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THE EFFECT OF ROTOR CRUISE TIP SPEED, ENGINE TECHNOLOGY
AND ENGINE/DRIVE SYSTEM RPM ON THE NASA LARGE CIVIL
TILTROTOR (LCTR2) SIZE AND PERFORMANCE

Mark Robuck,” Joseph Wilkerson,” Robert Maciolek,” and Dan Vonderwellt

Ames Research Center

SUMMARY

A multi-year study was conducted under NASA NNAO06BC41C Task Order 10 and NASA
NNAQO9DAS6C task orders 2, 4, and 5 to identify the most promising propulsion system concepts
that enable rotor cruise tip speeds down to 54% of the hover tip speed for a civil tiltrotor aircraft.
Combinations of engine RPM reduction and 2-speed drive systems were evaluated. Three levels of
engine and the drive system advanced technology were assessed; 2015, 2025 and 2035. Propulsion
and drive system configurations that resulted in minimum vehicle gross weight were identified.

Design variables included engine speed reduction, drive system speed reduction, technology, and
rotor cruise propulsion efficiency. The NASA Large Civil Tiltrotor, LCTR, aircraft served as the
base vehicle concept for this study and was resized for over thirty combinations of operating
cruise RPM and technology level, quantifying LCTR2 Gross Weight, size, and mission fuel.
Additional studies show design sensitivity to other mission ranges and design airspeeds, with
corresponding relative estimated operational cost.

The lightest vehicle gross weight solution consistently came from rotor cruise tip speeds between
422 fps and 500 fps. Nearly equivalent results were achieved with operating at reduced engine
RPM with a single-speed drive system or with a two-speed drive system and 100% engine RPM.
Projected performance for a 2025 engine technology provided improved fuel flow over a wide
range of operating speeds relative to the 2015 technology, but increased engine weight nullified
the improved fuel flow resulting in increased aircraft gross weights. The 2035 engine technology
provided further fuel flow reduction and 25% lower engine weight, and the 2035 drive system
technology provided a 12% reduction in drive system weight. In combination, the 2035
technologies reduced aircraft takeoff gross weight by 14% relative to the 2015 technologies.

* The Boeing Company, Philadelphia, Pennsylvania
Rolls-Royce Corporation, Indianapolis, Indiana



1.0 BACKGROUND

This report summarizes efforts and accomplishments for a study project conducted under the
following NASA contracts:

e NASA NNAO6BC41C Task Order 10 entitled, “Engine/Gearbox Assessment for 50%
Variable Rotor Tip Speed.”

e NASA NNAO9DAS6C Task Order 2 entitled, “Option 1 & 3 Dual Speed Gearbox
Evaluation for 50% Variable Rotor Speed.”

e NASA NNAQ9DAS6C Task Order 4 entitled, “Engine/Gearbox Assessment for 50%
Variable Rotor Speed — Extended Tasks.”

e NASA NNA09DAS56C Task Order 5 entitled, “50% Engine-gearbox Design Study.”

The purpose of these study contracts is to identify and evaluate propulsion system concepts to
achieve approximately 50% rotor tip speed variation for a large tiltrotor air vehicle and to
investigate the most advantageous speed variation strategies and technologies for the integrated
engine and drive system. The evaluation is performed for the subject air vehicle, the NASA Large
Civil Tiltrotor (LCTR2) with a simplified vehicle sizing tool. Propulsion and drive system
configurations that resulted in minimum vehicle gross weight and fuel burn were investigated.
This is accomplished by considering propulsion system configurations, speed reduction through
drive system or engine technologies, and also the effects of engine and drive system technologies
available at year 2015, 2025 and 2035. Design variables included engine speed reduction fraction,
drive system speed reduction fraction, technology factors, efficiencies, configuration variables
(fuel quantity, vehicle size), etc. A limited number of configurations were examined within the
project scope. Operational characteristics including range, speed, and mission specifics were
constrained initially, but studied in a sensitivity assessment in later tasks. The LCTR2 mission
profile was specified as 1000 nautical miles (nmi) cruise at 310 ktas airspeed and 25,000 ft
altitude, which ultimately was determined to be a favorable design space for this concept vehicle.

The sizing studies were initially conducted for three tip speeds evaluated (350 fps, 500 fps, 650
fps). Additional analysis was performed to investigate the optimum for this study (minimum
weight and fuel burn) and focused on the 310 ktas airspeed at 422 fps tip speed (65% rotor speed)
with the engine operating at 100% speed and a two-speed drive system used to produce the lower
rotor speed. Higher air speeds of 350 ktas and 375 ktas were also examined, but proved to be less
favorable in both sizing and operating cost. Results of the sizing studies are presented in this
report as well as engine and drive system configuration data, study methodology, an assessment of
technology effects, barriers, and recommendations for further work.



2.0 INTRODUCTION

Rotorcraft propulsion systems have predominantly been designed to operate within a narrow range
of rotor tip speeds; however the operational demands for a tiltrotor aircraft are best satisfied with a
multi-speed capability. A case in point is the V-22 propulsion system which operates at a higher
(103.8%) speed for hover operations and at a lower (84%) speed for airplane mode cruise
conditions.

Great interest has been generated from NASA studies of slowed rotor operation and vehicle
system studies described in report NASA TP-2005-213467 ' which defined the advantages of the
Large Civil Tiltrotor (LCTR) for the air transportation system. More recently the LCTR concept
was optimized and described in a NASA report’. This effort produced the LCTR2 concept that
was sized to carry 90 passengers and baggage (19,800 pounds) for 1,200 nautical miles. The
NASA defined vehicle takeoff gross weight is approximately 107,700 pounds. The baseline
LCTR2 air vehicle has two 65 foot rotors near the wing tips, with four-7,500 HP turboshaft
engines (two engines within the tilting nacelle at each rotor) with an estimated total cruise power
requirement of 11,900 HP. Rotor tip speed was selected as 650 fps during takeoff / hover and
climb, and 350 fps for the cruise condition; this feature of the LCTR vehicle defined the 54%
variable rotor tip speed which provides operational benefits in reduced noise and improved
efficiency. Previous high level vehicle studies have been performed and no consensus has been
formed about the preferred propulsion system configuration to achieve the variable rotor speeds.
This study considers operation at full speed, and partial speed operation at 77%, 65% and 54%
rotor tip speed for climb and cruise segment of a mission profile. Although the nominal mission
includes takeoff and hover requirements, the climb and cruise segments dominate fuel usage. The
cruise condition is 310 ktas, 25,000 ft altitude and additional sensitivity studies were conducted at
350 ktas and 375 ktas.

The primary goal of this study is to identify the engine and drive system concepts, technology
barriers and needs to achieve a 54% rotor cruise tip speed variation with a fixed rotor diameter,
vehicle, and mission. Secondary goals were added as the project evolved to find optimum
conditions in terms of vehicle size, fuel burn, operating costs and sensitivities for additional ranges
and airspeeds.

2.1 Tasks

This report summarizes efforts and accomplishments by Boeing and Rolls-Royce engineers for the
following NASA Task Orders. More detailed Statements of Work are in Appendix A.

e NASA NNAO06BC41C Task Order 10 entitled, “Engine/Gearbox Assessment for 50%
Variable Rotor Tip Speed”. The purpose of the study contract is to identify and evaluate
propulsion system concepts to achieve approximately 50% rotor tip speed variation for a
large tiltrotor air vehicle and to investigate the most advantageous speed variation

! Johnson, Wayne, Yamauchi, Gloria K, and Watts, Michael E., “NASA Heavy Lift Rotorcraft Systems
Investigation”, NASA TP-2005-213467, 2005.

2 Acree, C.W., Jr., Yeo, Hyeonsoo, and Sinsay, Jeffrey D., “Performance Optimization of the NASA Large Civil
Tiltrotor”, 2008 International Powered Lift Conference, London, UK, July 22-24, 2008



strategies and technologies for the integrated engine and drive system. The evaluation is
performed for the subject air vehicle, the NASA Large Civil Tiltrotor (LCTR2) with a
simplified vehicle sizing tool. Providing 50% variable rotor tip speed capability with either
(or both) the drive or engine system will require advancement in the state of art for
propulsion technology and therefore an evaluation of technology readiness is also
performed.

NASA NNAO9DAS6C Task Order 2 entitled, “Option 1 & 3 Dual Speed Gearbox
Evaluation for 50% Variable Rotor Speed”. The major goal of this task order contract is to
explore design options and constraints for speed changing mechanisms identified in the
previous Task Order 10 Project. This task develops the design details and characteristics of
the speed changing gearbox module as well as analytical model creation for dynamic speed
changing events using commercial software tools.

NASA NNAO9DAS5S6C Task Order 4 entitled, “Engine/Gearbox Assessment for 50%
Variable Rotor Speed — Extended Tasks”. During the course of the Task Order 10 contract
study, an optimum rotor cruise tip speed could not be determined from the 650 fps, 500fps
and 350 fps design cases. Focusing on the 2035 entry-in-service (EIS) technology level, a
wider range of operating conditions is evaluated, including an additional intermediate rotor
cruise tip speed, and sensitivity to cruise airspeed and mission range. A fourth engine
configuration is defined to complement the efforts that have already been performed. A
new engine performance deck is generated and applied to the all rotor cruise tip speeds.

NASA NNAO9DAS6C Task Order 5 entitled, “50% Engine-gearbox Design Study”. The
intent of this task is to maintain the same vehicle and focus on EIS 2035 technology levels
for the drive system (engine and gearbox / transmission), including a wider range of
operating conditions' (greater range of rotor cruise tips speeds, airspeeds, and mission
ranges,) and additional engine performance data to refine and complement the efforts that
have already been performed. Operating and Support (O&S) costs are estimated for some
of the vehicle results as well.

In general terms, these studies attempt to identify the engine and drive system concepts,
technology barriers and needs that enable the LCTR2 concept, and enhance its commercial
viability by the following means.

Validate performance benefits of the NASA LCTR2 concept that applies reduced rotor tip
speed in cruise.

Identify the best combinations of engine and drive system RPM, and rotor cruise tip speed
by comparative quantitative analysis of mission performance.

Explore sensitivity to mission range and cruise airspeed, and provide estimates of
operating cost to quantify the benefits of alternative designs.

The initial scope and strategy in this study was to evaluate rotor performance and subsequent
LCTR2 weight, size and performance for three rotor cruise tip speeds (650 fps, 500 fps, 350 fps),
driven by combinations of engine RPM or drive system RPM reductions, for three technology
levels. Engine and drive system technology included commercial off the shelf (COTS) and
technology expected for EIS 2025 and EIS 2035. NASA’s LCTR2 mission profile, operational
range, and cruise airspeed were applied throughout this study. The approach was to resize the



LCTR2 by applying different rotor designs (cruise tip speeds), engine and drive system weight,
and performance at different technology levels to quantify the relative benefits and identify the
most promising solutions, as measured by gross weight, installed SHP, mission fuel, or operating
costs. Rotor speed variability from 100% to 54% was achieved with two methods investigated in
this study — changing gear ratios in the output/transmission drive train and/or highly variable
output speed gas turbine engines.

As the project evolved during the multi-year effort, a fourth engine design was added. The new
2035 engine with a fixed-geometry, variable-speed power turbine (FG-VSPT) was lighter than the
previous 2035 engine, which had a variable-geometry variable-speed power turbine, referred to as
(VG-VSPT). The LCTR2 was sized for several combinations of engine RPM and drive system
RPM, for each rotor cruise tip speed design.

The final portion of the study is focused on sensitivity of the LCTR2 concept to the design cruise
airspeed and range, where initial evaluations focused on the NASA LCTR2 1000 nmi cruise range
at 310 ktas airspeed. A cost analysis was also conducted as an integral part of this phase,
addressing operational cost.

The study project was executed with Boeing engineers responsible for overall vehicle sizing, drive
system conceptual design and integration tasks, with assistance from Rolls-Royce teammates for
propulsion related tasks. Rolls-Royce evaluated the impact of variable engine output speed on
performance and identified cycle compromises and design features which would mitigate these
impacts. The combination of engine speed reduction, drive system speed reduction, technology
factors, and rotor hover and cruise efficiency drive the aircraft Gross Weight, Empty Weight, and
Fuel.

Results of these sizing studies are presented in this report as well as engine and drive system
configuration data, study methodology, an assessment of technology effects, barriers, and
recommendations for further work. Climb and cruise segments drive the fuel consumption, which
has a major effect on aircraft size for the LCTR2 long-range rotorcraft. The primary performance
parameters are airframe drag, engine power-to-weight and SFC, and prop-rotor cruise efficiency.

2.2 NASA LCTR2 Configuration

The LCTR2 design, size and performance, was generated by cruising at 25,000 ft altitude and 310
ktas airspeed. The Boeing study task was not to change or optimize the overall LCTR2 concept or
operational conditions, so Boeing performance evaluations and aircraft re-sizing retained the same
cruise altitude and airspeed to allow direct comparison to the NASA design.

Many design requirements are imposed on
commercial aircraft designs, primarily for safety.
Only the critical ones that directly impact aircraft
size and performance are usually addressed in a
conceptual design study, such as this. NASA had
selected a four-abreast seating arrangement that
determined the basic fuselage width and length for

Figure 1. Large Civil Tilt-Rotor 2
(NASA Ames Research Center)



90 seats, while accounting for cockpit, entry doors, lavatories, galley, baggage area, and flight
attendant seats. Boeing retained the LCTR2 general arrangement, shown in Figure 1. Specifics of
the basic LCTR2 design are available in Appendix B.

2.3 NASA LCTR2 Design Conditions

The NASA mission profile for their LCTR2 study program transports 90 passengers and baggage,
weighing 19,800 Ib, over a 1000 nmi mission range, accounting for fuel in a taxi segment, an
alternate destination and reserve fuel. Installed shaft horsepower (SHP) was required to satisfy a
hover-out-of-ground-effect (HOGE) takeoff at 5,000 ft altitude and ambient temperature of
ISA+20°C with full passenger and fuel loads. Figure 2 displays the mission profile.

A major performance factor is the ability to recover from a one-engine-inoperative (OEI)
condition during a vertical takeoff and safely return to the take-off pad or continue the takeoff to a
(sustainable) flight safety speed. To satisfy that requirement NASA selected a 4-engine
arrangement with an assumed built-in 20% contingency (emergency) power capability, where
contingency power is, by definition, beyond the engines’ rated takeoff power. That guaranteed an
OElI safety margin if the engines were sized to the initial takeoff condition, or larger, and Boeing
accepted that solution to the OEI requirement. This study was not tasked to address how the
engines provide a 20% contingency power.

Tiltrotor aircraft designs must have satisfactory maneuver capability at all airspeeds, just as fixed
wing aircraft. NASA had conducted an in-depth analysis of that requirement, resulting in
increased rotor solidity for the LCTR2 to satisfy a banked maneuver at low airspeed (about 80
ktas) while the tiltrotor is still in the conversion corridor. Boeing applied NASA’s rotor solidity.

The NASA LCTR2 characteristics include a takeoff gross weight of 107,700 pounds, with 65 foot
rotors near the wing tips. The LCTR2 design rotor tip speed is a relatively low 650 fps during
takeoff / hover to maintain high rotor efficiency and to manage noise levels during takeoff and
hover. Rotor cruise tip speed is 350 fps, or 54% of the hover RPM.

Altemate

Destination +30 min Reserve
Cruise @ design airspeed to mission range 30 nmi Fuel @ 10,000 ft/ ISA
To 1000 nmi mission range
=310 knots
Transfer Altitude
Climb to 25,000 ft {t!:‘!‘lsetl\f'atil‘-;e |
cruise altitude @ MCP estimate of fuel)

No credit for range.

Taxi,4 min Final approach to land

ﬁ’%‘iﬂ%’a‘ﬁ%ﬁ‘ ’ I Vertical landing, 1 min
takeoff power @5,000 ft, ISA+20C

Figure 2. NASA Mission Profile for LCTR2 Study



LCTR2 overall vehicle size, geometry, performance, installed engine HP, and rotor efficiency
were evaluated over a matrix of rotor cruise tip speeds, combinations of drive system and engine

3.0 TECHNICAL APPROACH

3.1 Study Design Matrix

rpm, and technology level. Reduced rotor cruise tip speeds are achieved by either:

e Reduced engine RPM (such as the V-22) with rotor speed directly geared to the engine
RPM via a fixed ratio drive system, or

e A 2-speed drive system that changes gear ratios in flight allowing the engine to operate at
100% RPM, or

e A combination of reduced engine RPM and an advanced 2-speed drive system.

Figure 3 shows the matrix of design combinations. Task Order 10 focused on the LCTR2 310 ktas
cruise airspeed designs. Task Order 4 focused on the 2035 FG-VSPT engine with excursions to
higher cruise airspeeds and with cost analysis. Four rotor performance maps were developed and
applied at the 310 ktas cruise airspeed, with tip speeds of 650 fps, 500 fps, 422 fps, and 350 fps.
There are 26 combinations for the 310 ktas airspeed designs.

Two additional rotor designs and performance maps were developed under Task Order 5 for
higher cruise airspeeds of 350 ktas and 375 ktas, adding 2 additional rotor maps and 3 engine/

drive system combinations each for a total of 32 distinct designs.

Technology >

2015 EIS 2025 EIS 2035 EIS VGPT 2035 EIS FGPT
Cruise V tip Eng Dr. Sys Eng Dr. Sys Eng Dr. Sys Eng Dr. Sys
Airspeed fps %RPM ' % RPM || %RPM = % RPM| %RPM  9%RPM}| %RPM % RPM

375kt | 350 77 70
54 100

350 kt | 350 77 70
54 100

100 54 100 54 100 54 100 54

350 77 70 77 70 77 70 77 70

54 100 54 100 54 100 54 100

*

310 kt 422 100 65
65 100

500 100 77 100 77 100 77 100 77

77 100 77 100 77 100 77 100

650 100 100 100 100 100 100 100 100

— U J

~
NASA Task Order 10

(Phase 1)

~
NASA Task Order 4
(Phase I1)

* Task Order 5
(Phase lll: Additional Rotor Tip Speed)

Task Order 5
(Phase lll: Extended Airspeeds)

Figure 3. Design Matrix of Engines, Technology and Cruise RPM Combinations



3.2 Analysis Methods and Tools

3.2.1 Methodology and Ground Rules for Aircraft Resizing

Boeing Rotorcraft generally uses the VASCOMP sizing program3’4 to evaluate aircraft size and
performance for tiltrotor type aircraft. However, the work to be performed in this study required
evaluation at different combinations of engine RPM and drive system RPM, which are not
independently modeled in VASCOMP. A spreadsheet approach provided flexibility, while
emulating the general VASCOMP sizing process. Aircraft weight, engine performance, rotor
performance, mission performance and overall vehicle sizing are provided by the sizing analysis.
Drive system weight and losses are estimated and applied in the spreadsheet for single-speed and
dual-speed designs, at each technology level. Data tables and curve fits are used to model the
propulsion system and rotor performance.

Team-mate and subcontractor Rolls-Royce provided tabulated engine data for each of four
different technology engines, at specified engine operating RPMs. Three original engine
technologies at three operating RPMs gave nine combinations of engine data. A fourth engine
technology was evaluated at four RPMs, bringing the total to thirteen sets of engine data. Each set
of data covers power available, fuel flow and residual thrust over an operating range of Mach
number and altitudes. Fuel flow is modeled at each specific engine output RPM, as a function of
power demand, Mach number and altitude via tabulated data and curve fits of referred fuel flow
versus referred power. Residual jet engine thrust from the Rolls-Royce data is accounted for in
hover and cruise, as a function of altitude, Mach number, and engine SHP.

Boeing estimated the rotor cruise propulsive efficiency for each rotor design (cruise tip speed of
650 fps, 500 fps, 422 fps or 350 fps) as a function of advance ratio and thrust coefficient. These
were modeled as tabulated data in the sizing program.

NASA provided values for the LCTR2 aircraft dimensions, empty weight (EW), mission fuel, and
empty weight/gross weight ratios (EW/GW), rotor performance and mission performance. Table 1
lists the many NASA LCTR2 design features preserved in this study.

3 Schoen, A. H., Rosenstein, H., Stanzione, K.A., Wisniewski, J.S., “User's Manual for VASCOMP 11, The V/STOL
Aircraft Sizing and Performance Computer Program” Prepared by the Boeing Vertol Company, D8-0375, 3rd
revision, 1980.

4 Wilkerson, Joseph, "VASCOMP III, The V/STOL Aircraft Sizing and Performance Computer Program, User's
Manual", Boeing Rotorcraft, D210-13635-1, 2002.



TABLE 1. GROUND RULES TO PRESERVE NASA LCTR2 ATTRIBUTES
Preserved Attribute Consequence

NASA mission profile, fixed equipment Basis for sizing study
weight, and 90 passengers.

NASA design cruise airspeed and Allowing direct comparison to NASA’s LCTR2
altitude (310 ktas, 25,000 ft) performance evaluations.

LCTR2 limit load factor of 3.0 Structure weight scaled proportional to GW.
Wing loading, sweep and taper ratio. Wing area varies with GW.

Wing span of wingtip extensions. Same overall wing span for same rotor diameter.

Varies with GW to preserve LCTR2 1.5’ clearance
between inboard rotor tip and side of body.

AR is a fallout to preserve LCTR2 1.5’ inboard rotor
tip clearance.

Higher AR gives slightly lower induced drag.

Used VASCOMP equation for Oswald Based on wing aspect ratio.

Overall Wing span

Wing aspect ratio
LCTR2 AR=11.44

induced drag factor. Generally slightly lower efficiency than NASA.

Horizontal tail volume coefficient and Horizontal tail area depends on wing area and

tail moment arm. MAC.

Rotor hover Ct/o, hover disc loading, Rotor solidity is therefore preserved.

and number of blades. Rotor diameter varies with GW.

NASA hover Download/Thrust Jl_Jstified py maintaining LCTR2 disc loading and
wing loading

NASA fuel flow conservatism factor 5% fuel conservatism

Equivalent flat plate area (fe) was Total fe changes with area of wing and tail

scaled from the NASA fe of 34.18 sq.ft. | surfaces.

Fuselage fe was retained Kept NASA LCTR2 dimensions

Engine sized to greater of HOGE HP or | All resized designs capable of HOGE and reaching

HP for design airspeed at altitude. the design cruise airspeed.

Transmission sized to greater of HOGE | Transmission torque rating adjusted for low rotor

or cruise torque (cruise for low Vtip) cruise tip speeds, where applicable.

HP available for climb and cruise limited

o : : Note: Climb was performed at rotor cruise RPM.
by transmission cruise rating.

LCTR 4-engine arrangement was OEI HOGE SHP is 90% of takeoff SHP, obtained
preserved, retaining one-engine- with 4 engines and the NASA 20% contingency
inoperative (OEI) performance. power, when engines are sized to HOGE at the

design GW (or for cruise if greater).

The essence of the aircraft sizing model is further described below.

e Model the Rolls-Royce engine performance at each specific engine RPM, including power
available, fuel consumption, and residual thrust.

e Scale the Rolls-Royce baseline engine to satisfy the greater of hover takeoff power or
cruise power. Engine scaling, at a given technology level, assumes SFC is preserved for
the same relative power, altitude and Mach number.



e Build up aircraft empty weight (EW) from the major aircraft components, using
VASCOMP parametric weight relationships.

e Base aircraft drag primarily on the LCTR2 reference data. Wing profile drag is scaled with
wing area and induced drag efficiency is based on wing aspect ratio.

e Model each rotor’s cruise performance as a bi-variant table of advance ratio (i) and thrust
coefficient (CT). Model rotor hover Figure of Merit (FM) versus the hover CT at the
LCTR2 hover tip speed of 650 fps.

e Evaluate mission performance with standard performance equations for hover, climb, and
cruise, at specific airspeed and altitude. Engine performance and rotor performance are
obtained from table lookup routines at the specific operating condition and gross weight.

e A VB iteration script executes the process sequentially to converge on a new size aircraft.

3.3 Drive Systems Configuration

NASA LCTR2 vehicle parameters and mission specifics are used to develop configuration data
and concepts for the integrated engine and drive systems in this study. The LCTR configuration
has evolved to a high wing, tilting nacelle aircraft, like the V-22 in many respects, except with
four engines, 2 engines at each nacelle. The LCTR2 adopted the tilting nacelle architecture for
perhaps the same reasons as the V-22:

e Smaller CG shift during transition to and from cruise mode
e Less complexity at nacelle transition joint with fewer spiral bevel gears in the drive system

e Smaller overall nacelle size with reduced frontal area

Disadvantages are also known and include:
e Hot exhaust temperatures near the tarmac

e Complexity of engine and transmission lubrication systems

There have been many studies™® performed for other tiltrotor drive system arrangements including
low wing/ fixed engine concepts which were also considered in earlier LCTR configurations.
Since the LCTR2 configuration is similar to the V-22 configuration, which has undergone the
scrutiny of development with many reviews and trade studies and is currently in production, it
serves as the baseline architecture and point of reference for this project.

A simple block diagram of the notional baseline drive system for this study, shown in Figure 4,
consists of 5 transmissions — a left-hand (LH) and right-hand (RH) PropRotor Gearbox (PRGB,
borrowing V-22 nomenclature), LH and RH Tilt Axis Gearboxes (TAGB) and a Mid-Wing
Gearbox (MWGB) for cabin accessory power. The PRGB transmissions are power-combining

® vittorio Caramaschi; "The Eurofar Vehicle Overview"; Agusta S.p.A; 47th Annual Forum Proceedings; May 6-9,
1991

6 C. W. Acree, Jr. and Wayne Johnson, Ames Research Center; “Performance, Loads and Stability of Heavy Lift
Tiltrotors”, AHS Vertical Lift Aircraft Design Conference, San Francisco, California, January 18-20, 2006.
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transmissions which collect power from the 2 engines (per nacelle) and deliver power to the rotor
system. The PRGB transmissions are located near the rotor system to minimize the weight of the
heavy rotor shaft. The TAGB transmissions are located on the nacelle tilting axis which is
assumed to be aft of the wing spar similar to the V-22.

Referring to the goals of this project and Figure 3, it is evident that a number of drive system
variations must be considered in this study. To satisfy the rotor’s reduced cruise tip speed, a
variable or multi-speed configuration is needed, and for operation scenarios where all the rotor
speed reduction is accomplished with engine speed variation, a single ratio transmission is
required. In addition, this study considered variations in the basic arrangement and required
reduction ratios to determine a preferred configuration.

Locations for discrete ratio, speed changing mechanisms (or continuously variable mechanisms)
are carefully chosen to minimize weight, consistent with safety and reliability requirements, and
design practices. Within this study, variable speed needs are met with 2 speed geared reduction
modules. Variable speed devices were not seen as an advantage over 2 speed devices since the
cruise condition uses a fixed ratio (low gear ratio) and this condition dominates the usage
spectrum. Conventional wisdom suggests that the location of any shifting transmissions should be
near the high speed portions of the drive system, to minimize weight, and this was verified
through the weights analysis in this study. Location of the speed changing module (near the
engines) is subject to gear and bearing speed limitations, since some planetary based shifting
gearboxes operate with high planet speeds. A potential location for the speed changing device
could be within the PRGB, at the power-combining bull gear output shaft where only 2 speed
reduction transmissions would be required to service 4 engines and 2 rotors. This location would
still operate at a moderately high rotational speed while allowing the fewest transmission modules.
The disadvantages with this location include:

Drive Systems Schematic

e —— el E——

PROP ROTOR GEARBOX

N

TILT AXIS GEARBOX

o O\

MID-WING/
GEARBOX FOR
ACCESSORY

ENGINE ENGINE POWER ENGINE ENGINE

Figure 4. Drive System Block Diagram
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e Weight penalty for lower speed/ higher torque location

e Higher criticality for the speed changing module since a failure could take 2 engines off-
line

e Speed changing events would involve 2 engines at the same time

Another option was selected for the location of the speed changing modules because of these
perceived disadvantages. Speed changing modules are located at the input stage of the PRGB
transmissions for all configurations in this study. This requires 4 individual speed changing
modules, one at each engine input shaft. This configuration is potentially the lightest weight and
most flexible configuration for speed changing events. There are additional benefits with this
location in that the modules would be accessible and repairable since they can be configured as a
‘line replaceable unit’. Further details on the drive system arrangements and variations are
described in later sections of this report.

3.4 Engine Cycle Data Lineage

NASA, Boeing and Rolls-Royce/LibertyWorks defined the engine technology strategy for this
study as a team. Four engines, representing 2015 (COTS), 2025, and 2035 technology levels, were
used in two aircraft drive system versions: one with a rotor gearbox featuring a gear change
mechanism and another without gear change capability. This produces variation in rotor speed
from 100% to 54% speed. Scalable installation and performance data were provided by Rolls-
Royce for three engines with technology consistent with the 2015, 2025, and 2035 time frames.
Each configuration and performance model was assigned individual Preliminary Design (PD)
model numbers:
e PD627 designates the 2015 engine

e PD646 designates the 2025 engine
e PD647 designates the 2035 engine with VG-VSPT.
e PD628 designates the 2035 engine with FG-VSPT

The COTS baseline PD627 engine is based on a conventional turbofan core modified to a
turboshaft engine with a multistage axial (variable geometry) compressor, and power turbine. It is
in the 7500-9500 hp class with a pressure ratio equivalent to current engines. The 2025 EIS engine
(PD646) is an upgraded 2015 design, reflecting improvements in materials and cooling, and the
incorporation of a wide speed-range capable power turbine design that includes variable-geometry.
The aircraft’s reduced speed performance will benefit from both an improvement in engine
performance and from a power turbine that is specifically designed for variable rotor speed
applications. Advanced concept architecture is used for the 2035 EIS candidate (PD647). As with
the 2025 engine, the 2035 engine incorporates a variable-geometry, wide speed-range capable
power turbine (VG-VSPT) design to optimize performance over the planned range of output
speeds. Coupling reduced dry engine weight with high efficiency at low RPMs and turbine
variability, the 2035 EIS engine represents the most advanced technology solution for the LCTR2.
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Another 2035 technology engine was introduced later in the study, as the fourth engine concept.
This PD628 engine concept applied many of the previous 2035 engine features, but with a fixed-
geometry wide speed-range capable power turbine, labeled the 2035 FG-VSPT. It sacrifices some
fuel flow and available SHP at off design conditions, but the fixed-geometry power turbine is 20%
lighter than the previous VG-VSPT. This turned out to be the best match for the LCTR2.

3.4.1 Rolls-Royce Engine Models

Engine performance modeling is a significant part of this study to evaluate the overall impact of
engine technology and engine operating RPM on the LCTR2 vehicle.

Rolls-Royce developed four engine models to evaluate the benefit of different levels of advanced
engine technology on power available, engine fuel flow, and engine weight, at 100% engine RPM
and for several reduced RPMs, supporting the Design Matrix of Figure 3.

Each engines’ maximum rated power (MRP) at SLS was nominally 8100 SHP, per Boeing
request. Rolls-Royce provided tabulated data for power (SHP) available, fuel flow and residual net
jet thrust for each engine at the following conditions:

e NASA LCTR takeoff condition of 5,000’ / ISA+20°C

e MRP, Intermediate Rated power, and Maximum Continuous power (MCP) across a range
of airspeeds up to Mach=0.7, at every 5000 ft of altitude up to 35,000 ft.

The engine performance data is considered Rolls-Royce Proprietary and is not provided with this
report. But graphs of shaft horsepower available and referred normalized fuel flow are included.

Fuel flow data collapsed well across all altitudes, for all engines, when expressed as referred fuel
flow versus referred SHP, and was therefore easily modeled as functions of referred SHP and
Mach number. Mission fuel was calculated from the Rolls-Royce engine fuel flow data at the
power required for each flight segment during the mission analysis. Cruise fuel was at the LCTR2
cruise altitude and airspeed; 25,000 ft, 310 ktas for all configurations, unless indicated otherwise.

Residual net jet engine thrust was accounted for in all mission segments, using Rolls-Royce data
as a function of altitude, Mach number, and engine SHP. Fuel flow and residual jet thrust were
scaled by an engine scale factor defined in the sizing process.

3.4.2 Rolls-Royce 2025 EIS Engine Model

Takeoff power available from the Rolls-Royce 2025 engine (PD646-11751) is 8088 SHP MRP at
SLS. The 2025 engine exhibits improved performance at 54% RPM, due to the variable-geometry
PT design. That performance improvement comes at the expense of a 200 Ib weight increase per
engine (800 Ib for the aircraft). The reference SHP for the 2025 engine is essentially the same as
for the 2015 engine (8088 HP vs. 8100 HP).

The 2025 engine provides far more power than the 2015 engine when operating at 54% RPM. At

the cruise condition (25,000 ft, Mach 0.5, 54% RPM) the 2025 engine has 23.6% more power
available than the COTS engine, which is a great advantage when resizing the aircraft.
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3.4.3 Rolls-Royce 2035 EIS Engine (VG-VSPT)

The Rolls-Royce 2035 EIS engine (PD647-11772) also delivers 8100 SHP MRP at SLS.
Advanced Versatile Affordable Advanced Turbine Engines (VAATE) technology is applied to
project future capability in this design and includes the variable-geometry, wide speed-range
capable power turbine (VG-VSPT) with associated weight for controls.

3.4.4 Rolls-Royce 2035 EIS Engine (FG-VSPT)

This engine (PD628-25233) has VAATE advanced technology with high OPR and two-spool core,
similar to the PD647-11772 above, but it has a fixed-geometry power turbine, designated as FG-
VSPT. The fixed-geometry power turbine was designed & optimized for an extended RPM
operability range, optimized at 90% speed operation with some consideration to part-speed
performance down to the 54% RPM condition while maintaining respectable SHP capability. The
FG-VSPT is about 20% lighter than its VG-VSPT cousin, making it especially attractive to the
four-engine LCTR2 aircraft.

3.5 Six Rotor Designs

NASA performed extensive studies’® to refine the design of the LCTR2 rotor system in previous
work, including aeroelastic, performance and dynamic analyses. This study applies the NASA
rotor blade airfoils and planform taper ratio for the LCTR2 in an independent evaluation of rotor
performance. Four cruise tip speeds are evaluated (650 fps, 500 fps, 422 fps, and 350 fps), with an
applicable twist distribution for each tip speed to operate best at the LCTR2 nominal 310 ktas
cruise airspeed. These four rotor designs were employed during the trade-off of reduced engine
rpm versus variable speed drive system technology to achieve the objective rotor cruise tip speeds.

Boeing designed two additional rotors for higher cruise airspeeds; one for 350 ktas cruise and the
other for 375 ktas cruise. Both rotor designs applied the 350 fps rotor tip speed, partially since
existing engine data was available at that 54% RPM. The 375 ktas design required thinner airfoils
across the blade radius to avoid adverse drag divergence, where the helical blade tip Mach number
is 0.71 at 375 ktas, 25,000 ft.

Section 6 has definitions of the six rotor designs and predicted performance.
3.6 Vehicle Resizing Methodology

The LCTR2 was resized for each of the engine technologies, at each combination of engine rpm
and drive system rpm shown in Figure 3. The method and assumptions were described in Section
3.2. Drive system weight and efficiency was adjusted for each distinct rpm reduction and for the
technology level associated with the year of the engine technology. Engine weight depended on
the year of engine technology as provided by Rolls-Royce. A minor adjustment was made to the

! Yeo, H., Sinsay, J.D., and Acree, C.W., "Blade Loading Criteria for Heavy Lift Tiltrotor Design," AHS Southwest
Region Technical Specialists' Meeting, Dallas, TX, October 2008.

8 Acree, C.W., Johnson, W., "Aeroelastic Stability of the LCTR2 Civil Tiltrotor," AHS Southwest Region Technical
Specialists' Meeting, Dallas, TX, October 2008.
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wing weight as a function of the rotor helical tip Mach number, to approximately account for the
beneficial effect of reduced blade Mach number on whirl flutter divergence at reduced rotor cruise
tip speeds.

Maximum similarity was maintained with the NASA LCTR2 aircraft geometry, providing more
focus on the rotor performance sensitivity to cruise tip speed and the effect of reduced engine rpm
or drive system rpm on the overall aircraft performance. In general, rotor diameter and wing area
were allowed to change with aircraft GW in response to changes in empty weight and mission
fuel, maintaining the LCTR2 disc loading and wing loading. A more complete set of assumptions
are listed in section 3.2.1 Table 1.

3.6.1 Mission Description and Analysis

In all cases, the LCTR2 was resized to the NASA mission profile shown in Figure 2, except for
the excursions with mission range at the end of the study. No attempt was made to find a more
optimum altitude.

Mission fuel was calculated for each LCTR2 mission segment and summed up to total fuel
required. The aircraft mission fuel was calculated at seven (7) climb altitudes, sequentially
evaluated at the corresponding gross weight during climb, and at four (4) cruise segments. Fuel
burn within each cruise segment was calculated by the Breguet range equation and GW was
updated at the end of each segment. A 5% fuel flow conservatism was applied, consistent with the
NASA design. A sample of the mission analysis worksheet is shown in Figure 5 (for the 310 ktas,
350 fps Vtip, and 100% engine RPM). Values in the yellow highlighted cells are calculated from
other worksheets in the analysis, for the specific altitude and current GW. Values for SFC, Fuel
Flow, and incremental segment fuel have been deleted to protect proprietary engine performance
data.

Separate worksheets calculate LCTR2 performance versus airspeed for each segment of climb and
cruise, providing that information back to the Analysis Worksheet. This study assumed rotor tip
speed in climb was the same as cruise. In fact, the NASA analyses assumed that rotor tip speed in
climb was higher than cruise to avoid torque limited power in climb. Residual jet engine is
accounted for in all mission segments, Hover takeoff/landing, climb, and cruise. Residual jet thrust
depends on the generated power (HP), but the required SHP depends on the amount of residual
thrust from the engine, decreasing the propeller thrust required and thereby decreasing shaft power
required. This was modeled by an initial estimate of HP for zero jet thrust. The residual jet thrust
was based on that, and a new HP required was calculated taking advantage of the residual jet
thrust.

At 310 ktas cruise, Figure 5 shows that SHP required is less than HP available, and it is within
maximum rated transmission limits.
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Mission Calculations Time Target| Density Hover GW Initial Est| Residual | Rotor | Rotor Req'd | Available
(min) |Altitude Vitip at Start SHP [Eng Thrus] Ct/sig FM SHP max SHP
Warmup/Taxi 5.00 5000 0.001911 650 93515 16614 1129.7 0.148 0.774 16289.1 16289.1
Takeoff 2.00 5000 0.001911 650 92959 1129.7 | 0.147 | 0775 16276.9 16289.1
Taxi+Takeoff Fuel NASA =| 0.7830
Climb Worksheets
. . . Avg w Index| Airspeed RoC GW Time to [ Distance Climb
Climb to Cruise Altitude Altitude Pirspeed  ktas fpm at Start Elimb (min]  nm | Thrust |Prop Eff] SHP
Initial altitude . ft 0 for max R/C Vtip = 350. Xmsn limited
Climb to 4,000. ft 2000 1 158.7 18712 214 5.3 18046 0.880 10467
Climb to 8,000. ft 6000 1 1684 18210 220 5.9 17086 0.885 10467
Climb to 12,000. ft 10000 1 1791 17639 227 6.5 16142 0.889 10467
Climb to 16,000. ft 14000 1 190.7 1698.3 2.36 7.2 15210 0892 10467
Climb to 20,000. ft 18000 1 2035 1622.6 247 8.1 14288 08%4 10467
Climb to 25,000. ft 22500 1 2196 15232 328 118 13263 0895 10467,
Climb Fuel 14.71 44.9
Cruise Worksheets
Cruise Target [Distand Specified | Airspeed GW 0 Time Req'd Req'd Avail
Altitude (nm) [ Airspeed | bestktas [ at Start (hr) L/D Thrust |Prop Eff] SHP SHP
increments of 5 ktas lookup | lookup | lookup | lookup lookup
Cruise (Cruz-1) 25000 | 230.0 310 310.0 0.742 10.511 8743 0.848 9894 10982
Cruise (Cruz-2) 25000 230.0 3100 0.742 10.425 8598  0.847 9753 10982
Cruise (Cruz-3) 25000  230.0 3100 0.742 10.333 | 8459  0.846 9617 10982
Cruise (Cruz-4) 25000 265.1 3100 0.855 10.237 | 8325 0.844 9486 10982
Cruise Fuel it 3.08
>f values at 99%BR speed 230 Best nm/lb
| lookup | lookup | lookup | lookup | lookup |
Cruise 30 nm Alt Dest. 25000 30 Best nm/lb 215 82725 0.140 12497 6620 0809 5677628 10467
Cruise 30 min Reserve Fud Te}rget Distand Airs.pegd Airspeed GW 0 Time Req'd Req'd Avail
Altitude (nm) Criteria best ktas | at Start (hr) L/D Thrust |Prop Eff| SHP SHP
lookup lookup | lookup | lookup | lookup lookup
Cruise (Cruz-5) 10000 84.5 169.0 0.500 12.352 6672 0.813 4488 10467
Descend to SL No time, No range, No fuel
Landi Time |Target| Density Hover GW |[Initial Est.| Residual | Rotor | Rotor Reqg'd | Available
anding (min)  |Altitude Vitip at Start SHP [Eng Thrus] Ct/sig FM SHP max SHP
1.00 5000 0.001911 650 @ __ . __ 13388 889.1  0.129 | 0782 131664 162891

Figure 5. Sample Analysis Worksheet

3.6.2 Component Weight Estimation

The NASA LCTR2 weights for Fixed Useful Load, Fixed Equipment, and Payload were kept
fixed throughout the study. Resizing the LCTR2 required estimating changes in component
structural weights due to dimensional changes of the wing and rotor, and drive system and engine
weights due to the installed power. Those effects on the aircraft empty weight, plus changes in
mission fuel required, resulted in a new aircraft gross weight as the aircraft was resized.

3.6.2.1 Engine System Weights

One significant difference between Boeing weight and NASA LCTR2 weight is the size and
weight of primary engines. NASA assumed notional off-the-shelf engines of 7500 SHP class for
each of the 4 LCTR2 engines, giving 30,000 SHP available takeoff power. About 19,000 SHP was
required for LCTR2 hover at the SDGW of 107,124 Ib, or about 23,400 SHP to hover at the max
GW of 123,192 Ib. While the installed SHP significantly exceeded that required for hover, NASA
may have selected that size to maintain high altitude cruise with one engine inoperative (OEIl), a
factor not considered in this study. An oversized engine generally results in additional engine
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weight and requires more fuel as the engines would be operating at part power in the cruise
condition.

Boeing sized LCTR2 engines only to the power required for hover at the standard-design gross
weight (SDGW), 5000 ft altitude / ISA+20°C takeoff condition, or to cruise power, which ever
was greater. Very few cases in this study were sized by cruise.

Dry weight of the four NASA LCTR2 engines was about 3150 Ib, or 9.5 SHP/Ib. That power-to-
weight ratio is much higher than Rolls-Royce estimated for the 2015 or 2025 engines, but is close
to their estimated value for the advanced VAATE technology in the 2035 time frame. Table 2 and
Figure 6 show the Rolls-Royce projected dry engine weight and power-to-weight ratio for the
2015, 2025 and 2035 engines used in this study. They had generally lower SHP/Ib than the NASA
estimate, except for the 2035 FG-VSPT Rolls-Royce engine, which was quite close to the NASA
value.

A standard aircraft weight breakdown includes an Engine Systems weight, accounting for the
engine’s exhaust system, starting system and controls; and an Engine Section weight, accounting
for the structure required to mount the engine and react shaft torque output. These two components
tend to be functions of the dry engine weight, thereby compounding the influence of dry engine
weight on vehicle empty weight, shown in Figure 7. Every pound of dry engine weight introduces
2.25 Ib to aircraft empty weight, and an added pound of empty weight increases vehicle GW by
roughly 2 pounds when resized. So each extra pound of dry engine weight compounds to add
about 4.5 pounds to vehicle GW.

3.6.2.2 System Level Weight Comparison

Boeing initially compared NASA LCTR2 component weights to Boeing in-house weight trends,
for the structure, rotor, and drive system; using the NASA LCTR2 geometry and NASA weights
for engines, engine systems, contingency weight, fixed useful load, fixed equipment and payload.
Component weights were estimated without resizing the aircraft. Boeing’s weight trends estimated
the drive system to be 7% heavier than the NASA drive system weight. The rotor, wing, and
landing gear weights were 4.7%, 15.4%, and 17.1% higher, respectively. However, these were
compensated by a much lighter fuel system weight, resulting in only a 3.6% net increase in empty
weight. These differences were chalked up to Boeing’s parametric weight trends being based on
different historical data from NASA’s historical data, taking confidence in the relatively small
difference in empty weight.

TABLE 2. ENGINE DRY WEIGHTS (REFERENCE, UNSCALED ENGINE)

Engine Refe.rence SHP Per Engir?e Dry | Dry Engine
Engine (MRP/SLS) Weight SHP /Ib
2015 PD 627 (COTS) 8100 HP 1356 Ib 5.97
2025 PD646 8088 HP 1556 Ib 5.20
2035 VG-VSPT PD647 8088 HP 1020 Ib 7.93
2035 FG-VSPT PD628 8086 HP 807 Ib 10.00
NASA LCTR2 7500 HP 787 Ib 9.52
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Figure 6. Effect of Technology on Dry Engine Weight Growth
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Figure 7. Weight Growth Impact of Installed SHP

Basic drive system weight changed in accordance with both the RPM reduction and the year of
technology to stay consistent with the engine technology. Drive system (efficiency) losses were
estimated as a percent power loss for cruise operating conditions, which changed with both RPM
reduction and technology level.

All structural weights were estimated at a 2025 technology level, to avoid any confusion about
structural weight impact versus the primary objective of evaluating rotor cruise operating tip speed
and the engine rpm versus drive system rpm reduction.

Supporting information can be found in Appendix D.
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4.0 PROPULSION SYSTEM ASSESSMENT
4.1 Description of 2015 Technology Engine

A 2010 ‘design freeze' technology level was applied to the COTS (2015) engine, taking into
account a product cycle that would result in a certified engine in the 2015 timeframe. The 2015
engine performance was provided in deck form,
which allowed engine scaling for size and weight
to arrive at an optimum engine size for a given
mission and load. This engine was used to
establish a baseline configuration. Figure 8 is
representative of the 2015 COTS engine.

Figure 8. Representative Image of the EIS 2015 Engine

The engine configuration is axial core with a conventional compressor and cooled turbine, along
with a free power turbine. The turbine in this turboshaft application is only driving a power output
shaft and will therefore be referred to it as a power turbine, consistent with the helicopter world.
The engine is flat rated to 109°F (42.8°C) at 7500 shp with the capability of increasing power by
20% during one engine inoperative (OEI) conditions.

The compressor has variable-geometry stators to allow satisfactory operation at off-design speeds.
The power turbine matching was optimized to provide good efficiency between 80 and 100%
speed. As such, the engine is well suited for a variable speed transmission/rotor system with
operation down to a 77% shift point. When coupled with a fixed transmission gear ratio, there is
an appreciable drop in performance at PT speeds below 77%, resulting in non-optimal
performance at 54% PT speed due to the wide variation in power turbine inlet incidence angle,
which occurs at significantly reduced power turbine speeds.

The Rolls-Royce PD627 2015 (COTS) baseline engine is a current technology turbofan engine
core. The core consists of an advanced, highly loaded eight-stage axial compressor followed by an
annular combustor and a high-work, single-stage high-pressure turbine. The power is directed to
the front end through a shaft driven by a two-stage power turbine. The PD627 engine utilizes a
fixed-geometry power turbine operated over the desired range of power turbine speeds, with 100%
power turbine speed defined as 15,000 rpm. Delivered power is controlled by a dual full-authority
digital engine control (FADEC) and torque sensing mechanism near the inlet. A substantiation of
the 2015 engine component technologies is provided in Appendix C.

4.1.1 Analysis and Substantiation

Boeing c