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Executive Summary  

This report presents the design and application of Passive Air Lubrication Systems (PALS) for ships. 
PALS aims to create a lubricating air layer that reduces friction at the hull surface, improving fuel 
efficiency and reducing emissions. The document acknowledges the growing importance of 
regulations aimed at curbing maritime emissions: stringent regulations from the International 
Maritime Organization (IMO) drive the adoption of energy-efficient technologies like PALS. The 
document highlights how PALS offers a viable solution for ship operators seeking to comply with 
these regulations while improving operational efficiency. 

This report provides an in-depth analysis of the operational mechanics of PALS, detailing how these 
systems exploit the forward motion of a ship to generate and distribute air bubbles beneath the hull. 
The PALS system developed by ARMADA Technologies will produce a mixture of air and water, 
which will be injected beneath the hull at specific points using custom-designed injectors. This 
document analyses the impact of critical variables on the drag reduction effectiveness of the PALS, 
including air and water flow rates, air-water volume ratio, and hydrostatic pressure on the hull.   

This report's main objective is to provide the design and system layout for the Passive Air Lubrication 
System to be installed in the scale model to be tested in the main towing tank at the CNR-INM. The 
system will be installed on two ship hulls for testing. The system operates on a similar principle to 
the full-scale version, which will be outlined in the project's subsequent deliverables. The results and 
methodology (in particular the optimisation techniques) described in this deliverable will provide 
important insights for the design of the full-scale system. 

The system design is achieved using computational fluid dynamics (CFD) analyses, with 
experimental data from previous studies at low technology readiness level (TRL) used to support 
this. Optimisation techniques are also employed to determine the shape and distribution of the 
injectors on the hull surface. The resulting numerical analysis will also provide the operating 
conditions of the system. 

To achieve these conditions, ARMADA, with the support of the external provider ECOCHLOR, has 
developed a bespoke experimental rig which generates the air-bubble mixture using Venturi tubes. 
Water is fed in by using a pump, while air is fed in by using a compressor. Water flows through the 
Venturi nozzles at the required flow rate, while air is injected into the Venturi throat. To regulate the 
desired air and water flow rates at the inlets of the Venturi bubble generator, a series of servo-valves, 
operated by a dedicated feedback control system, have been installed in the rig. This control is 
achieved by using the flow rates read by a series of flow meters, both for the air and the water lines.  

The present deliverable additionally delineates the planned investigations for the assessment of the 
efficacy of the PALS. As previously stated, the testing is conducted on two distinct vessels. This 
report describes the methodology employed in the resistance tests and provides detailed baseline 
results for the hulls in which the PALS are not in operation. 

Overall, this report combines theoretical analysis, testing data, and CFD simulations to provide 
valuable insights into the design and implementation of PALS. This knowledge can be used to 
optimize PALS performance and maximize drag reduction for improved ship efficiency, reduced 
emissions, and compliance with evolving environmental regulations. 
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1 The Passive Air Lubrication System 

The World’s Merchant Fleet (WMF), with 58,000 ships, is responsible for 3% of global GHG 
emissions. As a country, it would be the sixth largest polluter. WMF is under massive legislative, 
economic, and commercial pressure to reduce emissions. WMF adoption of Zero-Carbon fuels will 
take several decades, cost over $1 trillion, and deliver significantly less energy/tonne vs. 
hydrocarbons.   

Monitored waterborne Carbon Dioxide (CO2) emission in Europe indicate that shipping releases 
144.6 million tons, and inland waterway transport in the European Union (EU) results in around 3.8 
million tons of CO2 emissions per year. Furthermore, shipping is responsible for 24% of the EU’s 
Nitrogen oxides (NOx) and Sulphur oxides (SOx) emissions, with very high amounts found in coastal 
and port areas. With the current regulations, after 2030, NOx emissions from the maritime industry 
are expected to exceed the EU’s land-based sources [1]. 

Air lubrication systems (ALS) are a technology that can be used to reduce drag on ships, improving 
fuel efficiency and reducing the environmental impact. It works by using a system of air blowers and 
nozzles to blow a thin layer of air bubbles underneath the ship's hull, i.e. between the hull and the 
water. This air bubble layer acts as a lubricant, reducing the friction between the ship and the water 
and modifying the turbulence in the boundary layer (BL), thereby reducing the overall ship drag. 
There are several different types of air lubrication systems, including surface effect air lubrication, 
submerged air lubrication, and hybrid air lubrication. Each system has unique advantages and 
disadvantages; the most suitable option for a particular ship depends on various factors. 

The RETROFIT55 partner Armada Technologies (ARM) has developed an innovative Passive Air 
Lubrication System (PALS) to reduce drag, fuel consumption, and associated polluting emissions. 
This technology reduces today’s operational spending and will enable the extensive deployment of 
zero-carbon fuel in the future.  The working principle of the ARMADA lubrication system is illustrated 
in Figure 1. As the ship moves forward, seawater enters the ship through a series of inlet transition 
pieces (the number varies depending on the application). The water transits through a low-pressure 
region (inline Venturi subsystem), creating a net air suction from deck level. Subsequently, a precise 
mixture of air and water is delivered downstream via an outlet transition piece back to the vessel BL 
layer for optimal drag reduction performance.  

 
Figure 1: PALS Operation Principles 

The Armada's PALS operating method is based on the Bernoulli principle and can be considered a 
naturally aspirated alternative to the active ALS currently on the market. The ship’s forward motion 
is exploited to create a precise pressure differential between the geometrically refined inlet and outlet 
transition pieces. This pressure differential develops the net driving force to ‘power’ the system. An 
injector (Venturi) and a diffuser sit between the inlet and outlet transition pieces. The unique design 
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of these sub-components allows for developing a refined air-water ratio and a superior level of control 
of bubble size and homogeneity.  

 
Figure 2: Isometric view of Armada’s PALS 

The system is supported by a PALS performance control system with integrated machine learning 
capability, which is designed with logic to adjust the system setpoints to the prevailing ship operating 
conditions. An isometric view of one of the PALS units, also known as pods, is shown in Figure 2. 

The system can be monitored and controlled from one on board duplicate Human Machine Interface 
(HMI) panel. The HMI screens enable users to interact with the system while it operates, during 
system commissioning, or testing.  

The PALS is designed to be a plug-and-play solution, requiring minimal human intervention. At any 
point, the PALS will function in one of the several predefined operating modes. A PALS functional 
description and control philosophy has been developed, underpinning the Programmable Logic 
Controller (PLC) operation. The PLC provides the monitoring and control function of the system and 
ensures system set points are optimal for the prevailing vessel operating condition. The PLC will 
control the general isolation and flow control to ensure that the mass flow and pressure settings are 
acceptable for the optimal operation of the ejectors. The PLC will take inputs from pressure and flow-
indicating transmitters within the system and couple this with general ship information (e.g., speed, 
draft, global ship dynamics) to ensure successful start-up/shut-down sequencing and make 
necessary system adjustments in real time.  

The PLC continuously captures data from all the valves and instruments, generating operational logs 
of each journey. This allows for analysis and performance improvement over time. These operational 
logs can be easily exported and sent to the technology providers for processing in our bespoke 
machine learning software, where assessment may lead to small changes to improve the overall 
system performance. 
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2 Working principle of the Air Lubrication Systems 

The mechanism of drag reduction can be illustrated by the following equation 

 𝐷𝐷 = 0.5 𝐶𝐶𝑓𝑓 𝜌𝜌𝑈𝑈2𝑆𝑆𝑤𝑤 (1) 

where 𝐷𝐷 is the frictional drag, 𝐶𝐶𝑓𝑓 is the coefficient of friction, 𝜌𝜌 is the density, 𝑈𝑈 is the ship velocity 
and 𝑆𝑆𝑤𝑤 is the wetted surface area. The coefficient of friction is a dimensionless number that quantifies 
the drag force exerted by a fluid on a surface due to viscous shear stress, which, if the Reynolds 
decomposition of the velocity field is introduced, can be expressed as    

where 𝜏𝜏𝑤𝑤 is the wall shear stress, ν is the kinematic viscosity, 𝑦𝑦 is the wall distance, 𝑢𝑢 is the velocity 
and 𝜌𝜌𝑈𝑈′𝑉𝑉′ are the Reynold’s stress term. Wall shear stress occurs at the surface of a vessel. It is 
the force per unit area exerted on the wall of the vessel by the fluid or gas flowing next to it. In the 
case of ships, wall shear stress is typically caused by the water flow around the hull of the vessel, 
as it moves through the water. Factors that can affect wall shear stress on a ship include the shape 
and size of the hull, the speed of the vessel, and the characteristics of the water in which the ship is 
operating.   

With the introduction of bubbles into the BL the wetted surface area, density, and the velocity of the 
fluid next to the BL will reduce. As the density and dynamic viscosity decrease, the wall shear stress 
value drops as well, leading to a drop in the drag [2]. The friction coefficient 𝐶𝐶𝑓𝑓 can be calculated as 

 𝐶𝐶𝑓𝑓 =
𝜏𝜏𝑤𝑤

0.5 𝜌𝜌 𝑈𝑈2 (3) 

Therefore, it can be assumed that the reduction in drag is due to: 

 Reduction in the “effective” density 
 Modification of the turbulent BL (e.g. changes in 𝜕𝜕𝑢𝑢

𝜕𝜕𝜕𝜕
 or in the Reynolds stress term 𝜌𝜌𝑈𝑈′𝑉𝑉′) 

 Reduction in viscosity. 
Numerous studies have been carried out to measure the resultant drag force reduction. In [3] it is 
observed that with microbubbles the drag can decrease by up to 70 %, whilst in [4] it is found that 
using a bubble volume fraction greater than 4 % can lead to a drag reduction of up to 40 %. A study 
conducted in [5] indicated that the drag reduction is due to at least three mechanisms, these being: 

 The initial injection of the micro bubbles 
 The density effect 
 The effect that bubbles have on the liquid turbulence. 
In [3] it is reported that increased microbubble concentration reduces the Reynolds stresses and 
turbulence production in the BL whereas in [2] it is stated that the microbubble drag reduction 
(MBDR) is due to the alteration of the viscosity density of the fluid in the BL. These changes reduce 
the Reynolds stresses, which minimises shear stress. The study in [6] indicates that introducing air 

 𝜏𝜏𝑤𝑤 = 𝜈𝜈
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

−  𝜌𝜌𝑈𝑈′𝑉𝑉′ 
 

(2) 
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bubbles into the laminar region of the boundary layer minimizes the formation and development of 
turbulence. 

The resultant net shear stress is reduced since the bubbles have lower shear stress than most solids. 
In some work, it is thought that the introduction of air reduces the overall viscosity of the BL and 
hinders turbulence production near the hull, see [7], [8] and [9]. 

In [3] it is noted that the increasing amount of microbubbles within a BL is inversely proportional to 
the Reynolds stress. It is known that the Reynolds Stress, which indicates the level of turbulent 
fluctuations in a fluid flow, is responsible for the transfer of energy from large to small scales and for 
turbulence production. When air is introduced, the turbulence production is delayed [7]. 

When bubbles break up, they extract turbulence energy, therefore reducing turbulence. Turbulence 
energy is the amount of kinetic energy present in turbulent flow. It is measured in turbulent kinetic 
energy (TKE), the sum of the kinetic energy associated with the velocity fluctuations related to the 
Reynolds stress. TKE is generated by the action of large-scale velocity fluctuations, which are 
transferred to minor scales via cascading.  Later, this was proven to be true by using Particle Image 
Velocimetry (PIV) by [10]. Additionally, it was found that the flow velocity gradient changes in the 
turbulent layer. This could be because bubbles migrate into vortical structures, thus disrupting them, 
[11], [12], and [13]. 

When the bubbles split, the diameter is reduced, making the bubbles smaller. When this occurs, the 
bubbles are pushed away from the wall due to buoyancy effects and turbulent eddies. This will result 
in restoring the turbulent boundary layer (TBL) and reducing the volume fraction. As the smaller 
bubbles escape the TBL further away from the injection point, only the larger bubbles will be left, 
leading to an overall reduction of volume fraction and bubble concentration, see [14]. An increase in 
the Reynolds number (Re) will result in a greater turbulence shearing effect and bubble breaking 
effect, which will in turn lead to an enhanced bubble escape. This may lead to a challenge in 
maintaining the presence of the injected bubbles downstream [15]. 

The work done by [16] shows how the coefficient of friction 𝐶𝐶𝑓𝑓 increases further away from the 
injection both longitudinally and transversely. In [17] it is shown that drag reduction in the spanwise 
direction is not uniform, and it decreases further away from the centreline of injection. In [11] and 
[13] it is reported that the drag reduction effect is lost the further the drag is measured downstream. 
This was thought to be due to the near-wall shears in the BL.  

This wall shear makes the bubbles move from the wall’s surface, as confirmed in [18] and, therefore, 
the shape of the injection point is also an important parameter. In [19] the efficacy of a side wall of 
10 mm height in preventing the escape of bubbles is evaluated and its effectiveness was proved. 

As demonstrated in this brief literature review, the injection of air into the boundary layer of a vessel 
gives rise to a multitude of complicated flow phenomena, a significant part of which remain 
unresolved in fluid dynamic simulations that account for real-scale conditions. 

2.1 Variables Affecting Drag Reduction 
From the literature available, drag reduction effect may be related with multiple mechanisms acting 
simultaneously. Hence a proper mathematical scaling of Bubble Drag Reduction (BDR) is yet to be 
achieved, e.g. [11] and [20]. 

The physical properties of boundary layers that are filled with microbubbles and the resultant drag 
reduction have been investigated for years and are still only partially understood [21]. The most 
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widely accepted theory is that drag reduction is achieved due to the reduction of wetted surface area. 
Keeping the volume fraction constant will also give different results at different Re and pressure. The 
parameters will affect the bubble dynamics, leading to either a drag reduction or a drag increase 
[22]. Once more, there is considerable ambiguity surrounding this topic, as researchers have not yet 
conducted a comprehensive parametric analysis.  

Furthermore, several non-linear phenomena are involved, resulting in a considerable discrepancy 
between the findings documented in the existing literature. Table 1 shows all the variables affecting 
drag reduction in a bubbly flow, whilst Table 2 shows the dimensionless parameters which govern 
the physics of the problem, as shown in [11] and [23].  

 It is also important to recognise that the dynamics of a bubble of a given size are dependent on a 
large number of variables. This frequently results in an immediate alteration to the characteristics of 
the bubble, making it difficult to anticipate the future course of the phenomenon in question, see e.g. 
[24] and [25]. Capturing the bubbles is also difficult in experimental work, because it is difficult to 
predict the bubble development once they are injected. 

Table 1: Performance variables of an air lubrication system 
Controlled variables 

Fluid Flow Velocity 𝑈𝑈 
Air Injection Rate 𝑄𝑄𝑎𝑎 
Flow rate of water in the boundary layer 𝑄𝑄𝑤𝑤 
Injection ratio 𝛼𝛼 = 𝑄𝑄𝑎𝑎 𝑄𝑄𝑤𝑤⁄  
Injection Area IA 
Injection Angle IAN 
Bubble Diameter 𝑑𝑑 

Boundary layer characteristics 
Boundary Layer Thickness 𝛿𝛿 
Turbulence Kinetic Energy 𝑇𝑇𝑇𝑇𝑇𝑇 
Turbulent Viscosity 𝜇𝜇𝑡𝑡 
Air Layer Thickness ∅ 

Environmental parameters 
Hydrostatic Pressure 𝑃𝑃 
Gravity 𝑔𝑔 
Liquid Viscosity 𝜇𝜇 
Density Ratio 𝜌𝜌 
Salinity ‰ 
Surface Roughness of Plate 𝑅𝑅𝑅𝑅 

 
Table 2: Dimensionless parameters describing the physics of the problem 

Dimensionless parameters 
Reynolds Number 𝑅𝑅𝑅𝑅 
Froude Number 𝐹𝐹𝐹𝐹 
Weber Number 𝑊𝑊𝑊𝑊 
Capillary Number 𝐶𝐶𝐶𝐶 
Mach Number 𝑀𝑀𝑀𝑀 
Volume Fraction ∝ 
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2.1.1 Effect of the Volume Fraction 
The influence of the volume fraction has also been discussed extensively. The volume fraction is 
a dimensionless quantity representing the ratio of the volume of a particular phase (e.g., liquid, gas, 
solid) to the total volume of a cell or computational element. It is a fundamental variable in multiphase 
flow simulations. In this context, the volume fraction is a ratio of air to water. Many researchers agree 
that increasing the volume fraction of air decreases drag. However, it was stated in [26] that this only 
holds if the fraction of air increases near the wall and [28] say that there exists a point at which, once 
exceeded, the addition of more air starts reducing the effect of drag reduction. For MBDR to be as 
efficient as can be, the air injection rate has to be optimised [29]. 

It can also be noted that for almost all experimentation, the higher the speed, the less the drag 
reduction. There seems to be a point where increasing speed reduces drag. This could be due to 
the fact that, as the velocity of the vessel increases, the wave making resistance component of the 
ship increases, reducing the viscous friction part, as reported in [2], [16], [29], [30], [31] and [32]. 
Turbulence also plays a significant role. As the vessel goes faster, the turbulence increases, and the 
bubbles are pushed out of the BL. It should be added that in most studies the injection ratio is kept 
the same when the velocity of the water or model is increased. Therefore, a higher velocity means 
that the air injection is decreased leading to a less drag reduction. 

To date, there is no definitive method for estimating the air injection rate 𝑄𝑄𝑎𝑎. However, it can be 
assessed as an indicator of boundary water flow which can be calculated by using common turbulent 
fluid relations [30]. 

The ratio of the injected flow rate (𝑄𝑄𝑎𝑎) over water flow rate (𝑄𝑄𝑤𝑤) inside of the BL is defined as: 

 𝛼𝛼 =
𝑄𝑄𝑎𝑎
𝑄𝑄𝑤𝑤

. (4) 

By using the turbulent boundary theory to calculate the water flow rate 

 𝑄𝑄𝑤𝑤 =  𝑈𝑈𝑓𝑓(𝛿𝛿 − 𝛿𝛿∗) 𝐵𝐵 (5) 

and then [30] 

 𝑄𝑄𝑤𝑤 = 0.293  𝐿𝐿0.8  ɤ0.2  𝑉𝑉0.8 𝑊𝑊 (6) 

 which includes the flow parameters provided in Table 3. 

Table 3: Flow and plate parameters 

Flow and plate parameters 
Breadth of Plate 𝐵𝐵 
Flow Velocity 𝑈𝑈𝑓𝑓 
Boundary Layer Thickness 𝛿𝛿 
Kinematic Viscosity ɤ 
Length of Plate 𝐿𝐿 
Velocity of Plate 𝑉𝑉 
Width of Plate 𝑊𝑊 
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The studies conducted by [30] and [33] show that an injection ratio of 0.4-0.6 of the boundary layer 
volume being filled with air resulted in the highest drag reduction affect. This can be seen in from 
Figure 3. However, this has only been achievable in lab tests, as filling the boundary layer of a large 
vessel with 40 % of air requires a large amount of air and most systems in the current market will 
not be able to achieve this due to design limitations. 

 
Figure 3: Skin Friction vs. Injection Rate for Four Different Velocities [30]. 

2.1.2 Effect of hydrostatic pressure 
Hydrostatic pressure can be defined as the pressure exerted by a fluid at equilibrium at a given point 
within the fluid, due to the force of gravity. It increases in proportion to the fluid density and the depth 
measured from the free surface. As the hydrostatic pressure increases, so does its effect on air. 
Being air compressible, the change in depth will change the properties of the ALS and hence its drag 
reduction effect. In full-scale trials of on the Pacific Seagull and the M.V. Soyo, it was shown that in 
ballast condition the Pacific Seagull and M.V. Soyo obtained a saving of 10% and 5 % respectively 
whilst these savings went down to 5% and 3 %, respectively, in the fully loaded conditions. 

In [34] it was discovered that for transitional air injection, i.e., starting as an air layer and ending up 
as a bubble and a fully developed layer, the effect of depth at slow speeds results in an increase of 
power needed via the compressors. In particular, it is observed that the work done by a pump to 
inject air at a given depth scale with the square of the ship’s draft. Furthermore, the increased 
hydrostatic pressure makes air compressibility significant and thus a higher mass flow rate is needed 
to supply air at a given rate. 

In [29] it was suggested that the Froude number based on the depth 𝐹𝐹𝑑𝑑 should be calculated as 
follows, where 𝑈𝑈 is the velocity, 𝑔𝑔 is the gravity and 𝐷𝐷 is the depth.   

 𝐹𝐹𝑑𝑑 =  
𝑈𝑈

�𝑔𝑔𝑔𝑔
 (7) 

The higher the Froude number, the higher the drag reduction effect. From equation (7), it can be 
noted that increasing the depth (D) of the water will reduce the Froude number, hence reducing the 
drag reduction effect. 

Furthermore, as the hydrostatic pressure increases with depth, the pressure exerted on the bubbles 
changes, accordingly, resulting in a corresponding alteration in bubble size and in the ratio between 
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the bubble layer thickness ratio to the BL thickness. Such a change is strongly influenced by the 
scale of the tests and it might have a strong relevance in the extrapolation of the results at full scale 
[12]. 
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3 Objectives of the experimental activity  

The experimental program that is being carried out in RETROFIT55 is dedicated to demonstrating, 
at model scale, the effectiveness of the PALS concept. The general principle regarding specific 
technological applications has already been validated at both the model and full scale levels. 
However, the system under investigation in the current project requires additional insight due to its 
innovative concept, which relies on a passive approach and promises to reduce power requirements 
and allow for a more favourable overall energy gain. 

To this aim and to prove the validity of the selected PALS, as previously mentioned, two different 
vessels have been selected: a container and a bulk carrier. These two ships present different 
dimensions, displacements, and operating parameters and have been appropriately chosen to 
assess the performance of the current PALS for different candidate ships. 

In this view, a vast experimental campaign, composed of two steps, has been designed.  

1. In the first part, reported in the present document, a baseline resistance test campaign on the 
ship models in their original configuration, i.e., with no modifications on the hulls, is performed. 
The goal is to measure the hull overall baseline resistance, evaluate the frictional resistance, and 
deduce the residual resistance. These results are detailed in Section 8.  

2. In the second part, which will be documented in deliverable D5.2, the total resistance will be 
measured with the ALS system installed and in operation onboard the two hulls. By 
comparing these results with the baseline results, the reduction in the total and frictional 
resistance will be estimated, assessing the effectiveness of the selected concept. 

3.1.1 CNR Towing Tank  
The Towing Tank “Umberto Pugliese” is a classical, free surface basin. It is 470 m long, 13.5 m wide, 
and has a depth of 6.5 m, see Figure 4 and Figure 5. The tank has a 50-ton towing carriage powered 
by 4x92 kW electric motors with Ward-Leonard control. The carriage moves on rails over the entire 
length of the tank, with no parts in contact with water. Depending on the model to be towed, the 
carriage speed can reach 12-14 m/s and is controlled with a 0.1% precision (i.e., ± 1 mm/s at 1.0 
m/s).  

The towing tank is used for many types of investigations such as resistance and propulsion tests for 
performance evaluation of surface and submersible vehicles. The tank size offers excellent 
capabilities for investigating large, self-propelled models of high-speed vessels (mono—or multi-hull, 
semi-planning and full planning craft, etc.). Equipment and methodologies for testing submarines 
and sailboats are available. Various unconventional marine vehicles are also designed and tested. 
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Figure 4: Sketch of the CNR-INM towing tank in plain view and section 

 

 
Figure 5: Picture of the dynamometric carriage 

 
The facility is equipped with a full range of measuring systems: force balance dynamometers, model 
propeller transmission dynamometers, 5-hole Pitot tube rakes for wake surveys, 1 to 6-component 
balance for rudders and ship models tests, fully submerged propeller dynamometer (thrust range = 
± 400 N, torque range = ± 15 Nm, speed range = 60 to 3000, rpm motor power 5 kW, right and left-
hand rotation, inclined operation up to ±15° in the vertical plane) for open water characterization of 
propellers in axial or inclined flow, 3-D optical system and inertial platform for measuring ship model 
motions, three-components SPIV, two-components LDV measurement systems. Further information 
are available at www.inm.cnr.it/labs/umberto-pugliese-towing-tank/. 

http://www.inm.cnr.it/labs/umberto-pugliese-towing-tank/
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3.1.2 Vessels under investigations 
Two vessels will be used for the testing: the A2B vessel and the Japanese Bulk Carrier (JBC). The 
JBC vessel is a slower, more comprehensive ship with a deeper draft, while the A2B is faster, 
slender, and has a shallower draft. This allows the PALS to be tested across a range of ship 
conditions resulting in a better understanding of the system and a more straightforward path of 
optimization for different ship types and operating conditions.  

The pictures of the scaled models of the A2B and JBC vessel, which will be tested in the CNR Towing 
Tank, are shown in Figure 6 and Figure 7, respectively. The main characteristics of the A2B and 
JBC model are reported in Table 4 and Table 5 , respectively.   

 
Figure 6: A2B Vessel Model 

 

 

 
Figure 7: JBC model  

 
Table 4: Characteristics of the A2B hull (model and full scale) 

ID Acronym Model Full Scale Unit 
Length Between Perpendiculars Lpp 6.174 120.40 [m] 
Breadth BWL 1.115 21.75 [m] 
Design Draught T 0.282 5.5 [m] 
Displacement ∇ 1.229 9112.8 [m3] 
Scale λ 19.5 1 [-] 
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Table 5: Characteristics of JBC hull (model and full scale) 

ID Acronym Model Full Scale Unit 
Length Between Perpendiculars Lpp 5 280 [m] 
Breadth BWL 0.804 45 [m] 
Design Draught T 0.295 16.5 [m] 
Displacement ∇ 1.016 178369.9 [m3] 
Scale λ 56 1 [-] 
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4 Design of the PALS injector shape and distribution 

In order to optimise the shape of the injectors and their arrangement in the vessel, a parametric 
modelling approach was employed, in conjunction with a design-of-experiment methodology (see 
[35]). This was done with a specific focus on the towing tank tests. Due to the large difference in 
vessel characteristics and operating conditions, this has been carried out separately for both vessels 
to be tested. 

In consideration of the fact that the water-air mixture is provided by an external system in the towing 
tank tests, the intake has been excluded from the present analysis. During the optimisation process 
on the full-scale PALS, the intake would be optimised separately, to maximise the pressure 
differential obtained within the system at a prescribed volumetric flow. 

4.1 Objective Functions and CFD-Methodology 
To optimise a geometry an objective function is required. In the case of an air lubrication system, the 
optimised quantity is the viscous resistance. Qualitative considerations on the air coverage are taken 
into account.  

The flow and bubble distribution are simulated using a CFD approach. The simulations are run using 
a specialized and upgraded version of OpenFOAM®. More details are provided in [36] and [37]. In 
this CFD code, the Reynolds-Aaveraged Navier-Stokes (RANS) equations are solved on an 
unstructured grid, using the finite volume method. the pressure velocity coupling uses the PIMPLE 
method, a combination of the SIMPLE [38] and PISO [39] methods. Turbulent viscosity is computed 
using the k-ω-SST turbulence model, [40]. The free surface is captured using the Volume-of-Fluid 
(VoF) method [41]. The BRICS scheme, [42], is used for convective transport of the VoF-scalar, 
providing compressive behaviour to keep the interface sharp. The bubble dynamics is disregarded, 
only the presence and amount of air underneath the hull are computed by using this approach.  

A significant limitation of the aforementioned methodology is that the actual bubble dynamics is not 
modelled but a volume-weighted averaged "mixture" of water and air is employed. Although this 
approach yields an accurate distribution of the bubble layer, as demonstrated in external 
experiments (not published), the absolute values of frictional drag remain uncertain. Nevertheless, 
the experiments have indicated that incorporating frictional drag as an objective function provides a 
useful qualitative reference for the effectiveness of air lubrication. 

4.2 Optimisation of the injector shape 
4.2.1 Numerical Setup 
A fully parametric approach has been chosen for modelling the injector, to provide large design 
flexibility within the intended design space. This approach allows for the variation of all relevant 
angles, distances, radii, and cross-sections, with very few design variables. Figure 8 shows a generic 
representation of the injector shape and design space. It is worth noting that the fully parametric 
model would be the same for both intake and injector, but the target functions differ. 
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a) Baseline b) Lower extreme c) Upper extreme 

Figure 8: Generic Representation of Parametric Injector Model and extremes of the design space, not to 
same scale 

The simulations are carried out in a domain similar to the HyKaT cavitation tunnel at the Hamburg 
Ship Model Basin (HSVA). The objective function is evaluated on a “balance plate” downstream of 
the injector. 

4.2.2 Optimisation Process and Results 
During optimisation, the plausible design space is first evaluated to optimise the injector geometry. 
This is achieved using a Sobol distribution of the variables within the parameter bounds. 
Approximately 35 variants are required to characterise the design space properly for 6 free variables. 
Based on this description, a response surface (RSO) model is set up to search for actual optima. 
Here, another five variants were required until reaching the point of diminishing returns. The 
progression of the objective function during design space exploration and optimisation is shown in 
Figure 9. 

 

  
a) Sobol  b) RSO 

Figure 9: Progression of objective function (viscous resistance)  during design space exploration and 
optimisation 
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Figure 10: Optimised injector geometries for JBC (blue) and A2B (green) hulls 

This exploration and optimisation process is the same for both vessels tested, but different operating 
conditions result in different geometries. In Figure 10 a comparison of both geometries optimised for 
the JBC (low speed, high draught) and A2B (higher speed, low draught) hulls is shown. The main 
drivers for the different shapes appear to be the different flow rates, due to compressibility, and 
different required injection velocity, respectively. 

The effect of the injector geometry on the bubble pattern is shown in Figure 11 and Figure 12. Some 
unfavourable bubble patterns are shown in Figure 11. While some geometries introduce narrow but 
highly concentrated bubble streams (panel A), others may create oscillations due to destabilising the 
boundary layer (panel B), or a highly inhomogeneous distribution (panel C). Ideally, a wide-spread, 
stable bubble stream with sufficiently high and homogeneous concentration is sought. With the same 
amount of air injected, the improvement in air coverage of the balance plate from worst to best is 
15%. 

   
Figure 11: Volume fraction contour maps of unfavourable bubble distribution cases 

 
Figure 12: Volume fraction contour maps of a favourable bubble distribution case 
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4.3 Optimisation for the Injector arrangement 
4.3.1 Numerical setup 
After optimising the injector's geometry for the flow situation encountered beneath the hull, the next 
step is to identify an individual arrangement for each specific hull form, to maximise the benefits of 
the PALS. This is based on the following considerations: 

1. The number of injectors per side depends on the vessel's beam and flat-of-bottom (five for the 
A2B, seven for the JBC). 

2. All injectors with their entire length have to be installed in the flat-of-bottom. 
3. The injectors must not collide. 
4. Downstream systems may not be in the wake of upstream ones, to avoid air ingestion. 

To ensure that points (2) to (4) are fulfilled, the positions of the injectors are defined relative to each 
other and to geometrical limits describing the allowable installation region. 

As a consequence of the optimisation process being focused on the towing tank tests, two principal 
differences have emerged in comparison to the optimisation of a full-scale installation: 

 while the length of the systems is taken into account during the definition of the geometrical limits 
and relative positions (see Figure 2 for a depiction showing the entire full-scale system) the 
intakes are disregarded; 

 in a full-scale installation, the possible locations would be severely constrained by the vessel’s 
structural requirements: even though the optimisation process would disregard these constraints 
to allow optimisation in a continuous space, the locations would be modified aposteriori to fit into 
the existing structure. Due to the lack of structural information (or constraints) in the considered 
cases, this re-arrangement has been omitted. 

Figure 13 gives an overview of the flat bottom of one of the vessels investigated in this study and 
the initial arrangement before optimisation. The permissible region, i.e. the flat bottom, is depicted 
in gold colour. 

 
Figure 13: Close-up of initial arrangement and permissible installation region (gold) 

The simulations to evaluate and provide input for the objective function for the assessment of the 
arrangement are run in a double-body setup, i.e., the free surface is disregarded. This is because, 
for this purpose, the wave pattern is assumed to have negligible effect on the flow underneath the 
hull. 
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4.3.2 Optimisation Process and Results 
The optimisation approach (Sobol followed by RSO) is the same as used previously for the injector 
shape. Per vessel, 70 variants were used to explore the design space and 15 for the response 
surface-based optimisation. 

4.3.2.1 A2B Hull 

For the A2B hull, the installation space is severely constrained by the low block coefficient and 
resulting small flat-of-bottom (see Figure 13). The resulting range of installation options are given in 
Figure 14. 

  
a) Foremost option b) Aftmost option 

Figure 14: Injector arrangement in A2B hull 

The CFD results indicate that, besides the obvious question of overall longitudinal installation, the 
quality of the air bubble coverage appears to be a determining factor. Further, a too-far-forward 
installation of the outer systems seems to lead to a loss of air due to disturbance by the forward bilge 
vortex. 

In the context of this specific hull shape, the far-aft installation configuration illustrated in Figure 15 
has the potential to negatively impact the quality of coverage. This is due to the fact that the bubbles 
penetrate the lower-speed, thick boundary layer region situated towards the aft portion of the hull 
before the air bubble sheet has had sufficient time to stabilise. 

In the optimised installation (Figure 16) only the innermost systems are brought forward and inboard 
significantly. Even though a gap appears in the bubble carpet, the bubble coverage on the stern 
gondola is improved. 
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Figure 15: Far-aft PALS installation 

 

 

 
Figure 16: Optimised PALS installation 

4.3.2.2 JBC Hull 

Due to the ship's length, slow speed, and high block coefficient, the design space for the optimisation 
of the PALS installation in the JBC hull has been constrained to the region affected by the forward 
bilge vortex (see Figure 17). 

During the investigation, it was found that the differences between the installations were below 1% 
of the total viscous drag. As this can be safely assumed to be within the error margin of the CFD 
simulations, it is not easy to draw reliable conclusions. The results seem to indicate that it is beneficial 
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to have a balanced distribution of the injectors over the width of the vessel while keeping them 
moderately forward (see Figure 18 and Figure 19). 

  
a) Foremost installation option b) Aftmost installation option 

Figure 17: Injector arrangement in the JBC hull 

 

 

 
Figure 18: Variant with the highest viscous drag 

 

 
Figure 19: Variant with the lowest viscous drag 
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5 Definition of the Test Conditions  

As specified above, the test campaign on ship models in charge of CNR-INM has been designed in 
two parts. 

 The first phase is devoted to the resistance characterisation of the ship models in their 
original configuration. The resistance of the selected models, CT, is measured together with 
the fore and aft immersions. This preliminary part is used to assess the two hulls' global 
characteristics and evaluate the residual resistance, CR. This fraction of the total resistance, 
which depends on the Froude number only, will not be affected by the injection of the air/water 
mixture under the keel, allowing a baseline to calculate the amount of reduction in the frictional 
resistance, modified by the lubricating action. Measurements have been repeated both in bare 
hull and fully appended conditions for the A2B ship model, characterized by a gate rudderTM 
driving device, as reported below. The resistance characteristics of the JBC model have been 
acquired in bare hull conditions only.  

 The second part of the experiments will occur after the two hulls are machined and the 
corresponding sets of outlets are mounted. This part of the program is devoted to checking and 
measuring the effectiveness of the proposed lubrication concept, performing the measurements 
both in lubricated and non-lubricated conditions. High-speed visualizations will be provided 
to provide a deeper insight into the development and evolution of the lubricating carpet below 
the keel. A high-speed camera, placed in an underwater case at a fixed station along the tank, 
will be employed to record its shape and stability. 

For both parts, measurements are repeated for several advancing velocities to fully characterize the 
so-called resistance curve. For the second part, three different test regimes were identified, as below. 

Investigation 1: Different hull velocities with constant flow rate. In this investigation, the set flow rate 
of the PALS will be tested at different velocities. The result of this will identify if the injected flow rate 
needs to be changed with velocity and at what point is the optimal injected flow rate concerning 
vessel velocity.  

Investigation 2: Constant hull velocity for different ratios of total flow rate. Different injection rates will 
be tested for one velocity in this test regime. This will draw a relationship between the boundary layer 
thickness, Reynolds number, and water - air injection flow rates. This test will then be performed for 
several velocities. The range of this test will vary from 75% of the designed flow rate to 200% of the 
designed flow rate. 

Investigation 3: Constant velocity and constant water injection flow rate with variable air injection 
rate. This will give a better understanding of the ratio of the water-to-air behaviour, as well as the 
relationship between injected air and the BL thickness. 

Seven velocities were chosen for both vessels, as shown in Table 6 and Table 7. Some tests must 
be excluded from the programme of work as the specifications exceed the capabilities of the current 
rig system.   

Table 6 Velocities to be Tested for the A2B Model 
Velocity (m/s) Froude Number 

1.165 0.150 
1.281 0.165 
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1.398 0.180 
1.514 0.194 
1.631 0.209 
1.747 0.224 
1.864 0.239 

 and  
Table 7 Velocities to be Tested for the JBC Model  
Velocity (m/s) Froude Number 

0.574 0.082 
0.714 0.102 
0.854 0.122 
0.998 0.142 
1.135 0.162 
1.275 0.182 
1.415 0.202 
1.555 0.222 
1.695 0.242 

These are representative of the vessel's actual speed and Froude number which remains constant 
between the model and the full scale to assure that the non-dimensional wave resistance component 
is the same at the two scales. 

The flow rates were scaled down by LJMU using the following methodology. The water flow is depth 
agnostic and kept constant throughout the testing while the air flow rate varies. A scaling ratio of the 
air to water injection rate is found to be to the power of 2.5. In fact, the outlet area has a cross-section 
scaling ratio to the power 2 and velocity to the power of 0.5. So, the flow rate, which is area * velocity, 
has a combined scaling ratio to the power of 2.5. Being the ship scaling factor indicated as λ, the 
scaling flow rate equation is:  

 𝑄𝑄 (𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)=
𝑄𝑄𝑎𝑎,𝑤𝑤 (𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)

λ2.5  (8) 

Some tests must be excluded from the programme of work as the specifications exceed the 
capabilities of the current rig system. 



Horizon Europe programme, grant agreement No. 101096068 

 
     

 
D5.1 – System design to deliver maximum drag reduction by PALS  
Dissemination level – PU 
Page 32 of 57 

6 Bubble Generation Rig  

The rig design has been developed concurrently with the development of the test matrix. Due to the 
significant scaling factor of the JBC, the injected flow rates are minimal. Sourcing the parts necessary 
to design the rig took considerable time. Table 8 shows the bill of material for the as-built rig while a 
few pictures of the finalised modular rig are shown in Figure 20. 

  

 
Figure 20: Picture of the modular bubble generation rig 

The test rig provides hull lubrication by mixing controlled water and air flow rates. A water pump and 
air compressor are used for the rig’s supply, with the outlets delivered to the model’s injectors.  

The centrifugal water pump pulls water from the test basin, with the pump’s outlet connected to the 
test rig's water inlet. Depending on test requirements, the water flow can be split for up to 14 injection 
lines. Flow is accurately controlled using a PLC by varying the flow control valves for each injection 
line (operating on a closed loop with an associated flow meter).  
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Air is supplied via a compressor to the test rig, set at 6 bar to protect downstream components. A 
singular flow control valve and flow meter accurately control the total air flow rate, supplied to two 
manifolds positioned on the model ship. The manifolds incorporate manual flow control valves for 
each air injection line, to allow tuning, ensuring an even distribution of air to each injection point.   

Finally, water and air are mixed in a small Venturi nozzle, in which water flows though the inlet and 
air is entrained on the suction side. The Venturi nozzle acts as a bubble generator, in which when 
large bubble enter at the throat break down to much smaller bubbles due turbulence effects and the 
flow acceleration in the diverging part. The Venturi’s outlet is connected to the injector piece via a 
short length of tubing.  

The test rig's power supply consists of a 20 A, 24 VDC power supply with a 230 VAC single-phase 
input at CNR. The air compressor uses the same single-phase input, while the water pump requires 
a 380 VAC three-phase supply. All power is provided via the towing tank electrical powerplant.  

Control of the test rig is handled via an HMI mounted to the control panel at the side of the test rig. 
Operators can vary the water and air flow rates by inputting the required values. The HMI also 
displays flow rates for all water lines, the total air flow, and a number of pressure measurements. 
Operators can also view the valve output percentage for troubleshooting purposes. The HMI can plot 
live data via a graphing screen. An SD card is fitted to the HMI, which logs data for further analysis.   



Horizon Europe programme, grant agreement No. 101096068 

 
     

 
D5.1 – System design to deliver maximum drag reduction by PALS  
Dissemination level – PU 
Page 34 of 57 

 

 

Table 8: Bill of Material for Rig  
P&ID Tag 

ID Qty Name Maker Mfgr Model/Part No Connection 
Size 

Connection 
Type Material Electrical 

Scope 
of 

Supply 

P-100 1 Water Pump Conforto STM6 Inlet: 1-1/4" 
Outlet: 1" Threaded 

Brass impeller, pump body 
G20 cast iron base support 

AISI 416 stainless steel shaft 
Ceramic/graphite mechanical seal 

3-phase - CNR to connect CNR 

HV-101 1 Isolation Valve - Water Inlet Georg Fischer 161375543 25 mm Spigot PVC-U - Armada 

FIT-100 1 Flow Meter - Water Inlet Endress & Hauser DMA20-AAAAA1 G3/4 Threaded Stainless steel, PEEK, FKM seal 4-20 mA analogue output, 24 
Vdc supply, M12 connector Armada 

FCV-100 1 Flow Control Valve - Water Inlet Burkert  Type 3285, Article No. 
269253 G3/4 Threaded Brass body 4-20 mA analogue input, 24 Vdc 

supply, DIN connector Armada 

PIT-100 1 Pressure Transmitter - Water Inlet if PA3524 G1/4 Threaded Stainless steel, FKM seal 4-20 mA analogue output, loop 
powered, M12 connector Armada 

HV-200 1 Isolation Valve - Air Inlet Festo QH-1/2 G1/2 Threaded Brass, aluminium - Armada 
PRV-200 1 Pressure Regulating Valve - Air Inlet Festo MS6-LFR-1/2-D7-E-R-V-WR) G1/2 Threaded Cast aluminium housing, NBR Seals - Armada 

FIT-200 1 Flow Meter - Air Inlet ifm SD5000 G1/4 Threaded Aluminium, stainless steel, FKM seal 4-20 mA analogue output, 24 
Vdc supply, M12 connector Armada 

FCV-200 1 Flow Control Valve - Air Inlet Burkert  Type 2871, Article No. 
254453 G1/8 Threaded Brass solenoid valve, FKM seals 

24 Vdc coil fitted with an ASCO 
8908A001 

proportional 4-20mA control 
head 

Armada 

HV-
200.1…14 14 Tuning Valve - Air Injection Lines RS PRO 144-2662 6 mm Push-Fit PBT Resin - Armada 

CV-
200.1…14 14 Check Valve - Air Injection Lines RS PRO 916-0943 6 mm Push-Fit Anodised Aluminium - Armada 

PIT-200 1 Pressure Transmitter - Air Inlet ifm PA3524 G1/4 Threaded Stainless steel, FKM seal 4-20 mA analogue output, loop 
powered, M12 connector Armada 

PIT-300 1 Pressure Transmitter - NBG Outlet ifm PA3524 G1/4 Threaded Stainless steel, FKM seal 4-20 mA analogue output, loop 
powered, M12 connector Armada 

FIT-300 1 Flow Meter - Bubble Outlet Overflow Endress & Hauser DMA20-AAAAA1 G3/4 Threaded Stainless steel, PEEK, FKM seal 4-20 mA analogue output, 24 
Vdc supply, M12 connector Armada 

FCV-300 1 Flow Control Valve - Bubble Outlet 
Overflow Burkert  Type 3285, Article No. 

269253 G3/4 Threaded Brass body 4-20 mA analogue input, 24 Vdc 
supply, DIN connector Armada 

T-300 1 20 L Water Storage Tank Direct Water 
Tanks T20NA4V12OUT 4" cap Threaded PE - Armada 

HV-300 1 Isolation Valve - NBG Outlet Direct Water 
Tanks Part of T-300 

1/2" BSP 
12 mm 

Hosetail 
Threaded Brass - Armada 

HV-
300.1…14 14 Isolation Valve - Injection Lines Festo QH-1/2 G1/2 Threaded Brass, aluminium - Armada 

FIT-
300.1…14 14 Flow Meter - Injection Lines Endress & Hauser DMA15-AAAAA1 G1/2 Male Threaded Stainless steel, PEEK, FKM seal 4-20 mA analogue output, 24 

Vdc supply, M12 connector Armada 

FCV-
300.1…14 14 Flow Control Valve - Injection Lines Burkert  Type 2875, Article No. 

255529 G1/2 Threaded Brass solenoid valve, FKM seals 

24 Vdc coil fitted with an ASCO 
8908A001 

proportional 4-20mA control 
head 

Armada 

HV-
301.1…14 14 Tuning Valve - Injection Lines STAUFF DV-08-B-G G1/4 Threaded Zinc-plated steel - Armada 

E-300.1…14 14 Injector - - 
Water: G1/4 

Air: 4 mm 
Barb 

Threaded/Barb PVDF - Armada 
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7 Injector (Outlet) Manufacturing 

FRIENDSHIP SYSTEMS provided the geometries of the injectors for the two ships and CNR-INM 
designed the relative CAM models ready for manufacturing.  

The injectors for the JBC model are aligned with the characteristics of the hull, namely a high-draught 
vessel operating at low speed. Conversely, the A2B vessel operates at higher speeds and has a 
relatively minor draught in comparison to JBC. These different characteristics exert an influence on 
the injector attributes. In fact, the A2B injector must deliver a higher effective flow rate, at a higher 
exit velocity, and with a shallower angle. 

From a construction point of view, after the initial evaluation of different solutions based on technical 
and practical considerations, the injectors have been outsourced and produced by the 3D printing 
technology after the CNR-INM design. To guarantee a high-quality level of manufacturing, the 
injectors have been printed using the Tough 2000 resin by Formlabs (specs can be found at 
https://formlabs.com/uk/store/materials/tough-2000-resin/) which presents a strength and stiffness 
comparable to more expensive and renewed materials such as ABS. Each injector, both for the A2B 
and the JBC model, is composed of two parts, a main frame and the outlet. In Figure 21 the CAD 
files, which originated from the optimization process, and the final design are reported. The main 
frame, glued and screwed to the hull, hosts the outlet, which is held in place by screws while the 
presence of a custom rubber O-ring assures the water sealing. In addition to these two main parts, 
flat covers that can be mounted in the place of each and every outlet have been manufactured. 
These additional parts will allow additional measurements of the model resistance with only some of 
the outlets working, and the rest of them closed. By covering all the outlets, the baseline resistance 
could be recovered for comparison with preliminary results. 

  

https://formlabs.com/uk/store/materials/tough-2000-resin/
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Figure 21: Engineering of the outlets. Concept (top rows, JBC in magenta, A2B in grey), outlets for A2B 
(middle row, left) and JBC (middle row, right) model, and design (bottom row). Frames (circled in red), 

outlets (circled in green) and covers (dash line) 

To facilitate the assembly of the injectors, different apertures have been designed on the ship hulls, 
grouping some injectors in the same polyurethanic resin (or UREOL®, in light grey) in pocket due to 
the reduced mounting distance. The A2B model has been already finalised for the next tests with 
the PALS, see Figure 22, the JBC model is currently in preparation.  
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Figure 22: Outlets (top left, for A2B model above, for JBC below) and their installation in the A2B hull after 

machining. 

 

 



Horizon Europe programme, grant agreement No. 101096068 

 
     

 
D5.1 – System design to deliver maximum drag reduction by PALS  
Dissemination level – PU 
Page 38 of 57 

8 Baseline Resistance Tests 

8.1 Testing Methodology  
The techniques adopted by CNR-INM for testing a conventional displacement vessel and analysing 
the test data are those suggested in [43] to assure repeatability and comparability among different 
Towing Tanks. 

The model is run in the bare hull and appended conditions over the speed range, covering all the 
speeds of interest for the corresponding ship to construct the so-called resistance curve. Turbulence 
stimulators are fitted to the bare hull, whereas all the model appendages and rudders are not installed 
in this specific configuration. 

The model is connected to the carriage via two fore and aft gimbals that measure draft variations 
during runs. When advancing, the model is free to roll, surge, heave, and trim. The surge is limited 
due to the force transducer and the tow rope connecting the model to the carriage. The roll, due to 
the symmetry, is nearly equal to zero. The model is aligned with the tracks along the tank. 

The test sequence uses a variable number of runlets per carriage run, depending on the speeds. 
Generally, the mean waiting time between the runs is about 20/30 minutes. Zeroes of all quantities 
are recorded before each test day and used to net off the acquired data.  

At CNR-INM, the ITTC’57 Method [43] is generally adopted; this method is based on Froude’s 
principle and the “ITTC’57 model-ship correlation line”. The resistance versus speed values obtained 
from the towing tests are reduced to a non-dimensional form. The total resistance coefficient is 
defined as: 

 C𝑇𝑇𝑇𝑇 =
𝑅𝑅𝑇𝑇𝑇𝑇

1
2𝜌𝜌𝑀𝑀𝑆𝑆𝑀𝑀𝑉𝑉𝑀𝑀

2
 (9) 

where the subscript T stands for total, and M refers to the model scale. 

The “skin friction” component of resistance of the model is estimated for each experiment speed 
using the ITTC’57 correlation line: 

 C𝐹𝐹 =
0.075

(log10 𝑅𝑅𝑅𝑅 − 2)2 (10) 

where the subscript F stands for frictional and the Reynolds number, 𝑅𝑅𝑅𝑅, is evaluated on the overall 
submerged length of the model, the model speed (imposed by the carriage), and the tank water 
viscosity 

 𝑅𝑅𝑅𝑅 =
𝑉𝑉𝑉𝑉
𝜐𝜐

 (11) 

The frictional resistance coefficient is subtracted from the total resistance coefficient to obtain the 
residual resistance coefficient CR: 

 𝐶𝐶𝑅𝑅 =  𝐶𝐶𝑇𝑇𝑇𝑇 − 𝐶𝐶𝐹𝐹𝐹𝐹 (12) 
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The total resistance coefficient CTM and the frictional one CFM are plotted against model Reynolds 
number 𝑅𝑅𝑅𝑅 appropriate to the model length and tank water viscosity, and a mean line is drawn 
through the experiment points. The residual resistance coefficient values are plotted against the 𝐹𝐹𝐹𝐹 
number: 

 𝐹𝐹𝐹𝐹 =
𝑉𝑉
�𝑔𝑔𝑔𝑔

 (13) 

Due to the application of interest in the context of RETROFIT55, which makes the correlation model 
inapplicable due to the simultaneous presence of different physical phenomena, the extrapolation of 
the results to the full scale is not presented. On this basis, the total resistance of the model versus 
the advancing speed and the standard coefficients will be presented in Section 8.3. The main aim is 
to evaluate the three components of the resistance to lay down a basis for evaluating the lubrication 
effectiveness.  

8.2 Instrumentation  
8.2.1 Load Cells 
Force transducers (or load cells) are utilized to directly measure the hull's resistance in the towing 
test's classical set-up. During the acceleration/deceleration part of the carriage run, the model is 
clamped to the carriage, and no measurement is performed. When constant speed is reached (the 
selected test speed), the clamp is opened, and the hull is connected to the carriage through the load 
cell, measuring the resistance force. Depending on the kind of the ship under testing, a second, 
additional load cell is used. This cell is pre-loaded with a known weight to increase the hull's 
resistance and its dynamic stability.  

The force transducers used in the current test campaign are from HBM, model U1. The measuring 
element is a high-grade hardened and tempered steel spring on which four strain gauges are 
mounted so that two of them are extended and the other two are compressed when the measuring 
spring is loaded in the measuring direction. Transducers incorporate a housing that hermetically 
seals the measuring element. This housing is mechanically connected to the measuring element via 
bellows (or diaphragms). This configuration prevents significant components of the measured load 
from being transferred to the housing, thereby ensuring accurate measurement results. 

According to the INM procedure, the transducers are calibrated before the tests. The calibration is 
performed according to the European Standards guidelines. The transduces are calibrated with high-
quality reference weights using Remmers support equipment, performing repeatability and a 
hysteresis loop. The same load cells have been used for the two investigated hull models, and 
calibrations have been repeated before each of the two campaigns. 

The expanded uncertainty, which is the value to consider as a general indication, is very reduced, 
being well below 1%. Assuming this value, which can be taken as an estimate of the error in the 
resistance measurement, it is possible to deduce that when the air lubrication system will be working, 
frictional resistance reduction higher than 1.5% of the original value will be effectively measured, 
estimating this contribute to be about 70% of the total resistance.  
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8.2.2 Immersion Gauges 
To measure the hull's immersion, two in-house, developed devices (or immersion gauges) have 
been used at fore and aft longitudinal positions, respectively (positions may differ for each tested 
model). 

The present device converts a vertical displacement into an angular one through a mechanical 
parallelogram (or pantograph). In particular, the device is composed of two arms and two cylindrical 
joints, see Figure 23. Adding a set of adequate weights, with adjustable position, to the device does 
not perturb or constrain the vertical motion of the hull (to which the device is attached), which is free 
to move and oscillate. During the acquisition of the resistance, the model is connected to the carriage 
using these two devices, which are rigidly connected to the carriage rails.  

Two gimbals connect the devices to the hull, allowing roll and pitch motions. In this way, the model 
is free to modify its trim and sinkage by modifying its fore and aft immersion. Encoders are mounted 
on the rotation axes of the arms (two encoders per immersion gauge) to measure the rotations 
recorded by the acquisition system and convert them into vertical translation. 

 
Figure 23: Immersion gauge. 

In Figure 24 the mechanical scheme of the immersion gauge is reported at rest (or in steady condition 
for hull taken as zero or reference position) and when displaced. Based on the mechanical scheme 
adopted, the following formula permits to derive the vertical translation from the rotations of the two 
joints: 

 ∆ = 𝐿𝐿1 ∙ sin𝛼𝛼 + 𝐿𝐿2 ∙ (1 − cos𝛽𝛽) (14) 
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L1 and L2 are equal to 300 and 500 mm in the used device, respectively. The encoders employed 
are incremental with a Z signal. The resolution is 3600 pulses (steps)/round, which gives an angular 
resolution of 0.1°. On this basis, the vertical resolution in position (assuming a rotation of 1 step per 
encoder) is equal to 0.524mm. 

 
Figure 24: Mechanical Sketch in zero position (left) and measuring (right) 

8.2.3 Acquisition System  
The signals from the transducers (force and immersion) are transmitted to the data acquisition 
system by flexible, dedicated cables. The Dewesoft DEWE-43™ system consists of 8 anti-aliased, 
dynamic simultaneous sampled 24-bit analog inputs, with a front-end amplifier for voltage and strain 
sensors (200 kHz/channel maximum sampling rate and 32 for oversampled sigma-delta A/D per 
channel). Furthermore, 8 Counters/digital inputs are capable of 1 for event count, encoder, period, 
and frequency measurement per channel. These counter inputs are fully synchronized with analog 
data. The hardware provides necessary electrical excitation to measurement transducers, converts 
electric signals generated for the data acquisition board, amplifies the signal level to the A/D 
converter level, and makes analog-to-digital (A/D) conversion. The DEWE-43 is connected to the 
computer via a USB interface. A DEWESoft application software analyses the signals and exports 
them to almost any analysis package. 

8.3 Results 
8.3.1 A2B Model 
This ship model has been tested in full loading and trial loading conditions. The hull has been tested 
in fully appended and bare hull configuration in both conditions. Because of the kind of ship, the fully 
appended configuration is characterized by the presence of a gate rudder only. For each loading 
condition and geometrical configuration, the total resistance has been measured for seven 
advancing speeds, ranging from 10 to 16 knots (at full scale) in step of 1kn. 

The correspondence between the ship velocity (in knots) and the scale model (m/s) is given in the 
following Table 9. 

Table 9: Velocities, Froude, and Reynolds number (model scale). 

V ship (kn) V model (m/s) Fn Rnm (*10-6) 
10 1.165 0.148   7.389 
11 1.281 0.163   8.125 
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12 1.398 0.178   8.867 
13 1.514 0.192   9.603 
14 1.631 0.207 10.345 
15 1.747 0.222 11.081 
16 1.864 0.237 11.823 

According to CNR-INM nomenclature, four different configurations have been named, each with a 
loading condition and a hull configuration: 

 Series 1 - Full loading condition, with appendages (also FL with appendages) 
 Series 2 - Trial loading condition, with appendages (also TL with appendages) 
 Series 3 – Full loading condition, bare hull (also FL, bare hull) 
 Series 4 – Trial loading condition, bare hull (TL, bare hull). 

Data are reported in tabular format for each series by the standard used at CNR-INM, as seen in 
Figure 25, and then graphics are provided in Figure 26. Data are shown both in dimensional and 
non-dimensional form for each measuring condition, and finally, some comparisons are made. Slight 
differences are observed between the bare hull and the fully appended configurations, as expected 
due to the reduced area of the gate rudders. On the contrary, larger differences in all the resistance 
coefficients are found between the full loading and the trail loading conditions, reflecting the excellent 
performance of the hull in full loaded conditions that degrades when working out of the design 
displacement. Also, due to the short velocity range investigated, all the resistance coefficients display 
a weak dependence on the velocity; at the highest velocities, as usual for this kind of ship, the 
residual resistance coefficient starts to increase with a simultaneous decrease of the frictional 
resistance coefficient. In any case, the frictional resistance is always well above 70% of the total 
resistance and above 80% in most of the range. 
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Figure 25: Test data of the four series of the A2B model 
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Figure 26 shows the resistance components at different ship velocity.  
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Figure 26: A2B graphical results 
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8.3.2 JBC Model 
This ship model has been tested in full loading and trial loading conditions. In both conditions, the 
hull has been tested in bare hull configuration only. For each loading condition, the total resistance 
has been measured in a large interval of advancing speed, ranging from 4 to 22 knots (at full scale) 
in step of 1 kn. The correspondence between the ship velocity at full scale (in knots) and the scale 
model (in m/s) is given in the following Table 10, together with Froude and Reynolds number. 

Table 10: Velocities, Froude and Reynolds number (model scale). 

V ship [kn] V model [m/s] Fr Rem (*10-6) 
4 0.275 0.039 1.494 
5 0.344 0.048 1.869 
6 0.412 0.058 2.238 
7 0.481 0.067 2.613 
8 0.550 0.077 2.988 
9 0.619 0.087 3.363 
10 0.688 0.096 3.732 
11 0.756 0.106 4.107 
12 0.825 0.116 4.482 
13 0.894 0.125 4.856 
14 0.962 0.135 5.226 

14.5 0.997 0.140 5.416 
15 1.031 0.145 5.601 

15.5 1.066 0.149 5.791 
16 1.100 0.154 5.976 
17 1.169 0.164 6.350 
18 1.237 0.173 6.720 
19 1.306 0.183 7.095 
20 1.375 0.193 7.469 
21 1.444 0.202 7.844 
22 1.512 0.212 8.214 

 
According to CNR-INM nomenclature, four different configurations have been named, each with a 
loading condition and a hull configuration: 
 Series 1 – Full loading condition, bare hull (also FL, bare hull) 
 Series 2 – Trail loading condition, bare hull (also TL, bare hull). 
Data are reported in tabular format for each series, see Figure 27, and in graphical form (Figure 28). 
In addition, data are shown both in dimensional and non-dimensional form for each condition. For 
this model, a larger velocity interval has been investigated. The low range of the velocity interval is 
generally dedicated to the evaluation of the k coefficient or form factor which accounts for any 3D 
effect, whereas the high velocity range is investigated to find out the velocity above which the wave 
resistance component starts to increase rapidly, indicating the end of the operative range for the 
selected ship.   
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Figure 27: Test data of the two series of the JBC model 
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Figure 28: Graphical results for the JBC model 

The results for the JBC model reflect a good and standard naval design with a classical inversion of 
the frictional and residual resistance at high speed. While at low speed, and anyway in the operative 
range of ship, the frictional resistance is the largest portion of the whole resistance (both at full and 
ballast loading condition, the frictional resistance is more than 70% of the total resistance), starting 
from 16 knots, the residual resistance starts to increase rapidly and the two equals each other at the 
highest investigated speed. In full load condition, at 22 knots, the residual resistance is even higher 
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than the frictional one. This behaviour is quite standard considering the kind of ship that generally 
present a well-defined operative range. The increase of the residual resistance appears to be more 
pronounced in full loading condition, anyway in the operative range (likely, 12-17 knots) the CT in full 
loading condition is lower than the one in ballast loading condition (Figure 28). 
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9 Conclusions 

This deliverable has conducted a comprehensive review of the design and application of Passive Air 
Lubrication Systems (PALS) for ships, with a particular focus on their potential to enhance ship 
efficiency and reduce environmental impact. The report provides valuable insights into the 
optimisation of system performance through a detailed analysis of PALS operating principles, key 
variables influencing drag reduction and parametric testing methods. It highlights key factors 
influencing PALS performance, including the air injection rate, the air-water volume fraction and the 
hydrostatic pressure. 

The study acknowledges the increasing importance of regulations aimed at curbing maritime 
emissions and highlights the role of PALS as a viable solution for ship operators seeking to comply 
with these regulations.  

The focus of this deliverable are the design and implementation of the PALS system to be installed 
as a proof of concept in two scaled hull models, which will be tested in the CNR-INM towing tank. 
The report examines various design considerations, especially focusing on the injector shape 
optimisation and arrangement (placement) beneath the hulls, to ensure optimal system operation. 

The design of the rig which generates an air-water mixture to be injected beneath the hull to form 
the air-bubble carpet is detailed. The mixture is generated through venture tubes. Pressures and 
flow rates are controlled using a series of feedback control valves with associated flowmeters.  

The experimental measurement setup and the results of baseline tests, i.e. performed on the two 
hulls without the PALS in operation, are also detailed. 
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