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1. Summary

Gas turbine engines have undergone significant and
rapid development since Sir Frank Whittle's first
engine. Development of advanced materials, cooling
schemes, manufacturing and predictive modelling has
allowed cycle efficiencies to reach extremely high
levels. Despite the extreme temperature environment
within modern aero gas turbine engines, components
maintain levels of reliability and integrity unique to
the aviation industry.

Gas turbine manufacturers are facing some major
challenges dictated by market mechanisms and the
challenge of global warming. The modern Civil gas
turbine must not only focus on safety and fuel burn,
but also Carbon Dioxide (CO2), oxides of Nitrogen
(NOx) and noise emissions. These have to be reduced
to meet the exacting targets for 2020 agreed by
the European industry in the Advisory Council for
Aeronautics Research in Europe (ACARE) @, To meet
these targets, the gas turbine core will probably get
more power-dense and hotter to meet the fuel burn
challenges, with ever more sophisticated combustion
and noise technology to facilitate this improvement,
whilst meeting the wider environmental challenges.

2. Technology Drivers

Historically, the aerospace industry, and Rolls-Royce
in particular, has been extremely successful in driving
down fuel burn. Since the introduction of jet powered
civil aircraft some 50 years ago, engine and airframe
technology, combined with operational measures, have
reduced the aircraft fuel burn per passenger km by
70 per cent compared with the Comet aircraft of that
time. The engine cruise fuel consumption alone was
reduced by over 40 per cent. Over the same period,

Received 2 April 2010
* 1 Director of Research & Technology, Rolls-Royce plc

* 2 Rolls-Royce plc

aircraft have become 20dB or 75 per cent quieter.
Visible smoke, particulates, smell and many other
undesirable emissions have been virtually eliminated.

The constant drive towards improved performance
has created an increasingly challenging environment
within the engine itself. Modern Civil aero gas turbines
operate with overall pressure ratios of around 50, with
gas temperatures leaving the compression system at
around 700°C and Combustor Outlet temperatures
in excess of 1600°C. Despite such extreme operating
conditions, modern components are expected to
operate faultlessly for up to 25,000 hours without
overhaul.

Gas turbine development has always been a matter
of compromise: balancing the often-conflicting need
to meet Specific Fuel Consumption (SFC), noise,
emissions, weight and cost requirements. Improving
SFC requires higher temperatures and increased
pressure ratios, but this drives an increase in
emissions, particularly NOx. Advances in technology
are needed, firstly to enable SFC improvements
without adversely affecting other emissions, and then
to drive emissions down further.

Figure 1 shows that, irrespective of application, for

Current Civil & Military Technelogy Drivers
Military

Fuel Burn

Market value of civil & military aero.
engines in the next 20 years is $700bn

-

@ Maintainability

Figure 1 Technology drivers

Reliability

E Rolls-Royce
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all aerospace gas turbines safety, reliability and cost
effectiveness are key. Civil technology development
is mainly driven by the environment and cost of
ownership, but military engines are mainly driven
by capability and affordability. However, propulsion
requirements also differ according to individual
aircraft types, being dependant on aircraft size, range,
utilisation, operator and end-user.

3. The Environment

There has been growing national and international
concern over the environmental impacts of civil
aviation. The Intergovernmental Panel on Climate
Change has concluded that it is now very likely that
man-made greenhouse gas emissions are increasing
the average global temperature and changing
the climate. The report concludes that global
concentrations of the main greenhouse gases of carbon
dioxide (COz), methane (CH4) and nitrous oxide (N2O)
have increased measurably as a result of human
activities, and now significantly exceed pre-industrial
levels.

Other fuel Aviation: 2%

consumption: 10%

Land use change
and forestry: 24%

Other transport: 16%
I P _/{ Electricity and
—/ heating: 32%
Industry: 16% —

Figure 2 Chart plotting the contribution of different sectors to
global man-made CO: levels"

The global aviation industry currently accounts for
just 2% of man-made CO: emissions compared with
16% from other forms of transport and around 32%
from electricity and heat supply, figure 2. Aviation's
share of the total emissions will grow to an estimated
5% by 2050 if the overall growth of air-travel continues
based on a “business-as-usual” scenario.

Lifecycle analysis (LCA) is the thorough and
systematic investigation of resource usage, energy use
and emissions at every stage in a product’s life. Figure
3 shows the results of an LCA study completed for
a typical Rolls-Royce Trent aero engine with respect
to greenhouse gas emissions. This shows that in use,
their environmental impact is over a thousand times
more than any other part of the life-cycle. As a result
of the length of time in service, the consumption of
fuel and the release of the combustion products into
the atmosphere during life totally dominate the overall
environmental impact of this product. Thus, improving
the efficiency, reducing harmful emissions and noise

are priorities for the designer.

While CO2 emissions, which are directly related
to burning fossil fuel, are the major contributor, the
overall impact of aviation on climate change is complex
and uncertain. In addition to carbon dioxide, aero-
engines can also emit NOx, unburned hydrocarbons
(UHC), smoke and water vapour. The current level of
understanding on the impact of contrail induced cirrus
clouds is poor, but they are also thought to have a
warming effect. NOx emissions lead to the formation
of ozone in the region of the flight path, which has a
warming effect, and to a reduction in methane, which
has a cooling effect. In particular, NOx is a greater
concern for local air quality around airports.
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maintenance

Figure 3 Lifecycle analysis results based on greenhouse gas
emissions

In the atmosphere, COz lasts for more than 100 years,
methane for decades, ozone for weeks and contrails
and cirrus clouds for a few hours at most. Hence, it
can be very misleading to use a simple multiplier to
estimate the overall climate-change impact of aviation.
There is considerable uncertainty surrounding the
overall impact of these emissions, but COz effects
dominate in the long term. As CO: is directly
proportional to fuel burn, it is vital to improve the
efficiency of products and, coupled with a reduction
in NOx emissions, these progressive improvements
are guaranteed to have beneficial effects which will
address the longer-term impacts on the local and
global environment.

Whereas NOx and smoke tend to be the products
of operation at high power conditions, CO and UHC
production tends to be greatest at idle conditions.
Prolonging combustion for as long as possible could
reduce CO, smoke and UHC emissions if held at high
enough temperature, whilst increasing combustion
efficiency and therefore lowering fuel burn. However,
this approach would increase the production of NOx,
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which is a function of time and temperature.

The sensitivity of NOx emissions to temperature
and pressure means that there is a tendency for the
level to increase as the design overall pressure ratio
is increased to obtain benefit in overall efficiency. As
shown in Figure 4, modern combustion systems focus
on staged combustion, using a pilot stage for idle and
low power and a separate stage of combustion at high
power to control residence times, and therefore COs,
UHC and NOx emissions.

‘ 55% CAEP 2
Single-annular combustor Si i AV
70% CAEP 2 o Mag
’ T ] ‘{“rp\iﬁi ////-(i
— R
> = AF .
—’\'\!:{*/ S 40% CAEP 2

Direct injection, lean burn single-
annular combustor

Double-annular combustor

Figure4 Combustion development for low NOx emissions

Noise tends to decrease with increasing fan diameter.
This would seem complementary to the general
tendency for decreasing specific fuel consumption,
and hence fuel burn, with increasing bypass ratio.
However, at aircraft systems level, an optimum must
be achieved as the benefits in propulsive efficiency
are quickly out-weighed by the nacelle drag increase,
which ultimately increases fuel burn if fan size
becomes too large. This then also focuses the designer
on improving the by-pass ratio (efficiency) of the
engine, by decreasing the core size, hence increasing
operating temperature for a given fan diameter.

Contrails, and the subsequent formation of Cirrus
clouds, are largely the result of altitude and route
selection. Again, a balance must be struck between
operation at a lower altitude, where saturation levels
reduce the formation of contrails, but aircraft drag,
and hence fuel burn, is increased; and operation
at higher altitudes, where drag is decreased, but
tendency for contrails to form is increased.

Rolls-Royce has endorsed the 2020 goals published
by the Advisory Council for Aeronautical Research
in Europe (ACARE) @, which are against a baseline
of the year 2000. These include reducing fuel burn
and CO:z per passenger kilometre by 50 per cent,
which will require contributions from engines (15-
20%) and airframes in addition to improved air

traffic management and operational efficiency. Other
targets include reducing NOx emissions by 80%
and perceived noise by 50%. These goals represent
a doubling of the historic rate of improvement and
will require significant and sustained investment in
research and development to develop and validate
the new technologies required. Rolls-Royce’s progress
against the ACARE target is shown in Figure 5.
These successes clearly reflect the levels of our past
investment in research and development. These will
continue with new research programmes, such as the
Environmentally Friendly Engine (EFE), to deliver
the technology for the future.

Fuelbum NOx Noise
[ )

L] » L]
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-
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® Tentfamity () ACARE target

Figure 5 Chart showing progression to ACARE fuel burn

Developments in gas turbine technology, combined
with airframe developments and new operating
procedures, can go a long way to reduce the
environmental impact of the aviation industry.
However, trade-offs between NOx, COz and noise in
particular must be made, requiring significant design
and definition at system level, good understanding
of the overall requirements and a balanced set of
regulatory limits.

4 . Materials

Advanced materials and processing technologies
have been responsible, either directly or indirectly, for
a large proportion of the efficiency improvements that
reduce the environmental impact of engines. These
technologies have resulted in increased temperature
capability and a reduction in weight, noise and
emissions.

The high-pressure turbine blade is one component
that has dictated the pace of the improvement in
overall gas turbine performance. Turbine materials
research and development has always focussed on
increasing temperature capability. Figure 6 shows
the improvement in overall temperature capability
that has been achieved through a combination of alloy
development and processing technology, culminating
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in the advanced, single crystal (SC), nickel based
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Figure 6 Improvement of temperature capability of
turbine blade alloy materials

super alloys in use today.

The peak temperature in the gas turbine occurs
within the primary zone of the combustion chamber,
figure 7. Within this zone the temperature of the
gases released by combustion can be over 1800T
(and an ultimate limit imposed by stochiometric
combustion of Kerosene is 2000T). Despite these
extreme temperatures, the combustor design must
retain functional and structural integrity even under
the most extreme pressure loads seen by the engine.
Extreme torques and bending moments are induced
during the rapid deceleration following a fan blade-
off event and the components must resist any damage
due to bird strike.

Secondary
Primary zone

Figure 7 Zones of annular Combustor

Due to their high temperature creep resistance
and strength retention, Nickel alloys are an almost
universal solution for high temperature turbine blades
and Nozzle Guide Vanes (NGVs).

Advanced, single crystal, nickel-based, super alloys
keep their strength to temperatures around 1000C
to 1100C. Advanced Nickel alloys can be cast as

single crystal (SC), directionally solidified (DS) or
conventional Equiax, figure 8.

Single crystal components have extremely good
mechanical properties, as they contain no internal
grain boundaries from which failures can initiate.
However, these qualities come at a high manufacturing
cost. Directionally Solidified (DS) components have
crystals aligned in the direction of maximum stress
to increase resistance to creep and, whilst they have
slightly reduced mechanical properties than SC
components, they come at a lower manufacturing
cost. Conventional Equiax casting can also be used,
further reducing cost but at the expense of mechanical
properties, and temperature limits.

Figure 8 Casting technologies of turbine blades

Nickel alloys predominate throughout the combustion
module, where medium to high-strength wrought
alloys are used for structural components. Cast Nickel
alloys are also employed, especially where precision
forms are required.

The drive for overall efficiency is increasing overall
pressure ratio, and as such, the gas temperature
leaving the compressor is increasing. Modern Civil gas
turbines have compressor outlet temperatures of the
order of 700C. The thermal stresses in the compressor
blades and discs are becoming more significant with
these increased core temperatures.

Thermal stresses in the disc are induced when a
thermal difference exists between the gas-washed rim
and the cob (the thickened central ring). In general,
the greater the mass of the disc, the less thermally
responsive it is and the higher the thermal stress
levels. Therefore, with increasing compressor outlet
temperatures, materials are developed to allow for
lower mass discs, with development heading towards
bladed disc (blisk), or bladed ring (bling), designs. In
addition, casings, abradables and blade materials must
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be used which retain their material properties despite
the increased temperatures within the compressor
module.

As the temperature of the cooling air, typically
delivered from HP compressor, increases, the cooling
potential of that air reduces, thereby applying
increased emphasis on the material capabilities at
temperature. For this reason advanced materials
are being investigated, with significant effort applied
to ceramic and ceramic metal composites materials
research.

All materials must meet the mechanical properties
required by modern gas turbines, including resistance
to corrosion and oxidation, but must also be
manufacturable in production volumes, cost effective
and repairable. Materials development time is long,
taking some 20 years to develop from basic material
science into a component that can be used in a
production engine. Therefore, aerospace companies
must be prepared to invest in materials technology
well in advance of their entry into service.

5. Secondary air system

Air, the working fluid in a gas turbine, is compressed,
heated and expanded to produce power. Some of the
compressed air does not contribute directly to the
production of power as it is used for functions vital to
the safe and efficient operation of the engine: cooling,
sealing and controlling bearing loads.

Cooled components allow higher operating
temperatures whilst facilitating component lives of
greater than 30,000 hours. However, it is necessary
to balance the requirements of cooling flow and
cooling design effectiveness, as cooling flows remove
compressor air from the core flow prior to combustion.
The amount of air available for work in the cycle
thus reduces, increasing inefficiency. Additionally,
reintroducing this air through cooling holes in
aerodynamic components produces aerodynamic
losses. Designs with the most effective cooling can
often increase the complexity of manufacture, and
therefore cost, and will reduce design freedom,
thereby potentially compromising component
performance and limiting the scope for future engine
growth.

In a Rolls-Royce, 3-shaft, civil engine most high
pressure (HP) and intermediate pressure (IP)
turbines are cooled, although low pressure (LP)
turbines are usually uncooled. Military designs use
cooling in both the HP and LP systems. Internally

cooled components are manufactured by investment
casting with complex ceramic core geometries. The
cross-section design of cooled blades is governed by
the permitted stress in the material used and by
the size of any core passages required for cooling
passages.

Figure 9 shows a typical cooling flow through an
HP turbine blade. Cooling air enters the blade from
the root, follows the serpentine shape of the internal
passages and is ejected through holes to form a cooling
film over the external surface of the component. In
order to keep high cooling air velocities, and therefore
high heat transfer coefficients, the internal passage
cross-sectional area is reduced according to the
mass flow rate of the coolant through the holes. The
passages are equipped with turbulators (internal ribs
inclined to the flow direction) to minimise pressure
loss and enhance internal heat transfer.

Trent 800 HP Turbine Blade

Cross flow ribs I P

View with top of shroud removed
to show cooling passages

*Low pressure loss cooling
passages (i

*Sophisticated ‘3D’ shaped o i
film cooling holes Ay VT
= \ ./ Cooling air

HP Damper

«Advanced internal heat
transfer augmentation

Increased efficiency
trailing edge

Figure 9 Cooling flows through an HP turbine

There are a variety of cooling systems that can
be incorporated in the gas turbine. These include
Trellis/Matrix/Lattice and wall cooling systems. In
each case, advanced casting technology is required to
manufacture the intricate internal convective cooling
system, and hence associated costs are high.

Transpiration cooling is often used in the combustion
system. This uses laminated materials that allow
cooling air to enter a network of passages within the
component wall, before exiting to form an insulating
film of air. As the air enters the wall, it provides
impingement cooling, as it passes through the network
of passages it provides internal convective cooling and,
after exiting the passages, provides external surface
film cooling.

Modern Combustion systems are effectively 100%
efficient at take-off. Due to the extreme temperatures
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of the combustion gases, secondary air is introduced
along the length of the combustor to reduce the
gas temperature ahead of the HP NGV, control
emissions and condition the temperature profile. The
temperature profile at the combustor exit must be
controlled both radially and circumferentially. If the
profile is too biased towards either the tip or the root
of the turbine, it can significantly reduce the blade-life
in these regions.

In order to reduce the amount of cooling air
required to control component metal temperatures,
ceramic Thermal Barrier Coatings (TBC), or ceramic
tiles are commonly used on Combustor components,
NGVs and turbine blades. TBC significantly reduces
the thermal conductivity of a component, and hence its
external metal temperature.

As materials have been developed for increased
strength and creep resistance, the proportion of
elements such as Rhenium has been increased.
To accommodate this inclusion, the proportion of
Chromium within Nickel alloys has been reduced,
making the materials more susceptible to corrosion
and oxidation. Advanced coatings are being
increasingly used to protect components from these
hazards.

Military engines have an additional requirement
to cope with missile plume ingestion. After a missile
has been fired, its hot gases can be ingested into the
engine. The momentary increase in inlet mass flow
and temperature, and the secondary effect of depletion
of oxygen in the combustor, must not cause extinction
of the flame.

The use of air in the secondary air system reduces
the overall cycle efficiency and can affect individual
component performance. However, its use does
enable high temperatures and maximises the cost-
effectiveness of the engine, by increasing component
lives. The use of cooling flows and design effectiveness
must be balanced with the cost and performance
requirements of the engine.

6. Lean Burn

In order to meet future emissions requirements,
large civil engine combustor design is moving
towards a lean-burn approach. Lean burn combustion
technology enables NOx and Smoke emissions to be
reduced by 40% relative to conventional technology.

This technology eliminates fuel-rich pockets within
the combustor, reducing smoke and NOx production.

However, at low power the lack of the fuel-rich regions

can result in operability challenges, including failure-
of altitude relight, reduced combustion efficiency and
flameout margin. In addition, at lean fuel:air ratios,
slight changes in mixture could lead to large changes
in heat release, potentially causing aero-acoustic
instability (“rumble”).

To overcome the challenges associated with a lean-
burn approach, the input of fuel can be ‘staged’
using multiple fuel circuits. A ‘pilot’ fuel supply is
used for low power operation, and a ‘main’ supply
is introduced for higher power. This brings its own
challenges of cost, weight and complexity.

The need to switch between two fuel circuits also
complicates the engine control system and fuel system
thermal management, itself already a significant
challenge as the fuel is often used as a heat-sink by
other aircraft systems.

Design of these complex systems requires effective
systems design to ensure that the correct balance of
reliability, cost, fuel-burn and environmental impact
are met.

7. Predictive modelling

Any aerospace gas turbine component performance
must be understood and verified before it can be
used in service. Traditionally, rig, component and full-
scale engine tests would be used to verify component
performance and validate the assumptions made
during the design.

Figurel0 Computational Fluid Dynamics of flow within a wall-
cooled HP Blade

Predictive modelling of metal temperatures can be
used to determine the displacement, thermal stresses
and life of a component. This modelling is done
using Finite Element Analysis. In order to calculate
metal temperatures, it is necessary to input material
property data, air system data and heat-transfer
coefficients. These heat-transfer coefficients may be
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developed using Computational Fluid Dynamics (CFD)
analysis, figure 10, allowing for an iterative design
process of complex 3-dimensional flows. The results
are validated using rig or engine thermocouple, or
thermal paint data.

Modern predictive modelling techniques not only
allow for the reduction of expensive tests, but also
enable the designer to optimise the design for
integrity, weight, aerodynamic performance and cost
earlier on in the component and engine design cycle.

8. Novel Architectures for the future

Advanced cycles for aerospace engines are being
considered, as it is becoming increasingly difficult to
develop more fuel-efficient Brayton cycle engines.
Due to sensitivity to temperature increase, further
increases in cycle temperatures make it increasingly
difficult to improve NOx emissions. Some alternative
cycles have higher specific work, giving smaller,
lighter and/or cheaper core components.

Engine cycle and engine configuration studies need
to be developed together. Some cycles significantly
alter non-dimensional flows and affect component sizes
and efficiency, thereby changing the length, volume
and weight of engines. Where core size is reduced, it
may be difficult, or impossible to keep the traditional
coaxial through-flow arrangement of turbo-machinery
due to shaft torque and disc bore size limitations.
In these cases reverse flow cores, or alternative
configurations may provide more attractive design
solutions.

Figure 11, identifies the advanced cycle engines that
Rolls-Royce has applied or investigated.

Advanced cycles
+ Reduced optimum OPR & improved part load performance
[ + Improved performance of small engines

/ \ + Reduced LPT stages and noise (for aero)
\&uperag/ - Small performance benefit for large engines

- Potential higher NOx emissions
s + Small core components & lower NOx
+ Some performance improvement & cooler cooling air
Intercooled P P 9
- Need higher optimum OPR & more compressor variables

- Added cost, weight & complexity
- Novel engine configurations may be required

+ Improved SFC at all thrusts & potential for NOx

Intercooled reduction
Recuperated + Reduced parts count & lower cost materials
- Significant weight penalty
Constant + Possible efficiency improvement
Volume - Not attractive due to practical considerations
Combustion - More work required

Figurell Advanced Cycles

Recuperation is a well-known efficiency improvement
that removes waste heat from the exhaust and returns
it to the cycle during the compression stage. Success

of recuperative systems is dependent on the cost and
durability of the required heat exchange device. At
any given level of peak temperature a recuperated
Brayton cycle will have a lower optimum overall
pressure ratio (OPR) than a conventional engine.
At pressure ratios above this optimum, recuperation
capability is reduced by the narrowing gap between
exhaust temperature and compressor discharge
temperature.

By reducing the optimum OPR for a given engine,
and therefore making cooling air cooler, recuperation
simplifies the engine turbomachinery. It is most
effective for small, OPR-limited engines: the benefits to
large engines at high power are reduced. Recuperation
suffers from the additional weight and complexity of
incorporating the recuperator and ducting. In addition,
the high combustor-inlet temperature may increase
NOx emissions.

The addition of one or more stages of intercooling
(IC) into the compression process of the Brayton
cycle significantly reduces the work input required.
This, therefore, increases the power from a given
core and offers a modest performance improvement
at all thrusts. In addition, the lower combustor entry
temperature reduces NOx and eases the thermal
loading of hot components, thereby simplifying
materials selection, or cooling mechanisms. The IC
engine does, however, require a higher optimum
OPR, requiring more compressor and turbine
stages and increased static and dynamic gas loads,
affecting blades, core casings and HP system thrust
bearing loads. In addition, small core size may reduce
component efficiencies and require compressor
variables, or a variable turbine to control compressor
working line.

The combination of intercooling and recuperation
(ICR) into a cycle produces an increase in both
specific power and thermal efficiency. The thermal
efficiency improvement derives from an increased
temperature differential between the exhaust gas
stream and the compressor discharge air. This enables
the recovery of a greater portion of the thermal
energy in the exhaust gas, and hence improvements
in SFC, and hence CO; production, at all thrusts.
The decrease in combustor inlet temperature allows
for a potential NOx emissions reduction. The main
disadvantage associated with an ICR engine is the
significant weight penalty and subsequent increase
in aircraft fuel burn. Production ICR engines are,
however, successfully applied in the non-aerospace
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markets with the Rolls-Royce WR-21 marine engine
(the world’s most efficient marine gas-turbine) as a
particular example.

A gas turbine combined with constant volume (CV)
combustion basically comprises the turbomachinery
components of a conventional gas turbine, but with
a valved, intermittent-flow combustion chamber in
place of the usual open-ended, steady-flow combustor.
Studies performed within and outside Rolls-Royce
show that in theory, based on equivalent mass mean
turbine entry temperatures (TET), the CV gas
turbine could offer an advantage in cycle efficiency
over the conventional gas turbine. However, in
practice, the efficiency of the sealing process in a CV
cycle is much less than 100%, and a large proportion
of the compressor delivery air passes directly through
the combustor and into the turbine, causing a
substantial loss in cycle efficiency. In addition, cooling
the HP turbine is less efficient than for a conventional
engine, since the use of film cooling becomes
impractical.

Due to the weight penalty generally associated
with advanced cycles, these tend to be used on non-
aerospace products, such as in Marine and Energy
applications. However, further work is ongoing to
overcome these challenges.

9. Conclusion

Modern gas turbines for aviation must be safe,
reliable, cost-effective and have minimal impact on
the environment. A balance between all of these

requirements must be sought and it is the job of the

aerospace industry to understand, develop and provide
system-level solutions that deliver these requirements.

Development of future engines requires significant
and early investment in technology, and the ability to
optimise solutions at an early stage of the design cycle.
Rolls-Royce continues to invest in and deliver these
technologies to ensure that the next generation of
aero-engines goes beyond the environmental and cost
improvements demanded the customer and society at
large.
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ABSTRACT

YAMAMOTO Makoto

A @ ARH BB

MIZUTA Ikuhisa

Ice accretion is a phenomenon where supercooled water droplets impinge and accrete on a body.

The occurrence of ice accretion leads to the performance degradation in a jet engine, and may cause

serious damage to fan, compressor and so on. Since the flight tests and wind tunnel tests are difficult

and too expensive, a numerical simulation is very useful to predict ice accretion a prior. If we can

accurately simulate ice accretion in the design phase and improve the performance, it should become

possible to reduce the cost and design time of a jet engine. In the present study, we simulated ice

accretion process for a 3-dimensional FEGV to clarify how the engine operation condition affects the ice

accretion and the aerodynamic performance of the vane.

Key words : FEGV, Ice Accretion, Numerical Simulation, Computational Fluid Dynamics
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Development of LNG/Oxygen Combustor for Carbon Dioxide Capture
Closed-Cycle Gas Turbine

L

INOUE Hiroshi

ABSTRACT

KOGANEZAWA Tomomi

PR

KOBAYASHI Nariyoshi

NEERAEE

This paper describes the development of LNG/Oxygen Combustor for semi-closed high efficiency

gas turbine cycle for COz capture. LNG/Oxygen combustion makes COz capture from exhaust

gas fairy easy because exhaust gas consists of only H:O and COz The subjects for combustor are

high temperature operation and high efficiency combustion near stoichiometry for minimizing non-

condensable gas. After basic considerations of chemical kinetics and computer fluid dynamics,

atmospheric combustion tests were carried out using test pieces of multi co-axial flow nozzle burner.

Results are fairy promising of combustion efficiency over 99% at ® =0.95 and 1700degC.

Key words : Combustor, Gas Turbine, Carbon dioxide capture, Co-axial flow nozzle
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