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ABSTRACT  

Key technologies within aircraft engine systems contributing to develop competitive and low 

emissions products, which drive fuel efficiency into the large civil aircraft engine market are 

described in this paper. Emphasis will be on the architectural concepts, aerothermal design, 

material & sub-system technologies. The corresponding demonstrator programmes and the 

technology incorporation into new engine architectures are described as well. 

 

1. INTRODUCTION 

Reducing aero engine emissions is of vital strategic importance to the industry, driven by tightening 

legislation, customer demands and competitive pressures. Large investments are being made in the 

combustion and controls technology needed to reduce NOx levels by at least 50%, relative to 

conventional technology. Low emissions, improved fuel efficiency and advanced temperature 

capability are a major goal of the Rolls-Royce three ongoing engine demonstrator programmes for 2 

shaft & 3 shaft architectures: “Advance3” and UltraFan™ for the 3 shaft engine family for wide-body 

aircraft, “Advance2” for the 2 shaft engine family for middle of market, corporate and regional engine, 

see figure 1. 

Beside the propulsive efficiency, which is in direct correlation to specific thrust or bypass ratio of an 

engine, the second main contributor to reduced fuel consumption and emission is the cycle, or 

thermodynamic efficiency. Gas turbines convert the energy from burning fuel into useable work via 

three main elements – a compressor, combustor and turbine. Work output for higher thermal efficiency 

increases with [1]:  

 Higher overall pressure ratio 

 Higher combustor exit temperature, restricted by the high temperature capability combustor and 

turbine components (with ultimate limits imposed by stoichiometry in combustion)  

 More efficient secondary systems (cooling, sealing) 

As gas turbines operate in a continuous thermodynamic cycle, they have a higher power density than 

internal combustion engines. In aero engines, the gas turbine can accelerate air to create thrust and 

power to drive the LP turbine system which drives the Fan system to generate the majority of the 
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forward thrust. Figure 2a depicts the relative importance of propulsive and the thermal efficiency in 

this context. Whilst the last paper of the authors [9] concentrated on the thermal efficiency 

contributions, this current paper will also address propulsive efficiency technology.   

Key drivers for high propulsive efficiency and finally (integrated with thermal efficiency drivers and 

power plant weight) fuel burn are: 

 Low specific thrust at minimum weight 

 Low loss Fan, LPT (low pressure turbine) and bypass duct 

Rolls-Royce aims continually to improve the efficiency of its products and the key components that 

they embody. There is a clear desire to increase component efficiencies and at the same time, reduce 

weight and cost in order to achieve the optimum technical solution. As can be seen from the range of 

the most recent products, from the 2000 until today, Rolls-Royce engines have reduced about -15% in 

fuel burn and improved CO2 emission respectively (see figure 3 a and b). The further emission 

reduction is supported by technology improvement, especially in the hot section of the engine [2],[3].  

         

Figure 1: Future Engine Programmes of Rolls-Royce plc  

 

      

 

Figure 2a: SFC as a function of propulsive and thermal efficiency 
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The propulsive efficiency of the engine or power-plant is dominated by the capability of the Low 

Pressure Fan system to accelerate a lot of air slowly, thereby minimizing shear layer losses and as a 

further consequence, reduce noise emissions.  

There are a number of other factors that can affect the optimum fan diameter, such as nacelle 

installation losses, nacelle/wing and structures interactions. These also contribute to specific fuel 

consumption shortfalls, see figure 2b. 

 

Figure 2b: Aircraft fuel burn and aircraft/engine noise as a function of fan-diameter 

 

 

 

Figure 3: a) SFC/CO2 performance vs. ACARE target and b) % reduction of NOx emission relative to 

CAEP6 

 

2. KEY TECHNOLOGY DRIVERS 
 

As already laid out in [1, 2,3 and 4] and in the introduction of this paper, the advancement of the state 

of the art in engine fuel burn and emission is governed by the thermal efficiency, the propulsive 

efficiency of cycle and Low pressure system. Both improvements strands need to be achieved at 

minimum weight, cost and emission footprint. 
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Thermal efficiency: 

Figure 4 is indicative of a typical core sizing chart, which shows quite clearly that for the overall thrust 

level of the mission there are different ways to achieve the necessary power input from a core to and 

low pressure system. Either by a moderate sized core with lower compressor delivery temperature (T3) 

and consequently lower overall pressure ratio of the engine paired with a moderate Turbine entry 

temperature (T4). Or, alternatively, aim for a higher overall pressure ratio, by increased compressor 

delivery temperatures and turbine entry temperatures, allowing for a smaller, lighter core and most 

likely an overall better mission fuel burn. So, in summary, work output increases with higher overall 

pressure ratio, higher combustor exit temperature, restricted by the high temperature capability 

combustor and turbine components (with ultimate limits imposed by stoichiometry in combustion) and 

more efficient secondary systems (cooling, sealing). The thermal efficiency of the engine is therefore 

dominated by the capability of the compressor to efficiently and reliably compress air to very high 

levels and the durability of the hot section sub-systems (Combustors and core turbines) in terms of 

cooling flow consumption, performance and durability (life cycle), in combination with the maximum 

achievable turbine entry temperature. 

 

 

 

 

Figure 4: Overall pressure ratio relation to core size and core temperatures  

 

Propulsive efficiency: 

The propulsive efficiency of the engine or power-plant is dominated by the capability of the Low 

Pressure Fan system to accelerate a lot of air slowly, thereby minimizing shear layer losses and as a 

further consequence, reduce noise emissions. As a consequence, there is a desire to increase fan 

diameters (‘more air’) and reduce fan pressure ratios (‘slower’) to achieve higher propulsive 

efficiencies and consequently, when paired with lighter weight materials and design concepts also 

mission fuel burn. Figure 5 shows the direct impact of fan pressure ratio (FPR) on propulsive 

efficiency, and also allows for a categorization of the different systems.  

 

Today’s High Bypass ratio civil large engines tend to operate at FPRs around 1.45 - 1.75, whilst higher 

bypass ratio geared concepts with either variable or fixed pitch fan are more around 1.2-45. Those 

architectures tend to have the need for geared solutions in order to allow the Fan tips to operate near 

sub-sonic or in sub-sonic conditions (delivering noise and efficiency improvements). These benefits 

are somewhat balanced by the need for a fairly heavy power gearbox which drives additional 

complexity, lubrication and heat management challenges into the engine design. Ultimately, the lowest 

possible fan pressure ratio can only be achieved if the fan is no longer concealed by a casing and 

nacelle, but open, and consequently needs a double fan concept to reduce residual swirl and optimize 

thrust at very low FPRs around 1.04.  
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Figure 5: Propulsive Transfer efficiency as a function of Fan pressure ratio  

 

2.1 KEY TECHNOLOGYS AND DEMONSTRATOR STRANDS  

Rolls-Royce targets the next generation of engines to push all parameters to meet the future needs of 

our customers and maintain a world-leading position on fuel efficiency (Current XWB engine is most 

efficient engine to enter service). With the ADVANCE and UltraFanTM engines delivering an 

efficiency improvement of at least 20% and 25% respectively relative to the Trent 700. This is 

equating to a relative fuel saving respectively of over $5.3 and $6.6 million per aircraft per year 

(calculated at $3 per US gallon). The enhanced performance of the next generation of engines is based 

on a number of new developments, including: 

 A highly efficient core architecture and enabling technologies. 

 A lightweight carbon titanium (CTi) fan system. 

 A geared multi stage IP turbine system 

In the following, the engine concepts as well as the key technologies will be explained in detail. For 

ADVANCE, a new core architecture coupled with a lightweight LP system and a suite of advanced 

technologies will be incorporated into the Advance. For UltraFanTM  the new core architecture 

coupled with a geared IP and variable pitch fan system, along with a suite of further enhanced 

technologies will be incorporated into the new centerline engine. For both engine architectures, Rolls-

Royce decided to invest in a comprehensive demonstration of the technology. Consequently, the 

engine development programs are supported by a comprehensive and unequalled set of existing 

technology demonstrator programs such as ALPS (Advanced Low Pressure Systems), EFE 

(Environmentally Friendly Engine), ALECSYS (Advanced Low Emission Combustion System) and 

Advance (demonstrator of new core architecture) that cover the whole engine. This is backing up the 

commitment to ensure that technology is robust, fit for service and applied at the right time for the 

customer. Figure 6 depicts the main characteristics of the engine concepts and also sums up the main 

cycle parameters. Here you can see that ADVANCE targets an overall pressure ratio (OPR) of 60+ 

whilst the UltraFanTM concept is positioned around an OPR of more than 70. The respective bypass 

ratios are 11 and 15+. The fuel burn saving relative to a Trent700 engine will be 20% for ADVANCE 

and 25% for UltraFanTM, respectively. 
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Figure 6: ADVANCE and UltraFan
TM

 concept relative to Trent engine  

3 CORE TECHNOLOGIES 

3.1 THE COMBUSTION SUB-SYSTEM 

Fuel and air are mixed and burned within the combustion chamber to convert chemical energy of the 

fuel into thermal energy within the gas-stream prior to entry into the turbines. The temperatures within 

the combustion chamber are the hottest in the engine - fuel is burned in the combustion chamber at 

temperatures of over 2000°C yet they are still expected to last the many thousands of hours of 

operation between overhauls.  This requires substantial technology in the form of wall materials (both 

metallic and ceramic), coatings and manufacturing technology. In a conventional combustor, a rich 

diffusion flame is generated in the primary zone recirculation at the front end of the combustor. This 

rich zone provides a high level of resistance to flame out, keeping the combustor alight at low power 

conditions where the combustor overall is running very lean. Controlled introduction of air down the 

length of the combustor dilutes the mixture and enables most of the soot produced from  the rich zone 

at high power to be consumed. However, as the mixture passes from the rich to the lean side of 

stoichiometric, there will always be regions of the combustor at the rapid NOx forming mixture 

strengths. It is important the time spent by the mixture in these regions is minimised. So called ‘Phase 

5’ combustor technology employed throughout the Rolls-Royce Trent engine family, Figure 7, has 

successfully optimised this approach to control NOx to below currently proposed CAEP6 legislation 

levels.  

3.1.1 COMBUSTION COOLING 

As mentioned earlier, the temperature of the gases released by the combustion process may peak above 

2500 K with average temperatures of 2000 K. As this is much higher than the melting point of the 

combustion chamber and turbine materials all surfaces must be adequately cooled. Moreover, the 
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amount of air used for cooling must be minimised in order to maximise the air available to the cycle, 

for emissions control or the turbine static components. Minimum pressure loss should be achieved in 

order to maximise overall engine performance, but sufficient pressure loss across the rear end of the 

combustor must be generated to drive a predetermined amount of cooling air through the turbine. 

 

 

Figure 7: Trent  ‘Phase 5’ tiled combustor and combustor design space & requirements 

Figure 8 gives an overview over various cooling styles used in combustion systems. Cost needs to be 

kept low, but cost is mainly seen as overall operating cost, not only initial or unit cost. Higher unit cost 

could be justified by a longer service life of a component. Safety in air-transport is paramount; hence a 

high durability for reliability, long life, and to minimised maintenance is required.   
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Figure 8: Various cooling styles (single- and double-skin) 

A general requirement for every component of an aero-engine or an aircraft as a whole is low weight. 

For many applications, especially if the focus is on cost and weight, single-skin shallow-angle effusion 

cooling is selected. If the cooling performance of effusion cooling alone is deemed not to be sufficient, 

an intensified rearside cooling via impinging air or increased surface area of internal channels of a 

transpiration cooling sheet is seen as the logical addition. Ceramic matrix composites (CMC) are being 

investigated as a potential future combustor material. CMC technology has had great potential for 

many years, see Figure 9, and CMC components have been run in several demonstrator engines. CMC 

components are successfully used in the exhaust section of some military engines (flaps & seals, 
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mixers/diffusers), but to date, there is no core engine application in a civil engine in service. This will 

change soon as CMC will progressively make its way into the hot section. For example, the 

development of CMC shroud (sealing) segments and further static turbine and combustor components 

is well advanced. 

 

Figure 9: potential long term applications of CMC material 

3.1.2 COMBUSTION EMISSIONS  

To give an impression of the complexity of the variety of design requirements for the overall 

combustion sub-system, figure 10 shows the main influencing interfaces, boundary conditions and 

requirements. However, the key discriminating technology of combustion is the generation and control 

of emissions: in particular NOx, particulate matter, unburned hydrocarbons and carbon monoxide. For 

each product, these are closely regulated and monitored. Rolls-Royce has a clearly laid-out, long term 

strategy and commitment to control gaseous emissions [5]. The fundamental challenge of aero-engine 

combustion is that it has to be accomplished within an environment, which usually is not conducive to 

stable combustion. This is due to the excess of air beyond stoichiometric conditions and the high air 

speeds exiting the compressor: The AFR (air-to-fuel ratio) is used to describe the local and overall fuel 

and air mixing conditions within the combustor and the combustor exit. The stoichiometric condition 

burning kerosene corresponds to an AFR of 14.8: lower numbers correspond to fuel rich, higher 

numbers to lean conditions. The combustor exit AFR at given overall pressure ratios (OPR) 

corresponds directly to the HP turbine inlet temperature.     

 

Figure 10: Design requirements for the overall combustion sub-system [5] 
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The emission characteristic of an aero-engine combustion process is illustrated schematically in figure 

11. Unburnt hydrocarbons (UHC or HC) and carbon monoxide are low power emissions caused by 

incomplete combustion at low combustion temperatures. These are directly linked to combustion 

inefficiency, which increases significantly at low power conditions.  High power emissions, such as 

smoke or soot and nitrogen oxides (NOx), are caused in fuel rich zones and/or due to high combustion 

temperatures. Soot, or black smoke is formed due to an excess of fuel in flame-rich zones. The amount 

of smoke at engine exit is dependent on the capability of the combustion system to consume the smoke 

within the combustion chamber before exiting into the turbine.  

 

Figure 11: Aero-engine emissions characteristics 

3.1.3 LOW EMISSION COMBUSTION SYSTEMS  

The development of combustors for the next generation of aero-engines is mainly driven by future 

NOx requirements. Beside the new emission legislation limits for NOx with CAEP/6 (January 2008), 

NOx emissions are increasingly in the focus of public discussion and are expected to be restricted 

further within future CAEP initiatives. In addition to these challenging emission requirements, future 

engine cycles will be characterised by the demand for still lower fuel consumption and CO2 emissions, 

causing highly-loaded core engines with increased combustor inlet pressures, temperatures and 

significant lower air-to-fuel-ratios. All these parameters are burdening the NOx performance of a 

combustion system. 

Figure 12 demonstrates the trades driving new engine design with respect to optimum fuel burn (CO2), 

minimum noise (by minimum fan pressure ratio FPR) and minimum NOx (by minimum OPR). The 

difference in LTO NOx levels between the best design for low NOx and best design for low CO2 can 

be up to 30%. Also, noise reduction obligations for new aircraft as introduced at some airports can lead 

to a divergence from the optimum engine design for lowest CO2 (sfc). Engine bypass ratios, driven up 

to reduce noise impact, larger than required for optimum propulsion efficiency, have an impact on fuel 

burn in cruise condition. The current tendency for engine cycles will require low emissions 

combustion technologies for OPR > 50 and combustor inlet temperatures ~1000K. Therefore, a 

revolutionary step towards highly advanced rich or lean burn combustion techniques is inevitable to 

meet future certification requirements for new engine cycles and architectures with sufficient margin.  
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Figure 12: Aero-engine Optimisation trades for new engine design [5] 

There are, in principle, two different combustion operation zones possible to reduce NOx, the rich burn 

and the lean burn mode, see figure 13. For low NOx, it is clearly desirable to operate the front end of 

the combustor on the lean side of stoichiometric. However, at lower power conditions this low 

temperature flame is at odds with the operability requirements of flame stability, efficiency and 

altitude restart. Staged combustion is a means of overcoming the problem of a high turn down ratio. It 

provides an added degree of freedom for control of the combustion processes. In a staged combustor, 

zones are created which are tailored for specific ranges of engine operation. For example, at low 

power, fuel may be supplied only to a dedicated set of Pilot fuel injectors. Higher up the running 

range, fuel may be introduced to a number of Main fuel injectors, the remainder of Main injectors 

being introduced at still higher power (i.e. implementing circumferential staging for the Mains).  

The use of staged combustion systems is not new in Rolls-Royce. They are extensively used on the 

industrial Dry Low Emission (DLE) machines. The technology was also used in the 70’s and 80’s in 

the Bristol twin flow concept and the double annular Phase 4 combustion systems. Both of these latter 

systems were tested to technology readiness levels (TRL) 5 and 6, respectively. Rolls-Royce has a 

history of devoting significant effort to the development of new technologies. For example, the 

ANTLE (Affordable Near Term Low Emissions) technology demonstrator programme. Launched in 

March 2000 and partially funded by the EU and DTI, this programme represented a major investment 

in the acquisition of low emissions technology. Key to it was the demonstration of a low emissions 

combustion system with associated fuel system and control technology. The ANTLE programme has 

entailed close collaboration between Rolls-Royce and its partners in industry and the universities. 

There has also been considerable shared learning between the ANTLE programme and the German, 

E3E engine core demonstrator programme. Cutting edge experimental and numerical techniques have 

been used to evaluate a wide range of design alternatives, enabling selection of the hardware standards 

for the engine demonstration phases of the programme. Building upon those roots, the current 

demonstrator programme for the 3
rd

 generation of hot-end technology and low emission is the UK 

Environmentally Friendly Engine (EFE) programme, which will be discussed later in this paper.  
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Figure 13: NOx formation (a), Rich (RQL) (b) and lean combustion topology (c) 

3.2 HIGH PRESSURE TURBINE DESIGN AND MATERIALS 

The turbine sub system is a complex assembly of discs with blades attached to the turbine shafts, 

nozzle guide vanes, casings and structures. The turbine extracts energy from the hot gas stream 

received from the combustor. This power is ultimately used to drive a fan, propeller, compressor or 

generator. As in the combustion sub-system, the turbine environment is particularly harsh, and the 

components require active cooling techniques superalloy materials and protective coatings. One added 

complexity in the turbine system clearly is caused by the presence of fast spinning components, 

leading to considerable stresses in the material, and adds difficulty for component cooling and sealing 

between stationary and rotating parts. 

High pressure turbine blades and nozzle guide vanes are designed with cooling passages and thermal 

barrier coatings, to ensure long life while operating at high temperatures. Cooling air is taken from the 

compressor and is fed around the combustor into the blades to cool the aerofoils. Design of cooled 

turbine components, to meet target metal temperatures, requires accurate understanding of thermal 

boundary conditions. CFD is used to provide gas temperature profiles and component wall heat-

transfer coefficients, and this is coupled with Finite Element Analysis (FEA) to predict metal 

temperatures accurately. Increasingly, conjugated CFD approaches are being used where both the fluid 

environment and the solid part of the Turbine aerofoil are being solved for using the same CFD solver. 

In-engine validation of cooling designs is provided by thermal paints, which are used to assess both 

internal and external component surface temperatures. Laboratory interpretation of painted 

components taken from dedicated test engines is increasingly supplemented with in-engine boroscope 

paint assessment, thus providing additional validation data. Nickel-based superalloys have come to 

dominate the high temperature stages of the gas turbine engine, from the high pressure compressor 

through the combustor and turbine stages to the exhaust outlet. The success of these materials is due to 

their unique combination of mechanical strength and resistance to oxidation and corrosion at elevated 

temperatures. Two components which have driven the development of the nickel-based superalloys are 

the high pressure turbine blade and disc. 

The high pressure turbine blade sits in the harsh environment behind the combustor and rotates at high 

speed in order to extract energy from the high temperature gas stream. It is required to withstand 

centrifugal loads of up to ten tonnes while operating at temperatures several hundred degrees in excess 

of the melting point of the alloy. Operation in this environment makes severe demands on both the 

A) B) 

C) 
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mechanical properties and environmental stability of the blade system and is only possible through the 

close integration of design, materials and manufacturing. Figure 14 shows the development of  the 

high pressure turbine blade system (material, cooling, coatings) over the last few decades. A step 

change in temperature capability was realised through the introduction of directional solidification 

(DS), eliminating transverse grain boundaries, a source of weakness in a creep dominated application. 

 

Figure 14: Development of HPT blade system Turbine inlet temperature capability 

It was then a natural progression to the complete elimination of grain boundaries via single crystal 

(SC) casting, and the continued drive for more temperature capability has led to successive generations 

of alloy with ever more exotic alloying additions. 

With increasing blade operating temperatures, the intrinsic resistance of the metal to environmental 

attack is no longer sufficient. Protective coatings are therefore required to provide a thermal barrier 

and/or impart the necessary oxidation and corrosion resistance, see Coatings. The net effect of all the 

advances in blade technology outlined above, coupled with alloy development, has been to increase 

metal temperatures by approximately 300°C over the last 50 years: this figure can be doubled when the 

delta temperature to the gas stream itself is considered, giving an idea of the cooling effectiveness of 

the modern systems.  

Turbine discs operate at lower temperatures than blades, as they are not in the direct gas path exiting 

the combustor, however, they must attain the most stringent levels of mechanical integrity. The 

development of disc alloys has traditionally been driven by the requirements of the high pressure 

turbine disc. The consistent objective is a hotter disc with an equivalent cyclic life, requiring highly 

alloyed, higher strength materials. Traditionally the manufacture of turbine discs has been via a cast 

and wrought route. However, for advanced nickel-based superalloys with high alloy contents 

segregation at the ingot stage becomes problematic. The solution has been to move to a powder 

processing route involving the atomisation of a molten stream of metal in an inert atmosphere. The 

resultant rapid solidification and fine powder size restricts segregation. Consolidation is then achieved 

by hot isostatic pressing (HIPping), followed by extrusion to provide a fully dense billet for subsequent 

isothermal forging. 
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Components produced with a single microstructure throughout invariably result in a trade-off in design 

and/or component life because of the relationship between various critical mechanical properties and 

grain size. Therefore, further temperature capability and weight optimisation is achieved by producing 

dual-microstructure components, whereby a fine grain size is retained in the lower temperature bore 

region to maximise tensile and fatigue strength, whilst the hot rim of the disc is selective coarse grain 

to enhance creep and fatigue crack growth resistance. By selectively developing this coarse grain 

microstructure the temperature capability of the alloy is improved by up to 30°C. Aero engine 

technology acquisition is a long term investment, and the fact that the RR1000 disc alloy programme 

(now used in Trent 1000 and Trent XWB engines) for dual micro-structure took about 20 years might 

serve as a good illustration. 

3.2.1 TURBINE TECHNOLOGY DRIVERS AND KEY CHALLENGES  

As stated already the increase of the peak cycle temperature for cycle efficiency and fuel burn is one of 

the key drivers for turbine technology, especially as there is the requirement to allow the cycle 

temperature to rise whilst maintaining or reducing cooling air consumption. Thus, minimising parasitic 

air consumption (cooling and leakage flows which are not contributing to direct cycle benefit), is the 

second major challenge for turbine design. One key element of this is to optimise the High Pressure 

Turbine blade tip sealing concept and the tip clearance control throughout the flight cycle. 

Key enablers, in addition to the effective use of technology demonstrators and variety of civil and 

defence engine development programmes are: 

 High degree of aerothermal and mechanical toolset calibration to improve fidelity of predictive 

capability  

 Sophisticated 3D design capability (fully -featured 3D design of gas path components, with full 

modelling of  sealing and leakage flows also to minimise c/a heat pickup) 

 Advanved management of system interfaces between compressor & combustor and combustor 

& turbine 

 Full exploitation of robust design methods for multi-point optimisation through the life cycle of 

the engine 

3.2.2 TURBINE COOLING 

Cooling turbomachinery components is not a new activity, but it is technically demanding. There is 

still no standard configuration which can sensibly be used in all circumstances. Cooling and the 

prediction of temperature is needed throughout the machine.  There are few parts of the machine which 

do not experience changes of temperature during the operating cycle, and these usually result in 

displacements, thermally induced stresses and material property changes which need to be assessed if 

the design life is to be achieved at minimum cost and weight.  The engine outer casings have carefully-

designed cooling systems used to control blade tip clearance via casing thermal expansion.  The 

transient heating of a disc has a big impact on its life, as well as on clearance of its various seals. 

While temperature predictions are needed throughout the machine, the majority of the cooling design 

effort goes into the turbine aerofoils and combustor.  Aircraft gas turbine engines tend to have higher 

gas temperatures than other turbines, and have weight as a much more important design criterion.   

The combustor cooling is helped by the low Mach number needed to sustain a flame which results in 

relatively low heat transfer coefficients.  There has also, traditionally, been a large amount of air 
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introduced through the combustor walls to control the burn, so the gas temperatures close to the walls 

can be kept fairly low.  This has resulted in the use of relatively simple cooling techniques, despite the 

very high temperatures and strong radiation in the early part of the combustor core. More recent 

combustors tend to have less “spare” air as mean air-fuel ratio has risen and pollution requirements 

have become more stringent, but the cooling is still somewhat less demanding than for the turbine 

aerofoils.  The heat flux density is half to one third of the turbine level despite the higher radiation 

input.  This lower heat flux density is equivalent to having higher metal conductivity, and there is more 

space available. The discussion which follows will therefore concentrate on aircraft gas turbine cooled 

aerofoils. There will be some discussion of the effect of the chosen engine operating cycle on the 

choice of cooling system. 

There has been a long history of increasing turbine entry temperature, see figure 14. Materials 

improvements and cooling improvements have contributed to this. Beside the significant improvement 

of base material capabilities from equiax to 5
th

 generation single crystal, the development of modern 

thermal barrier coatings (TBC), and advanced cooling methods enabled today’s cycle temperatures in 

modern large bypass ratio engines. This illustrates that cooling plays a large part in allowing the 

increase. Cooling technology development therefore plays a vital part in global technology acquisition 

programme of Rolls-Royce. There are three main types of cooling used in gas turbine blades; 

convection, film, and transpiration cooling [6]. They do have different flow consumption and 

effectiveness, see figure 15. Convection cooling utilises cooling air passing through passages internal 

to the blade. Heat is transferred via conduction through the blade and thereafter by convection into the 

air flowing inside of the blade. A large internal surface area is necessary for this method, so the 

cooling paths tend to be serpentine and full of small fins, or turbulators. Impingement cooling is often 

used on certain areas of a turbine blade, such as the leading edge, whilst normal convection cooling is 

used in the rest of the blade. The second major cooling technology is the so-called film-cooling, which 

works by pumping cool air out onto the blade surface through small holes in the blade. This air creates 

a thin film (layer) of air on the surface of the blade, protecting it from the high temperature air. The 

cooling air holes can be in many different blade locations, but they are most often along the leading 

edge and the pressure side. The injection of the cooler bleed air into the flow reduces turbine efficiency 

because of mixing losses.   

    

Figure 15: a) typical HPT cooling arrangement and b) Cooling effectiveness of different cooling types. 

The third type of cooling is transpiration, or effusion cooling, and it is similar to film cooling, in that it 

creates a thin film of cooling air on the blade, but it is different in that that air is leaked through a 

porous wall (shell) rather than injected through holes. This type of cooling is effective at high 

temperatures as it uniformly covers the entire blade with cool air. Future developments of cooling 
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technologies tend to make use of complex combinations of the above techniques and are used in all 

sorts of demonstrator and rig programmes.  This goes concurrent with a need for more capable and 

reliable manufacturing techniques, which e.g. allow the direct manufacture of heat-transfer-enhancing 

internal features, or cascaded impingement in internal cooling schemes. Examples for these new 

concepts are technologies such as: Topology optimised internal impingement cooled blades and dual 

wall cooling; Contra flow internal cooling designs for HP blades and optimised effusion & 

transpiration cooling technology. 

 

4. ADVANCE ENGINE ARCHITECTURE 

For the new Advance core architecture to deliver maximum fuel efficiency and low emissions, some 

changes to the core architecture are undertaken. As all Rolls-Royce large civil engines, this core still 

takes advantage of the extra degree of freedom in our 3 shaft architecture by redistributing the 

workload between the intermediate and high pressure shafts. Pushing more compression work on to 

the high pressure spool results in higher efficiency, delivered by a core with an OPR of more than 60:1 

– which will be the highest ever in a commercial turbofan. Key technologies, such as Ceramic Matrix 

Composites and Carbon Titanium Fan blades and compressor blisks will allow for fewer part and 

lower weight. Figure 7 shows the key technologies incorporated into the ADVANCE concept, which 

we will explain in the following in more detail. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Key technology strands for the ADVANCE engine concept (and benefit category) 
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Carbon Composite-Titanium Fan Systems 

All Rolls-Royce Trent engines feature a wide chord SPFDB (Super Plastically Formed Diffusion 

Bonded) titanium blade which has proved itself in millions of service hours to be a lighter and more 

efficient solution than the first generation of composite blades.  Clearly, one would only decide to 

move away from this proven and efficient existing Fan-System, if the replacement would be more 

efficient and lower weight. So, engines of the future will see increased bypass ratios and fan diameters 

– in simple terms engines will get physically bigger.  As engines get bigger, the weight of the fan 

system will increase and so it becomes imperative that we identify ways to introduce new, lighter 

materials but with no loss of overall engine efficiency. Thus, the advance engine concept will feature 

our new CTi Fan System – CTi standing for the Carbon and Titanium that forms both the fan blades 

and the fan casing - delivering improved propulsive efficiency at the lowest possible weight. A 

significant weight saving of around 500-800 lb per engine can be achieved. The Development of the 

CTi fan system’s unique automated manufacturing system is well advanced. The technology already 

successfully completed some of the crucial bird strike and blade-off tests that are required to prove that 

the CTi fan system can withstand the rigours of the real world. 

 

 

 

     

Figure 16: Composite CTi (Carbon/Titanium) Fan demonstrator ALPS (view from front) and flight test 

in autumn 2014 (on the Rolls-Royce owned Flying test bed in Texas, USA) 

 

Low NOx Combustor 

The low NOx system ALECSYS has been explained quite detailed in the earlier chapters and 

consequently only the basics will be explained here. Currently there are 2 competing low NOx 

combustion technologies. Rich quench Lean (RQL) or Lean burn. RQL has been at the heart of 

conventional combustion technology for many years and is therefore very mature. Lean burn by its 

name burns fuel on the lean side of stoichiometric thus does not traverse the high stoichiometric, high 

NOx  producing zone. Running lean brings challenges at low power running due to the lean conditions, 

this means that piloting has to be used to improve operability.  

 

Light & efficient turbo-machinery components 

In the main compressor and turbine modules, significant technology introduction such as new and 

more effective secondary air systems  are introduced, which allow for maintaining relative cool disc 

environment. Bladed disc (Blisk) technology on several Intermediate and high pressure compressor 

stages as well as 3
rd

 generation high lift technology for the turbines allow for optimum blade counts. In 

addition, within the hit section, advanced cooling technologies and materials, such as ceramic matrix 

composites (CMC) will be used. CMC technology is a key contributor to future engine 

competitiveness due to its higher temperature capability than nickel superalloys, which reduces the use 
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of air for cooling, and through reduced component weight from its lower density. CMC components 

are formed from woven layers of continuous silicon carbide (SiC) fibre, laid up in tooling to form the 

required shape, and then surrounded by a ceramic matrix. An environmental barrier coating protects 

the component from reaction with steam in the gas flow. Provided that they are sufficiently strong, 

CMCs are ideally suited to turbine seal segments, vanes, blades and combustors. Rolls-Royce has 

researched ceramics materials since the 1980’s and successfully used them in engine applications (e.g. 

Trent 800 segments), but at the time were hindered by very slow and costly manufacturing techniques. 

Based on recent advances in manufacturing, we have deliberately increased our efforts and made 

significant progress in the technology over the last few years, with experience gained on US research 

and technology programmes as well as the Environmentally Friendly Engine (EFE) demonstrator will 

allow for minimum parasitic air consumption and weight, both enhancing fuel efficiency significantly 

(>1 to 2%) of the overall engine. 

 

Adaptive technologies 

Smart adaptive systems are used throughout the new engine concepts, including an advanced turbine 

tip clearance control system that will continuously monitor the engine in operation and act accordingly 

to minimise fuel burn at any stage of the flight cycle. Also, an adaptive cooling system that modifies 

the levels of cooling flows to the levels required throughout the engine flight cycle to improve fuel 

burn. This system relies on switched vortex valves to operate. This new type of valve allows for 

changes in cooling air delivered to the hot section without having to rely on any moving parts, solely 

by fluidic technology a change in air delivery is achieved. 

 

Advanced materials and seals 

A suite of sealing solutions to achieve the optimum solution throughout the engine is incorporated into 

the new architecture, comprising of an optimum mix of traditional labyrinth seals, air riding carbon 

seals as well as advanced leaf seals. In combination with advanced design algorithms for thermal 

matching this sealing technology will improve engine fuel burn significantly by improving the air and 

oil system efficiency. The use of advanced materials in the bearing area, such as hybrid ceramic 

bearings for lower oil consumption and durability is a further step towards oil-less engines. In addition 

to this, the advanced materials in the hot section which enable the high OPR cycle and reduced fuel 

burn, do include dual microstructure alloys, new turbine materials and coatings, as well as the already 

mentioned Ceramic Matrix Composites (CMCs) for e.g. turbine segments and vanes.  

For the high pressure spool, a next generation disc material is a key contributor to future engine 

competitiveness as the alloy’s higher temperature capability enables improved thermodynamic 

efficiency. This is required for future high bypass ratio architectures and cycles in which the overall 

pressure ratio and compressor exit temperature (T30) are raised above existing Trent designs.   

The current generation of powder nickel disc alloys has taken over 20 years to develop and to achieve 

service readiness. This is due to the extreme difficulties in producing seemingly conflicting 

requirements of strength and damage tolerance in safety-critical HP disc rotors at very high 

temperatures, up to 750°C, and under high loads.  Powder technology is a critical materials capability, 

which has enabled compressor and turbine disc temperatures to rise in Trent engines by over 70°C 

from an initial capability of 680°C. The next generation disc material will be a powder nickel alloy 

capable of operating at up to 780-800°C. In additional to damage tolerance and strength, this alloy will 

also need to show greater resistance to environmental damage and corrosion without a coating. The 

key initial step is to determine the composition of the alloy that will be taken through the extensive 

materials and component validation programme.  Finally, new high torque density for advanced shafts 

allows for an optimization of the discs (especially in the turbine domain) by keeping relatively 

speaking the bore hole diameters necessary for the accompanying of lower pressure spools at optimum 

levels. 
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Advanced controls, monitoring and electrical systems integration   

There are a number of activities currently underway looking at advanced controls, future Equipment 

Health Monitoring (EHM), electrical systems technology and improved airframe / engine systems. A 

short description of the vision for future systems and integration and outlines the potential benefits are 

given here.  The key areas included are in the nearer term an integrated Engine Health Monitoring 

(EHM) technology package to significantly enhance service predictability and reduced maintenance 

burden and cost as well as advanced electrical system demonstration programme. In the medium term 

strategic activities are: 

 

 Optimised thermal management across systems (oil, air, fuel and power systems) 

 Closer integration with airframers regarding systems and controls 

 Advanced control methods: condition based control; deterioration management; tune ability 

 Closer integration of control and EHM – use of lower integrity systems where appropriate and a 

new architecture to support this 

5. ULTRAFAN™ 

Next-generation turbofan engine designs for commercial transport aircraft seek higher bypass ratios 

(BPR) and lower fan pressure ratios for improved fuel burn and reduced emissions and noise, 

increasing fan bypass stream propulsive efficiencies. Also, significant cabin noise benefits can be 

achieved by potentially avoiding buzz-saw noise, reducing fan broadband and rotor stator interaction 

noise, and enabling steeper take-off profiles due to additional thrust capability for the air craft by 

reduced Fan-speeds [5]. The UltraFan
TM

 builds on the core architecture and technologies of the 

Advance with the incorporation of a geared IP and variable pitch fan system. In addition a further 

enhanced suite of new technologies will be incorporated into the UltraFan
TM

 engine, including: 

 

• A variable pitch fan systems  

• A slim line nacelles 

• A power gearbox 

• A multi-stage IP system 

• Cooled cooling air  

• Further use of advanced materials 

 

 

The variable pitch CTi fan system is a lightweight composite fan system that includes the next 

generation of our CTi fan blade and a composite casing and an embedded externals system to deliver 

further weight savings. The addition of the variable pitch system allows the fan blades to be rotated to 

maintain optimum performance throughout the flight cycle whilst enabling the removal of the thrust 

reverser from the nacelle. The fully integrated slim line nacelle will be a truly slim line nacelle enabled 

by the removal of the nacelle thrust reverser thereby providing improved efficiency from reduced 

weight and drag. The power gearbox to allow for the decoupling of Fan and driving IP Spool will be a 

lightweight and high efficiency power gearbox and heat management system to enable a low speed fan 

system to be coupled with a high speed IP system (compressor and turbine). Enabling both systems to 

run at their optimum speeds. The new, multi stage IP turbine system will comprise of a high efficiency 

multi stage IP turbine capable of driving both the IP compressor and fan systems.  

 

To allow for the high overall pressure ratio and consequently compressor delivery air temperatures 

well above 1000 Kelvin the incorporation of cooled cooling air as a system that pre cools the engines 

cooling air to enable further efficiency benefits and improved component lives in the hot section is 
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essential. It is evident from this, that also the use of more advanced materials, cooling and broader 

application of CMCs to enable an even higher OPR cycle and further fuel burn reduction is necessary. 

 

 

Figure 17: The UltraFan
TM

 engine concept and it’s key technology strands 

 

6. COMPREHENSIVE DEMONSTRATION 

Demonstration of technologies and new engine architectures ahead of programme launch is essential 

as intelligent innovation will only apply fit for purpose technology that gives the right balance of 

reward versus risk for customers. As a key aspect in ensuring this our next generation engines are 

backed up by numerous technology programmes, system rigs and demonstrators. With four of our 

most significant engine demonstrator programmes being: 

1. The LP system (ALPS) flight test demonstrator programme focuses on lightweight and high 

efficiency CTi fan and low pressure turbine systems, and will ultimately flight test these 

systems. 

2. The combustion system (ALECSYS) flight test demonstrator programme focuses on advanced 

combustion systems, with primary emphasis on the lean burn combustor at an overall engine 

level, and will ultimately flight test this full system. 

3. The Advance Core technologies (EFE) core demonstrator programme focuses on delivering 

lean burn combustor technology, high temperature and high efficiency turbine technology.  

4. The Advance Core architecture (ADVANCE) engine demonstrator programme focuses on 

validating the core architecture at the heart of our next generation engines. 
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The Trent 1000 forms the donor engine for the ALPS, EFE and ALECSYS demonstrators. With the 

Trent XWB the donor engine for the Advance demonstrator. By using our latest engines to prove out 

these technologies, we benefit from the wealth of knowledge and understanding generated in their 

EDPs which have utilised the latest analysis and testing capability. Between them, these demonstrators 

and others will cover the breadth of our next generation Advance engine, with the additional enabling 

technologies of the UltraFanTM being proven through an extensive rig testing programmes to validate 

key systems before whole engine demonstration: 

 The UltraFanTM demonstrator (UFD) flight test programme focuses on validating the 

UltraFanTM engine and will ultimately flight test the enabling systems. 

Together all of these demonstrator programmes prove new technology at a full systems and engine 

level to de-risk the technology before it is introduced into service. This ensures that new technology is 

only introduced when the balance between risk and reward for both Rolls-Royce and the operators is 

achieved. It’s about the technology buying its way on at systems and ultimately an engine level at the 

right time for the customer. 

7. ENABLING TECHNOLOGIES AND CAPABILITIES 

Aerothermal Excellence  

Product performance is the ultimate differentiator in the market place. Next to high temperature 

materials our aero-engine product performance is almost solely driven by our capability to innovate, 

design and realise engine-modules which make most efficient use of the working gas; this is called 

excellence in aerothermal design. Attention to detail is key for this design capability, and it needs to be 

continuously updated and improved in terms of methods, tools, people and technology. In recent years 

Rolls-Royce has started the aerothermal excellence programme to enhance this key enabling strand. 

Over the last decade, fuel burn improvement of aero engines averaged about 1% per annum. As 

already laid out, the engine overall pressure ratio will continue to grow, making core engines smaller, 

which will increase the importance of physical scale, leakage flows and part tolerances. At the same 

time, adaptive engine concepts (e.g. operational compressor surge margin control) and the need for 

environmental performance will continue to grow. Aerothermal excellence enables more innovative 

designs exploiting better understanding of complex physics modelled to the highest possible level, and 

allow tighter tolerances to be achieved to minimise parasitic losses such as leakages. It improves the 

scalability of our designs from one thrust level to another. Benefits are: 

 Increased aerodynamic efficiency and environmental performance via better understanding and 

exploitation of physics, innovation in adaptive designs 

 Improved engineering productivity via better tools (right first time) and reduced time to market via 

scalability 

 

 

Virtual Engine Design capability 

Current practice in product development is to design, build and then adapt the product to achieve 

product specifications. With high performance computing (HPC) capacity growing rapidly around the 

world, the vision to design and validate product specifications in the computer is closer to becoming 

reality. This vision will be realised through a Virtual Engine design system that will produce highly 

accurate simulations of the whole system behaviour. Today, engineers typically run design and 

analysis software on computers with between 8 and 64 CPU’s (called ‘cores’ in the IT world). More 
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complex simulation to date run on 10,000 HPC cores, and takes a few weeks of non-stop running to 

complete the simulation of e.g. one fan blade-off event. Next steps will be to utilise the potential of the 

largest computers in the world which have over 1 million HPC cores running in parallel. 2 years ago 

Rolls-Royce launched a programme to increase its access to HPC capacity and develop the complex 

virtual engine models and design systems required to run on it. This also involves the development of 

simulation software to match the computer chip capability for efficient parallel running on thousands 

of cores. The programme is now entering into the next phase to deliver improved capability and 

fidelity ahead of the next large engine development programme to be used on these designs. As 

engines become more complex the  fidelity of our modelling needs to also increase so that we can take 

risk out of development programmes, shorten time to market and save cost by doing more pre-work 

and not re-work. Design and validation in the computer will enable many design iterations to be tested 

in the virtual world. This allows any problems to be discovered earlier in the process, therefore 

reducing iterations later in the programme when the design is committed to hardware and the cost and 

time of change are much higher. 

8 CONCLUSION 

The Paper describes key technologies and engine architectures leading to low emissions, low fuel 

consumption products in the large civil aircraft engine market. Examples are key new product lines of 

Rolls-Royce as well as technology demonstrators. Emphasis is on the engine architecture, the 

utilisation of advanced core engine and low pressure system technologies, aerothermal considerations 

for compressors, turbines and air system, combustion, material & sub-system technologies. Building 

on an earlier contribution by the authors on hot-end technologies [8] a comprehensive review of the 

important technologies in the new engine concepts ADVANCE and UltraFan
TM

 and how these 

technologies enable innovative whole engine architectures is given. Reducing aero engine emissions 

and fuel burn is of vital strategic importance to Rolls-Royce, driven by tightening legislation, customer 

demands and competitive pressures. Large investments are being made in the combustion and controls 

technology needed to reduce NOx levels by at least 50%, relative to conventional technology. Low 

emissions and advanced temperature capability are a major goal of the EFE (Environmentally Friendly 

Engine) demonstrator programme as well as the European Clean Sky initiative.  

The demonstrator section of this paper reviews the current engine architectural demonstration 

consideration of Rolls-Royce.  
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