3

V.

For the best experience, open this PDF portfolio in
Acrobat X or Adobe Reader X, or later.

Get Adobe Reader Now!



http://www.adobe.com/go/reader


DOT/FAA/AEE/2014-05



Arthur Orton

Typewritten Text



Arthur Orton

Typewritten Text



Arthur Orton

Typewritten Text



Arthur Orton

Typewritten Text



Arthur Orton

Typewritten Text



Arthur Orton

Typewritten Text



Arthur Orton

Typewritten Text



Arthur Orton

Typewritten Text

DOT/FAA/AEE/2014-05



Arthur Orton

Typewritten Text



Arthur Orton

Typewritten Text



Arthur Orton

Typewritten Text



Arthur Orton

Typewritten Text



Arthur Orton

Typewritten Text



Arthur Orton

Typewritten Text



Arthur Orton

Typewritten Text



Arthur Orton

Typewritten Text





CLEARED FOR PUBLIC RELEASE. UNLIMITED DISTRIBUTION.

The Continuous Lower Energy, Emissions and Noise (CLEEN) Program is
a Federal Aviation Administration NextGen effort to accelerate
development of environmentally promising aircraft technologies and
sustainable alternative fuels. The CLEEN Program is managed by the
FAA’s Office of Environment and Energy.

The report presented herein is the final report deliverable submitted by
General Electric for a project conducted under the CLEEN Program to
develop FMS (Flight Management System) algorithms to enhance noise
abatement climb procedures. This project was conducted under FAA other
transaction agreement (OTA) DTFAWA-10-C-00046. This is report is report
number DOT/FAA/AEE/2014-05 by the FAA’s Office of Environment and
Energy.

CLEARED FOR PUBLIC RELEASE. UNLIMITED DISTRIBUTION.





Revision vl «5/22/2013

CLEEN

Enhanced Noise Abatement Climb Procedure
Benefits Analysis

Prepared by:

GE Aviation Systems LLC
3290 Patterson Avenue, SE, Grand Rapids, MI 49512-1991, USA

© 2013 GE Aviation Systems LLC, USA





Enhanced Noise Abatement Climb Procedure Benefits Analysis Revision v1  05/22/2013

Table of Contents

1 SUMIMIATY <.ttt ssssesessss st sss st ssss s ss s sbs st s sttt .3
2 INEFOAUCTION ... ssssssss s 3
3 ENNGNCEMENTS .ottt 4
3.1 Noise Abatement LOCAtioNS AN AIIEUAES ... eceeessssssssssseesessesssssssssssss s ssssssssses 4
32 REQUITEA NOISE FACTON ...t sssss s 4
4 INEEITACES .. 5
4.1 MODU POGES ..ooeeeeereeermeeeeesseeeesessesesss e sssssesessss e ssss e eses e85 8888888 5
4.2 EFIS DISPIAY 1. eereeeeeeeeessseeeeeeeeeeeeessssssssss s ssssssssssssssss s 5
5 BONETIES ANGIYSIS ..ot sssin e 6
5.1 FUB oottt ssssssssssss st 8
5.1.1  NO CUtDACK OF RESLOTE POINTS ..oovvvreeveeiviiesesssssssssssseesssssssssssssssssssss s sssssssssssssssssss s sssssssssssssssssnnns 8
5.1.2  Early Cutback and Late RESIOIE POINES .......cccrreceeeeevesesissssessee s sssssssssssssssesssssssssssssssssssssssssssssssssssssssssss 8
5.1.3  Early Cutback and EQrly RESTOrE POINTS .......cvcvvveeereeeeeeseeseseeeveessese e sssssssssssssssssssss s 9
5.1.4  Late Cutback and Late RESTOIE POINTS ... ssssssssessssssssssssssssssssssssssssssssssssssssssssssnns 9
5.1.5 Late Cutback and EQrly RESIOrE POINS ... sssseeesssssseeseesssssssseee 9
5.2 IN OISt eetes e eetes s eesss s sess st se s be k58RR84S 9
6 CONCIUSION .ottt ssssssssssss s 11
AADPENAIR .o s s eeeeerien 12
Table of Figures

Figure 1 - Benefit of location based N0ISe ADATEMENT ... 3
Figure 2 - Altitude and Location Based QUIEt CIIMD ... ssseseesssseeessssssss s ssesssssssees 4
FIGUIE 3 = MODU oottt s 5
FIQUIE 4 = EFIS DISPIAY ...ooveerreeeeeeieeresesisiesssssssssssssssssssssessssssssssssssssssssss s sssssssssssssssssssssssssssssssnns .6
Figure 6 — BAYMED DepArture PrOCEAUTE........oorveveeeeeeeeeeeeeeeseeeeeeeeossseeeeesseossessesssssssssssssssssssssssssssssssssassssssssssssesssssssssne 8

© 2013 GE Aviation Systems LLC, USA 2/12





Enhanced Noise Abatement Climb Procedure Benefits Analysis Revision v1  05/22/2013

1  Summary

An enhanced procedure for climb noise abatement utilizing both an altitude- and location-based
method to reduce noise surrounding airports while maximizing climb thrust was analyzed. Increased
climb thrust allows an aircraft to reach cruise altitude earlier resulting in decreased fuel usage due to
operation at higher altitudes. Several general takeoff/climb trajectories using various altitude and
location noise reduction methods are compared from both a fuel and noise perspective.

Overall, the analysis found that using more advanced noise abatement departure procedures
resulted in an average fuel savings of ~60 pounds per flight while having little to no negative effects
on the noise profile for the majority of the test scenarios.

2 Introduction

Noise levels surrounding airports present a unique problem for both the communities surrounding
the airport and the airline operators. The communities would like to see a reduction in noise while the
airline operators want to climb out more quickly to take advantage of greater efficiencies realized at
higher altitudes. Current methods for reducing noise employ an altitude-based scheme where the
thrust is changed from takeoff to a reduced climb setting once the aircraft climbs above a
predetermined altitude. The throttles are then returned to the normal climb thrust setting once the
aircraft climbs above a second, higher predetermined altitude. This method helps to reduce noise,
but tends to penalize both light and heavy aircraft. The lighter aircraft potentially must reduce thrust
earlier than necessary and heavy aircraft may keep the thrust reduced longer than necessary. In
2008, GE and Boeing partnered together to pursue an alternate noise reduction method using
location as the driving factor for reducing thrust. This method improves on the altitude-based
method by having all aircraft reduce thrust once the noise abatement area is reached regardless of
altitude. Figure 1 shows the benefit realized by utilizing this method.

Same
weight

Thrust
cutback
location

Height
Thrust benefit
cutback [------ Noi bat ;
height oise abatemen
area
-} >
.................. Monitor F=—"—

Figure 1 - Benefit of Location-Based Noise Abatement

However, the location-based thrust reduction method also has the shortcoming of the thrust
potentially being reduced longer than necessary due to the aircraft having climbed significantly high

© 2013 GE Aviation Systems LLC, USA 3/12





Enhanced Noise Abatement Climb Procedure Benefits Analysis Revision v1  05/22/2013

above the noise abatement area. The method implemented for the CLEEN program incorporates
both the altitude- and location-based methods into an integrated scheme where thrust is only
reduced when necessary based on distance from the noise area both horizontally and vertically.
These noise areas can be customized for particular airports and do not need to impact current
departure routes. The intersection between an airlines planned departure and the specified noise
area(s) serves as the criteria for noise abatement thrust settings.

3 Enhancements

3.1 Noise Abatement Locations and Altitudes

While methods for using either a set of altitudes or locations to determine thrust reduction and
restore points have been explored previously, combining the two methods together to the least
constraining factor produces a flexible solution that helps to both reduce noise and maximize climb
performance resulting in decreased cruise fuel usage. Figure 2 illustrates how the application of
altitude- and location-based thrust reduction affects several vertical flight profiles.

Max Noise Abatement Altitude

Noise Abatement End

Location
Increasing GW
Noise Abatement Start Min Noise Abatement Altitude

Location

Figure 2 - Altitude- and Location-Based Quiet Climb

As seen in Figure 2, thrust is reduced from takeoff to a derated climb setting once both the minimum
noise abatement altitude and the noise abatement start location are reached. A reduced thrust
setting is maintained until either the maximum noise abatement altitude or the noise abatement end
location is reached.

3.2 Required Noise Factor

In addition to specifying the start and end noise abatement locations, the 2008 demo included the
ability to choose between a FAST or SLOW setting for applying normal climb thrust. The FAST
(discrete) setting would reduce thrust immediately upon sequencing the noise start location, then
reapply the normal climb setting upon exiting the noise area. The SLOW (ramped) setting would
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immediately reduce thrust upon entering the noise area with a subsequent linear ramping applied
halfway through the noise area with normal climb thrust being achieved upon exiting the noise area.
For CLEEN, this slewing method was retained. For the purposes of this analysis, all test scenarios
were run with the FAST slewing method.

4 Interfaces

41 MCDU Pages

The TAKEOFF REF 2/2 page is where most of the noise abatement information is currently located.
The display chosen for the 2008 demo was retained for CLEEN (Figure 3). The page displays either the
noise altitude values (for altitude-only specified noise abatement) or the noise start and end location
identifiers. The altitudes used for the noise- and altitude-based scenarios are located in the loadable
performance defaults database.

1 4 8 12 16 20 24
L TAKEOFF REF 272
R W W I ND R W C OND
o [a]s|---°/--- jwet/sk-rsl J1R] s
R W SLOPE/HDG SEL/OAT
eo[aL]5]--.-%/130° ----°/ +15°c| [2R] €D
TAKEOTFF R E F E O A CCEHL HT
S7< / O N H 1000 FT E/D
Q- CL B N 1 RESTORE R ATE
[a]°] 79.0/79 .0 fras Tl [aR] s
Q- CL B AT cL B B Y
[st]"|carDs DAV IS
------------------- Q-cL8B
S |6L|®|< I NDEX ofF / >| [6rR] s

Figure 3 - MCDU

4.2 EFIS Display

Similar to the 2008 demo, the beginning (Q-CLB) and end (CLB) of the noise abatement procedure will
be displayed on the path (Figure 4). However, the locations are based on improved takeoff
predictions with the combination of the altitude and location criteria determining their placement.
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0.09

Figure 4 - EFIS Display

For most normal operations, the start location is the displayed Q-CLB point while the CLB point is
either the end location or the predicted location where the aircraft climbs above the maximum noise
abatement altitude.

The flight trajectories and fuel predictions were generated using a modified version of the GE Aviation
Systems U11 Flight Management System designed for the Boeing 737 aircraft. These trajectories
were then converted into the ASIF file format for use with the Aviation Environmental Design Tool
(AEDT) 2a. The AEDT was then used to simulate the noise produced by the different flight scenarios.

5 Benefits Analysis

The benefits analysis was performed based on simulated takeoffs and climbs departing from John
Wayne Airport (KSNA) runway 19R. Noise monitoring locations were simulated at the John Wayne
Airport 1S through 7S (South) noise monitoring stations as seen in Figure 5. The flight trajectories and
fuel predictions were generated using a modified version of the GE Aviation Systems U1l Flight
Management System designed for the Boeing 737 aircraft. These trajectories were then converted
into the ASIF file format for use with the Aviation Environmental Design Tool (AEDT) 2a. The AEDT was
then used to simulate the noise produced by the different flight scenarios.
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Figure 5 - Noise Monitoring Stations
http://www.ocair.com/generalaviation/noiseabatement/NMSMap-02-02-2012.pdf
Downloaded: 03/29/2012

This setup was then executed on the following 18 scenarios using the BAYMED departure procedure
(Figure 6) with differing cutback and restore locations for different gross weights:

Case Description Start Point End Point Gross Weight
No cutback or restore NA NA 130 klbs
150 klbs
Early cutback - Late restore | SN506 SN530 130 klbs
150 klbs
Early cutback - Early restore | SN510 SN522 130 klbs
150 klbs
Late cutback - Late restore | SN522 MUSEL 130 klbs
150 klbs
Late cutback - Early restore | SN526 SN530 130 klbs
150 klbs
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Figure 6 - BAYMED Departure Procedure

5.1 Fuel

As a baseline, the fuel at the top of descent for a flight using no quiet climb methods was run. The
values for fuel were the highest of all the runs for both the 130 and 150 klbs cases, supporting the
idea that faster takeoff/climb outs provide superior fuel performance. Subsequent runs for each case
described in Section 5 involved comparing one of the noise abatement departure methods with a
more advanced method and comparing the effects on both fuel and noise.

Overall, between all the different runs an average fuel savings of ~60 pounds per flight was achieved
by using more advanced noise abatement methods.

5.1.1 No Cutback or Restore Points

Gross Weight | T/D Fuel

130 klbs 16,389 Ibs

150 klbs 16,113 Ibs

5.1.2 Early Cutback and Late Restore Points

For this case, the location-only noise abatement method was compared with the more advanced
location- and altitude-based noise abatement method. This case simulates the scenario where an
aircraft has the climb capability to exit the noise abatement procedure due to altitude instead of
waiting until the exit geographical location has been reached.

Gross Weight T/D Fuel - Location Only | T/D Fuel - Location and Altitude | Fuel Savings

130 16,258 Ibs 16,322 Ibs +64 Ibs

150 15,928 Ibs 15,990 Ibs +62 Ibs
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5.1.3 Early Cutback and Early Restore Points

For this case, the altitude-only noise abatement method was compared with the more advanced
location-only method. This case simulates the scenario where an aircraft leaves the geographic area
of concern with respect to noise prior to climbing high enough to satisfy the altitude-based method.

Gross Weight T/D Fuel - Altitude Only | T/D Fuel - Location Only Fuel Savings
130 16,327 Ibs 16,336 lbs +9 Ibs
150 15,992 lbs 16,018 Ibs +26 lbs

5.1.4 Late Cutback and Late Restore Points

For this case, the location-only noise abatement method was compared with the more advanced
location and altitude method. This case simulates the scenario where an aircraft can climb out of the
noise abatement area prior to having departed the geographical area of interest.

Gross Weight T/D Fuel - Location Only | T/D Fuel - Location and Altitude | Fuel Savings
130 16,160 lbs 16,323 Ibs +163 lbs
150 15,841 Ibs 15,990 lbs +149 |bs

5.1.5 Late Cutback and Early Restore Points

For this case, the altitude-only noise abatement method was compared with the more advanced
location and altitude method. This case simulates the scenario where an aircraft leaves the
geographic area of interest prior to climbing out of the noise abatement area. These particular cases
showed a slight savings using the older noise abatement method. However, since the differences are
less than 5 pounds of fuel the two trajectories are essentially identical.

Gross Weight T/D Fuel - Altitude Only | T/D Fuel - Location and Altitude | Fuel Savings
130 16,327 lbs 16,322 Ibs -5 lbs

150 15,992 lbs 15,990 Ibs -2 |bs

5.2 Noise

For each scenario presented in paragraph 5.1, the following values were compared to determine the
noise increases/reductions between the different noise abatement methods:

average noise value over the seven monitoring stations

maximum noise value

average of the three noise monitoring stations closest to the airport
average of the four noise monitoring stations furthest from the airport

Overall, 75% of the noise abatement methods resulted in a reduced total average noise value when
compared with a full rated takeoff/climb. Additionally, 62.5% of the advanced noise abatement
scenarios resulted in superior or negligibly different noise profiles.

No Cutback or Restore Points

Weight | Average Total Noise Max Noise Average 1-3 Average 4-7
130 88.8172 dB 100.1143 dB 90.6248 dB 87.4615dB
150 88.8286 dB 100.1393 dB 90.5893 dB 87.5082 dB

© 2013 GE Aviation Systems LLC, USA

9/12






Enhanced Noise Abatement Climb Procedure Benefits Analysis

Early Cutback and Late Restore Points

Weight = 130 klbs
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Noise Value Location Only Location and Altitude Noise Difference
Total Average | 87.3294 dB 87.3295dB +0.0001 dB
Maximum 100.2247 dB 100.2247 dB 0.0000 dB

1-3 Average 91.1623 dB 91.1623 dB 0.0000 dB

4-7 Average 84.4548 dB 84.4550 dB +0.0002 dB

Weight = 150 klbs

Noise Value Location Only Location and Altitude Noise Difference
Total Average 88.2074 dB 88.0358 dB -0.1716 dB
Maximum 99.1894 dB 98.4040 dB -0.7854 dB
1-3 Average 90.8035 dB 90.4787 dB -0.3248 dB
4-7 Average 86.2604 dB 86.2037 dB -0.0567 dB

Early Cutback and Early Restore Points

Weight = 130 klbs

Noise Value Altitude Only Location Only Noise Difference
Total Average | 86.9185 dB 88.4859 dB +1.5674 dB
Maximum 99.8255 dB 100.0707 dB +0.2452 dB
1-3 Average 90.7237 dB 90.5389 dB -0.1848 dB
4-7 Average 84.0647 dB 86.9462 dB +2.8815 dB

Weight = 150 klbs

Noise Value Altitude Only Location Only Noise Difference
Total Average | 87.4880 dB 87.8246 dB +0.3366 dB
Maximum 100.7181 dB 98.4063 dB -2.3118 dB
1-3 Average 89.5511 dB 89.9799 dB +0.4288 dB
4-7 Average 85.9408 dB 86.2081 dB +0.2673 dB

Late Cutback and Late Restore Points

Weight = 130 klbs

Noise Value Location Only Location and Altitude Noise Difference
Total Average | 89.2852 dB 89.2853 dB +0.0001 dB
Maximum 100.0708 dB 100.0708 dB 0.0000 dB

1-3 Average 90.5405 dB 90.5405 dB 0.0000 dB

4-7 Average 88.3438 dB 88.3440 dB +0.0002 dB

© 2013 GE Aviation Systems LLC, USA
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Weight = 150 klbs
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Noise Value Location Only Location and Altitude Noise Difference
Total Average | 88.4921 dB 88.3820 dB -0.1101 dB
Maximum 98.4064 dB 98.4064 dB 0.0000 dB

1-3 Average 89.9809 dB 89.9809 dB 0.0000 dB

4-7 Average 87.3756 dB 87.1829 dB -0.1927 dB

Late Cutback and Early Restore Points

Weight = 130 klbs

Noise Value Altitude Only Location and Altitude Noise Difference
Total Average | 86.9185 dB 89.2857 dB +2.3672 dB
Maximum 99.8255 dB 100.0708 dB +0.2453 dB
1-3 Average 90.7237 dB 90.5406 dB -0.1831 dB
4-7 Average 84.0647 dB 88.3446 dB +4.2799 dB

Weight = 150 klbs

Noise Value Altitude Only Location and Altitude Noise Difference
Total Average | 87.4880 dB 88.3824 dB +0.4639 dB
Maximum 100.7181 dB 98.4064 dB -2.3117 dB
1-3 Average 89.5511 dB 89.9810 dB +0.4299 dB
4-7 Average 85.9408 dB 87.1835 dB +1.2427 dB

6 Conclusion
Overall, using an enhanced noise abatement departure procedure produced an average fuel savings

of ~60 pounds per flight. Though modest, once deployed across a fleet of aircraft, non-trivial fuel

savings could be realized. Additionally, these savings are often achieved with little or no increase in
noise at the published microphone locations. Application of enhanced noise abatement departure
procedures results in fuel saved for the airlines while satisfying the airport and surrounding
communities’ need to manage the amount of noise produced by departing aircraft.
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Noise Data Summary

Noise Data

Summary.xlIsx
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BAYMED


			130 klbs


			Job:			Job 1 Flight Plan Snap: Run Option


			Case:			Departure


			Type:			Points


			Metric:			SEL


			Annualization:			N/A


			Index			Latitude			Longitude			SEL Noise Level


			1			33.6615			-117.881			87.896485


			2			33.6589			-117.875			83.863631


			3			33.6552			-117.881			100.114308


			4			33.6498			-117.893			84.370958


			5			33.6429			-117.882			88.393206


			6			33.6387			-117.891			90.667184


			7			33.6192			-117.892			86.414841


									Average:			88.8172304286


									Max:			100.114308


									1-3 Avg:			90.624808


									4-7 Avg:			87.46154725


			150 klbs


			Job:			Job 1 Flight Plan Snap: Run Option


			Case:			Departure


			Type:			Points


			Metric:			SEL


			Annualization:			N/A


			Index			Latitude			Longitude			SEL Noise Level


			1			33.6615			-117.881			87.820407


			2			33.6589			-117.875			83.808172


			3			33.6552			-117.881			100.139265


			4			33.6498			-117.893			84.40082


			5			33.6429			-117.882			88.409028


			6			33.6387			-117.891			90.730816


			7			33.6192			-117.892			86.492026


									Average:			88.8286477143


									Max:			100.139265


									1-3 Avg:			90.5892813333


									4-7 Avg:			87.5081725








BAYME1


			Location Only																					Location and Altitude


			130 klbs																					130 klbs


			Job:			Job 1 Flight Plan Snap: Run Option																		Job:			Job 1 Flight Plan Snap: Run Option


			Case:			Departure																		Case:			Departure


			Type:			Points																		Type:			Points


			Metric:			SEL																		Metric:			SEL


			Annualization:			N/A																		Annualization:			N/A


			Index			Latitude			Longitude			SEL Noise Level												Index			Latitude			Longitude			SEL Noise Level


			1			33.6615			-117.881			88.525534												1			33.6615			-117.881			88.525516


			2			33.6589			-117.875			84.736702												2			33.6589			-117.875			84.736696


			3			33.6552			-117.881			100.224683												3			33.6552			-117.881			100.224682


			4			33.6498			-117.893			83.339565												4			33.6498			-117.893			83.339414


			5			33.6429			-117.882			84.562629												5			33.6429			-117.882			84.562685


			6			33.6387			-117.891			86.191241												6			33.6387			-117.891			86.191229


			7			33.6192			-117.892			83.725646												7			33.6192			-117.892			83.726623


									Average:			87.3294285714																		Average:			87.3295492857


									Max:			100.224683																		Max:			100.224682


									1-3 Avg:			91.1623063333																		1-3 Avg:			91.162298


									4-7 Avg:			84.45477025																		4-7 Avg:			84.45498775


			150 klbs																					150 klbs


			Job:			Job 1 Flight Plan Snap: Run Option																		Job:			Job 1 Flight Plan Snap: Run Option


			Case:			Departure																		Case:			Departure


			Type:			Points																		Type:			Points


			Metric:			SEL																		Metric:			SEL


			Annualization:			N/A																		Annualization:			N/A


			Index			Latitude			Longitude			SEL Noise Level												Index			Latitude			Longitude			SEL Noise Level


			1			33.6615			-117.881			88.6638												1			33.6615			-117.881			88.378273


			2			33.6589			-117.875			84.557479												2			33.6589			-117.875			84.653727


			3			33.6552			-117.881			99.189363												3			33.6552			-117.881			98.40403


			4			33.6498			-117.893			80.061005												4			33.6498			-117.893			79.869676


			5			33.6429			-117.882			86.232692												5			33.6429			-117.882			86.098788


			6			33.6387			-117.891			92.049729												6			33.6387			-117.891			92.098996


			7			33.6192			-117.892			86.698167												7			33.6192			-117.892			86.747339


									Average:			88.2074621429																		Average:			88.0358327143


									Max:			99.189363																		Max:			98.40403


									1-3 Avg:			90.8035473333																		1-3 Avg:			90.4786766667


									4-7 Avg:			86.26039825																		4-7 Avg:			86.20369975








BAYME2


			Altitude Only																					Location Only


			130 klbs																					130 klbs


			Job:			Job 1 Flight Plan Snap: Run Option																		Job:			Job 1 Flight Plan Snap: Run Option


			Case:			Departure																		Case:			Departure


			Type:			Points																		Type:			Points


			Metric:			SEL																		Metric:			SEL


			Annualization:			N/A																		Annualization:			N/A


			Index			Latitude			Longitude			SEL Noise Level												Index			Latitude			Longitude			SEL Noise Level


			1			33.6615			-117.881			88.218212												1			33.6615			-117.881			87.734453


			2			33.6589			-117.875			84.127486												2			33.6589			-117.875			83.811592


			3			33.6552			-117.881			99.825529												3			33.6552			-117.881			100.070675


			4			33.6498			-117.893			84.66177												4			33.6498			-117.893			84.000186


			5			33.6429			-117.882			83.283558												5			33.6429			-117.882			88.472249


			6			33.6387			-117.891			87.744961												6			33.6387			-117.891			91.649923


			7			33.6192			-117.892			80.56832												7			33.6192			-117.892			83.662404


									Average:			86.918548																		Average:			88.485926


									Max:			99.825529																		Max:			100.070675


									1-3 Avg:			90.7237423333																		1-3 Avg:			90.5389066667


									4-7 Avg:			84.06465225																		4-7 Avg:			86.9461905


			150 klbs																					150 klbs


			Job:			Job 1 Flight Plan Snap: Run Option																		Job:			Job 1 Flight Plan Snap: Run Option


			Case:			Departure																		Case:			Departure


			Type:			Points																		Type:			Points


			Metric:			SEL																		Metric:			SEL


			Annualization:			N/A																		Annualization:			N/A


			Index			Latitude			Longitude			SEL Noise Level												Index			Latitude			Longitude			SEL Noise Level


			1			33.6615			-117.881			85.977626												1			33.6615			-117.881			87.725786


			2			33.6589			-117.875			81.957481												2			33.6589			-117.875			83.807782


			3			33.6552			-117.881			100.71812												3			33.6552			-117.881			98.406299


			4			33.6498			-117.893			79.623202												4			33.6498			-117.893			79.886183


			5			33.6429			-117.882			88.09205												5			33.6429			-117.882			86.085154


			6			33.6387			-117.891			90.548175												6			33.6387			-117.891			92.130811


			7			33.6192			-117.892			85.499717												7			33.6192			-117.892			86.730445


									Average:			87.488053																		Average:			87.8246371429


									Max:			100.71812																		Max:			98.406299


									1-3 Avg:			89.5510756667																		1-3 Avg:			89.9799556667


									4-7 Avg:			85.940786																		4-7 Avg:			86.20814825








BAYME3


			Location Only																					Location and Altitude


			130 klbs																					130 klbs


			Job:			Job 1 Flight Plan Snap: Run Option																		Job:			Job 1 Flight Plan Snap: Run Option


			Case:			Departure																		Case:			Departure


			Type:			Points																		Type:			Points


			Metric:			SEL																		Metric:			SEL


			Annualization:			N/A																		Annualization:			N/A


			Index			Latitude			Longitude			SEL Noise Level												Index			Latitude			Longitude			SEL Noise Level


			1			33.6615			-117.881			87.735634												1			33.6615			-117.881			87.735655


			2			33.6589			-117.875			83.814915												2			33.6589			-117.875			83.814988


			3			33.6552			-117.881			100.070801												3			33.6552			-117.881			100.070803


			4			33.6498			-117.893			84.032899												4			33.6498			-117.893			84.03296


			5			33.6429			-117.882			88.493511												5			33.6429			-117.882			88.493575


			6			33.6387			-117.891			91.730484												6			33.6387			-117.891			91.730516


			7			33.6192			-117.892			89.118433												7			33.6192			-117.892			89.118797


									Average:			89.2852395714																		Average:			89.2853277143


									Max:			100.070801																		Max:			100.070803


									1-3 Avg:			90.54045																		1-3 Avg:			90.540482


									4-7 Avg:			88.34383175																		4-7 Avg:			88.343962


			150 klbs																					150 klbs


			Job:			Job 1 Flight Plan Snap: Run Option																		Job:			Job 1 Flight Plan Snap: Run Option


			Case:			Departure																		Case:			Departure


			Type:			Points																		Type:			Points


			Metric:			SEL																		Metric:			SEL


			Annualization:			N/A																		Annualization:			N/A


			Index			Latitude			Longitude			SEL Noise Level												Index			Latitude			Longitude			SEL Noise Level


			1			33.6615			-117.881			87.72647												1			33.6615			-117.881			87.72651


			2			33.6589			-117.875			83.809813												2			33.6589			-117.875			83.809853


			3			33.6552			-117.881			98.406411												3			33.6552			-117.881			98.406414


			4			33.6498			-117.893			79.934831												4			33.6498			-117.893			79.934891


			5			33.6429			-117.882			86.1247												5			33.6429			-117.882			86.114078


			6			33.6387			-117.891			92.264223												6			33.6387			-117.891			92.195926


			7			33.6192			-117.892			91.178464												7			33.6192			-117.892			90.486674


									Average:			88.4921302857																		Average:			88.3820494286


									Max:			98.406411																		Max:			98.406414


									1-3 Avg:			89.980898																		1-3 Avg:			89.9809256667


									4-7 Avg:			87.3755545																		4-7 Avg:			87.18289225








BAYME4


			Altitude Only																					Location and Altitude


			130 klbs																					130 klbs


			Job:			Job 1 Flight Plan Snap: Run Option																		Job:			Job 1 Flight Plan Snap: Run Option


			Case:			Departure																		Case:			Departure


			Type:			Points																		Type:			Points


			Metric:			SEL																		Metric:			SEL


			Annualization:			N/A																		Annualization:			N/A


			Index			Latitude			Longitude			SEL Noise Level												Index			Latitude			Longitude			SEL Noise Level


			1			33.6615			-117.881			88.218212												1			33.6615			-117.881			87.735719


			2			33.6589			-117.875			84.127486												2			33.6589			-117.875			83.81519


			3			33.6552			-117.881			99.825529												3			33.6552			-117.881			100.070808


			4			33.6498			-117.893			84.66177												4			33.6498			-117.893			84.033148


			5			33.6429			-117.882			83.283558												5			33.6429			-117.882			88.493787


			6			33.6387			-117.891			87.744961												6			33.6387			-117.891			91.730624


			7			33.6192			-117.892			80.56832												7			33.6192			-117.892			89.120787


									Average:			86.918548																		Average:			89.2857232857


									Max:			99.825529																		Max:			100.070808


									1-3 Avg:			90.7237423333																		1-3 Avg:			90.5405723333


									4-7 Avg:			84.06465225																		4-7 Avg:			88.3445865


			150 klbs																					150 klbs


			Job:			Job 1 Flight Plan Snap: Run Option																		Job:			Job 1 Flight Plan Snap: Run Option


			Case:			Departure																		Case:			Departure


			Type:			Points																		Type:			Points


			Metric:			SEL																		Metric:			SEL


			Annualization:			N/A																		Annualization:			N/A


			Index			Latitude			Longitude			SEL Noise Level												Index			Latitude			Longitude			SEL Noise Level


			1			33.6615			-117.881			85.977626												1			33.6615			-117.881			87.726582


			2			33.6589			-117.875			81.957481												2			33.6589			-117.875			83.810078


			3			33.6552			-117.881			100.71812												3			33.6552			-117.881			98.406423


			4			33.6498			-117.893			79.623202												4			33.6498			-117.893			79.935398


			5			33.6429			-117.882			88.09205												5			33.6429			-117.882			86.114459


			6			33.6387			-117.891			90.548175												6			33.6387			-117.891			92.196022


			7			33.6192			-117.892			85.499717												7			33.6192			-117.892			90.487985


									Average:			87.488053																		Average:			88.382421


									Max:			100.71812																		Max:			98.406423


									1-3 Avg:			89.5510756667																		1-3 Avg:			89.9810276667


									4-7 Avg:			85.940786																		4-7 Avg:			87.183466
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1 Introduction

Flight prediction algorithms are sensitive to the accuracy of their input weather information amongst
other errors. Errors and inaccuracies in the weather model adversely impact predictions by
introducing errors in predicted groundspeeds, which in turn raise the time and fuel costs for a flight.
Successful implementation of NextGen and Single European Sky ATM Research (SESAR) Air Traffic
Control initiatives require increased flight plan prediction accuracy to enable Trajectory Based
Optimization (TBO) airspace solutions.

The Flight Management System (FMS) Weather Input Optimizer (FWIO) selects weather locations and
values to use in flight predictions that minimize performance-based cost functions for each phase of
flight. The purpose of this document is to present results of this optimization process versus simply
minimizing weather residual or no optimization process for perfect weather forecasts, as well as
simulated forecast errors.

2  Summary

The benefits analysis was performed using thirty-two (32) flight plans over 68 weather forecasts from
2011. The first analysis isolated FMS weather modeling errors from other error sources; in particular,
weather forecasting errors. Utilization of the FMS Wind Input Optimization (FWIO) tool to determine
wind and temperature inputs to the FMS produced average savings of 24 pounds of fuel per flight in
descent for guidance maneuvers (73% reduction in guidance maneuver fuel usage), and increased
predictions accuracy in other phases by over 70%.

In addition to the “perfect forecast” analysis, the wind and temperature forecast error models have
been statistically characterized by comparing available weather data recorded using the Data
Acquisition Replay Tool (DART) to National Oceanic and Atmospheric Administration (NOAA) and
AirDat forecasts. In determining a characteristic error, only a small set of flight recordings (22 flights
corresponding to collected AirDat data and 40 flights corresponding to collected NOAA data) were
obtained. In this limited set of data, the AirDat wind forecast has a 7.3 knot bias error with a standard
deviation of 11.3 compared to 15 knot bias error with standard deviation of 13.3 for the NOAA
forecast. In this sample set, AirDat’s wind forecast is approximately 35% better than NOAA (bias +
one sigma noise). The AirDat temperature forecast has a 0.95 °C bias error with a standard deviation
of 1.01 °C compared to a 0.47 °C bias error with a standard deviation of 0.27 °C for the NOAA
forecast. In this sample set, NOAA’'s temperature forecast is approximately 48% better than AirDat
(bias + one sigma noise). Both wind forecast sources had considerable wind error (possibly skewed by
small sample size), but had relatively low temperature error. For the purposes of this study, simulated
errors were produced from the statistical characteristics of the forecast error and were applied to
each of the 68 weather forecasts used.

When the simulated forecast error was included, benefits of using the FWIO tool were reduced from
values for perfect forecast scenarios. However, the combined effect of reducing forecast error (using
AirDat forecast) with reducing modeling error (using the FWIO tool) is significant for all phases of
flight in each cost metric. See Table 1 for a summary of the benefits.

© 2013 GE Aviation Systems LLC, USA 3/19
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Table 1. Summary of FWIO Benefits on Average per Flight!

FWIO vs. non-optimized
(both using same forecast)
Perfect Forecast NOAA Forecast AirDat Forecast

FWIO with AirDat vs. non-
optimized w/ NOAA

Descent Cost Savings (lbs - sec) 20(71%) 13 (21%) 13 (28%) 21 (35%)
Descent Fuel Savings (1bs) 24 (73%) 16 (23%) 17 (28%) 27 (39%)
Cruise Temporal Prediction Accuracy Increase (s / NM) |0.014 (71%) 0.004 (1%) 0.005 (1%) 0.079 (28%)
Climb Distance Prediction Accuracy Increase (ft/s) 7.6 (80%) 0(0%) 1.2 (6%) 8.4 (33%)

Due to the small weather collection sample size, the measured weather errors may not accurately
represent the true error across many geographical regions and dates, and a more general error may
be significantly lower. As an attempt to remove this potential inaccuracy, the study was repeated on
a case with 1/3 of the error; FWIO benefits results with the modified forecast error are presented in
Appendix A.

Overall, when combining the effect of using AirDat's forecast (instead of NOAA) with the FWIO
optimization (instead of a non-optimized weather representation), descent guidance fuel usage is
reduced from 70 Ibs. down to 43 Ibs.; a net savings of 27 Ibs. per flight. It is important to note that
these benefits are presented on average per flight, but on an individual flight basis using the FWIO
tool with AirDat weather forecast, the benefits could yield higher costs. The largest single flight saving
observed was 609 Ibs. of fuel, and the smallest was 260 Ibs. of additional cost (-260 saved).

3  Background Information

The weather optimization tool minimizes different cost functions for each phase of flight. In each
phase, the cost function is designed to increase flight predictions accuracy and/or directly reduce
cost to the airline. It is thought that increasing the accuracy of flight predictions will allow for
improved performance of the NextGen or SESAR systems allowing denser air traffic patterns.
Specifically, these systems plan to use 4D trajectory information (latitude, longitude, altitude, and
time) to schedule arrivals and optimize traffic through the airspace.

Each of the cost functions is minimized for a single flight plan. The tool does not attempt to choose
an optimal cruise altitude or cost index, but simply provides the optimal weather data given the flight
plan (optimality is defined by the cost function).

4  Benefits Analysis

The following analysis was performed using 68 weather forecasts provided by AirDat. The 1800
Greenwich Mean Time (GMT) forecast was selected each day in an attempt to limit correlation
between forecast databases. In cases where the 1800 GMT forecast was unavailable, the available
forecast closest to 1800 (1200, 0600, 0000) was used. The choice to use one weather forecast per
day was an attempt to remove bias in overall statistical results from analyzing similar forecasts. Even
with the one-per-day selection, there is likely some forecast bias from selecting consecutive days
within the same season. The weather was not categorized by severity; it is assumed that the sample
size of 68 days is large enough to cover a wide range of weather types within the individual season
(Spring 2011). To mitigate this potential source of bias, flight routes were selected spanning the
western United States in all directions and lengths. Future studies to characterize weather forecast
error would benefit from a wider timeframe of data collection spanning multiple seasons of the year.

1 Numbers reported are the delta between FWIO and non-optimized results, percentages shown are the
percentage savings of using the FWIO versus no optimization for various forecast sources.

© 2013 GE Aviation Systems LLC, USA 4/19
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For each weather set, eight routes were predicted, each with four cruise altitudes, for a total of 32
routes per day. Table 2 shows the Alaska Airlines company routes and cruise altitudes used in this
study. For all routes, the cost index is fixed at 25. The altitudes listed below were selected to span a
range of standard cruise altitudes. Altitudes for the Seattle/Spokane routes are lower due to the short
flight range.

Table 2. List of Flight Plans Used in Analysis

Route Cruise Cruise Cruise Cruise
Altitude 1 | Altitude 2 | Altitude 3 | Altitude 4

FL280 FL310 FL340 FL370
FL280 FL310 FL340 FL370
| GEGSEA2 |0 FL260 FL280 FL300
FL240 FL260 FL280 FL300
FL280 FL310 FL340 FL370
FL280 FL310 FL340 FL370
FL280 FL310 FL340 FL370

SITel o)y FL280 FL310 FL340 FL370

4.1 Perfect Forecast

The hypothetical perfect forecast is defined as a forecast with zero error; the forecasted data exactly
matches the true weather. For each flight plan, three different optimizations were tested assuming
this perfect forecast. Further analysis to include the effects of forecast error was performed on two of
the optimization options (paragraph 4.2).

Optimization 0 (op0) is the “no optimization” baseline; inputting wind from the weather forecast at
each waypoint in cruise and at three fixed altitudes in descent (5000, 10000, 15000 ft.). The descent
winds are retrieved from the weather database using the arrival airport latitude/longitude.

Optimization 1 (op1) is a version of the optimization algorithm that minimizes wind and temperature
residual. This optimization is intended for comparison only, and is omitted from the forecast error
analysis (paragraph 4.2).

Optimization 2 (op2) is the FWIO tool that minimizes the performance based cost functions outlined
above. This algorithm uses detailed knowledge of the prediction functions to directly increase
prediction performance. This algorithm selects weather locations and weather values at the selected
locations that minimize the optimization cost function.

It should be noted again that analysis presented in this section (the hypothetical perfect forecast)
only looks at savings due to weather model error, and does not address other factors that may
impact the accuracy of flight predictions such as meteorological forecast errors, trajectory
integration error, or unexpected air traffic control input. The benefits presented in this section in
regards to percentage improvement-only factor in weather modeling error, which may only be a
small piece of the overall error tree. The combined effect of model error and forecast error is shown
in paragraph 4.2.

© 2013 GE Aviation Systems LLC, USA 5/19
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4.1.1 Descent

The descent phase optimization performance is measured by the following metrics:
e Cost function value -- 80% fuel cost, 20% time cost
e Error in predicted descent time (“continuous” reference weather model versus B737 U11-
based weather model)

In the scenarios examined, the average cost associated with performing (non-idle thrust) guidance
maneuvers to maintain the predicted trajectory was reduced when using the weather optimization
tool (op2) versus no optimization (8 Ibs. - 37 Ibs. fuel savings depending on route; maximum savings
for SFOSEA1 - FL370). The FWIO tool (op2) shows slight improvement over less sophisticated
optimization methods (op1) (1 Ib. - 11 Ibs. fuel savings depending on route; maximum SEAORD1-
FL370). Averaging all of the flight plans and weather forecasts, the total assessed cost using the
FWIO tool is 8 Ibs., compared to 28 Ibs. without doing any optimization, and 13 Ibs. with less
sophisticated optimization. This represents a 71% assessed cost savings when using the weather
optimization tool versus a 53% savings from less sophisticated optimization methods. The
distribution for this averaged data is shown in Figure 1.

2000 T T T T T T

1 B No Optimization
800 I Optimizer 1
/1 Optimizer 2 L
1600

1400 i

1200 1

1000 T

800 T

Number of Cases

600 T

400 T

200 h .
0 . . !

0 20 40 60 80 100 120 140 160 180 200
Total Cost Value

Figure 1. Descent Cost Value Histogram for All Optimization Options. Note the lower
concentration of high cost cases for the FWIO tool (Optimizer 2)?

In Figure 1, all three optimizers have the same number of tested cases: 2176. It appears that
optimizer 2 has more overall cases because it is plotted in front of the optimizer 1 and with no
optimization bars. Figure 1 shows that there are more cases with high cost for no optimization and
optimizer 1.

2 All distributions shown have values in the 0-20 bin. Due to the higher concentration of “Optimizer 2” cases in
this bin, the “No Optimization” and “Optimizer 1" values of the histogram are hidden behind the “Optimizer 2"
bar.
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While 28 Ibs. of fuel does not seem like a significant amount, multiplied by the number of flights
occurring each year amounts to a significant airline cost savings.

These fuel usage values are much lower than airlines’ reported fuel cost. This could be attributed to
other error sources not analyzed here (such as temperature effects and performance model errors).

It is interesting to note that both optimization options provide approximately the same reduction in
time cost compared to no optimization (5 seconds of time error). This is likely due to the heavy
weighting of fuel cost (80%] in the overall descent cost function. When the weather optimization tool
(optimization 2) is applied to the overall cost function, the weighting shifts the focus to the fuel
component. Due to the termination tolerance used in the FWIO, it is possible (and likely) that no
further iterations are performed to reduce time cost once fuel cost has been driven to zero. On the
other hand, optimization 1 operates on a wind residual based cost function, which is directly related
to time of flight error. As shown by the fuel cost results, this is sub-optimal in terms of fuel usage, but
provides a relatively low time cost solution. Based on these results, it may be possible to further tune
the FWIO descent cost function for iterations where fuel cost is zero and apply higher weighting to
time cost. Additionally, FWIO users have the ability to change the fuel to time cost weighting
depending on their specific needs.

In addition to the direct cost savings in fuel usage shown by using the weather optimization tool,
there are indirect benefits to the overall air traffic management system through increased flight
predictions accuracy. The predicted time of flight and predicted fuel usage accuracy was assessed
using error, defined as the difference in the predicted quantity using the FMS weather model with
weather from each optimizer, compared to a common reference of a flight prediction model that
uses “pseudo-continuous” weather. Early arrival is counted as a negative time of flight error, and late
arrivals are counted as a positive time of flight error. Time of flight accuracy is best represented by
the standard deviation of this error quantity. These parameters are of particular importance to
required time of arrival and arrival scheduling applications.

Figure 2 shows the overall distribution of all cases using each optimization algorithm. This plot shows
significant benefit to using either of the weather optimization algorithms in terms of reducing the
standard deviation of the time of flight error, with the FWIO showing a slight improvement over other
optimization methods.

© 2013 GE Aviation Systems LLC, USA 7/19
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Figure 2. Distribution of Error in Predicted Descent Phase Time of Flight [sec] for All Cases
Combined

This analysis shows that by using the weather optimization tool, the predicted time of flight error is
reduced to less than 16 seconds in 95% of the cases, compared to 21 seconds using optimization 1,
and 36 seconds for no optimization. This amounts to an improvement in temporal descent
predictions accuracy of 55% when using the weather optimization tool. It is possible to improve all
three methods by increasing the number of data points allowed in the descent weather model.

The results for predicted fuel usage error (Figure 3) show similar results to the predicted time error.
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Figure 3. Distribution of Error in Predicted Descent Fuel Usage [Ibs.] for All Cases Combined

4.1.2 Cruise

The cruise phase optimization performance is measured by a temporal cost function (prediction
temporal accuracy per nautical mile in cruise). Unlike the descent cost function, this metric applies to
the predicted path. Because the aircraft flies at constant altitude at constant thrust setting, the fuel
usage is directly proportional to this metric. In this analysis, the optimization tools were not allowed
to select weather locations, and were constrained to only top of climb, top of descent, and cruise
waypoints. This choice was made because the routes used for analysis have many cruise waypoints,
and in the majority of cases, additional weather locations were unnecessary. Further analysis should
be performed allowing additional weather location selections for routes with long cruise legs (such as
a DIRECT-TO) situation, as there is a potential for even greater accuracy improvement than shown in
this study.

The FWIO weather values allowed higher temporal accuracy in flight prediction. On average, the
FWIO values vyielded 0.005 seconds of error/nautical mile, compared to 0.0196 seconds of
error/nautical mile without any optimization. Not only did the results show an average of 4x
reduction in mean and standard deviation of the cost function averaging all routes; each individual
route showed some improvement.

413 Climb

The climb phase optimization performance is measured by a distance based cost function (feet of
error/second in climb phase).
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Similar to cruise phase, this cost function metric applies to the predicted path. In this analysis, the
optimization tools were not allowed to select additional weather locations beyond what can be
entered into the current B737 Ull-based FMS, and were constrained to only ground level (current
wind) and top of climb. Unlike cruise, there is no method to apply additional weather locations in the
FMS, so no additional benefit is expected beyond the results presented here.

The FWIO tool yields approximately 5x reduction in mean and standard deviation of the climb cost
function compared to no optimization for all routes. Averaging all cases, the FWIO tool predicted top
of climb location within 2.022 feet per second of flight time, versus 9.594 feet per second of flight
time without any optimization.

4.2 Forecast with Error

The analysis above shows that using weather from the FWIO can provide significant reduction in
flight cost compared to non-optimized weather inputs for perfect forecast scenarios. True weather
measurements in flight have been acquired from DART data recorders, which allow statistical
characterization of the forecast error for use in the FWIO tool.

To examine the effect of forecast errors, the statistical forecast error models (shown in Appendix B)
were applied to the predicted forecast to create hypothetical “truth” scenarios. The FWIO cost
function value was then recomputed using the estimated weather (obtained through optimization of
the original forecast) and the hypothetical “truth”. See Figure 4 for a graphical depiction of this
process. Similar to previous analyses, eight routes with four altitudes each were analyzed for
weather forecasts on 68 different days. For each of these route/altitude/day combinations, the error
model was applied independently three times to generate three different “truth” weather cases for a
small Monte Carlo run, in which the average of the three resulting costs was reported out. Due to
processing time constraints, a larger Monte Carlo study was infeasible at this time.
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Figure 4. Flowchart for Simulation of "Truth” Weather Scenarios

4.2.1 Descent

When forecast error is taken into consideration, the fuel usage for guidance maneuvers is increased
compared to scenarios with a hypothetical perfect forecast. The average descent cost with NOAA
error levels increased from 28 to 61 Ibs. for no optimization, and from 8 to 48 Ibs. with optimization.
Similarly, with AirDat errors, the cost is increased from 28 to 52 Ibs. for no optimization and from 8 to
39 Ibs. with optimization.

Overall, the cost savings of using the FWIO went from 20 Ibs. with no error down to 13 Ibs. with either
error model. The original reported cost savings of (71% reduction in descent cost when using the
FWIO versus a non-optimized forecast) has been reduced (now 21% for the NOAA error and 28% for
the AirDat error - a much smaller fraction of the overall guidance maneuver cost). This reduction is to
be expected because the optimization attempts to match the predicted forecast, not the true
weather. When there are errors present, the true value may lie closer to the inaccurate forecast
weather estimation, resulting in lower cost than even the optimized value. In addition, the forecast
error from either NOAA or AirDat can be large in comparison to the model error. The FWIO tool can
only be as good as the input forecast, and can only remove the model error component.

When comparing the combined effect of using the better forecast (AirDat) with the effect of using a
better model (FWIO tool), the overall cost decreases from 61 Ibs to 39 Ibs; an overall savings of 21lbs;
13 can be attributed to the FWIO, and 8 attributed to the better forecast.

Comparing the average fuel usage for guidance maneuvers with forecast error to the perfect
forecast analysis, the average cost with NOAA error levels increased from 32 to 70 for no
optimization, and from 8 to 54 with optimization. Similarly, with AirDat errors, the cost is increased
from 28 to 60 for no optimization and from 8 to 43 with optimization. In other words, using the FWIO
tool will save 16 to 17 Ibs. of fuel per flight in the presence of forecast error, down from 24 Ibs. with a
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perfect forecast. Overall, when forecast error is included, fuel cost is higher, but can still be reduced
by using the FWIO tool to generate weather input data.

When combining the effect of the better forecast (AirDat) with the better model (FWIO) descent
guidance fuel usage goes from 70 Ibs. down to 43 Ibs.,, a net savings of 27 Ibs. per flight. It is
important to note that these benefits are presented on average per flight; but on an individual flight
basis using the FWIO tool with AirDat weather forecast could yield higher costs. The largest single
flight saving observed was 609 Ibs. of fuel, and the smallest was 260 Ibs. of additional cost (-260
saved).

4.2.2 Cruise

In the presence of forecast error, the optimization tool produced a weather estimate that resulted in
a time accuracy improvement of 0.004 - 0.005 seconds/nautical mile on average. The perfect
forecast analysis presented above showed an improvement of 0.014 seconds/nautical mile with no
forecast error. It should be noted that both analyses used routes with many enroute cruise
waypoints; resulting in very small model errors for both the optimized and non-optimized cases. In
turn, the large forecast error component in this analysis tends to dominate the overall error, and thus
the cruise time accuracy.

Reducing this forecast error component is therefore crucial to increasing temporal accuracy in
cruise. Comparing the NOAA versus AirDat resulting errors, an average accuracy increase of 0.079
seconds/nautical mile travelled (28%) can be seen. Although this accuracy increase dwarfs the
potential savings from using the FWIO tool for the routes in this study, routes with few cruise
waypoints (such as a DIRECT-TO) have significantly higher model error which can be removed by the
FWIO tool.

4.2.3 Climb

The average climb accuracy is not significantly improved (nor reduced) from use of the FWIO
optimization tool in the presence of forecast error. Similar to cruise, the forecast error component
tends to dominate over the modeling error component and wash away any potential savings. By
using a better forecast model (AirDat) the average distance error can be reduced from 25.5
ft./second of flight in climb to 17.1 ft./second of flight; an accuracy improvement of 33%.
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Appendix A FWIO Benefits with One Third Forecast Error

A factor of one third was selected to scale down all standard deviations and biases in the wind and
temperature models to represent the case where the measured errors in the DART sample set
represented a three sigma case. This is likely a lower bound (best case) estimate of benefits, with the
true benefits lying between the results presented here (see Table 3), and the results presented in prior
sections.

FWIO vs. non-optimized
(both using same forecast)
Perfect Forecast NOAA Forecast AirDat Forecast

FWIO with AirDat vs. non-
optimized w/ NOAA

Descent Cost Savings (lbs - sec) 20(71%) 17 (45%) 17 (45%) 17 (45%)
Descent Fuel Savings (lbs) 24 (73%) 20 (47%) 20 (46%) 21(47%)
Cruise Temporal Prediction Accuracy Increase (s / NM) 0.014 (71%) 0.007 (7%) 0.006 (9%) 0.031 (31%)
Climb Distance Prediction Accuracy Increase (ft/ s) 7.6 (80%) 3.2(27%) 4.7 (44%) 5.8 (49%)

Table 3. Summary of FWIO Benefits using One Third Forecast Error on Average per Flight3

Note that with these smaller errors, the descent costs for either forecast are approximately
equivalent, but cruise and climb prediction accuracy is improved with the AirDat forecast. This
implies that for these reduced error levels; model error dominates in descent phase and forecast
error dominates in climb and cruise phase.

3 Numbers reported are the delta between FWIO and non-optimized results, percentages shown are the
percentage savings of using the FWIO versus no optimization for various forecast sources.
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Appendix B Forecast Error Characterization and Results

The weather forecast error is defined as the delta between measured weather and predicted
weather. This error has been calculated at five second intervals for the entirety of each DART flight
for temperature (Deviation from the International Standard Atmosphere (DISA)), north component of
wind, and east component of wind to form a sequence of errors.

e = Wparr — Wforecast
The error for a given flight can be characterized in two components: bias and a “noise” component.
e = bias + noise

For each flight, the bias can be estimated by taking the mean of the sequence of errors. Using this
estimated quantity, a zero mean noise component can be isolated.

The wind and temperature errors have very different “noise” characteristics. In fact, the “noise” is
more truthfully described as simply the remaining error. In the case of temperature, this more closely
resembles low standard deviation white noise. In the case of wind, the noise exhibits low frequency
oscillatory behavior. This makes physical sense because atmospheric temperature is fairly well
known, and can be described with a simple altitude model (loose dependence on latitude/longitude).
Atmospheric wind is dependent on complex pressure systems moving around the surface of the
earth. As the aircraft flies through various pressure systems, it may encounter winds earlier or later
than expected. The wind error is generally high amplitude peaks and valleys. For this reason, the
wind and temperature “noise” components are addressed with separate models.

In order to process the limited data set with the most possible data, each of the flight phases
(climb/cruise/descent) are analyzed together as one set of forecast errors. In truth, each phase of
flight possesses its own unique characteristics. For instance, measured temperature is typically
higher than truth in climb and lower in descent due to thermal properties of the sensor
(measurement lags truth). In descent, there is typically higher wind measurement error than other
flight phases due to higher aircraft yaw. In addition, descents are typically flown into a headwind,
which may produce a wind measurement bias. Some of these effects can be seen in the example
plots shown above. With a larger data set, it may be possible to separate these effects out to obtain
a more accurate representation of the true weather. For the purposes of characterizing the forecast
errors in this study, these factors are assumed to be small, and DART measurements are used as
truth data.

B.1 Temperature Error Model

As described in the previous section, a “noise” component can be extracted from the overall
temperature error by subtracting out the bias term.

The resulting signal resembles a random walk or fractional Brownian motion, but upon further
examination, there is no physical reason the error should grow uniformly with time# (assuming fresh
forecast for all data points). Ruling out these types of errors, the best match is correlated Gaussian
noise.

4 As stated in paragraph 4.2.1, different flight phases possess different error characteristics, and higher error
may be expected in climb or descent.

© 2013 GE Aviation Systems LLC, USA 14/19





CLEEN Benefits Analysis for the FMS Weather Input Optimizer (FWIO) Revision v1 e 6/15/2013

New simulated noise signals can be reproduced using the statistical measurements from DART
flights. These resulting simulated signals are again smoothed using the one minute moving average
filter. A few examples of simulated signals are shown in Figure 5.

Original Error
Bias

2 Simulated Error 1
Simulated Error 2
Simulated Error 3

DISA Error [°C]
w T
ﬁ_.?
N
>
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Sl
. Pl
R —
<
I

1 1 1 1 1 1 1 1 |
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Data Point (0.2Hz)

Figure 5. Example of Simulated DISA Error Signals
B.2 Wind Error Model

The remaining “noise” component of the wind error is initially filtered using a five minute moving
average filter with zero phase lag to remove quantization and measurement errors. An example of
filtering results is shown in Figure 6. It should be noted here that the five minute filter time window
was selected to smooth the large spikes in the “noise” signal. It is thought that these spikes represent
either measurement error (wind is not directly observed onboard the aircraft) or short-term wind
gusts. For purposes of this analysis, short wind gusts and any unique characteristics by flight phase
are neglected.
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Figure 6. Example of Wind Moving Average Filter

The resulting wind “noise” signal is somewhat similar to the temperature “noise” signal, but exhibits
much higher amplitude oscillations with lower frequency. The signal is short term highly correlated
and long term uncorrelated. Because of the nature of this data, if the correlated Gaussian noise
model is applied to these results, a very high correlation coefficient (0.9999) is obtained. This
correlation tends to produce simulated signals that do not exhibit any oscillations. The model does
not provide a means for long term versus short term correlation. Again, a random walk model can
account for long and short term correlations through the Hurst parameter, but this model is ruled out
due to its increasing error over time.

The wind “noise” signal can be modeled using an extrema model. In this model, each of the local
extrema is identified in the “noise” signal. The rate of occurrence of these extrema can be modeled
using a gamma distribution, which 4is a one-sided (0> ) statistical distribution commonly used for
waiting times. The Probability Density Function (PDF) of the gamma distribution is defined as:

-x
xa—l b

y = f(xla,b) = e

Where I () is the gamma function

The defining parameters of the gamma distribution (a, b) can be estimated using numerical
techniques.

In addition to the location of the extrema, the distribution of the values at these extrema is needed.
These values tend to follow a correlated Gaussian noise distribution. The correlation coefficient and
standard deviation of the extrema can be extracted from the signal data.

Simulated noise signals are produced for this study based on the DART weather statistics. A linear

interpolation is used between extrema locations, and then a five minute moving average filter is
applied to the data. This filter tends to apply a smooth transition between the extrema without
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introducing higher amplitude errors that would come from a spline or cubic interpolation fit. The
moving average of an oscillatory signal tends to have reduced amplitude from the original signal. To
remedy this effect, the resulting moving average is scaled upwards to have the same standard
deviation as the original noise signal. Figure 7 shows a few examples of simulated wind errors.

Original error
Bias

Simulated Error 1
Simulated Error 2
Simulated Error 3

A/ A M
/

Wind Error [kts]
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Figure 7. Example of Simulated Wind Component Error Signals

B.3 Forecast Error Model Statistical Results

The error models above were applied to the set of 99 DART 737-800 flights from mid-August through
the end of September. The majority of these flights travelled in the US Pacific Northwest, and up and
down the west coast. Of the 99 potential flights from Summer 2011, corresponding NOAA weather
data was obtained for 40 flights, and AirDat data was obtained for 22 flights (with a very small
overlap between the AirDat and NOAA data corresponding to the flight samples). The difference in
sample size is due to different geographic collection regions between the collected NOAA and AirDat
forecasts and data acquisition gaps. This extremely small number of samples in a focused region is
undesirable for a large scale statistical analysis. The aggregate results presented below should be
used with caution, as they may not accurately represent the entire population of weather error.
Future forecast error characterization studies should use a much larger sample set across multiple
Seasons, or even years.

B.3.1 Wind Error Model

The statistical summary of the error model parameters for North wind component and East wind
component are presented in Table 4 and Table 5 respectively. One interesting thing to note here is
that the NOAA model is fairly accurate in the North/South direction, with only 2 knot bias and 4.6 knot
standard deviation of the remaining error. Extrema occur at moderate intervals with low amplitude.
On the other hand, for the East/West direction, the bias is much higher at 15 knots and standard
deviation of the remaining error jumped to 11 knots. The extrema in the east west direction occur
less frequently with high amplitude. The overall wind error in the NOAA model tends to stretch along
the East/West direction. The AirDat error tends to be more omnidirectional in nature, with -4 knots of
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bias North/South and 6 knots East/West. The standard deviation of the remaining error is eight knots
in either direction.

In normal weather patterns, the jet stream passes through the Pacific Northwest primarily from the
West to East, so it is possible that the error seen is simply error in predicting jet-stream intensity. In
other areas of the globe, the error may stretch in different directions, or could be circular in nature.

Regardless of the shape of the errors, they can be directly compared by taking the magnitude of the
combined error vector. On average, the NOAA wind forecast has 15 knots of total bias error,
compared to 7.3 from AirDat. The NOAA wind forecast has 13.3 knots of noise error, compared to
11.26 from AirDat. Most of the AirDat error model quantities have higher standard deviation, which
could be attributed to the smaller sample size (22 flights versus 40).

Table 4. Wind North Component Error Model Parameters

Parameter Mean Value Standard Mean Value Standard
(NOAA) Deviation (NOAA) | (AirDat) Deviation
(AirDat)

1.92 3.49 -4.21 10.52
Extrema Correlation 0.02 0.34 0.30 0.33

Extrema Gamma (a) 2.03 137 2.52 1.62
Extrema Gamma (b) 56.78 23.83 46.31 26.26

Noise Standard 461 1.39 7.38 5.26
Deviation - kts

Extrema Standard 4.99 1.48 7.86 6.27
Deviation - kts

Table 5. Wind East Component Error Model Parameters

Mean Value Standard Mean Value Standard
(NOAA) Deviation (NOAA) | (AirDat) Deviation
(AirDat)

Parameter

Bias - kts 14.89 11.24 5.98 9.84
Extrema Correlation 0.30 0.37 0.08 0.46
Extrema Gamma (a) 2.11 1.72 2.30 1.52
Extrema Gamma (b) 72.42 4295 51.67 31.34
Noise Standard 11.03 4.87 7.28 7.46
Deviation -kts

Extrema Standard 12.34 5.79 8.06 8.49
Deviation - kts

B.3.2 Temperature Error Model

The statistical summary of the DISA error model parameters is shown in Table 6. Both forecast
sources are fairly accurate in their temperature predictions. NOAA has a slightly more accurate
prediction, with an average bias of -0.5 °C compared to -1.0 °C for AirDat. The remaining noise has a
standard deviation of 0.7 °C for NOAA and 1.3 °C for AirDat. Although this shows that NOAA DISA
error is ~50% smaller, both forecasts have extremely small error on average.
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Table 6. DISA Error Model Parameters

Parameter Mean Value Standard Mean Value Standard

(NOAA) Deviation (NOAA) | (AirDat) Deviation
(AirDat)

_—__

Dewatlon - °C
-_--
Coefficient
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CHAPTER 1. SUMMARY

Building upon the successes of the UDF® program in the 1980's, open rotor designs for high flight speed
efficiency and low community noise have been developed at GE in collaboration with NASA and the
FAA. Targeting a narrow body aircraft with 0.78 cruise Mach number, the cost-share program
leveraged computational fluid dynamics (CFD), computational aero-acoustics (CAA), and rig scale
testing to generate designs that achieved significant noise reductions well beyond what was attained in
the 1980’s while substantially retaining cruise performance. This paper presents overall propeller net
efficiency and acoustic assessments of GE's modern open rotor designs based on measured rig data and
the progression of the technology from the 1980's through the present. Also discussed are the effects of
aft rotor clipping, inter-rotor spacing, and disk loading. This paper shows how the two-phase design and
scale model wind tunnel test program allowed for test results of the first design phase to feed back into
the second design phase, resulting in 2-3% improvement in overall propeller net efficiency than the best
efficiency design of the 1980°s while nominally achieving 15-17 EPNdB noise margin to Chapter 4
(when projected to full scale for a prescribed aircraft trajectory and installation). Accounting for trades
and near term advancements, such a propulsion system is projected to meet the goal of 26% fuel burn
reduction relative to CFM56-7B powered narrow body aircraft.






CHAPTER 2. BACKGROUND AND GOALS

Section 2.1: Introduction

Concerns about fuel prices, energy security, and the environment are driving the pursuit of game-
changing technologies for reductions in fuel burn and emissions while providing significant noise
reductions relative to today's aircraft. The open rotor engine, consisting of dual counter-rotating
propellers driven by a gas turbine core can deliver a step-change reduction in fuel burn compared to
modern turbofan engines due to the lower fan pressure ratio that can be achieved. However, the noise
that was inherent in open rotor designs that were examined in the 1980's (contemporary terms were
“unducted fan” and propfan) presented a certification risk for such a propulsion system. GE, in
cooperation with NASA and with FAA cost-share support, completed a two-phase, five-year technology
maturation program consisting of rig scale design along with performance and acoustic wind tunnel
testing that demonstrated substantial reductions in fuel burn with comparable acoustics to advanced
turbofans.

After discussing background and goals, experimental setup, analysis methodology, and design features,
this report describes the results, with an emphasis on how the aerodynamic performance was affected by
the acoustic design features. As such, experimental trends of overall net efficiency make up the bulk of
the results presented. Although acoustic measurements such as spectral power level or third octave band
noise data are not presented here, the acoustic results shown below were obtained from model scale
experimental data and projected to full-scale to assess performance relative to the program noise goals.

Section 2.2: Historic UDF® Program

In the 1980°s GE helped develop the concept of open rotor propulsion. It was a comprehensive
technology development program, of historic scale. As shown in Figure 1, the initial proof-of-concept
testing under the original UDF® program consisted of three phases: an extensive scale model
technology development phase (Hoff, 1990), which culminated in 2500 hours of model scale testing;
followed by the development of a prototype engine, which was ground tested in 1985 (162 hours of
testing); then flight test on two separate aircraft demonstrators, the Boeing 727-100 (Harris and
Cuthbertson, 1987) and the McDonnell-Douglas MD-80 (Nichols, 1988), for a total of 281 hours of
flight testing.






Figure 1: Historic 1980’s UDF® demonstrator program.

To support such extensive model-scale technology testing, three Model-scale Propulsion Simulator
(MPS) rigs were designed and fabricated: A vertically stacked rig (see Figure 2), which was developed
for GE’s Cell 41 Test Facility (MPS SN002); and two conventional, horizontally-oriented rigs, which
were fabricated for Boeing and NASA (MPS SNO0O1 and SN003). As illustrated in Figure 3, model
scale testing was performed in a number of test facilities, including: GE Cell 41; NASA Glenn 9x15
Low Speed Wind Tunnel; NASA Glenn 8x6 High Speed Wind Tunnel; the Boeing Transonic Wind
Tunnel (BTWT); and the acoustic wind tunnel at DN'W. The objective of this extensive testing was to
develop detailed physical understanding of open rotor aecrodynamic performance and acoustics.
Accomplishing this involved multiple efforts, including: assessing reference design levels for
comparison to later flight test data; identifying noise source mechanisms; evaluating the effects of blade
design parameters on aero performance and noise; and exploring noise reduction concepts, as noise was
quickly identified as a challenge, with all acoustic modes cut-on and radiating.

Figure 2: GE Cell 41 model-scale open rotor rig.






Figure 3: 1980’s model-scale open rotor technology development program.

One key benefit of the extensive 1980’s testing, was the verification of scalability of model scale results
to the full-scale application. Through the UDF® program open rotor performance and acoustics were
measured for the flight demonstrator blade design (F7A7), from model-scale all the way through the
flight demonstrations. Comparisons between corresponding model scale and full scale data
demonstrated that the model scale data could effectively projected to estimate full-scale results, as
shown in Figure 4. These data comparisons, which were originally presented in 1988, show good
comparisons on both a spectral level, as well as the Tone-Corrected Perceived Noise Level (PNLT),
which is integrated to assess the Effective Perceived Noise Level (EPNL) community noise metric. In
the upper right portion of Figure 4, the data comparisons show good agreement between the EPNL
differences associated with early changes in blade count (8x8 vs. 10x8), based on the model scale
results, and those actually measured during the flight test program. This scalability was central to the
Open Rotor Aeroacoustic Technology Development portion of the FAA CLEEN program as it provided
a basis for performing the technology development at model scale on the refurbished NASA rig, and
projecting these results to full-scale using validated tools and methods.

Figure 4: Scalability of model-scale results based on UDF® flight test data.






Even today, the UDF® program is still remembered within the community because it was a
revolutionary concept in aero propulsion, and because the flight test demonstrator was very loud.
However, this was not the full story, even in the 1980’s, as shown below. Furthermore, the extensive
testing identified the following noise mitigation strategies:

Aeroacoustic blade design/geometry

Blade operational pitch/speed optimization
Increased blade counts

Reduced disk loading

Rotor-to-rotor spacing optimization

Aft rotor clipping

Increased pylon-to-rotor spacing

Pylon wake mitigation

These strategies were leveraged for the GE36 product design, and provided the initial understanding
used to develop the Genl designs under the Modern Open Rotor Aeroacoustic Technology Development
effort under the FAA CLEEN Program.

Section 2.3: GE36 Product Program

In addition to the extensive technology development efforts under the original UDF® program, which
were well documented in trade journals and external publications by GE, NASA and Boeing; in the late
1980’s GE was actively developing an Open Rotor product engine, for installation on the MD-91 &
MD-92 applications. The extent of this development program has only recently been acknowledged
externally to GE (Majjigi and Wojno, 2011). As shown in Figure 5, the product engine had been
designed and was preparing to launch the engine development and certification program, when the
program was cancelled in 1989. Although not publicly released until 2011, the GE36 product was
designed to achieve nominal compliance with CAEP Chapter 4 requirements (or, alternatively, 10 dB to
Chapter 3). As depicted in Figure 6, the product community noise levels were a significant acoustic
improvement relative to the aforementioned flight test demonstrators, which was 2dB short of Chapter 3
compliance, in the 8x8 F7A7 blade configuration, and still had only 2.5 dB nominal margin to Chapter 3
when tested in the 10x8 configuration.






Figure 5: GE 1980’s GE36 product development program.

Figure 6: GE36 product acoustic status.

The acoustic improvement of the GE36 product, relative to the UDF® Demonstrator, was achieved by
leveraging the noise mitigation strategies identified in Section 1.1. However, modern computational
tools were in the infancy, with only limited capability to predict aerodynamic performance, and only
empirically based analyses to project noise levels. Consequently, the final product blade designs
required a significant trade in aerodynamic performance to achieve the desired community noise levels.
The product acoustic blade design, designated FS3A53, achieved nominal Chapter 4 compliance, but
sacrificed ~3% cruise efficiency, relative to a corresponding aerodynamic performance design, F54A54,
which did not include the acoustic mitigation design features. Furthermore, even the latter design
contained some aerodynamic compromises, such that it missed the performance levels of the 1980’s best
aerodynamic blade design (F31A31), by approximately 2%. Thus, the GE36 Product acoustic blade
designs achieved nominal Chapter 4 compliance at approximately a 5% penalty in aerodynamic
performance relative to the aero performance entitlement design, F31A31. Since the objective of the
Modern Open Rotor Aeroacoustic Technology was to provide the maximum fuel burn benefit, relative
to the reference engine, CFM56-7B, the 1980’s aero performance entitlement design was selected as the






historic design parent for all of the modern open rotor blade concepts. To ensure that the test program
captured the acoustic and aerodynamic performance levels relative to the parent, the F31A31 Historic
Baseline blades were remanufactured and extensively tested in the Genl test campaign of the open rotor
technology development program described below.

Section 2.4: Modern Open Rotor Technology Development Program

State-of-the-art computational fluid dynamics (CFD) and computational aero-acoustics (CAA) have
enabled progress in open rotor aero-acoustic design beyond what was achieved decades ago. The
analytical techniques employed during this research were used to tailor the blade shape for low noise at
low flight speed conditions in such a way as to retain much of the efficiency at high flight speed by
avoiding shock losses and boundary layer separation.

Testing was conducted in collaboration with NASA Glenn Research Center. The acoustically treated
9x15 Low Speed Wind Tunnel (LSWT) was used to evaluate low flight speed acoustics. The porous
walled 8x6 High Speed Wind Tunnel (HSWT) was used to evaluate high flight speed performance.

The technology maturation program encompassed the following segments: Genl design, Genl low
speed testing, Gen2 design, high speed testing, and Gen2 low speed testing. Genl design work was
carried out under GE independent research and development funding. NASA refurbished the open rotor
propulsion rig (ORPR), formerly called the Model Propulsion Simulator (MPS) (Sullivan, 1990), and
supplied the test facilities, data acquisition, and support personnel. Under the Continuous Lower
Energy, Emissions, and Noise (CLEEN) program, the FAA provided cost-share support for all of the
Gen2 testing and design work that was carried out after the first round of low speed testing.

Figure 7 shows the trend of propulsive efficiency, #,,,y, With fan pressure ratio for 0.80 flight Mach
number and 1.0 adiabatic efficiency, 7,4, (assuming ideal gas with ratio of specific heats of 1.4). Open
rotors at cruise have a fan pressure ratio below 1.1 which gives a substantial propulsive efficiency
benefit over ducted turbofans for which nacelle weight, drag, and duct losses limit the optimum fan
pressure ratio for minimum fuel burn as indicated in Figure 7. The benefits of low fan pressure ratio
become more pronounced at lower flight speeds, hence, open rotors provide more significant benefits on
short range missions.

Figure 7: Propulsive efficiency, Nprop, trend with fan pressure ratio for 0.80 flight Mach number.






Although propulsive efficiency is important, it does not fully characterize the performance of the
propulsion system. Wake and shock losses captured by adiabatic efficiency, 7,44, and induced losses
resulting from exit swirl and unrecovered kinetic energy associated with wakes and tip vortices must
also be taken into account. To encompass all of these effects, overall propeller net efficiency, #,.s, 1S
used to characterize aerodynamic performance.

The goals of the program were established to achieve a 26% reduction in fuel burn relative to CFM56-
7B powered narrow body aircraft while maintaining sufficient noise margin to ensure compliance with
anticipated future CAEP Chapter 5 community noise requirements. The acoustic goal was set to 15-17
EPNdB margin relative to Chapter 4 to accommodate a 10 dB margin guarantee with 5-7 dB airframe
development execution margin.

Doing a detailed aircraft fuel burn study accounting for the multiple aircraft configurations and engine
installation issues was outside the scope of this open rotor technology maturation program. Therefore,
the program undertook a simplified fuel burn analysis to capture some of the most significant effects of
the propulsion system to arrive at a max climb design point overall net efficiency target.

GE’s fuel burn analysis was based on an internal model of a Boeing 737-800W 162 seat aircraft for an
800 nm mission at Mach 0.78 cruise. The model accounted for changes in the weight and drag
associated with engine size, but not associated airframe changes or changes in installation effects drag.
Also built into the fuel burn analysis are improvements in core engine efficiency projected for a 2025
entry to service. Figure 7 shows that the cruise 7,,,, benefit of open rotor relative to a CFM56-7B is
approximately 18%. Not all of this benefit would be realized in fuel burn due to weight and drag
penalties as well as noise reduction features, but most of the 26% fuel burn goal is based on the
improved #,,,,. Aircraft improvements, such as in wing aerodynamics and weight reductions due to
materials were not incorporated into the analysis.

Table 1 provides the conditions for max climb and takeoff developed for the cycle model used for the
fuel burn analysis. For aerodynamic performance, the focus was on max climb where the Mach
numbers through the blades are the highest. Thus, although #,., was obtained for both points (as well as
all other points along the mission), only the 0.860 max climb overall propeller net efficiency was used as
the performance target for this program. While the single-point efficiency target derived from the rather
crude fuel burn analysis can be argued to be overly simplistic, it is emphasized that the purpose of the
program was to bring the technology to a state at which the fuel burn and acoustic goals can be achieved
on future (yet undefined) aircraft. Thus, throughout the remainder of this paper, the open rotor
performance figure of merit is Mach 0.78 max climb #,.,. Also, because some of the improvement in
fuel burn is due to core engine efficiency, propeller 7., is used to indicate progress with respect to
historical designs.
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Max Climb Takeoff
_Altitude _ft_ |35000 O
ASAT R |18 27
‘Mach 1078 025
e Iof | 4842 . 24003
Py hp 7946 18509 .

Nnet 0.860 0.675

Table 1: Propeller cycle points developed to correspond to a 26% fuel burn reduction relative to
CFM56-7B powered aircraft.

As indicated previously, the program acoustic goal was to demonstrate 15-17 EPNdB cumulative margin
relative to CAEP Chapter 4, which requires an aircraft specific community noise assessment along a
given trajectory. Because the specific operating conditions for a commercial aircraft application are
proprietary, the NASA modern open rotor aircraft described in Guynn, et al. (2012) was selected for
assessment of acoustic performance relative to the goal. Figure 8 and Table 2 provide the acoustic
certification conditions. The initial Genl assessment was jointly developed by GE and NASA, under

the GE/NASA RTAPS collaboration. The Genl results presented below are consistent with the prior
NASA publication.

Figure 8: Noise observer arrangement relative to takeoff and landing aircraft trajectories.

Approach  Sideline  Cutback
_Altitude _ ft | 389.79 97921 2038.17
_MGTOW _1b_ | 140,796 155,135 151,080
TAS ] kts | 13671 ] 17740 180.23
Fret Ibf | 11,555 36,170 22,543

Table 2: Acoustic certification conditions for NASA modern open rotor aircraft (both engines).
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CHAPTER 3. EXPERIMENTAL SETUP

The rig, instrumentation, and test setup are similar to those described in Sullivan (1990) and the specific
model hardware was the SN0O3 consisting of a forebody, afterbody, rotating hubs for the R1 (forward)
and R2 (aft) blade rows, and a selection of spacers.

Rig net thrust, )., is obtained as described for effective thrust in Sullivan (1990) based on both balance
measurements and integrated pressure forces on the rig. Figure 9 is a schematic diagram of the rig
without pylon showing the forces used. The rotor hub forces, F,; and F},, are obtained from the balance
measurements corrected by the upstream and downstream rotor hub face pressure area-integrals to get
the thrust force on the rotor hub. Nacelle pressure forces, corresponding to rig forebody and afterbody
forces, Fp, and F,, are computed as pressure area-integrals with upstream facing projected area treated
as positive. The net thrust is change in rotor hub and nacelle forces due to the action of the blades, so it
requires knowing the forces with blades installed, as well as without the blades at the same flight
conditions. Thus, F),., is computed as the difference in the rotor hub forces, blades-on minus blades-off,
minus the difference in nacelle pressure forces, blades-on minus blades off, i.e.,

Froo=(Fni + Fip)* = (Fni + Fp2 )** = [ (Fp+ Fap )* = (Fp + Fop )** ]

* Blades-on
** Blades-off

i
forebody spacer afterbody

Figure 9: Rig schematic showing forces.

Mach number corrections to account for the blockage presented by the open rotor test rig in the HSWT
were obtained in the same manner as described in Stefko and Jeracki (1988). NASA incorporated the
Mach number adjustment into the data processing system so that measured Mach number represented
the projected flight Mach number rather than the lower value that would be obtained from tunnel total
and static measurements.

Figure 10 shows the ORPR installed in the LSWT. This facility features an acoustically treated test
section, as shown. The pylon shown was designed and scaled to adequately support an open rotor
engine without excessive wake penalty. In addition, trailing edge blowing was built into the pylon
design to partially mitigate noise penalties of pylon wake ingestion into the blades during low altitude
flight. Angle of attack was achieved by pivoting the rig horizontally at the base of the swept support
strut. Acoustic data was collected using a single traversing microphone (not shown), along a 1.52 m (60
in) sideline location, measured relative to the rig at zero angle of attack. During testing, the microphone
traveled axially to include observer angles of 18 to 140°, such that 90° corresponded to the R2 pitch
change axis station.
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Figure 10: ORPR with historical blades installed in the LSWT (Courtesy NASA).

As validation of the approach used in this program to quantify full scale noise from sub-scale rig test
data, Figure 11 reproduced from Gliebe (1988) shows a historical comparison of flyover flight test data
with corresponding projected levels based on GE’s Cell-41 test data for the 1/5th scale MPS rig. Good
comparisons were observed, allowing for some confidence in both the evaluation of noise reduction
trends as well as projecting expected community noise margins while carrying out our current test
program ahead of a potential flight demonstrator in the future.

O ( 8+8)-Flight odel Lm ]
X (10+8)-Flight (8+8) _\ //?
v ( 8+8)-Model /L/Bv;/
*  (10+8)-Model A‘: n,”:/ ]
L~ O x
g x
g A g
1 |
E x}iﬂodﬂ Data

/ = (10+8)
5}3 ///l‘/

4 ] -] 10 12 14 16 18 20
Correcled Fan Thrust, 1000 Ibs
Figure 11: Comparison of GE Cell-41 1/5™ scale model and full-scale flight test data. Reproduced from
Gliebe (1988).

13





CHAPTER 4. ANALYSIS METHODOLOGY

Blade design was guided by steady multi-bladerow Reynolds-Averaged Navier-Stokes (RANS) CFD with
mixing plane between the two rotors at both max climb and takeoff conditions, paying close attention to
flow features relevant to efficiency and acoustics. Boundary conditions were obtained from an
axisymmetric streamline curvature calculation in which 20% of the mass flow passes through R1. As
described in Smith (1987), the flow properties from the blade tip to outer boundary (including the outer
boundary streamline itself) are obtained using the method of Smith and Pierce (1958) and Hess and Smith
(1952). The inlet and exit of the CFD domain were placed a few blade chord lengths upstream and
downstream of the blade row edges. A 1-D Riemann invariant far-field boundary condition was
implemented for the outer boundary, which was conical in shape to avoid numerical artifacts associated
with varying inflow/outflow velocities. Loss and radial loading distributions from CFD were then
reapplied to the axisymmetric calculation to update the boundary conditions for subsequent CFD
calculations.

The Computational Aero-Acoustics (CAA) analysis approach used to guide the low-noise blade design
used an in-house prediction capability as presented in Sharma and Chen (2012), which will be described
briefly below. First, a steady multi-bladerow mixing plane RANS computation as described above is
performed (see Figure 12), iteratively modifying the R1 and R2 pitch angles to target the desired thrust at
the acoustic condition of interest (typically takeoff). The R1 wakes are then extracted closely behind the
fan trailing edge and a separate RANS-based wake propagation analysis (assumed steady in the R1
reference frame) is performed on a refined mesh to ensure a grid-independent prediction of the wake
profiles at the R2 inlet interface. Gust harmonics profiles are then extracted from the wake propagation
solution to determine the wake forcing function specified at the R2 inlet for the linearized unsteady RANS
analysis for the interaction tone noise response at R1 blade passing harmonics in the R2 relative frame of
reference. The unsteady solution is then sampled on an enclosing Ffowcs Williams-Hawkings (FW-H)
surface, replicated analytically to provide a full-annulus source field, and propagated to an array of
farfield observer locations.

Figure 12: Overview of open rotor noise prediction process.

For a representative baseline configuration, grid refinement level and operating condition, a sensitivity
assessment is performed to ascertain an appropriate choice of the FW-H surface such that conclusions
drawn while comparing different blade designs appear insensitive — i.e., the surface must be placed far
enough from the blade surface to include the majority of quadrupole sources (if necessary), yet not so far
that numerical errors have degraded the quality of the source field at the FW-H surface. Finally, the
farfield directivity is integrated to determine tone power levels for the various propeller self and
interaction tones of interest.

Page 14 of 35





CHAPTER 5. AEROACOUSTIC DESIGN

The designs developed in the present program built on the design trends established during the UDF®
program of the 1980's. To ensure consistency with the historical database, one historical design was
analyzed and tested along with the modern designs. The historical design selected for this study was a
0.78 cruise Mach number “best-aero” design (called F31A31). Note that this is not an earlier 0.72 cruise
Mach number design (called F7A7) actually flown on the UDF® demonstrator aircraft. A comparison of
blade design parameters is given in Table 3, followed by discussion of several key design choices.

Parameter Historical Modern
Bladecount | 12x10 ] 12x10
Rldiameter, D ft 1107 ] 140
Design point disk loading _hp/ft’ | 100 59

Spacing/diameter, S/D 0.28 0.27

Table 3: Comparison of key parameters for historical and modern designs.

Blade count — Notionally, it is desirable to maximize the blade counts to reduce loading per blade, which
reduces induced losses as well as loading and rotor-rotor interaction noise. Note the rotor-rotor
interaction noise is affected in two ways: the R1 blade loading directly affects the strength of its shed
wakes and vortices, and the R2 blade loading affects its unsteady response to the incoming R1 gusts.
These effects must be adequately accounted for in order to properly optimize the blade counts and blade
design. Mismatched blade counts between forward and aft rotors, as demonstrated historically in Figure
11, can also significantly affect acoustic radiation efficiencies of the rotor interaction tones. The blade
count selection is therefore an important consideration, but is limited however by considerations of the
pitch change mechanism, blade solidity for reverse thrust, and engine weight. All configurations in the
research presented here used 12 forward and 10 aft blades.

Diameter — The aggressive acoustic target and the strong relationship between disk loading (power per
unit propeller annulus area) and noise led to an increase in propeller diameter from roughly 3.25 m (10.7
ft) for 1980's UDE®™ designs to 4.27 m (14.0 ft) for this research. The increased diameter improves the net
efficiency (by 2 to 3%) via increased propulsive efficiency, but also increases the weight and installation
penalties which can offset the fuel burn benefit associated with the propulsive efficiency gains. The
acoustics benefit for the lower disk loading, however, is quite significant. The historical 1980’s design
that was fabricated and tested in this program has a max climb design point disk loading of 803 kW/m?
(100 hp/ft?) full-scale. For the modern designs, the max climb disk loading is 474 kW/m?” (59 hp/ft?).

Aft clipping — As mentioned above, the interaction of the R1 tip vortex on R2 represents an important
noise source, particularly at high thrust and low flight speed conditions such as takeoff in which the
propeller streamtube contracts more than at the high flight speed design point. The schematic diagram of
Figure 13 illustrates two blade rows with a representative design point R1 tip streamline. Clipping is
defined as the distance of the R2 tip from this streamline. To guide R2 clipping optimization, two
clipping levels were tested: a baseline clipping level (not quantified here) and an additional 5% aft blade
span reduction.
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Design point R1 tip streamline clipping
| |

S

Figure 13: Open rotor tip streamline illustrating aft clipping.

Spacing — The program used the existing MPS rig design from the UDF® program. As described in the
experimental setup, this rig used multiple hub spacers to allow the study of the effects of inter-rotor
spacing. Generally, increasing spacing reduces noise by mixing the wakes and vortices prior to their
impingement on the aft rotors; however, because of the streamtube contraction through the rotors, the
impingement location of the R1 tip vortex on R2 migrates inboard as the inter-rotor spacing is increased.
Therefore, the R2 clipping level must be adequately optimized while taking into account competing
effects of spacing, loading and efficiency. In this research, the largest spacing used on the historical MPS
rig was used for all the modern designs and most of the testing. This yielded a spacing to diameter ratio,
S/D, of 0.27, where S refers to the distance between rotor pitch change axes (dashed vertical lines in
Figure 13). For the historical design, S/D was 0.28 and a significant amount of testing was carried out at
0.31.

Design tip speed/RPM — The availability of a variable blade pitch mechanism allows the designer to
optimize the rotation speed for a given thrust and operating condition, within mechanical constraints for
the open rotors as well as the power turbine. Decreasing tip speed for the high flight speed aerodynamic
design point, for example, results in blades with more camber and higher aerodynamic loading. Also,
because the blade chords must be adequate for the highly loaded takeoff condition, the lift coefficients at
max climb and cruise tend to be lower than required for the optimum lift to drag ratio (Smith, 1987).
Thus, for a given takeoff tip speed, not only does lower design tip speed reduce friction losses, but it
brings the design lift coefficients closer to the optimum. These benefits are offset somewhat by the higher
induced losses associated with the stronger tip vortices.

Pitch Setting — The pitch settings, or equivalently tip speed as discussed above, of both forward and aft
rotors can be used to optimize both performance and acoustics. For example, Metzger and Brown (1984)
and Magliozzi (1987) showed that increasing R1 tip speed at low flight speed resulted in quieter
operation. Equal R1 and R2 RPM are used for all results shown in this paper, although that does not
necessarily give the best result for either acoustics or performance.

The designs were analyzed and tested at a range of pitch settings that were set to achieve a given thrust or
power and torque ratio at determined R1 and R2 RPM. Increasing the RPM for a given power or thrust
requirement corresponds with decreasing the pitch, i.e., increasing (closing) the blade stagger angle.
Thus, rather than describing the pitch setting by the setting angles of the blades at a particular radius, the
pitch is described herein as forward rotor tip speed (for the engine at flight conditions) for the required
power or thrust at the target torque and speed ratios. This provides a consistent nomenclature to compare
pitch settings across different configurations.
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Figure 14 shows power vs. forward rotor tip speed or RPM for one of the designs tested at 0.78 tunnel
Mach number. Each symbol corresponds to a different pitch setting, hence tip speed, required to reach the
design power and torque ratio. The scaled design power indicated as the horizontal dashed line
corresponds to the full scale max climb Py, given in Table 1.

Figure 14: Test data power vs. rotational speed at 0.78 tunnel Mach number indicating the use of tip
speed for max climb power to designate pitch settings MC/L, MC/M, and MC/H.

The intersection of each power curve with the desired power defines the rotational speed for the
corresponding pitch setting. These pitch settings are henceforth named for the operating condition on
which they are based (MC for max climb, TO for takeoff) and a letter indicating low, medium, or high tip
speed — e.g., MC/L, MC/M, and MC/H.

A similar approach is used to describe pitch settings for the low speed tunnel testing. For acoustics, the
key operating points were takeoff, cutback, and approach. Figure 15 shows thrust vs. tip speed for one of
the designs tested at 0.20 tunnel Mach number. Because of tunnel constraints, the low speed testing was
performed at a lower Mach number than the desired takeoff Mach number of 0.25. Takeoft thrust, scaled
for geometry, tunnel pressure, as well as Mach number to preserve aerodynamic similarity is indicated by
the horizontal dashed line.

Three candidate pitch settings for takeoff are designated TO/L, TO/M, and TO/H, for low, medium, and

high tip speed, respectively. The “low”, “medium”, and “high” descriptions refer to the forward rotor. A
higher tip speed pitch setting, AP, was designated for evaluation at the approach flight condition.
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Figure 15: Test data thrust vs. rotational speed at 0.20 tunnel Mach number indicating the use of tip
speed for the prescribed cycle point to designate pitch settings.

Blade designs — Several configurations of blade shapes were developed using the analysis methodologies
described above. Deformation analysis and fabrication were performed in a similar manner to those
described in Sullivan (1990). Proprietary stability criteria were used to assess flutter risk and blade
designs were adjusted accordingly to keep the risk low. The blade designs reported in this paper can be
summarized as follows:

Historical — One of the first 1980°s designs to use CFD (an inviscid Euler-based method). It was
demonstrated in the 1980’s to have high aerodynamic performance, but did not have
features/compromises for acoustics. These are the blades described in Sharma and Chen (2012), Elliott
(2011) and Van Zante, et al. (2011) and the design is not the same as that used for the UDEF® demonstrator
flight program.

GenlA — Designed for lower disk loading (larger diameter) than Historical and incorporated blade design
features to improve takeoff acoustics, particularly controlling the R1 leading edge and tip vortex, while
substantially retaining cruise and max climb performance. These features to reduce interaction noise
associated with the R1 leading edge and tip vorticity interaction with R2 were incorporated in the
subsequent designs as well.

To prevent roll up of the leading edge vortex at high incidence conditions such as takeoff, Gen1A and the
other modern designs described below incorporate additional camber near the leading edge so the flow
over the suction side of the leading edge remains attached. To enhance tolerance to the resulting negative
incidence at high flight speed, two changes to the thickness distribution are incorporated relative to the
aero-only design. First, the location of maximum thickness is moved closer to the leading edge. Second,
blade thickness is added to the pressure side near the leading edge.

GenlC — An alternative design to Genl A to evaluate and better understand the design trades and validate
the aero-acoustic prediction methodology in capturing design trends.

GenlA+B — Design modification to Genl A intended to specifically reduce interaction noise at takeoff and
landing without significant performance penalty at high flight speed.
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Gen2A4 — Redesign in which parameters such as design tip speed, loading distribution, and torque ratio
were modified based on lessons learned from the first phase of low speed acoustic testing and additional
analytical studies. Torque ratio and tip speed were set to accommodate a geared drive architecture.
Compared to GenlA and GenlC, Gen2A was designed to reduce the R1-R2 interaction noise contribution
of the R1 tip vortex relative to its wake. Also, the 5% additional clipping examined during low speed
testing of the Genl designs was incorporated into Gen2A. The “+B” features that distinguished
GenlA+B from Genl A were omitted from this design so as not to confound the effects of the design
changes that distinguished Gen2A from GenlA.

A depiction of the improved acoustics of Gen2A over GenlA is illustrated in Figure 16, which compares
unsteady pressure response on the R2 suction surface due to the 1*' harmonic of the R1 wakes at takeoff
condition. Shown are 2 dB contour intervals of acoustic pressure level for (a) GenlA (at the 5%
additional clipping level) and (b) Gen2A. Not only is the unsteady pressure for Gen2A substantially
reduced, but its special tip profile successfully eliminates the local high level of unsteady pressure caused
by the oscillations of its own tip vortex in response to the incoming R1 wakes.

(a) (b)
Figure 16: R2 suction surface unsteady pressure (plotted 20-log;o|p'| with 2 dB contour intervals) due to
the 1* harmonic of the R1 wakes for (a) GenlA with 5% additional clipping and (b) Gen2A.

Gen2A+B — Due to programmatic schedule constraints, this configuration was neither designed nor tested.
However, the performance and acoustics status of an open rotor engine based on a Gen2A+B design,
constructed by analytically applying to Gen2A the effects of Gen1 A+B relative to GenlA, is presented
below. With the reduced R1 tip vortex interaction noise contribution (relative to wake) incorporated in
Gen2A, the “+B” technology is anticipated to be at least as beneficial as demonstrated on GenlA.

Page 19 of 35





CHAPTER 6. RESULTS

The results are organized in the following parts: (A) tip vortex control, illustrating the benefits of the R1
acoustic features incorporated into all the designs developed in this program; (B) acoustic trends and
validation, providing acoustic predictions and experimental trends; (C) performance, presenting HSWT
rig scale net efficiency; and (D) final projections, a summary of the performance and acoustic status at
engine scale.

(A) Tip vortex control. As mentioned above, features to reduce the noise associated with the R1 tip
vortex interacting with R2 were incorporated into GenlA and all subsequent designs. Figure 17 shows
the results of CFD with relative streamlines through the tip vortex region as well as entropy contours in an
axial station downstream for two R1 designs at the takeoff condition: (a) an “aero-only” design for max
climb efficiency alone and (b) Genl A “aero-acoustic” design for low noise as well as high efficiency. For
the aero-only design of Figure 17(a), high incidence at takeoff results in leading edge separation in which
a leading edge vortex forms and merges with the tip vortex. For the aero-acoustic GenlA in Figure 17(b),
the flow around the leading edge remains attached. The resulting tip vortex defect is smaller than for the
aero-only design, so the interaction noise contribution is less for a given R2 clipping (or allows for less
clipping for a given acoustic goal). CFD indicates that the max climb net efficiency penalty for the aero-
acoustic design feature is less than 0.5%.

(a) (b)
Figure 17: R1 takeoff condition CFD results for (a) aero-only design and (b) GenlA aero-acoustic
design.

(B) Acoustic trends and validation. Figure 18 shows key blade design trends from acoustic predictions
as well as experimentally measured data. For each case, the tone power levels from all R1-R2 interaction
tones associated with the 1* blade passing frequency of R1 (i.e., IF+kA for all integers k, where F and A
are the blade passing frequencies of the R1 and R2 blades in a stationary frame of reference, respectively)
are summed to provide a measure of all the radiated sound power associated with the fundamental gust
harmonic of the R1 wakes. Similar comparisons may be made by including higher harmonics of the R1
wakes, to a point where either the numerical model becomes inaccurate and/or the actual spectra from
open rotors become more dominated by broadband noise. However, design trends from the low order
harmonics of the R1 wakes provide effective guidance for low-noise design.

Absolute tone power levels include uncertainties in both the numerical modeling and test data. Therefore,

to more clearly present the ability of the predictions to capture the trend, each graph was plotted by
subtracting a constant power level from the predictions such that the points on the left side coincide.
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Figure 18(a) shows the acoustic effect of the reduced disk loading and addition of acoustic features for the
Genl A (baseline clipping) with respect to Historical. The prediction captures the experimentally
determined trend to within approximately 0.5dB.

Figure 18(b) shows the acoustic trend from Genl A to Gen1C. The acoustic trend for this design change
was successfully captured, as shown, and was used to successfully guide the design of Gen2A.

Figure 18(c) shows the trend for additional 5% R2 clipping from the baseline clipping level for GenlA.
The trend was correctly predicted qualitatively, although the benefit of the additional clipping was over-
predicted by approximately 1dB.

(a)

(b)

(c)
Figure 18: Acoustic predictions compared to corresponding measured levels for the total sound power
level associated with the 1% R1 harmonic interaction tones. Tick marks represent 1 dB differences.

(C) Performance. Performance comparisons based on HSWT test data for the different designs and
sensitivities to specific features are presented in terms of overall net efficiency, #,.,. The results are for
the isolated nacelle and blades and do not include pylon or aircraft influences. The operating condition is
indicated by the tunnel Mach number and a power loading parameter, PQA/J3 ,1.e., Poa ! (po V03 A).
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Figure 19 shows the Mach 0.78 performance for Historical at two pitch settings, MC/L and MC/M. The
design PQA/JF of 0.167 is shown as the vertical dashed line. At the design power, the tip speed has little
effect. As the disk loading decreases, however, the lower tip speed pitch shows more of an advantage.

Figure 19: Mach 0.78 net efficiency vs. power loading parameter for Historical design for MC/L and
MC/M pitch.

Figure 20 shows Mach 0.78 net efficiency for Gen1 A+B at the three pitch settings indicated in Figure 14.
This lower disk loading design shows a substantial efficiency benefit for the lower tip speed, with a 2.7%
improvement from the highest to the lowest tip speed.

Figure 20: Mach 0.78 net efficiency vs. power loading parameter for Gen1 A+B for range of pitch
settings.

Although primarily for acoustics, the lower disk loading of the current designs relative to Historical
offered an opportunity to improve performance at the aerodynamic design point. Figure 21 shows net
efficiency for Historical and Genl A+B designs (baseline clipping), each at two pitch settings. The design
point PQA/J3 for Historical, 0.167, and modern designs, 0.099, are indicated by the two vertical dashed
lines and correspond to the two full scale disk loadings provided in Table 3. Genl A+B was not tested at
the higher disk loading and, as can be seen by the decrease in efficiency as PQA/F increases above its
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design value, was not designed for such a high loading. At their respective design disk loadings,
GenlA+B is 1.2 to 2.5% higher in efficiency than Historical, depending on the pitch setting.

Figure 21: Mach 0.78 net efficiency vs. power loading parameter for Historical and Gen1 A+B with
baseline clipping, showing two pitch settings for each design.

R2 clipping improves acoustics, but is inherently undesirable for performance because it leaves R1 swirl
downstream of the propeller and this wasted kinetic energy reduces the net efficiency. As such, it is
important to obtain the performance derivative for clipping.

Figure 22 shows Mach 0.78 net efficiency for Gen1A+B for two clipping levels at MC/M pitch. The
additional 5% of clipping from the baseline penalized the net efficiency by 1.2% at the design point.

Figure 22: Mach 0.78 net efficiency vs. power loading parameter for Gen1 A+B for MC/M pitch for two
clipping levels.

Sullivan (1990) found that for pitch axis to pitch axis inter-rotor spacing to diameter ratios, S/D, of 0.14
to 0.24, the effect on aerodynamic performance was significant, with a 3 to 3.5% increase in net
efficiency (at Mach 0.80) as the spacing was decreased. Because of the benefit to acoustics for larger
spacing due to increased wake mixing, the current program examined larger spacing to diameter ratios.
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Figure 23 shows Mach 0.78 net efficiency for Historical design at MC/L pitch for S/D of 0.28 and 0.31.
The effect of spacing on net efficiency is negligible over this range of inter-rotor spacing.

Figure 23: Mach 0.78 net efficiency vs. power loading parameter for Historical for MC/L pitch for two
spacings.

In the HSWT, a vibration mode for Genl A was higher in amplitude than for the other designs. It was not
clear that this represented an undue risk to the blades, but it was considered prudent to avoid the highest
power settings to ensure that the blades would remain undamaged for subsequent repeat testing in the
LSWT Gen2 test campaign. Therefore, to evaluate the performance effect of the “+B” technology below,
GenlA+B is compared with Genl A at Mach 0.73 rather than Mach 0.78.

Figure 24 shows Mach 0.73 net efficiency for Genl A and Gen1A+B for MC/M pitch and both clipping

levels. At the medium tip speed pitch, the “+B” technology shows 0.5 to 1% efficiency penalty near the
peak efficiency range of operation.

Figure 24: Mach 0.73 net efficiency vs. power loading parameter for Genl A and Genl A+B for MC/M
pitch and two clipping levels.

Figure 25 shows Mach 0.73 net efficiency for Genl A and Genl1A+B for MC/L pitch (baseline clipping
only). For the lower tip speed pitch setting, the “+B” technology has a negligible effect on performance.
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Figure 25: Mach 0.73 net efficiency vs. power loading parameter for GenlA and Gen1A+B for MC/L
pitch.

Figure 20 showed the performance benefit of operating at a low tip speed at design power. Figure 26
shows Mach 0.78 net efficiency for Gen1 A+B (all three pitch settings) and Gen2A for its design pitch of
MC/L. The trend of the Gen2A data is highlighted with a dashed curve. As with GenlA, a blade
vibration concern in the HSWT led to the decision to refrain from testing the highest power settings.
However, sufficient data were obtained to project Gen2A performance to the design point. Using a linear
regression fit of the powered points (i.e., omitting windmill) for TQA vs. J and PQA vs. J, the projected
design point performance is indicated by the hollow purple circle shown at the high end of the dashed
trend curve. This technique was validated using Genl1 A+B data by omitting comparable power points.
The extrapolation of the Genl A+B design point net efficiency was within 0.001 (0.1%) of the measured
value. Even with 5% more clipping, Gen2A design point net efficiency is 0.2% higher than that of

Genl A+B.

Figure 26: Mach 0.78 net efficiency vs. power loading parameter for Gen1 A+B for range of pitch
settings and Gen2A at design pitch (MC/L).
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(D) Full scale projected status. The results thus far have been presented at rig scale and conditions.
However, as stated previously, the program goals were defined in terms of aircraft system levels: -26%
fuel burn relative to CFM56-7B and 15-17 EPNdB cumulative margin relative to CAEP Chapter 4. To
assess the open rotor technology relative to these goals, full scale projections were generated based on the
measured aerodynamic performance from the high speed test campaign and the measured acoustics from
the low speed campaign.

Cumulative noise margin to Chapter 4 was evaluated from open rotor measured data scaled analytically to
a4.27 m (14.0 ft) diameter full-scale engine on a model narrow body aircraft as presented in Guynn, et al.
(2012). Both the Gen1A+B and Gen2A+B system noise estimates include installation effects, based on
the measured generic pusher pylon penalty, partially mitigated by trailing edge wake blowing from the
pylon at takeoff and landing. Acoustic measurements taken at multiple angles of attack (0, 3, 8 and 12°)
were interpolated to expected rotor inflow angles of attack for the NASA modern open rotor aircraft to
assess the corresponding noise penalties.

The overall propeller net efficiency adjustment for full scale Reynolds number at altitude is +0.008
(+0.8%). Figure 27 shows the historical to present progression of full scale propeller (a) altitude max
climb overall propeller net efficiency and (b) cumulative community noise margin to Chapter 4. The first
bar (red) in each bar graph represents the Historical (aero-only) design from the UDE" program that was
tested in the current program. The second bar (purple) represents the acoustic blade design for the GE36
product engine that was developed at the end of the UDF” program and was projected to nominally just
meet CAEP Chapter 4 requirements in Majjigi and Wojno (2011). The third bar (blue) is for the
GenlA+B with the 5% additional clipping. The fourth bar (green) is the Gen2 A+B, the projected result
for Gen2A (designed with the 5% additional clipping) with the additional effects that were determined for
the “+B” technology.
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Figure 27: Progression of projected full scale (a) max climb overall propeller net efficiency and (b)
cumulative noise margin to Chapter 4.

For the two historical designs, there was a significant tradeoff between efficiency and noise, with the
aero-only design having negative noise margin and the acoustic design suffering in efficiency. This
illustrates the dilemma for open rotors by the end of the 1980’s.

The Gen1A+B and Gen2A+B results shown do not represent optimized pitch settings from the standpoint
of either performance or acoustics. Rather, each bar on the graph represents a reasonable pitch angle (or
tip speed) choice in light of the completeness of the data acquired. For max climb efficiency the MC/L
pitch setting was used. However, time constraints did not allow for exploration of the pitch angle space to
find the optimum. For community noise estimates, the TO/M pitch setting was used, although testing
identified other pitch settings that yielded lower noise for certain trajectory points. The conservatism built
into the selection of pitch settings used for the projected status leaves room for further improvements that
may be required as the aircraft configuration and certification issues become more defined.

The Gen1 A+B max climb net efficiency shown in Figure 27(a) is obtained from MC/L pitch test data with
baseline clipping with an additional 1.4% penalty applied for 5% additional clipping. The clipping
penalty of 1.2% determined at the MC/M pitch was increased by 20% to account for the increased swirl
associated with lower tip speed. However, the acoustic result for this Gen1 A+B with the 5% additional
clipping is based on direct measurements for this configuration. This design, with lower disk loading and
acoustic blade design features, achieves significantly improved high flight speed performance as well as
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low flight speed acoustics compared to either of the historical designs. The Gen2A+B design further
improves upon both max climb efficiency and acoustic margin. As shown in Figure 25, the “+B”
technology had negligible effect on performance at the MC/L pitch. However, because of the proprietary
nature of that noise reduction technology, its contribution to the noise margin is not presented here.

The noise results indicate that substantial benefits were obtained in the modern test campaign beyond
what would be achievable by disk loading benefits alone, i.e., by simply increasing the fan diameter for a
given thrust. Furthermore, in addition to pitch optimization mentioned above, pylon trailing edge blowing
can be optimized further than what was initially performed here on the sample generic pylon design. It is
also possible that incorporating into the Gen2A design the “+B” technology, rather than analytically
applying its effects as described above, would yield better performance and acoustics than what is
currently presented in Figure 27.

As in the results presented here, Guynn, et al. (2012) also showed a substantial benefit of open rotor
compared to current technology turbofans. Using data obtained for Gen1A+B with 5% additional
clipping, the NASA study projected a 36% improvement in block fuel burn relative to a 1990’s
technology aircraft. The fuel burn analysis was more sophisticated than that used in this program and
involved additional aircraft technologies and a different mission. However, the results provide an
independent validation that the 7, target established in this program does indeed correspond to fuel burn
benefits in line with the program goal. In addition, using the same low flight speed trajectory as used in
this program, Guynn, et al. (2012) obtained 12.6 EPNdB noise margin to Chapter 4, nearly the same as
shown in Figure 27(b).

Because propellers are typically restricted to lower flight speeds than turbofans, it might be assumed the
cruise Mach number for open rotor should be lower as well. However, the test results show that such a
restriction is unnecessary. Figure 28 shows Genl A+B (baseline clipping) full scale overall propeller net
efficiency as a function of flight Mach number. The cruise thrust conditions were obtained from the cycle
model developed for the current open rotor technology development program. Also, the pitch setting is
MC/L throughout, not optimized for each condition. The data shows that the net efficiency remains above
0.85 over the Mach number range up to 0.80. For this reason, the cruise and max climb Mach number of
0.78 is reasonable for open rotor aircraft.

Figure 28: Full scale Genl1 A+B cruise net efficiency trend at MC/L pitch and max climb design point
efficiency (square) as a function of test flight Mach number.
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CHAPTER 7. CONCLUSIONS

In partnership with NASA and the FAA, the five-year, two-phase open rotor technology development
program has demonstrated the aggressive performance and acoustic goals established at the beginning of
the technology development program. The goals were derived from the anticipated fuel burn and noise
requirements of future narrow body aircraft. CAA tools captured the trends of disk loading, design
changes, and clipping and were useful to provide guidance for low noise designs. In addition to providing
input to guide the Gen2 design, the Historical and Genl testing explored the effects of disk loading,
clipping, and inter-rotor spacing.

The performance effects of design features relevant for noise were assessed. The examined blade pitch
setting, equivalently expressed as tip speed to achieve the design power and torque ratio, had a substantial
effect on Genl A+B max climb performance, with a 2.7% improvement in net efficiency from the highest
to the lowest tip speed. However, the Historical blades at their design point were insensitive to a similar
range of pitch settings. An additional 5% span aft blade clipping resulted in approximately 1% reduction
in max climb net efficiency. Spacing to diameter changes from 0.28 to 0.31 had a negligible effect on
efficiency. The noise mitigation technology “+B” was found to have a negligible effect on performance
when tested at the low tip speed pitch setting that was selected as the design point tip speed for Gen2A.

Unlike designs of the 1980’s in which the blades were only marginally satisfactory for either high flight
speed performance or low flight speed acoustics, modern analytical tools have enabled current designs to
meet aggressive acoustic goals while retaining the performance advantage of low disk loading, even at
flight Mach number up to 0.80.

The Gen2 A+B results were analytically constructed by combining direct measured results of Gen2A with
the measured effects of technology “+B” with respect to the tested Gen1A baseline design. A Gen2A+B
design is projected to meet the noise goal of 15-17 EPNdB cumulative margin to Chapter 4 on the NASA
modern open rotor aircraft model while coming within 0.5% of the Mach 0.78 max climb net efficiency
goal for 26% fuel burn benefit relative to CFM56-7B powered aircraft. These projections do not include
additional improvement opportunities demonstrated during the test campaign with regard to pitch setting,
pylon blowing, and blade design that can be employed to further advance open rotor technology.
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CHAPTER 8. EMISSIONS

While the topic of engine emissions was not specifically investigated as part of the open rotor technology
development program, the advances in acrodynamic performance that were demonstrated experimentally
translate into improvements in emissions as well. For the mission studied, because it is projected to have
a 26% reduction in fuel burn relative to the baseline engine, a low-noise open rotor engine offers a 26%
reduction in overall exhaust emissions due to reduced fuel burn alone. In addition, further advancements
for such an engine, such as demonstrated with the TAPS-II combustor under its own CLEEN program,
are anticipated to bring further reductions in unburned hydrocarbons, NOx, and CO.
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CHAPTER 10. NOMENCLATURE

A

D
EPNL
Fab

Iy

Fui, Fiz
Fnet
ISA

kA
MGTOW

nF
P shaft

PQA
R1,R2

TAS
TQA

forward rotor annular area

forward rotor diameter

effective perceived noise level

afterbody pressure force

forebody pressure force

forward and aft rotor hub forces, respectively
propeller net thrust

International Standard Atmosphere
forward rotor advance ratio, V) / (N D)

k™ blade passing frequency of R2
maximum gross takeoff weight

angular speed, rev/s

n" blade passing frequency of R1

shaft power for both rotors combined
unsteady pressure

power coefficient, P / (00 N D’ A)
forward and aft blade row, respectively

R1 and R2 pitch change axes axial spacing
true airspeed

thrust coefficient, F., / (oo N D’ A)
forward rotor tip speed

flight or tunnel freestream velocity
exhaust velocity expanded to ambient
actual work input for stagnation pressure rise
work input assuming isentropic process
adiabatic efficiency, W/ W,

overall net efficiency, Fye; Vo / Pshapi
propulsive efficiency, 2 Vy/ (Vo + V)
freestream air density
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1.0 Executive Summary

TAPS (Twin Annular Premixing Swirler) is the GE lean burn combustion system
that has entered service on the GEnx engine for the 747-8 and 787 wide-body
applications. The CLEEN TAPS Il development program was a cost share
between GE Aviation and the FAA to scale the TAPS technology to narrow-body
applications, make additional design improvements to meet the CLEEN NOx
emission goal, and demonstrate the design in full annular and core engine
testing. The TAPS |l development program successfully achieved the FAA
CLEEN NOx emissions goal of 60% margin to the CAEP/6 limit.

The FAA CLEEN TAPS Il development program was divided into 3 phases:

1. Technology Maturation
2. System Engineering/Integration
3. Technology Demonstration

During the technology maturation phase of the program, single cup flame tube
tests were conducted to screen designs for NOx, efficiency and combustion
dynamics. More than 25 configurations were tested. Out of that phase main
mixer and fuel injector designs were selected for further evaluation.

System engineering and integration included detailed design of the combustion
system along with 5 cup sector and full annular component testing. Sector
testing focused on altitude relight, efficiency, and emissions. Full annular testing
evaluated all combustor characteristics - emissions, light off, lean blow out,
efficiency, thermal data, exit temperature profile and combustion dynamics
mapping. The full annular emissions data was used to assess engine emissions
certification levels.

The technology demonstration phase is where the TAPS Il combustor was run on
the LEAP core engine. Testing on the core focused on combustion operability,
ignition, lean blow out and dynamics. Combustion efficiency at cruise and
thermal data on the combustion chamber were also evaluated. Emission Results
are shown in Section 4.

Section 5 of this report summarizes the current technology readiness level of the
TAPS Il, additional development needs, and implementation into the field. The
TAPS Il is a part of the LEAP engine for the COMAC C919, the Airbus A320 Neo
and the Boeing 737 Max.
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2.0 Program Overview

The FAA CLEEN program has the objective of assisting the aviation industry in
the development of technologies to reduce emissions, noise and fuel burn.
These technologies are targeted to be near term product ready with entry into
service within the next ~5 years. The specific CLEEN goals are summarized in
Table 1 below.

Table 1 CLEEN Program Goals

The CLEEN TAPS Il technology development program was a cost share
between GE and the FAA to further develop the low NOx TAPS (Twin Annular
Premixing Swirler) combustion system. TAPS is currently in service on the GEnx
wide-body application. The TAPS Il is being developed for the next generation of
narrow-body aircraft with entry into service expected ~2016. The TAPS Il
combustion system is designed to meet the CLEEN NOx reduction goal and will
also contribute to the ability to meet the fuel burn goal since its improved NOXx
margin enables higher engine pressure ratios for better overall engine efficiency.

Consistent with and in addition to the CLEEN high level goals, the TAPS Il
combustor development program established the following targets.

1. Reduce LTO NOx emissions to 60% below CAEP/6 requirement. While
CLEEN specified a 60% reduction at 30 OPR, GE believes that future
commercial engines will operate at higher OPR for improved fuel efficiency.
Therefore, it is not sufficient to just meet the goal at 30 OPR. GE is targeting
NOx emissions 60% below CAEP/6 at a pressure ratio of 38.
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2. Reduce cruise NOx emissions to less than 9 g/Kg fuel at all cruise
conditions. Cruise NOx can affect climate, and may also affect air quality far
from the flight path. Therefore, GE will concentrate on reducing cruise NOx
levels in conjunction with reducing LTO values.

3. Reduce solid carbon particulate matter (PM) to 90% below potential
CAEP limit. Currently, secondary PM is thought to account for most of
aviation’s health impact. However, with improved control of NOx emissions
through improved combustor design and SOx emissions with reduced fuel
sulfur content, the health impact of solid particulate is likely to become even
more important. In theory, formation of soot should be reduced by orders of
magnitude with lean-burn combustion. This benefit has not been well
documented because lean-burn combustion systems have not been widely
available for aircraft, but there is anecdotal evidence that solid carbon PM will
be on the order of ambient concentrations during engine operation in the
lean-burn mode.

4. Scale the TAPS combustion system down to smaller core flow engines
to support narrow-body and regional jet designs. The GEnx TAPS meets
the emission reduction requirements of the next generation of long range
wide-body aircraft, but this does not solve the emissions problem. The
shorter-range single aisle aircraft fleet emits almost as much NOx as the
wide-bodies, so it is important to transition TAPS technology across the
spectrum of commercial engines.

The TAPS Il development program plan is summarized in Figure 1.
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Figure 1 FAA CLEEN TAPS Il Program Plan
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3.0 Aircraft Emissions Background

3.1 Local Air Quality

For the past 30 years, most of the emissions focus for aircraft engines has been
on reduction of NOx emissions at low altitude, in the vicinity of the airport. ' The
effects of low altitude aircraft engine emissions on US air quality have been
described in detail by Ratliff et al. 2 The problem results in significant yearly
health cost. >

A recent global atmospheric modeling study * indicates that the health impact of
NOx emitted at high altitude climb and cruise conditions may be several times
greater than the impact of low altitude emissions. This is not totally unexpected
because approximately 90% or aircraft NOx emissions are at altitudes above
3000 feet. The study indicates that much of the NOx emitted at high altitude is
transported to ground level via subsiding air masses, where it adds to formation
of ozone and secondary particulate matter (PM).

Primary non-volatile PM, consisting primarily of soot particles, has a health
impact similar to secondary PM from NOXx, but the magnitude of damage cost
due to primary PM is about 25% of the NOx damage °. However, reduction of
primary PM is still needed and would provide a health benéefit.

3.2 Climate

The most significant greenhouse gas is CO,. However, according to the
Intergovernmental Panel on Climate Change, °> NOx emitted by aircraft during
climb and cruise affect climate by increasing ozone, which leads to warming, and
reducing methane, which leads to cooling. Since these impacts are offsetting,
the combined impact is still undetermined.

The importance of soot to climate change has been stressed by Jacobson, ® who
maintains that in general, soot may account for 16% of gross global warming - an
effect that would make it second only to CO; in importance to climate change.
Aircraft may have a particularly significant impact on polar warming and ice melt
because polar flights are the main source of soot PM in this region. Soot may
also impact two other major aircraft contributors to climate change - contrails and
cirrus clouds — because soot particles may be a source of condensation nuclei.

By substantially reducing NOx and soot formation at ground level and at cruise,
the TAPS lean-burn combustor can provide a significant reduction in aviation’s
health impacts and climate change. '
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3.3 Emissions Policies and Trends

Reducing aircraft engine NOx emissions over the ICAO LTO cycle has long been
a priority for the International Civil Aviation Organization’s (ICAO) Committee on
Aviation Environmental Protection (CAEP). CAEP first established standards for
emissions of NOx, HC, CO, and smoke in 1986.” Since that time, the standard
for allowable NOx emissions has been reduced four times. At the most recent
CAEP meeting in February 2010, the nominal NOx emission standard was
reduced to less than 50% of the original standard. For the first time, reduction of
climb and cruise NOx was given as a strong consideration in setting the
stringency of the standard. The US Environmental Protection Agency (EPA)
intends to adopt the new standard (CAEP/8) starting in 2014, and will also initiate
mandatory emissions reporting for all engines sold to US airlines.

In Europe, there has been a trend for airports to implement landing charges
based on the amount of LTO NOx that an aircraft emits. The European Civil
Aviation Conference (ECAC) has developed a standard methodology for NOx
charging, ECAC Recommendation 27/4. Additionally, as part of the European
Emissions Trading Scheme that focuses mainly on CO, emissions and climate
change, there has been a proposal to require aircraft to buy additional credits to
account for the impact of NOx, PM and other non CO;, emissions. For now, this
action is on hold, awaiting development of better scientific understanding of NOx
impacts on climate.

In light of the importance of high altitude NOx emissions on climate and health,
CAEP is revisiting means to reduce NOx emissions at climb and cruise
conditions. CAEP has also sponsored reviews of progress in NOx reduction
technology, and has set a nominal goal of 45% reduction relative to CAEP6 NOXx
standards by 2016.

CAEP is also working with the SAE E-31 Aircraft Exhaust Emissions
Measurement Committee to develop a certification procedure for a future non-
volatile PM emissions standard. Both mass of PM emissions and particle size will
be measured. '

The potential for future increased requirement stringency and local landing fees
in addition to local air quality and climate concerns are driving the development
of the TAPS Il combustion system.

3.4 Baseline Design

The baseline combustor used for comparison to the CLEEN TAPS Il is the
CFM56-5B3/3. The CFM56 engine family is the most popular engine in the field
today with over 22,000 engines produced. More than 520 airlines, charter
operators, militaries and leasing companies use the CFM engine. ® ltis on both
Boeing and Airbus Narrow-body aircraft (737 and A320 families). The -5B3 is the
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highest thrust rating of the CFM family with application on the Airbus A321. The
/3 designation is for the latest technology insertion model which has a lower
emissions rich burn combustor (LEC) and improved turbomachinery
aerodynamics for reduced fuel burn. The combustor cross section is shown in
Figure 2.

FRlis—

Figure 2 CFM56-5B3/3 Combustor Cross-Section

The certification LTO emission levels are shown in Table 2. Average measured
emissions are the average values from the actual test data set. The
characteristic value is what is reported against the certification requirements and
accounts for engine to engine variation with an uncertainty factor that is a
function of the number of engines tested. The emphasis of the FAA CLEEN
program is to impact fleet average emissions, therefore average measured
values will be used to assess the TAPS Il technology and compare with the
baseline.

Table 2 CFM56-5B/3 Emissions Certification Test Results

LTO Emissions Results CFM56-5B3/3 31990 Ib thrust (32.6 OPR)

NOXx CcO HC Smoke
Avg Measured emission (g/Kn thrust) 48.3 33.47 1.43 16.0
% of CAEP/6 Limit 75.2% 28.4% 7.3% 74.5%
3 Engine Characteristic (g/Kn thrust) 51.2 36.2 1.67 17.6
% of CAEP/6 Limit 79.8% 30.7% 8.5% 81.9%
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3.5 GE Low Emissions Combustor Evolution

Figure 3 shows the evolution of low emissions combustors at GE. Most current
fielded products use the GE rich-burn LEC concept. This is an adaption of the
RQL (rich quench lean) concept where there is a rich combustor primary zone to
provide low CO and HC emissions and good ignition capability. NOx formation
rates are low in the primary zone because the flame temperature of the rich
primary mixture is relatively low, and there is little free oxygen available to form
NOx. Flow exiting the primary zone is rapidly diluted, or “quenched”, to a uniform
lean mixture. With this concept, fast and uniform mixing during the quenching
process is critical in order to minimize the time available for NOx formation as the
mixture goes through stoichiometric fuel air ratio, where maximum flame
temperatures lead to maximum NOXx formation rates. Over the past 35 years, the
LEC combustor has been developed to reduce NOx by 25-50% relative to first
generation combustors. The rich burn combustion process is shown in Figure 4.

Figure 3 GE Low Emissions Combustor Evolution
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Figure 4 Rich burn Combustion Process

Programs to develop new low emission combustor concepts for aircraft engines
have been underway since the mid-1970s. One of the first large aircraft engine
emissions reduction programs was the NASA Experimental Clean combustor
program, which sponsored early development of the Dual Annular Combustor
(DAC) at GE. ° After many years of intermittent development, the DAC entered
service in the CFM56-5B and —7B engines in the mid-1990s. The DAC was
designed with two stages: a pilot stage in the outer annulus of the burner, and a
main stage in the inner annulus.'® Only the outer (pilot) stage was fueled during
light-off and at low power. The pilot was designed with low airflow and low
through-flow velocity to achieve good ignition and low CO and HC emissions.
The main stage was designed with high airflow and high velocity to provide a
lean flame with minimal time for NOx formation. Although the DAC flame was
lean, the fuel and air were inserted through a conventional fuel nozzle and swirl
cup, so it was not a premixed flame. An issue with the DAC was the combustor
exit temperature profile could be non-uniform during the different staging
conditions.

3.6 Twin Annular Premixing Swirler (TAPS) Combustor

The TAPS combustor evolved based on lessons learned with fuel staging of the
DAC, and also benefitted from extensive experience with Dry Low Emissions
lean-premixing combustors in aero-derivative industrial gas turbines. ** The
TAPS combustor concept is a lean burn system where each fuel injector contains
a center pilot and concentric outer main as shown in Figure 5. The central pilot
tip is a rich burn configuration similar to traditional combustors. At starting and
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low power operation fuel is 100% in the pilot. At higher power fuel is split
between the pilot and main. The main injection is a set of radial jets that enter a
larger main air swirler. The main is a large effective area swirler to burn fuel
lean. At high power most of the fuel is injected through the main. This makes
both the pilot and main mixers fuel lean with approximately 70% of combustor
total air flow through those 2 mixers. Figure 6 shows the lean burn combustion
process.

TAPS combustor development started in 1995 as a GE/NASA emissions
reduction technology program. The TAPS system is used in the GEnx engine
which entered service in 2010. Figure 7 shows the TAPS development program.

Figure 5 TAPS Fuel Injection Concept
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Figure 6 Lean Burn Combustion Process

Figure 7 TAPS Development History
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4.0 TAPS Il Design Development

The FAA CLEEN TAPS Il development program was divided into 3 phases:

1. Technology Maturation
2. System Engineering/Integration
3. Technology Demonstration

During the technology maturation phase of the program, single cup flame tube
tests were conducted to screen designs for NOx, efficiency and combustion
dynamics. More than 25 configurations were evaluated. Out of that phase main
mixer and fuel injector designs were selected for further evaluation.

System engineering and integration included detailed design of the combustion
system along with 5 cup sector and full annular testing. Sector testing focused
on altitude relight, efficiency and emissions. Full annular testing evaluated all
combustor characteristics, emissions, light off, lean blow out, efficiency, thermal
data, exit temperature profile and combustion dynamics. The full annular
emissions data were used to predict engine emissions certification levels.

The technology demonstration phase is where the TAPS |l combustor was run on
the LEAP core engine. Testing on the core focused on combustor operability,
ignition, lean blow out and dynamics. Combustion efficiency at cruise and
thermal data on the combustion chamber were also evaluated

4.1 Emission Results

NOx, CO, UHC and smoke emissions were sampled over a wide range of inlet
temperature, pressure and fuel air ratios in the full annular combustor component
test. Data taken at the 4 ICAO landing and take-off (LTO) cycle points
(7%,30%,85% and 100% nameplate thrust) for a LEAP engine were used to
calculate LTO emission levels and margin to the CAEP/6 regulatory limit. Figure
8 shows the ICAO LTO cycle definition.
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Figure 8 ICAO Landing and Takeoff Cycle (LTO)

The TAPS Il combustor operates on pilot only at 7% and 30% thrust and
operates with pilot and main fueling at 85% and 100% thrust. Full annular rig
data established pressure and fuel air ratio exponents to correct measured
emissions to the exact LTO condition

The average measured full annular rig data demonstrated 47.3% of the CAEP/6
NOX limit (52.7% margin). However, the main mixer flow on the full annular
combustor was below the design target. This increases main stage flame
temperature and NOx emissions. Using fuel/air ratio derivative test data to
correct to the design intent main mixer flow results in average measured NOx
data at 39.3% of CAEP/6. Table 3 summarizes the average measured ICAO
Landing and Take-off (LTO) cycle emissions.

Table 3 TAPS Il average measured Emissions

NOx co HC Smoke
As Design
Measured Intent
Avg Measured emission (g/Kn thrust) 35.5 29.7 25 0.82 4.2
% of CAEP/6 Limit 47.3% 39.3% 21.2% 4.2% 19.5%
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The “design intent” emissions results are consistent with the earlier sector test
data. The sector test had the correct main mixer flow and the average measured
NOx data met the CLEEN goal. The higher NOx on the full annular rig is due to
the low flowing main mixer. The reduced flow to the main mixer is due to a
geometry issue in the cowl/mixer flow path. An improve design has been
developed through CFD analysis and future testing will include the improvement.
The sector was run in a plenum rather than the engine flow path so it had the
design intent air flow splits.

Smoke data was also taken on the full annular rig. On TAPS combustion
systems, the peak smoke number occurs at the maximum pilot only (rich burn)
condition, which is the 30% LTO point. When the mains are fueled (lean
operation) there is no measurable smoke. Peak smoke number measured on the
TAPS |l was 4.2 at 30% power.

The initial proposal included PM measurement. However, at the time tests were
conducted, the standard for PM measurement had not been selected by the E31
committee, so this effort was dropped from the program plan. The 0 smoke
number at higher power suggest that the lean burn TAPS Il system should have
low PM levels.

The results of the TAPS Il combustor with a LEAP engine cycle can also be
compared to the baseline engine it will replace. The CFM56-5B3/3 average
measured emissions certification data was shown in back in Table 2. Figures 9
and 10 compare the TAPS Il results to the baseline engine. TAPS Il has
significant reduction for all 4 regulated pollutants and the TAPS Il technology
NOx emissions are at 39.3% of CAEP/6 (or 60.7% margin to CAEP/6), which
meets the CLEEN NOx goal of 60% margin to CAEP/6.
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Figure 9 Average Measured Emissions Comparison

Figure 10 Average Measured % of CAEP/6
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4.2 Cruise Efficiency and Mission NOx Assessment

When lean burn combustion systems are optimized for low NOx over the ICAO
LTO cycle, they can become too lean for high combustion efficiency at cruise.
The requirement of any commercial engine combustion design is to meet >99.9%
efficiency at cruise to minimize fuel burn. One alternative is to stage the
combustor to pilot only operation at cruise, but this leads to higher NOx
emissions and a more peaked exit temperature profile.

As an example of the potential trades, Figure 11 compares total NOx emissions
for a 500 nm mission for an A320 aircraft equipped with a LEAP engine. The first
column represents the NOx emissions for a traditional rich burn combustor, the
second the TAPS Il combustor operating in pilot only mode for the cruise leg, and
the third column is the TAPS Il combustor operating fully staged (lean) for the
cruise leg. The stacked bar chart has the NOx produced over the ICAO LTO
cycle shown on the top and the bottom portion of each bar is the NOx produced
for the mission above 3000 ft altitude (climb, cruise and descent).

The plot shows that the TAPS Il NOx advantage over rich burn is larger when
you include the full mission rather than just the LTO cycle. It also shows that
lean burn at cruise greatly reduces total NOx emissions. This would suggest that
optimization of the combustor design to be fully staged at cruise will result in
lower total mission NOx emissions even if LTO NOx were to increase.

Total Mission NOx Comparison
30000
25000 ——
20000
2
= 15000 -
O
=
10000 - 500 nm -
5000 - - 500 nm
O -
Rich Burn TAPS Il Pilot only  TAPS Il Pilot+Main
cruise cruise

Figure 11 Mission NOx Comparison
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5.0 Technology Assessment

The TAPS Il combustion system successfully demonstrated capability to meet
the FAA CLEEN NOx emissions goal of 60% margin to CAEP/6. The TAPS Il
meets this goal at a higher pressure ratio (38 OPR) than what was specified in
the CLEEN goals (30 OPR). Therefore the TAPS Il also contributes to the FAA
CLEEN fuel burn goal by enabling higher engine efficiencies due to the higher
pressure ratio. The program also met the internal GE targets of cruise NOx <9
g/Kg fuel burn and the design has been scaled to a narrow body application. PM
measurements were not completed because the PM measurement method and
standard had not been established during the TAPS Il program.

Specific technologies demonstrated during the TAPS Il development included
scaling the TAPS lean burn concept from a wide-body application (GEnx) to a
narrow-body (LEAP), development and evaluation of an improved main mixer
and pilot stage designs, improved durability combustion liners and better
combustion dynamics test and modeling capability.

The TAPS Il technology completed full annular combustor and core engine test
demonstrations. In addition to meeting the CLEEN NOx goal, CO, HC and
smoke emissions were improved relative to the baseline combustor design and
were well below CAEP/6 limits.

Although PM measurements were not taken, the 0 smoke number measured for
staged operation shows the potential for much lower PM emissions with a lean
burn TAPS Il system. A PM limit has not been established by ICAQO, but the
staged lean burn smoke number has > 90% margin to the smoke number limit
which meets the program goal. Rich burn pilot only smoke had 80% margin to
the ICAO limit.

The design demonstrated acceptable lean blowout and altitude relight. Exit
temperature profile and pattern factor met requirements. High frequency
combustion dynamics were present but the fuel and control system has the ability
to avoid them. Combustor pressure loss and turbine backflow margin met
requirements. Metal temperatures were at acceptable levels.

5.1 Technology Readiness Level

The goal of the CLEEN program was to develop the TAPS Il combustor to a
technology readiness level of 6. TRL6 requires a systems level demonstration.
A successful system demonstration was accomplished by the LEAP core engine
test. Therefore, the TAPS Il combustor with a dual orifice pilot is at TRL6. The
TAPS Il TRL was 2 at the beginning of the CLEEN program.
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5.2 Development Through Certification

The TAPS Il demonstration was performed on a smaller LEAP core engine. The
product design is a larger core so the combustion chamber will be scaled up and
the number of fuel nozzles increased.

Because of these changes sector and full annular testing will be completed as
part of the product development. Flame tube testing is not required because the
mixer down select was completed in the technology program.

Combustor operability will continue to be developed as part of the certification
effort. Improvements will be made in air start capability.

Durability of the combustor liners will be improved by cooling optimization. This
will be worked through analysis and full annular rig testing. Fuel nozzle durability
will also be worked through heat shielding and geometry optimization. Again
analysis, full annular rig and coking tests will be the primary tools.

The main mixer flow may be reduced in the product design to better balance
cruise efficiency and LTO NOx as described in section 4.2. Trade studies and
additional full annular testing is planned to assess this in the product design.

After conceptual, preliminary and detailed design and analysis and the
associated component testing, the product development program will move into
engine testing — both for engineering data and certification.

5.3 Introduction to the Field

An objective of the CLEEN program was to work technology development with
the potential for near term field introduction and impact commercial fleets. The
TAPS Il combustion system meets that requirement as it is planned for
introduction in the LEAP engine family in 2016. The aircraft applications are
shown in Figure 12. The TAPS design on the GEnx wide-body application has
been in service for over 1 year. Introduction of TAPS Il to narrow-body
applications will greatly increase the fleet impact.
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Figure 12 TAPS Il Applications and Entry Into Service Dates

5.4 Continued Development

The lean burn TAPS combustion systems have successfully demonstrated
significant NOx reduction and have met all the requirements of a product
combustor. There is still room for continued development:

1. Simplification. Continued development to simplify the combustion
system will help reduce the cost of this low NOx technology.

2. Reduced Combustion Dynamics. Combustion dynamics are typical in
lean burn systems. The TAPS design uses fuel staging to avoid regions
of dynamics. Improved fundamental understanding of combustion
dynamics and better design tools will expand the operating range and
simplify fuel staging requirements. Another approach would be active
combustion dynamics control or passive damping which may allow for
additional optimization of the fuel system with the potential to further
reduce emissions.

3. Operability. The TAPS systems have demonstrated acceptable
operability despite the challenges of a lean burning primary combustion
zone
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4. Autoignition and Mixing. A great deal of development work on the
TAPS system has centered on the main fuel injection and mixer design.
Improving mixing and reducing autoignition risk is the key to reduced NOx
and operation at higher pressure ratios. The current design has
autoigntion margin and is partially premixed but continued development
can lead to additional improvements.

5. Fuel Nozzle durability. The TAPS fuel nozzle is a key component of this
lean burn system. It provides the rich burn pilot fuel injection for low
power and the lean burn main stage fuel injection for high power. The
thermal design protects the aft face of the nozzle from the combustor
radiative heat load and the fuel circuits maintain temperature levels that
minimize carbon build up even during fuel staged operation. The fuel
nozzle is in a very challenging environment that will get tougher with
higher pressure ratio engines. Continued develop in cooling and thermal
protection is key to increase the durability of this component.

6. Cruise Efficiency. Lean burn combustors just optimized for the ICAO
landing and take-off cycle can tend to roll off on efficiency at the lower fuel
air ratio cruise conditions. The TAPS Il product design will balance high
cruise combustor efficiency and good LTO NOXx levels.

In addition to the technology development listed above, PM measurement on
baseline rich burn and TAPS combustion systems could be worked in follow on
efforts. The PM data was originally planned for this program, but measurement
techniques were not in place. Future programs could build the PM database and
show the advantages of lean burn technology.

Any of these items are potential elements for a future CLEEN combustor
technology development program.

Page 22





6.0 References

1Foust, M., Thomsen, D., Stickles, R., Cooper, C., and Dodds, W., "Development of
the GE Aviation Low Emissions TAPS Combustor for Next Generation Aircraft Engines,"
AIAA Paper, October 2011.

2Ratliff, G., Sequeira, C., Waitz, ., Ohsfeldt, M., Thrasher, T., Graham, M., and
Thompson, T., "Aircraft Impacts on Local and Regional Air Quality in the United States:
PARTNER Project 15 final report," PARTNER-COE-2009-002, October 2009.

*Waitz, ., “‘Energy Policy Act Study”, presentation to UC Symposium on Aviation
Noise and Air Quality, Palm Springs, March 2009.

“Barrett, S.R.H., Britter, R.E., and Waitz, |.A., “Global Mortality Attributable to Aircraft
Cruise Emissions”, Environ. Sci. Technol. Vol. 44, No.19, 7736-7742, 2010.

5Penner, J.E., et al., IPCC Special Report on Aviation And The Global Atmosphere,
Cambridge University Press, 1999.

6Jacobson, M.Z., Testimony for the Hearing on Black Carbon and Global Warming,
House Committee on Oversight and Government Reform, United States House of
Representatives, October 18, 2007.

""Annex 16: Environmental Protection Volume II: Aircraft Engine Emissions," ICAO
2006.

S'CEMI Website, www.cfmaeroengines.com

9Gleason, C.C. and Niedzwiecki, R.W., Results of the NASA/General Electric
Experimental Clean Combustor Program, AIAA PAPER 76-763, 1976.

10Mongia, H. C., “TAPS — A 4™ Generation Propulsion Combustor Technology for
Low Emissions, AIAA Paper 2003-2657, AIAA/ICAS International Air and Space
Symposium and Exposition, July 2003.

11Leonard, G. and Stegmaier, J., “Development of an Aeroderivative Gas Turbine Dry
Low Emissions Combustion System”, J. Eng. Gas Turbines Power, V 116, Issue 3, 542,
July 1994.

Page 23









