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ABSTRACT 

Condensation has been widely explored because of its 

importance in numerous applications including water 

desalination, water harvesting, and power generation. Previous 

studies have shown that the enhancement in condensation heat 

transfer can be achieved by the design of structured surfaces 

with desired surface chemistry. Especially, nanostructured 

surfaces have enhanced thermal transport performance by 

promoting dropwise condensation that shows lower thermal 

resistances than film condensation. Thus, the control of surface 

wettability has drawn significant interest by modulating surface 

morphology and surface chemistry.  

In this study, we explore microscopic-level droplet 

dynamics using various copper surfaces. Nanostructured 

copper surfaces are prepared by chemical immersion methods 

using alkaline solution, and further functionalized by using 

dodecanoic acid in order to provide hydrophobicity. Their 

wetting properties and condensation process are investigated 

using an optical microscope by capturing real-time phase 

change process. The results show that the surface morphology 

with the highest feature size ratio enables to achieve the highest 

droplet volume growth rate due to the hindering of pinning of 

droplets and droplet jumping events. The understanding of 

condensation behaviors using the copper oxide nanostructured 

surfaces can provide design rules for efficient surface structures 

for numerous condensation applications. 

KEY WORDS: dropwise condensation, copper oxide 

nanostructure, droplet jumping, superhydrophobic surface 
 

NOMENCLATURE 
As Surface area, µm2 

d Nanoflower diameter, m 

l Nanoneedle length, m 

N Number of droplets  

Pv Vapor pressure, Pa   

Psat Saturation Pressure, Pa  

r Surface roughness 

R Droplet radius, µm 

Rc Surface contact radius, µm 

T Time, sec 

Greek symbols 
𝛾 Surface tension (N/m) 

𝜇  Power of exponent 

𝜖 Surface coverage 

𝜙𝑠 Solid fraction 

𝜃 Contact angle (o) 

 

Subscripts 
LV liquid-vapor 

SL solid-liquid 

SV solid-vapor 

 

Superscripts 
CB Cassie-Baxter 

W Wenzel 

Y Young-Dupre 

 

INTRODUCTION 

In recent years, controlling the wettability of solid surfaces 

has impacted condensation heat transfer for numerous industrial 

applications such as desalination [1], water harvesting [2], and 

power generation [3]. Typically, heat transfer coefficients for 

dropwise condensation are an order of magnitude larger than 

those for film condensation by minimizing the thermal 

resistance of the liquid layer. Previous studies reported that 

hydrophobic nanostructured surfaces lead to dropwise 

condensation phenomena by promoting droplet removals [4-7]. 

Recently, droplet coalescence induced droplet ejection or 

“jumping” from the condensation surface on superhydrophobic 

surfaces is reported [8]. In this process, two or more droplets 

coalescent, and extra surface energy during droplets 

coalescence is transferred to kinetic energy in a normal way of 

the surface [9]. The droplet jumping is possible through the use 

of suitably-designed superhydrophobic surfaces containing 

copper oxide nanostructures [10]. 

Wetting properties can be explained by three classic 

theories: the Young-Dupre model, Wenzel theory, and Cassie-

Baxter theory. (1) The Young-Dupre model first explains that 

the droplet contact angle 𝜃 on a flat surface is dictated by a 

force balance at all the three solid-vapor, solid liquid, and 

liquid-vapor interfaces: cos 𝜃𝑌 = (𝛾𝑆𝑉 − 𝛾𝑆𝐿)/𝛾𝐿𝑉  where  𝛾  is 

surface tension. In order to explain the surface roughness r 

impacts on the droplet formation, (2) the Wenzel equation 

shows that contact angle on rough surfaces is defined by [11]: 
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cos 𝜃𝑊 = r × cos 𝜃𝑌, where r is the roughness which is the ratio 

of the total surface area to the projected area. This explains that 

hydrophobic surfaces become more hydrophobic whereas 

hydrophilic surfaces become more hydrophilic as surface 

roughness increases. In this case, the droplet will completely 

wet the rough surfaces, resulting in pinned droplets. 

Considering the case where the droplet rests on the tip of 

nanostructures, (3) the Cassie-Baxter theory introduces air gap 

between droplets and the surface [12]: cos 𝜃𝐶𝐵 = 𝜙𝑠(𝑐𝑜𝑠𝜃𝑌 +
1) − 1  where 𝜙𝑠 is solid fraction. The trapped air underneath 

the liquid-vapor interface helps droplets be suspended from the 

substrate and mobile [8, 13].  

Here we demonstrate the effect of surface morphology on 

droplet dynamic behaviors using various copper nanostructured 

surfaces with the hydrophobicity for different saturation levels. 

In details, we develop hydrophobic nanostructured copper 

oxides using chemical immersion techniques. Then, the 

morphological details of structured surfaces will be correlated 

with droplet dynamics, and corresponding condensation. To be 

specific, the nanostructure is prone to flood caused by pinning 

of droplets because the flood on nanostructure is irreversible to 

be restored. In this study, attaining hydrophobicity will benefit 

the condensation heat transfer performance because of two 

facets: (1) The surface with large ratio of two-level feature size 

makes droplets easy to be removed from the condensing surface 

during the droplet coalescence by preventing the pinning; and 

(2) The droplets on the superhydrophobic surface maintains 

mobile mode of droplets due to the droplet jumping event.  

 

METHOD 

A nanostructured surface can be either hydrophobic or 

hydrophilic depending on chemical composition and surface 

roughness [14, 15]. Several techniques have been explored to 

modulate copper surface wettability including hydrothermal 

methods, electrochemical process, chemical immersion 

methods, or a combination of two or more methods [16, 17]. 

Among the different techniques, the chemical immersion 

method is considered a cost-effective way to roughen the 

surface. The morphologies of copper oxide nanostructured 

surfaces can be engineered by modulating chemicals, 

processing temperatures, and immersion time. The copper 

oxide nanostructured surfaces are further functionalized to 

increase their hydrophobicity, enabling the dropwise 

condensation and droplet jumping. 

 

Surface Nanostructuring  

We prepare various copper nanostructured surfaces by using 

the immersion method, as shown in scanning electron 

microscope (SEM) images in Fig. 1. All the samples are 

prepared in a size of 10 mm×10 mm×0.5 mm. Before 

nanostructuring process, copper substrates (99.9%, pure, 

McMaster-Carr) are cleaned with acetone, methanol, and 

isopropanol and rinsed with 2M HCl and DI water. Then, the 

copper substrates are oxidized using the chemical solution of a 

 
 

Fig. 2  Feature sizes of the AR03, AR10, and AR47 surfaces. 

The nanoflowers are formed with the diameter of 

1.6±0.1 µm (AR03) at 5min and increase to d2~5.1±0.5 

µm (AR10) as the immersion time increases to 25 min. 

The nanoneedles (l3~0.7±0.03 µm) and nanoflowers of 

AR47 surface oxidized in 60oC solution are smaller than 

nanoneedles of AR03 (l1~4.8±1.1 µm) or AR10 

(l2~5.1±0.8 µm). Additionally, the nanoflowers are 

formed within nanoneedles (AR03 and AR10) where the 

nanoflowers (d3~3.3±0.8 µm) are placed on the 

nanoneedles (AR47). The red cross shows the ratio d/l 

of nanoflower diameter to nanoneedle length. Error bars 

represent standard deviation of the measured feature 

size. 

 

 
 

Fig. 1  Scanning electron microscope (SEM) images of 

nanostructured copper surfaces. (a) Nanoneedles with 

small nanoflowers (AR03), after 5 min immersion at 

room temperature. (b) Nanoneedles with nanoflowers 

(AR10), after 25 min immersion at room temperature. 

Extra immersion time affects only nanoflowers sizes 

rather than nanoneedle structures. (c) Small nanoneedles 

with nanoflowers (AR47), after 5 min immersion at 

60oC.  



0.1M K2S2O8 and a 2M NaOH, creating copper oxide 

nanostructured surfaces. The morphology of the surfaces 

include nanoneedle-like features and/or nanoflowers-like 

features, depending on the immersion time and temperature. 

The chemical process at room temperature (25oC) for 5 min 

provides the features of nanoneedles (l1~4.8±1.1 µm) and small 

nanoflowers (d1~1.6±0.1 µm) (Fig. 1a). As the process time 

increases up to 25 min, the nanoflowers size is increased to 

d2~5.1±0.5 µm whereas the nanoneedle size remains a constant. 

whereas the nanoneedle size remains a constant. The chemical 

process at an elevated temperature at 60oC for 5 min provides 

the features of nanoflowers (d3~3.34±0.8µm) and nanoneedles 

(l3~0.7±0.03 µm). The feature size and shape of nanostructures 

are listed in Fig. 2 and Table 1. Prepared samples are named as 

AR03, AR10, and AR47 where “AR” means the apparent size 

ratio of nanoflower diameter to nanoneedle length (d/l). The 

average of the features is measured using a commercial 

software, ImageJ.  

 

Surface Wettability 

The engineered nanostructured surfaces consisting of 

Cu(OH)2 and CuO first show hydrophilicity as shown in Fig. 3. 

The hydrophilic surfaces are further functionalized by using 5 

mM of dodecanoic acid for 30 min. This surface treatment 

decreases the surface energy, resulting in surface 

hydrophobicity, while it maintains the copper oxide 

morphology. As shown in Fig. 3, the contact angle of the 

functionalized surfaces increases as the ratio between 

nanoneedle length to nanoflower diameter increases. The AR03 

and AR10 show the contact angles of 136o and 148o, 

respectively [18]. Furthermore, the AR47 surface presents 

superhydrophobicity by possessing the contact angle of 165o, 

which is attributed to a large aspect ratio between nanoflowers 

and nanoneedles.  

 

Dropwise Condensation Tests 

Condensation behaviors are observed by using a custom-

made condensation measurement setup as illustrated in Fig. 4. 

The condensation setup includes a chamber, thermoelectric 

temperature controller with DC power supply, and vapor 

generator. The vapor generator controls relative humidity in the 

condensing chamber by flowing air through the water and 

mixing with ambient air. The condensation conditions are 

controlled by the combination of relative humidity and surface 

temperature using thermoelectric cooling (TEC) module. 

Thermocouples are mounted between the sample and carbon 

tape to confirm a constant surface temperature during the 

condensation test. Microdroplet growth behaviors under the 

high supersaturation level (S=2.48, Ts=4oC, and Pv=2140 Pa) 

and low supersaturation level (S=1.09, Ts=15oC, and Pv=1873 

Pa) are explored. In this process, the supersaturation is defined 

as Pv/Psat where Psat is saturation pressure at the surface 

temperature Ts. The droplet behaviors are recorded from the top 

view through a window using an optical microscope [19]. The 

number and diameter of droplets are analyzed by image 

processing from top view microscope images.  

 

RESULTS AND DISCUSSION 

Characterization of Dropwise Condensation 

In order to analyze the dropwise condensation, we measure 

the droplet growth behaviors by recording condensation images 

using the optical microscope. The time-lapse optical images are 

Table 1.  Feature sizes and aspect ratio of nanoflower diameter 

to nanoneedle length of AR03, AR10, and AR47 surfaces. 

 

 
 

 

 

 

 

 
Fig. 3  Contact angles of the nanostructured copper surfaces 

before and after dodecanoic acid coating. The scale bar 

of the inset SEM image is 5 µm.  

 
 
Fig. 4 1 Schematic diagram of the custom condensation 

measurement setup. The condensation setup is 

composed of humidity provider, temperature controller, 

and data acquisition system. Optical microscope is used 

to record time-lapse images during condensation test.  

 



used to obtain the condensation behaviors at S=2.48 and 

Pv=2145 Pa for the AR03, AR10, and AR47 surfaces (225 

m160 m) at different time frames as shown in Fig. 5. The 

images allow us to evaluate the droplet number density, 

diameter, and shape as the condensation time increases for 

different surface structures as indicated in Fig. 5(a). The droplet 

number density of AR03 at S=2.48 consistently shows an 

increase up to 0.0062 µm-2 and remains a constant. The droplet 

number density decreases during condensation as droplets 

coalesce. Thereby, a consistent number density is observed 

because the low condensation rate hinders the droplet 

coalescence events. On the other hand, the number density of 

AR10 or AR47 surfaces decays. The low number density of 

droplets leads to a small surface coverage by droplets during the 

condensation process lowering thermal resistance [13].  

The time-lapse optical images in Fig 5(b) show the droplet 

coalescence or jumping phenomena by indicating the 

differences in droplet shapes on the condensing surfaces. 

Droplet shapes such as spherical or elliptical shapes can suggest 

the droplet status. For example,  initial droplets on hydrophobic 

surfaces are prone to be spherical shapes. Here, if the droplets 

are not pinned or suspended from the original position, the state 

of a droplets is defined as a mobile mode. When the droplets 

coalesce, the combined droplets will remain the same spherical 

shapes. Instead, the new shape of the combined droplets will be 

elliptical since some portion of droplets is still pinned on the 

nanostructured surface. In Fig. 5(b), we consistently observe 

elliptical-shaped droplets since the early stage of condensation 

(at 4 min) on the AR03 while elliptical-shaped droplets generate 

at ~9 min. The presence of elliptical shapes might be attributed 

to the combination of the hydrophobicity (contact angles; 136o-

148o, Fig. 3) and morphological differences (length; 3.7 ~5.9 

μm, Fig. 2). The superhydrophobicity of the AR47 surface 

enables droplet jumping events. Once the droplet jumping 

events happen, they open up more spaces to promote new 

droplet nucleation sites.  

It has been challenging to observe the details of droplet 

phenomena at S=2.48 due to small droplet sizes. Therefore we 

repeat the condensation measurement using a low 

supersaturation level at S=1.09 for a longer time period of 90 

min. The general trends in the droplet number density and 

diameter at S=1.09 show a good agreement with the 

measurements at S=2.48. As the condensation time increases, 

droplet number density increases first until 10 min and rapidly 

decays after droplets start to coalesce. In the early stage of 

condensation (10 min), the droplet number density of the AR03 

(2.3×10-3 µm-2) is larger than those of the AR10 and AR47 

surfaces (5.2×10-4 µm-2 and 1.4×10-3 µm-2, respectively) as 

shown in Fig 6(a). The number density of the AR10 remains a 

constant due to the absence of droplets coalescence whereas 

that of AR47 fluctuates due to droplet jumping and nucleation 

cycling.  

The detailed optical images in Fig 6(b) show dropwise 

condensation and droplet jumping phenomena on the AR03, 

AR10, and AR47 surfaces at S=1.09. The transition from sphere 

shape-dominated regime to elliptic shape-dominated regime 

appears after 10 min and 70 min for AR03 and AR10, 

respectively, confirming the pinned droplet status. Spherical-

shaped droplets on the AR47 surface confirm mobile mode, 

leading to droplet jumping events in the later stages [10]. Once 

droplets jump, they provide extra spaces to enable new 

nucleation sites whereas it is difficult to observe new nucleation 

sites on other surfaces.  

The changes in droplet sizes during the condensation are 

 
 

Fig. 5  (a) The number density and droplet diameter (inset) at 

the high supersaturation (S=2.48). The navy dot lines are 

trend line of each point of the droplet number density. 
Square, circle, and triangle represent the AR03, AR10, 

and AR47, respectively. The error bar represents a 

standard deviation of the measured droplet size. (b) 

Time-lapse optical images (top view) of the surfaces at 

S=2.48, and Pv=2140 Pa. Each column shows the AR03, 

AR10, and AR47 surfaces. The orange, green, and red 

line represent elliptical shape and spherical shape, 

respectively. The scale bare is 50 µm.  



analyzed by using a power law of droplet growth, 𝑅 = 𝑎𝑡𝜇 , 

where R is the droplet radius, t is the time, a is a constant, and 

𝜇 is a power of exponent. The power of exponent 𝜇 is known as 

1/3 [20]. The values of a can be calculated by the least square 

from droplet diameter in Fig. 7 where a large constant a value 

means that the fast increase rate of a droplet diameter . Error 

bars of the droplet diameter shows the standard deviations of 

droplet diameters on the condensing surface. The droplet 

coalescences on the AR03 cause the fast increase in droplet 

diameter as well as large error bars. On the other hand, most 

droplets are prone to grow and some droplets coalescence, 

leading to small error bars. The trend of droplet diameters of the 

AR47 fluctuates during the condensation, confirming the 

droplet jumping events. 

We identify the surface coverage of droplets to determine 

the surface favorable to dropwise condensation. As the droplet 

size increases, the surface coverage by droplets increases. The 

surface coverage is determined by following equation:  

𝑅𝑐 = 𝑅cos (𝜃 −
𝜋

2
)                          (1) 

𝜖 =
𝜋𝑅𝑐

2𝑁

𝐴𝑠
                                       (2) 

where Rc is the surface contact radius at the bottom of droplets, 

θ is the apparent contact angle, N is the number of droplets, 𝜖 

is the surface coverage ratio, and As is the condensing surface 

area measured to calculate droplet number density and diameter 

(225 m160 m). As shown in Fig 7(d), the droplets on the 

AR03 cover a larger surface area whereas the surface coverage 

of the AR47 surface is relatively small due to the droplet 

 
 
Fig. 6  (a) The droplet number density at the low supersaturation 

(S=1.09). The navy dot lines show the trend of the 

droplet number density. (b) Optical microscope images 

showing droplet dynamics at S=1.09 and Pv=1882 Pa. 

Time-lapse optical images suggest droplet growing and 

coalescence behavior. The scale bar is 50 µm.  

 
 
Fig. 7  Droplet diameter at the low supersaturation S=1.09 for 

(a) AR03, (b) AR10, and (c) AR47. Constants of the 

power law for droplet growth model, R=atμ at a low 

saturation are calculated where µ=1/3. The black dash 

line is calculated by using the least square of the droplet 

diameters. Error bars represent the standard deviation of 

droplet diameter. (d) Surface coverage by the droplets. 

The surface coverage is calculated by using droplet 

diameters and apparent contact angles. 
 



jumping.  

In order to examine droplet shapes at the microscale-level, 

we capture environmental scanning electron microscope 

(ESEM) images, as shown in Fig. 8. In this process, the 

presence of nanostructures has limited the direct observation of 

the droplet pinning at the surface. Instead, the changes in 

droplet shape and contact angle during droplet coalescence can 

be observed. The elliptic shape of droplets (i.e., pinned droplets) 

results in a large surface coverage and the decrease in contact 

angles of the AR03 surface. For the AR10 surface, droplets first 

show small spherical droplets (<20 µm) at the early stage and 

then become elliptic droplets as droplet size increases. The 

droplets on the AR47 superhydrophobic surface exist as both 

suspended and partially wetted at the early stage.  

Based on the condensation performance obtained using the 

AR03, AR10, and AR47 surfaces, we understand the effects of 

hydrophobic surfaces’ morphology on droplet growth behavior. 

The hierarchy of copper oxide nanostructure provides the 

promising surface morphology in terms of desirable wetting 

properties and corresponding droplet status for dropwise 

condensation. It would be interesting for the future research to 

explore the relationship between initial pinning area of droplets 

and nucleation density, which is crucial to determine effective 

radius of droplets and initial contact angle change [6]. 

 

CONCLUSION 

In summary, we study dynamic droplet behaviors under 

condensation by using various surface morphologies. The 

hierarchy of copper oxide nanostructure provides the promising 

surface morphology in terms of desirable wetting properties and 

droplet status. For this, the copper substrates are oxidized using 

the chemical immersion method and further functionalized 

using the dodecanoic acid to become hydrophobic. Key 

findings from the study are as follows: (1) The combination of 

small feature size of nanoneedles and large aspect ratio of two-

level features enhances the surface hydrophobicity. (2) 

Hydrophobic surfaces (i.e., AR03 and AR10) show both pinned 

mode and mobile mode of droplets under the condensation 

regime. (3) Superhydrophobic surface through the large 

hierarchy of copper oxide nanostructures (i.e., AR47) facilitates 

the mobile mode of droplets, enabling droplet jumping events, 

a small surface coverage, and thereby a minimum thermal 

resistance. We envision that condensation study of the 

nanostructured copper surface with different morphology 

broadens the design principle of hierarchical structures for 

applications ranging from condensation heat transfer to water 

collecting surfaces. 
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