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PREFACE

This report was prepared in compliance with Military Interdepartmental Purchase Request
(MIPR) DTFA03-89-A-00010, issued by the FAA Technical Center at Atlantic City, NJ. The
editing co-author was K. L. Clawson. The meteorological data given herein were first
summarized in Wake Vortex Research Data Packages NOAA-1 and NOAA-2, titled NOAA
Meteorological Data Summary and NOAA Meteorological Data Summary (Level 2 Data),
respectively. These reports were prepared by K.L. Clawson and issued in November and
December of 1990. Vortex wake characteristics presented in this report were initially
summarized in a subcontractor’s report to NOAA, written by L.J. Garodz and K.L. Clawson
under the title Investigation of the Vortex Wake Characteristics of Large Twin-Engine Jet
Transports using the Tower Fly-by Technique (Boeing B757-200 & B767-200 Aircraft). It was
initially issued in May 1991 with the final revision issued in May 1992. The vortex data were
first presented to the public in October 1991 at the FAA International Conference on Aircraft
Wake Vortices. The method of presentation was a panel discussion led by R.D. Page, and
included K.L. Clawson, L.J. Garodz, and R.P. Rudis. The data presented at that time were still
in draft form, and subject to further revision.

The body of this report is a compilation of the reports and the conference proceedings cited
above. It draws most heavily from the report by L.J. Garodz and K.L. Clawson, issued to
NOAA in 1992. However, it also contains new evaluation methods, conclusions, and
recommendations not previous reported in any form, most of which originated with K.L.
Clawson. It is divided into two volumes: the first contains the body of the report, while the
second contains the appendices. This document completes the obligation of NOAA to the FAA
specified in MIPR DTFA03-89-A-00010.

Note: present color copy technology does not permit double-sided copying. Therefore, all
color copies in this report have an intentional blank page on the back side of the copy which is
not indicated by the words "This page intentionaily left blank."
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A/D
AGL

ATC

ACRONYMS AND SYMBOLS

hot film calibration coefficient (unitless), or initial vortex velocity coefficient
(feet/second)

analog-to-digital
above ground level
Air Traffic Control

aircraft wingspan (feet)

separation of vortex pair = 1:% (feet)

wingspan of leading (generating) aircraft (feet)
wingspan of following (probing) aircraft (feet)

hot film calibration coefficient (unitless), or vortex decay rate coefficient
(unitless) :

wing mean aerodynamic chord (feet)

L -

airplane lift coefficient = —
-21-sz8 qs

(unitless)
centisecond

distance between aircraft and tower (feet)

electrical motive force (volts)

Federal Aviation Administration

feet per second

Flight Test Director

acceleration due to gravity (feet/second? or meters/second?)

vii



G/S = glide slope of aircraft (degrees)

GW = gross weight (pounds)

h = aircraft height above ground (feet)

h, = height of vortex intercept with the tower (feet)
hyge = height of onset of vortex ground effect (feet)
I = electrical current (amperes)

IAS = indicated air speed (knots)

IFR = instrument flight rules

INEL = Idaho National Engineering Laboratory

INS = Inertial Navigation System

KIAS = knots indicated air speed

L = lift = nW (pounds)

LAN = Local Area Network

LLWSAS = Low-Level Wind Shear Alert System

MAC = Military Airlift Command

MDT = Mountain Daylight Time

MM = middle marker

MSL = mean sea level

MTOGW = maximum permissible takeoff gross weight

n = normal load factor, which equals 1 in level flight (unitless)
NAFEC = National Aviation Facilities Experimental Center

NAS = National Airspace System
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NIST

NOAA

l:.l,m,h

PAPI

PBL

National Institute of Standards and Technology
National Oceanic and Atmospheric Administration
Nuclear Regulatory Commission

ambient air pressure (pascals)

pressure of the low-, medium-, and high-velocity calibration ports of the hot film
anemometer wind tunnel (pascals)

Precision Approach Path Indicator
planetary boundary layer
dynamic pressure = %sz (pounds/feet?)

distance from vortex center (feet)
coefficient of determination (unitless)
vortex core radius where V, is a maximum (feet)
electrical resistance (ohms)
0
g —

Richardson Number = dz y (unitless)

8 (i

wing area (feet?)

vortex age (seconds)

air temperature (°C, °F, or K, as specified)

temperature of air in wind tunnel during hot film anemometer calibration (&(8))

ambient air temperature influencing hot film anemometer (°C)

hot film anemometer operating temperature (250 °C)

true air speed (knots)




UAL

USAF

Az

173

ambient wind speed (knots or miles/hour or feet/second, as applicable)
United Airlines
United States Air Force

aircraft true air speed (knots or feet/second), or hot film-measured vortex
velocity (feet/second)

vortex tangential velocity (feet/second)

maximum vortex tangential velocity at r, (feet/second)

visual flight rules

Volpe National Transportation Systems Center

gross weight of aircraft (pounds)

write-once/read-many

height above ground (feet)

vortex descent rate (feet/second)

aircraft angle-of-attack (degrees), or statistical significance level (unitless)

vortex circulation = i% (feet?/second)

TP

average vortex circulation at distance r (feet?/second)
initial mid-span vortex circulation = %cCLV (feet?/second)

vortex circulation at vortex core radius where V is a maximum (feet?/second)
flap deflection (percent or degrees)
temperature difference (°C)

height difference (feet)

atmospheric turbulence dissipation rate (centimeterszlsecond3)




0 = potential temperature (°C)
A = wing sweep angle (degrees)

p = air density (slugs/foot® or grams/meter’)




VORTEX WAKE CHARACTERISTICS OF
B757-200 AND B767-200 AIRCRAFT
USING THE TOWER FLYBY TECHNIQUE

Leo J. Garodz and Kirk L. Clawson

ABSTRACT

The number of large wing-mounted twin-engine jet transport aircraft in operation in the
National Airspace System (NAS) has significantly increased over the past few years. Very little
is known about the vortex wake characteristics of these aircraft, particularly in takeoff and
landing configurations. Since aircraft classification and Air Traffic Control (ATC) separation
criteria in terminal area flight operations are based primarily on the aircraft vortex wake hazard,
the FAA undertook a flight test program in the fall of 1990 to investigate the vortex wakes of
the Boeing 757-200 and 767-200. The tests were conducted at the NOAA vortex test facility
near Idaho Falls, Idaho. This report presents the results of the flight tests using the tower flyby
technique. Included are characterizations of vortex wakes as a function of aircraft configuration
and performance, and ambient atmospheric conditions. Very high vortex tangential velocities
were created by the B757 aircraft, with the most intense vortex measured at 326 feet per second
(fps). Vortex velocities generated by the B757 were approximately 50% higher than those of
the B767 at similar vortex ages younger than 60 seconds. The oldest vortices generated by the
B757 were much younger than those generated by the B767, and were 84 and 135 s,
respectively. The most intense vortices were generated under stable or near-neutral atmospheric
conditions. Richardson Number, air temperature gradient, and wind speed were good general
indicators of the Vg .. -vortex age envelope. The 3° glide slope did not produce vortices that
were statistically significantly greater in intensity. The Hoffman-Joubert logarithmic model
adequately predicted vortex velocity profiles in which V.. was = 50 fps. Further flight
testing of the B757 was recommended as a basis upon which to review present ATC separation
standards for this aircraft.
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Boeing 727-100 (also known as FAA 727)

WINgspan . . ... ...t e e 108 feet, 0 inches
Length . ... e 133 feet, 2 inches
Height . . ... 34 feet, 0 inches
Wing Area . . ... .. 1,700 square feet
Wing Root Chord . ... ... ... . . ... .. 25 feet, 3 inches
Wind TipChord . .. .. ... ... . .. .. 7 feet, 8 inches
Wing Aspect Ratio . ..................0 ... ... 7.67 (Span/Average Chord)
Wing Taper Ratio . . . . . ..ot 3.30
Wing Quarter-Chord Sweep Back . . . .. ........ ... ... 32 degrees
Maximum Takeoff Weight . . .. .......... ... ... ... ...... 169,000 pounds
Maximum Landing Weight . . . .. ......................... 142,500 pounds
Powerplant . ................ 14,000 Ib. static thrust, Pratt & Whitney JT8D-1 (3)

Boeing 727-222 (also known as UAL 727)

WINGSPan . ... ..ottt e 108 feet, O inches
Length . .. 153 feet, 2 inches
Height . . ... . . 34 feet, 0 inches
Wing Area .. ... ... 1,700 square feet
Wing Root Chord . .. ... ... ... . ... .. 25 feet, 3 inches
Wind Tip Chord . . .. ... ... ... . . 7 feet, 8 inches
Wing Aspect Ratio . ... ....................... 7.67 (Span/Average Chord)
Wing Taper Ratio . . . . .. ... i e 3.30
Wing Quarter-Chord Sweep Back . . . . ......................... 32 degrees
Maximum Takeoff Weight . . . ... ... ..................... 172,000 pounds
Maximum Landing Weight . . . . .......... ... .............. 150,000 pounds
Powerplant . ................ 14,000 1b. static thrust, Pratt & Whitney JT8D-7 (3)
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Boeing 757-200 (also known as UAL 757)

WINESPAN . o v vt e et ettt e e e e 124 feet, 6 inches
Length . .. ..ot e 155 feet, 3 inches
Height . ... ..o e e 44 feet, 6 inches
WINE ATEA . . . oottt i ettt et e 1,951 square feet
Wing Root Chord . . . .. . .o it e NA
Wind Tip Chord . . . . ... oo e NA
Wing Aspect Ratio . ............ ... ... . . 7.94 (Span/Average Chord)
Wing Taper Ratio . . . . . . .o oo it e NA
Wing Quarter-Chord Sweep Back . . . .. ... ... ... o i 25 degrees
Maximum Takeoff Weight . . . .. ... ... . o 240,000 pounds
Maximum Landing Weight . . . . . .. .. ... . i e 198,000 pounds
Powerplant ............... 40,000 Ib. static thrust, Rolls-Royce RB211-535E4 (2)

Boeing 767-200 (also known as UAL 767)

WINZSPAN . . . ottt e e e e 156 feet, 1 inches
Length . .. ... e 159 feet, 2 inches
Height . ... e e 52 feet, 0 inches
WINZ ATEA . . .t i e 3,050 square feet
Wing Root Chord . . . ... .. . i 28 feet, 1 inches
Wind Tip Chord . . .. ... ... e 7 feet, 6 inches
Wing Aspect Ratio . .......... ... ... ... ... ..., 7.90 (Span/Average Chord)
Wing Taper Ratio . . . . . o oo i it e 3.75
Wing Quarter-Chord Sweep Back . . . .. ... ... ... oo 31.5 degrees
Maximum Takeoff Weight . . ... ... ... ... . .. 310,000 pounds
Maximum Landing Weight . . . . . ... ... ... .. oo 270,000 pounds
Powerplant .............. 47,800 1b. static thrust, Pratt & Whitney JTOD-7R4D (2)
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TOWER METEOROLOGICAL DATA LISTING

The complete listing of the 200-ft meteorological tower data is included in this appendix.
Each atmospheric variable is the 3-min average of 1-s scans. The data are defined as follows:

. Date (DDMMMYYYY)

. Calendar day of the year

. Flyby number, also known as Run number (issued by the FTD)
. Richardson Number (unitless)

. Air temperature gradient (°C/100 m)

. Wind Speed at the 6.25-ft level (knots)

. Wind Speed at the 12.5-ft level (knots)

. Wind Speed at the 25-ft level (knots)

. Wind Speed at the 50-ft level (knots)

10. Wind Speed at the 100-ft level (knots)

11. Wind Speed at the 150-ft level (knots)

12. Wind Speed at the 200-ft level (knots)

13. Wind Direction at the 6.25-ft level (deg. true)
14. Wind Direction at the 12.5-ft level (deg. true)
15. Wind Direction at the 25-ft level (deg. true)
16. Wind Direction at the 50-ft level (deg. true)
17. Wind Direction at the 100-ft level (deg. true)
18. Wind Direction at the 150-ft level (deg. true)
19. Wind Direction at the 200-ft level (deg. true)
20. Air Temperature at the 6.25-ft level (°C)

21. Air Temperature at the 12.5-ft level (°C)

22. Air Temperature at the 25-ft level (°C)

23. Air Temperature at the 50-ft level (°C)

24. Air Temperature at the 100-ft level (°C)

25. Air Temperature at the 150-ft level (°C)

26. Air Temperature at the 200-ft level (°C)
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TOWER METEOROLOGICAL DATA GRAPHS
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This appendix contains graphs of the profiles of wind speed, wind direction, and air
temperature for every ﬂyby (run)
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Flgure C-1. WmdSPeed wmd d1rect10nand air temperatureproﬁles fr6 25to 200ftAGL
for runs 1-5 (left) and 6-10 (right) of the B727-100 on 20 Jun 1990,
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FC-2. Wind s, 1rect10r1, and temperature pres from 6.25 to 200 ft AGL
for runs 11-15 (left) and 16-18 (right) of the B727-100 on 20 Jun 1990.
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Figure C-3. Wind speed, wind direction, and air temperature pres from 6.25 to 200 ft AGL
for runs 1-5 (left) and 6-10 (right) of the B727-100 on 21 Jun 1990.
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for runs 11-15 (left) and 16 (right) of the B727-100 on 21 Jun 1990.
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Figure C-8. Wind speed, wind dircction, and air temperature profiles from 6.25 to 200 & AGL
for runs 11-15 (left) and 16-20 (right) of the B727-222 on 23 Sep 1990.

C-9



UAL 727

23 SEP 1980

UAL 727
23 SEP 1980

© RUN 21 o RUN 22 ARUN 23 ° RUN 24 2% o RUN 27 A RUN 28

© RUN
J// L
1 3 4

4 5 6 7 8 2 5 8 7 8
WIND SPEED (knots) WIND SPEED (knots)

UAL 727 uaL 727
23 SEP 1930 23 SEP 1990

o RUN 2 ARUN 23 ° RUN 24 ° RUN 27 4 RUN 28 ° RUN 28

316 0 45 20
WIND DIRECTION (deg)

UAL 727
23 SEP 1930

< RUN 21 o RUN 22 4 RUN 23 o RUN 24

1 B 1B 17 198 21 23 25 1B B 17 ® 2 23 25
AR TEMPERATURE (C) AR TEMPERATURE (C)

agure C-9. Wind sp nd direction, and air temperature profiles m 6.25 to 200 ft AGL
for runs 21-25 (left) and 26-30 (right) of the B727-222 on 23 Sep 1990.
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Figure speed, wind direction, and air temperature profiles from 6.25 to 200 ft AGL
for runs 47-51 (left) and 52-56 (right) of the B727-222 on 24 Sep 1990.
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for runs 16-20 (left) and 21-25 (right) of the B757-200 on 25 Sep 1990.
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Wind speed, wind direction, and air temperature profiles from 6.25 to 200 ft AGL
for runs 26-30 (left) and 31-35 (right) of the B757-200 on 25 Sep 1990.



UAL 757
25 SEP 1990

© RUN 38 o RUN 37 4 RUN 33 ° RUN 59

* RUN 40

/

o/dl ‘ n/f‘r/f’ &

7
WIND SPEED (kniots)

° RUN #1

9
WIND SPEED (miots)

uaL 757
25 SEP 1980

© RUN 38 9 RUN 37 4 RUN 38

|
|

=D

T T T

270 316 0 45
WIND DIRECTION (deg)

UAL 757
25 SEP 1930

T T T

20 ¥ 0 45
WIND DIRECTION (dzg)

T e P O

UAL 757
25 SEP 1880

2 FUN 38 o RUN 87 4 RUN 28 ° KUN 38

* RUN 40

HEIGHT (i)

A

B BT
AR TEMPERATURE (C)

anure@]ﬁ ’M‘Wind speed, wind d1rect10n, and‘z;jr tempéfa%hre profiles from 6.251 to200 ftAGL
for runs 35-40 (left) and 41 (right) of the B757-200 on 25 Sep 1990.

UAL 757
25 SEP 1880

B B 17
AR TEMPERATURE (C)

C-18




UAL 757
26 SEP 1880

O RUN 42 o RUN 43 A RUN 44 ° RUN 45 * RUN 48 220 © RUN 47 o RUN 48 4 RUN 49 ° RUN 50 * RUN 51
=

-

gz 8

oRaag8REZEER

oR2888RE

315 "] 45 S0 135 180 B0 226 20 315 0 45 80 138 180
WIND DIRECTION (deg) WIND DIRECTION (deg)

80 225 270

UAL 7