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~~One of the primary causes of aircraft  dela y at major airports which

are operating near their capacity is aircraft longitudinal separation con-

straints imposed by wake vortex considerations. The importance of the

problem has increased in recent years because of the increased fraction

of wide-body aircraft in the airline fleets . For this reason , the U.S. De-

partment of Transportation initiated a wake vortex research program in the

early l97Os. Initially, the research program was directed toward an under-

standing of vortex phenomena — vortex roll-up and formation, vortex struc-

ture , vortex transport , vortex demise , and vortex-aircraft interaction for a

following aircraft . Experimental data from individual flybys were carefully

examined to aid in the understanding of vortex phenomena .

The end objective of the vortex-related research and development is
an effective wake vortex avoidance system which could be implemented at

airports.  It has long been known that a vortex hazard exists for a very

small fraction of airport operating time. However , because absolute safety

is a requirement, long aircraft separations are used under radar control

even though such separations are not necessary most of the time. The pur-

pose of the wake vortex avoidance system is the identification of the times

for which long aircraft separation times are necessary and identification of

the times for which short aircraft  separation times may be used.

Research oriented toward the understanding of vortex phenomena is

certainly necessary for the desi gn of an effective wake vortex avoidance

system. However , a study of vortex characteristics in an operational en-

vironment is also necessary for the design of an effective wake vortex avoid-

ance system. Thu s , the questions to be answered are: What are the vortex

characteristics which are relevant to the design of an effective wake vortex
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~1avoidance system? How is a wake vortex avoidance system likely to op-
erate? What are the limitations which will be imposed upon an operational
wake vortex avoidance system? From the study of vortex behavior in an
operational environment , what should the design of an operational wake
vortex avoidance system be?

From the beginning of the wake vortex program , it has been assumed
that one of the element s of a wake vortex avoidance system would be vortex
sensing. The sensing of vortex residence time would be used as feedback
for the prediction of future vortex behavior. However , no definitive concept
of how such feedback should be accomp lished has been formulated.

The authors gratefully express their appreciation to James N. Hallock
of the Transportation Systems Center for his help and advice during the study.
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1. INTRODUCTION

One of the primary causes of a i rcraf t  delays at major airports which are

operating near their capacity is aircraft  longitudinal separation constraints im-

posed by wake vortex considerations. Based on projected increases in the num-

ber of a i rcraf t  operations (Ref. 1), increased traffic delay will o~.cur unless the

landing and takeoff capacity of major airports is increased. Delay is a nonlinear

function of a i rcraf t  demand and increases very rapidly as demand approaches

theoretical runway capabi l i ty .  A lthough the ph ysical  expansion of existing air

terminals  is limited by environmental constraints , economic const t ain ts , and

available land (with consideration given to 5000-ft separation between independent

parallel ILS runways); increased numbers of a i rcraf t  operations can be achieved

by decreasing the longitudinal a i rcraf t  spacing between successive operations.

In order to maintain safe aircraf t  operations while achieving minimum delays ,

a Wake Vortex Avoidance System (WVAS) is under development by the U. S. De-

partment of Transportation for minimizing the constraint on aircraft separation

imposed by the presence of wake vortices near the runwa y threshold .

The purpose of the work described in this report was an analysis of wa ke

vortex data collected at Kenned y Internationa l Airpor t (JFK) during 1975. The

ana lysis was intended to evaluate the design options and to determine the opera-

tional characterist ics of a WVAS in an operationa l environment. To provide a

background for the results of the analysis to be presented in the later sections

of this report , an overview of vortex behavior and wave vortex avoidance sys-

tems is presented in this section.

1.1 BACKGROUND OF THE UNITED STATES WAKE VORTEX PROGRAM

Although the phenomenon of a i rcraf t  wake vortices has been known sij ice

the beg innings of powered flight , it is only recently that operational problems

associated with the phenomenon have been experienced. All a i rc ra f t  generate

trailing wake vortices as a result of generating lift; however , the potentia l

danger of encountering these wake vortices has only recently become apparent.

Ai rc ra f t  wake vortices now constitute one of the major problems confronting

the air t raff ic  control system .

I 
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Before 1970 , landing a i rcraf t  maintained 3 -nautical-mile separations
under Instrument Flight Rule (IFR ) operations. The separation standard was
based primarily on radar operating limits and to a lesser extent on runway
occupancy limitations. There were no separation standards imposed because
of vortex considerations.

With the introduction of the wide-body jets (B-74 7, D C - i D , and L - l O l 1)
and the increasing number of aircraft  operations at the major airports , the
wake vortex problem has taken on increasing significance. The vortices from
heavy ai rcraf t  can present  a severe hazard to smaller a i r c r a ft  which inadver-
tently encounter the vort ices;  the follow ing aircraft  can be subjected to rolling
moments which exceed the aircraft  roll control authori ty ,  to a dangerous loss
of altitude , and to a possible s t ruc tura l  fai lure.  The probability of a vortex
encounter is greatest  in the terminal area where lig ht and heavy aircraft
operate on the same fli ght paths in close proximity and where recovery from
an upset may not be possible because of the low aircraf t  altitude.

Accordingly, the solution imp lemented by the Federal Aviation A dmin-
istration (FAA) in March 1970 was to increase the separation standards
behind the heavy jets (a heavy jet has a maximum cert if icated takeoff weight
of at least 300 , 000 Ib) to 4 naut ica l  miles for  a following heavy a i rcraf t
and to 5 nautical miles for a following non-heavy a i rcraf t . The United Kingdom
took similar measures , and in A pril 1975 implemented a 6 -nautical-mile spac-
ing for non-heavy aircraf t  following a wide-body jet .  The United States re-
vised the separation standards in November 1975 by requiring the addition of
an extra nautical-mile separation for following a i rcraf t  with a maximum certif-
icated takeoff weight less than 12 ,500 lb. However , these increased separations
led to additional delays and decreased the capacity and efficienc y of the airportV 

system throug h reduced runway utilization rates and increased fuel  consumption.

The FAA has a broad objective to increase the a i rpor t  and airway system
capacity by 1980 and to increase cur rent  capacity f ive-fold by 1995. Potential

2
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capacity relief througi’ construc tion of more air carrier airports or addi-
tional runways at existing a i rpor ts  is not economically feasible. The need
to increase the capacity of the nation’s airports and to increase protection
agains t accidents has led to a program by the FAA to develop an Upgraded
Third Generation air traffic control system for the 1980a (Ref. 2).

The success of this system is dependent upon the development of tech-
niques for reducing the longitudinal separations required to avoid the hazard
from trailing wake vortices , par t icular ly behind heavy a i rcraf t  during approach
and landing. It appears that airports can achieve a two-fold capacity increase
with the Upgraded Third Generation improvements, such as dual r unways , im-
proved landing aids and data acquisit ion systems , reduced separation to 2500
ft between parallel runways , and reduced longitudinal separations . Today,
the technology exists to develop the necessary hardware/software which will
substantially increase runway cap acity; but the wake vortex problem must be
solved before these advanced ~ystems can be used to their full potential.

An excellent summary of the current  state-of-the-art  understanding of
the a i rcraf t  wake vortex phenomenon and the results of the United States pro-
gram to minimize the restrictions caused by aircraf t  wake vortices in the
terminal environment is presented in Ref.  3. The reader is referred to that
document for a background to the work presented in this report.  Summaries
of the important topics in Refs .  4 through 18 as cited in the remainder of thi s
section are conta ined in Ref .  3.

In the early 1970s , vortex work centered on vortex formation and vortex
structure. Particularly significant was the analytical model of the vortex
roll-up process by Donaldson et al. (Ref .  4), which augmented the earlier work
by Betz (Ref . 5). The Donaldson model clearly showed the effect of a i rc raf t
and flig ht parameters on vortex rol l-up and vortex s t rength. Cri teria  for the
generation of multiple vortices were derived. During the same time period
(early 1970s), the National Aviation Facilities Experimental  Center (NAFEC)
conducted a series of measurements of vortex s t ructure  using tower-mounted

3
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anemometers and colored smoke for  photographic records (e.g., Refs .  6 , 7 ,
and 8). Vortex structure (i. e ., vortex tangential velocity as a function of the
radial coordinate) was measured for d ifferent configurations (i. e ., flap and

power settings) and different values of vortex age. Also in the early 1970s,
Crow presented his model of mutual annihilation of the vortex pair due to an
instability triggered and driven by atmosp heric turbulence ( R ef .  9).

in the mid 1970s , much attention was g iven to an understanding of vortex
transport.  Brashears and Hallock (Ref .  10) developed a model of vortex trans-

[ port which inc luded the effects  of ambient win d , wind shear , and buoyanc y on
vortex t ranspor t .  The influence of the var ious  meteorolog ical parameters
upon vortex t ranspor t  was derived (Ref .  11).

In addition to the activity related to the study of vortex phenomena de-
scribed above , three other parallel efforts occurred in the early and mid
l970s. The f i rs t  was the development of vortex sensors.  Several candidate

systems were evaluated and tested to determine their feasibility as vortex
sensors. The most significant of the candidates (in terms of the ability to
make meaningful vortex measurements and have some potential for operational
implementation) were the Ground W ind Vortex Sensing System (GWVSS, Ref .  12),
the Doppler Acoustic Vortex Sensing System (DAVSS , Ref .  13), the Monost atic
Acoustic Vortex Sensing System (MAVSS , Ref .  14), and the Laser Dopp ler
Velocimeter (LDV, Ref. 15). These systems were developed to the point at
which their feasibility was determined and their salient operating character-
istics were defined. The second effort  was a hazard definition effort  (Refs .
16 and 17) which attempted to define the minimum safe separation between an
aircraft  and a vortex. The third effort was aerodyna mic minimization, which
was an attempt to decrease the strength of vortices or induce early vortex V

break-up by aerodynamic modifications to the generating aircraft. Reference
18 contains a summary of aerodynamic minimization techniques which have
been tested.

4
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The elements of the wake vortex program described above have been

conducted in a research environment. The conducting of these elements in
a research environment has been based upon the axioms: ( I )  an increased
understanding of vortex phenomena and vortex behavior will lead to better
methods of avoiding the hazardous effects of wake vortices; (2) analytic models

of vortex behavior and the calculated results of such analytic models developed
in a research environment will be directly useful for the avoidance of wake vor-
tices in an operational environment; and (3) some of the instruments developed

for measuring vortex characteristics in a research environment can be devel-

oped into operationa l vortex detectors , and the research vortex measurements
will provide an indication of the capabilities of various vortex measurement

devices.

The purpose of the test series which is the subject of this report is
effect ing the transit ion between the research  environment in which the pre-

vious elements of the wake vortex program have been conducted and the im-

plementation of a preprototype Wake Vortex Avoidance System. The intent

of the test series was to collect a large quantity of data which are similar to
data which would be obtained in an operational environment. A study of the

data would then indicate which parameters would be most useful in an opera-

tional environment, in what form the parameters should be presented in an

operational environment, the degree of sophistication of analytic and pre-

dictive models which would be appropriate in an operational environment,
and how the various vortex sensors could be expected to perform in an

operational environment.

1. 2 DEFINITIONS

The definition of several terms is deemed appropriate for the clear
understanding of the principles discussed in this report.

5
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1.2.1 Vortex- protected Corridor

If there is no vortex in a region near the ILS~ there is no vortex hazard

to following aircraft . The vortex-protected corridor (or vortex corridor) is

defined as the airspace for which the absence of vortices is a sufficient con-

dition for safe passage by a follow ing a i rcraf t . For the purposes of this re-

port , the vortex corridor is defined as a corridor which extends 150 ft laterally

on each side of the localizer centerline from the middle marker to the r unway

touchdown zone. The altitude of the vortex corridor extends upward from the

surface. The 150-ft criterion is based upon the standard deviation of lateral 4
aircraft position about the localizer centerline (3o = 50 ft , Ref .  19) at the

middle marker and the lateral distance above which a vortex cannot signifi-

cantly affect aircraft motion (100 ft, Ref. 20). Since the primary foc us of
this report is vortex behavior in groun d effect , vortex behavior when the air-

craft is inbound from the middle marker  is of primary concern.

1.2.2 Significant Times Related to Vortex Behavior

There are three significant times related to vortex behavior . These

are: (1) vortex transport time , which is the time (measured from the time

of aircraft passage) required for both vortices to be transported out of the

vortex corridor; (2) vortex life time, which is the time from aircraft passage

until both vortices disintegrate or decay sufficiently to be innocuous to follow-

ing aircraft , regardless of the position of the vortices relative to the vortex

corridor ; and (3) vortex residence time , which is the time (measured from V

aircraft  passage)  dur ing which a vortex is active in the vortex corridor.

*In the context of this report, the Instrument Landing System (ILS) refers to
— the path defined by the intersection of the centerline of the localizer and the

V centerline of the glideslope from the outer marker to the runway touchdown
zone .

6
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For vortex transport , the downwind vortex a lmost always exit s the

vortex corridor before the upwind vortex. Therefore , the vortex transport

time is almost always the time at which the upwind vortex exits from the

vortex corridor . If the vortex disintegrates before it leaves the vortex

corridor , the transport  time is the t ime that the vortex would have left the

vortex corridor if it had not disintegrated. Vortex life time is the time at

which vortex demise occurs. There are three mechanisms by which vortex

demise may occur. The first  and second mechanisms are vortex bursting

(Ref. 3) and mutual annihilation by Crow Instability (Ref. 9). “Vortex disinte-

gration” is the term used for vortex demise by either of these two mechanisms.

The third mechanism is viscous decay by which the strength of the vortex de-

creases sufficiently so that it will not be hazardous to following aircraft .

“Vortex dccay” is the term used for vortex demise by viscous decay. The

term “ vortex demise” is a general term which implies vortex disintegration

or vortex decay.

Vortex residence time is the time at which vortex life in the vortex
corridor ceases. It is the lesser of vortex transport time and vortex life
time.

1.2.3 Vortex Models

This report refers to three types of models of vortex behavior. These
are: (1) analytic models (deterministic and probabilistic), (2) empirical models ,
and (3) predictive models.

Analytic models of vortex behavior are based on the physic s of fluid
mechanics. Thus , analytical models may also be termed theoretical models .
The degree of sophistication of various analytic models may vary. The
models may be either deterministic or probabilistic . Deterministic analytic
models are used primarily for research.  They answer the question: “Given
values for all independent parameters affecting vortex behavior , what is the
behavior (i .e., values of dependent parameters) of the vortex pair?” The
development and validation (by experimental means) of deterministic anal

ytic7



models is extremely important. Such a model may be used for identification 
V

of the important mechanisms and parameters of vortex behavior and deter-

mination of the limit to which calculated vortex parameters will agree with
actua l vortex parameters. In addition , a good deterministic ana lytical model
is required for probabilistic models and predictive models . The role of such
a deterministic model in probabilistic models and predictive models is dis-

cussed in the following paragraphs.

In an operational environment, values for all of the independent param-
eters necessary to calculate vortex behavior may not be available. Examples
are exact aircraft  weight, exact aircraft  position relative to the ILS, spanwise
loading distribution, etc. In general , these parameters may vary from flight
to flight for the same aircraft  type. Therefore , the dependent vortex param-
eters may be determined probabilistically, depending on the probability dis-
tribution functions of the various independent parameters .  If the probability
distribution functions of the independent parameters are known , the deter-
ministic analyt ic model may be used to generate the probability distribution
functions of the dependent vortex parameters.

For the analytical models of vortex behavior (both deterministic and
probabilistic) the values of the dependent parameters are based upon con-

current values of the independent parameters.

In this report, the term “predictive model” refers to any model which

forecasts vortex behavior. The model may calculate vortex behavior based
on forecas t  meteorological parameters or may forecast  vortex behavior based
on previous his tory  of vortex behavior. It is noted tha t previous literature on
vortex behavior (e .g., Refs.  10 and 11) have used the term “ predictive model”
to describe vortex behavior based on concurrent values of independent param-

eters. However, in this report “pred ictive” is synonymous with forecasting.

Since predictive models always imply forecasting , predictive models

are always probabilistic . Future events can never be forecast  with absolute
certainty.

8
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1.3 ANALYTIC TRANSPORT MODEL

1. 3.1 Evolution of the Analytic Transport  Model

The development of an analytic vortex transport  model has encompassed

four stages: (1) the formulation of a model of vortex behavior using aerody-

namic principles to calculate vortex s t rength and init ial  descent rate and

using fluid mechanic principles to calculate vortex transport by mutual in-

duction; (2) a comparison of vortex trajectories calculated from the analytic

model with measured vortex trajectories from a series of controlled flight

tests ; (3) refinement of the model to account for deviations between the simp le

model and the flight test data ; and (4) verification of the analytic transport

model under operational conditions.

The early analytic transport model consisted of calculation of vortex

transport by mutual induction . Image vortices below the ground level were

used to account for ground effect. Vortex transport by mutual induction is

discussed in Section 3.1 of this report.  The model also inc luded the effect

of viscous vortex decay on vortex transport. The inclusion of vortex decay

is based on classical hydrodynamics (Ref. 21). A laminar solution for an
isolated vortex is obtained f rom the momentum equation wri t ten in terms of

the vorticity. Replacing the kinematic viscosity ~i with the sum of an eddy

and kinematic viscosity,  the c i rcumferent ia l  velocity is

v .-i::_ Ii ~e 
2
/4 + c ~ t~ (1 )21rr 1 i

This equation is used in the model to calculate decay using a value of the

eddy viscosity obtained f rom Owen (Ref .  22).

A series of flight tests was conducted to verif y the model using B V ~~747 ,

B-707, CV-880, and DC-6 aircraft (over 400 flybys). Both the motion of the

vortices and the meteorological conditions were recorded . The tests were

performed at the National Aviation Facilities Experimental Center (NAFEC)

in 1972.

9
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Vortex t racks  were recorded photographically and by groun d wind
8ensors. NAFEC has a 140-ft tower ins t rumented with hot-f i lm anemom-

eters , colored smoke dispensers at 20-ft  intervals , and meteorological in-

strumentation at f ive levels. Smoke was used to visual ize the vortices.

A 35-mm camera was positioned 2000 ft f rom the tower on a line nearl y
normal to the prevailing wind direction. Photographs were taken every
second , and the vortex t racks  were obtained by examining each photo and

locating the Vortices by scaling photographic distances with known distances.

Gill sing le-axis propeller anemometers were a r r ayed  on a baseline near the

140-ft tower to measure the wind component perpendicular to the a i rcraf t

flight path. As a vortex moved throug h the anemometer system, it produced

a distinctive signature superimposed upon the back ground wind.

Figur e 1 show s a typ ical cross-sect ional  vortex track compared with

a calculated t rack (Ref. 23). The wind was determined by a l eas t - square

polynomial fit to the mean wind averaged for 2 mm before the aircraft

pas sage. Figure 2 show s the ground wind t rack for three calculated vortex

tracks: two linear interpolations of the five tower-measured  average wind

speeds (“ before” denotes the mean for the two minutes prior to the a i rcraf t

flyby and “ after” denotes the two minutes after the fl yb y) ,  and a power law

profile fit as used in Fig. 1. A power-law fit to the mean wind consistently
produced the best agreement with the vortex t r acks .  Af te r  about 90 sec the

upw ind calculated track often lagged behind the data , and this is attributed to
the rising of the upwind vortex or to a decrease in the circulation of the vortex. V

The differences between calculated and measured vortex tracks consistently

fell within the computed uncertainty in the t ransport  due to random fluctuat ions

in the wind (Ref. 23).

When comparing the calculated t ime for  a vortex to strike the tower

with the actual time , the calculated time is often less than the observed time ,

especially for older vort ices;  calculated sink rates based upon elliptical

loading assumptions are less than measured ra tes .  At least two mechanisms

have been suggested as the cause of the discrepancy: deviations from

a clean wing configurat ion and buoyancy effects  leading to decreases  in the

rolled-up initial vortex separations (Ref.  23).

10
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The vortex sink ra te  for a wing having an arbitrary spanwisc loading

dist r ibut ion  is g iven from momentum conservat ion for a w trt g of span, b , b y

-C U
dZ/dt = ~~~~ °° (2)

4ir K A~

V where CL 
is the lift coefficient , U is the flight speed , K is the wing spanwise

loading coefficient , and A~ is the aspect ratio. For wings with inboard flaps , the
root sections tend to be more heavi l y loaded; K i s less , and hence the vor tex

sink rate  is hig her .

An analysis was performed (Ref .  24) to determine the streamlines

associated with the presence of a vortex pair near a ground plane acted upon
by a wind shear . The NAFEC data produced a definite trend in which the

upwind vortex was at a hi gher altitude for large shears  and the downwind

vortex hig her in light shears.  In a lig ht shear , the upper stagnation point
rises as the wake oval descends toward the ground. In a strong shear the

upper stagnation point moves closer to the ground .

Ground proximity tends to draw both the stagnation points toward the

ground in a strong shear. Ground plane tends to “ open up” a region between
the two cells and causes a sweeping motion of the external stream around the
cells. The downwind cell gets smaller as wind shear and ground proximity
increase. The upwind cell increases in area as wind shear and altitude

increase.

The downwind vortex cell shrinkage with increasing wind shear may
give rise to an increased detrainrnent  of the vort ici ty ,  as the increasing core
size will encounter the inviscid cell boundary quicker than in the upwind case.
This would cause the upwind vortex to rise due to the decreased induced

velocity by the downwind vortex. The sweeping motion might cause upwind
cell detrainment, thus causing the downwind vortex to rise.

The vertical descent of the vortex wake varies as a function of atmos-

pheric conditions. The driving force for  buoyancy is the d i f ference  in density
13



encountered during the descent of the vortex pair through a s tratified fluid .
Even for the case of no initial density difference (no eng ine exhaust entrain-
rnent), a difference is produced by the low density in the vortex core as a
result of centrifugal motion of the air . An additional density d ifference can
occur if the nearly adiabatic compression of the wake ova l is different  from

V the stratification of the atmosphere . Buoyancy generated in this manner
alters the circulation through the Bjerkness relation; however, the manner

V of alteratj oi~ is controversial as discussed by Tombach (Ref . 25). The models
chosen to represent the effect of buoyancy in the transport model are Tombach’s
(Ref. 25) and Scorer and Davenport ’ s (Ref . 26). These two theories contain a
representation of the full spectrum of events .

The verification of the analytic transport model under operational con-
ditions was one of the purposes of the test which is the subject of this report .

1.3 .2 Role of Analytic and Predictive Models in a Wake Vortex AvoidanceSystem

Both analytic models of vortex behavior (which yield calculated values
of behavior) and predictive models have value in a WVAS. There are several
purposes for the analytic model . Firs t, there are many meteorological cond i-tions for which vortex considerations do not constrain aircraf t  separations
An accurate analytic model allows identification of those meteorological con-ditions. The analytical model provides a theoretical basis for certificat ion ofspacings used. The model may be used in conjunction with emp irically deriveddata . Certification criteria which are based on theoretical considerations andsupported by emp irical data have a greater credibility than criteria based onempirical data alone .

Second , in an operational WVAS, an analytic model is necessary forthe selection of optimal spacing standards , based on current or fore-
cast meteorological parameters. The Vortex Advisory System (VAS,Ref .  27 and discussed fu r ther  in Section 1.4.3) allows either uniform 3-nautjc aj -

14 
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mile spacing or 3/4/ 5/6-nautical-mile spacing (defined in Section 1.4 . 1), hut
no intermediate spacing standards.  An accurate  analytic model would allow
an intermediate spacing standard to be used.

Third , certif ication of a i rc ra f t  spacing must  provide protection from
anomalous vortex behavior . Therefore , both theoretical and experimenta l
approaches to vortex behavior are appropriate to identif y the conditions under
which extremel y long vortex life can occur . An analytic model can be used
to identif y conditions of anomalous vortex behavior which may not be identi-
fied by experimental results alone because the anomalous conditions may not
occur during the experiments .

The purpose of the predictive model in the Wake Vortex Avoidance Sys-
tern is to forecast  wake vortex residence times and safe ai rc raf t  separation
distances based on known a i rcraf t  parameters and meteorological conditions .
The a i rcraf t  separation distances given by the predictive model serve to elim-
inate hazardous wake vortex encounters and at the same time increase the
current  runway capacity and minimize a i rcraft  delays. The functiona l rela-
tionship of the predictive model to the overall Wake Vortex Avoidance System
is sketched in Fig. 3. The predictive model uses prevailing weather conditions
and aircraf t  parameters to compute and forecas t  the safe a irc ra f t  separation
distances. Vortex sensors provide a feedback on the calculated and predicted
values of wake vortex transport  time and life time and serve as a check on the
integrity of the system. The safe separation distance provided by the pre-
dictive model and by vortex sensors is used by air traffic controllers and
p ilots for maintaining safe and efficient terminal area operations. The
spacing information can also serve as an important  input to the ARTS-3  air
traffic control system .

Since the predic tive model p lays a dominant role in the WVAS, it is
essential that the reliabili ty, accuracy ,  and operational character is t ics  of
the predictive model be established . The need to evaluate and to improve
the wave vortex transport  and decay model ( upon which a predictive model
is based) and to postulate a feasible predictive model was the motivation for
the present research effort .

15
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1.4 WAKE VORTEX AVOIDANCE SYSTEM CONCEPT

1.4.1 Wake Vortex Avoidance System Purpose

The purpose of the WVAS is to select a i rcraft  spacings which ensure
safety from wake vortices lingering in the approach corridor and which also
minimize aircraft  delays. Aircraf t  delay is the index of performance by
which the effectiveness of a WVAS must be judged. It is assumed that the
airport will be operated with absolute safety . Therefore, absolute safety is
a constra int , and delay is the index of perfo rmance. Under the current  FAA
3/4/5/6-nautical-mile separation criterion’

~
’ it is assumed that the wake

vortices persist in the approach corridor until they disintegrate or decay
since no reliable method for determining when the wake vortices are trans-
ported out of the flight corridor is available. A WVAS will perform two
functions. The f i rs t  is the prediction of vortex residence time based on
measured values of meteorological parameters and/or based on recent
measured vortex behavior . The secon d function is the detection and/or

V 
tracking of wake vortices.

1.4. 2 Characteristics of Ai rcraf t  Delay

In order to gain an understanding of the manner in which a WVAS
decreases aircraft  delay, it is instructive to consider the characteristic s
of a ircraf t  delay. For the purpose of gaining such an understanding, the
equation for delay for  a single runway in steady state can serve as an m di-
cator of the characteristics of delay of landing a i rcraf t  at airports.  Air-
craft  delay is technically defined as waiting time in the queue , and average

4-nautical-mile separation for a heavy aircraft  following another heavy,
5 nautical miles for a large aircraf t  following a heavy, 4 nautical miles for
a light a i rc ra f t  following a large a i rcraf t, and 6 nautical miles for a light
aircraft  following a heavy. All other spacings are 3 nautical miles. Heavy
ai rcraf t  are defined as aircraf t  with a maximum certificated takeoff wei ght
of at least 300 ,000 lb. Light a i rcraf t  are defined as a i rcraf t  with a maxi-
mum certificated takeoff weight of less than 12 ,500 lb. (All models of the
Gates Learjet  are considered to be li ght. ) All other aircraft are classified
as large.

17
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delay is g iven by (Ref. 28)

- 
A[E2 [st] + var[~tj] 3

- , q - 
Z (1-AE {~~t]) 

(

where

A - average arrival rate (aircraf t  per unit time )

E[i~t~ expected value (mean) of inter arrmval time over the
runway threshold: the inverse of E[~ t] is theoretical
runway capacity, and

var[~ t] = variance in interarrival time over the r unway threshold.

It is noted that ~ t is the interarrival time at the runway threshold when air-

craft are continuously available for landing . Let ~~~~ ~~~~ and i~t5 be the
interarrival times for 3- , 4-, and 5-nautica l-mile separations.  (For 135-knot
approach ground speeds , ~ t3 = 80 sec , ~~~ = 107 sec. and ~ t5 = 128 sec). If the

number of light aircraft  is negligible , and h is the fraction of a i rcraft  which

are heavy,

E[~~t] = h2 ~ t4 + h (1-h) ~ t5 + (1-h) ~ t3. (4)

Figure 4 shows Eq. ( 3 )  for the interarrival times indicated above for a
135-knot approach speed . Delay for a uniform 2-nautical-mile separation
is shown for comparison. Delays can become very si gnificant when airports
exceed 50% of their theoretical capacity. The annual delay cost is based
upon an average direct operating cost of $ 1200 per block hour (Ref. 29) and
200 ,000 landings per year at the a i rpor t .  For small delay, all of the elements
of direct operating cost do not increase with delay time (e .g . ,  crew salaries
and maintenance burden do not increase as a result  of small delays).  Fuel
cost may be considered as the minimum cost of delay, since fuel is always
consumed during any delay. If fuel  costs alone are considered , the delay
cost is approximately 40% of the cost shown in Fig . 4 since fuel cost is ap-
proximately 40% of total direct operating cost (Ref.  29). Figure 4 show s that
moderate decreases in delay can cause significant savings . Figure 4 does
not include the cost of delay to takeoff a i rc raf t  as a result of landing delay,
nor does it include the value of time of the passengers .

18

— V 
—-- -~~-- A



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ VV ~~ -- VV ~~ V V ~~~ V~~~•~~V V V  _ _ _ _ _ _ _

48 : 12 
I / /

~i ~ 1
I 0,

~‘4 0 - 1 0 —  o~~ I
~~ tn I

I — I
Io — . I I ‘ S I

-~~~~~ 8—  
I I 1i

o~ I I “II / .,~/
—. I I ~V~~~~ j

(S I.r~’ I

0 — 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ nmi Separation

A i r c r a f t  Demand (landing s per hour per r u n w a y )

FIGURE 4. EFFECT OF AIRCRAFT DEMAND ON AIRCRAFT DELAY
WITH VORTEX-IMPOSED SPACING CRITERIA (Cost based on 200 ,000
landings per year and d i rec t  operat ing cost of $ 1200 per hou r )

19

_ _ _ _  _ _
~~~~ V~~~~~~~~~~~~~~~~~~~V.~~~~~~~~~~~~~~~~~~~~~~~~VV ~~~ 

V V V V



- VVVV ~~~~ - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

The nonlinearity of the curves in Fig. 4 indicates that for airports
operating near theoretical capacity , delay costs will grow much faster than
traffic growth. For example, from the derivative of Eq. 3 with respect to A,
for an airport operating at 75% of theoretical capacity (i.e ., AEf ~ t] = .75), a
2% traffic growth (average annual growth rate , Ref. 1) causes an 8% increase
in delay. Therefore, delays due to vortex-imposed constraints can be ex-
pected to increase s ignificantly as moderate aircraft  traffic growth con-
tinues. Similarly, small increases in airport capacity can cause significant
decreases in delay.

V Figure 4 shows the delay for uniform 2-nautical-mile separations . it
is seen tha t there are significant delay improvements which can be realized
from 2-nautical mile separations . The uni form 2-nautical-mile separation
is the ultimate goal of the Wake Vortex Avoidance System.

1.4.3 Comparison of the Wake Vortex Avoidance System with the Vortex
Advisory Sys tem

Currently, the WVAS is still in the concept stage. However , a
field validation of a modest cost Vortex Advisory System (VAS) is being
performed at Chicago ’s O’Hare International Airport. The VAS is described
in Refs . 3 and 27. The modest-cost system consists of a set of seven meteor-
ological towers (each tower being near the approach end of one or two runways)
with triple sets of wind sensors on each tower . The aircraf t  spacing (uniform
3 nautical mile or 3/4/5/6 nautical miles) is determined by a microprocessor
on the basis of measured wind~

’ A small disp lay shows one-minute averages
of wind speed and direction , gusts , and recommended a i rcraf t  separations
(i.e ., uniform 3-nautical-mile or 3/4/5/6 -nautical-mile sep arat ions).

*The wind criterion is an ellipse with a major axis of 12.5 knots ali gned in therunway direction and a minor axis of 5.5 knots normal to the runway direction .If the wind is outside of the ellipse, vortex residence time is sufficiently shortso that a 3-nautical-mile separation is always safe. If the wind is inside theellipse , the 3-nautical-mile separation cannot be certified, and the 3/4/5/6-nautical-mile separation is used .
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The WVAS is intended to have a higher level of sophistication than that

— for the VAS. In addition , the WVAS will use vortex detection. The increased

V sophistication of the WVAS will yield decreased delay by two mechanisms:

decreased separation for a wider set of meteorological conditions than those

allowed by the VAS and use of spacing standards which are between the

3/4/5/6-nautical-mile and uniform 3-nautical-mile separations used in the

VAS. These mechanisms are discussed below.

A spacing standard cannot be used unless it can be certified as being

safe . There are many meteorological conditions for which the 3-nautical-

mile separation is safe , but cannot be certified by the relatively simple

criteria used by the Vortex Advisory System. Therefore, the complete
WVAS will use a more sop his t icated meteorolog ical measurement  and cal-

culation system than that used by the VAS. The WVAS will  thus allow certi-
fication of the 3-naut ical-mile  separation for a greater  fract ion of airport
operation t ime and for a wider range of meteorological conditions than is
possible with the VAS.

The concept of the VAS could , in principle , be extended to allow 2-

nautical- mile separations. However , the wind criteria for 2-nautical -mile

separations would be too large to allow frequent use of the 2-nautical-mile

separation. Only the WVAS can certif y 2-nautical-mile separations for a

significant portion of airport operating time.

The VAS can spec if y one of two distinct spacing standards ( 3/4/5/6
nautical miles or uniform 3 nautical miles), whereas the WVAS will be able

to specify intermediate spacing cr i ter ia .  The WVAS will be able to g ive
reduced separations on days when the 3-nautical-mile separation cannot be

certified , whereas the VAS cannot certif y any reduction in separation unless

the 3-nautical-mile separation can be certified.

For the reasons described above , it is expected that there will be many

days for which the WVAS can certif y reduced spacings , but for which the VAS

cannot certif y reduced spacings.  Since the wind speed cr i ter ion of the VAS

21 .
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is a function of the angle between the wind direction and the runway direction ,
particular problems are incurred by airports which have only one r unway

V direction (e.g., Los Angeles International Airport and the Hartsfield Atlanta
International Airport)  since the choice of runway direction is limited. It is
noted that small reductions in separations can cause significant reductions

in delay.

The vortex detection capability of the WVAS can have significant im-
pact on delay. This impact is shown graphically in Fig. 5 . For a given wind
condition (i .e ., mean wind parameters measured over a time span on the order
of 10 mm ), there is a probability distribution function that the vortex residence
time is greater tha n time, t. A sample of the distribution function is shown
in Fig. 5. The distribution has a long “tail” ; the derivative of the distribution
function with respect to vortex residence time is very small for small prob-
abilities. For the VAS, the separation distance mus t be chosen so that the
probability that vortex residence time will exceed the separation time is
essentially zero. This must be done because there is no backup system to
warn of a long vortex residence time. However , for the WVAS, the separation
distance may be chosen so that the probability that vortex residence time is
greater than separation time is some small value (e .g. ,  0.2%). This is pos-
sible because there is a backup system (vortex detection) to warn for that
small fraction of the time when vortex residence time exceeds separation
time. A missed approach can be executed in such cases. Because of the
long “tail” of the probability distribution function , the acceptance of a small
probability that vortex residence time will exceed separation time allows
significant reductions in separation times. This can allow a very

significant reduction in delay.

1.5 OBJECTIVE OF THE PRESENT INVESTIGATION

The pr imary objective of the stud y described herein was to use a set
of specific data collected at John F. Kenned y International Ai rpor t  in 1975 to
gain as much understanding about the behavior of a i rcraf t  wake vortices and
the operation of Wake Vortex Avoidance Systems as was Fossible  with the
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available data . As mentioned earlier , the intent of the stud y was the effecting
of a transition between earlier vortex research conducted in a research en-

vironment and implementation of a pre-prototype wake vortex avoidance

system In an operationa l environment. The study s tar ted with a set of tasks

by which the primary objective would be accomplished. The set of tasks

contained some inherent assumptions about the characteristics of vortex

behavior , the characterist ics of the meteorological data being measured ,
and the quantity of data to be obtained. In performing the work, it became

obvious that some of the inherent assumptions used in defining the original

tasks were questionable. This does not imply that the original set of tasks

was defined carelessly or erroneously. It does imply that many character - - 

-

istics of vortices and wake vortex avoidance systems were learned while

performing the tasks , and that some changing of the original tasks by which

the primary objective would be achieved was appropriate.

Section 1.5 discusses the initial objectives (i.e., the tasks by which
the primary objective was to be accomplished as defined at the initiation of

the work described in this report), some of the reasons for modifying the

objectives, and the final objectives. The reasons for modifying the objectives

are djsc~i~ ’~ed in detail in the analysis sections which constitute the main body

of thi s re~~ rt. The primary tool by which the initial and final objectives of

this study were to be accomplished was a computerized data management

system for the vortex data recorded. Much of the effort for the contract

under which this report is written was used to construc t the data manage- I -~ment system.

1.5.1 Initial Objectives

The initial set of objectives by which the primary objective was to be -~ -

accomplished centered around three subjects: (1) verification and improve-

ment of an existing vortex transport analytic model; (2) determination of

characteristic values for meteorolog ical parameters , and (3) examination

of data from various vortex sensors and comparison of vortex parameters
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a s measured by the various sensors. The original intent was the comparison

of calculated vortex trajectories with measured vortex trajectories on a flyby-

by-flyby basis. This would establish the reliability of the analytic model.

Alternative models for different aspects of the ana lytic model (e.g.,  a power-

law form or a logarithmic form for describing the wind profile with altitude)
would be compared with measured vortex trajectories to determine which

models best described actual vortex behavior . In addition, characteristic

values of specific parameters (e.g., power~ law exponent) could be determined.

1.5.2 Modification of Objectives

As the data were analyzed, the objectives were changed for several

reasons. First, calculated and measured vortex trajectories could not be

compared on a flyby-by-flyby basis since the primary meteorological tower 
V

was located 3300 ft from the vortex corr idor, and the wind in the vortex cor- V

ridor often differed significantly from that measured at the tower; the wind

near the vortex corridor was measured, but a profile could not be obtained

because the maximum altitude of measurement was 40 ft. Second, there was

an inherent uncertainty in aircraft weight, spanwise loading factor, and air-

speed. In previous tests conducted in a research environment , values for

these parameters were known, but they were unknown in the operational en-

vironment. Aircraf t  weight has a very significant effect on t ranspor t  t ime .

Sinc e it was impossible to know values for some very important parameters,

the comparison of calculated and vortex tracks to determine optima l forms

for the analytic model would be meaningless since any variations in the re-

sults calculated from alternative forms of the analytic model would be over-

shadowed by the uncertainty in the values of parameters  to be used in the

analytic model with which the measured results were to be compared .

Third , the character is t ic  values of meteorological parameters  did not

emerge. While values of atmospheric parameters  such as roug hness length

and power-law exponent can be defined for wind averag ing times on the order

of 15 minutes , such character is t ic  values do not exist  for averaging times
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of one to two minutes. The shorter averaging time is necessary because it

is the approximate life time of the vortex. Fourth, the quantity of vortex
V 

sensor data was much less than that ori ginally anticipated. The acoustic

systems (Doppler acoustic and monostatic acoustic systems) did not function

concurrently with the laser Doppler velocirneter and the ground wind vortex

sensing system. The laser Doppler velocimeter was not on site for the ent i re

test. Therefore , the only sensor comparison which could be performed was

that between the laser Doppler velocimeter and the ground wind vortex sensing

system.

The data and ana lyses of data which led to the above conc lusions are

contained in the following sections of this report.

1.5.3 Final Objectives

In the analysis of the data which led to the conclusions discussed above

in Section 1.5.2 , it became obvious that the uncer ta int ies  which prevented

the analysis of the data on a flyby-by-flyby basis were identical with the un-

certainties which would exist in an operational WVAS. Therefore , the avail-

able data were indicative of most of the data which would be available in an

operational WVAS. Therefore , the objectives were changed to answer the

following questions: If the analytic model is used with appropriate upper and

lower limits on values of independent parameters for which values could not

be measured in the test , do the results bound the scatter observed in meas-

ured values of dependent parameters? What meteorological parameters have

definable values for short averag ing times and what meteorological parameters

do not have definable values for short averag ing times? What meteorolog ical

parameters  should be used in a WVAS? In what form should meteorological

parameters be presented and used? What is the role of vortex sensing in a

WVAS ? What useful information can be derived f rom vortex sensors?
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1.6 REPORT OUTLINE

Most of the effor t  during the  per formance  of the contract  under which

this repor t  is wri t ten was expended in processing data from the Kenned y

International  Ai rpor t  test  site and in creat ing a data management system
for analyzing the data.  However , th~ main body of the report  is the r e s u l t s

of analysis based on selective data re t r ievals  using the data management

system. The data management sys tem is described in A ppendix A.

Section 2 contains a discussion of vortex characteris t ics f rom anal yt-

ical considerat ions.  The section is presented for three reasons.  Firs t , a

simple analytical model which has not previously been prese nt ed has been

formulated.  Second , the section serve s as a back ground for unders tanding

the measurements to be d iscussed  in later sections.  Third , vortex char-

acterist ic s from anal y t i c a l  considerations are  discussed as they relate  to

an operational WVAS in a manner in which they have not previously been

pre sented.

Section 3 is a discussion of the Kennedy Internationa l Airpor t  test  site ,

the data measured , and the data p rocess ing .  Section 4 is a discussion of

conclusions which are related to meteorological  and vortex parameters  and

which were  reached by selective re t r ievals  of data f rom the data manage-

ment system. Section 5 discusses the capabili ty of vortex sensing and the

role of vortex sensing in an operational WVAS. The techniques by which the

measurements  made by vortex sensors may be used to effect vortex prediction

are  formulated and discussed.  Section 6 broaches a set of operational wake

vortex avoidance systems based on conc lusions reached in previous sections.

Section 7 presents  conc lusions and recommendations.
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2. VORTEX CHARACTERISTICS FROM
ANA LYTIC CONSIDERATIONS

This section conta ins  a d i scuss ion  of wake vortex cha rac t e r i s t i c s f rom
analytical considera t ions .  The discussion presented in th is  section wil l  aid
in the interpretation of resul t s f rom the JFK tes ts  to be presented in later
sections. The discussion will show the t rends which should be expected ,

V 

define the magnitude of expected data scat ter , and indicate how scat ter  in
the data could be reduced if the test were  to be repeated or in an opera t ional
environment.

The f i r s t  part 01 this section presents  a new model for calculat ing
vortex t ransport  time in a uniform crosswind. The model does not use
numerical  integration of the vortex t ranspor t  equations as previous models
have done (Refs . 10 and 11) . The model presented in this section wil l  be
used extensively in the comparison wi th  measured  value s of t ranspor t  time
in fu ture  sections. The dominant mechanisms of vortex transport  are pre-

V sented , and the expected var ia t ions  in vortex t ranspor t  time due to uncer-
tainties in values of the independent pa ramete rs  during the JFK tes ts  are

presented.  The effect of the baseline (i .e . ,  distance inbound f rom the middle
marker)  on vortex t ranspor t  is presented from theoret ical  considerations .

Thi s will aid in the in terpre ta t ion  of exper imental  data comparing d i f fe ren t
baselines. In addit ion , conc lus ions  of in teres t  are reached;  the conc lus ions
could not be reached f rom the exper imental  data because of a lack of data at

baselines close to the runway  threshold .  Theore t ica l  considera t ions  of vortex

decay and vortex d is in tegra t ion  conclude th is  sect ion.
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2.1 CHARACTERISTICS OF VORTEX TRANSPOR T IN UNIFORM
CROSSWIND

V In order to understand the concepts of vortex transport to be presented

in the following sections , it is instructive to examine the characterist ics  of
vortex t ransport  (part icularly t ransport  time) in a uniform crosswind.

It is assumed that the strengths of the port and starboard vortices are
equal and constant . The altitudes of the two vortices are assumed to be
equal. The vortex transport  equations are (Ref. 3):

-r r f ~z~~~~ 1 1— Z i r ( Y 2 Y )  + 
~~ [(2Z)

2 
+ (Y2 

_ y
1) 2j  

(5)

and

2

= V ± ~rfr [(2Z + (Y2- Y 1)
2 j (6)

where Z is the altitude of the vortex pair and Y 1 and Y 2 are the lateral positions
of the vortices from the port and starboard wings of the aircraft, respectively,
as shown in Fig. 6a. The + and - are applicable to the starboard and port
vortices, respectively.

In the absence of a crosswind (i. e . ,  = 0), the vortex trajectory is a
hyperbola. In this condition , the vortex descent is symmetric with respect
to a vertical plane :

Y2 = -Y 1 Y. (7)

From the vortex t ranspor t  equation s ,

Y/z = - (ZY) 3
/(ZZ) 3 , (8)
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Initial Starboard Vortex  Position
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dary Moves

(a) Initial Vortex Geometry
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~~_1Upwind Boundary

1

,,
) 

~~~~~~~ i ndar~~

______________________________ 

‘
~~~s~,~~~~~~~~~~~~Vortex Trajec to ry

Y

(b) Vortex Geometry at Time Downwind Vortex Leaves Fli ght Cor r idor

(c)  Vortex Geometry at Time U pwind Vortex Leaves Fli ght Cor r idor

FIGURE 6. VORTEX GEOMETRY FOR VORTEX TRANSPORT TIM E
CA LCULATION (Coordinate  Sys tem is Fixed Relat ive  to
the Wind
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or . V

-dZ/Z3 = dY/Y
3 

(9)

and hence ,

l/y 2 
+ l/z

2 
= Constant = C , (10)

which is the equation of the hyperbola representing the vortex t ra jectory in
the absence of a crosswind.

This result can be used to calculate the time for which a vortex remains

in a vort ex cor ridor of wid th 2
~b 

for a uniform crosswind. The coordinate

system is referenced to the wind with the origin in the y-clirection taken as
the aircraft axis at the time of aircraft passage, and 

~b 
is the distance of the

vortex corridor boundary from that origin. The origin coincides with the ex-
tended runway centerline and is transported downwind (relative to the extended
runway centerline) at the crosswind velocity. Since the coordinate system is
fixed on the wind, the crosswind is zero relative to the coordinate system.
From Eqs.(6) and (7),

r I y 2 
11 

V

“ ~7~~[~~2÷y
2 .

Using Eq. ( 10) for Z ,

2 3/2

where the value of C is calculated from Eq. (10) using the initial values of Y
and Z (e.g., Y = b’/Z, b’ being the initial vortex separation distance , and Z =
initial vortex altitude). Integrating Eq. (12) giveS

2
D~~~

4r CY -2t +  —~~~~~
. 

z l7� (13)
(CY -1)
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where D is the constant  of integrat ion determined by Y = b ’/Z at t 0. If
the lateral boundaries of the vortex corridor are at ±Yb at I = 0, at la ter
time, t, the boundaries of the vortex corridor (referenced to the wind-based

coordinate system) are at

Y = -.V~~t + y ~~, (14)

with a + or - denoting downw ind or upwind fli ght corridor boundaries ,
respectively.

The geometry is shown in Fig.6. The time in Eq.(13) is the time
required for the vortex to reach position Y. The time In Eq. (14) is the time

for the boundary to reach position Y. The transport time is the time at which
the vortex and the boundary are at the same position at the same time. For

simplic ity,  time Is eliminated between Eqs. (13) and (14), and the result is

_ _ _ _ _ _  - 
4~ CY 2 - 2

~ 
+ D -~~~ — 2 1 2  (15)

(CY -1 )

Let

4ir ~ CY2 2 Y
~~

ybF(Y) 
~~~ [(CY~ - 1)172 

- LI + V~, 
(16)

with the top sign on 
~b denoting the downwind boundary and the lower sign

denoting the upwind boundary. Physically, F ( Y )  is the dif ference between the
time at which the vortex reaches position Y and the time at which the boundary
reaches position Y. The vortex residence time is obtained by solving Eq. (16)
for Y when F(Y) = 0 (using a Newton-Raphson iteration beginning with Y = ± bh / 2 )
and solving for transport time from Eq.(14).
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2.1.1 Vortex Transport Time Characteris t ics

It is instructive to examine the conditions under which various solutions

to Eq.( 16)  exist. Physically, it is desired to determine the conditions under V

which each of the vortices will exit from each of the vortex corridor boundaries.

For the downwind vortex ( Y >  0) and downwind boundary (top sign on

the definition of D i n  Eq .(13) for the initial condition (Y = b’/Z at 1= 0)  gives

for t 0

F(b’/Z) = (b’/Z - YbL”~, 
< 0, (17)

assuming that the vortex corridor width exceeds the vortex separation distance.

As Y becomes large (CY 2 >> 1) ,

F(Y)~~~~~~~~~J + Y / V  > 0 .  (18)

There is , therefore, one solution of the downwind vortex crossing the downwind

vortex corridor boundary (i.e., F ( Y ) =  0). The vortex geometry for this solution

is shown in Fig. 6b. This solution can be determined from Newton iteration

on Eq. (16) with the initial “ solution’ being ‘1 = b ’/Z. The transport  time may

be calculated with the solution value of Y by using Eq. (13) or (14). By substituting
the lower sign of 

~b for the upwind boundary, it may be shown mathematically (as

well as from physical reasoning) that the downwind vortex cannot cross the- up-
wind boundary.

For the upwind vortex ( Y <  0) crossing the upwind boundary, the initial
condition gives

~b 1/ 2 + y bV F(-b’/2) = >0 . (19)
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For large values of Y,

V 

F(Y) ~ 
~~~~~~ - ~jcy~ + 

~~~~~~~~ 
= ~ + y/v

= y [i~V - 4ir/r~JE] 
. (20)

Therefore , since Y < 0,

F(Y) > 0 if V > r ~~~~~~747 (21)
and 

F ( Y ) < 0  if v < r ~~~74ir (22)

for large values of Y. Therefore, if

V > F S J~~ 4ir (2 3)

a solution to Eq. (16) doe s not exist , and the upwind vortex does not cross the

upwind boundary. If

V < r~~~/4ir , (24)

the upwind vortex crosses the upwind boundary (ef. Fig. 6c). The value of

Y may be determined by Newton interation on Eq.(l6). The initial value of

Y should be a negative value of about five wingspans.

For the condition of the upwind vortex crossing the downwind boundary,

- 
~bF(_b’/2) = v < 0 . (25)
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Similarly, for large absolute values of Y

F(Y) > 0 if V > r\~~/4T , (26)

and

F(Y) < 0 if V < r~JE~/4ir . (27)

If

V > r ’~~~’4,r , (28)

one solution exists and may be found by Newton iteration on Eq. (16) beginning

with Y = -b ’/Z. If

V < r~~~?4ir , (29)

either no solution or two solutions exist. It is necessary to determine -

if F(Y) is positive for any values of Y. The maximum value of F(Y) occur s
when F’ (Y) = 0. This occurs when

Y
2 

= 
1 

(30~
C - [4ircv /r]2”3

Solving for F(Y) with this value of Y (denoted by 
~~~~ 

yields the number of times V

the upwind vortex crosses  the downwind boundary. If - -

V < r~~
’
~ /4ir (31) V

and

F(Y ) < 0 , (32) V
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there is no solution. Physically, the upwind vortex approaches the downwind
boundary , but is transported upwind by its image vortex before it crosses the
boundary. If

v < r \f~~/4ir (33)

and
F(Y ) > 0, (34)m

two solutions exist. Physically, the upwind vortex crosses the downwind
boundary, but is then transported upwind by its image vortex and reenters
the vortex corridor throug h the downwind boundary.  The value s of Y for
which the boundary crossings occur may be calculated by solving Eq. (16).

It is noted that the upwind vortex always remains in the vortex corr idor
longer than the downwind vortex. Therefore , the maximum vortex t ranspor t
time is given by the upwind vortex crossing the downwind boundary if

V > F ~~J~~/47r , (35)

and by the upwind vortex crossing the upwind boundary if

V < I ’ S,I~ /4,r . (36)

2.1.2 Universal Nondixnensional Parameters of Vortex Transport  Time

Equations (14) and (16) suggest that a set of nondimensional parameters
of vortex transport time exists. Several different sets of nondimenstonal V

parameters may be chosen. The set which is presented herein was chosen
because one parameter is a function of the vortex corridor only, and a second
parameter is a function of aircraft type only.
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Multiplying Eq. (16) by V /yb and rearranging gives 
V

4~r V 
~
‘b F C ~b ‘~

‘b~ - 
2 1

F(Y) = 
~~ I 2 - DV 

~
‘
~
‘b + 

‘
~
“
~
‘b ~ 1 0. (37)

V TC 
~b 

J~C ~b 
(Y/y~) - 1)2

Similarly, Eq. (14) becomes

~“~ b 
= - v t/yb + 1. (38) V

These equations are non-dimensional. From them , four non-dimensional
parameters which uniquely define vortex behavior may be generated. The
first is the vortex t ranspor t  time parameter ,

= V t/Yb~ 
(39)

The second is the vortex strength parameter ,

P5 4,r V 
~
‘b~~

’ (40)

The third nondimensional parameter is the boundary parameter 
- 

V

2 2 / iPb = C Yb ~~~~ ~~~~~~~~~~~~~~~~ (41)

where Y and Z are the initial values for Y and Z , respectively. For a given
vortex corridor (i.e., initial altitude and vortex corridor width), the boundary
parameter is a function of a i rc raf t  wing span only. For an elliptically loaded
wing,

~
‘b 

~ 
+ -_L~).
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The variable used in solving Eq. (37) is

= Y/y~ . 
(43)

Equation (31) is now

P~ j  P~,~~~~- 2  ~
F (~~)~~ - p - ( ~ ~~ 1 ) - D + n ~~~

l O .  (44 )
b (Ph il - 1 ) ~~1 1

Recalling the method by which D was calculated from Eq. ( 1 3 ) ,  D 1 is calcu-

lated from the initial value of the first  term on the right s ide of Eq. (44) .

Thus ,

P5 Pb ilo
1
~~~

2

b 
~~b 

2 
- i) k } 

‘ 
(45)

where

= Yjy~ [
~ 

- (Yb/Z o) 2J ~ 
. (46)

This equation introduces the fourth non-dimensional parameter . the vortex

corridor parameter ,

P~ = y~/Z0. 
(47)

Plots of nondimensional vortex transpor t  time may be obtained in the 
V

following manner. The vortex corridor parameter . 
~ v ’ and boundary  p aram-  

V

eter , are selected. They may be selected for a particula r corridor size V

and aircraft type. For each selected value of the vortex strength parameters 
V
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P5. D1 
is calculated from Eq. (45), and Eq. (44) is solved for i~ by an iterative

technique. The transport time parameter is then solved by

= ± l - ~~ ’ (48)

which is derived from Eq. (38).

From the reasoning related to Eqs. (35) and (36). it may be shown that
the upwind vortex exits from the downwind fl i ght cor r idor  boundary if

> (49)

and the top sign is applicable in Eqs . (44) and (48). If

PS < ~~~ (50)

the upwind vortex exits from the upwind vortex corridor boundary,  and the
bottom sign is applicable in Eqs . (44) and (48).

Figure 7 shows a sample plot of nondimensional vortex parameters 
V

for selected aircraft .

2.2 DOMINANT MECHANISMS IN VORTEX TRANSPORT MODEL

The general vortex t ranspor t  model is an anal yt ic tool which determines V

the lateral and vert ical  displacement of each vortex of the trailing vortex pair
as a function of time for specified values of a i rcraf t  parameters and a given
crosswind profile. An important output from the vortex transport model is
the calculated vortex t ranspor t  time, which is defined as the time after air-
craft  passage at which both vort ices  have been t ranspor ted outside the cor-
r idor defined by boundaries ± 150 ft f rom the runway centerline. Since it has
been shown that vortices located outside the ± 150 ft corr idor  do not pose a
threat to following a i rcraf t  (cf .  Section 1.2.1) , the calculated vortex t ranspor t
time is an indication of the safe separation time calculated for the aircraft
type and prevailing meteorological parameters .  Therefore , for an operational
WVA S it is important to determine the sensi t ivi ty of the ca lcula ted  vortex t rans-  -

port time to variations in crosswind characteristics and aircraft parameters.
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FIGURE 7. NONDIMENSIONAL VORTEX TRANSPOR T TIM E
PARAMETERS
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The vortex t ransport  model assumes a constant vortex strength , r’,
and assumes that the alt i tude s of the port and starboard vortices are equal.

The vortex transport equations are (Eqs. (5) and (6))

Z = 27(Y2 -Y 1) 
+ 

~~ 
[
~2Z 2~2 :~Yl 2J 

(51)

and

(Y -Y )
2

Y = V  + _—E_ 2 1 
2 (52)

V 
— 4irZ (2Z)2 + (Y2 - Y1)

where

W
A 53r_

PbKU ‘
where V

Z vortex altitude

r = vortex strength
port vortex lateral position

Y2 = starboard vortex lateral position

V = crosswind
00

WA = aircraft  weig ht

P = air density

b = a i rc ra f t  wing span
K = aircraf t  spanwise loading coeff icient

and
U = a i rc ra f t  airspeed.

00

Physically, the spanwise loading coefficient is the ratio of lift generated
by the wing to the lift which would be generated if the wing loading (lift per
unit span of the wing) were uniform at the value of spanwise loading at the
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wing root. The wing loading is proportional to the bound circulation , I’’(y),
of the wing. The spanwise loading coefficient  is

b/2

K = 
~~~~~~~~~~ f r’(y)dy , (54 )

where

F ’ ( y )  = bound circulat ion on the wing, and
= bound circulation at the wing root.

For elliptically loaded wings .

K =  ir/4 , (55)

which is the assumption made for calculated values of vortex parameters in

th is  report .

Detailed derivat ion s of Eqs.  (51) th rough (55) are presented in R e f .  3.

Anal ysis of the anal ytic vortex t ranspor t  model consis ted of establishing
the sensi t ivi ty  of the model to the basic input parameters  includin g c rosswind
character is t ics (crosswind as a function of a l t i tude)  and a i rc ra f t  parameters
(a i rcraf t  type , landing wei ght , al t i tude , and a i rc raf t  position re la t ive to the
ILS). Conclusions re la ted to other effects  such as buoyancy, wind shear , and
viscous vor tex-ground interaction s could not be reached f rom the JFK data.
The influence of the above pa ramete r s  on the wake vortex t ransport  time in
the approach corridor is d iscussed below .

2 .2.1 In.fluence of Crosswind on the Calculated Vortex Transport  Time

The calculated vortex transport time as a funct ion of c rosswind (defined
as the wind vector component which is normal to the runway direction) is shown
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in Figs. 8, 9 and 10 for uniform , power law , and logarithmic crosswind pro-
fi les.  The nominal v . lue s  of a i rc ra f t  parameters  show~i in Table 1 were used

- 
. for calculation of the transport times. For low values of crosswind (< 4 f t/ sec),

the upwind and downwind vort ices exit from the upwind and downwind vortex
cor ridor boundaries, respectively. For hi gh values of crosswind, both vor-
tices exit from the downwind boundary. It is noted that the upwind vortex
always leaves the vortex corridor later than the downwind vortex. Therefore ,
the vortex transport time can be calculated from the motion of the upw ind
vortex.

The calculated value of vortex t ranspor t  time is shown as a funct ion
of crosswind at the reference altitude , V~ ref’ and exponent, P, for a power-

law profile in Fig. 9. The 20-f t  al t itude is used as the reference since avail-
able measurements are generally made at this altitude . The power-law ex-
ponents rang ing from 0. 1 to 0.4 are representative of the wind profiles
observed during unstable to moderately stable atmospheric c onditions. The
power-law profile was chosen as the basic profile for use in this stud y be-
cause a previous study (Ref.  30) showed that vortex t ra jec tor ies  calculated
with the power-law wind profile matched measured vortex trajectories better
than trajectories calculated with other profiles.

The curves in Fig. 9 appear to indicate a sens i t iv i ty  of the vortex trans-
port time to the 20-f t  crosswind and to the value of the power-law exponent.
However , a closer examination of the phenomenon reveals  that the t ransport
time is not sensitive to the shape of the wind profile , per se , but is sensitive
to the value of the crosswind at an altitude higher than 20 ft.

Because the reference alt i tude was taken below the minimum altitude
to which the vortex descends (i.e., approximately half the ini t ial  vortex sepa-
ration distance), the effect of increasing the power-law exponent , F, is to in-
crease the value of crosswind which the vortex experiences during its entire
trajectory. The effect shown in Fig. 9 is essent iall y that  of a difference in
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wind from the referenc e alt i tude to the asymptotic alt i tude (i.e., minimum
al t i tude  to which the vortex descends asymptotically) of the vortex pair.

Figure 11 shows curves  similar to Fig. 9, but with the reference al t i tude

taken as 77 ft , which is the asymptotic altitude for an elliptically loaded

B-747. For this condition the effect of the power-law exponent is almost
neg li g ible . Of par t icular  significance is the fact  that there is little depen-

dence on the value of the exponent for large values of transport  time. The
spread in the lines of Figs. 9 and 11 is an indication of uncer ta in ty  in vortex

transport  t ime based on wind measured  at the asymptotic al t i tude (i.e., Fig. 11)
compared with uncer ta in ty  based on wind measured  at the 20-ft  altitude and extra-

polated to hig her al t i tudes on the basis of a power-law exponent (i.e., Fig. 9).
Figures 9 and 11 c lear ly show that the uncertainty in residence time decreases

as the altitude of the wind measurement approaches the vortex asymptotic
altitude.

The conclusion of this analysis  is that  direct wind measurement at the

asymptotic altitude is preferable to wind measurement  at another alt i tude with

extrapolation to the asymptotic alt i tude.

2.2.2 Influence of Aircraft Parameters on the Calculated Vortex Transport
Time

Variations in a i rc ra f t  type , landing weight , alt i tude , and la teral  disp lace-

ment f rom the localizer centerline resul t  in changes in the wake vortex t ranspor t
time in the vortex corridor and are discussed below .

The calculated vortex transport time is shown for heavy and large jet

transports in Figs. 8 and 12, respectivel y. The vortex transport time is

relat ively insensit ive to a i rc ra f t  type within each of the two broad aircraft

groups (heavy and large) ,  based upon the nominal values of aircraft param-

eters in Table 1. For a g iven initial altitude , vortex corridor .vidth and
cro sswind , the vortex transport time is primarily a function of the vertical

speed of the vortex pair. Equation (10)  shows that the vortex t r a j ec to ry  in
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the wind-fixed coordinate system is a hyperbola which passes through the

initial, vortex position of the vortex , regardless of the speed at which the
V vortex moves along the trajectory. Therefore, for a given initial vortex

position , the transport time is a function of the speed with which the vortex
moves along the t ra jectory ,  which is proportional to the initial vertical
speed o~ the vortex pair. This speed is (Ref. 3)

dZ C
LU00

- 
2 (5o)

4-n- K A~.

where

CL = lift coefficient

and
= wing aspect ratio.

The nominal values of each of the parameters affecting vertical speed
(i.e., lift coeffic ient, CL; approach air speed, U ; spanwise loading coefficient ,
K; and aspect ratio, .

~~
) do not vary significantly between different aircraft

types. This is shown in Table I , which shows that vertical speeds of the 
V

vortex pair do not vary greatly between aircraft types. Therefore , it should
be expected that t ransport  times which are based upon nominal values of air -
craf t  parameters should not be expected to be significantly different for
different aircraft types. Figures 8 and 12 show some difference between V

wide-body a i rcraf t  (as a c lass )  and narrow-body a i r c ra f t  (as a class) .

The influence of a i rcraf t  landing weight on the wake vortex transport
time in the approach corridor for a given a ircraf t  type is shown in Fig. 13. V

The resul t s  indicate that the vortex transport time is very sensitive to the
aircraft  landing weight at low crosswind conditions , i.e., < 7  ft/ sec . If the
crosswind is strong enough so that the vortex leaves the fli ght corridor before
entering ground effect , a i rc raf t  wei ght has no effect on vortex transport  time.
If ground effect occurs within the vortex corridor , there are two mechanisms
by which weight affects  t ransport  t ime. First , both the descent ve locity and the
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V 

velocity at which each vortex moves horizontally (r elative to the wind) in
V ground effect are directly propor tional to aircraft w eight for constant flight

speed. The descent velocity (alternative form of the above equation) for an

elliptically loaded wing is (Ref. 3)

dZ 8L
- 3 2 ‘ 

(57)
n - P U  b

0O

where

L = lif t ,

p = atmospheric density,

U = flight speed,

b = wing span.

Equation (57) is identical with Eq. (56) with

(58) . V

for an ellipti cally loaded wing and

L=
~~~

pC L b
2
U
2
/A

~
. (59)

The asymptotic velocity at which the vortex moves horizontally with
respect to the wind in ground effect may be shown to be (i.e., let Y > > Z in

Eq. (11), use Eq. (10) for Z, let Y0 = irb/8 for elliptic wing loading, and let V

vortex strength, r = 4L/ i rpU b (Ref.  3))

= 
2 

L / 2 2  + (60) 
V

n - p U b i n - b  Z V
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where Z
0 is the initial vortex a l t i tude .  This velocity r educes  to  the magni-

V tude of the ini t ia l  descent veloci ty as Z0 becomes large. Because of this

effect, an increase in the aircraft landing weight decreases the vortex trans-

port t ime when the crosswind is below the c r i t i c a l  value of crosswind (i .e . ,

the value of c rosswind  below which  the upw ind vortex exits f rom the upwind
boundary) because the increased  horizontal  velocity of the upwind vor tex
acts with the wind in removing the vortex from the flight corridor. An in-

crease  in a i r c ra ft  weight increases  the vortex transport time when the cross-
wind is above the c r i t ica l  value of crosswind because the increased horizontal
velocity acts agains t  the crosswind in removing the vortex from the f l ig ht
corr idor .

Second, an increase in the landing weight increases the critical value

of crosswind at which the vortex stalls in the approach corridor , and whic h
also d i sc r imina tes  between upwind and downwind exit of the upwind vortex.
In general, the upwind vortex exits the corridor from the upwind boundary

if (cf. Section 2.1.1)

V < 1’ ~~~~‘4ir (61)

and f rom the downwind boundary if

V > i’ ~~~/4ir . (62)

Since for a given a i r c r a f t  confi gura t ion  the vortex s t r eng th  is d i rec t l y pro-
portional to a i r c r a f t  weig ht , the c r i t i c a l  value of the crosswind which discrim-
inates between upwind and downwind exit of the vortex is directl y proport ional
to aircraft weight.

The above discussion indicates that variations in aircraft weight have

a much greater effect on vortex transport time than differences between

aircraft types (within a class of wide-body or narrow-body aircraft).

The influence of a i r c r a f t  a l t i tude  at the  middle marker  posit ion on the
wake vortex transport time is shown in Fig. 14. The results show that the
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vor tex t ranspor t  time is r e l a t i v e l y i n sens i t i ve  to normal  v a r i a t i o n s  in a i r c r a f t

a l t i tude . (Experienced p ilot s can genera l l y s tay on the g lideslope wi th in  1

division or dot on the g lideslope indicator . )  
V

The influence of a i rc r a f t  la teral  disp lacement on the wake vortex trans-

port time in the vortex corr idor  is shown in Fig. 15. Var ia t ions  in a i r c r a f t

lateral disp lacement about the localizer centerline indicate a noticeable 20-

to 80-sec variat ion in the vortex t ranspor t  time at low crosswind veloci t ies .

For higher crosswind velocities , the effect  of a i r c raf t  disp lacement on vor tex  V

t ranspor t  time is small. It is noted that the ±50-ft  deviation from the localizer

centerline is a 
~~~ 

variat ion (R ef. 19).

From the resul ts  shown above , var ia t ions  in a i r c ra f t  wei g ht and lateral

displacement f rom the loc a lizer centerl ine can exert a significant influenc e

on the calculated vortex t ranspor t  time in the vortex co r r idor .  Since the

calculated vortex t ranspor t  time in the WVAS is based on nominal values of

a i rc raf t  pa ramete rs , this can be an important  considerat ion.  For examp le ,

the vortex of a B707- 12 0 at minimum operating weig ht , spanwise loading

coefficient of 0.8 , 5 knots above nominal landing speed , and 10 ft above and

20 ft to the side of the ILS at the middle marke r has a vortex s t rength of

1895 ft 2/sec and a t r anspor t  time of 113 sec for no crosswind.  By cont ras t ,

a B-707-320C at maximum landing weig ht , spanwise  loading coeff ic ient  of

0.75 , 5 knots below nominal landing speed , and centered on the ILS has a

vortex s t rength  of 4246 ft 2/ sec and a t ranspor t  time of 47 sec for  no c r o s s -

wind .  The cor respond ing  values for the nominal values of a i r c raf t  param-

eters show n in Table I is a vortex s t rength  of 3135 ft 2/sec and a t r anspo r t

t ime of 66 sec . —

In addition to the direct effect  of unknown values of a i r c ra f t  p a rame te r s

by virtue of the effect on vortex descent  ra te , unknown value s of a i r c r a f t

parameters  also affect  vor tex  transpor t  t ime in the determination of the
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corr idor  boundary from which the upwind vortex exits. For constant c ros s -
- -. wind , the upwind vortex for the B - 7 0 7 - l 2 0  described above will exit the up-

wind boundary for c rosswinds  less than 3 f t/ sec and wil l  exit the downwind
boundary for crosswinds grea ter  than 3 ft/sec. By contrast , for B-707-
320C described above, the critical value of crosswind is 6.4 ft/sec. For the

nominal condition (Table 1), the c r i t i ca l  value of c rosswind is 4.5 f t/ sec .  In
a constant crosswind of 5 ft/ sec . the B -7 0 7 - l 2 0  would have a calculated trans-

port time of 231 sec (althoug h life t ime would prevent residenc e time f rom

being that long).

Since the calculated vortex t ransport  time is sensitive to a i r c r a f t  weight ,

the above result s suggest  that an indirect determination of the a i rc ra f t  wei ght

throug h measurement of the vortex descent rate in the earl y part  of the vortex

trajectory may be a useful  input to the WVAS. Ai rc ra f t  weight can also be deter-

mined by pressure  sensors under the flight path (Ref.  12). The pressure  sensor

senses the downwash of the a i rc raf t  as it passes the sensor.

2.2.3 Influence of Initial A lti tude on Calculated Vortex Transpor t  Time

One of the most important influences on vortex t ransport  time is the

influenc e of initial a i r c ra f t  al t i tude . All a i rc raf t  altitudes between 20 ft

(the altitude of the wing at touchdown) and 200 ft (the middle marke r )  are

of concern because a following a i rc ra f t  is sufficiently low that it may en-

counter a vortex in ground e f fec t .  From the resu l t s  of Section 2 . 1.1 , Eqs.

(35) and (36),  the upwind vortex exits the f l ig ht corridor from the downwind
vortex corr idor  boundary if

V < I’~~~~~4ir = 
~~~~ ~~1+ Y ~/z~ (63)

and from the upwind vortex corr idor  boundary if

V > 4ir Y ‘il l + Y~/z~ (64)
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The value of the critical crosswind velocity which discr iminates  between
downwind and upwind exit of the upwind vortex is a strong function of Z
at low altitude s (i .e. ,  Y / z > 1). Therefore , a crosswind which would cause
the upwind vortex to rapidly exit the fl ight corridor for an aircraft  altitude
of 200 ft can cause the vortex to stal l  in the flight corridor for an a i rc ra f t
altitude of less than 50 f t .  Figure 16 shows vortex t ranspor t  time as a
function of crosswind for initial vortex al t i tudes of 200 , 120 , 80, and 40 ft .

Figure 16 presents a very  important conclusion which is not evident
from the data measured at JFK . The lowest alt i tude for which a significant
quantity of JFK data was available was 130 ft . and the phenomenon shown
in Fig. 16 would not be evident at that al t i tude.  Figure 16 indicates that a
short vortex transport  time at one point along the fli ght path (from the middle
marker to the touchdown zone ) doe s not imply a short t ransport  time at all
points along the flight path. Figure 16 shows that, since the a irc raf t  must
traverse all altitude s between 200 ft and 40 ft , there is always a range of
points along the fli ght path for which the calculated vortex t ranspor t  time
exceeds 120 sec when the crosswind is between 3 f t/ sec and 14 ft/ sec.

In interp re ting Fig. 16, it must be remembered that it is assumed that
the vortex roll-up process occurs out of ground effect and that the vortex

then descends into ground effect. Howe ver, it is expected that when the
vortex roll-up occurs in ground effect, the ground has a significant effect
on the roll-up process. Little analytical or experimental work on the roll-
up process in ground effect or on vor tex demise mechanisms which may exist
when roll-up occurs in ground effect has be-en done. Limited measurements

(Ref. 19) indicate that vortices generated at altitudes less than a quarter of a

wing span dissipate rapidly. It is expected that vortex life time is a ‘mono-
tonic decreasing function of altitude as the altitude at which the vortex was

generated decreases from less than half of a wing span. (Unpublished data

tends to corroborate thi s statement.)
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2.2.4 Influence of Other Vortex Phenomena

Two vortex phenomena have been omitted from consideration in this

study because their influences are minor and are not comp letely understood.
These are the influences of wind shear and vortex buoyancy (Ref. 30).

The tilting or banking of the plane containing the vortex pair has been
observed experimentally at altitude (Ref. 3 1) and in ground effect (Ref. 32),
as well as in operational situations ( R ef s . 33 and 24). Occasionally in the
light aircraft tests , long segments of the wake were observed to roll past 

V

the vertical resulting in bank angles exceeding 90 degrees. It appears that

crosswind shear or crosswind shear gradients are responsible for the observed
rolling tendency of wakes.

Crosswind shear (change in crosswind with respect to altitude) in the
vicinity of the wake implies an ambient , coherent vorticity field aligned V

parallel with the vortic ity associated with the vortex pair.  Interactions

between the two vortical flows could produce opposite changes in the circu-
lations of the counter-rotating vort ices.  Thus , the velocities induced by
each vortex on the other (the descent speeds) would be unequal and wake

roll , manifesting itself as an altitude mismatch between vortices , could
occur for the descending pair.

There is, however, a lack of definitive experimental evidence or agree-
inent about which direction the wake will roll under given shear conditions
— apparently because of the relatively weak deterministic influences of shear
on wake roll. For light shear , it is possible that random vertical atmosp heric
convection of each of the vortices could overwhelm any shear-induced motions, V

resulting in atmospherically influenc ed, random roll directions. For increas-
V 

lag shear however , any deterministic shear effects should produce definite
wake-rolling behavior. Full-scale a i rcraf t  wake measurements by Tombach
et al. (Ref. 32) show a definite negative correlation between the sense of the

shear and the sense of the tilting , so that the upw ind vortex (the shear being

62

LJl V V~~~~~ V. - -



- ~~ -- -V-  - ~~~~~~~~~~~~~~~~~~~~~ —V - -  - V—V —-- V ~~~~~~~~ V V-

produced in the sense of that of a boundary layer)  descends relative to the

V downwind vortex a large percentage of the time, especially when the shear

strength becomes significant. On the other hand , measurements  reported

by Brashears  et al. (Ref .  24) show t ilting in both directions , with a preference

for tilting in the opposite sense to that noted by Tombach et al. when the shear

was relatively strong.  The Brashears  et al. data also show , for weak  shears ,

a tendency toward tilting in the same sense as that  noted by Tombach. In this

case, however , random effects  could dominate the weak deterministic inf luence

of the shear .  In fact , the Brashears  et al. data show the least tendency for

tilt ing at a nonzero value of shear , where the opposite strong shear and weak

shear tendencies are balanced out. An exp lanation for this behavior is not

apparent however. Variations in groun d effects  and differences in a i r c ra f t

scale between the two sets of data may be a factor.

In addition to the tilting , another dramatic (and operationally more

significant) aspect to wake behavior occur s simultaneously. Whenever the

wake bank s , the upper (genera l l y downwind) vor tex appears to break up
V (decay) well ahead of the other vortex , often leaving one vortex drifting alone

for some time before it decays.  The sing le remaining vortex does not attempt

to link with its image below the ground as has been observed when both vortices

appproach the groun d , but ra ther  invar iabl y experiences vortex breakdown .

It appears that the f ac to r s  caus ing  vortex tilt ing are ne i ther  intuitively

obvious nor have they been suf f ic ien t ly i l luminated by ful l -scale, atmospheric

flig ht tes ts , or theoretical  analys i s .  The most signif icant  aspect of wake

tilting from an operational standpoint is the occur renc e of the soli tary vortex.

It is undoubtedly some manifestat ion of flow asymmetry associated with wind

shears , turning fli ght , etc. ,  which produces the conditions for  the creation of

the solitary vortex , which so f a r  has eluded proper understanding . Such long-

lived vortices could present operational hazards since they appear to be rare

event s and , as such , the conditions for  their  occurrence may not be predictable .
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Because the mechanisms of wind shear in influencing wake tilting is
V 

inc ompletely understood and is an anomolous condition , it was decided to
omit it from the analytical modeling of vortex behavior in this study.

The upward acceleration , a , of the vortex due to buoyancy is

a = 
p

~~~~2 1

r~ 

(P -p ( r ) )  r dr (65)

~ c 0

V where

g = acceleration due to gravity = 32.2 ft/sec2

= ambient air density

r = radius of the outer boundary of the vortex cell

p(r) = vortex air density

r = radial coordinate direction of the vortex.

For the static underpres sure due to the vortex motion (Ref. 3)

k -I

p(r ) = 

[

~~~k 1  ~~~k 

Zir :2 ]  
(66)

where

k = ratio of specific heats for air 1.4
p = atmospheric pressure .

For a B-707 with a vortex strength , r ,  of 3137 ft 2 /sec and a vortex cell
radius , r , of 20 ft , the upward acceleration is 0.65 ft/sec 2 or approximately
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0.02 g. For buoyancy caused by engine exhaust  entrainment,

V 

p = p T / T  (67)

where

T = ambient air temperature

T = vortex air temperature.

Then

a = g ( 1  - T /T) (68)

An engine exhaust ent ra inment  which causes  the vortex to be 10°F warmer
than the surrounding atmosphere will induce a 0.Ol7g upward acceleration .

The effect of descent through a non-adiabatic atmosphere is described by
Eq. (68). (In an adiabatic atmosp here  the vortex always has the same tem-
perature  as the atmosphere since it is compressed adiabatically as it descends).
The standard atmosphere temperature  lapse rate  at the sur face  is _ l .56°F/
1000 f t .  Therefore , if the vortex descends 100 ft throug h an isothermal atmo-
sphere , the temperature  di f ference between the vortex and the atmosp here is
0. 156 °F, and the corresponding accelerat ion due to buoyanc y is 0.00029 g
(assuming T = 540°R) .

The effect of vortex buoyancy on vortex t ranspor t  was not included in
the analyt ical  calculat ion of vortex t ranspor t  for several  reasons .  F i r s t ,

the eff ect of vortex buoyancy due to descent through a non-adiabatic atmo-
sphere is neg ligible . Second , confirmation of the effects  of exhaust entrain-
ment would require measurement  of the tempera ture  of the vortices. Such

measurements  were beyond the intent of the study. Third , the effect of s tat ic
underpressure  requires  a good es t imate  of the vortex cell boundary radius ,
r
~~

. This number cannot be easily defined. Fourth , since both buoyanc y
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V and vortex decay cause an upward acceleration of the vortex , it would be
V difficult to distinguish the effects of buoyancy from the effects of decay from

the measured data. Fifth, there is some drag mechanism which prevents the
vortex from accelerating without bound and causes the vortex to reach a termi-
nal velocity which is believed to be small because the buoyant forces are of
the order of 0.02 g. (The phenomenon is similar to the one in which a helium-
filled balloon quickly reaches a terminal velocity relative to its surrounding
air.)

The justification for omitting the effect of buoyanc y from the anal ytic
model is the measured vortex trajectories from JFK. If buoyanc y is present
(and the vortices mov e vertically through the air which surrounds them), the y
will move together since they are acted upon by the Kutta-Joukowski force.
The K utta-Joukowski force on a body with circulation and velocity through a
fluid is

F - p (Z-W)xr (69)

where w is the velocity of the surrounding air. Since there was no observable
tendency for the vortices to move toward each other , it is conc luded that
buoyancy is not a significant phenomenon affecting vortex transport .

2.3 VORTEX DEMISE

The previous discussion has c entered on vortex t ransport .  At the
initiation of the study under which this report is writ ten it was believed that
vortex transport  was a far  more dominant mechanism in the determination
of vortex residenc e time than was vortex demise. Therefore , the vortex
tracking algorithm used for processing data from the ground wind vortex
sensing system at JFK does not accura te ly determine vortex life time.
None of the vortex sensing systems which were included in this analysi s
measured vortex strength (although the LDV can measure vortex strength
when operated in a different  scan mode). The monostat ic acoustic vortex

i
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sensing system wa s at the JFK test site and it can measure vortex
strength, but it was not included in the DMS because of lack of

concurrent meteorological data.

There are three m echanisms by which vortex demise (i. e., the
limit to vortex life time) may occur. The first and second are vortex

burstin g and mutual annihilation by Crow Instability. Both of these are

catastrophic mechanisms of vortex demise. The third mechanism is

viscous decay by which the strength of the vortex decreases sufficiently
so that it will not be hazardous to following aircraft .  Usually, one of the

catastrophic dem ise mechanism s is the limiti ng factor for vortex life
time. The mechanisms of vortex demise are summarized in Ref .  3.

Figure 17 shows distribution functions of vortex life time for

given values of wind speed as measured at Heathrow International Airport

(Ref .  12). The figure clearly shows that life time place s an upper bound
on re sidence time , even if t ransport  time is large.
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3. DA TA BASE OF WAKE VORTEX AND METEOROLOGICAL
MEASUR EMENTS

The data base for the analysis of wake vortex behavior is wake vortex

and meteorological measurements  made by the Department of Transportat ion ,

Transportation Systems Center (DOT-TSC ) at the John F. Kennedy Internat ional

Airport  (JFK) in Jamaica , New York,  dur ing 1975. In order to compile a data

base of measured wake vortex parameters  and measured meteorological param-

eters , the data have been incorporated into a computerized data management

system (DMS). A total  of 1320 flybys have been cataloged into the DMS. The

cataloged data files contain vortex trajectories (vortex altitude and lateral

position as a function of t ime) for two laser Dopp ler velocimeter systems.

calculated vortex t ra jec tor ies for each of four baselines , vor tex trajec-

tories (vortex lateral  position as a function of t ime) for each of the three

ground wind anemometer lines , vortex residence time (tim e for which the

vortex remain s in the fli ght corr idor)  for calculated and measured  vortex

trajectories , and selected meteorological  parameters .  To summarize  the

relevant character is t ics of the wake vortex and meteorolo ical  measurements,

a description of the test  site and a brief  discussion of the data acquisition ,

data processing,  and the resu l t s  f r o m  the general  data base are g iven.

3.1 KENNEDY INTERNA TIONAL AIRPORT TEST SITE 
V

As a part of a comprehensive program by DOT-TSC to monitor the

behavior of wake vort ices in the vortex corr idor , the meteorolog ical

and vortex parameters  f rom a i r c ra f t  landing on runway 3lR at JFK were  mon-

itored by an a r r a y  of ground wind anemometers, two laser Dopp ler veloc imeter V

(LDV) systems and four ins t rumented meteorological  towers .  Acous t ic  vortex

sensors were  also used , but the resul t s  were  not placed in the data management

system because of unavai labi l i ty  of concur ren t  meteorolog ical data .  A p lan

69

0 
-V-V--- V - - - - ~~~ V



- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~-~~~~~~~~~~~ —~~~~--— -

view of the test site is g iven in Fig. 18, and a cross-sectional  view of the

instrumentation arrangement at baseline 1 is g iven in Fig. 19.

A log of aircraft flybys was maintained. Each log entry specified the

aircraft type and time of passage over baseline 1. Aircraft models were

not recorded. For example, a DC —8-50, DC-8-6l , DC-8-62 , and DC-8-63

would all be recorded as a DC-8.

3.2 METEOROLOGICAL PARAMETERS

A summary of meteorological measurements recorded is presented

in Table 2. The table also shows a summary of meteorological parameters

which were calculated from the measured parameters  and stored in the data

management system. Data averages were  taken over 128 sec following air-

craft passage. ( The 128 sec is the time between successive aircraft  for the

5-nautical-mile separation of a large a i rcraf t  following a heavy aircraf t  at

a 135-knot approach speed.)

Table 3 show s the detailed list of measured and calculated meteoro-

logical parameters for which the DMS was designed. The DMS was designed

to accommodate a larger set of meteorological parameters  than that which

was available at JFK. In particular , wind measurements at the 140-ft alti-

tude of Tower 3 were not available at JFK , but are listed in Table 3

because the DMS was desi gned to accommodate such measurements.

Where averages are l is ted (e .g . ,  USTAR( 14)) ,  they are averages of all

indicated values for which valid values could be calculated. (All values

could not be calculated for all flybys because of missing data.) A description

of the meteorolog ical parameters shown and their  relevance to vortex be-

havior is presented in Ref.  34.

The initial intent of the stud y described in thi e report  included deter-

mining which set of meteorological parameters  was the most useful  for cal-

culating or predicting vortex behavior. This necess i ta ted  the calculation of

a large set of meteorological parameters  to permit comparison of resul ts

based on different  sets of meteorological parameters .  Therefore , Table 3
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Table 2

M E A S U R E D  WINDS A N D  CALCULATED
METEOROLOGICAL PARAMETERS

Measured Winds

u = Headwind

V = Crosswind (positive from port side)

w = Vertical Component of Wind (positive upward)

Measurement
Tower A lti tudes(ft)

1 20 , 40

2 20 , 40

3 25 , 50, 100 , 135

4 20 , 30

Calculated Meteorological Parameters

Average of all winds for 128 sec af ter  a i rc ra f t  passage
Standa rd deviation of all winds for  128 sec after
a i rc ra f t  passage

Ave rage wind speed for all wind s for 128 sec

Average wind direction for all wind s for 128 sec
V zref and P for least-squares fit for wind speed:

- / PV V~ ~ ( z / z ref)  for tower 3 V

A and ~
eL
for lea st-squares fit for wind direction: 0 = A + Bz

for tower 3
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Table 3

CALCULATED METHOROLOGICAL PARAMETERS
AND SYMBOLS USED IN DATA REPORT*

Profile of Horizontal Component of Wind Velocity in Power-Law Form
1~~ 

—

PLAW ( 1, 1) Reference Height “i
(2 , 1) Tower 1 Reference Velocity Power-Law Profile
(3 , 1) ) Exp onent for Horizontal
(1 , 2) I Win d Speed

2) Tower 2 

P — ______________

(1 , 3) 
— in ( z ( 2 )/ z ( l ) )  - -

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

Wind Direction Profties

NPOLY Order of Pôlynominài
COEF (1) Least-Squares Curve Fit of >. Horizontal
COEF (2) Coefficients for Polynomin~ l Wind Direction
COEF (3) Q COEF(l)+Z*COEF (2)+Z *COEF (3) ) Profile , Tower 3

Profile of Horizontal Component of Wind Velocity in Logarithmic Form

USTAR 1( 1) 20 and 40 ft Tower 1
(2) 20 and 40 ft Tower 2
(3) 25 and 50 ft Tower 3
(4) 25 and 100 ft Tower 3
(5) 25 and 135 ft Tower 3 Friction Velocity
(6) 25 and 140 ft Tower 3 Type 1
(7) 50 and 100 ft Tower 3
(8) 50 and l35 ft T ower 3 - 

O.4*(Uh
(Z)_U

h
( l ) )

(9) 50 and 140 ft Tower 3 U4~ - 
/

(10) 100 and 135 ft Tower 3 In
(1 1) 100 and 140 ft Tower 3 “
(12)  135 and 140 ft Tower 3
(13) ao and 30 ft Tower 4
(14) Avg . of 1 —4 13 for T ype I Friction

Velocity -

*Notation given at end of Table 3 .

**For tower 3, reference velocity and exponent obtained by least-squares
curve fit for all four altitudes.
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Table 3 (Continued)

Profile (Continued)

USTAR2 (1) 20 ft Tower I
(2) 40 ft Tower 1 F r i c t i on Velocity

(5) 25 ft Towcr 3
(4) 40 ft Towe r 2 

h

(3) 20 ft Tower 2 Type 2

(6) 50 ft Tower 3 0
(7) lOO ft Tower 3
(8) 135 ft Tower 3
(9) 140 ft Tower 3
(10) 20 ft Tower 4 V

( I I )  30 ft Tower 4
(12) Avg. of 1 — 1 1  fo r  Type 2 Fric.  Vel. J 

-
U S T A R 4 ( l )  Tower 1

(2) Tower 2 
“i
> 

Average Friction Velocity
(3) Tower 3 for Tower (T ype 1 and 2)
(4) Tower 4 J

ROUGH 1( 1) 20 and 40 ft Tower 1
(2)  20 and 40 ft Tower 2
(3) 25 and 50 ft Tower ~ I Roug hness Length
(4) 25 and 100 ft Towe r 3 I
(5) 25 and 135 ft Tower 3 I Type I
(6) 25 and 140 ft Tower 3 I
(7) 50 and 100 ft Tower 3 Uh (Z) I ( ( 1 )  - f n ( z ( 2 ) ) l
(8) 50 and 135 ft Tower 3 1 Uh( l )
(9) 50 and 140 ft Tower 3 I z = exp uh(Z)1 0  

_ _
(10) 100 and 135 ft Tower ~ _____

( 1 1 )  100 and 140 ft Tower 3 I uh ( l )  - l

(12) 135 and 140 ft Tower 3 I
(13) 20 and 30 ft  Tower 4 I
(14) Avg. of 1 — 1 3  for  T ype I )

Roug hness Leng th
R O U G HZ ( 1 ) 20 f t  Tower 1

( 2 ) 40 f t  Tower I
(3) 20 ft  Towe r a I Roug hness Length
(4) 40 ft  Tower 2 Typ e 2
(5) 25 ft  Tower 3
(6) 50 ft  Tower 3
(7) 100 f t  Tower 3 I U

(8) 135 ft  Tower 3 z =  e~~~( In ( Z )  ~~~~~~~O
W

’S
(9) 140 ft  Tower 3 I
(10)  20 f t  Towe r 4 I
( 1 1 )  30 ft T o wcr 4  I
(12)  Avg. of 1 — 1 1  for  Type 2 )

Rou g hness  Leng th
ROUGH4(1 )  Tower I

(2) Tower 2 I Average Roughness Length
(3) Tower 3 ( For Tower (T ype I and 2)
(4) Towcr 4
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Table 3 (Continued)

Wind Shear Parameters

VGRAD( 1, 1) 20 and 40 ft Towe r 1
(1 , 2) 20 and 40 ft Tower 2
(1 , 3) 25 and 50 ft Tower 3 V

(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 , au/az
(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 — 1 3  for u Wind Shear

V VGRAD(2 , 1) 20 and 40 ft Tower 1
(2 , 2) 20 and 40 ft Tower 2 

V

(2 , 3) 25 and 50 ft Towe r 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 , av/az
(2 , 7) 50 and 100 ft Tower 3
(2 , 8) 50 and 135 ft Tower 3
(2 ,9)  50 and 140 ft Tower 3 V

(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 — 1 3  for  v Wind Shear

VGRAD(3, 1) 20 and 40 f t  Tower 1 V

(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 , 8w/8z
(3 , 7) 50 and 100 ft Tower 3
(3 , 8) 50 and 135 ft Tower 3
(3 ,9 )  50 and 140 ft Tower 3
(3 , 10) 100 and 135 ft Towe r 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
(3 , 14) Avg. of 1 — 1 3 fo r  w Wind Shea r

VGRAD(4 , 1) 20 and 40 ft Tower 1
(4 , 2) 20 and 40 ft Tower 2
(4 , 3) 25 and 50 ft Tower 3
(4 , 4) Z5 and 100 ft Tower 3 uh Wind Shea r , & u h/aZ
(4 , 5) 25 and 135 ft Tower 3
(4 , 6) 25 and 140 ft Tower 3
(4 , 7) 50 and 100 ft Tower 3
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Table 3 (Continued)

Wind Shear Parameters (Continued)
V 

V ( , R A I)  (4 ,8) 50 and 135 ft Tow’,- r 3
(4 ,9 )  50 and 140 It ‘l ower  3
(4 . 10) 100 and 135 It Tower 3
(4 , I I )  100 and 140 ft Tower  3 u 1 Wind Shear , du h/az

(4 , 12) 135 and 140 ft ‘Fewer 3
(4 , 13) 20 and 30 ft Tower 4
(4 , 14) Avg. of I — 13 for  U h Win d Shea r

V HORGR4 ( 1 ) Tower I
(2)  Tower 2 L Average  u Wind Shear
(3) Tower 3 ( fo r  Each Tower
(4) Tower 4 J

Tempera tu re  Parameters

TEMP (1) 10 ft Tower 2
(2 ) 40 ft Tower 2

V Tempera ture(3) 10 ft Tower 3
(4) 50 ft Tower 3
(5)  140 ft  Tower 3

TEMPAZ Ave r a u e  Temp. b r  Tower 2 
~— TEMPA3 Ave rage  Temp. f o r  Tower 3 J

TEMP (6) AT from (10 to 40 f t )  Tower 2
(7) AT f rom (10 to 50 f t)  Tower 3 °C/ 100 ft
(8) AT f rom (10 to 140 f t )  Tower 3

ATEMP Average  AT f rom Towcr 3
TEM P (9) Potential Temp. f rom (10 to 40 ft)  Tower 2

(10)  Potential Temp. f rom (10 to 50 f t )  Tower 3 °C/ l0 0  ft
(11)  Potential Temp. f r o m  ( 1 0  to 140 f t)  Tower 3

APTEMP Average Potential Temp. f rom Tower 3
FRESH Pressure  Millibars
HUM ED Humidity Per Cent

Stability Paramete rs

IPASO (1 , 1) Tower 1
(1 2) Tower ~ ~ Pasqui ll  Class According

( 1 , 3) Towe r 3 (
~ 

to Power of Power-Law Curve

(1 , 4) Tower 4 ) -

(2 , 1) Towe r 1
(2 , 2) Tower 2 (,~ Pasquil l  C l a s s  Accord ing
(2 , 3) Tower  3 ( to A i r  Speed at 10-ft level
(2 , 4) Tower 4 )
(3 , 2) Tower 2 \ Pasqu i ll  Class According
(3 , 3) ,Towci - 3 J to dT/dZ

RICI-! ( I )  R i c h a r d  son N m-nbc r , Tower 2
(2 )  R i c h a r d s on  N u m b e r , Tower 3
(3) A v e r a g e  R i c h a r d son  N u m b e r
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Table 3 (Continued)

Stability Parameters (Continued)

(2 , 1) 40 ft Tower 1
DISIP ( 1 , 1) 20 ft Tower 1 

Dissipation Rate
(3 , ])  20 ft Tower 2 Type 1(4 , 1) 40 ft Tower 2
(5 , 1) 25 ft Tower 3 1/3 (Friction Velocity)
(6 , 1) 50 ft Towe r 3 € = 

1/3(.4) z(7 , 1) 100 ft Tower 3
(8 , 1) 135 ft Tower 3
(9, 1) 140 ft Tower 3 V

( 10 , 1) Z0 ft Tower 4
(11 , 1) 30 ft Tower 4
(12 , 1) Avg. of I — 11 for  Dissipation R a t e  of T ype 1

DISIP ( 1 ,2) Z0 ft Tower I
(2 , 2) 4O ft Tower l~~ Dissipation Rate
(3 , 2) 20 ft Tower 2
(4 , 2) 40 ft Tower 2 ~~~Type 2
(5 , 2) 25 ft Tower 3
(6 , 2) 50 ft Tower 3
(7 , 2) 100 ft Tower 3 _______________________________
(8 , 2) 135 ft Tower 3

(10 , 2) 20 ft Tower 4 

= (Type 1) 
((1 - .~ (RIcH)*(l - 1s(RIcFI)) ”4)) 

1/3

( 1 -  18(RICH)) 1 ~
(9, 2) 140 ft Tower 3

(11 , 2) 30 ft Tower 4
( 12 , 2) Avg. of 1 — I I  for  D i s s ipa tion Rate of Type 2~~~ ’

DISIP (1 , 3) Z0 ft Tower 1
(2 , 3) 40 ft Tower 1
(3 , 3) 20 ft Tower 2

(5 , 3) 25 ft Tower 3 ~~~~Type 3
(4, 3) 40 ft Tower 2 Dissipation Rate

(6 , 3) 50 ft Tower 3 2/3(7 , 3) 100 ft Tower 3 I 1/3 0.4 Uh(8 , 3) 135 ft Tower 3 = 1/3 in  z(9, 3) 140 ft Tower 3 Z 
~‘, (Roug hness Length))(10 , 3) 20 ft  Towe r 4

(11 , 3) 30 ft Tower 4
(12 , 3) Avg. of 1 — I I  for  Di ssi pation Ra te  of Type 3

DISIP (1 , 4 ) 20 ft Tower 1 
-

(2 , 4) 4O ft Tower 1
(3 , 4) 20 ft Tower 2 Dissipation Rate
(4 , 4) 40 ft Tower 2 

~~~ Type 4(5 , 4) 25 ft Tower 3
(6 , 4) 50 ft Towe r 3
(7 , 4) 100 ft Tower 3 1/3 

Q 4 2/3

(9, 4) 140 ft Tower 3 z(8 , 4) 135 ft Tower 3 = — 

1/3

(10 , 4) Z0 ft Tower 4
(11 , 4) 30 ft Tower 4
( 12 , 4) Avg. of 1 —  I l  for Dissipation Rate of Type

78

~

---

~ 

- -V--- V- - - V -~ V



--V- - — -V- -- V - ---~ -—- V —
~~~~~~~

V V  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ------ -V-’—~~---~~~

---—--- - - ---- -- - - - - - V  - V V - V -
~
- - - - -- V- V-—-

V 
Table 3 (Continued)

Stability Parameters (Continued)

( - 13, 1) Tower I 
~

)
(13 2) Tower 2 ~,, A v e r a ge Dissipation Rate
(13 , 3) Tower 3 ( fo r  Each Tower (T ypes 1 , 2 , 3, 4)
(13 , 4) Tower 4 )

I3RUNTZ B run t - V a i s al a  Period f o r  Tower 2
BRUNT3 Brunt -Vaisala  Period for  Tower 3
STAB2 Stability Length for  Towe r 2
STAB3 Stability Length for  Towe r 3

Mean Wind and Wind Variance Parameters

V BAR(N, M) N =  .1 ZO ft Tower 1
2 40 ft Tower 1
6 20 ft Tower 2
7 40 ft Tower 2

11 25 ft Tower 3
V 12 SO ft Tower 3

13 100 ft Tower 3
14 135 ft Tower 3
17 20 ft T ower 4
18 3O ft Tower 4

M =  1 u ft/ sec
2 v ft/ sec
3 w ft/ sec l28-sec Average of Wind Velocity
4 uh ft/ sec
5 vh f t/ sec
6 angle deg

VVAR(N, M) Same Nomenclature Variance of Wind Velocity for 128-
as Above see Record.

Notation

P = power law exponent
U = down runwa y wind components

u~ = fr ict ion velocit y for logari thmic profile

Uh = horizontal component of wind velocity

Uhref = horizontal component of wind velocit y at reference altitude
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Table 3 (Concluded)

Notation (Continued)

v cross runwa y wind component

w vertical wind component

a = vertical coordinate direction

a0 = roughness length for logarithmic profile

Z ref reference altitude for power law profile

~ 1/3 = turbulent dissipation rate

standard deviation of horizontal component of wind velocity

I

I
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is a list of all pa rame te r s  which were  deemed to have some re l a t ionsh i p to
vortex behavior .

3.3 VORTEX DETECTORS

The presenc e of wake vort ices  near  the ground was detected b y each
of three row s of sing le-axis  propeller driven anemometers as shown in Figs.
18 and 19. The propeller anemometers  me a s u r e  crosswind. In the data
processing,  if the varianc e of the si gnal f rom a single sensor did not exceed
0.02 (f t/ sec ) 2 

over the 128-second average following a i r c r a f t  passage , the
lack of varianc e was interpreted as a sign that the anemometer was not fun c-
tioning properl y, and the sensor was declared to be dead . Al l  active sensor
data were f i lt e red  with a weighted 17-second averaging f i l te r .  The fi lter was
wei ghted with a half sine wave extendin g over the averaging per iod. For the
vortex tracking ca lcula t ion , the position of the s tarboard vortex  was the la teral
position of the anemometer exhibiting the maximum crosswind veloc ity (using
the filtered values). Similarly, the position of the port vor tex  was the la te ra l
position of the anemometer exhibiting the minimum crosswind  velocity.  A
sample vortex t rack as generated in this manner is shown in Fig . 20. A false
indication of the vortex position Occur s a f te r  the vortex leaves the l a t e ra l
extent of the anemometer  a r r a y .

The time of port (or s t a r b o a r d )  vortex  passage over an anemometer
which had been determined to be closest to the vortex was defined as the time
at which the wind measured  by that sensor was a maximum (or minimum).
By p lott ing the times at which the vortex passed over sensor s at the var ious
lateral positions , a p lot of vortex latera l  position as a funct ion of time was
generated.  The vortex t ranspor t  time was generated by smoothing the time-
la tera l  position curve and determining the time at which the last vortex crossed
the fli ght corridor boundary .  False si gnals could easil y be dis t inguished f rom
true  vortex t racks  in determining res idence  time.
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FIGURE 20. SAMPLE VORTEX TRACKS FROM GROUN D WIND ANEMOMETER
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Two charac te r i s t i c s  of the groun d wind sensor are important in inter-
preting data from it. First , rel iable data are obtained onl y when the vortex

V is close to the ground. This l imitat ion is inherent in the groun d wind system.
Second , fa lse  points could be generated af te r  the vortex left the fli ght cor r idor .
However , these were  eliminated in the determinat ion of t r anspo r t  time as

V described above.

Wake vortex t r aj ec to r i e s  were  also measured  by two laser Doppler
velocimeter (LDV ) systems deployed at JFK. The scan area used for the

V 
test  is shown in Fig . 19. For each position of the focal volume in space , the
backscat tered laser intensity,  I~ and the aerosol  velocity ( l ine-of-sig ht velocity
relative to the LDV system measured by the Dopp ler shift in the returned
signal) ,  V , were  recorded .  The data processing algorithm used to calculate
vortex location is d i scussed  in R e f .  15. It is pres rn ted  briefly here.

For the first  vortex , the al gori thm checks the number of data points
in a scan f rame ( i . e . ,  a s ing le complete scan of the scan area shown in Fig. 19)
to ensure that a suff icient  number of data points exist ( > 2 )  to define a vortex.
Then it selects the highest intensi ty,  I , in a scan f r ame  and uses the y , z c o-
ordinates of thi s point as the c enter of a corre la t ion circle of radius  R (Fig. 21) ,
where R is selected by the system operator based on vortex generation , ai r-
craf t  type , and previous experience. Once the correla t ion c i rc le  has been
defined , the al gorithm requ i res  that  at least B percent of the points which lie
within the c i rc le  have an I g rea te r  than or equal to A percent of the initially
selected I. If this c r i te r ion  is not met , the selected I is discarded as a
spurious signal , and the next hi ghest  I is selected unti l  the A and B percentage
cri terion is met. Once thi s occur s , wei ghted average Y and Z position
coordinates are computed for all  points  in the c i rc le  usin g intens i ty ,  I , and
l ine-of - s ight component of veloc i ty ,  V , as the weig hting function:
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where Y and Z are the vortex centroid y and z positions , respectively.

Following thi s calculation , all the data points outside a circle of radius

R , centered at the previously calculated vortex center (Y , Z),  are examined

to determin e the highest remaining V. (N 5 is an operator-selectable multi-

plication factor (l , 2 ,etc .~) If this point has C percent of the number of data points

in its correlation region that were found in the f i r s t  vortex ’ s correlation reg ion

and if B percent of the point in its correla t ion reg ion have V greater  than A

percent of the highest V in vortex one , then a second vortex exists in the scan

frame.  If this cr i ter ion is met , then a weig hted average is found for its loca-

tion as described for the f i r s t  vortex.

3.4 CALCULATED VORTEX TRAJECTORIES

The calculated wake vortex t ra jec tor ies  were  generated from a theo-
retical model (Ref .  3) using the a i rc ra f t  location , wing span , wei ght , and airspeed

as inputs. The spanwise wing Loading was assumed to be elliptic. The input

parameters and resul t ing vortex strength for  each a i rc ra f t  type are shown in

Table 1. The a i r c r af t  were  assumed to be centered on the runway centerline

at al t i tudes of 200 , 172 , 135 , and 78 ft , respectively, for  baselines 1, 2 , 3 and 4.

Although the complete theore t ica l  vortex t ranspor t  model c ontain s many trans-

port and decay mechanisms , the ca lcula ted  t ra jec tor ies  for the data management

system considered vortex t ranspor t  by mutua l  induction and crosswind onl y.
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The trajectories were calculated by a fourth-order Runge-Kutt a inte-

gration of the transport equations

-r r I ‘
~
‘
~~~~~

‘
~~iZ — 2 ( Y Y )  + 

~~ [(2Z) 2 + ( Y 2 - Y 1 ) 2

and

= 
~~~ + ~~

-
~~~~~

- [ ~~~~~~~~~~~~~

— 
t ( 2 2 )  + ( Y 1 - Y 1 )

where Z is the altitude of the vortices and Y1 and Y 2 are the lateral positions

of the port and starboard vortices , respectively. The + and - are applicable

to the starboard and port vortices , respectively. The crosswind, V~ , was

that of the Tower 3 power-law profile. Therefore , for Tower 3,

V V (z/z ) P sin8
~ z ref  ref

where 9 is the wind direction profile as shown in Table 3.

3.5 VORTEX DA TA REPORTS

The wake vortex and meteorological measurements obtained by the

JFK data collection system have been processed with the DMS software ,

stored on tape and disk , and tabulated into data reports. A sample data report
is shown in Tables 4-7 and Figs. 22-30. The definitions of the meteor-

ological parameters are listed in Table 3. The calculated vortex t ra jector ies

for Baseline 2 have been omitted for brevity — no vortex measurements  were

made at Baseline 2. The data access keys (Table 7 )  are  parameters which

are used to selectively recall  data from the DMS. The symbols used for the

data access keys are shown in Table 8.
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Table 4

WIND PROFILE PARAMETERS FOR DATA REPORT

117 0*76 ~~ FLVIY ,uS~ 3111 0*71 q,)7173 1I~~ w cm 16. 33.91 62I~~~~1 ,s,t cc.

t 20.0000 Pt.~~~7 , $ )  23.5902 Pt~~~3. I )  .0749 Pt~~ 1,2) 20.0000 Pt~~~2 .2) 6.0900 PL~~~3. 21 — .0203

Pt~~ 2 .3 )  : 20.0000 Pt~~~2.3) 26.5579 Pt~ 63.3) — .05 75 Pt~~ 2 . 4 )  = 20.0000 PL*~ 2,9) 24.6972 PL~~ 3.’ )

~~E!lI) ~ —33.9430 5)17(72 — .1302 5~ R 3)  l3.930~, ~~~LV =

I5T~~I (57*7 2MM’. )1)uSU ~ )u9Q
I .9267 .1316 .629 1 .0000 .00)6 .2630
2 .1962 .6390 1.0563 .0000 .7951 .0007
3 —. 1209 2.5665 .3335 . 0000 .0002 .0003
9 ““ 2.11105 .11435 .00)9 .0247
9 — .3702 2.4532 .0000 .0000
6 ...... .5867 .0019
7 fl_ ,,,fl. sns—a..

O — .1239 .1771 .0000 .0000
• n,.fl... nt,, ,,., n.,fl...

10 Wi” ... .7577 ..~~~ —. .0702
II ‘ii”. 1.5223 ii’ W .0029
12 ItU ~~~~ T 1.1926 ..4..W ~ .0979
23 — .020’. .0030
I’. — .3030 . 0000

V~~*O ~~~*V
I 2 3 4 5 6 7 0 9 10 II 22 23 29

.0267 — .193 1 - .2333 ,-,w,. ~~,3l~q5 ii4i *~~~. .i. ~s.. .0325 w,, u,- ,-,,,,,, ....... .. ...... .. .3~$6 — .0090
— .0267 — .2092 — .2293 -“ii.. — .0399 .‘~..... .‘.—.‘. .0166 ....... , ii...... ..., wi. ....

~~.. 9443 .0092
.0930 — .2179 — .1502 —.0397 *‘. “ ...—... .0295 ... ,m. •.i .... ........ ..m..... .,..s. ~ .7019 -.0130
.0362 .0277 — .0500 “ ii ’. — .0242 ‘.~“,i ’ iW•~ — .0037 .m.. . .... . ....... . ii...... — .090) .0329

.036) 20~~~ 9(7) : — .0227 *P~~
q ( 3 )  — . 0226 10)606444) — .0902

II CM I)  I ....... *2 Cli 7)  .W W  61CM 3 )  . .. ‘......

( 7  :.m n 1 3  t.......... St*Sp ,....n. .nSV *03 i f l* 0
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Table 5

TEMPERATURE , STABILITY , AND TURBULENCE PARAMETERS
FOR DATA REPORT

lET 0*1* Fl.31V *sSET 3)’. 0*71 ‘ ./)7/73 12* 0* 509 14.33 .47 0I*~~02l 9995

TE*
11*02 = ... ..nn I ....W..

2 ....s ~~..
= as... .. . 3 Sfl•S5S

11 •“
*71* = ....... ~~ 5 5U4 5

4
FSH nsen. 7

O n.....n

*11* = ......... q

IC ....nn.
IUflO = annn . II ...n. ...

IPliQ ~~~AY

I 2 3 11
I I 0 0 0
2 3 3 3 3
3 0 0 C 0

DISIP ~~~AY
I 2 3 ‘S

I .0’.27 s’s...... .4272 .0644
2 .0223 ......... .11510 . 404 )

3 .0717 ...rnW .3325 3.06 75
‘S .0350 an.. ... .25*’. 3.033 2
3 .0202 ‘W~~ i .7723 2.4504
o .003) ..n.... ’ .2003 .7363
7 .0043 •..en... ...n. ... snnn •.

• .0034 WW .2223 .11000• .0032 ann... ..n.n.. .........
10 .0313 ....n... .9440 .7176
II .0720 W•• •5 .34 32 .7.43€t
I? .073* an ..... .3400 2 .4% )
Ii .9022 1.111.’ . .1912 .6721
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Table 6

MEAN WIND AND WIND VARIANCE PARAMETERS
FOR DATA REPORT

lE9 ~~ 6 ~~ Pt.’., ’. *1S II’. 0*78 ‘.1)7179 92* 06 069 26.33.47 *1606021 895

I 1 3 4 9 0
I 22.0310 -4.2960 —1.7732 13.3911 .0000 —17.2110
2 11.5123 .4 .73)2 .2007 29.2702 .0000 —19. 1903

3 7 T ? I W T T T  nnt ~~t VT s.Øtfl.fl *5 555445 W•S•W 555••fl

4 f?s??aT ,iyrir,,y as’.,.. , ... .aas. 5aasaS~s l.a.....

5 f ir,,,,? W.V..., ~~~~~~~~~ n...nn l.a. .., .. lsan a•~
6 16.4443 —7.3)05 2.6279 30.0909 . 0000 —24 .3177
7 13.3033 —11.9340 —1.7 3 10 17.0113’. .0000 -90.92)0

• fly—,,,, , .., -...,t -t •sfl..sii as.,—,., •flflflS5

O .s..s.s.i as,,,,, . ....as. .. ...a.s... ,...n... ~~~~~~~~~~~~

JO TtT ttttt f l h l V s S I y  .5.5 .... . ls*flISfl •W4*l5~ W•t~~V5t

II 14.3712 4 2420 1.21130 *6.5613 .0000 —2~ .0340

*2 7.0373 —23.6030 4.7)17 13.3101 — .0000 —02.6403

*3 5.0972 ?rTItrt — 2.734 2 ..*fi ~~5.S VII I IT5TV Plfli ~~~II

I’. 0.9772 —12.0253 .n...... 13.0000 — .0000 -33.2577
IS t 5 i 1 V  T f l I f lt t t  4l5SS55S fliSV*l*t l.5 1055 5555

24 flf~~~SIit flV~~VV f l t  W55a4 Ui5fl~~** 11555 * 5*• a5••aas’
27 0.3040 —10.0040 — .3009 14.6372 .0000 -47.3102
10 13.7433 —1.1393 2.7446 23.7367 .0000 4.7360

vVM ~~~*1
I 2 3 4 5 4

1 3.4499 .9* 23 .5)30 4.3222 17.0592 ‘la. ’~~~ •

2 2.0000 .9723 1 3)75 7.59.11 . 27.606 7 ~~~~~~~~~~~~

3 t T I?TT ~~~ ITT•11 • ~•5•S5S~* ••~~I~~O•* fl .5i1T551 *Sflfl ~~IV

11 ?ITT• 1TT f i f th ?? ? lfllaSssa flIl?IIl S lliIflIit

3 ~~~~~~~~~ 150 55 s• •asss~ u.s.,.... .ss..h.ss ...... ...

4 *2.7942 2.0620 .5930 15.337’ . 5.0263 ~~~~~~~~
7 11.182 1.1295 .0046 19.1073 9.3393 Is’1 •s

• ~ T— ili T? fl*155 1t 1 151 V t T T f i ? flSlflI• *

• ••~ 5l•5•~ •lfllfl t as. ... .. ln5*5~~ .... 5.5.

, ~~~~~~~~~ ~,TT~ ,?tt ..a. .... an.... . ..nr. r
II 16.0093 3.7920 .3203 13.1904 7.9130 ~~~~~~~~~
Il 1.2941 4.0309 .0634 0.0126 9.9039 .0600

*3 7.0343 .‘ss. ’ss. . s9l~ as ...... SS.l.. ’sl 11 s1a.si

24 2.3633 7.44*2 as’..... 3.7191 7.1134 .s ’...,..

IS a ...5 •• .s.s.ssas as.... .. ...n.. .. s.ss.s•~~ as.. ... .

IS ......... 5l~ss~. as...... as...... ~~•sn~h~ 5s.... ~.i

Ii 1.6411 2 . 9093 1.1369 1.4701 1.23 *0 as’s....

II 19.4W) .ME •~4*’ 29,8036 I. ’8*1 s’...... •
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Table 7

VA LUES OF DATA ACCESS KEYS
FOR DATA REPORT

~~~ 72.95’. I~~~06 324 0678 4/17175 lIlt 06 0*’. 20.33.91 *1*50021 195f 05)
5218*0) . 2.0000 = 3.3) 75
Pt0~~ • 319.0000 (*4-90 : *9.2702
06’. 2 307.0000 066-40 1 330.2943
‘.106 • 75.0000 P~~O—T = .0000
TI~~~6 = 94797.0000 VOISP = .0713
oiocn . 05) 26)0* — .2933
2.9*7 • 0000002706 = .0220
2.9*7 0000002772 26)03 = — .0990
06CC) = 0000000000 2620’. = — .2243
06CC. 0000000000 26)05 = .0106

= 0000016100 26)06 = — .0344
= 0000024032 r — .0375

P0CC = 0000000000 PI~ LIJ$ = 20 .0000
= 0000011747 7202.20 = 16.3374

0—90 = —*2.3129 ~ ilCVI = — .223’.
V—ISO -4.73*2 F6ICV2 2 .7777

~-40 = .2001 = 53.942!
21-9* 2.0000 12782 = 61.945 2
9—906 = .3723
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Table 8 I
DATA ACCESS KEYS FOR VORTEX DA TA

MANAGEMENT SYSTEM

I. SITENO Site Number

2. R UNN O Run Identification Number

3. DAY Day of Year

4. YEAR Year

5. TIMEDA Time of Day in Seconds

6. AIRCFT Aircraf t  Type

7. LVAN1 Laser Doppler Velocirneter Van 1, non-zero
if data cataloged

8. LVAN2 Laser Doppler Velocirneter Van 2 , non-zero
if data cataloged

9. DACC1 Dopp ler Bistatic Acoust ic Receiver 1, non-zero
if data cataloged

lO~ DACCZ Doppler Bistatic Acoustic Receiver 2 , non-zero
if data cataloged

11. PACC Pulsed Acoustic , non-zero  if data cataloged

12. PRED Calculated track , non-zero if data cataloged

13. GRWD Ground Wind , non-zero if data cataloged

14. MET Met Sensor Data , non-zero if data cataloged

15. U-40 Tailwind Down Runway (U at 40 ft)  Tower 1

16. V-40 Crosswind (V at 40 f t )  Tower 1

17. W-40 Vertical Wind (W at 40 It) Tower I

18. UH-40 Horizontal Wind Speed , (U**2 + V**2)**O.5 at 40 ft

19. ANG-40 Direction of Horizontal Wind

20. VDISP Dissipation Computed from Tower , 140 ft Level

21. WSHR 1 Wind Shear , DU/DH , Linear Fit of Large Tower
for 25-50 ft

22. WSHR 2 Win d Shear , DU/DH , Linear Fit of Large Tower
for 50-135 ft
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Table 8 (Concluded)

p 23. WSHR 3 Win d Shear , DU/DH, Linear Fit of Large Tower
for  25- 135 ft

24. WSHR 5 Wind Shear , DV/DH , Linear Fit of Large Tower
for 50-35 ft

25. U-VAR Varianc e of U-Wind Component at 40 ft

26. V-VAR Variance  of V-Wind Component at 40 ft

27. W-VAR Varianc e of W-Win d Component at 40 ft

28. UH -VAP Varianc e of U-Horizontal  Wind Speed at 40 ft

29. PWRLWE Power-Law Exponent Computed from Large Tower

30. PWRLWH Power-Law Heig ht Computed from Large Tower

31. PWR LWV Power-Law Velocity Computed from Large Tower

32. FRICV 1 Friction Velocity Computed from Large Tower
Wind Speed at 50 and 135 ft

33. FRICV2 Friction Velocity Computed from Variance of
Large Tower Wind Speed at 135 ft

34. LIFE 1 Vortex Life Time Computed from Universal Life
Time Function Using VDISIP

35. LIFEZ Vortex Life Time Computed from McGowan ’ s Life
Time Curve Using Power-Law Wind Speed

36. RT -LDV Maximum Residence Time from Upwind LDV Van

37. LT-LDV Maximum Life Time from Upwind LDV Van
38. R T -P R E D  Maximum Calculated Transport  Time Baseline 1

39. RT-GW Maximum Residenc e Tirre from GW Sensor Baseline 1

40. LT-GW Maximum Life Time from GW Sensor Baseline I
41. RT-GW 2 Maximum Residence Tim e from GW Sensor

Baseline 2

42. LT-GW2 Maximum Life Time from GW Sensor Baseline 2

43. RTPRED2 Maximum Calculated Residenc e Time Baseline 2

44. TURBUH Turbulence .i...evel of Wind Speed UH-V~~R

45. TtJRBV Turbulenc e Level of Crosswind

46. VBAR 40 Crosswind at 40 ft Level Tower 2

47. VBAR 50 Crosswind at 50 ft Level Tower 2

48. VBAR 30 Crosswind at 30 ft Level Tower 4
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All of the data shown in the sample data report are stored in the
DMS. This includes vortex altitude and lateral position as a function of

time for both calculated and measured vortex trajectories.

3.6 DATA MANAGEMENT SYSTEM

A computerized vortex data management system (DMS) has been

developed for cataloging , indexing, manipulating, and retrieving vortex data

as a function of atmospheric, aircraft , and site-dependent parameters. The

major capabilities of the DMS include: (1) file maintainence (tape read and

write, additions, and corrections of data); (2) arithmetic operations (inc luding

statistical manipulation of data); and (3) retrieval of vortex data (plotting and

testing). The purpose of the DMS is to catalog the vortex data in such a

manner that various correlations and functional relationships can be con-

veniently determined and efficiently disp layed from available vortex track

and meteorological data . Thus , It is a useful tool for the refin ement of the

analytic model and for the formulation of a predictive model.

The DMS operates In two modes. The first  mode is the catalog mode

in which data are read , calculations necessary to generate values of calcu-
lated parameters are performed, a~ d data files of measured and calculated

parameters are generated. The second mode is the retrieva l mode in which

stored data from the data files ar e retrieved, user-defined calculations are

performed on the retrieved data , and printouts and/or plot s of the retrieved
data (and/or parameters generated from user-defined calculations) are gen-
erated. The basis for the retrievals is a set of user-defined values of one

or more data access keys. The keys are selected parameters as shown in

Table 8. The DMS is described In Appendix A.

The DMS was used extensively in the retrieval mode for the analysis
of data to be presented in the next two sections. Virtually all of the c~ mputer-

generated plots in the next two sections were generated by the DMS operating

in the retrieval mode. The DMS was therefore the primary tool by which

the analysis of the next two sections was conducted.
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4. ANA LYSIS OF WAKE VORTEX DATA BASE

This section contain s an analysis of par t icular  aspects of wake vortex
behavior and associated meteorology. The analysis is based on the anal ytic
transport model and on vortex data and meteorological data measured  at JFK.

Thi s section begins with presentation of the vortex data. The scat ter  in the

data is observed , and reasons for the scatter  in the data are presented.  The
basis for comparison of calculated resul ts  and measured  resu l t s  is presented

and jus t i f ied .  It is shown that comparison of calculated t ra jec tor ies  (s tored

in the DMS) with measured t rajector ies  on a flyby-by- f lyby basis is not ap-

propriate.  Probability distributions of vortex residexice time are presented ,
and apparent vortex decay is noted.

A discussion of vor tex parameters  which may be si te-dependent is

presented. A discussion of meteorological parameters  as they re la te  to
time periods of 30 sec to 2 mm is presented. The basis for the comparison

is the meteorological data measured at JFK.

Section 2 serve s as a background for this section since it presents  a
theoretical basis for analysis of the data  presented in this section. This
section serves as a background to Sections 5 and 6. The data scatter and
meteorological variabili ty presented in this section lead to the conclusion
that residence time cannot be calculated and/or predicted on a fl yby-b y - f l yby
basis. This conclusion leads to the necess i ty  of the prediction techniques

discussed in Section 5. This section concentra tes  on vortex t ransport , which
is one of the phenomena affect ing vortex residenc e time (the other is vortex
life time) The reason for the emphasis on t ranspor t  in the section is that

vortex t ranspor t  is more amenable to anal ytic calculation than is vortex life
time , and this section concentra tes  on the abil i ty to use such ca lcu la t ions
beneficially in an operational envi ronment . Section 5 presents  an approach
for prediction of vortex life time.

103

__ -.



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

Thi s section may be considered to be a summary of important vortex-
related and meteorological-related observations which are important in the

design of an effective WVAS. As such , the conclusions reached in this section

serve as the ground rules for the WVAS design considerations presented in

Section 6.

4.1 VORTEX TRANSPOR T CHARACTERISTICS FROM MEASURED DATA

The objective of the vortex predictive model Is to predict the vortex

residence time in the approach corridor for some period of time in advance

based on current meteorological parameters. Sinc e the predicted vortex

residence time is to be used by the WVAS to set safe aircraft separations ,

the ability of the vortex predictive model to predict the vortex transport time

reliably is an important consideration. Predictive reliability consists of

two elements; the reliability with which the transport model calculates the

actual vortex transport time and the reliability with which the meteorological

conditions can be predicted. To assess the reliability of the vortex transport

model it is necessary to determine: (1) the ability of the vortex transport

model to calculate the vortex transport time accurately based on the current

wind profile and assumed aircraf t  character is t ics;  (2) the variance between

the vortex transport  character is t ics based on assumed values of aircraft

parameters and those of actual values of aircraft  parameters; and (3) the

ability to extrapolate the current meteorological parameters to fu ture  time

periods. In the following discussion the reliability of the calculated vortex

transport  time is investigated. The fac tors  affecting t h e  accuracy of pr e-

dicted transport time are addressed in Section 4.2.2.

4 1.1 Vortex Characteristics Aff ectin g the Accuracy of Calculated Vortex
Transport Time

Ostensibly, the reliability of the transport  model should be ascertained

by a flyby-by-f lyby comparison of the calculated t ra jec tory  and t ranspor t

time with the measured t ra jec tory  and t ransport  time . However , when the
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vortex transport  time is calculated from ava ilable tower crosswind measure-

ments and assumed values of a i r c ra f t  parameters , the sources of uncer ta inty

inc lude: ( 1)  uncertainty in crosswind due to displacement of the tower f rom

the vortex corridor ; (2) variat ion s in crosswind with altitude ; (3)  va r i a t ions

between assumed and actual a i rc ra f t  pa ramete r s :  and (4) deviation of a i rcraf t

position from the assumed position on the ILS. The sensitivity of the vortex

transpor t  model to variations in crosswind and a i rc ra f t  parameters was

illustrated ear lier in Section 2.2.

The f i r s t  two sources of uncer ta in ty  are d iscussed  in the following

paragraphs . The conclusion of the discussion is that comparison of calcu-

lated and measured resul ts  on the basis of crosswind measurement  at a single

altitude from a tower which is close to the vortex corridor is prefer able  to c orn-

parison with calculated resul ts  based on a complete velocity profile but with

the tower f a r  from the vortex corridor.

A comparison of the wind measured at the 40-f t  level of tower I (tower

closest to the fl ight path at baseline 1) wi th  that measured at the 50-ft  level

of tower 3 (tower f r o m  which wind data were used for calculated vortex tra-

jectory)  is shown in Fig. 31. Winds shown are the 128-sec averages following

each flyby. The scatter in the data is si gnificant , suggesting that comparison

of calculated and measured t ra jec tor ies  on a fl yby-by- f lyby basis is not ap-

propr iate. (Tower 3 data were  used for the calculated t ra jec tory  in the DMS

because it was  the only tower by which a wind profile could be obtained for the

altitude range of in te res t ) .  Therefore , calculation of t ranspor t  time by the

methods of Section 2. 1 and using the crosswind measured  by tower I is used

as the basis of comparison of calculated and measured  r e s u l t s .  It is noted that

the 40-ft altitude approximates the asymptot ic  al t i tude for the B-727 (cf .
Section 2.2 .1) .  As an examp le of the discrepancy between measured tra-
jectories and t ra jector ies  calculated f rom the wind of tower 3 , sample p lots
of the wake vortex alt i tude and lateral  position as a function of time are
given in Figs. 32 , 33 and 34. The s t ra ig ht lines in Fig. 32 c onnect calcula ted

105



r . . _ .  _ _  __

L I T !  •~~ U~~ l U L l !  1 I I I I T ~~~t I I I ‘ I 1 1 I T 1  I J V I  I I  I I I I I I I I I I I  I I I I ‘ I i  I I I I  i ll  I I I I 1 1 -r

2 0 -  

:• 
~~~~~~10 

. . 
a 

•
‘ 

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

‘ 

•

•
..

. 
~~~~~~~~~~~~ 

.—:

• : .~~ 
• /

t’
•;•

.~ I. •
~.o — I 4” j . a

In . 
a . — a • I

41 a a . ‘. ~~‘ . .1 ’ . .
- 

. a • .• ~ a
..,. 

~~~~~ ~ a.
I 

,_#4 •
• . J.. a • • .

•0 — 

• • .: ~~~~~~~~ ~~~~~~~~~~~ 
•
• •

• . •a . . )‘.. ~ . S
I • • • 1 •,~~

.. 
• 

a

.: .,1 ..,;;__~
I

_
.

. i  

•

b a •

• a . . •. ;•
~~~ /• ~~~~ 1

4) . 
•t• • ._ ~‘.. .• .

a . I• 
~~ .

t

2 . . ‘ . . . . •— I a • i. ~~~~ .*~‘ . a •

•
: 

•
% ~ 6’ . . 

‘~ :

— 10 - 
~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ 

• 

.
.

_ . ~~~~~~~~ .
• 
‘ ;.c~: s ~• a j ’ S • a 

~ 
. . .

I” a.. • ~~• • •~~t ~5 I
a. .•~‘ •I 

a I

• • ,~ 
• a I..

I.) • .~~~ 1. . .
V 

~‘t . •.
.,. a

p
#I( • . . I a

—2 .0 ’ — 
• . I

Ii I .  I .~1_A_I I I ,  I I I ~~ .I.t I I I I I I I . . J I I l l  1 . 1 !  I I I I I I I I J l I II I I 1 1 I I I I I I~~~ I I I A I . 1 l

-20 -10 0 10 20

Crosswind Measured by Tower 1 at 40-ft Altitude (ft/eec)

FIGURE 31. COMPARISON OF CROSSWIND MEASURED BY TOWER 1
AND BY TOWER 3

106

_

~ 

,. -- ,~~~~-- .- —_-.



- .— -.-——.~ a.~— ._.,—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ __-..-‘-—. -— .~~~~~~~~~ .
.. .,---——‘ ‘_ -~-—— -_‘ _-_.,_— -— - _~.a’_.-— -~- - -_ __..-”--.-_-_--_ .,. — -—-_- .

-_ .-.‘. __.i ~~~~~~~~~~~~~~~

200 ~r—rr ~ I I I I I  I I I rr~I I I I I I I I I 1TV1 TVT I I I 1 I I T T 1  U I  I I  I I I 1  I I I I i 1

180 - 

.

Calculated
Tracks 2 Starboard Vortex LDV 1

160 - ‘..-... 3 Port Vortex LDV

140 - 
B-727
Time of Day = 15 43 22
16 May 1975

2 sec
120

4.
‘.4

2

• 

3 

2
~~

2

.~~ 80 -

4.. 30
2

6 0 -  3 3

2

40~~~~~ 
~~~ 2~~

LDV 1 Scan Limit
20 -

0 l i i i .  l i l t 1  I L..J..J..J_...4 4.J~~..J._j L_.I l i i i  I I I  1 1 1 1 1  l i i i

-600 -400 -200 0 200 400 600
Vortex Displacement f rom Runway Centerline (ft )

FIGURE 32 . EXAMPLE OF CALCULATED AND MEASURED WAKE VORTEX
TRAJECTORIE S

107



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

200 W h I P  I I I  P I l l  J i l l !  I I I  I P I I I I J I I I P I J I J I I I I  l U l l  1 1 T h  1 1 1 1 1 1 1  I I I  1 1 1 1 1  I ! I 1 ~ rT

180 
2 Starboard Vortcx LDV 1

- 

3 Port Vortex LDV 1

160 8-727 .

- Time of Day = 15 43 22
j  l6 May 1975

140 - - 
. - . 

- -

4. 3
~~~‘ 120
I)

100 ~~~~~~ a

° 80 
L ’  ~ 

. 

-

• 2 -

60~~ “ a .

• a
• I 

_ _ _ _ _ _ _ _4 0 —  - 2  .

a 3 ,

3 j j 2

20 - 

. 

.

0 I I f I I I I I  1 1 1 1 1 1 1 1 1 1  i I i i i  1 1 1 1 1 1  1 1 1 1 1 . 1 1 i i i  I l l  1 1 1 1 1 1  I I I  I I I I , I I I . I I I t i I I I I I

0 20 40 60 80 100 120 140
Time After Aircraft Passage (sec)

FIGURE 33. EXAMPLE OF CA LCU LATED AND MEASURED VORTEX ALTITUDE
AS A FUNCTION OF TIME

108



-. .~ ----~ ---- ---~~-—--~‘-~~ ~~~~~~~~~~~~~~~~~~ -..-
.~~~~~~~~ -~~~~~ -~~~~~~~~~~~~ -- - ~~~~~- . ~,-—---

14C I I I I P I I I I I I I I  I I  I I I I I I I I I I I I~~I I I I I I I I I I I I I I I I I I  I I I I I I I I I I r r r r

- 

2 Sta rboard Vortex LDV 1

120 
3 Port Vortex LDV I

S Sta rboa rd Vortex - Ground Wind

P Port Vortex - Ground Wind

100 - . B-727
Time of Day = 15 43 22

4, 16 May 1975
bO -

80 -

6 0 -  

2 .  

-

E’ 40 3 2 2 5
3 2 2

3 ~2

2 0 -  3 3

3 3 2

a
- 3 2

- 3 2

0 a a i i i i i I I I I I I I I I I ~~~~ 
.

-600 - 200 -400 0 200 400 600
Vortex Displacement f rom Runway Centerline (ft)

FIGURE 34. EXAMPLE OF CALCULATED A N D  MEASUPED VOR TEX L A T E R A L
POSITION AS A FUNCTION OF TIME

109

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



- -. .~~~~~- -,~~~-— --- -- ~~~~--r -- --

vortex position s with LDV-measured vortex position at 20-sec intervals .
Although both the calculated and measured vortex trajectories are well
defined, they do not agree. In Fig. 34, the lateral positions as measured
by the ground wind ~~nsors and by the LDV show good agreement ; however ,
they do not agree with the calculated vortex t ra jectory .  The disagreement
is caused by the meteorolog ical tower , upon which the calculated trajectory
is based , being located 3300 ft from the runway centerline.  For Figs. 32
through 34 , the average crosswind for tower 1 (40 f t )  was -6.32 ft/eec ,
whereas that for tower 3 (50 ft) was -9.29 ft/sec . The s lopes of the trajec-
tories (i.e., change in vortex lateral position per unit time) shown in Fig. 34
indicate a crosswind of -9.3 ft/ sec for the calculated t ra jectory,  -6.7 ft/ sec
for the measured port vortex, and -4.3 ft/sec for the measured starboard
vortex.

In addition to variations in the crosswinds due to tower location, the
variations in the crosswinds with altitude also affect the reliability of the
calculated vortex transport  time .

For the calculated residence tim e based on a complete win d profile,
the wind data measured at 25 , 50 and 135 ft were curve fitted to an analytic
form in a least-squares  sense. Refer enc e 30 had shown that the power-law
form was the best wind profile form for vortex calculations. The wind speed
was fit ted to a power-law curve , and the wind direction was fit ted to a linear
profile . The form of the crosswind was

V = V (z/z )~~ sin (A + Bz)

An examp le of the fi t ted crosswind profile is shown in Fi g. 35 with the data
measured by the anemometers on the towers . A plot of the individual calc u-
lated t ranspor t  times based on the curve-f i tted wind profile is shown as
a function of crosswind measured at the 50-ft  level in Fig. 36. The uniform
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crosswind  t ranspor t  t ime and the t r a n s p o r t  t ime for a power-law exponent
of 0.2 are shown for r e f e r ence .  While  much of the scatter may be attributed
to a non-ze ro  power-law exponent , some of the scat ter  r esu l t s  f rom the con-
dition that  the curve  f i t t i ng  implies that  the value of wind of the fi t ted data at
50-ft  a l t i tude is not n e c e s s a r i ly equal  to the measured  data at the same al t i tude .
It is noted that  it is the measured  value  which is used as a re ference  — not the
curve- f i t t ed  value of wind at 50 ft .  For example , for the f l y by i l lus t ra ted  in
Fig . 35 , the va lue of ca lcula ted  t ranspor t  time (shown in Fig. 36) is based upon
the dashed line , which gives a c rosswind  of approximately -0.5 f t/ sec  at 50-ft
al t i tude.  However , the value of c rossw in d used in Fi g. 36 would be the measured
va lue at 50 ft  ( i . e . ,  -4 f t/ sec ) .

For comparison , Fig. 37 shows the same information as Fig. 36 , but with
the referenc e crosswind be ing the value derived from the curve fit  ( i .e. ,  the
value on the dashed line at 50-ft  a l t i tude in Fig . 35). The scat ter  in Fig. 37 is
due to variat ion s in power-law exponent and aircraf t  type (cf. , Fig. 16), whereas
that in Fig. 36 is due to these two f ac to r s  plus the d i f ference  between the meas-
ured value of wind at 50-f t  alt i tude and the value of wind at 50 ft from the curve
fit

While var iat ions in the calculated vortex res idence  t ime were  noted as
a resu l t  of va r i a t ions  in the input c rosswind , similar var ia t ions  can resul t
from var ia t ions  in the input a i r c r a f t  pa ramete rs .  The calculated transpor t

t ime is based on nominal values of a i r c r a f t  pa ramete r s .  However , there ‘r .~
unknown va r i a t ions  in a i r c r a f t  weig ht (up to ± 35% of nominal va lues) ,  vari-
ations in wing span (due to different  models of a given type) ,  variations in
spanwise loading fac tor  (due to d i f fe ren t  f lap se t t ings ) ,  var ia t ions  in a i rspeed ,
variation s in al t i tude about glideslope , and variat ions in la tera l  position about

the runway center l ine.  The comparison of the vortex res idence time meas-
ured with ground wind anemometers wi th  expected variat ion due to var ia t ion
in a i r c r a f t  parameters  is i l lus t ra ted  in Fig. 38 for wide-body t ranspor t s  and

in F ig .  39 for narrow-body t r anspor t s .  The calcula ted data are  t r anspo r t

times , and the measured data are residence times . Residence  tim e may be
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less than (but never greater  than) t ranspor t  t ime.  The expected var ia tion
in t ranspor t  time is based upon minimum and maximum aircraft weight s as
shown in Table 9, a i rspeed deviations of 5 knots about the nominal va lues
shown in Table 1, a 20-ft deviation from the glideslope , and a 30-ft deviation

f rom the local izer .  F igure  40 show s vortex residence t ime as measured  b y
the LDV for nar row-body a i r c r a f t .

The results indicate that unknown aircraft parameters can account for

a noticeable variation in the measured residence time , pr imar i ly at low cross-
wind velocities in the range 0 to 6 f t/ sec .  The p r i m a r y  effect of variation in
aircraft parameters is through the effect on Vortex strength and the resul tant
lateral velocity (relative to the wind) of the vortex in ground effect. Therefore

if the crosswind is strong enough so that the vortex exits the fli ght corr idor
before entering ground effect , var iat ion in a i r c ra ft  parameters has no effect
on residence time , except for la teral  disp lacement f rom the localizer. How-
ever , if the vortex exits the flig ht corr idor  in ground effect , a i rc ra f t  param-
eters  have a very s igni f icant  effect  on vortex res idence  t ime.

In addition to the variation s in a i rc ra f t  parameters, the scatter in the
data may als o be due to non-uniform wind or averaging problems in t ime-
varying wind. The effect  of non -uniform wind is greater  for w ide-bod y air-
craf t  than for  narrow-body a i r c r a f t  because the asymptotic altitude of the
vortex pair is fur ther  f rom the measurement  alt i tude of 40 ft for wide-body
a i rc ra f t . Therefore , the difference between the wind at the asymptotic alt!-
tude and that  at the re fe rence  al t i tude may be greater  for the wide-bod y air-
c ra f t .  Since the reference crosswind is a lZB-sec average, the average wind

over the vortex residence time may be different than the 128-sec average

used as a reference .  This problem is discussed fu r ther  in Section 4.3.
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Table 9
MINIMUM AND MAXIMUM AIRCRAFT WEIGHTS

FOR CALC U LATING EXTREM ES OF VORTEX
TRANSPOR T TIME

Minim~~n Maximum Fuel
Aircraf t  Weig ht Wei ght** Consumption

Type (lb) (Ib) (gal/hr )

B-747 331 ,412 630,000 3367

B-707 127,942 247,000 1657

B-727 88,893 154,500 1277

B-737 65,056 105,000 901

DC-b 249,760 403,000 2210

DC-9 55 ,528 110 ,000 892

DC-8 145 ,576 240 ,000 1787

L - l 0 Il  254 ,440 368 ,000 2340

*Minimum weig ht is the empt y weight plus one hour of fuel
for the smallest model of the type.

**Maximum weight is the maximum certificated landing weight
for the type .

I
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In summary,  the reliability of the calculated vortex residence time

has been shown to depend to a large extent on the reliability of the input

crosswind at the vortex asymptotic altitude and the accurac y of aircraft

parameters. The variations in the input crosswind parameters  may be
reduced to some extent by using the closest available tower to the runway
and by usin g a uniform profile . Under the restrictions of Federal Aviation

Regulations (FAR) Part 77 (Obstructions to Navigable Airspace),  the trade-
off between a tall tower (

~~ 
150 f t )  far  from the flig ht path and a shorter tower

(‘~
- 60 ft)  near the fli ght path favors the shorter tower. (The glidesbope antenna

may be an exc ellent location for wind measurement  for vortex calculations .)

Although there is significant scatter  in the data , the expected variations
bound the measured data. Henc e , even though variations in a i rcraf t  param-
eters and meteorological parameters prohibit calculation of transport  time
on a flyby-by-flyby basis,  the bounds are certainly useful for defining limits
on aircraft  separations.

The resul ts  shown in Figs. 38 and 39 suggest  that additional accuracy
in the input crosswind and aircraft  parameters could yield fur ther  improve-
ments in the reliability of the calculated vortex residence time . Possible

techniques for achieving this additional reliability may include: (1)  use of

initial vortex descent velocity to infer initial vortex s t rength parameters ;
(2) use of initial vortex lateral  velocity to infer the proper crosswind velocity;
and (3) use of a remote sensor to measure  the crosswind at the vortex asymptotic
alt itude as opposed to a low meteorolog ical tower which (because of clear air-
space restr ic t ion)  can only measur e winds at a low altitude. Sections 5.4 and
5.5 discuss methods for achieving a grea ter  reliability by using vortex sensing
as a feedback loop.

4. 1.2 Vortex Character is t ics  Affect ing the Accuracy  of Predicted Vortex
Residence Time

Because aircraft spacings must be established up to ten minutes before

landing, an effective wake vortex avoidance system must be able to predict
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vortex behavior . Therefore , variation of vortex parameters  with time of

day is very important. Figures 41 and 42 show the variation in crosswind

and measured residence time (groun d wind anemometer) wi th  tim e of day

for A pr il 17 , 1975. It is observed that both of these parameters  may vary

significantly over a short period of time. The data are given for late a f t e r -

noon hours.  Figure 41 show s a condition which is expected to be common.

The wind shows significant variance until sundown , after  which the variabil i ty

of the wind from flyby to fl yby is significantly reduced. The late afternoon

time period is a period of par t icular  concern because airport  demand peaks

in the late afternoon for most major airports.  Of part icular  concern is the

fact that the wind varies from value s for which  the vortex is of no concern

>9  f t/ sec)  to the reg ion where the vortex may be of some concern over a

short time period. Sections 5.2 and 5.3 discuss a method of predicting f u t u r e

behavior with t ime-varying behavior as shown in Fig s . 4l  and 42.

4.1.3 Apparent Vortex Decay

The apparent vortex decay can be inferred from the measured vortex

transport charac ter i s t ics .  The term “ apparent vortex decay” is used because

relative vortex s t rength is inferred f rom the t ransport  velocity components ,

rather than from direct strength measurements .  From Eq. (6) ,  a s Y becomes

large (vortices separating in ground e f fec t ) ,

1/2

Y = V ±~~~~~= V ± ~~~ [~~÷4 } . (70)

Since the initial vortex descent rate  is

= - 
F 

, (71)
0 4,r Y

0
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the asymptotic value of Y in ground effect is

= V ± Z ~~~~+ Y 2/z 2 . (72)

For baseline 1 (Z
0 = 208 f t ) , the asymptotic value of Y (relative to the wind)

in ground effect is approximately the magnitude of t e  initial descent velocity
for a constant vortex s t rength.  Therefore , a comparison of the asymptotic
value of Y with the magnitude of the initial descent velocity is a measure of
the decay of the vortex pair.

For the comparison, the LDV data were used to calculate initial descent
rate (from slope of altitude vs. time plot, cf. Fig. 23) and initial crosswind
(from slope of lateral position vs. time plot, cf. Fig. 24). Numbers for port
and starboard vortices were  averaged. The asymptotic values of Y were
taken from the slope of the ground wind anemometer data of the lateral posi-
tion vs. time plot, (cf. Fig. 24). Good vortex tracks from the LDV and the

groun d wind anemometer were  necessa ry  to generate a comparison point.
For the groun d win d anemometer data , if “i~ and Y 2 are the port and star-
board transport velocities taken from the plot (recall ing that they may be

either positive or negative) ,  then

y = (y 1 ‘1z)/2 (73)

is the asymptotic value of Y relative to the wind , and the crosswind is

V = (~c~1 + ‘
~
‘
z )/’2. (7 4)

For a constant vortex strength , the value of Y given by Eq. (73) should
be approximately equal to the initial vortex descent rate (cf .  Eq. (72) ) .  Figure
43 shows the asymptotic lateral  veloc ity f rom Eq. (73) as a function of the
average (port and s t a r b o a r d )  initial vortex descent rate . Some decay is noted ,

124

_ _ _

~

— - -



a’

0
U)z

\
~

F-
~ z
~ 1xJ

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

I—

N N N 0 —
‘V~ 0 r’J — cc C)

. N ,~~~~~~

- —

O~~~~D~1X

I I I I I I
I I I I I I 0

‘.0 Lfl —

( o a s/ ~j) A ~~~~~~~~~ j~~.z~~i~ q z~~o~dw A s V

125

_ _ _



r 
- - -  . -~~~

except for the B-727. The B-727 decay is clearly less than tha t for other
types. It is noted that all other type s shown have wing-mounted engines .
although this fact  cannot be positively identified as the source of the differ-

ence. From Eq. (72) , it should be expected that the ratio , Y/Z , should be

less for the B-747 than for other a i rcraf t . However , this does not occur .

The low decay rate of the B-727 has previously been documented.

Reference 6 compares the decay rate of the B-747 with the B-727 based on

peak recorded tangential velocity (not necessari ly an indication of vortex
strength) measured by tower-mounted anemometers.  The empirically
derived peak recorded tangential velocity was

V 6max 
(336.4 f t/ sec )e  (- .0l73/sec)t  (75)

for the B-747 and

V8 = (341 .5 ft/sec) e
0bZ&/

~~~~
t (76)

for the B-727.

Except for the B-727 , the asymptotic lateral  vebocti y is less than 80%
of the initial vortex descent ra te .  Thi s has important implications in deter-
mining the value of crosswind above which transport time is less than a

stated value. For example , for a B-747 at maximum cert i f icated landing
wei ght , the transport time is less than 60 sec if the crosswind is less than

7.2 ft/sec (Fig. 17). However , because of the effect  shown in Fig . 43 , the

transport time will be less than 60 sec if the crosswind is less than 5.8 ft/
sec (80% of 7.2 f t/ sec) .

A second implication of decay is that for li ght crosswind (i.e., the
upw ind vortex exits f rom the upwind flig ht corridor boundary),  it is not
pos sible to asser t  that the vortex residence time is less than a stated value
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based on vortex t ransport .  For example , from Fig. 13 , the t ranspor t  t ime

for a B-747 at maximum landing weight is less than 60 sec for a crosswind

of less than 2 ft/sec. However , if the vortex decays , the t ranspor t  time may

be much greater than 60 sec for a crosswind of 2 f t/ sec.  Therefore , for a

fixed a i rc ra f t  type and initial  vortex alt itude , it is always possible to find a

magnitude of crosswind above which the transport time is less than some

specif i ed value, but (because of decay) it is never possible to find a magni-

tude of crosswind below which the t ranspor t  time is less than some specified

value.

Figure 44 shows a comparison of the crosswind measured at the asymp-

totic altitude with that measured at the initial altitude . It should be remembered

that the asymptotic altitude measurements  are recorded 30-60 sec after  the

initial altitude measurements .  From velocity profile considerations , the cross-

wind at final altitude should be less than that at the initial alt i tude. For ex-

ample , for the DC-8 and B.-707 , the crosswind at the final a l t i tude should be

0.78 of the crosswind at the initia l al t i tude for a power-law exponent of 0.2
The scatter of the data i l lustrates  that  the calculation of vortex t ranspor t

time on the basis of an assumed veloc ity profile is not appropriate.  Variat ions

in wind due to unsteadiness during the vortex t ra jec to ry  are much grea ter  than

variations in wind due to a velocity profile .

The data shown for F igs .43  and 44 also i l lus t ra te  that it is difficult to

calculate the entire vortex t ra jec tory  from the initial velocity components of

the vortex t ra jec tory .  In theory, if the vortex remains at a constant s t rength

(or decay occurs at a predictable ra te )  and the wind is steady, the entire vortex

tra jectory  can be calculated from the initial  descent rate  and the crosswind at

the initial al titude.  However , the unsteadiness shown in Figs.  43 and 44 pre-

clude accura te  calculation of the vortex t r a j ec to r i e s  in thi s manner.  Section

5.4 discusses  t r a jec to ry  predict ion f rom initial vortex condit ions and present s

sample plots of such predict ions.
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4.1.4 Probability Distribution of Residence Time

Figure  5 show s the concept of the probability distr ibution of residence
time. Obviously, the distr ibution function of residence time is a strong func-
tion of crosswind.  Figure  5 is a strong function of crosswind. Figure 45
shows the probability distribution of residence t imes for selected ranges of
crosswind.  The individual points are the probabilities as calculated and
plotted by the DMS. The solid lines are  visuall y fi t ted smooth curves  throug h
the data points plotted by the DMS.

Section 1.4.3 discussed the importance of the “ tail” of the distribution
function. Figure 45 shows that such a tail exists , but the small quantity of
data available for Fi g. 45 precludes accurate  quantitative definition of the
tails.  Several thousand fl ybys would be neces sa ry  for such definition.

4. 1.5 Multi ple Baseline Considerat ions

One of the important considerations in measurement of vortex residence
time is the residence time at several baselines for the same fl yby. Fi gure 46
shows a plot of measured residence time at baseline 2 as a function of resi-
dence time at basel ine I . Each point represents  one fl yby. Baseline 2 is
1500 ft closer to the runway than baseline 1. Figure 46 shows data for wide -
bod y aircraft . The data for narrow-body ai rcraf t  show similar sca t t e r .

The scatter in the data is not surpris ing.  Figure 16 show s tha t signif-
icant differences in vortex t ranspor t  time can occur between baseline 1 (initial
vortex alt i tude of 200 f t )  and baseline 2 (initial vortex altitude of 120 f t ) ,  even
for identical crosswinds at the two baselines. In addition , the c rosswind  may
be different at the two baselines (the distanc e between the two baselines is
approximately half the dis tance between the two towers in Fig. 31).

1 29
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The measured vortex t rajectories  for one of the point s of Fig. 46 are

shown in Figs.47 and 48. The res idence  t ime for baseline 1 is approximately

120 sec , and that for baseline 2 is 31 sec. Figures  46-48 show that a short

residence time at one baseline does not imply a short residence time at all

baselines.

4.2 SITE DEPENDENCY

When the research program under which this repor t  is writ ten was

conceived , it was believed that the win d profile was a very  important param-

eter in vortex transport .  This belief was support by calculations performed

with the vortex t ransport  model which showed significant variat ions in the

vortex trajectory with variations in the wind profile parameters .  The refer-

ence altitude was always 20 f t .  Because of the apparent dependency of

transport time on wind profile parameters , one of the ori g inal objectives of

the program was to determine if there were  character is t ic  values of wind

profile parameters .  Because of this or iginal  objective , most of the calculated

meteorological parameters listed in Table 3 are re la ted  to the wind profile

or to atmospheric stability , which is an indication of the bluntness of the wind

profile . It was believed that the character is t ic  values of such parameters

would be character is t ic  for a g iven site , but would vary  f rom site to site.

Section 2.2 .2 showed that wind profile parameters  do not have a signif-

icant effect  on vortex t ranspor t  t ime if the reference  al t i tude is chosen as the

asymptotic altitude of the vortex pair. In this section , it is shown that cha r-

acteristic values of wind profile parameters  do not exist for averag ing periods

relevant to vortex behavior. Thus , this section show s that characteristic values

of wind profile parameters  do not exist , and Section 2.2. 2 shows that such char-

acteristic values are not necessary.  However , the search for characteristic

values of wind profile parameters  led to a discussion of shor t - term meteorology

as discussed in Section 4 .3.

The ori ginal object ive of obtaining values of si te-dependent parameters

was to obtain charac ter ist ic  va lues  which could be used in the vortex trans-

port model. No such parameters  were  found. The dis tr ibut ion of landing
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wei ght for each a i r c r a f t  type may be an airport-dependent  parameter , but
a i rcraf t  wei ght data were  not obtained at JFK. There are , however , two very
important site-dependent pa ramete r s  which  affect  the usefulness  of a WVA S.
These are the frequenc y d is t r ibut ions  of wind and runway  orientat ion.  These
parameters  are  d iscussed in Sections 4.2.2 and 4.2.3 .

4.2 .1 Wind Profi le  Considerat ions

Geographical considerat ions can affect  the wind profile for a given s i te .
Geographical  consideration s include nearb y mountain ranges and bodie s of
water  whic h may influence prevailing winds , turbulenc e s t r u ct u r e , tempera-
ture , humidity, cloud cover and seasonal  or diurna l variations in these f a c t o r s .
The latitude of the airport af fec ts  the s t rength  of the Coriolis forces  which , in
turn , influence the Ekman sp iral  in the p lanetary boundary layer .  The latitude
also affec ts  the insolat i on  int ens i ty  which affects  the t empera tu re  gradient and ,
hence , atmosp heric s tab i l ity .

Local te r ra in  f e at u r e s  include topograp hy, vegetat ion and buildings and
other s t ruc tu res .  These local f ea tu re s  a ffec t  the shape of the wind profile
and conditions of tu rbu lence , and introduce d i rec t ional  va r iat ions  in these
paramete r s .  Sinc e the data used in this  s tud y we re  taken f rom one site onl y,
conclusions about var ia t ions  in wind prof i le  p a r a m e t e r s  f rom site to si te  was
not feas ib le .

The meteorological  pa rame te r s  which defin e the wind profi le  a re  power-
law exponent and logarithmic profile roughness length (for a logarithmic profile).
The d is t r ibut ion  of power exponent and logar i thmic  profile roug hness length as
a f u n c t i o n  of mean w i n d  speed is shown in Figs .  49 and 50 for tower 3. The
roughness length in Fi g. 50 is ROUGH 1 in Table 3. A s ignif icant  var iat ion in
the wind profile cha rac te r i s t i c s is observed.  The large var ia t ion  in values
indica tes  that  cha rac t e r i st i c  values do not exist .

The lack of a cha rac t e r i s t i c  va lue is due to the short  averag ing t imes .
In meteorological  measurement , averag ing  periods of 15 mm and longer a re
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used. These time periods are much too long to have any relevance to vortex

behavior . Thus , for the time periods o relevance to vortex behavior , char-

acteristic values of wind prof i le  pa rame te r s  do not exist.

4 .2. 2 Wind Considerat ions

The frequency dis t r ibut ion of the crosswind for a given airport over an

extended period is a charac te r is t i c  site-dependent function.  The crosswind

distribution obtained for runway 3111 at JFK during 1975 is shown in Fig. 51.

The crosswind measurements  were  made over a 128-sec averaging period

subsequent to each fl yby, the flybys occurring in termi t tent ly throug hout the

year. The mean and the s tandard deviation of the crosswind velocity ob-

served for  the approximately 800 fl ybys for which crosswind measurements

were available were  -0.91 ft/ sec and 10.9 ft/ see , r e s p e c t i v e ly. It is noted

that a negative crosswind velocity and a drift of the wake vortex in the port

direction is prevelant.  It is noted , however , that the data contained in Fig. 51

are limited to times for which data were taken (usuall y 0800 to 1700) when
runway 31R was active.  It does not imp ly an overall f requency distribution

of crosswind. Also , vortex considerations were  not a factor  in runway selec-

tion as they mi ght be with an operat ional  WVAS. The varianc e in crosswind

for all time would be expected to be greater  than that shown in Fig. 48 because

one of the fac tors  in runway selection is avoidance of l a rge  crosswind.

The complete f requency  distr ibution of prevailing wind is a very im-

portant si te-dependent p a r a m e t er .  Of par t icu la r  impor tance  is the f requency

distribution of wind for t imes of day when t ra f f i c  is large enoug h to require

maximum airport capacity and when turbulence is low enoug h to permit long
vortex life. The f requency  dis t r ibut ion of turbulence  in peak t r a f f i c  periods

is also an impor t an t  c o n s i der a t i o n .

Of equal or grea ter  impor tance  is the probabi l i ty  of wind change over

a short period of t ime (1 to 10 mm ) . The conditional probabil i ty  distribution

function at some time , t + At , g iven that the wind at t ime , t , is known is
0 0
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par t icu lar ly ~-nportant . Unfor tunately, continuous wind measurements  were

not made during the data collection phase of the work reported herein , and

the calculation of such conditional probabili t ies is not feasible. The concept

of conditional probabilities of wind is deserving of fur ther  investigation. The

subject of wind prediction is discussed fur ther  in Section 5.2.

4.2.3 Runway Orientation

One of the most in~portant site-dependent pa rame te r s  is the number

and orientation of available runways.  Since crosswind is an important param-

eter in the determination of vortex residence time , the runway orientation

chosen for a particular wind is an important controllable parameter.  The

concept of r unway selection for vortex considerations is shown in Fig. 52.

Kennedy International Airpor t  has two runway orientations: R unways 13-31

and Runways 4-22 . Using the criterion of the vortex advisory system (Re f .3 )

that vortex residence time always permits 3 n mi a i rc ra f t  separations if the

crosswind exceeds 5.5 knots (9.3 f t/ see) ,  Fig. 52 shows the magnitudes of

crosswind for Runways 4-22 and Runway 13-31. For May 27 , 1975 , Runway
13-31 is the better choic e (because of a lower probability of crosswind less

than 9.3 ft/ see ) until 11:30. After 11:30, Runway 4-22 has no crosswind less

than 9.3 ft/sec and is therefore  the better r unway from consideration of vortex-

imposed constraints on a i r c r a f t  separat ions.  For May 28 , 1975 , neither run-

way would permit 3-naut ical-mile  separations. Figure  53 shows similar

information for June 2 and 3, 1975. For June 2 , Runway 4 -22 is the preferred

runway until 12 :00 , after which neither runway can be approved for 3-nautical-

mile separations. On June 3 , Runway 4 -22  is clearly the preferred runway

from consideration of vortex-imposed constraints on a i rcraf t  separations.

From the examples shown in Figs. 52 and 53, it is clear tha t the number
of runway orientations available at a specific airport and their orientation

relative to prevailing winds are  very important site-dependent parameters.

A large number of available r unway orientations implies a larger probability

that a runway with wind favorable to short residenc e tim e can be found.
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4.3 SHORT-TERM METEOROLOGY

Section s 4. 1 and 4. 2 show two important observations related to wind:
(1) there can be significant d i f fe rences  in crosswind over dis tances  of approx-
imately 3000 ft ;  and (2)  an anal ysis  of the parameters  which define the wind
speed prof i le  failed to indicate any value which could be considered to be
character is t ic  of the location at which  the data were  taken. It is noted that
the atmosphere has mean characte r i s t i c s with random perturbations imposed
upon it and that the mean charac te r i s t ics  (i.e., charac ter is t ic  values of power-
law exponent and logarithmic roug hness length) are obtained by a ’+ eraging over
some time period. From the observed data it is hypothesized that the 128-
sec averaging time is too short for the generation of charac ter i st ic  values of
power-law exponent and roug hness length and that charac te r i st i c  values would
emerge from longer averag ing time (e .g . ,  15 minutes) .

To verif y that the variances in the meteorological  measurements  were
real , comparisons of the wind speed and direct ion recorded by the meteor-
olog ical towers with those made by the National Weather Service tower and
those reported by the control  tOwer were made . A sample of the data , shown
in Fig. 54, indicates that the TSC meteorological  towers were  in genera l
agreement with other available sensors.  These result s demonst ra ted  that
the large variances in the meteorolog ical measurements  were  a rea l  phenom-
enon. Possibly they m a y  be a t t r i bu t ed  to the re la t ive ly short sampling period
(128 see) and to the i r regu la r  manner in which the measurements  were  m ade .
The measurements  were  not made cont inuousl y or at fixed time intervals .
Instead , they were  made subsequent to a i rp lane fl ybys .  It is believed that
longer averaging periods and continuous sampling of the meteorological meas-
urements would reduce  the var iances  in the meteorolog ical pa ramete r s .  For
example , the normal  var ia t ion  in crosswind and downwind wi th  time is illus-
t ra ted  in Fi g. 55. It can be observed that averaging periods longer than 128
seconds would tend to smooth out the low f requency  component present in the
signal.
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If longer averaging times are required to produce a character is t ic
value of terra in-rela ted parameters , such character is t ic  values would have
little meaning in the vortex context . In order for a meteorological param-
eter to have meaning in the vortex context , it must have a definite va lue over
a period of time approximating the life time of the vortex. Therefore , it is
hypothesized that the concept s of a mathematically definable wind profile may
have 1ittL~ meaning for the short time periods relevant to vortex lifetime.

The conditions which cause the difference in the crosswinds measured
by two towers were  investigated. As expected , the difference increases as
the distance between the towers increases. Figur e 56 show s a comparison
in wind measured by tower 2 (located approximatel y 800 ft from tower 1) with
those measured by tower 1. The scatter  was significantly less than the corn-
parison between tower 3 and tower 1 shown in Fig. 31.

It was hypothesized that the difference in measured wind between towers
might be related to the standard deviation of wind. However , no such relation-
ship was found. Figure 57 show s the difference in winds measured by
the towers as a function of the standard deviation of wind measured by tower 1.
No discernible functional relationship exists. Apparently the standard devia-
tion of wind at a single sensor is caused by a perturbation of shorter frequency
than that which causes the difference between towers . Figure 55 shows both
low-frequency and high-frequency perturbations .

Another significant topic related to short-term meteorology is the effect
of averaging time on the calculated values of average wind. Figure 55 suggests
that average winds resulting from an averag ing period of 30 sec or 60 sec could
be significantly different f rom the 128-sec average. Figures 58 and 59 show
sample comparisons of short period averages with 128-sec averages. It is
probable that some of the scatter in Fig. 39 is due to the fact that the
crosswind is a 128-sec average , whereas the vortex phenomenon has an active
life of less than 60 sec.
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It is noted that there is no ‘ a priori”  best averaging time for wind. The

best averaging time is the vortex life time. Therefore,  the use of a 60-sec

averaging period would give no better results than those given in Fig. 39 be-

cause the 60-sec averaging time would not be appropriate for vortices having

life times of 30 sec or — 120 sec. For the purposes of this report , the long

averaging time is more appropriate than a short averaging time because the

pr imary concern is vortices with long life time.
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5. VORTEX PREDICTION FROM VORTEX SENSING

From the beginning of the formula t ion  of the concept of wake vortex

avoidance systems, it has been assumed that  some type of vor tex  sensor

would provide a feedback loop which would be used to predict f u t u r e  vo r t ex

behavior. However , prior to this report , no definitive concept of how such

feedback should be formulated has been established. The previous sections

of this report provide a back ground aga ins t  which a feedback formulation

must be established. In par t icular , the uncertaint ies  associated with vortex
behavior have been established. The uncertaint ies  are the “ noise” of the

feedback loop and are  ext remely important  in the formulat ion of a feedback

loop. Thi s section defines several methods for vortex prediction using vortex

measurement as feedback information.

The section d i scusses  both s h o r t - t e r m  res idence  time prediction and

t ra jec tory  prediction. Shor t - t e rm residenc e tim e prediction is used to pre-
dict vortex residence time for S to 30 minutes in advance, The purpose

of such prediction is the establ ishment of appropriate  a i r c r a f t  long itudinal

separation s at the time at which such separat ions are normally established.

Trajectory prediction is the prediction of the entire vortex t r aj e c t o r y ,  based
upon measurements  made during the early part of the t r a j ec to ry .  Its purpose
is the use of the “tail” of the probabil i ty  distr ibution function shown in Fig.5 .
A s  di scussed in Section 1.4 , a sign ificant reduction in delay can be achieved

by accepting a very  small probability that a vortex will not clear the vortex
corridor during the time interval  between successive a i r c r a f t .  A missed
approach or other evasive maneuver can be performed in the very f ew cases

in which such a condition occurs .  However , such a procedure requi res  an
ability to predict vortex residence time soon af ter  generating a i rc ra f t  passage
so that a follow ing a i rc ra f t  may be g iven adequate warning if a missed approach
or other evasive maneuver will be required . Tra jec tory  predic t ion provides

tha t capability. —
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The primary tool of shor t - te rm prediction and t ra jec tory  prediction is
Kalman filtering. Kalman filtering is described in Refs .35 and 36. One of
the advantages of Kairnan f i l ter ing is that  it defines the variance of the values
of predicted parameters  as well as expected values of such parameters.  The
first  part of this section is an introduction to Kalman filter ing. Section 5.2
contains a formulation for the app lication of Kaiman filtering to short- term
prediction of winds . Vortex transport  time can be predicted from the wind
prediction. Such wind prediction is also applicable to the Vortex Advisory
System (VAS) as discussed in Section 1.4.3; Section 5 3  contains a formulation
for the app lication of Kalman fil tering to shor t - te rm prediction of residence
time using direct measurement of transport  time and life time. Section 5.4
presents trajectory prediction using initial measured vortex trajectory param-
eters.  Section 5.5 presents trajectory prediction using Kalrnan filtering.

5.1 INTRODUCTION TO KALMAN FIL’I ERING

The basic formulation of Kalman f i l ter ing is presented in this section.
The formulation presented in Ref .  ~~ is used. Derivations are not presented ,
and the reader is re fer red  to Ref.  35 for such derivations.

Kalman filtering for a linear multistage process consis ts  of two ele-
ments. The first  is an analytic expression which relates the state of the
system at the ( 1+ 1) stage to the s ta te  of the sys tem at the (i) stage with
random noise being introduced into the sys tem.  A set of measurements
(the second element) is then made (with noise in the measurement ) ,  and
correct ions are made to the es t imate  which had been made by the analytic
expression.

In state vector nomenclature, let x . be the vector of the state variables
in stage i. The parameters of the state vector are described probabilistically
by the mean

E(x .)  = (77)
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and the covariance matrix

E [(x. - 
~~

.) (x. - ~~) T 1 = (78)

where the superscript T denotes the transpose of the vector . The ana lytic

transition equation which relates state ( i- i  1) to state (i)  is

x~~ 1 = 4~ x . + (79)

where 4 is the state transit ion matrix and ç~ is the matrix which relates the

forcing vector to changes in the state vector. The random forcing vector , ~j ,

is described by its mean

E(w~
) = (80)

and covariance matr ix

E ~~ -~~ ) (~
, _

~) .)~J = c~~. (81)

The forcing vector , ~~, is uncorrelated with the state vector , x . For the ( i +  1)

stage, the mean value of the state vector  is

= + (82)

and the covariance matrix of the state vector is

M
~+i = ~~p~~

T +~~~Q~~~ T (83)

Because uncer ta in ty  is introduced in the transit ion f rom state (i)  to

state ( i+  1), the effect of the uncertainty in in a transit ion of the type of

Eq. (79) is to increase the uncertainty in the knowledge of the stage x~~ 1.
Thus ,

M
~+ i > P~ . (84)
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Uncertainty of the , state (i+ 1) can be reduced by taking measurements

of the state (li-i). Let z be the vector of measurements to be made and let

the measurement vector be related to the state vector by

z = H x + ~~ (85)

where p is a vector of noise in the measurements with mean

= 0 (86)

and covariance matrix

E ( V V T ) = R .  (87)

After measurement, the best estimate of the state vector of state ( i + l)  is

= + K ( z .+ 1 - 11x1+1 ), (88)

where

K = p~+l F~
T R~~~, ( 89)

where P. is the covariance matrix of the state vector after measurement1+1
and is given by

= (M
1.
~~+ H T R 1 H) ’ = M~~MHT (HMH T + R )  l HM ~ (90)

where the subscript on M has been dropped for convenience. Since measure-

ment always decreases uncertainty,

(9 1)
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State (i+ 2) is s imilarly calculated from state ( i+ l ) .  The process may be
continued beyond the stages for which measurements are available by use of
Eqs. (82) and (83). Alternatively, the entire set of equations may be used with
R -

~~~~~ cc ,  which imp lies tha t no useful information may be obtained from meas -
urements. The process is termed “fi l ter ing” when measurements are avail-
able and is termed “prediction” when the state vector is calculated beyond the
highest stage at which measurements  are available. The covariance matrix -

of the state vectors increases monotonically dur ing  prediction because no

mechanism for decreasing uncertainty exists .

The square root of the eigenvalue s and eigenvectors of P define the
axes of the 39% likelihood ellipsoid with the center at ~~. The 99% likelihood
ellipsoid is three times the size of the 39% elli psoid in linear dimension. The
99% likelihood ellipsoid is an ellipsoid over the components of the state vector ,
and it is 99% probable that the state vecto r is contained within the 99% ellipsoid.

5.2 APPLICATION OF KALM~~N FILTERING TO WIND PREDICTION

The app lication of Kalma n f il ter ing to wind prediction is now presented .
The intent is the use of measured wind to forecas t  the probability of wind in
the near fu ture .  By forecas t ing  the probability funct ion of wind , the prob-
ability funct ion of vortex t ranspor t  time can be predicted , and the upper and
lower limits on vortex transport  time can be forecast .  The formulation for
wind prediction is presented f i r s t , and an examp le follows.

Let the state variables be the character is t ic  mean value s of headwind
and crosswind , u and v , as defined in Section 2. For the measurement  of
Eq. (85),  the l~~min* mean wind is taken as the measurement. The var ia t ion
in the l5_min* mean wind is used as the forc ing funct ion , ~~~. This choice is

*The selection of cer ta in time intervals in this discussion does not imp ly that
such time intervals are the most appropria te  for  an operational  WVAS. They
are used to establish the concept of Kalman fi l ter ing of wind.
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made because variations in the 15-mm mean wind are indicative of atmos-
pheric changes which are occurring and may continue into the future, thus
affecting the predicted wind . The variations in the 1-mm means are inter-
preted as being random fluctuations which are not indicative of future trends
in the mean wind. Let U and V be the characteristic mean winds, and let u
and v be the 1-mm mean winds. The state transition equation is

[Ui = [1 
- 

0- [U + [l 0 
~~~~ ( 92)

l~’JL+i ~
0 1 

~~~ ~ ~0 1

For stage i, 15-mm averages have been calculated at 1-mm intervals
for the previous 15 mm . Then , ca is the difference in 15-mm averages be-
tween successive 1-mm time intervals. Thus , and w are the means of
the difference in 15-mm averages between successive 1-mm time intervals
with the mean (which yields u and ) being taken over the previous 15 time
intervals . Similarly, Q is the covariance matrix of the difference in 15-m m
averages between successive 1-mm time intervals with the covariance being
taken over the previous 15 time intervals . The measurement equation is

Ui  = [1 ~ + “U (93)
v]  10 1 [v vv

where

E IVV TI = R (94)

is the covariance matrix and is the covariance of the 1-mm means measured
over the previous 15 mm .

The basic data for an example are shown in Table 10. Since continuous
wind data were not available for the JFK tests , the wind in the example is
taken from wind measured at the Wave Propagation Laboratoryl s facility at
Table Mountain , Colorado , on March 12 , 1976 , as part of the work described
in Ref . 37. Orthogonal wind components , u and v , are used. The last two
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Table 10

WIND DATA FOR EXAMPLE OF KA LMAN
FILTERING OF WIND

15-mm Mean Change in 15-mm
1-mm Mean Ending at t Mean

Time , t U v U V

(mm ) (ft/ sec ) (ft/ sec ) ( ft / sec)  ( f t/ sec)  (f t/ sec)  (ft/ sec )

0 16.5 11 .1 16.417 12 .540 .040 - .240
1 16.3 10.6 16.433 12. 280 .026 - .260
2 17.5 12.8 16 .533 12 . 180 .100 - .100
3 16.1 12.8 16.547 12 .093 .014 - .087
4 14.9 11.2 16. 500 11.920 - .047 - .173
5 15.8 12.4 16 . 520 11.840 .020 - .080
6 16.6 12.9 16 .593 11.807 .073 - .033
7 15.3 12.3 16.573 11.733 - .020 - .074
8 15.5 12.3 16.560 11. 680 - .013 - .053
9 15.6 12.6 16.553 11. 613 - .007 - .067

10 14.9 12. 1 16.393 11.640 - .160 .027
11 13.4 12.4 16 .187 11.7 93 - .206 .153
12 11.3 11 .7 15.747 11.907 - .440 .114
13 13.6 12.8 15 .460 12 .067 - .287 .160
14 14.1 11 .6 15.160 12 .107 - .300 .040
15 13.5 12.7 14.960 12 .2 13 - .200 .106
16 13.5 11.5 14.773 12.273 - .187 .060
17 13,6 11.0 14. 513 12.153 - .2S0 - .120
18 12.3 10.8 14. 260 12.020 - .253 - .133
19 15.0 12.4 14. 267 12.100 .006 .080
20 14. 1 13.9 14.153 12 .200 - .114 .100
21 14.5 11.5 14.013 12 .107 - .140 - .093
22 14.7 12.2 13.973 12 .100 - .040 - .007
23 14.6 11.3 13.913 12.013 - .060 - .087
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columns are the differences in 15-mm means. For the example , an estimate
of the mean characteristic wind at t = 21 mm is made. From Eqs. (79) and
(85), 4~, ~~ and H are identity matrices. For the initiation of the Kalman
filtering process , the characteristic means are taken as the 15-mm mean ,
and the covariance matrix is the covariance of the 15-mimi means from t = 6
to t = 20. Therefore, at t = 20 mm ,

[Il l [14.151
[vJ 

= [12.20] 
ft/sec (95)

and

1 0.845 -0.178 2P = I ( f t/ sec)  . (96)
~-0.178 0.048

This method of calculation is used only for the initiation of the filtering. In
general , the measurement noise (i.e., random perturbations added to the
mean characteristic values) is the covariance of the 1-mm means taken over
15 m m .  Thus ,

11.740 0.4611 2
= 

[0.461 O.584 J 
(f t/ sec)  . (97)

The expected value and covariance of the forcing vector ,~~ , is taken from the
change in the l5-min means , averaged over a 15-mm period. Thus , using
the changes in the 15-mm mean from t =  6 mm to t =  20 mm ,

[- 0. 1581
E(w ) = 

I o.o24j f t/ sec (98)

and

0.0191 -0.00431 2
= -0.0043 0.0088 1 (f t/ sec)  . (99)
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The expected value and covariance of the charac te r i s t ic  mean winds for t =  21
mm are calculated from Eqs . (82) and (83).

I U [14. 15 [-0.158] [13.99]
[v  

= I iz .zo + I. 0.024J = [iz zaj  f t/ sec (100)

and

0.864 -0.1821
M P + Q = 

f~o .l8z o.o5 7j  (ft/ sec) 2 
. ( 101)

This estimate is before measurement  is used. The estimate can be improved
by use of the measurements  at t = 21 mm . From Eq. (90),

1 0.842 -0. 173 1
[_ o.~~~~ 0.053] ( f t/ s ec )2 

(102)

and

1 0.7 11 -0 .858]
K = PH T R = 1-0.156 0.215] . (103)

From Eq. (88), the estimated value of the state vector after  measurement  is

IU 1 113.991 0.711 -0.858 [ 0.51 114.97
[vi = [12.22 1 + -0 . 156 0.2 15 [-0.72 [11.98 ft/sec . (104)

For the estimated value of the state vecto r at t =  22 , the covariance of
the measured values from t =  7 m m  to t 2 1 mm is determined to be

R = 
( 1.329 0 .3 17 1 (ft/sec)2 (105)
10.317 0.575J
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and from the changes in the 15-mm mean from t = 7 mm to t =  21 min is
determined to be

-0.1338
E[~)) = 0.0211 (ft/ eec) (106)

and

= 
[0.2700 0.00 17 1 (ft/sec) 2. ( 107)
10.0017 0.00 95J

The estiniated value and covarj ance of the state vector at t = 22 mm after
measurement are

ul [14.701

vj [12.04 ] 
ft/ sec (108)

and

1 0.442 -0.0761 2P = I I ( f t/ sec)  . ( 109)
1-0.07 6 0.041]

Similarly, at t 23 mm after measurement,

[U [14.531
ft/ sec (110)

and

1 0.302 -0.044 1 2
= [-o.o~~ 0.040] 

( f t/ sec)  . (1 11)

To illustrate prediction , it is assumed tha t no measurement past t =  23
mm is available. The estimated value and covariance before measurement
for t 24 mm is g iven by Eqs. (82) and (83)

[Ul = 
[14.55 1 f t/ sec (112)

L v i  ~iz.oo j
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and
0.316 -0.0471 2M = -0.047 0 049J ( f t/ sec)  . (113)

For the measurement , R —. ~~ , which imp lies an infinite noise in the measure-
ment. Therefore , the est imated value and covariance af ter  measurement  are
ident ical to those given above before measurement , and P = M. The square
root of the eigenvalues of P and the corresponding eigenvectors  are

lu l  1 1
= 0.569 ft/ sec . [~J = [-0.170 f t/ sec (114)

[Ui 1 1 1
= 0 . 2 . U3  f t/ sec , [~j = [5.89~J ft/ sec (115)

The square root of the ei genvalues  and ei genvectors  define the 39%
likelihood ellipse. The 99% likelihood ellipse ( i .e . ,  the s ta te  vector is known
to lie within the 99% likelihood elli pse with 99% cer tain ty)  is three times the
size of the 39% ellipse in linear dimension.  The 99% likelihood ellipse for
the I -mAn  prediction is shown in Fig. 60 . The VAS ellipse (i.e., if the wind
is outs ide the ellipse , vor tex  re sidenc e t ime  is less than 80 sec ) is shown for
reference.

To get the 99% elli pse of the 1-nun mean , the R matr ix (covariance matrix
which relates uncer ta in ty  of the 1-mm mean to the mean character is t ic  value)
is added to the P matrix (which r epresents  uncertainty in the mean character-
istic values). F o r  t =  9 to 23 mm ,

11.116 0.247 1 2R = 10.247 0.6091 (ft/ sec) , (116)
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FIGURE 60 . EXAMPLE OF PREDICTION OF M E A N  WIND BASED
ON KALMAN FILTERING
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and since P = M ,

P + R  = 
[1.432 0 . 200 1 (ft/ sec) 2 . (117)
[0.200 0 .658J -

The eigenvalues and corresponding eigenvectors of P+  R are

= 1.2 17 ft/sec . = [ 2431 ft/ sec ( 118)

[ul 1 1 1
= .781 ft/ sec , lv]  = 1-4. 111 f t/ sec ( 119)

The 99% likelihood ellipse for the 1-mm prediction of the 1-mm mean wind is
shown in Fig .61 .

Repetitive use of Eqs. (82) and (83) g ives fu r t he r  predict ions.  At  t =  28
mm , the estimated value and- covariance matrix are

I-U I  113.851
I I = i ft/ sec ( 120)
[vi 112.091

and 
[ 0.372 -0.0591 2

= 
~-0 .059 0.087] (ft/ sec) . (1 2 1)

The value of the R matrix in Eq. (116) is retained since no newer data are
available. The 99% likelihood elli pse for  the mean characterist ic values ,
U and V, is shown in Fig. 60, and the 99% likelihood elli pse for the i - mm
means , u and v, is shown in Fig. 61.

For t =  38 mimi (15-mimi prediction),

U 1 = 
12.08~ ft/sec (122)v i 12.311

and
1 0.513 -0.0741 2

P = I (ft/ sec) . (123)
[-0 .074 0 . l 8 1J

The 99% likelihood ellipse is shown in Figs. 60 and 61.
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FIGURE 61- . EXAMPLE OF PREDICTION OF i-NU N MEAN WIN D
BASED ON KALMAN FILTERING
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For comparison, the actua l values taken from the data from which the
example was taken are shown in Table 11. The predicted results agree well
wi th the actual measurements .

Table 11

MEASURED MEAN WINDS FOR WIND PREDICTION EXAMPLE

Time 15-mm Mean 1-mm Mean
U V u v

(mm ) ( f t/ sec)  ( f t/ eec)  (ft/ sec) (f t/ eec)
24 13.86 12.07 14.8 13.5
28 14.42 11.91 15.7 11.1
38 14.10 10.88 13.1 1 2 1

5.3 PREDICTION OS ~‘c)RTEX PARAMETERS FROM VORTEX
MEASUREMENT

While the prediction of the expected value and covariance of wind can
be valuable for vortex t ranspor t  time , it is not as valuable as the use of d i rect
vor tex measurements . Section 4 has shown tha t many factors in addition to
wind affect vortex transport  time. The concep t developed above can be directly
applied to measured vortex parameters .

The state variable s are taken as the cha racte r i s t i c  mean values of
vortex life time , T L. and vortex residence time , TR .  The measured param-
eters are vortex life t ime , tL~ 

and vortex residence time t
R~ 

The state
variable transi t ion equation is

T R 
= 

1 0 T R 
+ 

~~ 0 
~~R (124)

T L j +l 
1 T L 0 ~~t

The factor , z~t , which is the time interval  between successive updatings of
the transition equation and/or making of measurements , is used in the ~
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matrix because it is assumed that the magnitude of any atmospheric varia-

tion which affects the character is t ic  mean values is proportional to elapsed

time and updating of the transition equation and/or measurements do not

occur at regular intervals. At each measurement, the average of the resi-

dence time and life time over the previous 30-mm time interval is calculated .

The difference between the current  average and the previous average is then

calculated and retained. w is the difference between the current  average and 
—

the previous average divided by the elapsed time between the calculation of

the two averages. E(w ) and Q are calculated from the values of ~ calculated

over the previous 30 minutes.

The measurement equation is

t R 
1 0 T R1 V R

= I + (125)
t
L 

0 1 T LJ L~L

and R = E ~ ~.,TJ is the covariance of the measurements made over the previous

30

The filtering and prediction are conducted in a manner similar to that

shown for wind. The resul t  of the prediction is an expected va lue and a likeli-

hood ellipse for the predicted time . If the 99% likelihood ellipse lies entirely

within a reg ion in which either residence time or life time is less than the

separation time of a i rc ra f t , there is no vortex hazard, If a part of the 99%
likelihood ellipse lies within a region for which residence time ms greater tha n
the separation time of a i r c r a f t , a potential  h .zard exists

The data for the examp le are shown in Table 12 and are taken from a

record of residence t ime and life time as measured by the LDV at JFK on

M ar c h  21 . 1975. If the upwind vortex dies in the vortex corridor , the resi-

-1 . ~~~~~~ t ime  is se~ -~~~ a l  to the life time. The examp le beg ins at 14:59:00 with

~ri es t i rn i te t -  b i. for  15:04:20. Di ini t iate the examp le , the 30-mimi

168
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Table 12

VOR TEX RESIDENCE TIME AND LIFE TIME DATA FOR EXAMPLE OF
VORTEX PREDICTION

Average  Over Random ForcingMeasured Value - - -Previous 30 ZTiLfl FunctLon

Residence Life Residence Life
Tim e Aircraf t  Time, tR Time, t L T ime , T R Time , TL R L

(Hi’: M m :  Sec) Type (8cc) (8Cc) (sec) (eec) ( se c / m m ) (sec/mm )

14 05 04 DC-S 59 64 — — —

14 08 18 DC-10 65 65 — — — —
14 15 05 B — 7 2 7  4 f ~ 56 — — — —

14 16 58 B-727 23 — — — —

14 22 07 B-747 86 86 — — — —

14 25 54 DC-S 60 60 — — —

14 27 48 DC-S 49 49 52 .1 57 .6
14 29 12 DC-S 36 36 50 .1 54 .9 -1.429 - 1 . 92 9

14 31 18 ~~-727 44 44 49.4 53.7 -0.333 - .571

14 33 14 Lear 33 33 50 .0 51.6 0.310 -1. 086

14 35 08 B-727  30 45 47. 1 47 .7 - 1.526 - 1. 000

14 36 06 B-707 28 35 45 ,4 48 .4 - 1. 759 -1 . 345

14 40 50 DC-S 40 40 43.1 46 .1 -0.486 -0 .486

14 41 59 D C -j O  82 82 46 .3 49. 1 2 .783 0.609

14 44 06 DC-S 82 82 46.8 49.3 0. 236 0. 094

14 49 07 S-747 86 86 52 .2 54 .0 1. 076 0.937

14 51 43 B-747 60 69 52 .8 55 .2 0, 231 0.462

14 57 07 B-747 40 64 48.3 52 .9 -0 .833 -0 ,426

14 59 00 B-747 2 1 38 46.0 52 .1 -1. 22 1 -0 .425

15 04 20 B-707 50 50 48.9 56. 1 0. 544 0 .750
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averages calculated over the 30-mm period ending at 14:59:00 are used .
Thus , initially

I T~~~ 
- 

146.01 sec ( 126)
ET L I - Lsz. iJ

and

17.572 6.740 2P = I sec . (127)
16.740 7.600

From the values of
~o L and from 14:29:12 through 14:59:00 ,

1- 246 1 /E(ci4 = I I s e c/mm (128)
1- 2 641

and

11.532 1.269 . 2Q = I (sec/mit-i ) . ( 129)
11.269 1.309

From the measurements f rom 14:29 :12 through 14:59:00,

= 
f389.8 322.4] sec 2. (130)
[322 .4 320.7 1

Using Eqs . (82) and (83) for ~ t = 5.33 mimi , the estimated residence time and
life time at 15:04:20 before measurement  are

FT 1 44.691
ET LI = 50.69] sec (13 1)

with covariance matrix

151.15 42 .841 2M = sec , (132 )
[42.84 44.83 1
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Using Eqs. (88) through (90),  a f te r  measurement

= 
45.42 37.99] sec 2 

(133)
37.99 39.45J

- - . and
T ~ 

45 .261
TL J = sec. (134)

Vo rtex residence time and life time may also be predicted. From the
measurements from 14:35:08 throug h 15:04:20 ,

= 
[433.7 331.91 (135)
[331.9 300.31

From the values o fw  from 14:35:08 through 15:04:20,

E(u ) [- .096 sec/mm ( 136)
1 .117

and

11.70 6 1.3921 2
Q = I I sec . (137)

[1.392 1.l74J

For the 5-mm prediction , ~~t =  S m m .  From Eq. (82)

TR1 - 
144 .781 sec (138)

T
L] 

— 151.04]

and from Eq. (83)

= 
188.07 72.79 sec 2. ( 139)
172.79 68.80
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As shown for wind prediction , the 99% elli pse for residence time and

life time is given from the eigensrectors and square root -of the eigenvalues

for R + P. The eigenvalues and eigenvectors of R + P are for (for the 5 mm

prediction)

I T 1  1 1 1
= 29.28 sec, 

IT LI 
= sec , ( 140)

and [T i  I’ i i
= 5.80 see , 

[T~J 
= [-1.2061 sec . (141)

The 99% elli pse is shown in Fig. 62 .

For the 15-mm prediction, z~t =  15 m m .  Then

IT [43.821
I R 

— I I sec (142)
ITL 

— 
152 .20]

and the eigenvalues and eigenvector s of R + P are

= 37.80 sec , 

~ 
= [0.8281 sec . ( 143)

= 6 .18 sec . [
~

j = 1-1.2071 sec . (144)

The 99% ellipses are relatively large because of the large variance in
measured residence time and measured life time as shown in Table 11. The
example was deliberately chosen to i l lustrate vortex prediction with signif-
icant variance in measured values of vortex parameters . Most of the un-
certainty represented by the elli pses is due to the variance in measured
vortex parameters;  The 99% elli pses would be much smaller if the variance
in the measured values of residence time and life time were smaller (as
would be expected on many days) .
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I S - m m  Predic t ion
120 —

5 - m m  Pred ic t ion

Exyected Value for

Expected Value for
5-mm Predict ion

20 -

0
0 20 40 60 80 100 [20

Vortex Residence Time , tR (sec)

FIGURE 62 . PREDICTED VORTEX P A R A M E T E R S  FROM M E A S U R E D
P A R A M E T E R S
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The purpose of the example is the i l lustration of the concept of vortex
prediction by Kalrna n f i l ter ing.  It should be construed as a promising tech-
nique for vortex prediction in an operational WVAS, but also as a technique
which will require  fur ther  study and ref inement ,

For example , measurement of residence time alone may g ive informa-
tion as useful as measurement of residence time and life time . The ellipses
in Fig. 60 show the possibility of conditions which are obviously impossible.
For example , the ellipses extend into the region where residence time and
lif e time are negative. Also , the ellipses show tha t residence time may be
greater  than life time , which is impossible. The technique of vortex pre-
diction by Kalman fi l tering is very promising , but will require further study
and refinement.

The vortex measurement instruments appropriate for this type of pre-
diction are instruments  which can measure  both residence time and life time.
Lif e time must be measured , even if the vortex is t ransported fa r  from the
vortex corridor. For this reason , the ground wind anemometer system is
probably the most appropriate measurement system. It is possible that
residence time could not be measured accuratel y because the vortex is trans-
ported out of the vortex corr idor  before it descends to the ground. This causes
no problem since the conservat ive approach would be to labe l the f i r s t  time

that the vortex is detected as the residence time. If no vortex is detected
after  a i rc raf t  passage , the system defaults  to an appropr ia te  short Life time .

The pur pose of th is  prediction technique is to provide shor t - term resi-
dence time prediction for the purpose of specif ying appropriate a i rc raf t  spac..
irigs. This techni que does not provide t ra jectory prediction which is the
prediction of the entire vortex trajectory, based upon measurements made in

the early part of the t ra jec tory .  Tra jec tory  prediction is discussed next.

5.4 TRAJECTORY PREDICTION FROM VORTEX INITIA L CONDITIONS

The simplest method of vortex prediction is calculation of the vortex
trajectory based on measured values of the initial vortex position and initial
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velocities. Examp les of vortex t ra jec tor ies  (calculated from Eqs. (5) and (6))
are shown in Figs. 63, 64 and 65~ The initial altitude and descent rate were

obtained from the measured  altitude versus  time plot (cf. Fig. 23). The
init ial  lateral position was assumed to be the theoret ical  vortex separation
(for elli ptic loading ) for the a i rc ra f t  type , and the initia l value of the slope
of the lateral position-versus-time curve was  assumed to be the wind.

The agreement between calculated and measured  vortex t racks  was
much better when the initial values of the par ameters  were  taken from the
measured t rajector ies  than when assumed initial conditions were  used (cf.
Fig. 24). One reason for thi s was the fac t  that the vortex sheet from the
wing descends in the downwash as it rolls up into the vortex. Thus , the
initial altitude of the rol led-up vortex pair is less than the a i rc raf t  altitude.
Although good agreement between calculated and measured t ra jec tor ies  was
observed in general , F igs .63 , 64 , and 65 show that the calculated t r a j ec to ry
can differ significantly from the measured tr ajec tory .  The reason s for this
are vortex decay, wind change , or both vortex decay and wind change. Figure
63 shows the effect of decay. Decay is indicated because both of the measured
trajectories  move inboard of the calculated t rajec tor ies .  Figure 64 show s
the effect  of a change in crosswind.  Such a change is indicated by the fact
that both vortices move to the left of the ca lcula ted  t ra jector ies , indicatin g
an increase in the magnitude of c rosswind.  In this case , the measured  vortex
t ranspor t  time is less than that indicated by the calcula ted t r a j ec to ry ,  but the
vortex exit s from the opposite flight corr idor  boundary than that indicated by
the calculated tr a j ec to ry .  Some decay is also present in Fig. 64 .

Figure 65 shows a combination of decay and crosswind change. The
f igure  show s that the actual  residence time can be si gnificant ly grea ter  than
that calculated from the calc ulated t ra jec tory  initialized by measured values
of the pa ramete r s .  For comparison , Fi gs.66 and 67 show the same data as

*The creation of these plots is a good example of the use of the DM5 . The
creation of these plots is described in Appendix E.

175



— — ~~~~~ - - -~~~~~--.- p -- -~~~~~ --~-—--~~~~ ——- - - -— - - . - -  --- - C-,-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~ 
-- ..---.--.--

P%.Y Y  P0 905. DAY sa. TIPC 17 ‘..‘.e A IRCRAF T TYPC Lion BASCLIPC OISTAPCC 0. FT C WIPO 3.75
1’.O

I I U U I I I I I I I I I U I I I I I I I I I I I I I I I I I I I I I I I I I I I

2 = Starboard Vortex Measured by LDV

3 = Port Vortex Measured by LDV

120 S = Starboard Vortex Measured by Ground
Wind Anemometer

ItO 
P = Port Vortex Measured by Ground Wind

Anemometer
s

- Vortex Corridor ~~~~~t o - Boundary - 

~~~~~~~~~~~ i
0 -

0) -

.~~~ ~~~~ - I

80 -
id

I I

4)
1W I I
1., -o - 3 2
.-, 60

3 2

3 2

— 3 I3—I - P

2

0 1  I I I I ~ I .  I l
i

t I I i ~I ~ I i I I •
-600 —500 -‘.00 —300 -200 -I SO 0 tOO 200 300 ‘.00 500

Displacement from Runway Centerline (ft)

FIGUR E 63. EXAMPLE OF VORTEX TRAJECTORY CALCULATED
FROM MEASURED INITIA L VALUES OF VORTEX PARAMETERS —
FLYBY 505
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FIGURE 64. EXAMPLE OF VORTEX TRAJECTORY CALCULATED
FROM MEASURED INITIAL VA LUES OF VORTEX PARAMETERS —
FLYBY 473
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FIGURE 65. EXAMPLE OF VORTEX TRAJECTORY CALC U LATED
FROM MEASURED INITIAL VALUES OF VORTEX PARAMETERS —
FLYBY 489
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FIGUR E 66. EXAMPLE OF VORTEX TRAJECTORY CALCULATED
FROM MEASURED INITIAL VALUES OF VORTEX PARAMETERS
WI TH ASSUMED VORT EX DECAY — FLYBY 505
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Figs. 63 and 65 , but with a constant vortex decay rate of 1% of cu r r en t  vortex

strength per second. This gives an exponentia l decay.

While agreement between calculated and measured vortex trajectories is

good when an assumed decay rate is used , it is recognized that decay rates and

wind changes are random. Kalman f i l t e r ing  would allow continuous updating of

the calculated trajectory to modif y the calculated t ra jec tory  according to chang ing

crosswind and decay rates as well as providing likelihood elli psoids of the calcu-

lated results . Vortex prediction by Kalman f i l te r ing  is discussed next.

5.5 TRAJECTORY PREDICTION AND TRANSPORT TIM E PREDICTION
WITH KA LMAN FILTERING

In this section , two formula t ions  of t r a j ec to ry  predict ion with Kalman

filtering are presented.  The f i r s t  is the prediction of the remaining part  of

the vortex t ra jec tory  based upon measurement s made in the early part  of the

t ra jec to ry .  The second formulat ion is the prediction of vortex t ranspor t  time

based upon measurements  made in the earl y part  of the t r a j ec t o r y .

For a nonlinear system , the formulation of the Kalman fil tering problem

is al tered slightly. The nonlinear funct ions are  assumed to occur in the trans-

ition equation (Ref. 35)

= f (x. ) +c l w . (145)

and in the measurement  equation

z ÷ i = h(x . ÷i ) + V .  ( 146)

where f(x. ) and h(x . +i ) are  nonlinear functions.  For the s ta te  t rans i t ion , the

expected value of the state vector is

= f ( C i ) + 
~ • (147)
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and the covariance matrix is

/ af~~~
T

= -
~~—— P1 (-

~
—--

) 
+~~2 Q.c2 . (148)

I

After measurement, the estimated value of the state vector is

x~~ 1 =
~~ i+l + K ( z . - h ( x .)) ,  (149)

where

K = P ~+l . (150)

The covariance matrix is

= - M1÷ i (
~~~

)

T [~ 
M~~ 1 (

~~~
)

T 
+ RI 

-1 

~~ 
Mj + l .  (151)

5.5.1 Trajectory Prediction

For trajectory prediction , the five state variables are:

Z = Vortex altitude ,

Port vortex lateral position ,

Y2 = Starboard vortex lateral position,

r = Vortex strength , and

V Crosswind.

For convenience , let

B(Y 1, Y 2, Z) = 

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

Y
’

Y] (152)
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and

(~ .
~~~

)
2

I ‘ 0 (Y 1, Y 2, Z) = 

~~~~ [(2Z) 2 
+ (Y 2 

2 • (153)

The state transit ion equations (omitting the i and [+1 subscripts) are

Z Z + rB ( Y 1, Y 21 Z )At  (154)

+ [v00 
- r G ( Y 1. Y 2. z)] At (155)

y
2 + [v + r ’ G(Y 1, Y 2~ Z)] At (156)

(157)

V ~~v + w  ~~ (1 58)
00 00 V

wher e wr and ar .~i’~ om variables which represent random changes per

unit tim e in Fand V .  The measured parameters were chosen to correspond

to those available for the JFK tests .  One LDV system and one groun d wind

anemometer system are assumed. The measurement equations are

Z IL = Z + 1 1 1 ( 159)

Z ZL = Z + v 2 . (1 60)

— + 11
3 

( 161)

~ 2L — Y 2 + 11
4 

( 162)

Y 1G Y 1 + (163)

~ 2G ~
‘2 + 

~
‘6 

( 164)

Z 1L I’ B ( Y 1, Y 2, Z) + 11
7 

(1 65)

ZZL r B ( Y 1,y 2 , z) + 
~8 ( 166)

~~1L = V - F G ( Y 1, Y 2, Z) + 119 (1 67)

‘
~ 2L V + r c l (y 1, y 2, z) + 

~~~ 
(1 68)

‘
~ 1G V - r G ( Y 1, Y 2, z ) +  1111 (169)

V + r G ( y 1, y 2, z ) + 1 112 . (170)
2G 00
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Z is vortex attitude , and Y is vortex lateral position . A 1 subscr ipt refers

to the port vortex , and a 2 subscript refers  to the s tarboard vortex. The

L subscript r e fe r s  to a measurement made by the LDV , and a G subscript

refers  to a measurement  made by the groun d win d anemometer system.

The V values refer to the measurement noise. The elements of the noise

vector are assumed to be uncorrelated, so the R matrix is a diagonal matrix.

In particular ,

~ I~il (171)

and
V

8~~~~ 
I (172)

This assures  that Z measurements are not used to determine vortex

strength when the vortices are widely separated. The measured values of

Y and Z are taken as differences in measured values of Y and Z divided by

the elapsed time between the measurements .  The technique requires some

knowledge of vortex behavior and vortex measurement i.n order to place

realistic values on the expected values of (k)
r and 

~~~ 
and on the covariances

of c*~r~ 
W v~ 

and the elements of the V matrix.

This technique has an inherent disadvantage. Although expected values

and likelihood ellipsoids can be drawn for vortex position , conversion of the

likelihood ellipsoids for transport  time is not easy.  Hence , the development

of this technique is not pursued fur ther , and a more appropriate technique

is introduced.

5.5.2 Transport Time Prediction

For this formulation , it is desired to predict t ransport  time, rather

than predict the vortex t ra jec tory .  The formulation for the transport time

calculation presented in Section 2.1 is used. The transport  time is calcu-

lated for the value of Y for which
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r
F (Y) = 

~~~~~ I (CY 2 _ l ) ~~’2J 
- D +  = 0. ( 173)

Let Y be the solution of the above equation . Assume that the solution ,

is known from the initial parameters  of the vortex t ra jec tory .  If C , r, and

V
00 

vary during the t ra jec tory ,  the corresponding change in Y is known by

AF(Y)  = AY + AC + ~~~ + 
00 

AV + AD = 0 (174)

since F(Y) is a constant. From Eq. (13),

D = ~~ [ c y
2 

1) u/2] 
- t (175)

The state variables for the Kalma n f i l ter ing are Y C, D, r , V and Y . The
S 00 D

parameter , 
~ D’ is the distance of the ori gin of the wind-fixed coordina te system

(cf. Section 2.1) from the orig in of the ground-fixed coordinate system:

Y = ( V  dt (176)D j 00

or

Y . = Y . + V At.  (177)D , i+ 1 D, x oo

There are six linear t ransi t ion equations. The f i r s t  is a result of Eq. ( 174).
All of the state variables , except 

~~D’ are nominally constant and a re  changed
by the random forcing vector only. The t rans i t ion  equations are

I laF aF aF &F 1 178Y s , i+ 1 - s , i - aF/a Y [
~ 

LA

~C + aD W D +~ ?~ [~ 
+ W- L~~~~~

J 

( )

= C . + w c (17 9)

D. = D . + ~~ (180 )
i+ 1 i D 
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I

Ii+ i = E + w r (181)

V . = V  . + ø  (182)00, L +1 ~‘ , 1 V

i+ 1 = 
~D , i + (18 3)

For measurement,  it is desirable to be able to gain useful information

even if only one vortex can be detected. Therefore , let

- = 2 (Y 2 - ~~~ 
= _ 2 ( Y 1 ~~~ 

(184)

Then Eqs. (152) and (153) are redefined as

B(Y z ,Y D, Z) = 

~~~~~ [z
2+~~Z~~ D~~ 

- y
~~~~~~

J 

(185)

B(Y l. Y D, Z) = 
~~~~~ z2 +

’
Y I~~~~D

2 - (186)

(~~2
-
~~~D)

G(Y Z ,Y D. Z) = 
41:2 Z2 

+ (Y 2 ‘
~ D~ 

(187)

(~ 
-Y~)

2
1

G(Y 1, i’ D’ Z) = - 

~~ Z2 
+ - 

~
‘D~~J 

( 188)

The measurements made are the same as those described for t rajectory

prediction. The form in which the measured parameters are used is slightly

different.  The measurement  equations are

186

-~~~~~~~



+ 
7 ’lL  

= ~ + (189)

2 + = C + 1’~ (1 90)
Z 2L

2C(Y 1L Yr.j -2

2 1~~Z ~ii 
(t + D )  + 113 (191)

(C(Y lL~~
Y D) -1) /

• C(Y zL~~Y D) 2
~~

2 cc
2 1’Z ~~

.. (t + D) + 114 ( 192)
(C(Y ZL

_ Y
D) -1) /

2C(Y 1,... Y ) -2
2 i ’ Z  ~~ (t + D) + 115 (1 93)

(C(Y lQ~~
Y D) - 1) ’

(C(y z:
y

D) 2
i ) i /

~
’2 ~~~ (t + D) + 

~6 (194)

Z 1L rB (Y 1, “ID’ Z) + V7 (1 95)

Z ZL = rB (Y 2, ‘
~
‘D’ Z) + 11

8 
(196)

~~1L = - r G ( Y 1, 
~ D’ Z )  + 119 ( 197)

~ 2L = + p G (Y 2, 
~ D’ Z) + 1110 (198)

‘
~~ = V -F G (Y , Y , Z ) + u  (1 99)

10 00 1 D 11
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• ~~ZG = V
00 

+ cci 
~“ i ’ “

~D’ Z) + ( 200)

~~1L + ‘
~ 2L = 2YD + 

~13 (201)

‘
~ 1G + 

~~2G 2YD + 
~I4 (20 2)

As described previously for t ra jectory prediction ,

V
7~~ (203)

I 
zi

and

1 (204)
Z

~~I

The elements of the ii matrix are uncorrelated , so R is a diagonal matrix.

If , at a g iven time of measurement, cer ta in  measurements are unavailable ,

the variance of V for that element of V is made infinite in the R matrix.

The use of the above formulation with Kalman f i l ter ing will provide

continuous updates of predicted vortex transport  time and likelihood ellipsoids

of vortex transport time during the lif e of the vortex. The purpose of the pre-

diction is to allow early detection of vortices which may not clear the vortex

corridor during the separation time between successive a i rc ra f t .  It is assumed

that the airport is operated in such a manner that a very  small probability

that the vortex will not clear the vortex corridor during the separation time

is acceptable .

5.5.3 Vortex Sensing for Trajectory Prediction and Transport Time
Prediction

The vortex sensing requirements  f o r  t r a j ec to ry  prediction and transport

time prediction differ s igni f icant ly f rom those discussed earlier for short-

term prediction of life t ime and residenc e time. For t ra jectory  prediction

and transport prediction, a sensor which can sense both vortex altitude and
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lateral position as a funct ion of time is required.  The LDV and some acoustic
sensors are appropriate for this role . The groun d wind anemometer has three
very  serious limitations in this role . First , it cannot be used to improve the
estimate of vortex strength based on measurements until the vortices are close
to the ground. Second , since vortices cannot be easily detected by the ground
wind anemometers when the vortices are far  f rom the ground , the estimate of
crosswind cannot be improved by measurement until the vortices are close to
the ground. Third , the resolution of the ground wind anemometer system (par-
ticularly, for the horizontal velocity of the vortex) may not be adequate. Early
estimates of vortex strength and crosswind are imperative for accurate  pre-
diction .

Some of the ambiguity of vortex strength could be resolved by use of a
device which measur’-’s vortex strength (e.g., the monostatic acoustic vortex
sensor ) or by inferring vortex strength from pressure  sensors (which sense

the strength of the a i rc ra f t  downwash) on the ground. However , these meas-
urements would not be as accurate  as sensors of vortex position as a function
of time and would not provide information to permit improvement of the esti-
mate of crosswind based upon measurement.

189/ 190

_ _ _ _ _ _ _  - .~~~~~~~~ • . •~~~.



r ~~

.•.--•--•.-

~~~

•- 

~~~~~~
• • • • .-.

6. WAKE VORTEX AVOIDANCE SYSTEM DESIGN CONSIDERATIONS

The data contained in the Data Management System and the analysis

contained in Sections 4 and 5 have important implications for the design of

an effective Wake Vortex Avoidanc e System. These design implications are

discussed in this section.

6.1 DESCRIPTIVE CHARACTERISTICS OF WAKE VORTEX AVOIDANCE
SYSTEMS

The purpose of the Wake Vortex Avoidance System (WVAS)  is to allow se-

lection of optimal spacing criteria on final approach . Variable spacir ~g is implied.

Tha t is , the spacing between any two part icular  a i rc r a f t  may be a funct ion

(either continuous or having several selectable d iscre te  va lues )  of the type

(or weight c lass )  of the lead a i r c ra f t , the type (or weig ht c lass)  of the follow-

ing aircraft , and the prevailing meteorological  conditions. The performance

index of the WVAS (i.e., the cri ter ion by which “ optimal” is jud ged) is the

minimization of a i rcraf t  delay in the terminal  a rea .  Delay is defined as

the difference between the time when an a i r c r a f t  lands and the time when

it could have landed if no other a i rc ra f t  had been in the terminal  area .

Minimization of delay may inc lude a decrease  of minimum separations from

the current  3-nautical-mile Instrument Flight Rules  (]FR ) s tandard.

The dela y process is very comp licated , and delay is usuall y calculated

by Monte-Carlo simulation techniques.  At most major airports , the delay

mechanism for landing a i rc ra f t  can be described as a mult iple server (i.e.,

multiple runway) non-steady queue.  The non-steadiness  a r i ses  f rom the

va r iation s in a i rc ra f t  demand (i.e., number of a i rc r a f t  a r r iva ls  per hour )

through the day. With an active WVAS , non-s teadiness  also resu l t s  f rom

aircraf t  spacings which are adjusted according to changing meteorological
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conditions. For the purposes of this report , the equation for delay for a

sing le runway in steady state can serve as an indicator of the cha rac te r i’  ~~s

of delay of landing a i rc ra f t  at airports.  A i r c r a f t  delay is discussed in Section

1.4.2 . Ai rc ra f t  delay is technically defined as waiting time in the queue and is

given by (Ref .  28)

- 
At E 2 tAt) + Var[At]J

Wq 
- z ( 1 -~~~~[At))

where

• A = average arrival rate (aircraft  per unit time).

E{At) expected value (mean) of interarrival time over
the runway threshold. The inverse of E [At] is
theoretical runway capacity.

Var(At] = variance of interarrival time over the runway
threshold.

The value of the Wake Vortex Avoidanc e System is in increasing runway

capacity, or stated al ternatively,  to decrease E [A t] . The effectiveness of

decreasing E f~tJ to effect a decrease in aircraft delay is a strong function

of a i rcraf t  demand , A .  It is therefore  expected that the manner in which a

WVAS is operated during a part icular  time period of the day will depend on

aircraf t  demand during that time period. For a g iven a i rpor t , several

sophistication levels of WVAS may be used , depending on a i rcraf t  demand.

In the following discussion, several levels of WVAS a re  described. In the

most sophisticated levels when spacings are minimal, the execution of missed

approaches may become necessary.

In the following discussion , several princ iples derived f rom Section 4

are used. Specifically:

All wind measu rem ents are to be made at or near the
asymptotic alt i tude for heavy a i rc raf t . Extrapolation
of wind to other a l t i tudes  on the basis of assumed profi les
will not he done .

192 



There is suff ic ient  var iance  of wind over space so that
the wind measured at the meteorological tower over a
short averaging period cannot be assumed to be equal
to the wind in the approach reg ion for the same time
period.

There is sufficient  var iance of wind over time so that
wind may va ry  between the t ime when t ra f f ic  separations
are established and the landing of the a i r c ra f t .

The detection of turbulenc e over a known threshold level
is a sufficient condition for  shor .. vortex l ife (cf .  Fig. 18).

The actual  weight of a landing a i r c r a f t  is a very  important
parameter in the determinat ion of vortex residence time .
The measured residence time for an a i r c r a f t  cannot be
applied to a following a i rc ra f t  of a similar type (even if
wind is constant)  unless it is known that  the a i rc ra f t
weight s , approach speeds , and a i r c r a f t  conf igura t ions
are equal.
The curves shown in Fig. 8 indicate a very steep slope
of vortex t ranspor t  time with respect to crosswind for
vortex transport  times grea te r  than 60 sec. The use
of variable spacing based on c rosswind  is therefore
very doubtful.  For example , the differenc e in cross-
wind for a spacing based upon a 120-sec transport time
and a spacing based upon a 60-sec time is 1 ft/sec . The
accuracy  with which wind can be measured would not
permit the selection of spacings based upon residence
times between 60 sec and 120 sec. Sixt y seconds is
considered to be a minimum separation time in VFR
conditions from runway occupanc y const ra ints .  Sixty
seconds is a 2 .25-n .mi. separation at a 135-knot approach
speed. It appears that  the purpose of t ranspor t  time in
a WVAS may be interpreted as: “From wind conditions
measured , it is cer ta in  that a separat ion distance based
upon a transport time of 60 sec is safe” or “From wind
conditions measured , it cannot be s ta ted with cer ta in ty
that a separation distance based upon a time of 60 sec
is safe , and therefore ,  separation distance must be based
upon life time instead of t r anspor t  time. ”
There is no distinction between VFR and IFR for vor tex-
related constra ints .  Other considerat ions may cause
differences in separations f~ r VFR and IFR with an opera-
tional WVAS in place. However , the ph ysics of the vor tex
problem are identical  for VFR and IFR and there fore  the
separations imposed by vor tex-rela ted constraints  are
identical for VFR and IFR .
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6.2 CONCEPTUA L DESIGN OF A WAKE VORTEX AVOIDANCE SYSTEM

In thi s section, designs of Wake Vortex Avoidance Systems are di s-
cussed at several levels of sophistication. The required level of sophistica-
tion may be related to very lig ht , light , modera te , and heavy t raff ic  demand.
For the purposes of this discussion , very  light t raf f ic  demand is defined as
XE {At] < 0.4 , li ght is defined as 0.4 < X E  [At ] <0.75 , moderate is defined
as 0.75 <X}~..[At ] <1.0, and heavy is defined as 1 <A E [At] where E [At]is
based upon 3/4/5/6-n.mi. separations .

6.2.1 Zeroth-Order System

The most fundamental  WVAS is no system. it is optimal for very light
traffic demand since reduction of spacing f rom the 3/4/5/6-n .mi . standard
will not reduce aircraft delay, which is very small (average of less than 20
sec per aircraft) for very light traffic demand.

6.2.2 First-Order System

The first-order system is similar to the Vortex Advisory System (VAS).
In addition to the measurement of wind, as in the VAS, turbulence measure-
ments are also made. The f i r s t -o rde r  system assumes the existence of a
data base by which life time can be known to be less than cer ta in  specified
values if turbulence exceeds corresponding threshold values.

The logic diagram for the f i rst -order  system is shown in Fig. 68. The
prediction method for predict ing wind and turbulence  is descr ibed in Section
5.2. Figure 68 uses an 80-sec separation as an example. Obviously,  other
separation times could be used. The logic shown in Fig. 68 may be stated as
follows: if the 5-mm prediction shows that either life time or res idence time
will be less than 80 sec , the 80-sec separation is used. If  the S-mm prediction
show s that both life time and residence time may be grea ter  than 80-sec , the
current  3/4/5/6 -naut ica l -mi le  separation standard is used. The 15-mm pre-
diction is used to g ive the control lers  warning of f u t u r e  t r ends .
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Doe s
99% ellipse

of 5-mm prediction
of turbulenc e intersect No
the turbulence region
for which life time

may exceed 80-sec separation
• 80 sec ? approved.

Yes

• Does Does
99% elli pse 99% ellipse

of 5-mm prediction of 15-mm pr ediction
of wind intersect No of turbulence intersect  Yes
wind reg ion for the turbulence region
which residence for which life time

time may may exceed
exceed 80 80 sec ?

sec ?
No

Yes
Does

99% ellipse
of 15-m m prediction

3/4/5/6-nautical-mile N of wind intersect
separation standard 0 wind region for

to be used, which residence
time may
exceed 80

sec ?
No warning
necessary

Yes

Warning that 3/4/5/6-nautical
mile may be necessary

within 15 m m .

FIGURE 68. FLOW DIAGRAM FOR FIRST-ORDER WAKE
VORTEX AVOIDANCE SYSTEM
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It is recognized that both predictions include life time. (Life time is

inherently included in the VAS ellipses .) However , the separate measure-

ment of turbulence provide s an additional criterion f o r  the exclusion of long
vortex residenc e times. This additional cri terion ( turbulence)  will preclude

long vortex residence times during periods when the wind criterion alone
would not preclude long vortex residence times.

The f i rs t -order  system has the same limitations as the VAS. Unless

the 80-sec separation can be approved , the f irst-order system cannot allow
any reduction in delay.

6.2.3 Second-Order System

The second-order system is based upon vortex prediction as described

in Section 5.3. The a i rcraf t  separation time is the maximum residenc e time

contained within the 99% ellipse of the 5-mm pr ediction. In addition , the

maximum residence time within the 99% ellipse of the 15-mm prediction is

displayed as an indication of the magnitude of possible change. It may be

be appropriate to maintain separate predictions for wide-body aircraft  and

for narrow-body a i rc ra f t . It is anticipated that the ground wind vortex

sensing system will be adequate for providing the n e c e s s a r y  predictions.

In practice , sensors should be placed a t sever al ba seline s to allow
prediction of the time requ i red  for the vortex pair to clear  the vortex corridor

at all points between the middle marker  and the touchdown zone . Figure 16

and Figs. 46-48 showed that  a si gnif icant  di f ference in residenc e time can

occur for two different baselines.  If th ree  baselines were  chosen for imp le-

mentation , a 6-dimensional ellipsoid (i .e. ,  life t ime and residence time for

each of the three baselines) would be used.  The values of and 11T in the

formulat ion of Section 5.3 are functions of the number of baselines. If  f e w

baselines (e.g.,  1) a re  used , the values  of and VT must  be la rge  to account

for uncer ta in t ies  at locat ions  other than the ones at which  measurements  are
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made. However , if the number of baselines is large (e.g., 5), V L and

may be smaller because there is less uncer ta inty  in the region between

sensing lines. The optimum number of instrumented baselines is certainly
a que stion requiring further study.

The above technique is valid for the active runway. It is desirable to

calculate the 99% probability ellipse for each of the inactive runways to deter-

mine if an alternative runway would be preferable. For the inactive runways ,
the wind measurements of the f irst-order system are made. The transport
time characteristics (m ean and var iance) are calculat ed fr om the w ind and
expected variations in a i rc raf t  parameters.  The life time character is t ics

are taken f rom the life time behavior at the active runway.  The residence

time characterist ics are calculated , and the 99% probabilit y elli pses are

generated for each of the inactive runways.

6. 2.4 Third-Order System

The third order system is built upon the second-order system. The

ai rcraf t  separation time is the maximum residence time contained within

some probability ellipse (e.g., 90% elli pse)  of the 5-m m prediction. It is

recalled that the 90% ellipse does not imply that there is a 10% probability

that the residence time wil l  be greater  than the maximum residence time

contained in the 90% elli pse. It merel y implies that there is a 10% chance

that the residence time lies outside the 90% ellipse. For each landing air-

craft, transport time prediction is performed as described in Section 5.5.2.

If it is possible that the vortex will not clear the vortex corridor dur ing the

aircraft separation time, the pilot of the following aircraft is warned. The

pilot continues the approach while c ontinuous updates of estimated residence

time are made , based on continuous vortex measurements .  If the estimation

of long vortex residence time pers is ts , the pilot must execute a missed ap-

proach or land further down the runway than normal. The vortex sensors

for the third-order system (in addition to those required for the second-order
system) are described in Section 5.5.3.
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• I The transport time prediction of the third-order system is ~ imi1ar to
the residence time prediction in that the appropriate values for p are strong

• functions of the number of instrumented baselines. The appropriate number

of instrumented baselines is a subject for fur ther  stud y.
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7. CONCLUSIONS AND RECOMMENDATIONS

The preceding sections have discussed vortex behavior based on
analytic considerations and based on measurements made at JFK. The

formulations for vortex prediction using vortex sensing as a feedback loop

have been established, and conceptual designs of WVAS have been presented.

7.1 CONCLUSIONS

A summary of important conclusions which relate directly to the
design of an effective WVAS is as follows:

Meteorological parameters , such as power- law exponent and
roughness length, which are easily observable for averaging
times of the order of 15 mm , have little meaning for averag ing
times of 1 mm , which is the average life time for the vortex.

A transport time calculation procedure which does not require
numerical integration of the vortex t ranspor t  equations has
been developed.

Vortex residence time can vary si gnif icantly from flyby to flyby,
even for the same aircraf t  type (for both analytical and experi-
mental results) .

Although vortex residence time can vary significantly, the bounds
of vortex parameters can be calculated by considering the ex-
treme values of independent parameters.
The orientation of runways at an a i rport  is an important s ite-
dependent parameter . Of particular importance is the prob-
ability that a runway whose orientation yields short vortex
residence time can be found .
Kalman f i l ter ing is a promising technique for vortex prediction
using vortex measurement as a feedback loop. This inc ludes
both prediction of residence time for future flybys and predic tion
of residence time for a given fl yby based on measurements during
the early portion of the trajectory.
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7. 2 RECOMMENDATIONS

The methods presented in Section 5 are the f i rs t  definitive concepts
of how vortex sensing can be used to effect vortex prediction . These
methods appear to be very promising, but require furthe r development to
establish their feasibility for use in an operational WVAS. It is emphasized
that reliable vortex prediction is essential for an effective operational WVAS.
The recommendations are therefore oriented toward the validation and de-
velopment of vortex prediction using vortex measurements as the feedback
loop.

It is recommended that:

Wind prediction should be validated and improved using continuous
wind measurements. Validation implies determining the pe r-
centage of times when measured wind lies outside the ellipse that
had been predicted for it at some earlier time . The reliability of
prediction should be established for several times of prediction
and for several probability ellipses. The calculation of p and ~should be evaluated. In particular , the averaging period8 over
which ii and cA are calculated should be examined and the pre-
diction discussed in Section 5.2 should be investigated for use in
the VAS. Wind prediction should be implemented in real time
with 99% ellipses for a 5-mm prediction and a 15-m m prediction.
Prediction of vortex t ransport  time and life time as described in
Section 5.3 should be developed. The data processing algorithms
for the ground wind vortex sensing system should be evaluated and
modified , if necessary,  to provide the data necessary for prediction
of vortex parameters with minimum measurement noise. The
methods of calculation of v and u should be evaluated. The size
of the 99% probability ellipse should be evaluated to determine its
size under a variety of meteorological and operating conditions.
Vortex prediction should be implemented in real time with 99%
ellipses for a 5-m m prediction. Design and development of alter-
native sensing systems which sense ground wind due to vortex
motion should be initiated.

Prediction of vortex t ransport  time and life time (Section 5.3)
should be developed for sensors at multiple baselines. A ppropri-
ate values for 

~L and as functions of the number of baselines
should be derived , and an estimate of the optimum number of
baselines should be made.

Transport time prediction b y Kalman fi l tering (Section 5.5.2)
should be developed and evaluated. The technique should be
formulated for several alternative vortex sensing systems.
Alternat ive systems inlcude: the laser Dopp ler velocirneter ,
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the pulsed acoustic vortex sensing system, the monostatic
acoustic vortex sensing system, and the ground wind vortex
sensing system coupled with a pressure sensor for a i rcraf t
weight sensing . Appropriate values for the measurement
noise parameters, p, should be established for each of the
vortex sensing systems. Of particular significance is the

H evaluation of alternative probability ellipses (i . e., the square
root of the eigenvalues of the P matrix) as a function of time
after generating aircraft  passage. Trajectories for different
aircraft  types should be examined to determine if w should be
a function of a i rcraf t  type.
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Appendix A

DESCRIPTION OF WAKE VORTEX DATA
MANAGEMENT SYSTEM

A computerized vortex data management system (DMS ) for catalog ing,

indexing , manipulating, and retrieving vortex data as a function of atmos-
pheric , aircraft, and site-dependent parameters has been developed. The

major capabilities of the DMS include: (1) file rnaintainence (tape read and

write, additions , and corrections of data); (2) arithmatic operations (including

statistical manipulation of data); and (3) retrieval of vortex data (plotting and

analysis) .  The purpose of the DM5 is to catalog the vortex data in such a man-

ner that various correlations and functional relationships can be conveniently

determined and efficiently displayed from available vortex trajectory and

meteorological data. Thus , it is a useful tool for the refinement of the ana-

lytic model and for the formulation of a predictive model.

The DMS operates in two modes. The f i r s t  mode is the catalog mode

in which data are read , calculations necessary to generate values of calcu-

bated parameters are performed , and data files of measured and calculated

parameters are generated. The second moC a is the retrieval mode in which

stored data from the data files are retrieved, user-defined calculations are

performed on the retrived data , and printouts and/or plots of the retrieved

data (and/or parameters generated from user-defined calculations) are gen-

erated. The basis for the retrievals is a set of user-defined values of one or

more data access keys. The keys are selected parameters and are discussed

more fully in Section A.2.2.

The DMS uses random access for both storage of new data and re t r ieval

of data prior to processing and presentation in the desired format.  Thi s enables

the user to retrieve information from drums or disk packs without resorting to

extensive time-consuming record-by-record searching.
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A. 1 DATA MANAGEMENT SYSTEM SOFTWARE ARCHITECTURE

The essential elements of the vortex data management system showing

the major computational segments and modules and inputs and outputs are

given in Fig. A - i .  As shown in F i g .A -l , the DM5 program consists of five func-

tional segments labeled MAIN , COMPUTATIONA L, ORDER , PLOTTING , and

END. Each segment contains one or more computational modules , and each

computational module contains one or more subroutines to perform specific

tasks within the program. By virtue of its modular construction, the DMS

can be overlayed in core (on the Univac 1108 it was overlayed into less than

65 K of core), and modifications and extensions to the program are readily
accommodated. The control input to the DMS consists of control commands

to the various computational modules and input data tapes and is determined

by the particular type of run desired. The different type s of run s avail-
able are described in Section A.2. The output of the DMS varies w ith the type
of run requested and is specified for the different types of run s in Section A.2 .

The MAIN segment of the DMS monitors the entire program. The COMPUTA-

TIONAL segment performs the tape decode and performs the calculations ne...es-

sary for the generation of calculated parameters. The ORDER segment arranges

the input data and values of calculated parameters into the cataloged data files .

The PLOTTING segment generates plots and printouts of retrieval parameters

and contains the log ic for initiating searches from the data base. The END

segment closes the permanent data files afte r updates.

The MAIN segment has access to the Keys file and the Data file. The

Keys file consists of values of selected parameters upon which selective re-

trievals may be based . The Data files contain values of all stored parameters

for each flyby, including vortex trajectory data . Values of parameters from

the data files may be retrieved; however , the selection of flybys to be retrieved
cannot be based on the values of parameters in the Data files.

A more detailed description of each of the DMS segments is presented

in the organizational charts shown in Figs. A -2  through A - S .  The MAIN segment

(Fig. A -2 )  controls the overall operation of the program and I/O functions and

A-2
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Control 
_ _ _ _ _ _ _ _  MAIN

Commands SEGMENT 
___

Data Cataloged Data
File Files

COMPUTATIONA L ORDER PLOTTING END JSEGMENT [SEGMENT SEGMENT SEGMENT

V GW 

~~~~~~~~~~ [~~ i 1 ~~ td
ACOUSTIC

LDV is vortex trajectory data measured by laser Doppler
velocimeters.

GW is data measured by ground wind anemometer systems.

PRED is vortex trajectories calculated from the analytic
transport model using measured values of meteorological
parameters and assumed values of aircraft parameters.

MET is measured meteorological data.

ACOUSTIC is vortex trajectory measured by acoustic systems.

FIGUR E A - i .  SCHEMATIC DIAGRAM OF VORTEX DATA MANAGEMENT
SYSTEM
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MAIN SEGMENT

COMP PLOT ORDER END

COMP performs the tape decode and performs the calculations
necessary for the generation of calculated parameters.

PLOT generates plot s and printouts of retrieval parameters and
contains the logi c for initiating searches from the data base.

ORDE R arranges the input dat a and values of calculated parameters
into the cataloged data files.

END closes the permanent data file s after updates.

FIGURE A-2. ORGANIZATION OF DATA MANAGEMENT SYSTEM
MAIN SEGMENT
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_____

COMPUTATIONAL SEGMENT

I TO DRIV ER

I COMP

I. 

I _ _ _  11 SUMLST~ ~~LYPR~1 DECODE_1 I1~~~
CMP 1F ____________________________________________________________________________________________________

_ _ _  I 
_ _ _  I I

LASRD j I GRWDRD] ( PREDRD 1 I METRED] I DACCRD~

LDV OW PRED MET ACOUSTIC
TAPE TAPE TAPE TAPE TAPE

SUML.ST create s a summary listing of all cataloged flybys
by flyby number. Values of significant data access
keys are printed for each flyby.

FLYPR T retrieves and prints all cataloged data for selected
flyby(s) .

DECODE reads tapes in catalog mode.
KEYCMP calculates values of data access keys in catalog mode.
L.ASRD reads vortex trajectories recorded by LDV.
GRWDR D reads vortex trajectories recorded by ground wind anemometers.
PREDR D reads calculated vortex trajectories.
METR ED reads meteorological data.
DACCRD reads vortex trajectories recorded by acoustic system.

FIGURE A-3 .  ORGANIZATION OF DATA MANAGEMEN T SYSTEM COMPUTA-
TIONA L SEGMENT

A-5
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_ _ _  
_ _ _

ORDER SEGMENT

To DRIVE R

Input
Cards on

Disk

FIGURE A-4 . ORGANIZA TION OF DA TA MANAGEMENT SYSTEM
ORDER SEGMENT
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PLOTTING SEGMENT

To DRIVE R

[ PLOT

VORPLT ] [ KEYFND

/Data Report/

[ SUMST I

VORPLT Creates data report (a complete set of all
measured parameters, all calculated param-
eters , and all trajectories for each flyby).

KEYFND Selects flybys for analysis on basis of user-
defined values of data access keys.

SUMST User-generated analysis subroutine (may
include plots)

FIGURE A-S  ORGANIZATION OF DATA MANAGEMENT SYSTEM
PLOTTING SEGMENT
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contains the following modules; DRIVER , SUBDRIVER , SEARCH , INSERT ,

WRTDSK , and REDDSK. The DRIVER and SUBDRIVER modules monitor the

program and t ransfer  information to the segments. The SEARCH module

locates and retrieves entries from the cataloged files when the DMS is oper-

atin g in the retrieval mode. The INSER T module updates or extends the cata-

loged files when the DMS is operating in the catalog mode. The R EDDSK and

WRTDSK modules control the read and write from the disk.

The COMPUTATICNA L segment of the DMS software , illustrated in

Fig .A-3 , reads , decodes , and processes the information from the laser Doppler

velocimeter (LDV), ground wind sensor (GW), calculated vortex track (PRED),

meteorological data (MET), and Doppler acoustic tapes (ACOUSTIC). (While

the DECODE module was written to accommodate all of the above types of

vortex sensors , the processing of Doppler acoustic vortex tapes was not

carried out during the contract due to a small number of available measure-

ment s and lack of concurrent meteorological measurements.) The COMP

module consists of several programs (shown in Fig.A-3)  for processing the

information read in from tape .

Preprocessing (external to the DMS software)  of all data occurs before

the data are read into the DMS. The LDV tape contains vortex altitude and

vortex lateral position as a function of time for both port and starboard vor-

tices. Data are given for both Laser Van 1 and Laser Van 2. The GW tape

contains vortex lateral position as a function of time for both port and star-

board vortices for each of the three ground wind anemometer baselines. The

PRED tape contain s calculated values of vortex altitude and vortex lateral

position as a function of time for both port and starboard vortices for each

of four baselines. The MET tape contains a summary of meteorological

parameters averaged over the 128-sec period following each flyby. A list

of specific parameters  measured is presented in Section 3.

A- 8
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The ORDER segment of the DMS software , illustrated in Fig. .A-4, sorts

the input control cards , lists them on the printer , and stores them on disk.

Plotting and display of retrieved files is carried out in the PLOT seg-
ment of the DMS, shown in Fig. .A-5. The KEYFN D routine converts the input
search commands into logical sort and retrieve functions and then performs
the retrieval of data , based on the specified values of selected data access
keys. The SUMST routine is a user-defined routine which performs mathe-
matical operations (such as correlation coefficients between parameters ,
calculation of additional parameters, flagging of flybys based on a user-defined
criterion, etc.) and/or user-defined plotting operations on the the retrieved data.

The PLOT and VORPLT modules direct the retrieval , computation , and
plotting of cataloged key parameters in a standardized data report which was
generated for each flyby. A sample data report is given in Section 3. Pertinent
flow charts for the DMS are given in A ppendix B.

A.2 DMS OPERATIN G MODES

The DMS software operate s in two basic modes: catalog and retrival,
as described below .

.A.2.l ~~ 4alog Mode

In the catalog mode, the system reads tapes containing vortex measure-
ments, corresponding meteorological measurements , and calculated vortex
tracks. The system enters the information into discrete files. The data files
consist of the list of key parameters computed or derived from the sensors
as well as the arrays containing the measured and calculated vortex trajec-
tories and the wind speed and direction measurements . The format of the
catalog file s is shown in Fig.A-6 .

The cataloged data files contain the laser Doppler velocimeter wake
vortex trajectories (vortex altitud e, horizontal position versus time) for both

A - 9
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Data Files Flyby Key Files Flyby
Number Number

LVAN 1 1 Key Values 1
LVAN 2 l , 2, . . . 4 8

owi Key Values 2
GWZ l , 2, . . . 48
GW3 I

MET I

PRED 1 I I
PRED Z IPRED 3 I

I I I I
I I I

n I I
LVAN 1 I
LVAN 2 I

Owl I 
I

GW2 I
GW3 I

I I
MET I I
_ _  

I
PRED 1 Key Values n
PRED 2 l 2 ...48
PRED 3

FIGURE A -6 .  FORMAT OF CATA LOGED FILES

A - b  
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LDV vans (labeled LVAN 1 and LVAN2), and the wake vortex trajectories

measured by the groun d wind anemometer array (vortex horizontal position

versus time) at three baselines are stored in the data files (GW I , GW2 , and

GW3). The wind measurements (mean and standard deviation for the 128-

second record associated with each flyby) from the sensors on each of the

four meteorological towers are stored on the data files. The calculated

wake vortex trajectories (vortex attitude , horizontal position versus time)

for all three baselines are also stored in the data files.

The cataloged key files contain the values of the 48 data access keys

computed for each flyby (discussed in Section 3.6). A description of the

DMS catalog capabilities and a sample catalog run are given in Appendix C.

A.2 .Z R etrieval Mode

Retrieval of access keys and cataloged data files is the second major

function of the DMS. Retrieval may be conducted in the data-report mode

or the key-retrieval mode. In the data-report mode , data reports which

contain all measured parameters, all calculated parameters , and all vortex

trajectories are created. The data report is discussed in Section 3.5. A

sample DMS data-report run is presented in Appendix D.

In the key-retrieval mode , the system searches the cataloged data and

recalls the data on a selective basis according to sort commands in the
form of logical IF statements performed upon the values of the data access

keys. A summary of the access keys available in the program is given in

Table 8 (Section 3.6). The capabilities of the key compiler for retrieval of

the vortex parameters is il lustrated in Table A - I .  By means of fleidble IF-

type sort commands , the DMS system can efficient ly retrieve the cataloged

vortex and meteorological key parameters  to determine various correlations

and functional relationships. A more detailed description of the DMS key

retrieval process is given in the sample DMS retrieval run presented in

A ppendix E.

A - l i
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Table A -i

CAPABILITIES OF KEY COMPILER

1. Hierarchy of Operators

(1) .EQ. .IS. . TO.
(2) .NOT.

(3) .AND.

(4) .OR. .XOR.

2, A Maximum of Five Embedded Parentheses is Permitted

3. Example of Logical IF Statement for Retrieval of Vortex
Parameters: Retrieval of all DC-b or L-b Ol l  Flybys
Where the Crosswind at the 40-ft Level for Tower 1
Was Between -5 and 5 It/eec:
IF (V-40 .EQ . -5. .TO. 5. .AND. (AIRCFT .EQ. DC1O
.OR . AJ.RCFT .EQ . L I O l I ) )

A- 12
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- In addition to the search and r et rieva l of ca taloged key par ameters ,

the DMS has the capability to retrieve the complete data file for each flyby

which contains the detailed vortex tracks and meteorological measurements.
• A discussion of the DMS data file retrieval capability is given in the sample

DMS data file retrieval run presented in Appendix E.
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Attachment B
FLOW CHARTS FOR DATA MANAGEMENT SYSTEM

This appendix contains flow charts for the major segments of the data
management system shown in Figa . A - Z  through A-4. Flow charts for seg-
ments for which the logic is simple or obviou s are omitted. The segments
In this appendix appear in the order in which they appear in Figs . A-2  through
.A-4. 

~~~~~~~~~~~~~~~~:. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



~~~~
1

DRIVER

Call ORDER
Read s key name addresses from Unit 20 and
firs t group of key names from Unit 18.
Reads inpu t cards and writes to printer
and Uni t 17.

I
Call SUBDRI

Reads Uni t 17 to determine subprogram to
be executed and sets of value of ISWTCH.

~~ 2

~~~~

+

~~~~~ 

~~ A sw i tch in~~~PrO~~ram which~~

Call END
Writes key addresses to Unit 20
and last group of key names to
Uni t 18. Terminates execution.

FIGURE B-i .  DATA MANAGEMENT SYSTEM DRIVER PROGRAM
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I PKO( . I I P5 15.  I 5(5. . I PROI~. 4
Cal l  litCitSi 11 IRliD Lal l  5 1 1 ( 1 1  (a l l  FLYP RT

om(C ut C S I c
Scads data t a p e s . (ummy rout ine. f o r  d a t a  (a - - . l i s t -  da ta  b,se.

3 3
(1(1(1115

FIGURE B-2 . SEGMENT FOR TAPE DECODE AND PARAMETER
CALCULATION
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P1

PLOT

Subrou t ine PLOT /

IPROG=l IPROG=2

Call VORPLT Call KEYFIND

Plots  data r epor t .  Searches keys for  f l y b y s
which match a logical IF test.

FIGURE B-3 . PLOT SEGMENT
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ORDER

\~t1~routine ORDER /

Read initializing indicators
keys.

Read input cards.I

Write cards to printer. 1

IWrite cards to Unit 17. 
]

~ 

RETURN ]

FIGURE B-4 . SEGMENT FOR ARRANGING INPUT DATA
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- a

FLY PRT

\ Subrou t ine  FLYPRT /
I

- 
- Read from Unit 17

flybys to be printed .

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

Cal l  SEARCH
Searches keys fo r f l y b y an d
ret r ieves data base location.

4
Call PLTPRT

Retrieves and prints

1~~
eteoro1og ical data for flyby .

Call  REDDSK
Retrieves flyby trajectory
i n f o r m a t i o n  from data base.

~~~~~~te f1yby

_

data D
_________ 

a
[~~~

TU RN 1 - -

FIGURE B-5. SEGMENT FOR RETRIEVAL AND PRINTING DATA
FOR SELECTED FLYBYS
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KEY CMP
C 

\Subrout ine  KEYCMP~~/

,

C Read Uni t  17 to obta in
f l y b y s  for which data
keys are to be computed.

Initialize key names.

Compute key values f o r
al l  f l y b y s  read above .

[
RETURN I

FIGURE B-6. SEGMENT FOR CALCULA TING VALUES OF DATA
ACCESS KEYS
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Appendix C

- P 
SAMPLE DATA MANAGEMENT SYSTEM CATALOG RUN

The procedure for catalog ing vortex tracks and meteorological param-

eters into the data management system data base is illustrated in the following

sample catalog run. Initially, the DMS program is loaded into core and the

three tapes containing the ground wind vortex tracks (GW) , meteo r ological

measurements (MET) and calculated vortex tracks (PRED) are mounted.

The input to the DECODE routine is read in and printed out. The

catalog run output consists of printouts from the METRED, GRWDRD, and

PREDRD programs (pages C-2  through C-4).

C-’ 
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ThIS PAGE I-S BEST QUALITY FRLCTICANi*
Th~M O~1~X ~UI~2~151i~.D TO ~~~

Table C-i
- ‘a SAMPLE OUTPUT FR OM CATALOG RUN

TOcT 7~ CNT IN$N S or ~S, NIT £ND P*CD CORRE SPONDIN . TI NIT TAPE J.q~

- INPU T CANOS

DECODE
l&ili ~ 

aRsp -——-—-- .3~M—--—- • - - - - — - - - -- —-—s - -- --- -

- 
I 3 S O  —1100. —2.00.

- PRED • . .  ~. 2130S —~~ ~t 7-—-- - -  - —— —-----—-____

q 0.0 —aso . —psoi. .25 .

END

Data Input Cards

Line 1:

Program module to be executed (DECODE)

Line 2:

Data card for reading a MET data tape . Readin g left to right: First word is
type tape to be read (e.g.. MET or GRWD); next number is tape reel
number; next is logical unit to which tape is assigned; last number is number
of t racks on tape.

Line 3:

Sensor information card: First number is airport code ( 1 for JFK); next
number is the number of baselines on which sensor is active (not applicable
for MET); remaining numbers are baseline locations (ft from baseline 1)
(not appli cable fo r MET).

Following Lines:

Repeat of cards 2 and 3 for each active sensor.

C-Z 
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THIS PAGE IS BEST QUALITY PRACTICA.BLI
FROM COPY FURNISH~ 1) TO DDPO . ._ ..—

Table C- 1 (Continued)

Ii OCT TA (NfIRJNO Or~~~0, NIT AN D PRED CORREIPONDINA TO ME? TA PE J— q S
— 

SUBROUTINE HUmID

~ 100 IZ I2MET 2OS,00000000 211102000000 22O~ SSèOOOOO 2O7(1511O0O0flO 111011050501
_.LLT1!.. MUMIEIL-.-. t 2 A ’ a~ A l1CIAFL_I O~a_ DG! ___ DAT E._ 54 I# I I f l 3 -T4-ME- -.--+O$ I3Ii11

o 28.3 IZS3MIT 2011100000000 2$1102000000 220114122000f1 207’$511000000 O7A7AZA 7OIOS
F I TS! NUM BER • 7840 . A IRc RA F T ID a 8777 DA TE • it # i$ /75 TIME • 1 0 851118 - 

0 2S~ 121iMET ZoI1100000000 211102000000 22o ’o11 ono 207115 000000 111070050505
?I.YSy N UM BER • 1211. AI R C R A F T  ID • DCI DATE • 11111 /71 TINE a

0 285 IZISMET 20I~~0O000000 2iis ~izooo0oo 22011452311000 207115 (1000000 111070010505
fLTBy ~.NU IlBE * . a 1218.a-_ AIRCR A FT ID • ocs DAT E • S I / l a/ 7 5  T1ML-.-1 0159I5I---—- - -——

o 2e~e IZ8APOL T 201 (100000000 211502000000 ZZotsOz$Zll000 207 (15 (1000000 lIIolooSa SoS
F LYBY NUM bER • 1217. A I R C R A F T  ID • DCI DATE • 11,18/71 TINE — 1 1 : 2 7 : 1 7  — --- . - -—

o~ 287 u 287nE T 2OI 00000000 211502000000 22050115711000 207 (15(1000000 0787~ 2e105OS
FLYBy NUM BER • $288. A I R C R A F T  ID • 1727 DATE • 11/11/ 71 TI M E  • 111 3 2:117 -

0 288 I2IB M E T 201’100t300000 211102000000 Z2nsoe’130000 20711511000000 11107105 0505
!LYBY N (,MR ER . 1289 1.AI R C R A F ! ID • DC? DATE P IIii$/7S T1141 • $l:34:31—— — -—- — --- -----—

o 289 128 9ME T 2011100000000 21150200fl0 00 2205110100000 207 (15 (1000000 IlIOole oO SOS
FLYB Y NU MBER • $290, A I R C R A F T  ID . • D Ci~ DATE . 1 1 / 1 1 / 7 5  T IM E  • 11 :1111 3 2 -—-— - - — — - - -- ——

o 290 $2’OHE T 201 (100000000 2II5 ~ 2O0oOQO 220515710000 207115 (1000000 076780470505
FLyBy NUMbER • $29 ,, A I R C R A F T  ID — B7~~ DATE • IIi$s/75 TIME • 11:52 :11 —

O 291 l2~~JNET 20l~~00000O00 211507000000 22052$0700’ pn 20710511000000 111070050505
.!.~!~~LNuMaER • $7~~Z1~~~IRC R A F T  $0 — DCI - - DATE • 11/11/75 T L N E — a - 1 1 59180—----—-----

0 292 $2?2MET 201 (100000000 211502000000 2205238711000 20711511000000 076760870505
FLYB Y N UMBER • $293. A I R C R A F T  ID • 0701 DATE — Il / IS /is TIME • $ 2 :  5: 3 —

0 293 IZ93M E T 20I~~000000OO 2IiS ~ 2O0O0O0 220S831130004 , 207115 (1000000 111071050505
F$.Y8y NUM BER • $2 911 . A I R C R A F T  ID • DC? DATE u 11/18 /75 TI ME • 13:12:3. — — - - - — -  - - —

0 29 129 ’OME T ZoI1100000000 ZIISo2000000 2205611350000 207 (15 (1000000 $11071050501
FLYBY N UM BER • $295. A I R C R A F T  $0 • PC? - DATE • 11111 /75 T IME a :3:140:3(1.-

o 295 1295NET 2ol’~000O00oo 2111ti2000000 22057322 (1000 201(1510000000 018162~ 70So1- F LY B Y NUM BER • *2,6. AI R C R A F T  $0 • 0727 DATE • II,1s175 TIME • 1 3* 2 9 :  • 
0 ~~~ I2?8NET 2011100000000 211502000000 22057e230000 20711511000000 111071 050505

FITlY NUMBER • J2~ 7. AIRC RA F T ID • DC? DAT E • 11/11/ 7 1 TIME a :3:3s:340 . ...

0 297 I2 ?1p ~Ey 201 (100000000 2I iS ~ 2O0flOOO 2206oi700000 20711511000000 0747~ o~ 7OS0S
!J.~YI!. NUMBER — $7~~~~_ 4I8 C R A FT ID • 070, DATE • I$/$ $ / 7 1 T IME • 13:’o3:la- ----——-—- ---—-—----—--—---

0 298 I2 ?AMC T 2n,’IOOOOoOfla 21I502000000 220804600000 207115 (1000000 07674I147oS05
‘ITS! NUMBER • 1299. A I R C R A F T  ID — 87 (17 DATE • 11/ 11/75 T IN E 13 *53138 -—

0 299 129 9M1 T 
- 

2011100000000 211502000000 22o~~so7Soaoo 207’oSMOOo000 076762670505
FI.YSY NUM BER • $300. A I R C R A F T  ID • 0727 DATE • 11/1 1 /75 TI M E • l3 S B ; I 8 . . ~~ - - —

O 3oo I300MET 20$1100000000 lISoZ000000 22o6111’s011000 20711511000000 0161~ ’0o,o5o5
- FLY Sy N UMBER • 1301 . A I R C R A F T  ID • 07117 D AT E ! 11/11/75 TIME , is: s:5i .

30$ I)OINET - 
201’lOOOOOOnO 2 l i 5 ~ 2O~ flDO~ 220415660000 20111511000000 0747ê2~ 7O1O5

FLYBY NUMBER • 1302 i A I R C R A F T  ID — 0727 D ATE — 11 111 /75 TIM( S $(1$ ~~ j 40 - —
- 
0 3~~2 1302M 1T — - 

20I~~000000oo 211102000000 220616800000 201115 (1000000 I 11071050505
FL YB Y NUM B ER • $303. A I R C R A F T  ID • OCT DATE • 11 ,15175  T I M E  • I11 ;Io;~~o - . _  -—

0 303 I3O3~ ET 2011100000000 211502000000 22~ A I73 000flfl 201115 (1000000 D7’7aoa ,~ SOI
F L Y S T  HUMMER • I3O ~~t.a IRc R A F T  ID .. 0707 DATE • II,I$/7S ~ T 1ME  • 140:1 21— c —

~~ ó 3ø~t 0.)0’OMET 2oI~~o000o0oo 211502000000 2206223 (1(1000 20711511000000 II$0710S0505
FLY SY H U M M E R  • $305. A I R C R A F T  ID • DC? nA TE • Il/IS/il TIM E • 111 :18:33 -—

Sample output for catalog ing meteorological data. There are two lines of output -
for each flyby.

Line !;

Internal program information printed for  debugging purposes .

Line 2:

Information on flyby being cataloged .

C-3
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Table C -I  (Continued)

It 0C! 76 ENT ININ S Op SI, N IT AND PN (0 CONRESPOND IN S TO NET TAPE J•i I
— 

$USN0UT IN~ SRSDRD 
— —

U?.0000 119.0000
__

~i1.O000_ 401aO0OQ - _____________________________________________________
1 19.0000 119.0000
(11.0000 (11.0000 - - - - -  —----- 

lI?.0000 119.0000
115.0000 115.0000 -  __ .--- _- - —--_----— ———

I 783 13200.KSD 20I4000000000 ZSI1OZ000000 2201111600000 20140140000000 SIIOP IOIOIOS
__3*.3000 31.0000
10.0000 70.0000
35. onno 35.0000 - . - -  - -
10.0000 70.0000
35.0000 35,0000 - - - —-  - -

70.0000 70.0000
- I 2811 l2201.R.o -2O&SO00OOOOa---&341Sl0DOOQa-3lu44-l4Z pep4o7lsIisppI~~ •767i,p~jp1u
16.0000 56.0000
311.0000 340.0000 - . - -  ______ . .

18.0000 56.110010
340.0000 311.0000 — . ._  -

1e.000o 54.0000
311 .uOoo 311.0000 . - -_ _ -._ -_- —  —

I 285 13206Mb l0I(100000000 llIIOl000000 210406401040000 10740110000000 11101D010101
81.0000 85.0000 . - —

- 11.0000  62.0000
I %. 0000 15.0000 -- . - - -  - ~~~~~~~~~ _ P

(0.0000 *0.0000
81.0000 85.0000 __

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

10.0000 10 .0000
I 756 13204.N*D ZOI4000000000 ZIlIOZ000050 ZZoShIl3S000 207401*000000.$-I l•705loI5&--_

23.0000 23.0000
111.0000 115.0000 - - -

23.0000 23.00010
118.0000 115. 0000 ._ - ________________

23.0000 23.0000
111.0000 115.0000 - - 

I 28.7 13706N.D 2OI400J000000 2II1o2000000 1201021211000 20710111000000 111070010101
102.0000 (02.0000 -- - - . - - -_  ---———— - — — -- — — — —

23.0000 S?.0000
*07.0000 *02.0000 - ______ - _ _- - - -~~~~~ __-——_- - - - - -  —_________________________________

37.0000 37 .0000
102.0000 102.0000 - . — — — — ~~~~~---— ——--— —-—— -

37.0000 37 .0000
I 2Mb 13 206R80 20I(100000000 2$ $102000000 22010401740000 2074014000000-074765470&o5 -

II~~.00o)0 I I T . 0 0 0 0
- 
140.il000 112.01000 - - - ——

ll~~.0 o001 119.0000
22 .0000  22.0000 . -- - - - - ._ .  —

II~~.00 nt? 119 .0000
22.00010 22.0000 - - — —

I 259 1320.RSD 20I(100000000 2Iiso2oo ~ oeo 2 205041130000 20710111000000 11I011010105
2..o~Cro 28.0000 - - - — ____________

1~~.u- ’ bo 59 . 0000
2 8 . 0 0 0 0  25 .0000  -

Sample output for cataloging ground wind anemometer data. All information
is for debugg ing purposes.

C-4
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Table C- i  (Concluded)

12 aCT 74 INT IRINS Or SIs N IT AND P110 CONR ISPONDINS TO NET TAPE ~.TI

SUBR OUTINE PRIDRO

1I.00~~ 911.0000

13.0300 91.03010
117.0300 -- 71.0300 -- — — — — — - —----—-—-~~~~~~~-

44.81100 *7.84000
38.8*00 48.81100 .__ -__ -— -— - — - — - — -— — - — - — -—- - — — — - -——-- - —

35.5600 71.5400
57.5600

$ 283 I3ZOPRED 201400000000 lIl10l000000 2201111e00000 2074110000000 $I$071010101
41.0000 121.0000 ~~~~~~

_ _ ._ _______ __________ _________________

210 .U000 125.0000
é4.’801~ 128.9000 - - 

22.9bo0 128.9800
._56.9700 --128.9700-

210.9100 128.9700
37.6~ oo *29.6500 — --——- - —  —— — - - - — -- — ——- -- - - - - —- _ _ _ _ _- —

123.6.oo 179.6500
I 2 810 I32O PRED 2014000000000-ll(102000000---220404$320000—3024$4.05 5000 •7A7~ p u e s —

~0.0o~ o 128.0000
A S.Uuoo *28.0000 .__ . -- - _ _ _-___

~~~~_ ________—

3o.8oo~ *28.8400
6 4 0 . 86 0 0  *211.8600 . — . — -  — 

~~~~~~~ *20.7000
311.7000 (08.7000 _~~~~~~ ____________________——  _____________

116 ,8200 112 .8200
78.8200 66.8200

$ 28.5 I320PaEO 201400000000 31I102000000 2204440 (1$000 20711111000000 $11010010101
ZS.000o 12B .0000  .

‘4.0000 (28.0000
34.8800 128 .8100 - 

- - ______

72.8800 (28.8800

~~~4~ ’9oa 128.4900
38.6?00 12e .e9oo
54.7500 128.7500 - -  - -  -—
36.7500 *28.7500

I 286 I 3200’O*ED .ZDI~~0O0OOOO0 2li1O2000000.ZZo ieIzasoo ZO7I$s000000 i31o,0010101
110.0000 178.0000

- ‘~~.0O00 *28.0000 _________

400.8700 *28.8100
•;.8?o0 *28.8700 _ - ._ ~~~~~~~ -

110.4700 128.6100 -

45.6700 128.6700  —-
38.7100 121.7100 -

- ~~ ‘7l0o 120.7100 -~~~~ —- --
287 I32O PRED 2014000000000 2I$102000000 2201021240000 2071114000000 1I1070010101

40.0000 118.0000 ..

104.0000 78.11000
S7 .o’oo 11 3 . 01100 - - — - -  - - - -————-- -—— -

~~~~~~~ 75 .01100
30.9100 I02 .blflO •— -- -  - -  -

36.9100 68.?I00
37 ,7100 81.7700 -

Sample output for cataloging calculated vortex trajectories . All information
is for debugg in g purposes .

C - 5/C -6 



r — - - - - -

~~~~~~~~~~

-

~~~~

—-—
~~~~~~~

- 
~~~~~~~~~~~~ — — ~~~~------- - --

A ppendix D
SAMPLE DATA MANAGEMENT SYSTEM RUN

FOR GENERATIN G A DATA REPORT

The procedure for generating plots and summaries of the cataloged

vortex tracks and meteorological parameters in the form of a data report

is illustrated in the following sample run. Initially, the DMS program and

data base is loaded into core and disk. The input to the VORPLT routine

is read in and printed out. The output from the data report run consists

of the ind ividual data reports for each flyby, discussed earlier in Section 2,

as well as the printout from the VORPLT routine showing the status of the

plots.

D- I
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TableD-i
SAMPLE OUTPUT FROM DATA REPOR T RUN

30 OCT 71 PLOT OF FLYBYS 3240—1320 

— — 
~~~~~~~~~ 1~ P~T c ~ROt

VO R P L T
12 400 1320 _ 

~~6~0O.O 
- 

~~óo.o Th.o 200.0 0.0 1110.0

—500.0 600.0 . ..~~~.O. . . 200..Q__ _~~,D _ _~~~ P,9 _ _~~~~~ - ——

—SDO .0 600.0 0•0 200.0 0.0 140.0
—100.0 100.0 - 0.0 _ 00.0 ~~~~~~~~~~~~~~~ 140.0 

(NO

Input Data Cards

Line 1:

Program module to be executed (VORPLT )

Line 2:

Flyby number to begin plotting and f l yby number to stop plot ting.

Lines 3-6:

Parameter limits for plotting for baselines 1. 2 , 3 and 4 (in that order). Reading
f r o m  lef t  to right: Minimum latera l position , maximum lateral position , minimum
altitude , maximum altitude , minimum t ime , maximum time .

- A  
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Table D -1 (Co:Ac].uded)

SUM MARY OF DATA PLOTTED FOR FI.YOY NO. 1240 1
••SERROR *SS JNCORRE CT SENSOR ID MA C _~~_ _ _ _ _ _  _ _ _ __ __ —_______________

•*SERRORS *I INCORRECT SENSOR ID M A CC 2
•b *CRROR8.S INCORRECT SENSOR ID TM ON
•**(DROR*.* INCORRECT SENSOR ID FS CA T

SENSOR TYPE PRID MOA SE .0
SENSOR TY PE 6PWD X BAS E .0

N0~ PLOTTING FR AN C 1 _________ _____

NO U PLOTTING F R A M E  2
N OW PLOTTING FRA M E 3
•s*CRROR* ** INCORRECT SENSOR ID M A C C L
* e . (Q~~0 R* * *  I N C O R R E C T  SENSOR ID MACC ? 

- ________________________________________

*$ .ERRO HSS .  INCO R R E CT SENSOR ID TM ON
S*SEQR ONS.* INCOR R ECT SENSOR 10 F SCA T

SENSOR TYPE PRCO XB AS C = —650.0
N O~ P10111 *0 6 F R A M E  1 ____________

NO W P L O T T I N G  FI~AH E 2
NOW P L O T t ING F R A M E  3 - - - - -  --
•s* (RROO(eb * INCO RR E CT SENSOR ID M A C C l
I S S C R Y O R S A S  I N C O R R E C T  SENSOR ID MACC?
..sERR Oil..b I N C O R R E C T  SENSOR ID T M C’ 4
**SERR OI~*** INCOR R ECT SENSOR ID E SCAT

S E N S O R  TYP E PRED Y BASE —isoo.D 
— -

SENSOR T YPE GRWO XB A SE = —1 5 00 .0
NOW P L O T T i N G  F R A M E  1 

- —-

NO W PLOTTING F R A M E  2 - - - - - -  - - -
NOW PLOTTiNG FRAME 3
• .* (4 0 4 0 0 R . S *  I N C O R R E C T  S ENSOR ID M A C C  1 - - -
• S b E 4 0~~~OH* *.  INCORR E CT SENSOR II) M A C C ?
•..ERROoi*.. INCOR R E C T  SENSOR ID TM ON _______ _______

•*$CR 2OR*b * INCORRECT SENSOR ID FSCAT
SE NSOR TYPE PRED Y BA SE —2800.0 - - -
SENSOR TYPE GRWD X BA S ( —2800.0

NOW P L O T T ING FRAME 1
NOW P L O T T ING FRAME 2
NOW PLO T T I N G  F R A M E  3 P

Summary of printed output during data report generation. ERROR indicates no
available data for sensor called. When a senso r type is successfully called , it
is identified with the corresponding baseline locations .

D-3/D-4
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Appendix E

SAMPLE DATA RETRIEVA L RUN FROM
DATA MANAGEMENT SYSTEM

The procedure for retrieval and analysis of vortex t ra jectory and

meteorological information from the DMS data base is illustrated in the

following sample run. The sample shown is the retr ieval  used for generating

the plots shown in Figs.63 through 65. Calculated vortex trajectories based

on measured values of initial vortex altitude, initial vortex vertical velocity ,

and initial vortex horizontal veloc ity are to be generated and compared with

measured vortex trajectories.

The user must w r i k~ an analysis subroutine (called SUMST) to perform

the required anal ysis. The subroutine for the sample retrieval is shown as

Table E- 1.  C omment cards with as te r i sks  describe general information

needed to perfor m retrievals and conduct analysis of the retrieved information.

Comments without as ter isks  contain information related to the part icular ex-

ample shown in Table E -l .  The input data cards are shown in Table E -2 .

The printed output is a list of the requested data access keys. A sample for

the data access keys shown in Table E-2 is shown in Table E-3. Additional

printed output may be specified in SUMST. Graphical output is specified in

SUMST. All of the computer-generated p lots in this report  (except the data

report plots) were generated by specification in SUMST.

E- 1
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Table E-l

ANALYSIS SUBROUTINE LISTING FOR EXAMPLE OF DATA
RETRIEVAL USING THE DATA MANAGEMENT SYSTEM

8 .)UTIN~ su.i51 INVALU)
C
ç** ~~j~iST )~~ T~-i~ ~~~~~~~~~ F I ~ s~~~ ANM_ Y 5)~~ ~~~~~~~~~~~ ~~~~~~ l~ ~~~~~ . T
ç** Tb-.E GI-’.N lN~ Jr~ LVE~..Y ,

~tJHlc.VAL ~~~T, ~~~~~~ l~~ Ti-~~ ~~~~~~~ jF DATA
C** AC~~~.~S .dll’s IL) d~ TNA~~~MITTED TO SUMsT.
C

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
1TIME (100.4.2),00ATAI100.4.4)

C
C** VOA TA IS, TH~ C~),4~lON SLOCI’. IN WHI CPI T RAJECTORY INFORt.iAT ION IS
C** $To~~~ ~p1~ N A VU~~TLX TkAJ~~CTU~~Y j utU FILL l~~ CULL~~O.
C*~ N~~ A* MAX IM.j .4 NUMbER OF P~~1NT~ iN A TRA~ LCTL)I~Y.
C** N~~ASE • NUMthEi~ OF bA5ELIN~~5 FCH WhiCri OATA .4~~ 5TUk~.3.
C** XAAA Y (1) • .~ I~~IANCE OF EASELIN~. I (I N A Oi.-.~~CTiUN PARALLEL I...
C*~ THE RON~ AY ) ASURE3 FHO~ bAS~ LI~~~ 1.
C** REZTI.~ (1.J) = V,JHTEX ktS1QEr~C~. TI f.L FO~-~ VoHTc.X ON ~~~~~~~~~ I.
C** J~~l FOR STAH~~OA RD VORTEX. Jr~~ FOR PO~.-T VOt~TEX.
C* L (FTIMU.J) • VORTEX LIFE TIME FOR V QRT LX ~ .N OAS~~L INE I. j~~(
C** FO~ STARbOA’~0 VO.~TEX. J~~2 F~~k PGHT VORTEX.
C** LN (1.O) ~bLN OF POINTS I.’~ THE VORTEX TRAJECTORY ON .AS~ LINc.

I. J~~i FL)A ~ TAR ~~OARO VC’~tEX . J~ 2 FOR P.-—T VONT~~X.
C** TI NE (1.J.K( • TIXES FOR ~N1CH VORTEX POSITION OATA ~~~ AVAI LA~~L~
C** FOR ~ A L l ~~~ I. c- I  F~~~ STARbLARO VORTEX. .(~~~~ FOR PORT VORTEX.
C** DDATA (1.J ..) VOkT~~X ~~~sITI Lr~. Lc~~~~ ~~~~~~ 1.. T 1X.~S IN

Ti ME(I.J,~.) FO-. DASE~..I NE .) . K~~i FOR STAR~~OAHO LATERj~L
pOSITi.m~. p 2  FOR STARbCA, 0 VU,~TE)( ALTITL.QL. P.~~ j  FUR POR T
VO~~TEX LAT~.RAl.. POSITI.JN. c-4 FUR PORT VORTEX A _ TLTOO~~.

C
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
1USTAR4(4).R000H1II4). UGR2( I.R006H4 (4I.VGRAO(4.14).RCH(,R4(4).

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

D1MENSI..~N T~~P ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,LLE(5C) , IOP (
~~O I .

I Y G P ( 5 0 0 . I G S( 5 0 I , ( ’- .S ,b 3)
C

~~~ MET (S THE L-J 40N D-.JC~- I~-. el- .ILh ,~l~~TLO LOU)CAO INF A T I O N  IS
~T~.-’-.ELJ gr-0~~ . THc ~~~T U.~TA )-IL~ IS CALLC.J. ~ AN~~T~~RS Al-.o
WEF (

~ 1~...
) I,’. TAL,LE 3.

C
U(MENsh..~. Tcj p ( 5 J ) .Y  (5O I .~~Mp(5O )  .iM~.’ 5 U) . YM~~(5L ) .~~ .1~~(5 O )
UIMENSIUN LAb TI12I.LA ~~Y (12).LA~~Z (12).VALU(2OI
DI MEI’SIUN LSIl5),YL,P1i5).Ys~~(1~~)
OL .ft~.NSI..~-. LGRL 21)
O1’iLNS 1- .~N LI i 1 J J) . V i t - . ( i O L J ,~~~, J T ( i O O ) . A T Y P E ( d ) . Y I , 1 (

~ , ) , Y P ( S 1 I . Y S ( S I I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
‘~ft.AL L~~~

C
C I’. (T (A o  V~~i- .TcA A L T I r L ) ES  Fo~. l-Ly~,ys ‘+~~0 — ~~II.
C

UATA Z ( / 1 b O . , 1 o J . . i 4 C . . i . . i - ~O. . i .. O. .1 t , t , . . i t~, s . . ) 75 . . i70 . .
1I05..1 7C.. 113. . U..~~OO..1 .. ij... )7~~, .i- ~O.. i’.C. ~~~~~~~~~~~~~~~~~~~

E-2 
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Table E- 1 (Continued)

3O. .17O.. IbQ, . l4~,.. l40 . .) .~~~..Ie0. . IO0. .16O. . (4Q. .~l0O.. i35..160..
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C
C INITIAL V l - ~T L C A L  VELOCIT IES F~.S-. FLYDYS A b i— S I) .
C

1 .—7.3V.—3.b9,--7.Qt~.—1 .bO .— ,~.94.—b .b7.—6.~~.—7.,,—J.è7 .—b .4~~.

4—i. .—6. 7 .—~~. 7x ,— i  1 .67 .—~~.4 4 .— 1 .4 i  . — i U . 7,
5 —b.45 ,—2 .V.—4.SI. 4.J7.—4.J~~. .i. . .—4 .iV.—O.I3.~~~.~~.—7.
6J9.39~ O./

C
C INITIAL CRO SSMTA )  FOR FLYbYS 4 5 1— S l i .
C

DATA y IN /—il . .0. ,—iS .V. — 7.9.—iO. .—lb.9.—b.e.—lO.9.—b .C. —iS.~~.—i b.7
1.—s. 1 .— b.7.—’ . .1.—7. 1 .—e .4.—4.d.—1e .6.—1o.3.—ib.~~.—b.I •—b. lt..—2.42.

S. 1l~~i~ s — I. ,—7.b. 1.04.5. ~~~~~~~~~~~ ,bb.b..S.S’J.2. I 4.4.O.b,.

C
C DATA FOR PWINT I ,~G SOUNDARIES OF VORTEX CORRIDOR ON GRAPHS.
C

DATA Zb/O. .10.,20..30..4C..50..6O..70..bO..9O..1O0..1l0..i~~O.. 1 .0.
1 • 140.1
DATA YbP/—153 . ,—IbO. .—150 . .—(~~O. .—1~~O ..—jbO ..— 15O ..—1bO..—I5O..
1—150. s—iSO. • — ISO . s— iso . . 150. .— 1S0./
DATA YsS/iS(’.,lSO., 1S,0..lS0..1SO..i50..(bO ..I~~O.. 1~~0..I50.. 100..
1150.. 150. • 150., 1~~0./

C
C GRAPH HEADING A..J LAbEL DATA.
C

DATA LGR/bHDcS FL.bRYby NL,.GH .bl•I 3AY.bH .6’-’ TIMc..~~~O
ill .SrIAIRCI4A ,ORFT TYP.ÔHE .411 .bh c~A5E,bl1L (Nc D.bH (s
2TANC.6HE .6r0 •6~1 FT .4HC •iNQ.bH /
DATA LA~ T/6HTI ,’l~ A .6HFTER A .6h11-1CRAF .61-IT PASS.OrIAC.E .7*011
DATA LAáYI6HUISPLA .6HCEFENT.6h FROM •6HRUNWAY.4H CENTE.6HRL (N~ .6*

1611 I
DATA LA d~ /6HALTITU .6HDE .iO*6H /

DATA ATYPE/611L1011 •6H5747 •bHb7Ol •6H~~7~~7 •6P1o737 ,6~1DC 1C •0
1HDCB .bPIDC9 /

DATA ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
RETURN
ENTRY SOMS)VA .O,,,VALL))

C
C*~ SUMS IS THE E~~TRY POINT AFTER EACH FLYSY AHICN SATISFIES ThE
C** SELECTI~~M CRITERIA IS FOUND. VA ~ U I~~ THE MATRIX OF VALOE~ FOR THE
C** R 3 u~~ST~.U OATS ACC~.sS KEYS. I-.VAL~ Is THE NUFuER OF DATA ACCESs
C** cEYs.
C

DL) 21 I= i .NVA LU
IF CVA LU (( ).EU.3.)VALO ( I) 1.EJC

~~1 CONTINUE
C
C ~.NCOOE INFJR~-~AT!oN FOR HEADINOS ON URAPNS.
C

ENCODE l9O~~,L~~RI3))VA LL01)
9~~l FORMAT (F5.CI

E-3
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Table E-l  (Continued)

IPIR.VAI-LJ (,,)/3b00.
l M l N = ( VA LU(3)~~3o~)O*IHR)/b0.
SEC .VA L U(3 )_ 3600* l h R—bC* IMIN
SEC IMI N ,.O1*SEC
ENCODE (9O2.LGRId))SE C

902 FORMAT ‘P6.2 )
ENCODE 09O4.L0~~I7) ) IHR

904 FORMAT ( 1 4 0
LORI l33~~VALU44)
ENCODE (901 .LGR ( 5 )  )V A L U (5 )
ENCODE (9O7.L O~I (2l))VA LU(5)

907 FORMAT ‘P6.23
0A~~Q.
ENCODE (906.LGA (lb))BA

906 FORMAT (P6.0)
C
C DETERMI NE A IACiT AFT TYPE FOR VORTEX IN IT IAL LA T~.MAL SEPANAT ION.

C
00 16 1~~1.b 

P

IF (VALU (4).E~~.ATYPE (I)) 00 TO 19

16 CONTiNUE
RETURN

19 Y P ( 1 ) — Y 1 N O I )
Ys 1 ) = Y ( N(  I )
IFY=VAL U( I )— 4 4 9 .~’
2 ( 1 0 = 2 1 0  IF Y )
GA F , . Z D OT ( I F Y )/ ( 2 . * Y S ( I ) / ( ( 2. *~~

( i ) )* * 2 + (2 . *Y 1 ) )* * 2 )_ ~~
S / ( i J J

15=1
V l = V 1N (  IFY )
T 0 .
0(1 ) YP( 1)
0(2) Y5( 1)
0(3)=Z Ul  P

~O 120 1=1.51
Ti 0 £ )  T
Y P( I)  = 0 0 1 )
Y$ I)=012)
ZO =Q (ZI ;

C CALCULATE voRTEX TRA JECTOR IES.

C
I t o  YU=GA M * ( 4 0 02 )— J ( i )  )**2/((2.*,~(3) )**2+ (O(2) 0( ()) **2))/(2.* .(3))

0-401 ) V 1— Y D
Oo( 2) -v I.YO
J 3 ) GA.~.*((4(2) .(1) ),002.*,..13) ) * * 5 + ( 0 (5 )_ ~_ ( 1 ) ) * * 2)  — l . / ( . , ( 5 ) — u ( i

I)))
C
C RU?-IGK Is A RO’0~ — KuTT A INT EGRAT ION ~L~ ,.OOT lN~ LI..TcD AFTER TNI~
C SOMR3L,T lIE .

CALL Rut-.c.KtT .4. ,,..OC.~~. 15.0DM)
IF ( 1 5 . 0 1 . 1)  00 TO 1 10

15 0 CONT INUE
C
C RrTNLL VA .. OF T ,.J~.C1Ok Y JsT.~ 1-011 LU SLVI VIOl I.

C
CALL ktOO~~& (5rILVANI • (ACT )

C

E-4
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Table E- 1 (Continued)

C** REDOSK RE TR IEVES DATA FROF, DATA FILES.
04* SHLVAN1 RETR IEV ES DATA FOR LASER VAN 1.
C** SHLVANS RET~0IEVE$ DATA FOR LASER VAN 5.
C** 4HGRWD RETRIEVES GROUND II)N0 ANEMOMETER DATA.
C** 4HPREO RE TR IEV ES CALCULATED VORTEX TRAJECTOR IES STORED IN DM5,
C** 3HMET RETRI~~V E5 METEOROLOGICA L DATA.
C*~ IACT 1 IF SE~l$JR IS A C T I V E .  IACT O IF SENSOR IS INACTIVE .
C

IF ( IA C T .~~o. Q )  S, ,) TO 55
NLP LN( 1.2)
DO 22 I 1.NL.P
TLp ( I )= T I . 4 E (  1,1,2)
YLp( 1) DDATA 1 1.1 .4)
SLP( I 1 L)DATA I 1.1.4)

52 WR ITE (6.800? X , T LP( I) . YL p( I ) , ZLP I I )
BoO FORMAT ( 14 . 3 F 13 .2 )

I’LS=LN( 1.1)
00 24 1 1.NLS
TLS( I ) T l i~~ I.1,fl
YL S( I ) DDATA ( 1 . 1 , 1 )
Z L S ( I I D O A T A  I1,1.~~)

~ 4 WR I TE (b.b000I.ILS(I),YL5 1).ZLS(l)
C
C RETRIEVAL S AJECTORY DATA FROM LAS~~R VUN ~~.

C
25 CAL,.. ~1ED0SK (~~HLVA N2.KACT ,

IF (KACT .EQ.3) uL) TO 30
NFcP=LN( I .fl
00 26 i.i,MMP
TMp ( I )=T1ME( I~ 1 .2)
YMp( I ) DOATAII .1,3)

26 Z M P ( 1 ) O O A T A I L , 1 , 4 )
NMS LN ( 1. 1)
DO as 1=i.NMS
TMS( I) =TI I ’iE I 1.1. 1)
YMS( I )  OOATA ( 1  .1 . 1)

1.8 Z ,’ (Sl i) L) DA T A Oj , 1 , 2 )

C RETRIEVAL OF GROUND WIN D ANEMO,dETER DATA.
C
30 CALL REDDSK(4H0R~~D.JACT )

IF (JACT .E0.0) 00 TO 50
NOP LN( 1.2)
00 32 l.j .NGP
TGP ( i ) T IM. ( 1.1,2)
YGP( I I SODATA (1,4,31

42 WRITE (6.dOO)1.T0P (I).’yGP(I)
NGSSLN I 1. 1 )
DO 34 I=i,No~
TG5( 1 ) T i1 - SE I  £ ‘ 1 . 1)
YGS( I )~~OOATA I I,1,u

44 WR IT E ( 6 . d 0 0 0 1 , I G S ( I ) . Y C . s I I
C
C PLOT VORTEX A o T I T O D E  VER.~,L... Ti,~E 0- -JR CALCO Al~.... MN,) fr~~AS0RLO
C TRAJE CTUM1E5.
C

50 L~~~~i
IF ( 1A C T . L L ) . -3) ~,j TO 00
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Table E- 1 (Conc luded)

- ~~~~ CALL OUIK.~~.{ - i . O. • i4O .,0. . 500.. b i  ,LMDT,LMDZ .NL P.TL P.ZL P)
CALL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
CALL Q U l K 3L (O . 0 ., i4 0 . .0 . .2 O O ..2 0 .L A b T . LA b ~~.—b i . T I . 2 )
IF (,(ACT.NE.O) CALL UOIK3LIO .0..i40..0..~~OO. .S4 .LAbT.LABZ,NMP .T ,~,P.

1 ZMP )
IF (KACT.ME .O) CALL 0L)IK3L (O.O.,I4O. .O..2OO ..b3.LA~~T.LAbZ.N$~~.TMS.

1ZMS)
CALL PRINTV U2b,LG M.5.i007)
CALL QUirC3L (—1,—bO0. .600..O..iAO..ui .LAbY .LAUT .NI_P .YLP.TLP )
CALL CUIKSL I 0 ,— 6 O O . .6 O O . . O . s i 4 O . .~~O.L4oY.L MoT ,NL~..YL S , .T L S )
CALL UUI~~3 L ( O , — 6 3O . .6 0 O. . O . .i 4 O . . 2 O . LA ~~Y . L A e T . — b i . Y P . T I )
CALL i.IU1.<3 L(0 , 600.,600..O..i40 ..40.LAOY .LMbT ,—bl .YS.TI)
1F (KACT.N E .O.) CALl.. UOIK4L (O . 600 .sbOO ..O..140..34.LMcY .LAOT.NMF .Y

iMP. TMP )
IF(KACT .NE.O.) CALL (,iL)IK3L (O,—600..400.,O .,i40..54,LACY.LMDT.NMP.Y

iM S,TMS)
L 0

60 IF (OACT.EQ .0) Os) TO 80
CALL OUIK3L (L ,—b0O..4CO .,0..14O. .Si.LAoY.LMOT .NGP .YGP.TGP )
CALL QUIK3L(O ,—630..600..O .,140=,24.LAbY.LAbT .NG ..YGS .TOS )
CALL QUIK3L I J ,— 6 O O . .~~O O. .O . . I 4O . .  i4 . L A DY . L A O T . 1 t . Yà P .Z S )
CALL UUIK3L 13, 600..600..O..)40.. )4.LAQY .LAOT.15.Ys,S.Zb)
CALL PRINTV 0 1 2 b .~~G R . b . IO 07 )

80 CALL UU IKDL (O,~~600..6OO.sO..l4O ..l4 ,LAbY .LAbT .L).YoP .Z0)
CALL (8JIK3L I,j,—SOO. .EOO. .0, .140.. 14 ,LAOY .LAOT .is.YbS .Sbp
CALL PRIMTV I126 ,LGR.b .1007
RETURN
ENTRY CuRR (NVA ~~U)

C
C** CDRR IS THE Es T RY POINT AT TIlE EN,) OF THE RETR i~~VAL (A,IEN MLL.
C*~ FLYBY S WHICH MEET THE SPECIFILO $LLECTION CRITLRIA HAVE BEEN
CCC FOUND),
C

RETURN
cND

‘FUR.LS RUNG1.RONG 1 RUNOOI300
SUBROUTINE R U l ’ , O A i X * OX • Y . O Y . N . I~~ .DOi4 ) RUNUCOI O

C RUNGE—MUTTA METHOD FOR SOLViNG DLFFERcNT (AL EL.0ATION~ RON6002D
C ARGUMENTS RUN0003Q
C X INC ZPEHDE. T VAR IAb LE
C OX STEP SILE FOR X RUNGQO5Q
C V DEPENDENT VAR IABLE
C DY RATE OF CHA NGE OF V W ITH RESPECT TO A CHANUE IN X RUNGOO7O
C N NUMBE11 OF DEPENDENT VA RIAuo~~S
C DUN WORKING STORAGE
C IS IN,) iCA T~~5 PASS ( ‘ 1  F IRST ~~ sELuNo .~~ Th IN,) .~e FOORTnI ..UNOOIOO

0I1-IE~.O.IuN Y (N)~~JY(N).0s)s~ (4•N)•OT*S)(4) RUNGO1IO
DATA DTWU I.,..3, ). / RUNOOISO

C ENTRY RUNG RONUOI3O
I F ( I$ i )  20 , 2.8  RUN~~Q i40

2 00 5 1 1.N RUNUOISO
S DUM(4.I).Y (I) RsjNGOIbO
d GO TO (6.lS.6.1,I.IS RiJNGOI7C
6 X X+.5*DX RUNGO 1dO

iS 00 10 I~~ I.N RUNGO I9O
IF(IS—3) 1 6 . 1 0, 4 7  RUNOO200

16 D u M ( IS . i )= Dx ~~,J Y I I 1  RUNOQ21O
Y ( I ) = O U M ( 4 . I ) + 0 o . I ( I s . I ) . ~~1WO i s )
Go TO 10

1 7 Y ( I) SO U M (4 . I )+ . I5 4 6 6 a o b 7* ( s , ) f r I I . I ) + s . *ooFl )~~ . I )+ 2 . . J U M)o . l )+ 0x. RI0N00240
$ D V ( I ) )  RUNVO2SQ

10 CONTINUE RuNOQSÔQ
..O 15= 15+1  R0N00 270

JF(IS.GT.4) 13=1  RUNGOS8U
RETURN RsJNGOE9O
~NO
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Table E-2
SAMPLE INPUT CARDS FOR EXAMPLE OF DATA RETRIEVAL

USING THE DA TA MANAGEMENT SYSTEM

1
I)- ~~~~~~~~~~~~~~~~~~~~~b T i ~~~~j~s u 1~~~L r T  V-~~~

P (3F i ’~) . 2, A~~, o X ,  F i - ) . ~ )

Card 1

Number of Retrievals to be Conducted (Col. 16)

• Car d 2

Logical IF Statement by Which Flybys to be Included in the Analysis
• are Selected.

Card 3

Number of Data Access Keys to be Printed (Col. 5) and List of Data
Access Keys to be Printed (Cols . 11 , 21 , 31, 4 1 , . .  . ) .  List of Data
Access Keys May be Continued on a Second Card, if Necessary.

Ca rd 4

Format in Which the Values of the Data Access Keys are to be Printed.

E-7 
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Table E-3

DATA OUTPUT FOR EXAMPLE OF DATA RETRIE VA L
USING THE DATA MANAGEMENT SYSTEM

A SEARCH IS Bf : I N G  PERFORMED B A S E D  ON THE FOLLO )UNG L061C S T A T E M E N T
IF ( R U N N O . E 0 . 4 5 1 . . T 0 . 5 1 1 . )

RUNNO DAY TIMEDA AIRCFT V— 40
451.00 136.00 49266. DC9
452.00 136.00 49885. B707 **********
453.00 136.00 50219. B727 **********
454.00 136.00 50316. 0C9 —13.78
955.00 136.00 50862. 8727 **********
456.00 136.00 50995. 0C8 —15.09
457.00 136.00 52235. B747 —9.40
458.00 136.00 52382. 8727 —13.39
959.00 136.00 52503. B707 —10.68
460.00 136.00 52716. B747 ********** P

461.00 136.00 52990. DC9 —14.52
462.00 136.00 53790. VCIO ********** P

463.00 136.00 53919. 8747 —7.1-1
469.00 136.00 54087. 0C8 —6.47
965.00 136.00 54211. 8707 —4.34
466.00 136.00 54345. 8707 —3. 97
467.00 136.00 54646. B727 —10.38
468.00 136.00 54791. 8727 —13.62
469.00 136.00 54902. L iOl l —9.79
470.00 136.00 55115. 8727 —15.49
471.00 136.00 56379. 0C8 —5.98
472.00 136.00 56475. 8747 —5.88
473.00 136.00 56602. 8727 —6.32
474.00 136.00 56750.  V C I O  **********47 5.00 136.00 56821. 8747 —8. 4 6
4 16.00 136.~~O 57000. B7 4 7 — 6.89
477 .00  136.00 5722 8.  B iD?  — 6 . 1 5
918.00 136.00 57367. 8727 —4.69
479.00 136.00 57444. DCB
480.00 136.00 51581. 0C8 —7.49
481.00 136.00 58016. 8707 — 5 . 4 3
482 .00  136.00 58230.  8727 — 9 . 4 4
983.00 136.00 58396. 874 7 —8.26
4 84 .00  136.00 58635. B7 4 7  — 9 . 6 0
485.00 136.00 58877.  8727  **********
486.00 136.00 59019. 8727 *****.****
487 .00  136.00 5 9 1 2 7 .  8727  **********
488.00 136.00 5 9 2 1 4 .  OC S

E-8
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Table E— 3 (Concluded )

‘e 89 .00  136 .00  59346. 8747 * * * *. * * * * *
‘490.00 13 6 .Ce O 59453 .  874 7 *********$
491 .00  136.00  59602. CC8
‘49 2 .00  13 6 . U f l  59695. 8707 **********‘493.00 136.00 59806. O d D  **~~~~~~ **~~~
494.00  136.00 59914 . 2 E PP **********
995.00 136.00  60028. B70 7  **********
496.00 136.00 60133. B??? **********497 .00  136.00 60228.  DC9
498 .00  136.00 60383. O d D  **********499.00 136.00 60522.  8707 **********
500.00 136 .00  60661. 8747 •*********
501.00 136.00 60891. 8737 *$******~~*
502.00 136 .00  61 137. 8701 1.04
503.00 136.00 6 1 2 4 2 .  DC8  1.01
5 0 4 . 0 0  136.00 61348.  8707 — 2 . 9 3
505.00 136.00 61488. L i O l l  3 .76
506.00  136.00 61554.  B 7 4 7  5 .59
507.00 136.00 6 1686.  8727  **********
508.00 136.00 6 1 7 7 2 .  87 2 7  4 .86
509.00 136.00 63850. 8747 4.01
5 10.00 136.00 61945 .  L I U II ‘e.69
51 1.00 136.00  62O~~3. 0C8 14 . 4 8

I
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Appendix F

• REPORT OF INVENT IONS

The purpose of the work performed under this contract
and reported herein was an analysis of aircraft wake vortex
data measured at Kennedy International Airport in Jamaica,
New York. The work included the formulation of a computerized
data management system for effective retrieval of data and
the analysis which used the data management system for
selective retrieval of data. Because the purpose of the work
was analysis of existing data, no innovation, discovery,
impr o- ement , or invention was made.
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