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Fundamental Aspects of Gas Turbine Machinery Efficiency
as Applied to Geared Turbofan Engines

1. Pratt & Whitney Origins

Pratt & Whitney (P&W) was formed in 1925 to
develop and produce a technologically advanced radial
air cooled aircraft engine. The direct connection to
aviation and technology development has continued
for more than eighty seven years with many landmark
aviation products, such as the JT3D-Boeing707; the
JT8D-Boeing727 and MD80; the JT9D-Boeing 747,
the PW4000-Boeing 777 and Airbus A330; and an
extensive line of military products: F100 in the F15/
F16 fighters, the F119 engine used in the F22, and the
F135 engine used in the F35 JSF aircraft. Illustration
1 depicts two images from the book “Pratt & Whitney
Dependable Engines.”

Tllustration 1: P&W Origins
Below left: Photo of Frederick Rentschler, Founder of P&W
Below right: Early Production Assembly of Dependable Engines
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“The best airplanes can only be designed around
the best engines.” — Frederick Rentschler

2. Engine Trends

Gas turbine engines used in commercial
aviation have developed into remarkably safe and
efficient products. Over fifty years of continual
development has advanced the basic concept of
aviation gas turbines into today’s recognizable form.
Improvements in materials, analytical techniques and
design evolution have steadily increased the efficiency
of the engine. The path of this development has
reached a point of diminishing returns as increased
investment is yielding lower levels of improvement
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to the traditional direct drive engine architectures.
Alternative concepts have been investigated by
engine manufacturers. P&W, in particular, has tested
advanced ducted propulsors, open rotor configurations,
as well as geared turbofans (GTF).

3. Fuel Burn Importance

Starting in 2007, the rapid increase in fuel prices
increased the operating costs of airlines. See
Illustration 2 for a graph of rising jet fuel prices.
The airline industry became more receptive to new
engine technology that provided additional fuel burn
benefits. Traditional 5% new engine program fuel
burn improvements were no longer enough to offset

the volatility of fuel prices.

Illustration 2: Historical Jet Fuel Prices
Spot Price Average of New York Harbor, US Gulf Coast,
LA California (Amsterdam-Rotterdam-Antwerp), and Singapore
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Reference: Energy Information Administration weekly data
“Cindy Jacome 1/13 Historical Jet Fuel Prices-Junexls”

4 . Engine Approaches for Fuel Burn

Subsonic commercial airline engines have evolved
to improve efficiency using two distinct approaches:
increasing propulsive efficiency by moving more air at
a lower pressure, or by increasing thermal efficiency
which improves the efficiency of converting fuel
energy into work. Propulsive efficiency improvements
are characterized by larger fans. Thermal efficiency
is characterized by smaller cores running at higher
The net effect of this
evolution can be represented by bypass ratio, which

pressures and temperatures.

is the ratio of fan flow over core flow, as presented in
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Tllustration 3.

Illustration 3: Single-Aisle Bypass Ratio vs. Time
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5. Engine Limits

All gas turbines are based upon the Brayton
thermodynamic cycle. The upper corners of the
Brayton cycle plot translate directly into engine
internal temperature conditions, which ultimately limit
how aggressive the core pressures and temperatures
can be. A representation of an engine cycle and the
conventional engine station definition is shown in
Illustrations 4 and 5. The temperature at the high
pressure compressor (HPC) exit (T3) and the turbine
inlet (T4) are the defining internal temperatures
which limit the engine core. The T4 temperatures of
modern engines are running well above the melting
temperature of the HPT blade and vane alloys.
Typically the HPC exit is a source for cooling air for
the turbines and it is not uncommon to use up to one
third of core airflow to provide cooling flows for the
hot turbine hardware.

Illustration 4: Ideal Brayton Cycle
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6. Core Thermal Efficiency
Core thermal efficiency is a function of the system
compression ratio represented as overall pressure

Tllustration 5: Functional Elements of Aircraft Engine
Propulsor, Gas Generator, and Power Turbine
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ratio (OPR). The engine cycle does not differentiate
the source of the pressure from high pressure or
low pressure compressor. The chart in Illustration
6 documents the relationship. Significant increases
in thermal efficiency derive from increases in
temperature capability, requiring improvements
in material or reduction in life with an associated
increase in maintenance cost. From the following
chart, a thermal efficiency increase of 4% would
require a 20% increase in OPR and an increase of 200
degrees F in turbine rotor inlet temperature (T4.1).

The core thermal efficiency relationship clearly
shows the fifty years of development in efficient
cores and related technology and also demonstrates
the difficulty in making further large incremental
increases in core thermal capability.

7. Propulsive Efficiency Approaches

The second area in improving engine performance
is increasing propulsive efficiency. P&W has
extensively studied many engine configurations to
improve propulsive efficiency open rotors, ducted
propellers and geared fans, per Illustration 7. All
the configurations shared the characteristic of a
low pressure ratio fan or propeller rotating at a
relatively low RPM. As an interesting aside, all
the configuration concepts developed required a
reduction gearbox to properly match the low RPM
fan to the remaining work-producing turbomachinery.
Once these engine concepts were built and tested,
a thorough understanding of the advantages and
shortcomings was reached. The objective was to
maximize propulsive efficiency, reduce noise, and
retain a containment case system to minimize system
impacts to the airframe and other engines from blade
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Tllustration 6: Thermal Efficiency
4% Increase Requires 20% OPR Increase and 200F+
Temperature
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release. The optimum configuration selected was the
geared turbo fan. The GTF couples a large fan with
an acoustically treated containment case, along with a
speed reducing gearbox, for a fuel-efficient, low-noise
and readily installable configuration.

Tllustration 7: Alternate Engine Arrangements
Over Twenty Years of Technology and Cycle Development
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8. Propulsive Efficiency

A curve of propulsive efficiency relative to fan
pressure ratio is shown below in Illustration 8. The
execution of a low pressure ratio fan requires detailed
execution of aerodynamic design achievable through
modern computational fluid dynamics (CFD) tools and
lightweight low temperature structures, both of which
are readily available.

9. Propulsive Efficiency With A Conventional
Arrangement

Achieving improved propulsive efficiency with a
conventional arrangement which directly ties the
low pressure turbine (LPT) to the fan results in
a compromise. The fan demands a large diameter
turning at low RPM for a low pressure ratio design.
Conversely, the LPT needs to provide the required

Illustration 8: Propulsive Efficiency for Fan Bypass System
Propulsive Efficiency is Determined by Fan Propulsive Efficiency
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work to drive the fan turning at slow speed. The low
speed requires a large mean radius of the LPT and a
larger number of stages, adding weight and expensive
disk and airfoil sets. The implementation of an LPT
in a high bypass direct drive engine actually becomes
a defining feature of the engine. The additional LPT
weight being added through additional large diameter
stages offsets the positive fuel burn effect of the low
pressure ratio fan. See Illustration 9. The long, large
diameter LPT actually determines the engine installed
position on the airplane both axially and horizontally
relative to the wing.

Illustration 9: Fundamental Propulsion System Characteristic
Shift Required to Improve Fuel Burn and Reduce Noise-
Available with PurePower® Engines

MEreawrg weighe of Lo PPN
- \ LPT commnbeted 33 Increaaing
Frm Bar i
Noise
Fuel Bum ~ -
-~ i -
Reducton S m i = ™ —_PurePower®
Low Engine
(Higher FPR) (Lower FPR)

Fan Diameter —r

© Pratt & Whitney

10. Fan Drive Gear System (FDGS)

P&W is uniquely positioned to make an engine
speed reduction gearbox, as sister divisions within our
parent corporation, UTC, have extensive experience
developing reduction gearboxes for helicopters
(Sikorsky) and turbo prop aircraft (P&W Canada).
The fan drive gear system developed for the
PurePower® engine family has only seven moving
parts and has been designed to address all the legacy
issues of lubrication, gear alignment and axial thrust in
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a simple robust, proven system which has undergone
extensive testing. See Illustration 10.

Tllustration 10: PW1000G Fan Drive Gear System (FDGS)
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11. Low Spool Advantages

With the decision to utilize a reduction gearbox in
the engine, options are available to optimize all the low
spool components, as their speed is no longer dictated
by the fan speed. To directly take advantage of the
high speed low spool, P&W has developed both a
high speed low pressure compressor (LPC) and a low
pressure turbine (LPT). For the LPC, more pressure
rise can be achieved across three stages of airfoils
than with four to five in a conventional low speed LPC.
The LPT benefit is enormous in that three stages
can be used to perform the task of six to seven in a
high bypass ratio (BPR) engine, and the higher speed
allows significantly improved LPT efficiency, as shown
in Illustration 11.

Tllustration 11: Power Turbine/Transfer Efficiency
High-speed Power Turbine Enables Installation, Low Weight,
and High Efficiency
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12. Open Rotor Installation

Many discussions are occurring within the
propulsion industry related to open rotor
configurations. The propulsive efficiency is high, due
to the inherent high BPR, but the resulting size and
installation effects have not been fully addressed in a
configuration which can be certified for commercial

revenue use. Illustration 12 shows a notional
installation of a geared turbofan and open rotor-dual
counter rotating design at equivalent thrust levels.

Illustration 12: Open Rotor Installation Challenges
Notional Single-Aisle Aircraft, Equivalent Engine Thrust Levels
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13. PW1000G and Japan

The initial selection of the PW geared turbofan
architecture arrangement was on the Mitsubishi
Regional Jet. Mitsubishi was the first airframer to
make the bold move to a technology-differentiated
engine in a visionary regional jet aircraft. The
selection has initiated a broad range of high technology
engine-related work across premier engineering and
manufacturing industries of Japan. The PurePower®
family of engines uses extensive light weight structure
in the fan, such as the composite fan containment
case produced by IHI Corporation. The Japanese
Aero Engine Corporation (JAEC) is a major partner
responsible for the fan, LPC and LPT shaft in the
PurePower® engine being developed for the A320neo
(PW1000G-JM). JAEC is providing both design and
manufacturing expertise for improving aerodynamic
performance and reducing the weight of these key

components.

14. Next Steps

The introduction of a step change in technology
and a revision to the engine architecture creates a
great opportunity. The FDGS enables technology
progression for propulsion efficiency, leveraging the
continued evolution in core thermal efficiencies. P&W
is extremely proud to have introduced this new
engine design on the Mitsubishi MR] next generation
regional jet, and looks forward to continued technology
advancement with Japanese industry participation.

This article is not subject to the EAR per 15 C.F.R.
Chapter 1, Part 734.3 (b) (3)
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Effects of dilution flow balance and liner-cooling flow outlet location on NOx
emission in an aircraft gas turbine engine combustor
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ABSTRACT

It is very important to predict the internal combusting flow fields and NOx emission for efficient
design and improvement of low-NOx combustors for aircraft engines. In this study, steady RANS
simulation is conducted on the sector combustor model for a regional jet aircraft engine. The effects
of dilution air flow balance between liners and liner-cooling air flow outlet location (i.e. effect of single/
double wall liners) are investigated. The results show that the numerical results are in general
agreement with the experimental ones. The equal dilution air flow balance between liners and the
downstream liner-cooling air flow outlet location by using double-wall liners are desirable design options

| BeftasmsL

for low NOx combustor.

Key words : Spray Combustion, RANS Simulation, NOx, Aircraft Gas Turbine Engine, Combustor
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(a) Test facility ©

(b) Sector combustor (from the inlet view)

(c) Combustion visualization (from the side view)

Fig. 1 Test facility and the sector combustor

Fig. 2 Configuration of the RQL combustor ©'
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Fig. 4 Cases and conditions performed
(spray behavior is RANS simulation result)
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Fig. 6 Fuel mass oncentration (CASE-1, RANS)
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Fig. 9 NOx mass concentration (CASE-1, RANS)
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Fig. 12 Normalized temperature (CASE-2, RANS)
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