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and to measure the vortex—decay process behind the B—747 as a function of altitude
above ground , flap and spoiler settings, and different flight configurations, a 1—747
aircraft flew 54 passes at low level over a ground—based lasser Doppler velocimeter
(LDV) system. From the LDV measurements, the loca tion and flow f ield of the wake
vortices and the general vortex roll—up, transport, and decay trends were obtained.
Results of the study indicated that the deployment of spoilers and flaps enhanced
the decay of the vortex peak tangential velocity in the near wake while aircraft
altitude, glide slope, and landing gear deployment had little effect. The report
discusses the LDV wake vortex measurements including the instrumentation used, the
experimental test sequence, the results of the wake measurements in terms of the
vortex roll—up, transport, and decay trends, and a comparison of the wake vortex
characteristics for different configurations.

17 . K•y W.~d, IS. D~ss,ibu~.on S~.’en.sn’

Aircraft Wakes, Trailing Vortex,
Wake Vortices , Lamer Doppler DOCUMENT IS AVA ILASLE TO THE U.S. PUSLIC

THROUGH THE NATIONAL TECHNICAL
Vs b c  imet ry INPO~~MATION SE~~VICS . SPRINOPIELD.

Vl~~OlNlA 22151

19. S e.,n~y CI.s.,f . (.1 th,. ..pe~’) I 20. S.cu.,~p CI..,,f . (of ~P..s p.g.) 21. No. of P. .. I 22. Pr,c.

Unclassified I Unclassified I 224
P.~~ DOT F 1700.7 (S—fl ) Rsp~~ducnon o f com pl.t.d p.g. ou~~.rIa.d 4

~~~~~

~ 



c o ~~ - ,1~
NT IS ~

. . On ~~
DDC B:! se :~~~. t:
ur4AN ou~r )  0
JU STIiC~

By —

vls!~:T:~:/M’: ~
:, ;i~~;~S

— — -  Sr ’..CIAL

ft ~
PREFACE

The laser Doppler velocimeter measurements of wake vortex character-
istics described in this report were carried out by Lockheed Missiles & Space
Company, Inc., Huntsville Research & Engineering Center working in conjunc ~
tion with AeroVironment , Inc ., under the “Wake Decay near the Ground”
program sponsored by the U. S. Depa rtthent of Transportation. Lockheed-
Huntsville ’ s role in the program consisted of operating the Lockheed Mobile
laser Doppler velocimeter system and collecting measurements of vortex
characteristics with the system and processing and analyzin g the measure-
ments to determine the dominant vortex decay characteristics.

The following Lockheed-Huntsville personnel made significant contribu-
tions to this effort: C. E. Craven , B. B . Edwards , J. L. Jetton , A . J. Jordan ,
M.C.  Krause , T. R . Lawrence, and K . R.  Shrider. The authors are grateful to
the Optics Branch at NASA-Marshall Space Flight Center for making their
filte r bank and signal processor available for this study and to J. W . Bilbro
and H. B . Jeifreys at NASA-MSFC and to Bill Keenum , Earl Lucas, and Rick
Bynum at Computer Sciences Corporation for processing the measurements
obtained with the NASA -MSFC filter bank and signal processor . The authors
are grateful to Dr. J .N . Halbock, TSC Contracting Officer ’s Technical Monitor,
and to Dr. D.C . Burnham , staff scientist at TSC , for their technical contribu-
tiona and able assistance during the performance of this contract.
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1 . INTRODUCTION

Wake vortex transport and decay parameters near the ground are im-

portant factors in determining safe aircraft  separation distances for terminal

areas. For an operational Wake Vortex Avoidance System ( W V A S ) ,  a know!-

edge of the location and intensi ty  of wake vortices near the terminal area is

necessary to determine the minimum-delay safe spacings. Under light cross-

wind conditions , a wake vortex can remain in the approach corridor , and the
o minimum aircraft  separation distance is dictated primarily by the wake decay

process near the ground. Therefore , an important consideration in deterrn in-
ing safe a i rcraf t  separations is the decay of the wake vortex near the ground.

While numerous vortex decay theories have been proposed , there are littl e

full-scale experimental data available for comparison . Experimental vortex

decay data near the ground are also lacking for aerod ynamic wake rninimi-

zation concept s where  variations in aircraft geometry are used to tailor the

wake vortex flow . Flight tests by NASA have shown that certain flap and

spoiler setting s can reduce the imposed rolling moments on following aircraft

(in the near wake); howeve r , wake vortex measurements near the ground for

full-scale a i rcraf t  with d i f ferent  wake minimization concepts are needed. Thus ,

for both wake vortex avoidance and wake vortex minimization techniques, a

knowledge of the vortex -rollup , t ransport , and decay characteristics near the
ground is important.

To determine the behavior of a i r c ra f t  wake vortices at low altitudes,

a flight test program was conducted by DOT/NASA . The pr imary goal
of the test program was to measure the wake vortex decay process behind a

conventional jumbo jet as a function of altitude above groun d, flap and spoiler
settings , and dif ferent  f l i ght conf igurations.  To isolate the influence of air-
craft  and fli g ht parameters  on the wake decay process , the fli ght tests were
conducted at the Rosamond Dry Lake test area in California during the

1 
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early morning hour s when calm atmosp heric conditions prevailed. The

Rosamond wake decay measur ements were sought to quantif y the effect of

burst , link and viscous decay parameters on the wake vortex dissipation

process. The wake decay measurements were also sought to demonstrate

the effectiveness o. recently developed vortex minimization concepts. In

addition to the wake decay measurements, the flight tests were also focused

on measuring the wake vortex rollup and transport phenomena in ground plane

proximity .

The Rosamond fli ght tests involved airborne and ground-based meteoro-

logical sensors , an acoustic Doppler system, a mobile laser Doppler velocim-

eter , a flow visualization using smoke and balloons. In this report the measure-
ments obtained with the laser Doppler velocimeter system (LDV) are discussed

including: (1) the initial downwash field; (2) the lateral and horizontal transport

of the coherent wake vortex; and (3) the decay of the vortex flow in terms of

the time history of the circulation, peak tangential velocity , and the diffusion
of the viscous core radius. While the application of LDV techniques for the

study of wake vortex flow s is not novel, this is the first  time , to our knowledge ,

that the details of the vortex formation and decay process have been extracted
for a full-scale a ircraf t  using an LDV system. In addition to providing detailed
wake measurements for comparison with available theoretical and empirical
models , the result s show the influence of changes in flap, spoiler , and landing
gear settings on the wake characterist ics.

The report discusses the LDV wake vortex measurements including the
instrumentation used , the experimental test sequence , and the results of the
wake measurements in terms of the vortex-rollup, transport , and decay trends ,
and a comparison of the wake vortex decay characteristics for different config-

urations . A brief discussion of the LDV wind measurements is given followed
by the overall conclusions and recommendations.

2
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2. INSTRUMENTATION

The wake vortex and atmospheric wind measurements were carried

out by means of a scanning LDV system contained in a mobile van. Pre-

liminary processing of the data was carr ied out with a SEL computer aboard

the van. Reduction and analysis of the vortex and wind signatures were

carried out by off-line processing software using a Univac 1108 and a PDPI I

computer.  A description of the instrumentation and the data processing
methods for the Rosamond tests is given in terms of the LDV system config-

uration and the data processing techniques used.

2. 1 Laser Doppler Velocimeter System

The Lockheed-Huntsville LDV was used to obtain wake vortex measure-

ments during the Rosarnond fli ght tests .  A photograph of the van-mounted

LDV system is given in Fig. I. The wake measurements were accomplished

as follows: (1) the wake generated by the aircraft was scanned by the

CO2 laser; (2) the radiation backscattered from the aerosol in the wake

was collected; (3) the radiation was photomixed with a portion of the

transmitted beam on a photodetector ; and (4) the intensity and Doppler shift

f requency of the signal were displayed.

The difference in frequency between the transmitted and backscattered

signal generated at the photodetector , the Dopp ler shift f requency,  is a mea-

sure of the aerosol’ s absolute l ine-of-sight velocity within the laser focal

volume

= ZcosV ( 1)

where ~~ I is the magnitude of the velocity component in the region being

sensed , X is the laser radiation wavelength (lO.6p.m), i~~f is the Doppler shift ,

-•-—•— -.-.——— .——————— . — . -.—
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and V is the angle subtended by the velocity vector and the optic system line

of sight. From Eq.(1), it is noted that the Doppler shift is a direct and abso-

lute measure of aerosol velocity component and a frequency shift of 188 kHz

corresponds to a 1 rn/sec magnitude line-of-sight velocity.

A sketch of the optical and electronic equipment for measuring the in-

tensity and frequency spectrum of the coherent backscatter from the focal

volume is shown in Fig. 2 , and described in more detail in Refs . 1, 2 , and 3.

Photographs of the optical and electronic equipment for mea suring the aerosol

backseatter are shown in Figs. 3, 4, and 5.

The Lockheed LDV system used in the Rosamond wake vortex tests

monitors the magnitude of the velocity component of ambient atmospheric

particulate matter within its instantaneous sensing volume . The pertinent

operating characteristics of the LDV are summarized as follows:

Performance

1. Threshold of Magnitude of Velocity Component: 0.5 rn/sec

2. Range of Magnitude of Velocity Component: 0.5 to 28 rn/sec

Sample Rate

1. Low Data Rate: 70 Hz
2. High Data Rate: 500 Hz (using the NASA filter bank

processor).

Spatial Resolution

1. Range Accuracy: ±0.4 Zn at 30 m, 
~~~ 

rn at 300 in

2. Elevation Ang le Accuracy:  ±0.25 deg.

5
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~~~ CO2 Laser  Pr imary Mirror

(j~ Mirror  Focal Volume

M i r r o r  Lens

Brewster W indow Photodetector

Quarter  Wave Pla te  (~iiJ Preamplifier

Secondary Mi r ro r  Spectrum Analyzer

Fig. 2 - Component Conf igura t ion  of the Lockheed
Laser Dopp ler Velocimeter
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S

Scan Modes

1. Range or Line Scan 5. Horizontal Wind

2. Elevation 6. Vertical Wind
3. A ltitude 7. Wind Direction
4. A zimuth 8. Line-of-Sight Velocity

Component

The characteristic output signal from the LDV system is an intensity
versus frequency spectrum illustrated in Fig. 6. The output pa rameters
and V~~ 5 are indicative of the magnitude of the velocity component in the LDV
focal volume corresponding to the fastest particle (or particles) above the
amplitude threshold and the particle (or particles) having the highest back-
scatter, respectively. The bandwidth, N, is a measure of the range of particle •
velocities in the focal volume. Intensity and frequency thresholds are app lied
to the signal, as shown, to eliminate noise and to improve the resolution of the

system. For example , in the vortex tracking mode the frequency threshold

of the LDV is set relatively high to filter out the low-frequency signal asso-
ciated with the ambient wind.

The velocity resolution of the LDV is determined by the signal-to-noise -
ratio characteristics of the system as well as the atmospheric aerosol particle-
size distribution. During the Rosamond tests , no difficulty was encountered
detecting the high velocity reg ions , as high as 28 rn/sec . associated with the
wake vortex phenomena. The very low ambient winds , on the order of 1 to 2
rn/ sec . were also detected ‘ , the LDV at Rosamori d which were above the
system’ s threshold of 0.5 rn/sec .

I

The spatial resolution of the LDV is determined by the size of the laser
beam sensing volume where the beam is focused . The extent of the laser

Doppler system sensing volume is a function of range which is shown in the

following table (~~r = 9. 84 x 10~~ (m ’) R 2 ) obtained from calibration mea-

surements (Ref.  4).

10
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V 
k Magnitude of velocity component of hig hest channel

above amplitude threshold

~
‘
ms = Magnitude of velocity component of the channel

having the peak signal

Frequency
Threshold

f\c

cround

‘Bandwidth

vortex

:. Amp litude
C —— — 

~~~~~~~~~~Threshold

Background Noise

2
I I L I

A I V Vms pk

Signal Frequency, F (MHz)

F ig . 6  - Definition of Laser Dopp ler Velocimeter  Output Si gnature

I
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Sensing Volume Length
(Half Power value)

Range to Focus . R(rn) Ar (rn)

76 5.68
100 9.84
152 22.73

For example, if the LDV system is tracking wake vortices at a range of 60m,

a needle -shaped volume of the vortex 3.54 m long and 4 mm in diameter is

sampled. During the Rosarnond tests, the typ ical vortex range was 60 m so

that the spatial resolution due to the spreading of the focal volume was

3.54 m.

In addition to the finite focal volume , the sampling rate of the LDV

plays an important role in determining the overall resolution of the system.

During the Rosamond tests, measurements were obtained at two data rates,

at 70 and 500 Hz. The lower data rate was achieved with a scanning spectrum

analyzer and the higher data rate with a filter bank provided by NASA -MSFC.

Since the spatial resolution of the flow is a function of the selected data rate

and scan mode , the resolution must be considered separate ly for each type of

operation ; the arc scan , finger scan, and LDV modes.

2. 1. 1 Arc—Scan Mode of Operation

In the arc-scan mode,the LDV interrogates the vortex wake at a fixed

range a long an arc normal to the aircraft  flight path. As shown in Fig.7,the

sensing volume is moved between two elevation limits (the typical cone ang le

is Zct = 30 deg) at a fixed rate (the typical scan rate is 0.5 Hz) while the vortex

drifts past the scanned arc. Thus, the arc scan measurements indicate the

spanwise downwash distribution in the wake of the aircraft,provided that vortex

range Is sufficient ly close to the selected scan range .

12
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During one arc scan of the vortex wake, the vortex flow field is sampled

at discrete evenly spaced intervals  along the arc as shown in Fig. 7.

The separation between successive sample points , t~S, based on the sampling

rate f , range R , and cone ang le 2a is g iven by

~ S 2 r  Za/sec (2)

where 2a/sec is the elevation angle scan rate at a frequency of 0.5 Hz. For

a typical arc scan wake vortex measurement at Rosamond, f = 500 and 70 Hz ,

R = 60 rn and 2a = 30 deg. so tha t the wake vortex flow field is sampled every
0.06 and 0.4 rn at the hig h- and low-data rates , respectively. Since the range

of vortex core diameters measured for a B-747 aircraft is 0.3 to 2 m based

of tower fl ybys (Ref .  5) ,  the samp ling rate of the LDV system is sufficient to
obtain several cut s through the vortex core along the arc (or essentially in the
spanwise direction), particularly at the high data rate.

The drift of the wake vortex affects the resolution of the vortex measure-
ments in the vertical direction. During a single scan frame , the vortex is trans-
lated by an amount depending on the cross-wind velocity and on the mutual
induction of the complete vortex field. Since the tests were conducted during
the early morning hours , cross winds were generally neglig ible and the primary
motion of the wake vortex was in the downward direction. Assuming a typical
vortex descent rate of 2 m/sec, and a typical scan rate of 0.5 Hz , this implies
that a spanwise traverse of the wake vortex is taken every 2 rn in the ~ertical

plane in the arc-scan mode. Based on these values , it is noted that the LDV
arc-scan techn ique can observe the detailed characteristics of the wake vortex

phenomena which are larger in extent than 0.06 and 2 m in the horizontal and

vert ical  directions , respectively.

2.1.2 Finger-Scan Mode of Operation

During the Rosamond fli ght tests, 56% of the LDV wake vortex measure-
ments were conducted using the finger-scan mode. In the finger-scan mode,
both the range and elevation of the laser beam were varied simultaneously and

14
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linearly with time, producing a multiple lobe scan pattern with the laser beam

as shown in Fig. 8. The settings and sampling rates for the finger-scan mode

are given in Appendix A.

The distance between sample points for the finger-scan mode is higher

than for the previous arc-scan mode. From Appendix A , it is noted that the

typical range scan excursion for the finger scan mode is 105 m,and the normal

range rate is 3.5 Hz. It follows that the beam-scan velocity is 735 rn/sec.

Because the LDV measurements were sampled every 2 and 14.3 msec

at the low and high data rate s, the wake vortex flow field is measured

at every 1.5 and 10.5 m increment in range , respectively. Thus , the finger

scan mode can interrogate a large cross-sectional area rapidly. and this is

ideal for vortex tracking. In addition , the LDV finger scan measurements

contain essential information regarding the wake vortex phenomena.

The characteristic Line-of-sight component as a function of range and

elevation angle during one finger-scan sweep is shown in Fig. 8. A pair of

double -peak patterns is noted in the line-of-sight velocity profile as a func-

tion of elevation ang le. The maximum values occur at the elevation angles

where the line of sig ht is tangent to the viscous core radius  of the vortex.

Thus, the mean elevation angle of the local maxima in the V vs 0 curve
plc

yield s the elevation ang le of the wake vortex , 9 = (~ + 9 )/2. Sirni-vortex 1 2
lar ly .  the difference between the two elevation angles is a measure of the

8 -8
~vortex viscous core rad ius , rvortex ~ 

= R 1 Itan j . The peak tangen-

tial velocity and core cirdulation of the vortex is given by V pk vortex 1, =

(V + V )/2 and r = Zir R V , assuming
• pk O

~ 
pk 0

~ 
vortex 1 vortex I pk vortex I

c i rcular  symmetry.  The peak l ine-of -s i ght component at the two edges of the

vortex , V k ~ 
and V k ~ 

are not necessari ly equal due to a contribution by
P 1 p 2

the other vortex and the ambient winds. The range of the vortex , R 1, is given

by the local maximum in the l ine -o f - s igh t  component at the two edges of the

in the bottom of Fig. 8, and is not affected by the ambient winds. Based

on the charac te r i s t i c  LDV s ignature  observed for one scan , it is noted

— 
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that several successive finger scans contain the essential decay history of

the wake vortices, provided that at least two sample points are obtained for

each vortex , one upwash and one downwash measurement, where the line of

sight is tangent to the viscous core and the mean vortex range is within the

LDV focal volume.

2.2 DATA PROCESSING

The output from the LDV system consisting of the coherent backscatter

intensity versus frequency from the focal volume as well as the location of

the focal volume in space was processed to yield the aircraft downwash field

and the wake vortex characteristics. Reduction and analysis of the LDV mea-

surements  were  carried out as follows: ( 1) the low-speed signal was dig itized

and stored on magnetic tape by the onboard SEL computer and subsequent ly

processed off-line on a Univac 1108 computer , and (2) the high-speed data were

bot h digitized and processed off - line  on a Univac 1 i08 computer and the vortex

tracks  computed on a PDP 11 computer. A flow chart of the data processing

sequence used for the Rosamond wake decay study i.5 shown in Fig. 9. The

software system for processing the low-speed and high-speed LDV data is

described in more detail in Refs . 4 and 6, respectively.

The high-speed processor utilized the raw range and elevation signal ,

while the low-speed processor used the raw range and commanded elevation

signal to determine the location of the LDV focal volume . As a result , the

magnitude of the velocity component versus  elevation ang le measured with

the high-speed processor showed scatter due to the ±0.25 deg elevation ang le

resolution. In addition , noise was present  in the elevation angle versus time

distribution from the hig h-speed data character ized by a square  wave with a

f requency of 14 Hz and an amplitude of 0.7 deg. This was believed to be a
sympton of a processing or decode problem. The normal scatter in the ele-
vation angle was not noticeable at the low data rate , but the low-speed data

did show a finite lag in the scan pattern.  A time lag of approximately 0.3 see ,

and a corresponding lag in the position of the LDV focal volume depending on

the selected scan rate was observed. The lag in the system resulted from the

difference between commanded versus actual angular  position of the scanning

mi r r or.
17 5

- - — - . - — - ~~~~~~~~—~~~~. — .— . —~~~~~~. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — — -. .— ~~~~ — - — —  — —~~~~~~~~



--~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

LDV S ign a l

Hi g h - S peed Low-Speed
Data Data

N A S A  F i l t e r  E3a ilk —— — Tracke r  — — — Scanner
and Signal Processor

PCNI Tape
Con taining Tape SE I.
Full Spectrum A Compute r
V o r t ex  Fi les

LDecode Tape Track Digital Tape
1—.—— N Containing Full  .~pec -

t rurn Files

Decode d i TapeFull Spectrum k B I
Vortex Fi les

Ut i l i t y
Program

Output _fl~~~~~~~ edi~~~e
V

pk 
v P r o g r a m  —

e Plots

V ted 
~Tape 7 Trac k Tape Con ta in ing

holded Ful l  ~~~~~~~~~ Peak lnten~~ity Fil es

Spectrum 

1~

I n t e r m e d i a t e  V A D  and V o r te x l
[_Pro~~ra _J T r a c k e r  P rogram]

9 - T r a c k
D i2 it a l  Tape  Tap e Output I Vor tex  Vortex T r a j e c t o r y .
C o nt a i n in e  D T r a c k e r  M o d e)  C i r cu la tion , and L i n e -

M a g n i t u d e  of o f- S i g ht  V e l o~ i ty
Ve l o c i t y  C o r n -  Componen t  D i s t r i b u t ion
ponent and
A m p li tude Da ta

Out put
Vortex Final
Tr ajcct or 1 Program —

Fig. 9 - Data Processing Sequence Carr ied  Out for  the Rosamon d Wake
Decay Measurements

18 

~~~~~~~~~~~~~~ S



The manner in which the wake vortex measurements were processed

from both the hig h-speed and low-speed data is summarized as follows. The
frequencies  and amp litudes associated with the laser Dopp ler signal were
sampled at fixed intervals.  The spectrum was recorded if it was above the
frequency and amplitude threshold settings (Fi g .6) .  The amplitude and f re -
quency threshold setting s for the Rosamond tests are g iven in the log sheets
in A ppendix A . From the array of recorded frequency and intensity points,
the magnitude of the l ine-of-s ight velocity component was computed , and the
vortex parameters  including location and velocity distribution were determined.

To compute the wake vortex transport  and decay characteristics from
the low-speed line-of-sight velocity component magnitude , the Rosamond meas-
urements were anal yzed usin g the “Velocity Azim uth Display and Vortex Track
Program” (Ref .  5). Based on previous experience with the program, the follow-
ing parameters  were selected for the ana lysis of the Rosamond data :

1NTVEL = 2 Flag
INTVEL = 1, Velocity oriented vortex determination
INTVEL 2 , Intensity oriented vortex determination

NPSIJ F a 4 Sufficient number of points to determine vortex
position

APERCT = 0. 1 Fraction of points below the maximum velocity or
intensity points

BPERCT = 0. 1 Fraction of points within the correlation circle where
Q is at least APERCT fract ion of the maximum Q
(Q is velocity or intensity as determined by INTVEL)

RPERCT = 0. 3 Fraction of number of points in correlation circle
used for determining vortex 1 (required for determ-
ination of vortex 2)

RPERCT = 0.3 Fraction of a i rc ra f t  wing span used for correlation
radius

EPERCT = 2,0 Fraction of correlat ion radius f rom vortex 1 for
excluding initial point of vortex 2

NOISEF = 0 Noise floor

ADJI a 0.0 Intensity ad justment  (fraction of noise floor added
to total intensity).

19 
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A sample output from the V.AD and Vortex Track Program is presented

in A ppendix B. The intermediate sorting parameters used in determining the

location of the vortex core region are also given in the printouts along with

“ scatter plots” indicating the l ine-of-sight velocity magnitudes. From the

typical line-of-sight velocity magnitude illustrated in A ppendix B, the time
history of the vortex wake was determined for many of the flybys.

In parallel with the low-speed data acquisition and processing, the LDV

signal was also fed into the high-speed NASA -MSFC data processing system
as illustrated in Fig. 9. The high-speed data processing technique is similar

to the low-speed technique described earlier, and is described in detail in
Ref.6. A sample output from the NASA-MSFC LDV data processing routines

is shown in Appendix C, including the listing of the magnitude of the raw line-

of-sight velocity component, the plot of IV
PkI 

versus elevation angle, and plots
of the vortex trajectory.

20
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3. DESCRIPTION OF EXPERIMENTA L T ESTS

A two-day te st sequence was carried out to determine the wake vortex

characteristics of a B-747 aircraft as a function of spoiler , flap, and landing

gear settings , altitude above ground , and g lideslope . The test consisted

of 54 low level passes during the early morning hours over the LDV system

deployed at Rosamond Dry Lake near Edwards AFB , California , on 2 and

3 December 1975.

3.1 FLIGHT TEST PROGRAM

The aircraf t  used for the tests was a Boeing 747-123 aircraft. A plan

view of the airc raft showing the details of the flap and spoiler configurations
is presented in Fig. 10.

Aircra f t  configuration varied from run to run , with dominant emphasis

on as close to a normal landing configuration as operating conditions would

allow . The clean configuration was also studied , and special flap and spoiler

confi guration s were inve stigated for vortex alleviation effect iveness.  The

Boeing 747 flew at 30 to 250 rn above the ground level of 700 m MSL. Runs

were made in level fl ight as well as in descending and c lim bin g flig ht. De-

scents were at about 250 m/min. A lift coefficient of approximately 1.4 was

used for all f laps-down runs.

Of the 54 run s , 35 (or about 65%) were made with the inboard flaps

lowered 30 deg and the outboard flaps lowered 30 deg (denoted 30/30); eight

(approximatel y 15%) with 10/10 f laps;  and five (approximately 9%) with flaps
retracted. The remaining six runs had the inboard flaps lowered 30 deg

and the outboard flaps lowered 1 deg. to test the effects of this configuration

21

~~~~~~~~~~~~~ ~~~~~~ — .__..__. __~~... .. .- _
~~~~~~~

. .. -. .~~~ .



-~~---- - -~~~~~ -- - - - . .~~~-

Spoiler
Segments 11 ,12

Outboard Flap

Inboa rd Flap

Spoiler
Segment s 1 , 2

Fig. 10 - Spoiler and Flap A r r a n g e m e n t  on B-747 A i r c r a f t
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on vortex alleviation . For each flap setting, runs were conducted wit h the
gear down or retracted,and some had spoilers dep loyed (the extension angle
was always 41 deg) in addition to the flap. A summary of the aircraft  altitude,
speed , weight , and flap, landing gear, and spoiler settings for each of the fl y-
bys is given in Table 1.

3.2 OPERATION OF LASER DOPPLER VELOCIMETER REMOTE SENSOR

The LDV system was set up and calibrated at the Rosamond test site
prior to conductin g the actual wake surveys. A discussion of the calibration
procedure and the conduct of the wake vortex surveys is summarized below .

3 .2.1 Calibration

During the set -up process , the optical bench was leveled with the ex-
ternal van jacks using a bubble level for reference (estimated accuracy of
±0. 5 deg). For the second day of the tests , the scanne r was offset 45 deg
using a tn -square for reference (estimated accuracy of ±0.5 deg). Prior to
the actual wake surveys , the elevation and azimuth ang le readout s from the
LDV were calibrated. The calibration involved pointing the optical system at
the sun and comparing the observed elevation and azimuth ang le readouts with
those g iven in the ephemeris .  The result s indicated that a -3 deg and ±139
deg correction should be applied to the raw elevation and azimuth readout s
from the LDV. respectively.

During the Rosarnond tests, the range resolution and signal-to-noise
ratio characteristics of the LDV were not recalibrated. The range and signal—
to-noise ratio calibrations taken a few months earlier and documented in Ref. 4
were assumed to be representative of the systen ~s overall performance.

3.2.2 Wake Surveys

During the Rosamond wake decay tests , 53 a i r c r a f t  fl ybys were recorded
with the LDV system (f l yb y 36 was lost due to a loss in electrical power).
The test conditions and the LDV scan , range , and elevation settings for the 4 -

I
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Table 1

SUMMAR Y OF B-747 FLIGHT PARAMETERS

Flyby Al t itude lAS Weig ht Flap Spoilers Thrust
No (in AGL) 1~~pts) (kg/b OO) 

~~ J Deployed (EPR) Gear

145 255 30/30 - 0 1.25 Down
2 62 146 252 30/30 0 1.21 Down
3 68 145 250 - 30/30 0 1.25 Down
4 65 145 I 249 30/30 I 0 1.22 flown
5 122 144 248 30/30 0 1.22 Down
6 122 144 247 30/30 0 1.23 Down I
7 244 143 j 245 30/30 0 1.23 Down
8 244 143 244 30/30 0 1.20 Down
9 51 143 I 236 30/30 1 , 2, 11 , 12 I 1.26 Down

JO I 122 143 235 30/30 1.2, 11 , 12 1.26 Down
ii 183 142 234 30/30 1 , 2 , 11 . 12 1.25 Down
12 244 142 232 30/30 1.2, 11 , 12 1.25 , Down
1 3 64 142 230 30/30 . 1 .2. 11 , 12 1.24 - Down -

14 65 - 138 228 30/30 1,2, 11 , 12 1.20 - Down
15 61 138 227 30/30 1 ,2. 11 , 12 1 .20 Down
16 61 1 38 226 I 30/30 1 ,2. 11 .12 1.18 Down
17 30 141 222 30/1 0 1.19 Down
18 37 141 I 218 30/1 0 1.18 Down
19 38 14 1 216 30/1 0 1 .18 Up
20 67 139 215 30/1 0 1.18 - Down
21 64 139 213 30/1 0 1.15 U p
22 91 139 212 30/1 0 1.23 Down
23 122 148 230 30/30 0 1.24 . Down
24 122 220 259 0/0 0 1.03 Up
25 122 147 258 30/30 0 L24 Down
26 122 21 5 256 0/0 0 1.06 Up
27 67 (LDG ) 146 255 30/30 0 1 ,20 Down
28 66 146 254 30/30 0 1 .20 Down
29 72 (LDG ) 146 252 30/30 0 1.14 Down
30 66 145 251 30/30 0 1.24 Down
31 107 (TO) 156 243 10/10 0 1.38 Up
32 65 15~ 242 10/10 0 1.11 Up
33 57 (TO) 156 241 10/10 0 1.36 Up
34 59 143 240 10/10 0 1.15 Up
35 63 142 239 30/30 0 1.20 Down
36 68 142 238 30/30 0 1 .20 Up
37 57 14 1 237 30/30 0 1.21 Down
38 61 141 236 30/30 0 1.22 Up
39 47 (TO) 151 230 10/10 1 ,2, 11 , 12 1.36 Up
40 46 (TO) 151 228 10/10 0 1.36 Up
41 48 (TO) 150 227 10/10 1 ,2. 1 1 , 12 1. 36 Up
42 54 (TO) 150 226 10/TO 0 1 .40 Up
43 61 138 225 30/30 0 1.24 Down
44 63 (LDG ) 138 224 30/30 0 1.12 Down
45 50 (LDG) 13$ 223 30/30 0 1.16 Down
46 37 137 222 30/30 0 1.24 Down
47 91 135 215 30/30 0 1.15 Down
48 91 135 214 30/30 1 , 2, 11 , 12 1.20 Down —

49 37 1 34 213 30/30 1 ,2, 11 . 12 1.20 Down
50 91 (LDC ) 134 210 30/30 0 1 .11 Down
51 122 200 209 0/0 0 1.11 Down
52 122 200 208 0/0 0 1.03 Up
53 122 133 207 30/30 0 1.~ 2 Down
54 122 200 206 30/30 0 1 .05 Up

LDG: Aircraft descending along imaginary glideslope.

TO: Aircraft ascending as in actual takeoff.
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Rosamond tests are summarized in the log sheets given in A ppendix A , while

a list of the flight parameters is given in Table 1. Primarily, those flybys

have been processed from the wake measurements where flow visualization
and photographic data (photographs were taken of vortices at 1 sec increments)

were available for comparison with the LDV measurements.

To maximize the amount of data collected regarding wake vortex tra-

jectories , velocity profiles , and decay rates , the LDV was operated in different

scan modes inc luding: arc-scan and , f inger-scan configurations. The wake

vortex surveys were conducted in the following manner.

On the first test day, the LDV was located directly under the flight path

(Fig. 11) and scanned arcs in a plane perpendicular to the flight path (Fig. 12)

with a complete scan every 2 sec. Scans were at a fixed range until the vortex

passed through the scan arc, at which time the sensor range was lowered and

remained fixed again until the vortex descended through the new range. The

objective of the overhead arc scan measurements was the measurement of the

initial downwash field and the wake vortex rol l -up process.

On the second test day, the LDV was moved 60m north of the flight path

(Fig. 11) and scanned simultaneously in elevation and range (f inger-scan mode )

at a frequency of 0.2 Hz, and 2 to 2.5 Hz, respectively. The objective of the

finger scan measurements was to track the location of the vortex pair and to

observe the vortex decay rates. The coordinated variations in range and ele-

vation settings for the finger scan mode were selected on the basis of the air-

craft wake vortex parameters. In addition, during the last sorties, the azimuth

angle was changed during the run to 90- and l80-deg angles to scan both down

the vortex (axially) and to follow the vortex drift away from the LDV.

25 
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4. R ESULTS OF WAKE VORTEX MEASUREMENTS

The LDV measurements obtained during the Rosamond tests have been

analyzed to determine the dominant characteristics of the B-747 wake. In

the following discussion, the observed wake vortex characteristics are de-

scribed including the vortex roll-up, vortex transport, and vortex decay

parameters.

4.1 VORTEX ROLL-.UP

To determine the vortex roll-up parameters, the downwash field behind

the B-747 aircraft was measured with the LDV operated in a constant-range

arc-scan mode . In the typical arc-scan configuration s illustrated earlier in

Fig. 13, the magnitude of the line-of-sight velocity component observed by

the LDV was essentially a measure of the spanwise downwash distribution in

the aircraft nearwake. Thus , from the magnitude of the LDV line-of-sight

velocity distribution in the near wake the downwash and vortex formation and

roll-up characteristics were determined.

4.1,1 Initial Spanwise Downwash Distribution

The magnitude of the peak line-of-sight velocity component, IV kI
(m/ sec), from the high-speed data is shown as a function of lateral distance,

y(m), in Figs. 13 throug h 16 for flybys 8, 11, 12 , and 13 , respectively, over

the time interval t = 0 to 8 sec. Each scan is defined as the period between

two successive elevation angle reversals and is approximately I sec in dur a-

tion. Occasionally, some overlapping occurs between successive scans due

to limitations in the processing software. Therefore, successive scans shown

in Figs. 13 tthrough 16 do not always have the same starting and ending limits,

and , as a result , the lateral scale s can be different. The direction and mid-

time of each scan is indicated in the figures.  The lateral distance , y ,

was computed directly from the raw range, R., and raw elevation angle

28
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measurements, 0, where  y = -R cosO. This resulted in a nonlinear lateral

scale at extended distances from the flight path centerline.

To illustrate the maximum downwash or upwash velocities in the air-

craft near wake , the highest values of V
pkj 

occurrin g over 1 deg incre-
ment s we re  fa i red by a smooth curve. The solid lines in the plots represent

a fa i red  curve throug h the hig hest LDV measurements g iven by the circles .

Since the arc-scan measurements were  made at an initial range equal or
somewhat less tha n the airp lane height , and since the maximum descent rate
of the t ra i l ing vortices was on the order  of 2 m/ sec, the wake vortex remained
essentially in the focal volume of the LDV system over the time period of 0 to
8 sec. Thus , the solid line s shown in Figs . 13 throug h 16 are indicative of the

peak velocities observed with the LDV system in the aircraft near wake.

Available measurements of vortex lateral position obtained from a tri-
ang ulation of s imultaneous photographs or estimated from overhead phot o-
graphs are also shown in Figs . 13 , 14 ,arid 15.

The spanwise downwash distribution for fl yby 8, the 0-spoiler confi gu-
ration , show s a well defined double-peak signature in most of the plots show n
in Fig. 13 which is suggestive of a coherent  vortex. For examp le , in Fi g. 13
at t = 2 ,2  sec, two broad peaks are  observed separated by a spacing of
0.76 wingspan.. The lack of si gna tu re  in the inboard regions may be attribu-
ted to the lack of high velocities or aerosols near the fli ght path centerline .
The two broad peaks become more well defined at later times (t = 3.3
to 8.2 sec),showing a double-peak signature characteristic of the rotational

velocity profi le  of a viscous vortex. The lateral s eparation and the maximum
speed for the two double-peak si gnatures do not change significantly over
th is  t ime  range .

In contrast to the coherent wake s t ruc tu re  observed earlier for the
0- .~poiler conf iguration (Fi g. 13), the downwash field for fl ybys 11 , 12 and 13.
where the two outer spoilers were  dep loyed , shows a broad hi gh amplitude region
composed of narrower closely spaced peaks. This is sugges t ive  of mul t i ple
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vortices and an incomplete vortex roll-up phase. These measurements  indi-
cat e that the deployment of spoilers has a marked effect on the near-wake
strucuture, tending to r et ar d the ea rl y formation of a coherent trailing vortex
pair. Analysis of the downwash field show n in Figs . 13 th rough 16 has been
carried out to determine the basic characteristics of single and multiple vor-

t ices such as location , circulation s t rength , and the magnitude of the velocity
component.

4.1.2 Vortex Pair Characteristics

For the 0-spoiler configur ation, the spanwis e downwash distribution in
the wake shows a well defined double-peak si gnature (Fi g. 13). A double-peak
signature is predicted theoretically when a vortex pair is interrogated in the
arc-scan mode. For examp le , the magni tude of the l ine-of-sig ht velocity corn-
ponent for Rosamond flyb y 11 at t 2 sec assuming  a fu l l y ro l l e d_ u p  vortex
pair is shown in Fig. 17. The magni tude  of the line-of-sig ht velocity gener-
ated by a distribution of N line vor t ices  with the LDV located at the ori gin is
given by

= i 
r~ 

[~ 
- Y e) X0 + (X 0 - X ) Y ]

n =  [x 0 - X )  + (Y 0 - Y~ ) ] {x + y~ J 1/2

where (X , Y ) is the location of the centroid of the focal volume, and (X , Y
and F a:e the coordinate and circulation strength of the ~~~ vortex , re s ec~~veIy.

In Fig. 17 , the magnitude of the computed l ine-of-s ight velocity is shown
for a pair of line vortices with spacing b’ K b =  4 1.8 in and circulation strength

— 2 . .F = U C C L/ 2 K_ 6 0 6  in /sec where the spanwise loading coefficient, wingspan,
flight velocity , mean chord , and lift coef f ic ien t  are  taken to be K = 0.7 , b 59.7m ,
U = 72.5 m/sec, ~ = 8.3 rn, CL 

= 1.41 . The vortex pair was  assumed to be located
at an altitude of 180m and the selected arc scan range was 183 in. The magnitude
of the computed l i ne -o f - s i ght velocity for the vortex pair shows the character-
ist ic double peak s ignatures  noted earlier in the LDV measurements.  The mag-
nitude of the peak velocity is determined by the separation distance between
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the vortex pair and the scan arc. The slight asymmetry in the double peaks

results from the velocity contribution of the adjoining vortex, the scan geom-

etry, and the decrease in the contribution of the vortex rotational velocity along

the line of si ght at extended lateral  distances from the centerline.

Note the two double-peak patterns in the V~0~ distribution in Fig. 17

at y = +23 m which correspon d to the approximate locat ion of the two vor-

tices. As the vortex pair is t raversed by the arc-scan pat tern , the peak tan-

gentia l velocity, resolved about the line of si ght , is observe d g iving ris e to

the closely spaced double peaks . When the vortex center is intersected exactly

by the arc scan , the location of the peaks is a measure  of the vortex position,

the magnitude of the peaks is indicative of the magnitude of the peak tangential *

velocity in the core, and the lateral separation between the peaks is a measure
of the vortex core diameter. If the vortex is below (or above) the arc-scan ,

as shown in the sample simulation in Fig. 17. the vortex position is bounded by
the lateral location of the two peaks , the magnitude of the two peaks is less than

the peak tangential velocity , and the lateral separation between the two peaks

is a function of the separation distance between the vortex and the scan arc .

The magnitude of the predicted l ine-of-s ight velocity shown in Fig. 17

agrees with the trends shown by the 0-spoiler fl yby (Fig. 13), while the 1, 2 ,

11 , and 12-spoiler flyby s (Figs. 14 to 16) are noticeably different. Since the
LDV signature for flyby 8 is suggestive of a coherent vortex pair , it is useful

to make a more detailed analysis of thi s case. From the seven scans shown

in Fig. 13 the earliest scan showing the two double peak signatures was selected

(t= 3.3 sec); the minimum points were used to determine the lateral position
of the port vortex (vortex altitude was assumed to be the scan range R = 240 in),

and the peak velocity magnitudes observed by the LDV for the port vortex were

plotted as a function of radius about the vortex center in Fig. 18. For compar-

ison , the magnitude of the velocity for a potential line vortex and a turbulent
viscous vortex are also shown in Fig. 18 matched to the experimentally meas-

ured core circulation and core velocity .
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The results in Fig. 18 indicate that the velocity distribution observed

with the LDV is in general agreement wit h the theoretical model of Hoffman

and Joubert near the core reg ion of the vortex. In the outer flow reg ion,the

experimental velocity distribution decreases more rapidly than the theoret-

ical logarithmic circulation model and approaches the 1/r profile.  However ,

sufficient scatter exists in the LDV data points to make a detailed comparison

difficult,and agreement with other theoretical models is possible .

The circulation distribution derived from the vortex velocity distribu-

tion is shown in Fig. 19. Note that essentially all of the circulation is con-.

tam ed within the viscous core region of radius r = ~~~~~~~ in and of circulation

565 m2/sec. This suggests tha t the vortex ro l l -up  process is complete

for the 0-spoiler configuration at t = 3.3 sec. In comparison, the predicted

vortex circulation strength for this fly by is F = -
~ U~ 

‘

~~ 
CL/K 565 m 2/sec.

where the fli ght velocity, mean wing chord , lift coefficient and spanwise load-

ing coefficient,are g iven by U = 73.6 m/sec , ~ = 8.3 m, CL 
1.41, K = 0.762 .

The value of K was selected on the basis of the observed separation between

the vortex pair . The circulation distribution predicted f rom the turbulent

viscous vortex model using the observed core parameters is also shown in

Fig. 19 where

r = 1.83 (r/r )2,

F =  r~ f i  + 2.14 log 10 (r/r~ )J.

in the inner and outer core regions, respectively.

4.1.3 Multiple Vortex Characteristics

The spanwise downwash distribution s for the 1, 2, 11, and 12-spoiler

configurations (Figs. 14 to 16) showed multiple clo sely spaced peaks which

did not resemble the velocity distr ibution predicted for  a coherent trailing

vortex pair (Fi g. 17). Since the multiple hi gh-velocity peaks in the near-
wake dow nwash field are found in multiple vortex wakes;  and the 1 , 2 , 1 1,and

12-spoiler configurations (fl ybys 11 , 12 , and 13) have been analyzed to identify
possible multiple vortex charac ter i s t ics .
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The magnitude line-of-sight velocity component predicted for a B-747

aircraft  assuming the multiple vortices are shed from the inboard and out-

board flaps and wing tips is presented in Fig. 20. The strength and lateral

spacing of the multiple vortices given on the top of Fig. 20 were calculated

from the modified Betz roll-up technique (Ref. 9) and the altitude of the vor-

tices was 180 in , and the arc scan range was 183 m. From the magnitudes

of the velocity shown in Fig. 20 it is noted that the multiple vortices generate

multiple peaks of varying magnitudes with the zero points occuring near the

vortex locations. Assuming the LDV arc scan intersects the centers of the

multiple vortices, the spacing and magnitudes of the multiple peaks can be

used to deduce the location , strength , and magnitude of the peak velocity com-

ponent of the wake vortices.

As an example, consider the profile shown in Fig. 14. Note that for the

1.5-sec p lot high velocity magnitudes are recorded , but the peaks are scattered

and it is difficult to distinguish the location of the multip le vortices suggested

in Fig . 20. At 2.6 sec the multiple peaks in Fig. 14 are more ordered and re-

semble the l ine-of-sight velocity magnitudes predicted by the multiple vortex

model. For example , the starboard vortex occupies a broad region spanning

from approximately 3 to 40 in from the centerline , and the zero points occur

at y— ’ 0, 10, 15, 22 , and 30 rn at t =  2.6 sec in Fig. 14 , The superimposed pre-
dicted multiple vortex locations are at y 3, 10.4 , 14 , 2 1.3, and 29.6 in (Fig. 20).
Thus , the broad multiple peak reg ions in flyby 11 contain to some extent the

multiple vortex peaks predicted from theory. A similar trend can be noted

for the other 1, 2, 11 , and 12-spoiler cases. In Fig. 15 at t=Z.4 sec , the zero

points on the starboard side are located at y -
~~ 0, 17, 25 , and 32 n-i, and in Fig. 18 *

at t =  2.9 sec , the zero points on the port side occur at y— ’ O , 5 , 10 and 18m. Corn-

paring all three 1, 2 , 11 , and 12 spoiler ru~~ , it is observed that minimum s occur
in the downwash velocity profile repeatedly for lateral spacings of y 0, 10, 15,
and 25m from the wake centerline.

These results suggest that three or four merged vortices are present in

the near wake for each sernispan. A more detailed anal y sis of the LDV mea-

surements may establish the strength and core radi i of these vortices.
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However , the LDV measurements have shown that multiple vortices exist in

the near wake of the B-747 aircraft when spoi lers  are dep loyed , whe reas a

coherent rolled-up trailing vortex pair exists  in the near wake for 0 spoilers.

4.2 VORTEX TRANSPORT

The l ine-of -s ig ht velocity measurements  obtained by the LDV in the

wake of the B-747 a i rcraf t  in the f inger -scan  mode have been processed to

y ield the altitude and lateral pos ition of the  vortices, and have been compared

with photographic and theoret ical  wake t ra jec tor ies .  The following analysis
of the vortex t ransport  character is t ics includes the ear l y near-wake flow as
well  as the subsequent f a r -wake  t ranspor t  process.

4 .2.1  Near-Wake Vortex Tracks

From the Rosamond wake measurements, those fl yb ys where  photo- *

g rap hic measurements of the near-wake trajectory were available for com-
parison wit h the LDV t racks  have been selected. The near wake was assumed
t o be t he reg ion wi th in  20 spans downstream of the aircraft , x/b < 20.

The lateral versus horizontal wake vortex location 5 to 10 sec after
aircraf t  passage is show n in Figs .  21 and 22. The LDV and photographic mea-
surements indicate that the center of the wake vortex pair is located at approx-
imately 80% sernispan and descends at 1 .5 in/sec over the 4 to 10 sec interval.
However , as much as a 15% scatter in the vortex lateral location a n”x 50% scatter
in the descent rate can be noted in the initial vortex t ra jector ies  which may be
associated with uncertainties in the airplane location or may be due to the dif-
ferent  fli g ht conf igurations . The photographic measurements  shown in Figs .
21 and 22 arc in general agreement with the LDV trends .

4.2.2 Far Wake Vortex Tracks

The l ine-of -s ig ht velocity measurements  obtained with the LDV system
in the finger-scan mode have been processed with the VAD and Vortex Track
Program and the ‘pk program to determine the far-wake vortex trajectories .
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The regions of the maximum backscatter intensity were used to locate the

vortex core region . The wake vortex tracks from the Rosamond tests include

the results from the low-speed data and high-speed data.

4 .2 .2 . 1  Low-Speed Data

The wake vortex trajectories from the low-speed LDV measurements

are presented in Appendix D. From the wake vortex trajectories presented

in A ppendix D , the following wake transport  characterist ics can be noted:

( 1)  the wake vortex descends near l y vert ical ly with very little horizontal

motion: (2 )  the initial descent  rate over the period 0 throug h 20 sec after

aircraft passage i~ in general  agreement  with the predi ction; and (3) the

wake descent diminishes af ter  20 sec and the vortex tends to remain at a

constant altitude in ground effect. In addition to the above t rends , som e

scatter is noted in the location of the vortices. Since both the photographic

and LDV tracks show the vortex wandering in lateral position and altitude ,

particularly at late times , this is believed to be the effect of random atmo-

spheric winds and g u s t s .  However , in some cases , a large  scatter is noted

in the LDV vortex tracks which is not seen in the corresponding photographic

measurements .  This has been investigated using the high-speed data since

accura te  determination of the vortex position is a prerequisite in determining

other re levant  pa ramete rs  such as the decay of the vortex rotational velocity

and circulation strength.

4.2 .2.2 Hig h-Speed Data

The wake vortex  t racks  computed from the hig h-speed LDV data using

the 1
pk 

algorithm are given in Appendix E for fl ybys 27 , 28 , 44 , 47 , 48 , and 49.

The ver t ical  and la teral  vortex t r a j ec tor i e s  computed f rom the high-speed

data show the same trends as the low-speed t racks discussed earl ier .

Comparison of the high-speed wake vortex measurements with the ob-

se rved  photogra phic vortex position is shown in the V pk ve rsus  e .evation

ang le curves  in F igs .  23 and 24. With the exception of any dominant low
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magnitude sp ikes , the solid line in the plots connects the maximum values of

I 
V klobserved by the LDV in the f inger scan mode for one scan between the

two elevation ang le limits (i.e., it represents the maximum value ofiV klfor

many f inger-scan  lobes). Since the LDV is scanned rap idly in range (3.5 Hz)

and slowly in elevation ang le (0.2 liz), the peaks in the Vpk j v e r s u s  elevation-

ang le curves indicate the elevation ang le at which the maximum line-of-sight

velocity is observed by the LDV system. Thus , when a vortex is interrogated

by the LDV system, two maxima occur in the V
P
klversus elevation angle at

those angles where the line of sight is tangent to t h e  vortex core and a mini-

mum occurs at the mid-elevation ang le , or in other words , a double-peak sig-

nature  resul ts .  The low magni tude spike bounded by the high a m p Litude peaks

marks the vortex core , and here , the minimum~
V

Pk~Point s are connected.

For a number of LDV measurements , thi s double-peak signature can be

c learly recognized; for example , at t = 6.6 , 9.0 and 14.1 sec for flyby 23

(Fig. 27) and at t = 4.2 and 14.2 sec for flyby 28 (Fig. 24). In addition, the

elevation angle at which these double-peak patterns occur is often within a

few degrees of the vortex elevation angle measured photographically.

While the photographic and LDV measurements agree well for some

scans in terms of the location of the vortex signature , for  other scans , the

scatter in elevation ang le is as high a 6 deg (Fig. 24 , t = 5 and 9 sec). It is

possible that the core diameter of the vortex is small , and the scan pattern

misses the peak-tangential velocity reg ions. It is also possible tha t the

photographic measurements may be subjected to some er rors , or that the

smoke does not mark the exact vortex location accurately. Lastly, the

error may be a result  of anomalies in the determination and processing

of the LDV elevation angle.

4.3 VORTEX DECAY

Information regarding the decay of wake vortices such as the time

history of the peak tangential velocity, circul.ation and viscous core radius

is contained in the l ine-of-s ight velocity magni tudes  measured  by the LDV

system.
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4. 3. 1 Decay of Vortex Rotational Velocity

To determine the decay of the wake vortex rotational velocity from the

LDV l ine-of-s ight velocity magnitudes , two basic methods were used to pick

out the maximum tangential velocity of the vortex:

a. Selection of the maximum value of V (or Vpk ms
occurring durin g each scan between minimum and
maximum elevation settings.

b . Selection of the maximum value of V ~occurringpk
within ±~ 

deg of the known elevation ang le of the
vortex.

For both techniques , the maximum value of I\Tpk I iS a good measure of the mag-

nitude of the peak tangential  velocity of the vortex if the LDV line of sight is

tangent at some point with the circular core region of the vortex , and the vortex

range  fal ls  within the focal  volume. However , in the f i r s t  approach , the I V k~
time his tory  becomes meaning less if the vortex drifts  out of the scan area.

To eliminate thi s uncertainty , in the second approach , other information , i.e.,

photographic vortex position , is used to establish the approximate location of

the vort ices.  These reg ions are  then searched for the maximum V valuespk
which are associated with the vortex phenomena.

The JV k l andj V  I time histories determined using the f i rs t  technique

are shown in A ppendix F. A bandwidth criterion of N > 2 was used in the

analysis to filter out random high-frequency noise (i.e., at least two of the

100 frequency bins had to be activated for the data to be used). A sample

of the resul t s , presented in Fig . 25 , indicates that the wake vortex rotational

velocity is nearly constant approximately 50 spans downstream of the air-
craf t  followed by 1/time decay. Some scatter which may be associated with

the uncer ta inty  in vortex location may be noted in the velocity decay curve.

Using the photographic vortex tracks to determine the approximate

vortex location (the second technique above), the IV Pklt ime history has been

81

-  _ _ _ _ ~~~~~~~~~~~~~~~~~



_ _ _ _  _ _ _ _ _

~~~ ~~~~~~~ ~~~~T :

j  

_

_ _  

I

~~~~~~~r +

_ _  

I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
‘

~~

1 

: ~~~

_ _  

2 
0 

=

I t  - H 
~~ 
j  ~~~~~~~~~~~ —

82

~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — _. — — - —



—_-—-_- --—_- - 
‘I ’

recomputed for flybys 27 and 28 and is presented in Figs. 26 and 27. The

results shown in Figs. 26 and 27 also indicate a nearly constant magnitude

of the vortex velocity component within 50 spans downstream of the aircraft .

Less scatter occurs in V
kI 

versus time plots when the photographic tracks

are  used to establish the vortex center. Unfortunately, photographic measure-

ments were  not avai lable at late times to establish the final vortex decay process.

4.3.2 Core Radius Time History

The vortex core radius was determined from the observed variations

k~~
i ran ge and elevation ang le according to the technique discussed

ear l ie r  in Section 2.1 .2. The computed vortex core rad ius  time history for
flybys 27 . 28 , and 44 is given in Figs.  28, 29, and 30 , res pec t ive ly. Photo-
graphic vortex t racks  were  compared with LDV IV pk i  distr ibutions to compute
the core radius time history in Figs.  28 and 29, while the predicted vortex
tracks  were used to compute the core radius time history in Fig. 30. The
LDV wake vortex measurements  show that the vortex core radius  is approx-
imately constant in the a i rcraf t  near wake.  The observed core radius ranges
from 1 to 4 m , and the mean core radius is approximately 2 m.

4.3.3 Circula t ion Decay

The circulat ion t ime his tory was computed f rom the observed LDV line-
of-s i ght velocity distribution us ing:  (1)  the vortex t racks from the low-speed
data , and (2 )  the photographic t r a c k s  to determine the vortex location. In the
f i rs t  technique , the c i rcula t ion  was determined from the average moment of
the l ine-of-s ight velocity components within a correlation radius  of the com-
puter vortex center. In the second technique,  the circulation was computed
f rom the moment of the two ma x i m u m  V values adjacent  to the center ofpk
the vortex as outlined e a r l i e r  ‘~ Section 2. 1.2 , and the photograp hic vo r tex

t r acks  were  used to de te rmine  the vortex location . It was foun d that  thi s
techn ique was  very  sensi t ive to e r r o r s  in core rad ius .
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The circulation time history computed from the low -speed data vortex

tracks is shown in Appendix G. The computed circulation is shown from 20

sec to the time of the last measurement. At periods earlier than a few sec ,

circulations are not shown since the vortex may not be fully rolled up. The

general circulation decay trend is similar to the velocity decay trends noted

earlier — relatively small decay initially followed by rapid decay in the far

wake. More scatter is evident in the circulation distributions than the velo-

city or core radius distributions presented earlier because the circulation

involves the produc t of the scatter of the previous two measurements. To

reduce this scatter , the circulation has been recomputed using the photo-

graphic vortex tracks to define the vortex center more closely.

4.3.4 Comparison of Vortex Decay Trends for Different Flight Configurations

To determine the vortex decay trends for different flight configurations,

the time history of the vortex rotational velocity , circulation, and core radius

presented earlier can be cross correlated. The decay of the wake vortex

rotational velocity for different spoiler and flap and landing gear settings and

flight paths is compared in Figs. 31 through 34, respectively. These results

indicate that the deployment of spoilers decreases the vortex rotational velo-

city in the near wake while flap and landin g gear settings and aircraft flight
path angle do not appear to have a significant effect. However , care must be

used in interpreting the above result s since for some of the run s the wake

vortices drifted out of the field of view (see A ppendix D) .
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5. CONCLUS IONS

Laser Doppler velocimeter measurements of the wake vortex charac-

teristics of a B-747 aircraft in various configurations have shown the follow-

ing trends.

5. 1 FOR VORTEX FORMATION:

a. The ro].lup of the vortex sheet occurred rapidly within a few
spans downstream of the aircraft.

b . The observed location , spacing, and strength of the multiple
vortices were in general agreement with theoretical rollup
calculations.

C. The peak tangential velocity and circulation of the merged
vortices remained nearly constant in the near wake.

d. The 3-747 spoilers affected the vortices , producing vortices
with large cores .

5.2 FOR VORTEX TRANSPORT;

a. The wake vortices descended vertically with little horizontal
motion.

5.3 FOR VORTEX DECAY:

a. A decrease in the peak tangent ial velocity and circulation
and an increase in the core radius was observed in the
far wake.

b. Deployment of spoilers and flaps enhanced the vortex peak
tangential velocity decay process in the near wake .

94 

~~~—....-—-—— ..



REFERENCES

1. Krause , M.C., L.K. Morrison , C. E. Craven , N.A . Logan and T.R.
Lawrence , “ De’~eIopment of Theory and Exper iments to Improve
Understanding of Laser Doppler Systems — Final Report ,” LMSC-
HREC TR D306632 , Lockheed Missiles & Space Company, Huntsville,
Ala., June 1973.

2. Wilson , D.J., M.C. Krause ,  E .W.  Coffey, C-C . Huang, B.B. Edwards,
C.E.  Craven , K.R.  Shrider , J. L. Jetton and L.K. Morrison, “ Develop-
ment and Testing of Laser Doppler System Components for Wake Vortex
Monitoring — Volume I — Scanner Development, Laboratory and Field
Testing and System Modeling,” LMSC -HREC TR D390159-l , Lockheed

• Missiles & Space Company, Huntsville, Ala., August 1974.
3. Lawrence, T.R. et al., “Application of a Laser Velocimeter for Remote

Wind Velocity and Turbulence Measurements,” Proceedings of the Inter-
national Conference on Aerospace and Aeronautical Meteorology, 22-26

• May 19 72 , Washington , D. C., The American Meteorological Society.
4. Brashears , M.R.,  T .R.  Lawrence and A .D.  Zalay, “Mobile Laser Doppler

System Check Out and Calibration,” FAA-RD-77-48 , Lockheed Missiles
& Space Company, Huntsville, Ala., September 1976.

5. Garodz, L.J ., D. M . Lawrence and N. J. Miller , Measurement of the
Trailing Vortex Systems of Large Transport Aircraft , Using Tower Fly-
by and Flow Visualization , ’ FAA-RD-75-127 , NAFEC , Atlanta City, N .J.,
January 1976.

6. Bilbro, J.W., H . B . Jeffreys . E. A . Weaver , R .M. Huffaker , G. D. Craig,
R. W. George, and P. J. Marrero , “Laser Doppler Velocimeter Wake
Tests,” FAA-RD-76-l1 (also NASA TM X 64988), March 1976 .

7. Hoffman, E.R., and P.M. Joubert, “Turbulent Line Vortices,” J. Fluid
Mech., Vol. 16, Part 3, July 1963, p. 395.

• 8. Snedeker, R.S., and A .J. Bilanin , “Analysis of the Vortex Wakes of the
Boeing 727, Lockheed L-loll, McDonnell Douglas DC-b , and Boeing 747
Aircraft ,” ARAP Report No. 245 , July 1~~75.

9. Brashears, M .R . ,  N. A . Logan , S. J. Robe.-tson , K .R .  Shrider, and C.D.
Walters , ‘Analysis of Predicted Aircraft  Wake Vortex Transport and
Comparison with Expe r iment ,” FAA-RD-74-74 . Lockheed Missiles &
Space Company, Huntsville, Ala. , A pril 1974 .

95/96

________________



-: - - .

A & . -~~~~:~
‘d~~~~ 9 ~~~~~ 

.
,,.•

I ! j : ~~
~~ ‘S ~ •

~~
1 ~~~~ . - - ~~~~~~~~~~~~~~ ~ _~L ~~~~~ . !~~~ . ~~~~~. ~~~ -

•
~ ~~~-. -

0
‘-4 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~0 ~~~~~~~, 2~~~ ~~~~~~~~~~~~~~~~~~~~ ~ ~~~~ c ; )  i c .  ~

• ~~~~~~~~~ .i ~~~~~~~~~~~~~~~ 
C ~~~~~~~~~~~~~~~~~~~ d~~~~~~2~~~~~~~~ 1E-4 i.. ~ ~ ~~~~~~~~~~~~~~ ~

~~ 
~ ~~~~~~‘- !~~~~~‘~~~~~ ~

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ I~~~’2  ~~~~~~~~~~~~~~~~~~~~~
O 

.~~~~~~~~~~~~~o
- - -; - - - - -- - - - -   

- o~~ P
& ~ I I ~~. - .  - - - ~~ t’.~ - - 

,.

Q .Q  
~~ I k ~~~~~~~~~~.

~~ ,~:.i ~ • ~~~~~~~~~~ 
.9

( I , .,.z e j .! 
~~~~~~~~~~~

_ _ -   

~1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
~i-.

~~~ f l _ u ,! c I
~~~~~~~~ UJ~~~~~~~ —— 0 0

,t
~~~~~

I ~~ ~~~~~~~

~~~11 ‘ 
c~~�%* C—~~~ ,2  ~~~~

_-~jcfr~j ] 2 ~~~~~

A-i

•

~

•

~

•• 

,

~~~
--

~~~~~~

•- -- ,

~~
•• - •

~~~
-
~~~~~~~~~~~ •-~-—~~~~~~~~- . ~~

- - . -.- -• -• . • . 



I

I

___

\\~ Id’ —

~-3( ~—4!i~:-- ! - - - - - -  —

~~ 

~~~~~~~ - L
~ I i - -  

I ~~ 
I _ l I  i I I I I I I I i I i I I-.

I:

k X Li.
I I •

kh
2

j 
~~

I 
~S 

~~~~~~~~~~ 

~ A - a  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



_  1 . .
_ _ _ _  - 

~~
- ; -

~~ •
-
1 

.
~i 

-

~~ 
.~~~~- ~~

h1
~~ ~~~%j i~~~•’~ ~~ ~

•
~~t “4

~~~~~~~~~~~~~~~~~~ fl
~) -, ~~~~ •~~ -~ S

~
. 

_ _ _ _  

-

Id’ ~ ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

k ~ 
• .. 3-

~ ~~~~~~ - r i -  —

~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~  

— ii z ii 11111 111111111 1
II - -

I Ii ‘:±::

Li
1 1  — —

F~I

yl. f l_ u ,~ ~ 

- —

* 

~~~~~ 0 0

~~~~I -‘I _______________________________________;~~~ I ~~~~~~~~~~~~~~~~~~~~~~

A-3

. ~~~~~~~~~~~~~~~~~~~~~~~~ •~~ 



-. ,—•,---- ---•-—. .•

_ _ _ _  - - - - -  - 
~~~

- - i b- - - -  - —

q

- H c~.~et  ‘
~

~~~~~~~~~~~~ 

-

~ 

-

~
‘— ~~~~~~~~~~~~~~~~~~~~~ I

-

~
. 

~~~~~~~~~~~~~ 
•
~~~ -~~

sj ~~~

_ _ _ _  
v~

“~~~~~~ 1kI~~;t. ii~i:~ m iii 11111
• ~~~‘~~~~‘~~ A~~~~W ~~~~~~~~~~~~~~~~~~ 8:

•• ~ ~~~~~~ ~~~~~~~~~~~~~~~~~~~~ 1~
N .9 1 -~ ~~~~~ ~

- ~~~~~~ ~ - ~~~~~_ 2~~~~~~~~~~~~E ! _ ~~~~~ ~~~~~~~~~ - -  — 

-~iu~~~~~I-.
o — -

~~~~~
- - - -- -- - --  

1L~~- - - - - - - - - -  ~~~~~~~~~~~~  
- - -!

~~~~~~~~~~~
-

~~

!. -~~~~~ - ~••~~• • ç ~:,~~. 

4~~~~~~ ~ X “
0. ~ ~~; ~~~

- :
~
- - - - - - - - - -  ‘;~~

_

0. ~ ..m ~ “. -~.1• 9 - v’ •, ..,
s • — - - - -- - - - -- - - -- - - - - -- -  

“-‘ ‘4’ ‘S. .

~~~~~ F’ 
-~~~

* () .•~ ( .
~ ._) w

3 ,  3

— - ~~~~- - - -- - -~~-r -~~- I_I
I I  •. —

re! . . - 

- -~~~~
•

,
.- - —

‘4’ ‘•.• 
-

,.

x~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- • - -  • -

u ~~ 
-,

~~~~~~~~~~~~~ 
_________

L~ ~~~~~~~~~~~~~~~~~~~~ 
~~

A -4

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



Appendix B

SAMPLE OUTPU T FROM VE LOCITY AZIMUTH DISPLA Y AND
VCI~TEX TRACKER PROGRAM FOR ROSAMOND FLYBY 25

Page B-2 indicates the relative intensity (INTENSITY) and Vms (SPEED

(ft/ sec)) of the LDV signal as a function of time and space for one sweep between

the minimum and maximum elevation-angle setting in the finger-scan mode. A

list of the data sorted according to INTENSITY is given on page B-3 followed by

the list of the values selected for determining the vortex location on page B-4 .

A “ scatter pioV ’ showing the location of the intensity points in units of ft and

their relative magnitude (on a scale of A to 0) is given on page B-5 along with

the selected center of the two correlation circles (labeled Z) and the centroid
of the correlation circles (the vortex location s labeled P and S for port and

starboard , respectively) .  On page B-6,the points used in determining the

vortex location are listed. The data are printed out on page s B-7 through B-12

and B-l3 through B- l7  for two other sample scans during flyby 25. A summary
of the port and starboard locations from each of the scans is given on pages

B-18 through B-20. The vortex trajectories are displayed on the last two

pages of Appendix B, including time versus  lateral displacement of the vortices
(page B-21) and time versus  vertical location as a function of time (page B-22).
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Appendix C

SAMPLE OUTPUT FROM NASA-MSFC LASER DOPPLER VELOCIMETER
DATA PROCESSIN G ROUTINES FOR ROSAMOND FLYBY 47

Results from the Rosamond high-speed data are given on page C-Z in-

cluding a printout of the relative intensity of the LDV signal (IPEAK) and the
frequency (or velocity) of the flow field including 

~ms 
and V

pk 
in units of

meters per second (VMAX and VPEAK, respectively). The sweep count from

the start of the flyby is shown by the column labeled SCAN while the lateral
and vertical location and range and elevation ang le of the focal volume are
given by X (in), Y (rn), R (rn), and T (deg), respectively. The time at which the
LDV signal wa s sampled is contained in the frame count (1 FRAME = 1/500
sec).

From the array of LDV sample points illustrated on page C.i, plots of
VPE.AK versus the scan elevation ang le in degrees, THETA , are generated as

illustrated on pages c-3 through C-6. Note that the characteristic double
peak signature of the wake vortex is evident in the sample plots.

A pplying the ‘pk algorithm (p. 4-7 of Ref. 7) to the threshold LDV
spectrum illustrated above , the vortex location is determined. The vortex
trajectory for flyby 47 as computed from the high speed data is shown on
pages C-7 through C-9. On page C-7 the vertical and lateral motion of the

vortices is given as a function of time, while page C-8 shows the altitude
versus lateral position of the wake vortex. Page C-9 lists the vortex loca-

tions. For additional in,format*on regarding the vortex location, criteria, and

coefficients used in the ‘~l~~ ” algorithm and shown in the plots , refer to Ref. 7.

Note that the coordinate system used in the NASA-MSFC data processing
routine s is not the same as the cocrdinate system used in the text earlier .
The runway centerline is located at y = -200 ft In the NASA plots.
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BEST AV/J~ 
5:  

::T1’

SCAN ~ RANE 
y A 7 IptAk WNA * VPEAK VAVI V.10TH -

4 4130 219.4 243.0 321.9 40.? 127 ~•S 10.9 0.0 I
4 4111 2*4.9 242.1 323.3 40 .2 $3 1  0.2 ‘0.9 1.7 S
9 9*12 210.1 240.0 324.7 47.1 *34 0.2 10.0 1.1 $
4 4*53 3*4.9 237.1 321.4 47.4 *34 9.3 *0.9 ,.O S
4 4119 ZOO., 231.0 314.3 4S.4 123 *0.4 *0,’ ~,1 a
4 4*13 206.2 232.1 3*0.. 08.4 lii 0,3 *0.9 0.1 $
4 4*16 101.1 220.9 30~.7 97.0 $21 *0.9 $0.9 0.0 I
4 4*17 201.0 224.2 303.3 47.5 24 S.? Ifl.4 $.~ $
4 4*10 1,4., 223.7 2~ I.fl 41.7 III 0.2 $0.9 0.2 $

-4 - - 4-41’ I~~,.4 231.2 207.8 45.0 131 0.2 $0.0 0.1 ~
4 4*60 I~~4.t 2*7.3 203.4 47.0 *34 7.1 *0,4 0.0 ~
4 4 1 4 $  80.4 2*3.4 207.0 40.7 Ill ~~~ 10.4 1.7 1
9 9*42 114.2 212.1 212.4 41.1 *21 ~,3 tØ.~ 0.9 I
4 4*43 57.1 3$~.4 201.1 40.2 114 I0.~ *0.9 0•l S
4 4149 l$S•4 204.~ 277.0 91.1 23 0.7 lop, 0 .5 1

444$-- - 173.4 234.4 271.1 43.9 £17 0.7 0.0 ~~~ 3
4 9*46 *79.4 201.2 260.4 90.3 III 7.1 *0.9 7.0 4
4 4*47 *77.1 00.7 244.1 40.2 1*4 9.3 10.4 ~.O 4
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4 4*40 $46.2 I~~2.1 214.4 9~~.2 131 0.7 0.3 0.1 •
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- —4- ——- --0.4 13. - -  4.46.3 $01.5 233.6 41.4 *30 0.7 0.4 S•~ 1
4 4 *12 10.7 111.0 243.0 40.9 *24 0.7 0.7 0.3 3
4 - 4372 113.4 $1.3 239.4 4~~•~ 13$ 0.2 0.7 0.2 31

4 9*74 110.1 179.4 230.1 40.4 134 0.2 *0 ,4 0.1 5
4 4*71 $11.0 76.2 234.7 40.7 12$ 0.7 10.4 7.3 4
4 4176 $47.1 173.1 227.4 49.4 129 5.7 ~ •$ 1.1 3

- - ~~~ 4*77 *41.0 *70.4 223.0 4~~,4 *36 0.7 9.3 5.1 4
4 4171 *94., 141.1 223.2 40., $20 8.2 1.7 7.1 1
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4 4 * 0 4  00.4 12 1.0  117.3 10.0
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4 4 *06  9~~ 4 $17 .3  $33.4 40.5
4 - 449.7 - 06.1 •34.4 $40.3
4 4195 05.7 $ 1 1 .2  47.3 31,4
4 4-400 63.4 151.7 35.4 11.5
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Appendix D

WAKE VORTEX TRACKS COMPUTED
FROM LOW-SPEED MEASUREMENTS

The circles , triang les and diamond symbols represent the port , star-

board and undefined vortex , respectively. For each flyby, the predicted wake

vortex trajectory assuming zero crosswind is shown by the solid lines. The

vortex tracks were computed from the predicted model described in Ref. 10

for a circulation strength of r = 662 m2/sec and an initial vortex spacing of

b’ = 4 1.8m. Available photographic and acoustic measurements also appear

on the plots , the solid circles and triang les representing the former and the

x’ s the latter measurements.  The dashed line is a smooth curve drawn

through the photographic vortex tracks.

D-1

IIh_ - — - ‘ - - _U-_ U~~~~~~~~~~~~~ 4~~~~~~~~~~ ~~~~~~~~ . UU-U UU U ,, , ,U U U U U  - - --~~~~--



~

LDV Mt’ .a sur  t’mez~t Photographic Measurement MAVSS Theory

o port Vt,rt(’X • Port Vortex 0 Port Vortex Predictive Model

~~ 
Starboard Vortex £ Starboard Vortex X Starboard Vortex

120 —

Scan Limits
100 -

/

/ ( )

0

~~~ 8 O -  A
0

~~~~~6 0-

O
c~~~

0
’

~

’

40 -

20 -

0 I I I i i  —

-150 -100 -50 0 50 100 150
Displacement , (m)

Fig. D-1 - Wake Vortex Trajectory for Rosarnond Flyby 23

D-2

_ _ _  -U-— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - U -- -



-

~~~

120

110 -

100 -

._ 90
U
4~

0
OA

oA ~~

~~~~60- 1 0 o
0

40- - \~~ 
°~~~A 

~I-’ 
~~~~~~

A
30 -

0
20- A 0

A
10- A A 0

0 U I I I I
0 20 40 60 80 100 120

Altitude Above Ground , (rn)

Fig. D-1 - (Concluded)

D-3

li-U - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



---- ‘- — ---————-—---—— - -

LDV Measurement

0 Port Vortex

A Starboard Vortex

120 —

100 - 
Scan Limits

U

]80

/

~v
6 07

- 150 -100  -50 0 50 100 150

Displacement, (m)

Fig. D-2 - Wake Vortex Trajectory for Rosamond Flyby 24

D-4

, .S ~~~~~~~~~~~~



_ _ _  U—U - U -  U-
fl

-U - ~U - - U- - U -~~~~~~~~~~~~~~ --. U -U--’-~~~~~~~ UU.-’ -.- _ _ _

LDV Measurement

0 Port Vortex

A Starboard Vortex

120

111) -

100 -

g o .
U
‘P
.8 0 -

O A
0 - .  0 A 

0
~~60- 0

A 0

0
~~~ 4 0 _  L~~~~0 0

O A
3 0-  0

20-

A 0
10 -  A 0

0 A
0 I I I I I

0 20 40 60 80 100 120
Altitude Above Ground , (m)

Fig. D-2 - (Concluded)

D-5

-- - - -- ‘-U-- -U-UU-~ ’ ~~~~~~~ U- U ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --— -~~~~~~~~~~~~-- -



LDV Measurement

0 Port Vortex

~~ Starboard Vortex

120 —

100 — 0
Scan Limits

80 

/

20 -

0 I a I i I ~ I i
-120 -80 -60 0 40 80 1ZO

Displacement , (m)

Fig. D-3 - Wake Vortex Trajectory for Rosamond Flyby 25

D-6

L~~~. - - U  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



--U-—-—- -
~~~
—-U- ’--. -’ U

~~~—~~~~
- 

LDV Measurement

0 Port Vortex
A Starboard Vortex

P 
120

110 -

100 -

90 -

U
‘P

~~~~~8 0.

0

1 7 0 - A 
0
0

~~~~~6 0 -  
A 0

A 0
~~~ c o -  A 0
2 A 0
‘P 

A~~0 0
~ 4 0 -

0

3 0 •  ° A 0
A 0

20~~ A AO 0
0

1 0 •  A A 0 0
A 0

C I I I I I
U 20 40 60 80 100 120

Altitude Above Ground , (m)

Fig. D-3 - (Concluded)

D-7 

~~~~~~~— --



7U-U~~~UU-U- U- - - -

LDV Measurement Photo&raphic Measurement MAVSS Theory
0 Port Vortex • Port Vortex 0 Port Vortex —Predictive Model

~~ Starboard Vortex £ Starboard Vo’-tex X Starboard Vortex

Curve Fit

6 0 -

Scan Limits 
~ \ \

~~~~

o I a _ I  i I _~ I I I’ I a I
-180 -120 -80 -40 0 40 80 120

Displacement , (m)

Fig. D-4 - Wake Vortex Trajectory for Rosarnond Flyby 27

D-8

—U-- - - - ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~_ U  ~~~~~~~ ~~~~. U U ~~~~ U U _ _ _ - U~ - -



—--U -U- U - U--U
UU ~~~~~~~ U~~~~~~~~~-U U-~~~~~~U U  - U - U , -- -- ~~U~~~~~~~~ U -~~~~~~~~

U

P 
LDV Measurement Photographic Measurement MAVSS Theory
0 Port Vortex - • Port Vor~ex 0 P~.-rt Vorte, —Predictive Model
~~ Starboard Vortex A Starboard Vortex X Starboard Vortex

Curve Fit

1_ 00 - ——_____________________________________________________________

9 0 -  S 0

80
U
‘P
ft

a::~ 70 -

0

~. 6 0 -  /o 
£

s o -  I /

~oA /

40 . 

~ 
04

°

A ltitude Above Gr oun d,( m)

Fig. D-4 - (Concluded)

D-9 

- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



-- - — U- 
~~
—-—- - - -U- - -U- - - U -  U- - - -U - U -— -_ —

LDV Measurement MAy85

o Port Vortex 0 Port Vortex
A Starboard Vortex X Starboard Vortex

Phot ograp hic Measurement Theory

• Poet Vortex — Predictive Model
A Starboard Vortex__ Curve Fit ____________________________________

70- 

U60 Scan Limits
-

5 0-  
/ 

I\  
~

2 4 0 — N

N
‘30 A

0 I i I i I a I a J  I a I
-120 -80 -40 0 40 80 120

Displacement , (m)

Fig.  D-5  - Wake Vortex Trajectory for Rosamond Flyby 28

D-1O

I-U



p.—.- - ‘ - ‘
~~~~~ 

U_U-U
~~~~~

U 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- ____________________________________________________________________

LDV Measurement
110 - 0 Port Vortex

A Starboard Vortex
100 - Photographic Measurement

• Port Vortex

90 - A Starboard Vortex

Curve Fit
~~~~ 80-

S MAy55

o Port Vortex
~ 70 - X Starboard Vortex

Theory
60 - 

A Predictive Model
0 ‘P.

Q A
50~~P4

0

A ltitude Above Ground ,(m)

Fig. D-5 - (Concluded)

D-l l

U ,U_ - U U U U - U U~~~~~~~~~~~~ U-~~~~~~~~U~~~~-U~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - - - - - - - -U U - ---U --- --- U-U-— -



- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ U - - U -U---- - U .~

LDV Measurement

o Port Vortex

~~ Starboard Vortex

Scan Limits

/
.

~~

- 

/ 

O~~~
/ 

0

- 

~~°N/
.0 N A

‘P.
~

3 0 -  A

8 A

20~~~ Q
0

10 —

0 I I I
-120 -80 -40 0 40 80 120

Fig. D-6 - Wake Vortex Trajectory for Rosamond Flyby 29

D-12



F
~~~~~~~

T.U
~~~~~~~~~~~

U U U U —U-- U--U-U ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ U_ _

LDV Measurement

0 Port Vor tex

A Starboard Vortex

120

110 —

100 —

90 —

I::: 
A 0

~~~~6 0-  ) A

0 A
O A

1
1
0 

~~~~~~~~~~~~~~~~~~
A

&

O 

6~
Disp lacement , ( m )

F i g .D - 6  - (Conc lud ed)

D- 13

--—-—-~_~~_ - ---



--- --U- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ U - - U

LDV Measurement

Q Port Vortex

A Starboard Vortex

70

Scan Limits
6 0 —

0

_ 5 0 -  • £

I $
C 0

0
‘P

2
30 -

4)

0

~~~~ 2 0 -_ _ _ _  _ _ _ _

10 -

0 , _ I  a I a I I a I
-120 -80 -40 0 40 80 120

Displacement, (rn)

Fig. D-7  - Wake Vortex Trajectory for Rosamond Flyby 30

D-14

U U - - U~~ U_~~~ -.—---—- —U -U--—~~~~~~~~ —~ —---’-_ -- - 
--



F
~~~~~

U-
~~~~~

U U U U -
~~~~~ 

U- —-—---— --- - -U- U -_ . - U U -

~~

U

~~~~

- U . .

~~~~~~~~

_

~~~~

UU-

~

U

~~ 

~- U U U U ~~~~U U  
U-,,

LDV Measurement

0 Port Vortex

A Starboard Vortex

1~~
0

110 - 
-

100 -

9 0-

~~.8 0 -

~~~7 0-  A 0
A 0

~~~ 6 0 -  A 0

~~~5 0 -  _

A 0

0~ 
I 

~~~~~~~~ T
AU

~~~~~~~~~~ S~~~~~~~ 6O ~~0 

- 

-

. 
a. 

—

Alti tude Above Ground ,(rn ) .

Fig. D-7 - (Concluded) -

5~~

I-

D-15

- - U— _ U~~~ U k . U . - - ’ .  _______________ _~~~.- ‘~~~~~~~~~~~~‘ ‘ ‘  U 
~~~~~~~~~~~~~ ‘ U- U -



U - -  U ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ---- U---- ~~~-U
UU- - UU ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

LDV Measurement

0 Port Vortex

A Starboard Vortex

0

0
60 —

50 — Scan Li m i t s 0
-
~~ 0

~~ 4 0 -  
/ 

00

/

1 0 —  0

o _I a I i I I a I a I I i I a
-160 - 120 -80 -40 0 40 80 120

Displacement , (m)

Fig. D-8 - Wake Vortex Trajectory for Rosamond Flyby 40

D-16 

~~~~~~~_U~~~~~~~
___ __ _~~~~~



r
~~~~~~~

U U UU ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - —-U --U — U - U - --

0

O
p120 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

LDV Measu remen t

110 - 0 Port V o r t e x

A Starboard  Vortex
100 

0 Indef ini te  Vortex

0

I
• ~~~8 0 -  P

0

~~ 7 0 .  
Q

O

O v  
0

~~~6 0 -  A°

0

~~ s 0 .

~ 40

0

30 
0

0

A 0
20 -

A 0
10 -

0 I I I I 01
0 10 20 30 40 50 60 70

A l t i t u d e  Above Ground , ( m )

Fi g. D-8 - (Conc luded)

D-17

- ——---U —_— — — — -U -  U-—-~~~~~~~~ --~~~U~~~~~~~
- -’ -~~~~~~U-— - U - - U - U  U U------—----~~~~~ — ~~~~~~~~_ U ~~~~~~~



- - U - - --

LDV Measurement

0 Port Vortex

A Starboard Vortex

:: — Scan Limits  —

15o

K 

A

0 4 0 -
‘P

0 A

~~~3 0 -  A
A

4:

2 0-  
0

A

10 —

0 I a _ I  i I I i I I a I
-120 -80 -40 0 40 80 120

Disp lacement, (m)

Fig. D-9 - Wake Vortex Trajectory for Rosamond Flyby 42

D-18

— -U U _~~~~~U_ ~~~~~~~~~~~~~U _ U  U-—— — ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -U _~_ . U . _ --- - - - -_



_____ - U -  

~~~~~~~~~~ 
-

LDV Measurement

0 Port Vortex
A Starboard Vortex

U.

120

110

100 -

90 -

U

.~~ - 8 0 -

0

• 

A C  
0

U ~~~~~~~~~~ z~~~~~~~~~~~~~~~ : o s
b
o :

0 

0

Alt i tude Above Ground , ( rn)

Fig. D-9  - (Concluded)

D- 19

U U - _~~~~~ U — - UU- ~~~~~~~U ~~~~~~ - ~~~~_ -  U ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -U -



U--U-U-UU~~~~~~ U - U U - ~~U-•-U~ UU

LDV Measurement

0 Port Vortex

A Starboard Vortex

50 - Scan Limits

C

0 5I.
0

~~~~ 4 0 -  0

i 

0
~ 3 0-

I L  I 1 i I~~~~-120 -100 -80 — 60 -40 -20 0 20 40 60 80 100 120
Displacement, (m)

Fig. D-10 - Wake Vortex Trajectory for Rosarnond Flyby 44

D-20

____ ____ - U U~~ UU-~ U ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ U- U - --



U - U -  U- U - - - - -U— — - - - - 

I

LDV Measurement

Q Port Vortex

A Starboard Vortex

120

110 -

100 -

90 -

U
SI
-! so -

C
0

-
~ 70p.

U

‘P 60 -

P.

E 5° -

&

• 

0 

l~~ 

~~
\

~~~~

°

A

• Altitude Above Ground ,(m)

Fig. D- l0  - (Concluded)

D-Zl

- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- U - - U -  U U ~~ UU ~~ -

LDV Mea surement

0 Port Vortex

A Starboard Vor tex

40~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

\

Scan Limits  0

0
0

0
0
p4

0
4)

0

~~~~2 O -  0
_ _ _ _ _  0 A _ _ _ _

A‘c A

A
10 -

0 1 a  I a I i I _ a  I a I  I I a

-160 -120  -80 -40 0 40 80 120

Displacement , (m)

Fig. D-11 - Wake Vortex Trajectory for Rosamond Flyby 46

D-22 U 

~~~~~~~ - - -
~~~

-
~~~~~~~~~~~~~~ _ U - --—--



U U ~~~~~U~~~~ -UU U - U ~~~~ -- - U - - U ------ -U~~~~~_ - UU ~~~~U U U  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - U U U--U- -~~~~~

LDV Measurement

0 Port Vortex

A Starboard Vortex

120

110

100

90 -

U
4)

‘f— 80 -

0

4) 70
C 

0

60 -

0 0

~~~50

0

2 0 -  A 
0

A

A ltitude Above Ground ,( m)

Fi g. D-ll - (Concluded)

D-. 23

UUU- U U_ UU UU UUUU- U— U__U- U-- — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ U~~~~~~US~_ - _  - ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ ~_U__ ~U_ _U U U U~_UU~~~~~



~~~~~ -

LDV Measurernent Photographic Mess. M.AVSS Theory

0 I’or t  V o r t e x  • Port Vortex 0 Port Vortex — Predictive
U 

Model
A si . .  r I ,~,.&r cI V , , r t v x £ Starboard Vortex x Starboard— ——— Curve Fit Vortex

100 —

90 — 
Scan Limits

0
80 —

!7 0 -

I p L

~~~~6 0 -

.0 50 -

‘P

4..

0 I ~~~ I~~~~~~ I a I a I  I i  I a I
-120 -80 -40 0 40 80 120 160

Displacement , ( m )

Fig. D-1Z - Wake Vortex Trajectory for Rosamond Flyby 47

D-24

- -U-- —U ---- - --U--U -U -~~~~



U ,  - - - - U- - — - --— - - -- -- — - U— U - -_ - - ---—-- - - -  -U - U - U -U -UU U-- U U - U U U -

Lf)V M. ,t ! .u r t ment  Photograp hic Measurement  MAVSS Theory

0 Port V o r t e x  • Port Vortex 0 Port Vortex Predict ive Model

A Starboard V o r t e x  £ Starboard Vortex X Starboard Vortex

120

A X A
110 —

A

A 
A

A 
A

9 0-  A
A

‘P U

!. 80 —

A
-~~

~ AU
A

~ o o —  A

5 0 —

•

A °  ~A 0
0 1 I I I I

0 10 20 30 40 50 60 70 80 90 100
A ltitude Above Ground ,(rn )

Fig. b-U - (Concluded)

D-25

U U-UU _ _



__ 
- ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

LDV Measurement  Photogr~phic Measurement MAVSS Theory
Q port Vor tex  • Port Vortex 0 Port Vortex — Predictive Model

A Starboard Vortex  £ Starboard Vortex X Starboard Vortex

— 

Scan Limit~~~~~~~~~~~~~

2 5 0  I A ~~~

\J I

3 0 —  

-

x
20 —

10 —

I a I I ~~~I I I a I i  I
-120 -80 -40 0 40 80 120 140

Displacement , (m )

Fig. D- 13 - Wake Vortex Trajectory for Rosarnond Flyby 48

D -26

-U-U U ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -U- —U UUU-U U --



- - - -- U -- U -—  ---- - U-—- 
-— ----U- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ U

LDV Measurement  Photograp hic Measurernep~ MAVSS Theory

0 Port Vortex • Port Vortex 0 Port Vortex — Predictive Model

A Starboard Vortex £ Starboard Vortex )( Starboard Vortex

120

110 —

100 — A

90
A

~~~~80-  
A A

~~
- A

~~~~70-  

A
~~~~6 0-

A

0
O ~~ 2~~~~~~~~~~~~~~~4 O T hO 1~~0

A ltitud e Above Ground , ( m )

Fig. D-13 - (Con cluded)

D-27

U - - - -  -~ 



~~~~~~UU U - U U -~~U-~~~~~~~~~ - —U--

LDV M easu re m ent  Photo g rap hic Measurement  MAVSS Theory
0 Por t  V~,r t ex  • Port Vortex 0 Port Vortex Predictive Model

A S t a r b o ar d  V o r t e x  £ Starboard Vor tex  X Starboard Vortex

40 

/ 

~~~~~~~~~~~~~~~~~~~~~~

Scan Limits -

0
0

1 0 -

o _  I a I I a I I I a I
- 120 80 40 0 40 80 120

Displacement, (m)

Fi g. D- 14 - Wake Vortex Trajectory for  R osamond Flyb y 49

D-28

—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- U - U - U - — U - - U  __



LDV Measurement  Photograp hic Measurement MAVSS Theory

0 Port Vortex S Port Vortex 0 Port Vortex — Predictive Model

A Starboard Vortex £ Starboard Vortex )( Starboard Vortex

120 0 
-

110

100

9 0 -  El

~~~~7 0 -  0
U

~ 6 0 -

~ SO-
0
P. 0
E 4 0 -

1~0
A ltitude Above Groun d ,( m)

Fig. D-14 - (Concluded)

D- 29/D- 30

- - - _______________ U~~ -~ -
fl _U U - ._._



~~~U U U-~~~U ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - U- -- ~~~~~~~~~~~~~~~~~~~~

Appendix E

WAKE VORTEX TRACKS COMPUTED
FROM HIGH-SPEED MEASUREMENTS

The measurements obtained with the NASA high-speed filter bank and
processor and software system are summarized in thi s appendix. The output
consists of three plots: (1) vortex altitude versus time; (2) lateral distance
versus time; and (3) altitude versus lateral distance. A listing of the vortex
locations is given in a table following the three plots. The port and starboard
vortices are indicated by (0*) and (*) on the altitude and lateral distance versus
time plots. The vortices are labeled by letters A to Z on the lateral distance

plots (each pair of letters corresponds to a successive elevation scan frame).
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Appendix F

TIM E HISTORY OF VORTEX ROTATIONA L VELOCITY
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Appendix H
REPORT OF INVENTIONS

In accordance with the objectives of the contract, wake vortex and wind

measurement s were carried out at the Rosamond , California , te st site with
a scanning laser Doppler velocimeter system , and the LDV measurements

were processed , reduced , and analyzed. The contract objectives were met,

and no invention , discovery, or innovation was found.
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