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Abstract: The turbulent boundary layer (TBL) over the hull surface of a water vehicle significantly
elevates the drag force on the water vehicle. In this regard, effectively controlling the TBL can lead
to a drag reduction (DR) effect and therefore improve the energy efficiency of water transportation.
Many DR methods have demonstrated promising DR effects but face challenges in implementation
at the scale of engineering application. In this regard, the recently developed dynamic free-slip
surface method can resolve some of the critical challenges. It employs an array of freely oscillating
air–water interfaces to manipulate the TBL and can achieve a substantial DR effect under certain
control conditions. However, the optimal setting of the control parameters that would maximize the
DR effect remains unclear. To answer these questions, this study systematically investigates the effects
of multiple control parameters for the first time, including the geometric size and curvature of the
interface, the frequency of active oscillation, and the Reynolds number of TBL. Digital Particle Image
Velocimetry was used to non-invasively measure the velocity and vorticity field of the TBL, and the
Charted Clauser method was used to calculate the DR effect. The presented results suggest that the
oscillating free-slip interfaces reduce the flow velocity near the wall boundary and lift the transverse
vorticity (and the viscous shear stress) away from the wall. In addition, the shape factor of the TBL
is elevated by the oscillating interfaces and slowly relaxes back in the downstream regions, which
implies a partial relaminarization process induced in the TBL. Up to 36% DR effect was achieved
within the current scope range of the control parameters. All of the results consistently suggest
that a large DR effect is achieved when the free-slip interfaces oscillate with large Weber numbers.
These discoveries shed light on the underlying DR mechanism and provide guidance for the future
development of an effective drag control technique based on the dynamic free-slip surface method.

Keywords: turbulent boundary layer control; drag reduction; multi-phase flow

1. Introduction

The turbulent boundary layer (TBL) is a fundamental flow phenomenon that widely
exists in many engineering applications, such as over the surface of commercial airplanes
or ocean liners that are cruising in air and water. Turbulent flows significantly elevate the
drag force exerted on the aerial and water vehicles, which is responsible for 50–80% of
the total power consumption of transportation systems [1,2]. Because of the tremendous
benefits of energy savings and environmental protection, the development of systems and
devices that can achieve the drag reduction (DR) effect has been a long-time pursuit of
engineers and scientists. Over the past several decades, many promising DR methods have
been developed. These methods are generally categorized as active or passive, depending
on whether energy input is required.

A promising active method is the elastic agent injection method, which involves
injecting elastic additives such as long-chained polymer molecules [3] or air bubbles [4]
into the TBLs. This method relies on the elastic agents dynamically interacting with
the TBL and therefore modifying the distribution of shear stresses within the TBL. It is
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known that the DR effect is affected by the concentration and the compliance of the elastic
agents [5]. The DR effect is large when the injected air bubbles are large and deformable
within the turbulent flow [6]. Under optimal conditions, a DR effect of up to 80% has been
achieved [4,7]. Although the elastic agent injection method can achieve large DR effect,
its actual energy saving effect is compromised by its high power consumption during the
injection process. In addition, concerns about the injected polymers potentially causing
environmental pollution overweight the DR potential.

A promising passive DR method employs specially designed textured surfaces, such
as a super-hydrophobic surface or a liquid-infused surface, to passively maintain a layer of
low-viscosity fluid (i.e., air or oil) over the wall boundary; this is often referred to as the slip-
flow induction method [8–11]. Unlike a flat solid wall surface that has a “no-slip” boundary
condition, the low-viscosity fluids allow “slip-flows” at the fluid–fluid or air–fluid interface;
this offsets the shear stress near the wall boundary and therefore reduces the friction drag.
The slip-flow induction method can achieve a DR effect of 10–75% without any power
input [9,12,13]. However, it is challenging to sustain the low-viscosity fluid layer in the
highly unsteady turbulent flows. Even if the fluid layer is not depleted off the textured
surfaces in the turbulent flows, it can still disappear through the slow diffusion process over
the extended usage time [13,14]. If the low-viscosity fluid layer is lost and replenishment is
not possible, the exposed textured surface will act similarly to a rough surface, which will
increase rather than reduce drag [15]. Therefore, the sustainability issue must be addressed
before the passive slip-flow induction method can be successfully employed.

Recently, a new DR method named the dynamic free-slip surface method was de-
veloped [16], and it can resolve the critical constraints of the active elastic agent injection
method and the passive slip-flow induction method. The dynamic free-slip surface method
employs an array of freely oscillating air–water interfaces that are attached to the wall
boundary to manipulate the TBL. The creation of the wall-attached, freely oscillating
air–water interface is schematically shown in Figure 1a. First, a square-shaped surface
cavity at the millimeter scale is created as an air pocket; the inner surface of the cavity is
coated with a super-hydrophobic material, whereas the flat outer surface is coated with
a super-hydrophilic material. This design ensures that when the surface is immersed in
water, an air–water interface forms over the surface cavity, with its contact line pinned at
the cavity edge. The oscillation of the interface is actuated by a dynamic pressure source
(e.g., a speaker) located within a sealed air chamber. This design allows for the control of
the dynamic oscillation as well as the static configuration of the interface. The curvature
of the interface can be maintained either flush to the flat wall surface or bulging out of
the air pockets into the TBL; this can be achieved by adjusting the static pressure inside
the air chamber. In addition to the active oscillation, the interface also oscillates passively
due to its interaction with the TBL. The dynamic free-slip surface method has several
merits. First, its power input is low—at the level of overcoming the surface tension effect of
the millimeter-sized air–water interface. Second, quick air replenishment can be realized
through the air-chamber design in the case of air loss for any number of reasons. Third, it
can be easily scaled up to cover a large surface area due to its simple design. More details
of the dynamic free-slip surface can be found in [17].

Wang and Gharib [16] investigated the effect of a 3 by 12 array of 8 mm square-
shaped interfaces (on the x-z plane) on a fully developed TBL. The interfaces were actively
oscillated at 50 Hz, and the TBL Reynolds number Reθ was 1200 (Reθ = U∞θ

ν , where U∞
is the free stream velocity, θ is the momentum thickness, and ν is the kinetic viscosity).
As demonstrated by Wang and Gharib [16], the oscillating interfaces lifted the transverse
vorticity away from the wall boundary, which took a long downstream distance to relax
back to the wall. The DR effect in the perturbed TBL varied spatially. First, in regions away
from the oscillating interfaces, the DR effect only existed in the downstream regions but
not in the upstream regions. Up to 45% DR effect was detected in the downstream region,
which slowly faded away further in the downstream regions. The decaying process of the
DR effect matched well with the relaxation process of the lifted transverse vorticity. Second,
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in the region of oscillating interfaces, the DR effect was very strong such that the drag
force was completely reversed, thus becoming a propulsion force, as shown by a control
volume analysis of the streamwise momentum in the TBL. As such, an overall DR effect
was created by the dynamic free-slip surface method.

Bottom view

x

y

(b)(a)

Figure 1. (a) Schematic drawing of a single, dynamic free-slip surface. (b) Two air-pocket arrays that
consist of 4 mm and 8 mm squares separated by 1 mm and 2 mm gaps. The two arrays support free-
slip surfaces that have the same surface area and the same free-slip surface ratio (64%). (c) Schematic
drawing of the experimental setup. A smooth-wall flat plate is used to generate the TBLs. The air-
pocket array is flush-mounted onto the flat plate. The green dashed lines in panel (c) mark the
location of the experimental measurements.

Although the dynamic free-slip surface method can achieve the DR effect under certain
control conditions, its DR mechanism remains unclear. In addition, as to what the optimal
setting is for the control parameters to maximize the DR effect remains to be uncovered.
To answer these questions, the current study systematically investigates the effects of a
series of control parameters for the first time, including the geometric size and the curvature
of the interface, the frequency of active oscillation, and the Reynolds number of the TBL.
These fundamental understandings are of critical value for the future development of an
effective DR technique. The rest of this paper will be organized as follows. Section 2 gives
the details of the experiments. Section 3 presents and analyzes the measurement results
under different control conditions. Section 4 discusses the potential improvements on the
dynamic free-slip surface method, and Section 5 presents the conclusion.

2. Experimental Setup

The experiments were conducted in the free-surface water channel at the California
Institute of Technology. The TBL was developed over a 2 m long, 0.5 m wide flat plate with
a smooth surface (shown in Figure 1c). The flat plate was submerged 0.1 m beneath the free
surface and was 0.3 m away from the bottom surface. A flap was attached to the trailing
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edge of the flat plate, with its angle carefully adjusted to eliminate the pressure gradient
within the TBL. The acceleration factor K = ∂U∞

∂x
ν

U2
∞

, as an indicator of the magnitude of the

pressure gradient, had a value of 1.0× 10−7. As pointed out by Degraaff and Eaton [18],
TBLs with such a small K have a zero-pressure gradient. The interface array was located at
0.7 m downstream from the leading edge of the flat plate. The air-pocket array was replaced
by a smooth flat surface in order to recover the canonical flat plate TBL, which was used
as the baseline reference case. The Reynolds number of the TBL Reθ was set at 1200 and
1800, which ensured fully developed TBLs [17]. The profiles of the baseline TBLs, such as
free stream velocity (U∞), boundary layer thickness (δ), fiction velocity (uτ0), and Reynolds
number (Reθ), are given in Table 1. For the purpose of convenience, the two TBLs will be
referred to as TBL1 and TBL2 in the rest of this paper.

Table 1. The TBL profiles.

TBL U∞ (m/s) δ (m) uτ0 (m/s) Reθ

TBL1 0.40 23 0.018 1200
TBL2 0.59 26 0.025 1800

The effect of the oscillating interface on the TBL can be quantified by the non-dimensional
Weber number We, which depicts the relative significance of the inertia force versus the

surface tension effect. The expression of the Weber number is We =
ρU2

0 l
γ , where ρ is the

density of water, l is the characteristic length, U0 is the characteristic velocity, and γ is the
surface tension effect. Many factors affect the value of We. For example, We is large when
the interfaces have a large geometric size and a bulged-out configuration; this is because the
surface tension effect is weaker, whereas the inertia force of the TBL is stronger. In addition,
the presence of active oscillation enhances the effective size of the interface and therefore
increases We.

In the current literature, the side length (w) of the square surface air pockets was
4 mm and 8 mm, with a spacing gap of 1 mm and 2 mm, respectively (shown in Figure 1b).
As such, the two interface designs had the same free-slip surface area and the same free-
slip surface ratio (64% of the total surface area). The static curvature of the interface was
set to be either flat or bulging out of the surface air pockets. The bulged-out interfaces
had the same static shape, e.g., the ratio of interface height over the side length h/w was
kept a constant 0.16. The active oscillation was only applied to the bulged-out interfaces.
The frequency of the oscillation was 20 Hz, which was close to the intrinsic frequency of
the two TBLs ( f = U∞/δ). As such, the TBLs were expected to be responsive to the active
oscillation. The modulation power of the active oscillation was adjusted based on Reθ .
The modulation power for interfaces in TBL1 was kept the same as that in [16] (0.013 W),
whereas the modulation power for interfaces in TBL2 was four times higher (0.052 W).
The details of the test cases are summarized in Table 2, where the status of the interface is
denoted as passive flat, passive bulged-out, and active bulged-out; the modulation power
setting is denoted as low and high. The Weber number We is also calculated, with the
characteristic length l selected to be the effective size of the interface l = 3√w2h, and the
characteristic velocity selected to be the baseline frictional velocity uτ0. As schematically
shown in Figure 2, the oscillating interfaces were set to face downward so that the upward
buoyancy force would stabilize them. In all cases, the interfaces stably attached to the wall
surface, and no disintegration of interface was observed.

The velocity and vorticity fields of the TBL in the streamwise and wall-normal plane
(x-y plane) were quantitatively mapped using the non-invasive Digital Particle Image
Velocimetry (DPIV). The measurement plane was along the central axis of the interface
array, as marked by the green dashed line in Figure 1c. The TBL was seeded with neutrally
buoyant particles with a 13 µm diameter (Potters Industries LLC). A continuous green laser
(Coherent, V6 model) was used to provide the illumination, and a high-speed camera (IDT,
Y7 model) was used to record 20,000 images at a frame rate of 1000 frames per second. The
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cross-correlation was carried out using a commercial DPIV software (PIVview, PIVTECH
GmbH). The DPIV measurements were conducted at different streamwise locations in both
the upstream and downstream regions of the interface array (marked as L1–L5 in Figure 2).
The spatial evolution of the perturbed TBL can thus be analyzed.

Table 2. The control condition and profile of the dynamic free-slip surface.

Case Interface Status w
(mm)

h
(mm)

huτ0
ν

Modulation
Power (W) Reθ We( ρu2

τ0l
γ )

1 Passive flat 8 0.7 12 0 1200 5.2
2 Passive bulged-out 8 1.4 26 0 1200 7.3
3 Active bulged-out 8 2.5 40 Low 1200 9.8
4 Passive flat 4 0.6 18 0 1800 7.4
5 Passive bulged-out 4 0.9 22 0 1800 9.0
6 Active bulged-out 4 1.8 48 High 1800 12.8
7 Passive flat 8 1.2 28 0 1800 14.8
8 Passive bulged-out 8 2.6 65 0 1800 21.7
9 Active bulged-out 8 3.2 79 High 1800 24.1

2

L1

2

TBL 

L2 L3 L5

Dynamic free-slip surface array

g

L4

x

y

Figure 2. Experimental measurement locations (marked as L1–L5) in both the upstream and down-
stream regions of the interface array. The spacing distance was in the unit of the boundary layer
thickness (δ) of the baseline TBL.

The shear stress on the wall boundary was estimated using the Charted Clauser
method [19], which calculates the frictional velocity uτ based on the logarithmic layer of
the time-averaged velocity profile U. The wall shear stress τ can be further calculated
based on the expression τ = ρu2

τ . The DR effect can be calculated using the expression in
Equation (1), where uτ0 is the baseline frictional velocity.

DR =
u2

τ0 − u2
τ

u2
τ0

× 100% (1)

The Charted Clauser method is valid as long as a logarithmic layer exists in the U
profile, even in some non-canonical cases. For example, in a relaxing TBL downstream
of the flow separation, the Charted Clauser method gave good estimations within an
acceptable error range [20]. Wang and Gharib [16] found that in regions very close to the
oscillating interfaces, the logarithmic layer could be destroyed and therefore the Charted
Clauser method might fail. As such, in the current study, the Charted Clauser method was
only applied to regions that were sufficiently far away from the oscillating interfaces (both
upstream and downstream) in order to calculate the DR effect there.

3. Results

The results are grouped and presented in two sections based on the tested Reθ .
Section 3.1 presents the results of the 8 mm interface in TBL1, whereas Section 3.2 presents
the results of the 4 mm and 8 mm interfaces in TBL2. In both sections, the streamwise
velocity, transverse vorticity, the DR effect, and the integral parameters of TBL at different
streamwise locations are presented. The effect of the individual control parameters is
demonstrated by a cross-comparison of the presented results.
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3.1. TBL1—8 mm Interface
3.1.1. TBL Profiles

The effect of the oscillating free-slip interfaces on the TBL can be qualitatively depicted
by a snapshot of the flow pathlines near a passive bulged-out interface (case 2 in Table 2),
as shown in Figure 3a. The flow pathlines are the trajectories of particles within the period
of 0.01 s. The particles in the neighboring region of the oscillating interfaces exhibit strong
wall-normal motions. Such motions do not exist in canonical TBLs, where the particles
travel parallel to the wall boundary. Figure 3a demonstrates that the effect of the oscillating
interfaces extends beyond what the interfaces can reach, thus penetrating much deeper
into the TBL. The detailed dynamic interaction process between the oscillating interface
and the TBL is shown in SI—Video S1.

(a)

10-2 10
-1

10
0

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.1
(b) (c)

10
2

10
3

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

30

Baseline TBL

Passive flat interface

Passive bulged-out interface

Active bulged-out interface

Degraaff & Eaton (2000)

Figure 3. (a) Flow pathlines near an 8 mm passively oscillating bulged-out interface in TBL1. Panel
(b,c) shows the profiles of U and ωz measured at location L2 in Figure 3. Symbols: Square, passive
flat interface; Star, passive bulged-out interface; Triangle, 20 Hz oscillated bulged-out interface; Circle,
baseline smooth wall TBL; Solid line, literature result U at Reθ = 1430 from Degraaff and Eaton
(2000) [18]. The gray dashed line shows the slope of the linear log layer.

Figure 3b presents the time-averaged U profile in the presence of the passive flat,
passive bulged-out, and 20 Hz oscillated bulged-out interfaces. The U profiles are mea-
sured over the oscillating interfaces (at location L2 in Figure 2) and are normalized by
the boundary layer thickness (δ) and the free stream velocity (U∞). The U profile of the
baseline case and a benchmark literature result at a similar Reθ0 (equal to 1430) [18] are
shown as references. The logarithmic layer is highlighted by the gray dashed line. With
oscillating interfaces, U is reduced in the near-wall region. The largest reduction happens in
the presence of active bulged-out interfaces, whereas the weakest reduction happens with
passive flat interfaces. The slope of the log layer increases, which implies a fundamental
structural change in the perturbed TBL [21]. Interestingly, a similar slope increase for the
logarithmic layer was also observed in the active elastic agent injection method, which also
resulted in a substantial DR effect [3]. Considering that both the air–water interface and
the polymers are elastic agents, the two methods may have the same DR mechanism.

In TBLs, the time-averaged transverse vorticity ωz

(
∂V
∂x −

∂U
∂y

)
is dominated by the

shear strain rate ∂U
∂y , which directly sets the shear stress on the wall boundary, e.g.,

τ = µ ∂U
∂y |y=0 (µ is the dynamic viscosity of water) [21]. As such, the distribution of ωz

reflects the magnitude of τ. Figure 3c presents ωz at the location L2, which reaches its
maximum at the wall boundary in the baseline case. Figure 3c suggests that extra ωz is
induced in the regions above the wall boundary by the oscillating interfaces. In the most
prominent case, e.g., with the active bulged-out interfaces, ωz peaks at yuτ0

ν = 100, and the
near-wall ωz is substantially reduced when compared to the baseline case. The lifted ωz
implies a reduction in the wall shear stress. With the passive flat or bulged-out interfaces,
the lift-up of ωz is less prominent.

The U profiles in both the upstream and downstream regions of the interfaces are
shown in Figure 4a–c. At the upstream location L1, the U profiles are almost identical,
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with and without the oscillating interfaces. However, at the downstream location L3, U is
substantially reduced in the presence of passive or active bulged-out interfaces. The reduc-
tion in U decays away at the location L5 in the further downstream. Interestingly, unlike
that in Figure 3, the logarithmic layer re-develops in Figure 4b,c. With passive flat interfaces,
the U profiles are almost the same as the reference case.

Figure 4. The U profiles measured at locations (a) L1, (b) L3, and (c) L5 in TBL1. Symbols: Square,
passive flat interface; Star, passive bulged-out interface; Triangle, 20 Hz oscillated bulged-out interface;
Circle, baseline smooth wall TBL.

3.1.2. DR Effect

The logarithmic layer in Figure 4 allows us to estimate the DR effects at locations L1,
L3, and L5, which are summarized in Table 3. As pointed out by Le et al. [20], the error of
the Charted Clauser method in a relaxing TBL after separation can be more than 10%. The
U profiles in Figure 4 are similar as those in a relaxing TBL. As such, DR effects that are
less than 5% are likely to fall within the range of error. At the upstream location L1, the DR
effect of all the cases is less than 5%. At the downstream location L3, the DR effect on the
active and passive bulged-out interfaces is 28% and 19%, respectively. Further downstream
at location L5, the DR effects of the two cases both drop to 16% and 15%. With the passive
flat interfaces, a trivial DR effect exists in the upstream and the downstream regions.

Table 3. DR effect in TBL1.

Location Interface Status DR (%)

L1

Passive flat −0.2
Passive bulged-out 4.6
Active bulged-out 1.8

L3

Passive flat 2
Passive bulged-out 19
Active bulged-out 28

L5

Passive flat 0.5
Passive bulged-out 15
Active bulged-out 16

Although the DR effect in the regime of oscillating interfaces cannot be directly cal-
culated, the lifted ωz shown in Figure 3c implies the existence of a strong DR effect there.
Luton et al. [22] pointed out that introducing transverse vorticity in regions above the
wall boundary effectively “redistributes the vorticity of the boundary layer” and therefore
reduces the wall shear stress, which seems to be what is happening in Figure 3. In addition,
Wang and Gharib [23] reported a local relaminarization effect due to the lifted ωz. It is
known that the laminar boundary layers generate much smaller wall shear stresses than
the TBLs. As such, a substantial DR effect is expected in the oscillating interface region.

The results in Tables 2 and 3 suggest that the DR effect is strong when the oscillating
interfaces are bulged-out and actively oscillated, which correspond to oscillations with a
large Weber number. Interestingly, this observation is consistent with the performance effect
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of the active bubble injection method, which has a strong DR effect when the bubbles are
large and easily deformable [4,6]. In addition, the DR effect of the current 20 Hz oscillation
is less than the 50 Hz oscillation reported in [16], which resulted in a DR effect of 40%
and 25% at locations L3 and L5, respectively. The frequency dependence of the DR effect
could be related to the different oscillation modes excited at the free-slip interface and the
different steady streaming motions induced in the bulk regime. As demonstrated in [24],
a single free-slip interface oscillating at 20 Hz induced a low-speed vortex, whereas a 50 Hz
oscillation induced a high-speed streaming jet. The difference in the streaming pattern and
strength could have resulted in a different DR effect. This hypothesis is supported by many
literature results, which indicate that a strong DR effect can be created when certain steady
streaming motions are generated [25]. In some cases, the actual drag coefficient is even
lower than that of a laminar boundary layer [26]. The true mechanism of the DR effect
warrants future in-depth investigations.

3.2. TBL2—4 mm and 8 mm Interfaces
3.2.1. TBL Profiles

This section presents the results of deploying 4 mm and 8 mm interfaces in the higher
Reynolds number TBL2 (cases 4–9 in Table 2). Due to the stronger turbulent fluctuations,
the 8 mm interfaces naturally oscillated with a larger amplitude and therefore a larger
effective Weber number than in TBL1. The 4 mm interfaces had a stronger surface tension
effect and therefore had smaller Weber numbers. Figure 5 compares the U profiles at
L1, L2, L3, and L4 in the presence of the 4 mm interface (panels (a–d)) and the 8 mm
interface (panels (e–h)). The U profiles exhibit the same reduction and relaxation trend, as
shown in Section 3.1. However, the modification effect is much stronger with the 8 mm
interfaces, while every other condition is kept the same. Figure 6 presents the profiles of ωz
at location L2, which exhibit the emergence of new peaks in regions away from the wall.
The magnitude of ωz away from the wall is stronger with the 8 mm interfaces. As such,
Figures 5 and 6 demonstrate that the larger sized interfaces have a stronger manipulation
effect on the TBL.
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Figure 5. U profiles measured at locations L1, L2, L3, and L4 in the presence of the 4 mm interface
(panels (a–d)) and the 8 mm interface (panels (e–h)). Symbols: Square, passive flat interface; Star,
passive bulged-out interface; Triangle, 20 Hz oscillated bulged-out interface; Circle, baseline smooth
wall TBL.
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Figure 6. Profiles of ωz measured at location L2. Solid line: 4 mm interface; Dashed line: 8 mm
interface. Symbols: Square, passive flat interface; Star, passive bulged-out interface; Triangle, 20 Hz
oscillated bulged-out interface; Circle, baseline smooth wall TBL.

A cross-comparison of the U and ωz profiles for TBL1 and TBL2 could shed light on
the effect of Reθ . At location L2, the reduction in U is stronger in TBL1 than in TBL2 (shown
in Figures 3a and 5e). However, in comparing Figures 4b and 5g, we find that the relaxation
process at the downstream location L3 is slower in TBL2. This difference could be related
to the dynamic interaction between the oscillating interface and the TBL. When Reθ is high,
the interfaces are more skew-deformed by the transverse flow, which produces a stronger
effect in the downstream regions. As will be presented in Section 3.2.2, this difference
affects the distribution of the DR effect.

3.2.2. DR Effect

Based on the U profiles shown in Figure 5, the DR effect in the upstream and down-
stream regions of the 4 mm and 8 mm interfaces is calculated and summarized in Table 4.
The spatial distribution of the DR effect follows the trend shown in Table 3: the DR effect
only exists downstream of the interfaces and gradually disappears. Among all the test cases,
the DR effect is the strongest when the 8 mm interfaces are oscillated at 20 Hz. The presence
of active oscillation elevates the DR effects of the 4 mm and 8 mm bulged-out interfaces
from 15% and 31% to 16% and 36%, respectively.

Table 4. DR effect in TBL2.

Location Interface Status DR (%)

L1

4 mm passive flat −1.5
4 mm passive bulged-out 0.7
4 mm active bulged-out 1.2

8 mm passive flat 1.6
8 mm passive bulged-out 3.3
8 mm active bulged-out 4.9

L3

4 mm passive flat 11
4 mm passive bulged-out 15
4 mm active bulged-out 16

8 mm passive flat 18
8 mm passive bulged-out 31
8 mm active bulged-out 36

L4

4 mm passive flat 9
4 mm passive bulged-out 11
4 mm active bulged-out 16

8 mm passive flat 13
8 mm passive bulged-out 21
8 mm active bulged-out 22

The results in Tables 3 and 4 suggest that the DR effect is stronger in TBL2, whether the
interfaces are passive flat, passive bulged-out, or active bulged-out. The stronger DR effect
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could have been due to the higher momentum inertia of TBL2 and the higher modulation
power of the active oscillation. Both factors increase the effective We. In addition, the static
curvature of the interface (flat or bulged-out) affects the DR performance. Table 4 suggests
that the curvature effect is more prominent when the size of the interface is larger. With
8 mm interfaces, the DR effect of the passive bulged-out interface (31%) almost doubles that
of the passive flat interface (18%). In contrast, with 4 mm interfaces, the curvature effect is
less significant (15% and 11% for the two cases). The curvature effect can be regarded as a
We effect as well. As shown in Table 2, the We difference between the passive flat and the
passive bulged-out interfaces is more prominent with 8 mm interfaces.

3.2.3. Integral Parameters

In this section, the spatial evolution of the integral parameters of TBL2 is presented,
which reflects some of the most basic characters, such as the mass and momentum transport
processes. The integral parameters include the boundary layer thickness (δ), displacement
thickness (δ∗), momentum thickness (θ), and shape factor (H). The boundary layer thickness
δ marks the wall-normal distance where the velocity reaches 99% of U∞ [21]. δ∗ and θ are
two virtual length scales that account for the losses in the mass and momentum transport
processes due to the existence of the viscous effect. The shape factor (H) is the ratio of δ∗ to
θ, which is frequently used to distinguish boundary layers. Typically, a laminar boundary
layer has an H value of 2.59, whereas a TBL has an H value within the range of 1.3–1.4 [27].
The mathematical expression of the integral parameters are given in Equation (2).

δ = y|U(y)=0.99U∞

δ∗ =
∫ ∞

0

(
1− U(y)

U∞

)
dy

θ =
∫ ∞

0

U(y)
U∞

(
1− U(y)

U∞

)
dy

H =
δ∗

θ

(2)

The integral parameters at locations L1, L2, L3, and L4 are shown in Figure 7a–d,
with the region of the interface highlighted by the gray stripe in each panel. In panel (a),
the boundary layer thickness δ slightly increases due to the presence of interfaces. However,
it is difficult to distinguish δ based on the control conditions of the interfaces. In contrast,
the displacement thickness δ∗ and momentum thickness θ shown in panel (b) and (c) are
sensitive to the control conditions. Both δ∗ and θ are elevated by the oscillating interfaces,
and the elevation is the most prominent when the interfaces have a large size, a bulged-out
configuration, and are actively oscillated. However, the spatial evolution trends of δ∗ and θ
are different. While δ∗ increases in the interface region and decreases in the downstream
region, θ monotonically increases along the x direction. The spatial evolution of δ∗ and θ
reflects the different effects of the oscillating interfaces on both the mass transport process
and the momentum transport process.

The shape factor H shown in panel (d) increases over the oscillating interfaces and
gradually relaxes back in the downstream regions. The elevation of H is strong (to the level
of 1.7–1.9) when We has large values. The elevated H implies a partially re-laminarized
TBL, which is in line with the local re-laminarization mechanism discovered in [23]. It is
known that a laminar boundary layer generates a much smaller wall shear stress than a
turbulent boundary layer [21]. As such, the elevated shape factor supports the DR effect in
the interface region and the downstream regions. The slow relaxation of the elevated H
corresponds to the gradual disappearance of the DR effect in the downstream regions.
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Figure 7. The integral parameters: (a) boundary layer thickness (δ), (b) displacement thickness
(δ∗), (c) momentum thickness (θ), and (d) shape factor (H), in the presence of oscillating interfaces.
The gray band in each panel highlights the range of the interface array. Symbols: Square, passive flat
interface; Star, passive bulged-out interface; Triangle, 20 Hz oscillated bulged-out interface; Circle,
baseline smooth wall TBL.

4. Discussion

The presented results demonstrate the effects of multiple control parameters on the
performance of the dynamic free-slip surface method in TBL manipulation and DR. The re-
sults suggest that the dynamic free-slip surface method is effective when the interfaces have
a large geometric size, a bulged-out configuration, and are actively oscillated at a proper
frequency. These factors effectively increase the Weber number of the oscillating free-slip
interface, which seems to be one critical factor for achieving the DR effect. However, the os-
cillating interfaces frequently penetrate deep into the TBL, which raises the concern on
whether the protruded interfaces will generate form drag, similar as that caused by a rough
surface. If form drag is created over the protruded interfaces, no actual DR effect can be
achieved [15]. In this regard, [16] demonstrated that the oscillating interfaces generated a
local propulsion force (in the direction opposite to the drag force) even when the interfaces
were passive bulged-out. As such, DR effect can be created passively. In contrast, an array
of solid bumps with the same geometric dimensions only generated a much larger drag
force when compared to the baseline case. This study proves the DR effect of the dynamic
free-slip surface method. In addition to the We effect that is investigated in this study,
the performance capability of the dynamic free-slip surface method may be affected by
other non-dimensional parameters such as the Bond number (the ratio of the buoyancy
force over the surface tension effect). This hypothesis warrants future investigations.

The dynamic free-slip surface method can be easily scaled up with a low manufactur-
ing cost, which would allow it to be easily deployed over the large surface area of real water
vehicles. However, the Reynolds number of a typical ocean transportation can be several or-
ders of magnitude higher than the current investigation, which may pose challenges to this
method. In particular, the bulged-out curvature and the active oscillation both render the
oscillating interfaces fragile to the turbulent flows although they can enhance the DR effect.
If the free-slip interfaces disintegrate and detach from the air pockets, the dynamic free-slip
surface method loses its DR capability [15]. In this regard, the geometric size of the interface
and the frequency regime of the active oscillation will likely need to be adjusted when
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deployed in TBLs with high Reθ so that the free-slip interfaces would remain stable. Along
this line, it might be practical to integrate the dynamic free-slip surface method with the
conventional air bubble injection method [4]. Air bubbles can be continuously supplied to
the air pockets at a slow volumetric rate through the sealed air chamber while the air–water
interfaces are actively oscillated at the same time. The extra air will periodically detach from
the air pockets to form air bubbles. Interestingly, it was found that periodically injecting
air bubbles at certain frequencies can double the DR effect of continuous injection [28].
The energy expenditure for pumping air is minimized due to the slow volumetric injection
rate, and the power consumption of active oscillation is expected to be low because it only
needs to overcome the surface tension effect of the air–water interface. The achievable DR
effect of this hybrid method will be investigated in future studies.

5. Conclusions

In this work and for the first time, we systematically investigated the effect of multiple
control parameters on the use of the dynamic free-slip surface method to achieve DR.
The investigated parameters include the geometric size and static curvature of the interface,
active oscillation, and the Reynolds number. The results show that the oscillating interfaces
reduced the near-wall velocity and lifted the high transverse vorticity (and viscous shear
stress) away from the wall boundary. Based on the estimation of the Charted Clauser
method, within the scope range of the currently investigated parameters, a DR effect of
up to 36% was achieved in the downstream regions of the interface. The shape factor of
the perturbed TBLs was elevated, which also implies the existence of the DR effect even in
regions where the Chartered Clauser method is invalid. The TBL manipulation and the
DR effect were strong when the interfaces had a large size, a bulged-out curvature, and
were under active oscillation. The presented results consistently point to the conclusion
that the method is effective when the Weber number is large. The measurement that could
potentially enhance the applicability of this method in TBLs with much higher Reynolds
numbers was also discussed. The discoveries support the conclusions of [16,23], and the
acquired knowledge and insights will provide guidance for the future development of an
effective drag control technique based on the dynamic free-slip surface method.
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Abbreviations
The following abbreviations and nomenclatures are used in this manuscript:

DR drag reduction
TBL turbulent boundary layer
U∞ free stream velocity
uτ0 friction velocity of the baseline flat plate TBL
K acceleration factor
δ boundary layer thickness based on 99% U∞
δ∗ boundary layer displacement thickness
θ boundary layer momentum thickness
H boundary layer shape factor
Reθ Reynolds number based on the momentum thickness
We Weber number
w length of the square shaped interface
h height of the square shaped interface
TBL1 turbulent boundary layer with Reθ = 1200
TBL2 turbulent boundary layer with Reθ = 1800
L1 − L5 experiment measurement locations
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