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ABSTRACT 

In fluid systems, pressure relief devices are essential and there are various types of 

mechanical pressure relief devices. However, this mechanical pressure relief device involves 

inevitable problems such as corrosion and moving errors. in this research, by using varies 

types of hole on superhydrophobic surfaces that was fabricated with silica nanoparticles and 

PDMS, effects of pressure barrier and releasing behavior under hydraulic pressure were 

described. the pressure barrier induced by unique wetting mode on 

hydrophobic/superhydrophobic surfaces and the infiltration pressure is according to classical 

Young-Laplace equation. by using single hole, multiple holes and porous medium, an effect 

of number of holes to the pressure barrier was identified. Furthermore, through the 

computational fluid dynamics (CFD) simulations, the infiltration pressure verification and 

pressure releasing behavior on the pressure barrier were analyzed. the results can be applied 

to the novel type of pressure relief device using the pressure barrier.  
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1. INTRODUCTION 

Pressure relief devices are essential to maintain operational condition or prevent breakage 

in a fluidic system. Typical pressure relief devices operate on mechanical basis. As shown in 

Figure 1, it is mostly the installation of separate devices using elastic structures like a spring 

to open and close valves in the fluid system. Therefore, these types of mechanical devices 

inevitably involve problems such as corrosion of elements or operational moving errors. 

Because of this, various non-mechanical types of pressure relief devices were described for 

a decade. Many studies have been investigated on the form of non-mechanical pressure 

valves using capillary forces in micro channels.[1–5] However, this type of valve requires 

multiple channels and has limitations in machining difficulty and material wetting properties. 

For this reason, research is needed to enhance wettability and apply. 

 

Figure 1. Schematic image of mechanial pressure relief valve. 
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A superhydrophobic surface have been attracting because of the unique properties of 

superhydrophobic surfaces. The superhydrophobic surface is defined as having a static water 

droplet contact angle (CA) greater than 150° and a sliding angle (SA) less than 10°. 

Wettability is the fundamental property of solid surface. The surface energy of dry solid along 

with Young's relation, is less than surface energy of wet solid, so the liquid on the surface is 

formed unique wetting mode.[6] Because of this, surface tension on a 

hydrophobic/superhydrophobic surface oppose to distortion and spread. Therefore, a 

pressure barrier is formed that prevents the water from infiltrating into empty spaces on 

superhydrophobic surfaces.[7] This pressure barrier that supports the hydraulic pressure on 

the surface is required studies the behavior of the critical load pressure and pressure of the 

barrier. The effect of this pressure barrier can improve the performance of non-mechanical 

pressure relief valves or be applicable to other applications such as air-vent channel. 

In general, the superhydrophobic property is caused by rough surfaces and low surface 

energy. In this research, a simple and inexpensive dip-coating method is presented to 

fabricate superhydrophobic coating on aluminum surfaces using polydimethylsiloxane 

(PDMS) and silica nanoparticles.[8] Aluminum (Al) and its alloys are important materials. 

Because of its good ductility, low specific weight, and excellent electrical conductivity. 

PDMS and silica nanoparticles are applied by the dip-coating method, simultaneously 

including ordered roughness and low surface energy.[9][10] PDMS is a well-known material 

with low surface energy. Because of its hydrophobic property and intrinsic deformability, 

PDMS can be made into superhydrophobic. And Silica particles can improve the nano-

microstructures. Such structures can be functionalized superhydrophobic surfaces.  
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Accordingly, in this research the behavior of pressure barrier on superhydrophobic 

surfaces were investigated by experimental results and the capillary theoretical approach. In 

addition, the pressure relief at the pressure barrier and its phenomena were simulated and 

compared through the numerical analysis method. The result of pressure barrier effect can be 

applied to construct a pressure relief device that is non- mechanical pressure relief device. 
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2. EXPERIMENTAL DETAILS 

2.1. Superhydrophobic surfaces preparation 

 

Figure 2. Shematic of dip-coating process  

 

Dip-coating process carried out to change the surface wettability of samples. Plates 

(30x30x1mm3) of high machinability and widely used Al alloy (Al6061) were used in this 

research. Before processing, all plates were drilled a hole at the center by milling brill 

(Dremel 3000, Dremel workstation 220, Dremel, USA). The high-speed steel drill bits were 

used for milling (HSS mini drill bit, HSS, FALCON, Korea). The size of the hole is divided 

6 types, 0.5 𝑚𝑚, 0.6 𝑚𝑚, 0.7 𝑚𝑚, 0.8 𝑚𝑚, 0.9 𝑚𝑚 and 1.2 𝑚𝑚. Furthermore, the largest 

hole size (1.2 𝑚𝑚) was selected because the infiltration pressure had a convergent value as 

the size of the hole grew.  

 Hydrophobic PDMS (Polydimethyl siloxane, DOW CORNING, USA), silica 

nanoparticles (SiO2, Konasil, OCI Co Ltd, Korea) and MEK (2-Butanone, 99.7%, 

SAMCHUN, Korea) were used for dip-coating to create a low surface energy and additional 

nano-microscale structure on the surface of the Al sheet. The compositions of MEK, silica 

nanoparticles and PDMS were 94wt%, 5wt% and 1wt% respectively. The dip-coating 
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process was carried out the 20 sec, and then dip-coated sample were dried at room 

temperature for 1 h and heated at 150℃ for 15 min, as shown Figure 2. 

2.2. Surface analysis 

The CA and the SA were measured using a contact angle meter (Smart drop, Femtolab Co. 

Ltd., Korea). For CA and SA measurements, three positions were used for each dip-coated 

sample, and the volume of the water droplets was 11 𝜇𝑙. For SA, a tilting speed of 0.8°/s was 

used. In addition, the type of wettability, i.e., the Wenzel state (full wetting) or the Cassie-

Baxter state (partial wetting), was observed from the optical images. Dimension of the hole 

was determined by the circle made with the three points of the surface on the edge of the hole, 

which based on height profiles and optical images of the confocal microscope (VK-X200 

series, Keyence, Japan) as shown like Figure 3. The surface morphology was observed by 

means of field emission scanning electron microscopy (FE-SEM, JSM-7600, Jeol Com., 

Japan) 

 

Figure 3. (a) image of dip-coated Al plate, (b) confocal image and height profile  

of dip-coated hole. 
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2.3. Evaluation of pressure barrier 

The experimental equipment was constructed as shown in Figure 4 (a). The cylindrical 

quartz tube (Φ=22 𝑚𝑚, t=1.5 𝑚𝑚) were used and clamped dip-coated plate by sealing with 

silicon rings. The water was supplied gently along the inner wall of the cylinder using a 

syringe to minimize disturbances so that the surface of water would rise without oscillation. 

At the time of the leakage of water initiated through the hole, the supplying water was stopped. 

After finished the leakage, water was fed against as in previous. In this study, pressure barrier 

induced by superhydrophobicity was indicated by pressure head. The measurement was taken 

recording heights that are start point of water infiltrating to hole (hI) and end point of releasing 

(hE), as shown like Figure 4 (b). The hI and hE were measured five times at once.  

 

Figure 4. Schematic images of (a) exprerimental equipment and (b) evaluation of pressure 

barrier. 
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3. RESULTS AND DISCUSSION 

3.1. Wettability and surface morphology 

The variety paper of superhydrophobic surfaces represented low surface energy materials 

can treat to superhydrophobic surfaces with surface roughness in microscale and nanoscale. 

The dip-coated Al substrates had microscale structures, as shown in Figure 5 (A). The 

microscale structures predominantly covered on the surface. Silica nanoparticles-PDMS 

composites were made by mixing a polymer binder with silica particles ranging from 7 𝑛𝑚 

to 40 𝑛𝑚 in diameter. As these silica nanoparticles created the nanoscale roughness on the 

microscale structure, the coated Al substrate had a hierarchical structure of the microscale 

and nanoscale, as shown like Figure 5 (D). By having the structure of these two scales, such 

as lotus leaves, the hydrophobic property of the surface of the coated substrate is 

enhanced.[11][12] This coated Al plate showed 168.7º of the static contact angle and 7.3º of 

the sliding angle, as shown in Figure 6. 

 

Figure 5. FE-SEM images of dip-coated Al plate. 
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Figure 6. (a) image of CA, (b) images of SA. 

 

3.2. Pressure barrier with single hole 

The infiltration and released pressures were determined by heights of starting of leakage 

and finishing of releasing. When the pressure of supplied water in the cylinder reached the 

critical value, the pressure barrier at the edge of hole was broken and pressure released 

through the hole. The critical pressure, which is the infiltration pressure, for sustain a 

hydraulic pressure was shown as following Figure 7. After releasing the pressure caused by 

exceeding the infiltration pressure to the barrier, the flow of discharged water through the 

hole abruptly stopped as the flow gradually slowed and changed from continuous flow to 

discontinuous flow, as shown like Figure 8. The discharged water could be separated from 

the end of the hole by the gravity force of the water droplet was over the force of surface 

tension.[13] But when the flow wasn't enough to create the droplet to detach from the edge, 

the pressure releasing stopped. Upon completion of pressure releasing, the remaining water 

in the hole was pushed back to the upper side of the hole by surface tension and formed the 

pressure barrier as before. thus, applying additional pressure to the stable condition after 
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relief, it remained stable by the pressure barrier until the infiltration pressure. This pressure 

releasing mechanism was appeared when the direction of the hole equal with the gravity. 

Therefore, different direction of the hole axis can show the degree of pressure released. In 

addition, experiments, as shown in Figure 9, where hydrophilic structures were installed near 

the end of the hole in such a way that the discharged water droplets could spontaneously 

separate, continued to release until the pressure was fully released. 

 

Figure 7. Pressure barrier with single hole. 

 

Figure 8. Demonstration of pressure relief at the pressure barrier  

on superhydrophobic surfaces 
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Figure 9. (a) schematic image of removing gravity term for separating droplet,  

(b) demonstration of removing gravity term for separating droplet. 
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3.3. Young-Laplace equation  

 

Figure 10. schematic of Young-Laplace equation. 

 

According to hydrostatic equilibrium, the pressure barrier is formed by surface tension 

between the superhydrophobic surfaces and the liquid. The following Figure 10. is a 

schematic image of the pressure barrier forming in a circular hole on a superhydrophobic 

surface and the forces acting on the barrier. At microscale, Young-Laplace equation is used 

to define the equilibrium of liquid surface.[14]  

 

 ∆𝑝 = 𝛾 (
1

𝑅1
+

1

𝑅2
) (1) 

 

where ∆𝑝, 𝛾 are the pressure difference across the liquid surface, the liquid surface tension, 

𝑅1 and 𝑅2 are the principal radii of surface curvature. In addition, in a sufficiently narrow 
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cylindrical hole (with radius 𝑎), the liquid surface will be a portion of spherical surface (with 

radius 𝑎) and 𝑅 is related to a by the contact angle 𝜃 (𝑅 = 𝑎/𝑐𝑜𝑠𝜃𝐶𝐴). Thus, theoretical 

infiltration pressure of the pressure barrier is computed by modified Young-Laplace equation, 

which is given as: 

 

 ∆𝑝 =
2𝛾 ∙ 𝑐𝑜𝑠𝜃𝐶𝐴

𝑎
 (2) 

 

Therefore, expressing the infiltration pressure at the barrier as pressure head is given by: 

 

 ℎ = −
4𝛾 ∙ 𝑐𝑜𝑠𝜃𝐶𝐴

𝜌𝑔𝑑
 (3) 

 

Where 𝜌, 𝑔, 𝑑 are density of liquid, acceleration of gravity and diameter of the hole. In this 

research, the surface tension was set at 0.072 𝑁/𝑚  [15]. As shown in Figure 11, the 

infiltration pressure obtained through the experiment was shown similar to the theoretical 

infiltration pressure according to Young-Laplace equation, and the trend shown by the 

experimental results was similar. The infiltration pressure at the barriers on 

superhydrophobicity holes are determined by the hole size, indicating that this can be 

estimated through Young Laplace equation. The hole size and infiltration pressure are in 

inverse proportion, which means that greater pressure is required for flow to pass through the 

hole in the smaller hole. Moreover, for the effect of pressure barrier, surface have to show 

hydrophobic or superhydrophobic surfaces which have a contact angle of more than 90°. 
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Figure 11. Experimatal infiltration pressure at a pressure barrier  

with Theoretical infiltration pressure according to Young-Laplace equation. 

3.4. Computational fluid dynamics simulation 

Additionally, in this study numerical analyses were made through computational fluid 

dynamics (CFD) to analyze the formation of pressure barriers on superhydrophobic surfaces 

and the behavior of pressure relief mechanisms. In this study, the governing equations are 

the incompressible unsteady Navier-Stokes equations for three-dimensional laminar flow. 

The volume fraction 𝛼 in each cell in the computational domain is between 0 and 1. This 

quantity is defined as the percentage of water phase volume contained inside the 

computational cell relative to the cell total volume. The continuity and momentum equations 

for laminar, incompressible, Newtonian and isothermal flow are as follows: 
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 ∇𝑉 = 0 (4) 

 

 
𝜕𝜌�⃑� 

𝜕𝑡
+ ∇(𝜌�⃑� �⃑� ) = −∇𝑃 + ∇[𝜇(∇�⃑� + ∇𝑇�⃑� )] + 𝐹 𝑣𝑜𝑙 (5) 

 

Where, 𝑉, 𝑃, 𝜌, 𝑡, 𝐹𝑣𝑜𝑙 and 𝜇 are the velocity of mixture, pressure, time, density, volumetric 

force and viscosity, respectively. The analysis was carried out using the volume of fluid 

(VOF), which allowed continuous tracking of laminar models and surfaces. the density of 

the mixture is updated by using the volume fraction, which is given by: 

 

 𝜌 = 𝛼𝜌𝑤 + (1 − 𝛼)𝜌𝑎 (6) 

 

where 𝜌𝑎 and 𝜌𝑤 are the air and water densities. The time step was set to 0.01 sec and the 

modeling of the wall was done using the continuum surface force (CSF) model.[17][18] The 

volumetric force due to the surface tension at the interface is given by: 

 

 𝐹𝑣𝑜𝑙 = 2𝜎
𝜌κ∇α

𝜌𝑎 + 𝜌𝑤
 (7) 

 

where, 𝜎 and 𝜅 are the air/liquid tension force and the interface curvature. The interface 

curvature k is given by:  
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 𝜅 = ∇ ∙ �̂� (8) 

 

Where �̂� = 𝑛 |𝑛|⁄  is the unit normal vector to the interface. 

The CFD simulation was performed using ANSYS Fluent 18.2. The numerical analysis 

was conducted on, 560 𝜇𝑚, 650 𝜇𝑚, 730 𝜇𝑚, 810 𝜇𝑚 and 900 𝜇𝑚, total five cases using the 

same values as the size of the holes used in the experiment. The height of the capillary tube 

inside the cylinder was set at 70 mm, the diameter of the capillary tube is 18.8 mm, and the 

height of the outlet of water escaping under the dip-coated plate was set at 5 mm, as shown 

in Table 1. The grid was created by structured mesh, and the grid size was set at 0.5 mm for 

the ± 10 mm section of the release pressure point measured in the experiment, and the height 

of the first grid from the wall was set at 0.01 mm, as shown in Figure 12. The CA at the 

quartz cylinder tube was set at 26.8°[16] and the CA at the superhydrophobic surface was set 

at 168.7°, and the surface tension coefficient between water and air was set at 0.072 N/m, as 

shown in Table2.  
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Figure 12. The structured mesh (tube, hole) with wetting properties of wall. 

 

 

Table 1.Dimension of structured mesh (tube, hole). 

 

 

Table 2. Wetting properties of structured wall surfaces. 
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Analytical results of hE was determined by using the average value of 99% and 1% of the 

volume fraction of water because accurately track the water surface inside the quartz cylinder 

was difficult. 

Similar with the theoretical study, numerical results also showed that pressure barriers 

were formed by surface tension on the superhydrophobic surfaces and this barrier sustained 

stably below the infiltration pressure according to Young-Laplace equation, as shown in 

Figure 13 (a). But, when over the pressure was applied for the first time, it continued to occur 

releasing until the pressure relief was terminated. For the progress of pressure releasing, 

unlike experiments in which water flows down the inner wall of the cylinder, the analysis 

was conducted at a height 10 mm higher than the measured height of the infiltration pressure 

in the experiment. Because the water is pulled by the surface tension of the cylinder wall and 

the water level is lowered by formed meniscus. At the same time as the analysis progressed, 

continuous pressure relief from the hole followed by in the cylinder as in the experiment, 

showing that the water surfaces lowered with making meniscus. As shown in the Figure 13 

(b), the pressure releasing was terminated when the flow in the hole decreased at the initiating 

of relief and the separation of the discharged water droplet became unstable and the gravity 

force to the droplet smaller than the tension of the water. This discharge pressure showed 

results same as the experiment as shown in Figure 14. And CFD analysis showed that residual 

water inside the hole retreat at the moment the pressure releasing was completed, creating a 

pressure barrier on the top of hole. This retraction occurred when the surface tension caused 

by the superhydrophobic of the hole pushed back the residual water. CFD results showed that 
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pressure releasing behavior at the pressure barrier that formed on superhydrophobic holes 

can be simulated, and the end of pressure releasing is also predictable. 

 

Figure 13. Volume fraction contour at the superhydrophobicity hole. 

 

 

Figure 14. End of pressure releasing with CFD rsults. 
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3.5. Pressure barrier with multiple holes 

 

Figure 15. (a) schematic image of a dip-coated Al plate with three holes, (b) FE-SEM 

image of Ni foam sheet. 

 

In this research, a surface with three holes and porous structure were used to study the 

effects of pressure barriers with multiple holes. The surface with three holes was made in a 

form with a sufficient distance between the holes to minimize the impact of possible 

interference by machining, as shown like Figure 15 (a). we prepared the dip-coated Al plate 

with three holes which were made by same size of drill beat. Each hole size was determined 

by observing confocal microscope as same single hole. the infiltration pressure and positions 

of releasing hole are summarized in Table 3. When pressure reached to infiltration pressure 

at the largest hole on surfaces, pressure releasing was started immediately. At loaded lower 

than the infiltration pressures of the other two holes, the pressure barrier at the holes was 

stable and pressure relief was progressed only in the largest holes on the surface. The 

infiltration pressure on a surface with multiple holes was determined according to the largest 

hole on the surface. In addition, the experimental results were within 3% errors from that of 
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Young-Laplace equation. When the water was supplying consistently even the pressure 

releasing had started at the largest hole, the pressure released step by step in order of large 

holes, as shown in Figure 16. The discharged water emitted in the same aspect as in the single 

hole on the superhydrophobic surface the flow gradually slowed and the discharge is 

terminated momentarily. The pressure releasing stopped first from the smallest hole and the 

pressure releasing was completed at the largest hole on the surface. 

 

Table 3. Pressure barrier with multiple holes (3 holes). 

 

 

Figure 16. Demonstration of pressure relief by step depending on the hole size. 
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Additionally, Ni foam sheet (purity, 99.5%, 110 PPI, density of 350 g m2, and 1.6 mm 

thickness, Invisible, Inc.) was used for study about pressure barrier on porous structure. The 

dip-coating process was carried out same with the Al plates, but for permeating the dip-

coating solution to the porous medium, the dipping process was taken for 2 min. Hole sizes 

of dip-coated Ni foam sheets was determined by SEM image, as shown like Figure 15 (b). 

As shown in the image, the hole had a tilted shape, so the longest length of the cross section 

was assumed to be the diameter. When water was supplied to the cylinder equipped with dip-

coated Ni foam sheet, the pressure barrier was formed at each hole of the porous structure as 

in single hole. The pressure barrier formed at each of these holes began to release the 

hydraulic pressure when pressure reached to infiltration pressure according to Young-

Laplace equation within 5% errors, as shown in Table 4. The pressure releasing also showed 

the same process, but the released pressure progressed more, and the releasing completed at 

a lower value than the release pressure in the single hole. It was caused by the structural 

characteristics of porous medium. When water was re-fed after the initial pressure release 

was completed, the infiltration pressure was significantly lower than the initial infiltration 

pressure value. The water passing through the porous medium during the relief of pressure 

exceeding the infiltration pressure at the initially formed pressure barrier and was remained 

after the release. because of residual water, the water easily made a channel in the medium 

and the pressure barrier was shown weaker than the initial infiltration pressure barrier 

according on the porous size. In addition, that led to more pressure releasing than the initial 

pressure releasing process, unlike for single and three holes. However, if the dip-coated Ni 
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foam sheet was dried and the residual water was completely removed, it again showed the 

same value as the initial infiltration pressure determined according to the porous size. 

 

Table 4. Pressure barrier with multiple holes (Ni porous medium). 

 

The pressure barrier formed with multiple holes, as shown in Figure 17, is determined by 

Young-Laplace equation, the same as when the holes are a single hole. However, during the 

pressure releasing process, such as the porous structure, the discharged flow rate from each 

hole was combined at the end, making it easier for the droplets to separate than in a single 

hole, resulting in a greater degree of pressure discharge. 

  

Figure 17. Pressure barrier with multiple holes.  
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3.6. Design issue for a pressure relief valve 

As with the previous results, a hydrophobicity/superhydrophobicity hole forms a pressure 

barrier in the interface with water under pressure, and this pressure barrier showed that the 

infiltration pressure was determined by the size of the hole. It is possible to construct a fluid 

system with the pressure relief hole of a determined size based on the required pressure of 

design. As shown in Figure 18(a) and (b), when water was supplied to a channel of the fluid 

system with the uncoated Al plate is installed, the water overflowed through the hole, but in 

the fluid, system installed with the dip-coated Al plate, the pressure in the channel was lower 

than the infiltration pressure of the pressure barrier formed on the superhydrophobicity hole.  

In addition, in the fluid system where water and air flowed together, as shown in Figures 

18(c) and (d), water flowing through the hole in the uncoated Al plate blocked the hole and 

trapped the air, but the hole on the dip-coated Al plate showed that air was vented through 

the hole. Additionally, the dip-coated Ni foam sheet also showed that water could not flow 

out due to pressure barrier as shown in Figure 19. Using these results, a pressure relief valve 

can be configured without installing a separate device and can be applied by adding small 

components as shown in Figure 20.   
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Figure 18. Demonstration of a fluid channel with pressure barrier, (a) uncoated Al 

plate(water), (b) dip-coated Al plate(water), (c) uncoated Al plate (water and air), (d) dip-

coated Al plate(water and air) 

 

Figure 19. Demonstration of a fluid channel with pressure barrier, (a) uncoated Ni foam 

sheet(water), (b) dip-coated Ni foam sheet(water). 
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Figure 20. Application of pressure relief device, (a) cap type, (b) channel type. 
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4. CONCLUSIONS 

In summary, a pressure barrier is formed interface of water and the surface by surface 

tension in a hole or channel that is superhydrophobicity. The infiltration pressure of the 

pressure barrier can be estimated according to Young-Laplace equation and is not affected 

by the number of holes. The degree of relief pressure varies depending on the direction of 

the hole axis, and in a direction consistent with gravity, the termination of the relief is 

predictable. In this study, the effect of pressure barrier on the holes of the superhydrophobic 

surface produced using the dip coating method, a simple fabrication method, was investigated. 

Despite the dip-coated surface that is not completely uniform, it demonstrated the feasibility 

that the infiltration pressure of the pressure barrier is formed according to Young-Laplace 

equation. In addition, experiments on the effects of pressure barrier on micro/nano scale hole 

and channel with uniform hydrophobic or superhydrophobic surfaces are expected. 

Furthermore, the results are expected to contribute to a novel type of pressure relief device. 
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