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1.
INTRODUCTION

Rolls-Royce is very well known as an aeroengine manufacturer, providing testing challenges for materials and materials scientists and engineers by exposing materials to high temperatures and stresses in aggressive environments whilst demanding outstanding levels of reliability and integrity.

The recognition that marine transport was also a likely area of interest is evident as early as the original Memorandum of Association of Rolls-Royce Ltd, dated 1906.  “The objects for which the Company is established are: (i) To manufacture, sell or let or hire or in any manner dispose of or turn to account, motor vehicles for use on land, water or in the air, and any parts or accessories to the same…..”.  With the acquisition of Vickers in 1999, Rolls-Royce has become a world-leading marine equipment and systems supplier, with a product range spanning prime movers, propulsors, steering and stabilisation systems, deck machinery, propulsion and electrical systems and controls, right through to whole ship design in specialist sectors.

The start of the 21st Century has brought a resurgence of interest in marine propulsion. Major navies worldwide are assessing and updating their fleets.  The Internet offers international shopping to every household, fuelling demand for fast and economical freight transport.  Travel is a stressful element of many people’s jobs, so the cruise increasingly offers a pampered and relaxing way to visit many destinations from a single hotel room.  Prior to the attack on the World Trade Centre on 11th September 2001, market predictions indicated healthy growth in world shipbuilding, supporting this positive view of opportunities in marine, Figure 1.  The tragic events in the United States gave us cause to reflect, both personally and professionally.  Whilst it is still early to judge the long term effects on marine markets, the initial downturn in cruise bookings has now been reversed and there appears to be no reason why the long term fundamentals will be changed.
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Figure 1: Shipbuilding Market Trends

2.
CHANGING CUSTOMER REQUIREMENTS

Markets as apparently diverse as deepwater offshore production, cruise, fast cargo and advanced naval vessels share many common requirements: 

· safe, reliable and cost effective operation and maintenance; 

· high levels of ride comfort and stability, for the care of passengers, crew, cargo and complex equipment; 

· increasing demand for speed to arrive in time and on time whatever the weather; 

· outstanding manoeuvrability to station keep above a well-head or berth at a busy port.  

These challenging requirements, along with the overall drive to reduce emissions and energy usage, are driving developments in technology.  Improvements in materials and manufacturing technology will be key to delivering many of the new requirements.  The paper highlights some of the major areas where advances in materials will have a significant impact on future marine propulsion solutions.

3.
SPEED AND POWER 

The continuing internationalisation of trade and production, combined with increasing congestion on land and in the air, is generating interest in novel concepts for fast cargo and passenger vessels.  In the naval arena, the events of 11th September have reinforced the requirement for rapid force projection capability, whilst avoiding the need to station troops close to unstable or sensitive areas, providing further stimulus and funding for fast vessel developments.

Marine Gas Turbines

The first challenge for the propulsion system, in terms of increasing the speed of a ship, comes from the cube law relationship between speed and power for a conventional propeller driven system.  Put simply, the problem is that doubling the speed requires an eight-fold increase in power.  

Around 95% of ships are powered by diesel engines, where the relatively low power-to-weight ratio is associated with intermittent combustion, each cylinder contributing in turn to the power generation process.  Marine gas turbines, derived from aeroengines, provide prime movers with between four and ten times the power-to-weight of a marine diesel through a combination of a continuous combustion process and design to minimise weight, Figure 2.  Figure 3 shows the comparison of the Marine Trent and the Trent 800 aeroengine, some 80% parts commonality is retained between the Marine and aeroengine variants.  Additional benefits of the modern aeroengine parentage include the excellent reliability, supporting high despatch and voyage reliability, good turndown capability for harbour manoeuvring and excellent emissions performance as a result of significant and continuing aeroengine technology investment.
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Figure 2: Power-to-Weight Ratio: the diagrams of the reciprocating engine and the gas turbine 

are approximately to scale for the same power level
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Figure 3: The Marine Trent and the Trent 800 Aeroengine

Marine Gas Turbine Materials Issues

Many of the materials issues in marine gas turbines are the same as those in the aeroengine parents, however, additional requirements arise as a result of the salty environment in which they operate and the presence of sulphur in the diesel fuel.  All of the compressor components need to be coated to provide corrosion resistance in the chloride containing environment, and the engines are washed regularly.  More challenging still is the sulphur corrosion of the hot section parts.

One of the prime areas of consideration when selecting materials and coatings for the hot sections of a marine gas turbine is their resistance to sulphidation attack.  Sulphidation corrosion, rather than mechanical degradation through creep or fatigue, can be the life limiting feature for many marine components, thereby impacting critical considerations in equipment selection such as cost of ownership and availability/maintenance requirements.  Sulphur can be present in marine diesel fuels in significant quantities, typically 0.2% to 0.5%, depending on the type and origin of the fuel.

Sulphidation occurs between around 600oC and 930oC and is thought to arise as a result of the formation of sulphur containing compounds, primarily sodium sulphate, as part of the combustion process.  The substrate is then attacked in one of two ways, depending on the temperature.

Type 1: sulphidation between 750oC and 930oC takes the form of localised grain boundary attack, typified by the presence of chromium sulphate particles.

Type 2: sulphidation is seen between 600oC and 750oC and is a general corrosion attack, chromium sulphide particles are not seen.

Turbine components were traditionally protected with an alumina coating, highly effective against oxidation.  In the marine environment alumina is fluxed away by the sulphur.  To resist sulphidation, chromia is more effective, however, chromia itself has insufficient stability to be used as a protective coating, so more complex systems must be developed.  Two of the options are the thicker overlay coatings of the form CoNiCrAlY and CoCrAlY and the silicon and chromium containing variants of the aluminide diffusion coatings.  These form a thin chromium silicide surface layer, which is resistant to sulphidation.  The aluminide variants such as Sermaloy J have been used on Rolls-Royce marine gas turbines, avoiding the additional parasitic mass of thicker overlay coatings.

As turbine temperatures have risen with increasing power levels and efficiency of aeroengine gas turbines, complex single crystal alloys have been developed for the high pressure and intermediate pressure turbine blades.  Such alloys have lower chromium contents and provide additional challenges for marine coatings, which now need to provide both oxidation and sulphidation resistance.  Sermaloy 1515 is a recent coating development that forms a multi-layer chromiumsilicidealuminide, even on low chromium single crystal substrates.

The combustion components are exposed to even higher temperatures than those within the turbine.  Wall cooling is critical in reducing material surface temperatures and this is supplemented by the use of thermal barrier coatings on the component walls.  In order to accommodate the thermal mismatch between the ceramic coating and the metallic component, the thermal barrier coatings are not fully dense, and are attached via a CoNiCrAlY bond coat, which therefore becomes the critical element of the coating system from a sulphidation point of view.  

This short overview indicates some of the key areas for the development of high temperature materials and coatings for marine gas turbines:

· lifing approaches for coated hot section parts in sulphidising environments exposed to thermomechanical cycles;

· improved bond coat compositions compatible with advances in thermal barrier coatings;

· sulphidation resistant coatings for the latest single crystal alloys;

· high temperature alloys for castings and forgings with good sulphidation resistance;

· coatings able to withstand lower fuel qualities (ie cheaper fuels) those used in marine gas turbines today – including higher sulphur levels and increased vanadium content.

Propulsor Development

The second propulsion challenge is cavitation, which limits the maximum speed of propeller driven ships to around 30 knots.  As propellers are driven faster, cavitation starts to develop in low pressure areas on the blades, until at high speed the low pressure faces of the propellers are covered in tiny bubbles.  These proceed to coalesce and collapse, creating rapid surface damage to the propeller, pressure pulses that are experienced as noise and ship vibration and a marked reduction in propeller efficiency.  As a result, fast vessels are propelled by waterjets – huge pumps that suck in water below the vessel and pump it out at the stern, Figure 4.  The construction and flow through a waterjet are illustrated in Figure 5.  Because the impeller of the waterjet is now enclosed, in contrast to the propeller blades, higher pressures are achieved and the impeller and stator designs are optimised to suppress cavitation.

Waterjet propelled vessels operate with maximum speeds of 35 to 70 knots, depending on the hull design and nature of the operation.
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Figure 4: Waterjets in Operation at Stern of a Fast Ferry
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Figure 5: Construction and Water Flow through a Waterjet

Several projects to develop fast sea transport services are currently in progress.  Rolls-Royce has been selected to supply both the gas turbines and the waterjets for the transatlantic project known as FastShip, Figure 6.  FastShip features an innovative semi-planing hull that will be powered by five 50MW Marine Trent gas turbines, each driving a 3 metre diameter Kamewa waterjet.  The service is designed to operate between specially developed port facilities at Philadelphia and Cherbourg, crossing the Atlantic in 3.5 days, so that 7-day door-to-door delivery can be achieved.  At a cost of around 25% of that of air freight, and delivery times typically four times faster than conventional sea freight, FastShip will offer a new type of service for long distance transport of high value goods.
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Figure 6: Artist’s Impression of the FastShip

The challenges associated with developing propulsion solutions for fast vessels are not primarily materials ones.  However, there are many materials and manufacturing issues that will be important in continuing to deliver affordable, reliable and hence profitable propulsors into the future, as well as novel concepts to meet the requirements of new generations of ships.  

For conventional propulsors such as propellers, the key issues are cost and lead-time  reduction.  Whereas propellers may look quite simple at a first glance, almost every propeller on a large naval or commercial vessel is specifically optimised for the hull design with which it operates.  To be competitive in this area it is, therefore, essential to be able to design and make such propellers with short lead-times and at minimum cost, ie with as little model testing, iteration and scrap as possible. This is being made possible by the development of integrated suites of models, from casting models for the huge blades, through materials properties to the product performance and life cycle costs.  In the USA, the Smart Propulsor Product Model, SPPM, is being developed by Rolls-Royce with US Navy funding.  The SPPM programme is designed to develop an integrated environment to link together the software tools used for propulsor design, manufacture and aftermarket support.  Figure 7 shows how the Smart Product Model, SPM, interfaces with the tools.  The aim is to develop such product models for all major ship equipments and interface them with the ship product model that is being developed, within the same US Navy programme, by the shipbuilders.
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Figure 7: Smart Propulsor Product Model Architecture

(Application Programmers Interfaces, APIs, are Software Interfaces)

Figure 8 shows the integration of the analysis, design and virtual manufacturing, VM, tools in more detail.  The design tools integrate seamlessly with tools for finite element analysis and computational fluid dynamics as well as solidification modelling.  Once a design is validated, both in terms of its mechanical and hydrodynamic performance and in terms of castability and resulting material properties, it passes into the manufacturing modelling routines.  Here the NC code for the milling machines is generated and a virtual machining environment checks for and resolves any potential problems such as interference between machine structure, tools and the workpiece.  The verified code is then passed to the milling machines ready for manufacture to begin.
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Figure 8: Design, Analysis and Virtual Manufacture Tools

The sequence of images in Figure 9 shows the results of this approach applied to the design and manufacture of a waterjet impeller.
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Figure 9: SPPM Images from the Design, Analysis and Manufacture of a Waterjet Impeller

(1 – 3D CAD model of the impeller, 2 – FEA analysis, 3 – the mould for the impeller, 

4 – solidification model, 5 – pouring the bronze, 6 – the rough casting, 

7 – the casting being milled on an NC machine)

At the more radical end of the new propulsor development spectrum, alternatives to rotating propulsors continue to be explored.  Biomimetic solutions, where attempts are made to mimic the quiet and efficient propulsion systems of marine animals, provide some interesting possibilities.  Whilst such ideas are not new, it may be that the emerging ‘smart materials’ technologies will provide the key to open up this route forward.  Shape memory alloys, by changing shape reversibly as the temperature is raised and lowered, for example, by using controlled electrical heating, could provide the precisely controllable actuation needed to mimic the motion of the tail of a fish, Figure 10.
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Figure 10: A mechanical fish propulsor under test in a towing tank

4. 
BETTER USE OF SPACE – AND OTHER BENEFITS 

One of the greatest contributors to increasing the useable space in a ship, most notably a warship or a cruise liner where the premium on space is greatest, is the concept of the Electric Ship.  Integrated Full Electric Propulsion, IFEP, lies at the heart of the Electric Ship.  IFEP also offers valuable running cost advantages, combined, in some cases, with purchase cost savings.  In an IFEP system, the ship’s propulsors are driven by electric motors alone and the power for the electric motors is drawn from a unified electrical power system that also provides all of the ship’s electrical services.  The power and propulsion systems are, therefore, integrated, because there is only one electrical power system where more conventionally there might have been two. 

A major benefit of IFEP is the layout flexibility offered through removal of the ‘tyranny of the shaft line’.  Since the prime movers are no longer directly coupled to the propulsors, there is considerable freedom in their location, permitting a more effective use of the available space, as illustrated in Figure 11.  In the warship this opportunity to distribute the power and propulsion system around the ship offers added benefits in terms preservation of functionality and reconfigurability in the event of battle damage.
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Figure 11: Layout of Mechanical and Electrical Propulsion Systems

One of the key technologies enabling the realisation of the benefits of IFEP, particularly in naval vessels, is the compact electric motor.  Over the past 10 years there have been significant improvements in the torque density of electric motors, moving from conventional motors to advanced induction motors and permanent magnet propulsion motors.  Figure 12 is a light-hearted illustration of the importance of developments in motor technology to the application of IFEP to smaller ships.  The future has more to offer in this area.  Over the next 10 years we may well see the development of superconducting motors, offering a further step in the development of compact motors and further extending their application, Figure 13.
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Figure 12: Size Matters - a cruise vessel and a frigate with the same propulsion power requirements illustrated approximately to scale
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Figure 13: Comparative weight/power ratio of different propulsion motor technologies

AIM – advanced induction motor

PM – permanent magnet

TFM – transverse flux motor

The increased current carrying capability of high temperature superconducting materials, replacing bulky copper windings, combined with avoiding the need for iron to carry the magnetic flux, has significant potential for the development of high torque density electric motors.  Five fold improvements in torque density over conventional motors are claimed for superconducting designs.  This would mean that even the smallest naval vessels could have electric systems.  American Superconductor in the USA is currently developing such a motor, with US Government funding.

High temperature superconductors are not the only electrical and magnetic material developments making an impact in marine propulsion.  The benefits of superconductivity are still accompanied by the disadvantages of the attendant cooling system, so developments in permanent magnet materials continue to be critical for compact motor and generator technology.  A 50% improvement in magnet performance reduces machine mass, and typically volume, by around 50%, Figure 14.
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Figure 14: Development of Permanent Magnet Materials through the 20th Century
Other requirements include materials to support the reduction in size of power electronics devices for power conversion.  Examples include: improvements in power density and temperature capability for capacitors, which currently occupy around 40% of the converter volume; switching devices that can withstand higher junction temperatures; and better cooling and heatsinking for power electrical components, solutions might include metallic foams.

5. REDUCED FUEL CONSUMPTION

In addition to layout flexibility, IFEP offers fuel savings because the ability to run any part of the propulsion or power system from any prime mover combined with the base load of the ship’s service power demand can be used to ensure that the load on the prime movers never falls to inefficient levels.  Vessels such as warships and cruise liners, with relatively high service loads and operational profiles that frequently leave the propulsion system operating at fractional loads, offer an ideal platform for the IFEP system to generate fuel savings.
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Figure 15: WR-21 Gas Turbine Airflow Diagram

Improvements in prime movers, however, are key to reducing the fuel consumption of any propulsion system, mechanical or electrical.  In both cases the goal is to offer a combination of high power density and low fuel consumption.  The next generation of marine prime movers is exemplified by the WR-21, illustrated in Figure 15, the most advanced marine gas turbine currently available.  It incorporates both intercooler and recuperator heat exchangers, the combined effect of which is to allow ‘waste’ heat to be recovered from the gas turbine exhaust, providing significant fuel savings across the entire power range.

The particular materials challenges in such a system are the very aggressive thermal exposure that the combustor experiences and the manufacturing and lifing challenges associated with the production of the high temperature heat exchanger operating in the exhaust gas stream.  Developments in recuperator design and manufacturing technology are critical to ensuring that this type of technology is affordable on a wider range of vessels.

6. ENVIRONMENTAL IMPACT

Marine transportation is generally perceived to have a lower environmental impact than most other forms of transportation.  However, increasing attention is being paid to the emissions of marine diesel engines (in Japan, for example, it is estimated that 17% of domestic nitrogen oxide is due to coastal shipping), particularly with regard to nitrogen oxide, sulphur oxide, soot and visible smoke, whether driven by legislation or less tangible but equally valid issues of public perception.  This is an area where gas turbines have an inherent advantage, emitting no soot or visible smoke in the exhaust and significantly lower levels of nitrogen oxide and sulphur oxide than diesels. 
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Figure 16: Solid Oxide Fuel Cell Schematic

Carbon dioxide emissions from gas turbines, and hence their contribution to global warming, are generally higher than diesels.  However, more efficient advanced cycle gas turbines such as the WR-21 significantly reduce the levels of carbon dioxide produced towards the levels emitted by the diesel engine.  In the long term, Rolls-Royce is developing fuel cell systems, such as the solid-oxide system illustrated schematically in Figure 16 for land-based applications.  Such systems could ultimately be applied in marine systems, particularly in electric ship applications.  With thermal efficiencies of up to 60-70% (potentially achieved in hybrid fuel-cell gas turbine systems) and virtually no reduction in efficiency at part-load, this would yield a 40-50% reduction in fuel consumption and carbon dioxide emissions below those of the most efficient diesel engines.  

The materials challenges here are significant.  To be realistic on ships, the power density of such fuel cells needs to be increased by around an order of magnitude, and dramatic reductions in cost are also needed.  The ceramic fuel cells will also need to combine clever design and inherent integrity to operate in the marine environment, where they can experience complex shock loading and vibration in high sea states and vessel damage conditions.  The prize, however, is great. 

7.
CONCLUDING REMARKS 

As our world becomes increasingly crowded, integrated transport systems exploiting a broader range of modes will become essential to reduce pressure on roads and airports.  This will bring increasing opportunities for new developments in the marine sector.

A diverse selection of the key technologies underpinning marine propulsion developments comes from the materials and manufacturing areas.  Magnetic, electronic and superconducting materials; complex coatings to resist sulphidation of advanced high temperature alloys; memory alloys for biomimetic propulsors; integrated design, manufacturing and materials modelling systems to reduce cost and lead-time for bespoke marine propulsion products – these are just a few of the exciting materials challenges facing the marine propulsion industry in meeting customers requirements today and tomorrow. 
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Here we can see how the working cycle of a turboprop engine actually compares to that of a piston engine driven propeller.

The inlet receives gas similar to the inlet valve on a cylinder head.

The compressor increases the pressure of the gas, similar to the compression stroke of a cylinder.

The combustion chamber (mixes and) ignites the gas, causing it to expand, similar to the spark induced combustion of a cylinder.

The exhaust allows the expanded gas to escape, similar to the exhaust valve on a cylinder head. The gas turbine extracts energy from the exhaust gas to drive the turbine and consequently, the compressor and propeller.

The simple expression ‘Suck, Squeeze, Bang and Blow’ is the best way to remember the working cycle of the gas turbine.

The big difference between the 2 types of engine is that a gas turbine employs a continuous cycle, not a 4 stroke cycle, where 3 of the strokes are not actually providing power to the vehicle. This means that more fuel can be burnt in less time, creating more power for a given engine size.
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Part of the integrated environment includes the legacy tools used by RRNMI for blade design, analysis and virtual manufacturing as shown in this slide.  The design tools integrate seamlessly with the tools for FEA, CFD, kinematics analysis and for solidification modeling.  Once a design is validated, it passes into the manufacturing modeling block where the NC code for control of the milling machines is developed.  However, before the NC code is used, it is validated in a virtual environment where problems such as interferences, efficiencies, etc. are resolved.  Finally, the validated NC code is passed to the actual milling machines and actual manufacturing can begin. 
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The SPPMSM program is an effort funded by the US Navy to develop an integrated environment to tie together the software tools used for propulsor design, development, manufacture and aftermarket support.  This graphic shows how the smart product model (SPM) interfaces with these tools. Application programmers interfaces (APIs) are software interfaces. Also note the interface to the SPM for the whole ship (which is under development by the shipbuilder).
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