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EXECUTIVE SUMMARY

Vision 100—Century of Aviation Reauthorization Act (P.L. 108-176), Sec. 711, Rotorcraft Research and Development Initiative, tasked the Federal Aviation Administration (FAA) to establish a rotorcraft research and development (R&D) “…initiative with the objective of developing, and demonstrating in a relevant environment, within 10 years after the date of the enactment of this Act, technologies to enable rotorcraft with the following improvements relative to rotorcraft existing as of the date of the enactment of this Act:

(1) 80 percent reduction in noise levels on takeoff and on approach and landing as perceived by a human observer.

(2) Factor of 10 reduction in vibration.

(3) 30 percent reduction in empty weight.

(4) Predicted accident rate equivalent to that of fixed-wing aircraft in commercial service within 10 years after the date of the enactment of this Act.

(5) Capability for zero-ceiling, zero-visibility operations.”
The law mandates the Administrator of the FAA, in cooperation with the Administrator of the National Aeronautics and Space Administration (NASA), to provide a plan for the implementation of this initiative within 180 days after the enactment to the Committee on Science of the House of Representatives and to the Committee on Commerce, Science, and Transportation of the Senate.


This plan  represents a collaborative effort by the FAA and NASA to identify potential projects to enable highly reliable, cost-effective, and environmentally friendly rotorcraft.  Whether the next-generation rotorcraft meets, exceeds, or falls short of these five specific goals will depend on many factors, particularly, the success of the individual projects and the extent to which market forces compel the application of these technologies.

The plan outlines those projects, which rely on the advancement of known technological solutions, as well as more challenging ones that will require new and innovative solutions (particularly that of empty weight reduction).  Such projects may involve greater uncertainty, higher cost, and a more marginal return on investment.  


A rough order of magnitude cost estimate for executing all projects is included in this plan.  The estimated investment necessary to develop the technologies identified in this plan is approximately $3.5 billion.  The apportionment of costs to various government, industry, and academic partners has not been fully explored, nor have the intermodal infrastructure costs associated with introducing these technologies into the National Airspace System.  This is an optimum plan to achieve the statutory goals.  What part of this plan can be done by FAA and NASA will depend on an assessment of the priority trade-offs with other important safety aeronautics initiatives.  In addition, there has been no assessment of the costs necessarily borne by the industry for certification of new vehicles.  

The plan is structured so that the first three years of the program involves foundational research and basic prototyping and testing.  The emphasis of years four through seven is on more complex testing and rigorous validation of system prototypes.  Flight-testing in a relevant environment is performed in the final three years.



CONTENTS

Page

EXECUTIVE SUMMARY
i

11. Introduction


11.1 State of the Rotorcraft Community


21.2 Rotorcraft 10-Year Initiative


21.3 Developing the R&D Plan


52. NOISE REDUCTION GOAL


62.1 Baseline


62.2 Discussion of Goal


72.3 Technical Background and Technology Gaps


72.3.1 Noise Generation


72.3.2 Noise Mitigation


102.3.3 Current Research Programs


112.4 Technical Roadmap


112.4.1 Task I:  Analytical Tools Development, System Level


112.4.2 Task II:  Main Rotor Noise Reduction Technology


132.4.3 Task III:  Antitorque Noise Reduction


132.4.4 Task IV:  Engine Noise Reduction


142.4.5 Task V:  Operational Noise Reductions


142.4.6 Task VI:  Psychoacoustics


142.4.7 Task VII:  Integrated Demonstrations


152.5 Schedule


162.6 Estimated Costs


173. Vibration REDUCTION GOAL


173.1 Baseline


203.2 Discussion of Goal


223.3 Technical Background and Technology Gaps


223.3.1 Sources of Vibration in the Rotorcraft


243.3.2 Current State-of-the-Art


263.4 Technical Roadmap


273.4.1 Task I:  Development of Analysis Tools


283.4.2 Task II:  Component and Subsystem Technology


293.4.3 Task III:  Technology Benchmarking and Demonstrations


293.4.4 Task IV:  Integrated Demonstrations


293.5 Schedule


303.6 Estimated Costs


334. Weight reduction GOAL


354.1 Baseline


354.2 Discussion of Goal


374.3 Technical Background and Technology Gaps


394.3.1 Airframe Structures


414.3.2 Advanced Aerodynamics


414.3.3 Advanced Turboshaft Engines


444.3.4 Drive Systems


464.3.5 Fiber Optics


474.3.6 Rotors and Control Systems


484.4 Technology Roadmap


484.4.1 Task I:  Structures Weight Reduction


484.4.2 Task II:  Engine Weight Reduction


484.4.3 Task III:  Drive System Weight Reduction


494.4.4 Task IV:  Fiber Optics


494.4.5 Task V:  Rotor and Control System Weight Reduction


504.5 Schedule


524.6 Estimated Costs


535. Safety IMPROVEMENT GOAL


565.1 Baseline


565.1.1 Selection of the Safety Metric


565.1.2 Selection of Baseline Accident Rate


595.2 Discussion of Goal


605.3 Technical Background and Technology Gaps


605.3.1 Component and Part Failures


605.3.2 Human Factors Causes


615.3.3 Safety Investment Areas


675.3.4 Other Agencies Programs


695.4 Technical Roadmap


695.4.1 Task I:  Technology Assessment


695.4.2 Task II:  Technology Development


715.4.3 Task III:  Initial Flight Trials and Equipment Downselect


715.4.4 Task IV:  Fleet Installations


715.4.5 Task V:  Fleet Evaluations


725.4.6 Task VI:  Regulatory Activities


725.5 Schedule


725.6 Estimated Costs


736. ZERO-CEILING, ZERO-VISIBILITY OPERATIONS GOAL


756.1 Baseline


766.2 Discussion of Goal


766.2.1 Rotorcraft Market Segments


766.2.2 Operations


776.2.3 Implementation Concepts


786.2.4 Regulations


796.3 Technical Background and Technology Gaps


816.4 Technical Roadmap


846.5 Schedule


866.6 Estimated Costs


887. Integrated Flight Demonstrations


887.1 Introduction


887.2 Schedule


897.3 Estimated Costs





LIST OF FIGURES

Figure
Page

51
Noise Reduction Technology Chart


62
Current Takeoff and Approach Noise Limits and Proposed Noise Reduction Goals


173
Vibration Control Technology Chart


194
Vibration Specifications and Current Human Exposure Limits


215
Rotorcraft Vibration Goals—5 and 10 Year


226
Vibration Control System Weight Goals—5 and 10 Year


347
Empty Weight Reduction Technology Chart—Helicopters


348
Empty Weight Reduction Technology Chart—Tiltrotors


369
Historical Trend of Figure of Merit of Helicopters


3610
Historical Trend of Rotorcraft Empty Weight Fractions


3711
Empty Weight Fractions of Helicopters


4012
RWSTD Weight Savings


4213
Engine Power-to-Weight History


5414
Safety Improvement Technologies Chart


6215
Groups of Causes for Accidents


7416
Zero/Zero Operations Technology Chart




LIST OF TABLES

Table
Page

31
Benefit and Risk Summary


42
FAA 10-Year Rotorcraft R&D Funding Requirements


383
Weight Fractions of Structure and Subsystems


434
Projected Contribution towards Empty Weight Goal


445
Helicopter Drive System Weight Breakdown


456
Projected Empty Weight Improvement for Twin-Engine Helicopters


467
Projected Empty Weight Improvement for Tiltrotors


588
U.S. Helicopter Safety (1990-1994)


9
U.S.-Registered Helicopter Accident Rates from All Studies
58

6210
Safety Investment Areas and Cross-Reference to GCAs


11
Rotorcraft Goals and Current Status
75

7712
Common Operational Considerations


7813
Common Implementation Concepts


7914
Common Regulatory Concerns


8015
Technologies for Zero/Zero




LIST OF ACRONYMS

AATD
Aviation Applied Technology Directorate

AH
Abort Height

AC
Advisory Circular
AD
Airworthiness Directive

ADOCS
Advanced Digital Optical Control System

AFCS
Automatic Flight Control System

ART
Advanced Rotorcraft Transmission 
ATC
Air Traffic Control

ATM
Air Traffic Management
BVI
Blade Vortex Interaction
BWI
Blade Wake Interaction
CFD
Computational Fluid Dynamics

CFR
Code of Federal Regulations
CFIT
Controlled Flight Into Terrain

CIRS
Cockpit Information Retrieval System

CVRs
Cockpit Voice Recorders

DARPA
Defense Advanced Research Project Agency
DCB
Decreased Comfort Boundary

DGPS
Differential Global Position System

DH
Decision Height
DLR
Deutsche Gesellschaft für Luft- und Raumfahrt
EDD
Eccentric Differential Drive

EMS
Emergency Medical Service
EPNL
Effective Perceived Noise Level

ERATO
European low noise rotor

FAA
Federal Aviation Administration

FDPB
Fatigue-Decreased Proficiency Boundary
FDRs
Flight Data Recorders

FM
Figure of Merit

FMS
Flight Management System
GA
General Aviation

GCAs
Groups of Causes for Accidents

GPS
Global Positioning System

GW
Gross Weight
HAI
Helicopter Association International

HART-II 
Higher-Harmonic Control Aeroacoustic Rotor Test
HP
Horsepower
HSI
High-Speed Impulsive

HUMS
Health and Usage Monitoring System
IBC
Independent Blade Control
IFR
Instrument Flight Rules

ILS
Instrument Landing System

IFR
Instrument Meteorological Conditions

ISO
International Standards Organization
JTAGG
Joint Turbine Advanced Gas Generator

LAAS
Local Area Augmentation System
LIVE® 
Liquid Isolation Vibration Eliminator

MLS
Microwave Landing System
n/rev
Number of blades per revolution

NASA
National Aeronautics and Space Administration
NFAC
National Full-Scale Aerodynamic Complex 
NTSB
National Transportation Safety Board

OBC
On-Blade Control
OCAS
Obstacle Collision Avoidance System

OEM
Original Equipment Manufacturer

ONERA
Office National d'Etudes et de Recherches Aerospatiales 
PC
Personal Computer

PEEK
Poly Ether Ether Ketone

PINS
Point-in-Space
PVT
Variable Speed or Pericyclic Variable Rotor Speed Drive Transmission
R&D
Research and Development

RCoE
U.S. Army Rotorcraft Center of Excellence
RDS-21
Drive System for the 21st Century 
RIA
Runway Independent Aircraft
RITA
Rotorcraft Industry Technology Association
RNP
Required Navigation Performance

RWSTD
Rotary Wing Structures Technology Demonstration 
SAFOR
Safe All-Weather Flight for Rotorcraft

SAR
Search and Rescue

SARAP
Survivable Affordable Repairable Airframe Program 
SATE
Small Affordable Turbine Engine
SFC 
Specific Fuel Consumption
SHFE
Small Heavy Fuel Engine 
SIA
Safety Investment Area

SWCNT
Single Wall Carbon Nanotube
TAWS
Terrain Avoidance Warning System

VTOL
Vertical Takeoff and Landing
VH
Power-Limited Horizontal Flight Speed

WAAS
Wide Area Augmentation System

WSPS
Wire Strike Protection System

TCAS
Traffic Alert and Collision Avoidance System

UAV
Unmanned Aerial Vehicle

1.   Introduction

1.1   State of the Rotorcraft Community

Over 6,500 commercial rotorcraft operate in the United States.
  The U.S. Army operates almost 5,000 helicopters worldwide, and the U.S. Coast Guard and other defense agencies operate an additional sizable fleet of helicopters.  Worldwide annual sales of over 1,000 civil and military rotorcraft produced by U.S. manufacturers totaled around $6.6 billion in 2002.
  

Commercial operations are extremely varied, but fall into five main categories:  heavy lift (logging); offshore operations (oil rig support); passenger shuttle; emergency response; and surveillance.    
By their own admission, U.S. manufacturers have not produced a substantially new design in over 15 years.  

Military rotorcraft sales are enjoying a brief, but tentative renaissance.  A new study, The World Military Rotorcraft Market 2003 through 2013, predicts production of over 5,000 rotorcraft over the next 10-year period.  With the cancellation of the Comanche and intense competition from state-supported foreign helicopter manufacturers, however, the U.S. is in danger of losing its technological edge, which will consequently damage the U.S. manufacturing base.  

Many in the United States are concerned by the decreasing ability of U.S. rotorcraft manufacturers to compete in the global marketplace.  European manufacturers are gaining a greater share of the worldwide rotorcraft market, in part, because of advanced technology.  European blade design, use of composites, bearingless main rotors, and health and usage monitoring systems are becoming increasingly technologically sophisticated.  

Rotorcraft play a role in national welfare, security, and defense.  Military functions, such as battlefield mobility, personnel transport, close ground support, and directed surveillance, are impossible or impractical with other modes of transportation.  Despite difficult and hazardous operations during the Afghanistan and Iraq wars, rotorcraft (manned and unmanned) have and will continue to play an important role in countering the threats posed by terrorist organizations and hostile states.  

Domestic rotorcraft support search and rescue, emergency medical transport, fast and efficient passenger and cargo shuttle, firefighting, and surveillance missions..  Runway-independent aircraft, such as helicopters and tiltrotor aircraft, may be capable of increasing aviation system capacity and alleviating congestion and delays.  

1.2   Rotorcraft 10-Year Initiative

Vision 100—Century of Aviation Reauthorization Act (P.L. 108-76), Sec. 711, Rotorcraft Research and Development Initiative, charged the FAA to establish a rotorcraft R&D “…initiative with the objective of developing, and demonstrating in a relevant environment, within 10 years after the date of the enactment of this Act.”  The Act calls for the following improvements: 

(1) An 80 percent reduction in noise levels on takeoff and on approach and landing as perceived by a human observer.

(2) A factor of 10 reduction in vibration.

(3) A 30 percent reduction in empty weight.

(4) A predicted accident rate equivalent to that of fixed-wing aircraft in commercial service within 10 years after the date of the enactment of this Act.

(5) The capability for zero-ceiling, zero-visibility operations.

The law also mandated that the Administrator of the FAA, in cooperation with the NASA Administrator, provide a plan for the implementation of this initiative within 180 days after the enactment of the Act to the House Committee on Science and the Senate Committee on Commerce, Science, and Transportation.


1.3 Developing the R&D Plan

The FAA surveyed NASA, DoD, the rotorcraft industry and its suppliers, academia, and operators for suggestions on the most effective steps to be taken to achieve the five goals.  The Offices of Aviation Research, Flight Standards, Aircraft Certification (Rotorcraft Directorate), and the Office of Energy and Environment represented the FAA.  The Office of Aeronautics represented NASA.  The Rotorcraft Industry Technology Association in which Bell Helicopter Textron, The Boeing Company, Sikorsky Aircraft Corporation (a division of United Technologies), and Kaman Aerospace are principle members, as well as Smiths Industries representing suppliers, represented the rotorcraft industry.  The National Rotorcraft Technology Center and the Applied Aviation Laboratory represented DoD.  The U.S. Army Rotorcraft Centers of Excellence (RCoE), which includes Georgia Institute of Technology, the University of Maryland, and the Pennsylvania State University, provided academic representation. The Helicopter Association International represented commercial operators.

This plan represents the best efforts of the FAA, NASA, DoD, industry, and academia to select projects whose results should enable the production of highly reliable, cost-effective, and environmentally friendly rotorcraft.  Whether the next-generation rotorcraft meets, exceeds, or falls short of the five specific objectives is a function of many factors, particularly, the success of the individual projects and the extent to which market forces compel the application of these technologies.  
The plan is structured so that the first three years of the program involves foundational research and basic prototyping and testing.  The emphasis of years four through seven is on more complex testing and rigorous validation of system prototypes.  Flight-testing in a relevant environment is performed in the final three years.

Table 1 shows the emerging consensus of the group regarding the challenge before us.

Table 1:  Benefit and Risk Summary

	 Goal
	 Overall Benefit
	 Difficulty

	 Noise
	 High
	 Moderate to High

	 Vibration
	 Moderate
	 Moderate

	 Empty Weight
	 Extremely High
	 Extremely High

	 Accident Rate
	 High
	 Challenging

	 Zero/Zero 
	 Targeted application
	 High


The plan outlines those projects, which rely on the advancement of known technological solutions, as well as more challenging ones that will require new and innovative solutions (particularly that of empty weight reduction).  Such projects may involve greater uncertainty, higher cost, and a more marginal return on investment.  



A rough order of magnitude cost estimate for executing all projects is included in this plan.  The estimated investment necessary to develop the technologies identified in this plan is approximately $3.5 billion.  The apportionment of costs to various government, industry, and academic partners has not been fully explored, nor have the intermodal infrastructure costs associated with introducing these technologies into the National Airspace System.  There was no assessment of the priority trade-offs with other important aeronautics initiatives, nor the costs necessarily borne by the industry for certification of new vehicles.

The plan is structured so that the first three years of the program involves foundational research and basic prototyping and testing.  The emphasis of years four through seven is on more complex testing and rigorous validation of system prototypes.  Flight-testing in a relevant environment is performed in the final three years.


Table 2:  FAA 10-Year Rotorcraft R&D Funding Requirements 

(in millions of U.S. dollars)

	 
	10-Year Total
	Y1
	Y2
	Y3
	Y4
	Y5
	Y6
	Y7
	Y8
	Y9
	Y10

	 Noise Reduction Total
	232
	5
	10
	39
	59
	70
	25
	13
	2
	5
	5

	 Vibration Reduction Total
	173
	8
	22
	24
	28
	30
	20
	20
	11
	5
	5

	 Weight Reduction Total
	921
	100
	150
	157
	107
	70
	85
	137
	115
	0
	0

	 Safety Improvement Total
	253
	14
	33
	31
	38
	25
	38
	32
	22
	10
	10

	 Zero/Zero Operations Total
	565
	2
	38
	79
	114
	90
	80
	69
	62
	28
	3

	 Integrated Demos Total
	1334
	0
	0
	0
	10
	160
	430
	430
	160
	72
	72

	 10-Year R&D Plan Grand Total
	3478
	129
	253
	330
	356
	445
	678
	701
	372
	120
	95




NOISE REDUCTION GOAL

Reduction of external noise generated by rotorcraft is rapidly becoming a major market driver worldwide as community tolerance to noise decreases.  Public Law 108-199 establishes a goal of an “80% reduction in noise levels on takeoff and approach and landing as perceived by a human observer.”  This goal translates into a 14 decibel (dB) reduction in Effective Perceived Noise Level (EPNL), as calculated by the detailed procedures for FAA noise certification.  This goal is achievable with current technology, but only with economically unacceptable weight and cost penalties.  To achieve this goal without a large negative impact on industry, there needs to be a balanced approach, using both new technologies and design modifications.  To meet this goal, we must: 

· Close the current technology gaps in the understanding, perception, and control of rotorcraft noise for both primary and secondary noise mechanisms, and 

· Develop advanced noise control technologies and supporting and enabling technologies for application to rotorcraft, including the development of low rotor tip speed capabilities and noise abatement flight procedures for both helicopters and tiltrotor aircraft.

This can be accomplished by leveraging efforts already underway by the Defense Advanced Research Project Agency (DARPA), the U.S. Army Rotorcraft Centers of Excellence, and the FAA Center of Excellence for Aircraft Noise and Aviation Emissions Mitigation.  Figure 1 details some of the technical contributions necessary to achieve a 14 dB reduction. Figure 2 shows the current and proposed noise limits as a function of gross weight (GW).  The metric used is the effective perceived noise level, a measure accepted by certification agencies worldwide.
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Figure 1:  Noise Reduction Technology Chart
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Figure 2:  Current Takeoff and Approach Noise Limits and Proposed Noise Reduction Goals

1.3   Baseline

FAA noise certification is based on a standardized measurement of noise levels as perceived on the ground using EPNL and sound exposure level metrics.  These metrics are derived as a function of maximum takeoff gross weight and provide an effective and commonly used yardstick for evaluating rotorcraft noise; hence, they are well-suited for establishing baselines for rotorcraft noise reduction research.  The current International Civil Aviation Organization (ICAO) noise limits for takeoff and approach, soon to be adopted by the FAA, will be used as baselines.
 

The noise reduction goal focuses on reducing takeoff and approach noise.  Flyover (cruise) noise must also be addressed simultaneously, since it is a significant source of community noise complaints.  Low flyover noise will also be considered because it is critical for meeting the congressionally mandated requirement for reducing air-tour noise in the Grand Canyon and other National Parks.

1.4   Discussion of Goal

Having set the baseline metric in EPNL (dB), see Figure 2, the 80% reduction required is equivalent to a 14 dB reduction relative to the baseline.  As discussed in section 2.1, takeoff and approachnoise levels will be used to measure progress against the goal.

1.5   Technical Background and Technology Gaps

1.5.1   Noise Generation

The external noise radiated by rotorcraft arises from three primary sources:  (1) the main rotor(s), (2) the antitorque system, and (3) the engine.  The main rotor noise tends to be dominant in larger rotorcraft, while open tail rotors (if used) and engines tend to dominate the noise spectrum in smaller machines.

Main rotor noise is comprised of a variety of components, such as high-speed impulsive (HSI) noise, blade vortex interaction (BVI) noise, blade wake interaction (BWI) noise, main rotor-tail rotor interaction effects, broadband noise sources, and noise due to ingestion of turbulence.  The vehicle design and operational condition control the dominance of one noise source over another.

Once the noise from these dominant sources has been mitigated, secondary sources must be reduced to achieve the complete 14 dB noise reduction goal.  

1.5.2   Noise Mitigation

Current technology gaps that are inhibiting progress in reducing rotorcraft noise include:

· Limitations in modeling and predictions;

· Lack of test data; and

· Lack of noise reduction and enabling technologies.

1.5.2.1   Modeling and Predictions

The major technical gaps in modeling and predicting rotorcraft noise include the lack of an accurate and comprehensive capability for source noise modeling and the lack of an accurate ground noise level and contour prediction tool, particularly for transient flight maneuvers.  To achieve reliable main rotor modeling capabilities, work must be done in:  

· Computational fluid dynamics—current methods appear to be working reasonably well for steady-state performance prediction and lower-frequency air load predictions, but lack accuracy for higher harmonic air loads and the attendant noise.  

· Blade vortex interaction noise—improved accuracy of these models is needed. 

· Broadband noise sources—both theory and experimental data are lacking. 

Most of the planned modeling efforts in government and industry currently focus on main rotor noise prediction and do not directly address tail rotor, or antitorque noise, although some main rotor noise modeling techniques are applicable to tail rotors.  The lack of comprehensive modeling capability for antitorque noise in the presence of strong main rotor and antitorque aerodynamic interactions remains a technology gap; interactions with surrounding surfaces, such as fins, struts, and shrouds (dependent on antitorque configuration) also need further study.  Additionally, harmonic noise modeling of rotors with irregularly spaced blades appears feasible with current methods, but has not yet been validated.

Validation of new analyses is a prerequisite for confidence in them.  Carefully controlled and well-instrumented nonrotating and rotating experiments in small- and full-scale are necessary to provide the required data.  Some comprehensive data sets are already available.

1.5.2.2   Test Data

Smaller-scale experimental data from rotors are currently available for relatively simple blade design, e.g., the Higher-Harmonic Control Aeroacoustic Rotor Test (HART-II) rotor
, where simultaneous measurements are available for blade motion, blade deformations, blade loads, sound pressure levels off the rotor, and the tip vortex strength.

Full-scale UH-60 data are available from tests conducted in NASA’s National Full-Scale Aerodynamic Complex.
  This benchmark data set includes in-flight, ground-based, and wind tunnel acoustic measurements and a complete suite of aeromechanics measurements, including high-frequency blade air loads.

Four significant gaps exist in the test data:

· A comprehensive database of approach blade vortex interaction noise as a function of air speed, rate of descent, and deceleration rate is not available for most U.S.-manufactured rotorcraft.  

· The bulk of rotorcraft noise test data acquired to date has been limited to steady-state flight conditions.  Additional data are needed for the understanding and modeling of transient flight maneuvers, both typical of normal operations and applicable to noise abatement flight procedures.

· Additional test data are needed to understand and address both secondary noise sources such as engine inlet and exhaust noise and the impact of operational changes such as (temporary) tip speed reductions.

· Human receiver perception and how it triggers annoyance is insufficiently understood.  This issue could be limiting gains of technological noise reduction.  Therefore, it is recommended to identify the most sensitive psychoacoustic traits and characteristics of noise by helicopters.

1.5.2.3   Noise Reduction and Enabling Technologies

To achieve noise reduction goals, research activities must examine: 

· Rotors with unequal blade spacing are routinely being used in antitorque systems with the effect of reducing the perceived noise level, though the total energy content in the noise spectrum remains unchanged.  This effect has also been used for many years in automotive cooling fans.

· Low and variable tip speed operation through either fixed low rotor revolutions per minute (rpm), stepwise variable rotor rpm, or continuously variable rotor rpm is most effective in reducing noise, but results in higher rotor torques (power required remains approximately unchanged), higher antitorque thrust and power, and more blade area and higher lift coefficients.  Research must be undertaken to determine if these effects can be mitigated by new lightweight transmission concepts and advanced aerodynamic concepts in the rotating system.  Critical issues include the side effects of variable rotor rpm’s on blade structural loads, airframe vibrations, flying characteristics, autorotation characteristics, engine efficiency, and transmission design and efficiency.

· Advanced blade designs and tip shapes have been investigated for many years. European researchers had some success with their ERATO (Étude d´ un Rotor Aéroacoutiquement Optimisé) rotor, indicating that gains can be made.  More theoretical and experimental work in this area is required.

· Compound and tiltrotor configurations have their own unique characteristics that need to be revisited from the noise reduction point of view.

· Active control of rotor blade pitch or blade and airfoil geometry is aimed primarily to reduce or alter high-speed impulsive and blade vortex interaction noise.  These types of controls range from relatively simple low authority, in-line actuators installed in conventional pitch links (independent blade control), to on-blade active twist concepts, to birdlike variations of the airfoil and tip shape.  Many theoretical investigations have shown the potential of such schema, but elegant solutions for mechanical implementation are sorely lacking.  Novel concepts, such as artificial muscles, must be investigated.  While several higher-harmonic blade pitch control experiments on model-scale and full-scale helicopters have shown empirically that noise can be reduced in many operating conditions, experience to date also indicates that these noise reductions are often accompanied by increases in vibration.

· Noise abatement flight procedures use current and advanced guidance and control capabilities.  The zero/zero goal requires autopilot capabilities, which can be adapted directly to automate noise abatement procedures. University studies and industry and NASA tests have shown conclusively that very significant blade vortex interaction noise reductions can be achieved by precise flight path and speed control.  Any required air traffic control changes to an urban segment of the National Airspace System will not negatively impact the highly burdened large commercial transport. 

· Secondary noise reduction (engines, fans) will require adaptation of fixed‑wing inlet and exhaust-muffling technology to the constraints of rotorcraft.

· In the area of psychoacoustic modifications, more knowledge about the specific characteristics of helicopter noise and what makes it quite annoying to humans is needed.

A cohesive combined computational-experimental approach is needed to understand the basic physics behind noise reduction and perception technologies, to validate computational tools, to evaluate concepts systematically, and to identify the most promising path ahead.

1.5.3   Current Research Programs

Several agencies and organizations are currently conducting rotorcraft research and development.  

The FAA established the Air Transportation Center of Excellence for Aircraft Noise and Aviation Emissions Mitigation in 2003; the Center research and development efforts will concentrate on a broad spectrum of noise and emissions mitigation issues, including: socio-economic effects, noise abatement flight procedures, compatible land-use management, airport operational controls, and atmospheric and health effects.  Additionally, the FAA’s study on nonmilitary helicopter noise identified a number of technical needs.

NASA’s Rotorcraft Sector of Vehicle Systems Research program has a 5-year plan to address various technologies suitable for the design of a 120-passenger vertical takeoff and landing (VTOL) rotorcraft.  Noise reduction technology is deemed an enabling technology for this rotorcraft to ensure public acceptance.  

In addition, NASA has developed the capability to measure complete sound hemispheres of aircraft using a three-tower microphone array.  This array can be used for dedicated test programs to expand available rotorcraft noise databases and to develop noise abatement flight procedures in support of the current research effort.

The Defense Advanced Research Project Agency is about to initiate a 6-year, three-phase Helicopter Quieting Program starting in mid 2004.
  The emphasis in this program, however, is on acoustic detectability reduction in a military environment.

The U.S. Army is in the final stages of developing a new strategic technology plan for military VTOL systems.  This plan recognizes the importance of acoustic signature (detectability) reduction for military VTOL platforms.

As part of the U.S. Army Rotorcraft Centers of Excellence, Georgia Institute of Technology, University of Maryland, and Pennsylvania State University, perform fundamental research that complements ongoing research activities at government laboratories and industries.  Specifically, work is being done on first principles-based modeling of tip vortex structures, modeling of blade vortex interaction phenomena, modeling of rotor-airframe interactions, and measurement and characterization of tip vortex characteristics. 

Deutsche Gesellschaft fur Luft- und Raumfahrt (DLR) and Office National d´Etudes et de Recherches Aerospatiales (ONERA) are combining their resources to become the hub of European aerospace research, further challenging the technological leadership of the U.S.

Their helicopter noise reduction research is aimed at a better understanding of the noise generation phenomena to enable development of numerical noise prediction methods and to design quiet rotors and noise abatement flight procedures.  This research is supported by joint industry and government wind tunnel and flight test experiments. 

The ONERA computational capability in the prediction of the blade vortex structure and of the blade pressure response has been transferred to Eurocopter, which used this set of analytical tools to develop the acoustically optimized ERATO rotor.

Other research has begun on main rotor blade wake interaction and on low-noise flight procedures (Friendcopter Program).  The European HELIFLOW program focuses on the effect of fuselage shape on noise radiation patterns.  Fenestron noise studies involving computational fluid dynamics and flight tests are ongoing. 

1.6   Technical Roadmap

The three primary sources of rotorcraft noise, namely, the main rotor(s), the antitorque system, and the engine, are targeted as part of a balanced system noise reduction effort.  In addition, psychoacoustics will be thoroughly investigated.  The following sections describe the roadmap elements. 

1.6.1   Task I:  Analytical Tools Development, System Level

This task will focus on a more accurate prediction of noise as perceived on the ground from an annoyance point of view.  These efforts include computational fluid dynamics-based techniques for improved rotor air loads prediction and advanced rotorcraft system noise prediction employing improved noise propagation models, new rotor broadband noise prediction methods, and improved antitorque system noise prediction methods.  These methods will be validated using the existing databases (HART II, UH-60) and the new data collected. 

This task will monitor the NASA- and Defense Advanced Research Project Agency -planned methodology developments and leverage them if possible.

1.6.2   Task II:  Main Rotor Noise Reduction Technology

This task will use both passive and active methods to expand knowledge, develop models and prototypes, and conduct tests of promising technologies.

1.
Passive Methods

a.
Expand the knowledge base to evaluate the effects of passive design parameters on main rotor noise, including tip speed, unequal blade spacing, number of blades, blade planform, tip shapes, airfoils, twist, fixed-leading-edge slots.  Select optimum conceptual and predesign.

b.
Design and fabricate a model-scale rotor and conduct aeroacoustic testing in a wind tunnel to establish noise and performance characteristics. 

c.
Design, fabricate, and test a full-scale rotor. Two concurrent passive noise reduction programs will target the following two classes of vehicles:

· Medium helicopter

· Compound helicopter or tiltrotor

2.
Active Methods

Active methods are considered auxiliary to the passive methods because of cost and reliability issues.  They will be added to the optimized passive system if needed. The following activities are planned:

a.
An analytical evaluation of the noise reduction potential of pitch link-actuated blade root pitch control, on-blade control using blade trailing-edge flaps and leading-edge devices, and active twist control using embedded piezoelectric actuators.  Determine the optimum actuation schedules for all devices.  Downselect to the two most promising approaches. 

b.
The development of closed-loop noise reduction techniques for blade vortex interaction noise reduction with the active rotor control concepts.

c.
The construction and wind tunnel test of an optimized Mach-scaled rotor model. Downselect to the best configuration.

d.
The construction of full-scale hardware to be tested in NASA’s National Full-Scale Aerodynamic Complex and in flight.

e.
Flight tests to demonstrate the noise reduction on the ground for level flyover, takeoff and approach, and a variety of climb conditions.  Assess the impact on rotor blade loads, flying qualities, engine efficiency, and transmission life 

f.
The development of an advanced rotor designs that allow for freely variable rotor rpm operation. This is part of the integrated demonstrator programs.

The active control concepts also have a strong influence on airframe (cabin) vibrations; therefore, these programs will be integrated with the vibration reduction programs.

1.6.3   Task III:  Antitorque Noise Reduction

1.6.3.1   Passive Methods

Essentially, the same technologies that pertain to the main rotors also apply here, so the details are not repeated. There are, however, unique configuration issues associated with antitorque systems.

For helicopters up to ~10,000 lb gross weight, modern antitorque systems, such as NOTAR( (NO Tail Rotor) and the fan-in-fin, have been found to be reasonably efficient and quiet.  These two systems have the potential to be both more efficient and quieter.  For helicopters over 10,000 lb GW, however, NOTAR( and fan-in-fin type antitorque systems cannot provide adequate antitorque thrust, leaving tail rotor options only.  Therefore, additional program elements are needed:

· Refinement of the knowledge base to evaluate effects of passive design parameters on antitorque system noise.

· Development, fabrication, and flight testing of more efficient and quieter NOTAR( and fan-in-fin designs (lower tip speed, fan blades with nonuniform azimuthal spacing, reduced fan rotor and stator interaction, fan inlet treatment, etc.) for use on small to intermediate helicopters.  These component demonstrations will be performed using an existing commercial helicopter model.

· Development of aerodynamically efficient, quiet multibladed (four or more) tail rotors for use on both small and intermediate and medium and heavy helicopters.  These demonstrations will be performed using an existing commercial helicopter model.

1.6.3.2   Active Methods

Active methods will evaluate active vertical fins as part of an integrated antitorque system.  The most promising concept(s) will be selected for the final integrated advanced technology demonstrator helicopter flight test as part of the integrated demonstrator program.

1.6.4   Task IV:  Engine Noise Reduction

This program targets treatments of the inlet and exhaust ducts to reduce the compressor tone noise and broadband (due to combustion) noise respectively.  A side benefit of this measure is improved passenger comfort, while embarking and disembarking from the vehicle.  Work will include:

· Design and development of engine inlet and exhaust treatments for two classes of engines for (a) a light helicopter and (b) a medium size helicopter.

· Bench tests of acoustically modified engines, demonstrating the noise reductions and evaluating the impact on engine performance.

· Flight test of the modified engine on an existing low-noise helicopter.

· Flight test of modified engines on the integrated technology demonstrator vehicle(s).

1.6.5   Task V:  Operational Noise Reductions

Acoustic flight tests conducted in prior years with the MD 900, S-76, and XV-15 have shown that flight path control in approach flight conditions can substantially reduce the noise exposure on the ground through near elimination of main rotor blade vortex interaction events. A program is planned that expands noise abatement flight techniques to all three flight conditions (level flyover
, climb, and approach).  The program will develop noise abatement flight profiles through analysis and conduct screening flight tests consistent with safety and passenger comfort for three classes of vehicles: light helicopter; medium helicopter; and advanced configuration.

1.6.6   Task VI:  Psychoacoustics

This program will determine human annoyance levels due to helicopter noise, both in its native condition and synthetically modified (e.g., unequal blade spacing).  Research will be conducted to uncover neglected characteristics of noise and develop a refined metric more representative of true human response.

1.6.7   Task VII:  Integrated Demonstrations

In the final analysis, achieving any one of the five goals or portions of the multiple goals will be a significant technology advancement for this category of aircraft.  Full benefits can be truly realized when all five goals are achieved and integrated into a single vehicle.  For this reason, two final demonstration vehicles will be constructed, one being a medium-sized conventional helicopter, the other one an advanced configuration, such as a compound helicopter or a tiltrotor, for integrated demonstrations.

1.7   Schedule
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1.8   Estimated Costs

	Noise Reduction Tasks:
	$ Mill
	Y 1
	Y 2
	Y 3
	Y 4
	Y 5
	Y 6
	Y 7
	Y 8
	Y 9
	Y 10

	Task I: Analytical Tool Dev.
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Tool Development
	12
	1.0
	1.0
	1.0
	1.0
	1.0
	1.0
	1.0
	1.0
	2.0
	2.0

	Additional Data Collection
	10
	
	
	5.0
	
	
	5.0
	
	
	
	 

	Correlation and Validation
	1.8
	
	0.2
	0.2
	0.2
	0.2
	0.2
	0.2
	0.2
	0.2
	0.2

	Task II: Main Rotor Noise Reduction
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Passive Method
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Analysis
	13.5
	2.5
	4.0
	0.5
	0.5
	0.5
	0.5
	0.5
	0.5
	2.0
	2.0

	Concept Development
	4
	
	2.0
	2.0
	
	
	
	
	
	
	 

	Model Design
	10
	
	
	5.0
	5.0
	
	
	
	
	
	 

	Model Build & Test
	15
	
	
	
	
	15.0
	
	
	
	
	 

	Active Method
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Analysis
	3
	0.3
	0.3
	0.3
	0.3
	0.3
	0.3
	0.3
	0.3
	0.3
	0.3

	BVI Controller (closed loop)
	1
	
	
	1.0
	
	
	
	
	
	
	 

	Variable RPM Analysis & Concept
	2
	
	
	2.0
	
	
	
	
	
	
	 

	Rotor Concept Development
	3
	
	
	3.0
	
	
	
	
	
	
	 

	Model Make & Windtunnel Test
	16
	
	
	3.0
	10.0
	3.0
	
	
	
	
	 

	Full Scale Rotor Design & Make
	50
	
	
	10.0
	20.0
	20.0
	
	
	
	
	 

	Full Scale Windtunnel Test
	10
	
	
	
	
	5.0
	5.0
	
	
	
	 

	Flight Test on Existing Aircraft
	10
	
	
	
	
	
	5.0
	5.0
	
	
	 

	Task III: Antitorque Noise Reduction
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Analysis
	5.6
	0.8
	0.8
	0.8
	0.8
	0.8
	0.8
	0.8
	
	
	 

	Concept Development
	2
	
	1.0
	1.0
	
	
	
	
	
	
	 

	Design
	18
	
	
	3.0
	12.0
	3.0
	
	
	
	
	 

	Test Hardware
	28
	
	
	
	8.0
	20.0
	
	
	
	
	 

	Flight Test on Existing Aircraft
	10
	
	
	
	
	
	5.0
	5.0
	
	
	 

	Task IV: Engine Noise Reduction
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Inlet and Exhaust Treatments
	1
	
	
	0.2
	0.4
	0.4
	
	
	
	
	 

	Task V: Operational Noise Reductions
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Analysis
	0.4
	
	
	
	
	0.4
	
	
	
	
	 

	Screening Flight Tests
	2.5
	
	
	
	
	
	2.5
	
	
	
	 

	Task VI: Psychoacoustics
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Analysis and Conceptual Work
	1.8
	0.6
	0.6
	0.6
	
	
	
	
	
	
	 

	Conceptual Development
	0.4
	
	
	0.4
	
	
	
	
	
	
	 

	Test Validation and Metric
	1
	
	
	
	1.0
	
	
	
	
	
	 

	Task VII: Integrated Demonstration
	0
	 Accounted for in Integrated Flight Tests

	Noise Reduction Total:
	232
	5.2
	9.9
	39.0
	59.2
	69.6
	25.3
	12.8
	2.0
	4.5
	4.5


2.   Vibration REDUCTION GOAL

Excessive vibration levels of rotorcraft contribute greatly to aircrew and passenger discomfort and fatigue, and affect the maintainability, reliability, and operability of these vehicles.  Like noise, vibration is associated with the unsteady aerodynamic environment of the main rotor system, particularly the interaction of each rotor blade with the air from the previous rotor blade as the rotor spins.  Achieving a factor of 10 reduction in vibration over the next 10 years requires an intensive joint academic, U.S. government, and U.S. rotorcraft industry program.  (See Figure 3 for needed elements.).  The development of both component vibration control technologies and comprehensive system-level analysis and predictive tools is critical to developing the technologies required to achieve groundbreaking vibration reductions in U.S. rotorcraft.
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Figure 3:  Vibration Control Technology Chart

While many methods for vibration control exist, it is imperative that each is deployed in an economically viable aircraft.  The integrated demonstration of all five goals will be the ultimate proof of success.

2.1   Baseline

The vibratory environment encountered in a rotorcraft has a major impact on its usability characteristics, i.e., the ability of the crew to perform the mission, the ride quality for the passengers, as well as the reliability and life of avionics, the fatigue lives of the airframe components and equipment, and the operational envelope in terms of gross weight, speed, altitude, and maneuver capability.  Most of today’s helicopters have practical speed limitations well below their power limits because of uncomfortable vibrations.  To meet future needs for faster helicopters, researchers must find ways to reduce vibration.

Vibration is caused by aerodynamically induced stresses.  For example, helicopter vibrations tend to increase when the craft transitions from hover to flight (and flare entering a hover), decrease as it moves into the minimum power condition, and then increase again with further boosts in speed and power.  Since these vibrations repeat after each revolution, it is customary to normalize the frequency to the rotor rotational speed as the number of cycles (n) per revolution, or n/rev.  The principal excitation in these regimes occurs at the blade passage frequency and is 4/rev in a four-bladed rotor.  With the letter b denoting the number of blades, the principal excitation is often referred to as b/rev.

Today, vibration control is achieved primarily through passive and active vibration treatments, which can weigh as much as 4 percent of the design gross weight—a generally unacceptable weight penalty.

Before discussing specific improvements to today’s vibration treatment, it is useful to review what tools exist to gauge the response of humans and equipment to different vibratory environments.

The human body exhibits different sensitivities to different frequencies of vibration.  Therefore, comparison of one rotorcraft having a given number of blades and operating at one rpm with another rotorcraft having a different rpm and different number of blades requires frequency scaling relative to crew effectiveness and passenger comfort.  

A study done at the Naval Medical Research Institute defined the average peak accelerations at various frequencies for human exposure of 20 minutes at which the subjects:

· Perceive vibration

· Find vibration unpleasant

· Refuse to tolerate vibration above a limit.  

The International Standards Organization (ISO) provides a guide for the evaluation of human exposure to whole body vibration for different exposure time.  It defines three limits:

· Fatigue-Decreased Proficiency Boundary (FDPB).  This boundary specifies a limit beyond which exposure to vibration can be regarded as carrying a significant risk of impaired working efficiency. 

· Exposure Limit Boundary.  It is two times the FDPB.  It is for health and safety.  Exceeding the limit is not recommended without special justification and precautions.

· Reduced or Decreased Comfort Boundary (DCB).  It is one-third of FDPB.  It is related to the difficulties of carrying out such operations as eating, reading, and writing.

A means of frequency scaling has been standardized in ISO 2631-1 [13], which uses a scalar coefficient that is maximum at the most sensitive frequency of 6.3 Hz and diminishes as the frequency increases.  (Figure 4 provides guidance from current published sources.)
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Figure 4:  Vibration Specifications and Current Human Exposure Limits

High rotorcraft vibrations occur principally in two different flight regimes, namely, in a slow-speed regime known as transition and a high-speed regime.

During an approach and flare maneuver at approximately 10-25 knots, each rotor blade encounters the vortices from the previous rotor blade, resulting in vertical vibrations.  At the maximum horizontal velocity, VH, hub-flapping moment excitation and in-plane shear excitations are dominant. 

State-of-the-art vibration control devices typically weigh from 1 to 4 percent of maximum gross weight.  Evaluating the VH vertical n/rev vibration, frequency-scale, as a function of the weight of vibration treatment, normalized by gross weight, results in a relationship for current production helicopters that can be expressed by the following exponential equation.
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When frequency-scaled to 26 cycles per second (Hz), i.e., close to the average 4/rev frequency for current four‑bladed commercial helicopters, the vertical b/rev at VH for current production helicopters is generally less than 0.2 forces of gravity (g) with up to 2.5 percent of gross weight devoted to vibration reduction.

The rotorcraft industry historically has focused on treating high-speed vibration with marginal attention to transitional vibration.  Correspondingly, the vertical b/rev vibration experienced in current production helicopters is customarily 2.5 times higher in transition than at VH, or generally up to 0.5 g when frequency-scaled to 26 Hz.  This level (shown as the current level in figure 3) will be used as the baseline level from which to measure the progress towards the goal.

2.2   Discussion of Goal

Achieving a factor of 10 reduction in vibration over the next 10 years appears to be technically feasible and is consistent with the evaluation of passenger and crew comfort provided in figure 4. This would equate to a vibration level of 0.05 g.  However, while technically feasible, achieving this may not be economically viable because with today’s technology (absorbers, etc.), it would require 1.5% of gross weight for vibration treatment (i.e. dead weight).  A corresponding level of vibration is designated as Not Uncomfortable in the Comfort Reactions Appendix C.2.3 of ISO 2631-1.
  As shown in Figure 5, this level of vibration, when scaled to 26 Hz, results in a level just below 0.08 g.  This technical goal of reaching 0.08 g can be achieved with only 1.0% of dead weight for vibration treatment.  At this level, the average observed vibration is expected to be well within the not uncomfortable category.  Setting the 10‑year goal any lower than 0.08 g is expected to adversely affect the economic viability of the goal.  Accordingly, the 10-year maximum vibration goal is selected to be 0.08 g, which corresponds to a reduction by a factor of 10.
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Figure 5:  Rotorcraft Vibration Goals—5 and 10 Year

An intermediate 5-year goal of 0.2 g is appropriate, especially since it is approximately 2/3 of the recommended 10-year goal.  The maximum n/rev vertical vibration in transition flight is close to 0.5 g, while for VH, it is close to 0.2 g.  Accordingly, the recommended 5‑year goals shown in Figure 5 are 0.2 g for transition flight and 0.12 g for VH.  These move the maximum transition vibration level from the top of the uncomfortable category to the top of the fairly uncomfortable category, and the maximum VH vibration level from the top to the lower half of the a little uncomfortable category.

Finally, the goal should be coupled with an allowable weight needed to achieve the reduced vibration level.  With few exceptions (e.g., EC-120 at 3.5 percent), the weight penalty associated with b/rev vibration control in current production helicopters is bounded by 2.5 percent of maximum gross weight.  Some current production helicopters have no weight directly associated with vibration control (e.g., the 206B), but have correspondingly higher levels of vibration.  For those helicopters with b/rev vertical levels of maximum vibration at VH below 0.2 g, the lower bound is 1.0 percent of maximum gross weight.  Accordingly, the recommended goals should include a 10-year plan that limits the vibration treatment weight to a maximum of 1.0 percent of maximum gross weight.  The 5-year goal of 1.5 percent is set at the 2/3 point between the current maximum and the 10-year goal.  Figure 6 depicts the final interpretation of the goal.
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Figure 6:  Vibration Control System Weight Goals—5 and 10 Year

2.3   Technical Background and Technology Gaps

2.3.1   Sources of Vibration in the Rotorcraft

Vibrations in rotorcraft are the response of the vehicle to a variety of differing excitations.  Excitations can arise from:

· The aerodynamic loading, or pressures, on the rotor blades (main and tail) and their structural response.

· Inertial unbalance of rotating components from the drive system (main and tail rotor transmission systems and the engine installation).

· Aerodynamic loadings on the fuselage and control surfaces, which may be either rotor-induced or free-stream-driven, and their structural response.

2.3.1.1   Main and Tail Rotor Blades

The varying air pressures on the main and tail rotor blades in forward flight produce periodic forces on the blade structures, some of which are, in turn, transmitted to the rotorcraft itself creating vibrations.  The variability of the air loads on the blades stems from (a) the basic nonsymmetry of the airflow experienced by the rotor blades as they go around the azimuth, and (b) in many flight conditions, from the rotor flying through its own wake.  This latter effect is particularly strong in:

· Transition from hover to forward flight

· Transition from forward flight to hover

· Flare decelerations (trading airspeed for lift, while maintaining a continuous line of descent)

· Partial power descents (trading airspeed for lift, which results in a moderate change in the line of flight)

All rotors have some nonsymmetry, such as an out-of-balance condition, which is felt in the fixed system as a 1/rev.  Vertical excitations of other than (n x b)/rev can also be experienced due to unfavorable control couplings with pylon motions.  A myriad of other spurious vibrations can exist due to structural or aerodynamic nonsymmetries.

Since the vibratory force level typically decreases with increasing the number of rotor blades, more blades may be preferred from a pure vibration point of view, though not necessarily from an economical design point of view.  In general, tail rotor blades do not yield significant vibration relative to passenger discomfort, except where separated airflow (i.e., dirty or broadband air) from the main rotor pylon wake or engine exhaust impinges on the tail rotor creating tail shake.

This general force description applies to each rotor on the helicopter that experiences time-variant airflow.  Even a fully converted tiltrotor is affected in this way by the upwash field of the wing.  Dual-rotor configurations, such as tandem and intermeshing or coaxial configurations, further increase the richness of the vibratory environment.

2.3.1.2   Airframe-Wake Excitations

The rotor wake can also interact adversely with the fuselage and horizontal and vertical control surfaces to create adverse vibration in certain flight regimes.  For example, flow separation around the main rotor pylon can cause low-frequency excitation of the tail planes and tail rotor yielding tail shake.  Passengers can often sense this tail shake, which can represent a significant portion of the total vibration felt.  Artfully contoured fairings near the main rotor pylon are used to relieve this vibration.  However, determining the best shape is a trial and error procedure.  Calculation methods to determine the bluff-body wake are currently not available.

Buffeting (large motion, low-frequency motion) of the helicopter can also be caused simply by atmospheric turbulence—when wind gusts interact with the rotor or fuselage.

2.3.1.3   Drive System Excitations

The drive system includes the engine that generates the prime power and the transmission system that delivers the mechanical power to the rotor to fly and maneuver the helicopter.  Whereas the main rotor-induced loads are typically between 5-100 Hz (felt as vibration), the drive system excitation frequencies can rise into the kilohertz (felt as noise). 

2.3.1.4   Structural Response and Resonance

In a helicopter rotor and fuselage, it is of prime importance to ensure that the many exciting frequencies coincide as little as possible with the resonant frequencies of the structures.

2.3.2   Current State-of-the-Art

The current state-of-the-art in managing helicopter vibrations is as follows.

2.3.2.1   Vibration Excitation Prediction

Currently, there is only very limited predictive capability for the spectrum of vibration excitations that will later be experienced in flight.  The latest helicopter comprehensive analysis codes appear to yield improving answers, but much further development is needed. 

2.3.2.2   Vibration Response Prediction

Control of fuselage modes to avoid excessive response to vibratory excitations is a key design goal.  Current quick-look analytical models can guide the design to avoid coincidence of the first few fundamental fuselage modes with the 1/rev forces and moment from the rotor caused by unbalance.  Response predictions for higher frequencies require detailed models, which can be built only after sufficient structural design detail is known.  This puts the dynamics design too late in the design process, often making movement of undesirable fuselage (higher) modes very difficult.  Therefore, two things are needed:  (1) rapid response analytical methods that can guide the structural designer in real time; and (2) methods to change fuselage stiffnesses after the basic design has been established.  Smart materials, designed into critical structural components, may help.

2.3.2.3   Vibration Control

Passive and active means located in the fixed system, the rotating system, or both can control vibrations.

2.3.2.3.1   Passive Vibration Attenuation 

Passive vibration attenuation (PVA), using passive spring-mounted masses (Frahm absorbers
), is a mature technology.  These absorbers are effective but very heavy.  They are also difficult to tune and to keep in tune.  This effectively limits their useful number to four or five per aircraft but more would be needed to achieve the goal of this plan. 

An emerging concept is the self-tuning vibration absorber.  It is a mechanical Frahm that self-adapts to the dominant frequency of the vibration.  While this device has yet to be evaluated in actual flight tests, it has demonstrated in the laboratory the ability to self-track rotor frequency changes.  If this proves feasible, it would overcome the tuning problem of the conventional Frahm.

2.3.2.3.2   Passive Vibration Isolation

Vibration isolators, usually located between the main transmission and the fuselage, isolate the fuselage from the vibratory excitations coming down from the rotor through the transmission.  Large varieties of these devices exist and are being used.  One of the most effective ones is the Liquid Inertia Vibration Eliminator (LIVE().
 

2.3.2.3.3   Semiactive Adaptive Vibration Attenuation

The addition of an active element to a passive vibration isolation system can greatly enhance the latter’s functionality.  For example, the addition of piezoactuators to a LIVE® mount can deepen the isolation effect from the passive level of 90 percent to the semiactive level of 99.5 percent.  Further, the piezoactuator enables frequency tracking of the isolator as the rotor rpm changes are introduced, a key technique considered for noise reduction.

2.3.2.3.4   Active and Adaptive Attenuation Technologies

Active control of fuselage vibration has been successfully implemented on a number of midsize helicopters, manufactured in the United States and abroad.  These techniques are providing better vibration reduction performance than passive alternatives and at a significant weight savings.  However, meeting the goal of 0.08 g maximum vibration, at all flight conditions, is still a stretch goal.  Out of the three main components of the system (software, electronics, and actuators), the actuators are considered to be the most critical.  The development of electronics and software/algorithm has reached a higher level of maturity than the actuators designs.

· Fuselage Active Vibration Control

There are two primary approaches for the active vibration control on the fuselage.

In the first approach, actuators are inserted into the load path connecting the main gearbox to the fuselage.  The objective is to interrupt the transfer of the oscillatory loads into the underlying structure through the canceling motions of the actuators.

The second approach allows transfer of the loads into the fuselage and counteracting them later with inertial loads from actuators located in spots of high vibratory activity.  This system is being used widely.  

In both of these techniques, the actuators are controlled through the use feedback signals from accelerometers installed in locations where low vibration levels are desired.

Other approaches to active vibration control in the fuselage now being envisioned include the use of smart materials, such as piezoelectric or magnetostrictive materials, to minimize the vibratory response of critical portions of the airframe.  These technologies require additional development.

· Active Control Mechanisms in the Rotor

The goal of active systems in the rotor is the smoothing of the aerodynamic force and moment fluctuations experienced by the rotor blades in their highly unsteady aerodynamic environment.  These systems modify the pitch angle of the entire blade through small individually controlled length variations of the pitch links (independent blade control), or controls located directly on the blades.  On-blade controls can take many forms, including active modifications of blade twist, blade camber, blade thickness, blade flap position, etc.  None of these systems has reached any degree of maturity, with the exception of the independent blade control system, being test flown on a large helicopter.  Rotorcraft researchers around the world are racing to become the first with a breakthrough result.

· Relationship to Noise Control Devices

Essentially all of the active on-blade control devices are also being considered for control of objectionable rotor noise.  Many cases have been found where reductions in vibrations resulted in increases in noise and vice versa.  In some instances, both noise and vibrations were reduced.  Significant work, addressing noise and vibrations concurrently, is still needed.

A potential solution is an adaptive control strategy where either noise or vibration is suppressed, depending on mission segment goal.  For example, during a high-speed dash, the controls may be tuned for minimum vibration, whereas during an approach to landing in a populated area, the controls would be tuned for noise abatement. 

At an even higher level of control intelligence, cooperation between fixed-system and rotating system treatment elements is envisioned for the future.

2.3.2.4   Comprehensive Analysis Codes and Their Use in Vibration Reduction Research

The rotorcraft community has attempted to develop comprehensive codes to predict performance, handling qualities, and vibrations over several decades.  The aerodynamic loads experienced by the rotor have been, and continue to be, difficult to predict, although steady improvements are being made.  Structural representations have progressed from simple-modal representations to today’s multibody dynamics capable of modeling virtually any type of mechanical arrangement.  Preprocessors are available, which can economically calculate the section properties and structural couplings of composite rotor blades comprised of complex lay-ups.  These latest codes, however, urgently need to be validated with reliable and detailed test data to give the user full confidence of their integrity.

2.4   Technical Roadmap

Maturation of the emerging vibration technology initiatives will be successful if risk reduction activities progress from laboratory experiments to full-scale wind tunnel tests and finally flight tests.  To conduct the necessary tests, researchers must have access to NASA’s National Full-Scale Aerodynamic Complex for program execution. 

An integrated, full-scale rotorcraft (conventional and advanced) technology demonstration will be conducted late in the program to focus and demonstrate the simultaneous achievement of the five goals of this 10-year R&D program.

The rotorcraft vibration technology roadmap has three major areas.

· Comprehensive Vibration Analysis Tools Development

· Vibration Reduction Component and Subsystem Technologies

· Vibration Control Architecture Integration and Optimization
2.4.1   Task I:  Development of Analysis Tools

2.4.1.1   Rotor and Fuselage Air Loads Prediction

This task will improve the capability to predict vibration-causing air loads in the rotating and fixed parts of rotorcraft for all flight conditions, including maneuvers and transient flight conditions.  Current approximate and empirical models will be replaced with analytically-based methodology and then validated against test data.

Flow interactions between rotors, fuselage, and all other aerodynamic surfaces, as well as the effect of aeroelastic responses on air loads will be fully studied.

2.4.1.2   Vibration Modules for Comprehensive Codes

In parallel with the development of an aerodynamic-prediction capability, advanced accurate and efficient codes predicting the vibratory response to air loads must be matured.  Techniques will be developed that allow timely support of the structural designer by vibratory analysis to allow proper placement of structural frequencies on the drawing board instead of during the experimental flight test phase.

2.4.1.3   Benchmarking and Validation 

Model-scale wind tunnel, full-scale wind tunnel, and flight tests will be conducted to provide benchmark data on the aerodynamic loads, the corresponding structural loads, and the resulting vibration of the airframe.  Conventional and advanced rotorcraft configurations will be included.  Comprehensive, accurate, and reliable instrumentation is required to ensure success.  This includes instantaneous pressure measurements on both the fixed and rotating system.  

2.4.1.4   User Interface Upgrades

The analysis codes resulting from the above efforts will be user-friendly so that practicing engineers, not previously involved in the development of these codes, can use them with confidence.  Automatic reasonableness checks of input data will be included.  Output data will be in an easy to interpret graphical format.  The software will have the capability to suggest design modifications, such as local stiffening, to alleviate an unfavorable natural frequency.  

2.4.2   Task II:  Component and Subsystem Technology

2.4.2.1   Active Vibration Control Technologies

Active technologies are those characterized by the use of some type of actuation device that manipulates either aerodynamic surfaces, provides canceling inertial forces, or acts as decoupling device; in all instances, these actuators are controlled by appropriate algorithms, which range from fairly simple to extremely sophisticated.  Respective examples would be a single point and single frequency inertial device to a multitude of inertial and aerodynamic devices working in concert in both the fixed and rotating system to optimize the rotorcraft vibratory response adaptively as a function of (transient) flight condition.

· Rotating System

· Component and Subsystems

· A comprehensive study will be conducted for systematic evaluation of available and promising active technologies that can mature sufficiently within a 10-year time frame.  Brass board and breadboard models will be tested in laboratory setups and transitioned quickly to flight worthy hardware.  Maturation testing will be done in task III.

· Actuators

The power-to-weight ratio of advanced actuators will be a primary driver of the weight of the complete vibration reduction system.  Actuator energy efficiency is another significant consideration for a practical system.  A complete and systematic survey of available and emerging actuation mechanisms from conventional hydraulic systems to artificial muscles will be conducted and evaluated against an equally systematically produced set of requirements.  Modern systems engineering skills will be required to complete this task in time and effectively.

· Fixed System

The same considerations and methods for the rotating system devices apply to fixed systems for components, subsystems, and actuators.

2.4.2.2   Passive and Semipassive Technologies

Passive vibration reduction devices are those characterized by the lack of any external control input.  They will be driven by the energy of the device they are trying to control.  Semipassive devices are characterized by the addition of small ancillary active devices that improve the efficiency and effectiveness of the passive devices.  The development of passive and semipassive devices will proceed in the same manner from laboratory experiment to flight test as with the active systems.

2.4.3   Task III:  Technology Benchmarking and Demonstrations

A comprehensive benchmarking of all available devices and methodologies will precede the final selections for demonstrations on existing aircraft.  Selected hardware and software will be evaluated in flight.

2.4.4   Task IV:  Integrated Demonstrations

The technologies and methodologies developed to reduce vibrations will be integrated and tested as part of the complete vehicle demonstration.

2.5   Schedule
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2.6   Estimated Costs

	Vibration Reduction Tasks:
	$ Mill
	Y 1
	Y 2
	Y 3
	Y 4
	Y 5
	Y 6
	Y 7
	Y 8
	Y 9
	Y 10

	Task I: Analytical Tool Development
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Rotor and Fuselage Air load Prediction
	16
	2.0
	2.0
	2.0
	2.0
	2.0
	2.0
	2.0
	2.0
	
	 

	Vibratory Response Prediction
	16
	2.0
	2.0
	2.0
	2.0
	2.0
	2.0
	2.0
	2.0
	
	 

	Validation
	24
	
	2.0
	2.0
	2.0
	2.0
	2.0
	2.0
	2.0
	5.0
	5.0

	User Interface
	8
	
	0.5
	0.5
	0.5
	0.5
	3.0
	3.0
	
	
	 

	Task II: Component/Subsystems Dev.
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Active Technologies
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Rotating System
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Components/Subsystems
	10
	
	0.5
	1.0
	2.0
	2.0
	2.0
	2.0
	
	
	 

	Actuators
	42
	2.0
	10.0
	10.0
	10.0
	10.0
	
	
	
	
	 

	Fixed System
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Components/Subsystems
	10
	
	0.5
	1.0
	2.0
	2.0
	2.0
	2.0
	
	
	 

	Actuators
	10
	2.0
	2.0
	2.0
	2.0
	2.0
	
	
	
	
	 

	Passive Technologies
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Rotating System
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Components/Subsystems
	2
	
	0.5
	0.5
	0.5
	0.5
	
	
	
	
	 

	Fixed System
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Components/Subsystems
	10
	
	0.5
	1.0
	2.0
	2.0
	2.0
	2.0
	
	
	 

	Task III: Bench/Flt. Evaluation/Demos
	26
	
	1.0
	2.0
	3.0
	5.0
	5.0
	5.0
	5.0
	
	 

	Task IV: Integrated Demonstration
	0
	Accounted for in Integrated Flight Tests

	Vibration Reduction Total:
	173
	8.0
	21.5
	24.0
	28.0
	30.0
	20.0
	20.0
	11.0
	5.0
	5.0


3.   Weight reduction GOAL

To achieve a 30 percent reduction in empty weight several revolutionary technologies must be developed.  However, some of these technologies may require more than 10 years to become FAA certifiable. 

To achieve this goal, concentrated research and development efforts should be made in materials, design methodology, and technologies in the following areas:

· Airframe Structures

· Advanced Aerodynamics

· Advanced Turboshaft Engines

· Drive Systems

· Fiber Optics

· Rotor and Control Systems

Candidate technologies were identified and assessed for these areas.  Figure 7 provides an overview of candidate technologies for helicopters, and Figure 8 for tiltrotor aircraft.  The potential contributions of targeted technologies to lowering empty weight fractions will vary among types of rotary wing vehicles.  For example, advances in fiber optic technologies would contribute more to a fly-by-wire tiltrotor aircraft with long wire lengths than to a more compact helicopter with a mechanical flight control system.

Figures 7 and 8 also show that weight reduction can be interpreted as anything that will add a greater payload fraction.  Therefore, the contribution from advanced engine technology, which will lower fuel consumption, is counted.  Similarly, if the aerodynamics of the vehicle system is improved to provide greater hover lift, lower drag, and lower download at the same power, this is equivalent to a weight reduction.

The interdisciplinary work required to meet this goal makes it the most effective driver of rotorcraft technology advances. 

Figure 7:  Empty Weight Reduction Technology Chart—Helicopters
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Figure 8:  Empty Weight Reduction Technology Chart—Tiltrotors

3.1   Baseline

For purposes of this report, twin-engine medium lift helicopters and tiltrotors will be used to establish the baseline.  Typical empty weight fractions (the ratio of empty weight divided by the maximum gross weight) for vehicles of this class are 0.55 and 0.63 respectively.  There can, however, be considerable variations of these values, dependent upon the designed functionality of the vehicle.  Therefore, the goal should be viewed as an incremental improvement in empty weight fraction as opposed to a discrete empty weight value. 

3.2   Discussion of Goal

Reaching a 30 percent reduction in empty weight will result in correspondingly greater useful load (payload plus fuel), i.e., greater payload and range capability.  This translates directly to greater vehicle productivity if other factors, such as speed, vibrations, and noise, are not adversely affected.

The ratio of empty weight to maximum gross weight, referred to as empty weight fraction, will be the metric for tracking progress towards achievement of the goal.  Contributions will come from three areas:  reduction of component weight; increasing system lifting efficiency; and improving engine and aircraft cruise efficiency.

An increase in system lifting efficiency, i.e., production of more lift for the same power‑required, directly contributes to the decreasing empty weight fraction, assuming that the rotor weight and other weights remain unchanged.  This approach has been pursued by the rotorcraft community since the beginning of rotary wing flight and is usually expressed in terms of the figure of merit (FM) of a rotor.  The FM is the ratio of the induced power in hover, the net power transmitted to the downwash stream, creating lift, and the total power, which includes losses due to profile friction, swirl, and download on the fuselage or wing.  Figure 9
 indicates that future improvements can be expected to be quite small, as small as perhaps 1 percent.

Improvements in engine and aircraft cruise efficiency (ratio of lift-over-drag) will reduce fuel burn, which in turn is a function of the mission to be accomplished.  For the purposes of this plan, the fuel burn for a 2-hour flight at cruise speed and maximum gross weight was assumed.  The historical trend of empty weight fraction of various helicopters and tiltrotors is plotted in Figure 10.
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Figure 9:  Historical Trend of Figure of Merit of Helicopters
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Figure 10:  Historical Trend of Rotorcraft Empty Weight Fractions

Examination of this plot indicates that designers made significant improvements in empty weight fraction during the decades of the 1950s and 1960s achieving an approximate improvement of 13 percent.  In the 1970s and early 1980s, this improvement trend began to slow, resulting in relative stagnation in empty weight fractions.  In part, this is due to ever-increasing requirements, such as crashworthiness and damage tolerance, both of which require investments in weight, consuming smaller increments of progress.

The introduction of the turbine engine and of high-strength, lightweight composite materials yielded significant past empty weight reductions.  Composites, while applied to both rotor blades and the fuselage structure, achieved a direct weight reduction only in the fuselage structure.  Rotor blade weights remained virtually unchanged because of other constraints, such as inertia requirements and blade vibratory tuning.  However, composite materials allowed smoother surfaces and advanced airfoils and blade designs, contributing to an improved FM and better cruise efficiency.

Assuming that the future rate of progress is similar to the past rate, the data from Figure 10 indicates that a 15 percent improvement would be an optimistic accomplishment, given the 10-year time frame.  A 30 percent reduction in empty weight fraction is more likely to take a minimum of two decades.

3.3   Technical Background and Technology Gaps

We are currently experiencing only small improvements in empty weight fractions, while at the same time increased requirements are eroding these gains to the point that empty weight fractions are stagnant.  Revolutionary technologies are required to break this trend.  Empty weight fractions of foreign competitors appear to be comparable or slightly better than those of U.S. manufacturers (see Figure 11). 
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Figure 11:  Empty Weight Fractions of Helicopters

To discover current technology gaps, and thus the best targets for improvement, the typical weight fractions of structures and subsystems are shown in Table 3.

Table 3:  Weight Fractions of Structure and Subsystems
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Examination of the data in Table 3 resulted in the selection of the following areas as the best areas for technological improvements.

· Airframe Structures

· Advanced Aerodynamics

· Advanced Turboshaft Engines

· Drive Systems

· Fiber Optics

· Rotor and Control Systems

3.3.1   Airframe Structures

The airframe structure represents 27 percent of the helicopter and 31 percent of the tiltrotor empty weight fraction based on the baseline selected.  It is expected that further weight savings of 25 percent is achievable, which would translate into approximately a 7 percent reduction in the overall empty weight fraction.

The use of composite materials is critical to weight reduction.  Composite materials have been gradually introduced over the past 40 years.  Early applications using fiberglass in place of aluminum for secondary structures proved feasible, but offered no significant weight reduction.  Fiberglass did achieve some cost savings when used on compound curvature parts where its drapability offered an advantage over formed sheet metal.

Advanced composite materials, predominantly Kevlar epoxy, for secondary structure provided some nominal weight savings due to Kevlar’s low density.  The UH-60A Composite Rear Fuselage and Advanced Composites Airframe Programs sponsored by the U.S. Army Aviation Advanced Technology Directorate (AATD) achieved a weight savings of up to 22 percent using graphic and epoxy in the primary fuselage structure.  The results from these programs found their way into the V-22 and the RAH-66 Comanche programs.  The latter realized a 15percent weight savings in the fuselage when compared to traditional parametric projections.

Since that time, many have studied potential weight and cost reduction using composites and advanced materials.  One of these programs, the Rotary Wing Structures Technology Demonstration (RWSTD) program, hoped to demonstrate advanced technologies that could reduce weight and cost by 15 percent and 26 percent respectively.
  The development program, which included building a full-scale, re-engineered lower RAH-66 fuselage, demonstrated a 16.5 percent weight savings relative to the RAH-66 baseline design (see Figure 12). 

In spite of the demonstrated potential for weight improvement, using composites is limited because of cost; hence, further improvements in structural efficiency and affordability are necessary.  Technologies for even bolder composite insertions are being developed under the U.S. Army Survivable Affordable Repairable Airframe Program (SARAP), which has weight and cost goals stretched beyond those already demonstrated by RWSTD with a targeted weight savings of 25 percent.  Under this program, the Rotorcraft Industry Technology Association (RITA), with its principal members Bell, Boeing, and Sikorsky, is advancing composite structural analysis methods and damage tolerance methodologies for future rotorcraft airframe concepts.  However, neither the RWSTD or SARAP programs are directly meeting commercial rotorcraft requirements.  Additional technology development is required.
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Figure 12:  RWSTD Weight Savings

Structural bonding, to avoid the use of fasteners as much as possible, is a key goal of the U.S. Navy’s Composite Affordability Initiative.  While much progress has been made and significant weight and cost savings have been demonstrated in the laboratory, certifiable process monitoring and verification is lacking, as well as certain advanced nondestructive inspection (NDI) methods, most notably the determination of the actual strength of a completed bond line.

To reach the overall weight reduction goal, the use of nanocomposites must be considered.  The intrinsic maximum strength of single-wall carbon nanotubes (SWCNTs) is about ~100 times that of steel.  Obstacles inhibiting the use of this revolutionary material in full-size structures include its current high cost and limitation in fiber length—about 1/1000 to 1/100 of a millimeter.

Assembly of single-wall carbon nanotubes into usable macroscopic fiber bundles has been elusive because of their extreme tendency to clump due to VanderWaal forces.  This clumping prevented spinning into yarns.  However, recently a laboratory at the University of Texas at Dallas, managed to overcome this difficulty in principle through coagulation spinning.
  The strength of the resulting unlimited length fiber approximates that of commercial carbon fiber, but the elongation was improved up to 50 fold (~100 percent).

The cost of this type of material (~$500,000/lb) is prohibitive, since only minute quantities being produced.  An intensive program to accelerate this ongoing research is strongly recommended, as it is the only known material that would have the potential to reduce structural weight in the magnitude needed to reach the goal.

Failure criteria for composite structures are still lacking, particularly for thick, complex parts.  This frequently causes overdesign, which generally is not discovered until a physical test is performed.  If the part passes, usually there is no time or money for redesign, hence, a weight penalty will be accepted.

Load spectra assumptions are frequently conservative because of a lack of knowledge.  This combined with conservative assumptions for environmental degradation and material variability, also leads to overdesigned parts.  A cure for this latter situation would be the application of probabilistic design methodologies.  These methodologies, however, do not yet exist.  This must be developed and accepted by both the design and the approving authorities.  Several percent weight reduction in airframe structure could be realized if probabilistic design methodologies are used.

3.3.2   Advanced Aerodynamics

The major efforts to improve lift efficiency and drag are focused on the rotor system.  The airframe, which receives so much attention in the fixed-wing world, is less important because of the relatively low speed of most current rotorcraft.  Tiltrotors are the exception. 

For instance, NASA recently flight demonstrated a wing download reduction using the XV-15 tiltrotor.  Microadaptive flow control devices modified the flow around the wing, resulting in a >1 percent of gross weight (>5percent of payload) lift improvement.  This technology is in its infancy and requires further research.

3.3.3   Advanced Turboshaft Engines

On average, engine weight accounts for a little over 11 percent of typical twin-engine helicopter empty weight.  The mass fraction for tiltrotor engines is only a little more than half that, at 6 percent, because of the increased contributions of other systems.  In either case, the dry engine weight represents a significant portion of the aircraft, and any improvements that can be made will contribute greatly to the goal of reducing empty weight by 30 percent.  The engine also influences the aircraft payload and range capability with its specific fuel consumption (SFC) performance. 

Turboshaft power-to-weight improvements have slowly evolved from the 1960s to the Allison T406 engine on the V-22 deployed in the 1990s.  Figure 13 shows results from a study released in June 2001.  The figure illustrates the slow and steady improvement that has occurred on military programs, and the stretch goals that have been targeted by the Army for the Joint Turbine Advanced Gas Generator (JTAGG) program.
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Figure 13:  Engine Power-to-Weight History

Experimental engine cores have been run at test conditions that demonstrate the power-to-weight ratios targeted for the early 2000s for the JTAGG program.  However, these test cores are operating in an ideal environment and without the same life constraints that are inherent in any production engine development.  The test results are encouraging in identifying what can be achieved.

In addition to the JTAGG program, the Army’s Aviation Applied Technology Directorate has funded the Small Heavy Fuel Engine (SHFE) program.  This program hopes to develop a lightweight powerplant for use on small, unmanned aerial vehicles.  The program goals are to reduce specific fuel consumption by 20 percent, reduce cost by 35 percent, and increase power to weight by 50 percent.  Researchers are working to develop a 700 shaft HP size engine, which would work well on several commercial light helicopters.  The pacing technologies key to realizing the Small Heavy Fuel Engine program goals are the development of:  (1) low cost, net shape manufacturing; (2) advanced aerodynamics and tip leakage control systems; and (3) lightweight, high- temperature materials and coatings.  The realization of a 50 percent increase in power to weight for a given horsepower (HP) would result in 33 percent reduction in engine weight.  A 20 percent improvement in specific fuel consumption across the operating envelope could reduce the fuel required by 20 percent.  For a typical helicopter, full fuel weight is equal to about 30 percent of the empty weight.  Assuming that a typical 2-hour mission uses 2/3 of the fuel capacity, the fuel saved, or payload gained, would equal 4 percent of the empty weight.

An even more ambitious Army program is the Small Affordable Turbine Engine to follow on and improve the Small Heavy Fuel Engine program goals.  Building on the technologies developed for the Small Heavy Fuel Engine program, this engine program is phased to follow on and improve the Small Heavy Fuel Engine program.  The current Small Affordable Turbine Engine goals are to reduce specific fuel consumption by 35 percent, reduce cost by 50 percent, and increase power to weight by 80 percent. 

Any hope for weight and specific fuel consumption improvement in the commercial turboshaft industry is dependent on the success of the Army-funded programs.  An infusion of funding for critical component technologies that complement the Army programs, and then integrates the enhancements on the Army-developed engine, could achieve goals beyond those envisioned by Army.  Reaching the Small Affordable Turbine Engine goals will come too late for integration into this 10‑year program.

The critical technologies that could be enhanced with additional research are:

· High-temperature ceramics

· High-temperature titanium alloys

· Shape memory alloys for tip clearance control

· Advanced aero-mixed flow compressors

· Improved vacuum die forming for net-shaped manufacturing

· Advanced lightweight pumps, accessories, and reduction boxes

Assisting in the development of these critical component technologies and phasing the engine integration effort late enough to take advantage of any of the Army’s lessons learned will leverage the effort as part of a spiral development program with the Small Heavy Fuel Engine program.

Targeted weight improvement should be better than under the Small Heavy Fuel Engine program, but not quite to the level of the Small Affordable Turbine Engine program.  A power-to-weight increase of 60 percent and an specific fuel consumption reduction of 25 percent seem reasonable in relation to the two Army programs.  A realization of these goals would result in a 37.5 percent reduction in engine weight and an additional 5 percent of empty weight in the form increased payload due to improved specific fuel consumption.  The projected empty weight improvement is tabulated in Table 4.

Table 4:  Projected Contribution towards Empty Weight Goal
	
	Current % of EW
	Net change to EW
	New % of EW
	Net Improvement

	Twin-Engine Helicopters
	
	 
	 
	 

	Engine Dry Weight
	11.3% 
	-37.5% 
	7.1% 
	-4.2% 

	Fuel Required
	30.0% 
	-16.7% 
	25.0% 
	-5.0% 

	Total EW Change
	 
	 
	 
	-9.2% 

	Tiltrotors
	 
	 
	 
	 

	Engine Dry Weight
	6.4% 
	-37.5% 
	4.0% 
	-2.4% 

	Fuel Required
	23.4% 
	-16.7% 
	19.5% 
	-3.9% 

	Total EW Change
	 
	 
	 
	-6.3% 


Improving engine power-to-weight ratio and reducing SFC represent the greatest potential for rotorcraft weight reduction and payload improvement in the future.  Advanced turbine engine technology is already on track within the framework of the Army’s programs.  The insertion of additional focused research will enhance the existing programs and create a bridge between the commercial and military research programs.  A FAA-sponsored program, for example, could fund the more affordable bridge research.

3.3.4   Drive Systems

Drive systems account for 13.7 percent of empty weight on helicopters and 11.9 percent of empty weight on tiltrotors.  The drive system is made up of gearboxes, shafts, and interconnects that transmit torque from a power source to the main rotor, tail rotor, or accessories.  A typical breakdown of a helicopter drive system in terms of percent empty weight is shown in Table 5.

Gearboxes account for the majority of the drive system weight on a helicopter.  The main transmission, tail rotor gearbox, and combining gearbox add up to 10.1 percent of the empty weight.  Although there are technologies that have and are being pursued to reduce the weight of drive system shafting, any effort to reduce the empty weight must focus on the gearboxes.

There have been three major technology programs to address drive system advancements.  Starting in the 1990s, the Advanced Rotorcraft Transmission I and II (ART I and ART II) programs hoped to demonstrate a 25 percent increase in power to weight, a 10 dB reduction in gearbox-generated noise, a 2-times increase in mean time between unscheduled removals, and a 10 percent reduction in production costs.  A 25 percent increase in power to weight equates to a 20 percent weight reduction for a given shaft horsepower.  The ART programs explored improving the materials and processes of the conventional transmission components and targeted the V-22 drive system as its baseline.  Some of the specific technologies developed included high-contact ratio planetary gears, double helical gears, investment cast titanium planet carriers, hybrid ceramic bearings, PEEK injection molded cages, and high-temperature, corrosion-resistant magnesium alloy cases.  At the completion of the ART II program, the Army realized an 18.3 percent weight improvement in the baseline drive system.

Table 5:  Helicopter Drive System Weight Breakdown

	
	Percent of Aircraft Empty Weight

	Drive System Subcomponents
	13.7

	    Main Transmission
	8.2

	    Tail Rotor Gearbox
	0.6

	    Main Rotor Mast
	1.6

	    Tail Rotor Drive Shaft
	1.0

	    Engine Input Drive Shaft
	0.4

	    Combining Gearbox
	1.3

	    Rotor Brake
	0.3

	    Freewheeling
	0.2


In 2001, the Rotorcraft Drive System for the 21st Century (RDS-21) program was initiated.  RDS-21 objectives included a 35 percent increase in power to weight, a 25 percent reduction in production cost, a 25 percent reduction in operating and support costs, and a 15 dB reduction in gearbox-generated noise.  The program planned to achieve its objectives through the integration of very high reduction ratio, high load capacity gear stages.  Innovative gear technologies, such as face gears and advanced torque-splitting concepts, will be pursued, as will advanced analysis and modeling tools.  Advanced lubricants with higher-temperature capability and corrosion-resistant alloy or composite housings would reduce weight and greatly reduce maintenance actions.

Neither the ART II nor the RDS-21 efforts challenge the basic architecture of current main rotor transmission drives.  These drives are still fixed-ratio systems that preclude facilitation of air vehicle multirole performance via customized rotor speeds.  The conventional type gear drives also tend to limit the achievement of major increases in power-to-weight ratio and reduced costs due to the typically large number of high‑precision, high‑cost, and heavy components.  The ART and RDS-21 programs represent evolutionary change to an existing architecture.  To make significant improvements, revolutionary approaches need to be developed, tested, and demonstrated for use on rotorcraft.  There are currently three primary approaches that offer a potential leap in drive system technology:

· Eccentric differential drive (EDD)

· Variable speed or pericyclic variable rotor speed drive transmission (PVT)

· Toroidal drives

The common denominator among these approaches is a changed geometry that allows the simultaneous engagement of at least 50 percent of the load-carrying potential.

A 40 percent reduction in gearbox weight would result in a 4 percent reduction in helicopter empty weight.  Similar improvements on a tiltrotor would save 3.7 percent of empty weight.  Realization of material and process improvements identified in the ART II and RDS-21 programs that can be integrated into a new drive architecture should increase the potential savings to the drive system by another 5 percent.  Tables 6 and 7 provide summaries of expected weight savings in the drive system arena.  Table 7 also shows a top-level technology development schedule.  A parallel development effort is assumed, with the selection of one architecture occurring in time to support demonstration on a rotorcraft in 10 years.

-:  Projected Empty Weight Improvement for Twin-Engine Helicopters

	Twin-Engine Helicopters
	Current % of EW
	Net change to EW
	New % of EW
	Net Improvement

	Main Transmission
	8.2% 
	-50.0% 
	4.1% 
	-4.1% 

	Tail Rotor Gearbox
	0.6% 
	-50.0% 
	0.3% 
	-0.3% 

	Main Rotor Mast
	1.6% 
	-11.0% 
	1.4% 
	-0.2% 

	Tail Rotor Drive Shaft
	1.0% 
	-7.0% 
	0.9% 
	-0.1% 

	Engine Input Drive Shaft
	0.4% 
	 
	 
	 

	Combining Gearbox
	0.1% 
	-50.0% 
	0.05% 
	-0.05% 

	Rotor Brake
	0.3% 
	 
	 
	 

	Freewheeling Clutch
	0.2% 
	 
	 
	-3.9% 

	Total EW Change
	 
	 
	 
	-8.05% 


Table 7:  Projected Empty Weight Improvement for Tiltrotors

	Tiltrotors
	Current % of EW
	Net change to EW
	New % of EW
	Net Improvement

	Main Transmission
	6.9% 
	-50.0% 
	3.5% 
	-3.5% 

	Tilt Axis Gearbox
	1.8% 
	-50.0% 
	0.9% 
	-0.9% 

	Mid-Wing Gearbox
	0.5% 
	-50.0% 
	0.3% 
	-0.3% 

	Main Rotor Mast
	1.1% 
	-11.0% 
	0.1% 
	-0.1% 

	Interconnect Drive Shaft
	1.0% 
	-7.0% 
	0.1% 
	-0.1% 

	Tilt Axis Gearbox Drive Shaft
	0.1% 
	 
	 
	 

	Rotor Brake
	0.1% 
	 
	 
	 

	Freewheeling Clutch
	0.2% 
	 
	 
	 

	Total EW Change
	 
	 
	 
	-4.9% 


There has been a great deal of evolutionary drive system enhancements that have been developed with U.S. Army-funded programs.  Most of the material and processes developed by this research have yet to be realized in commercial rotorcraft.  Although these technologies do offer tangible benefits to today’s rotorcraft drive systems, a new architectural approach is necessary to achieve the ambitious weight improvement goal of a 30 percent reduction in empty weight.  The three architectural options proposed, integrated with a continued material and process development effort, offer the best chance to realize these goals.

3.3.5   Fiber Optics

Communication and signal wire cables, and their associated connectors, represent approximately 2.5 percent of rotary wing aircraft weight.  The larger the electronics suite associated with the vehicle, the greater this fraction becomes.  Given the constant desire for increased functionality, it stands to reason that wiring connectivity requirements will increase accordingly.  While improvements in wiring materials and techniques have improved, these improvements have been small and more than overcome by increasing electro-magnetic interference requirements.

The best candidate technology to achieve a significant weight reduction in the connectivity arena is fiber optics.  Using fiber optic technology would allow replacement of heavy copper-based conductor cables with lightweight fiber optic cables.

The Army funded a proof of concept flight demonstrator program, the Advanced Digital Optical Control System (ADOCS), in the 1980s.  Researchers modified a government-furnished YUH-60A Blackhawk helicopter with an optical flight control system.  When properly maintained, the fiber optic system was transparent to the pilot as compared to the original control system.  This study proved the feasibility of helicopter flight control using only fiber-optic signal paths.  Fiber optics clearly has applications for noncritical communication and data transmissions of other subsystems of an aircraft.

An ancillary benefit of fiber optics is the reduction in physical space requirements and structural penetrations needed for routing cables throughout an aircraft.  Routing cables can cause increases in structural weight because it is necessary to reinforce the cable penetration areas.  Freeing up additional space through the use of fiber optics can also enhance the optimum routing of other system components, such as hydraulic lines.  These benefits coupled with the cabling weight savings can be expected to yield a 2 percent savings in empty weight.

Key findings of the Advanced Digital Optical Control System demonstration program were lower than desired reliability and high maintenance times.  Key problems centered on dirt on connecters interfering with the light signal and high failure rates of electronics.  Given the immaturity of the technology at that time, this was not a totally unexpected result.

Planned improvements and developments for a technology research program are:

· The development of maintainer friendly connecters that inhibit dirt intrusion

· Development of light-controlled hydraulic actuator control valves

· Temperature and vibration-hardened fiber optic electronics

Despite great promise for potential weight improvement, fiber optics has not yet gained widespread usage in aircraft.  Additional testing and development through targeted funding would be a significant boost in gaining this acceptance. 

3.3.6   Rotors and Control Systems

Advances in rotor technologies have significant weight reduction potential that is not only within the rotor system, but extends to other aircraft systems.  Research programs in academia, industry, NASA, and the U.S. military are focusing on improvements that save weight while improving performance, reducing vibration and noise, and improving reliability.  Most of the research focuses on four areas: 

· Advanced rotor controls systems that feature IBC, servo-flap control, eliminating the swashplate, or combinations of all three
· Material and fabrication methods that improve stiffness and strength-to-weight ratio and permit tailored weight distribution in the blades
· Rotor wake investigations 
· Improved hover efficiency
Focusing on the advanced rotor and controls concepts and the hover efficiency development concepts is recommended for achieving the weight reduction goal.

To date, most of the research on advanced rotors and controls has focused on supplemental secondary aerodynamic control surfaces (elevons, servo tabs), which work in conjunction with the conventional swashplate-driven controls.  Candidate actuators are piezobenders, active fibers, magnetic shape memory alloys, or piezopumps, all of which are currently being actively researched with the goal of reducing noise and vibrations.

A stretch goal beyond this the use of high-authority, on-blade controls to eliminate the swashplate and associated mechanical controls in both the rotating and fixed system.  This concept is expected to save significant weight.

The conventional helicopter mechanical control system typically consists of a rotor swashplate, pitch links and pushrods, and fixed-system hydraulic flight control actuators.  For a typical twin-engine helicopter, these systems contribute approximately 5 percent of the empty weight.

Hydraulic actuators       
0.8%

Cockpit controls            
0.8%

Nonrotating controls     
1.2%

Rotating controls            
2.2%

Total   5.0%

Therefore, replacement of these components with weight savings and drag-reducing, on-blade controls is a goal.  Approximately 40 percent reduction in flight control system weight has been shown in recent experiments on a model helicopter.
   Provided this result can be scaled to full-size machines, over 2 percent empty weight could be saved.  This will present challenges in actuator technology, blade and hub design, and affordability. 

3.4   Technology Roadmap

Weight savings will be achieved in the following four key areas:  structures; engines; drive system; and rotor controls.

3.4.1   Task I:  Structures Weight Reduction

Design technology will seek to accomplish weight reduction and savings through advances in the following areas:  probabilistic design; comprehensive damage tolerance; structural bonding; failure criteria; and load spectrums.  This work will take place in the first 4 years of the program with the goal of developing mature technology to be incorporated into the integrated demonstration vehicles.

3.4.2   Task II:  Engine Weight Reduction

Improvements in propulsion technology will result in lighter dry weight engines with better specific fuel consumption.  Current and proposed programs will contribute to the projected weight reductions listed in Table 4.

3.4.3   Task III:  Drive System Weight Reduction

Initially, eccentric differential drive, variable speed or pericyclic variable rotor speed drive transmission, and toroidal drive concept developments must be funded to accrue weight advantages.  As development tests take place, the most promising of the technologies must be pursued with additional funding.  All three of the revolutionary drive system architectural approaches offer significant weight savings over the Army’s the Advanced Rotorcraft Transmission and Drive System for the 21st Century programs.  If these programs hope to achieve a 20 percent reduction in weight and a 26 percent reduction respectively, a success with radical high-reduction ratio technologies could easily save 30 percent to 40 percent of the gearbox weight.  Variable-speed technology also offer the added benefit of allowing the engine to operate at its most efficient speeds and power settings.  This could result in greater fuel efficiency and improved payloads.  The projected improvement with drive system research is approximately 8 percent less weight.

3.4.4   Task IV:  Fiber Optics

This task will seek the replacement of heavy copper-based conductor cables with lightweight fiber optic cables.  An additional benefit of fiber optics is the reduction in physical space requirements and structural penetrations needed for routing cables throughout an aircraft.  Routing cables can cause increases in structural weight due to beef-up required in the area of the penetrations.  Freeing up additional space through the use of fiber optics can also enhance the optimum routing of other system components such as hydraulic lines.  These benefits coupled with the cabling weight savings can be expected to yield a 2 percent savings in empty weight.

3.4.5   Task V:  Rotor and Control System Weight Reduction

Past research on advanced rotors and controls has focused on supplemental secondary aerodynamic control surfaces (elevons, servo tabs), which work in conjunction with the conventional swashplate-driven controls.  Candidate actuators are piezobenders, active fibers, magnetic shape memory alloys, or piezopumps, all of which are currently being actively researched.  A stretch goal beyond these beginnings is the use of high-authority, on-blade controls to eliminate the swashplate and associated mechanical controls in both the rotating and fixed system.  This concept is expected to save significant weight.  The conventional helicopter mechanical control system typically consists of a rotor swashplate, pitch links and pushrods, and fixed-system hydraulic flight control actuators.  For a typical twin-engine helicopter, these systems contribute approximately 5 percent of the empty weight.  A net 2 percent weight savings could be achieved by obtaining a 40 percent reduction in the flight control system weight.

3.5   Schedule
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3.6   Estimated Costs

	Weight Reduction Tasks:
	$ Mill
	Y 1
	Y 2
	Y 3
	Y 4
	Y 5
	Y 6
	Y 7
	Y 8
	Y 9
	Y 10

	Structures:
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Design
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Probilistic Design
	20
	5.0
	5.0
	5.0
	5.0
	
	
	
	
	
	 

	 Comp. Damage Tolerance
	40
	10.0
	10.0
	10.0
	10.0
	
	
	
	
	
	 

	Structural Bonding
	80
	20.0
	20.0
	20.0
	20.0
	
	
	
	
	
	 

	Failure Criteria
	20
	5.0
	5.0
	5.0
	5.0
	
	
	
	
	
	 

	Load Spectrums
	8
	2.0
	2.0
	2.0
	2.0
	
	
	
	
	
	 

	Adv. FEM
	32
	8.0
	8.0
	8.0
	8.0
	
	
	
	
	
	 

	Test Support
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Coupons
	4
	
	
	2.0
	2.0
	
	
	
	
	
	 

	Elements
	10
	
	
	
	5.0
	5.0
	
	
	
	
	 

	Full Scale Structures
	80
	
	
	
	
	10.0
	15.0
	25.0
	30.0
	
	 

	Engines:
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Engines
	238
	3.0
	5.0
	5.0
	5.0
	10.0
	50.0
	80.0
	80.0
	0.0
	0.0

	Drive System Development:
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	ARTII/RDS-21 Enhancements
	15
	5.0
	10.0
	
	
	
	
	
	
	
	 

	Composite Housings/Thermal Mgmt
	32
	2.0
	10.0
	10.0
	10.0
	
	
	
	
	
	 

	Eccentric Drive
	30
	10.0
	10.0
	10.0
	
	
	
	
	
	
	 

	PVT Drive
	30
	10.0
	10.0
	10.0
	
	
	
	
	
	
	 

	Toroidal Drive
	30
	10.0
	10.0
	10.0
	
	
	
	
	
	
	 

	Advancement of Selected Concept
	35
	
	
	
	15.0
	20.0
	
	
	
	
	 

	Fabrication
	15
	
	
	
	
	
	5.0
	10.0
	
	
	 

	Bench Test
	7
	
	
	
	
	
	
	2.0
	5.0
	
	 

	Fiber Optics:
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	System Architecture Definition
	5
	5.0
	
	
	
	
	
	
	
	
	 

	Rugged Connector Development
	20
	
	10.0
	10.0
	
	
	
	
	
	
	 

	Optically Controlled Actuator Valve
	25
	
	10.0
	15.0
	
	
	
	
	
	
	 

	Temp. & Vib. Hardened Electronic
	25
	
	10.0
	15.0
	
	
	
	
	
	
	 

	Detail Design & Fab. of Components
	20
	
	
	
	5.0
	15.0
	
	
	
	
	 

	Component Testing
	5
	
	
	
	
	
	5.0
	
	
	
	 

	System Integration Lab Testing
	10
	
	
	
	
	
	
	10.0
	
	
	 

	Installation into Integrated Demonstrator
	 
	Accounted for in Integrated Flight Tests

	Flight Tests
	 
	

	Rotor/Controls System Weight Reduction:
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	On Blade Controls Actuator System Design
	23
	3.0
	7.0
	8.0
	5.0
	
	
	
	
	
	 

	Actuator Development
	13
	2.0
	3.0
	5.0
	3.0
	
	
	
	
	
	 

	Control Software Development
	6
	
	
	2.0
	2.0
	2.0
	
	
	
	
	 

	Slip Ring Power Transmission to Actuator
	15
	
	5.0
	5.0
	5.0
	
	
	
	
	
	 

	Full Sized Rotor Design and Analysis
	28
	
	
	
	
	8.0
	10.0
	10.0
	
	
	 

	Full Sized Rotor Fabrication
	 
	Accounted for in Integrated Flight Tests

	Full Sized Rotor Ground and Flight Demo.
	 
	

	 
	 
	
	
	
	
	
	
	
	
	
	 

	Weight Reduction Total:
	921
	100.0
	150.0
	157.0
	107.0
	70.0
	85.0
	137.0
	115.0
	0.0
	0.0


4.   Safety IMPROVEMENT GOAL

Attaining a predicted accident rate equivalent to that of fixed-wing aircraft in commercial service within 10 years requires extensive research and development.  It is likely that radically new ideas will be needed to achieve this goal, since current methods have only been able to reduce accident rates very slowly over time.

Rotorcraft have a niche in aviation because of their unique capability to operate at low speed, hover in place, and operate in areas not accessible to other aviation or ground means of travel.  Many of these uses put the rotorcraft in difficult situations and environments, which also frequently require special piloting skills.  In addition, rotorcraft are relatively complex, both mechanically and in their mission equipment. 

Rotorcraft lack the structural or control surface redundancy of fixed-wing aircraft and are subject to a high-cycle fatigue environment, which sometimes is exacerbated by corrosive atmospheres as encountered in offshore missions.  This combination causes their safety history to range from quite safe to rather poor.  Present accident rates of civil turbine-powered helicopters will have to be reduced to 0.24 accidents per 100,000 flight hours to meet the goal.  

To meet this safety goal it is imperative to first define the major causes of accidents.   Analysis of this information will be used to develop technologies to identify safety investment areas, pursue R&D activities, and demonstrate the new technologies.  Research results should be applicable to all types of helicopters, and prototype systems will be developed and tested in the existing helicopter fleet in various missions.  A sufficient number of aircraft will have to be involved in these trials to generate statistically valid data.  The progress toward meeting the 10‑year goal will be tracked and used to optimize those technologies that prove to provide the most benefit toward meeting the goal.  Figure 14 gives an overview of the technical contributions necessary to meet this goal.


[image: image16.wmf]Visibility Enhancement Aids

A/C Internal Awareness Aids

Real Time Performance Indicator

Low Airspeed Indicator

Pilot Cueing

Onboard Proximity Detection

External Situation Awareness Aids

Map

-

based TAWS

Ground

-

based OCAS

Load Spectrum Monitoring

HUMS Warning Validation

Design Criteria, Risk Assessment

Anomaly Analysis

Crash Survival

Electronic Maintenance Aids

Cockpit Information Retrieval

Improved pilot training

Improved judgment training

Short

-

Term Automatic Recovery Training

Autorotations

Dynamic Rollover

Ground Resonance

Recovery re Inadvertent IMC

Low

-

cost Simulators

Pilot Advisor / Helper

Pilot monitor

Impending Aircraft Failures

Damage Tolerance

1.0

2.3

Civil Turbine

Accident Rate:

3.9

10

-

Year Rate

Goal: 0.24


Figure 14:  Safety Improvement Technologies Chart


The art and science of safety can also be described as the art and science of risk management.  With our present knowledge, we are not capable of controlling all variables to within firmly stated boundaries, so we resort to statistics and probabilities of failure.  For instance, in the design of an air vehicle and its systems, subsystems, and components, we consciously accept a certain risk of failure.  The problem with this approach is that the level of risk we determine as acceptable can frequently only be estimated.  The distribution of the strength of the materials that are being used is a supposedly well-known quantity, yet occasionally unforeseen and unrecognized events cause deviations from the assumed statistical distribution.  We also assume that a pilot and a mechanic, after having been qualified, will always perform at a certain minimum standard.  Unfortunately, for a variety of reasons, this is not always true. 

Virtually all of the material, design, and manufacturing issues are common to all of aviation, i.e., should not contribute to a difference in the rates of accidents experienced by commercial airlines compared to rotorcraft.  FAA safeguards are the same for both areas.  However, significant differences do exist in the exposure area -- fatigue exposure, environmental exposure, etc.

The fatigue spectrum for rotorcraft is fundamentally different and more variable than that of fixed-wing aircraft.  Rotorcraft fly a very high number of cycles (high-cycle fatigue), occurring at mostly integer multiples of the rotor rpm, therefore, usually referred to as n/rev.  This high-cycle spectrum is interspersed with relatively infrequently occurring ground-air-ground cycles and, sometimes, additional power cycles, which occur during logging operations.  At the same time, certain components subjected to these fatigue cycles are not structurally redundant and therefore are flight critical—the rotor mast being one example.

In the area of environmental exposure, helicopters used in offshore operations are constantly exposed to the highly corrosive atmosphere of the maritime environment with the resulting corrosion challenges unique to this environment.  Other factors include severe dust exposure when taking off or landing on dry, unprepared surfaces, which affects engine components as well as pilot visibility.

A useful way to summarize safety requirements is:

a.
Minimize the probability of making a mistake—anywhere from producing the raw material to the use of the aircraft.

b.
Minimize the probability of a mishap, given a mistake—robustness of design, processes, fault tolerance in the broadest sense, and forgiveness in an emergency situation.

c.
Minimize the amount of injury and damage, given a mishap— crashworthiness features.

Breaking these areas down into sub areas, the following represent those unique to rotorcraft:

a. Minimize the probability of mistake:

1. Material selection:  fatigue properties and environmental suitability.

2. Engineering design:  load spectra and fatigue.

3. Manufacturing:  abusive machining; control of rotorcraft unique processes, such as structural bonding.

4. Usage:  this is the main area of difference between fixed-wing aircraft and helicopters, and will be the focus of this section.

5. Understanding cockpit actions:  because there are myriad of rotorcraft uses, what goes on inside the cockpits is not known or documented to the same level as for the highly regulated cockpits of commercial air carriers.  Commercial air carriers have flight data recorders, cockpit voice recorders, and internal flight operational quality assurance programs.  Finding out what is happening in the cockpit is critical to correcting human factors that cause accidents.

b. Minimize the probability of a mishap, given a mistake:

1. Single-point failure modes:  damage/flaw-tolerant design

2. Nondestructive inspection methods to detect very small cracks

3. Health and usage monitoring systems (HUMS)

4. Pilot aids to assist the pilot in problem identification and resolution.

c.
Minimize the probability of damage and injuries, given a crash:  a host of rotorcraft unique approaches are available and in need of refinement.

4.1   Baseline

4.1.1   Selection of the Safety Metric

Safety metrics are based on undesired events per amount of exposure.  Worldwide, the most commonly used safety metric is a fleet rate of accidents per 100,000 flight hours (total accidents/total flight hours/100,000).  Using this metric, the rotorcraft safety baseline is set at the rate of 3.9 accidents per 100,000 flight hours of the turbine-powered fleet.

One commonly used metric considered, but not adopted, is the fatal accident rate.  Fatal accident rates can be somewhat misleading, since a fatal accident is counted as a single event, regardless of the number of fatalities incurred.  Two aircraft with identical fatal accident rates could have one model where only one person died and the other had 280 people onboard that died in the crash.  Fatal accident rates will, therefore, not be used. 

The number of accidents per departure or takeoff can also be misleading and will not be used.  Helicopters have more takeoffs than fixed-wing aircraft because of their relative short length of flight.  Although the airborne time in takeoffs and landings is hazardous, the remaining portions of flight of climb out, maneuver, low-speed flight, and hovering can be just as hazardous as takeoffs and landings.  Reliable information on the number of departures is not available, since there is no requirement for helicopter operators to report departures.

4.1.2   Selection of Baseline Accident Rate

4.1.2.1   Background

Civil helicopters have varying safety histories.  For example, a single-turbine engine helicopter operated in New York City for several years as a scheduled airline shuttle without having a single accident.  Today’s only scheduled helicopter operation, the twin-turbine helicopter airline, HeliJet International operating out of the Vancouver area, is also accident-free.

The turbine-powered helicopters used in the Gulf of Mexico for offshore oil field support also have an excellent safety record, far better than the onshore helicopter fleet, which uses the same types of aircraft.  These single-turbine and twin-turbine helicopters moved 15,098,355 passengers, made 7,282,652 flights, and flew 2,143,244 hours in the 5 years from 1998-2002.  These helicopters operate to oilrig helidecks out as far as 150 miles offshore.  During this period, these CFR Part 91/135 operators had an average accident rate of 1.63 per 100,000 hours. 

In the late 1990s, a NASA-led government and industry group, the Helicopter Accident Analysis Team (HAAT), analyzed 34 fatal helicopter accidents to find potential areas of research to improve safety.  Study participants hoped to identify what happened in those select accidents and brainstorm potential improvements without consideration of the relative frequency of different accident causes or the entire helicopter fleet.
  This study will be examined in more detail in section 5.3.1 for its contribution to the starting definition of safety investment areas.

4.1.2.2   Accuracy of Safety Metric

It is crucial to use the most accurate accident numbers, as tracking of the progress of FAA research effects will involve measuring small-step improvements.  Flight hours should be known by aircraft model, rather than only on fleet average basis.  The FAA stopped collecting estimates of helicopter flight hours by model in 1997; thus, the best available data of the previous 10-year period of 1987 through 1996 are used. 

While the frequency of accidents by model number is somewhat known, detailed causes of accidents frequently are not.  The National Transportation Safety Board (NTSB) only goes to the accident site in less than 20 percent of the accidents.  Thus, the NTSB treats 80 percent of the accidents as limited investigations in which information provided to the NTSB by the FAA and others participating in the investigation is used to write the accident report.  In most cases, these limited investigations do not get the same depth of analysis, except for material failures, hence, detailed information is lacking on most accident reports.

4.1.2.3   Available Data Sets

4.1.2.3.1   Industry Study Using 1990-1994 Accident Data

Another study analyzed the causes of helicopter accidents, based on the available comprehensive 5-year statistics from 1990-1994.
  The researcher used the accidents of each model only if directly corresponding flight hours were available in the annual FAA General Aviation and Air Taxi Activity Survey for the year in which the accident occurred.  If there were no flight hours available, he deleted that model’s accidents from the study to improve accuracy.  He hoped to compile an accurate determination of the frequencies and causes of the accidents and to select the safety investment areas that would be the most efficient in achieving an 80 percent reduction in the rate of fatal accidents within 10 years.

To gain insight into first-order influences, the study segregated the U.S. helicopter fleet into three major categories:

· Piston-powered helicopters (reciprocating engine)

· Civil turbine-powered helicopters

· Military surplus UH-1 flying on the U.S. civil registry

The first two groups represent civil-certificated craft, whereas the UH-1s were built to U.S. Army requirements.  The military surplus UH-1s are a growing population in the civil fleet.  The data separated by helicopter groups and their flight hours and accident rates are presented in Table 8.  Aircraft converted from piston to turbine power and homebuilt helicopters are not represented in the study.

Table 8: U.S. Helicopter Safety (1990-1994)

	Type
	Flight Hours
	Accidents
	Accidents/100,000 Hr.

	Piston
	2,361,526
	486
	20.6

	Civil turbine
	7,990,747
	293
	3.7

	Military Surplus UH-1
	171,049
	24
	14.0

	All Helicopters
	10,523,322
	804
	7.6


4.1.2.3.2   Expanded Industry Study Using 1987-1996 Accident Data

A later study, by the same researcher, using statistics from the time period of 1987 to 1996 expanded his early work, using a longer timeframe, but the same methodology.
  As in the earlier study, he separated the military surplus UH-1 aircraft from the civil-certificated turbine-powered helicopters and matched accident data to flight hours by aircraft model.  These rates, considered most accurate for the turbine-powered helicopter fleet, are also included in Table 9.

Table 9:  U.S.-Registered Helicopter Accident Rates from All Studies

	
	Accidents/100,000 Hours

	Type
	1990-1994
Ref. 25
	1987-1996
Ref. 26
	1990-1996
Ref. 27
	1999-2003
HAI Website

	Piston
	20.6
	17.4
	Included in total fleet
	19.7

	Civil Turbine
	3.7
	3.9
	Included in total fleet
	5.5

	Military Surplus UH-1
	14.0
	11.1
	Included in total fleet
	Included in Turbines

	All Helicopters
	7.6
	7.2
	5.3
	8.3


4.1.2.3.3   NASA Data

NASA studied civil helicopter accident rates for the period 1990-1996 as a function of the relative cost of the aircraft (low cost to expensive).
  The total helicopter fleet accident rate for that period was 5.3/100,000 hr and is included in Table 9.

4.1.2.3.4   Helicopter Association International

Helicopter Association International (HAI) publishes on its website (www.rotor.com) rotorcraft accident rate estimates, calculated using NTSB accident numbers and FAA flight hour estimates.  These rates are difficult to use in detailed analyses because they include accidents from all types of helicopters, some of which do not have any corresponding flight hours in the FAA flight hour estimate.  Further, the FAA flight hour estimates available since 1996 are at the fleet level for single-turbine, twin-turbine, and single-piston helicopters rather than at the helicopter model level.  Data for the latest period from 1999 to 2003, from the HAI website, are also shown in Table 9.

4.1.2.4   Rationale for the Selection of the Rotorcraft Accident Baseline Rate

Currently, half of the rotorcraft fleet consists of piston-powered helicopters, piston-powered helicopters modified to accept a turbine engine, or military surplus (predominately single-turbine UH-1s) helicopters.  It is not appropriate to compare this group of varied helicopters, engaged in all types of uses from training, logging, construction, agriculture spraying, etc., to the scheduled air carriers and scheduled commuter air carrier fleets that are all two to four turbine-powered airplanes used primarily to transport people or cargo.

The other half of the helicopter fleet consists of civil-certificated, single-turbine or twin-turbine helicopters, which are the closer match to scheduled air carrier and scheduled commuter air carrier fleets.

Thus, the rate of 3.9 accidents per 100,000 flight hours of the turbine-powered fleet is selected as the baseline accident rate for the safety goal. 

4.2   Discussion of Goal

Scheduled air carriers are required to report flight hours to the FAA; thus, the database is relatively accurate.  Data from Scheduled 14 CFR Part 121 Air Carrier Airplanes from the NTSB website for the latest 10 years (1993 through 2002) was used to develop the commercial accident rates.  The Scheduled 14 CFR Part 121 Air Carriers Airplane had an average accident rate of 0.24/100,000 hours, which will be the 10-year goal, representing a significant challenge.

Tracking of progress toward meeting the safety goal will keep the focus on selecting and retaining productive research tasks and eliminating noncontributing research tasks.  To accurately track progress, it is imperative that the FAA reinstate flight hour use by model to allow measurement of progress of safety improvements toward meeting the safety goal.

4.3   Technical Background and Technology Gaps

4.3.1   Component and Part Failures

Historically, failed components and parts have been the immediate cause of one-third of helicopter accidents.  Engineering analyses, design, and testing are used to correct those problems.  Well-proven engineering techniques exist to identify and understand material failures.  New systems that warn of impending failure can further reduce the number of these accidents. New design methodologies, specifically adapted to rotorcraft, embrace the concept of damage and flaw tolerance, replacing the older safe life methodology wherever practical.  The FAA is sponsoring the development of a damage tolerance methodology for rotorcraft.  That program covers a broad spectrum of activities, including crack growth characteristics of selected materials, determination of actual usage spectra, and nondestructive inspection methods.

4.3.2   Human Factors Causes

Although two-thirds of accidents are categorized as caused by humans, these causal factors are not sufficiently understood to avoid reoccurrence.  Since there is no documented evidence for human factors-related incidents and accidents, corrections are limited.  The lack of understanding of what went on in the cockpit in an accident is the largest single roadblock to making significant improvements in safety.  If we do not understand what went wrong, we cannot correct it.  Questions that need to be answered are:
· What did the pilot do or not do?  What was his/her physical/mental condition?

· What instruments or warnings were available, were seen, or were ignored?

· Did the emergency procedure work or not; was it attempted?

· Were design criteria exceeded or were they adequate?

· Was there really a power loss—as the pilot claimed—when the engine ran fine during the post accident investigation? 

· Was the aircraft operated within the mission profiles used in certification or beyond its design capability? 

· What is the true mission flight profile being experienced?  Is the actual profile more severe than the design profile?  Is a design change or component part life change needed? 

· Should the FAA ground the fleet today or can the fleet be allowed limited operations until corrective action (Airworthiness Directive, etc.) is taken?  What, if any, limited time exposure is acceptable?  

As the human causes of accidents become better documented and analyzed, new ways to enhance safety will be developed.  These solutions must be cost-effective and be accepted by pilots, maintainers, and management.  Reliable, documented information obtained from the cockpit environment will aid in the understanding of root causes.  This understanding will help aircraft designers, pilots, the training community, and the FAA to improve their products and services.  The FAA will be in a better position to make airworthiness directives more effective.  

4.3.3   Safety Investment Areas

There are frequently several potential safety investment areas (with varied effectiveness) for any one problem.  Theoretically, these safety investment areas can lead to significant improvements.  Critical implementation factors to be considered include:

· Cost

· Effectiveness

· Ability to retrofit the existing fleet

· Fleet differences

These implementation factors must be considered pragmatically, if a significant improvement in the rotorcraft accident rate is to be achieved.

Early studies have looked at safety investment areas as a means of determining the effectiveness of safety enhancements.  

Out of the 804 total accidents, 294 involved civil turbine helicopter accidents, and only 20 of those probably could not have been prevented.  Of the remaining 273 accidents, models Bell206, Bell212, Bell222, MD369, Bell412, A109, AS341, AS350, AS355, BO105, BK117, FH1100, SA316, and S76 helicopters, researchers identified the causes
.  Figure 15 presents nine major groups of causes for accidents (GCAs), and indicates how many accidents can be attributed to one of those groups.  Since each accident can have more than one cause factor, the total exceeds 100 percent.

Detailed examination of these groups of causes of accidents led to the selection of eight safety investment areas that are most likely to mitigate the nine groups of accident causes.  The safety investment areas are cross-referenced to the applicable groups of cause for accidents, as shown in Table 10.  These safety investment areas will be used as the roadmap to achieve the safety goal.
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Figure 15:  Groups of Causes for Accidents

Table 10:  Safety Investment Areas and Cross-Reference to GCAs

	
	SIA
	GCAs Addressed

	1
	Cockpit Information Retrieval System 
	GCA 1

	2
	External Situation Pilot Aids
	GAC 5, GAC 3, GAC 7

	3
	Internal Situation Pilot Aids
	GAC 4, GAC 6

	4
	Enhancement Visibility Aids
	GAC 5

	5
	Pilot Advisor 
	GAC 9

	6
	Electronic Maintenance
	GCA 8

	7
	Impending Failure Aids (HUMS)
	GCA 2, GCA 8

	8
	Crashworthiness
	All


Although improvements resulting from addressing these safety investment areas will benefit all types of helicopters, only the civil turbine helicopters will be used to track the progress.

This plan outlines basic research needs without inclusion or exclusion of other research concepts that could support one or more of the safety investment areas.  In addition, these safety investment areas are not model-specific; once a concept is proven, it can be used universally, thus greatly reducing cost.

4.3.3.1   Cockpit Information Retrieval System 

Lack of knowledge and documentation of what happened in the cockpit prevents the rotorcraft community from making significant reductions in the number of accidents.  To achieve a higher level of safety, we must have documented facts of cockpit actions.  A Cockpit Information Retrieval System (CIRS) would address this lack of information.  A CIRS would consist of

· a computer processing unit

· a still shot digital camera (X shots/sec),

· an area microphone for ambient sounds,

· a global positioning system (GPS) with “g” switch, and

· a wireless transmitter.

The key feature of the retrieval system will be is ability to take and compare sequential digital photographs of the instrument panel, warning panels, control sticks, and pedals to identify changes (e.g., movements of instrument indications, warning light illuminated, cyclic stick motion, etc.).  An original complete photograph at startup and subsequent changes will be compressed and transmitted out of the aircraft in flight to authorized computers.  As part of this research, it will be determined if sufficient data can be transmitted out of the aircraft to be of benefit; if not, a portion of this data will also be recorded in an on-board crash-survivable recorder with underwater pinger.  The GPS data (longitude, latitude, altitude, and time) will also be transmitted in each data packet.  The audio signal will likewise be analyzed to establish a baseline of background sound frequencies for that flight, monitor changes, and transmit compressed data packets. 

In the event of a crash, the CIRS, activated by a “g” switch, will take the last recorded data packet containing GPS coordinates, time, and aircraft identifier, plus a crash alert code, and transmit that data packet immediately.  That signal would be routed to on-line personal computer of (1) the operator, (2) the nearest search and rescue operation, and (3) the helicopter original equipment manufacturer (OEM).  Notification of the local emergency 911‑system will also be considered.  This special transmission message is the only time that any CIRS information would be transmitted to a search and rescue operation.  An immediate check via radio could be made to verify the emergency and the search and rescue response to a known crash location, significantly reducing the rescue response time and avoiding searching in the wrong locations will save lives.

Once the occupants have been rescued, the CIRS would be used in the accident investigation. The immediate notification of location by longitude and latitude is also critical for crashes into water, as it will greatly aid in the recovery of the wreckage.  

Controlled data access is crucial for operator acceptance of a CIRS.  The FAA or NTSB would not have access to the data streams during normal use.  Only the operator and the OEM would have that access during normal use.  Once an accident occurs and the investigation commences, the data from the last 2 weeks or 100 hours of operation would be downloaded from the operator’s or OEM’s computer and provided to the NTSB and the FAA.  The NTSB, as is presently done within their regulations, would download the data from any onboard crash-survivable recorder.

Software should be developed to reconstitute the sequential photographs from the data packets to show movement of instrument readings, flight controls, and illumination of cautions and warnings.  This will assist in accident investigations where the crash recorder is never recovered and engineering monitoring during normal use to identify flight profiles outside of those used in certification.  Newly identified flight profiles may require changes in component fatigue lives and attendant component retirement lives.  The CIRS can provide that detailed information to be analyzed and the effects of different missions and uses.  These are critical inputs to damage tolerant and fail-safe design activities.

The accuracy of current FAA rotorcraft flight hour estimates severely hampers detailed analyses needed by manufacturers and the FAA to identify continuing airworthiness issues.  The CIRS will provide actual flight hours that can be determined from the data stream.  Manufacturers can then compile an accurate record of the annual flight hours flown by each model.  Such information can also provide the amount of flying time in different types of operations.  These annual flight hour exposures will be sent to the FAA for problem identification, risk assessments, continuing airworthiness, airworthiness directive support, etc.

4.3.3.2   External Situation Pilot Aids 

Pilot aids are needed to address a lack of situational awareness.  Aids such as the Enhanced Ground Proximity Warning System and Terrain Avoidance Warning System (TAWS), help pilots of fixed wing aircraft avoid some accidents caused by a lack of situational awareness.  These systems are of limited application for rotorcraft, since they correlate GPS locations to an electronic data map that is terrain-based, not top of the tree-based.  They work well where there are no terrain changes, such as over water.  Systems that protect from classical fixed-wing controlled flight into terrain incidents and accidents are different from those needed that protect helicopters from striking wires, poles, trees, and other objects.

Helicopters exist, in part, because of their ability to operate into and out of confined areas, at a hover, and fly at low speed close to the terrain.  This low-level operation has resulted in in-flight strikes of:

· Electrical power lines 

· Telephone wires 

· Poles and towers 

· Guy wires 

· Trees 

· Fences 

Strikes of landing surfaces, terrain, and water also can result in accidents.  Most object strikes occur in good visibility, but the objects are nevertheless hard to spot.  In some cases, the flight is planned to be close to the objects but the pilot misjudges the distance from the rotor blade tips or a gust of wind brings the aircraft too close to the object.  A proximity detection system could detect and alert the pilot when any object or surface gets too close.  

There are systems with various levels of protection currently available.  An FAA-sponsored study is underway to evaluate the Wire Strike Protection System.  This system has worked well to cut smaller wires but cannot protect against larger wires.  Colored balls installed on some electrical power lines are intended to help the pilot to identify those particular wires; however, they are barely visible under certain lighting conditions.  A ground-based system Obstacle Collision Avoidance System (OCAS) installed on a power line pole is a promising system and should be most effective for those electrical power line locations that are struck fairly frequently.  The OCAS detects an approaching aircraft within a certain range, flashes strobe lights, and transmits a warning on all VHF frequencies.  Night vision goggles assist somewhat at night, but most wire strikes are during daylight hours.

4.3.3.3   Internal Situational Pilot Aids

In Figure 15, “Real Time A/C Performance Exceeded” and “Internal A/C Situation Awareness Loss” represent those accidents where the pilot was not sufficiently aware of what was happening in the aircraft.  These types of accidents do not include part failures, which are included in the aircraft component failure area addressed by health and usage monitoring systems (HUMS).

There are several pilot aids needed to reduce these types of accidents.  Such pilot aids could be separate systems or incorporated into an overall aircraft advisory system.

A real-time performance indicator would address situations where the pilot tries to exceed the performance capabilities of the aircraft.  Many accidents are related to short-duration demands for performance beyond the aircraft’s capability to respond.  Pilots, not fully aware of the instantaneous performance limits, are surprised when the aircraft does not respond as expected or as quickly as needed.  This could result in overtorques, rotor rpm droop, loss of adequate lift, loss of tail rotor effectiveness, etc., and subsequently striking something.  A helicopter intending to land at a mountain site, where the pilot is expecting a head wind and encounters no wind, may not have adequate power to hover out-of-ground effect or arrest his descent, and, hence, a crash may occur.  A real-time performance indicator would provide real-time indication of performance being demanded versus what is actually available at that moment.  It should also indicate how close the pilot is to exceeding the limit of the capabilities and how soon the limit will be exceeded.  Thus, the pilot can modify demand and continue to fly safely.  Refinements to this concept could be remote sensing of wind and temperature conditions at the intended landing site.

A low air speed indicator is also needed.  Helicopters use pitot-static air speed indicators like general aviation airplanes; however, these are not accurate below about 20 knots.  The power required to hover and fly slowly at less than 20 knots is very high compared to the power needed for cruise flight.  When a pilot inadvertently slows below transitional lift (range of 10-15 knots), while still out-of-ground effect, the power required may be more than is available and a crash occurs.  A simple accurate air speed indicator is needed for zero to 20 knots.  A low air speed indicator signal is also useful as inputs to real-time performance calculations.

In addition, better pilot cueing is needed to help the pilot avoid flying beyond the flight envelope limits.  Since multiple audio warnings may get confusing, other approaches are needed to alert the pilot if he is about to exceed flight parameters or capabilities.  Pilot cueing devices can be valuable pilot aids so the pilot can keep his eyes outside the cockpit.  Research is needed to determine the best cueing combination and generic integration.

4.3.3.4   Visibility Enhancement Aids

Some helicopter pilots inadvertently enter conditions where visibility is limited, are not able to return to visual conditions, and then crash.  This may occur when they unintentionally enter severe weather conditions.  Helicopter pilots landing in blowing snow or dust are temporarily unable to see.  An interim level of enhanced visibility capability is needed.  Synthetic vision technologies look promising, as do infrared systems like Max Viz.  The Capstone Avionics approach being tested in Alaska for fixed wing aircraft may be applicable to rotorcraft.  

In addition, to new technologies, research is needed to develop a procedure and train pilots for recovery from inadvertent instrument meteorological conditions penetration.  

4.3.3.5   Pilot Advisor 

Pilot advisor systems are needed to monitor the health of all aircraft systems and advise the pilot of deteriorating aircraft conditions.  There may or may not yet be any failure or malfunction.  Such systems should alert and guide the pilot during normal and abnormal events occurring in the aircraft in which there can be serious consequences shortly.  For example, fuel exhaustion is a common rotorcraft accident cause. This could be mitigated if the pilot could receive periodic alerts on the number of minutes of fuel left.  The pilot advisor systems should check systems, verify anomalies, and advise the pilot, especially during emergencies. 

4.3.3.6   Electronic Maintenance Aids

Using electronic maintenance manuals and checklists could reduce maintenance.  Pocket PC and personal digital assistant (PDA) approaches should be considered.

4.3.3.6.1   Short-Term, Automatic Recovery Systems

Short-term, automatic recovery systems need to be developed to sense dynamic rollover on the ground as it begins and automatically make the appropriate control motion (lower collective) to preclude the rollover.  A similar short-term, automatic recovery system with appropriate recovery procedures to recover from ground resonance could also be developed.

4.3.3.6.2   Pilot Training

Pilot skills deteriorate with time and nonuse.  Recurrent training and new training approaches need to be investigated.  Low-cost simulators, onboard simulation, and PC-based simulators should also be investigated for use as training aids.  Research should be done on the best ways to teach pilots to recognize and recover from a dynamic rollover.

New techniques and training are needed for improved pilot judgment, which could prevent many accidents.  Such training needs to cover the full range of pilots from students to commercial-ticketed pilots.  PCs can be used for individual training.  Aeronautical Decision Making (ADM), implemented years ago with some success, should be further studied.

4.3.3.6.3   Direct Monitoring of Pilot

To lower the accident rate significantly, it may become necessary to consider the, perhaps very controversial, monitoring of some pilot vital signs, such as fatigue, so the pilot’s could be warned of specific conditions. 

4.3.3.7   Impending Failure Aids (HUMS)

Safe life and damage tolerance design technologies should continue to be refined.  Engineering criteria assumptions do not always meet what really occurring in the field and parts still fail. Actual flight profiles from monitoring individual aircraft, with systems like a cockpit information retrieval system, could allow more complete incident/accident analyses in the future, which would lead to mitigation techniques and technologies.  There also needs to be systems developed that can identify impending failures.  Health and usage monitoring system (HUMS) can meet this need on some components.

There are several existing HUMS, but their capabilities and costs are quite different.  Those HUMS using vibration monitoring monitor many dynamic components.  However, a better, cost-effective HUMS is needed to provide accurate and timely alerts of impending failure.  Low-cost accelerometers are critical for such systems.  Future research should build upon the HUMS research being sponsored by the FAA.  The FAA’s current work focuses on existing HUMS and examines four areas:  rotorcraft operation development of HUMS; commercial HUMS validation; HUMS onboard warning; and flight-testing with HUMS-installed helicopters.

A test program is also needed to take to failure flight components identified by HUMS as being faulty.  These components would be inspected and then run to total failure.  Several of these runs-to-failure would provide confidence on a specified time of warning from HUMS indication until final failure occurs.  Then HUMS could alert the pilot not to start another flight, rather than the present use of HUMS of just alerting maintenance.

4.3.3.8   Crashworthiness

Crash survival features do not reduce the accident rate itself, but reduce the likelihood that pilot and passengers will be seriously injured or killed in crashes.  Research into water impacts needs to continue.  The use of external air bags should be investigated as a means of protecting an airframe from both water and hard soil impacts.

4.3.4   Other Agencies Programs

4.3.4.1   FAA Rotorcraft Research Program

4.3.4.1.1   Rotorcraft Damage Tolerance Research

In 1999, the FAA initiated a rulemaking process to revise 14 CFR 29.571, Fatigue Evaluation, to include damage tolerance requirements for rotorcraft.  The FAA, in collaboration with the U.S. rotorcraft industry, developed a plan that identified ten areas of research to support the FAA’s rulemaking process and the development of guidance material.  In addition to developing and validating new rotorcraft-specific damage tolerance technologies and tools, existing fixed-wing damage tolerance technologies are also being assessed to determine if they could be applied to rotorcraft.  This plan identifies ten research areas:  crack growth database; spectrum development and usage monitoring; equivalent initial flaw and crack sizes; rotorcraft-specific issues; nondestructive inspection and evaluation; certification testing guidelines; life enhancement methods; crack grown analysis; risk assessment methods; and corrosion control.  In addition to providing requirements for the use of damage tolerance for rotorcraft, the research will provide methods and techniques that will help prevent structural failures of rotorcraft.  The rotorcraft damage tolerance work is being conducted cooperatively with the DoD, NASA, academia, and the U.S. rotorcraft industry.  Currently, the program is primarily focused on metallic structures and is projected to continue through 2008.
4.3.4.1.2   Health and Usage Monitoring System

In 1999, the FAA issued an FAA Advisory Circular (AC) to provide guidance for obtaining airworthiness approval for rotorcraft HUMS installation, credit validation, and instructions for continued airworthiness for the full range of HUMS applications.  The objective of the FAA HUMS research program is to validate the AC on HUMS certification and develop new regulatory material as required.  FAA HUMS research focuses on:  rotorcraft operation development of HUMS; commercial HUMS validation; HUMS onboard warning; and flight-testing with HUMS-installed helicopters.  The research will provide the FAA with key information to develop advisory and compliance material for the certification of HUMS installation and identification and application of inspection reduction factors and maintenance credits using HUMS.  This program is also projected to continue through 2008.

4.3.4.1.3   Wire Strike Protection Systems

The FAA is also studying the statistical trend of rotorcraft accidents with and without the WSPS to assess the current system for certification.  This study, which ends in 2004, will provide an assessment of the potential of the system to reduce accidents and provide data for certification.
4.3.4.1.4   Capstone Program

The FAA Capstone program is improving aviation safety in Alaska through a multiyear introduction of current and emerging concepts and technologies.  A significant finding was that reduced requirements on certain avionics equipment made it more affordable and increased its usage. This had a direct beneficial effect on accident rate reduction. Capstone included GPS-driven avionics suites, weather information, synthetic vision displays, and other avionics systems. Although this is mostly a fixed-wing program, the system is being evaluated on helicopters.

4.3.4.2   NASA SAFOR Program 

NASA’s approach to the 1997 national safety goal to reduce the fatal accidents rate by a factor of five for helicopters was their Safe All-Weather Flight for Rotorcraft (SAFOR) program. This program included many facets of intervention, prevention, and mitigations, which are included most of the items in the safety initiative areas listed in this plan. After operating for a few years, the funding was concluded. The NASA Civil Helicopter Safety website (http://safecopter.arc.nasa.gov/) provides rotorcraft data derived from that program.

4.4   Technical Roadmap

The technologies required to achieve the desired level of rotorcraft safety will require some combination of aircraft design technology, aircraft equipment, ground- or space-based supporting infrastructure, and pilot and maintenance aids.  In some cases, equipment or technology exists today that could provide a significant enhancement to flight safety, but it is too costly or heavy for rotorcraft applications.  Alternative technologies and regulations are needed to meet the safety goal, while also meeting the required cost and weight criteria.

4.4.1   Task I:  Technology Assessment

Task I will include detailed assessments of all technologies that are applicable to the eight safety investment areas.  The technologies will be prioritized and preliminary selections will be made based on the maturity of the respective technologies, future cost and weight projections, and estimated contributions to meeting the safety goal.

4.4.2   Task II:  Technology Development

4.4.2.1   Cockpit Information Retrieval System

A CIRS will be developed to provide documented information about what is happening in the cockpit.  A system similar, with expanded features, to current GPS systems in automobiles will be explored.  The research will determine at what rate data needs to be collected and recorded.  Integration of stored data into other recorders that may already be present such as a cockpit voice recorder or a flight data recorder will be investigated.  

In parallel with the development of data collection technology, software will be developed to analyze the data to determine the effects of different missions and uses.  

In addition, audio signals will be analyzed to establish a baseline of background sound frequencies for that flight, monitor changes, and transmit compressed data packets.  These data will also provide critical input to damage tolerance and fail-safe design activities.

4.4.2.2   External Situation Pilot Aids

A system to detect and alert the pilot when any object or surface is too close to the rotorcraft will be developed.  This automated technology will include an option for a protection zone (distance from the helicopter extremity to the object) that can be adjusted for speed and weather conditions and be manually selected by the pilot.  Wire strike protection systems are currently used to prevent wire strikes by cutting smaller wires but cannot protect against larger wires.  The FAA is evaluating a currently available system.  The data from that study will be used to evaluate the viability of potential enhancements to the system to increase its protection capabilities.

4.4.2.3   Internal Situation Pilot Aids

A suite of systems to provide the pilots information on what is happening inside the aircraft will be developed.  One such technology should be a real-time performance indicator that will provide real-time indication of performance being demanded versus that actually available.  The option of including the ability to predict how close the vehicle is to the limit and how fast it is approaching the limit should be evaluated.  Refinements that may be considered include remote sensing of wind and temperature conditions at an intended landing site.  Another aid that will be considered is a low air speed indicator that is valid in the zero to 20-knot range.  This indicator signal would also be useful as input to real-time performance calculations.

These pilot aids could be separate systems or incorporated into an overall aircraft advisory system.

4.4.2.4   Visibility Enhancement Aids

Enhanced visibility capabilities will also be developed.  Existing systems, such as synthetic vision and infrared, will be evaluated for their applicability to rotorcraft.  Other comparable enhanced vision aids for rotorcraft will be explored.  This task will include developing a procedure and training pilots for recovery from inadvertent instrument meteorological conditions penetration.  One option that will be considered is training in a moving base simulator to cover vertigo and slant angle radar altimeter issues.

4.4.2.5   Pilot Advisor

An aircraft pilot advisor system will be developed to monitor the health of all aircraft systems and advise the pilot of deteriorating aircraft conditions.  The advisor will be designed to alert and guide the pilot during both normal and abnormal events.  Development activities will include:

· Short-term automatic recovery systems to sense dynamic rollover and to automatically make the appropriate corrections.  A similar short-term automatic recovery system with appropriate recovery procedures to recover from ground resonance will also be developed.

· New approaches to training to include low-cost simulators, onboard simulation, and PC-based simulator.  The use of a moving base simulator will be evaluated.  New techniques and training to improve pilot judgment will be investigated, covering the full range of pilots from a student pilot to commercial ticketed pilot.  The use of PCs for individual training will be evaluated.

4.4.2.6   Electronic Maintenance Aids

Development of systems such as pocket PCs and PDA approaches will be investigated using the expertise of the U.S. electronics industry.

4.4.2.7   Impending Failure (HUMS)

The existing FAA damage tolerance program should be accelerated with additional funding and the scope expanded to include composite materials.

This task will also accelerate and expand upon the existing FAA HUMS program and examine more cost-effective systems with expanded capabilities compared to existing systems.

4.4.2.8   Crashworthiness

This task will be conducted cooperatively with U.S. helicopter manufacturers.  The FAA and NASA will support the effort with engineering talent and the FAA crash test facilities.

4.4.3   Task III:  Initial Flight Trials and Equipment Downselect

An existing medium twin-engine helicopter will be used at the FAA’s William J. Hughes Technical Center for a year-long effort during year 6 to select the most promising of the prototypes to be used in the fleet installation in task IV.

4.4.4   Task IV:  Fleet Installations

The FAA will purchase 100 sets of newly developed equipment for installation on commercial aircraft.  These aircraft will be selected scientifically to get the statistically most valid sample possible, representing the usages and operating conditions of the fleet.  Higher-time operators will be preferred.
  Operators will be reimbursed for equipment installation costs.  Maintenance of equipment will be negotiated with the makers of the equipment.  This task also includes any new training and maintenance procedures and aids.

4.4.5   Task V:  Fleet Evaluations

Following successful completion of the flight test, 100 sets of the new safety equipment will be installed on commercial aircraft.  The 100 aircraft will be selected to get the most statistically valid sample possible representing the usage and operating conditions of the civil turbine fleet, i.e., the baseline fleet.  Higher time operators will be preferred.  This task will be cost shared and conducted cooperatively among the FAA, NASA, the manufacturers, and the operators.  This task will also include any new training and maintenance procedures and aids needed for the new safety equipment.

4.4.6   Task VI:  Regulatory Activities

This task will be ongoing, with the goal of having the necessary regulatory framework in place at the end of the 10-year period to allow effective use of the new technologies and procedures.  It is assumed that there is no new cost associated with this task.

4.5   Schedule
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4.6   Estimated Costs

	Safety Improvement Tasks:
	$ Mill
	Y 1
	Y 2
	Y 3
	Y 4
	Y 5
	Y 6
	Y 7
	Y 8
	Y 9
	Y 10

	Task I: Technology Assessment
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	Task II: New Technology Development
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Cockpit Information Retrieval System
	10
	
	5
	2
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	External Situation Pilot Aids
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	4
	
	2
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	4
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	2
	2
	2
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	24
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	Safety Improvement Total:
	253
	14
	33
	31
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	38
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	22
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5.   ZERO-CEILING, ZERO-VISIBILITY OPERATIONS GOAL

As part of this overall initiative, the FAA will work with industry, other government agencies, and academia to develop and demonstrate within 10 years technologies that will enable rotorcraft to operate safely under conditions of zero ceiling and zero visibility.  This interpreted to mean zero-zero landing capability into unknown terrain.  This level of capability would be needed for nearly all weather emergency relief after a major terrorist attack or natural disaster with widespread destruction that may disable ground-based infrastructure and invalidate existing terrain maps.  Rotorcraft, with their unique independence from any runway, are ideal and frequently the only vehicle capable under virtually any circumstance of reaching destinations in need of help.  It is obvious that the military would also benefit from the capability.

This also includes operations under severe tropic, desert, and artic conditions.  Phases of flight encompass en route, terminal, approach, landing, and takeoff in controlled and uncontrolled airspace.  Landing and takeoff areas include runways, heliports, helistops, or unknown terrain.

The needs for these sophisticated capabilities are mission-based.  At the highest level, the need is for all-weather capability to serve the population during regional natural or man-induced catastrophic events.  At the local level, these capabilities are needed for emergency medical services, search and recovery operations, and transportation of high-value personal and cargo.  Scheduled rotorcraft transportation services will require elements of all-weather zero/zero capability, but not necessarily the ability to land in unknown terrain.  Implementation of various levels of operational sophistication will depend upon the business case that can be made for various missions, which will be influenced by the cost of providing the capability.  Not all rotorcraft will have the capability to attain these levels of sophistication, nor do all missions require rotorcraft with these levels of sophistication.

The research program is designed to develop the required capabilities and to collect adequate data to enable the FAA to publish certification standards, procedural criteria, and regulations to implement successful elements of the research.  

Figure 16 provides an overview of the contributing technology elements that need to be developed for these capabilities to become reality. 
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Figure 16:  Zero/Zero Operations Technology Chart

The proposed research will incrementally lead to zero/zero operations, enabling rotorcraft to take full advantage of their capabilities for humanitarian and economic purposes.  The research will also enable the U.S. to maintain international leadership in the area of rotorcraft technology and aviation standards, procedures, and regulations.
It is recognized that technical solutions must be economically viable for the operators and manufacturers.  Return on investment issues become extremely challenging in the relatively small rotorcraft market.  Affordability of equipment is linked directly to quantities sold and to certification requirements.  To allow the widest market segments to benefit from near-all-weather capability, end users should be able to tailor their equipment to their needs; standards are needed to allow a modular approach for incremental capabilities.  Other considerations are:

· Today’s operational capability is limited by low-weather minima to a fixed precision approach aid and is insufficient to address critical operations of the emergency medical services personnel, Department of Homeland Defense, emergency relief, Coast Guard, and other public use operations.

· Economic impact and return on investment are always big issues, even for large fixed-wing transport category aircraft.

· Suitable regulatory material and infrastructure must be developed concurrently with the technology.  The existing rules of compliance certification, operational rules, equipment standards, maintenance, and training need to be reviewed in light of any new technologies that will lead to achieving zero/zero operations. 

5.1   Baseline

To establish viable commercial transport operations and to satisfy increased demands for civilian emergency, homeland defense, and emergency medical service capabilities, safe zero-ceiling, zero-visibility, all-weather category (CAT) IIIC instrument landing systems (ILS) operations available in fixed-wing aircraft operations must be adapted to allow full use of unique rotorcraft capabilities.  Helicopters have been approved for operations in instrument meteorological conditions under instrument flight rules (IFR) since the mid-1960s.  However, these operations require fixed-wing type approaches, and pilots are constrained by standard FAA IFR regulations and weather minima.  Though the technology has existed for some time to allow CAT IIIB ILS helicopter approaches to properly equipped runways, research is required to exploit these technologies by reducing equipment costs and stimulating IFR-compatible heliport infrastructure.  More significantly, next-generation technology is required to allow unconstrained IFR operations into unknown terrain by providing independence from ground technologies.  The Alaska Capstone program has produced data showing a 35 percent improvement in aircraft safety—an outstanding result due to innovative thinking.

Table 11 summarizes the current regulatory and capability baseline.  Current FAA-certificated IFR operations provided for a 200-foot ceiling and 1/4-mile visibility at CAT I ILS-equipped runways.  Some CAT II ILS-equipped runways permit helicopter operations to 100-foot ceilings.  Point-in-space (PINS) non-precision approaches to visual flight rules (VFR) heliports are currently available at about 200 heliports (most located at hospitals).  As a result of no vertical guidance, PINS approaches enable operations to no less than 250-foot ceilings and 1/2-mile visibility.  Urban heliports would also imply very precise flight path control in a confined environment, and the capability must be affordable and FAA-certifiable.

Although the French Puma Super helicopter is certificated for flight in moderate icing conditions, the necessary equipment is costly, with particularly high certification costs, and imposes significant operating cost and maintenance burden.  Also lacking are technologies to predict and detect incipient icing conditions, and to reduce the time and cost of certification.

Table 11:  Rotorcraft Goals and Current Status

	Goal
	2003 Regulation Status
	2003 Capability
	5-Year Targets
	10-Year Targets

	Zero-ceiling, 
Zero-visibility operations in all-weather conditions 
	200 ft - 1/4-mi CAT I ILS

100 ft - 1/4-mi CAT II ILS at airports
	250 ft - 1/4-mi PINS at urban heliports (obstacle-rich environment)
	0 - 0 at urban heliports, routine flight in moderate icing
	0 - 0 in unknown, potentially hazardous terrain


5.2   Discussion of Goal
Civilian rotorcraft applications vary widely from commercial tour operations, police and emergency medical services evacuation and transport.  Hence, the goal must be defined in a manner that elicits optimal solutions for the various missions that helicopters fly.

5.2.1   Rotorcraft Market Segments

Most market segments could benefit from improved capability to operate at lower-weather minima.  These markets include commercial operations, such as scheduled transport service, ad-hoc or charter transport, offshore servicing and remote logging operations, as well as law enforcement, Coast Guard, Homeland Defense, emergency medical services, and paramilitary operations.  However, a systematic study is needed for a full understanding of the capabilities desired and the value of those capabilities to operators in each market segment. 

No technology finds acceptance unless it provides an economic benefit to the buyer, or can be justified on the basis of national interest.  Scalability must be inherent in any capabilities developed so that operators can buy only those capabilities that meet their unique requirements.  Similarly, deployment strategies for all-weather operations should support the incremental acquisition of new technologies.  Regulatory procedures and material will be needed to support an incremental approval of decreasing minimums related to installed systems. 

While each market segment may possess a set of unique requirements, maximum possible standardization is the counterargument when considering cost.  There are issues that apply to all commercial segments such as operations, implementation concepts, and regulation.

5.2.2   Operations

Precision approach can currently be performed with existing technology under limited IFR conditions.  However, the full advantage of unique rotorcraft capabilities can only be achieved by extending FAA-allowed IFR operations to exploit these capabilities.  Three increments in increasing capability can be defined as:

· A classic precision approach

· A steep and complex precision approach

· A tactical precision approach

The classic precision approach is essentially a fixed-wing CAT IIIA/B/C precision approach to an approved airport using ILS, microwave landing system, or differential global positioning system (ILS/MLS/DGPS) landing aids.  A steep and complex precision approach is an approach to a runway, helipad, heliport, or platform using MLS/DGPS facilities.  A tactical precision approach is an autonomous precision approach to an unsurveyed location using some combination of GPS, inertial or barometric data, vision enhancement capabilities, and obstacle location and avoidance technology with no reliance on fixed, ground-based landing aids.  The incremental definition of capability will lead to incremental development of scalable technologies that start with a classic ILS approach and evolve into autonomous capabilities.  Table 12 summarizes these common operational considerations.

Table 12:  Common Operational Considerations

	Operation
	Discussion
	Issues
	Comments

	Classic 
CAT I, II, or III Precision Approach to Airport

(ILS/MLS/LAAS)
	• Useful for commercial operators.

• Useful for EMS recovering to fixed-base or diversionary

• Infrastructure in place

• Straightforward certification
	• Only limited benefit for EMS, law enforcement and paramilitary operations
	• Provide safe base of operations and alternate landing facilities

	Steep and Complex Approach CAT I, II, or III Precision Approach to Heliport (MLS/LAAS)
	• Enhanced flexibility for rotorcraft

• Can be deployed at urban and remote facilities, including heliports, helipad, and offshore facilities
	• Still requires a fixed-base that does not fully support needs, of EMS, Coast Guard, law enforcement, etc.
	• Provide flexibility in obstacle avoidance

	Tactical Autonomous Precision Approach

(WAAS/Inertial/EVS) 
	• Flexible capabilities for autonomous operations in remote areas

• Suitable for EMS, Coast Guard, law enforcement, homeland defense
	• Absence of surveyed landing zone drives need for obstacle avoidance

• Accuracy, integrity, and availability of navigation data 
	• Landing zone obstacle avoidance include brown-out or whiteout issues


5.2.3   Implementation Concepts

Incremental capability improvements must be implemented in a manner consistent with GPS wide area augmentation system (WAAS) and local area augmentation system (LAAS) deployment schedules and current and evolving regulations.  Operators should be able to choose among one of four possible concepts: 

· Automatic, coupled approach, landing, and departure

· Manual, guided approach, landing, and departure

· Hybrid approach, landing, and departure

· Virtual VFR approach, landing, and departure
The automatic, coupled approach, landing, and departure must incorporate an operational automatic landing system.  This concept is applicable to new aircraft that employ a suitable automatic flight control system (AFCS) or fly-by-wire (FBW) system.

The manual, guided approach, landing, and departure must incorporate an operational head-up display (HUD) or helmet-mounted display (HMD) to provide guidance.  This concept is applicable to both new aircraft and to retrofit applications. 

The hybrid approach, landing, and departure must incorporate a fail-passive autoland with a fail passive HUD or HMD providing guidance. 

Finally, the virtual VFR approach and landing employs visual flight procedures using enhanced vision aids.  This concept is also suitable for forward and retrofit markets.  Table 13 summarizes these common implementation concepts.

Table 13:  Common Implementation Concepts

	Concept
	Discussion
	Issues
	Comments

	Automatic, coupled approach, landing and departure
	• Possible for aircraft equipped with AFCS/FBW

• Advanced approach techniques developed
	• Many aircraft not suitably equipped

• Currently expensive to certificate autoland
	• Decelerating approach to hover has been developed. Offers stable position to execute a manual landing.

	Manual, guided approach, landing and departure
	• Better solution for retrofit
	• Conformal (HUD or non-conformal (HUD) guidance

• Field of view issues for conformal presentation
	• Manual guidance systems may require HUD or HMD

	Hybrid approach, landing and departure system
	• EVS systems now achieving real certification credit
	 • Potential solution for aircraft with fail-passive AFCS who require fail operational capability
	

	Virtual VFR approach, landing, and departure
	• Synthetic vision systems available now but not ready for certification
	• Penetration of weather

• Failure monitoring

• Sensor blending

• Conformal presentation
	• Sensors may need to be in slewed turret slaved to HUD/HMD


5.2.4   Regulations

Airworthiness regulations for rotorcraft low-weather minima operations need to be developed.  For example, decelerating approaches to hover may possibly offer a more economical solution than current IFR approaches.  Current operational regulations material is based on the distribution of touchdown points on the first 2,700 feet of the runway.

Similarly, operational regulations for rotorcraft low-weather minima operations need to be developed.  Current operational material is based on the dynamics of a fixed wing aircraft at VREF as it descends to the decision height (DH) or abort height (AH). 

Additionally, airspace structure for runway independent aircraft (RIA), low-weather minima operations requires consideration.  A low-level, RIA rotorcraft-only infrastructure could be implemented to support flight in congested airspace.  

En route and terminal airspace rules need to be revised to permit reduced separation between properly equipped aircraft and between aircraft and obstacles.  Additionally, new design standards for IFR heliports and helidecks with associated lighting standards need to be developed.  Table 14 summarizes the common regulatory concerns. 

Table 14:  Common Regulatory Concerns

	Technology
	Discussion
	Issues
	Comments

	Airworthiness regulations
	• Lack of regulatory material for rotorcraft

• Need to evolve concurrently with the capabilities

• Must reflect an economical approach
	• Fixed-wing process is very expensive and requires significant investment

• High-fidelity simulations may not be feasible for all models
	• AC 120-29A and AC 120-28D provide fixed-wing material

	Operational regulations
	• Lack of regulatory material for rotorcraft

• Need to evolve concurrently with the capabilities

• Need to rethink the task for a rotorcraft at low speed at DH
	• Need to consider crew procedures, workload, training burden etc.

• Need to consider maintenance and return-to service requirements

• Need to address the autonomous capabilities
	• Primarily and economic issue

	Airspace Structure

Heliport and helideck design
	• Need to investigate opportunities for rotorcraft airspace

• Utilize RNP/ WAAS

• Need revised heliport
	• How do we provide safe, controlled routes into heliports, oil rigs.

• How do we certificate tactical (autonomous) operations
	

	Certification

regulations
	• Need to review systems and equipment regulations to ensure safety equipment can be added inexpensively
	• Working groups required to review regulations
	• 14 CFR Parts 27 and 29 review


5.3   Technical Background and Technology Gaps

Key drivers for the zero/zero capability are sensor cost and weight.  There are currently several sensors that have the capability to support the zero/zero goal, but several of them are still in the prototype phase and others are too expensive or too heavy to pursue.  Similarly, technologies such as automatic flight controls, communication, navigation, data links, and display systems have some mature components but are too costly and heavy to implement for the general commercial user.

To achieve this goal, it is necessary is to re-engineer mature technologies using miniaturization and production improvements to reduce cost and weight.

Technologies that can contribute to capability, but require maturation, can roughly be grouped into navigation, control, and techniques; sensor enhancement devices; enhanced situational awareness presentation; and obstacle and terrain detection.  Navigation improvements include LAAS/DGPS for fixed-base approach and possibly WAAS with inertial sensor blending for autonomous operations.  Sensor enhancement devices, including laser, infrared, ultraviolet, and millimeter wave radar sensor inputs, could be improved with more advanced fusion of multiple sensors as well as dual-use sensors. Situational awareness technologies need to be enhanced without increasing operator workload.  This includes total situational awareness displays, terrain and obstacle awareness, navigation situation, and traffic awareness.  Obstacle and terrain detection can build on current terrain avoidance awareness system technology to incorporate more advanced capabilities, such as optical- and radar-based systems and terrain following and terrain avoidance radar, currently limited to military applications.  Table 15 provides a summary of the existing technologies.

Flight controls and systems that improve low-speed handling qualities to enable certifiable near all-weather operations are required to remove restrictions for rotorcraft operations in zero-zero conditions.  It will be a significant challenge to achieve satisfactory handling qualities in an obstacle-rich environment while supporting low-noise flight procedures as well as control limiting and queuing for free flight.  Other technical challenges include insuring VTOL operations are compatible with current air traffic management (ATM) systems and developing compact, lightweight, low-power, anti-icing systems. 

Table 15:  Technologies for Zero/Zero

	Technology
	Discussion
	Issues
	Comments

	Navigation, control, and techniques
	• Ground- and space-based sensors are adequate to support operations
	• Achieving required integrity for autonomous operations
	

	Sensor enhancement devices
	• Offers solution for aircraft with less capable AFCS

• Fusion of dissimilar sensors possible
	• How do we conform the display to the real world?

• How do we achieve sufficient field of view?
	

	Enhanced situational awareness presentation
	• Position, traffic, and terrain awareness technology available or rapidly maturing
	• More work required on fusion and presentation to crew
	

	Obstacle and terrain detection
	• Radar- and optical-based system in development

• Capability deployed in some markets
	• Technology is expensive

• Needs to be integrated into the navigation solution
	

	All-weather operations
	• Routine flight into icing conditions
	• Affects weight, power, cost
	• Nonthermal technologies required


Possible approaches for meeting these challenges include:

· Developing an adaptive and robust fully augmented control system (includes automation): AFCS, intelligent health management systems, and flight management system (FMS). 

· Developing new ATM and controller operational concepts and procedures with FAA.

· Developing cockpit automation to enable low workload human supervision of complex flight tasks in congested airspace.

· Identifying vehicle constraints for steep, segmented, curved, decelerating runway independent aircraft flight operations.

· Developing and evaluating new technologies, such as electro-repulsive and piezoelectric ice removal systems.

5.4   Technical Roadmap

The following are they key technological developments required to effect zero-zero operation.

For navigation, control, and techniques:

· Develop cooperative systems for safe operation at remote (i.e., uncontrolled) sites.

· Improve human-machine interface and advanced controls concepts for highly reliable, precise, and adaptable flight path control and obstacle avoidance.

· Develop (adaptive) neural net and fuzzy logic flight controls algorithms for predictive flight and redundancy management techniques.

· Reach Level 1 flying qualities and autonomy Level 9.

· Develop visual control algorithms for direct inner loop control via visual feedback.

· Develop autoland, runway-independent guidance/GPS precision approach-to-hover higher-accuracy navigation capability (DGPS).

· Develop adaptive and robust fully augmented control system (includes automation):  AFCS, integrated vehicle health management and prognostic health management, intelligent systems, and FMS.

· Improve ILS accuracies

· Improve and expand use of WAAS and LAAS

For sensor enhancement devices:

· Develop microwave or millimeter wave radar, forward looking infrared, laser radar, low-light-level video, low-cost inertial and air data sensors, micro-electro-mechanical systems, opto-electronics, thermal, radar, and lidar.

· Develop microwave obstacle avoidance and laser low-speed calculations.

· Develop wireless standards to reduce wiring requirements in the aircraft for less critical systems.

· Advance and combine automatic dependent surveillance-broadcast, data link weather radar, traffic alert and collision avoidance system, ground and obstacle collision databases low air speed measuring sensors.

For enhanced situational awareness presentation:

· Developed advanced man-machine interface for virtual VFR flying using synthetic vision and HUD.

· Develop cockpit automation to enable low workload human supervision of complex flight tasks in congested airspace.

· Eliminate inadvertent over torques and over temps and reduce pilot workload during takeoffs, landings, and one engine inoperative by implementing AFCS tactile cueing combined with new power available displays.

· Improve data modem and radar technology for high-speed data communications with ATC or other ground-based users¸ better and more current terrain and obstacle databases, higher onboard storage capacity.  Develop new ATM and controller operational concepts and procedures.

· Improve reliability of flight controls, sensors, and displays.

For obstacle and terrain detection:

· Develop lightweight, low-power, low-cost sensors for all-weather obstacle detection.

· Develop terrain databases and mapping systems for real-time database info accumulation.

· Develop the ability to sense ground density conditions.

· Miniaturize sensor systems.

For all-weather operations:

· Develop lightweight, low-power, low-cost sensors for all-weather landing, icing prediction, and ice detection.

· Develop methods of validation by simulation for low-visibility operation and operation in icing conditions.

· Active blade control for ice removal.

· Develop fiber optic technologies better suited for environmental criticalities within composite structures. Decrease costs associated with high-intensity radiated field, lightning, and corrosion.  Remove wiring safety issues such as arching fire hazards.

· Develop advanced structural heater blankets.

· Improve the understanding of ice formation and removal on rotor blades, in-flight ice accretion, and performance prediction.

· Explore alternative deicing mechanisms.
· Evaluate and develop new systems (electro-expulsive, piezoelectric, etc.).
· Develop fault-tolerant technologies for rotorcraft components and subsystems.

For integrated demonstration:

· This task integrates all the goals of this 10-year R&D plan in a complete vehicle demonstration.  For regulatory changes:

· This task will be ongoing throughout the period, with the goal of having the necessary regulatory framework in place at the end of the 10-year period to allow for the effective use of the new technologies and procedures.

5.5   Schedule
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5.6   Estimated Costs

	Zero/Zero Capability Tasks:
	$Mill
	Y 1
	Y 2
	Y 3
	Y 4
	Y 5
	Y 6
	Y 7
	Y 8
	Y 9
	Y 10

	Operational capability (integ & test)
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	200ft - 1/4mi, Airport/Heliport 
	2
	1.5
	0.8
	
	
	
	
	
	
	
	 

	100ft - 500ft, Airport/Heliport 
	2
	
	0.7
	1.1
	0.3
	
	
	
	
	
	 

	0/0, Airport/Heliport 
	5
	
	
	1.2
	1.6
	1.6
	0.6
	
	
	
	 

	0/0, All Terrain 
	11
	
	
	
	
	
	1.4
	2.2
	2.2
	2.2
	2.6

	Technologies
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Preliminary research and trade studies
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Navigation, Control & Techniques
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Nav Equipment
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	GPS 
	10
	
	2.6
	3.6
	3.6
	0.1
	
	
	
	
	 

	WAAS 
	10
	
	
	
	3.6
	3.6
	2.7
	
	
	
	 

	LAAS 
	10
	
	
	
	
	1.2
	3.6
	3.6
	1.5
	
	 

	Stability and control
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Actuator Improvements 
	20
	
	2.0
	2.7
	2.7
	2.7
	2.7
	2.7
	2.7
	1.7
	 

	Inertial/sensor 
	80
	
	21.1
	29.0
	29.1
	0.8
	
	
	
	
	 

	Advanced flight control algorithms 
	50
	
	
	
	13.7
	18.1
	18.1
	0.1
	
	
	 

	Runway Independent paths and techniques 
	15
	
	
	
	
	
	2.1
	8.1
	4.8
	
	 

	Sensor Enhancement Devices
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Laser 
	20
	
	2.0
	2.7
	2.7
	2.7
	2.7
	2.7
	2.7
	1.7
	 

	IR 
	10
	
	
	1.5
	3.6
	3.6
	1.2
	
	
	
	 

	UV 
	10
	
	
	1.5
	3.6
	3.6
	1.2
	
	
	
	 

	MMW Radar 
	10
	
	
	
	1.8
	3.6
	3.6
	0.9
	
	
	 

	Situational Awareness
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Vision Enhancement 
	56
	
	5.5
	7.6
	7.6
	7.6
	7.6
	7.6
	7.6
	4.8
	 

	Terrain Awareness
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Fusing sensor and database info 
	60
	
	
	
	
	
	
	17.5
	26.1
	16.4
	 

	Traffic Awareness
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	ADS-B 
	5
	
	
	1.8
	1.8
	1.4
	
	
	
	
	 

	TCAS 
	10
	
	
	
	0.9
	5.4
	3.7
	
	
	
	 

	Obstacle Awareness
	0
	
	
	
	
	
	
	
	
	
	 

	MW Radar miniaturization and performance 
	15
	
	
	3.7
	5.5
	5.5
	0.3
	
	
	
	 

	Laser miniaturization and performance 
	20
	
	
	
	1.0
	6.0
	6.0
	6.0
	0.9
	
	 

	Other 
	10
	
	
	
	0.0
	1.1
	2.7
	2.7
	2.7
	0.7
	 

	All-Weather Operations
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Low Thermal Technologies 
	10
	
	2.6
	3.6
	3.6
	0.1
	
	
	
	
	 

	Ice accretion modeling 
	10
	
	
	
	
	3.5
	3.6
	2.8
	
	
	 

	Rotor blade icing integration 
	6
	
	
	0.5
	2.2
	2.2
	1.2
	0.0
	
	
	 

	Data link weather 
	10
	 
	 
	0.0
	0.7
	4.3
	4.3
	0.7
	 
	 
	 


	Zero/Zero Capability Tasks:
	$Mill
	Y 1
	Y 2
	Y 3
	Y 4
	Y 5
	Y 6
	Y 7
	Y 8
	Y 9
	Y 10

	Integrated Flight Vehicles
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Sensor fusion and control software 
	40
	
	
	17.1
	22.9
	
	
	
	
	
	 

	MMI development 
	20
	
	
	
	
	10.0
	10.0
	
	
	
	 

	SI Lab for Sensors and Controls 
	20
	
	
	
	
	
	
	10.0
	10.0
	
	 

	Equipment ready for Integrated Prototype
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Installation of Equipment 
	 
	Accounted for in Integrated Flight Tests

	Flight Test Demonstrations
	 
	

	Regulation Activities
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Airworthiness 
	2
	0.1
	0.2
	0.2
	0.2
	0.2
	0.2
	0.2
	0.2
	0.2
	0.1

	Operational 
	2
	0.1
	0.2
	0.2
	0.2
	0.2
	0.2
	0.2
	0.2
	0.2
	0.1

	Airspace Structure 
	2
	0.1
	0.2
	0.2
	0.2
	0.2
	0.2
	0.2
	0.2
	0.2
	0.1

	Regulations 
	2
	0.1
	0.2
	0.2
	0.2
	0.2
	0.2
	0.2
	0.2
	0.2
	0.1

	Zero/Zero Capability Total:
	565
	2.0
	38.2
	78.5
	113.6
	89.8
	80.4
	68.6
	62.2
	28.4
	3.0


6.   Integrated Flight Demonstrations

6.1   Introduction

To demonstrate the technologies developed for each of the goals, it is necessary to integrate all of the technologies on a rotorcraft and conduct flight demonstrations.  Because of significant implementation differences in a conventional helicopter and an advanced rotorcraft, such as a compound helicopter or tiltrotor, two significantly different configurations need to be used to conduct the flight demonstrations.

The design and construction of the two flight demonstration vehicles should begin approximately midway through the 10-year period of performance.  A minimum time from the start of design, to first flight of a newly designed helicopter takes about 48 months.  The flight demonstration period should be at least 2 years duration to allow for meaningful investigations and incorporation of necessary changes.  

Using existing airframes and modifying them heavily would reduce the required time by about a year.  However, demonstrating of the weight reduction goal would not be feasible with this approach and would have to be demonstrated by the construction of major components only.  Early up-front studies will decide on the preferred approach.

6.2   Schedule


[image: image21.wmf]ID

Task Name

1

Advanced Technologies Development

2

Conventional Helicopter

3

Studies for helicopter selection

4

Design Period

5

Adv. Techn. Equipment Procurement

6

Construction

7

Flight Test

8

9

Advanced Configuration

10

Studies for configuration selection

11

Design Period

12

Adv. Techn. Equipment Procuremtn

13

Construction

14

Flight Test

Y1

Y2

Y3

Y4

Y5

Y6

Y7

Y8

Y9

Y10

Y11

Y12


6.3   Estimated Costs

	Integrated Demonstration Tasks:
	$ Mill
	Y 1
	Y 2
	Y 3
	Y 4
	Y 5
	Y 6
	Y 7
	Y 8
	Y 9
	Y 10

	Conventional Helicopter
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Studies for helicopter selection
	5
	
	
	
	5
	
	
	
	
	
	 

	Design 
	275
	
	
	
	
	75
	125
	75
	
	
	 

	Adv. Techn. Equipment Procurement
	 
	Accounted for in Other Sections

	Construction
	275
	
	
	
	
	
	75
	125
	75
	
	 

	Flight Test
	70
	
	
	
	
	
	
	
	
	35
	35

	Advanced Configuration
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Studies for configuration selection
	5
	
	
	
	5
	
	
	
	
	
	 

	Design 
	315
	
	
	
	
	85
	145
	85
	
	
	 

	Adv. Techn. Equipment Procurement
	 
	Accounted for in Other Sections

	Construction
	315
	
	
	
	
	
	85
	145
	85
	
	 

	Flight Test
	74
	
	
	
	
	
	
	
	
	37
	37

	Integrated Demonstration Total:
	1334
	0
	0
	0
	10
	160
	430
	430
	160
	72
	72
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2006 technology?
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Engine Power to weight (hp/lb)

4.6
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single eng

		

														Average single engine

														Rotorcraft

				ROTOR GROUP												12.8%

				TAIL GROUP												2.4%

				HORIZONTAL										0.9%

				VERTICAL										0.3%

				VENTRAL										0.1%

				TAIL ROTOR										1.2%

				BODY GROUP												22.3%

				FUSELAGE (less floor & pressurization)										13.1%

				FLOOR										2.3%

				CREW DOOR										0.6%

				HINGED PASSENGER / CARGO DOOR										1.2%

				SLIDING PASSENGER / CARGO DOOR										0.3%

				BAGGAGE COMPARTMENT DOOR										0.5%

				WINDSHIELD, WINDOWS & FRAMES										1.2%

				TAILBOOM										2.5%

				MULTIPLE COMPARTMENT DOORS										0.0%

				PYLON VIBRATION SUPPRESSION SYSTEM										0.6%

				LANDING GEAR GROUP												3.4%

				SKID GEAR										3.3%

				TAIL BUMPER										0.1%

				NACELLE GROUP												2.5%

				FIREWALL										0.8%

				ENGINE MOUNTS										0.2%

				NACELLE / COWL										1.5%

				AIR INDUCTION GROUP												0.3%

				AIR INDUCTION										0.3%

				PROPULSION GROUP												30.1%

				ENGINE - DRY WEIGHT										10.7%

				ENGINE INSTALLATION										0.2%

				EJECTOR										0.3%

				EXHAUST TAILPIPE										0.4%

				ENGINE CONTROLS										0.8%

				ENGINE START										0.9%

				ENGINE LUBE										1.0%

				FUEL SYSTEM										3.3%

				FUEL BAGS								1.1%

				FUEL SYS.  INSTALLATION								2.1%

				DRIVE SYSTEM										12.5%

				MAIN TRANSMISSION								7.6%

				TAIL ROTOR GEARBOX								0.7%

				MAIN ROTOR MAST								1.6%

				TAIL ROTOR DRIVE SHAFT								0.9%

				ENGINE INPUT DRIVE SHAFT								0.3%

				COMBINING GEARBOX								0.0%

				ROTOR BRAKE								1.0%

				FREEWHEELING								0.3%

				FLIGHT CONTROLS GROUP												8.0%

				COCKPIT CONTROLS										1.2%

				AFCS										1.1%

				AFCS EQUIPMENT								1.1%

				FLY-BY-WIRE WIRING								0.0%

				NONROTATING CONTROLS										2.1%

				ROTATING CONTROLS										2.1%

				TAIL ROTOR ROTATING CONTROLS										0.1%

				TAIL ROTOR / RUDDER ACTUATORS & CONTROLS										0.1%

				MAIN ROTOR HYDRAULIC ACTUATORS										1.3%

				INSTRUMENT GROUP												1.6%

				HYDRAULIC SYSTEM GROUP												1.5%

				ELECTRICAL GROUP												4.6%

				BATTERIES										1.8%

				DISTRIBUTION										2.9%

				AVIONICS GROUP												0.6%

				AVIONICS EQUIPMENT										0.3%

				AVIONICS INSTALLATION										0.3%

				FURNISHING & EQUIPMENT												8.5%

				AIR CONDITIONING GROUP												0.3%

				BLEED AIR HEATER, VENT, DEFOG SYS.										0.3%

				ANTI-ICING GROUP

				LOAD & HANDLING												0.3%

				WEIGHT EMPTY												99.4%

				UNUSABLE FUEL & OIL												0.6%

				WEIGHT EMPTY (w/ Unusable Fluids)												100.0%





twin eng

		

														Average twin engine

														Rotorcraft

				ROTOR GROUP												12.5%

				TAIL GROUP												2.4%

				HORIZONTAL										0.9%

				VERTICAL										0.5%

				VENTRAL										0.1%

				TAIL ROTOR										0.8%

				BODY GROUP												21.3%

				FUSELAGE (less floor & pressurization)										12.7%

				FLOOR										1.7%

				CREW DOOR										0.6%

				HINGED PASSENGER / CARGO DOOR										0.7%

				SLIDING PASSENGER / CARGO DOOR										0.7%

				BAGGAGE COMPARTMENT DOOR										0.2%

				WINDSHIELD, WINDOWS & FRAMES										1.1%

				TAILBOOM										2.1%

				MULTIPLE COMPARTMENT DOORS										0.3%

				PYLON VIBRATION SUPPRESSION SYSTEM										1.1%

				LANDING GEAR GROUP												3.5%

				NACELLE GROUP												3.6%

				FIREWALL										1.0%

				ENGINE MOUNTS										0.4%

				NACELLE / COWL										2.2%

				AIR INDUCTION GROUP												0.6%

				AIR INDUCTION										0.4%

				PARTICLE SEPARATOR										0.1%

				PROPULSION GROUP												32.7%

				ENGINE - DRY WEIGHT										11.3%

				ENGINE INSTALLATION										0.3%

				EJECTOR										0.5%

				EXHAUST TAILPIPE										0.3%

				ENGINE CONTROLS										1.0%

				ENGINE START										1.2%

				ENGINE LUBE										1.1%

				FUEL SYSTEM										3.3%

				FUEL BAGS								1.0%

				FUEL SYS.  INSTALLATION								2.3%

				DRIVE SYSTEM										13.7%

				MAIN TRANSMISSION								8.2%

				TAIL ROTOR GEARBOX								0.6%

				MAIN ROTOR MAST								1.6%

				TAIL ROTOR DRIVE SHAFT								1.0%

				ENGINE INPUT DRIVE SHAFT								0.4%

				COMBINING GEARBOX								1.3%

				ROTOR BRAKE								0.3%

				FREEWHEELING								0.2%

				FLIGHT CONTROLS GROUP												6.0%

				COCKPIT CONTROLS										0.8%

				AFCS										0.5%

				AFCS EQUIPMENT								0.4%

				FLY-BY-WIRE WIRING								0.1%

				NONROTATING CONTROLS										1.2%

				ROTATING CONTROLS										2.2%

				TAIL ROTOR ROTATING CONTROLS										0.3%

				TAIL ROTOR / RUDDER ACTUATORS & CONTROLS										0.1%

				MAIN ROTOR HYDRAULIC ACTUATORS										0.9%

				APU SYSTEM GROUP												0.0%

				INSTRUMENT GROUP												1.9%

				HYDRAULIC SYSTEM GROUP												1.4%

				ELECTRICAL GROUP												4.9%

				BATTERIES										1.4%

				TRANSFORMER / RECTIFIER										0.0%

				INVERTERS										0.1%

				DISTRIBUTION										3.4%

				AVIONICS GROUP												0.5%

				AVIONICS EQUIPMENT										0.1%

				AVIONICS INSTALLATION										0.3%

				FURNISHING & EQUIPMENT												6.9%

				CREW SEATS (INCLD PASSIVE ARMOR)										1.6%

				PASSENGER / TROOP SEATS										2.4%

				SOUNDPROOFING / INSULATION										0.5%

				RAIN REMOVAL										0.2%

				INSTRUMENT PANEL, CONSOLE, GLARESHIELD										0.6%

				FIRE EXTINGUISHERS										0.4%

				MISC. FURNISHINGS AND EQUIPMENT										0.1%

				FLOOR COVERING										0.2%

				INTERIOR TRIM										1.0%

				AIR CONDITIONING GROUP												0.7%

				BLEED AIR HEATER, VENT, DEFOG SYS.										0.7%

				ANTI-ICING GROUP												0.0%

				LOAD & HANDLING												0.3%

				WEIGHT EMPTY												99.0%

				UNUSABLE FUEL & OIL												1.0%

				WEIGHT EMPTY (w/ Unusable Fluids)												100.0%





tiltrotor

		

												Average tiltrotor

				WING GROUP										9.33%

				ROTOR GROUP										11.63%

				TAIL GROUP										2.06%

				BODY GROUP										14.06%

				LANDING GEAR GROUP										4.33%

				NACELLE GROUP										5.41%

				AIR INDUCTION GROUP										0.74%

				PROPULSION GROUP										22.58%

				ENGINE								6.45%

				ENGINE INSTALLATION								0.06%

				EXHAUST								0.91%

				ENGINE CONTROLS								0.17%

				ENGINE START								0.40%

				ENGINE COOLING & WASH								0.04%

				ENGINE LUBE INSTALLATION								0.28%

				FUEL SYSTEM								2.43%

				DRIVE SYSTEM								11.85%

				FLIGHT CONTROLS GROUP										9.53%

				COCKPIT CONTROLS								0.63%

				AFCS								2.76%

				MECHANICAL SURFACE CONTROLS								0.20%

				ROTATING CONTROLS								1.54%

				FLAP & FLAPERON ACTUATORS								0.46%

				RUDDER ACTUATORS								0.02%

				ELEVATOR ACTUATORS								0.14%

				MAIN ROTOR HYDRAULIC ACTUATORS								1.60%

				PYLON CONVERSION SYSTEM								2.17%

				APU SYSTEM GROUP										0.31%

				INSTRUMENT GROUP										0.47%

				HYDRAULIC SYSTEM GROUP										2.85%

				ELECTRICAL GROUP										5.68%

				AVIONICS GROUP										3.12%

				FURNISHING & EQUIPMENT										4.14%

				CREW SEATS								0.53%

				PASSENGER / TROOP SEATS								1.50%

				SOUNDPROOFING / INSULATION								0.47%

				RAIN REMOVAL								0.15%

				INSTRUMENT PANEL, CONSOLE, GLARESHIELD								0.21%

				FIRE EXTINGUISHERS								0.48%

				INTERIOR STOWAGE AND WINDOW SHADES								0.06%

				MISC. FURNISHINGS AND EQUIPMENT								0.13%

				OXYGEN SYSTEM								0.24%

				FLOOR COVERING								0.09%

				INTERIOR TRIM								0.29%

				AIR CONDITIONING GROUP										1.65%

				AIR CONDITIONING SYSTEM								1.39%

				PRESSURIZATION EQUIPMENT								0.26%

				ANTI-ICING GROUP										1.25%

				WING DE-ICE								0.19%

				PROPROTOR/ROTOR/ DE-ICE								0.80%

				CANOPY AND WINDSHIELD DE-ICE								0.14%

				PITOT SYSTEM DE-ICE								0.02%

				ENGINE INLET DE-ICE								0.10%

				LOAD & HANDLING										0.59%

				WEIGHT EMPTY										99.73%

				UNUSABLE FUEL & OIL										0.27%

				WEIGHT EMPTY (w/ Unusable Fluids)										100.00%
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Chart2

		9.) Inability to Respond to Quick Emergency

		8.) Maintenance Error

		7.) Obstacle/Wire Strike

		6.) Internal A/C Situation Awareness Loss

		5.) Loss of Visibility

		4.) Real Time A/C Performance Exceeded

		3.) External Situation Awareness Loss

		2.) A/C Component Failure

		1.) Cockpit Actions/Info Unknown
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Sheet1

		FAA Report Acronyms for Noise Section

		B-CD-I		Blade Control Disturbance Interaction

		BVI		Blade Vortex Interaction

		BWI		Blade Waker Interaction

		CEV		Centre d'Essais en Vol, Istres, France

		CFD		Computational Fluid Dynamics

		DARPA		Defense Advanced Research Project Agency

		DLR		Deutsche Gesellschaft für Luft- und Raumfahrt

		ERATO		European low noise rotor

		GPS		Global Positioning System

		HART-II		Higher harmonic control Aeroacoustic Rotor Test

		HSI		High-Speed Impulsive

		IBC		Individual Blade Control

		LMI		Logistics Management Institute, McLean, VA

		NASA		National Aeronautics and Space Administration

		NFAC		National Full Scale Aerodynamic Complex (NASA Ames 40x80/80x120 wind tunnel)

		NRTC		National Rotorcraft Technology Center

		ONERA		Office National d'Etudes et de Recherches Aerospatiales

		RCoE		US Army Rotorcraft Center of Excellence

		RITA		Rotorcraft Industry Technology Association

		RNM		Rotorcraft Noise Model

		FAA Report Acronyms for Vibration Section

		VH		Power-limited horizontal flight speed

		GW		Grossweight of the aircraft

		CFR		Code of Federal Regulations

		RIA		Runway Independent Aircraft

		NRTC		National Rotorcraft Technology Center

		DOF		Degree of Freedom

		AVC		Active Vibration Control

		ARC		Active Rotor Control

		IBC		Independent Blade Control

		PVA		Passive Vibration Attenuation

		AVA		Adaptive Vibration Control

		LIVE®		Liquid Isolation Vibration Eliminator

		AAAT		Active/Adaptive Attenuation Technologies

		OBC		On Blade Control

		HHC		Higher Harmonic Control

		RIA		Runway Independent Aircraft

		ARIS		Antiresonant Isolation System

		DAVI		Dynamic Anti-Resonant Vibration Isolator

		TRL		Technology Readiness Level

		FDPB		Fatigue-Decreased Proficiency Boundary

		ELB		Exposure Limit Boundary

		DCB		Reduced or Decreased Comfort Boundary

		STVA’s		Self-Tuning Vibration Absorbers

		FAA Report Acronyms for Safety Section

		AD		Airworthiness Directive

		ASIST		Aviation Safety Investment Strategy Team

		CFIT		Controlled Flight Into Terrain

		CIRS		Cockpit Information Retrieval System

		CVR’s		Cockpit voice recorders

		FDR’s		Flight Data Recorders

		FOQA		Flight Operational Quality Assurance				Groups of Accident Causes

		GCA’s		Groups of causes for accidents				9.) Inability to Respond to Quick Emergency		5.7

		GPS		Global Positioning System				8.) Maintenance Error		8.4

		HAAT		Helicopter Accident Analysis Team				7.) Obstacle/Wire Strike		12

		NASA		National Aeronautics and Space Administration				6.) Internal A/C Situation Awareness Loss		14.4

		NTSB		National Transportation Safety Board				5.) Loss of Visibility		15.8

		OCAS		Obstacle Collision Avoidance System				4.) Real Time A/C Performance Exceeded		18.5

		OEM		Original Equipment Manufacturer				3.) External Situation Awareness Loss		27.2

		PC		Personal Computer				2.) A/C Component Failure		29.3

		PDA		Personal Digital Assistant				1.) Cockpit Actions/Info Unknown		71.5

		SAFOR		Safe All-Weather Flight for Rotorcraft

		SAR		Search and Rescue

		SIA		Safety  Investment Area

		TAWS		Terrain Avoidance Warning System

		TSO		Technical Standard Order

		WSPS		Wire Strike Protection System

		RFI		Request for Information

		FAA Report Acronyms for Weight Section

		TRL 6		Technology Readiness Level 6

		FM		Figure of Merit

		GW		Gross Weight

		ACAP		Advanced Composites Airframe Program

		CRF		Composite Rear Fuselage

		AATD		Aviation Applied Technology Directorate

		RWSTD		Rotary Wing Structures Technology Demonstration

		VARTM		Vacuum Assisted Resin Transfer Molding

		SARAP		Survivable Affordable Repairable Airframe Program

		CAI		Composite Affordability Initiative

		SB		Structural Bonding

		SWCNT		Single Wall Carbon Nano Tube

		SFC		Specific Fuel Consumption

		JTAGG		Joint Turbine Advanced Gas Generator

		SHFE		Small Heavy Fuel Engine

		UAV		Uninhabited Aerial Vehicle

		SATE		Small Affordable Turbine Engine

		MTBUR		Mean Time Between Unscheduled Removals

		ART		Advanced Rotorcraft Transmission

		HCR		High Contact Ratio

		PEEK		Poly Ether Ether Ketone

		RDS-21		Drive System for the 21st Century

		EDD		Eccentric Differential Drive

		PVT		Variable speed or Pericyclic Variable rotor speed drive Transmission

		CW		Clockwise

		CCW		Counterclockwise

		EMI		Electro-Magnetic Interference

		ADOCS		Advanced Digital Optical Control System

		DLR		Deutsche Gesellschaft für Luft- und Raumfahrt

		HOGE		Hover out of Ground Effect

		MTOGW		Mission Take-Off Gross Weight

		ATI		Advanced Technology, Incorporated

		FAA Report Acronyms for 0/0 Section

		EMS		Emergency Medical Service

		IMC		Instrument Meteorological Conditions

		IFR		Instrument Flight Rules

		VREF		Reference Airspeed

		DH		Decision Height

		AH		Abort Height

		RIA		runway independent aircraft

		comm/nav		Communication/Navigation

		LAAS		Large Area Augmentation System

		DGPS		Differential GPS

		WAAS		Wide Area Augmentation System

		MMW		Millimeter Wave

		IR		Infrared

		UV		Ultraviolett

		TAWS		Terrain Avoidance Warning System

		TF/TA		Terrain Following/Terrain Avoidance

		IFPC		Iowa Family Policy Center Comments

		IVHM		Integrated Vehicle Health Management

		PHM		People's Health Movement PHM

		FMS		Flight Management System

		ATM		Air Traffic Management

		ADS-B		Automatic Dependent Surveillance - Broadcast

		TCAS		Traffic Alert and Collision Avoidance System



Office National d'Etudes et de Recherches Aerospatiales

People's Health Movement PHM



Sheet2

				SIA		Mitgating

		1		Cockpit Information Retrieval System (CIRS)		GCA 1

		2		External Situation Awareness Pilot Aids		GCA 3		GCA 7

		3		Internal Aircraft Situation Awareness Pilot Aids		GCA 4		GCA 6

		4		Visibility Enhancement Aids		GCA 5

		5		Pilot Advisor		GCA 7

		6		Impending Failure Aids (HUMS)		GCA 2		GCA 8

		7		Electronic Maintenance Aids		GCA 8

		8		Crash Survival		All
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