14th International Symposium on Turbulence and Shear Flow Phenomena (TSFP14)
Heidelberg, Germany, July 28-31, 2026

TOWARDS RESOLVING TURBULENT TWO-PHASE BOUNDARY LAYERS
IN AIR LUBRICATION BY MULTIBEAM SONAR TECHNOLOGY

Malte Skyberg, Claes Poulsen, Pourya Forooghi, Ulrich Doll
Department of Mechanical and Production Engineering
Aarhus University
Katrinebjergvej 89 G-F, 8200 Aarhus N
ud@mpe.au.dk

ABSTRACT

Air lubrication is a promising technology to reduce ship
fuel consumption and CO; emissions, but its effectiveness de-
pends on bubble size, distribution, and persistence in the tur-
bulent near-wall boundary layer. Measuring these parameters
at full scale remains a major challenge. This work evaluates
ultrasonic multibeam sonar as a non-intrusive diagnostic for
the characterization of air lubrication layers. Laboratory ex-
periments with controlled bubble injection were used to com-
pare sonar measurements with synchronized optical imaging.
Richardson-Lucy deconvolution improved the localization of
both sparse and dense bubble plumes and increased agreement
with optically observed bubble-rich regions. However, accu-
rate bubble sizing was not achieved, particularly near the sys-
tem resolution limit of approximately 8 mm. The sonar data
should therefore be interpreted mainly in terms of bubble posi-
tion, plume extent, and relative concentration rather than exact
bubble diameter, while still highlighting the method’s potential
for future full-scale deployment in operating air-lubrication
systems.

INTRODUCTION

Reducing hydrodynamic drag is crucial for lowering fuel
consumption and CO, emissions in maritime transport. Air
lubrication, which involves injecting air beneath a ship’s hull
to modify the turbulent boundary layer, has shown particular
promise; current installations report at least 5% to 16% sav-
ings in fuel and CO, emissions (Kim & Steen, 2023), with
potential for further improvements if the physical mechanisms
can be better understood and optimized. The effectiveness of
air lubrication depends on how the injected air interacts with
the turbulent boundary layer, altering near-wall turbulence and
reducing wall shear stress. However, translating laboratory in-
sights to real-world deployment remains technically challeng-
ing due to high flow velocities, elevated hydrostatic pressures,
limited access beneath operating vessels, and often turbid wa-
ter conditions. These factors complicate both the implementa-
tion and the in-situ measurement of multiphase turbulent inter-
actions, posing significant barriers to optimization at full scale.

As summarized in the review article of Murai (2014),
three regimes of air lubrication can be distinguished: bubble
drag reduction (BDR), where dispersed bubbles interact with
near-wall turbulence; gas layer drag reduction (GLDR), in-
volving a continuous air film that reduces water—solid shear;
and gas cavity drag reduction (GCDR), where large air cav-
ities persist under the hull. Murai concludes that substantial

drag-reduction gains are possible for favorable combinations
of bubble size and flow speed, whereas unfavorable conditions
may lead to only minor improvements or even negative effects.
This highlights the importance of both bubble size and spatial
distribution within the boundary layer. Equally important is
the persistence of air within the near-wall region, where its in-
fluence on drag reduction is greatest. Air that migrates away
from this inner boundary-layer region contributes less effec-
tively to lubrication and may therefore represent wasted injec-
tion energy.

Drag reduction by air lubrication has been investigated
through a range of experimental approaches, with laboratory
studies employing high-resolution optical methods such as
high-speed imaging and particle image velocimetry to track
bubble distributions and air layer persistence, as well as direct
drag measurements using calibrated load cells and dynamome-
ters (Elbing et al., 2008; Ceccio, 2010; Kitagawa et al., 2019;
Kringel et al., 2025). Most experiments that achieve local res-
olution of bubble—turbulence interactions have been conducted
in laboratory channels and towing tanks, where the controlled
environment enables detailed study of bubble size, distribu-
tion, and their effects on turbulent boundary layers (Elbing
et al., 2008, 2013; Mikiharju et al., 2017; Kitagawa et al.,
2019; Tanaka et al., 2022; Zhang et al., 2021; Tanaka et al.,
2023). In contrast, full-scale deployments on operational ves-
sels typically rely on indirect performance metrics such as en-
gine power consumption and fuel usage to assess drag reduc-
tion (Mizokami er al., 2010; Kumagai et al., 2015; Kim &
Steen, 2023). While these measurements provide essential val-
idation, the actual drag reduction mechanism at full scale re-
mains uncertain due to a lack of high resolution measurement
techniques suitable for deployment on operating vessels.

Due to the large acoustic impedance difference of nearly
four orders of magnitude between air and water, ultrasound-
based sensing emerges as a viable option for high-resolution
studies of air lubrication layers. This pronounced mismatch
results in a reflection coefficient close to unity at the air—water
interface, producing strong backscatter signals even from sub-
millimeter bubbles (Murai et al., 2010).

Considering the challenges of full-scale deployment,
sonar systems specifically developed for harsh maritime en-
vironments offer a promising alternative. For instance, Veloso
et al. (2015) used a low-frequency single-beam sonar system
to identify and quantify gas leaks on the seafloor, while Zhang
et al. (2022) demonstrated the use of an ultrasonic multibeam
sonar to resolve bubble plumes with high spatial detail. Com-
pared to single-beam systems, multibeam sonar arrays provide
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significantly enhanced spatial coverage and angular resolution,
enabling more accurate characterization of bubble distribu-
tions. Their ability to operate in turbid, sediment-rich waters
and withstand high pressures and hydrodynamic loads makes
them particularly suited for deployment beneath operating ves-
sels.

This work constitutes a first step toward qualifying high-
frequency multibeam imaging sonar for the spatial character-
ization of air lubrication layers. The objective of this study
is determine whether a calibrated image-level deconvolution
framework can improve the recovery of bubble-plume struc-
ture, location, and boundaries. Validation is performed us-
ing synchronized optical recordings, while the present limits
of quantitative size interpretation are discussed explicitly.

METHODOLOGY

Two separate methodologies were applied to evaluate
bubble region characterization using optical imaging and ul-
trasonic multibeam sonar measurements. The optical method
provides a reference for bubble edge detection under con-
trolled laboratory conditions, while the sonar-based method
aims to extract equivalent cluster information from acousti-
cally resolved bubble regions.

Experimental Setup

Figure 1 shows the laboratory setup used for the exper-
iments. The tests were conducted in a tank measuring 10 m
in length, 2 m in width, and with a water depth of 1.5 m. A
Kongsberg Flexview multibeam sonar operating at 1400 kHz,
with a horizontal field of view of 46°, was used for the acous-
tic measurements. The sonar was mounted vertically with an
upward tilt of 23°, positioned 2 cm above the tank floor in
order to minimize backscatter from the bottom and side wall.
Air bubbles were generated 0.8 m from the sonar using a com-
pressor system connected to interchangeable nozzles, allowing
control of injection rate, plume density, and characteristic bub-
ble size. The nozzle types included perforated tubes with dif-
ferent hole diameters as well as porous oxygen stones. For in-
dependent optical validation, a Basler ACE 2 camera equipped
with a 25 mm lens and a green filter was aligned with the sonar
field of view. The optical measurements were acquired by
pulsed green back-illumination using an Advanced Illumina-
tion SL316 light source to obtain sharp bubble contours. The
effective exposure time was determined by the strobe pulse du-
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ration of 1500 us. Calibration spheres were placed in the field
of view prior to each run to establish the pixel-to-millimeter
conversion factor and spatial calibration between sonar and
camera. Sonar and camera data were recorded simultaneously
under quiescent water conditions. For synchronization, the
sonar acted as the master at a ping rate of 15 Hz, while the
camera and light source were configured as slaves.

Image Data Analysis

Bubble boundaries from the optical images were deter-
mined using a custom MATLAB-based image-analysis rou-
tine. The image scale was first calibrated using calibration
spheres placed in the measurement plane. After manually indi-
cating the approximate sphere locations, each sphere was seg-
mented automatically, and its equivalent diameter in pixels was
determined.

To reduce the influence of non-uniform illumination, a
mean background image was constructed from a set of back-
ground frames. Each bubble image was then processed rela-
tive to this background using both a normalized intensity-ratio
image and a background-difference image. Bubble candidates
were identified by combining several complementary image
features: a dark bubble core, nearby rim edges, and bright re-
gions associated with the illuminated bubble boundary. These
features were merged into a binary mask and refined using
morphological operations and object-selection criteria to ob-
tain the final bubble contours. Only detections inside a prede-
fined analysis ROI were analysed, and detections too close to
the ROI boundary were excluded to avoid poorly illuminated
edge regions of the field of view. For each detected bubble,
the projected area was outlined and converted to a boundary
map, which can be overlayed onto the sonar image. An exam-
ple of the bubble contours obtained from the image-processing
routine is shown in Figure 2.

High-Frequency Multibeam Imaging Sonar

The objective of the sonar-based methodology is to ex-
tract the maximum physically meaningful information on
bubble-plume structure and spatial distribution from the avail-
able measurements. Achieving this requires an understand-
ing of both the underlying acoustic measurement principle and
the limitations associated with commercially available imag-
ing sonar hardware.

The high-frequency multibeam echo sounder (HF-
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Figure 1: Schematic of the experimental setup.
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Figure 2: Example of bubble contours extracted from the
optical images using the MATLAB image-processing
routine.

MBES) employed in this study belongs to the class of imag-
ing sonar systems. Imaging sonars are designed for two-
dimensional spatial imaging and offer high angular resolution
together with wide spatial coverage in a compact form. In the
present application, this makes multibeam sonar well suited
for resolving the spatial boundary, position, and structure of
the bubble plume.

The sonar used consists of a single acoustic transmitter
and a linear array of receiver elements. For each ping, a nar-
rowband acoustic pulse is transmitted, and the backscattered
acoustic pressure field is recorded as a function of time by
each receiver element. These pressure fluctuations are con-
verted into electrical voltage signals, which constitute the raw
time-domain measurements prior to beamforming. The beam-
forming process then combines the time-delayed receiver sig-
nals to produce a two-dimensional image in range and angle.

For the present study, the lack of absolute acoustic cali-
bration is addressed by focusing on relative intensity patterns
and spatial signatures of bubble backscatter rather than on ab-
solute scattering cross-sections. This is consistent with the pri-
mary objective of the work, namely to resolve the spatial orga-
nization of bubbly structures within the near-wall region of an
air-lubrication layer, where spatial resolution and robustness
are of greater importance than absolute acoustic quantification.

Beamforming And Image Construction

In most commercial HF-MBES instruments, access to
these raw channel-level data is restricted, and the beamform-
ing process is implemented internally using proprietary algo-
rithms. For the present study, partial access to the beamform-
ing workflow was obtained through a processing script pro-
vided by manufacturer. This allowed several beamforming-
related settings to be controlled, although the full beamformer
implementation remained inaccessible.

To form the sonar images, the full set of receiver elements
was used and the manufacturer’s receiver-specific correction
factors was applied before beamforming. Beamforming in
the azimuth direction was turned on, while leaving the range
direction without additional weighting by not applying addi-

tional Kaiser filtering. These choices were made to avoid extra
smoothing or reshaping of the measured signal during calibra-
tion, so that the calibration would reflect the sonar system’s
standard imaging behavior as closely as possible.

The resulting sonar image should therefore be understood
as the output of the full commercial sonar system, influenced
by the receiver array, the controllable beamforming settings,
and internal processing that is not fully accessible.

The beamformed sonar images produced by the used
beamformer inherently exhibit a finite point spread function
(PSF), which governs the system’s spatial resolution. As a re-
sult, a single compact acoustic scatterer, such as an isolated
calibration sphere seen in Figure 3, does not appear as a point-
like feature but rather as an extended intensity pattern charac-
terized by a main lobe and pronounced sidelobes. These side-
lobes arise from the finite aperture of the receiver array effect-
ing the point spread cross azimuth, the limited bandwidth of
the transmitted pulse that affects the point spread cross range.
In dense bubble plumes, the superposition of sidelobes from
multiple scatterers leads to elevated background levels and re-
duced contrast, complicating the direct interpretation of raw
sonar images. This overall system response is accounted for
through background noise removal, PSF calibration, and sub-
sequent image-level deconvolution, which are described in the
following section.

Deconvolution

Because the beamformed image exhibit the systems PSE,
further refinements in spatial resolution and noise suppression
must be applied at the image level. The following section is
based on the work from (Liu et al. (2021)). The beamformed
sonar image is expressed in the native sonar coordinates, where
r denotes the range from the sonar and 6 denotes the azimuth
angle . The measured image intensity can be interpreted as the
convolution / of the true acoustic reflectivity field s with the
system’s PSF £, contaminated by noise n.

1(6,r) =h(0]|r)-s(6,r)+n(0,r), (1)

Deconvolution aims to invert this process, thereby sup-
pressing sidelobes, sharpening target signatures, and recover-
ing a more faithful representation of the underlying bubble dis-
tribution. By knowing or approximating the PSF of the system,
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Figure 3: Normalized sonar image of a 9 mm calibration
target after background removal. Image showing strong
sidelobes caused by the PSF
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it becomes possible to apply deconvolution without detailed
knowledge of the proprietary beamforming implementation.
The PSF is assumed separable in range and angular dimen-
sions:

h(rve) %hr(r)h9(6)7 ()

where h,(r) represents the range PSF associated with the trans-
mitted pulse shape and matched filtering, and /g (6) represents
the angular PSF governed primarily by the receive array ge-
ometry and beamforming process. Following the same study,
assuming a band-limited transmitted signal with receive band-
width By, the range PSF can be expressed as

2B
hy(r) o< Tp sinc (—rx r) , 3)
c

where c is the speed of sound in water. The factor 7), is
omitted here because it only changes the overall scaling, not
the shape of the range PSF. The angular PSF is approximated
by the array response function of a uniformly spaced receive
aperture, given by

sin(BNkd2sin 0) |

f1g (0) e sin(kd2sin0)

“

where N is the known number of receiver elements, d is the
element spacing, k = 27/ A is the acoustic wavenumber, and 3
is a dimensionless calibration parameter. The resulting expres-
sion retains the main-lobe and sidelobe structure characteristic
of conventional delay-and-sum beamforming.

The introduction of B is motivated by the fact that the
original expression is based on a far-field approximation of
the system PSF. For the present sonar system, this assumption
is valid only beyond a range of approximately 17 m, whereas
the measurements in this study are primarily conducted in the
near- and mid-field. In this region, the PSF deviates from
the simplified far-field model and becomes position-dependent
(Mei et al., 2020). Although more complete near-field models
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exist, they are difficult to apply in practice because of their
computational cost and sensitivity to modeling errors. Pre-
liminary attempts to implement near-field PSF-based decon-
volution based on Goodman (2005) were found to be numer-
ically unstable. Since recent work by Wang et al. (2026) has
shown that the simpler far-field PSF formulation can still per-
form well at close range, that approach is adopted here.

The parameter 3 is therefore used as a practical calibra-
tion factor to account for differences between the ideal far-field
model and the measured system response, including hardware
and processing effects. The calibrated PSF should thus be un-
derstood as an empirical approximation of the actual system
response. Consequently, the deconvolved image does not rep-
resent the true acoustic reflectivity field directly, but rather an
improved approximation that reduces sidelobe artifacts and en-
hances spatial resolution relative to the original beamformed
image.

The actual deconvolution is implemented using the
Richardson-Lucy (R-L) algorithm due to its robustness and
suitability for acoustic imaging (Liu et al., 2021; Huang et al.,
2018; Li et al., 2025). It is an iterative method that assumes
Poisson-like noise and enforces non-negative solutions. The
algorithm starts from the measured image and iteratively re-
fines an estimate of the true reflectivity field. At each step,
the current estimate is compared to the measured image af-
ter convolution with the updated PSF. The number of itera-
tions controls the trade-off between resolution improvement
and noise amplification. In this work, the number of iterations
was fixed at 10 to ensure stable results while avoiding over-
enhancement.

The calibration of B was performed using steel spheres
with known diameters (5.5 mm, 9 mm, and 15 mm). The
parameter was adjusted by matching the width of the main
lobe (root-to-root) of the observed sonar response to the ex-
pected target size. The 15 mm calibration sphere was used
as the reference above the manufacturer specified resolution
limit of approximately 8 mm. As targets approach this limit,
the measured signal becomes increasingly dominated by the
system PSF rather than the true object size. The results in Fig-
ures 4 show reduced sidelobes and a narrower main lobe in
both range and azimuth directions, indicating that the adopted
PSF provides a reasonable approximation of the system re-
sponse.

The calibration tests showed that the smaller spheres
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Figure 4: Before and after Richardson—Lucy deconvolution of a calibration sphere of 9 mm. The left panel shows the
cross-beam angle intensity profile, and the right panel shows the range intensity profile.
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Figure 5: Spatial camera-to-sonar calibration in Carte-
sian sonar coordinates. The projected camera frame is
shown in red and the analysis ROI in yellow. The in-
set shows the local agreement between the calibration
contour and the sonar image around the central 15 mm
sphere. The second target is a reflection and was not
used.

(5.5 mm and 9 mm) could not be reconstructed accurately at
the measurement distance of 0.8 m, as shown in Figure 5. In
particular, although the 9 mm sphere appears visually similar
in size in the sonar and camera images, the sonar-based diame-
ter estimate is still a few millimetres too large. This limitation
is also evident from the fact that the 5.5 mm and 9 mm spheres
appear nearly identical in size in the sonar image, indicating
that both targets lie under the practical resolution limit.

RESULTS AND DISCUSSION

To evaluate the proposed processing approach, two
bubble-plume cases were considered: a sparse bubbles and a
denser plume. These cases were used to assess the accuracy
of the camera-to-sonar synchronization and alignment, as well
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Figure 6: Comparison of sparse bubble plume. The left
panel shows the beamformed sonar image, and the right
panel the deconvolved image, both with camera-derived
bubble contours mapped into sonar coordinates.

as to examine the effect of Richardson-Lucy deconvolution on
the acoustic image.

Figure 6 shows the sparse bubble plume, where the op-
tical bubble outlines are overlaid on the sonar image. The
mapped contours show good overall spatial correspondence
with the dominant acoustic response region, demonstrating
that the temporal synchronization and geometric camera-to-
sonar registration were sufficiently accurate for image-level
comparison. A slight but systematic spatial shift between the
camera-derived contours and the sonar response is neverthe-
less observed. This offset may partly reflect uncertainty in
the calibration-based coordinate mapping and time synchro-
nization, but it is also likely influenced by the fact that the
bubbles are smaller than the practical resolution limit of the
sonar. Thus, the acoustic image reflects a broadened scattering
response rather than the true visible boundary, so the compar-
ison should be interpreted as a qualitative validation of bubble
position rather than exact contour overlap.

The sparse plume case also provides the clearest illus-
tration of weakly overlapping bubble structures appear in the
sonar image. In the beamformed image, the acoustic response
is more spatially diffuse, and the bubble signatures are accom-
panied by broader spreading of intensity into the surround-
ing field. After deconvolution, the acoustic response becomes
more compact and more sharply localized around the bub-
ble positions indicated by the camera contours. This shows
that the deconvolution reduces contamination from surround-
ing sidelobe intensity and produces a more compact acoustic
response, thereby improving the qualitative localization of the
bubble-rich region. In this sense, the sparse bubble plume pro-
vides a clear qualitative demonstration of the sharpening effect
of the deconvolution step.

The same overall behavior is also observed in a denser
bubble plume, shown in Figure 7. The beamformed sonar im-
age captures the presence of this plume, but the response is
relatively smeared, making it more difficult to distinguish be-
tween the real bubble structures and sidelobe interference. In
particular, small closely spaced bubbles tend to merge through
the beamforming process into a broader continuous plume-like
response. After deconvolution, the plume becomes more com-
pact and better defined, showing that the method improves the
localization of dense bubble configurations, making it easier to
identify plume boundaries.
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Figure 7: Comparison of dense bubble plume. The left

panel shows the beamformed sonar image and the right
panel shows the deconvolved sonar image.
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CONCLUSION

This study evaluated high-frequency multibeam sonar as
a non-intrusive method for characterizing bubble-rich regions
relevant for air lubrication flows. Synchronized multibeam
sonar and optical measurements were performed in a con-
trolled laboratory setup, and the sonar images were processed
using Richardson-Lucy deconvolution with a practical cali-
brated point spread function parameter, based on calibration-
sphere measurements.

The results show that the method can localize bubble
plumes and provide meaningful information on plume posi-
tion, extent and overall structure. For both sparse and dense
bubble distribution, the deconvolution method reduced side-
lobes and limited the spread of acoustic energy, leading to a
more compact sonar response and improved qualitative agree-
ment with the bubble regions observed in the optical images.

The study also highlights an important limitation of the
approach. Although the method improves localization, it does
not provide reliable quantitative reconstruction of bubble size
for targets near the resolution limit of the sonar. Calibration
results showed that 5.5 mm and 9 mm spheres could not be
accurately distinguished in size at 0.8 m distance, indicating
that the sonar data should primarily be used for bubble posi-
tion, plume extent and relative concentration rather than exact
bubble sizing.

Overall the results indicate that high-frequency multi-
beam sonar combined with deconvolution has potential to be
used in air-lubrication research. The effectiveness of air lubri-
cation depends not only on the presence of injected air, but on
where that air is located, how it is distributed, and how long it
remains in the near-wall region where drag reduction is most
effective. In this context, the present results suggest that the
method has potential for resolving the spatial structure of air
clusters. However, a more complete characterization of air-
lubrication flows still requires complementary techniques, and
the present study shows that optical imaging remains essential
as a reference for bubble size.
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