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Abstract

This review paper investigates the use of air lubrication to reduce ship hull skin frictional
drag, a technology whose fundamental drag-reduction mechanisms and impact on sea-
keeping are increasingly being studied through Computational Fluid Dynamics (CFD).
Simulating this process is challenging, as the air phase often manifests as dispersed bubbles
rather than a continuous film, necessitating high-fidelity models. Traditional simulations
treating air and water as distinct phases fall short, and while Direct Numerical Simula-
tion (DNS) captures bubble behaviour, its computational cost is prohibitive for practical
application. This paper, therefore, reviews numerical simulation methods for air lubri-
cation systems, evaluating their capabilities and limitations in capturing the system’s
hydrodynamics and structural interaction, in contrast to traditional towing tank testing.
The evaluation reveals a critical trade-off: methods with high computational feasibility
(e.g., standard LES with VOF) provide an adequate estimation of overall drag reduction
but consistently fail to accurately model the detailed bubble breakup and coalescence
dynamics crucial for predicting system performance across different vessel speeds and
pressures. Specifically, the review establishes that current mainstream CFD approaches
underestimate the pressure-induced stability effects on bubbles. The paper concludes that
accurate and practical simulation requires the integration of advanced techniques, such as
Population Balance Models or Lagrangian Particle Tracking, to account for these distinct,
flow-dependent phenomena, thereby highlighting the path forward for validated numerical
models in marine air lubrication.

Keywords: air lubrication; air layer drag reduction; bubble drag reduction; microbubble
drag reduction; decarbonisation; drag reduction

1. Introduction
In recent decades, extensive research has been conducted to investigate the simulation

of bubbly flows. One such critical application of bubbly flows is in air lubrication systems
(ALS) to reduce skin frictional drag on a ship’s hull. One early recorded instance of the
technology being developed and tested was at the Krylov Shipbuilding Institute in 1961 [1],
using electrolysis to generate hydrogen and oxygen bubbles directly on the hull surface
rather than injecting air. From its development, interest was sustained during the 1970s due
to the oil crisis and the desire for methods to reduce fuel consumption in shipping. Initial
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research into bubble drag reduction was carried out through physical testing, utilising
electrolysis to generate hydrogen bubbles rather than air. The production of hydrogen
bubbles via electrolysis allows for precise control of the gas production rate by applying
an electrical current. Examples of hydrogen hydrolysis are shown in the methods of [1–3]
in towing tank tests. Hydrogen electrolysis allowed the operators to determine that gas
lubrication can have a positive effect on skin frictional drag. The impact of towing speed
was also established, with the authors indicating that the peak levels of drag reduction
occurred at lower towing speeds, whereby increasing the towing speed decreased the level
of drag reduction observed. The highest efficiency witnessed for the tested scenarios was
76.6% net power saved using this hydrogen-based technique. However, a variation in net
power saving was evident, as the net power saved dropped from 65.7% at 2.5 knots to
33.2% at 5.0 knots, despite a constant electric power of 0.1 kW. The drag reduction mecha-
nism was found to differ based on the flow regime in the boundary layer. In the laminar
Boundary Layer, the gas acted as a simple lubricant due to its relatively low viscosity. In
the Turbulent Boundary Layer, the phenomenon was more complex and in early studies,
this was difficult to assess. The minute gas bubbles, which are extremely small compared
to the injected gas, initially act to destroy the laminar sublayer, a region of high viscous
shear stress. Subsequently, the bubbles enter the wall and outer-regions of the turbulent
boundary layer, where they absorb turbulent momentum and alter the characteristics of the
drag-producing vortices. The sustained interest in this technology during the 1970s was a
direct response to the global energy crisis of the time. However, as the 1980s oil glut began,
resulting in a six-year decline in crude oil prices, interest in developing these high-cost,
fuel-efficient technologies waned as the immediate, pressing economic need to reduce fuel
consumption subsided. The impact of the oil crisis on shipping is shown in the discussion
by [4], which provides an operational analysis of changes in demand during this crisis.

Air injection introduces air into the vessel’s boundary layer, typically via a compressor.
It modifies the boundary layer’s density, wetted surface area, viscosity, turbulence viscosity,
and wall shear, reducing drag. Ref. [5] divided ALS into stratified and dispersed regimes.
A stratified regime is characterised by a continuous air layer and is demonstrated by air
layer drag reduction (ALDR). Alternatively, a non-continuous dispersed air regime is
referred to as bubble drag reduction (BDR). The stratified regime in ALDR often exhibits a
higher drag reduction rate and requires a higher rate of air injection to form and maintain
the air layer in the stratified state. A further distinction must be made between bubble
drag reduction and microbubble drag reduction. However, the exact definition of what
constitutes a microbubble varies between sources [6]. However, there is a general indication
that this relates to bubbles of the order of microns up to millimetres in diameter [7–9].
A representation of the air lubrication regimes can be found in [5].

In the early flat plate tests conducted by Madavan and Deutsch [10], the experiments
were performed in a water tunnel, yielding drag reduction values of 80%. A diagram of
the apparatus used is shown in [10]. The study found that the duration of the frictional
drag reduction effect following microbubble injection depends on the plate’s gravita-
tional orientation and the freestream velocity. Several recent studies have explored bubble
drag reduction (BDR) as a means to mitigate the impact of skin friction on a ship’s hull.
One such study [11], examined this phenomenon at Reynolds (Re) numbers as high as
210× 106 showing the effect of bubble drag reduction. The work produced a near-zero pres-
sure gradient turbulent boundary layer (TBL) on a flat plate and recorded drag reduction
levels, which agreed with those reported in [8].

Ref. [12] considered Reynolds numbers up to 220 × 106 and referred to how computa-
tional and resource restrictions have limited many previous studies of ALDR and BDR to
low Reynolds numbers and small scales. The researchers performed a series of experiments
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using a variable-pressure closed-loop water tunnel, as described in the setup of [13]. All
three tests were conducted on the same model, injecting air into a turbulent boundary layer
with a near-zero pressure gradient under a flat plate in hydrodynamically smooth and fully
rough conditions.

Ref. [14] studied the effect of BDR on a flat plate in a towing tank and a water tunnel
at varying speeds (2.45 m/s to 4.2 m/s), in which the bubble introduction flow rates ranged
from 12 L/min to 75 L/min. The maximum drag reduction in the water tunnel and towing
tank tests was 80% and 22%, respectively.

Operator knowledge about the nature and mechanisms of ALDR and BDR is still
incomplete. Comparative studies on critical parameters can sometimes demonstrate dis-
crepancies, leading to uncertainty regarding the significance of the parameters’ influence.
The mechanism of ALS is yet to be fully defined. Consequently, our understanding of the
effects of parameters such as the distribution of bubbles and the persistence of the effect
downstream of injection is still developing [15].

Furthermore, it is not merely a case of confirming the ALS drag reduction mechanism.
Not all authors are convinced of the benefits of air lubrication in reducing drag and fuel
consumption. Ref. [16] pointed to the fact that prior studies on the technology have
indicated that air lubrication systems positively impact operation parameters for ships with
an air lubrication system in place. On the contrary, this paper analysed the operational
effectiveness of a modern passenger ship and stated that its analysis had not shown a
positive impact. The authors of this study considered the air lubrication system on the
M.T. Amalienborg, which showed that using an ALS system on the boat could result in a
4.5% benefit at 14 knots. However, the study raised doubts about the system’s effectiveness
at slower speeds, as the savings dropped to 3.2% at 13 knots and 1.7% at 12 knots.

When using an ALS, the operator must consider the power requirement to oper-
ate the compressors needed in many cases. Using compressors in this manner results
in a substantial power demand. The use of compressors means the net drag reduction
effect is reduced and, in some cases, entirely offset due to this increase in power require-
ment, especially when the ship is slow-steaming [17]. For instance, ref. [18] achieved a
drag reduction of 10–12%, but the energy needed to power the compressor represented
a 5–10% additional power requirement, resulting in a total net energy reduction
of only 0–7%.

Additionally, ref. [19] found no scaling law to predict the net drag reduction in full-
size ships, making it difficult to predict the net drag reduction in the model scale. The
inability to ascertain the operational effectiveness of air lubrication in the model scale poses
a significant hurdle to those investigating air lubrication.

Considering the benefits of ALS is crucial, especially when simulating the technology
using CFD. With the advancement of technology and its widespread use, it is essential to
have competent CFD simulations of air lubrication mechanisms. A deeper understanding
of the optimal stimulation of air lubrication will enhance our knowledge of the system
and stimulate further research. Additionally, it will encourage further discussion of the
technology’s financial and environmental benefits or impact, which is highly desirable
considering the technology’s increasing popularity and usage due to its implications with
the Energy Efficiency eXisting ship Index (EEXI) and Carbon Intensity Indicator (CII).

2. Novelty Statement and Contribution of the Review
Air lubrication has been investigated as a potential decarbonisation technology for

several decades. Despite ongoing research, there is a lack of sufficiently holistic reviews
of the technology’s current state of the art. This review paper addresses part of that gap
by presenting a holistic view of physical testing and computer simulation related to air
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lubrication, alongside a review of the parametric considerations involved and some of
the complex phenomena identified in existing work. Air lubrication, as a decarbonisation
technology, has the potential to make a significant contribution to global maritime decar-
bonisation targets. However, for further research on air lubrication to be carried out, quality
review papers on the topic are needed that consider a broad range of factors relating to
the technology in context. With these elements in mind, this review paper will make a
significant contribution to the maritime sector by facilitating future work and research. It
will investigate the current state of the art in simulating air lubrication, identify existing
limitations in the methods, and assess the applicability of other novel approaches.

There are some existing reviews which are related to the topic of this review,
such as [20], which considers CFD-based studies of ship energy-saving technologies in a
general sense, and briefly mentions air lubrication. There are also some reviews which
consider air lubrication more explicitly, such as the work of [21], which focuses more on
the nature of air lubrication and the mechanisms by which it induces drag reduction, as
well as classification of the air layer regimes. The work of [7] is particularly notable, as
it summarises the current state of research progress in the area of drag reduction using
air lubrication on ships. Ultimately, although reviews on air lubrication currently exist,
there is a lack of reviews specifically regarding the modelling of air lubrication using
computational methods and comparisons with physical testing. In the recent review paper
by [22] the researchers considered the ability of CFD to replicate the results of physical
testing. The work of [22] does not directly compare the predictions of experimental and
numerical approaches. Still, it does indicate that the phenomena, behaviours, and findings
of numerical approaches corroborate those of experimental approaches.

3. Laboratory Testing
There is a greater abundance of physical tests for air lubrication; this could be at-

tributed to many factors, such as uncertainty with scaling of the results, limited experience
with simulating the mechanism in computational packages, and uncertainty with mod-
elling the effect in the first instance due to the complexity of the multiphase flow, as well as
the free surface aspect. This section will give an account of the considerations in physical
testing. In recent years, the use of CFD and the level of complexity which these methods
can handle have increased. As such, a greater body of work now exists using these compu-
tational methods; however, it remains the case that much of the foundational work was
conducted through physical testing. There remains some reliance on physical testing data
for validation of the computational approaches proposed.

An empirical formula for BDR on a flat plate test is proposed by [23], utilising
C f
C f0

,

which is the ratio of skin friction with bubbles to that without. αa is an average volume
ratio, which is defined in [24], where Qa is the volumetric flow rate of air in the test section,
and Qw is the volumetric flow rate of water in the whole test section. The flat plate in [24]
measured 100 mm × 15 mm. c f

c f0

= 0.8−4αa + 0.2 (1)

αa =
Qa

Qa + Qw
(2)

The equation allows for plotting
C f
C f0

against αa and serves as a comparative tool,

representing a critical analysis approach for physical testing.
Many studies utilise water tunnels, refs. [24,25] used a closed circulating water tunnel

designed for microbubble experiments. The water tunnel used in these studies was a
high-speed circulating water tunnel, with inner dimensions of 100 mm in width, 15 mm
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in height, and 3000 mm in length. The use of an ‘array-of-holes’ plate caused the air
introduced to be dispersed in the desired microbubble manner. Air was introduced via
four injection points, with the first located 1038 mm from the start of the test section, the
second point spaced 500 mm downstream from the first, the third 500 mm downstream
from the second, and the fourth 500 mm downstream of the third. The work of [24] achieved
a maximum of 30% drag reduction, notably lower than the 80% predicted by [23]. This
could be attributed to the fact that the experiment in [23]. The obtained data were collected
50–65 mm downstream of the injection location. In contrast, the study in question gathered
data from 500 mm to 1500 mm further downstream, which would impact the distribution
and topography of the bubbles.

The work of [11] used a water tunnel test as the method of investigation and looked at
this phenomenon at high Re numbers (210× 106). The study produced a near-zero pressure
gradient turbulent boundary layer on a flat plate. The experiments of [12] were also carried
out in the same test model as [11], which is the USA Navy’s Large Cavitation Channel
(LCC) [13] which incorporates a 6:1 contraction for the flowing water, and a schematic
drawing of the LCC can be seen in [11]. Both [11,12] have continued to be referenced to the
present day in the design of air lubrication experiments and as a reference for the validity
of CFD results.

Ref. [14] studied the effect of BDR on a flat plate in both a towing tank test
and in a water tunnel at varying speeds (2.45 m/s to 4.2 m/s) and bubble flow rates
(12 L/min to 75 L/min). A maximum drag reduction of 80% was achieved in the water
tunnel. A maximum drag reduction of 22% was observed in the towing tank, with drag re-
duction increasing monotonically as the airflow in the water tunnel increased. The authors
noted that an optimal airflow existed for each velocity investigated in the towing tank test.
Furthermore, drag reduction was observed solely as a function of air volume fraction in the
water tunnel test (i.e., independent of velocity). In contrast, drag reduction in the towing
tank test was dependent on velocity.

Parametric Considerations

One crucial aspect of utilising ALS is how speed and air injection rate impact the
amount of drag reduction. The work of [15], is an experimental study using an air injector
unit with 225 holes of either 1 mm or 2 mm in diameter, indicated that for a particu-
lar speed of operation and air injection rate, the percentage savings in energy depend
on the percentage reduction in the power required to run a ship and the percentage of
power needed to inject the air. The study established that for a 1:23 scaled model of an
8000-ton deadweight bulk carrier, the power required to inject air bubbles is proportional
to the air injection rate, which in turn depends on the static and dynamic pressures at
the air injection point. These pressures, in turn, rely on the ship’s draft and speed. Total
resistance was measured in the towing tank, and an airflow metre was used to measure
and control the air injection rate. The study observed that maximum savings in energy
were achieved at lower air injection rates, specifically from 0.5 to 1.5 CFM. Beyond these
rates, the power needed to compress the air was found to be greater than the power saved
from drag reduction, especially at slower speeds. For the Froude number of 0.09, the study
found that 2 mm diameter injection holes resulted in higher energy reduction compared to
1 mm holes. However, at a Froude number of 0.15, 1 mm holes generally resulted in higher
energy reduction.

Ref. [26] Conducted a combined full-scale experimental and numerical study, which
sought to investigate the effect of air lubrication on frictional drag. The full-scale experiment
was performed on the cement carrier Pacific Seagull, measuring resistance reduction in both
ballast (11%) and full-load (6%) conditions. The study then utilised an integral boundary
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layer computation method to model to compute local skin friction. A key assumption of
the model was to apply a constant reduction factor (k = 0.5) to the local skin friction in
areas affected by bubbles.

τ

ρU2 = 0.123 × 10−0.678H
(

Uθ

ν

)−0.268
(3)

τ

ρU2 = α(H)(Rθ)
n1 (4)

The variables in these equations, which are based on the Ludwieg-Tillmann and
Webster-Huang integral boundary layer methods, are as follows: τ is the local skin friction
(shear stress), ρ is the fluid density, and U is the fluid velocity. The remaining vari-
ables are related to the boundary layer profile: H is the shape factor, θ is the momentum
thickness, and ν is the kinematic viscosity. In the Webster-Huang equation, Rθ is the
Reynolds number based on the momentum thickness, and α is a coefficient dependent on H,
while n1 is an exponent.

The results of the work agreed with and explained the numerical findings in [26], and
demonstrated that boundary layer development is different in the presence and absence
of bubbles. This difference was indicated by the observable difference in axial velocity
distribution witnessed at the propeller plane.

Many authors agree that increasing the void fraction of air decreases drag. How-
ever, [27] stated that increasing the void fraction of air only decreases drag if the fraction
of air increases near the wall. The authors performed a direct numerical simulation, con-
cluding that high concentrations of bubbles in the buffer layer (roughly 20 wall units
away from the surface) are necessary for drag reduction. The authors state that this is
because bubbles actively modulate the flow structure by preventing the formation of large,
sheet-like spanwise vortices, which disrupt the turbulence. Refs. [28,29] corroborated the
concepts put forward by [27]’s work and suggests that there exists a point at which, once
exceeded, the addition of more air conversely begins reducing the effect of drag reduction.
Beyond a critical point, further addition of microbubbles can lead to a ‘pilling up’ effect,
causing coalescence into large cavities. The large cavities can then disrupt the turbulent
layer, diminishing the drag-reducing effect. This relationship is shown in the diagrams
included in [29]. The work of [29] was experimental and conducted on a 70 cm catamaran
model. The authors found that the most suitable injection flow rate, with a coefficient
between 0.4 and 0.6, resulted in a total drag reduction of 5–8%. This relationship is shown
in the diagrams included in [29].

According to [30], the ratio of fluid density to the density of air, also known as
the density ratio, plays a significant role in reducing drag by affecting fluid flow. The
effectiveness of drag reduction is enhanced with a higher density ratio, corresponding
to a lower-density injected gas, as demonstrated in the CFD analysis. Ref. [30] found
that helium was the most effective gas, followed by air, argon, and carbon dioxide, in
descending order of effectiveness, although the differences between them were minimal.
The skin frictional drag reduction effect related to the density ratio can be seen in the
diagrams included in [30], and is tied to the non-dimensional flow coefficient Q/UA. Q is
the flow rate of the microbubbles, and U and A are the water’s velocity and the flat plate’s
area, respectively. A representation of the relation between drag reduction and air density
is shown in [30].

Another impacting factor is that when injecting a known bubble size, bubble dynamics
have such a large number of variables that once the bubble is injected, its size will change
immediately [31,32]. Capturing the bubbles is also challenging in experimental work and
computationally expensive.
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Another impacting factor is that when injecting a known bubble size, bubble dynamics
dictate that its size will change immediately as it interacts with the turbulent flow. This
phenomenon is driven by bubble coalescence and breakup mechanisms, especially at high
injection rates where bubbles are closely packed together. The dynamics are so complex that,
assuming a constant bubble size—a common simplification in early models—can introduce
significant errors in predictions. Capturing these bubble dynamics is also difficult in
experimental work, requiring expensive, large-scale facilities like the 400-m-long water tank
used in [32], which employed a 36-m-long model ship and an array of specialised sensors
and cameras. This complexity also translates to numerical methods, where advanced
models like the Multiple-size Group (MUSIG) model are needed to resolve the distribution
of bubble sizes mechanistically, and even these models may require extensive calibration to
match experimental observations [31]. Common air lubrication variables and dimensionless
parameters are presented in Tables 1 and 2.

Table 1. Table of Air Lubrication Variables.

Controlled Variables

U Liquid Flow Velocity
Q Air Injection Rate
Di Distribution of Injectors
Ix Injection Location
IA Injection Area

IAN Injection Angle
IM Injection Mode
d Bubble Diameter

Boundary Layer Characteristics

δ Boundary Layer Thickness
TKE Turbulence Kinetic Energy

µt Turbulent Viscosity
∅ Air Layer Thickness

Environmental Parameters

P Hydrostatic Pressure
g Gravity
µ Liquid Viscosity
ρ Density Ratio

‰ Salinity
Ra Surface Roughness of Plate

Table 2. Table of Dimensionless Parameters.

Dimensionless Parameters

Re Reynolds Number
Fr Froude Number
We Weber Number
Ca Capillary Number
Ma Mach Number
∝ Void Fraction
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4. The Capability of CFD to Simulate Air Lubrication Behaviour
Despite the added complexities of simulating air lubrication, it is essential to recognise

the advancements in CFD in simulating free surface cases. The predictive ability of CFD
when considering single-phase flow around a ship has improved dramatically over the last
few decades, and this predictive ability serves as a benchmark for studying multiphase
flow in air lubrication around a ship.

CFD is a numerical technique widely used to investigate ship design and operational
scenarios, and has been increasingly utilised in the simulation of seakeeping and operational
parameters. Verifying if CFD has successfully replicated the physical conditions of the test
to the degree deemed satisfactory, with acceptable and quantifiable error, is challenging.
The commercial software SHIPFLOW (https://www.flowtech.se/), for example, has been
validated for full-scale delivered power simulations with an average comparison error of
just 1% [33]. However, this benchmark does not fully account for the complexities of air
lubrication. AL is a complex mechanism, as the nature of air-water interaction, whether
in the medium of bubbles or as a continuous layer of air, gives rise to phenomena such as
Wave Pinch-Off and Re-Entrant Jet. In physical testing, these phenomena are inherently
present. In computational techniques, due to the limitations of numerical modelling, there
is a risk of incorrectly replicating the nature of air-water interaction or omitting it entirely.
This is a key challenge for RANS (Reynolds-Averaged Navier-Stokes) methods, which are
widely used for ship hydrodynamics. While RANS is computationally efficient, it struggles
to capture the dynamic nature of multi-phase flows accurately. For instance, early two-fluid
models were often considered inappropriate because they treated the presence of bubbles
only as changes in local time-averaged viscosity and density, without considering the exact
shapes and sizes of the microbubbles. RANS solvers typically utilise the Finite Volume
Method (FVM) to discretise the governing equations (Navier-Stokes and turbulence model
equations) in space. The resulting algebraic equations are solved iteratively using pressure-
velocity coupling algorithms, such as SIMPLE or PISO, to enforce mass and momentum
conservation across the computational domain. Moreover, The VOF method uses a phase
fraction equation, an advection equation, that is solved alongside the RANS equations. The
value of the phase fraction is tracked, and specialised interface reconstruction schemes
(e.g., PLIC) are used to maintain a sharp air-water boundary and prevent numerical
diffusion (smearing).

More modern Eulerian-Eulerian RANS approaches, such as the one used by [31],
attempt to overcome this by incorporating a population balance model like the Multiple-
size Group (MUSIG) model. This approach resolves a wide range of bubble sizes.
It mechanistically accounts for bubble breakup and coalescence, which significantly en-
hances the accuracy of drag reduction predictions at higher air injection rates.

In addition to bubble dynamics, the accuracy of CFD hinges on properly modelling
the boundary layer. The k-omega Shear Stress Transport (SST) turbulence model is often
preferred because it solves the turbulence scalars up to the wall boundary, thereby elim-
inating errors associated with empirical wall functions that fail to capture the near-wall
flow accurately. Furthermore, the effect of hull roughness is a critical factor for accurate
full-scale predictions that RANS models, like the one used by [33], are being developed to
address without relying on wall functions. This is a significant challenge, as the measured
average hull roughness (AHR) is a single number that does not fully represent the complex
topology of the surface, making it difficult to correlate with the equivalent sand grain
roughness (kS) used in CFD models.

Regarding the simulation of air lubrication systems (ALS) on ships, the field is evolv-
ing beyond simple finite volume Navier-Stokes solvers to more sophisticated numerical
methods that can capture complex two-phase phenomena. To address the challenge of

https://www.flowtech.se/
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accurately modelling bubble formation, ref. [34] developed a 3D two-fluid model that
includes a novel sub-grid air entrainment model to determine bubble source locations
from air ingestion automatically. This model operates on the principle that the non-linear
relationship between a bubble’s terminal velocity and its diameter creates a region of high
void fraction around the air entrainment zone. This approach represents a significant
advancement by eliminating the need for a human expert to manually define injection
points, thereby reducing potential sources of error and uncertainty. The model’s predictive
capability was validated against the experimental data of [35], showing a good correla-
tion between the simulated and measured vertical locations of the 1% void fraction line.
This approach automatically determines bubble source locations by identifying regions
where the downward liquid velocity satisfies two conditions: First, that the liquid velocity
component in the direction of gravity is greater than the critical entrainment velocity.

vc(xs)·
g
|g| > vent ≈ 0.22 m/s (5)

Secondly, the liquid velocity component normal to the free surface is also greater than
the critical entrainment velocity.

vc(xs)·n > vent ≈ 0.22 m/s (6)

Other research has focused on enhancing the modelling of bubble dynamics once they
are in the flow. Ref. [36] utilised a 3D CFD-Population Balance Model (PBM) to simulate
bubbly drag reduction (BDR) on a flat plate. The PBM approach solves the Population
Balance Equation (PBE), which tracks the number density of bubbles across multiple size
bins. This PBE is coupled to the RANS equations, and the PBE itself is solved using a
discrete method to resolve the rates of bubble breakup and coalescence mechanistically
at each time step. This approach explicitly models the size distribution of bubbles and
accounts for bubble breakup and coalescence, which often change bubble size in high-shear,
near-wall regions. A key strength of their model was its full inclusion of both drag and lift
forces based on applicable closure models, a notable improvement over prior studies that
had often neglected these forces. Their work achieved a 30% drag reduction, which aligned
with experimental results, confirming the model’s ability to capture physical conditions
accurately. Similarly, ref. [37] extensively validated a CFD-PBM model by comparing
its computational results with experimental work across various flow speeds and air
injection rates, achieving good concordance in both predicted drag reductions and bubble
distributions. The PBM approach used discrete size bins, and the conservation equation for
the fractional volume of these bins is given by

∂
(
αg fi

)
∂t

+∇·
(
αgUg fi

)
= Si (7)

The breakup frequency model used is the Luo and Svendsen model [38] and is given by

Γi =
1
2

∫ vi

0
γbr

(
vj : vi

)
dv (8)

The first equation is the conservation equation for the fractional volume of the bubble
size bins, where αg represents the gas void fraction, and fi is the volume fraction of the
i-th bubble size class. Ug is the gas phase velocity. Si is the source term representing the
net rate of bubbles entering or leaving the i-th size class due to processes like breakup
and coalescence.

The second equation, the Luo and Svendsen breakup frequency model, represents
the breakup frequency. Γi is the breakup frequency for bubbles in the i-th size class.
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vi is the volume of the i-th size class, and γbr
(
vj : vi

)
is the breakup rate of a bubble of

volume vj into two bubbles of volume vi.
These studies collectively highlight a shift towards more comprehensive modelling

strategies. While traditional RANS models laid the groundwork, their inability to fully
resolve phenomena such as bubble dynamics and entrainment has prompted the develop-
ment of more advanced, physics-based approaches, including PBM and sub-grid models.
The continued validation of these models against experimental data is crucial for building
confidence in their predictive power for complex, full-scale applications.

Ref. [39] endeavoured to better simulate the nature of bubbly flows by considering a
two-fluid model of a turbulent adiabatic bubbly flow implemented in the CFD program
CFX4.2, validated against experimental data and the predictions of a model by [40]. Their
approach utilised a two-fluid model so that the conservation equations for mass and mo-
mentum are handled for each phase. Turbulence in the dispersed phase was neglected, and
the liquid turbulence was modelled as an extension of the standard k–ε model. A closure
for the terms of interfacial turbulence was proposed based on the assumption that the
bubbles would maintain low inertia, while ignoring surface tension, which the author states
applies to most bubbly flows. To further enhance accuracy, the same authors developed a
two-phase wall law that served as a computationally inexpensive boundary condition [41].
This law modifies the conventional logarithmic law of the wall by introducing a correc-
tion based on an additional turbulent viscosity from bubble mixing. Comparisons were
made between the numerical predictions and experimental data. The data compared to
that of [40], used a two-fluid model implemented into the PHOENICS code to improve
the prediction of phase distribution for two-phase bubbly flows in ducts. Critically [39]
achieved comparable results to that of [40] without using a computationally expensive
algebraic stress model, particularly in predicting bubble-induced turbulence suppression.
The model demonstrated a good level of ability in predicting all shear stresses, with better
agreement between the model and experimental data than the conventional single-phase
wall laws, especially in cases of low Reynolds number flows containing small bubbles.
A significant limitation of the model developed in [39] is its inability to consider anisotropy,
a prominent characteristic in gravity-dominated bubbly flows where chaotic bubble motion
enhances specific velocity fluctuation components. It is for this reason that the model
of [39] generally underpredicts the turbulence scale, with the authors concluding that a
more advanced Reynolds stress closure would be necessary to achieve a broader range of
predictive capabilities.

The prediction of bubbly flow around a ship hull is critical for understanding its
hydrodynamic performance as well as its acoustic and optical signatures. A significant
challenge in this area is accurately modelling air entrainment. Ref. [42] considered the
prediction of bubbly flow around a surface ship’s hull to determine the hydrodynamic
performance and its acoustic and optical signatures. The work of [42] considers this using
a phenomenological sub-grid air entrainment model coupled with a two-fluid RANS
model for bubbly flow. The model predicts the location and rate of air entrainment by
assuming that turbulence creates a rough air/liquid interface with cavities that are entrained
once the downward liquid velocity exceeds the downward velocity of the interface. This
approach was validated against at-sea measurements on the research vessel Athena in
both straight-ahead and turning motions. The model successfully predicted entrainment at
the masker, the hull contact line, and the transom, demonstrating good agreement with
experimental void fraction profiles for three different ship speeds. The authors highlight
that this model provides a first-of-its-kind quantitative numerical prediction of void fraction
distributions around a full-scale ship. A separate 3D numerical investigation by [43] focused
on frictional drag reduction on a KRISO container ship model using microbubbles. Their
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approach utilised a standard RANS solver with a k–ε turbulence model and a Mixture
Model for multiphase flow, aiming to understand resistance reduction across different
Froude numbers, injection rates, and void fractions. The study successfully achieved
a maximum drag reduction of 27.6% at a Froude number of 0.282 with an air volume
fraction of 4.8%. This research provided several key findings. Firstly, regarding the optimal
injection rate, the model demonstrated a strong relationship between Froude number
and the optimal air injection rate. At higher Froude numbers, a higher injection rate was
required to counteract the bubbles being pushed out of the boundary layer, whereas at
lower Froude numbers, decreasing the injection rate was more effective for achieving
drag reduction. Further elucidated by the study, it indicates that the drag reduction
effect decreases with increasing distance from the injection point, reconfirming findings
from existing experimental studies. Ref. [43] concluded that excessive air injection at
higher rates can increase local frictional drag by causing bubbles to escape from the hull
sides, increasing turbulence. Both the work of [42,43] showcase different applications
of RANS-based solvers in the simulation of air lubrication. The work of [42] stands out
because of how its sub-grid model to predict air entrainment is physically grounded,
as this is often addressed empirically. Ref. [42]’s validation against full-scale data from
experiments and void fraction profiles is a particular strength and supports its predictions.
However, the model is limited to a monodispersed bubble assumption and is coupled using
a simplified one-way assumption, where the bubbles do not affect the flow themselves,
which is a potential weakness. It is essential to look at these two studies in tandem because,
ref. [43] focuses on demonstrating the effects of varying flow parameters on drag reduction,
using a more conventional approach. Ref. [43]’s finding of an optimal injection rate and
downstream decay are consistent with existing literature, whilst using a more simplified
mixture model and k-ε turbulence model with enhanced wall functions. In both cases,
the studies highlight the ongoing challenge of accurately representing complex, unsteady
multiphase flow phenomena using RANS models, which often necessitate simplifications
to maintain computational feasibility.

In the pursuit of a better understanding of the fundamental mechanisms of drag
reduction, some researchers have employed high-fidelity numerical methods. Unlike RANS
approaches, high-fidelity approaches such as Direct Numerical Simulation and Large Eddy
Simulation solve the momentum equations in a time-accurate manner (unsteady state).
This requires high-order spatial and temporal schemes (e.g., second-order or higher time-
marching schemes) to capture the transient turbulent flow structures and bubble dynamics
accurately. The authors of [44] utilised Direct Numerical Simulation (DNS), which solves
the unsteady Navier-Stokes equations without a turbulence model, capturing the full
spectrum of turbulent scales. This Eulerian-Lagrangian approach solves the fluid continuity
and momentum equations within a Eulerian framework, while tracking the trajectory of
individual bubbles using a separate acceleration equation. The study considered bubbles as
rigid, massless spheres, a valid assumption for small bubbles in a non-purified fluid where
the interface is less deformable. The key finding from this high-resolution DNS study was
detailed physical observations linked to drag reduction. Ref. [44] presents the idea of a
positive velocity divergence resulting from the presence of bubbles (∇U > 0), which creates
a mean velocity away from the wall. Furthermore, the authors identify the presence of
vortical structure displacement, which displaces the quasi-streamwise longitudinal vortical
structures away from the wall. Ultimately in [44] the observation of reduced skin friction is
critical and indicates that the displacements witnessed lessen the intensity of wall streaks
and moves the peak production of Reynolds stress farther from the wall to a region of
smaller mean shear. The overall effect witnessed in [44] is a reduction in skin friction, with
the highest drag reduction of 20.2% achieved at a bubble volume fraction of 0.02.
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The use of DNS stands in stark contrast to lower-fidelity methods, such as RANS
turbulence models. While RANS relies on turbulence models to represent the effects of
turbulence, DNS directly resolves these turbulent scales. This is its primary strength, as it
provides fundamental physical insights that simpler models cannot capture. However, this
high fidelity comes at a computational cost. The small scales involved mean that DNS is
often limited to much smaller computational domains and lower Reynolds numbers than
those seen in real-world engineering problems. Ref. [45] performed a similar DNS study
to [44] on channel flow, highlighting that while DNS provides invaluable insight, models
and computational resources still have limitations that prevent the direct simulation of
full-scale problems.

To further assess the predictive ability of numerical methods, ref. [46] investigated
the performance of air lubrication systems on a planning hull with a step. The study
utilised the commercial CFD software STAR-CCM+ (Version 9.0) to solve the unsteady
Reynolds-averaged Navier-Stokes equations with the Volume of Fluid method to capture
the free surface and air layer. The turbulence model used was the k − ω Shear Stress
Transport (SST) model. All simulations used a time-marching approach to capture the
unsteady phenomena. The simulations employed an overset mesh approach to model the
hull’s motion, and these simulations were validated against towing tank testing results.
The results of the CFD simulation compared to the towing tank test results showed a
difference of up to 8% for the non-lubricated case at the initial velocity. In the air-lubricated
case, the difference was generally below 6%, leading the authors to conclude that the
CFD approach was suitable for simulating these complex air lubrication mechanisms.
Similarly to [46], the work of [47] compared experimental data with two different CFD
models, on an axisymmetric body to investigate the mechanisms of drag reduction. The
work made a direct comparison between a Eulerian-Eulerian two-fluid approach and a
standard VOF modelling approach, and this comparison provides critical insight into the
applicability of each of these methods. The Eulerian-Eulerian approach was found to
be better suited for microbubble drag reduction. It demonstrated good resolution of the
phenomenon here, while the VOF model more accurately represented the stratified air
layer in air layer drag reduction. With this comparison of the two modelling approaches in
mind, the authors proposed a data-coupling method to bridge the transition between the
two regimes. These data coupling method demonstrated good agreement with the ex-
perimental data, indicating that the predicted morphologies of the mixture flow were in
qualitative agreement with the observations made in the experimental work. This confirms
the success of these CFD models in replicating the nature of air-water interaction. Further-
more, the study also noted a weakness in the Eulerian-Eulerian approach, as it did not
accurately capture the rolling of the air layer in the ALDR region.

Overall, it can be stated that the current state of the art in predicting air lubrication
on a ship’s hull and its corresponding drag reduction enables the operator to replicate the
levels of drag reduction that would be expected from physical testing. The methodologies
employed are increasingly robust and capable of reproducing several of the expected mech-
anisms seen in real-world scenarios. For example, computational models can demonstrate
bubble breakup and coalescence, which are vital indicators of the simulation’s ability to
capture the multiphasic interaction intrinsic to air lubrication technology. Aside from
these advances, there are inherent limitations associated with CFD in simulating air-water
mixtures and high Reynolds numbers. The limitations can be attributed to two primary
sources: the first being the difficulty in accurately modelling physical characteristics.
An example of this is that simulating hull surface roughness with a single parameter in-
herently involves oversimplification, and the idealised scenario can cause deviation from
experimental data. The second source is computational error, which is a persistent question
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regarding computational approaches, and this can propagate through the model and cause
deviations in the achieved result [30]. This can be especially prominent in multiphasic
scenarios and at high velocities. For instance, studies comparing CFD results for planing
hulls to experimental data have demonstrated a range of accuracy. The work of [48] used
a RANS solver with the Volume of Fluid (VOF) method, and concluded that CFD predic-
tions for planing hulls have an accuracy of around 10% when compared to experimental
data, representing a significant improvement over traditional semi-empirical formula-
tions. Ref. [49] corroborated the conclusions of [48] stating that their RANS simulations,
also using VOF and the k-omega SST turbulence model, had a resistance prediction error
below 10%. Furthermore, the authors of [50] found that resistance error can vary from 4.5%
to 9.5%, depending on the mesh strategy and software used. These differences highlight
the variability in accuracy for current CFD approaches, which is often a function of the
specific numerical methods and mesh generation techniques employed.

The work of [51] discusses how previous work has considered the mechanisms of air
bottom cavitation. However, the effects of the interaction of the ventilated cavities with the
ship boundary layer have been neglected, even though these effects may be substantial. The
work suggests that existing methods for ship hull design and retrofits are based on solving
inverse problems of ideal fluid theory; however, it also suggests that a framework of ideal
fluid theory cannot accurately predict the drag reduction and power-saving rates for this
technology. Ref. [51] suggests that ideal fluid theory can predict the shape of ventilated
cavities to a satisfactory degree; however, these rates are not directly proportional to the
ratio of the hull surface covered by the cavity to the total wetted area. Furthermore, the
friction reduction by the cavity and an air escape from the cavity will subsequently affect
the thickness of the ship boundary layers and wakes and the velocity profiles across them.
The author mentions a substantial scale effect for the air demand that partially ventilated
cavities require, and the power saving subsequently depends on this demand. The work
suggests that a numerical analysis of the interaction between air-ventilated cavities and
boundary layers requires a unique flow model, as existing methods cannot accurately
describe the gas flow within cavities or its escape from them.

The paper uses a multi-zone flow model to analyse the interaction between the ship’s
bottom air cavity and the boundary layer, rather than existing widely used RANS ap-
proaches. The model divides the flow into three distinct zones, each with its own set of
governing equations: the inviscid outer flow zone, the air cavity zone and the boundary
layer zone. Each of these zones is said to be governed by its own set of governing equations.
Zone 1 describes the incompressible, curl-free water flow outside the boundary layer and
is therefore governed by the Laplace equation.

∆Φ = 0 (9)

Zone 2 models the incompressible air flow inside the cavity. Therefore, the air mass
conservation equation is integrated across the cavity to describe the air demand and escape.

u0
dδ∗a
dx

− (H − δ∗a)
du0

dx
− dQ

dx
= 0 (10)

Zone 3 models the boundary layer on the cavity and hull’s wetted surface, treating it
as a compressible two-phase flow. This region is governed by a set of integral equations
which include a mass conservation law.

d(δβ)

dx
+

dQ
u0dx

= −β (11)

Momentum equation
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dδ∗∗

dx
+

ϵW
U

dQ
dx

=

(
M2 − 2

)
δ∗∗ − δ∗ + δ

U
dU
dx

(12)

And a differential momentum equation for water derived from the Reynolds equation.

u0
du0

dx
= −∂⟨u′v′⟩

∂N
− ∂⟨u′u′⟩

∂x
(13)

The equations govern the three flow zones. In the air mass conservation equation
(Zone 2): u0 is the velocity outside the boundary layer, δ∗a is the displacement thickness of
the boundary layer on the cavity surface, H is the boundary layer thickness at the cavity
closure, and Q is the mass flow rate of air escaping from the cavity. In the boundary
layer mass conservation equation (Zone 3): δβ is the boundary layer thickness of the gas
phase, β is the friction coefficient, and u0 and Q are as defined above. In the momentum
equation (Zone 3): δ∗∗ is the momentum thickness, M is the Mach number, and ϵW is a
coefficient related to the velocity ratio, with U being the liquid flow velocity. The final
differential momentum equation u′v′ which represent fluctuating velocity components in
the x (streamwise) and N (normal to the body surface) directions.

The work of [51], uses a combination of numerical techniques to solve the equations
for the zones. In Zone 1, for example, the method uses a quasi-linearisation of the boundary
conditions and iterates to find the unknown boundary shape. However, the paper notes
that other methods, such as the boundary element method, could also have been employed.
For the boundary layers in Zone 3, an integral computational method was utilised to solve
the coupled equations across all three zones. The integral method approximates the velocity
profiles across the boundary layers, thereby simplifying the problem. The strength of this
paper’s multi-zone approach lies in its ability to overcome the weaknesses of other methods
by explicitly modelling the interaction between the air cavity and the ship’s boundary layer.
The method also accounts for the escape of air and its effect on the downstream boundary
layer. The method by which the approach of [51] can be applied, depends on the context of
the problem being solved. For preliminary Hull design and cavity shape prediction, the
ideal fluid theory, which [51] is critical of would be suitable and efficient as s starting point
as it can quickly provide a satisfactory prediction of the ventilated cavity’s shape. How-
ever, where detailed performance metrics are required, the novel multi-zone model may
be most suited.

Eulerian-Lagrangian Approach

An alternative approach to the Eulerian-Eulerian approach in simulating multiphase
flows is the Eulerian-Lagrangian approach. The Eulerian-Lagrangian approach is benefi-
cial in low-void-fraction scenarios. The Eulerian-Lagrangian approach treats the fluid
as a continuum governed by Eulerian principles, while simultaneously representing
individual bubbles or bubble clouds as discrete Lagrangian particles. The hybrid ap-
proach offered by the Eulerian-Lagrangian method has unique advantages and challenges.
Ref. [52] demonstrated the use of this method in representing bubble trajectories in tur-
bulent flow. The approach of [52] solves the continuous phase using RANS equations
coupled with a high-fidelity Reynolds Stress Transport (RST) model developed by [53]. The
RST model solves transport equations for each component of the Reynolds stress tensor,
enabling it to better capture turbulence anisotropy, a key limitation of simpler turbulence
models. The pressure-velocity coupling was handled using the Semi-Implicit Method for
Pressure-Linked Equations-Consistent (SIMPLEC) algorithm. The core of the Eulerian-
Lagrangian scheme lies in the fact that bubble motion can be solved simultaneously with
the Rayleigh-Plesset equation, which governs bubble growth and collapse, thereby accu-
rately determining bubble trajectories. This allows for the precise tracking of bubbles and
the identification of flow structures around propellers and behind hulls. The work builds
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on that of [54], who used computer code to model the bubble trajectory by solving the
Rayleigh-Plesset equation numerically, combined with a set of trajectory equations to model
the bubble motion. A key strength of this method is that it can provide a detailed and
high-fidelity view of individual bubble dynamics, making it valuable when considering
specific problems such as cavitation and flow near appendages. The Eulerian-Lagrangian
approach also faces some significant issues and limitations; however, this computational
approach scales dramatically with increasing bubble numbers and increasing void frac-
tions. The overall impact is that such an approach is often impractical for simulating
high-injection-rate scenarios, where bubble-bubble interaction becomes more dominant.
The concept of tracking a “Lagrangian bubble cloud” was developed as a compromise to
reduce this computational burden. This contrasts with the Eulerian-Eulerian approach,
which is better suited for high-void-fraction flows but often requires a population balance
model to account for the dynamic evolution of bubble sizes.

The motion of the spherical particle within the fluid can be modelled using the formu-
lation of [55], who formulated a general equation of motion for a small rigid sphere in a
turbulent flow. This equation accounts for a variety of forces, including added mass, drag,
buoyancy, and lift. To handle the frequent interaction between particles in dense multi-
phase flows, researchers often integrate a collision model. Such a model was developed
by [56] and assumes that the movement is two-dimensional, bubbles are spherical and
quasi-rigid, collisions are binary and instantaneous with a point contact, interaction forces
are impulsive, and all other forces are negligible during a collision. The effects of bubble
rotation can be neglected. This approach, however, has key limitations, as identified by
Researchers such as [57] who pointed to some issues with treating bubbles as Lagrangian
particles, stating that as bubbles increase in size, the one-fluid model can lose its validity
since the bubbles become more dynamic, losing their Lagrangian particle nature. When
bubbles become non-spherical, their shapes distort in response to pressure variations. Even
in cases where the bubble remains spherical, it can change volume due to the compressible
nature of gases. The change in bubble properties may pose a critical issue in the case of
BDR simulation, as it can distort the prediction of the drag-reducing effect and the bubble’s
interaction with other entities. Further work is needed on this method and its effectiveness
in stimulating multiphasic interaction and potential interaction with different structures
and appendages, particularly in a marine setting, regarding BDR.

These changes pose a critical issue for BDR simulations, as they can distort predictions
of drag reduction and the bubble’s interaction with other structures. While computationally
efficient for sparse bubble fields, the simplifying assumptions of this approach render it
less suitable for high-void-fraction flows, suggesting that further work is needed to adapt
this method for the complex multiphase interactions found in marine applications.

Beyond RANS approaches, higher-fidelity methods, such as Large Eddy Simulation
(LES), have been employed to investigate the mechanisms of air lubrication. LES directly
resolves the large-scale turbulent structures whilst modelling the smaller, sub-grid scales.
LES can be a powerful tool for studying the fundamental physics of microbubble drag
reduction, and the authors of [58] suggest that RANS approaches lack the necessary detailed
turbulence information to study the microscopic mechanisms present in MBDR. The authors
of [58], used an Eulerian-Lagrangian approach on a flat plate model and found that it
was possible to successfully replicate the experimental results for both mean velocity
distribution and the distribution of fluctuation intensities. The separate work of [59],
further investigated the application of this method to simulating air lubrication and bubble
drag reduction. The authors sought to emphasise that accurately modelling systems
that incorporate significant bubble volume changes, such as in cavitating and two-phase
flows, requires a comprehensive understanding of the bubbles’ nature and interactions.
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The authors state that for simulating air or bubble drag reduction, it is vital that the operator
captures the complex physical mechanisms present and may require an approach beyond
the limits of a standard Eulerian-Eulerian approach.

LES simulations of ALS have also used the Eulerian-Lagrangian method. The work
of [58] investigated the use of LES by considering a flat plate. They found that the LES
method agrees with experimental results for velocity distribution and the distribution of
fluctuation intensities. Ref. [58] justified the choice of LES when considering microbubble
drag reduction, as the authors stated that existing RANS approaches are unable to study
the microscopic mechanisms underlying microbubble drag reduction. The reasoning is
that the microscopic mechanisms require information regarding turbulence, which RANS
cannot provide in sufficient detail. Ref. [59] further examined the Eulerian-Lagrangian
approach for analysing bubble drag reduction. The authors indicated that for applications
involving significant changes in bubble volume, such as in cavitating or two-phase flows, it
is essential to understand the nature and interactions of bubbles to produce an accurate
model. If one attempts to use the method for simulation in air or bubble drag reduction
approaches, it would be vital to replicate the complex physics involved, and one must
perhaps consider more physical mechanisms than those reproduced in a standard Eulerian-
Eulerian approach. Ref. [60] considered the simulation of cavitating turbulent flow around
a marine propeller behind a ship’s hull using vorticity transport equations and particle
trajectories. The work analysed the vorticity distribution and particle tracks of the inter-
actions in this scenario explicitly. Lagrangian methods used in the work allowed for the
tracking of particles and the identification of flow structures around propellers, especially
behind hull operating conditions. The work employed a three-dimensional Lagrangian
approach to predict particle trajectories, enabling the study of local cavitating forces from
a Lagrangian perspective (i.e., the discrete cavitating effect of a bubble in isolation). The
particle tracking study demonstrated that the propeller rotation and geometry result in a
much more complex and distorted flow structure than that without propeller consideration
(again, due to the ability to track a single discrete bubble). The predicted cavity patterns
agree with the experimental results, although there is some over-prediction of cavity size,
compared to the numerical results. The results show that sheet cavity shedding from the
blade surface is caused by the side entrant jet, with predicted pressure fluctuations, which
agrees with the experimental results.

Regarding application and future work, the comparisons made between RANS and
LES, as well as the potential insufficiencies identified by the authors, suggest that for
a holistic view of the nature of air lubrication, both LES and RANS have their applica-
tions under different circumstances. RANS may be indicated for larger-scale, hull-level
performance predictions, where computational cost is restrictive. In contrast, LES may
be seen as more applicable to fundamental research aimed at developing and validating
sub-grid models.

5. Interaction of the Air Layer on Appendages
The bubbles introduced by an air lubrication system behave separately and distinctly

from the steam bubbles, which are the cause of cavitation on a ship’s propeller; it is never-
theless essential to consider the effect that introducing air bubbles into the propeller plane
may have on the propagation of cavitation on the propeller as well as the noise generated,
given that propellers are already established as one of the most significant sources of
underwater noise generation on a ship. The ability of CFD to accurately simulate single-
phase flow is an essential precursor to modelling the effects of air lubrication systems on
downstream components. It is necessary to establish whether a consistent and meaningful
prediction of cavitation on the propeller can be achieved using a CFD approach and how
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that prediction changes when air bubbles from an upstream system are introduced into the
propeller’s slipstream. The work of [61] was key in this area, as the authors conducted work
on modelling propeller cavitation and estimating performance under cavitating conditions.
The work of [61], particularly focused on the development of tip vortex cavitation (TVC).
The model used in [61] was based on the Rayleigh-Plesset equation to govern cavitation
dynamics, and a Volume of Fluid approach was used to capture the vapour-liquid interface.
This study successfully predicted the propulsion coefficients and cavity patterns that would
be expected for the benchmark propeller considered under conventional flow conditions.
Building on [61], the work of [62] examined propeller cavitation further by using a mesh
adaptation and refinement approach to cavitation simulation (MARCS), with the intention
of improving accuracy in capturing TVC in the propeller slipstream. A subsequent study
by [63] then considered the broader challenge of hull-propeller interaction, and highlighted
a key limitation in current models which is the interaction between TVC and the rudder
which could not be simulated to the desired accuracy that the authors wished to achieve.
The findings of these bodies of work are key in the context of future research regarding air
lubrication, as they demonstrate the difficulty in accurately predicting how the air-water
mixture from an upstream air lubrication system would behave if it were passing through
the propeller plane and interacting with other components. These studies collectively show
that, while CFD can accurately model single-phase propeller cavitation, significant chal-
lenges remain in simulating complex, multi-phase interactions that are a direct consequence
of operating an air lubrication system.

Ref. [64] looked at the effect on thrust and torque for the propeller to assess the
propulsive performance, and uses a RANS-based solver and a Volume of Fluid (VOF)
two-phase flow model. The model relies on the two fluids being immiscible in each control
cell. The k − ω SST model simulates the scenario using the commercial solver STAR
CCM+ as the software package. The results of [64] indicated that the injected air does not
directly enter the propeller working area for the designed bottom cavity and the model
considered in the paper. The work suggests that the average axial speed at the propeller
disk surface would increase, and the average wake fraction would decrease as air is injected.
The work compares the propeller thrust and torque in calculations with and without air.
With the same inflow velocity and rotation, air injection decreases the thrust and torque
coefficients. This decrease occurs because the air injection increases the axial velocity at the
disk surface, and the average wake fraction decreases; hence, the propeller’s thrust and
torque coefficients also decrease.

The work of [65] examines the effect of the air layer on propeller characteristics, and it
explicitly considers the Mitsubishi Air Lubrication System (MALS). The work examines the
void fraction in the propeller region/disk area, and its impact on propeller characteristics
and fluctuating pressure. The work utilises CFD to predict the air bubble void fraction
distribution on the hull surface, which is necessary to determine the reduction in hull
resistance. Additionally, it predicts the void fraction distribution on the propeller disk area,
influencing the distribution of propeller performance. All bubbles in the work of [65] were
uniform in diameter and remained unchanged in the flow; no consideration was given to
the bonding of bubbles or division into multiple smaller bubbles. The bubble diameter for
ships is stated as 2 to 3 mm in the case of actual ships, and the work scales this to the model
ship, examining bubble size ranges for this ship of 0.1 mm to 1 mm.

The ability to scale bubble sizes along with the model is one advantage of using CFD
over physical testing, which is more challenging. There were three cases considered by [65].
In cases 2 and 3, the bubble sizes were set to 5 and 10 times that of case 1, respectively. The
work suggests that the influence of air bubble diameter on air bubble distribution is limited;
consequently, despite actual air bubble diameters varying, the bubble effect can be roughly
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predicted from a calculation based on bubbles of a particular uniform size. The work does
not provide a quantitative evaluation of the bubble distribution and instead presents the
void fraction distributions for comparison in a qualitative manner, alongside the air bubble
distribution images obtained from experiments. A visual representation of the flow fields
is included in [65].

Ultimately, the work of [65] looks at the effect of bubbles flowing into the propeller
region because it can alter the propeller characteristics, reduce the propeller operation’s
efficiency, and influence the noise generated by the propeller. The work of [65] indicates
that the influence of bubble characteristics can be assessed by changing the void frac-
tion of the air bubbles flowing into the propeller disk area. Suppose the void fraction
of the air bubbles flowing into the propeller region can be predicted accurately by the
method. In that case, their influence on the propeller performance can be confirmed using
numerical data.

Both the study of [64,65] use RANS approaches, simplifying the flow behaviour.
Ref. [64] make use of the SST k−ω turbulence model, which is widely used in the study
of air lubrication more generally in CFD, and this could be assumed to be a reasonable
choice, given the model’s ability to predict fluid behaviour in both the near-wall and outer
flow; however, the extent to which these conventional turbulence models can represent
the behaviour in the propeller region may require further study and would be a possible
avenue for further research. Comparing the two papers, of [64,65], both have their specific
strengths and weaknesses. In [64], the use of a large continuous air layer provides a
substantial reduction in frictional resistance. The study also explicitly accounts for the
propeller’s effect on the air layer and vice versa. However, concurrently with [64], the
specific design of the bottom cavity, with its side slopes, may not be representative of
all air lubrication systems. The paper notes that the results are particular to this design
and that the air does not directly enter the propeller working area, which may not be the
case for all systems. The work also concludes that more research is needed to analyse the
effect on propeller performance at the new self-propulsion point. Ref. [65] investigates
one specific ALS, the Mitsubishi Air Lubrication System (MALS), which uses a system of
bubble outlets to inject air. The study has a particular strength in that it considered the effect
of a range of bubble diameters, which is a key parameter that can be difficult to control in
physical experiments. The finding that bubble diameter had only a limited influence on
the overall air distribution enables simplification of the modelling and possibly indicates a
greater applicability of the result. Furthermore, the work shows that the loss of propulsive
efficiency due to the bubbles would be negligible. However, the work has some apparent
weaknesses, as the study’s assumption of a uniform, unchanging bubble diameter is not
supported by observations when considering a compressible fluid that is also subject to
phenomena such as coalescence and breakup. Furthermore, assuming a single system
(the MALS system) and a single case of application is a further indication that the study’s
conclusions may not be fully applicable in a general case.

5.1. Assessing the Effect on Efficiency and Propulsive Performance

Regarding the MALS system, several findings examine the application of MALS
technology in depth [66–68]. These bodies of work point out that propulsive power for a
typical ship would often be considered by looking at the results of a towing tank test using
a model ship; however, it is difficult to estimate the propulsive power in this manner for
a vessel equipped with an air lubrication system due to the need to scale the bubble size
with the size of a ship. The development of the Mitsubishi Air Lubrication System (MALS)
relies on CFD to predict the behaviour of air bubbles around a ship’s hull. This is essential
because physical model tests in a towing tank cannot accurately replicate the air bubble
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flow due to scaling issues. Air bubbles of millimetre order on a real ship would need to
be of micrometre order on a model, which is difficult to achieve by simply blowing air
from the model. This leads to an underestimation of frictional drag reduction and incorrect
air bubble distribution around the propeller in tank tests. In the case of a model test, the
operator is faced with no choice but to use bubbles of magnitudes greater than would be
correct if the bubbles were scaled to the size of the ship. Failure to scale the bubbles will not
only result in an underestimation of the frictional drag effect but will also result in incorrect
bubble distribution around the propeller; for this reason, it is suggested that there is not
only a desire for CFD technology to be developed that can correctly produce bubbles which
are scaled in size with the ship, but it is also necessary. Furthermore, the work of [66–68]
draws on the findings of towing tank tests to say that bubbles flowing into the propeller
plane will reduce efficiency and increase pressure fluctuation. The work found that in
cases where the air layer exists, the propeller pressure fluctuations at the bottom of the hull
decrease due to the pressure layer’s reflection and the pressure-dampening effect of the
air bubble layer. Moreover, the authors found that the air bubble layer has a higher void
fraction in the vicinity of the hull’s bottom when the bubble layer thickness is reduced. The
work of these authors highlights the added complexity involved in attempting to assess the
impact of air ingress using conventional methods, both within experimental testing and
within standard CFD methods such as RANS.

RANS-based approaches have been used to analyse the complex interaction between a
ship’s hull and propeller in many studies. These methods are crucial to understanding how
the addition of air lubrication may further complicate an already unsteady and non-uniform
flow in the stern region. Three such papers [69–71] look at the interaction of the hull on
propulsive characteristics. Adding air lubrication will mean the already complex and
unsteady interactions within the transom/propeller region may be further complicated. It
will be essential to consider how this will affect the region’s behaviour, further complicating
the modelling of the scenario.

The work of [69] considers the viscous flow around a self-propelled hull using a
RANSE solver with a model-scale boat. The solver used the realisable k–ε turbulence
model. The main objective of the work is to consider the inherently unsteady hull-propeller
interaction resulting from operation in the unsteady, non-uniform wake. The propeller’s
performance depends on the incoming flow velocity; this dependence indicates that inves-
tigation of this interaction requires careful modelling, as its inherent unsteadiness means
the interaction is complex. The use of a sliding mesh technique in this paper is a common
approach for propeller CFD simulations. The proposed models accurately predicted the
augmented drag, thrust, and torque coefficients, as well as the thrust deduction fraction,
within a 5% margin. This accurate prediction suggests that it may be an auspicious start-
ing point for simulating an air lubrication case and its interaction with the propeller and
transom regions, in addition to the typical hull-propeller interactions observed in a non-air
lubrication case.

Ref. [70] considered the hydrodynamic performance of a ship hull, including a
propeller. The work considers the performance by using a RANSE solver, similar to [69],
but investigated the applicability of various turbulence models, including Standard k-ε,
Realisable k-ε, and SST k-ω, for predicting hull and propeller performance. The work
investigates the flow features around a ship hull with a rotating propeller in open-water
tests, resistance tests, and self-propulsion tests. The paper then examines the applicability
of various turbulence models in predicting the hydrodynamic performance of the propeller
and the hull-propeller interaction. The work employs a hybrid meshing approach, utilising
an unstructured mesh near the complex geometry and a structured mesh in the simpler
parts of the geometry. This approach was adopted to incorporate more flow field features
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and enhance calculation accuracy. A moving mesh was used at the location of the propeller
disk, with the moving volume itself rotating, and non-conformal interfaces placed between
the rotational and stationary subdomains. Overall, the work found that the Standard
k-ε turbulence model was more accurate in the case of the resistance test. In contrast,
Realisable k-ε is more suitable for predicting self-propulsion performances. As a result, the
CFD method was verified, and the computational results were validated.

Ref. [71] looked at the potential to use a RANS approach combined with a potential
flow approach to analyse propeller performance and load for a self-propelled condition.
The work presents a combination of unsteady RANS simulations of the flow around
the ship in free-surface conditions, utilising the volume of fluid method, and the lift-
ing line model (LLM) for propellers operating behind a boat. This study uses the SST
k-ω turbulence model and the Volume of Fluid (VOF) method to account for the free
surface. The propeller’s effect on the wake is represented by an actuator disk that applies
body forces to the flow field, which the LLM iteratively updates based on the calculated
effective wake. The simulation results demonstrate that the coupling method can accu-
rately estimate the propeller loading and its impact on the average flow field. Compared to
established results, unsteady propeller loading on the hull is predicted via the flow field
for both the full RANS approach and the coupling method. The work explains that due
to the complex and non-linear features of the flow field structures around the propeller,
accurately predicting the ship’s powering performance is more complicated than predicting
hull resistance or propeller open-water performance.

5.2. Effect on Underwater Noise from Air Ingress

The bubbles introduced by an air lubrication system behave separately and distinctly
from the steam bubbles, which cause cavitation on a ship’s propeller. It is nevertheless
essential to consider the effect that introducing air bubbles into the propeller plane may
have on the propagation of cavitation on the propeller and the noise generated. This is
vital, given that propellers are established as one of a ship’s most significant sources of
underwater noise generation [72,73].

The possibility of using air as a means of reducing underwater noise in various
applications has been proposed by a range of researchers. One proposed use of air in this
manner is presented in [74], and this is in the context of reducing underwater noise in
percussive piling. The researchers in [74] state that the use of bubbles can reduce sound
transmission, and this is caused by the difference in density between the air medium and the
water medium. Within the EU Project SONIC, there is a focus on suppressing underwater
noise induced by cavitation [75]. Air injection has been presented within SONIC as a
noise-reducing approach, with the partners involved suggesting that air injection can have
a significant effect on noise generation even at low flow rates [76].

In the 1960s and 1970s, the US Navy developed systems to reduce underwater noise
on warships. These were termed ‘Prairie’ and ‘Masker’ systems, with the Prairie system
being fitted near to or on the ship propeller itself and the Masker system being designed to
silence a vessel’s engine noise, typically being fitted on the sides of the hull.

Information and quantitative data on the original Prairie and Masker systems
are limited; however, these systems appear to have been used on some US warships.
More recently, ‘Masker’ and ‘Prairie-like’ systems have been investigated under the
EU Horizon 2020 Project SATURN, which sought to reduce ship underwater noise [77,78].
A representation of the system shows the location of the injection point in each system,
respectively [78]. The study of these systems under the SATURN project managed to
demonstrate a notable reduction in underwater radiated noise from the systems. The
‘Prairie-like’ system is of particular interest as this system involves injecting air through
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holes in the leading edges of ship propeller blades in an effort to dampen the collapse
of cavitation bubbles. The work under the SATURN project performed tests at four dif-
ferent combinations of propeller thrust coefficient and cavitation number; however, the
researchers in [77]. The study does not explicitly consider the impact of air entrainment on
the thrust coefficient, suggesting that future work should address this aspect.

The researchers in [79] point to injecting air through the propeller blades to reduce
noise and cavitation but do not provide discussion of the effects of introducing air on
propeller propulsive characteristics. There is a reference to other systems that introduce air
to the propeller for the purpose of reducing noise, referred to as propeller air ingestion and
emission systems. However, information on such systems is limited, and there is a lack of
evidence and research regarding their use.

One such system is presented by a company called Hanwha [80], who state that
air injection into the propeller can reduce noise generation by producing an ‘air curtain’;
however, there is a lack of corresponding academic or industry research regarding the
potential effect on propeller propulsive characteristics. Ultimately, when considering the
available literature on the use of air to reduce underwater noise as a whole, it appears
that there is precedent for its use for this purpose. Still, there is limited discussion and
understanding of its effect on propulsive characteristics.

6. Difficulties with CFD Simulation of Air Lubrication and
Complex Mechanisms
6.1. Re-Entrant Jet and Wave Pinch-Off

The work of [5] uses a viscous-flow CFD code, ReFRESCO. It is complemented
by turbulence models, cavitation models and volume-fraction transport equations for
different phases. The paper utilises CFD to investigate the re-entrant jet and Wave Pinch-off
effect, which is observed in air lubrication systems. The work concluded that the exist-
ing commonly used industry-standard k-ε and k − ω turbulence models are insufficient
to model the turbulence characteristics for air lubrication accurately. Notably, ref. [5]
point to the work of [81], who suspected that the overprediction of the eddy-viscosity
dampens the unsteadiness of sheet cavitation, and thus, poor modelling could incorrectly
mask the effect of the Re-Entrant Jet by preventing the simulated occurrence of shedding.
Ref. [5] State that additional artificial correction models are available to lower the predicted
eddy-viscosity; one such model is the Reboud-correction model, which introduces a limiter
to the computation of turbulent viscosity [82,83].

Ref. [84] witnessed the mechanism of the re-entrant jet in their work on the capability
of RANS solvers to predict the behaviour of marine propellers and their induced pulses.
The work identified a re-entrant flow forming due to the convex cavity closure line, blade
geometry and wake; the mentioned re-entrant flow was created beneath the sheet cavity
surface and travelled towards the blade tip. Suffice it to say that the mechanism of the
re-entrant jet is not an Air-Lubrication exclusive mechanism, and the operator must be
aware of the mechanism and possibility of a Re-Entrant jet occurring in standard free
surface simulations.

Regarding wave pinch-off, standard turbulence models struggle to accurately model
the effect, as they only account for the impact of turbulence on the general flow. To identify
the scale of these structures for wave pinch-off, a larger number of turbulence scales in
the flow must be resolved. It is suggested that scale-resolving simulation models, such as
those described by [85] could help resolve large-scale turbulence in the flow. These models
have been developed to bridge the gap between RANS and LES models, as resolving the
full range of turbulence in DNS remains far too computationally expensive for practical
use. Scale-resolving simulations will resolve the larger scales of turbulence and model the
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smaller scales. Ref. [86], however, state that it is known a priori that a pure RANS approach
cannot compute the turbulence structures believed to be responsible for disturbing the
cavity surface and entirely disregards the notion of using a pure RANS model to model the
wave pinch-off mechanism.

Moreover, ref. [86] further reiterated that RANS methods might be insufficient to
model the Re-Entrant Jet and Wave Pinch Off. Standard k − ω and k-ε models consistently
fail to predict large separation areas well, and the incorrect prediction of Eddy Viscosity is
apparent when these are used. The work highlights that the standard turbulence models
mentioned were initially developed to predict smooth, attached, and single-phase turbulent
flows. Consequently, in the case of air lubrication simulation, a distinctly two-phase
scenario, the models are ill-equipped to simulate unsteady vapour sheet cavity dynamics.
Ref. [86] Attempted to better reproduce the phenomenon of the Re-Entrant Jet by using
the KSKL turbulence model described initially by [87], coupled with two eddy viscosity
correction functions, but this was unsuccessful in reproducing the effect. The approach
failed to produce a re-entrant jet under the conditions they believed to be most conducive
to creating the phenomenon, as indicated in their physical testing cases. The work suggests
that more factors must cause the re-entrant jet phenomenon than merely eddy viscosity.

The work of [88] further confronts the issues of Wave Pinch-Off and Re-Entrant Jet.
The work of [88] is in agreement with the work of [5], the author concludes that the main
difficulty in the numerical modelling of air lubrication techniques is the inherent instability
that arises from the modelling of the two-phase flow, further compounded by the relatively
small thickness of the air layer to the plate or boat model, which is being considered.
The work concludes that the model is the best standard turbulence model for predicting
the system’s overall behaviour in the k − ω model. Specifically, the model is preferred
due to its stability of the air layer across the plate. The authors found that other models
would erroneously predict that as air flux increases, the stability of the air layer would
decrease, which is in opposition to established experimental results, such as in the widely
cited work of [11,12].

6.2. Kelvin-Helmholtz Instability

Kelvin-Helmholtz instability (KHI), arising from the velocity difference across the
air-water interface in air lubrication, is a phenomenon captured in physical experimentation
by several authors. Ref. [89] carried out a DNS study of air layer drag reduction over a
backward step to confirm established results for air lubrication and, in the process, reported
the presence of KHI near the site of air injection, with the particular presence of this
instability when the air injection rate was decreased. The work of [88] indicates that the
characteristic instability seen in DNS and physical testing is absent in RANS approaches,
where, incorrectly, the RANS approaches will present the air-water interface as more stable
than reality. The author introduces an artificial perturbation in their RANS approach
to imitate the expected initial instability at the injection point. The reasoning for this is
that, unlike LES simulations, where one can introduce the initial perturbation by setting
differing viscosity values of the sub-grid scale in different cells, RANS models do not vary
the turbulent viscosity spatially to a great extent, tending to predict a smooth transition
in expected flows. The author introduces a sinusoidal fluctuation to the airflow rate to
artificially introduce the instability at the air injection point and finds that this agrees with
experimental results.
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6.3. Numerical Ventilation

In CFD, the VOF model is often used to model and track the free surface of
two immiscible fluids and is particularly relevant for tracking the position of the interface
between the two phases. Numerical ventilation (N.V.) is a problem typically encountered
when a vessel creates an acute angle with the free surface. The work of [90] states that this
is one of the primary sources of error witnessed in numerical simulations of planning hulls
and warrants further analysis. The same body of work suggests that interface smearing,
caused by an inability to track the free surface, is the primary source of N.V. The additional
complexities of air lubrication mean that the difficulties in monitoring the interface between
air and water further encourage the propagation of the N.V. effect.

7. Novel Simulation Approaches
Much of this review has focused on conventional approaches to simulating air

lubrication, primarily RANS-based methods, with additional discussion of LES and DNS
applications. However, there are currently some promising novel approaches to sim-
ulating air lubrication and bubble dynamics, which should be discussed explicitly be-
yond the comparative discussion made earlier in this review. The review has already
covered hybrid methods, such as the Eulerian-Lagrangian method. Still, there is scope
for the use of entirely separate approaches, including particle-based, front-tracking, and
interface-capturing methods.

7.1. Lattice-Boltzmann Method (LBM)

Although LBM has been proposed for bubbly flows, there is limited precedent for
its application regarding air lubrication. The work of [91], indicates that the LBM can be
applied to fluid-film lubrication, and compared to traditional approaches based on the
Reynolds equations, the implementation of LBM is less demanding than that of RANS
solvers. LBM does not neglect the inertia forces; LBM models the fluid consisting of fictive
particles, and such particles perform consecutive propagation and collision processes over
a discrete lattice. However, LBM is likely not suitable for simulating air lubrication, as it
is derived from kinetic theory and is inherently a low-Mach-number method. It can be
adapted for incompressible flows; however, accurately simulating multiphase flows with a
large density ratio, such as between air and water in air lubrication, would be a significant
challenge. Moreover, LBM models struggle with numerical stability and accuracy at such
high-density ratios. While LBM is highly parallelisable and can be efficient for specific
applications, it can be computationally expensive for large-scale simulations. This is due
to its reliance on a uniform, Cartesian grid. To resolve a boundary layer near the hull of a
ship, a very fine grid would be required. In traditional finite volume methods, you can use
high-aspect ratio cells in the boundary layer to save computational resources, but this is
not possible with LBM. As a result, the entire computational domain would need a high
resolution to capture the small-scale phenomena, leading to an immense number of cells
and, consequently, very high memory requirements.

7.2. Smoothed Particle Hydrodynamics (SPH)

SPH is a computational method that can be used for simulating fluid flows and other
continuum media. It is a Lagrangian, mesh-free method and tracks the movement of
individual particles, rather than solving the equations on a fixed grid. This approach
offers several advantages, particularly in situations involving complex fluid dynamics.
The work of [92], focuses on ‘hydrodynamic lubrication,’ however the fundamental princi-
ples and the successful application of SPH to a two-phase fluid problem with a free surface
are directly transferable to the context of air lubrication, and indicates that this method
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could be applicable. The work of [92] also highlights the benefit of SPH over other methods,
namely that it does not require pre-imposed boundary conditions at the inlet and outlet
of the lubricated area. In the context of air lubrication, this is particularly relevant, as the
air-water interface and leading edges of the bubble layer can be complex and dynamic.
SPH additionally allows for the pressure and velocity profiles to emerge naturally from the
fluid flow itself, which could be a significant improvement over traditional methods that
require assumptions to be made at the boundaries. A particularly relevant part of the work
of [92], is the method proposed for calculating surface tension using a continuum surface
force approach. The CSF approach could be a crucial element in the accurate simulation of
air lubrication, as the stability and shape of the air layer are highly dependent on surface
tension. Despite the possible advantages of applying this method for air lubrication, there
is again limited precedent for its use, and many of the most relevant papers focus on oil
and traditional lubricant-based applications [93–96]. The reasoning for the lack of available
air lubrication-based applications for SPH may be due to several reasons. Firstly, there can
be a high computational cost associated with SPH, which can be prohibitive for large-scale
engineering problems. Due to the thin boundary layer in air lubrication, this would likely
require millions, or even hundreds of millions, of particles. As the SPH approach is not
grid-based, it cannot utilise techniques like adaptive meshing to concentrate resolution
where it is needed. Secondarily, air lubrication involves a high-density ratio between air
and water. Although SPH can be adapted for multiphase flows, it faces specific challenges
with numerical stability at high density ratios.

7.3. Discrete Element Method (DEM)

DEM is a numerical method which can simulate the motion and effects of a large
number of particles, such as granular materials or rocks. It tracks each particle individually
and calculates the forces experienced by the particle resulting from contact with other
particles and boundaries, as well as other body forces. DEM, by itself, would not typically
be considered for use in air lubrication because it is a method for discrete solid particles,
whereas air lubrication deals with fluid phases. However, in theory, it could be combined
with other methods in a Multiphysics approach to model such bubbly flows. One of the
best examples of this theoretical approach is shown in [97], which describes CFD-DEM
coupling. The work of [97] describes a Multiphysics approach used for simulating bubbly
flows, which is applicable for considering air lubrication. Although this paper focuses
on solid particles, it combines a CFD fluid element that acts upon the particles. For air
lubrication, it would be possible to apply the same framework to represent discrete air
bubbles within the continuous water phase. Furthermore, the work of [97] specifically
uses an immersed boundary method variant, which achieves a ‘fully resolved’ simulation,
and calculates hydrodynamic forces directly without relying on drag law approximations.
This is a more accurate way to model the fluid-particle interaction than using simplified
drag laws, which is especially important for the complex geometries and high Reynolds
numbers in air lubrication. In summary regarding DEM, there are some theoretical and
preliminary indications that such an approach could be adapted for use with air lubrication,
and the work of [97]. In particular, it presents some elements that would theoretically apply
to air lubrication; however, there exist limited contemporary current applications of DEM
for this purpose.

7.4. Level Set Method (LSM)

The level set method can be a powerful method for simulating multiphase flows, such
as those seen in air-water interactions. It is a fixed-grid, interface-capturing technique
and a Eulerian approach, where the interface is tracked implicitly by embedding it as
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the zero contour of a higher-dimensional function, termed the Level Set Function. The
motion of the interface is governed by an advection equation that tracks the evolution
of the level set function in relation to the fluid’s velocity field. This method is naturally
adept at handling complex topological changes, such as bubble merging and splitting,
because the interface position is defined by the zero-level set, which can change topology
without explicit intervention. However, there is an immediate and considerable drawback
to its use with air lubrication, as air lubrication involves a large density ratio and complex
interfaces; the lack of mass conservation in a standard LSM approach limits its applicability
in air lubrication. To address this issue with mass conservation, most applications of an
LSM use a Coupled Level Set and Volume of Fluid (CLSVOF) solver. The work of [98]
uses a CLSVOF approach in the simulation of air lubrication on a flat plate, and so is a
very pertinent body of work to consider. In [98], the limitations discussed here are directly
addressed, and the paper provides strong validation for the CLSVOF method’s capability in
two-phase flow and its accuracy in predicting drag reduction. The CLSVOF solver was first
verified by successfully simulating the Rayleigh-Taylor instability, a benchmark problem for
complex multiphase flows, and the authors showed quantitative accuracy for a specific test
case (Cq = 0.149), the CLSVOF results showed excellent agreement with experimental data,
with a difference of less than 1% for both total drag reduction and frictional drag reduction.
The results clearly show that at low injected airflow rates (Cq = 0.037), where the air layer
is discontinuous (BDR/TALDR regimes), the CLSVOF solver matches experimental data
better than the VOF solver. It is also possible that the physical observations recorded
in the work could be used to compare with other simulation methods, such as SPH or
LBM, regarding recirculation and cavity formation, as well as air layer wave dynamics
and flow regimes.

8. Conclusions
The modelling of the air lubrication mechanism, both physically and computationally,

presents several challenges. In physical testing, the operator can hold more certainty that
the physical mechanisms that arise from air-water interaction, such as re-entrant jet and
wave pinch-off, will be replicated in the physical testing. However, simultaneously, the
operator must consider that it is difficult to assess the scaling requirements when the ship
is itself scaled down to model size, especially in the case of bubble drag reduction; bubbles
may not necessarily scale with the size of the boat, and even if this was the case it is not
an easy task to scale the bubbles down to this size. The operator is therefore faced with
two scenarios: either securing a testing facility that is large enough to accommodate a
full-size model or testing the technology on a scaled-down model and accepting that
the bubble/air interaction with the water and its hydrodynamic implications may not
be fully represented.

Questions are raised about CFD’s ability to consistently replicate the air’s effect on
appendages, including cavitation patterns and its impact on operational parameters such
as propeller efficiency and noise generation. In CFD, the issue of scaling can somewhat be
addressed by the technology’s ability to allow the operator to control parameters such as
bubble size more quickly; however, confidence in the CFD approach has not yet reached
a point where we can have confidence enough to move away from physical testing and
onto computational simulation entirely. More broadly, the ability of computational models
to handle the multiphase interaction of air and water in this scenario requires further
research and development to prove and improve this method, given that the industry-
standard turbulence, cavitation, and aeroacoustics models may not be fully fit for purpose
in simulating these multiphase characteristics.
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Physical testing relies on empirical formulas and the use of towing tanks and water
tunnel tests; such methods have formed the basis of research into air lubrication over the
decades that followed the renewed interest in the technology after the oil crisis of the 1970s.
Using high-speed cameras and visual confirmation, physical testing has allowed operators
to understand how the bubbles interact with the boundary layer. Furthermore, some of the
more influential works that have employed physical testing have served as the comparative
basis for evaluating the accuracy of CFD results.

Physical testing has been capable of replicating the results of laboratory tests on
flat plates, and as such, has achieved considerable skin frictional drag reductions,
up to 80%. Furthermore, physical testing has been capable of investigating and carry-
ing out parametric tests on the effect of speed and air injection on the drag-reducing effect.
Physical testing has managed to establish that energy savings are dependent on the percent-
age reduction in power to run a ship, ultimately meaning that vessels travelling at higher
speeds will see that the power required to inject air represents a smaller overall increase
in power expenditure (which is offset and improved in theory by the reduction in drag
from the technology).

There have been several questions raised about the ability of CFD to competently
replicate the mechanisms of air lubrication and the results of physical testing; CFD has
shown good capability in the replication of full-scale ship experiments in single-phase
conditions, and the technology has been used for this purpose successful for several decades
now, consistently achieving results which are below 10% error and in some cases below 5%.

CFD methods have replicated physical testing results for air lubrication, and their
percentage drag reduction values are broadly comparable; moreover, bubble distributions
have been predicted in concordance with experimental results, suggesting that the approach
can resolve the location and interaction of the stratified air competently. Several studies
using CFD have considered the simulation of air lubrication on a ship model, and standard
k − ω and k-ε turbulence models have been used frequently throughout such studies in
three-dimensional approaches.

Alternative approaches, such as considering bubbles as Lagrangian particles, have
been explored within CFD simulations to more accurately predict the tracking of bubbles
compared to a standard Eulerian-Eulerian scheme. It is hoped that such schemes will be
helpful when considering the interaction of the injected air on the propeller and other
appendages; however, this approach has not been used as broadly for this application as
traditional Eulerian-Eulerian schemes; hence, further research is required into the method.

Lagrangian particle methods have seen increasing research in recent times, and they
present an exciting way to simulate better the effect of non-stratified air in the form
of bubbles and their impact on operational parameters; however, the method has its
limitations, and special consideration much be made in regards to whether bubbles can be
simulated in this way to achieve meaningful results about their effect, given that bubbles
often deviate from the expected behaviour of ideal Lagrangian particles.

CFD approaches have shown their ability to predict the operation of a propeller in
single-phase conditions, including the prediction of cavitation patterns as well as thrust
and torque, and an appreciation of the current approaches and their ability to predict the
operation of a propeller in single-phase condition is an essential step to considering the
ability of such solvers to predict the behaviour of propellers in multiphase conditions.
Predicting propeller behaviour in multiphase conditions, such as those present with air
lubrication, presents an additional challenge, and the question raised is whether current
methods can predict this scenario robustly and realistically. The bubbles induced in cavita-
tion, being steam bubbles, are distinct from those introduced in air lubrication. Still, it is
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nevertheless essential to consider how the introduction of air into the propeller plane will
affect the propagation of cavitation.

This review sought to elucidate the current state of the art in investigating air lubri-
cation and its mechanisms. In pursuit of this, the review has considered both physical
testing and numerical simulation. This review has focused on simulation and experimental
approaches. With this in mind, further reviews could be proposed to investigate other
pertinent aspects of the technology which will impact its efficacy. Any further advance-
ments in replicating air lubrication should be considered in future work or reviews of the
technology. It is especially pertinent to consider advancements in numerical simulation as
computational resources continue to improve alongside advancements in CFD software ca-
pabilities. Ultimately, work remains to be carried out regarding the scaling effect of bubbles
used in BDR. The operator has a choice when they wish to conduct testing on the model
scale. If one uses a scaled model, the bubbles will not necessarily scale the same as the
model. As such, this can lead to bubble sizes incompatible with the model, resulting in an
artificially over- or under-predicted void fraction under the ship’s hull and subsequent poor
prediction of drag reduction values and bubble behaviours. Additionally, further research
into the use of Lagrangian particle tracking in a Lagrangian-Eulerian simulation would be
a fortuitous avenue of research, as it could provide an excellent method of modelling the
nature of bubbles in BDR, provided that the operator can ensure the physical qualities and
interactions of the bubbles can be replicated using this approach.

Of the approaches considered in the novel simulation approaches section, the Coupled
level-set and volume of fluid (CLSVOF) method appears, in the opinion of the authors,
to be the most promising alternative method. However, this particular method is again
based on the framework of a VOF method coupled with a level set method. This fact is
likely an indication of the continuing prominence and applicability of VOF methods above
other, less conventional approaches. The different approaches discussed in this section
incorporated significant drawbacks, which ultimately limit their applicability regarding
air lubrication.

The uptake of air lubrication technology will ultimately be influenced by the holistic
benefits of using air lubrication. The drag-reducing benefit of using air lubrication will
be offset either partially or wholly by the pumping requirement to inject the air, as well
as any potential detrimental effects of the air’s presence on seakeeping parameters and
the propeller. Future work should consider the possible detrimental impacts of utilising
the technology and subsequent consideration of the overall holistic effects. Regarding the
impact of air ingress into the propeller, there is limited existing research, although some
authors have acknowledged the potential detrimental effects of air ingress on propulsive
characteristics. Concurrently, there is an existing basis for using air to reduce underwater
radiated noise, and future investigations of air ingress should consider the purpose of the
air injected in a given scenario, whether for drag reduction or noise reduction. Regardless of
the motivation for introducing air, the effect of air ingress on the propulsive characteristics
of the propeller is likely a significant driving factor for the adoption of the technology and
warrants further in-depth research.
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