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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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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/. 
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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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