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ABSTRACT 

 

 

In this work, we develop a new boom to separate oil and water. In a commonly used 

boom, a membrane that has no pores is normally used to block oil spread. Since this 

membrane also blocks water flow, high pressure is easy to build on such a membrane 

to break or damage it. To solve this problem, in the new boom, the membrane is 

replaced with a hydrogel-coated mesh. The hydrogel-coated mesh has dual properties 

of superhydrophilicity and superoleophobicity. Accordingly, water can still go through 

the mesh, while oil cannot. Subsequently, liquid pressure on the mesh is reduced. In 

this work, we explore the development of the new boom. 
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CHAPTER 1 

 

INTRODUCTION 

 

1. Overview of Virtual Wall and Oil Dam Techniques 

Due to the fact that oil-based compounds are referred to as low-surface tension 

liquids, they tend to spread on the surface where the liquids are placed. Accordingly, as 

can be seen from oil spills in the Gulf of Mexico in the last few years [1-4], oil can stick 

and easily spread out on any surface. Oil spills are a very dangerous occurrence for 

marine ecosystem [1,3,4]. Since exploration of oil from oceanic resources has become 

a must and oil spills end up occurring accidently, as a result, some techniques have 

been developed to block oil spreading [5-7]. For example, researchers have developed 

an oil-repellant surface to form a so-called “virtual” wall for oily liquids that may help 

confine them to a certain area [5]. However, it involves much effort to fabricate such a 

well through deposition and etching processes. In addition, some engineers have come 

up with an idea that is to plug the leak by placing a giant dome over it [5]. Subsequently, 

the dome would stop the oil and then pump the oil into tanks on the surface. However, 

preparing the giant dome could take several months to complete. Moreover, oil booms 

are a widely used method of controlling oil spills [7]. The booms function as dams to 

stop oil spreading. A typical oil boom includes freeboard, skirt, and ballast (Fig. 1a) [8]. 

The freeboard is extended above water surface to prevent oil from being washed over 

the boom. Skirt is the continuous portion of the freeboard under water. It is the main 

component of the boom to block the spread of the oil. Ballast is the weight placed at the 

bottom of the skirt to make it maintain its vertical orientation. A major concern about an 

existing skirt is its solid surface. High water pressure is easy to build up on such a 
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surface to break the skirt [7]. On the other hand, water pressure is not a major concern 

in the case of fishing nets. Water can go through their pores, resulting in much lower 

pressure on the nets. Observation of this difference in water pressure motivates a new 

idea: replace the existing skirt in an oil boom with a mesh for effectively stopping the 

spread of spilled oil (Figs. 1b and 1c). In this work, we explore this idea.  

 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Previous research projects of (a) virtual wall [5] and (b) oil boom [8]. 

(a) (b) 
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CHAPTER 2 

 

DESIGN OF THE MESH 

 

2.1 Two specific requirements about the mesh 

In the case of fishing nets, fish is caught due to the fact that its size is larger than 

a net pore. However, the same does not apply to oil, which is a liquid and may easily 

deform to go through a mesh pore. Also, generally speaking, since oil has a lower 

surface tension than water, it tends to wet a surface more easily. This means that it may 

be easier than water to penetrate a mesh pore. According to these concerns, there are 

two critical differences between the chosen mesh and fishing nets: (i) the selected mesh 

is coated with hydrogel, and (ii) it also has smaller pores, whose sizes are in the order 

of 100 µm. These two differences are also two specific requirements about the mesh. 

Crude oil has a lower surface tension than water. As a result, crude oil usually forms a 

smaller contact angle with a solid surface, making the oil much easier than water to 

penetrate a mesh pore. To solve this problem, hydrogel will be used to cover mesh 

fibers. Hydrogels are found to have excellent capabilities of absorbing and retaining 

water. Thus, their coatings may create water films on the mesh surfaces. Consequently, 

in water bath, crude oil forms a large contact angle with the mesh surface, which is 

above 150o. In contrast, the contact angle of seawater on such a surface is 0o, since the 

seawater is contacting itself. Thus, the hydrogel coating should make the chosen mesh 

have the dual properties of superoleophobicity and superhydrophilicity. Accordingly, 

water is free to go through the mesh pores, while crude oil does not. Furthermore, a 

small pore size makes oil difficult to penetrate the pore even under high dynamic 

pressure. If needed, multiply stacked meshes, for example, can be placed on site to 
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Seawater φ 

handle high-speed oil spills.  In next two sub-sections, we further discuss the two 

specific requirements.  

  

2.2. Theoretical modeling 

After crude oil contacts a mesh pore which is surrounded by seawater, whether 

oil can go through the pore depends not only on its contact angle but also on the pore 

size. A 2-D model is developed to examine the effects of contact angle and pore size. 

The pores have straight sidewalls, while their corners are round in practice, whose radii 

are much smaller than the height, width and thickness of a pore. Let θ  denote contact 

angle of crude oil on the surface of a mesh fiber (Fig. 2). Set   to be the angle between 

the pore sidewall and mesh surface. Both angles range between o0  and .180 o  Use γ  to 

represent surface tension of crude oil. Set w to be the distance between two pore 

sidewalls. Let 
op  denote oil pressure in front of the pore, and set 

w
p  to be seawater 

pressure behind the pore. )-( wo pp  is so-called Laplace pressure, which in this case 

represents the difference between the pressures in front of and behind the mesh. Then, 

we have [14]  

 

 

 

 

 

Seawater 

w 

θ 
ϕ 

Fiber A 

Figure 2.1: Schematic of crude oil at a 

mesh pore in seawater 
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θφγ
pp wo

)--270cos(2
=-

o

.    (1) 

 When θ  is larger than 90o, the critical pressure that is needed for crude oil to go 

through a pore is 
w

θγ
pp criwo

)-180cos(2
=)-(

o

, which occurs when the oil/water interface 

is located between the lowest points of the two top corners of the pore (such a point is 

marked as “A” in Fig. 2). It can be observed from this relation that 
criwo pp )-(  increases 

with both the increase in θ  and the decrease in w. For crude oil with γ  of 35 mN/m and 

θ  of 150o (i.e., the mesh is superoleophobic) and w of 100 µm, 
criwo pp )-(  should be at 

0.61 kPa. The dynamic liquid pressure is  

      25.0= vρp ,             (2)  

where ρ  and v denote liquid density and speed, respectively. Therefore, when the 

spreading speed of crude oil is 1 m/s, p is 0.44 kPa, where the density of 873 kg/m3 for 

Texas crude oil was used in the calculation. Thus, a mesh with 100 µm pores is good 

enough to stop the spread of oil with a speed of 1 m/s or less. Subsequently, the pores 

in the proposed mesh are designed to have sizes in the order of 100 µm.  In case the 

spreading speed is higher than 1 m/s, there are still two solutions. The first one is to 

place multiply stacked meshes on site. The spreading speed of the oil is gradually 

reduced after the oil goes through the meshes one by one, and should be finally 

stopped when its speed is reduced to 1 m/s or less. The second solution is to further 

reduce the pore size. For example, when the pore size is reduced to 10 µm, criwo pp )-(  

is increased to 6.1 kPa. Therefore, a single mesh is good enough to block the spread of 

oil with a speed less than 3.8 m/s.   

 If crude oil in Fig. 2 is replaced with seawater and also if the contact angle of 

seawater on the mesh surface is 0o (i.e., the mesh is superhydrophilic), it follows from 
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Eq. (1) that the critical pressure is zero. Accordingly, the seawater in the incoming flow 

can penetrate a pore without any obstacles.  In summary, the spread of crude oil should 

be stopped by a mesh, which has dual properties of superoleophobicity and 

superhydrophilicity and which also has small pores.  

Based on the requirement of 100μm level meshes, we chose 4 different meshes shown 

in Figure which are 304μm, 140μm, 101μm and 80μm meshes and they are coated with 

10% concentration hydrogel solution (explained in 3.1 Types of tests). Based on the 

contact angle of oil, Pore size of the mesh and surface tension of Silicone oil, using 

Eq.1, the Pₒcritical was found for each mesh. And by using the Pₒcritical value calculated 

from Eq.1, using Eq.2, the Vₒcritical has also been found for each mesh inorder to match 

these velocity values with the experimental velocity values. 
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Mesh Size 

(μm) 

Contact angle 

(deg) 

Pₒcritical (kPa) Vcritical (m/s) 

304 128.5 0.14 0.29 

140 148.3 0.43 0.94 

101 148.6 0.59 1.22 

80 148.9 0.75 1.54 

Table 2.1: Theoretically calculated values of critical pressure and velocities. 

 

 

 

1mm 

1mm 

1mm 

1mm 

Figure 2.2: Four different pore size meshes which are (a) 304μm, 

(b) 140μm, (c) 101μm and (d) 80μm, respectively. 

(a) (b) 

(c) (d) 
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2.3. Superoleophobicity and superhydrophilicity 

 The degree that a surface repels a liquid increases with contact angle of this 

liquid. The contact angle of a liquid on a surface can be determined using well-known 

Young-Dupré equation [15]: 

    ,
-

=cos
γ

γγ
θ

SLSA      (2) 

where SLγ  and SAγ  denote surface tensions of solid/liquid and solid/air interfaces, 

respectively. At 24 oC, γ  of crude oil ranges from 25.6 to 45.8 mN/m, depending on the 

type of crude oil and the measurement approaches [16]. At the same temperature, γ  of 

seawater varies from 74 to 78 mN/m for a salinity range of 10 to 35 g/kg [17]. Hence, 

seawater has a larger γ  than crude oil. Furthermore,  
SL

  
for seawater is generally 

larger than that for crude oil. Hence, for the same solid surface, i.e., for the same 
SA

 , 

the right-hand side of Eq. (2) for seawater is smaller than that for crude oil, indicating 

that seawater has a higher contact angle than crude oil. Accordingly, it is easy to design 

a solid surface which is more repellent to seawater. However, the proposed mesh 

should be more repellent to crude oil.   

 Large contact angle of oil is generated when the following two conditions are 

met: (i) the solid surface is covered by a seawater film, and (ii) the oil is surrounded by 

seawater. Subsequently, (a) SLγ  in Eq. (2) becomes the interfacial tension between 

seawater and seawater, which is 0, (b) SAγ  is replaced with the interfacial tension 

between crude oil and seawater, and (c) γ  is also changed to the interfacial tension 

between crude oil and seawater. Hence, by Eq. (2), we have θcos =-1, implying that, in 

this case, the oil drop has a contact angle of about 180o on a surface that is covered by 

a seawater film. Meanwhile, it is obvious that the contact angle of seawater on a 
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seawater-covered surface is 0o. Consequently, the corresponding surface is 

superoleophobic to oil but superhydrophilic to water.  

 Hydrogels are found to have excellent capabilities of absorbing and retaining 

water. Thus, they are chosen as coating materials to create water films on the surfaces 

of the mesh. On the other hand, when the oil is also exposed to air, its contact angle is 

reduced. Therefore, the top portion of the mesh should be solid to block the spread of 

the oil, and the pores are only included in the bottom portion of the mesh that are 

submerged in sea.   
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CHAPTER 3 

 

EXPERIMENTAL RESULTS AND DISCUSSIONS 

 

3.1 Two Types of Tests 

As observed from Eq. (1), the maximum liquid pressure that is needed for oil to 

penetrate a pore increases with the decrease in the pore size. Pore sizes have been 

selected to be 100 µm. Silicone oil and purified water have surface tensions of 35 [18] 

and 72 mN/m [15], respectively. The surface tension of silicone oil is close to the 

average value of the surface tensions reported for crude oil, while purified water and 

sea water have similar surface tensions. Therefore, in our tests, silicone oil and purified 

water are chosen, respectively, as the representatives of crude oil and seawater. Three 

types of tests have been done to examine different aspects of the mesh.  

In the first type of experiments, we examined contact angles of water and oil on 

different coatings. As shown in Figs. 4(a1) and (a2), purified water and silicone oil have 

contact angles of 53o and 1o, respectively, on SiO2-coated Si plates. Furthermore, as 

given in Figs. 5(a1) and (a2), purified water and silicone oil have contact angles of 130o 

and 10o, respectively, on Teflon-coated steel meshes. Both results validate the 

theoretical prediction that crude oil has a smaller contact angle on a solid surface than 

seawater. Thus, the corresponding mesh cannot be applied to stop the spread of spilled 

oil, since the crude oil is easier to penetrate the mesh pores than seawater. However, 

as shown in Fig. 4(b1), the contact angle of silicone oil on a SiO2-coated Si plate was 

increased from 1o in air to 30o in water bath. This contact angle was further increased to 

166o, when the SiO2-coated Si plate was coated with gelatin hydrogel (Fig. 4(b2)). Also, 
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Figure 3.1: In air, (a1) purified water and (a2) silicone 
oil drops on SiO2-coated Si plates. In water bath, 

silicone oil drops on the same plates (b1) without and 
(b2) with hydrogel coatings.  

in water bath, the contact angles of silicone oil on stainless steel meshes that were 

coated without and with gelatin hydrogel are 101o and 167o, respectively (Figs. 4(b1) 

and (b2). These results also validate the theoretical prediction that, in water bath, the 

hydrogel coating on a surface can make the corresponding surface superoleophobic.  

 

 

 

 

 

 

 

 

 

 

 

 

 

In the second type of experiments, which includes two tests, we examine 

whether gelatin hydrogel-coated meshes could be applied to block oil spread. In the first 

test of this type, a gelatin hydrogel-coated mesh was first immersed in water bath, and 

silicone oil drops were then injected into the locations under the mesh (Fig. 5(c1)). An 

oil drop moved up, since it was less dense than water. However, its movement was 

stopped by the mesh (Fig. 5(c2)). Likewise, all the injected silicone oil drops were 

blocked by the mesh (Figs. 5(c3) and (c4)). The results of the first test demonstrate the 

feasibility of applying a hydrogel-coated mesh to stop oil spreading.  
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Based on the above second type of experiment, as already explained 4 different 

meshes such as the 304μm, 140μm, 101μm and 80μm, we coated with 3 different 

concentrations of hydrogel coatings such as the 5%, 10% and 15% to analyse the 

particular concentration feasible for the mesh to stop oil spread. These concentrations 

are prepared by mixing the porcine powder and water in the ratios of 5:1 for 5% 

concentration, 10:1 for 10% concentration and 15:1 for 15% concentration. For 

example, preparing 5% concentration hydrogel solution, we mix 5ml of porcine powder 

to 1ml of water. The reason for using porcine powder is because of its biocompatibility 

with water. The meshes are coated with these concentrations of hydrogel solutions and 

immersed in water bath and add oil droplets over it and checked the contact angle of oil 

Figure 3.2: (a1) Top view of a stainless steel mesh with pore size of 304 µm and fiber 
diameter of 343 µm (scale bar represents 2 mm). Side views of (a2) water and (a3) 
silicone oil drops on the Teflon-coated mesh. In water bath, silicone oil drops on 
stainless steel meshes (b1) without and (b2) with hydrogel coatings. (c) The 
hydrogel-coated mesh blocked the oil spread: (c1) immerse the mesh in the water 
bath, and inject silicone oil drops under the mesh, and (c2-c4) the oil drops could not 
rise up to water surface due to the block of the mesh.   



19 
 

shown in Figure 6. Based on the contact angle of oil over the mesh, we came to a 

conclusion that 10% concentration hydrogel solution is the best feasible solution 

through the analysis shown in Figure 7. Since 5% concentration hydrogel solution gives 

a lower contact angle and 15% concentration hydrogel solution gives the fluctuation in 

the contact angles of the oil, hence 10% concentration hydrogel solution is taken into 

consideration as the feasible solution because it gives a steady increase in the contact 

angle of oil as the pore size decreases from 304μm to 80μm meshes. 

 

Figure 3.3: Measurement of contact angle of oil over the hydrogel solution coated mesh 

in underwater. 

 

Figure 3.4: Analysis of choosing the best concentration of hydrogel solution 

based on the contact angle of oil over the hydrogel solution coated mesh. 
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3.2 Experimental Setup of Dynamic Oil Flow 

Based on the understanding gained from the first two types of tests, we 

conducted the third type of tests, which was to simulate the real situation of stopping oil 

spread. Figures 8(a) and (b) are the experimental and the illustration setups of the 

dynamic flow experiment. The setup is of the dimension 3.5 inch X 12 inch (width X 

height) and the mesh used is of the dimension 3.5 inch X 3.5 inch which is vertically 

placed inside the chamber. The setup is made out of acrylic material. The inlet is in the 

middle of the chamber while the outlet is 1 inch above the centre of the chamber. The 

inlet source has a “T” connection in which one end of the source is connected to the 

chamber while the other end is connected to the plunger chamber. Along with the inlet 

source pipeline to the chamber an oil pipeline is connected. 

 

 

              

            

 

Water Source pipe 

Main Chamber 

Plunger chamber 

Oil Injection & 

pipe 

Source 

Plunger Chamber 

Oil/ Water 

Inlet 
Mesh 

Chamber 

Outlet 

Oil & injection pipe 

FIGURE 3.5:  (a) Experimental setup of the dynamic flow, and (b) Its Illustration. 

Experimental Setup 

(b) 

(a) 
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3.3 Flow patterns 

 

Firstly the mesh is placed in the middle of the chamber and the water is made to 

fill the chamber from the water source. After filling the whole mesh with water, the oil is 

being injected along with the water flow. After injecting oil along with the water flow, oil 

droplets are formed and moves in the pattern of water flow. Through that movement, the 

oil flow pattern is judged. The oil droplets can either bounce back without penetrating 

through the mesh or penetrate through the mesh and flows out of the chamber through 

the chamber outlet. Figures 9 (a) and (b) shows the experimental and illustrated views 

of the flow pattern of oil in the chamber. The mesh used in the experiment, shown in 

Fig.7(a) is 140 μm pore size. With the inlet of the water, the oil is injected along with the 

water flow. Based on the velocity of the water, the oil droplet moves towards the mesh. 

The path taken by the droplet in the images is a circular path and it did not penetrate 

through the mesh as the dynamic liquid pressure of the oil is lesser than the threshold 

pressure value, which was 0.43 kPa.  With the increase of the force, liquid speed also 

gradually increased. We found the threshold speed for the oil to penetrate the mesh 

pores, which by Eq. (2) indicated that the threshold pressure was 0.43 kpa. The 

determined threshold pressure was close to the value predicted using Eq. (1), which 

was 0.43 kPa. 
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(a1) Oil injection along with the water inlet 

Oil droplet 

(a5) 

(a4) (a3) 

(a2) 

 

The pressure on the oil bubble is less than the critical pressure of oil 

for the mesh 

Oil droplets forced towards the mesh due to plunging action 

Chamber Mesh 

Critical pressure of the mesh greater than the pressure of oil 

droplet 

Circular fashion of the oil droplet 

(a6) 

Source 

Interconnection tube 
Plunger Chamber 

Oil injection & pipe  
Oil Droplet 

Mesh Outlet 

Inlet 

Illustrated view 

FIGURE 3.6:  (a) Experimental, and (b) illustrated views of the oil flow patterns. 
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3.4 Experimental Analysis 

 
 

. The theoretically calculated values, in Table 1, have to be compared with the 

experimental values and check the penetration of oil through the meshes. For the 

experimental part, 6 different velocities of water have been taken from the source by 

using anemometer in Fig. 10 and used those velocities. In this experiment, 4 different 

meshes such as 304μm, 140μm, 101μm and 80μm coated with 10% concentration 

hydrogel solution are used. Experiments are conducted for all the 4 meshes by using 6 

velocities and found the penetration capability of oil through the meshes. These 

experimental penetration results are compared with the Vcritical values calculated by 

using Eq.2 from Table 1 and found to be matching. Hence the expected results are 

achieved by comparing with the Vcritical values. 

Mesh 

Size 

(μm) 

Contact 

Angle 

(deg) 

V 

Critical 

(m/s) 

Velocity/ oil penetration status (m/s) 

V= 0.46 V=1.06 V=1.23 V=1.56  V=1.95 V=2.15 

304 128.5 0.29 Yes Yes Yes Yes Yes Yes 

140 148.3 0.94 No Yes Yes Yes Yes Yes 

101 148.6 1.22 No No Yes Yes Yes Yes 

80 148.9 1.54 No No No No Yes Yes 

 

 

Table 3.1: The oil penetration status of the meshes by comparing the actual Vcritical 

of the mesh with the velocity exhibited by the oil in the experiment 
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Figure 3.7: Anemometer for calculating the velocity 

3.5 Oil Droplet Size Analysis 

Velocity 
(m/s) 

Oil Droplet size, D (μm) 

Min. 
Value 

Avg 
Value 

Max 
Value 

0.46 160 240 296 

1.06 143 210 287 

1.23 133 180 268 

1.56 134 150 174 

1.95 77 100 156 

2.15 74 80 90 

              
 

In the above conducted experiment, six different velocities of water are chosen for the 

experiment and checked the oil penetration through the meshes of different pore sizes. 

Table 3.2: Oil droplet size variations to different velocities of water. 
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The penetration status of oil at different velocities through different pore size meshes 

are found to be matching with theoretical V critical values. An attention has to be forseen 

on the oil droplet size for the determination of penetration of oil through the mesh. Due 

to their speeds, the oil droplets which have the sizes greater than the pore size of the 

mesh bounce back from the mesh, instead of penetrating through the mesh. The lower  

the water speed, the larger oil droplet size and the higher the droplet speed. The reason 

behind the reduction of the size of an oil droplet is because of increase in the water 

speed, which makes the oil droplet to disperse into small sizes. Thus, based on the oil 

droplet size, the penetration of the oil through a particular pore size happens. Table 3.2, 

explains the maximum, average and minimum values of the oil droplet sizes for six 

different velocities of water used in the experiment. Figure 3.8 shows the droplet size 

reduction accordingly to different velocities. 
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(a1) 0.46m/s (a2) 1.06 m/s 

(a3) 1.23 m/s (a4) 1.56 m/s 

(a5) 1.95 m/s (a6) 2.15 m/s 

Figure 3.8: (a1) – (a6):Various oil droplet sizes in water bath at six different water 

speeds before the oil drops strike the mesh.  

100μm 100μm 

100μm 100μm 

100μm 100μm 
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CHAPTER 4 

 

Summary and conclusions 

 

 In this work, we developed a new boom, which replaced the membrane in the 

existing boom with a mesh. Through theoretical modeling and three types of 

experiments, we have demonstrated: (i) hydrogel-coated meshes are both 

superoleophobic and superhydrophilic, and (ii) such meshes could be applied to stop oil 

spread. In conclusion, the presented results have demonstrated that it is promising to 

apply the new boom to control the spreading of oil spills.   
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