to Rose
and Glicksman [13] their drop generation model
should be valid from when rgrowth reaches half this

mean spacing, i.e. 0.5 mm, or after 0.08 ms, according
to Fig. 8, in this case. Examination of Fig. 3d, shows
that even after 0.21 ms, when rgrowth=0.8 mm distinct

generations had not developed completely. However,
their computer simulation, starting with a random dis-
tribution of drop sizes, showed that the distinctness of
drop generations on magni®ed microscope photo-

graphs of dropwise condensation, always developed.
Thus the pattern shown at the end of the present simu-
lation, Fig. 4d, must do the same, eventually.

4. Conclusions

A detailed simulation of dropwise condensation over

an area 240�240 mm, nucleation site density, 108/cm2,
has been carried out, stopping when the maximum
drop radius was about 4 mm. This covers the range it

Fig. 8. Maximum droplet radius and isolated droplet radius

vs. time.

B.M. Burnside, H.A. Hadi / Int. J. Heat Mass Transfer 42 (1999) 3137±3146 3145



is not possible to observe experimentally. This is the
®rst simulation reported of this degree of sophisti-

cation and this size of surface with a realistic site den-
sity. The results can be compared to theoretical and
semi-theoretical drop distributions which have been

used as the starting point for successful time averaged
calculations of heat transfer coe�cients. The following
are the principal conclusions:

1. The maximum drop radius reached by the growth/
coalescence process was four to ®ve times that

reached by a growing drop which does not coalesce.
2. The gradual development of distinct drop gener-

ations, noticed by Rose and Glicksman [13] was evi-
dent but the absolute lower time limit at which their

theory is valid should be set higher.
3. Tanaka's prediction [17,19] of a characteristic pro®le

on the drop population vs drop size histogram

and his equilibrium region of small drops where
N(r ) drArÿ3 is shown by this work to extend to
drop sizes which are too small to have been

observed in experiments.
4. A peak heat transfer coe�cient of just over 2 MW/

m2 K was obtained which was about double the

value measured by Tanasawa et al. [5] immediately
after the condensing surface had been wiped.

Much faster personal computers have become available

since the work was done. This o�ers the possibility of
determining by simulation, the e�ect of changing
nucleation site densities, steam conditions, contact

angle and suppression of nucleation on sites uncovered
by coalescences. Further, larger areas can be studied
and the simulations run until generations visible in ex-

periments can be seen and departure size reached,
allowing time averaged heat transfer coe�cients to be
calculated for comparison with data.
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