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Abstract 

 

The effort to reduce drag in turbulent boundary layer flow has long been the motivation 

of many researches. Recently a superhydrophobic surface (SHS) has drawn much 

attention as a passive device to achieve high drag reduction. Despite the high 

performance promised at ideal conditions, maintaining the interface in real flow 

conditions is an intractable problem. A non-wetting surface, known as the slippery liquid-

infused porous surface (SLIPS) or the lubricant-impregnated surface (LIS), has shown a 

potential for significant drag reduction, as the working fluid slips at the interface but 

cannot penetrate into the lubricant layer. In the present study, we perform direct numerical 

simulations of turbulent channel flow over a superhydrophobic surface and a liquid-

infused micro-grooved surface to investigate the effects of this surface on the slip at the 

interface and drag reduction. The flow rate of water is maintained constant corresponding 

to Reτ∼180 in a fully developed turbulent channel flow, and the lubricant layer is shear-

driven by the turbulent water flow. The lubricant layer is also simulated with the 

assumption that the interface is flat (i.e. the surface tension effect is neglected). The solid 

substrate in which the lubricant is infused is modelled as straight longitudinal ridges, 



 

ii 

parallel to the streamwise direction using an immersed boundary method. DNS results 

show that drag reduction by the liquid-infused surface is highly dependent on the 

viscosity of the lubricant and the groove geometry. 

 

Keywords: turbulent flow, skin-friction drag, superhydrophobic surface, liquid-infused 

surface 
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Chapter 1 

Introduction 

 

Reducing drag in turbulent boundary layers has been the objective of many researches 

due to its economic benefits. Especially for ground, airborne, and waterborne crafts, 

reducing the skin-friction drag is an important issue, as it directly affects the fuel 

consumption and the performance enhancement. Recently, a superhydrophobic surface 

(SHS) has drawn much attention as an effective means of drag reduction. Numerous 

studies on turbulent flows over SHSs have been conducted, both experimentally and 

numerically. Experimental studies of turbulent flows over SHSs reported significant drag 

reduction up to 75% (Park, Sun and Kim, 2014). However there have been reports of drag 

increase in some experiments (Aljallis, Sashar, Datla, Sikka, Jones and Choi, 2013), 

possibly due to the air-water interface deformation, error in the skin-friction measurement, 

or air loss in the SHS structures (Ling, Srinivasan, Golovin, McKinley, Tuteja and Katz, 

2016; Park et al., 2014). Considerable drag reduction rates were also achieved through 

numerical studies of turbulent flows over SHSs (Jelly, Jung and Zaki, 2014; Lee, Jelly 

and Zaki, 2015; Martell, Perot and Rothstein, 2009; Park, Park and Kim, 2013; Türk, 

Daschiel, Stroh, Hasegawa and Frohnapfel, 2014). However, most numerical studies 

imposed shear-free boundary condition at the air-water interface without solving the air 

layer inside the structures (Jelly et al., 2014; Lee et al., 2015; Martell et al., 2009; Martell, 

Rothstein and Perot, 2010; Park et al., 2013; Türk et al., 2014). Only a few considered the 

air layer as well as the water flow (Jung, Choi and Kim, 2016), and this shear-free 

assumption may have mispredicted of drag reduction capability. Alongside the above 

conflicting experimental results and questionable boundary conditions, these surfaces are 

only applicable under restricted circumstances. The two representative difficulties are that 

the repellent liquid is limited to water and that the air-water interface is prone to failure 

under pressure fluctuations and physical stresses. In this regard, the emergence of a novel 

surface structure, SLIPS (slippery liquid-infused porous surface), otherwise also known 
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as LIS (lubricant-impregnated surface or liquid-infused surface), has shown potential for 

drag reduction, as one can expect slip at the interface of the infused oil and the working 

fluid. SLIPS was introduced by Wong, Kang, Tang, Smythe, Hatton, Grinthal and 

Aizenberg (2011), where the design aim was to make a self-repairing surface with 

pressure-stable omniphobicity. The two liquids, the infused and the working fluid, are 

chosen to be immiscible, and to maintain a flat interface. The interface between the 

working fluid and the lubricant is more stable than that of the SHS, as the lubricant inside 

the structures can withstand higher pressure fluctuations and physical stresses. As the 

viscosity ratio of the two fluid (water and oil for the present study) is much lower than 

that of the SHS, less drag reduction rate than that of the SHS is expected. However, the 

groove pitch length of LIS can be manufactured larger owing to the pressure-stable 

interface, and hence comparable drag reduction rate is expected.  

One can expect skin friction reduction in both SHS and LIS due to the slip at the 

interface. As previously mentioned, most numerical studies of the SHS imposed shear-

free boundary condition at the air-water interface, but this is exceptional case owing to 

the high viscosity ratio between the water and air, and hence not viable for the case of LIS. 

Recently, however, Jung et al. (2016) simulated the air layer as well as the water flow, 

thus enabling the studies over other lubricants as well. Thus the boundary condition of the 

Jung et al. (2016) is used for the present study.  

The representative supporting structures inside the lubricating layer are ridges and 

posts. For experiments of turbulent flows over SHSs, significant amount of drag 

reductions were reported using longitudinal grooves (Daniello, Waterhouse and 

Rothestein, 2009; Woolford, Prince, Maynes and Webb, 2009). For experiments of LIS, 

Rosenberg, Van Buren, Fu and Smits (2016) and Wexler, Jacobi and Stone (2015) both 

used longitudinally aligned geometries as their supporting structures. With reference to 

the previous cases, the longitudinal grooves were considered as the groove geometry.  

In the present study, ridges aligned longitudinally, with rectangular groove cross-

section, are considered as the SHS and LIS geometry. The air-water (SHS) and liquid-

water flows (LIS) are simulated to study the drag reduction capability of the two surfaces 
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and to study the slip characteristics at the interface in a turbulent channel flow using 

direct numerical simulations.  
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Chapter 2  

Numerical details 

 

2.1. Governing equations 

The governing equations are the incompressible Navier-Stokes equations (2.1), and the 

continuity equation (2.2) in Cartesian coordinate systems.  
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The ui stands for the velocity components u, v, w, and the p stands for the pressure. The 

  and   each denotes the density and the dynamic viscosity of the fluid, and the 

subscript   indicates that different properties are used for different materials. The   

denotes that the mean pressure gradient is imposed in the water flow in order to keep the 

mass flow rate constant. The mean pressure gradient   is zero in the shear-driven 

lubricant layer. Immersed boundary method (IBM) (Kim, Kim and Choi, 2001) is used to 

model the longitudinal grooves. The corresponding momentum forcing terms and the 

mass source term are written with fi and q, respectively.  

In order to solve the governing equations (2.1) and (2.2), semi-implicit fractional-step 

method is used for time integration: 
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where ˆ
iu  are the intermediate velocity components and   is the pseudo-pressure. The 

subscript k (=1,2,3) denotes the sub-step index of a third-order Runge—Kutta method, 

where the coefficients are 
1 4 /15  , 

2 1/15  , 
3 1/ 6  , 

1 8 /15  , 
2 5 /12  , 

3 3 / 4  , 
1 0  , 

2 17 / 60   , and 
3 5 /12   . The   in the linear term  iL u  

is the kinematic viscosity of water or the second fluid (gas or oil). A third-order Runge—

Kutta method is adopted for convection terms and the Crank—Nicolson method is used 

for viscous terms. All spatial derivatives are discretized with the second-order central 

difference scheme with the exception of one-side difference scheme used at the wall and 

at the interface. The Courant—Friedrichs—Lewy (CFL) number varies from 0.7 to 1.4 in 

the present study, depending on the lubricant used. The air-lubricated cases requires 

smaller CFL number due to the large difference in material properties at the interface, 

compared to that of oil-lubricated cases. 

The present numerical simulation is based on a finite-volume method on a staggered 

grid system, hence the velocity components are located at the cell faces, and the pressure 

is located at the cell centre.  

 

2.2. Computational details and boundary conditions 

Figure 2. 1 (a) depicts the computational domain and the coordinate system used in the 

present study. The computational domain size is Lx = 3H, Ly = 2H+D, Lz = 0.84H, of 

which the spanwise domain size is slightly bigger than the minimal channel domain of 

Jimenez and Moin (1991). The number of grid points is 33 (x) × 129+ (y) × 1200 (z), 

 standing for the number of grid points inside the groove in the wall-normal direction. 

  varies from 32 to 64, depending on the geometry size. For the computation of 
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turbulent channel flow, the periodic boundary condition is imposed in the x- and z- 

direction, and no-slip boundary condition is imposed at the wall-normal boundaries. The 

no-slip condition at the longitudinal grooves is implemented with IBM (Kim et al., 2001).  

At the air-water or liquid-water interface, the boundary condition of Jung et al. (2016) 

is used. The interface is assumed to be flat, indicating that the surface tension is infinity. 

This assumption is valid for the present study, as the configuration of the groove 

geometry is micro-size, and the corresponding Weber number is of the order of 10-3 in 

wall units; 3 2We 10 10   w τ wρ u ν

σ
(Seo, García-Mayoral and Mani, 2015), based on 

the frictional velocity and the properties at the interface. The Weber number in wall unit 

is determined with the groove parameters modelled with reference to the experiment of 

Woolford et al. (2009), where the 40 μm  groove width corresponds to the base geometry 

groove width of 0.021H.  

The wall-parallel velocity components and the shear stresses are continuous across the 

interface: 
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 ,     .
   

 
   

w l w l
w l w l

s s s s

u u w u
μ μ μ μ

y y y y
    (2.9) 

 The subscript ‘w’ stands for the working fluid, in this case, water, and ‘l’ stands for 

the lubricant layer. The wall-normal velocity at the interface is zero to satisfyi an 

impermeability condition: 

 0.sv      (2.10) 

 In the staggered grid system, the velocity at the interface is determined using the one-

side difference scheme at the interface: 
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where 
1/ ,    /  R w l R J Jμ μ μ Δy Δy Δy .  
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For the boundary condition of pressure at the interface, the above interfacial values are 

applied to the y-momentum equation of (2.1): 

2 2 2

2 2 2
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v v v v p v v v
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t x y z y x y z

         
                      

     (2.12) 

Since the wall-normal velocity at the interface is zero, the streamwise and the spanwise 

velocity gradients are also zero. Then the (2.12) is reduced to 
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and due to the continuous shear stresses at the interface, the pressure at the interface has 

the boundary condition as follows: 
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The considered Reynolds number in the present study is Re / 4200 w c wρ u H μ , 

where uc is the centreline velocity of the laminar velocity profile. The material properties 

are those of water and H is the channel half height. This corresponds to 

Re / ~180
oτ w τ wρ u H ν , based on the wall-shear velocity /

oτ wu τ ρ , where 
wτ  is 

the wall-shear stress of no-slip channel flow. The mass flow rate is maintained to be 

constant by imposing pressure gradient   in the water flow.   is determined by 

obtaining the mean and fluctuating pseudo-pressure gradients separately at each step (see 

You, Choi and Yoo (2000) for more details). 

 

2.3. Groove parameters 

The upper channel surface is a flat plate, and the micro-grooves are located at the lower 

channel wall. Figure 2. 1 (b) shows the parameters for the groove geometry. The groove 

cross section has a geometry of a rectangle, and maintains the same shape in the 

streamwise direction. No other shapes are considered. The longitudinal groove geometry 

size was modelled with reference to the experiment of Woolford et al. (2009) and 
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Rosenberg et al. (2016), where the pitch length Lp is of the order of one, in wall units. The 

base geometry (the upper left geometry of figure 2. 2) pitch length (Lp
+) is approximately 

3.8 in wall units, based on Re=180, the groove length (Lg
+) is 3, and the gas fraction () 

is fixed to 0.8 for most of the present study. The groove depth (D+) is 3.6. The geometries 

with both pitch length and depth doubled, and quadrupled are considered to investigate 

the geometric effect.  

 

2.4. Air and lubricants 

Air is located inside the micro-grooves for the case of SHSs. In the case of LISs, 

various oils can be utilised, as long as they are immiscible with the working fluid (water), 

and maintain the interface flat. The examples of lubricating materials that can be located 

inside the grooves are tabulated in table 2. 1. FC-70 is the representative oil used in Wong 

et al. (2011) where the SLIPS was first introduced, and FC-3283 and heptane are oils 

used in Rosenberg et al. (2016) where they measured the turbulent drag reduction of 

liquid-impregnated surfaces in Taylor-Couette flow with various materials having 

different viscosity ratio with respect to water. Preliminary numerical simulations were 

conducted with the lubricants of table 2. 1 with the base groove geometry LpD, and the 

corresponding drag reduction rates (DR, the definition given in chapter 3) are shown in 

table 2. 1. The ‘Water’ case is simulated with the same boundary condition as the oil- or 

air- lubricated cases, i.e., the interface between the working fluid is flat, and the lubricant 

and the working fluid cannot mix. Therefore, the lubricating water layer is shear driven, 

whereas the working fluid (water) is pressure driven. ‘Water*’ case, however, is simulated 

like a flow over riblets, and the whole domain is pressure-driven. The height of the water-

filled domain is increased from 2H to (2+0.004) H in order to keep the pressure-driven 

domain constant. The difference in the computational domain is shown in figure 2. 3. The 

two cases with water do not show a significant difference, and the drag reduction 

achieved using the riblet-like case is very small. This is a reasonable result, as we can 

expect hardly any drag reduction using riblet sized in order of one in wall units, as can be 
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deduced from the previous studies (Walsh, 1983; Bechert, Bruse, Hage, Van der Hoeven 

and Hoppe, 1997). The heptane-lubricated case showed high potential for drag reduction, 

comparable to that of SHS. Therefore, in the present study, heptane and air were chosen 

as the lubricating materials. 

 

 

 

 

 Lubricant(l) μl/μw ρl/ρw DR (%) 

 

 FC-70 23 1.94 -0.6 

 FC-3283 1.5 1.83 1.6 

 Water 1 1 1.3 

 Heptane 0.37 0.684 3.7 

 Air (SHS) 0.018 0.0012 4.9 

 Water* 1 1 0.7  
 

TABLE 2. 1. Examples of lubricating materials and their properties normalised 

by those of water. 
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FIGURE 2. 1 Schematic diagram of flow geometry: (a) the turbulent channel flow with 

the microgrooved surface; (b) the configuration of the microgrooves in cross-flow plane. 
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FIGURE 2. 2. Parametric variation of the base geometry LpD; nine geometries altogether. 

Base 

FIGURE 2. 3 Difference in the computational domain for (a) air or oil lubricated cases 

and (b) 'Water*' case of table 2. 1. 

Cross-flow plane 
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Chapter 3 

Numerical Results 

 

3.1. Drag reduction 

The drag reduction rate is obtained comparing the wall-shear rates of the flat surface 

(upper wall) and the grooved surface (lower wall). The plane- and time-averaged wall-

shear rates at both surfaces are defined as 

0 0 0

1 1 1
( , , )

z xT L L

z xw

u u
x z t dxdzdt

y T L L y

 


    ,     (3.1) 

of which the integral of the product of the wall-shear rate and the differential (x,z)-plane 

area indicates the skin-friction drag:  
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u
D dA
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 .      (3.2) 

Figure 3. 1 shows the time history of the plane-averaged wall-shear rates at the upper, 

and the lower surface. The difference between the two averaged values is defined as the 

drag reduction rate as shown in the equation (3.3). This definition relies on the 

observation that the turbulent flow at one side of the channel does not affect the skin 

friction at the other (Choi et al., 1993). The correlation coefficient between the shear 

histories at the two walls of a flat plate channel is shown to be always small, |corr|≤0.15 

(Jimenez and Moin, 1991), indicating that the intermittent behaviour of the wall-shear 

rates are independent of each other.  

, ,

,

(%) 100
w upper w interface

w upper

u y u y
DR

u y

   
 

 
    (3.3) 

The wall-shear rates are averaged for more than 1000 non-dimensional time units 

( /ctu H ), as the small computational box limits the amount of statistical sample. The drag 

reduction rates calculated in such way are shown in table 3. 1. 
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The drag reduction rates for the two lubricants indicating LIS and SHS are shown in 

table 3. 1 (a) and (b), respectively. The drag reduction rates increase as the pitch length of 

the groove increases, but do not change significantly with respect to the groove depth. 

The SHS shows larger amount of drag reduction overall, but LIS shows comparable 

amount of drag reduction for the smallest groove configuration, thus showing a potential 

for drag reduction using LIS. The error bounds for statistical sampling errors for drag 

measurements are 2 %, obtained by comparing the wall-shear rates of the upper and 

lower surface of flat plane channel flow, which should be identical with sufficient time 

averaging (Choi et al., 1993).  

The skin-friction coefficient at the lower grooved surface is investigated further. The 

spanwise variation of the skin-friction coefficient, defined as 2/ ( / 2)f s w bC u   , is 

shown in figure 3. 2 (a) and (b) for all 18 cases; nine different geometries for the two 

lubricating materials. As the viscosity ratio of the water to the air is much larger than that 

of the water to the heptane, the skin friction shows bigger difference with respect to the 

viscosity ratio than the geometry. The skin-friction coefficient on the ridge for LISs is 

higher than that on the flat plate, but it is smaller than that for SHS. The difference due to 

the geometric variation, although not distinctive by large amount, is dominated by the 

changing pitch length. At the interface, the skin-friction coefficient for the lubricated 

cases are lower than that for the flat plate, the water-heptane bigger than the water-air 

interface. For the cases of LIS, it is evident that the shear-free condition is inappropriate 

(a) Heptane: LIS (DR %)  (b)  Air: SHS (DR %) 

 L
p
 2L

p
 4L

p
    L

p
 2L

p
 4L

p
 

D 3.7 7.2 11.9  D 4.9 11.5 19.3 
2D 5.6 6.8 12.6  2D 7 12 23.1 
4D 3.8 8.4 12.7  4D 6.9 10.5 23.1 

 

TABLE 3. 1. Drag reduction rates for (a) heptane (LIS), and (b) air (SHS). The 

pitch length varies in columns, and the depth varies in rows. 
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to be used. At the interface of SHS, although the skin-friction coefficient is almost zero, 

the skin friction near the edges is considerably big, thus questioning the utilisation of the 

shear-free boundary conditions of previous superhydrophobic surface studies. 

In order to figure out how much the skin friction on the groove contributes to the total 

skin friction experienced by the surface, the ratio of the two is obtained, and tabulated in 

table 3. 2. The ratio Cf,g/Cf,tot is relatively constant for each case, irrespective of the 

geometry. The cases show results of approximately 41% and 5.5%, for heptane (LIS) and 

air (SHS), respectively. This ratio may seem small for air, but it can result in incorrect 

predictions of drag reduction when shear-free boundary condition is utilised instead. 

Figure 3. 2 (c) show linearly decreasing relationship between the skin-friction coefficient 

of the lower-grooved surface and the slip velocity averaged over the groove, irrespective 

of the lubricant used.  

The root-mean-squared (r.m.s.) velocity fluctuations and the Reynolds shear stresses 

are shown in figure 3. 3. The wall-normal variation of statistics corresponding to the 

groove centre are plotted, normalised by
ou

which is the wall-shear velocity 

corresponding to the flat-plate channel flow of Re 180
o
 . The r.m.s. velocity 

fluctuations do not show a large decrease, but the peaks are lower than the results for the 

flat-plate channel flow. The interfacial values are not zero for the r.m.s. streamwise and 

spanwise velocity fluctuations due to the slip. The decrease for r.m.s. wall-normal and 

spanwise velocity fluctuations are more clear than the r.m.s. streamwise velocity 

(a)Heptane: LIS (Cf,g/Cf,tot %)  (b) Air: SHS (Cf,g/Cf,tot %) 

 L
p
 2L

p
 4L

p
   L

p
 2L

p
 4L

p
 

D 40.6 41.0 44.3  D 5.3 5.9 5.8 
2D 41.3 40.4 40.7  2D 4.5 5.5 4.0 
4D 40.7 40.4 40.1  4D 6.2 5.4 4.8 

 

TABLE 3. 2. Ratio of skin friction above the groove (interface) to the total skin 

friction experienced by the surface (Cf,g/Cf,tot(%)) for (a) heptane, and for (b) air. 
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fluctuations. The Reynolds shear stresses are shown in figure 3. 3 (c) and (d). Both LIS 

and SHS show decrease compared to the flat-plate channel results. The SHSs show bigger 

decrease than LISs for the same geometry. The Reynolds shear stresses reduce more with 

increasing pitch length, which corresponds well with the drag reduction rates. 

 

3.2. Slip characteristics 

3.2.1 Mean slip characteristics 

Slip effect is looked into detail for investigation of interfacial physics. Slip effect can 

be characterised by the slip velocity, velocity gradient at the interface, and the slip length. 

Generally, the magnitude of slip is characterised by the Navier slip length, defined as slip 

velocity over the velocity gradient. 

In section 3.2.1, mean slip lengths are mainly discussed. Effective slip length is slip 

length averaged over the entire textured surface, defined as equation (3.4). For the past 

numerical studies of turbulent flows over SHSs, effective slip length was dominantly 

investigated, because one cannot obtain the slip length at the groove region imposing the 

shear-free boundary condition at the interface ( / 0  u y ; the slip length is infinity by 

definition). 

 
   s 1

, 
/

   
  eff

x zs

u
b dxdz

u y L L
       (3.4) 

In the present study, as the slip velocity and the velocity gradient can be obtained 

directly from the computation, mean slip length variation over the groove can be defined 

separately. The definition is written in equation (3.2.2). 

 
   s ( ) 1 1

( ) ,   
( ) /

   
 

x
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u z
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u z y N L
       (3.5) 

:  number of grooves in spanwise directionN  

Investigating the different geometries and lubricants, we came to the question of what 

parameters can express the slip in the turbulent channel flow most effectively. In order to 

figure out the slip characteristics at the interface, mean slip velocity was examined first. 
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Figure 3. 4 shows the mean slip velocities. One can clearly see that the slip velocity is a 

function of the viscosity ratio, and the pitch length (Lp), ~ ( , )s R pu f μ L , and not the 

groove depth.  

For an idealised SHS of Jung et al. (2016), where there is no supporting structure in the 

air layer, the mean slip length and the air layer thickness (D) show a linear relationship, 

thus normalised by the depth and the viscosity ratio, the mean slip length has the value of 

one:  

* 1x
x

R

b
b

D
 


 (for idealised SHSs of Jung et al. (2016)).  (3.6) 

This is the maximum available slip length for a shear-driven lubricated flow, as the 

velocity profile is linear inside the lubricant layer. This indicates that the slip length 

normalised with the viscosity ratio equals the air-layer depth (D). For flows over grooved 

surface, however, the slip velocity is limited by the spanwise groove size. As the groove 

size becomes smaller, the slip length cannot reach its maximum available value 

corresponding to the groove depth, as the velocity profile is no longer linear. Figure 3. 5 

compares the different velocity profiles in (a) the idealised SHS case, and (b) the micro-

grooved case. Figure 3.5 (b) is flow over air-lubricated micro-grooves, with the groove 

geometry of LpD. The velocity profiles for all the other cases are depicted in figure 3. 6. 

As seen in the previous slip velocity graphs in figure 3. 4, figure 3. 6 also shows that a 

large slip is achieved with a large groove width, and high viscosity ratio. The same trend 

can be seen in the lubricant layer velocity profile in figure 3. 6. For grooves with small 

aspect ratio (AR=Lg/D), due to the effect of the walls, the mean streamwise velocity 

profile is not linear, and thus the maximum possible slip length cannot be obtained. This 

is in good accordance with the results of Schönecker, Baier and Hardt (2014) where they 

reported from their analytical approach that the maximum possible slip length reaches a 

plateau for grooves that are deeper than are wide. 

The mean slip length variation at the interface was investigated further, and the results 

for all 18 cases are depicted in the figure 3. 7. Normalised with the groove depth and the 

viscosity ratio, the mean slip length graphs collapse on each other for the same aspect 
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ratio of the groove cross-section. Therefore, we can assume that the slip length 

normalised in such way is a function of the aspect ratio, 
* ~ (AR)x x Rb b μ D f . 

In order to include the aspect ratio in the normalisation process, we examined the 

analytical solution of laminar flow inside the groove, using Fourier series. Inside the 

shear-driven lubricant layer of SHS with longitudinal grooves, the x-momentum equation 

is Laplace equation: 

 

2 2

2 2

( , ) ( , )
0,

  
      

g g

l

u y z u y z

y z
    (3.7) 

and the corresponding geometry is shown in the figure 3. 8. The subscripts ‘g’ stands for 

groove and ‘l’ for lubricant.   

Following the procedure of Maynes et al. (2007, 2009), and taking the first term of the 

Fourier series (n=1) to scale, one can straightforwardly achieve the aspect ratio term 

inside a hyperbolic tangent form for the velocity gradient. This is shown in (3.8) below. 
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As the slip velocity us(z) scales well with the groove width (we can say the groove 

width, instead of the pitch length because the gas/lubricant fraction  is fixed to 0.8 in 

the whole study), combining the hyperbolic tangent form of velocity gradient with the 

slip velocity, a simple scaling factor could be achieved: 
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1
~ tanh( / )




 

x s
g g

R R g y D

b u
L πD L

μ μ u y
      (3.9) 

This scaling length is in great accordance with the averaged slip length over the gas 

area of Ybert, Barentin, Cottin-Bizonne, Joseph and Bocquet (2007), as both results are 

based on the analytical approach of the Laplace equation. Figure 3. 9 (a) depicts the 

assembled results of the present study. Averaged over the groove region, the averaged slip 

length over the groove (
g

b ) showed a linear correlation with this characteristic length as 

shown in figure 3. 9 (b).  

The turbulent drag reduction rate (DR) can be scaled with the effective slip length in 

wall units (Park et al., 2013), and the present DR correlates well with the effective slip 

length in the individual wall units, irrespective of the groove size and the lubricants used. 

This can be seen in the figure 3. 10, and the results of the present study show good 

accordance with the previous studies of Park et al. (2013) and Jung (2016).  

 As effective slip length correlates well with the drag reduction, we can estimate drag 

reduction from the geometry if a relationship between the effective slip and groove 

averaged slip length is found. We put K as the ratio of effective slip length to the groove 

mean slip length, and with some minor deviations, this K is constant for a specific 

material, regardless of the groove size difference. Since the study was conducted with 

constant =0.8 throughout, if we put  as an independent variable we can assume that K 

is a function of  and the viscosity ratio. For =0.8, and Re~180, the ratio is 0.034 for 

air, and 0.37 for heptane, as shown in the figure 3.11.  

 In order to figure out the effect of the viscosity ratio and the  in determining the ratio K, 

further numerical simulations were conducted. As the ratio K showed relatively constant 

value irrespective of the geometry, the groove geometry was fixed to 2Lp2D, and different 

lubricants were used. Additional computations with =0.5 were also conducted with a 

fixed geometry of 2Lp2D and different lubricants. The lubricant properties are tabulated in 

table 3. 3. The materials were chosen with regard to only the viscosity ratio, and the 

actual effectiveness of the lubricant as LIS or SHS is not considered. Figure 3. 12 depicts 
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the ratio K’, which is K divided by the gas/lubricant fraction . K’ shows a logarithmic 

decrease with increasing viscosity ratio. Using least-square method, the trend line is a 

logarithmic function and the relationship between the effective and the groove mean slip 

length for the present results for Re~180 is as follows: 

(0.63 0.14ln( )) g

eff R xb b       (3.10) 

For laminar flow, Lauga and Stone (2003) and Belyaev and Vinogradova (2010) 

proposed theoretical relationships for effective slip length: 

ln sec
2

p

eff

L
b

 
    

 (Lauga & Stone, 2003),     (3.11) 

ln sec
2

1 ln sec tan
2 2

p
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p

L

b
L

b

  
     

     
     
     

 (Belyaev & Vinogradova, 2010),   (3.12) 

where b in equation (3.12) is the slip length at the slipping area, considered 

as ( 1)R D  in the literature. The present results of effective slip lengths show little error 

with the results obtained from Belyaev and Vinogradova (2010) in case of air-lubricated 

cases with error within 15%. For the heptane-lubricated LIS, equation (3.12) results using 

 Lubricant (l) ( / )
R w l

      

 FC-70 0.043  

 FC-3283 0.0667  

 Water 1  

 Heptane 2.7  

 Gasoline 3.448  

 Neon (gas) 34.483  

 Air (SHS) 55.56  
   

TABLE 3. 3. Different materials used as the lubricant to investigate the effect of 

the viscosity ratio. 
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( 1)Rb D   show big errors compared with the DNS results. The error reduces using 

/gb b   obtained from computation or from equation (3.10). The high viscosity ratio 

of air ( 55.56R  ) is highly responsible for the difference, as the large number 

dominates the effect of the groove-mean slip length on the effective slip length, whereas 

the geometrical factors matter for the heptane case.  

 

3.2.2. Slip characteristics for fluctuating quantities 

In section 3.2.1, the slip characteristics for mean quantities were investigated. As the 

present study was conducted with turbulent flows, studies of the slip characteristics for 

fluctuating quantities were also conducted. First, the root-mean-squared (r.m.s.) values of 

fluctuating streamwise and spanwise velocities at the interface are shown in figure 3. 13. 

The r.m.s velocity fluctuations show a similar trend as the mean slip velocities, as the 

graphs cluster for the same pitch length. The spanwise velocity fluctuations also show a 

similar trend as the streamwise velocity fluctuations.  

The slip lengths for fluctuating quantities are sought with scatter plots obtained with 

instantaneous fields, as shown in figure 3. 14. At each grid point of the interface, the slip 

velocity and the velocity gradient are plotted as a dot on one graph, the slip velocity on 

the y-axis, and the velocity gradient on the x-axis. For each place at the interface, the 

points of all the instantaneous fields show a constant trend line, of which the tangent can 

be defined as the slip length for the fluctuating quantities (Jung, 2016; Seo and Mani, 

2016). The spanwise variation of slip lengths for the fluctuating quantities are shown in 

figure 3. 15. The slip length in each direction is normalised with the previously 

determined characteristic length, and the ratio between the two slip lengths are shown in 

figure 3. 16. As previous studies mentioned (Jung et al., 2016; Schönecker et al., 2014), 

an anisotropic slip is evident.  
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3.3. Effect of the domain size. 

As previously mentioned, the computational domain is similar to the minimal channel 

domain of Jimenez and Moin (1991), slightly bigger in the spanwise direction (Lx = 3H, 

Ly = 2H+D, Lz = 0.84H). In order to confirm that the parametric studies carried out in the 

minimal channel domain are reliable, we conducted numerical simulations with the 

groove geometry of 4Lp4D, for both air (SHS) and heptane (LIS) in a larger channel 

domain  

 (Medium (Lozano-Durán and Jimenez, 2014): Lx = 6H, Ly = 2H+D, Lz ~ 3H). The 

statistics and the drag reduction rate were compared with the results obtained with 

minimal channel domain. The number of grid points used in the heptane (LIS) 

computation is 128 (x) × 193 (y) × 1080 (z), and in the air (SHS) computation is 128 (x) × 

193 (y) × 2160 (z). First, the drag reduction, the skin friction coefficient averaged over the 

groove, and ridge, are compared, and the results are tabulated in table 3. 4. The 

turbulence statistics for the heptane-infused cases are compared in figure 3. 17. The 

absolute values of the results differ, but the trend and the peak positions of the statistics 

are in good accordance, hence ensuring the results from the minimal channel domain. 

 

 

Lubricant Domain Groove mean Cf Ridge mean Cf DR % 

Heptane 
Minimal 0.0028 0.0042 12.7 

Medium 0.0028 0.0041 14.8 

Air 
Minimal 0.00029 0.0058 23.1 

Medium 0.00025 0.0058 22.4 

TABLE 3. 4. Comparison between the computation results of medium channel 

domain and the minimal channel domain. 
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FIGURE 3. 1. Time history of plane-averaged wall-shear rates for heptane (LIS) - and air 

(SHS)-lubricated cases (2Lp2D). The thin lines are instantaneous fluctuations and the 

thick lines are time- and plane- averaged values. The averaged wall shear rates: 

, upper flat surface of the SHS; , lower-grooved surface of the SHS; 

▪▪▪▪▪▪▪▪, upper flat surface of the LIS; , lower flat surface of LIS. 

( / ) / 2cw
u y H u   corresponds to fully-developed laminar plane channel flow. 
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FIGURE 3. 2. Spanwise variation of the skin-friction coefficient for (a) heptane (LIS), 

and (b) air (SHS).  The symbols are as denoted on the lower right-hand side. The x-axis 

of the graph is z/Lg, where Lg is the groove length. The Cf~0.008 line denote the flat plate 

channel flow skin-friction coefficient for Re ~180 . (c) Skin-friction coefficient 

decrease with the groove-averaged velocity, irrespective of the lubricant.  
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FIGURE 3. 3. Reynolds normal stresses for (a) LIS and (b) SHS, and Reynolds shear 

stresses for (c) LIS and (d) SHS. The lines with different symbols indicated different 

cases as denoted in the figure 3. 2. The thick line without symbols is the result of flat 

plate channel flow of Re~180. 
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FIGURE 3. 4. Mean slip velocity of (a) heptane (LIS) and (b) air (SHS), normalised by 

the frictional velocity of Re=180. Lines symbols follow the same legend as in figure 3. 2. 
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FIGURE 3. 5. Velocity profiles inside the lubricant layer for (a) the idealised SHSs of 

Jung et al. (2016), and (b) micro-grooved SHS with the groove geometry of LpD. 

Jung et al. (2016) 
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FIGURE 3. 6. Mean velocity profiles inside the lubricant layer for (a), (c) heptane (LIS) 

and (b), (d) air (SHS) lubricated cases. Averaged in time, and by pattern, the variation in 

(a), (b) spanwise direction and in (c), (d) wall-normal direction are shown. The colours 

are as denoted in figure 3. 7 and the graphs shown are skipped by a factor of 4 grid points 

in the wall-normal direction for clearer picture. 



 

２８ 

 

 

FIGURE 3. 7. Mean slip length normalised with the groove depth and the viscosity ratio 

(w/l). The graphs collapse for the same aspect ratio (AR=Lg/D) of the groove cross-

section. Lines with and without symbols denote LIS and SHS, respectively. Colours and 

symbols denote different geometries, as denoted above. 

FIGURE 3. 8. Laplace equation for the Stokes flow inside the groove, with the groove 

configuration. ug is the velocity inside the groove, us is slip velocity. 
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FIGURE 3. 9. (a) Slip length normalised with the newly determined characteristic 

length tanh( / )R g gL D L  . Lines with and without symbols denote LIS and SHS, 

respectively. The colours and the symbols denote the same as figure 3. 7. Averaged over 

the groove, (b) a linear relationship is evident. 
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FIGURE 3. 10. DR and beff
+ correlation for the (a) present study, and (b) together with 

past studies. The colours denote different geometries, as coded in figure 3. 7. 
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FIGURE 3. 12. Ratio of the effective slip length to the mean slip length over the groove. 

FIGURE 3. 11. Ratio of the effective slip length to the mean slip length, divided by the 

gas/lubricant fraction. The x-axis shows variation of the viscosity ratio. 
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FIGURE 3. 13. Root-mean-square values of streamwise, and spanwise velocity 

fluctuations. The graphs are streamwise velocity fluctuations of (a) LIS cases, (b) SHS 

cases, and spanwise velocity fluctuations of (c) LIS cases, (d) SHS cases. 
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FIGURE 3. 14. Spanwise variation of the slip characteristics is shown in three different 

places (i), (ii), and (iii) in the groove. The schematic diagram in (a) shows the three 

places, and (b) depicts the spanwise variation of slip lengths: mean *( )xb , streamwise 

fluctuating (bx
*), and spanwise fluctuating quantities (bz

*). The scatter plots for (c) 

streamwise fluctuating, and (d) spanwise fluctuating quantities are shown for three points 

(i), (ii), and (iii).  
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FIGURE 3. 16. Instantaneous slip length variation at the interface for (a) streamwise, and 

(b) spanwise directions. The colours are tabled in figure 3. 2. Lines with and without 

symbols denote LIS and SHS, respectively. 

FIGURE 3. 15. Ratio of the fluctuating spanwise slip length to the streamwise slip length 

for (a) heptane and (b) for air. The symbols and lines follow the same legend in figure 3. 

2. The dotted line at 0.25 is for the idealised SHS of Jung et al. (2016). 
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FIGURE 3. 17. (a) Reynolds normal stresses and (b) Reynolds shear stress of heptane 

(LIS) 4Lp4D case.  
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Conclusion 

 

In the present study, the drag reduction capability and the slip characteristics of SHSs 

and LISs were investigated. The drag reduction rate increased with increasing pitch 

length, but was not affected by the groove depth. With micro-groove configurations, the 

amount of drag reduction by heptane was comparable to that of air, thus showing a 

potential for drag reduction using LIS. Nevertheless, the micro-groove configuration 

limited the growth of the slip velocity and the heptane-water interface was hardly shear-

free. The shear stress at the water-air interface was much smaller than that of the flat plate 

or the water-heptane interface, but showed considerable value near the edges of the 

grooves. Also, the shear stress on the ridge was much higher than that of the flat plate.  

The slip velocity was scaled with the pitch length (not with the groove depth), whereas 

the slip length depended on the ratio of the pitch length to the groove depth. The mean 

slip length over the groove scaled well with the characteristic length tanh( / )R g gL D L  , 

determined only by the geometric parameters, showing good accordance with previous 

analytical studies. The ratio (K) of the effective slip length to the groove-mean slip length 

shows fairly constant value irrespective of the geometry, for the present study. This ratio 

shows a logarithmic decrease with increasing viscosity ratio ( /w l  ), and is proportional 

to the gas/lubricant fraction  for the longitudinal groove configurations. Through the 

parametric and the scaling investigations done in the present study, the effective slip 

length, and correspondingly the drag reduction, can be estimated from the geometric 

factors and the material properties. 
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액체 함침 마이크로 요철구조가 있는  

표면을 가진 난류채널유동의 직접수치해석 
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요약 

 난류 경계층 유동 내에서 항력을 줄이는 것은 항시 중요하게 여겨져 왔고 

최근에 초소수성 표면이 이를 위한 효과적인 방법으로 이목을 집중시켰다. 

초소수성 표면은 이상적인 조건에서는 높은 항력감소율을 보이지만 실제 

유동조건에서 물과 공기의 경계 면을 안정적으로 유지시키는데 어려움이 있다. 

새롭게 개발된 미끄러운 액체 함침 다공성 표면 (Slippery liquid-infused 

porous surface: SLIPS) 혹은 액체 함침 표면 (liquid-impregnated surface: 

LIS)은 작동유체가 경계 면에서 미끄러지고, 윤활 층에는 침입하지 못한다는 

점에서 항력 감소에의 큰 가능성을 가진다. 본 연구에서는 액체 함침 

표면구조가 있는 난류채널유동의 직접수치해석을 통해 경계 면에서 일어나는 

슬립(slip)과 항력감소를 살펴본다. 작동유체인 물의 유량은 Reτ∼180 에 
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해당하는 완전히 발달된 채널 유동이 되도록 유지되고, 윤활 층은 물에 의한 

전단력으로 움직인다. 윤활 층은 경계 면이 평평하다는 가정(무한한 표면장력) 

하에 작동유체의 해석과 함께 수치해석을 수행한다. 윤활물질이 함침되어 있는 

고체 판은 유동방향과 평행한 종 방향 요철구조로 되어 있으며 가상 경계 

방법을 이용하여 모사한다. 직접수치해석 결과 액체 함침 표면구조로 인한 

항력감소는 윤활 물질의 점성과 그루브의 형상 및 크기에 크게 영향을 받는다.  

 

주요어: 난류유동, 마찰저항, 초소수성 표면, 액체 함침 표면 

 

학번: 2015-20706 
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