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A B S T R A C T

Different air phase regimes are formed by controlled air injection in a spatially developing flat plate turbulent
boundary layer (TBL). The air is introduced via a slot type injector without the use of a backward-facing step
or cavitator upstream of the air injection position. The effect of different incoming liquid flow characteristics
on the different regimes is investigated by varying both the liquid freestream velocity and the incoming TBL
thickness. The latter is realized through changing the position of the air injection along the length of the water
tunnel facility. That resulted in a downstream distance based Reynolds number from 1 to 5 million. Three
different air phase regimes are identified under different air flow rates and freestream velocities: the bubbly
regime, the transitional, and the air layer regime. The morphological differences of each one are described
and quantitative analysis is performed based on the non-wetted area in each condition. The incoming TBL as
well as the flow around the air layer are measured with planar particle image velocimetry. The latter enabled
the determination of the air layer thickness. In addition, the ratio of the air layer to the incoming boundary
layer thickness 𝑡𝑎𝑖𝑟∕𝛿 is also calculated (≈ 0.04 – 0.5). This is a significant dimensionless parameter for scaling,
which indicates the extent to which the air layer is embedded within the incoming TBL. Depending on the
incoming flow conditions, a two or three branch air layer is formed. The length of the air layer is found to
increase with increasing liquid freestream velocities. A good agreement between the air layer length and a
half gravity wave predicted by the dispersion relation is found. An increase of the air layer length is observed
with a decreasing incoming TBL thickness. This is attributed to a decrease in the local mean velocity at the
air–water interface due to the TBL growth. Finally, increasing the incoming TBL thickness delays the onset of
the air layer regime.
1. Introduction

In light of the emissions reduction goals set by the International
Maritime Organization (IMO, 2023), the shipping industry is under
increased pressure to implement sustainable solutions. Minimizing the
friction or viscous resistance beneath the ship’s hull can play a crucial
role in reaching this objective. Friction drag accounts on average for
70% of the overall resistance of a surface ship (Larsson, 2010), with
the potential to reach 85% for low-speed displacement vessels (Woud
and Stapersma, 2002). Therefore, reducing this drag could lead to fuel
cost savings and a lower environmental impact.

Multiple passive and active drag reduction methods have been
investigated over the past years. Passive methods do not require the ad-
dition of mass, momentum or energy to reduce the drag. These include
the application of super-hydrophobic coatings and ribblets/textured
surfaces (Xu et al., 2020; Gose et al., 2018; Dean and Bhushan, 2010;
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García-Mayoral and Jiménez, 2011; Bidkar et al., 2014). While re-
sults are promising, challenges arise in full scale applications of these
methods in ship hulls with regards to their durability and robustness
over prolonged exposure periods and in high Reynolds number flows.
Alternatively, active methods include polymer (Winkel et al., 2009;
Elbing et al., 2013b) or air injection (air lubrication, Ceccio 2010)
to modify the turbulent boundary layer (TBL). Furthermore, there is
the possibility of combining active and passive methods, primarily to
augment the efficiency of active ones (Fukuda et al., 2000; Peifer et al.,
2020; Du et al., 2017). A more detailed overview of active and passive
drag reduction methods can be found in Perlin et al. (2016).

A variety of different studies have showcased the potential of air lu-
brication systems. Cost benefit analyses have shown net power savings
as high as 20% with corresponding reductions in emissions (Mäkiharju
et al., 2012; Kim and Steen, 2023). Furthermore, net power savings
vailable online 31 July 2024
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Fig. 1. Schematic representation of the different air phase regimes. From top to bottom:
bubbly regime, transitional air layer regime, and air layer regime. 𝑄𝑎𝑖𝑟 increases from
to top to bottom. Flow is from right to left.

of 4%–12% have been estimated based on sea trials under different
sea conditions and ship types (Hoang et al., 2009; Mizokami et al.,
2010; Fitzpatrick et al., 2017; Silberschmidt et al., 2016). In parallel
with sea trials, towing tank experiments with model ships (Jang et al.,
2014; Wang et al., 2020; Hao et al., 2019; Zverkhovskyi, 2014) and flat
plate experiments in water tunnel facilities (Elbing et al., 2008; Barbaca
et al., 2017; Zverkhovskyi, 2014) have been performed in order to
provide insight in the governing mechanisms in drag reduction by air
lubrication and to further improve the system efficiency.

In most of these studies, a cavitator or a backward-facing step (BFS)
is used upstream of the air injection (Elbing et al., 2013a; Zverkhovskyi,
2014; Kim and Moin, 2010; Barbaca et al., 2017; Qin et al., 2019;
Charruault et al., 2018; Hao et al., 2019; Lay et al., 2010; Peifer
et al., 2020). The presence of this cavitator helps the creation of
the air layer (commonly referred to as air cavity) and enhances its
stability. However, this configuration demands a hull modification on
existing ships, imposing practical obstacles to the implementation of
such method. Furthermore, a cavitator or BFS can also increase drag
in the hull in the absence of active air injection. Another option is the
introduction of an air layer in the spatially developing TBL through a
slot without the use of such inserts. Despite the practical advantages,
this configuration is much less researched (Elbing et al., 2008; Jang
et al., 2014; Sanders et al., 2006).

In this configuration, three different air phase regimes are com-
monly observed (Fig. 1). More specifically, for a constant liquid
freestream velocity 𝑈∞, increasing the air flow rate 𝑄𝑎𝑖𝑟 will consecu-
tively lead to the bubbly regime (BR), characterized by the presence of
dispersed bubbles in the flow, the transitional air layer regime (TALR),
where alternating regions of bubbles and segments of air layer are
present, and the air layer regime (ALR) where a continuous air layer
is formed. Earlier studies focused on the bubbly regime, and more
specifically on the effect of microbubbles on drag reduction, building
upon the successful drag reduction experiments conducted by Mc-
Cormick and Bhattacharyya (1973). Subsequent experiments within
the BR (Madavan et al., 1984, 1985; Harleman et al., 2011) unveiled
its limitations pertaining to the persistence of drag reduction away
from the injection location and the necessary size of drag reducing
bubbles. With regards to the bubble size, Verschoof et al. (2016), Lu
et al. (2005) and Kim et al. (2021) highlighted the importance of
bubble deformability, expressed by the Weber number, to achieve drag
reduction. Murai (2014) offers a review on bubbly drag reduction. On
2

the contrary, ALR does not suffer from the aforementioned limitations
and so later studies have focused on that, showing that it is the most
efficient in terms of drag reduction (Zverkhovskyi, 2014; Elbing et al.,
2008). However, the sea state, trim and motion of the ship, the flow
field around the hull, piping losses, and other factors significantly
enhance the possibility that the air layer will not remain undisturbed
and it will break into smaller segments (Mäkiharju et al., 2012). As
such, a transitional (TALR), rather than an air layer regime is expected.

The first study to report TALR and the onset of ALR was Elbing et al.
(2008). In this work, large scale experiments (𝑅𝑒𝑥 ≈ 12 − 216 × 106)
were performed in the US Navy’s William B. Morgan Large Cavitation
Channel (LCC). Drag reduction was achieved by injecting air from a
slot through the top wall of a nearly zero-pressure-gradient TBL that
formed on a flat plate test model. A large range of freestream velocities
and air flow rates were tested, resulting in the different air phase
regimes. According to the definitions introduced therein, once a drag
reduction of 20% is achieved TALR is reached, while a drag reduction
larger than 80% marks ALR. The associated air flow rates needed are
defined as transitional air flow rate 𝑄𝑡𝑟𝑎𝑛𝑠 and critical air flow rate 𝑄𝑐𝑟𝑖𝑡,
respectively. The aforementioned definition of the regimes provided a
way to define each regime, but required drag force measurements. In
an attempt to step away from a definition coupled with the resultant
drag reduction, Elbing et al. (2008) also introduced the critical nominal
air thickness:

𝑡𝛼,𝑐𝑟𝑖𝑡 =
𝑄𝛼
𝐵𝑈∞

(1)

with 𝑄𝛼 the critical air flow rate, B the injector span and 𝑈∞ the liquid
freestream velocity. The subscript 𝛼 denotes that the parameter refers
to a property of the air layer. According to their test cases a 𝑡𝛼 > 4 –
8 mm (depending on 𝑈∞) was required to establish an air layer. This
parameter, made dimensionless using the injection area rather than
the injector’s span was first used by Madavan et al. (1984) to scale
bubbly drag reduction. In the study of Jang et al. (2014) an air layer
was created experimentally below a long flat plate and local sensors
were used to measure the drag. Following the definitions of Elbing et al.
(2008), they found that a 𝑡𝛼,𝑐𝑟𝑖𝑡 of 8.5 mm was needed to establish an
air layer. That is however larger than the predicted one by Elbing et al.
(2008) (about 4 mm) for the same velocity and a similar air injector
geometry.

Another study classifying the different regimes is the work of Qin
et al. (2019). While Elbing et al. (2008) focused on the scaling of BR
and ALR drag reduction, Qin et al. (2019) included information on the
air phase characteristics and focused on the air leakage mechanisms;
they also made use of a cavitator prior to air injection, in contrast
to Elbing et al. (2008). In their work, an air cavity was created under-
neath a flat plate in a water tunnel. Different air cavity regimes were
created under various liquid freestream velocities 𝑈∞ (𝑅𝑒𝑥 ≈ 0.325 −
1.3×106) and 𝑄𝑎𝑖𝑟. Based on the morphology of each regime (qualitative
information from high speed imaging) and on the air discharge pattern
they classified the air phase regimes. The authors found BR (referred
to as ‘foamy cavity regime’), a transitional cavity, an open cavity and
a two-branch cavity. The transition from one regime to another was
explained based on the gas entrainment mechanisms, using the shear
layer as control volume for gas flux balances.

Apart from an earlier focus on BR and studies on regime transitions,
more recently the ALR and its sensitivity to inflow conditions has also
garnered some attention. First, the effect of the freestream velocity 𝑈∞
on the air layer morphology (length and thickness) will be discussed,
followed by the effect of the incoming TBL thickness 𝛿. The former
one is important because it directly impacts drag reduction. More
specifically, a longer air layer would result in a larger non-wetted area
and thus more drag reduction. In addition, a thicker air layer would
be harder to break due incoming TBL induced perturbations in the
air–water interface. Understanding and quantifying both effects on the
air layer is critical in scaling lab results to full scale ones. As such,
this is one of the goals of the present study. It must be noted that
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there are no studies (as far as we are aware) quantifying the air layer
morphology in the absence of a BFS upstream of the injection position,
so all the studies discussed next include a BFS or cavitator upstream of
the air injection, while the terms air cavity and air layer will be used
interchangeably.

The effect of 𝑈∞ on ALR was investigated in the study of
Zverkhovskyi (2014). An increase in the air cavity length with increas-
ing 𝑈∞ was observed. The maximum air cavity length (for a specific
𝑈∞) matched reasonably well for a variety of cavitator heights with
half the gravity wavelength predicted by the dispersion relation based
on potential flow theory (see Butuzov 1966, 1967 for the theoretical
analysis). Similar observations were also reported in Qin et al. (2019).
An increase of 𝑈∞ resulted in an increase of the fully developed air
cavity length, which matched reasonably well with half a gravity
wavelength for lower Froude numbers (lower freestream velocities).
A deviation was observed for larger Froude numbers, where shallow
water effects and longer cavity lengths are present. In contrast to the
results from Zverkhovskyi (2014) and Qin et al. (2019), an increase in
𝑈∞ led to a shorter air cavity in the study of Pearce et al. (2015); no
omparison with half a gravity wavelength was performed and it is not
lear if the maximum air cavity length (for a specific 𝑈∞) was reached

in their experiments.
Apart from the effect of freestream velocity, past studies, inves-

tigated the effect of the incoming liquid TBL thickness on ALR, in
different ways depending on the capabilities of the experimental fa-
cilities used. In the study of Zverkhovskyi (2014), the incoming liquid
TBL thickness was varied via changing the air injection position. Only
marginal differences in the resulting air layer thickness and length
were observed, although stronger small scale waves were observed at
the air–water interface for larger development lengths; however, no
detailed study of the liquid flow field around the layer was performed.
Similar observations were also noted in the study of Pearce et al.
(2015). In this study the incoming liquid TBL thickness was varied by
artificial thickening (or thinning) at the water tunnel inlet. A shorter
air cavity length was observed for a larger incoming TBL thickness.
The authors attributed the latter to the lower kinetic energy at the
air–water interface, although no turbulence profile measurements were
performed to further support this assumption. In addition, the studies
of Barbaca et al. (2017, 2018) showed that the air cavity length
decreased with increasing TBL thickness. They attributed this effect to
a less pronounced blockage effect (as described by Brennen 2014) for a
thicker incoming TBL and a thinner air cavity. It should be noted here
again that the previous observations on 𝑈∞ and thickness effects on the
air layer geometry were explored in BFS configurations. Nonetheless,
experiments without BFS in the bubble drag reduction regime (BR)
showed that a doubling of the boundary layer thickness at the injection
position had a negligible effect on the resulting drag (Elbing et al.,
2008); this effect was, however, not investigated for the case of an air
layer. The only incoming flow effect on the air layer regime discussed
in that study was the negative influence of upstream disturbances on
achieving an ALR.

Apart from qualitative observations on the air–water interface per-
turbations found in literature, very few experimental studies are avail-
able on the effect of incoming flow conditions on the actual air layer
thickness. This is possibly due to the difficulties that such a measure-
ment entails. In the work of Elbing et al. (2013a), similar experiments
as the work of Elbing et al. (2008) are performed, with the difference
that a BFS is now added prior to the air injection point. Using electrical
impedance point probes the authors measured the air void fraction in
different vertical distances from the flat plate, in order to estimate the
edge of the air phase, or actual ALR thickness, 𝑡𝑎𝑖𝑟. They observed a
steep decrease in their signal for 𝑡𝑎𝑖𝑟 = (3∕4) × 𝑡𝛼 ≈ 7 mm, independent
of downstream distance, indicating both an insensitivity to incoming
TBL conditions and a lower actual ALR thickness than the nominal
estimate. The latter could be due to the use of the liquid velocity
3

𝑈∞ in the calculation of 𝑡𝑎𝑖𝑟 instead of the velocity of the air phase.
Regardless, these observations were available for a single 𝑈∞, thus their
universality could not be established. In contrast, a much lower 𝑡𝑎𝑖𝑟 (≈
1 mm) was reported in the case of Elbing et al. (2008) in the absence
of a BFS. Thus, the effect of TBL on 𝑡𝑎𝑖𝑟, as well as its relationship with
𝑡𝛼 still remain unclear, especially in the absence of a BFS prior to air
injection.

Based on the above, it is clear that effects of inflow conditions
on the different air phase regime characteristics are still not well-
established, even for configurations employing BFS, while they are
completely lacking in the absence of such inserts. In this context, in
the current study, we aim to investigate the effect of different incoming
TBL conditions on both the regime transitions and their characteristics,
with a focus on ALR, in configurations without a BFS.

The remainder of this paper is organized as follows: Section 2
describes the experimental setup and methods; Section 3 presents the
results along with a discussion on the effect of incoming TBL flow
conditions on the regime transitions and the air layer topology and
Section 4 provides a summary of this work and the conclusions drawn
from it.

2. Experimental setup and methods

In the following section the experimental setup is described. Two
types of experiments are performed: velocity measurements using par-
ticle image velocimetry (PIV) for the liquid TBL and imaging for the
air phase. First the experimental facility and setup considerations are
presented followed by details on the PIV and imaging experiments.

The flow facility used for the study is the recirculating, closed-loop
water tunnel at the Laboratory for Aero- and Hydrodynamics of Delft
University of Technology. The test section of the tunnel has a cross-
sectional area of 60 × 60 cm2 and a length of 5 m. The maximum
freestream velocity 𝑈∞ is about 1 m/s. The open surface of the water
tunnel is covered with two identical flat plates, each 2.485 m long,
tightly placed one after the other. The water depth is d = 58 cm.

One of the plates is fitted with a slot type air injector, spanning
the central 58 cm of the plate width. The gap width is 4 mm. Both
plates are equipped with side fences to prevent the air from escaping
through the sides. Compressed air is injected from the top side of the
plate through two manifolds and dispersed over the width of the slot
(schematically shown in Fig. 2). In that way, the compressed air is
not directly introduced to the liquid flow, but firstly dispersed over
a 210 mm × 2 mm × 580 mm chamber. The air injector geometry
is inspired by the air injector geometry in the work of Zverkhovskyi
(2014), only slightly modified to ensure that the air is distributed
equally over the width of the current facility. The air flow rate, 𝑄𝑎𝑖𝑟, is
manually controlled with a valve and measured with a rotameter and
varied from 2.5 l/min to 52 l/min (accuracy of 1 l/min).

The flow is tripped with a 0.5 mm thick zig-zag trip located 8 cm
downstream of the start of the first plate to ensure a turbulent boundary
layer. The corresponding 𝑅𝑒𝜃 at the tripping location varied from 150
to 190 based on the Blasius’s solution for a laminar boundary layer.
As indicated by previous measurements in this water tunnel (Harleman
et al., 2011), the boundary layer development starts already in the con-
traction region prior to the test section (approximately 1 m upstream).
This is also taken into account in the current measurements.

In order to achieve 4 different incoming TBL thicknesses prior to the
air injection, the air injector position is varied with respect to the start
of the test section. This is achieved via flipping the plate housing the air
injector (resulting in development lengths 𝑥2&𝑥4) and via changing the
sequence of the two flat plates covering the water tunnel (resulting in
development lengths 𝑥1&𝑥3). In Fig. 2a all four positions are shown and
the air layer is shown in position 𝑥1 for reference. Due to modifications
needed when moving the air injector location to these positions, the
final gap width of the injector ended up varying slightly. As such, and to

ensure consistent comparisons, in what follows we will compare effects
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Fig. 2. (a) Schematic of the water tunnel with the four different air injection positions. The air layer is sketched in position 1 for reference. The other three injection positions
are indicated in gray. In each experiment the injector is moved such that the remainder of the plate is flat in all other positions. (b) Schematic overview of the different FOVs.
FOV1 & FOV2 are in x-y plane while FOV3 is in y-z plane. Flow is from right to left.
Table 1
Summary of experimental conditions.
Injection
position

Development length
x (m)

Freestream velocity
𝑈∞ (m/s)

𝑄𝑎𝑖𝑟 (l/min)
PIV

𝑄𝑎𝑖𝑟 (l/min)
imaging

Model
injector

1 𝑥1 = 1.45 0.68 0.77 0.86 0.92 0 & 41 5–41 A
2 𝑥2 = 2.70 0.70 0.79 0.87 0.95 0 & 52 5–52 B
3 𝑥3 = 3.95 0.71 0.80 0.89 0.96 0 & 41 5–41 A
4 𝑥4 = 5.20 0.72 0.81 0.90 0.97 0 & 52 5–52 B
of incoming TBL on positions 𝑥1 and 𝑥3 (model A), and positions 𝑥2 and
𝑥4 (model B).

For each of the four injection positions, four freestream velocities
are tested, ranging from 𝑈∞ = 0.68 m/s to 0.96 m/s with a Reynolds
number based on the water depth, 𝑅𝑒𝑑 (= 𝑈∞𝑑∕𝜈) ranging from 3.94 ×
105 to 5.45 × 105. For all cases the water depth based Froude number
𝐹𝑟𝑑 (= 𝑈∞∕

√

𝑔𝑑) remained below one (0.29 – 0.4). While all the tested
freestream velocities and air injector positions are the same for both PIV
and imaging, the former was only performed for a single air flow rate
while the latter, for a range of air flow rates capturing BR, TALR and
ALR. Table 1 provides a summary of the tested conditions.

In each position, firstly velocity measurements without air are
conducted (‘air off’ case), followed by measurements with an air layer
present (‘air on’ case). More specifically, the air flow rate is set to a
constant value (see Table 1 for specific values during each test) cor-
responding to the stable air layer regime (Nikolaidou et al., 2021). As
noted by other researchers (Yoon et al., 2020), velocity measurements
using PIV in the transitional or bubbly regime are more challenging due
to the presence of dispersed bubbles. In both cases (with and without
air), FOV1 (250 × 167 mm2) captures the incoming boundary layer
prior to the air injector and FOV2 (468 × 314 mm2) captures simulta-
neously either the developing boundary layer after the air injector (‘air
off’ case) or its development around the air layer (‘air on’ case), with
4

planar (2D-2C) PIV (Fig. 2b). The aforementioned dimensions for the
FOV correspond to position 𝑥2, but similar values were also achieved
for the other positions. For FOV1 and FOV2, two high-resolution LaV-
ision LX pro (16 MegaPixel, 12-bit) cameras are used. The acquisition
frequency is 0.7 Hz and 1600–2500 statistically independent images are
recorded for each FOV. The laser sheet is introduced from the bottom
creating a thin sheet (∼ 1 mm) in a streamwise-wall-normal (𝑥-𝑦) plane
at the tunnel’s mid-span. Hollow glass spheres of mean diameter of
11 μm are used as tracer particles. The optical magnification is approx-
imately 10.33 px/mm for the larger (downstream) FOV2 and 19.38
px/mm for the smaller (upstream) FOV1. Raw images are processed
with DaVis 8.4 (LaVision GmbH) using a multi-pass cross-correlation
algorithm with initial (final) window size of 48 × 48 (24 × 24) pixels
and 50% overlap. That results in a spatial resolution of the velocity
field (based on the final interrogation window size) of approximately
dx = 1.24 mm and dx = 2.32 mm for FOV1 and FOV2 respectively.
Again the aforementioned values correspond to the measurements at
position 𝑥2. Spurious vector elimination is performed via universal
outlier detection (Westerweel and Scarano, 2005). This is followed
by filtering the velocities vectors with more than 3 times the (local)
standard deviation.

Following the velocity measurements, an imaging camera is used in
a down-up configuration to capture the different air phase regimes. It
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Table 2
Summary of the incoming TBL properties for the different injection positions. Data
come from the test condition without air.

Injection
position

x
(m)

𝑈∞
(m/s)

𝑅𝑒𝑥×106 𝑅𝑒𝜃 𝑅𝑒𝜏 𝜃
(mm)

𝛿
(mm)

Model
injector

1 1.45 0.68 0.99 2996 1441 4.4 51 A
1 1.45 0.77 1.11 3688 1634 4.8 52 A
1 1.45 0.86 1.24 3606 1214 4.2 37 A
1 1.45 0.92 1.33 4785 1991 5.2 54 A

2 2.70 0.70 1.89 4894 2593 7.0 93 B
2 2.70 0.79 2.12 5653 3059 7.2 99 B
2 2.70 0.87 2.36 7343 3454 8.4 104 B
2 2.70 0.95 2.56 8896 3898 9.4 110 B

3 3.95 0.71 2.80 5315 3314 7.5 118 A
3 3.95 0.80 3.15 7423 4439 9.3 142 A
3 3.95 0.89 3.52 7220 3198 8.1 95 A
3 3.95 0.96 3.81 7999 3444 8.3 96 A

4 5.20 0.72 3.72 9512 4475 13.3 162 B
4 5.20 0.81 4.23 13 263 4848 16.3 169 B
4 5.20 0.90 4.70 10 935 4806 12.1 144 B
4 5.20 0.97 5.02 11 108 5298 11.5 147 B

must be stressed that the PIV and imaging are not performed simultane-
ously but rather one after the other to make sure that no modifications
take place in between the two experimental campaigns. In each of the
four air injection positions and for four different freestream velocities
(Table 1), the air flow rate is varied from 2.5 l/min to 52 l/min
resulting in images of different air phase regimes. A LaVision Imager
sCMOS CLHS camera fitted with a 24 mm lens is used to image the air
phase regimes in a streamwise–spanwise (𝑥-𝑧) plane while an LED panel
provided background illumination. Image acquisition is done using
DaVis 10.4, at 2 Hz allowing statistically independent snapshots. The
field of view is approximately 700 × 600 mm2 and the magnification
approximately 3.6 px/mm in both directions.

3. Results & discussion

3.1. Characterization of incoming TBL

First a characterization of the liquid incoming TBL is performed for
the four different air injection positions and freestream velocities. Mean
velocity profiles were computed both in the absence of an air layer
(unperturbed TBL) and with an air layer present. Based on a previous
study (Anand, 2021), the presence of the air layer is expected to also
have an effect on the upstream TBL and more specifically to impose an
adverse pressure gradient to the liquid TBL upstream of the air injection
position. Given that the freestream turbulence intensity (about 2.5%
in our case) already influences the developing TBL along the top wall
of the water tunnel (Jooss et al., 2021), pressure gradients due to the
presence of the air layer would further complicate the characterization
of the baseline TBL. It is therefore decided to use the unperturbed TBL
as our reference case when assessing the influence of the upstream
flow conditions. That being said, the influence of the air layer on the
incoming TBL is also quantified in Section 3.2 and a comparison is
made with the unperturbed case.

For all positions except 𝑥4, FOV1 (‘air off’ case) was used for
characterization of the upstream flow conditions (spatially averaged
mean velocity profiles in the absence of strong streamwise pressure
gradients), capturing about 1.5𝛿 in y. For position 𝑥4 however, the field
of view was smaller than the TBL thickness (FOV1< 𝛿) and as such the
velocity fields from FOV2 were used instead (the streamwise distance
between the two locations in the absence of air leads to negligible
additional boundary layer development).

The boundary layer thickness is defined as the wall normal distance
where the velocity is 99% of the freestream velocity. 𝑈∞ and 𝛿 were
then determined iteratively with 𝑈 defined as the mean of all data
5

∞

Fig. 3. Double mean streamwise velocity profiles of the incoming boundary layer for
the four different air injection positions in the case of the higher streamwise velocity
(𝑈∞ = 0.92 − 0.97 m∕s) compared with LDA data from De Graaff and Eaton (2000).

points with 𝑦 > 𝛿. The friction velocity was determined with the
Clauser chart method (Clauser, 1956). Fig. 3 shows the inner scaled
mean streamwise velocity profile as a function of non-dimensional wall
units 𝑦+ compared with Laser Doppler Anemometry (LDA) data from De
Graaff and Eaton (2000) at a similar Reynolds number. The computed
freestream velocities indicated a 4% increase between locations 𝑥1 and
𝑥4 due to BL growth in the absence of a sloping bottom wall. Table 2
provides a summary of the TBL properties for all cases considered. As
expected, the TBL thickness is increasing along the length of the water
tunnel for the four positions considered. Comparing positions 𝑥1 and 𝑥3,
it can be observed that 𝛿 is doubled but in between 𝑥2 and 𝑥4 𝛿 is only
50% higher, even though they are the same distance apart. This can be
attributed to high turbulence intensity and other tunnel imperfections
(slight misalignment of components due to the long facility length). As
such, and given the aforementioned changes in the injector geometry,
effects of increasing 𝛿 will be considered separately for model A (𝑥1&𝑥3)
nd model B (𝑥2&𝑥4): 𝛿 is always thicker in the second position for
oth models but not necessary of the same order increase. The velocity
nduced 𝛿 variations for the same injection position are higher (5%–
0%) than expected (≈ 4%), yet they are much lower than those due to
he change in development length and are thus not considered relevant
n this parameter study. As a result, the incoming TBL thickness 𝛿
nd development length 𝑥 will be used interchangeably to refer to the
arious locations/conditions.

In the real case scenario of a developing TBL below the hull of
ship, a thick TBL is expected just upstream of the air injection.

lthough this depends on the position of the air injector along the
ull, a Reynolds number based on the downstream distance 𝑅𝑒𝑥 of the
rder of 109 and a thick boundary layer (≈1–2 m) is expected (small
𝑎𝑖𝑟/𝛿) in general. The potential importance of the ratio 𝑡𝑎𝑖𝑟/𝛿 on the air
hase regimes has, however, not been previously investigated. In the
urrent study, and given a maximum 𝑡𝑎𝑖𝑟 ≈15 mm, the incoming TBL
ould yield a ratio of 𝑡𝑎𝑖𝑟∕𝛿 ≈ 0.1, in the case of the larger development

ength (𝑥4). That would indicate that the air layer extends into the log
egion. On the other hand, a ratio of 0.3 in the case of the shorter
evelopment length (𝑥1) would position the air layer boundary in the
ower wake region. In the studies performed in the LCC (Elbing et al.,
008, 2013a) a much smaller 𝑡𝑎𝑖𝑟∕𝛿 is present (0.078 for Elbing et al.,
013a and around 0.012 (𝑦+ = 222) for Elbing et al., 2008). In the study
f Zverkhovskyi (2014) the ratio is 2.1. Barbaca et al. (2018) do not
eport a 𝑡𝑎𝑖𝑟, but the air layer thickness is of the order of the BFS height
, yielding a ratio in the range of 0.13 – 0.52, similar to the current
tudy. Reflecting on this ratio is important because it leads to different
urbulent scale size and spacing in the spanwise direction (Kevin et al.,
019; Dennis and Nickels, 2011; de Silva et al., 2018) of the liquid
ncoming flow, which will affect the air layer, especially in the absence
f a BFS upstream of the air injection.
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.2. Influence of the air layer on the incoming TBL

The incoming flow affects the air phase dynamics and in turn the
ncoming flow is affected by the air layer/bubbly flow. It is then
mportant to assess the influence of the air layer on the incoming TBL
nd make use of the actual incoming flow conditions in our future
nalysis: the local flow parameters (e.g. the velocity in the vicinity
f the air layer/bubbly flow rather than the freestream one) of the
ncoming TBL upstream of the injection position.

As mentioned in Section 2, the incoming TBL is measured with
nd without an air layer present for flow conditions summarized in
able 1. A comparison of the streamwise time-averaged velocity with
nd without the air layer present is presented in Fig. 4 for position
2 and a freestream velocity of 𝑈∞ = 0.70 m∕s. As can be seen, the
pstream influence of the air layer on the incoming TBL extends to
bout 𝑥 = −𝛿 upstream of the air injection (𝑥 = 0). This is equivalent to
= −0.62𝐿𝑎𝑖𝑟, where 𝐿𝑎𝑖𝑟 is the mean air layer length. In addition, at

ll stations, the influence of the air layer in the wall-normal direction
xtends up to the outer region, at around 𝑦 = 0.5𝛿. For the same 𝑅𝑒𝑥,
imilar behavior is observed in Anand (2021) (influence up to 𝑦 = 0.4𝛿).
n increase of 𝑅𝑒𝑥, either due to a larger incoming development length
or a higher 𝑈∞, results in a less pronounced effect of the air layer

n the incoming TBL. This is illustrated in the insert of Fig. 4, where
he ratio of the mean streamwise velocity with and without air over
he streamwise development length 𝑥 is shown for different 𝑈∞ at
osition 𝑥2. It is estimated that for position 𝑥4 and the larger 𝑈∞ tested,

the upstream influence of the air layer on the incoming TBL is only
𝑥 = −(0.1 − 0.2)𝛿 corresponding to 4%–8% 𝐿𝑎𝑖𝑟. On the other extreme,
for the lower 𝑅𝑒𝑥 tested at position 𝑥1, the air layer influences the
incoming TBL up to 𝑥 = −2.5𝛿 corresponding to 0.75% 𝐿𝑎𝑖𝑟.

3.3. Characterization of BR, TALR and ALR under different incoming flow
conditions

Following the characterization of the incoming liquid TBL, a char-
acterization of the air phase is presented in this section. Three very
distinct air phase regimes were observed for different 𝑄𝑎𝑖𝑟 and 𝑈∞.

he bubbly regime (BR), the transitional air layer regime (TALR), and
inally the air layer regime (ALR). In Fig. 5, characteristic instantaneous
mages of these are shown for the four different freestream velocities
∞ tested, for four different air flow rates 𝑄𝑎𝑖𝑟, and for the incoming
evelopment length 𝑥3. In addition, in order to support the qualitative
nformation presented in Fig. 5, the percentage of non-wetted area 𝐴𝑛𝑤
ersus 𝑄𝑎𝑖𝑟 is presented in Fig. 6. The former is defined as:

𝑛𝑤 =
𝐴𝑎𝑖𝑟 × 100 (2)
6

𝐴𝑡𝑜𝑡𝑎𝑙
where 𝐴𝑎𝑖𝑟 is the flat plate area occupied by air and 𝐴𝑡𝑜𝑡𝑎𝑙 is the
total flat plate area. To calculate 𝐴𝑛𝑤, an image processing algorithm
n MATLAB is employed. More specifically, for each instantaneous
rayscale image (Fig. 5), small structures are first removed by Gaussian
iltering, followed by background normalization. Then the images are
inarized based on the gradient magnitude. Finally, morphological
losing (dilation followed by erosion) is performed and the remaining
ubbles/air patches are filled. The average value of 𝐴𝑛𝑤 for a specific
∞ - 𝑄𝑎𝑖𝑟 pair and its standard deviation is then calculated.

ubbly regime
For a low air flow rate (𝑄𝑎𝑖𝑟 = 10.3 l/min), dispersed bubbles are

resent in the flow (marked as BR in Fig. 5). In this regime the bubble
ize 𝑑𝑏 ranges from millimeters to centimeters (see also supplementary
ideo S1), but individual bubbles may coalesce to form larger ones
ar downstream from the air injector. This regime is morphologically
imilar to the bubbly regime reported by Elbing et al. (2008) and the
oamy cavity regime reported by Qin et al. (2019) for the lower tested
𝑎𝑖𝑟. In those studies, bubbles are located in various wall-parallel planes
s a result of the recirculating flow behind the BFS but in our cases, a
ingle bubbly plane is formed very close to the flat plate (in all cases
𝑏 < 𝛿, see also supplementary video S1). For the same 𝑄𝑎𝑖𝑟, increasing
∞ results in smaller bubbles as can be seen in Fig. 5 for 𝑄𝑎𝑖𝑟 = 10.3

l/min and increasing 𝑈∞.

Transitional air layer regime
Further increasing 𝑄𝑎𝑖𝑟 results in progressively larger bubbles lead-

ing to an increase in 𝐴𝑛𝑤 and a decrease of the bubble’s perimeter
Fig. 6). However at a certain air flow rate (𝑄𝑎𝑖𝑟 > 𝑄𝑡𝑟𝑎𝑛𝑠), once the
ransitional air layer regime is reached, bubbles, air patches and parts
f an air layer are present in the flow. This is the least researched
egime but yet quite important because, in full scale ship conditions,
he air layer will break due to various parameters. In this regime,
𝑛𝑤 steeply increases with increasing 𝑄𝑎𝑖𝑟 (Fig. 6). In essence, a small
hange in 𝑄𝑎𝑖𝑟 could lead to either the bubbly or the air layer regime.
t is then expected that the inflow conditions are very important since
hey could provide either the conditions to promote transition to ALR
r impose bubble break up (BR). Large standard deviations (due to
he instantaneous variation) of 𝐴𝑛𝑤 are evident from Fig. 6 indicating
he highly dynamic character of this air phase (see also supplementary
ideo S2). Characteristic images of this regime are marked with TALR
n Fig. 5 for clarity. It can be seen from Fig. 6 that for 𝑈∞ = 0.80 m∕s

and 𝑈∞ = 0.89 m∕s, the 𝐴𝑛𝑤 peaks at the TALR rather than the ALR. It
is not clear however if this highly dynamic regime (coupled with high
𝐴 ) results in high drag reduction as well.
𝑛𝑤



International Journal of Multiphase Flow 180 (2024) 104948L. Nikolaidou et al.
Fig. 5. Characteristic images of the different air phase regimes for the freestream velocities tested (injection position 𝑥3). The air flow rate increases from left to right. Bubbly,
transitional and air layer regimes are marked for clarity. In all images the lighter background indicates liquid and the darker color the air phase. Each row shares the same
freestream velocity and each column the same air flow rate. Flow direction is from down up.
Air layer regime
Further increasing the air flow rate (𝑄𝑎𝑖𝑟 > 𝑄𝑐𝑟𝑖𝑡) results in the air

layer regime (characteristic images of this regime are marked as ALR
in Fig. 5). In this regime, an air cavity, with a thickness of ≈ 1 cm,
clearly separates the solid wall from the liquid phase. In the case of
𝑈∞ = 0.71 m∕s and 𝑈∞ = 0.80 m∕s the air cavity resembles a two
branch cavity, similar to the two branch cavity (TBC) cavity observed
by Qin et al. (2019). Two elongated air branches (one on each side of
the air layer) are always present while there are some instances that
7

air is discharged from a third middle branch. For the higher velocities
𝑈∞ = 0.89 m∕s and 𝑈∞ = 0.96 m∕s a three-branch air cavity is observed
(Fig. 5(d), see also supplementary video S3). This was not observed
by Qin et al. (2019), in a narrower facility than the one used for the
current experiments. While investigating the air discharge mechanisms
is out of the scope of this study, it is important to note that, in all cases,
the air leaks from the cavity through bubble pinch-off at the end of the
branches due to the presence of small surface waves at the liquid–air
interface. This is similar to the instability mechanism for a two branch
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Fig. 6. Percentage of non-wetted area 𝐴𝑛𝑤 % for various air flow rates and freestream
velocities. Results are shown for air injection position 𝑥3 (model A). Error bars indicate
the standard deviation due to the instantaneous variation of 𝐴𝑛𝑤. For 𝑈∞ = 0.89 m∕s
the normalized perimeter of the air phase items is also shown.

Fig. 7. Percentage of non-wetted area 𝐴𝑛𝑤 % for various air flow rates and freestream
velocities. Results are shown for air injection position 𝑥1 (𝛿1 < 𝛿3, model A). Error bars
indicate the standard deviation due to the instantaneous variation of 𝐴𝑛𝑤.

cavity mentioned by Qin et al. (2019). Once the air layer is formed,
further increasing 𝑄𝑎𝑖𝑟 has no significant effect on the morphology of
the air layer, apart from a delay in the air layer break up close to the air
injector (wetted pockets, seen in Fig. 5). This is also evident in Fig. 6
where 𝐴𝑛𝑤 seems unaffected by the increase of 𝑄𝑎𝑖𝑟 in ALR.

The effect of 𝑈∞ on the air layer characteristics can be qualitatively
seen in Fig. 5. For the same air flow rate 𝑄𝑎𝑖𝑟 = 20.61 l/min, a TALR
is present for 𝑈∞ = 0.86 m/s, while for 𝑈∞ = 0.77 m/s we observe
an ALR. This is also demonstrated in Fig. 6, where there is an evident
shift of the curves to the right, corresponding to higher 𝑄𝑎𝑖𝑟. Thus,
increasing 𝑈∞ inhibits/delays the formation of a stable air layer. This
will be further discussed in Section 3.5.

Incoming TBL thickness effect
In Fig. 7, 𝐴𝑛𝑤 in the case of a thinner incoming TBL (development

length 𝑥1) is shown. Qualitatively, Figs. 6 and 7 are similar, however
relative less value peaks of 𝐴𝑛𝑤 are present in Fig. 7 indicating that
fewer instances of TALR are present in this case. Similar behavior is
observed for an increase in 𝛿 for the model B injector (not shown here).

3.4. Effect of incoming flow conditions on the air layer geometry

In this section the focus will be on the ALR and its geometrical
characteristics under different incoming 𝛿 and 𝑈 . Given that the ALR
8

∞

Fig. 8. Side view of the air layer. Air layer thickness 𝑡𝑎𝑖𝑟 denotes the maximum
thickness at the apex of the cavity. Air layer length 𝐿𝑎𝑖𝑟 corresponds to the spanwise
uniform part of the air layer (excluding the shedding region).

Fig. 9. (a) Mean streamwise velocity field around the air layer (air layer marked in
white color) and (b) mean correlation map used to extract the air layer thickness. Black
dashed line denotes the air–water interface.

is the most important regime in terms of drag reduction, it is useful
to pay more attention to its characteristics. As discussed in , once the
ALR is reached (for a specific 𝛿 - 𝑈∞ pair), no significant morphological
changes are observed, making ALR the most amenable to further quan-
titative analysis. In addition, there has not been a quantitative analysis
of the ALR in a configuration without a BFS, leading to uncertainty
regarding how these two configurations compare.

Regarding the ALR, it was already apparent from Section 3.3 that
the morphology of the air layer differs with incoming flow conditions
including the presence of a two or three branch cavity and the amount
of wetting events near the air injector. Here, we will focus on the air
length 𝐿𝑎𝑖𝑟 and air layer thickness 𝑡𝑎𝑖𝑟 for different 𝑈∞ and incoming 𝛿.
These are expected to directly impact the stability of the air layer. In
what follows, 𝑡𝑎𝑖𝑟 is defined as the maximum thickness at the apex of
the air cavity, while 𝐿𝑎𝑖𝑟 is defined as the mean streamwise length of
the spanwise homogeneous part of the air layer (excluding the branches
in the shedding region). These definition are also shown in Fig. 8. The
method used to calculate each of them will be also expanded upon.

3.4.1. Variation of 𝑡𝑎𝑖𝑟 with incoming flow conditions
First, the air layer thickness 𝑡𝑎𝑖𝑟 is discussed. As explained in Sec-

tion 2, planar PIV was performed to measure the liquid velocity around
the air layer. In the absence of seeding particles in the air phase, a
noticeable decrease of the correlation value R of the particle image
pairs was evident. The thickness 𝑡𝑎𝑖𝑟 was then determined from the time
averaged correlation value R of the particle image pairs. Subsequent
appropriate thresholding using Otsu’s method (Otsu, 1979) and image
processing of the mean correlation maps, allowed the determination of
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Fig. 10. Measured thickness 𝑡𝑎𝑖𝑟 of the air layer for different freestream velocities for air injection positions (a) 𝑥1 and 𝑥3 (model A injector) and (b) 𝑥2 and 𝑥4 (model B injector).
he mean air water interface and its maximum thickness (at the apex of
he concave interface, see also Fig. 8) for all conditions. Another way
f determining the air layer thickness from PIV images was proposed
y Anand (2021), where the air–water interface is estimated at each
ime instance, using the instantaneous instead of the time averaged cor-
elation maps. Both methods yield similar results (< 1 mm difference).
n Fig. 9(a), the mean streamwise velocity around the air layer is shown
nd the air layer shape is acquired from Fig. 9(b).

In Fig. 10, 𝑡𝑎𝑖𝑟 with its uncertainty, is reported for different 𝑈∞. By
omparing the injection positions that share the same injector model
e can also see the effect of incoming 𝛿. It can be seen that for both
odel injectors, the thinner incoming TBL (𝛿1 and 𝛿2) resulted in a

arger 𝑡𝑎𝑖𝑟 compared to the thicker one (𝛿3 and 𝛿4). On one hand, the
patial resolution of the PIV (2 mm based on the final interrogation size

not taking into account the 50% overlap) was sufficient to estimate
𝑎𝑖𝑟, which is around 15 mm for the model A injector (Fig. 10(a)) and
0 mm for the model B injector (Fig. 10(b)). The difference is attributed
o the smaller gap width of model injector B. It must be noted that
t is the first time that the actual air layer thickness is measured in
his configuration. On the other hand, the uncertainty level due to the
etection method itself and the limitations of the experimental setup
reflections at the air water interface) make it difficult to determine a
rend of 𝑡𝑎𝑖𝑟 with the incoming TBL.

In the study of Elbing et al. (2013a), where a BFS was used prior
o the air injection, the thickness of the air cavity was estimated to be
.75𝑡𝑎. Following this definition in the current experiments, we would
xpect a 𝑡𝑎𝑖𝑟 in the range of ≈ 1.5 – 2 mm. However, the measured 𝑡𝑎𝑖𝑟 is
n order of magnitude thicker. The aforementioned discrepancy could
e attributed to the Reynolds number difference between the current
tudy and Elbing et al. (2013a) (𝑅𝑒𝜏 = 14140). In any case, it seems
hat 𝑈∞, B, and 𝑄𝑎𝑖𝑟 alone cannot predict 𝑡𝑎𝑖𝑟.

Since we have calculated 𝑡𝑎𝑖𝑟 and the liquid incoming TBL thickness
(Section 3.1), it is insightful to calculate the ratio of the two, in order

o identify the expected characteristics of the local TBL structures in the
icinity of the air layer interface. In Fig. 11, the mean streamwise ve-
ocity profiles in different air injector positions are shown. The dashed
ines indicate the ratio 𝑡𝑎𝑖𝑟∕𝛿. This is plotted here for 𝑈∞ = 0.68 m/s, but
he rest of the velocities show a similar behavior. As can be seen, the air
ayer interface in position 𝑥1 is in the wake region (𝑦∕𝛿 ≈ 0.3 − 0.4), in
2 and 𝑥3 it is at the outer edge of the log region (𝑦∕𝛿 ≈ 0.12−0.14) and
n 𝑥4 it is well within the log layer (𝑦∕𝛿 ≈ 0.06). The associated velocity
luctuations of the incoming liquid TBL in these regions are known
o differ in both amplitude and spanwise extent (Dennis and Nickels,
011). In particular, for position 𝑥1, velocity fluctuations close to the
9

ir liquid interface (wake region) would be wider in span, with lower
Fig. 11. Mean streamwise velocity profile normalized with the freestream velocity for
different incoming TBL thicknesses (air injection positions) for the lower freestream
velocity tested (𝑈∞ = 0.68 − 0.72 m∕s). Dashed lines indicate 𝑡𝑎𝑖𝑟∕𝛿.

amplitudes (leading to smaller variations of the instantaneous velocity
from the local mean of that plane). On the other hand, as we move to
position 𝑥4, the incoming TBL is thicker, while the air layer thickness
is approximately constant. As a result the spanwise fluctuations of the
streamwise velocity are expected to be thinner and of higher amplitude
(leading to larger variations of the instantaneous velocity around the
local mean) in the vicinity of the air–water interface.

3.4.2. Variation of 𝐿𝑎𝑖𝑟 with incoming flow conditions
The air layer length 𝐿𝑎𝑖𝑟 is directly estimated from the imaging

camera which allows accurate determination. It could also be estimated
from the mean correlation map of PIV images in a similar manner as
𝑡𝑎𝑖𝑟 was determined. However, difficulties pertaining to the unsteady
character of the closure region of the air layer made the detection of
𝐿𝑎𝑖𝑟 through the PIV images challenging, especially for the higher 𝑈∞.
Characteristic images of the air layers are shown in Fig. 12 for the four
different 𝑈∞ tested and for two positions. Via image processing, the air
layer closure line is first detected (blue line in Fig. 12). In line with
other studies (Qin et al., 2019) 𝐿𝑎𝑖𝑟 is defined as the shortest distance
between the air injector and the location of the cavity closure line.
In case of a thinner incoming TBL (Figs. 12(a)–12(d)), the air layer
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Fig. 12. Characteristic air layer images for different air injection positions and freestream velocities. For the shorter development length of 𝑥1 = 1.45 m (a)–(d) and the larger
development length of 𝑥3 = 3.95 m (e)–(h). Flow is from down up.
exhibits a two branch behavior: the air layer closure line between the
two branches is relatively smooth (especially for lower 𝑈∞) and as such
its average streamwise distance from the injector location is similar
to the minimum (𝐿𝑎𝑖𝑟). On the other hand, in the case of a thicker
incoming TBL (Figs. 12(e)–12(h)) the air layer exhibits a three branch
behavior: 𝐿𝑎𝑖𝑟 then coincides with one of the bifurcation points of the
closure line between the three branches. In this way, only the spanwise
uniform region of the air layer is taken into account, while the shedding
region (Fig. 8) is excluded.

The calculated 𝐿𝑎𝑖𝑟 is seen to increase monotonically with 𝑈∞
(Fig. 13), a change qualitatively observed already from the imaging
data (Fig. 12). This is in line with previous studies of air cavities formed
behind a BFS or cavitator (Qin et al., 2019; Zverkhovskyi, 2014) for a
variety of Reynolds numbers; it has, however, not been investigated
before in configurations without BFS.

As can also be seen in Fig. 13, for a specific air injection position
and 𝑈∞, 𝐿𝑎𝑖𝑟 is unaffected by 𝑄𝑎𝑖𝑟 variations. This indicates that, once a
certain air layer length is reached, further increasing the 𝑄𝑎𝑖𝑟 results in
the air layer shedding more air through the elongated branches while
the spanwise uniform region remains unchanged. Similar observations
were also noted in Qin et al. (2019), where they showed an abrupt jump
in the cavity length once it transitioned to the two-branch regime, but
once it is reached further increasing the air flow rate had no effect. It
must be noted that this is not the case for Barbaca et al. (2018), where
an increase in the pressure inside the cavity (controlled by the air flow
rate) resulted in an increase of 𝐿𝑎𝑖𝑟 and an equilibrium air layer length
existence is not reported. This could either mean that such a regime is
not present in the experiments or that this regime is not yet reached.

Apart from 𝑈∞ effects on 𝐿𝑎𝑖𝑟, morphological differences due to
different incoming TBL 𝛿 are also present. For both model injectors
10
a longer air layer is observed in the case of a lower incoming TBL 𝛿
(open markers in Fig. 13) for a specific 𝑈∞. This is in line with the
observations of Barbaca et al. (2018) for an air layer formed behind a
BFS, where the pressure inside the cavity was measured. For the same
pressure in the cavity (controlled by air flow rate), a lower ℎ∕𝛿 with h
being the BFS height, resulted in a smaller cavity length. The authors
attributed this to a less pronounced blockage effect. Such effects are
not expected in our case however. We propose that the 𝐿𝑎𝑖𝑟 variation
with 𝛿 is attributed to the local streamwise velocity 𝑈𝑙𝑜𝑐𝑎𝑙, defined as
the mean streamwise velocity of the incoming TBL (with air, see also
Section 3.2) at 𝑦 = 𝑡𝑎𝑖𝑟. With that in mind, a thinner incoming TBL leads
to a larger local velocity and a larger 𝐿𝑎𝑖𝑟. In Fig. 14, 𝑈𝑙𝑜𝑐𝑎𝑙 is compared
with 𝐿𝑎𝑖𝑟 for the results that share the same injector model. The local
streamwise velocity is computed from averaging 10 neighboring vectors
at 𝑦 = 𝑡𝑎𝑖𝑟, immediately upstream of the air layer. It can be seen that a
better scaling of the 𝐿𝑎𝑖𝑟 is achieved when using 𝑈𝑙𝑜𝑐𝑎𝑙 as the relevant
velocity scale rather than 𝑈∞ (inserts in Fig. 14). Despite our efforts
however, it appears that we cannot collapse all the data into a single
figure. Further experiments with a wider parameter space are necessary
to achieve this.

Finally, the measured 𝐿𝑎𝑖𝑟 is compared with half gravity wavelength
derived from the dispersion relation. In our experiments we are in the
deep water regime (𝑑∕𝐿 > 0.5, where d is the water tunnel depth), so
that the deep water approximation is considered:

𝑉 2 =
𝑔𝐿
2𝜋

(3)

where V is the phase velocity and L is the gravity wavelength. More
specifically, Butuzov (1966, 1967) using potential flow theory, derived
the theoretical limiting air cavity length for which a stable cavity
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Fig. 13. Measured air layer length for different air flow rates for air injection positions (a) 𝑥1 (open circles) and 𝑥3 (filled circles) and (b) 𝑥2 (open squares) and 𝑥4 (filled
squares). The vertical errorbars show the standard deviation. Dashed line indicates the boundary between transitional and air layer regimes (lower 𝑄𝑎𝑖𝑟 than then ones considered
here correspond to the transitional regime). The colors indicate the different freestream velocities: 𝑈∞ = 0.68 − 0.72 (blue), 𝑈∞ = 0.77 − 0.81 (red), 𝑈∞ = 0.86 − 0.90 (yellow),

∞ = 0.92 − 0.97 (purple). See Table 2 for specific 𝑈∞ for the different positions. (For interpretation of the references to color in this figure legend, the reader is referred to the
eb version of this article.)
Fig. 14. Scaling of air layer length with local streamwise velocities for air injection positions (a) 𝑥1 and 𝑥3 (model A injector) and (b) 𝑥2 and 𝑥4 (model B injector). Insert: Scaling
f air layer length with freestream velocities.
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moothly reattaches to a solid surface. Despite the simplicity of this
odel, comparison with experimental data confirmed the correlation of

he air cavity length with the velocity squared (Matveev et al., 2009;
atveev, 2012, 2020). Following this work, in Fig. 15 the measured
𝑎𝑖𝑟 for a specific 𝑈∞ and various incoming 𝛿 is plotted against the half
ravity wavelength (dashed line) and some experimental data of other
tudies (Qin et al., 2019; Zverkhovskyi, 2014). It can be seen that the
easured 𝐿𝑎𝑖𝑟 agrees reasonably well with the predicted wavelength.
s mentioned before, the limiting air cavity length is derived for an air
avity forming behind a wedge or a cavitator. Despite the fact that no
uch inserts where used in the current experiments, a good comparison
s observed especially for the lower 𝑈∞ where the air layer resembles
n air cavity shape with a higher 𝑈𝑎𝑖𝑟∕𝑈∞ ratio (≈ 0.42) where 𝑈𝑎𝑖𝑟 is
11

efined based on 𝑄𝑎𝑖𝑟 and the injection slot area. r
.5. Effect of incoming flow conditions on regime transitions

As presented in Section 3.3, the morphological characterization
f BR, TALR and ALR, revealed distinct features between the three
egimes. The regime maps for each development length (incoming TBL
hickness) prior to the air injection are presented in Fig. 16. While
ther researchers classified regimes based on drag reduction (Elbing
t al., 2008) here the different regimes are determined based on the
istribution of 𝐴𝑛𝑤 as the air flow rate increases (Figs. 6,7). In this
ection, the effect of both the freestream velocity and the incoming TBL
hickness on regime transitions is discussed. The latter has not been
ooked at yet for a configuration without a BFS or cavitator upstream
f the air injection.

In general, irrespective of incoming TBL thickness, increasing 𝑈∞

esults in an increase of the transitional and the critical air flow
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Fig. 15. Dispersion relation (water depth d = 0.58 m) for deep water (dashed line)
using half gravity wavelength L/2 according to Butuzov (1966, 1967).

rates 𝑄𝑡𝑟𝑎𝑛𝑠 and 𝑄𝑐𝑟𝑖𝑡: for a higher liquid 𝑈∞ more air is needed to
transition from one regime to another. This is in agreement with the
results of Elbing et al. (2008), which were obtained in a much higher
Reynolds number flow. In the study of Barbaca et al. (2018), the regime
transitions were not studied specifically, but it was noted that for
higher Froude numbers, more air is needed to achieve a certain cavity
pressure. In addition, for the incoming TBL thicknesses considered here,
there is an evident divergence between the two lines demarcating the
regime regions for increasing 𝑈∞.

To facilitate comparison of the critical threshold indicating the onset
of ALR with other studies, the critical nominal air flow rate 𝑡𝛼,𝑐𝑟𝑖𝑡
Eq. (1)) is used. While both Elbing et al. (2008) (𝑅𝑒𝑥 (108)) and Peifer
t al. (2020) (𝑅𝑒𝑥 (106)) found that a 𝑡𝛼,𝑐𝑟𝑖𝑡 > 6 mm is needed to
establish an air layer below a hydraulically smooth plate, in the

urrent experiments much lower values are found (0.2 – 0.4 mm for the
ower velocities measured and 0.9 – 1.7 mm for the highest). Although
xtrapolation to lower velocities from the much higher Reynolds data
ange of Elbing et al. (2008) is difficult, it is found that 𝑡𝑎,𝑐𝑟𝑖𝑡 over
redicts the critical air flow in the case of the lower velocities while
t is under-predicted for higher velocities. It must be noted that Jang
t al. (2014) also observed a discrepancy on the 𝑡𝛼,𝑐𝑟𝑖𝑡 prediction. This
uggests that more parameters other than freestream velocity, critical
ir flow rate and span of the test section affect the onset of the air layer
egime.

Different regime maps are presented for the different incoming TBL
hicknesses; results are presented for the model A injector (incoming
BL 𝛿1 and 𝛿3), but similar results were acquired for model B. The effect
f TBL conditions is reflected in two main differences in the regime
lots. To begin with, a lower air flow rate was needed to transition
rom the BR to the TALR regime in the case of the thicker incoming TBL
𝛿3 > 𝛿1). As explained in the previous section, based on the calculated
𝑎𝑖𝑟 a lower local velocity is present at the air–water interface in the case
f injection position 𝑥3. That could act to enable rather than inhibit the
ransition from the BR to the TALR regime. To summarize:

𝛿3 > 𝛿1
𝑈𝑙𝑜𝑐𝑎𝑙,3 < 𝑈𝑙𝑜𝑐𝑎𝑙,1

𝑡𝑟𝑎𝑛𝑠,3 < 𝑄𝑡𝑟𝑎𝑛𝑠,1

(4)

t must be noted that this was not the case for lower velocity (𝑈∞ =
.68 m/s) but that could be also attributed to the resolution of the
otameter (2 l/min).

That being said, a higher air flow rate was needed to transition from
he TALR to ALR, in the case of a thicker incoming TBL:
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𝑐𝑟𝑖𝑡,3 > 𝑄𝑐𝑟𝑖𝑡,1 (5)
gain the lower velocity is excluded from this trend. By definition, the
LR regime is characterized by a region of spanwise uniformity (Fig. 8).
ince the air layer interface lies in the wake region (𝑡𝑎𝑖𝑟∕𝛿3 ≈ 0.1−0.17)
n the case of incoming TBL 𝛿3, larger spanwise fluctuations of the
treamwise velocity are expected than in the case of incoming TBL 𝛿1

(𝑡𝑎𝑖𝑟∕𝛿1 ≈ 0.26 − 0.5). Since no quantitative data on the streamwise–
spanwise incoming TBL were acquired in the experiments, a direct
correlation of the air phase and the incoming spanwise TBL structures
cannot be established, but it is hypothesized that larger spanwise
fluctuations could delay the creation the onset of the ALR. This opposite
trend of 𝑄𝑡𝑟𝑎𝑛𝑠 and 𝑄𝑐𝑟𝑖𝑡 becomes evident as the TALR gets wider with
increasing TBL thickness.

4. Summary & conclusions

The purpose of the current study is to investigate the effect of
incoming flow conditions on the different regimes in air lubrication.
The different air phase regimes are created along a flat plate spatially
developing TBL without the use of a BFS upstream of the air injection
position. Various incoming flow conditions are achieved by changing
the incoming liquid freestream velocity and the incoming liquid TBL
thickness.

For different liquid freestream velocities (𝑈∞ = 0.65 − 1 m∕s) and
air flow rates (𝑄𝑎𝑖𝑟 = 5 − 52 l/min) and irrespectively of the incoming
TBL thickness, three air phase regimes are observed: the bubbly regime
(BR), the transitional air layer regime (TALR), and the air layer regime
(ALR). The percentage of non-wetted area is found to increase with
increasing 𝑄𝑎𝑖𝑟 for the BR and ultimately peak at the TALR before
relaxing to a constant non-wetted area percentage at the ALR. Once
the latter is reached, a three or two branch air cavity is observed, the
length of which is predicted reasonably well by a half gravity wave for
a specific 𝑈∞ and water depth. Having said that, increasing 𝑈∞ results
in an increase of the air layer length. In addition, a systematically
longer air cavity is observed for a thinner incoming TBL, a phenomenon
that the dispersion relation cannot explain, but can be attributed to
an increase in velocity, when local (wall-normal varying) instead of
freestream velocities are considered. This is a corollary of higher 𝑡𝑎𝑖𝑟∕𝛿
ratios for thinner incoming TBLs and also explains why the dispersion
relation based on 𝑈∞ cannot predict the trend.

The transitional and critical air flow rates (𝑄𝑡𝑟𝑎𝑛𝑠 and 𝑄𝑐𝑟𝑖𝑡, respec-
tively) are also measured. In line with previous studies it is concluded
that for increasing 𝑈∞ both 𝑄𝑡𝑟𝑎𝑛𝑠 and 𝑄𝑐𝑟𝑖𝑡 are increasing. In addition,
t is shown that the incoming TBL thickness has an effect on the
ransition points. More specifically, it is shown that for the same 𝑈∞, an

increasing incoming TBL thickness results in a decrease of 𝑄𝑡𝑟𝑎𝑛𝑠 and an
increase of the 𝑄𝑐𝑟𝑖𝑡. It is hypothesized that the former can be explained
when the local (wall-varying) velocity at the air–water interface is
considered, while the later is attributed to the change in 𝑡𝑎𝑖𝑟∕𝛿 (0.17
to 0.3), both measured with PIV, and the associated different incoming
TBL structures.

In conclusion, we have shown that the incoming TBL conditions
have an effect on both the regime transition points and the charac-
teristics of the air layer (once it is formed). Furthermore, our results
indicate that using the local velocity 𝑈𝑙𝑜𝑐𝑎𝑙 at the air–water interface
and the ratio of the air layer to incoming TBL thickness 𝑡𝑎𝑖𝑟∕𝛿 improves
scaling and provides an additional physical interpretation in a way
that global flow parameters (e.g. 𝑈∞) cannot explain. In the future,
expanding the data range and incorporating more parameters is needed
to further improve and validate the scaling. This work will help in
designing efficient drag reduction mechanisms for ships.
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