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Abstract 

Water vapor present in humid air will condense in the form of many small droplets on a cooled 

substrate.  After nucleation, the diffusion of vapor from the environment to the droplets dominates 

their growth by condensation, and therefore, all droplets must compete for the vapor available in 

the surroundings.  Models that assume droplets grow in isolation or as an equivalent film poorly 

capture their interaction during vapor-diffusion-driven condensation and do not correspond with 

experimental condensation rates.  By treating the droplets as point sinks, the interaction between 

all droplets in a system can be captured by superposing the vapor distributions of each droplet.  

This paper presents direct comparisons of condensation rates measured in experiments and 

predicted with a point sink superposition method.  The results indicate that it is critical to consider 

a large number of interacting droplets to accurately predict the condensation behavior.  Even 

though the intensity of the interaction between droplets decreases sharply with their separation 

distance, droplets located relatively far away from a given droplet must be considered to accurately 

predict its condensation rate, due to the large aggregate effect of all such far away droplets.  By 

considering an appropriate number of interacting droplets in a system, the point sink superposition 

method is able to predict experimental condensation rates to within 5%.  Diffusion-based models 

that neglect the interactions of droplets located far away, or approximate droplet growth as an 

equivalent film, are shown to overpredict condensation rates. 
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Nomenclature 

B   matrix containing the droplet locations and sizes 

c  vapor concentration  

D   diffusion coefficient  

L  characteristic length of the sample 

N   number of droplets in the system 

m   condensation rate of individual droplet 

M   total condensation rate 

r   position vector 

R   single droplet radius  

RH   relative humidity  

Pe  Péclet number ( )Pe = U D   

S  condensing area 

t   time  

T   temperature  

U  air velocity above the substrate 

( )x, y,z   Cartesian coordinates 

Greek 

   volumetric thermal expansion coefficient 

   thickness of hydrodynamic boundary layer 

   thickness of the concentration boundary layer 

  condensation correction factor  



  contact angle 

  density per unit area of the point sink 

   extension of the region that encloses a group of droplets 

   power law exponent 

   intensity of droplet-to-droplet interaction 

Subscripts  

c   contact area between the droplet and substrate 

exp   experiment 

film   film-like growth model 

iso   isolated from all neighboring droplets 

l   liquid 

PSSM   point sink superposition method 

s  at the surface of the drop 

sub  at the substrate 

sys   in the system of droplets 

  far field 

1.0. Introduction 

In locations where access to fresh water is limited, water collection from humid air has the 

potential to be an alternative source [1,2].  The adoption of water harvesting is made challenging 

due to the limited amount of water vapor present in the air, limitations on the cooling power 

available to drive condensation [3], and variability of environmental conditions [1,3].  Recent 

efforts have focused on maximizing water yield and removal of condensate by engineering the 

chemistry and morphology of the substrate [5–8]; however, models that accurately describe 



condensation rates are lacking.  Accurate prediction of water harvesting capabilities during 

dropwise condensation from humid air could lead to the improved design and scalability of water 

harvesting systems [1,8]. 

When water vapor present in the air condenses in a dropwise manner, droplets grow by two 

mechanisms: vapor diffusion and droplet coalescence.  The water vapor must diffuse from the 

environment to the surfaces of the droplets; each droplet must compete with its neighbors for the 

vapor available in the surroundings.  As a result, the growth of each individual droplet depends on 

the local distribution of surrounding vapor.  At constant substrate temperature and vapor 

concentration in the air, droplet sizes and their spatial distribution determine droplet growth 

characteristics.  Dropwise condensation proceeds in a cyclical manner from droplet nucleation to 

ultimate roll-off, where the characteristic sizes and spatial distribution have been typically 

described according to three different stages of growth [9-11].  During stage (i), droplets nucleate 

at various locations on the substrate separated by distances that are relatively larger than the 

average radius of the droplets.  A common assumption is that droplets grow with negligible 

interactions during this stage, as if they were isolated from each other.  As droplets grow, the 

distance between their surfaces decreases, such that at later times during this stage (i), droplets are 

often assumed to grow as an equivalent liquid film with a volume equal to the volume of all the 

droplets combined.  In stage (ii), droplet coalescence occurs, which increases the average distance 

between droplets and broadens the size distribution (large droplets that merge with their neighbors 

coexist with small droplets that have not yet coalesced).  The fraction of substrate coverage by the 

droplets have been observed to be constant and droplet growth exhibits self-similar characteristics 

in this stage.  New droplets nucleate in the bare spaces between the droplets, creating two 

generations of droplets on the substrate: newly formed small droplets and large droplets that 

formed during the earlier stages of growth.  Despite the various sizes of droplets on the substrate 

during regime (ii), droplet growth is commonly approximated by the film-like model.  Finally, 

during stage (iii), droplets that reach the capillary length will roll off the substrate due to 

gravitational forces if the substrate has some inclination. 

The isolated and film-like models are widely used in the literature to describe droplet growth, 

but there are some growth characteristics that these simplified descriptions cannot capture.  For 

example, Ucar and Erbil [10] showed that the isolated growth model overpredicts experimental 

condensation rates of equally sized neighboring droplets growing in close proximity by up to 40%.  



Castillo et al. [11] demonstrated in experiments that droplet growth due to vapor diffusion follows 

a power law with an exponent that is sensitive to relative humidity.  Medici et al. [12] observed 

differences in growth rates that result from geometric discontinuities; droplets near the edges of a 

substrate grow ~500% faster than a droplet near the center.  These discrepancies in droplet growth 

were approximated with a modified version of the film-like model that accounted for the local 

variation of vapor distribution by tuning the mean water vapor concentration in the locality of each 

droplet.  The local distribution of water vapor also controls the growth of new droplets between 

pre-existing on the substrate.  Nath and Boreyko [13] used a scaling analysis to approximate the 

extension of dry zones around large droplets in which droplet growth is suppressed.  The local 

vapor distribution has also been shown to play a fundamental role in understanding several 

freezing phenomena such as inter-droplet ice bridging, dry zones around frozen droplets, and frost 

halos [13,14].  It is evident that the interaction between droplets is critical to accurately describe 

the process of vapor-diffusion-driven condensation on hydrophobic substrates. 

To account for the complete set of interactions between all droplets on the substrate, 

communicated through the vapor concentration field, we recently developed a point source 

superposition method to describe droplet growth during dropwise condensation [15].  By assuming 

that each droplet can be treated as point sink for vapor, this method solves for the condensation 

rate of each droplet within a system of many droplets by superposing a modified version of Popov’s 

solution [16] for the condensation of individual droplets; the point sink superposition method was 

demonstrated to be in reasonable agreement with complete numerical solutions of the vapor 

diffusion equation.  

In the current work, we directly compare droplet condensation rates predicted by the point sink 

superposition method against condensation experiments, for dropwise condensation from humid 

air.  Droplet growth is tracked during the condensation process in order to measure the 

condensation rate of each droplet, which is then compared to the instantaneous condensation rates 

predicted by the point sink superposition method.  At the experimental conditions, model 

predictions of the instantaneous and temporal droplet condensation rates are investigated as 

function of the number of interacting droplets taken into account in the system.  These droplet 

growth characteristics are discussed in terms of the interactions between each droplet and all of its 

neighbors during different stages of droplet growth.  By incorporating the interaction of all the 



droplets, the point sink superposition method can be used as a tool to accurately predict droplet 

growth during dropwise condensation from humid air. 

2.0. Experimental description 

2.1. Substrate preparation  

Smooth 20 × 20 mm2 silicon substrates were silanized to render them hydrophobic.  The silicon 

substrates were first cleaned with piranha solution (3:1 H2SO4:H2O2) for 10 min, rinsed with DI 

water, and blown dry with N2.  The samples were then spin-coated with a 1:1000 v/v solution of 

trichloro(1H,1H,2H,2H-perfluorooctyl) silane (Sigma-Aldrich) in hexane (Sigma-Aldrich) at 2500 

rpm and baked on a hot plate at 140 °C for 1 h to evaporate the solvent.  The sample surface had a 

measured average roughness of 0.001 μm (NewView 6000, Zygo) and a contact angle with a 5 μl 

droplet water of 119.5 deg, as measured from side-view images using a goniometer (ramé-hart, 

290-F1). 

2.2. Experimental setup 

Condensation experiments were carried out inside a custom-made environmental chamber 

equipped with air conditioning and cooling systems.  A description of the condensation test facility 

is presented here, which is a modified version of the facility previously introduced in detail in Ref. 

[11].  A schematic diagram showing the flow conditioning systems and a picture of the test section 

are provided in Figure 1.  The humidity conditioning system mixes dry and humid air adiabatically 

to achieve the relative humidity desired in the downstream test section.  Two mass flow controllers 

(FMQ 5400, 0-2 SLM, Omega) regulate the amount of dry gas that passes through the humidifier 

or bypasses to the adiabatic mixer, before the gas mixture enters the test section.  A hygrometer 

(HX93V2-RP1, Omega) inside the test section measures the relative humidity and provides 

feedback to a PID control loop that actuates the two mass flow controllers.  All signals are acquired 

using a data acquisition system (PCI-6120, National Instruments). The relative humidity can be 

controlled to set points between 20% and 75% with a measurement uncertainty of  2.5%. The 

temperature inside the test section is monitored by a built-in temperature sensor in the hygrometer 

with a measurement uncertainty of  0.6 °C. 

The temperature of the substrate is maintained constant through the experiments by using the 

cooling system attached to the test section as depicted in Figure 1.  A chiller (ThermoFlex, 900 W, 



Thermo Scientific) circulates cooled water through a cooling plate (CP12, Lytron) that mounts 

flush with bottom of the test section and maintained at a constant temperature.  A thermoelectric 

cooler (ZT8, Laird Technologies) attached to the top of the cold plate is used for fine-tuning of the 

sample temperature. 

The stack of components inside the test section used to thermally bridge the sample to the 

cooling system was modified as compared to Ref. [11].  An aluminum block, placed between the 

thermoelectric device and sample substrate, was decreased in size (20 × 20 × 6.35 mm3) to reduce 

thermal inertia of the system and improve the response time of the sample temperature control 

system.  The temperature of the sample was sensed by a 2 wire Pt1000 RTD (PRTF-10-2-100-1/4-

12-E-GG, Omega) that fits in a hole located at 2.5 mm from the top surface of the aluminum 

sample holder.  The temperature signal closes a PID control loop programmed in a temperature 

controller (MTTC-1410, Laird Technologies).  The substrate is attached to the sample holder with 

carbon conductive double-sided tape (PELCO Image Tabs).  The cooling system is capable of 

maintaining a constant set-point temperature to within  1.0 °C and with a measurement 

uncertainty of  0.1 °C as sensed by the RTD. 

2.3. Experimental procedure and visualization 

The substrate is attached to the sample holder, which is then attached to the thermoelectric 

cooler inside the test section.  The test section is sealed and purged with dry air for ~20 min until 

the relative humidity reaches 20%.  At the same time, the cold plate is used to cool down the entire 

test section until the temperature of the sample and the gas mixture inside the chamber stabilize at 

~20 °C. 

Once the gas inside the chamber has reached constant temperature and relative humidity, the 

gas mixture flow controller is turned on.  Once the relative humidity inside the chamber reaches 

the set point, the thermoelectric cooler controller is turned on and set to the desired sample 

temperature.  After ~1 min, the temperature of the sample reaches a constant value within   2% 

of the set-point temperature.  The relative humidity controller compensates for drying of the air 

inside the chamber caused by the rapid sample cooling.  Within ~2 min after the thermoelectric 

has been turned on, the relative humidity inside the chamber reaches a constant value with ± 5% 

error relative to the set-point value. 

Each condensation experiment is carried out at a specified relative humidity and substrate 

temperature.  In this paper, condensation experiments are performed at a constant substrate 



temperature of subT  = 10.0 °C, constant air temperature of T  = 20.5 °C, and three different relative 

humidity values of RH  = 70, 60, and 50%. 

Video of the condensation process is recorded viewing normal to the sample using a camera 

(EO-5023M, Edmund Optics) at 150× magnification using a long-focal-distance zoom lens (VH-

Z50L, Keyence) with in-line illumination provided by a 300 W Xe arc lamp (Titan 300, Sunoptic 

Technologies).  The video recording was synchronized with the data acquisition system, such that 

each image corresponds to a known set of experimental conditions.  Once the sample temperature 

and the chamber relative humidity are constant, the camera starts recording, corresponding with 

the initial time t  = 0 min. 

2.4. Image post-processing 

An automated video post-processing script developed in MATLAB is used to obtain 

information about the spatial distribution and temporal evolution of the droplets during the 

condensation experiments.  The algorithm extracts a sequence of snapshot images from the video 

recordings and, within each image, detects each droplet by recognizing their boundaries as circles 

with centers coinciding with the centers of the droplets.  Figure 2 (a) and (b) show snapshot images 

taken at 9 and 16 min during experiment at RH  = 70%.  The edges of the droplets are depicted as 

blue circles, while the dashed red lines represent the Delaunay triangulation from the droplet 

centers. 

The spatial resolution was calibrated by measuring circular patterns on a calibration target 

(100 × 100 mm2, 1.0 mm spacing, Glass Distortion Target, Edmund Optics) using the detection 

algorithm described above, which is capable of detecting subpixel variations in circular patterns.  

At 150× magnification, the calibrated spatial resolution is 0.88   0.0015 μm/pixel.  This 

apparently high sensitivity comes from the ability of the circle detection algorithm capable of 

detecting subpixel variations in circular patterns.  The ~1.7 × 1.7 mm2 field of view surveyed 

during the experiments is located near the center of the 20 × 20 mm2 substrate.  Droplets with 

contact radii from 12 μm to 100 μm were detected.  The droplets are assumed to be spherical caps 

with a constant contact angle equal to 119.5 degrees. 

The algorithm is used to track individual droplets, as is demonstrated for droplet 1a , which 

appears in both sequential frames of Figure 2.  The algorithm is also used to track groups of 

droplets among which coalescence events can be identified as time progresses.  For example, the 



nearest neighbors of droplet 1a , droplets 1b  through 7b  in Figure 2 (a), correspond to droplets 1 c  

through 5c  in Figure 2 (b), where droplets 1b  and 2b  merged to form droplet 2c . 

The condensation rate of each droplet is calculated as the ratio between the change in mass 

over the time elapsed between successive images, using a five-point moving average to filter 

spurious noise.  Information regarding coalescence events is used to note changes in condensation 

rate due to coalescence.  Changes in the condensation rates of individual droplets between ~10-15 

to ~10-13 kg/s can be resolved by the algorithm, with uncertainties proportional to the measurement 

uncertainty in droplet size. 

Because the area of the substrate that can be surveyed at high magnification is limited to a 

region that is only ~8.5% of the total substrate area, an algorithm was developed to generate 

artificial droplets outside the interrogation window.  The algorithm creates droplets to mimic the 

size distribution and density of the droplets inside the interrogation window.  The purpose and use 

of this algorithm are further described in the results (Sections 4.1.1 and 4.1.2). 

3.0. The point sink superposition method (PSSM) 

The point sink superposition method solves for the diffusion of vapor within the air domain 

surrounding the droplets during dropwise condensation.  Our previous work [15] provides a 

complete description of the method which is briefly summarized here.  The  model assumes: (i) 

droplets can be treated as point sinks located at the droplet centers, (ii) the condensation process 

can be treated as quasi-steady state, (iii) there is negligible thermal resistance across the droplets 

(i.e., the temperature at the surface of the droplet is equal to the temperature of the substrate), (iv) 

the contact angle of the droplets is independent of droplet size, and (v) changes in vapor 

concentration at the surface of the droplets due to curvature are negligible.  Under these 

assumptions, the vapor concentration field around the droplets ( )c r  is given by the Poisson 

equation: 

 ( ) ( )2

jc r r r = − , (1) 

where r  describes any location in the domain, jr  is the location of the 
thj  droplet in the domain 

with 1 2j , ,...,N=  and N  being the number of droplets, ( )jr r −  is the Dirac delta function 

representing a point sink located at jr r= , and   is the density per unit area of the point sink.  The 



solution to equation (1) must satisfy the boundary conditions at the surface of the droplets and far 

away from the droplets.  From assumptions (iii), (iv), and (v), the vapor concentration at the surface 

of all the droplets ( )j sj sc r r c+ =  is calculated using the saturated vapor pressure at the temperature 

of the substrate.  As discussed in Ref. [15], these assumptions are valid when there is a small 

temperature drop across the height of the droplet and additional effects of external convection, 

thermocapillary flows, and release of latent heat on the interface of the droplets are not considered.  

In the far field, the vapor concentration ( )c r c→ =  corresponds to the vapor pressure at the 

temperature and relative humidity of the bulk air.  The solution to equation (1) provides the 

concentration field within the air domain from which the condensation rate of individual droplets 

sysm  can be calculated.  Ref. [15] provides a closed-form solution for equation (1) which is 

reproduced here: 
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where cjR  is the contact radius of the droplet, i jr r−  is the distance between droplet centers,   is 

the condensation correction factor which is defined as the ratio between the condensation rate of 

the droplet within the system sysm  and the isolated condensation rate isom . Therefore   takes a 

value between unity (isolated droplet growth) and zero (droplet growth entirely suppressed due to 

surrounding droplets).  We derive isom  by modifying Popov’s evaporation model [16] as: 

 ( )iso c sm R D c c f ( ) = − , (3) 

where f ( )  is an function of the contact angle of the droplets   (equation (8) in Ref [15]).  

Equation (2) can be rewritten  in the matrix form as: 

 
1

sys ,i iso ,i ijm m B−= , (4) 

where ijB  is an N  by N  matrix with diagonal elements ( i j= ) equal to unity and off-diagonal 

elements ( i j ) equal to: 
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The strength interaction between droplets depends on the distance between the droplets and their 

sizes.  For an arbitrary droplet i , the intensity of the interaction with another droplet j  in the 

domain will decreases with the distance that separates them.  Equation (4) provides a simplified 

way to calculate the condensation rate of all individual droplets within a system of many droplets 

on a substrate, while accounting for vapor distribution field, based only on thermodynamic 

variables (substrate temperature, air temperature, and relative humidity) and the geometry of the 

droplets (droplet sizes, contact angle, and locations).  

4.0. Results 

4.1. Comparison of the point sink superposition method (PSSM) with experiments 

This section compares the instantaneous condensation rates of individual and groups of 

droplets measured during condensation experiments against predictions of the point sink 

superposition method (PSSM).  The case considered in this section is for droplets growing during 

at subT  = 10 °C, RH  = 70%, and T  = 20.5 °C.  At these conditions, the water vapor concentration 

at the surface of the droplet is sc = 0.0095 kg/m3 and the vapor concentration in the far field is c

= 0.0126 kg/m3.  The PSSM calculation considers the size and location of the droplets inside the 

interrogation window as described in Section 2.4.  Additional comparisons for experiments at RH  

= 50% and RH  = 60% are provided in the Supplementary Materials. 

4.1.1. Condensation rate of a single droplet 

A top-down view of the model domain employed to predict the condensation rate of a single 

droplet is depicted in Figure 3 (a).  Near the center of the image, the droplets inside the field of 

view during the experiment at t  = 31 min are filled red, while the droplets outside the camera field 

of view are filled white.  Among the droplets inside the field of view, the condensation rate is 

predicted with the PSSM for the droplet of interest (filled blue).  The instantaneous condensation 

rate predicted for a droplet highly depends on the number of neighboring droplets considered in 

the calculation ( PSSMN ), due to the competition for surrounding vapor.  The calculated 

condensation rate of the droplet of interest ( PSSMm ) is plotted against PSSMN  in Figure 3 (b), with 

PSSMN  sorted in ascending order based on the distance from the droplet of interest.  By increasing 



PSSMN  in each calculation, the predicted PSSMm  converges to the measured condensation rate for 

the droplets of interest expm = 1.77 × 10-12   6.1 × 10-13 kg/s (represented by the horizontal line in 

Figure 3 (a)).  This is quantified via the decrease in percentage error of PSSMm relative to expm  with 

increasing PSSMN  and, similarly the decrease in the residual of PSSMm  between increments of PSSMN  

, as shown in Figure 3 (c) 

When only the group of seven nearest neighbors to the droplet of interest is considered, 

connected by a green line in Figure 3 (a), the prediction is approximately eight times larger than 

the measured condensation rate.  Vapor-diffusion-based models that only account for the 

interaction with nearest neighboring droplets would grossly overestimate the condensation rate of 

the droplet.  As more droplets inside the field of view are added to the calculation, the relative 

error between PSSMm  and expm  drops sharply.  However, after including all the red-filled droplets 

in the field of view ( PSSMN  = 61), PSSMm  is still a couple of times greater than expm , which indicates 

that droplets located even outside the field of view have a significant effect on the vapor 

distribution surrounding the droplet of interest.  Since the droplets located outside the field of view 

can not be surveyed, their effects are represented by creating artificial droplets in the domain, 

surrounding the field of view, using the algorithm described in Section 2.4.  As more of these 

additional droplets are included in the calculation, PSSMm  continues to approach toward expm .  

When PSSMN  = 564 (purple vertical lines in Figure 3 (b) and (c)), the residual of the condensation 

rate is three orders of magnitude smaller than expm  and of the same order of magnitude as the 

minimum condensation rate that can be detected by the experimental apparatus (~10-15); at this 

point, the relative error in the prediction is 15.33%.  At PSSMN  = 753, the relative error between 

PSSMm  and expm  is 0.06 %. 

From these results, we observed that a large number of droplets must be considered in a 

system to accurately predict the condensation rate.  If a sufficient number of droplets are 

considered, the PSSM model can be used to accurately predict the condensation rate of a single 

droplet within the system.  In general, the number of droplets required is expected to depend on 

the size and spatial distribution of its neighboring droplets. 



4.1.2. Condensation rate of a group of droplets 

In this section, the condensation rate prediction is extended to a group of 30 droplets within 

the same domain as was considered in Section 4.1.1.  A top-down view of the same domain shown 

in Figure 3 (a) is reproduced in Figure 4 (a).  All droplets in the group of interest are filled blue 

inside the boundary defined by the yellow line; droplets in the experimental field of view are filled 

red.  Figure 4 (b) shows the predicted total condensation rate of the group of droplets (
PSSMM ) 

versus the number of droplets included in the prediction ( PSSMN ), where the blue horizontal line is 

the total condensation rate measured during experiments expM  = 3.04 × 10-11   1.61 × 10-12 kg/s.  

Each droplet of interest has been assigned an identification number shown in the zoomed-in view 

of the domain in Figure 5 (a).  The condensation rate for each droplet within the group is shown 

in Figure 5 (b) for different values of PSSMN . 

When the prediction includes all droplets in the field of view ( PSSMN  = 61), PSSMM  is about 

three times larger than expM , and the condensation rate of each individual droplet is also 

overpredicted, as shown in Figure 5 (b).  As more droplets are included in the model, PSSMM  

converges to the measured expM , as indicated in Figure 4 (b).  The residual of the calculated PSSMM

and the error relative to expM  are plotted as a function of PSSMN  Figure 4 (c); both quantities 

decrease as PSSMN  increases.  When PSSMN = 526, the difference between PSSMM  and expM reaches 

a minimum, and PSSMm  for each droplet approximates its corresponding expm  value as shown in 

Figure 4 (b) and Figure 5 (b), respectively.  In average, the relative error for individual droplets 

was 2.9% and standard deviation of 42.1%.  When PSSMN = 569, the residual of PSSMM  is three 

orders of magnitude smaller than expM  and the model slightly underpredicts expM  with an error of 

-1.24 %. 

The number of droplets that must be included in the domain to accurately predict the total 

condensation rate of groups of droplets is different at differing times of the condensation process, 

as the size and distribution characteristics of the droplets changes.  Table 1 summarizes the number 

of droplets PSSMN  required in the system to minimize the error in the condensation rate between 

the model and measurements, as well as the maximum cord length of the region that encloses these 



droplets ( ).  The PSSMN  required to minimize the relative error decreases as the condensation 

process progresses, but   does not vary significantly, with an average equal to 2530   8 μm for 

all the values reported in Table 1.  During regime (i), the number of droplets per-unit-area is large; 

as droplet coalesce and grow during regime (ii), the number of droplets decreases.  As a result, for 

a fixed area on the substrate, the number of droplets per unit area will reduce with time, as can be 

observed in the sequence of top-down view images of the domain shown in the Supplemental 

Materials for each time in Table 1.  The value of   provides a case-specific criterion for assessing 

the number of droplets that must be included in a system to accurate predict the condensation rate. 

4.1.3. Temporal evolution of the condensation rate of single droplets 

This section focuses on predicting the temporal evolution of the condensation rate of individual 

droplets observed during the condensation experiments.  Figure 6 (a) shows two typical droplets 

tagged as d  and e  in a sequence of images at t  = 14.5 and 17. 0 min .  The measured and predicted 

time-varying condensation rates of droplets d  and e  are plotted in Figure 6 (b).  Periods of 

continuous growth are interrupted by sudden jumps in the condensation rate that result from the 

coalescence events depicted in Figure 6 (a).  The number of droplets used in the PSSM model 

predictions correspond to all the droplets enclosed in the region defined by   = 2530 μm. 

Overall, the condensation rates predicted at each instant of the growth closely match the 

condensation rates measured experimentally for droplets d  and e .  The trends in the condensation 

rates of the droplet do not correspond with the ones expected from the isolated growth ( 1 2/m ~ t ) 

and film-like growth ( m  = constant) model [12,17].  Before the first coalesce event, the 

condensation rate of droplets d  and e  follow a power law m ~ t   where   = -0.11 for droplet d  

and   = 0.12 for droplet e .  Within an image, each droplet has distinct growth characteristics that 

depend on its size and its interactions with their respective neighbors, as will be explored in the 

subsequent sections. 

4.2. Comparison with isolated droplet and film-like models for condensation 

This section compares the experimental condensation rates of individual droplets and group 

of droplets, respectively presented in Sections 4.1.1 and 4.1.2, against the isolated growth and the 

film-like growth models.  The isolated growth model given in equation (3) neglects the interaction 

between neighboring droplets.  It assumes that droplet grow during dropwise condensation in a 



pattern such that the distance between droplet is so large that the vapor distributions surrounding 

each droplet have no effect on each other.  In comparison with the condensation rate measured for 

the single droplet of interest considered in Section 4.1.1, the condensation rate predicted by the 

isolated model from equation (3) ( isom  = 6.46 × 10-11 kg/s) is over an order of magnitude larger.  

Similarly, the total condensation rate for the group of droplets considered in Section 4.1.2, 

predicted by the isolated model ( isoM = 6.42 × 10-10  kg/s), is two orders of magnitude larger the 

measured condensation rate.  The isolated model for dropwise condensation significantly 

overpredicts experimental condensation rates. 

When droplets become densely packed on a substrate, it has been commonly assumed [12, 

17–19] that the water vapor distributions around each droplet overlap such that they grow as a film 

spread over the substrate of equivalent volume.  The film-like growth model treats the vapor 

concentration profile as varying linearly in the direction normal to the substrate.  Medici et al.[12] 

determined an explicit expression for the temporal evolution of the thickness of a film from which 

the condensation rate of each droplet is a constant given by: 

 
( )s

film

D c c
M S



 −
= , (6) 

where S  is the area of the condensation substrate, and   is the thickness of the concentration 

boundary layer, which corresponds to the extent of the region where the transport by diffusion 

dominates over the transport due to convection.  A primary challenge in applying the film-like 

model comes from accurately determining the value of  .  Approximate estimates of   are often 

obtained from a scaling analysis for natural convection above a horizontal cooled plate.  By 

assuming that the transport by natural convection is negligible ( Pe  < 1) in the scaling analysis, 

Medici et al. [12] derived an expression for   in terms of experimental conditions: 
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where 1 5− /~ LGr  is the thickness of hydrodynamic boundary layer caused by buoyancy effects, 

with L  being the characteristic length of the sample,  = − subT T T , and ( )2 = + sub/ T T  is the 

volumetric thermal expansion coefficient for air. 



For the experiments at RH  = 70%, the concentration boundary layer is estimated to 

1.0 mm.  To compare the film-like growth model to the results presented in Sections 4.1.2, the 

substrate area S  is assumed to be equal to the area of the region defined by connecting the centers 

of the droplets of interest (yellow line in Figure 4 (b)).  From equation (6), the condensation rate 

predicted by the film-like growth model is equal to filmM  = 5.55 × 10-11 kg/s, an overprediction of 

the measured total condensation rate for the group of droplets by 82.8 %. 

4.3. Intensity of droplet-to-droplet interactions 

For an arbitrary droplet i , the condensation correction factor   computed from equation (4) 

can be rewritten as: 

 1 1
N

i i , j i ij

i , j i

B B − −

=



= +   (8) 

where 
1

i , j iB−

=  is greater than unity and 1
N

ij

i , j i

B−



  is negative and represents the contributions caused 

by neighboring droplets.  In relation to all the droplets in the system, any given droplet j  reduces 

the condensation rate of the droplet of interest with an intensity given by: 

 

1

1

i , j i

ij N

ij

i , j i

B

B

−



−



 =


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where ij  will be equal to unity when droplet j  has a dominant interaction with the droplet of 

interest i  compared to all other interacting droplets; ij  will be equal to zero when the interaction 

between droplet i  with droplet j  is negligible. 

Figure 7 (a) and (b) depict the absolute value of the intensity of the interaction between a 

central droplet of interest and all other droplets in the domain at times of 2.0 min and 31.0 min, 

respectively.  The conditions used in the calculation were as the ones used in section 4.1.3 ( subT  = 

10 °C, RH  = 70%, and T = 20.5 °C).  Similarly, the number of droplets included in this 

calculation corresponded with the droplets enclosed by a region with a maximum cord length of 

  = 2531 μm.  The color of each droplet represents the intensity of the interaction.  The intensity 

of the interaction is larger for the nearest neighboring droplets and attenuates with distance from 

the droplet of interest.  The red dashed line in the figure encloses 90% of the total interaction 



intensity between the droplet of interest and all droplets in the domain.  At earlier stages of the 

growth within regime (i), in Figure 7 (a), the sum of the interaction intensities of the nearest 

droplets is only 42.2 % of the total interaction intensity, while the region that contains 90% of the 

total interaction intensity extends far beyond the nearest droplets, ~1000 μm from the droplet of 

interest.  At a later time within regime (ii), in Figure 7 (b), the sum of the interaction intensities of 

the nearest droplets increases to 87.2% of the sum of the interaction with all neighboring droplets.  

In this case, the distance at which the interaction intensity sums to 90% of the total is a decreased 

distance comparable to the separation the nearest neighbors, ~300 μm.  Note that even though a 

large proportion of the total interaction intensity occurs between a droplet and its nearest 

neighbors, this conclusion does not mean that it is accurate to calculate the magnitude of 

condensation rate of a droplet by considering only its nearest neighbors (refer to Section 4.1.1).  

Rather, the strong interactions with the nearest neighbors governs there condensation rate relative 

to each other, but the interactions with all the other droplets determines the specific magnitude of 

the condensation rater.  Models that consider only the interactions with nearest droplets offer a 

limited description of droplet growth that can predict trends, but not quantitative condensation 

rates. 

4.4. Effects of droplet size and spatial distribution on the condensation rate 

This section focuses on using the predictions of the point sink superposition method to gain 

insight into the effects of droplet size and spatial distribution on the condensation rate of each 

droplet within the system.  Figure 8 (a) shows individual droplet condensation rates versus their 

corresponding contact radius for a set of images taken at t  = 2.0, 6.0, 21.0 and 31.0 min.  At any 

given time, the condensation rate is proportional to droplet size.  As time proceeds, the distribution 

of droplet sizes broadens and the average droplet size increases; as a result, the average 

condensation rate and the range of condensation rates observed in each image increases with time.  

However, across different times, larger droplets do not always necessarily grow at larger rates; 

droplets having similar sizes but belonging to images taken at different times can have significantly 

different condensation rates.  For example, droplets ranging from a contact radius of ~40 μm to 

~45 μm at t  = 6.0 min grow at higher rates than the same size droplets at 21.0 min.  This behavior 

could not be captured by dropwise condensation models that calculate the total condensation rate 

by summing the condensation rates of individual droplets as they were isolated from one other. 



These differences in the condensation rates of droplets can be explained in terms of the spatial 

distribution of droplets in their surroundings and their size relative to the size of their neighbors.  

Voronoi polygon constructions based on the droplet center positions have been used extensively 

to characterize condensation rates and relative distance from neighboring droplets. Prior studies 

[12,17,20–23] have suggested that droplets with larger Voronoi polygons grow at faster rates; the 

area of the Voronoi polygon is the sum of the footprint area of the droplet located at the center of 

the polygon and the bare area surrounding the droplet.  Large droplets that are surrounded by large 

bare areas are able to capture relatively more of the water vapor that is diffusing from the ambient 

toward the substrate and laterally in between neighboring droplets.  Figure 9 (a) and (b) shows the 

predicted condensation rates and Voronoi constructions of droplets from snapshot images taken at 

t  = 2 min and t  = 31 min, respectively.  The color of each droplet indicates its condensation rate.  

The red lines define the boundary of each Voronoi polygon, and the color inside each polygon 

represents the magnitude of the polygon area.  At t   = 2 min, the droplets that grow at faster rates 

have polygons with larger areas even though they have similar size, such as comparing droplet  f  

to droplet  g  in Figure 8 (b).  At later times, droplets that have polygons with larger areas do not 

necessarily grow faster.  We have previously shown that the condensation rate of pairs of droplets 

predicted by the PSSM is sensitive to the ratio of between the droplet sizes [15].  Large droplets 

can limit the vapor diffusion to small droplets in their surroundings  For example, droplet h  in 

Figure 9 (b) has a larger Voronoi polygon area than its neighbor droplet l , but grows at a smaller 

rate, because droplet l   has a larger size and it is surrounded by smaller neighbors than droplet h .  

Thus, the size of a given droplet in relation to the size of its neighbors can significantly influence 

the condensation rate. 

Figure 8 (b) shows individual droplet condensation rates versus their corresponding ratio 

between the contact radius of each droplet to the average contact radius of its nearest neighbors 

ci cjR R  for a set of images taken at t  = 2.0, 6.0, 21.0 and 31.0 min.  The condensation rate of 

individual droplets increases with the ratio between their contact radii and the average contact 

radius of their nearest neighbors.  At the earliest stages of the growth, when the droplets have 

similar sizes as shown in Figure 8 (a), the condensation rate is relatively insensitive to the droplet 

relative size  and the condensation rate primarily dep ci cjR R ends on the spatial distribution of 



the droplets.  At later times, similar variations in droplet relative size lead to greater changes in the 

condensation rate. 

5.0. Conclusions 

The point source superposition method is used to predict experimental condensation rates of 

individual droplets, within a system of many droplets on a substrate, formed during vapor-

diffusion-driven dropwise condensation from humid air.  The point sink superposition method 

accurately predicts the experimental growth rates of individual droplets, and the total condensation 

rate of groups of interacting droplets, by superposing the vapor distributions of all droplets on the 

substrate.  Assuming that droplets grow completely isolated from one another severely 

overpredicts the measured condensation rates. It is shown through use of the point sink 

superposition method that a large number of interacting droplets, over a length scale of the 

substrate much larger than the separation distance between droplets, must be considered to 

accurately predict the experiments.  Even though the interaction between nearest neighboring 

droplets is the strongest, only including the such neighboring droplets in the close vicinity still 

severely overpredicts condensation rate of an individual within the system.  This highlights a 

limitation of modeling approaches that describe the condensation rate based on the interactions 

between nearest neighbors.  The point superposition method, which captures the interactions 

between all droplets within the system and accounts for their locations and sizes, is used as a tool 

study the interactions between condensing droplets in the experiments as a function of droplet size 

and pitch.  Relative droplet size effects on condensation rates are more prominent at later stages 

of the growth, when the size distribution of droplet is broader. 
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Figures 

  
 

Figure 1.  (a) Schematic diagram depicting the condensation testing faculty and a photograph of 

the test section. 
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Figure 2.  Example snapshot images at (a) 9 min to (b) 16 min following droplet recognition and 

tracking. ( subT  = 10 °C, RH  = 70%, and T = 20.5 °C) 
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Figure 3.  Prediction of the condensation rate of a single droplet within a system of many droplets 

( subT  = 10 °C, RH  = 70%, T = 20.5 °C ).  (a) Top-down view of the domain used for the PSSM 

calculation, consisting of droplets inside the experimental field of view at t  = 31 min (filled red) 

and artificial droplets generated outside the field of view (filled white).  (b) Predicted condensation 

rate for the droplet of interest, filled blue in (a), as the number of neighboring droplets considered 

in the model increases.  The blue shaded region defines upper and lower bounds of the 

experimental error.  (c) Relative error between the predicted and measured condensation rate and 

residual of the condensation rate between increments in the number of droplets included.  The 

purple and orange rings in (a) encompass all droplets necessary to predict isom  with a residual 

<2×10-15 kg/s and relative error 0.06% (also shown with corresponding dashed vertical lines in (b) 

and (c)). 
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Figure 4.  Prediction of the total condensation rate for 30 droplets within a system of many droplets 

( subT  = 10 °C, RH  = 70%, T = 20.5 °C).  (a) Top-down view of the domain used in the PSSM 

calculation with droplets inside the field of view at t  = 31 min (filled red) and artificial droplets 

generated outside the field of view (filled white).  (b) Predicted total condensation rate for the 

group of droplets filled blue in (a) versus the number of neighboring droplets considered in the 

model.  The blue shaded region defines upper and lower bounds of the experimental error.  (c) 

Relative error between the predicted and measured total condensation rate and the residual of the 

total condensation rate between increments in the number of droplets included.  The purple and 

orange rings in (a) encompass all droplets necessary to predict isom  with a residual <3×10-14 kg/s 

and relative error 0.15 % (also shown with corresponding dashed vertical lines in (b) and (c)) 
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     (a) 

 
    (b) 

Figure 5.  Prediction of individual condensation rate of a group of 30 droplets within a system of 

many droplets ( subT  = 10 °C, RH  = 70%, T = 20.5 °C).  (a) Magnified view of Figure 4 (a) 

showing the field of view and including tags on the droplets of interest.  (b) Measured and predicted 

individual condensation rates for each tagged droplet of interest. 
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Figure 6.  (a) Snapshot images of droplets condensing during condensation experiments at subT  = 

10 °C, RH  = 70%, T = 20.5 °C.  The sequence of images shows droplets d  and e  before ( t  = 
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14.5 min) and after (and t  = 17.0 min) their respective first coalescence events with neighboring 

droplets.  (b) Temporal evolution of the condensation rates of droplets d  and e  with vertical lines 

indicating times that corresponds with the images in (a). 
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          (b) 

Figure 7.  Absolute value of the intensity of interaction between the droplet of interest (dashed 

circle near the center) with all other droplets in the domain, calculated based on the images taken 

at (a) t  = 2 min and (b) t  = 31 min. The fill color of the droplets corresponds to the interaction 

intensity contour scale. ( subT  = 10 °C, RH  = 70%, T = 20.5 °C) 
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Figure 8.  Condensation rate of each droplet as a function of (a) their respective contact radius and 

(b) the ratio between the contact radius of each droplet and the average contact radius of its nearest 

neighbors. Results are shown for the experimental conditions subT  = 10 °C, RH  = 70%, and T = 

20.5 °C at t   = 2, 6, 21 and 31 min. 
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Figure 9.  Condensation rates and Voronoi polygons for droplets in the model domain 

corresponding to images at (a) t  = 2 and (b) t  = 31 min ( subT  = 10 °C, RH  = 70%, and T = 20.5 

°C).  The color filling each circle indicates the predicted condensation rate of the droplet, while 

the color of the Voronoi polygons around each droplet represents the magnitude of the polygon 

area. 
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Tables 

Table 1.   Maximum cord length of the region (  ) that encloses the given number of droplets (

PSSMN ) required to predict the measured condensation rate with minimum relative error (for a 

group of 30 droplets at different times during of experiment at subT  = 10 °C, RH  = 70%, and T = 

20.5 °C). 

Time 

[min] 
PSSM

N     [μm]  

11 

16 

21 

26 

31 

982 

820 

811 

586 

526 

2330 

2340 

2790 

2600 

2620 
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