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Abstract: Publications on underwater drag reduction by gas have been gathered in the present study. 

Experimental methods, results and conclusions from the publications have been discussed and analyzed. The 

stable existence of gas is a requirement for underwater drag reduction induced by slippage at the water–solid 

interface. A superhydrophobic surface can entrap gas in surface structures at the water–solid interface. However, 

many experimental results have exhibited that the entrapped gas can disappear, and the drag gradually 

increases until the loss of drag reduction with immersion time and underwater flow. Although some other 

surface structures were also experimented to hold the entrapped gas, from the analysis of thermodynamics and 

mechanics, it is difficult to prohibit the removal of entrapped gas in underwater surface structures. Therefore, it 

is essential to replenish a new gas supply for continued presence of gas at the interface for continued 

underwater drag reduction. Active gas supplement is an effective method for underwater drag reduction, 

however, that needs some specific equipment and additional energy to generate gas, which limits its practical 

application. Cavitation or supercavitation is a method for passive gas generation, but it is only adaptive to 

certain vehicles with high speed. Lately, even at low speed, the evaporation induced by liquid–gas–solid 

interface of a transverse microgrooved surface for continued gas supply has been discovered, which should be 

a promising method for practical application of underwater drag reduction by gas. 
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1  Introduction 

Drag reduction is essential for vehicles on water or 

underwater to increase voyage and voyaging speed 

and decrease energy consumption, thermal damage, 

and noise. In general, a vehicle drag is composed of a 

pressure or form drag, wave-making resistance, and 

skin drag. The previous two mainly depend on body’s 

shape, and the latter one on the fluid–solid interface. 

The pressure drag and the wave making resistance 

mainly accounts for the total drag of blunt-nosed 

bodies and high-speed surface ships respectively. 

However, for streamlined bodies, skin drag represents 

the largest percentage, even over 60% or 80% in air or 

underwater and 100% for pipe transportation [1, 2]. 

Therefore, skin drag is the key for the drag reduction 

of a streamlined body. 

Studies on skin drag reduction have attracted 

attentions due to their practical value in engineering 

applications [3, 4]. The skin drag is caused by viscous 

drag in a boundary layer of fluid around a body. The 

boundary layer is in the immediate vicinity of a 

bounding surface, and can be divided into three types 

of sub-layers, i.e., laminar, buffer, and turbulent, from 

the wall into the flow [5]. In the turbulent sub-layer, 

unsteady vortices appear on many scales and interact 

with each other, causing skin drag increase. Up to now, 

many theoretical and experimental investigations have 

been conducted to modify the turbulent structure for 

drag reduction [6, 7], such as microstructured surface 

[8−12], polymeric additives [13−16], and traveling 

wave [17]. Velocity gradient reduction is a reason for 

the decrease in skin friction drag [18−27]. Therefore, 

the turbulent sub-layer is normally selected to enlarge  
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the thickness of boundary layer to decline the velocity 

gradient. Based on the investigation of shark scales, 

the longitudinal grooves (riblets) can be considered 

as a typical method to reduce the velocity gradient  

by affecting turbulent sub-layer structure. The height 

of riblets is several hundreds of micrometers, which 

is sufficient to affect the structure of turbulent layer 

[8, 18]. In addition, traveling waves can be used to 

modify the turbulent sub-layer structure for drag 

reduction, whose wave structures are vertical with 

flow direction and larger than riblets [8, 18]. However, 

when the structure in the turbulent sub-layer is 

modified, additional energy is essential to enhance the 

thickness of boundary layer due to energy dissipation 

in turbulent flow. Therefore, the drag reduction by 

modifying the structure of the turbulent sub-layer is 

limited. Various riblets and wave structures have been 

investigated, and a drag reduction rate of approxi-

mately 10% has been achieved [18−27]. 

Except modifying the turbulent structure of boundary 

layers, a transverse microgrooved structure has been 

proposed to achieve non-zero velocity at the same 

surface height to reduce the velocity gradient in 

laminar sub-layer near the solid surface for drag 

reduction [5]. When a liquid flows over the transverse 

microgrooved surface, vortexes can be formed in 

microgrooves, and on the upside of the vortex, the 

revolving direction is consistent with the main flow, 

which induces the flow shear rate reduction, as shown 

in Fig. 1. In this method, the scale of microgrooves is 

less than the thickness of laminar sub-layer. A drag 

reduction rate of 10% or more was achieved by a 

transverse microgrooved surface [5].  

The above methods for drag reduction, by inf-

luencing boundary layer using riblets or other surface 

structures, can be applied in air or water [23, 28−31]. 

However, for an underwater vehicle, a gas lubricating  

 

Fig. 1 Velocity profile on transverse microgrooved surface in 

flowing water [5]. 

film on the solid surface can achieve much more 

effective drag reduction aided by significantly small 

viscosity of gas compared to water. Recently, several 

approaches, such as entrapped gas within super-

hydrophobic surfaces [32−34], gas injection [35], gas 

generation by electric field or heating [36], and gas 

generation induced by three-phase interface [37], have 

been suggested to achieve a gas layer on a surface. In 

this study, major achievements of underwater drag 

reduction by gas for 20 years have been gathered  

and analyzed, and critical points to achieve viable 

underwater drag reduction are proposed. 

2 Entrapped gas underwater 

When free gas bubbles are formed in water, the 

pressure in bubbles is higher than that in liquid 

because of the Laplace pressure of the water–gas 

interface, resulting in the diffusion and disappearance 

of gas in the bubbles under the gas solubility limit 

[38]. Even when the gas solubility limit exceeds, since 

the Laplace pressure is higher around the smaller 

free bubbles, gas will diffuse from smaller to larger 

bubbles through Ostwald Ripening. Large free bubbles 

will eventually separate from water because of 

buoyancy. Therefore, free gas bubbles cannot stably 

exist in water [38−41].  

However, when a gas bubble is entrapped at a 

water-solid interface underwater, especially at a crack 

or a concave of a hydrophobic solid surface (Fig. 2), 

the results will be different [38−41]. At thermodynamic 

equilibrium, thermodynamics and Laplace pressure 

of the meniscus interface illustrate that the curvature 

of the concave meniscus interface (1/r1 + 1/r2) is related 

to the relative gas concentration, as shown in Eq. (1), 

which is similar to the Kelvin equation: 
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where rk is the equilibrium radius, v is the molecular 

volume, γ is the interface tension, s is the gas con-

centration in water near the interface, and c is the gas 

solubility limit. From Eq. (1) and Fig. 2, entrapped gas 

can stably exist even under the gas solubility limit when 

the equilibrium radius rk is larger than the minimal 

radius of the concave rc. 
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Fig. 2 Entrapped gas at a concave of an underwater solid 

interface. 

As per Eq. (1), rk is always larger than zero when s 

is less than c. Therefore, in terms of thermodynamics, 

under the gas solubility limit, gas cannot exist at a flat 

solid–liquid interface. However, some experimental 

evidences have been presented for the existence of 

nanosized gas at a flat solid–liquid interface and some 

reasons have been analyzed [38−42]. 

2.1 Existence of nanosized gas at the solid–liquid 

interface 

Recently, there has been an accumulation of evidences 

for the existence of nanobubbles on flat hydrophobic 

surfaces in water regardless of predictions that such 

small bubbles should rapidly dissolve because of the 

high internal pressure associated with the interfacial 

curvature [38, 39]. The reason for existence of nano-

bubble on a flat surface has been investigated. Figure 3 

shows that the contact angle of a nanosized bubble is 

much larger than the macroscopic contact angle on the 

same substrate resulting in a larger radius of curvature 

and a proportionate decrease in the Laplace pressure 

[40]; therefore increasing the lifetime of the nanosized 

gas. There is a minute difference in the inside and 

outside gas pressure of air bubbles, leading to a slight 

chemical potential difference across the interface 

[41, 42]. Though the above analysis is applicable for 

the existence of nanobubbles on an underwater flat  

 

Fig. 3 Nanosized gas at water−solid interface. 

surface, a further thermodynamic investigation is 

required in near future. 

2.2 Existence of entrapped gas in surface structures 

For a more effective underwater drag reduction, high 

gas coverage percentage on a surface is expected. 

Based on the analysis of Eq. (1) and Section 2.1, it is 

difficult for large gas bubbles to exist stably on an 

underwater flat surface. Many studies have shown 

that large gas bubbles can exist in the microstructures 

of a surface [41, 42]. A superhydrophobic surface is a 

typical one with microstructures entrapping gas under 

a water drop. Superhydrophobicity originates from 

the self-cleaning characteristics of the leaves of plants, 

notably the lotus leaf [43]. Thereafter, many fabrication 

methods have been presented through the imitation of 

natural superhydrophobic surfaces and mechanism 

of superhydrophobicity has been investigated [44−46]. 

2.2.1 Entrapped gas in superhydrophobic surface structures 

Nature is an inspiration for many innovations and 

continues to serve as a valuable resource to solve 

technical challenges [47−49]. Superhydrophobic sur-

faces, with a large apparent contact angle and a small 

contact angle hysteresis, were originally inspired   

by the unique water-repellent property of lotus and 

rice leaves and butterfly wings [50−55]. For a super-

hydrophobic surface, water droplets roll-off faster 

than other surfaces. This behavior is explained by the 

reduction of contact area between the surface and 

water, which indicates that the gas can be sustained 

in surface topography under a droplet to change the 

macroscopic boundary condition to allow non-zero 

slip velocity [56]. In general, a water drop on a rough 

surface spreads and immerses the surface topography; 

this state is called the Wenzel state with a large contact 

angle hysteresis [57]. However, sometimes, the drop is 

suspended above the surface topography, entrapping 

gas between the drop and surface, called the Cassie 

state, resulting in the superhydrophobic behavior  

of the drop on the surface [58]. Superhydrophobic 

surfaces have the potential to reduce hydrodynamic 

drag by combining a structured surface and hydro-

phobicity to retain a lubricating air layer (plastron) at 

the surface [59]. There are many superhydrophobic 

surfaces such as lotus, rice, and taro leaves. As 
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shown in Fig. 4, entrapped gas can be observed when 

a lotus leaf is immersed in water. Among diverse 

nature of superhydrophobic surfaces, one typical 

character is that the surface topography is mainly 

composed of homogeneous one or multiscale papilla 

on a lotus leaf (Fig. 5) [43]. 

Based on investigations, several methods have been 

developed to fabricate superhydrophobic surfaces, 

such as microwave plasma-enhanced chemical vapor 

deposition [23] of trimethylmethoxysilane treatment 

[13], template method [11], spraying or dipping [12], 

laser and plasma process [19], and chemical plating 

[26]. The obtained images indicated that the artificial 

bionic superhydrophobic surfaces could sustain gas 

under a water drop [60]. The existence of entrapped 

gas has drawn much attention for underwater drag 

reduction. When the superhydrophobic surfaces were 

immersed in water and viewed at a glancing angle, 

they appeared as a silver mirror [61]. Because of 

reflection at the liquid–gas interface on the super-

hydrophobic surface, optical observations of the 

 

Fig. 4 Trapped gas on a lotus leaf in water [43].  

 

Fig. 5 Scanning electron microscope (SEM) image of a lotus 

leaf surface [43]. 

underwater gas phase were usually used in the 

investigation of entrapped gas within surfaces in 

liquid [61−64]. Besides the optical visualization of gas, 

the profile of the water–gas interface obtained by 

atomic force microscope on the superhydrophobic 

surface underwater was employed. In addition, a 

small angle X-ray scattering method was applied   

to investigate the entrapped gas in the microstruc-

tures of a superhydrophobic surface [65]. Both the 

theoretical and experimental results depicted that 

superhydrophobic surfaces can sustain gas within 

underwater surfaces. 

2.2.2 Mechanical criteria for the existence of entrapped gas 

The existence of entrapped gas in surface structures 

is a necessary condition for the superhydrophobicity of 

diverse surfaces. The superhydrophobicity of a surface, 

biomimicking from natural leaves, is determined  

by its chemical composition and topography. The 

surface chemical compositions of the wax-like materials 

covering plant leaves provide low surface free 

energy. The surface structures play a critical role for 

superhydrophobicity because of main responsibility 

for the existence of the entrapped gas.  

In general, the larger the fractional solid–gas 

interface area induced by the entrapped gas, the more 

hydrophobic is the surface. For a superhydrophobic 

surface, such as with regular distributed pillars, the 

solid–water contact area is minimized; therefore, the 

gas coverage under a drop on the surface is enlarged. 

However, when the fractional solid–gas interface 

area becomes very large, the liquid intrudes into the 

underlying solid between asperities [44−46]. Therefore, 

the key for superhydrophobic surface design is to 

entrap gas in the microstructures of a surface or 

prohibit the transition from the Cassie to Wenzel state. 

Many investigators have focused on the relation 

between the entrapped gas under a drop and surface 

geometry, including pillar height, diameter, top peri-

meter, overall filling factor, and disposition [66, 67]. 

Barbieri et al. [44] presented a criterion on an energy 

barrier achieved from the surface energy variation 

between the Cassie and Wenzel states based on energy 

analysis to evaluate the state of superhydrophobic 

surface. Extrand [45] proposed a contact line density 

criterion based on the balance between the weight of 



Friction 2(4): 295–309 (2014) 299 

 

unsupported liquid and the surface tension at the 

three-phase contact line. In the criterion, a critical value 

of contact line density was quantitatively provided, 

which can be easily used to evaluate a superhydro-

phobic surface. Wang and Chen [46] proposed an 

intruding angle criterion for the design of a super-

hydrophobic surface. The intruding angle can be 

described as follows: 
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where θ0 is the contact angle on a flat surface, fLG is the 

ratio of the projected area of the liquid–gas interface 

to the apparent contact area under the droplet, λ is 

the contact line density, i.e., the length of contact line 

over the entrapped gas per unit apparent contact area, 

2σ/RD is the pressure induced by the surface tension 

at the apex of the droplet, RD is the radius of the 

droplet, and θ is the apparent contact angle.  

According to the intruding angle criterion deduced 

from the force equilibrium of the interfaces under the 

drop, the interfacial forces under the drop must be of 

sufficient magnitude to suspend the drop against the 

downward pull of gravity to avoid the water intruding 

into surface structures. When a calculated intruding 

angle from the measured parameters is less than the 

asperity angle, the water drop suspends on the surface 

structures or else the water intrudes into surface 

structures. Though the intruding angle criterion was 

deduced for a pillar surface structure, it can also be 

used for a concave surface structure. Besides the 

intruding angle criterion, an intruding depth criterion 

is specified for superhydrophobic surface design; as 

per that, asperities must be sufficiently tall to prevent 

the water from contacting the underlying solid [46]. 

When Eq. (2) is applied for evaluating the entrapped 

gas of a submerged underwater surface, it can be 

modified as follows:  
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where PL and PG are the liquid and gas pressures, 

respectively. 

From the above analysis, the criteria for the existence 

of entrapped gas were only based on mechanical 

principle. For superhydrophobicity of a water drop 

on a surface, it is sufficient because the rolling of a 

drop is thermodynamically temporary. However, for 

evaluating the long-term stable existence of underwater 

entrapped gas, the above mechanical criteria are 

insufficient and some thermodynamic criteria, such 

as Eq. (1), should be met. 

3 Drag reduction by gas 

3.1 Drag reduction of superhydrophobic surface  

Due to the much smaller viscosity of gas compared to 

water, superhydrophobic surfaces show a promising 

nature for passive drag reduction by entrapped gas. 

Due to the entrapped gas in the microstructures of a 

superhydrophobic surface, the liquid–gas interfaces 

replace partially the original liquid–solid interfaces, 

resulting in interfacial slippage, as shown in Fig. 6. 

The slippage induced by the entrapped gas is con-

sidered as a reason for the underwater drag reduction 

of the superhydrophobic surfaces. As shown in Fig. 7, 

a slip length is frequently used to gauge the slippery 

nature for reducing viscous drag. The flow velocity 

profile near the immersed surface is normally used to 

obtain the slip length for evaluating the viscous drag  

 

Fig. 6 Schematic diagram of slip on the gas at a solid–liquid 

interface. 

 

Fig. 7 Schematic diagram of slip length. 
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reduction [68−71]. When a surface is hydrophilic, the 

measured velocity profile is consistent with the 

solution of Stokes’ equation and well-accepted no-slip 

boundary condition. However, for a superhydrophobic 

surface, an apparent velocity slippage can be measured 

just above the solid surface [71]. 

Superhydrophobic surfaces can support a shear-free 

gas–water interface between surface topology peaks. 

The slip length of superhydrophobic surfaces has been 

proved in previous studies by measuring the velocity 

profile obtained by the particle image velocimetry 

(PIV) system [72] or laser Doppler velocimetry system 

[69]. Daniello et al. [69] measured the slip length to be 

25 μm or more on a superhydrophobic surface using 

PIV. In the study, assuming that the total drag of the 

superhydrophobic surface was only determined by 

the viscous drag, a reduction rate of 50% was achieved. 

Though the entrapped gas in the microstructures 

of a superhydrophobic surface can induce slippage, 

which can achieve the reduction of the viscous drag, 

the asperity peaks entrapping gas and the meniscus 

surfaces of the entrapped gas or bubbles can also 

induce a new extra pressure drag and a change of the 

slip nature. Rothstein determined that the geometrical 

variation of the bubbles on a solid surface had a 

significant effect on the fluid–solid interfacial slip and 

the drag reduction [73, 74]. Hyvaluom also determined 

that the slip length on the protruded bubbles decreased 

from a positive to negative value with decreasing water 

contact angle [75, 76]. Chen determined the friction 

force switched from decreasing to increasing as the 

bubbles grew on a solid surface [77]. Therefore, the 

total drag change is determined by simultaneously 

reducing the viscous drag by gas and increase of new 

extra pressure drag. The drag reduction is visible 

only when the reduction of the viscous drag is larger 

than that of the new extra pressure drag. Specifically, 

the measurement of slippage gauging the reduction 

of the viscous drag is insufficient for the total drag 

reduction by a superhydrophobic surface, and the 

total drag reduction should be measured. Aljallis et al. 

[78] conducted the measurement of skin friction drag 

by a mechanical transducer on superhydrophobic- 

coated flat plates in a high-speed towing tank. Com-

pared to an uncoated bare aluminum plate, a significant 

drag reduction of up to 30% was observed on the  

superhydrophobic plate. Choi et al. [79] measured the 

torque applied to the rotating cone through a cone- 

and-plate rheometer for a plate with hydrophobic 

surface. Here, an average slip length of 20 μm in a 

water flow was calculated from the torque, which 

reflected the total drag reduction. In a pipeline flow, 

a flow rate under a constant shear stress value or 

same pressure difference between different pipelines 

could be used to evaluate the effect of drag reduction 

[34, 80]. Shirtcliffe et al. [34] presented experiments 

by this method to evaluate the drag reduction of a 

superhydrophobic inside surface of round copper 

tubes. The results showed that this type of surface 

allowed greater flow than that with smooth inside 

surface at low pressure difference. In addition, McHale 

et al. measured the terminal velocity of solid acrylic 

spheres with superhydrophobic surface settling under 

the action of gravity in water [81]; according to the 

terminal velocity, a drag reduction rate of appro-

ximately 25% was achieved.  

Furthermore, considering the slippage at underwater 

liquid–gas interface, various roles of gas for drag 

reduction were theoretically investigated [32, 82, 83]. 

The numerical simulations of water flow beyond a 

superhydrophobic sphere with a lubricating air layer 

(plastron) were conducted using a two-phase flow 

representation; a drag reduction of up to 19% was 

achieved [84]. 

3.2 Drag reduction of other surfaces 

The topography of superhydrophobic surfaces is 

homogeneous and mainly composed by diversities 

such as papilla preventing water from immersing the 

bottom of the surface asperities. In a flow field, an 

extra pressure drag is created by the entrapped gas in 

the microstructures of a superhydrophobic surface, 

and the entrapped gas is sheared along the flow 

direction and can be easily removed. Therefore, some 

heterogeneous surface structures were proposed to 

reduce the extra pressure drag and be against the 

shearing of the flow for sustaining the entrapped gas. 

The longitudinal grooved surface can achieve drag 

reduction without inducing any extra pressure drag 

when the gas can be sustained in the surface structures. 

Choi et al. designed a hydrophobic grated surface 

with dense but deep longitudinal nanometer grooves 
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and a noticeable slip of 100–200 nm, corresponding to 

20%–30% reduction of pressure drop observed in 

flow water [85]. The state of the entrapped gas and the 

drag reduction rate by longitudinal grooves mainly 

depended on the characteristics of the surface structures 

[86−90]. When the width of the microgrooves was 

enlarged, an increasing slip length was achieved 

because of the curvature variation of the water–gas 

meniscus. However, if the pitch-to-width ratio of the 

groove structure increased to a critical value, meniscus 

penetration into the cavity was observed [69, 91]. 

Though a longitudinal grooved hydrophobic surface 

can induce a viscous drag reduction without any extra 

pressure drag, the entrapped gas is unstable and can 

be easily removed because of the interfacial shearing 

being in identical direction with the grooves in a flow. 

To enhance the stability of the entrapped gas, a 

transverse grooved surface can be employed to block 

the gas mechanically in the grooves when water 

perpendicularly flows over them. Evidently, for a 

transverse grooved surface, an extra pressure drag 

can be generated because of the transverse grooves, 

which adversely affects the total drag reduction. 

Therefore, a transverse grooved surface has rarely been 

employed for underwater drag reduction. However, 

when the grooved structure is optimized to minimize 

the extra pressure, a stable drag reduction can be 

achieved for a long time because the entrapped gas 

cannot be easily discharged from the surface. Wang 

et al. [92, 93] proved that a transverse grooved surface 

could achieve underwater drag reduction based on 

theoretical and experimental investigations; more than 

10% drag reduction rate was achieved at an optimized 

surface structure. 

4 Stability of gas in underwater surface 

structure 

Although superhydrophobic and some other surfaces 

have the capability of holding air pockets in their 

surface microstructures and have demonstrated an 

effective slippage for underwater drag reduction, it is 

difficult to stably sustain air pockets for a long time, 

especially under conditions where liquid is flowing 

over the surface with high speed or a certain liquid 

pressure. No superhydrophobic surface was shown 

to demonstrate the underwater non-wetting properties 

in realistic conditions [94]. Based on mechanics and 

thermodynamics, once the mechanical or the ther-

modynamic equilibrium of the entrapped gas is 

disturbed, the entrapped gas will finally reduce or 

disappear. The most serious difficulty encountered in 

the current for underwater drag reduction by gas 

was the instability of entrapped gas.  

Investigations on the stability of the entrapped gas 

of a superhydrophobic surface have mainly focused 

on transition between the Cassie (with entrapped gas) 

and Wenzel (without entrapped gas) states. The tran-

sition is determined by a mechanical equilibrium of 

the interface or an energy barrier between the different 

states from mechanics [45, 46]. The results from energy 

and force analysis show that the Cassie state is 

metastable, and the Wenzel state is globally stable [95]. 

Therefore, for a drop on a superhydrophobic surface, 

the transition from the Cassie to Wenzel state can 

occur easily through impacting, size decreasing, etc. 

[45, 46]. Moreover, the transition from the Wenzel to 

Cassie state is a challenge. When a superhydrophobic 

surface is immersed in water, the reverse transition is 

impossible despite placing some efforts. For instance, 

for a two-level (dual-scale) topography of a super-

hydrophobic surface, when water wetted the first scale 

topography and the entrapped gas was squeezed 

into the space among the second topography with 

increasing surrounding water pressure, the entrapped 

gas was restored from the squeezed gas through 

decreasing pressure [96]. However, when water wetted 

all surface, the entrapped gas could not be restored 

forever [96]. Basic mechanism on the loss of the 

entrapped gas by hydraulic pressure can be analyzed 

using Eq. (3). As per Eq. (3), the intruding angle 

increases with the liquid pressure of surrounding 

water. When the liquid pressure increases a critical 

value, the intruding angle will arrive at the maximum 

asperity slope angle of the surface, resulting in water 

wetting surface and loss of entrapped gas. Once the 

surface is completely wetted under a critical liquid 

pressure, the entrapped gas cannot be recovered 

through decreasing liquid pressure because of no gas 

source. 

In addition, the force balance can be disturbed by 

shear stress at the liquid–gas interface in a flow field. 
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In general, only the force equilibrium in the direction 

perpendicular to the liquid–gas interface was con-

sidered in the criteria for the existence of entrapped 

gas such as Eqs. (2) and (3). The entrapped gas in the 

hydrophobic microstructures of a surface can also be 

partially or completely removed by the interfacial 

shear induced by flow, as shown in Fig. 8(a). In flowing 

water, higher flow velocities cause faster removal rates 

of the surface air layer [80, 97]. The disappearance of 

entrapped gas would cause declining drag reduction 

because of decreasing slippage. Govardhan et al. 

showed that the flow rate through a channel with 

inside superhydrophobic surface gradually decreased 

to a constant value (Q∞), as shown in Fig. 8(b) [80]. 

Aljallis et al. [78] reported the measurement of skin 

friction drag on superhydrophobic-coated flat plates 

in a flow with a speed of up to 9 m/s. A reduction in 

the significant initial drag was observed on a super-

hydrophobic plate, i.e., up to 30%. However, with 

increasing flow velocity, a rise in drag was observed, 

which was attributed to the morphology of the surface 

air layer and its depletion by high shear flow.  

Except for the above reason, the stability of entrapped 

gas is also affected by the thermodynamic equilibrium. 

When a superhydrophobic surface is immersed in 

water, the initial entrapped gas in the surface 

microstructures is from air. As per Eq. (1), only when 

the radius of curvature of the liquid–gas interface is 

small enough, thermodynamic equilibrium can be 

maintained. Therefore, majority of initial entrapped 

gas would dissolve into water, especially in water 

with low dissolved gas concentration and high gas 

solubility limit. In addition, the dissolving speed is 

directly proportional to the gas solubility limit and 

inversely proportional to the gas concentration, as 

shown in Fig. 9 [94]. The gas solubility limit in water 

can be affected by hydraulic pressure. The higher the 

hydraulic pressure, the higher the gas solubility limit. 

Consequently, the higher the hydraulic pressure, the 

smaller the thermodynamic equilibrium radius of 

curvature of the liquid–gas interface in Eq. (1) and 

the shorter the longevity of the entrapped gas on an 

immersed superhydrophobic surface [98].  

In summary, the stability of the entrapped gas in 

underwater surface structures is decided by mechanical 

and thermodynamical equilibriums. The entrapped 

gas in the microstructures of a surface is not globally 

stable and cannot be recovered if completely dis-

appeared [94]. It will also decrease and become more 

and more unstable with increasing surrounding 

hydraulic pressure [94]. The majority of the entrapped 

gas on a superhydrophobic surface can be speedily 

removed by a flow [80, 97]. Some heterogeneous 

hydrophobic surface structures, such as span-wise 

structures or transverse grooved structures can be 

designed to hold the entrapped gas against the 

shearing of the water–gas interface by flow. The 

current investigations show that the large size of 

surface microstructures is beneficial to the drag 

reduction but not to the stability of the entrapped gas. 

From thermodynamics, the majority of the entrapped 

gas should dissolve into water in sufficient time; 

however, if the surface microstructures are small, 

some part of the entrapped gas can exist stably. 

 

Fig. 8 Time dependence of entrapped gas and drag reduction for hydrophobic surface immersed in water. (a) Variation of the number

of trapped air pockets (N) seen in the direct visualization images with time. N is normalized by the number of air pockets observed 

initially (N0). (b) Time study of the flow rate required to maintain a constant value of shear stress. The channel is filled with water at t = 0,

and the flow rate Q required to maintain a constant value of shear stress is found to decrease with time and asymptote to a value Q∞ [80].
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Fig. 9 Thermodynamic longevity of entrapped gas in super-

hydrophobic surface structures in water of different initial dissolved 

gas concentrations. Here, different initial gas concentrations were 

achieved by different initial water equilibration and total dissolved 

gas pressures [94]. 

5 Gas supplement for drag reduction 

From the above mechanical and thermodynamic 

analysis on the stability of gas at a water–solid interface, 

the initial entrapped gas is generally from air and is 

always easily removed in a flow field. Therefore, it is 

necessary to replenish a new gas supply for con-

tinued presence of gas at the interface for continued 

underwater drag reduction. There are two methods 

for gas supplement, i.e., active and passive. 

5.1 Active gas supplement for drag reduction 

Some active approaches have been tried to replenish 

the gas removed out from a surface. Gas injection is 

one of the simple and effective ways to achieve a 

lubricating gas film on an underwater solid surface 

[99, 100]. Elbing et al. [101] achieved drag reduction 

by injecting gas (air); a friction drag reduction larger 

than 80% was observed. The gas generation on a 

substrate was also achieved by water electrolysis   

or pyrolysis [102, 103]. Mccormick et al. proposed a 

method for creating hydrogen gas on a hull by 

electrolysis; a viscous drag reduction rate of appro-

ximately 10% was obtained [102]. Lee and Kim applied 

an additional electric field to achieve gas restoration 

after the entrapped gas disappeared by a liquid 

pressure [103]. Vakarelski et al. created a continuous 

and robust lubricating vapor layer on a surface by a 

thermal method of Leidenfrost effect; a drag reduction 

rate over 85% was achieved [104]. Although these 

active approaches achieved a substantial drag reduction, 

extra energy and some gas providing device were 

required, which limited their practical applications. 

5.2 Passive gas generation for drag reduction 

The possible methods for passive gas generation 

mainly include the precipitation of dissolved gas from 

water, supercavitation by low hydraulic pressure in 

water, and evaporation of a gas–water interface. 

When water is initially supersaturated with dissolved 

gas, bubbles in water can thermodynamically grow 

due to the separation of dissolved gas from water 

[105−107]. Thermodynamics, however, does not tell 

us how long this process will take. In many cases, 

once gas solubility limit has been exceeded, nothing 

happens, i.e., the system becomes supersaturated, 

and (spontaneous) separation occurs only at some 

higher gas concentration or only after a very long 

time. Simultaneously, the separation speed of dissolved 

gas is very slow. The time for a gas bubble with 10 μm 

radius to grow up to 10 times in size is approximately 

several hundred seconds under the supersaturation 

of 25% relative to gas solubility limit [106]. Based on 

the mechanical analysis and investigations, the loss 

speed of the entrapped gas by a flow is much faster 

than the generation speed of gas by the precipitation 

of dissolved gas in water. Furthermore, when the 

dissolved gas concentration is less than the gas solubility 

limit, gas can only exist in a concave at a water–solid 

interface with a small curve radius. The precipitation 

of dissolved gas cannot happen subsequently for 

entrapped gas which has a larger size than the critical 

size in Eq. (1). Therefore, it is difficult to employ the 

precipitation of dissolved gas in water to generate 

gas for underwater drag reduction, resulting in non- 

application of this method.  

Supercavitation is the use of cavitation effects to 

create a bubble in water, large enough to encompass 

an object traveling through water, significantly reducing 

the skin friction drag on the object. Cavitation occurs 

when water pressure is less than the saturated vapor 

pressure [108, 109], forming vapor bubbles. It can 

happen when water is accelerated to high speeds as 

when turning a sharp corner around a moving object 
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such as a ship’s propeller or a pump’s impeller. To 

create a bubble large enough to encompass a moving 

object for drag reduction, a high speed, generally more 

than one hundred meters per second, is required. In 

real applications, to employ supercavitation for drag 

reduction, rocket propulsion usually has to be used 

for sustained operation, such as the Russian VA-111 

Shkval supercavitating torpedo [2]. In addition, this 

can be achieved temporarily by an underwater 

projectile fired or an airborne projectile impacting the 

water [110, 111]. Therefore, the current applications 

of supercavitation are mainly limited to projectiles or 

very fast torpedoes and some propellers. 

Evaporation is a type of vaporization that occurs 

from a liquid surface into a vapor phase. For evapora-

tion, vapor generation is due to breaking the balance 

of water–gas interface rather than creating a cavity in 

water. In flowing water, the velocity threshold required 

for evaporation at water–gas interface is much less 

than that required for natural cavitation [108]. Wang 

et al. [37] determined the evaporation at the water–gas 

or water–vapor interface over the entrapped gas in 

surface microstructures inside flowing water, which 

can sustainably generate vapor for the continued 

drag reduction, as shown in Fig. 10. In this method, 

as a necessary premise for evaporation at water–gas 

interface, the stable entrapped gas within the surface 

is essential to achieve gas renewal. Therefore, the 

surface structure should be designed to enhance the 

stability of the entrapped gas and avoid the disappea-

rance of the entrapped gas. To hold the entrapped 

gas against the interfacial shear by flow, a transverse 

grooved structure on a hydrophobic surface was 

employed [37]; to counteract the effect of hydraulic 

pressure and thermodynamic dissolution, the micro-

meter size and trapezoid grooves with smaller bottom 

were used [37]. In Wang’s experiments, the mechanism  

 

Fig. 10 Image time sequence visualizing gases on the hydrophobic 

transverse microgrooved surface at the following different time 

intervals after immersion in water flowing at 5 m/s: (a) 0 (the 

starting time of the optical measurement), (b) 10 min, (c) 20 min, 

and (d) 40 min [37]. 

on the evaporation replenishing a new vapor supply 

for continued presence of vapor is still unclear, but it 

should be qualitatively attributed to the following 

factors: (1) low pressure of the entrapped gas because 

of Laplace pressure by the curved meniscus of the 

water–gas interface, as shown in Fig. 11(a), (2) high 

vapor density induced by forces of the solid surface 

such as van der Waals force near the three-phase point, 

as shown in Fig. 11(b), (3) interfacial stretching of the 

water–gas interface near the three-phase point by a 

process from the no-slip of the water–solid interface 

to the slip of the water–gas interface in a flow, as shown 

in Fig. 11(c), (4) the induction flow of the entrapped 

gas by the shearing of the water–gas interface in a flow, 

bringing vapor from high vapor density area to the 

other place, as shown in Fig. 11(d), and (5) low pressure 

and shear stress near the entrapped gas by flow.  

If the hydrophobic grooved surface is immersed in 

static for a long time, the majority of the entrapped 

gas in grooves will thermodynamically dissolve in 

water or leave the grooves. However, thermodynamics 

also explains that a part of the entrapped gas can 

stably exist when the minimal radius of the grooves 

is less than the equilibrium critical radius in Eq. (1). 

Once some part of the entrapped gas exists, the 

Fig. 11 Schematic figures of the factors inducing evaporation to replenish a new vapor supply for continued presence of vapor in a 

groove: (a) cross-section of a groove, (b) and (c) enlarged figures of the circle section in (a), and (d) flow field of the entrapped gas. 
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evaporation can still happen when a flow is applied 

in water, resulting in the recovery of the entrapped 

gas and continued vapor generation for drag reduction. 

Till date, under the action of flowing, the gas generation 

by a hydrophobic transverse microgrooved surface 

was achieved at low flow velocity even at 1 m/s. 

Therefore, the evaporation induced by the liquid–gas 

interface can be considered as an excellent choice to 

achieve the renewal gas and future practical application 

because of its availability.  

6 Summary 

This paper presents a detailed analysis of our current 

understanding on underwater drag reduction by gas. 

It highlights the achievements and shortcomings of 

the current technologies. Combining the investigations, 

three critical points should be valuable for the under-

water drag reduction researches: 

(1) Entrapped gas is the key for underwater drag 

reduction. The stability of the entrapped gas at an 

underwater water–solid interface should be determined 

by thermodynamic and mechanical principles. Super-

hydrophobic state of a drop is induced by the 

entrapped gas in the surface microstructures and is a 

metastable state, referred as the Cassie state. The 

main cause for designing a superhydrophobic surface 

is to prevent water drop from immersing the bottom 

of the surface topography based on the interface 

mechanical analysis along the vertical direction 

without any thermodynamic requirements. Therefore, 

when a superhydrophobic surface is immersed with 

water, the entrapped gas in the underwater surface 

microstructures will be unstable because of the 

mechanical shearing of flow and the thermodynamic 

diffusion of the gas, resulting in non-practical appli-

cation of superhydrophobic surfaces for underwater 

drag reduction. Though some heterogeneous surface 

structures were proposed to entrap gas against the 

shearing of the flow, majority of the entrapped gas 

will still disappear because of the thermodynamic 

diffusion. 

(2) Entrapped gas in the microstructures of an 

underwater surface can induce an interface slippage, 

resulting in the reduction of the viscous drag. However, 

the surface asperities capturing gas and the meniscus 

surfaces of the entrapped gas can also induce a new 

extra pressure drag. Therefore, it should be simul-

taneously determined by the reduction of the viscous 

drag and the new extra pressure drag, whether or not 

the total drag reduction by the entrapped gas appears 

underwater. 

(3) From thermodynamics and mechanics, majority 

of the entrapped gas at a water–solid interface 

should gradually disappear in a flow field. Therefore, 

the replenishment of gas supplement is essential for 

continued presence of gas and underwater drag 

reduction. Compared with other methods for gas 

generation, the evaporation induced by liquid–gas 

interface over the entrapped gas can be considered as 

an excellent choice to achieve the renewal gas and 

future practical application. 
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