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Abstract. In modelling dropwise condensation, growth of the droplet is frequently assumed in an isolated
form. However, for dropwise condensation of moist air the vapor diffusion from the surrounding to the
droplet surface will be tremendously influenced by the blocking effect of the neighboring droplets. The
influenced spatial distribution of water vapor totally determines a different condensation rate comparing
with that by the isolated droplet model. In this work, a distributed point method (DPSM) as the method of
Green function is developed to capture the interaction effects of droplets without requiring solution of the
diffusion equation and the numerical discretization. Due to its nature, the automatically satisfied boundary
conditions make sure the solution accuracy based on the uniqueness theorem. The significant characteristics
for the interaction effects between droplets are investigated by handling a series of droplet arrays. During
dropwise condensation, a typical droplet array containing up to 1000 droplets is considered. The results
indicate that the interaction effect between droplets is critical in accurately predicting the condensation
behavior for dropwise condensation in the presence of non-condensable gas.

1 Introduction

In dropwise condensation community, one important and
challenging aspect is the presence of non-condensable
gas (NCG) which apparently reduces its heat transfer
coefficient [1-2]. In contrast to the case of pure steam,
the vapor molecules must diffuse toward the vapor/liquid
interface and then condense on the droplet surface,
which is critical during condensation. Consequently,
mechanism understanding for the simultaneous heat and
mass transfer through the droplet from the surrounding
to the condensation substrate becomes to be a notable
aspect during dropwise condensation with considering
NCG [1].

During dropwise condensation, the spatio-temporal-
dependent droplet growth correspondingly brings a
complicated spatio-temporal dynamics behavior of
droplets [3]. As because of its complexity, in studying
dropwise condensation, droplet systems are generally
described as isolated growing droplet in history [3-4].
This reasonable simplification has urged a great progress
in dropwise condensation community. With this idea in
mind, in our previous work [5-6], a multi-scale growth
model has been proposed for dropwise condensation in
the presence of NCG.

For heat and mass transfer driven dropwise
condensation in case of NCG, there is a specific aspect
which cannot be captured exactly. That is the interaction
effect between droplets. The blocking effects between
droplets for the vapor diffusion can significantly reduce
their condensation rate [7]. With the description of the
isolated growth, the droplet condensation rate is uniquely
depended on its size. However, it will not be accepted
due to the interaction effects. Ucar et al. [8]

* Corresponding author: shaofei.zheng@ttd.tu-freiberg.de

experimentally found that the condensation rate of one
droplet surrounded by others in close proximity is 14-
40% lower than that of a single isolated growing droplet.
Similarly, in spite of the same size, a droplet far away
from the large droplet grows 20% faster than a droplet
neighboring large droplets, according to the
experimental works by Leach et al. [9]. The explanation
is the blocking of the vapor diffusion by each other. It is
no doubt that the isolated droplet growth model will
overpredict the condensation rate of droplets. Recently,
using a semi-analytical point sink method, the interaction
effects between droplets are reasonably captured and the
predicted droplet condensation rate keeps consistent with
the experimental data [10-11].

During dropwise condensation, a large number of
droplets locating a widely size range are closely formed
over the condensation substrate, which promotes quite
strong interaction effects. Aiming to accurately define
the strong interaction effects between droplets and the
overall condensation rate over the whole substrate, a
creative distributed point sink method (DPSM) is
contributed in this work.

2 The problem description

In this subsection, the problem is described with some
reasonable assumptions. For the droplets on a substrate,
as shown in Fig. 1, vapor condensation is driven by the
vapor concentration difference between the surrounding
and their surfaces cg-c». The problem is simplified
following [10, 12]: (1) the droplets are spherical and they
have the same surface vapor concentration cds (namely
the same surface temperature); (2) the condensation
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process is seen as a near quasi-steady state which means
the vapor concentration field is rapidly adjusted in
comparison with changes of the droplet surface.
Introducing the dimensionless vapor concentration, C,

defined as:
Cz(c—cdg)/(cw—cdy) 6))

Under these conditions, the wvapor diffusion is
governed by the Laplace equation following [10, 12]:

V2C(r)=0 @
with the boundary conditions Cz = 0 on all droplets
surfaces and C,, = 1 at infinity.

(Infinite: co) ets surface: cds)

(Substrate: dc/0z = 0)

Fig. 1. Illustration of multiple condensation droplets over the
substrate.

2 Method development

In order to quantitatively define the influence of the
inter-droplet interaction on the condensation rate, the
correction factor reflecting the interaction intensity is
introduced by:

77 = msys /miso (3)
where my,, and mj, denote the droplet condensation rate

within the droplet system and the isolated growth,
respectively.

2.1. Condensation of an isolated droplet

Using the boundary conditions, the mathematics-based
solution of the Laplace equation can give the droplet
condensation rate based on the isolated-form growth [5,
12]:

m,, =2r(1-cos@)RD(C,-C,) 4

where 6 is the droplet contact angle, R means the
spherical radius corresponding to the droplet and D
represents the vapor diffusion coefficient. For any
contact angle, Eq. (4) provides the analytical solution for
the condensation rate of a single droplet.

2.2. Condensation of an isolated droplet

For the field problem, a representing solution method is
the method of Green’s function, which is based on the
uniqueness theorem that certain boundary conditions
mathematically determine a unique solution. In general,
a special “field” and the “source” producing it can be
physically corresponded to a mathematic-physical

equation, such as the temperature field and the heat flow
rate (“source”) by the equation of heat conduction.
Consequently, the “field” can be defined by different
arrangements of the “source” as long as certain boundary
conditions are satisfied. Historically, the point
sink/source method [10-11, 13] and the method of image
[14] in handling the condensation/evaporation of
droplets are all within the category of the method of
Green’s function.

In solving the field problem including the ultrasonic,
electrostatic and magnetic field, the distributed point
source method as a method of Green’s function has been
successfully developed as a powerful and invaluable
analytical tool [15]. Without requiring numerical
discretization of the interesting region and the boundary,
the “source” faces/interfaces are replaced by a
distribution of point sources. Strengths of the point
sources are adjusted through the matrix formulation in a
way that the boundary conditions can be accurately
satisfied.

@ : Point sink

: Mapped point

Fig. 2. Illustration of the distribution of the point sinks and the
target points.

Correspondingly, herein the distributed point sink
method (DPSM) is developed for solving the
condensation behavior within a multiple condensing
droplets system. The basic principle for the DPSM
method is illustrated in Fig. 2. For each condensing
droplet, its surface can be treated as a “source” surface
which is responsible for the vapor concentration field
outside the droplets. Aiming to replace the “source”
surface, the point sinks are averagely distributed on an
imaginary spherical surface which shares the same
center with the droplet sphere. The positions of the point
sinks are decided by the radius of the imaginary
spherical surface R;. Considering N droplets and M
point sinks for each droplet, M*N point sinks are
generated. For each point sink having the location vector
r;, the Laplace equation becomes the Poisson equation by
including the point sink term:

V:C(r)=0,6(r—r) (5)

where o; represents the strength of the point sink and Xr-
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r;) is the Dirac-delta function. At an arbitrary point r, the
normalized vapor concentration produced by this point
sink Cy(r) can be defined by integrating Eq. (5):

o /lr-r|=C,-C/(r) (6)
For the unknown strengths of M*N point sinks, one
need to construct M*N equations. Hereby, the point sinks
are mapped to the corresponding droplet surface forming
M*N target points. Due to the linearity of the Laplace
equation, the final concentration on each target point can
be obtained by the superposition of the concentration
induced by all point sinks:

N*M
zo-i/rds_ri|zcoo_c(rds):1 (7)
i=1
where ry; is the location vector of the target point on the
droplet surface. According to the boundary condition,
the same normalized concentration on the droplet surface
C(rss) = Cys = 0, in Eq. (7) only the intensity of the point
sink is unknown. Considering Eq. (7) for M*N target
points, the following matrix equation can be constructed:

1,1
01, 1-C,;

O-M,l 1- Crl
Al : = : (8)

MAN-1)+LN
Oy (N-1)+1,N 1-C,

M*N,N
1-C,,

In Eq. (8), the right-side matrix is a unit column vector
which denotes the boundary condition; the first term in
the superscript indexes the target point on the surface of
the droplet represented by the second term. For the left-
side second term, the component ¢;; in the column vector
is the intensity of the point sink i/ on the imaginary
spherical surface j. The coefficient matrix A4 is a square

GM *N,N

matrix having the order N*M; its component A’ is
defined as the reciprocal of the distance between the
point sink i and the target point j:

A’ =1/‘rj _'}‘ )
where r; is the location vector of the target point j and #;
is the position vector of the point sink i. The matrix A is
known after choosing the radius of the imaginary sphere.
With the known concentration of all target points, Eq.
(8) is a linear system having N*M equations and N*M
unknown intensities o of the point sinks. Finally, the
problem becomes the solution of a linear system which
provides the strengths of all point sinks.

Through the known positions and the solved
strengths of all point sinks according to the boundary
conditions, the vapor concentration in the interesting
domain can be obtained by the superimposing method:

N*M

C(r)=1-2 f(r.r.0) (10)
i=1

frr.0)=0/|r-r (11)

where the function f'(r, i, 0;) denotes the contribution of

the point sink (r;, o) for the concentration at the point r.
Based on the Gauss’s flux theorem, the condensation
rate of droplet p my,, within the droplet system can be
defined by integrating the gradient of the concentration
field over the droplet surface S, in the spherical
coordinate system (7, &, ¢):

N*M

m, = —D[ﬁquP ds, =D Z‘ fe(R,,1,0,) (12
S i=

P

)
Je(R,,1,0,) =
27 6
Ij[af(r’§’¢)J R}z7 sinEd&dg 13)
00 67’ r=R,

with the function fe(R, r, o) representing the
condensation rate of the droplet p contributed by the point
sink (ri, 7). And fir, & @) is the form of the function f'(r, i,
;) in the spherical coordinate system.

When handling a large number of droplets, the
DPSM method will result in a huge and dense linear
system and a huge computing times of the surface
integral. For example, considering N = 2000 droplets and
M = 200 point sinks for each droplet, the dimension of
the matrix equation in Eq. (8) and the time of the surface
integral in Eq. (12) will be up to N*M = 400,000 and
N*N*M = 8,000,000, respectively. The solution suffers
the problems of the computer memory and the
computing time. Therefore, the generalized product-type
biconjugate gradient method (GPBiCG) [16] as an
iterative method is considered to solve the huge and
dense linear system; and the TwoD algorithm based on
the titled method [17] is utilized for the numerical
evaluation of the surface integral. Finally, for improving
the computation efficiency, a Fortran 90 code actualizing
the GPBICG and TwoD algorithms is paralleled using
the open MPI.

To sum up, without requiring numerical solution of the
diffusion-Laplace equation the DPSM method constructs
a matrix formulation for predicting the condensation
behaviors of multiple droplets. The model can capture
the concentration distribution and the droplet
condensation rate, as well as the interaction effects
between droplets. Through defining the intensities of the
point sinks by the boundary conditions, the given
boundary conditions are satisfied exactly and
automatically. Therefore, according to the uniqueness
theorem, the solution accuracy can be guaranteed in
DPSM.

3 Results and discussion

3.1. Condensation of an isolated droplet

It is no doubt that the DPSM method is also suitable for
a single condensation droplet. As given in Eq. (4), the
mathematics-based solution of the Laplace equation
provides the analytical solution for the condensation rate of
an isolated growth droplet. For validation, this section
compares the predicted condensation rates for a single
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condensation droplet in different contact angles by the
DPSM method against the analytical solutions. The case
considers a single droplet on the substrate with the radius R
=300 gm. The humid air at the temperature 7,;-=303.15 K
has a relative humidity 94%. The temperature of the
droplet surface is assumed to be equal to the substrate
temperature 7y = 300.1 K. In DPSM, the number of the
point sinks for one droplet is chosen as M = 200.

10 b
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Fig. 3. The predicted condensation rate by DPSM and the
analytical solution for an isolated growth droplet.

Contact angle: 60 \&}f\

1000

800

=

600 |

>
400
ob L L [ LB Droplet NN\ N L\,
0 500 1000 1500 2000
X

Contact angle: 90

L | L L
1500 2000

Contact angle: 120

600 |
400,

200 Droplet

(=}
=T

L L L L | L L
0 500 1000 1500 2000
X
Fig. 4. The normalized vapor concentration fields for single
condensing droplet in different contact angles (unit: um).
Fig. 3 plots the predicted condensation rate comparing
with the analytical solutions by Eq. (4). It can be observed

that the predictions by DPSM closely match the analytical

solution. The relative error between two manners, for the
contact angle greater than 90°, remains below 2%. And the
relative error falls within 10% for the smaller contact angle.
Furthermore, the dimensionless concentration
distributions of the exterior domain surrounding the
droplet are provided by DPSM. For selected three
contact angles (60°, 90°, 120°), the dimensionless
concentration fields are presented in Fig. 4 from the
cross-sectional view. The red dashed circular line depicts
the droplet profiles. Based on the uniqueness theorem, an
evaluation criteria whether or not certain boundary
conditions is satisfied is utilized to evaluation the
accuracy. It 1is apparent through the zero iso-
concentration lines overlapping with the droplet profiles
that the desired boundary conditions are satisfied exactly
in different contact angles.

3.2. A binary array of droplets

This section aims to explore the sensitive extent of the
droplets size and inter-spacing for the interaction effects
of droplets. For that, the DPSM method is utilized to
predict the condensation behavior of a pair of
neighboring droplets. Two droplets located in the
normalized concentration field have the contact angle 90
deg, the radius R; and R, and they are separated by a
distance L. Their condensation rates my, are predicted by
the DPSM method with M = 200. Based on the growth of
isolated form, the condensation rate at the corresponding
size m;s, is calculated by Eq. (4).

The relative size of droplets affecting the interaction
effect is investigated by keeping a constant size of
droplet 2 R; = 100 um and a decreasing size of droplet 1
R; from 100 pm to 10 pm. And the effects of the inter-
droplet space are further considered by changing the
droplet location. Figure 5 plots the predicted correction
factor against the inter-droplet space for all of the cases
considered. And the normalized concentration fields for
different cases are further presented in Fig. 6 and Fig. 7
aiming to examine the interaction effect in affecting the
condensation behavior.

Actually, the correction factor defined by Eq. (3)
reflects the intensity of the inter-droplet interaction
which can directly affect the condensation rate. A
smaller correction factor means the strong interaction
which significantly reduces the droplet condensation rate;
otherwise the weak interaction effect can be dismissed
(n—1). All cases presented in Fig. 6 show that the
interaction effects are strongly sensitive for the relative
size of the droplets. The condensation rate of the smaller
droplet is significantly reduced due to a strong
interaction as its size decreases gradually. Comparatively,
the reduction of the condensation rate due to the
interaction effect is getting smaller for the larger droplet.
For example, at R, = 10 and R; = 100 um, the correction
factor for the small droplet decreases up to #; = 0.2, while
the large droplet has a correction factor tending to unit one
for all cases at this relative droplet size. In addition, the
inter-droplet distance also plays a significant role in
affecting the condensation rate. It can also be observed
that the correction factor # is an inverse function of the
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separation distance L. With increasing L, the correction
factor tends to # = 1, which means that the droplet has a
negligible interaction with each other. When the droplets
become closer, the strong interaction with each other
urges the correction factor to decrease.
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Fig. 5. The correction factors related to the condensation rate.
(a) droplet No. 1, R/=10-100 um; (b) droplet No. 2, R>=100 um.

Those issues shown by the correction factor can be
further explained by Fig. 6 and Fig. 7. It can be found that
the neighboring droplet leads to the local depletion of
vapor in the direction toward each other; hence, the droplet
condensation rate is reduced due to the decreased
concentration gradient normal to the droplet surface. When
two droplets have the same size, the symmetric region of
the vapor depletion in Fig. 6 can explain the same curve of
the correction factor for two droplets shown in Fig. 5. For
different sizes of droplets, the dimensionless concentration
distributions by Fig. 7 indicate that the smaller droplet is
almost entirely located in the zone of the vapor depletion.
In comparison, the surface of the larger droplet partly faces
to the depletion zone. Therefore the condensation behavior
of the smaller droplet is easily affected by the local
depletion of vapor. As two droplets closing, the vapor
depletion becomes severe gradually.

To sum it up, the strength of the inter-droplet
interaction which attributes the reduction of the droplet
condensation rate is sensitive to the relative size of
droplets and their inter-distance. The local depletion of
vapor because of the coming neighbors explains the
reduction of condensation rate. Those revealed
phenomena in this work keep consistent with that

reported in the literatures as presented in the first section.
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Fig. 6. The normalized vapor concentration distributions using
the DPSM method for two condensing droplets R; = R2 = 100
um. (a) L =240 um; (b) L =320 um; (c) L= 1500 pm.
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Fig. 7. The normalized vapor concentration distributions using
the DPSM method for two condensing droplets having
different sizes R; = 10 um and R> = 100 um. (a) L = 160 um; (b)
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3.3. A characteristic droplet array during
dropwise condensation

During dropwise condensation, a large number of closely
neighboring droplets distributed over the substrate and
spreading in a wide size range bring strong interactions,
which will apparently reduce the condensation rate.
Therefore, the interaction effects between droplets play
an important role in affecting the overall condensation
behaviors.

In order to examine the role of the inter-droplet
interaction in dropwise condensation, a characteristic
spatial and size distribution of droplets from dropwise
condensation experiment is further considered, as the
snapshot (9400x6800 um) recorded by the microscope
camera and shown in Fig. 8. After the image-post
processing, 1167 droplets having the radius range 20-
1090 wm are detected and plotted by the red circle. All
droplets are assumed as a spherical cap with the contact
angle 90°.

Fig. 8. A characteristic droplet array during dropwise
condensation.

Considering the droplet distribution in Figure 8, the
DPSM method is utilized to predict the interaction effects
between droplets. In DPSM, the number of the point sinks
for each droplet is chosen as M = 200 in light of the
computation cost and the solution accuracy. And the
GPBICG and TwoD algorithms are respectively considered
for the solution of the linear system in Eq. (8) and the
evaluation of the surface integral in Eq. (12). The
numerical errors for the GPBiCG and TwoD algorithms are
set as 1e-5 and 1le-6, respectively. The predicted correction
factors of droplets are plotted in Fig. 9(a) as a function of
its radius. Furthermore, including the size and position
information of droplets, Fig. 9(b) plots the droplets filled
by the color corresponding its correction factor.

From Fig. 9(a), the correction factors denote that the
droplet condensation rate is reduced 3-1000 times due to
the interaction effect. In comparison, the small size
droplets are easily affected by the neighboring large
droplets. Thus, smaller droplet totally has a smaller
correction factor due to the strong interaction. However,
the reduction of the condensation rate because of the
interaction effect is not absolutely driven by its size. As
shown in Fig. 9(b), having an approximately equal size,
three droplets marked by the numbers present different
interaction intensity. As a result, the droplets locating on

the substrate center have a stronger interaction than the
droplets closing toward the substrate edge, which has
been observed during experiments [7]. Actually, the
interaction effects of droplets, in affecting the behavior
of dropwise condensation, is a complicated issue and
mainly depended on the spatial and size distributions of
droplets. In conclusion, the inter-droplet interactions
present personality as an independent individual, and
have further generality on the whole.
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Fig. 9. (a) the predicted correction factors of the droplets by
DPSM versus its size; (b) the droplets filled by the color
according to their correction factor.

4 Conclusions

In order to evaluate the inter-droplet interaction in
affecting the behavior of dropwise condensation, a
distributed point sink method is developed without
requiring solution of the diffusion equation and the
numerical discretization. As the method of Green’s
function, the boundary condition can be satisfied
automatically due to its nature.

In handling the growth of an isolated droplet, the
predicted condensation rates by the DPSM method show
a good agreement with the analytical solutions at
different contact angles. In case of the representative
droplets array, the investigations indicate that the
interaction effects of droplets as a complicated issue are
entirely depended on the spatial and size distributions of
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droplets. Owing to the local depletion of the vapor, the
interaction effects between droplets play a significant
role in reducing the droplet condensation rate.
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