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ABSTRACT: Greenhouse gas emissions, contrails and artificially induced cirrus clouds are the
principal pollutants from air traffic which contribute to the anthropogenic global warming. Recent
climate assessments have stressed the importance of contrails and aviation induced cirrus clouds.
They might contribute more than all other aircraft emissions combined. Revolutionary technologies
will contribute to accommodate the increasing demand in air transport at a sustainable level. In this
paper, a novel propulsion concept is presented with the intention to provide greener propulsion for
future aircraft. It is based on gas turbine technology, derived from the intercooled and recuperated
engine concept. Exhaust water condensation is facilitated inside the engine to avoid the formation
of contrails in the plume. Particles and aerosols are being scavenged from the exhaust gases during
condensation. The condensed water is redirected into the combustor to mitigate NOy emissions via
water injection technique. The new concept allows higher thermal efficiencies than conventional
designs to cut back greenhouse gas emissions. It is concluded that significant advances in heat ex-
changer technology are required to make this concept feasible.

1 INTRODUCTION

There is evidence that anthropogenic greenhouse gas emissions have an impact on the Earth’s radia-
tion budget and cause a long term increase in the Earth’s mean surface temperature. Air traffic pol-
lutants are placed in the upper atmosphere where their impact is different. Water vapour and aerosol
emissions are responsible for the formation of persistent contrails and cirrus clouds, both causing a
net heating of the Earth’s atmosphere. The steady state response in the Earth’s mean surface tem-
perature due to a certain pollutant can be related linearly to its radiative forcing (RF). There is the
potential that the RF from persistent contrails, contrail cirrus, secondary cirrus and cirrus cloud
modification exceeds the RF of all other emissions from air traffic combined (Sausen et al., 2005).

Early jet engines suffered from poor component efficiencies, restricted turbine inlet temperatures
and low achievable pressure ratios. This had a deteriorating effect on the fuel economy of early
models. The advent of advanced combustor technology, high component efficiencies, new materi-
als, blade cooling techniques, higher pressure ratios thanks to multi spool arrangements, and large
bypass ratios caused significant advances in engine performance. There is still potential for further
improvements in fuel economy considering conventional engine architecture. However, these im-
provements take place on a system level and are becoming increasingly difficult to achieve. The
theoretical limit for thermal efficiency is 60%, whereby a stoichiometric turbine entry temperature
(TET) and an overall pressure ratio (OPR) in excess of 80 are considered (Green, 2005). The theo-
retical limit for propulsive efficiency is 92.5% which represents an open rotor configuration. This
approach stays in conflict with NOy emission standards and will cause an increase in contrail cover
due to the increase in overall efficiency. However, revolutionary changes in engine design can lead
to further significant advances in engine fuel economy and environmental compatibility.

* Corresponding author: Frank Noppel, Cranfield University, Bedfordshire, MK43 O0AL, UK. Email:
f.g.noppel@cranfield.ac.uk
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2 RATIONALE

The following requirements are set for a novel engine concept: significantly increased thermal effi-
ciency, a reduction in water vapour, soot and aerosol emissions to avoid the formation of contrails
and cirrus clouds, and low NOy emissions. The engine weight should not offset engine performance
improvements. Although theoretical approaches which utilise fuel cells and similar mechanisms
may be feasible (Alexander et al., 2002), they require significant deviation from current gas turbine
practice. Hence, it would be more desirable to provide a practical solution with respect to existing
gas turbine technology which operates with any available hydrocarbon based fuel.

The novel concept presented herein is based on the intercooled and recuperated engine cycle in a
two spool arrangement as shown in figure 1(b). A substantial improvement in thermodynamic work
potential can be realized by combining intercooling and exhaust regeneration. The intercooler is a
heat exchanger placed between the low pressure compressor (LPC) and high pressure compressor
(HPC). The flow on the cold side of the intercooler is usually bypass air. Intercooling reduces the
work required for the compression of the air in the HPC. The hot gases leaving the low pressure
turbine (LPT) are used to heat the pre-combustor air in the recuperator, so more heat is used to gen-
erate useful work.

Contrails form in the exhaust plume of an aircraft if saturation with respect to water occurs dur-
ing the mixing process of the exhaust gases with ambient air. Considering current engine architec-
ture, they form more likely with increasing overall engine efficiency (Schumann, 2000). Hence, fuel
burn and contrail formation are in conflict with each other. The formation of contrails would not
occur for low exhaust water content at relatively high temperature. Water could be removed from
the exhaust if the temperature after the LPT is sufficiently reduced to provoke water condensation
within the engine. This can be accomplished with an intercooled and recuperated cycle in a novel
arrangement. Therefore, the flow exiting the recuperator is further cooled by applying an additional
heat exchanger: the condensation stage. For a sufficiently low temperature, this will cause conden-
sation of the exhaust water within the engine. Condensation occurs also on particles and aerosols
contained in the exhaust. This effect can be utilized to provoke particle and aerosol scavenging in-
side the engine. The water from the condensation stage can be stored on the aircraft or released into
the atmosphere in liquid or ice phase for precipitation. A fractional part of the condensed water is
redirected into the combustor to suppress the formation of NOy through water injection. The dry
and cold air leaving the condensation stage is used to chill the compressor air in the intercooler.
This causes an increase of the flow temperature of the core exhaust. Because contrails are less
likely to form with increasing exhaust temperature, it has the effect of further reducing the potential
for contrail formation.

1 (9]

O I 0O O

LPT HPC cC LPT

B S

Figure 1: novel concept (a) vs. intercooled recuperated engine cycle (b)

Figure 1(a) shows the flow schematic of the novel engine concept. Compared to the ordinary in-
tercooled and recuperated cycle, the major differences are that the conventional intercooled recu-
perated cycle works with bypass air on the cool side of the intercooler whereas in the novel concept
bypass air is used in the condensation stage and the intercooler operates with core air on both sides.
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Figure 2: engine stations on a phase diagram of water

Figure 2 shows the water partial pressure on a phase diagram of water for different stations within
the engine and in the plume. The water partial pressure in the flow exiting the hot side of the con-
densation stage is determined by the water saturation pressure at the flow temperature. In this study,
the water saturation pressure is calculated from Flatau et al., 1992. Whereas static flow tempera-
tures and pressures are considered for the stations within the engine, stagnation properties relative
to the atmosphere frame of reference are considered in the plume. Mixing is assumed to take place
adiabatically and isobarically. The two exhausts, the core exhaust and the exhaust from the cold
side of the condensation stage, are assumed to mix prior to the mixing with ambient air. The actual
mixing line represents the mixing of the mixed exhausts with ambient air. Furthermore, figure 2
shows also the critical mixing line, which is a tangent to the water saturation pressure line originat-
ing from the ambient state of the atmosphere. Together with the actual mixing line, it is used for
contrail prediction. If the actual mixing line is below the critical mixing line, contrail formation is
not facilitated. This is because contrails only form if the actual mixing line surpasses the region for
which water is present in the liquid phase in a phase diagram (Jensen, 1998). Additionally, the theo-
retical mixing line is shown. It represents the mixing line of the mixed exhaust with ambient air if
no dehumidification took place. Originating from the ambient state of the atmosphere, its slope is
calculated from (Schumann, 2000)

c El
Gtheo. = : ne pa (1)
(1 _no)qnetw

where c;, is the specific heat capacity of air, Elnoo 1s the water emission index for a certain fuel, p, is
the ambient static pressure, 1 is the overall engine efficiency, g is the fuel net calorific value and
o is the molar mass ratio of water to air. The actual mixing line and the theoretical mixing line are
identical if water condensation is not facilitated within the engine.
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3 CYCLE STUDY

A cycle study has been carried out for performance prediction and to comprehend the system be-
haviour. To this end, a performance model, a standard atmosphere model and a contrail prediction
model were linked together. The performance model considers a thermodynamic cycle as shown in
figure 1(a) delivering shaft power to drive a fan or a propeller. The propulsive efficiency is not
taken into account in the calculations. The cycle is solved so that the exhaust exiting the cold side
of the intercooler matches ambient velocity and does not produce a propulsive force. The cooling
air exiting the cold side of the dehumidifier produces a propulsive force due to its increase in mo-
mentum. Even though it is small, it is taken into account when calculating the overall thermal effi-
ciency. The design variables are engine overall pressure ratio, turbine inlet temperature and the ra-
tio LPC pressure ratio to HPC pressure ratio (R). Isentropic compressor efficiencies are assumed to
be 0.88, turbine efficiencies are assumed to be 0.92, nozzle and inlet efficiencies are assumed to be
0.99. The combustor total pressure loss is assumed to be 4%, heat exchanger total pressure losses
are assumed to be 5% for each side. These component efficiencies and pressure losses represent ad-
vanced technology levels. The water content of the flow exiting the condensation stage is deter-
mined by its static temperature and pressure. Therefore, the flow Mach number through the heat ex-
changer was assumed to be 0.1 for all calculations. All calculations are carried out assuming
constant fluid properties. Ambient conditions are determined by the cruise altitude using the ISA
standard atmosphere model and specifying ambient relative humidity with respect to ice.

A commercially available optimisation algorithm was used for cycle optimisation. The ratio of
the actual mixing line slope to the critical mixing line slope (G/G.it) acts as an indicator of whether
contrail formation is facilitated or not. Values above 1 imply contrail formation whereas values be-
low 1 imply no contrail formation. The ratio of the actual mixing line slope to the theoretical mix-
ing line slope (G/Gueo.) 1s used to predict whether condensation takes place inside the engine. The
ratio can only have values of 1 or below. Values below 1 imply that water is removed from the ex-
haust; a value of 1 implies the opposite. Furthermore, the temperature differences between the inlet
and outlet for each side of the heat exchangers are calculated. The cumulative of the maximum
temperature differences (ATyg) is used as an indicator of the overall size of all heat exchanging de-
vices.

With a fixed value of TET and OPR, the cycles were optimised for maximum thermal efficiency
(NMthermat) Varying R. The considered values for TET are 1700K to 2000K and for OPR are 19 to 49.
Flight conditions are 10000m altitude at Mach 0.8 with an ISA temperature deviation of OK. Three
levels of ambient ice supersaturation are taken into account: 100%, 130% and 150%. The effective-
ness of all heat exchangers is assumed to be 90%.

Although condensation of water within the engine is facilitated for all cycles considered, the wa-
ter content is not low enough to avoid the formation of contrails'. Both exhaust water content and
thermal efficiency are dependent on R. Therefore, the objective function was modified to give
G/Gerit, for G/Gerie>1 and —Nhermar for G/Gerir, <1. This resulted in the optimisation algorithm mini-
mising G/Gyit. to obtain a cycle facilitating contrail avoidance and optimising for maximum thermal
efficiency. Cycles optimised for contrail avoidance are not operating at maximum achievable ther-
mal efficiency anymore and the value for ATyg increases. Figure 4 shows the change in nthermal
and ATyg for RHi=100% and RH;=150% compared to cycles optimised for maximum thermal effi-
ciency only. For the spaces left out, the performance calculation did not converge and no solution
exists. The thermal efficiency for the cycles optimised for maximum thermal efficiency only is in
the range between 0.56 and 0.65. Efficiency penalties are more severe if higher ice supersaturation
is considered during optimisation and for larger OPR’s. The same is true for ATg.

Considering a cycle with TET=2000K, OPR=31 and ISS = 150%, the thermal efficiency of the
cycle optimised for contrail avoidance is about 0.64. Assuming a propulsive efficiency of 93%, the
overall engine efficiency becomes 0.6. This is still well above the maximum theoretical achievable
efficiency of engines with conventional architecture.

' It would be facilitated for sufficiently low OPR’s and TET’s
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Figure 4: changes in Merma and ATy compared to cycles optimised for Nenerma only

Further results are shown in figure 5 on a specific fuel consumption (SFC) - specific work (Wj)
chart and ATug - G/Gueo. chart. An ambient ice supersaturation of 150% is considered. It is desir-
able to choose a cycle with low specific fuel consumption and high specific work output to reduce
the size of the turbomachinery. This can be achieved with high TET’s and low OPR’s. However,
high values of TET and low values of OPR imply relatively large values of ATy which is not de-
sired. Water condensation occurs inside the engine for all considered cycles because the ratio
G/Gineo <1 1n all cases.
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Figure 5: cycle study results of the new engine concept optimised for maximum Mgpema and contrail avoid-
ance considering 150% ambient ice supersaturation

4 NOx REDUCTION

A reduction in primary zone temperature can be achieved through water injection into the combus-
tion chamber. A water flow rate 2 times the fuel flow rate can reduce NOy emissions by up to 80%
(Lefebvre, 1983). The feasibility of water injection has been demonstrated by Daggett, 2004. Liquid
water from the condensation stage would provide water for injection into the combustion chamber.
The water content in the flow between the combustor and condensation stage will increase until part
of the water is drawn off from the condensation stage. Drawn off water can either be stored on
board the aircraft or released into the atmosphere for precipitation. The novel engine concept allows
any desired water flow rate into the combustor.
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5 FURTHER CONSIDERATIONS

Heat exchanger size is predominantly dependent on heat exchanger effectiveness and the desired
temperature change. The cycles respond with an increase in ATyg to a decrease in heat exchanger
effectiveness’. A relatively high effectiveness in the condensation stage is crucial in order to
achieve a low temperature within the engine that facilitates water condensation. This temperature is
within the ambient temperature range, so the temperature difference between the flows that exit the
condensation stage at the core side and enter at the bypass side is relatively small. Hence, it can be
concluded that advanced heat exchanger technology in terms of heat transfer, weight, and pressure
loss is essential for the feasibility of this concept. Super conducting heat transfer material is being
investigated and similar materials could be available in the future (Qu, 2000).

Because the required temperature in the condensation stage is determined by the temperature at
which water condensation occurs, a reduction in water saturation pressure would cause a reduction
in the required temperature difference. A reduction in water saturation pressure could be achieved
applying curved surfaces within the heat exchanger (Kelvin effect). Fluid properties could be
changed applying exhaust seeding in order to activate condensation surfaces and reduce the partial
pressure at which condensation occurs.

6 SUMMARY AND FINAL REMARKS

A novel propulsion concept is proposed which exhibits significantly reduced emissions, in particu-
lar CO,, NOy and water vapour, soot and aerosols to avoid the formation of contrails and aviation
induced cirrus clouds. It is intended to encourage the aeronautical community to further discuss this
concept or develop other concepts with similar purposes.

This novel concept can operate at higher thermal efficiency than current designs and the forma-
tion of contrails is avoided. This is achieved by combining the advantages of heat exchangers in
terms of performance improvement and to enforce water condensation inside the engine. A reduc-
tion in NOy emissions is achieved through water injection. Any water to fuel ratios are theoretically
achievable and water injection could take place during the entire journey.

We conclude that the feasibility of the cycle depends on the available future heat exchanger
technology. The results of this study are based on a cycle study where mechanical issues are not ad-
dressed. It is intended to further investigate this propulsion concept using a comprehensive aircraft
and engine model.
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ABSTRACT: The increasing knowledge in atmospheric sciences and modelling has started to en-
able the environmental assessment of aircraft emissions. Aeronautical engineering must therefore
begin to consider the atmosphere in future aircraft design. Aviation being a complex business with
many different stakeholders, both configurational and operational design solutions for minimum
atmospheric impact have to be evaluated for real flight operations. This paper presents a methodol-
ogy providing a systemic structure for such evaluations. Two-stage operations illustrate this meth-
odology as an example that incorporates both configurational and operational aspects. The method-
ology highlights the fact that, in a global operational context, there remains a large gap between
theoretical benefits and actual performance.

1 INTRODUCTION

Civil aviation is confronted with increasing public attention concerning its impact on the environ-
ment. Whereas noise has been the principal cause of anxiety since the early years of commercial air
transport, air quality around airports and climate change have only been considered more recently.
The aviation business is very complex, since many different stakeholders — authorities, air traffic
control (ATC), airlines, airports, aircraft and engine manufacturers — have to satisfy their respective
needs and contribute to a safe and economic means of transport for leisure and business passengers.

When it comes to reducing the aviation’s environmental impact, each of the contributors is asked
to evaluate his part of the story and to undertake any reasonable effort of mitigation. Aircraft and
engine manufacturers have achieved large increases in fuel efficiency over the last decades, which,
apart from the economic interest, have reduced the environmental impact. Today, it appears that
other stakeholders still have large potentials to further mitigate the impact of aviation on the envi-
ronment. According to Lufthansa German Airlines, ATC improvements could allow for a reduction
of 8 % to 18 % of fuel consumption over Europe and, military airspaces still cause substantial de-
viations leading to a higher fuel burn (Lufthansa, 2006). Yet, reducing the impact on climate change
still remains a task of the aircraft designer.

The contribution of aviation to climate change was estimated at around 3.5 % of the global an-
thropogenic radiative forcing for the year 1992 in the IPCC Special Report (Penner et al., 1999).
This impact is determined by the quantity, type and location of engine exhaust gas emissions. These
parameters are mainly, though not exclusively, determined through the design of an aircraft and its
engine. Whereas non-optimal flight routing, holding patterns and other extra-fuel-consuming events
are difficult to account for in aircraft design, as they are difficult to predict, the scheduled flight
network is well defined and can therefore be interlinked with the design process for new aircraft
(i.e., along with other parameters such as need for specific ranges and/or capacities). This linkage is
particularly important when it comes to evaluating the atmospheric impact of an aircraft concept.

* Corresponding author: Regina Egelhofer, Technische Universitit Miinchen, Lehrstuhl fiir Luftfahrttechnik,
Boltzmannstr. 15, D-85747 Garching, Germany. Email: egelhofer@tum.de
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The methodology presented here provides a systemic superstructure for the evaluation of the at-
mospheric impact of an aircraft concept, embedded in global operations, and thus prepares for its
optimisation for minimum contribution to climate change. Two-stage operations are assessed in this
regard, as concrete example for atmosphere-compatible design approaches. This example will also
highlight operational implications of such approaches for “environmental” aviation.

2 RELEVANCY OF THE ENVIRONMENT IN AVIATION

The protection of the environment has influenced the development of the aviation system for a long
time. In the public arena, aviation is well appreciated by business and tourists on the one side,
strongly analysed and criticised on the other side. Aircraft have become far more fuel-efficient
through advances in lightweight structures, the reduction of aerodynamic drag and more efficient jet
engines. Emission indices of nitrogen oxides (NOy) have been and are still being further reduced
with innovative combustor concepts and heat exchangers etc. (Egelhofer, in press). As fuel contrib-
utes to a significant extent to aircraft operating cost and as fuel prices continue to increase, the re-
duction of fuel consumption remains a major concern for future aircraft. The impact of an individ-
ual aircraft on climate change should thus continue to be reduced in future.

However, it is not the aircraft itself, but its operation that has an environmental impact, so that
the aviation system as a whole needs to be considered when evaluating the atmospheric impact of
an aircraft concept. Many different stakeholders have an impact on the “production” of each flight.

Airports Airlines ATC
Aircraft ; =
m Operatlons assengers
ificati - Environment
Certification Military

Figure 1. Relevant stakeholders of aviation

The consideration of the atmosphere in aircraft design turns out as a complex task as not only does
it involve the aircraft and engine manufacturers, but also airlines (business models, fleet planning),
airports (capacity, traffic management, environmental restrictions), Air Traffic Management (ATM)
and ATC (quality of flight routing, congestion), certification and even the military (restricted air-
spaces). Passengers are involved both by their personal requirements for a flight (e.g., desire for
convenience and speed and environmental consciousness) and by their behaviour during the flight
(e.g., an aircraft has to fly faster to catch up following delays caused by passengers arriving late,
and thus consumes more fuel).

Each of the issues referred above is interlinked directly or indirectly with aircraft design. The de-
sign engineer then has the difficult task of trying to handle many different and often contradictory
requirements, one of which is a minimum contribution to climate change.

3 DESIGN PROCESS FOR MINIMUM ATMOSPHERIC IMPACT

In current aircraft optimisation loops, noise starts being integrated as important requirement, even at
preliminary design level. As referred above, emissions are largely minimised in aircraft design
through the minimisation of fuel consumption, which also impacts on direct operational cost. An ef-
fective evaluation of aviation’s emissions’ impact on the atmosphere is undertaken only after at-
tempting to consider the complete problem and does not apply to a single aircraft type, but rather to
the global fleet.
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Figure 2. Current evaluation of the atmospheric impact of aviation: bottom up, no feedback.

Our approach embeds a new aircraft concept in a global fleet on a real route network. With a market
forecast and aircraft performance data, global emission scenarios are created. This process enables
the assessment of the various operational adaptations such as new flight altitudes or speeds, which
will result from the new aircraft concept. For the subsequent evaluation of the impact on the atmos-
phere, some atmospheric metrics and modelling will be included in the process as soon as these are
available. A sufficient reliability of the metrics is a prerequisite for their confident integration into
the design process. Varying aircraft parameters of the investigated aircraft concept enables a com-
parative study between the resulting emission scenarios and their respective atmospheric impacts.
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Figure 3. Design approach for minimum atmospheric impact, with feedback

For the application of the methodology for new aircraft, data for the future global fleet have to be
estimated, which necessitates sound support from market research. The comprehensive character of
the approach makes a proper organisation and setting up of parameters and methods essential. The
precision levels of all modules have to be synchronised and the consistency of the data has to be
guaranteed. Not only does a real integration of the atmospheric impact in aircraft design enable its
evaluation or minimisation, but it also enables tradeoffs with noise and local air quality, that tend to
foster other design solutions. The approach aims at contributing to a reasonable compromise of de-
sign parameters for economically viable, environmentally friendly and thus sustainable aircraft.
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4 TWO-STAGE OPERATIONS (TSO) AS EXAMPLE OF USE OF THE METHODOLOGY

Two-stage operations (TSO) reflect both operational and configurational advances in design and
were thus chosen as illustrative example of the methodology. For the time being, fuel burn (propor-
tional to CO; and H,O emissions) was chosen as metric for the atmospheric impact of aviation.

In steady flight, the thrust of an aircraft is equivalent to its drag, most of which is caused by the
aerodynamic lift of the aircraft. Consequently, an increased aircraft weight demands more thrust
and leads to higher fuel consumption. On longrange flights, aircraft use a lot of fuel just to transport
fuel. On the other hand, the takeoff procedure is very fuel-consuming. For each aircraft, a distance
for minimum fuel consumption per flown kilometre can be determined. In the example given in
Figure 4, the optimum stage length is 4300 km.

10.07
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9.6;
9.4%
0.2
9.0%
8.8;

8.6

Relative fuel consumption [kg/km]

8.4+
0

00 10000 15000
Distance [kml
Figure 4. Relative fuel consumption in kg/km for an example longrange aircraft

An approach to reducing the fuel consumption for longrange flights is to separate the flown dis-
tance into two or more stages (“two-stage operation” or “multi-stage operation”), of which each
length should be as close as possible to this minimum.

4.1 Theoretical fuel reduction potential with TSO

If the distance to be flown is only slightly longer than the optimum distance, a TSO may not save
fuel. The curve plotted in Figure 4 can be approached by a function of the type

y:ax+b+§ (1)

where x is the distance to be flown and y is the relative fuel consumption per flown kilometre. The
parameters a, b and c are chosen such that the curve is best estimated, e.g. for stage lengths between
300 km and 12,000 km. The potential relative fuel saving of a TSO is

_yl'xl+y2'X2 (2)

Z= ytotal X

total

where x; and x; are the lengths of the two stages, y; and y, are the respective relative fuel consump-
tions of the two stages and X, s the total distance with a total relative fuel consumption of yiota, if
flown in one flight. Considering that X, = X;+X; and equation (1), we get

2
7 = 2aX1 _ﬂ (3)
total
Dividing (3) by (1) gives the potential fuel economy e in percent:
6" 2ax; + 28X, X, —C 4

2
aXtotal + bxtotal +C

Plotting function e(Xta1,X1) shows for which total distances and which partial distances considerable
fuel savings can be obtained, if operating as TSO:
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Figure 5. Theoretical fuel economy for an example longrange aircraft with TSO in percent (isolines), de-
pending on the total distance (abscissa) and the shorter of the two stages with TSO (ordinate).

T
8000

4.2 Market share of TSO-capable routes

Considering a fuel saving of 2 % “interesting”, routes of more than 7200 km would be worth a TSO
with the considered example aircraft. In the global air traffic (OAG data from 2005), such flights
represent only 2.7 % of all annual flights by aircraft greater than one hundred seats, but 27 % of
available seat-kilometres (see Table 1).

Table 1. Theoretical maximum fuel economy operating in two stages with an existing longrange aircraft and respective
fractions of flights and available seat kilometres of the global traffic of aircraft with more than one hundred seats.

Theoretical Distance greater Fraction  Fraction
fuel economy  than [km] Flights ASK
0% 6100 4.2% 37%
1% 6600 3.4% 32%
2% 7200 2.7% 27%
4% 8700 1.5% 17%
6% 10,300 0.43% 5.5%
8% 12,300 0.05% 0.5%

This means that, despite the high fraction of “TSO-capable” routes in the global traffic of aircraft
with more than one hundred seats, operating the aircraft considered here on all flights above
6100 km at the respective optimum stage length, would theoretically save only around one percent
of the global fuel consumption.

4.3 Theoretical reduction potential with redesigned aircraft

A higher potential for savings could be attained, if aircraft were designed for shorter ranges. The
smaller fuel quantities needed would allow a lower structural weight of the aircraft. A lighter struc-
ture again leads to reduced fuel consumption (see 4.1), which feeds back into a reduced structural
weight. According to Green et al. (2005), an aircraft designed for 7400 km operating in stages on
current real routes would save 10 % in fuel burn compared to an aircraft designed for 14,800 km.
Compared to 4.1, this estimation allows for real routes. The theoretical potential of redesigning air-
craft would be higher:
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Figure 6. Variation of payload fuel efficiency with range and design range: swept wing kerosene-fuelled air-
craft (from Green et al. (2005), arranged by Hans Schnieder (2006))

As shown in Figure 6, the payload fuel efficiency of an aircraft designed for 5000 km on a 5000 km
leg would exceed the one of an aircraft designed for 15,000 km by almost 30 %. Of course, this
number cannot be generalised in real operations, as aircraft cannot be designed specifically for each
needed range, neither for each seat capacity (which is optimised, too, in Figure 6).

4.4 Impact of TSO on the atmosphere

In addition to the smaller quantity of emissions, TSO would lead to emissions at lower altitudes
compared to single stages. Concerning nitrogen oxides, this might reduce the radiative forcing of
such operations. In terms of condensations trails, the answer remains uncertain, as their radiative
forcing does not only depend on the altitude, but also on latitude, season and daytime of a flight.
Also, their radiative forcing has not yet been evaluated concludingly.

At low altitudes, especially beneath the atmospheric mixing height (~ 3000 ft), high thrust levels
at takeoff bring about high NOy emissions. Requirements from local authorities might limit the traf-
fic or induce design tradeoffs that lead to a higher fuel consumption in cruise flight, but lower NOy
emission indices at takeoff. This would adulterate the initial benefit of TSO in terms of atmospheric
impact. A profound assessment of the benefit of TSO for climate change would presume the inte-
gration of a reliable atmospheric model or metric in the loop.

4.5 Operational involvements and economic interest of TSO

The potential fuel savings presented in chapters 4.1 to 4.3 are theoretical. Several aspects would

counteract the benefit of TSO:

- Avalilability of appropriate airports: Even if an airport was available near the mid-range of a cer-
tain route, it is not sure it would be able to handle additional traffic, and that it has the necessary
infrastructure (runway strength, fuel supply, navigation aids etc.).

- Maintenance cost due to the higher number of flight cycles

- Additional landing and takeoff cycles affecting local air quality (see 4.4) and noise concerns, es-
pecially important at busy airports

- Organisational effort for airlines: crew management, airline subsidies at mid-way airports

- Less flexibility for airlines to choose routes, if aircraft are designed to lower ranges

- Value of time for the passenger: A full landing and takeoff cycle with refuelling takes one to two
hours, which might not be acceptable for many passengers, those with children, the old and those
paying high ticket prices (business passengers).

The overall economic interest of TSO, justifying the effort of severe modifications of the aviation

system, is impacted by all of the aspects mentioned above. TSO are interesting and applicable on

specific routes only, but cannot be considered a generally fuel-reducing measure today. An expan-
sion of such operations would presume substantial adaptations in the aviation infrastructure, espe-
cially at airports. The overall benefit of TSO depends essentially on the fuel price.



234 EGELHOFER et al.: On how to consider the Earth’s Atmosphere in Aircraft Design

5 SUMMARY AND CONCLUSION

A methodology to consider the atmospheric impact in aircraft design was presented. Two-stage op-
erations illustrated the interest in a systemic view of aviation in this regard. The approach high-
lighted the discrepancy between purely theoretical considerations and real flight operations.

For the evaluation of the benefit of a new approach in aircraft design and operations in terms of
climate change, it is necessary to have a good overview of both the different stakeholders of avia-
tion and the impact of aircraft engine emissions on the atmosphere. The methodology presented
here is an approach to allowing for the equitable consideration of aircraft design, market require-
ments, operational issues and the atmospheric impact. The interaction between aircraft design and
atmospheric impact can then be treated not only “bottom up”, but as a fully integrated analysis and
optimisation loop.

Increasing the complexity of the studied system and the required competences — from aircraft
engineering to atmospheric sciences — takes its toll on the precision of results. In order to get realis-
tic and meaningful conclusions, not only are comprehensive methods needed, but also scientific ex-
change between the respective specialists’ communities. Then the correctness of conclusions —
within a given precision — can be reasonably assured. The approach presented here proposes a
methodological platform for such an integration of both aircraft engineering and atmospheric sci-
ences.
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ABSTRACT: Contrails and the cirrus clouds they form may have a climate impact as large as that
of the CO, emitted by aircraft. One opportunity for reducing the climate impact of aviation could be
offered by in-flight adjustments to the flight profile to avoid regions of ice super-saturated air, to
prevent the formation of contrails.

We explore the potential operational impacts of such a policy, including the consequences for air
traffic management and the impact on emissions. The fast-time air traffic simulator RAMSPlus is
used to assess the feasibility of such an approach in areas with high air traffic density. The simula-
tions use a 1-day traffic sample for the UK to test the possible disruption associated with an im-
posed contrail avoidance zone with a diameter of 150 nautical miles and thickness of 1800 ft situ-
ated in the South East region. Three altitudes for the base of the contrail avoidance zone are
considered. This extended abstract considers the impact of zone avoidance on three sample flights.

1 INTRODUCTION

Contrails, and particularly the cirrus clouds which they can spread to form, are believed to be a sig-
nificant factor in aviation’s contribution to global climate change.

The scope for technological measures to reduce contrail formation is limited. Options to manipu-
late the radiative properties of the cirrus cloud formed may be possible (for example by increasing
the number of condensation nuclei in the exhaust, to result in more, smaller particles in the con-
trail), but at present the radiative consequences of such a measure are not well understood and the
impact on climate may well be increased. A more feasible alternative is to divert aircraft to avoid
regions in which persistent contrails form. For many years, this has been a strategy to preserve the
secrecy of military aircraft movements, but it may also have benefits for climate.

Fixed monthly altitude restrictions have been identified from the atmospheric conditions in
Western European airspace and air traffic simulations used to assess the potential impacts on both
fuel burn and on airspace (Williams et al., 2002). A follow-on study took into account shorter term
variability, using an efficiency based criteria to simulate application of altitude restrictions selected
every six hours based on atmospheric conditions in order to minimize the fuel burn penalties
(Williams and Noland, 2005). Both these studies were based on coarse (2.5°x2.5°) resolution global
atmospheric data and considered the application of maximum cruise altitudes across a large area
(the European 5 States region). Recent analysis of radiosonde data to identify ice-supersaturated re-
gions has suggested the mean vertical extent of these layers is 560m (Spichtinger et al., 2003). It
has been suggested that the thinness of these layers would provide scope for in flight adjustments to
cruise altitudes to avoid contrail formation in conjunction with a free-flight policy (Mannstein et al.,
2005). By incorporating real time information on local atmospheric conditions, this approach would
provide much more targeted adjustments in cruise altitude. This would reduce the fuel burn penalty
as only unnecessary altitude adjustments would be made, and the altitude change would be mini-
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Engineering, Imperial College London, Exhibition Road, London, SW7 2AZ, UK. Email: v.williams@imperial.ac.uk
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mised. However, from an airspace management perspective, the policy becomes more complex than
the monthly shifting region-wide maximum cruise altitude proposed in (Williams et al., 2002) or
even the variable policy in (Williams and Noland, 2005). These would both allow a limited number
of cruise altitude restriction scenarios to be applied and airspace configuration to be appropriately
designed for each. However, new air traffic control technologies expected in the future could de-
crease the difficulties associated with real time avoidance of contrail formation conditions
(Williams et al., 2006).

While flight adjustments to filed flight plans are not uncommon, for example to avoid convective
weather systems, a scheme of this nature for contrail avoidance would place an additional planning
and monitoring burden on both pilots and controllers. Some incentive-based scheme may also be
required for contrail avoidance to be effective. Airlines have always had an incentive to minimise
fuel consumption in order to keep costs low and to increase payload and range. Increases in fuel
costs have enhanced this pressure. Any policy to avoid contrail formation is likely to require diver-
sion from the fuel-optimising preferred route. The costs to airlines would be further increased if di-
versions were large enough to significantly impact on journey time. If the onus were placed on the
pilot to inform the controller of contrail formation conditions, then some incentive based scheme
such that the cost of contrail formation exceeded the fuel and time penalty would be required. In the
future, aircraft-based detection and reporting of contrail formation conditions could be automated
by linking humidity and temperature sensors to datalink systems, thereby transmitting atmospheric
data along with aircraft position and intent information to the air traffic controller and to other air-
craft in the vicinity.

Increasing cruise altitudes to fly above the contrail formation layer may also offer some benefit
but there are caveats. One is that some existing aircraft would not be capable of achieving these alti-
tudes; for those that are, additional fuel is required in the climb phase to achieve higher altitude.
Clearly, there would also be some contrail and cirrus cloud formation from aircraft flying through
ice-supersaturated layers during their climb to higher altitudes. Of greater significance for very high
altitude flights is the long lifetime of water vapour in the lower stratosphere. Although, in this re-
gion, condensation will not occur, there will be a radiative impact from the accumulation of water
in its vapour form.

2 METHOD

This study uses the RAMS fast-time simulation model to identify some of the characteristics asso-
ciated with the avoidance of contrail formation regions. We assume that contrail formation regions
are sufficiently stable to be designated as restricted airspace regions, with the designated region al-
lowed to persist. This simulation approach addresses both the changes in fuel burn and NOy emis-
sions from the altered flight trajectories and the airspace complexity issues associated with divert-
ing traffic into or out of highly congested routes to avoid contrail formation regions. It does not
address the additional pilot or controller workload associated with monitoring the changes in at-
mospheric conditions and identifying the extent of the contrail formation region to be designated for
avoidance.

The contrail formation region is defined within the model as restricted use airspace, exactly
analogous to the definition of military airspace. The region is centred over the heavily trafficked
south east region of the UK and is shown in Figure 1, which also shows the flight routes for the
control traffic sample. Three altitude scenarios were considered. The thickness of the avoidance re-
gion was set at 1800 ft and the base level is at 24000 ft, 29100 ft and 37200 ft for the LOW, MID
and HIGH simulations respectively. These altitudes are consistent with radiosonde observations
(Spichtinger et al., 2003). The horizontal extent of the avoidance region was 150 nautical miles,
consistent with aircraft observations of path length through ice supersaturated air (Gierens and
Spichtinger, 2000). As the simulator requires airspace to be defined as a set corners joined by
straight boundaries, the circular avoidance zone is approximated as a 16-sided polygon. Three
avoidance scenarios are considered for each altitude zone.
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3 TRAJECTORY CHANGES FOR SAMPLE FLIGHTS

For this initial presentation of results, 3 flights were selected for analysis. This allows the trajectory
adjustments imposed by the simulator to be explored. Figure 2 shows the trajectory adjustments
tested for each flight. Changes in emissions are summarised in Table 1.

3.1 Flight 1: Tenerife — Nottingham East Midlands

In the control simulation, this Airbus A320 aircraft crosses the contrail avoidance area at FL.250, so
travels through the low avoidance zone. The aircraft enters UK airspace to the South of the avoid-
ance zone, flying North East before completing a positioning manoeuvre to approach the runway at
Nottingham East Midlands from the North West (Fig 2, top). For the AROUND scenario, the diver-
sion in the simulation model is imposed so as to return the aircraft to its original planned route at
the earliest opportunity (i.e. to the first navaid on the original route falling outside of the avoidance
zone), rather than to optimise the trajectory. As such, the scenario gives an upper limit on the time
and emission increases incurred by flying around the region. These penalties could be reduced with
better routing optimisation. Similarly, in the UNDER scenario the aircraft returns to its initial cruise
altitude on leaving the avoidance zone, shortly before beginning descent. Further simulations are
required to determine whether the journey time and emissions penalties would be reduced by main-
taining the lower cruise altitude on exit from the avoidance zone.

At these low altitudes for this aircraft type, diverting the aircraft over the avoidance zone in-
creases the cruise speed and so reduces the journey time. It also reduces the fuel burn rate.

3.2 Flight 2:Athens — Manchester

This Boeing 737 flight crosses the avoidance zone from South East to North West in the control
simulation. At a cruise altitude of 30,000 ft. In the UNDER scenario, the aircraft returns to its initial
altitude before immediately beginning its descent to the airport. This requires an additional fuel
burn in the climb phase without the benefit of greater efficiency at cruise, so emissions will be
higher than if the aircraft were allowed to continue at the lowered avoidance altitude before de-
scending. The AROUND scenario for this flight route provides a more realistic diversion than that
offered for Flight 1, with the avoidance trajectory closer to the minimum distance required to avoid
the zone, leading to reduced penalties for journey time and emissions. For Flight 2, diverting over
the contrail zone reduces the cruise speed, increasing journey time and emissions.

3.3 Flight 3: Chicago — Frankfurt

Flight 3 is an over flight, crossing the UK in the cruise phase of flight, en route from Chicago to
Frankfurt. The aircraft is an Airbus A330. Journey time penalties for diverting either above or be-
low the avoidance zone are negligible, although emissions increase in both cases. Diverting around
the contrail zone yields a journey time penalty of almost 10 minutes, although as with Flight 1, this
represents an upper limit; better routing optimisation could reduce this substantially.

Table 1 Summary of changes in journey time and emissions of CO, and NO,. Percent emissions changes are shown as a
fraction of the total flight.

Flight Diversion Journey time CO, NO,
1 LOW Under +35s +0.2 % +0.5 %
Tenerife — Notting- Over -19s -0.1 % +0.1 %
ham East Midlands Around +296 s +2.0 % +1.7 %
2 MID Under +0s +0.1 % +0.3 %
Athens - Manchester  Over +24 s +0.05 % +0.2 %
Around +112's +1.1 % +0.9 %
3 HIGH Under +0s +0.5 % +1.0 %
Chicago — Frankfurt ~ Over +0s +0.4 % +0.6 %

Around +576 s +2.8 % +3.3%
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4 DISCUSSION

4.1 Technological developments

The technological requirements for monitoring and mapping the contrail formation regions, and
particularly for forecasting their future positions, are considerable, but systems could be based on
currently available technology. Best results for contrail reduction would be achieved using accurate
global satellite observations with high horizontal and vertical resolution of relative humidity and
temperature, but for humidity particularly, this data is not currently available. Radiosonde data can
provide very detailed local profiles, but the spatial extent of a contrail formation cell could not be
accurately determined in this way. One approach would combine data from a range of sources, in-
cluding satellites, ground based observations and on-board instrumentation. Real time satellite pho-
tography could also be potentially used as an identifier of contrail formation regions, when coupled
with traffic data and aircraft observations to identify the altitudes at which formation was occurring.
These approaches, or a combination of them, would not provide complete contrail avoidance, but
would allow subsequent aircraft on the same route to avoid contrail formation, thereby reducing the
total climate impact.

4.2 Innovative airspace and ATM concepts

This approach to assessing operational impacts of an adaptive contrail formation policy does not in-
clude innovative concepts in airspace design that are currently being researched. One such innova-
tive approach is the introduction of dedicated ‘highways’ for air traffic, which would contain sev-
eral lanes of air traffic travelling along parallel defined routes defined to be clear from other traffic,
with aircraft given responsibility for maintaining separation. These highways would be designed to
reduce en-route delay on highly trafficked routes by having fixed access and departure points and
procedures and strict constraints on the aircraft permitted to use the routes. These highways would
be dynamically designed to optimise performance based on fuel efficiency and/or journey time, but
there is additional scope to reduce the environmental impact on these routes by including an as-
sessment of contrail formation conditions in the selection of the highway route.

Other innovative research areas currently being explored, such as improved weather visualisa-
tion systems for controllers, could also be adapted to facilitate contrail avoidance (Williams et al.,
2006).

5 CONCLUSIONS

These assessments of the impacts of avoiding a contrail formation zone apply only to the three
flights described. Even for the same size avoidance zone, a different position relative to the original
flight trajectory would lead to different impacts of avoidance.

For each of the three sample flights described here, diversion around the contail avoidance zone
leads to greater time and emissions increases than diversion above or below the zone. This prelimi-
nary analysis of the response of sample flights to the diversions imposed by the simulation model
has informed the design process for future work to address the system wide implications of such a
policy. Diverting around the avoidance zone imposes unrealistic flight trajectories and overesti-
mates the impacts of diversion; it is a worst-case scenario. Manual specification of preferred avoid-
ance routes could address this, but would be impractical for analysis of large traffic samples.

One issue yet to be confirmed is the use of appropriate indicators of the impacts of diversion
when considering impacts on a system wide basis. Here, we have used percent changes in emissions
relative to the full flight trajectory (assuming great circle routes outside UK airspace). Any measure
of the impact will be indicative of the simulated situation only; avoidance trajectories and their im-
pacts will be sensitive to the location of the avoidance zone, and to the traffic sample.
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Figure 1 The location of the contrail avoidance region imposed and flight routes in the control traffic sample.
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Figure 2 Flight routes (left) and profiles (right) for the three sample flights showing the diversion under, over

and around the contrail avoidance zone.



