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PREFACE

This document is the final report for Contract DOT-TSC-904,
The contract was initiated on 28 August 1974 to develop optimum
techniques for processing groundwind sensor data to determine the
location of aircraft wake vortices, This effort was to be completed
on 16 February 1975, The basic contract was modified on 9 January
1975 to provide for the development of a unified algorithm incorpor-
ating previously developed computer algorithms into a single soft-
ware package for processing digital tapes recorded during the wake
vortex test program at John F. Kennedy International Airport, This

effort was completed on 5 September 1975,

This research effort was performed by Lockheed Missiles &
Space Company, Inc., Huntsville Research & Engineering Center,
Huntsville, Alabama, for the Department of Transportation, Trans-
portation Systems Center, Cambridge, Massachusetts. The Lockheed
project Engineer for this study was Dr, M, R, Brashears, and the
TSC Contracting Officer's Technical Monitor was Dr. J. N, Hallock.
The authors are grateful for Dr. Hallock's assistance and interest

during the performance of this study,
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l. INTRODUCTION

In order to ensure passenger safety and to increase present day air-
port capacity, the Department of Transportation (DOT) is spearheading the
development of a wake vortex avoidance system for airports. Essentially,
the system consists of a computerized wake vortex predictive model supple-
mented by active vortex tracking and meteorological sensors. The Predictive
Wake Vortex Transport Models and the meteorological data analysis program
were developed by Lockheed-Huntsville for DOT under previous research

efforts and are described in Refs. 1 through 4.

As a step toward the development of a wake vortex avoidance system,
comprehensive wake vortex monitoring and tracking systems are currently
being developed and tested by DOT-TSC at the John F. Kennedy (JFK) Inter-
national Airport. For this program, Lockheed-Huntsville is developing the
computer software to reduce, analyze and correlate meteorological and
groundwind wake vortex measurements with predicted vortex tracks. The
research effort described in this report consisted of two basic parts. The
first was directed toward the development of optimum analytical techniques
for processing groundwind sensor data to determine the location of wake
vortices. The second was to integrate the selected optimum techniques with
previously developed algorithms for analyzing meteorological data and pre-
dicting vortex tracks into a single time-efficient software package. This
software package was to be suitable for processing large amounts of data
obtained during the test program at JFK. The output of the software package
was to be an atmospheric characterization and plots of measured vortex
tracks obtained with the various vortex tracking systems compared with pre-

dicted vortex tracks.



The capability has been developed at TSC to process raw data tapes
containing digitized groundwind and meteorological measurements with the
results being displayed graphically or numerically. The predictive wake
vortex transport model has been updated so that the detailed on-site meteoro-
logical measurements can be used as input parameters to compute vortex
transport and decay characteristics. Under this research program, the
different computer routines have been integrated into one software package
enabling comparisons to be made between observed and predicted vortex

transport phenomena in the terminal area.

A discussion is given in this report of the analysis of groundwind sensor
data to select an optimum analytical technique for identifying and tracking
vortices. Some results in the analysis of meteorological data are also de-
scribed. Finally, a complete description is given of the complete software
package developed for processing and analyzing test data obtained in the JFK

wake vortex test program.



2, WAKE VORTEX TEST PROGRAM

A test program is being conducted at the John F. Kennedy (JFK) Inter -
national Airport at Jamaica, New York, to test several wake vortex tracking
systems and to collect data on the transport of wake vortices under various
meteorological conditions. The wake vortex tracks measured by the tracking
systems will be compared with predicted tracks computed using a wake vortex
transport model computer program, Data collected during the test program
will be used to evaluate the tracking systems and to refine the predictive

model,

Five different vortex sensor types are currently installed at JFK, Of
these five, three utilize acoustics to detect the vortices, one utilizes a laser
beam to detect the vortices and one senses the vortex flow with a series of
anemometers in a ground array oriented perpendicular to the flight corridor,
These sensors are arranged as depicted on the plan view schematic of Fig, 2-1.

Auxiliary instrumentation is also depicted in these figures,

The three arrays of anemometers (Ground Wind Vortex Sensing System —
GWYVSS Nos. 1, 2 and 3) are arranged at locations just beyond the runway 31R
middle marker, between the middle marker and runway 22L/4R, and at the

threshold of runway 31R,

The Monostatic Acoustic Vortex Sensing System (MAVSS) is arranged
in a single array of ten sensors in proximity to GWVSS No. 2. These sensors
are used to determine an approximate vortex height and strength when the

wind is transporting the vortices over the sensors.
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The Doppler Acoustic Vortex Sensor System (DAVSS) is located as de-
picted in Fig. 2-1. This system is designed to provide vortex position in the
plane defined by the sensors, Data from these sensors are processed via
computer in the control instrumentation van and are displayed on-line.

This sensor is configured to operate in either bistatic or monostatic con-

figurations.

The Laser Doppler Vortex Sensing System (LDVSS) is located in two
vans, each positioned 400 feet from the runway extended centerline in the
vicinity of the runway 31R middle marker. These systems each operate
independently in a backscatter (monostatic) mode, They monitor overlapping

regions of space between sensor vans,

In addition to the vortex sensors, the site is equipped with three pres-
sure sensor aircraft detectors designed to sequence the vortex sensor activa-
tions. A video camera is also provided to survey aircraft position within the

flight corridor,

In order to allow correlation of observed vortex transport to local mete-
orological conditions, a number of meteorological measurements, including
wind speed, temperature, barometric pressure and humidity, are recorded
on the network of four meteorological towers depicted in Fig. 2-1, Towers 1
and 2 are 40 feet high, tower 3 is 140 feet high and tower 4 is 30 feet high, A

summary of the meteorological tower instrumentation is given in Table 2 -1,
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Table 2-1

SUMMARY OF METEOROLOGICAL TOWER
INSTRUMENTATION

METEOROLOGICAL TOWER | INSTRUMENTATION

Level (1t) Measurements lnetrument(s}

20 u, v, w wind velocity R.M. Young Model 27003
components 3-axis wind velocity sensor

40 u, v, w wind velocity R.M, Young Model 27003
components 3-axis wind velocity

sensor.

40 Wind magnitude and 1-Tech Asscc. VR 300
direction

40 Wind magnitude and MRI Model 1074-2 Wind

direction

magnitude and direction
sensor.

METEOROLOGICAL TOWER 2 INSTRUMENTATION

Level (ft) Measurements Instrument(s)
10 Temperature MRI Model B40-6
Relative Humidity temperature and relative
humidity sensor
15 BRarometric pressure MRI Model 751 pressure
sensor
20 u.v.w wind velocity R.M. Young Model 27003
components 3-axis wind velncity sensor
A3 L.v,w veind velncity R.M. Young Model 27003
components 3-axis wind velocity sensor
40 Wind magnitude and MRI Model 1074-2 wind speed

direction.
Temperature

AT {10 to 42 It)
tHorizontal sigma

and direction sensvr,
MRI Model 840-1 Temuerature
sensor

Performed in transmuter,
MRI-1001 located in instru-
mentation van,

METEOROLOGICAL TOWE

R 3 INSTRUMENTATION

Lewvel (1) Measurements Instrument(s)

10 Temperature Weather Mcasure Model T621 -
TP18X Temperature probe
mounted in a Model ISG model
aspirated radiation shield,

25 u.v.w wind velocity R.M. Young Model 27003

components 3-axis wind velocity sensor,

50 w.v.w wind velocity R.M. Young Model 27003 sensor,

componcents, Tem- Weather Measure Model T621-
peraturc TPI18X Tempcrature probe in a
Model ISG shield
100 u.v,w wind velocity R.M. Young Model 27003 sensor,
components
13- u.v.w wind velocity R.M. Young Model 27003 sensor
components,
t4n Wind magnitude and Weather Micasure Model w1031/
direction 3L/A wind magnitude sensor,
i Modil 1012 wind dir. sanany
Temperature Model T621-TPI8X Temp.
sensor .n ISG shield
AT {10 to 50 ft) Performed in SC 603 interfacy
AT (10 to 140 f1) unit located .t basc of tower.
METEOROLOGICAL TOWER 4 INSTR UMENTATION
Level ift) Muasurt'.ml'nis Instrument(s)

e u v,w wind velocity R.M. Young Model 27003

cutupanrats 3-anis wind velovity sensor

in u v w w.nd velo aty

¢ o1 aonents

R.M. Younp Model 2700}
J-anis wind velocity
sensor,
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3. COMPUTER PROCESSING OF WAKE VORTEX MEASUREMENTS

A computer program has been developed to analyze data taken during
the wake vortex test program at JFK by TSC. The computer program analyzes
groundwind sensor and meteorological data and computes a vortex track
based on these data. In addition, a predicted track is computed utilizing the
wake vortex transport predictive model described in Ref, 2, and both the
groundwind and predictive vortex tracks are compared with tracks deter -

mined from other sensing and tracking systems.

A flow chart of the data analysis computer program is given in Fig.3-1,
The driver reads a tape containing the groundwind sensor and meteorological
data recorded during a series of aircraft landings. The aircraft type and time

of day are recorded for proper identification.

The Statistical Analysis (STAT) program processes the meteorological
data to provide averages and variances for use in the Meteorological Analysis
(MET) program. The STAT program also has options for performing a number
of other operations on the groundwind and meteorological data to yield auto
and cross correlations, and power and cross-spectral densities. A flow chart
showing the various operations performed by the STAT program is given in
Fig.3-2.

The MET program uses the processed meteorological tower data to
provide atmospheric characterization information. The MET program,among
other things, computes wind speed and direction profiles, roughness lengths,
friction velocities, potential temperature gradients and Richardson numbers.

A flow chart showing the various meteorological parameters computed is given
in Fig.3-3.
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ata
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Y _ Data
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Fig.3-1 - Flow Chart of Computer Program for Processing Aircraft
Wake Vortex Test Data
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The Predictive Model (PRED) program is used to compute a predicted
vortex track based on the analytical vortex transport model. The model
utilizes initial vortex strengths and spacing based on aircraft type, and wind
profile data computed in the MET program. The initial altitude at vortex
formation is determined from an assumed aircraft landing trajectory, The
predicted vortex track is stored on a magnetic tape for later use in comparing
with tracks measured with the various wake vortex sensing and tracking

systems.

The Ground Wind Tracker (GW) program developed at TSC (Ref. 5)
analyzes the groundwind sensor data to compute the tracks of the aircraft
wake vortices. Two algorithms are used in this determination. The first
compares the measured wind speeds of all sensors at given times and selects
the sensor locations where the vortex-induced wind speeds are highest. The
vortices are then assumed to be located over these selected sensors. A plot
is made on the line printer showing the location of the port and starboard
vortices at various times. The second algorithm examines the measured wind
speeds at each sensor location separately to determine the exact time at
which a vortex passed over the sensor. The algorithm uses a cross correla-
tion between a sinusoidal shaped ''peak'' passed over the data record to locate
maximums and minimums in the measured wind speed This method of lo-
cation of the maximum and minimum points smooths out irregularities in the
curve due to turbulence and other noise in the data The vortex tracks deter-
mined from this algorithm are stored on tape for later comparison with tracks

determined from other vortex sensing and tracking systems.

The Vortex Comparison (VORCOM) program reads vortex track data
stored on tapes which have been computed by the PRED and GW programs,
and which have been measured by the other vortex sensing and tracking sys-
tems. After reading in the recorded data, plots are made comparing simul-

taneously obtained vortex tracks.



VORCOM consists of basically two major routines, DECODE and
VORPLT. The main function of DECODE is to read in all of the sensor data
and write them on a disk file in a random fashion. This routine calls one
routine to read each tape. The routine is written in a manner which will
allow other tape reading routines to be added at a future date Presently
groundwind. predictive, pulsed acoustic, laser Doppler and bistatic Doppler
acoustic data can be read and stored on a disk file. Detailed flow charts of

all major routines are shown in Appendix A.

Routine VORPLT calls other routines to retrieve data from the disk as
requested and plot these data. There will be three plots for each baseline:
altitude versus displacement from runway extended centerline, altitude versus
time after aircraft passage, and time after aircraft passage versus displace-
ment from runway extended centerline Sample plots are shown in Figs. 3-4a
through 3-6c for one flyby. This sample data consists of actual wake vortex
measurements conducted with different types of sensors on different days
Since no simultaneous measurements were available, the superimposed data
are shown to demonstrate the capability of the program rather than to present
consistent vortex trends. Both predictive and groundwind data are shown with
data from the laser Doppler, pulsed acoustic and Doppler acoustic bistatic
sensor overlaid. Lines of constant time between predictive tracks and the
sensor data are shown on the first plot for each baseline (see Fig 3-4). As
additional sensor tapes are received, software will be added to read and plot

them. Table 3-1 defines the symbols utilized in the plots
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Table 3-1

SYMBOL CODE USED IN VORTEX

TRACK COMPARISON

System Port Starboard
Predictive Tracks @) *
Ground Wind Tracks P S
LDV Van 1 3 2
LDV Van 2 6 5
Bistatic Acoustic-Doppler Y X
Pulsed Acoustic L R
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Fig.3-4a - Comparison of Predicted Vortex Tracks with Sensor Data
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4. ANALYSIS OF GROUNDWIND SENSOR MEASUREMENTS

The groundwind sensor data taken at JFK have been analyzed using a
number of statistical processing techniques to explore possible means for
recognizing wake vortex signatures and determining the vortex locations.

The data analyzed in this study were taken at JFK on 10 May 1974 and re-
corded on DOT-TSC tape No. K122 at a sampling rate of 7.5 data points per
second. At that time, only meteorological tower 1 and groundwind sensor
lines 1 and 2 were operational. Shown in Figs. 4-1 through 4-20 are plots

of the groundwind and meteorological tower data filtered by a moving average
over 1, 3, 5, 7 and 9 second intervals for the case of a Boeing 747 aircraft
landing at a time designated as 0/02/16 (2 minutes and 16 seconds from the
beginning of the tape). Sensors 201 through 226 refer to groundwind sensors
on sensor line 1 starting at 800 feet on the port side to 900 feet on the star-
board side of the runway Sensors 101 through 118 refer to groundwind
sensors on sensor line 2 starting at 1050 feet on the port side to 1050 feet
on the starboard side Sensor 119 is an unassigned channel actually record-
ing a duplicate of sensor 118 Sensor 120 records temperature data on the
meteorological tower. Sensors 121, 222 and 223 and sensors 124, 125 and 126
record three-component wind velocities at the 20-foot and 50-foot elevations,
respectively, on the meteorological tower. A list of the MET sensors is

given in Appendix E in terms of the notation used in Fig. 4-1 through 4-20.

Considerable smoothing of the data is noted by averaging over the longer
time intervals. The 5-second interval is seen to be very effective in removing
random fluctuations from the data and allowing the characteristic vortex signa-
ture to be easily recognized. Additional data plots are shown in Figs. 4-21
through 4-44 for the cases of a Boeing 707 landing at 0/10/38, a Boeing 747
at 0/12/26 and a Boeing 707 at 0/18/30. The plots show 1- and 5-second
averaged data. These cases also show effective s.moothing of the data using

a 5-second moving average.



The various statistical analysis techniques performed by the STAT
program were applied to both predicted and actual groundwind sensor mea-
surements. The predicted results were obtained using the PRED program
with a wind profile obtained from the meteorological tower data, The pre-
dicted groundwind measurements were examined because they were free of
contamination by random wind fluctuations and, therefore, permitted an unob-
structed view of the effect of the various statistical analysis techniques on
the pure vortex signature. Figures 4-45 through 4-51 show predicted results
for sensors 108 and 109 for the case of a Boeing 747 landing at 0/2/16.
These sensors are located 250 and 200 feet, respectively, to the port side of
the extended runway centerline. Since the vortices were traveling in the
direction of the port side, the comparisons between the two sensors were
made in that direction (109 to 108). The sensors were labeled in these plots,
therefore,as signal one for sensor 109 and signal two for sensor 108, The
predicted groundwind signatures for the two sensors are shown in Fig. 4-45
with the probability density functions for wind speed variations given in Fig,
4-46. A normal (Gaussian) distribution is shown for comparison., The cumu-
lative (integrated) distributions are shown in 4-47, again compared with the
normal distribution. Both the probability densities and cumulative distribu-
tions are seen to be similar to those of the normal distributions, even though

there are no random fluctuations in the data.

The power spectral densities of the two theoretical groundwind signa -
tures are given in Fig. 4-48. The intensity is seen to increase as the frequency
decreases toward the fundamental frequency corresponding to the 128-second
duration of the curves. There does not appear to be any pronounced character -
istic frequency representative of the vortex signature. The cross-spectral
density phase and magnitude for the correlation between the two curves are
shown in Fig, 4-49, Although the phase plot is semi-log, the phase can be
seen to be nearly a linear function of frequency for the first five multiples
of the fundamental, with the average ratio of phase angle to frequency being
1856 degree-second. The cross spectral density provides some indication of

signal transmission time t between the two sensors through the relation:
t=¢/27f (4.1)
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where ¢ is phase angle and { is frequency. Based on this relation and the
average ratio of phase angle to frequency of 1856 degree-second, an average
transmission time of 5.2 seconds is computed. For the 50 -foot separation
distance between the two sensors, this corresponds to a signal transmission
velocity of about 10 feet/second. This agrees very well with the 12 foot/
second average cross wind velocity at the altitude of the vortices as they
passed over the sensors (see Figs., 5-2 and 5-3 at the 40-foot elevations).
Since the two vortices are traveling in opposite directions with respect to
the wind, the average speed of the two vortices is the same as the cross
wind speed. The magnitude of the cross-spectral density increases as the
frequency decreases toward the fundamental in the same manner as the power
spectral densities of the separate curves, No pronounced characteristic fre-

quency for the cross spectral density is noted,

The autocorrelation for the two theoretical curves is shown in Fig, 4-50.
The computation procedure provides only the absolute values, hence, the appar-
ent discontinuities in the first derivative. These curves give some indication
of an average period or wave length for the shape of the groundwind signa-
tures. Referring to the upper figure, the approximately 15-second time in-
terval involved in the first decrease of the autocorrelation to zero corre-
sponds roughly to the time between the minimum and maximum in the upper
curve in Fig, 4-45, The minimum and maximum points correspond, respec-
tively, to the times at which the downwind and upwind vortices pass over the

sSensor.

The cross-correlation between the two theoretical groundwind signa -
tures is given in Fig. 4-51. The pronounced peak at a lag time of about 5
seconds corresponds to the signal transmission time discussed earlier in

connection with the cross-spectral density,

Shown in Figs. 4-52 through 4-58 are statistically processed data for
actual groundwind sensor measurements corresponding to the predicted data
in Figs, 4-45 through 4-51, The measured groundwind signatures for sensors

108 and 109 are given in Fig, 4-52 and averaged over 1-second intervals. The
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same general shape of the groundwind signature as predicted in Fig.4-45 is
easily recognized in the measured data, although the minimum and maximum
points differ by as much as 10 seconds. The probability density functions for
the two curves are given in Fig.4-53, and the cumulative probability densities
are given in Fig.4-54. The power spectral densities are given in Fig,4-55,
and the cross-spectral densities are given in 4-56. The autocorrelations are

given in Fig.4-57, and the cross correlation is given in Fig.4-58.

In general, the same comments that were made concerning the predicted
results are applicable to the measured results. Unfortunately, the linearity
in the phase to frequency relationships in the cross-spectral density (Fig.4-56)
appears to be lost in the measured results. Taking the first two points on the
phase-frequency plot, an average ratio of phase to frequency of 7296 degree-
second is found. From Eq.(4.l), this corresponds to a signal transmission
time of about 22 seconds. This is very close to the observed time between
the two maximums in Fig.4-52 and to the lag time at maximum cross corre-
lation in Fig.4-58. In this case, the upwind vortex is drifting down wind at
a slower speed than was predicted, and the peak in the groundwind signature
caused by the upwind vortex is broadened and forms a more prominent part
of the overall signature than the downwind vortex. Hence, the cross correla-

tion is more strongly influenced by the upwind vortex than the downwind vortex.

Figures 4-59 through 4-68 show some comparisons between predicted
and actual groundwind sensor data for the Boeing 747 landing at 0/2/16.
Figures 4-59 through 4-64 present comparisons for sensors located on the
port side of sensor line one at distances 400, 300 and 200 feet from the run-
way centerline. Figures 4-65 through 4-68 show comparisons for sensors
on the port side of sensor line two at distances of 450 and 250 feet. Each
comparison has two figures with the first showing the experimental and .
theoretical signatures and the second showing a cross correlation between
the two signatures. High values in cross correlation at zero lag time indi-
cate good agreement between the two curves, High values at some lag time

indicate similarity in shape, but a time difference corresponding to the lag

4-4



time. In Fig. 4-59, there appears to be a negative lag time of about 10 seconds
between the dips corresponding to passage of the downwind vortex over the
sensor. This apparently shows up as a peak in the cross-correlation curve
in Fig, 4-60 at the positive lag time of about 120 sec (negative 7 corresponds
to positive 128-7). The large peak at 80 seconds is actually negative (only
absolute values are computed) and probably corresponds to the anti-correla-
tion between the dip in the experimental curve and the maximum in the theo-
retical. Figure 4-61 shows overall good agreement between the experimental
and theoretical curves, and this is reflected in Fig, 4-62 as a maximum cross
correlation at zero lag time. The large negative peak at about 70 seconds
corresponds to the anti-correlation between the minimum in the experimental
curve and the maximum in the theoretical curve. Similar observations can
be made for the results in Figs. 4-63 through 4-68,

These statistical analysis results show some interesting effects which
could conceivably be used in identifying and locating aircraft vortices, The
moving average results indicate effective smoothing of data by applying a
5-second moving average. Smoothing the data to remove random wind fluc -
tuations will permit more accurate identification of the vortex signature and
easier discrimination of the location of the maximum and minimum points
corresponding to the passage of the two vortices over the sensor. Of the
other statistical processing techniques, some were shown to reveal certain
characteristics of the vortex signature, but no positive improvements over

the existing TSC algorithms were found.
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Fig.4-38 - Groundwind Sensor Data Averaged over 5-sec Intervals (Sensors 101-113)
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5. ANALYSIS OF METEOROLOGICAL MEASUREMENTS

When the K122 tape was recorded, only the tower 1 meteorological
instrumentation was operational. This limited the scope of the analysis of
the meteorological data since no temperature lapse rate data were available.
Hence, parameters depending on lapse rate, such as Richardson number,
could not be computed. The three-component wind data at the 20 and 40-foot
elevations were processed by the STAT program to yield mean wind speeds,
variances and directions. This information was then processed by the MET
program to yield wind profiles, friction velocities, roughness lengths, wind
shear and energy dissipation rates. A detailed description of the meteoro-
logical measurements and their processing in the MET program are given
in Ref. 1. Theoretical wind profiles were computed based on the computed
friction velocities, computed roughness lengths and estimated Pasquill class,
Results are shown in Figs. 5.1 through 5.6 for the analysis of the meteoro-
logical data taken during landing of the Boeing 747 at 0/2/16. The processed
data were taken over the 128 -second period following passage of the aircraft
over sensor line 1. The computer line-printer output data are shown in Fig,
5-1, and plots of the computed wind speed and direction profiles are shown
in Figs. 5-2 through 5-6. As shown in Fig, 5-1, a horizontal wind speed pro-
file was computed based on fitting the wind data at the two tower elevations

to a power law profile of the form:
— p
u z
= (5.1)
vref < zref>

of is the

selected reference height and Vref and p are parameters to be determined in the

where u is the horizontal wind speed, z is height above ground level, Zr

curve fit. The computed profile is listed in Fig. 5-1 along with the three curve

fit parameters. A plot of this profile is shown in Fig. 5-2 compared to the
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measured data at the two elevations. A wind direction profile, relative to the
runway centerline, was computed based on a linear fit of the data at the two
elevations. The computed direction profile is listed in Fig. 5-1 along with the
two curve fit constants, and a plot of the direction profile is shown in Fig. 5-3.
The vertical wind speed profile was computed based on a quadratic fit which
forced a zero vertical velocity at ground level. The computed profile is given
in Fig. 5-1 along with the curve fit constants, and a plot of the profile is shown

in Fig. 5-4 along with the measured data at the two elevations.

%
The friction velocity u is computed from two different equations.
The first is based on an assumed logarithmic wind profile and requires velo-

city measurements at two elevations:

* N
u =k m (5.2)

where k is the von Karman constant, 0.4, and El and HZ are the measured
velocities at 2, and Z,- The second makes use of the measured variance

o, in the wind speed at a single elevation:
u = Ou/2.5 (5.3)

The friction velocity determined from Eq. (5.2) was calculated using the wind
speed measurements at the two tower elevations. This value is listed as
USTAR (1, 2) in Fig.5-1. Friction velocities based on Eq.(5.3) were calcu-
lated for both tower elevations. These values are listed as USTARP(1) for
the 20-foot elevation and USTARP(2) for the 40-foot elevation in Fig.5-1.

An average of these three values is listed as the tower 1 value. The friction
velocities calculated from Eq.(5.3) are seen to vary by a factor of 2 from
the 20-foot elevation to the 40-foot elevation, with the lower elevation value

being twice as high as the value calculated from Egq.(5.2).



Roughness lengths z  were calculated from measured wind speeds at

two elevations by assuming a logarithmic profile:

dnz = (5.4)

and from the measured horizontal wind speed u and variance in the vertical

wind speed - at a single elevation:

fnz_ ={nz-0.5 —= (5.5)

w

The value computed from Eq.(5.4) is listed in Fig.5-1 as ZO (1, 2), and the
values computed from Eq.(5.5) are listed as ZO P(1l) for the 20-foot elevation
and ZO P(2) for the 40-foot elevation. A large variation is noted in the three
computed values. As with the friction velocties, an average of the three values

is listed in Fig.5-1 as the tower 1 value.

A gradient of the horizontal wind velocity was computed from
I s (5.6)

and is listed in Fig.5-1 as VGRAD (1, 2).

Theoretical wind profiles were calculated based on a Pasquill class
power law profile and a logarithmic profile. The Pasquill class power law
constant was selected from the '"average cloudiness' Pasquill class criteria
(Ref, 4):
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Table 5-1
AVERAGE CLOUDINESS PASQUILL CLASS CRITERIA

Wind Speed (m/sec) <2 2-4 4-6 >6
Pasquill Class A B C D
Power Law Constant .15 A7 .20 .26

where the wind speed for use in Table 5-1 was obtained by extrapolating the
previously obtained power law profile to the 10-foot elevation. This extrap-

of 3t the
10-foot reference altitude 2 ef’ The computed Pasquill class profile is

olated wind velocity was also taken as the reference velocity Vr

listed in Fig.5-1 along with the three parameters Vref’ Z o of and the Pasquill
class power-law constant which is listed as PPASQ. Note that the Pasquill
class power-law constant value 0.17 compares rather closely with the fitted
power law value 0.20. A plot of the Pasquill class profile is shown in Fig.5-5
compared with the two measured values. The Pasquill class profile is seen

to fit the two measured values very closely and to compare very well with the
fitted powerdaw profile (Fig. 5-2).

A theoretical logarithmic wind profile was calculated from

u

1 Z
= —{n — (5.7)
k zZ,

5
S+

[=

where the friction velocity and roughness length were taken as the previously
obtained averaged tower 1 data. The computed profile is listed in Fig, 5-1,
and a plot of the profile is shown in Fig.5-6. The logarithmic profile based
on the previously obtained average roughness length and friction velocity is
seen to not compare well with the measured data and fitted power curve in

Fig. 5-2 or the Pasquill class profile in Fig, 5-5.
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Wind shear gradients of the three-component wind data were obtained
by taking differences for all three components as in Eq. (5.6). The U, V and
W components are in the directions along the extended runway centerline aft
of the landing aircraft, normal to the runway to the starboard side, and in the

vertical direction upward, respectively. The computed values are listed in
Fig. 5-1 as DUDZ(1, 2), DVDZ(1, 2) and DWDZ(1, 2).

The turbulent energy dissipation rates, ¢ , were calculated by using three
different equations for both tower elevations (20 and 40-foot) where wind velo-

city data were taken. The three equations are

1/3 _ u®

€ S 755 (5.8)
kl 3 zl 3

where u  has been previously determined,

—.2/3
1/3_ 1 Tk
3 . 21/'3 In(z/zo) (5.9)

which is the equivalent of Eq. (5.8), assuming a logarithmic profile, and

o)
1/3 u
€ = (5.10)
2.5 k173 ;1/3
which is also equivalent to Eq. (5.8), assuming the relation
W' =0 /2.5 (5.11)



The computed ¢ 1/3 values are listed in Fig.5-1, with EPS13A, EPS13C and
EPS13D corresponding to Eqs. (5.8), (5.9) and (5.10), respectively; and I=1
and 2 corresponding to the 20 and 40-foot tower elevations, respectively.
The EPS13B label is extended for an el ) calculation taking into account
Richardson number. Since the required temperature lapse rate measure-
ments were not taken during this test series, this calculation was not made,

and the computer printed zero for these values,

The friction velocity u* at a given location is defined as the square
root of the cross-correlation between the horizontal and vertical components
of wind velocity at that location. These cross-correlations were made for
the measured horizontal and vertical wind data at the two tower elevations.
Shown in Fig,5-7 are the measured horizontal and vertical components at
the 20-foot elevation for the 128-second time interval following passage of
the Boeing 747 over sensor line 1 at 0/2/16. The cross correlation is given
in Fig.5-8. The data are normalized to YRX0*RYO0, where RX0 and RYO
are the autocorrelations of the two separate curves at zero lag time. From
the cross correlation at zero lag time, a friction velocity of 0.230 feet/second
is determined for the 20-foot elevation. Performing a similar analysis of the
40-foot elevation data (Figs.5-9 and 5-10) yields a friction velocity of 0.659
feet/second. Although these values are not as nearly equal as one might hope
for, since the friction velocity is generally assumed to be constant at all ele-
vations, they are certainly within the same order of magnitude, and they com-
pare favorably with the friction velocity of 0.7946 feet/second determined from
Eq.(5.2) (See Fig.5-1, USTAR(1, 2)).

As pointed out in the preceding paragraphs, some of the meteorological
parameters have widely different values depending on the method of calcula-
tion, It may be determined during the course of the wake vortex test program
or in the analysis of data that many of these parameters are of no real value
in correlating wake vortex transport behavior to meteorological conditions,
and these parameters may be disposed of in the data analysis program. Of
those parameters determined to be of value, the most appropriate method of

calculations must be determined by an analysis of test data.
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COEFI2)=

ALTITHUDE ,FT

« 2009
(] 10034']2

~+7512+02

= 4407-01

« 000

WIND SPEFD PROFILE

VELOCITY ,FT/SEC

=2 2087 +00"

«1300+02 FT,

Fig.5-1 - MET Program Line Printer Output
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«80NN+N2 e 1177+02
«90N+02 e 1291+07
~1097+01 ¢ 222+02
«1100+03 e 1242+02
«12020+03 s 1261+02
«1305+03 2 1278+02 p
«140N0+03 01294402
VPEF= +8121+01 FT/SEC, ZREF= «10C0+02 FTy PPASQ= 17
THEORETTCAL WIND OROFILES
¢ LOG PRQFILE (NFEMTRAL STABILITY)
ALTIT'IDE ,FT VELOCITYZFT/SEC
0507 « 2090
WINNeN2 v 2067+02
«2000+N02 «2352+02
«30N%+02 «2519+N2
0 4020N+02 « 2637402
«50037+02 «2729+02
«60072+02 «2AN4+02
L70NC+N02 «28467+02
PR AL B B 22922442
e 2200+ 2 v 2971402
1007403 «3014+0)2
«11722+73 «30R3+02
«1272+723 p3ORG+[2
« 1 3C2+010 31224002
+1407+91 2 3152+02
UeV,w WIND SHEAR
DUPZLY 212 ob6376=02 FT/SEC/FT
nvpZil,2)= «3007+00 FT/SEC/FT
NUNZ(1,2)=  43374=D1 FT/SEC/FT
e TOYERL DUDZ= +637A=02 DVDZ= «30N7+00  pYVip7= +3376=01 FT/SEC/FT
NISSIPATINN RATE
! EPS13A EPS!3BR FPS13acC EPS13n
1 «3227+00 «0NNN «3252+070 a7175+97 FTee(2/3)/SEC
2 s 4NH72+0N «QNON 217N+ 0N v9971+0n FTeel2/3)/SEC

Fig.5-1 (Continued)
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«e22770+02 =-s2951+00
«1227+02 =aldh14+0ND
JUNDNEN2 =24173+00N
+5717+02 =obbbH+00N
06007 +02 ~«5111+00
«7307+02 -eh521+09
Y e Eala Bl - KO0 2+110
«7007+N2 =sh2An+0N0
«1729+03 =~ b579+00
«1127+013 =+4A921+00
+12770+01) -«7228+00
. 1.19']*0] ~e7524+00
+1477+063 -+ 7808+00
COET (V)= Radalxial 2
CAEF(2)= » 30070
CIEF (V)= =,6599=-N1
FRICTINT VFLOCITY
USTAR(1,42)= 2 79HA+020 FT/SEC
1At tin= ef't i3+l HSTARPILZ) = 7600
TOowii2 | o) 66+ FT/SEC
ROUGHMNESS LENGTH
Z20(t, M) = 18546+0N FT
7apll)= «9253=n2 Zop(2)= «2307=02 FT
TOWER 1 2b57=01 T

GRANIFHNT OF HORTZOMTAL WING COMPONFHT

VGRAD(1,2)= v60068=1] VGRAD

TOWER 1 «AN7=01 FY/SFC/FT

PASQUIL CLASS ®WIHD PROFILE

ALTITUDE,FT VELACITYWFT/SEC

. 000N

e 1700D+02
.2107+02
«3J07:02
«4N1714+92
«B07+NZ
AT+ 2
e 700 77+002

«200N

e3253+01
297011
294011
«10HA+022
« 10ARA+U2
1121402
«115p+02

Fig.5-1 - (Concluded)
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6. CONCLUSIONS AND RECOMMENDATIONS

The output of groundwind vortex sensors and tower-mounted wind, pres-
sure and temperature measuring devices at the Department of Transportation
wake vortex test site at Kennedy International Airport can be processed, ana-
lyzed and displayed by means of a computerized data processing system de-
veloped under this research program. Vortex tracks have been predicted on
the basis of an expanded transport code incorporated into the above system
and utilizing the observed meteorological parameters as inputs. The capability
to compare observed and predicted vortex transport characteristics has been
demonstrated. The results of the program indicate that the ground-wind pro-
pellor anemometer vortex sensor array provides a good indication of the
near-ground vortex behavior; wind shear and turbulence profiles can be ex-
tracted from the tower-mounted meteorological sensors; and the computed

vortex tracks can be correlated with the experimental measurements.

The investigation of statistical processing techniques did not yield an
algorithm for analyzing ground-wind sensor data which was a positive improve-
ment over the existing TSC algorithms. It was noted, however, that smoothing
the data with a 5-second moving average effectively removed random wind

fluctuations to reveal the characteristic vortex wind signature.

On basis of the results of the present research effort, the following

specific recommendations are proposed:

1. A broad data base should be established of vortex
wake and meteorological measurements for continued
analysis.



2. Analysis should be conducted of wake vortex and
meteorological measurements and predicted vortex
tracks in the above data base to verify and refine
the Predictive Model and to examine input require-
ments for implementing the Predictive Model at
any airport,
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APPENDIX A — VORCOM DETAILED FLOW CHARTS

MAIN ROUTINE DRIVER

N

Call DECODE

Read vortex track
tapes and store on
drum

'

Call IDENT

Call VORPLT
Plots data report

/

T e B A T

Call ENDJOB

Dumps final plot
buffers to tape

Initializes SC 4020
Plot package

|

Stop
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Function FL:

A has mantissa
D has expanent

Puts A and D together
in A

Sign of Heo

Exponent
Pos tty

Take 28 complement
of exponent and subltrac

from 200g
|

Store exponhent
in FL

Is
sign of

mantissa
positive?

Store mantissa
in FL

]

Take 23 complement
of mantissa

| Store mantissa in FL I

[ Take 1s complement of Fl. ‘

LEN




Subroutine WRTDSK

ld sensor type to be
cataloged already
ataloged?

Store new sensor type
name in ARRAY of
cataloged sensors

Store new run numbers
and sector address of
that run in an ARRAY

Write header record of
flyby on drum unit 13 at
a specified sector address

Call ADRESS

Computes next available
sector address

Write track data for all
active baselines beginning
at the just computed sector
address

Call ADRESS

Computes next available
sector address

I Return |




<w

rite 2 message
to printer

Subroutine RETREYV

Is
the requested
sensor in the
data base?

Is
the requested
flyby number
in the data base
for this
sensor ?

Return

Read header information
from drum unit 13

Yes

data available
for the requested
baseline?

Return

Read track data

from unit 13
1 _

Yes

A-5

Return




Subroutine RDTAP

Call NTRAN

System routine reads a
requested number of
words from tape and
stores in an assigned

array

—

|

If tape If transfer
EOF read Test status not complete
b

'

Linuing

e

Set number
of words
transfered
to 0

| Return I

efore con-

/

Wait 10
Lsec

3

If transfer
complete

Return




Subroutine DECODE

Beginning of do-loop on total
B 8 op
"7 number of flybys on tape

Call ZERO
Zeros out data storage array

1
Call RDTAP

Reads record 1 of this flyby
from tape unit 20

Utilize system routine decode
to unpack tape worda into 1108
words and store in data atorage
area

Call PACK

Reverses order of bits in all
words placed in data storage
area

1

Using system function FLD
obtain from data storage area:

I, Frame length for lat baseline
of active sensora

2, Frame length for 2nd baseline
of active sensore

3. Flyby run number

4. Airport identification
5. Tape number

6. Aircralt identification

7. Start time in hours, minutes
and seconda

Baselines
2 and 3

Baselines
1 and 2

Which
two baselines
are active?

XARAY(1)=-650
XARAY({2)=-1500

XARAY(11=0.0
XARAY(2)=-650

Baselines 1 and 3

KARAY(11=0.0
XARAY(21=-1500

\ Do-loop én number of data records
J for this flyby

Call RDTAP

Ruads record |+N for this flyby.
N is number of recorda fallowing
header record




Call ZERO

Zeros out data storage
array

Utilize system routine decode

to unpack tape words into 1108
words and store in data storage
area

Utilize function FL to convert
the tape floating point values
to 1108 floating point format,
Values computed are;

Time, Y position and Z
position for both port and
starboard vortices

:

Decide which baseline
h, the above data belongs

to and store in the
proper places

Write header information
to printer

Write time, 1 pesition
and 2 position for each
vortex for sach baseline
to printer

Call WRTDSK

Writes pulsed acoustic track
\ data to drum unit 13

| Return I



Subroutine LASRD

past an initial tape label block

Beginning of Do-loop on total

Call RDTAP
Moves laser tape on unit 24
number of flybys on tape (

31

3

Call ZERO
Zeros out data storage area

Call RDTAP

Reads record 1 of this flyby
from lape unit 24

Call DCODE

Unpacks data just read, re-
orders bits and stores in core

i R s B

Using function FLD obtain run
number and date

Using function FLD and additional
logic convert the PDP-11 alpha-
numeric aircraft identification to
1108 alphanumeric

Utilize system routine decode
to convert hours. minutes and
seconds to integers

Call RDTAP

Reads record 14N from tape unit
24, N is the number of recorda
[ollowing header records

Yes Was

EOF
Read ?

Call ZERO
Zeros out data storage area

> Beginning of do-loop on

number of words per record .
at intervals of 25




Utilize function PDP to
convert PDP-11 floating
point values to 1108
floating point and store
time, Y poeition and Z
position as seen by laser
2 of both starboard and

port vortices

Call DCODE

Unpacks bits from required
words, records bits and
mtores in core

Are
data from

laser van 1 or
laser van 27

Lasger 1

3

Utilize function PDP to convert
the PDP-11 floating point values
to 1108 floating point and store
time, Y position and Z position
as seen by laser 1 of both star-

board and port vortices

Were
any data
obtained by
laser 17?

Yes

1

<

Write header, time, Y and Z
vortex track information as
seen by laser 1 to printer

Call WRTDSK

Write above information to
drum unit 13

Were
any data

obtained by
laser 27

10

1 End DW




Write header, time, Y and Z
vortex track information as
seen by laser 2 to printer

1

Call WRTDSK

Write above information Lo
drum unit 13

11

Return [




Subroutine DACCRD

\ Beglnning of do-loop on total

/ number of flybys on tape

(

Call ZERO
Zeron out data storage area

1

Call RDTAP

Reads record 1 of this fliyby
{rom tape unit 23

Call DCODE
Unpacke data just read.
reorders bits and stores

in core

)
)
)

Using system function FLD
obtain from unpacked array:

1. Frame length

2. Run number

3. Airport identification

4. Alrcraft identification

5, Tape number

6. Start time in hours,
minutes and seconds

\ Do-loop on number of data

/ records for this flyby

{

Call RDTAP
Reads record 1 + N for this

flyby. N is number of records

following header records

( Call ZERO

Zeros out data storage area

,

!

1108 floating point format.

Values computed are;
Time, Y position and Z

starboard vortices

position for both port and

Utilize function FL to convert
the tape floating point values to




No

Were
data

obtained b
AVCO's or TSC's
monostatic?

Write header, time ¥ and 2
positions for both starboard
and port vortices to the
printer as obtained by mono-
atatic

Call WRTDSK

Write above information to
drum unit 13

Write header, time, Y and Z
poaitions for both starboard
and port vortices to the printer
as obtained by bistatic

J

Call WRTDSK

Write above information to
drum unit 13

| Return I



Subroutine VORPLT

Read plot limit information for all
four baselines from card reader

\ Do-loop on number of runs to be (

ﬁL plotted

\ CE—
llr_Dcn-loop on four baselines

A
Do-loop on maximum number of
sensore at JFK

Call RETREV
Determine if the sensor requested
is in the data base, Ifit is, were
data for the requested flyby number
recorded by that sensor 7 Finally
if data exist for the requested
baseline, the data are retrieved.

Were

data available
for the requested
sendor, (lyby
and baseline?

Set up plotting array for this

sensor, baseline and flyby
number

J
e ]

No

Were

T there any

¥ rite'd megsage active sensors

Lis printer for this
baseline?

Determine which sensors were
active and write data to printer

’

Utilize system function sncode
to convert flyby number, base-
line identification and aircraft
identilication te alphanumeric

representation

Call QUIK3L

SC 4020 plot routine that plots
predictive altitude versus dis-
placement [rom runway center-

line Yor port and starboard
varlices




In a do-loop call QUIK3L to
overlay plot sensor data

Connect at predictive track
intervals of 20 seconds all
sensor indicated positions

within 1.5 seconds

Call QUIK3L

SC 4020 plot routine that plots
predictive altitude versus time
after aircraft passage for both
port and starboard vortices

In a do-loop call QUIK3L to
overlay plot sensor data

Call QUIK3L

SC 4020 plot routine that plota
predictive time after aircraft
passage versus displacement

{from runway centerline

In a do-loop call QUIK3L to
overlay plot sensor data

A-15/A-16






APPENDIX B — MET AND PREDIC DETAILED PROGRAM

(Call INPUT for inputting program control ]

MAING (Driver)

flags and doing some initialization,

r
(Call TAREAD for reading JFK met and ground-)

wind tape. Control returns here whenever new
record is needed.

'
No A
] { Call BDOWN (or unpacking the 12-bit-words
from the JFK data.

Was

second aircraft =
detected ?
Y
A I Search for aircraft passage Ilag._l
A
\J

Back up 3 time points

e 7 points will be averaged for lst sec.

e B points will be averaged for 2nd sec,

1 ® 7 points will be averaged for 3rd sec.
r_rrs___;_:p__..

ls 128
sec of data

Y

saved?

cients uaed in fitting 3 known velocity points

Call QUAD for computing quadratic coeffi-
for each sensor line.

1 raw
data plot
anted

X
No Call STOR for storing raw
data
A

Compute wind speed for each met point and save,
{The quadratic coefficlents computed above have
been used.)

1s any
exira sensor processing
to be done by the

statistical package?

Compute wind speed for each sensor specified
in save. (The quadradic coefficients computed
above have been used.)

Search for aircraft passage flag.

1. Look for passing second sensor line
Compute aircraft speed and save time
at which aircraft passed (this is the

A time which is printed out.)

2. After aircraft paases second sensor line,
a second aircraft passage is sought.




[

¥

Seven or eight points of met data are averaged
for 1 sec of data.

H any extr
seneor processing
to be done by the

statistical
package?

Y

Seven or eight points are averaged
for 1 sec of specified sensors.

/

Call SUMD for averaging 7 or 8 points
to obtain 1 sec average for all sensors,
€]

second

No Aircraft passagé Yes
ag found with-, o
in 10 sec?
good run in
procesa?
Yes
Canael second aircraft passage
and look for another,

13

1]

Enter aircraft type and time of aircraft passage
of sensor line 2 into title array.

Is an
overlay link going
to be brought in
pver raw data?

Call WSTOR for writing raw data
on file 15,

Is any extra
sensor processing
to be done by the
statistical package ?

> DO through sensore to be processed <

Store data in X and Y arrays for handling
by statistical package.




Has

a necond
aircraft been
detected during
this 128 sec?

No Y

Shift data for use with second airerafi,

r--

Put appropriate labels in title arriyq

( Call MAINP for statistical analyses of these dna._]

Yes

\

{ Put appropriate labels in title array. _]

¥

Call PREMET for computing me! statistics
by calling the statistical package and the
MET program.

|_Set uﬁ input data for predictive model, I

Y

Call PREDIC for compuling & predictive vortex
trandport track and write it on file 12,

Are there any
predictive ground sensors
to be compared to

observed ground
gensors ?

( Call WINDE to get wind velogity at sensor height, )

Y

Call RELPRD

® To read specified obnerved sensor data from
file 15 and put in array X.

e To read specified predictive sensor data from
file 14 and put in array X. Also, wind data are
put in array Y for time before aircraft reachen
sennor line,

!




| Enter appropriate labels in title array, ]

Call MAINP for statistical analysen of the
Selected ground wind sensors,
T

)

Are
raw data to be
lotted ?

No Call PLOTSM for plotting moving averages
of raw data with specified duration to be
printed out at | sec intervals,

> |
/

[ Set up for next aircraft. ]




PREMET

———b—) DO throughthe four towers (

DO through propeller wind
wensor groups on tower

Are
horizontal

Save wind sensor data in
X array for statistical
analyses,

Y

Compute mean and variance
of wind sensars,

F

Call MAINP [or rotating
coordinate system to nall
the mean of wind along
the Y axia,

'
| Compute mean and variance

of rotated system,

!

Put vertical wind into Y
array for use 1n cross
correlation,

v

(Call MAINP for cross cnrre-)

lation between horizontal and
vertical wind,

y

s DO
through propeller wind
sensor groups [inished
for this tower?

through the four
towera finished?

Find mean and variance of sensors
that are active. Store 1.E30 for
mean and variance or aensars that
ara not active,




l

Compute the mean and variance
of the horizontal wind spead and
angle for the cup and vane sensora,

A

Compute the mean and variance
of the wind speed in the mean
direction, Compute the mean
spead perpendicular to the
mean direction,

Compute the mean and variance
of the temperature, humidit ¥
pressure, delta temperature,
and horizontal sigma,

Call MET for met calculations
using mean and variance for
met aensors,

Return
to MAINC,




MET

NS

Compute & least squares power law curve
of wind speed as a function of height for
each of the four towers,

¥

Compute a leasl vguares polynomial curve
fit of the wind direction as a function of
height for tower 3, Iftower 3 {5 dead then
towers |, 2 or 4 are chosen,

Compute a least squares polynomial curve
fit of the vertical wind direction as a function
of height (for the tower used by wind direction),

Y

Compute friction velocity, Two types are
computéed:

0.4 (u, (21 - 0y (1)

Type 1| = — s
(Zt5)

uy ie the mean horizontal wind speed at
sensor location in the mean direction.

Z is height of sensor,

Type 2 = Bh;’Z.S

is variance of horizontal wind speed
at sensor location. (Both types are
computed for all combinations of each

tower.)

Compute roughness length, Two types are
computed:

M, (2)

D ) - mze2y
h

Type | = exp L)
B!

0.5 u

Type 2 = exp|i(Z) -
w

o, 18 variance of vertical wind velocity
at sensor location. (Both types are
computed for all combinations of
each tower.)




l

Compute v, v, w, and uy wind shears for all

combinations of cach tower

e u 18 plus when wind heading into
landing aircrafi,

e v makes a right-hand system with
u and w, .

e w is plus in the up direciion,

!

Compules average temperature for towors
2 and 3, Computes all combinations of
delta temperatures and patential tempora-
tures,

\

Computes Pasquill class. using three methods:

L. From exponent of power law curve
representing wind speed profile

2, From air speed at 10 0

3. From rate of change ol temperature,

A

Computes Richardson purmber for tawers 2 and 3

Y

Computes dissipation rate. Four types are
computed:

Typell = _{rm:tinnl\m‘lunl[\
[0.4) Z

13

" - 1/4
8 - 1/3 (Richardson)il - 18 [Richardson))
Typod = YTvpe 1} E T= T8 (Richardaon) ]

(0.4
e & &’1/1 In . ]
3 (roughnesa lenuth]

}233 W
13

(0.3 3 o,
TR =

(All types are computed for all combinations of
cach tower,)

| 4

I Computes Brunt-Vaisala period for 1owers 2 and 3, ]

A

l Computes stability length for towers 2 and 3. |

Return to
PREMET.




STATISTICS PROGRAM (STAT)

PROBABILITY DENSITY
Brx). Bly), Bix, y)

|

STATISTICAL PARAMETERS
-—= 2 2
x?:y.c;x.cy

4»,‘-4‘),‘ cx,c),

TEST FOR RANDOMNESS
u:(ZNlNzHD/N
2_ 2
07=2N N, (2N N, -NI/N“(N-1)
|

DETREND
Y
(ZERO MEAN, ZERO 5LOFE)

[ FORM COMPLEX

CONVERT FOURIER TRANSFORM
EDIT 2 7'

k2K
Niovy i=l...N
NONCOSINE RESPONSE DECODE
NULLV-COMPONENT

Xk Yx

POWER SPECTRAL DENSITY
i
6 K, G, (K)
* ~
$,1x18 )

1

CROSS SPECTRAL DENSITY
(K), 3, (K)
xy Xy

FORM COMPLEX
Zi =% +j Y;

l

AUGMENT LP2
TAPER

Z

R -
zl=)¢i+Jyl zsz
AUGMENT LP DECODE

TAPER
Z

1

G..G (See Subroutine AGK)
c' V'xy

INVERSE TRANSFORM

GC

AUTO-CORRELATION
A

Rx(r).Ryh‘l

INVERSE TRANSFORM

ny

CROSS CORRELATION
a
ny(r)

RETURN TO
CALLING
PROGRAM




NOTE:

Statements
within dashed

lines not used.

Start

Write Namelist
INPUT, VCRT, WINDS
SHEAR, BUOY, SENSOR

will

there be
SC 4020 plota?

Write input on plot

will
there be

comparison

Y

¢

From "Run Data Card," set:

Aircraft speed

Aircraft weight

Vortex height

Aircraft displacement from tower

From aircralt type, look in table
for aircraft wingspan

Is the (irst
photographic input car
to be used to
determinc vortex
#laruing position?

Read first "Phatographic Card“/

v

From [irst "Photographic Card," set:

Start time of simulation 10 time
on photographic card,

Vortex height to that on photographic
card,

Vortex separation is computed as a
function of aircraft height, wingspan,
and vortex height,

Aircraft displacement from tower as if
aircraft was at vortex height.

Y

l Set up coordinates for aircraft picture on plot

Y

l Write information from "Run Data Ca

-]

v

Write final input values for:
Aircraft speed
Aircraft weight
Aircraft wingspan

< Write the above on SC 4020 plot

—

v

B-10



temperature tn ha {itted
with a leant squdre pelynomial?_>

e
w
"

Comnpuote least dquare
polynomial fnr temarrature.

Y

1 Write coefficients of polynomial
L for temperature.

Compute density and pressure table

using temperature profile and *
ground pressure.

T i s e i 155

Are /  Call Subroutine POTENT A
potential temperature To compute and print aut \
and Richardson nu;_';h" v potential temperature and )‘
be compule \ Richardaon number.
\ =

-SSR

In
* simulation

o be run? -I

Compule the average rate of change ol density
{rom the vortex height to the buoyancy cutoff point

l
I
|
|
l
\



is
photugraphic card used to
determine vortex starting
pesition?

Compute vortex separation.

will
there be wind
shear simulation?

Is
aircraft
speed "airspeed"

F— == ———

as a function of cross-runaway windepeed
L at aircraft height.

¥ T

Compute location of wind shear vortices,

Compute circulation of wind shear vortices I

—_l

-

|
—J

Compute airspeed from ground speed.

Y

Compute circulation of vortices.

¥

Campute eddy viscosity
and acoustic velocity.

will
there be
any bouyancy
computed?

No

Set up initial parameters 1
for bouyancy computation, J

i

7 )

Circulation of vortices
Eddy viscosity
Temperature

Denaity

Acoustic velocity
Stability parameter
Ininal parameter

Write the above on SC 4020 plot {if there is plotting),

cards to be
nched?

The number 7
Aircralt type
Run number
Circulation
Eddy, viscosity
Temperature
Densuy

7
Punch identification card with; I
|

Date I

_._T_____J

B-12




Time zero
Initial position of vortices

will
the vortex positions
be plotted by
5C 40207

Rewind
tape 8

—

the vortex pasitions
be plotted by
SC 40207

Write
vortex position
on tape 6;
includen positions
of shear vortices

Add up number of ime points
written and plotted

y

Do-loop on print cycle

(

)

/

BN v,

bouyancy being

Write time
and vortex position

on tape 12

computed?

Compute rate of change
of vortex positions due
to wind; includes shear
vorlicesa.

v

Compute and add rate of change
of vortex positions due to vortex
interactions (includes shear vortices)

eSS |

r———
] Compute sink rate !
I due to bouyancy l

L s 1_ iy

-—— ——
Compute and add

[ rate of change of vortex I

Lpo-'uion due to wind. __I

SIS

) 4
ls

this the
first pase?

Yes

No

Write:

Vortex rate of change of poaition
Separation between vortices
Y separation
Z separation
Angle from horizontal
Rate of change of angle from horizantal
Difierence in circulation between
the two vortices
Cross-runway wind velocity
Position of shear vorticea,




!

Are
cards being
punched?

Mo ST T T T T

r/ Punch vortex position card with:
The number 2

Call RUNGK for integrating

vortex poasition

’ Time {rom vortex creation
| Aircralt type

| Run number

L Position of both vortices.

integration
step {inished?

Is
this time
through a print
cycle?

Write time from vortex creation.

2 161
there any
grouna
gensors?

Count ground sensor points.

Ia the
maximum number
of ground sensor

—
I
I

|
|
—

points reached?

Compute air velocity
at sensors due to vortices
and wind.

Shear vortices are not
included.

Is
pressure
dilference to
e computed?

[ ————

Compute pressure difference |
with the help of function PRESF

|
L e

— s -]

Compute air velocity
in direction of sensor.

=t 1
Y

Compute lime at whih
VOrlex passes over scnsor
and compute the air velouity
al the acnsor at that time,

/



Is
bouyancy being Compute vortex separation.
computed?

Write the bouyancy parameters,

Compute Y poasition of vortices
with the use of vortex separation. |

]
"Do" (inighed
on print
loop?

Write vortex poasition.

Are
there comparison
plots and

puncred
cardal

Punch vortex position card with:

—

|

The number 2 I
I

|

I

1]

.

Time from vortex creation

| Aircraft type
Run number
- J Position of both vortices
I

Write:
Vortex rate of change of position
Separation between vortices
Y separation
Z separation
Angle from horizontal
Rate from harizontal
Rate of change of angle_{rom horizontal
Difference 1n circulation betwesn

the two vortices

Crass=runway wind velocity
Poaition of shear vortices
Velocities and pressure at sensors.

Has
final time

Write "the number of time points
far the sensors is 100 large.”

A

been reached?

Are
lhere ground sensars
and comparison plots
and puncked carde?

Punch card with:
The number 3
Aircraft lype
Run number
Location of ground sensor
Time each vorlex crosses ground sensurl
Airspeed at sensor when vortex passes.




Write
vortex position
on tape 8;
includes positions
of shear vortices,

Wil
the vortex positions
be plotied en
SC 40207

Write last time
and vortex position|
on tape 12

la
thare to
be a eross-section
plot?

Call PVORT.
Plots cross section.

sensors been
simulated

Write
simulated

ground wind
sensor data
on tape 14

4

Skip over any comparison

4

4

input cards.

¥
Return to
MAINC




PROGRAM COORDINATE SYSTEM

Runway Azimuth

B-17/B-18
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APPENDIX C — INPUT FOR MET AND PREDIC PROGRAM
There are two types of input for the MET and PREDIC program:

1. Input cards to control the program's operation

2. Magnetic tape which contains meteorological
and groundwind data along with aircraft flags.

Input Cards

The first card is a title card where the first 30 caricatures appear on
all the printed titles. The next group of input cards is for namelist INTAPE
(described in Chart C-1). The last two groups of input cards is for namelists
STATF and STATD. The variables inthese namelists are for controlling the

statistical program. They are preset and need not be changed.

Magnetic Tape

The magnetic tape that this program currently reads is TSC's two

base line groundwind sensor line JFK tapes.



NAMELIST (INTAPE)

_ISREC
ISFRAM
IRWIND

NRUN
IRAW

METDAT

NPRE D E=ETre:

"NSENG

MSENG(2,5)

CLINEStY)

LSENGC(26,4)

1SEN{3,18)

_ NUMBER OF RECORDS TOQ SKIP

NUMBER OF FRAMES TO SKIP
FLAG

IRWIND = O DO NOT REWIND INPUT TAPE

IRWIND = | REWIND [NPUT TAPE BEFOR STARTING
NUMBER OF RUNS (IF HRUN = O THEN PROGRAM TERMINATES)

_FLAG

IRAW = O NO PLOTTING OF RAW DATA
IRAV «GEs | PLOT RAW DATA (*]RAW' SECOND AVERAGES
: AT | SECOND INTERVALS)
IRAW HUST BE 0DD
FLAG
METDAT = 0 NO MET pATA
METDAT = | MET DATA
FLAG
NPRED = 0 NO PREDICTION
NPRED = | PREDICTION COMPUTED
({METDAT MUST EQUAL 1)
NUMBER OF SENSOR GROUPS TO PROCESS
SENSOR GROUPS TO BE FROCESSED
ONE OR TWO SENSORS CAN BE IN A GROUP.
THE SECOND SUBSCRIPT INDICATES THE GROUP,
WHERE THE FIRST SUBSCRIPT INDICATES THE MEMBER OF
THE GROUP,
100 OR 200 IS ADDED TO THE SENSOR NUMBER TO INDICATE
SENSOR LINE 1 OR SIZINSOR LINE 2
FLAG FOR SENSQOR LINES WANTED
LINES({L) = | INDICATES SENSOR LINE L IS5 WANTED
LINES(L) = 0 INDICATES SENSOR LINE L IS NOT WANTED
SENSORS TO BE CROS5 CORRELATED WITH THE FREDICTEDs
THE FIRST SUBSCRIPT 1S SENSOR NUMBER
THE SECOND' SUBSCRIPT [S SENSOR LINE NUMBER
LSENGC = )] SENSOR T0 BE CROSS CORRELATED
LSENGC = 0 SENSOR NOT TO BE CROSS CORRELATED
YIRAW®, *METDAT®', AND °*NPRED' MUST NOT BE ZERQ
FLAG TO INDICATE MET SENSORS ACT]IVE
ISEN(NyM)=0 THIS SENSOR NOT ACTIVE
ISEN(NyM)=] THIS SENSOR IS ACTIVE

Chart C-1 - Description of Input Cards for Namelist INTAPE



APPENDIX D — OUTPUT FOR MET AND PREDIC PROGRAM

The two main outputs are MET data on the printer and predictive tracks

on tape unit 12.

Printer output from MET is by way of name list with the following

definitions:

PLAW (1,1)
(2,1)
(3,1)
(1,2)
(2,2)
(3,2)
(1,3)
(2,3)
(3,3)
(1,4)
(2,4)
(3,4)
NPOLY
COEF (1)
COEF (2)
COEF (3)
COEFV (3)
USTARI(1)
(2)
(3)
(4)
(5)
(6)
(7
(8)
(9)
(10)
(11)
(12)
(13)
(14)

Reference Height

Tower 1 Reference Velocity
Exponent

Tower 2

Tower 3

Tower 4

Order of Polynominal

Coefficients for Polynominal

Power Law
for Horizontal
Wind Speed
Profile

Horizontal
Wind Direction
Profile

Coefficient for Vertical Wind Profile*

20 and 40 ft Tower 1 N
20 and 40 ft Tower 2

25 and 50 ft Tower 3

25 and 100 ft Tower 3

25 and 135 ft Tower 3

25 and 140 ft Tower 3

50 and 100 ft Tower 3

50 and 135 ft Tower 3

50 and 140 ft Tower 3

100 and 135 ft Tower 3

100 and 140 ft Tower 3

135 and 140 ft Tower 3 W,
20 and 30 ft Tower 4

Avg of 1 513 for Type 1 Friction Velocity

*V = COEFV(3)* VZ

Friction Velocity
Type 1

0.4 % (uh(Z) - uh(Z)

ta (ZH)




USTAR2(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)

USTAR4(1)
(2)
(3)
(4)

ROUGH]1(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)

ROUGH2(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)

ROUGH4(1)
(2)
(3)
(4)

20 ft Tower
40 ft Tower
20 ft Tower
40 ft Tower
25 ft Tower
50 ft Tower
100 ft Tower 3
135 ft Tower 3
140 ft Tower 3
20 ft Tower 4

30 ft Tower 4

WWNDN ==

Avg. of 1 —11 for Type 2 Fric. Vel. )

Friction Velocity
Type 2

[AS
w

Tower 1

Tower 2 Average Friction Velocity
Tower 3 for Tower (Type 1 and 2)
Tower 4

20 and 40 ft Tower 1 N

20 and 40 ft Tower 2

25 and 50 ft Tower 3

25 and 100 ft Tower 3

25 and 135 ft Tower 3

25 and 140 ft Tower 3

50 and 100 ft Tower 3

50 and 135 ft Tower 3

50 and 140 ft Tower 3
100 and 135 ft Tower 3
100 and 140 ft Tower 3
135 and 140 ft Tower 3
20 and 30 ft Tower 4
Avg, of 1 —13 for Type 1
Roughness Length

20 ft Tower 1

40 ft Tower
20 ft Tower
40 ft Tower
25 ft Tower
50 ft Tower
100 ft Tower 3

135 ft Tower 3

140 ft Tower 3

20 ft Tower 4

30 ft Tower 4

Avg, of 1 — 11 for Type 2
Roughness Lengt

Tower 1 :

W W~

Roughness Length
Type 1

9,2 45 (2(1) - in (2(2))
uh(l)

exp uh(z)

Roughness Length
Type 2

e
h

u
exp(ln(Z) -.SC—IV—V):

Tower 2 Average Roughness Length
Tower 3 For Tower (Type 1 and 2)

Tower 4



VGRAD(1, 1) 20 and 40 ft Tower 1
(1,2) 20 and 40 ft Tower 2
(1, 3) 25 and 50 ft Tower 3
(1, 4) 25 and 100 ft Tower 3
(1, 5) 25 and 135 ft Tower 3
(1,6) 25 and 140 ft Tower 3
(1,7) 50 and 100 ft Tower 3 > u Wind Shear
(1, 8) 50 and 135 ft Tower 3
(1,9) 50 and 140 ft Tower 3
(1,10) 100 and 135 ft Tower 3
(1,11) 100 and 140 ft Tower 3
(1, 12) 135 and 140 ft Tower 3

(1,13) 20 and 30 ft Tower 4 >
(1, 14) Avg, of 1 —13 for u Wind Shear

VGRAD(2, 1) 20 and 40 ft Tower 1
(2, 2) 20 and 40 ft Tower 2
(2, 3) 25 and 50 ft Tower 3
(2,4) 25 and 100 ft Tower 3
(2, 5) 25 and 135 ft Tower 3
(2,6) 25 and 140 ft Tower 3 > v Wind Shear
(2,7) 50 and 100 ft Tower 3
(2, 8) 50 and 135 ft Tower 3
(2,9) 50 and 140 ft Tower 3
(2,10) 100 and 135 ft Tower 3

(2,11) 100 and 140 ft Tower 3

(2,12) 135 and 140 ft Tower 3

(2,13) 20 and 30 ft Tower 4

(2, 14) Avg, of 1 — 13 for v Wind Shear

VGRAD(3, 1) 20 and 40 ft Tower 1
(3,2) 20 and 40 ft Tower 2
(3, 3) 25 and 50 ft Tower 3
(3,4) 25 and 100 ft Tower 3
(3,5) 25 and 135 ft Tower 3
(3,6) 25 and 140 ft Tower 3 w Wind Shear
(3,7) 50 and 100 ft Tower 3 P
(3, 8) 50 and 135 ft Tower 3
(3,9) 50 and 140 ft Tower 3

(3, 10) 100 and 135 ft Tower 3
(3,11) 100 and 140 ft Tower 3
(3,12) 135 and 140 ft Tower 3
(3, 13) 20 and 30 ft Tower 4 y
(3, 14) Avg. of 1 —13 for w Wind Shear

VGRAD(4, 1) 20 and 40 ft Tower 1 R
(4, 2) 20 and 40 ft Tower 2
(4, 3) 25 and 50 ft Tower 3
(4, 4) 25 and 100 ft Tower 3 >uh Wind Shear
(4, 5) 25 and 135 ft Tower 3
(4, 6) 25 and 140 ft Tower 3
(4, 7) 50 and 100 ft Tower 3
_/



VGRAD (4,8) 50 and 135 ft Tower 3
(4,9) 50 and 140 ft Tower 3
(4,10) 100 and 135 ft Tower 3
(4,11) 100 and 140 ft Tower 3
(4,12) 135 and 140 ft Tower 3
(4,13) 20 and 30 ft Tower 4
(4,14) Avg, of 1 —13 foru

> uy Wind Shear

h Wind Shear
-
HORGR4 (1) Tower 1
(2) Tower 2 Average u Wind Shear
(3) Tower 3 for Each Tower
(4) Tower 4
TEMP (1) 10 ft Tower 2
(2) 40 ft Tower 2 Temperature
(3) 10 ft Tower 3 p
(4) 50 ft Tower 3
(5) 140 ft Tower 3
TEMPA2 Average Temp. for Tower 2
TEMPA3 Average Temp. for Tower 3
TEMP (6) AT from (10 to 40 ft) Tower 2 N
(7) AT from (10 to 50 ft) Tower 3 Cc~/100 ft
(8) AT from (10 to 140 ft) Tower 3
ATEMP Average AT from Tower 3
TEMP (9) Potential Temp. from (10 to 40 ft) Tower 2

(10) Potential Temp. from (10 to 50 ft) Tower 3
(11) Potential Temp. from (10 to 140 ft) Tower 3

APTEMP Average Potential Temp. from Tower 3
PRESH Pressure

HUMED Humidity

IPASQ (1,1) Tower 1

Pasquill Class According

(1,2) Tower 2 to Power of Power Law Curve

(1,3) Tower 3
(1,4) Tower 4
(2,1 Towerl

(2,2) Tower 2 Pasquill Class According
(2,3) Tower 3 to Air Speed at 10 ft level
(2,4) Tower 4
(3,2) Tower 2 Pasquill Class According
(3,3) Tower 3 to dT/4Z
RICH (1) Richardson Number, Tower 2
(2) Richardson Number, Tower 3
(3) Average Richardson Number
DISIP (1,1) 20 ft Tower 1 ™
(2,1) 40 ft Tower 1 Dissipation Rate

(3,1) 20 ft Tower 2
(4,1) 40 ft Tower 2
(5,1) 25 ft Tower 3 ? _ (Friction Velocity)
(6,1) 50 ft Tower 3 B ( 4)173 i

(7,1) 100 ft Tower 3 '
(8,1) 135 ft Tower 3 _)

Type 1




DISIP (9,1) 140 ft Tower 3
(10,1) 20 ft Tower 4
(11,1) 30 ft Tower 4
(12,1) Avg. of 1 —11 for Dissipation Rate of Type 1
DISIP (1,2) 20 ft Tower 1
(2,2) 40 ft Tower 1 Dissipation Rate
(3,2) 20 ft Tower 2
(4,2) 40 ft Tower 2 Type 2

—~

(5,2) 25 ft Tower 3 1 1/4 1/3
(6,2) 50 ft Tower 3 (1- 3 (RICH) * (1 - 18(RICH)) ))
(7,2) 100 ft Tower 3 =
= (Type 1)
(8,2) 135 ft Tower 3 1/3
(9,2) 140 ft Tower 3 (1-18 (RICH))
(10,2) 20 ft Tower 4
(11,2) 30 ft Tower 4 A

(12,2) Avg of 1 —11 for Dissipation Rate of Type 2
DISIP (1,3) 20 ft Tower 17\

(2,3) 40 ft Tower 1

3,3 20 ft Tower 2 R .

54’ 3; 40 ft Tower 2 Dissipation Rate

(5,3) 25 ft Tower 3 Type 3

(6,3) 50 ft Tower 3

(7,3) 100 ft Tower 3 0.42/3 uy

(8,3) 135 ft Tower 3 173 =

2,3 140 ft Tower 3 z Y]

flO, 1)3) 20 ft Tower 4 \_ " ({Roughness Length))

(11,3) 30 ft Tower 4 ﬁ
(12,3) Avg of 1 —11 for Dissipation Rate of Type 3
DISIP (1,4) 20 ft Tower 1 )
(2,4) 40 ft Tower 1
(3,4) 20 ft Tower 2 Dissipation Rate
(4,4) 40 ft Tower 2 Tvoe 4
(5,4) 25 ft Tower 3 >. yp
(6,4) 50 ft Tower 3 0 42/3 o
(7,4) 100 ft Tower 3 i n
(8,4) 135 ft Tower 3 B zI73
(9,4) 140 ft Tower 3
(10,4) 20 ft Tower 4 \__

(11,4) 30 ft Tower 4 \
(12,4) Avg. of 1 — 11 for Dis sipation Rate of Type 4
(13,1) Tower 1
(13,2) Tower 2 Average Dissipation Rate
(13,3) Tower 3 for Each Tower (Types 1,2, 3, 4)
(13,4) Tower 4

BRUNT?2 Brunt-Vaisala Period for Tower 2

BRUNT3 Brunt-Vaisala Period for Tower 3

STAB2 Stability Length for Tower 2

STAB3 Stability Liength for Tower 3

The predictive tracks on tape unit 12 is read by VORCOM for plotting.
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APPENDIX F — REPORT OF INVENTIONS

The objective of the contract was fulfilled including: (1) the develop-
ment of a comprehensive computer program for the analysis of JFK MET/GW
tapes; (2) the processing and data reduction of the MET/GW tapes supplied by
DOT-TSC; and (3) statistical analysis of groundwind sensor tracks. In satis-
flying the above program objectives no innovation, discovery, improvement

or invention was made.
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