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Abstract

In this work, the superhydrophobic surfaces with micro-nano composite structure was successfully 
prepared by one-step electrodeposition based on Ca-myristic acid complex onto Cu substrate.  
The performance of delaying frost growth on micro-nanostructure superhydrophobic copper surfaces 
was explored, and the application of superhydrophobic materials in organic rankine cycle (ORC) 
was simulated. The experimental results confirmed that the superhydrophobic surfaces increased  
the nucleation barrier of the condensation droplets, enhanced the heat transfer resistance between  
the condensation droplets and the cold surface, and effectively restrained frost growth. The simulation 
study of superhydrophobic materials in organic rankine cycle (SH-ORC) system and ORC system 
was carried out with Matlab software. It was proved that the net power output and exergic efficiency  
of SH-ORC system were significantly increased compared with that of ORC system. When the heat 
source temperature was 180ºC, the net output power of SH-ORC was 15.07% higher than that of ORC, 
and the exergy efficiency was greater than 14%. The simulation results showed that the most suitable 
heat source temperature for SH-ORC was 180ºC. Therefore, the superhydrophobic copper surfaces can 
be potentially used to minimize frost formation in harsh environment.
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Introduction

After more than 40 years of rapid development 
in economic field, China’s energy demand has been 
continually increasing in recent years [1]. It is estimated 
that building energy consumption accounts for 22% of 
the total annual energy consumption in 2019 [2]. In some 
areas with low temperature and high humidity in winter, 
large-scale heating has not yet been realized. When 
residents use air conditioning for heating in winter, 
the harsh environment will lead to frost of outdoor air 
conditioning units, thus reducing the efficiency of air 
conditioning. Previous studies showed that the overall 
efficiency of heat exchanger decreased by 50% to 75% 
with the increase of running time [3]. Recent research 
results confirmed that the superhydrophobic surface 
(water contact angle is greater than 150°) had the 
functions of enhancing heat transfer, frost suppression, 
self-cleaning and corrosion resistance [4-8].

Many scholars have made a lot of research results 
on how the superhydrophobic surface plays a role 
in delaying frost growth. Ji et al. [9] calculated the 
pore deformation ratio of the PVDF (polyvinylidene) 
membrane reinforced by PDMS (polydimethylsiloxane) 
(PVDF@PDMS) and the pristine PVDF fiber membrane 
by the ABAQUS software. The pore deformation ratio 
of the PVDF membrane reinforced by PDMS (PVDF@
PDMS) (pore deformation ratio is 0.036) was hundreds 
of times smaller than the pristine PVDF fiber membrane 
(pore deformation ratio is 7.685). Wang et al. [10] 
simulated stress distribution on the inverted-pyramidal 
microstructures and the microstructure framework 
consisted of an array of microscale inverted-pyramidal 
cavities. It is proved that the microstructure has good 
mechanical durability. The surfaces maintained a static 
contact angle of greater than 150º and a roll-off angle 
of less than 12º after 1000 abrasion cycles. Researchers 
used this strategy to create a robust and self-cleaning 
topcoat for solar cells. This topcoat enabled high 
energy-conversion efficiency to be maintained through 
the passively removing of dust contamination, which 
could lead to large savings in terms of freshwater, 
labour and cost compared with the traditional cleaning 
process. Li et al. [11] prepared a superhydrophobic smart 
coating for flexible and wearable sensing electronics, 
which showed superior sensitivity (gauge factor of  
5.4-80), high resolution (1º of bending), a fast 
response time (<8 ms), a stable response over 5000 
stretching-relaxing cycles, and wide sensing ranges 
(stretching: over 76%, bending: 0-140º, torsion:  
0-350 rad m−1). Chen et al. [12] fabricated the 
hydrophobic microgripper which employed inertia 
force to overcome adhesion force achieving. Dhillon 
et al. [13] enhanced the critical heat flux (CHF) of 
industrial boilers by surface texturing, which could 
effectively facilitate boiling. This technique is used 
in the evaporator of ORC system [14]. Experimental 
results show that the superhydrophobic outdoor 
condenser under frosting condition has a higher energy 

conversion rate (more than 85%) than the traditional 
hydrophilic condenser [15]. Chen [16] et al. designed 
a multi-scale pyramid conical nanostructure surface 
with both hydrophilic and superhydrophobic, on which 
droplets were easily condensed and self-bounce cleared 
with good hydrobicity. Ashiqur et al. [17] investigated 
the effect of microgroove geometry on frosting and 
meltwater drainage on aluminum and copper surfaces. 
Some researchers have made a detailed theoretical 
explanation and experimental proof of heat exchange 
and heat transfer properties on superhydrophobic 
surface, as well as the influence of the surface 
microstructure [18-19]. The preparation and delaying 
frost growth performance of superhydrophobic surface 
materials were discussed in the above literature, and 
the specific microscopic process of frost formation 
and restraining the frost growth on superhydrophobic 
surface were observed and studied. However, there are 
few observation and analysis of edge frost on metal 
surface, and there is no literature on the application of 
superhydrophobic materials in ORC. 

In this paper, one-step electrochemical deposition 
method [6] was used to prepare superhydrophobic 
coating with micro-nano composite structure on 
copper surfaces. The frosting experiment was carried 
out through a low temperature thermostat, and the 
frost edges of different copper sheets were visualized 
by using a forward metallographic microscope. The 
surface morphology and chemical composition of the 
coating samples were characterized using scanning 
electron microscopy (SEM, JEOL, JSM-7500F) and 
energy-dispersive spectroscopy (EDS). The water 
contact angles were measured (CHD-JCJ180A-1, 
Dongguan Chengding Instrument Technology Co., 
LTD ) at the ambient temperature. At the same time, 
relevant theories were used to explain the experimental 
phenomena. The effect of superhydrophobic surfaces on 
the net power output of ORC system was simulated by 
Matlab.

Experimental

Preparation of the Samples 

During the research, copper plate (20 mm×20 mm 
×1 mm, 99.9 % of purity, Guantai Metal Materials 
Co., LTD., Hebei Province) was used as the substrate 
for electrodeposition process. All reagents used in this 
experiment were of analytical grade and were used 
without further purification. Before experiments, the 
copper substrates were polished with metallographic 
sandpaper from 1000 grid to 1500 grid and cleaned 
with anhydrous alcohol and acetone in an ultrasonic 
cleaner for 3 min. Two copper plates worked as both 
cathode and anode with a direct current (DC) as the 
energy source (CSYJ12-500, Dongguan Koshiyuan 
Electronic Technology Co., LTD., Guangdong Province).  
The distance between the two electrodes was 2 cm 
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to ensure that there was no short circuit to occur. 
The electrolyte volume was 100 mL ethanol solution 
containing 0.82g calcium chloride and 1.83g myristic 
acid. The electrolyte was initially stirred with  
a glass rod and then ultrasonic for 30 min to obtain 
a uniform solution for electroplating experiment. 
The electrodeposition reaction was performed at 
room temperature with a DC voltage of 27.5V and an 
electrolytic time of 30 min. When the deposition process 
was completed, the cathode copper plate was brought 
out and the copper sheet covered by the sediment was 
washed several times with deionized water and ethanol, 
respectively. Then the prepared samples were dried 
at room temperature and stored in a desiccator for 
subsequent experiments.

Frost Experiments

The samples were placed on a low temperature 
thermostat (DC-2006+KXN-305D, Jiangsu Tianying 
Instrument Co., LTD) and the experiment  of frost 
growth was carried out under strictly controlled values 
of the operating parameters. The characteristics of 
frost formation and growth on the surface of copper 
samples were investigated under the natural convection 
condition, the temperature of low temperature 
thermostat was -20ºC, the air temperature was 18ºC 
and the relative humidity was 68%. Condensation and 
frost formation processes were also examined under a 
metallographic microscope (TXL-3230BD, Shanghai 
Research Instrument Co., LTD) on a set of copper 
surfaces. 

Results and Discussion

Water Contact Angle and SEM

Taking a contact angle meter as the platform, 
the surface wettability was measured with water 
droplet having volume of 3 μL at room temperature.  
The deposition time of droplets on the surfaces is very 
short, so the effect of droplet evaporation can be ignored 
during contact angle measurement. After continuous 
electrodeposition at a constant voltage of 27.5V for  
30 min, the maximum value of water contact angle 
(WCA) on the electrodeposited copper surfaces was 
measured to be 152.06° (Fig. 1a).

The microscopic surface morphology of cathode 
copper after electrodeposition is shown in Fig. 1. The 
surface of electrodeposited cathode copper sheets 
has spherical micron structure, while the surface has 
irregular strip nanostructures at different magnifications 
(Fig. 1b and c). It can be seen that micro-nano structure 
is formed on the surface of electroplated cathode 
copper surfaces. The EDS result of cathodic copper 
after electroplating (Fig. 1d) affirmed the existence  
of C, O and Ca elements in the superhydrophobic 
copper sheets, and the content of carbon, oxygen and 
calcium is 77.03%, 17.09% and 9.73%, respectively.

ORC Model 

The superhydrophobic surface of micro/nano 
composite structure can increase nucleation cavity, 
which is beneficial to the phase transformation heat 

Fig. 1. a) WCA of cathodic copper surfaces after electroplating. SEM images of cathodic copper surfaces after electroplating (b and c); 
(d) EDS of cathodic copper surfaces after electroplating.
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of working medium. The research results of Liu et 
al. showed that the average heat transfer coefficient 
of superhydrophobic micro-nano composite structure 
was 16.1% higher than that of ordinary surface [14]. 
The net output power can be increased and the exergy 
loss can be reduced if the superhydrophobic micro-
nano composite structure material is used in the 
ORC evaporator. The ORC system was constructed 
by Matlab2017a to simulate its thermodynamic 
performance, and the physical parameters used were all 
from REFPROP9.0. The circulation diagram of ORC 
is presented in Fig. 2. The working medium used for  
this numerical simulation is all R123 [20]. Table 1 lists 
the boundary conditions of the system model.

The used assumptions are shown as follows:
1) The hot fluid and organic working medium are in 

a steady flow state during     each cycle stage.
2) The isentropic efficiency of organic working fluid 

in working medium pump  and turbine does not change 
with the change of working condition.

3) Heat loss is negligible in heat exchangers and 
pipes.

4) The effects of gravitational potential energy and 
kinetic energy of organic working fluid in the inlet and 
outlet of pump are ignored.

System Model Equations 

The heat absorption capacity of the ORC system is 
[21-25] 

              (1)

where hHS,out and hHS,in are heat source fluid enthalpies at 
the system outlet and inlet, respectively.

The mass flow rate of working fluid is determined 
by:

                     (2)

The cooling water mass flow rate is

                  (3)

The power output generated by the turbine is

                       (4)

The power consumed by the working fluid pump is

                      (5)

The net power output of the ORC system can be 
determined by a formula

                      (6)

The efficiency of the second law of thermodynamics 
is calculated as

                           (7)

  (8)

Exergy destruction (EH) is given as

 (9)

Exergy destruction of heat rejection (EHS,out) is 
calculated as

 (10)

Fig. 2. Schematic diagram of ORC system.

Table 1. Parameter settings of ORC system.

Parameter Numerical value

Temperature of the heat source/ºC 120~200

Thermal fluid flow rate/(kg·s-1) 1

Thermofluid pressure/Mpa 1.6

Transequal entropy efficiency/% 0.8

Isentropic efficiency of working medium 
pump/% 0.75

Cooling water inlet temperature/ºC 25

Cooling water temperature rise/ºC 5

Evaporator pinch point temperature 
difference/ºC 3~27

Temperature difference between condenser 
clamp point/ºC

5

Environment temperature/ºC 20
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Exergy destruction of the turbine (ETur) is

                 (11)

Exergy destruction of condensator (Ecold) can be 
determined by a formula

        (12)

Exergy destruction of working medium pump (Epump) 
can be obtained

               (13)

Etot is the total exergy and is defined as

    (14)

Under different heat source temperatures, the 
net output power of SH-ORC and ORC is shown in  
Fig. 3a). The net power output of SH-ORC is more 
than 16% higher than that of ORC in the range of  
100-160ºC. When the heat source temperature is 
180ºC, the increase ratio of net output power is 15.07%. 
However, when the temperature is 200ºC, the increase 
rate of net output power is significantly reduced to 
6.24%. Therefore, compared with ORC, SH-ORC is 
more suitable for collecting low temperature waste heat 

below 180ºC. As shown in Fig. 3b), exergic efficiency 
of both SH-ORC and ORC decreased with the increase 
of the temperature difference of the evaporator pinch 
point, but exergic efficiency of SH-ORC was always 
higher than that of ORC, and the exergic efficiency of 
SH-ORC decreased at a lower rate than that of ORC. 
Meanwhile, exergic efficiency of SH-ORC was always 
14% higher than that of ORC under the simulated 
conditions, and the maximum value can reach 16.1%.

Based on the above analysis, the performance of 
SH-ORC is better than that of ORC. Fig. 3c) shows the 
variation of the exergic efficiency of SH-ORC with the 
temperature difference at the pinch point under different 
heat source temperatures. At the same heat source 
temperature, exergic efficiency decreased with the 
increase of temperature difference of evaporator pinch 
point. With the increase of heat source temperature, 
exergic efficiency of the system first increased  
and then decreased. When the temperature difference 
of pinch point is less than 18ºC, the heat source 
temperature of 180ºC is the most suitable for exergic 
efficiency of the system. As the temperature difference 
is greater than 18ºC, the heat source temperature of 
200ºC is the best fit for the exergy efficiency of the 
system. It can be seen from Fig. 3 that the heat source 
temperature of 180ºC is the most suitable for SH-ORC 
system when the temperature difference of pinch point 
is less than 18ºC.

Fig. 3. Net output power of SH-ORC and ORC at different heat source temperatures (a); Exergy efficiency of SH-ORC and ORC at 
different differences of pinch point temperature (b); Exergy efficiency of SH-ORC variation with temperature difference of pinch point 
under different heat source temperature (c).
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Analysis of Frosting

In order to see clearly the frost phenomenon, all 
the photos taken in this paper are the right edge of 
the copper at 100 times magnification. The analysis of 
the red circles in Fig. 4c) shows that the condensation 
droplets on the metal surface mainly come from edges 
or structural defects. As shown in Fig. 4a), when  
the experiment of frost formation was carried out for 
10 min, frost crystals with small size and regular shape 
appeared on the surface edge of the polished copper 
sheet and diffused from the edge to the center. When 
the experiment of frost formation was carried out for 
15 min, irregular frost layer began to appear on the 
edge of the unpolished copper sheet (Fig. 4c). Frost 
crystals have not formed completely on the surface of 
the copper sheet,  while frost crystals in some areas 
have started to generate the irregular shape of the 
branches grow outward. The condensation droplets 
are more dense on structural defects in comparison 
to smooth surface. When the experiment was carried 
out for 30 min, there were only condensation droplets 
which had not been completely frozen at the edge 
of the electroplated copper sheet, and the complete 
frost crystal had not been formed at this time.  

The experiment of frosting time was carried out for 
30 min, at this time, the frost layer on the surface of 
the polished copper sheet (Fig. 4b) and the unpolished 
copper sheet (Fig. 4d) had obvious thickness, and a 
large number of dendritic frost crystals were produced 
on the outermost surface of the frost layer. The surface 
is almost completely covered by frost crystals. The 
droplets on the electroplated copper sheet have not 
been completely frozen at 30 min of the experiment 
(Fig. 4e), while at the edge of the electroplated copper 
sheet has formed obvious frost layer at 40 min of the 
experiment (Fig. 4f). Previous studies have also reached 
similar conclusions on the sequence of initial frosting 
time of polished copper sheet, unpolished copper sheet 
and electroplated copper sheet [26]. In summary, the 
condensation phase and the droplet freezing phase on 
the surface of the electroplated copper sheet will last for 
a long time, so the surface of the electroplated copper 
sheet can effectively delay frosting.

According to the analysis in Fig. 4, the frosting 
first starts at the edge of metal surface and structural 
defects, and then spreads to the central surface. Chen 
et al. [27] also reported similar phenomena in their 
previous paper. On the metal surface, the latent heat of 
liquid-solid phase transition is completed by conducting 

Fig. 4. Comparison of frost on copper surfaces at -20ºC (Polished the surface for 10 min (a) and 30min (b); Unpolished the surface for 
15 min (c) and 30min (d); Electrodeposited surface 30min (e) and 40min (f)). 
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heat on the cold surface. Compared with the droplets 
on the ordinary surface, the contact area between the 
droplets and the superhydrophobic surface is relatively 
small when the droplet volume is the same, which 
reduces the heat transfer rate of the latent heat of liquid-
solid phase transition.

Because the contact area is small, the height of 
the droplet in the vertical direction is relatively high, 
which will increase the heat transfer resistance of the 
frost crystal. From the analysis of Equations 15 and 
16, it can be seen that the thermal resistance of heat 
conduction inside the droplet and the cold surface 
also increase significantly with the increase of contact 
angle. In conclusion, the effect of frost suppression on 
superhydrophobic surface is particularly excellent from 
the time of droplet generation to frost formation.

The thermal resistance of heat conduction inside 
the droplet (Rdrop) and the thermal resistance of 
heat conduction on the cold surface (RW) [28, 29] is 
determined

                      (15)

                   (16)

Where θ is contact angle, and AW is area of base. 
Adrop is the area of contact between saturated wet 
air and the surface of the droplet. kin and kW are the 
thermal conductivity of the droplet and cold surface, 
respectively.

It is observed that the surface of the copper is 
dominated by cold condensation frost at -20ºC [30]. 
Only when the change of free energy of water vapor 
on the surface of copper sheet exceeds the critical 
nucleation barrier (ΔG) can it condense successfully. 
The nucleation barrier (ΔG) mainly consists of two 
parts, namely, the change of volume free energy for 
condensation of saturated vapor into droplets and the 
free energy required for formation of droplets on the 
surface. When water vapor condenses on a cold surface, 

the change in Gibbs free energy energy and barrier 
coefficient ( f ) can be calculated by the following 
equation [30, 31].

(17)

             (18)

Fig. 5 reveals the relationship between energy  
barrier coefficient ( f ) and contact angle when other 
conditions are assumed constant. It can be seen from 
Fig. 5 that the energy barrier coefficient increases 
with the increase of contact angle. It is therefore more 
difficult for water vapor to condense into droplets on 
a superhydrophobic surface than on a normal surface. 
In conclusion, the superhydrophobic copper surfaces 
has a good effect on delay frost formation in the early 
frosting stage.

Conclusions

A superhydrophobic coating with micro/nano 
structure was prepared on copper surface by one-
step electrochemical deposition. The maximum 
surface contact angle was measured to be 152.06°. 
The frosting experiment was carried out in a low 
temperature constant temperature tank, and the 
frosting phenomenon was observed and analyzed by 
metallographic microscope. At the same time, Matlab 
was used to simulate SH-ORC system and ORC system, 
and the improvement of ORC system performance by 
superhydrophobic materials was analyzed from the 
aspect of enhancing heat transfer coefficient. The 
following conclusions can be drawn:

(1) The superhydrophobic copper surfaces can 
effectively delay the formation of condensation droplets 
because of the larger contact angle and the larger 
nucleation barrier. Compared with the other two copper 
pieces after the same experiment for 30 min, the effect 
of frost suppression is obvious.

(2) The surface of the superhydrophobic material has 
micro/nano structure, and the number of nucleated holes 
is increased when the working medium is transformed 
from liquid to gas, so as to improve the average heat 
transfer coefficient. Compared with the ORC system, 
the net output power and exergy efficiency of SH-ORC 
were significantly improved. The simulation results 
show that the heat source temperature of 180ºC is the 
most suitable for SH-ORC.

Future Work

It has been reported that the superhydrophobic 
surfaces can enhance the heat transfer resistance [32], 

Fig. 5. Effect of WCA on nucleation barrier.
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and its application in evaporator can improve the  
overall performance of the system [14]. In addition, 
it has also been reported that the application of 
superhydrophobic coating on air conditioning 
system can effectively delay the growth of frost [33]. 
Superhydrophobic coatings can also be used in other 
industrial areas affected by frost formation. Analysis 
of factors affecting frost of superhydrophobic coating 
is helpful to understand the frost formation mechanics 
and anti-frost methods. However, the selections are 
limited by the availabilities of precise thermo-physical 
properties and heat transfer correlations at present. 
The mechanisms are still not well understood and need 
further study.
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