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While most people might believe that the main reason for installing Aviation
Partners Boeing Blended Winglets on the 737NG aircraft is to improve the looks of
the airplane (after all, they do look cool), the business decision to modify or install
the Blended Winglets by an individual aircraft operator is much more complex.
The business case to incorporate winglets is an individual operator decision, with
differing variables and hurdles for each potential operator to consider. For that
reason, this article will not address the business process that was used to arrive at
the decision for installing the winglets, but will instead focus on implementation
considerations, the validation process that was used to verify the advertised fuel
savings, and the operational benefits that were realized.

After many months of careful consideration, Southwest Airlines made the decision
to retrofit our 737-700 fleet with the Blended Winglets. We modified 172 aircraft
over a 17-month period, and we are now having the winglets installed in production
for all new aircraft deliveries.
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Aircraft Performance

Adding Blended Winglets to an existing aircraft fleet provides some interesting
challenges during the transition period from having no winglets installed to having
winglets installed on all of the aircraft. The 737NG aircraft with winglets was
flight-tested to establish the new level of performance due to the change in drag
characteristics. The performance data for this new performance level is provided
by Boeing through the normal Flight Operations Engineering publications and
software.

This article is presented as part of the 2005 Boeing Performance and Flight Operations Engineering Conference,
providing continuing support for safe and efficient flight operations.
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Figure 1. Onboard
Performance System
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Some of the affected performance publications include

A Airplane Flight Manual (AFM) and associated appendixes.
AFlight Planning and Performance Manual (FPPM).

A Operations Manual.

AFlight Crew Training Manual.

In addition, there are changes to the available software and databases, including
A AFM-DPI.

A Boeing Takeoff Module (BTM).

A Boeing Landing Module (BLM).

A INFLT program.

A Airplane Performance Monitoring (APM) program.

A Climbout program.

Additional documents that are affected due to the installation of winglets include
A Master Minimum Equipment List (MMEL).

A Dispatch Deviations Procedures Guide (DDPG).

A Maintenance Manuals.

Introducing the new performance level in the operations at Southwest Airlines
involved generating new performance pages for the Flight Operations Manual,
incorporating the new BTM and BLM databases into the Dispatch and Onboard
Performance System software, and creating new flight planning performance data
for the Jeppesen Flight Planning system.

The primary system used for performance data by the Southwest Airlines Flight
Crews is the Onboard Performance System (OPS) software by Teledyne Controls
(fig. 1). Thissoftware isused on a Fujitsu Stylistic pen tablet computer in the cockpit.
Since the normal update cycle for that computer is every 28 days (following the same
AIRAC Navigation Database update cycle), a provision had to be made so the new
performance level could be used on a modified aircraft as soon as it went back into
service.

# The Onboard Performance System

‘ Onboard Performance System ‘

Airport Database: 6APR-19MAY Aircraft: N300SY  Change ...

B737-300
CFM56-3-81

Offline Airport Data

Units Conversion A

Copyright ©2004, All Rights Reserved

Teledyne Contrals
Standard Atmosphere Version £.5.3

Software Update

| Select | \ Exit \

| Touch desired option and press "Select" to continue ‘




0 R R R W R

The OPS software is designed such that every aircraft tail number is contained in
the programcs aircraft database, and each tail number has an assigned performance
level associated with it. To allow for the capability of each aircraft having two
possible performance levels (with and without winglets installed), each tail number
was included in the Fleet Directory twice, with a slightly modified tail number to
indicate the winglet modified aircraft.

As an example, an unmodified aircraft would have an N-number (e.g., N705SW)
and a modified aircraft would be designated with a W-number (e.g., W705SW)
(fig. 2). Once an aircraft was modified with winglets, the tail number representing
anunmodified aircraft would be removed from the Fleet Directory at the next update
cycle, to reduce the possibility of a Flight Crew inadvertently selecting the wrong
performance level.
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Figure 2. Fleet directory

The same OPS software was also incorporated into the dispatch system, known as
Southwest Integrated Flight Tracking (SWIFT). In a screen used for indicating
aircraft configuration, once an aircraft was modified, a Chief Dispatcher could
indicate with a check box that winglets were now installed, and the interface would
then call the OPS program using the W-number of the aircraft to produce the winglet
performance data.

This indication within SWIFT would also tell the Jeppesen flight planning system to
use the winglet data for flight planning calculations. While this flexibility allowed
for real-time changes to the performance level of the aircraft, the reality was that
since the actual aircraft modification took several days to complete, as soon as the
modification began, the change was made in SWIFT so that it was ready as soon as
the aircraft went back into service.

Weightand Balance

In our particular case, there was no change to the center of gravity envelope of the
737-700 with the addition of the winglets. The only change due to the installation
was an increase in the operational empty weight (OEW) of the aircraft with the
additional weight of 344 Ib and a slight shift aft of the center of gravity.

While the shift in CG is slight, this change can have the potential to affect curtailed
zero fuel weight (ZFW) and takeoff weight CG limits, especially for ferry flights.
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Ground Operations

The addition of winglets increases the wingspan of the aircraft, which may affect the
aircraft safety area on the ramp. Incorporating winglets involved a lot of effort and
coordination at all of our airports to change the safety area striping to account for
the increase in wingspan. At many gate locations, it even involved reorientation of
aircraft footprints, or even repositioning of gates to account for the wider aircraft
footprint. Care must be taken before operating with the winglets that the aircraft
will still be able to operate at the gates.

Training

The FAA concluded during the certification flight tests that there were no significant
handling differences in the aircraft with the addition of the winglets. As a result, the
aircraft performance in the full flight simulators was not required to be changed or
adjusted for winglets.

The information was provided to the Flight Crews using a bulletin with changes
in aircraft performance data that was contained in the Flight Operations Manual,
in addition to the differences in the Smiths Flight Management Computer System
IDENT pages and the Onboard Performance System software.

Pilots; Perspective

The gut feel from the pilots was that there wasngt any major difference in the flying
qualities of the aircraft with the winglets installed. The most important thing that
the Flight Crews had to be aware of was that they would have to start their descents
from cruise earlier in order to meet crossing restrictions. There isalso an impression
that the aircraft is more stable during the flare and touchdown phase of flight.

00Io000oioooog

During the initial evaluation process, prior to making the decision to purchase the
winglets, the normal Boeing Flight Operations Engineering software tools, such as
INFLT¢s flight planning capability, were used to validate the assumptions used in
determining the total fuel savings that might be expected.

Once the winglet modification began, a combination of methods was used to
determine and validate the actual fuel savings.

Aircraft Performance Monitoring

The quickest method to determine the effectiveness of the winglets was to use the
existing technology on the aircraft through the ACARS system and the Aircraft
Condition Monitoring System (ACMS) to gather stable cruise data, and use the
Aircraft Performance Monitoring (APM) program to determine baseline and post-
modification fuel mileage differences.

Using the ACMS Engine Stable Cruise Report, the data is sent from the aircraft
via ACARS and then processed to create the input file for the APM program.
The results of APM where then put into a Microsoft Excel spreadsheet to plot the
differences between the baseline aircraft configuration and the winglet-modified
configuration.
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The ACMS gathers monitors various parameters during the cruise phase of flight,
and once a stable condition is identified, a set of data is collected. The parameters
used to define a stable cruise point include:

A Altitude (PALT) variance less than 100 feet.

ATotal air temperature (TAT) variance less than 1.0 AC.

A Mach variance less than 0.005 Mach.

A Ground speed (GS) variance less than 4.0 knots.

A Exhaust gas temperature (EGT.1 and EGT.2) variance less than 20.0 AC.
AEngine fan speed (N1.1 and N1.2) variance less than 0.5 %.

AEngine core speed (N2.1 and N2.2) variance less than 0.5 %.

AFuel flow (FF.1 and FF.2) variance less than 50.0 Ib/hr.

The ACMS continually searches for stable cruise conditions and gathers data
whenever it finds that the stable cruise criteriaare met. The best set of data obtained
during a 2-hour period is sent to the ground via ACARS.

The data that is included in the Engine Stable Cruise Report includes the following

parameters:
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Figure 3. Typical specific
fuel mileage deviation
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While not all of these parameters are required for APM, many have proved useful for
trend monitoring purposes.

Once the ACARS message is received by the ground host, the message is converted
into the Digital Standard Interface Record Format (DSIRF) for processing by the
APM program.

The APM program is then used to calculate the fuel mileage deviation for all of the
collected data points. The same non-winglet database is used as the baseline for both
the unmodified aircraft and modified aircraft to establish the deviation resulting
from the winglets.

Plotting the percentage of fuel mileage deviation versus W/\ shows that the greater
the W/\, the greater the improvement in fuel mileage (fig. 3).
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From this chart you can see that there is a definite improvement in the specific fuel
mileage of the aircraft with the winglets installed. The advantage is not significant at
lower W/\ values, but does increase as the W/\ increases. The median line indicates
the median W/\ value for all the data points collected by the ACMS. At the median
point, the improvement in fuel mileage was approximately 2.5%.
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During the data collection process, several charts were used to monitor the trend of
other parameters that are outputs of the APM program. One of those parameters was
the specific fuel mileage deviation as a percentage over time. Using arolling average
of 40 data points, the improvement in fuel mileage can be shown in the following
chart (fig. 4):
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Figure 4. Typical specific

00C00NCrOCIonoom fuel mileage trend

In addition to variations in drag, fuel mileage is also directly related to engine
performance. Therefore, it is also important to monitor and trend the engine
performance during the test periods. Using the Average Fuel Flow Deviation output
parameter from APM, the following chart (fig. 5) shows that there was no appreciable
change in engine performance during the test period.

0r

0k

S O~ S P P T I D A e v ™

0000700
— 5

= 00T O00T000M00000000
i — (O0mO0mooNron000an

Ny =

N A O
-

I T R T T N T T TN TN TR TR S M TN TR M M M
0 00 D0 DO OO0 00D OO0 000 00D 000 boD boD 0oD 00D boD 00D 000 000 Doo 00D 0o0 0o

Figure 5. Typical average
00OooICroomoommmo fuel flow trend

This can also be plotted for each engine to monitor individual engine performance,
and in this case, the trends remained flat over the entire period, indicating that the
fuel mileage improvement was not influenced by a sudden improvement in engine
performance.
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Another useful output parameter of APM is the thrust deviation, which is also an
indicator of drag, since the amount of thrust required to maintain stable cruise flight
is equal to the drag being produced by the aircraft. The following chart (fig. 6) shows
that the thrust decreased after installing winglets on the aircraft, thereby indicating
that the drag was also reduced.
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Figure 6. Typical thrust
trend
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The variations in the trend line correlate almost directly with load factors on the
aircraft, which are seasonal in nature. It is also an indication that more accurate
aircraft weight information will produce more accurate results with less variation
in the trends.

Another way to use the results of the APM data is to examine the actual fuel mileage
measured at a specific altitude. Plotting fuel mileage verses weight at FL410 reveals
the following (fig. 7).

0mnoo

Figure 7. Typical observed
fuel mileage&FL410
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From this chart, you can see that nautical miles per pound of fuel burned increases
with the installation of the winglets on the aircraft. In other words, the fuel mileage
improved.

We used this method of analyzing the first five aircraft that were retrofitted with the
winglets and obtained consistent results, thereby validating the effectiveness of the
winglets on our aircraft.
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Fleetwide Fuel Savings

One of the methods that we use to examine fuel burn on a fleetwide basis is to use
a comparison of gallons per block hour by aircraft type. This comparison is not a
highly scientific comparison, since it includes the effects of burning fuel while on
the ground during taxi operations and APU fuel usage while at the gate or during
maintenance. However, since the vast majority of the fuel consumed does occur
during flight, this provides at least a high-level view of the fleetwide effectiveness
of the winglets.

This comparison is made by simply adding all of the fuel that is purchased for the
aircraft, and dividing that by the total number of recorded block hours (gate-to-gate)
for those aircraft.

This chart (fig. 8) shows the percentage difference in the gallons per block hour
calculation between the aircraft that have winglets installed versus those that do
not yet have them installed. The two end points on this chart can be considered
insignificant, since there is an extremely small number of aircraft being compared
that either have been modified (Oct 2003) or have not been modified (Mar 2005).
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In terms of total fleet consumption, this next chart (fig. 9) shows the overall
improvement in fuel used, which translates to less money being spent on fuel.
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You can see that from March 2003, when no aircraft had winglets installed, to March
2005 with 205 aircraft winglet-equipped, the improvement in gallons of fuel per
block hour improved by 3.5 %.

The bottom line is that the winglets do definitely reduce operating costs by reducing
the amount of fuel consumed.

Figure 8. % fuel burn
savings of winglet aircraft
compared to non-winglet
aircraft

Figure 9. Fuel usage rate
(average of gallons per block
hour)&700 fleet combined
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While the greatest selling point for Southwest Airlines was the reduction in fuel
usage, there are additional performance benefits that come with the winglet
technology. The reduction in drag results in improvements in takeoff and landing
performance, increased range, an improvement in thrust reduction, and a reduced
noise footprint.

Takeoffand Landing Performance

The reduction in drag results in an improvement in climb performance, which
translates directly into improvements in both takeoff and landing weight capability.
In the case of takeoff, the climb limit and obstacle limit weights are both increased,
as can be seen in the following examples:

I A A M

o MT99SW <BIIT 700> VAJAN-26FEB  Takeoff Quiput T WI99SW <BI3T J00W =  14JAN 26FEB  Takeoff Oulpul
Airport Identifier: ABQO  KABO Runway Condition: DRY Airport Identifier ABO  KABO Runway Condition: DRY
Elev /Pressure Altitude: 5355 / 5355 FT Air Conditioning BLEEDS ON Elev/Pressure Altitude: 5385/ 5355 FT Air Conditioning: BLEEDS ON
Maximum OAT: 44°C§ 1N0O°F Engine Anti-lce: OFF Maximum OAT: AM°CH0F Engine Anti-lce: OFF
ATOG: | — ] Wind CALM MAGN-KTS ATOG: | —t:] Wind: CALM MAGN-KTS
Zero Fuel Weight: [ |LB Temperatwre:  25°C/ 77 °F Zero Fuel Weight [ |LB Temperawre:  26°CJ 77 °F
TokeoffWeight [ |LB Allimeter 2982 InHg ] Takeoff Weightt [____|LB Altimeter: 29.92 In Hg -
Rwy Length Intn  Winds MaxTOW Limit Flap Note Max N1 Rwy Length Inben  Winds MaxTOW Limit Flap Note
08 13783 OH! OX 1399 OBS03 § (08 1ars3 OH! 0X 1455 OBS03 §
% 13793 OHI 0X 1443 CLIMB & 2% 13798 OH! 0X 1509 CLIME §
| Select departe numsay fos speeds and powes saltings: Press "DE” to caloulale. | [ Setoct depattune rurmay fox speeds and powes seltings. Press "OK" to colculate |
’ oF || [Rwy Info ” MEL / CDL ] Modale Menu || Return ] | || [Rwy Info H MEL / CDL ” Module Menu | Return
ARunway 08 obstacle limit improvement of 5,600 Ib.
ARunway 26 climb limit improvement of 6,600 Ib.
Airport Identifier: MDW KMDW Runway Condition: DRY Airport Identifier: MDW KMDW PRunway Condilion: DRY
Elev /Pressure Altitude: 620/ 620 FT Air Conditioning: BLEEDS ON Elev /Pressure Alitude: 620/ 620 FT Air Conditioning; BLEEDS ON
Maximum OAT: S3°C/127°F Engine Anti-lce: OFF Maximum OAT: S3°Cl1127°F Engine Anfi-lce: OFF
ATOG: | —t] Wind: CALM MAGN-KTS ATOG: w8 Wind CALM MAGN-KTS
Zaro Fuel Weight: [ | LB Temperature 15°C/ 59 °F Zero Fuel Weight [ | LB Temperature 15°C/ 59 °F
Takeoff Weightt [ |LB Altimeter; 29,92 InHg ] Takeoff Weightt [ |LB Altimeter: 29.92 In Hg ]
Fwy Length Inten  Winds MaxTOW Limit Flap Note Max N1: EEY Rwy Length Inten  Winds MaxTOW Limit Flap Note [CTE 92 .0 |
13C 6522 OH/ 0X 1408 OBSD1 5§ 13C 6522 OH! 0X 1427 OBSO1 §
3c 6522 OH/ 0X 1438 OBS02 5 31C 8522 OH! 0X 1458 OBS01 5
[ Setect deparnuse nawvey fot speds and power selinge. Prsss DK 1o calculate. ] [[Sebect departue ey on speeds and pomes sellings. Press "R bo calculale. ]
[ o ][ Rwyiniol ][ meL/cDL | [ Madute wens [ Retum | [ || [Rwy Info) ” MEL / CDL ] Module Menu || Return

ARunway 13C obstacle limit improvement of 1,800 Ib
ARunway 31C obstacle limit improvement of 2,000 Ib
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The landing climb performance is also improved with the addition of the winglets, as
is shown in the following example:

T

9% N799SW <B737-700> 14JAN-26F[8  Dispatch Landing Output T WI99SW <0737 700W> 14JAN-26FLB  Dispatch Landing Output
Airport Identifier; ABQ KABO Runway Condition; DRY Airport ldentifier; ABQ  KABO Runway Condition: DRY
Elev /Pressure Altitude: 5355/ 5355 FT Air Conditioning: BLEEDS ON Elev /Pressure Aliitude: 5355/ 5355 FT Air Conditioning BLEEDS ON
Maximum OAT: 44°c/ 1M0°F Anti-lce: OFF Muximum DAT: 44°C; NO°F Anti-lce: OFF
Wind: CALM MAGN-KTS Wind CALM MAGN-KTS
Destination Fuel Burn: [ 1B || Temperature 35°C/ 95 °F Destination Fuel Burn: 8 || Temperswre:  35°CJ 95 F
Allimeter. 29.92 InHg [} Allimeter 29.92 InHg m
Pwy  Length Inten  Winds MaxLGW Limit Flap Ldg MaxTOW Fwy  Length Inbin  Winds Maxl GW Limit Flap Ldg MaxTOW
+2< 08 12709 0HIOX 120.3 CLIMB 30 1203 2« 08 12709 QHIOX 1228 CLIMB 30 1228
[(Sebect pedened arivel s, | [[Select prefemed arval nawap ]
[ | i | ’ MEL / CDL Module Menu Return l ’ | [ | [ MEL /CDL Modula Menu Return }

The reduction in drag and the resulting decrease in fuel burn increase the range of
the winglet-equipped aircraft. At the maximum structural takeoff weight of 154,500
Ib and a full payload of 137 passengers, the range capability of the aircraft increased
by approximately 80 nm.

There is also an improvement in range realized from increase in takeoff weight
capability. Using the above takeoff example in ABQ on runway 08, the increase in
takeoff weight of 6,600 Ib means that additional fuel can now be carried, which
results in a range improvement of 540 nm. This is just based on the improvement in
takeoff weight capability. If we now combine that with the reduction in fuel burn, the
total improvement in range under these conditions is approximately 620 nm.

The following payload range chart (fig. 10) shows the typical improvement in range
capability due to the reduction in drag.

40000
= Basic
35000 | === \N/inglet
137 passengers Full pax
30000} /
At full passenger payload, 80 nmi
= 25000 - additional range or
= 815 pounds additional payload at max
S 20000} winglet range of 2615 nmi
=)
&
15000 |-
- FAR Domestic Rules
10000f - Maximum structural payload
- 235 pounds/passenger
5000 - ICAO altitudes
- Winglet delta OEW 340 pounds
0 1 1 1 1 1 1 1 1 ] .
0 500 1000 1500 2000 2500 3000 3500 4000 4500 Figure 10. Payload versus
range&737-700 blended
Range - nmi winglets
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Figure 11. Takeoff noise
comparison

Figure 12. Approach noise
comparisonaFlaps 40
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With a full payload of 137 passengers, the winglet equipped aircraft can travel about
80 nm further or carry an additional 815 Ib of payload.

The combined effect of improved takeoff performance capability and improved
range did allow Southwest Airlines to start operating routes that were previously not
possible without the winglets.

Noise

The improvement in climb capability also results in a decrease in the noise level of
the aircraft. Looking at the certified noise levels from the Boeing AFM shows that
at the same takeoff weight, the winglet-equipped aircraft is quieter by 1.0 EPNdB
(fig. 11).
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For those situations in which operations may be limited by the noise level, the winglet
equipped aircraft can take off at aweight that is approximately 5,700 Ib heavier atan
equivalent noise level.

The same situation is true for the approach noise levels, where the certified AFM
noise levels are reduced by 0.1 EPNdB for a landing flap setting of 40 deg (fig. 12).
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