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Summary 

Civil air transportation has undergone significant expansion over the past 
decades and is continuing to grow. Nevertheless, the tendency of energy 
depletion and the severe environmental problems yield challenges in its 
further development. To mitigate the climate impact of civil aviation, the 
Advisory Council for Aeronautics Research in Europe (ACARE) has set 
ambitious objectives for the year 2050 to reduce the CO2 emission by 75% 
per passenger kilometre, the NOx emissions by 90% and the perceived 
noise emission by 65% relative to the capacities of aircraft operating in the 
year 2000.  

The conventional approach of increasing Bypass Ratio (BPR), Overall 
Pressure Ratio (OPR), and Turbine Inlet Temperature (TIT) to improve the 
cycle efficiency, and thereby reducing the fossil fuel consumption and the 
associated emissions is unlikely to meet the ACARE goals. Moreover, the 
high OPR and TIT aggravate the NOx emissions for a given combustion 
technique. A novel multi-fuel hybrid engine for a Multi-Fuel Blended Wing 
Body (MFBWB) aircraft conceived in the “Advanced Hybrid Engine for 
Aircraft Development (AHEAD)” project brings to light promising solutions 
in this regard.  

The multi-fuel hybrid engine is a turbofan engine with the following 
added components: a Contra-Rotating Fans (CRF) system, two sequential 
combustors burning different fuels simultaneously, and a Cryogenic Bleed 
Air Cooling System (CBACS). The CRF can sustain the non-uniform flow 
ingested from the boundary layer of the airframe. The first combustor is the 
main combustor, where the Liquid Hydrogen (LH2) or the Liquid Natural 
Gas (LNG) is burnt to reduce CO2. The second combustor, Interstage 
Turbine Burner (ITB), is located between the high pressure and the low 
pressure turbine burning kerosene or biofuel in a Flameless Combustion 
(FC) mode. With the thermal energy provided by different fuel sources, the 
volume required to store cryogenic fuels is less; meanwhile, the FC 
technique is beneficial to reduce NOx. By introducing the CBACS, LH2 or 
LNG is used as a coolant to cool down the bleed air.  

According to fuel combinations, the hybrid engine is classified as LNG-
kerosene version and LH2-kerosene version, where kerosene might be 
replaced by biofuel. By defining an “ITB energy fraction” as the ratio of the 
energy input of the ITB to the overall energy consumed, the fuel flow rates 
of two combustors are controlled. Using the developed model framework, 
the characteristics of the hybrid engine are studied and summarized in the 
following three aspects:  
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Potentials of the ITB engine cycle 

The sequential combustor configuration of the hybrid engine forms a reheat 
cycle. By distributing the energy into two combustors, the heat addition to 
each combustor decreases; therefore, the TIT is lower. Consequently, the 
turbine cooling air and the associated loss in the turbine efficiency reduces. 
Moreover, the NOx produced from the upstream combustor dissociates 
again in the ITB, which helps to lower the overall NOx emissions. These 
remarkable features are appreciable when the OPR and BPR are forced to 
continuously increase, which causes a substantial increase in the TIT of a 
classical engine. A turbine with very high inlet temperature has to be cooled 
substantially. Eventually, the gain in cycle efficiency might be canceled by 
the loss in the turbine efficiency. Moreover, when the TIT is increased 
beyond 1800 K, the NOx exhibits an exponential increase. Hence following 
the evolution of the engine technology, the reheat cycle would be an option 
for the next step.  

Characteristics of the multi-fuel hybrid engine 

The features of the hybrid engine have been explored from various aspects. 
The isobaric heat capacity of the combustion products from LNG and LH2 
is higher than that from kerosene, which is beneficial to the thermal 
efficiency. Using LNG and LH2 as a coolant, the bleed air temperature 
reduces substantially (maximum by more than 500 K), thereby, the turbine 
cooling air mass flow rate decreases by half. Moreover, the increase in fuel 
temperature is favourable to enhance the thermal efficiency. The hybrid 
engine has been optimized at cruise considering various ITB energy 
fractions. The optimized engine cycle is verified at critical operating points. 
The assessment of the standalone engine performance with baseline engines 
shows that the LH2-kerosene hybrid engine is superior to the LNG-
kerosene hybrid engine in terms of the cycle efficiency and the CO2 
reduction. However, the mission analysis shows conflicting results. Due to 
the stronger installation effect, the MFBWB together with the LH2-
kerosene hybrid engine scores lower, implying that the LNG-kerosene 
BWB would have the least climate impact. 

Operating strategy of the multi-fuel hybrid engine 

The operating strategy of the hybrid combustion system has been developed 
to enhance the steady state performance of the hybrid engine. The analysis 
exhibits that using an ITB is beneficial for the high pressure spool speed, 
the HPC exit temperature, and the HPT inlet temperature. However, the 
LPC surge margin and LPT inlet temperature conflict their limits as the ITB 
energy fraction increases. For the various thrust requirements at Sea Level 
Static (SLS) standard condition, a fuel control schedule together with a 
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variable bleed valve schedule is proposed. Moreover, another fuel control 
strategy is suggested for the flat rating at SLS. 
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Samenvatting 

De burgerluchtvaart is de afgelopen decennia aanzienlijk in omvang 
toegenomen en is nog steeds voortdurend aan het groeien. Desalniettemin 
blijven de neiging om de energievoorraden uit te putten en steeds ernstigere 
milieuproblemen uitdagingen vormen voor haar verdere ontwikkeling. Om 
het klimaateffect van de luchtvaart te beperken, heeft de Advisory Council 
for Aeronautics Research in Europe (ACARE) de ambitieuze doelstellingen 
gesteld om in het jaar 2050 de CO2-uitstoot met 75%, de NOx-uitstoot met 
90% en de geluidsoverlast met 65% te verminderen ten opzichte van een 
vliegtuigmotor uit het jaar 2000. 

Het is onwaarschijnlijk dat de gebruikelijke aanpak om de 
omloopverhouding (BPR), algemene drukverhouding (OPR) en turbine-
inlaattemperatuur (TIT) te verhogen ter vergroting van de efficiëntie van de 
verbrandingscyclus en daarmee het verbruik van fossiele brandstoffen en de 
bijbehorende uitstoot te verminderen, zal leiden tot het bereiken van de 
ACARE doelen. Bovendien hebben voor een gegeven verbrandingstechniek 
de hoge OPR en TIT een negatieve invloed op de NOx-uitstoot. Met 
betrekking hiertoe biedt een nieuwe multi-brandstof, hybride motor voor 
een multi-brandstof Blended Wing Body (BWB) vliegtuig, bedacht binnen 
het "Advanced Hybrid Engine for Aircraft Development (AHEAD)" project, 
veelbelovende perspectieven. 

De multi-brandstof hybride motor is een turbofan motor met de 
volgende extra componenten: een systeem van contra-roterende fans (CRF), 
twee opeenvolgende verbrandingskamers die verschillende brandstoffen 
tegelijk verbranden en een Cryogeen Bleed-Air koel systeem (CBACS). De 
CRF kan de non-uniforme instroming ten gevolge van de grenslaag van de 
romp weerstaan. De eerste verbrandingskamer, waar vloeibare waterstof 
(LH2) of vloeibaar aardgas (LNG) wordt verbrand om de CO2-uitstoot te 
verminderen, is de belangrijkste verbrandingskamer. De tweede 
verbrandingskamer, de Interstage Turbine Burner (ITB), bevindt zich tussen 
de hogedruk- en lagedrukturbine en verbrandt kerosine of biobrandstof in 
een vlamloze verbrandingsmodus (FC). Met de thermische energie die aan 
de verschillende brandstoffen wordt onttrokken is het benodigde volume 
om cryogene brandstoffen op te slaan kleiner. Daarnaast is de FC techniek 
gunstig voor het verminderen van de NOx-uitstoot. Door de invoering van 
CBACS wordt LH2 of LNG gebruikt als koelmiddel om de bleed-air af te 
koelen. 

Volgens de classificatie van brandstofcombinaties wordt de hybride 
motor geclassificeerd als LNG-kerosine en LH2-kerosine versie, waarbij 
kerosine zou kunnen worden vervangen door biobrandstoffen. Door het 
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definiëren van een "ITB energie fractie" als de verhouding van de 
energietoevoer van de ITB tot het totale vereiste energie, worden de 
brandstof-stroomsnelheden van twee verbrandingskamers gecontroleerd. 
Door middel van een grondig analyse-instrument, zijn de eigenschappen 
van de hybride motor bestudeerd en samengevat in de volgende drie 
aspecten: 

Potentieel van de ITB motorcyclus 

De sequentiële verbrandingsconfiguratie van de hybride motor vormt een 
her-verwarmingscyclus. Door het verspreiden van de energie in twee 
verbrandingskamers neemt de warmtetoevoeging van elke 
verbrandingskamers af, waardoor de TIT lager is. Zodoende nemen de 
benodigde hoeveelheid koellucht en het daarmee gepaard gaande verlies in 
turbine efficiëntie af. Bovendien zal de stroomopwaarts geproduceerde 
NOx opnieuw dissociëren in de ITB, waardoor de totale NOx-uitstoot 
afneemt. Deze opmerkelijke eigenschappen zijn opmerkelijk wanneer de 
OPR en BPR continu toenemen, wat een aanzienlijke verhoging van de TIT 
in een klassieke motor veroorzaakt. Een turbine met een zeer hoge 
inlaattemperatuur moet aanzienlijk afgekoeld worden. Uiteindelijk zou de 
winst in efficiëntie van de cyclus tenietgedaan worden door het verlies in 
turbine-efficiëntie. Bovendien vertoont de uitstoot van NOx een 
exponentiële groei wanneer de TIT hoger is dan 1800 K. Dientengevolge 
zou de her-verwarminscyclus een optie kunnen zijn voor de volgende stap 
in de evolutie van motortechnologie. 

Kenmerken van de multi-brandstof hybride motor 

De eigenschappen van hybride motoren zijn onderzocht vanuit 
verschillende perspectieven. De isobare warmtecapaciteit van de 
verbrandingsproducten van LNG en LH2 zijn hoger, wat gunstig is voor de 
thermische efficiëntie. Het gebruik van LNG en LH2 als koelmiddel 
verlaagt de bleed-air temperatuur aanzienlijk (ten hoogste met meer dan 
500 K), waardoor het massadebiet van de koellucht van de turbine met de 
helft afneemt. Daarnaast is de stijging van de verbrandingstemperatuur 
gunstig voor de thermische efficiëntie. De hybride motor is geoptimaliseerd 
voor kruiscondities met inachtneming van verschillende ITB energiefracties. 
De geoptimaliseerde motorcyclus is geverifieerd op kritieke werkpunten. 
De beoordeling van de prestaties van de losstaande motor ten opzichte van 
referentiemotoren toont aan dat de LH2-kerosine hybride motor superieur is 
ten opzicht van de LNG-kerosine hybride motor met betrekking tot de 
cyclusefficiëntie en de CO2-reductie. Echter, de missieanalyse blijkt 
tegenstrijdige resultaten te geven. Als gevolg van de sterkere invloed van 
het installeren van dit type motor scoort de multi-brandstof BWB samen 
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met het LH2-kerosine hybride motor lager, hetgeen impliceert dat de LNG-
kerosine BWB de minste impact op het klimaat zou hebben. 

Operationele strategie van de multi-brandstof hybride motor 

De operationele strategie van het hybride verbrandingssysteem is 
ontwikkeld om de prestaties van de hybride motor in stabiele toestand te 
verbeteren. De analyse toont dat het gebruik van een ITB een gunstige 
uitwerking heeft op de snelheid van de hogedrukspoel, de HPC 
uitlaattemperatuur en de HPT inlaattemperatuur. Echter, de LPC surge 
marge en LOT inlaattemperatuur hebben conflicterende limieten als de ITB 
energiefractie toeneemt. Voor de verschillende stuwkrachteisen onder Sea 
Level Static (SLS) ISA-condities is een brandstofcontroleschema, samen 
met een schema voor de variabele ontluchter, voorgesteld. Daarnaast is een 
andere brandstofregelstrategie voorgesteld voor de flat rating bij SLS. 
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Chapter 1 Introduction 

As the world population continuously expands and the urbanization becomes more 
rapid in many developing countries, a rapid growth in civil aviation is to be expected. 
The growth in aviation on one hand implies more fuel to be required, on the other 
hand, aggravates the climate impact of the air transportation. Therefore, the 
imperatives for the future commercial aviation would be to develop more fuel 
efficient and more sustainable civil aviation. 

1.1 Air-traffic growth and challenges in aviation 

Over the last decades, the aviation industry has undergone significant expansion 
along with the strong growth of the world economy. According to the report from 
the Air Transport Action Group (ATAG) [1], the number of passengers has more 
than doubled since the mid-1980s, whereas, the freight traffic has increased by 
almost three times on a tonne-kilometre performed basis. The jet-powered aircraft 
has proven itself as an essential way of traveling. The efficiency of moving people 
and goods has enabled it to be integrated successfully into the modern society. As 
the world population increases, and the urbanization becomes more rapid in many 
developing countries, air traffic is likely to grow further. The aircraft manufacturers 
have predicted that the world civil aircraft fleet would more than double by 2031[2]. 
This scenario draws attentions on climate effects of aviation.  

In 1999, the Intergovernmental Panel on Climate Change (IPCC) published a 
report under the title of “Aviation and the global atmosphere”. It was the first time 
the IPCC reported an assessment of climate effects for a specific industrial subsector 
[3]. Lee et al. have also discussed the aviation and global climate change in the 
literature [4, 5]. Aircraft emit gasses such as carbon dioxide (CO2), nitrogen oxide 
(NOx), water vapor (H2O), and particles (soot). Scientific understanding tells that 
these emissions can directly or indirectly alter the concentrations of greenhouse 
gasses in the atmosphere, including carbon dioxide (CO2), ozone (O3), and methane 
(CH4). Furthermore, water vapor can form condensation trails (contrails), and might 
also produce extra cirrus clouds. The synthetic consequence of these variances 
ultimately influences the radiation balance of the earth, aggravating global warming. 
Although aviation only shares a little portion of all the pollutants formed due to 
anthropogenic activities, as the air traffic grows further the emissions from aviation 
can no longer be ignored. 

To reduce the climate impact of aviation, the Advisory Council for Aeronautics 
Research in Europe (ACARE) has set ambitious objectives for the year 2050 with an 
aim to reduce CO2 emission by 75%, NOx by 90% and noise by 65% in reference to 
an engine operating in year 2000 [6]. Moreover, emission standards set by 
International Civil Aviation Organization (ICAO) for engine certifications are also 
becoming stricter. As a result, a sustainable air transport system is highly required.  
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1.2 Development of sustainable aviation  

According to the previous discussions, one of the imperatives for the future 
commercial aviation would be reducing its climate impact, namely, reducing the 
aircraft emissions. Different emission species are subject to distinguished factors. 
For instance, carbon dioxide (CO2) is a product of combusting hydrocarbon fuels. 
Therefore, an efficient aircraft-engine integration system having lower fuel 
consumption is beneficial to reduce CO2 emission. Moreover, the application of 
fuels containing less or no carbon also contributes to lower CO2 emission. The NOx 
emissions are formed under rather complicated circumstances and are dependent on 
miscellaneous factors, e.g. the engine cycle parameters, the chemical reaction 
mechanism, the combustion technique, etc. Since each of the factors is coupled, the 
evaluation in NOx emission is never a straightforward task.  

Development of civil aviation tends to follow the path of continuously making 
the aircraft more fuel-efficient and less noisy. Over the past 40 years, aircraft have 
been 20 decibels quieter [7] mainly due to the reduction in jet noise[8]. The fuel 
efficiency has been improved by 70%, among which the majority (40%) has been 
due to the engine technology advancement and the remaining (30%) has been 
realized by the advancement in aircraft aerodynamics, aviation structures, 
lightweight material, passenger density, etc. This can be observed from Figure 1.1. 
Therefore, an efficient engine would be highly appreciated. 

 

Figure 1.1: Fuel efficiency of the air transportation (Figure source: 
http://www.grida.no/publications/other/ipcc_sr/?src=/climate/ipcc/aviation/avf9-

3.htm ) 

Historically, efficient propulsion has been realized by improving the engine 
efficiency. This is achieved by the continuous increase in the component efficiencies, 
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Chapter 3 introduces initiatives of the multi-fuel hybrid engine concept. Firstly, a 
Multi-Fuel Blended Wing Body (MFBWB) is elaborated on. Afterward, the 
fundamental requirements of the MFBWB propulsion system are discussed. 
Accordingly, a multi-fuel hybrid engine concept is conceived. The multi-fuel hybrid 
engine is a classical turbofan engine with several additional components: 1) a 
contra-rotating fans system; 2) a multi-fuel sequential combustion system, of which 
the second combustor is an Interstage Turbine Burner (ITB). 3) A Cryogenic Bleed 
Air Cooling System (CBACS).  

Chapter 4 describes the model framework comprehensively. The entire model 
consists of four modules: 1) an engine performance module; 2) a CBACS module; 3) 
an emission prediction module; 4) an optimizer module. The engine performance 
module is developed using Gas turbine Simulation Programme (GSP). To improve 
the quanlity of predicting the engine performance, an in-house turbine cooling 
module is implemented. The core element of the CBASC is a Cryogenic Heat 
Exchanger (CHEX), with which the effects of using cooled bleed air on the turbine 
cooling requirement can be assessed. The in-house emission prediction module has 
been developed for a conventional RQL combustion technique and the hybrid 
combustion system separately. For the conventional combustion, a multi-reactor 
network has been created using Cantera’s reactor networks. Depending on the 
structure of the network, the fuel surrogates, and the input parameters, the exhaust 
gas compositions can be predicted. Whilst, the emission prediction tool for the 
hybrid combustion system has been specially developed by the research group in 
TUDelft within the AHEAD framework. Chemkin® has been selected for modeling. 
The optimizer is constructed using MATLAB® optimization tool. The modules 
developed in this chapter can be flexibly activated to execute different tasks. 

The analysis in chapter 5 is focused on the potential of the reheat cycle as the 
next step in the evolution of civil aircraft engines. The engine performance module, 
the emission prediction module and the optimizer in chapter 4 are implemented. An 
ITB turbofan having very high BPR, OPR, and TIT is created. To realize the very 
high BPR, a geared driven fan system will have to be applied. Fuels injected into 
two combustors are kerosene. Parametric analysis is firstly performed within a full 
range of the cycle design parameters. Accordingly, a proper design space can be 
defined to optimize the ITB engine cycle at cruise condition. The energy added to 
the ITB is controlled and indicated by various ITB energy fractions. Finally, the 
performance and the NOx emissions of the reheat cycle are assessed on an 
imaginary baseline Geared Turbofan engine optimized at the same state-of-art 
technology level.  

The characteristics of the multi-fuel hybrid engine are analyzed in chapter 6. 
Based on the engines studied in chapter 5, replacing the kerosene in the first 
combustor by LNG or LH2, two hybrid engine models, i.e. an LNG-kerosene hybrid 
engine and an LH2-kerosene hybrid engine, are formed. Firstly, parametric analysis 
has been performed to understand the effects of the alternative fuels and the CBACS 
on the engine performance. Furthermore, the hybrid engine is optimized at cruise 
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and verified at different critical operating points. Various ITB energy fractions are 
considered. The standalone engine performance and emissions (mainly CO2 and 
H2O) are evaluated on three baseline engines representing the evolution of engine 
technologies. Furthermore, a mission analysis is performed to assess the installed 
performance of the hybrid engine.   

Chapter 7 is devoted to exploring the operating strategy for the hybrid engine. 
The first part of this chapter is to develop a fuel control schedule at the SLS ISA 
condition on various thrust requirements. To protect the LPC surge margin from 
violating its limit, a Variable Bleed Valve (VBV) schedule is also suggested at lower 
thrust setting. In the second part, the flat rating at SLS is performed for the hybrid 
engine. Accordingly, a different fuel control schedule is proposed. 

Eventually, the conclusions are drawn, and recommendations are presented in 
Chapter 8. 
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Chapter 2 Evolution of aero-engine technology 

The history of gas turbines can date back to the beginning of 20th century when a 
British engineer, Sir Frank Whittle and a German scientist, Hans von Ohain, 
independently developed a gas turbine for aircraft propulsion. Also, in the same 
period, the first gas turbine for power generation was operational in 1939 in 
Neufchateau, Switzerland. Ever since the exploration of gas turbine designs in the 
different parts of the world has never stopped.  

 

Figure 2.1: Sir Frank Whittle and his engine (Source: 
http://www.solarnavigator.net/inventors/frank_whittle.htm, 24 March 2015) 

The aspiration to make engines stronger, lighter and more efficient has occupied 
scientists and engineers for decades [10]. Since the world's first jet engine was tested 
successfully, the aircraft propulsion has undergone the great evolution from the 
simple turbojet engine followed by the low bypass turbofan engine to the high 
bypass turbofan engine until the current very high bypass engine. The improvements 
in aircraft engine technologies have contributed significantly to the overall fuel burn 
reduction of the fleet [11]. Many of the design and manufacturing process 
innovations are responsible for this tremendous progress. 

There are three categories of parameters often considered as criterions to evaluate 
the improvement of engine technologies. The first group includes engine design 
parameters: BPR, OPR, and TIT. Limits of these parameters define the design space 
of an engine. The second category is cycle dependent parameters, i.e. the thermal 
efficiency, the propulsive efficiency, and the overall efficiency. These parameters 
exhibit the quality of a given cycle. Furthermore, there are also constraints, which 
are boundaries of each engine operating condition. These constraints are due to 
thermal limits, mechanical limits, and emission limits. This chapter attempts to 
provide an overview of the technology improvement associated with various 
parameter categories. 

This is where and how it all 
started! 
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2.1 Gas turbine engine cycle 

The fundamental working principle of a gas turbine is to convert chemical power 
into mechanical power through a Joule-Brayton cycle. The working process can be 
described by a T-S diagram as can be seen in Figure 2.2. The air is firstly 
compressed by a compressor (C) to increase its pressure. Then the pressurized air 
enters into a combustion chamber (B) where the chemical power is added in the 
form of fuels. Ultimately, the hot gas is expanded by a turbine (T) to convert the 
chemical energy into the mechanical power. The solid line represents an ideal 
working process, whereas, the dashed line represents a real working process. 
Analysis of both processes can be found in texts on gas turbine theory [12].  

 

Figure 2.2: T-S diagram of a Joule-Brayton cycle. 

The performance of the real working process differs from that of an ideal process 
for various reasons. 

1) The compression and expansion processes are not adiabatic and reversible, 
hence leading to an increase in entropy. 

2) The fluid friction and heat addition cause pressure losses in the combustion 
chamber, ducts, and heat exchanger if applicable. 

3) Incomplete combustion results in a loss. 

4) The exhaust gas at high temperature leads to heat loss  

5) The exhaust gas having high velocity contains residual kinetic energy in the 
jet wake. 
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These various losses occurring in different processes are visualized using a 
Sankey Diagram in Figure 2.3. If deducting different forms of losses described 
above, only a minor portion of the total chemical power (approximately 40% in a 
modern civil aircraft engine) is converted into the mechanical power. To assess the 
performance of a real gas turbine cycle, different efficiencies are introduced.  

 

Figure 2.3: Sankey diagram of jet engine power 

2.2 Performance evaluation criterion 

The focus on developing commercial aircraft engines has changed from the question 
of whether it can safely fly an aircraft to whether it can economically and 
sustainably fly an aircraft. The objective of making an engine more fuel efficient and 
more environmental friendly becomes increasingly desirable. The engine fuel 
consumption is associated to three criterions, the thermal efficiency, the propulsive 
efficiency, and the total efficiency (a product of the thermal efficiency and the 
propulsive efficiency).  
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parameters differs accordingly. As far as a commercial turbofan engine is concerned, 
it is common practice to use the BPR, the TIT, and the OPR as design parameters. 

2.3.1 Bypass Ratio  

The BPR defines the ratio of the air mass flow rate through the engine bypass to that 
of the core. In the turbofan engine, the thrust is produced by propelling a large 
amount of the inlet air through the bypass at a lower velocity. The aim of such 
engine configurations is to improve the propulsive efficiency hence reducing the 
TSFC. Moreover, the jet noise decreases substantially because of the lower jet 
velocity. From Figure 2.4, one can observe that the BPR has increased substantially 
from 4 at the early 1970s until very recently close to 10. Moreover, with the very 
recent Geared Turbofan by Pratt & Whitney [15], the BPR can even reach 12.  

 

Figure 2.4: Improvement of the engine bypass ratio. 

As the BPR constantly increases, the drawbacks become more prominent. 
Increasing the BPR not only increases the engine size and the associated drag but 
also slows down the rotational speed of the Low Pressure (LP) spool. Consequently, 
the Low Pressure Turbine (LPT) coupled on the LP shaft rotates slower as well, 
leading to an increase in the number of LPT stages for a given power output, thus 
increasing the engine weight.  
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2.3.2 Overall Pressure Ratio 

The OPR is the ratio of the stagnation pressure at the exit of the High Pressure 
Compressor (HPC) to that at the inlet of the fan. The thermal efficiency of an engine 
cycle is proportional to the OPR. In Figure 2.5, it can be observed that the OPR of 
commercial turbofans has been more than doubled over decades. The OPR of recent 
engines has reached 45 even towards to 50 and above. According to the latest engine 
technology, it is very likely that the OPR will reach 60 shortly. 

 

Figure 2.5: Improvement in the overall pressure ratio 

Although a higher OPR is beneficial to increase the thermal efficiency, the 
compressor exit temperature and pressure are higher as well. On one hand, with the 
hotter air, the amount of air bled off for turbine cooling becomes higher, which 
penalizes the thermal efficiency. On the other hand, a large amount of research 
conducted by combustion engineers has proved that the NOx emission is 
proportional to the compressor exit pressure and temperature [16, 17]. Therefore, the 
high OPR tends to increase the NOx emission unless if an advanced combustion 
technique is used. A statistics of historical NOx emission measured data from ICAO 
is presented in Figure 2.6. In this figure, all the sample engines are classified 
according to their in-service periods. The tendency of increasing the NOx emission 
against the OPR is explicitly illustrated. A step change mainly due to the 
improvement in the combustion technology from one period to another is also 
observed. Moreover, at the bottom of the figure, a solid line is drawn to represent the 
expected NOx emission for the year 2050 proposed by ACARE. Following the 
current technology development trend, it would be very unlikely to meet this 
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Figure 2.7: Trend of turbine operating and metal temperature (Figure reproduced 
by data from Rolls-Royce: The jet engine). 

To summarize the preceding discussions, the thought of improving the engine 
efficiencies to reduce the TSFC has encountered its bottleneck. Figure 2.8 gives an 
overview of this perspective. Attention should be paid to the tendency of the 
parameter behavior rather than values indicated on the grids. One can see that the 
variations are restricted by several lines, which have been drawn beforehand. Taking 
the thermal efficiency as an example, the factors limiting the improvement in the 
thermal efficiency have become the NOx emission rather than the achievable OPR 
and TIT. Moreover, the propulsive efficiency can be improved through increasing 
the BPR, which makes the engine bigger and heavier, aggravating installation 
penalties. Hence, it is not practical to constantly enlarge the engine BPR. 
Accordingly, the engine propulsive efficiency is limited. 

The classical approach to improving the economic efficiency of commercial 
aircraft is becoming less effective. The stringent reduction goals in aircraft 
emissions have introduced more challenges. Alternative solutions are advocated to 
satisfy the new requirements.  
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Figure 2.8: Variation of the specific fuel consumption versus thermal and propulsive 
efficiency [18]. 

2.4 Alternative solutions  

The alternative solutions to further improve the cycle efficiency and to reduce the 
emissions can be considered from the following two aspects: innovations in engine 
architectures and alternative fuels.  

2.4.1 Innovative engine configurations 

Various innovative engine architectures have been conceived to overcome 
restrictions imposed by the conventional approach. Among all the candidates, four 
representative architectures are discussed here. They are the Geared Turbofan (GTF), 
the Open Rotor concept, the Intercooled and Recuperated Aero-engine (IRA), and 
the Interstage Turbine Burner (ITB) turbofan engine. 

2.4.1.1 The geared turbofan engine  

To enable the further increase in the BPR, a geared driven fan concept has been 
conceived and investigated for about two decades. Conventionally, the fan is 
connected with other LP components via the identical shaft, hence rotating at the 
same speed. As the BPR increases, the fan diameter becomes bigger, and the 
corresponding fan tip speed is higher. Therefore, the fan tip noise increases. To meet 
the regulation rule in jet engine noise, the fan rotational speed has to decrease as the 
BPR increases, which restricts the LP spool speed. 






























































































































































































































































