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PREFACE { ‘ ' !

One of the primary causes of aircraft delay 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- 1
partment of Transportation initiated a wake vortex research program in the ‘

early 1970s. 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 design 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. Thus, the questions to be answered are: What are the vortex

characteristics which are relevant to the design of an effective wake vortex

iii




avoidance 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 elements 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 accomplished 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 aircraft 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 aircraft operations (Ref. 1), increased traffic delay will occur unless the
landing and takeoff capacity of major airports is increased. Delay is a nonlinear
function of aircraft demand and increases very rapidly as demand approaches
theoretical runway capability. Although the physical expansion of existing air
terminals is limited by environmental constraints, economic constraints, and
available land (with consideration given to 5000-ft separation between independent
parallel ILS runways); increased numbers of aircraft operations can be achieved
by decreasing the longitudinal aircraft spacing between successive operations.
In order to maintain safe aircraft 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 runway threshold,

The purpose of the work described in this report was an analysis of wake
vortex data collected at Kennedy International Airport (JFK) during 1975. The
analysis was intended to evaluate the design options and to determine the opera-
tional characteristics of a WVAS in an operational 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 aircraft wake vortices has been known since
the beginnings of powered flight, it is only recently that operational problems
associated with the phenomenon have been experienced. All aircraft generate
trailing wake vortices as a result of generating lift; however, the potential
danger of encountering these wake vortices has only recently become apparent.

Aircraft wake vortices now constitute one of the major problems confronting

the air traffic control system.




Before 1970, landing aircraft 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-747, DC-10, and L-1011)
and the increasing number of aircraft operations at the major airports, the
wake vortex problem has taken on increasing significance. The vortices from
heavy aircraft can present a severe hazard to smaller aircraft which inadver-
tently encounter the vortices; the following aircraft can be subjected to rolling
moments which exceed the aircraft roll control authority, to a dangerous loss
of altitude, and to a possible structural failure. The probability of a vortex
encounter is greatest in the terminal area where light and heavy aircraft
operate on the same flight paths in close proximity and where recovery from

an upset may not be possible because of the low aircraft altitude.

Accordingly, the solution implemented by the Federal Aviation Admin-
istration (FAA) in March 1970 was to increase the separation standards
behind the heavy jets (a heavy jet has a maximum certificated takeoff weight
of at least 300,000 lb) to 4 nautical miles for a following heavy aircraft
and to 5 nautical miles for a following non-heavy aircraft. The United Kingdom
took similar measures, and in April 1975 implemented a 6-nautical-mile spac-
ing for non-heavy aircraft 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 aircraft with a maximum certif-
icated takeoff weight less than 12,500 Ib. However, these increased separations
led to additional delays and decreased the capacity and efficiency of the airport

system through reduced runway utilization rates and increased fuel consumption.

The FAA has a broad objective to increase the airport and airway system

capacity by 1980 and to increase current capacity five-fold by 1995. Potential




capacity relief through construction of more air carrier airports or addi-
tional runways at existing airports is not economically feasible. The need
to increase the capacity of the nation's airports and to increase protection
against accidents has led to a program by the FAA to develop an Upgraded
Third Generation air traffic control system for the 1980s (Ref. 2).

The success of this system is dependent upon the developfnent of tech-

niques for reducing the longitudinal separations required to avoid the hazard

from trailing wake vortices, particularly behind heavy aircraft during approach

and landing. It appears that airports can achieve a two-fold capacity increase
with the Upgraded Third Generation improvements, such as dual runways, im-
proved landing aids and data acquisition 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 capacity; but the wake vortex problem must be

solved before these advanced aystems can be used to their full potential.

An excellent summary of the current state-of-the-art understanding of
the aircraft wake vortex phenomenon and the results of the United States pro-
gram to minimize the restrictions caused by aircraft 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 this

section are contained 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 aircraft
and flight parameters on vortex roll-up and vortex strength. Criteria 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 structure using tower-mounted




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 different 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 atmospheric turbulence (Ref. 9).

In the mid 1970s, much attention was given to an understanding of vortex
transport. Brashears and Hallock (Ref. 10) developed a model of vortex trans-
port which included the effects of ambient wind, wind shear, and buoyancy on
vortex transport. The influence of the various meteorological parameters

upon vortex transport 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
1970s. The first 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 Wind Vortex Sensing System (GWVSS, Ref. 12),
the Doppler Acoustic Vortex Sensing System (DAVSS, Ref. 13), the Monostatic
Acoustic Vortex Sensing System (MAVSS, Ref. 14), and the Laser Doppler
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 aerodynamic minimization, which
was an attempt to decrease the strength of vortices or induce early vortex
break-up by aerodynamic modifications to the generating aircraft. Reference
18 contains a summary of aerodynamic minimization techniques which have

been tested.




The elements of the wake vortex program described above have been

= conducted in a research environment. The conducting of these elements in
a research enviranment has been based upon the axioms: (1) 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 operational 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 |
effecting the transition 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.




1.2.1 Vortex-protected Corridor

If there is no vortex in a region near the ILST 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 following aircraft. 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 runway
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
aircraft position about the localizer centerline (30 = 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 focus of
this report is vortex behavior in ground 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

aircraft passage) during 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
centerline of the glideslope from the outer marker to the runway touchdown

zZone.




For vortex transport, the downwind vortex almost always exits 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 time 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 mcchanism 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 physics 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 analytic




models is extremely important. Such a model may be used for identification
of the important mechanisms and parameters of vortex behavior and deter-
mination of the limit to which calculated vortex parameters will agree with
actual vortex parameters. In addition, a good deterministic analytical 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 analytic 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 forecast meteorological parameters or may forecast vortex behavior based
on previous history of vortex behavior. It is noted that 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 "predictive' is synonymous with forecasting.

Since predictive models always imply forecasting, predictive models
are always probabilistic. Future events can never be forecast with absolute

certainty.
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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 strength and initial 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 simple
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 included 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 from the momentum equation written in terms of
the vorticity. Replacing the kinematic viscosity v with the sum of an eddy

and kinematic viscosity, the circumferential velocity is

e “E ll _e-rz/4(u+c)t] : (1)

2nr

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

eddy viscosity obtained from Owen (Ref. 22).

A series of flight tests was conducted to verify the model using B-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.
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Vortex tracks were recorded photographically and by ground wind
sensors. NAFEC has a 140-ft tower instrumented with hot-film anemom-
eters, colored smoke dispensers at 20-ft intervals, and meteorological in-

strumentation at five levels. Smoke was used to visualize the vortices.

A 35-mm camera was positioned 2000 ft from the tower on a line nearly
normal to the prevailing wind direction. Photographs were taken every
second, and the vortex tracks were obtained by examining each photo and
locating the vortices by scaling photographic distances with known distances.
Gill single-axis propeller anemometers were arrayed on a baseline near the

140-ft tower to measure the wind component perpendicular to the aircraft

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

a distinctive signature superimposed upon the background wind.

Figure 1 shows a typical cross-sectional vortex track compared with
a calculated track (Ref.23). The wind was determined by a least-square
polynomial fit to the mean wind averaged for 2 min before the aircraft
passage. Figure 2 shows the ground wind track 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 aircraft
flyby and ""after' denotes the two minutes after the flyby), and a power law
profile fit as used in Fig.1l. A power-law fit to the mean wind consistently
produced the best agreement with the vortex tracks. After about 90 sec the
upwind 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.
The differences between calculated and measured vortex tracks consistently
fell within the computed uncertainty in the transport due to random fluctuations
in the wind (Ref. 23).

When comparing the calculated time for a vortex to strike the tower
with the actual time, the calculated time is often less than the observed time,
especially for older vortices; calculated sink rates based upon elliptical
loading assumptions are less than measured rates. At least two mechanisms
have been suggested as the cause of the discrepancy: deviations from
a clean wing configuration and buoyancy effects leading to decreases in the

rolled-up initial vortex separations (Ref. 23).
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The vortex sink rate for a wing having an arbitrary spanwise loading
distribution is given from momentum conservation for a wing of span, b, by
-CLU
dz/dt = —T—w— (2)
4rK~ R
where CL is the lift coefficient, Uoo is the flight speed, K is the wing spanwise
loading coefficient, and R is the aspect ratio. For wings with inboard flaps, the
root sections tend to be more heavily loaded; K is less, and hence the vortex

sink rate is higher.

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 higher altitude for large shears and the downwind
vortex higher in light shears. In a light 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 detrainment of the vorticity, 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 difference in density
13




encountered during the descent of the vortex pair through a stratified fluid.
Even for the case of no initial density difference (no engine exhaust entrain-
ment), a difference is produced by the low density in the vortex core as a
result of centrifugal motion of the air. An additional density difference can
occur if the nearly adiabatic compression of the wake oval is different from
the stratification of the atmosphere. Buoyancy generated in this manner
alters the circulation through the Bjerkness relation; however, the manner

of alteration 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 Avoidance
System

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, First, there are many meteorological condi-
tions for which vortex considerations do not constrain aircraft separations,

An accurate analytic model allows identification of those meteorological con-~

- ditions. The analytical model provides a theoretical basis for certification of
spacings used. The model may be used in conjunction with empirically derived
data. Certification criteria which are based on theoretical considerations and

supported by empirical data have a greater credibility than criteria based on
empirical data alone.

Second, in an operational WVAS, an analytic model is necessary for
the selection of optimal spacing standards, based on current or fore-
l cast meteorological parameters. The Vortex Advisory System (VAS,

Ref.27 and discussed further in Section 1.4.3) allows either uniform 3-nautical-
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mile spacing or 3/4/5/6-nautical-mile spacing (defined in Section 1. 4. 1), but
no intermediate spacing standards. An accurate analytic model would allow

an intermediate spacing standard to be used.

Third, certification of aircraft spacing must provide protection from
anomalous vortex behavior. Therefore, both theoretical and experimental
approaches to vortex behavior are appropriate to identify the conditions under
which extremely long vortex life can occur. An analytic model can be used
to identify 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-
tem is to forecast wake vortex residence times and safe aircraft separation
distances based on known aircraft parameters and meteorological conditions.
The aircraft 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 aircraft delays. The functional 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 aircraft parameters to compute and forecast the safe aircraft 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
pilots 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 predictive model plays a dominant role in the WVAS, it is
essential that the reliability, acc uracy, and operational characteristics 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 aircraft spacings which ensure
safety from wake vortices lingering in the approach corridor and which also
minimize aircraft delays. Aircraft 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 constraint, and delay is the index of performance. Under the current FAA
3/4/5/6-nautical-mile separation criteri.on? 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 1s available. A WVAS will perform two
functions. The first is the prediction of vortex residence time based on
measured values of meteorological parameters and/or based on recent
measured vortex behavior. The second function is the detection and/or

tracking of wake vortices.

1.4.2 Characteristics of Aircraft Delay

In order to gain an understanding of the manner in which a WVAS
decreases aircraft delay, it is instructive to consider the characteristics
of aircraft delay. For the purpose of gaining such an understanding, the
equation for delay for a single runway in steady state can serve as an indi-
cator of the characteristics of delay of landing aircraft at airports. Air-

craft delay is technically defined as waiting time in the queue, and average

by 4-nautical-mile separation for a heavy aircraft following another heavy,
5 nautical miles for a large aircraft following a heavy, 4 nautical miles for
a light aircraft following a large aircraft, and 6 nautical miles for a light
aircraft following a heavy. All other spacings are 3 nautical miles. Heavy
aircraft are defired as aircraft with a maximum certificated takeoff weight
of at least 300,000 1b. Light aircraft are defined as aircraft with a maxi-
mum certificated takeoff weight of less than 12,500 lb. (All models of the
Gates Learjet are considered to be light.) All other aircraft are classified
as large.

17




delay is given by (Ref. 28)

g AlE? [at] + var[at (3)
ik 2 (1-AE[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, and

Var[At] = variance in interarrival time over the runway threshold.

It is noted that At is the interarrival time at the runway threshold when air-
5 be the

interarrival times for 3-, 4-, and 5-nautical-mile separations. (For 135-knot

craft are continuously available for landing. Let Atg, At4. and At

approach ground speeds, At, = 80 sec, Aty = 107 sec, and At; = 128 sec). If the
number of light aircraft is negligible, and h is the fraction of aircraft which

are heavy,
2
E[at] = n Aty + h (1-h) Aty + (1-h) At,. (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 significant 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 airport. 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 shows that
moderate decreases in delay can cause significant savings. Figure 4 does
not include the cost of delay to takeoff aircraft as a result of landing delay,

nor does it include the value of time of the passengers.
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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 2,
for an airport operating at 75% of theoretical capacity (i.e., AE[At] =.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 significantly as moderate aircraft traffic growth con-
tinues. Similarly, small increases in airport capacity can cause significant

decreases in delay.

Figure 4 shows the delay for uniform 2-nautical-mile separations. It
is seen that there are significant delay improvements which can be realized
from 2-nautical mile separations. The uniform 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 System

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 aircraft 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 display shows one-minute averages
of wind speed and direction, gusts, and recommended aircraft separations

(i.e., uniform 3-nautical-mile or 3/4/5/6-nautical-mile separations).

*The wind criterion is an ellipse with a major axis of 12.5 knots aligned in the
runway 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 short
so that a 3-nautical-mile separation is always safe. If the wind is inside the
ellipse, the 3-nautical-mile separation cannot be certified, and the 3/4/5/6-
nautical-mile separation is used,

20




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
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 Advisary System. Therefore, the complete
WVAS will use a more sophisticated meteorological measurement and cal-
culation system than that used by the VAS. The WVAS will thus allow certi-
fication of the 3-nautical-mile separation for a greater fraction of airport
operation time 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 certify 2-nautical-mile separations for a

significant portion of airport operating time.

The VAS can specify 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 criteria. The WVAS will be able to give
reduced separations on days when the 3-nautical-mile separation cannot be
certified, whereas the VAS cannot certify 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 certify reduced spacings, but for which the VAS

cannot certify reduced spacings. Since the wind speed criterion of the VAS

21

|
{
|




is a function of the angle between the wind direction and the runway direction,
particular problems are incurred by airports which have only one runway
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 min), there is a probability distribution function that the vortex residence
time is greater than 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 must 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 primary objective of the study described herein was to use a set
of specific data collected at John F. Kennedy International Airport in 1975 to
gain as much understanding about the behavior of aircraft wake vortices and

the operation of Wake Vortex Avoidance Systems as was possible with the
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available data. As mentioned earlier, the intent of the study 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 operational environment. The study started 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 characteristics 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 discns<ed in detail in the analysis sections which constitute the main body
of this report. 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 construct the data manage-

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 meteorological parameters, and (3) examination

of data from various vortex sensors and comparison of vortex parameters
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as 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 analytic 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 (c.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
was located 3300 ft from the vortex corridor, and the wind in the vortex cor-
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. Aircraft weight has a very significant effect on transport time.
Since it was impossible to know values for some very important parameters,
the comparison of calculated and vortex tracks to determine optimal 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 characteristic values of meteorological parameters did not
emerge. While values of atmospheric parameters such as roughness length
and power-law exponent can be defined for wind averaging times on the order

of 15 minutes, such characteristic 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
sensor data was much less than that originally anticipated. The acoustic
systems (Doppler acoustic and monostatic acoustic systems) did not function
concurrently with the laser Doppler velocimeter and the ground wind vortex
sensing system. The laser Doppler velocimeter was not on site for the entire
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 analyses of data which led to the above conclusions 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 uncertainties 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 averaging times and what meteorological parameters
do not have definable values for short averaging times? What meteorological
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 from vortex sensors?
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1.6 REPORT OUTLINE

Most of the effort during the performance of the contract under which
this report is written was expended in processing data from the Kennedy
International Airport test site and in creating a data management system
for analyzing the data. However, the main body of the report is the results
of analysis based on selective data retrievals using the data management

system. The data management system is described in Appendix A.

Section 2 contains a discussion of vortex characteristics from analyt-
ical considerations. The section is presented for three reasons. First, a
simple analytical model which has not previously been presented has been
formulated. Second, the section serves as a background for understanding
the measurements to be discussed in later sections. Third, vortex char-
acteristics from analylical considerations are discussed as they relate to
an operational WVAS in a manner in which they have not previously been

presented.

Section 3 is a discussion of the Kennedy International Airport test site,
the data measured, and the data processing. Section 4 is a discussion of
conclusions which are related to meteorological and vortex parameters and
which were reached by selective retrievals of data from the data manage-
ment system. Section 5 discusses the capability 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 conclusions reached in previous sections.

Section 7 presents conclusions and recommendations.
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2. VORTEX CHARACTERISTICS FROM
ANALYTIC CONSIDERATIONS

This section contains a discussion of wake vortex characteristics from
analytical considerations. The discussion presented in this section will aid
in the interpretation of results from the JFK tests to be presented in later
sections. The discussion will show the trends which should be expected,
define the magnitude of expected data scatter, and indicate how scatter in
the data could be reduced if the test were to be repeated or in an operational

environment.

The first part of this section presents a new model for calculating
vortex transport time in a uniform crosswind. The model does not use
numerical integration of the vortex transport equations as previous models
have done (Refs. 10 and 11). The model presented in this section will be
used extensively in the comparison with measured values of transport time
in future sections. The dominant mechanisms of vortex transport are pre-
sented, and the expected variations in vortex transport time due to uncer-
tainties in values of the independent parameters during the JFK tests are
presented. The effect of the baseline (i.e., distance inbound from the middle
marker) on vortex transport is presented from theoretical considerations.
This will aid in the interpretation of experimental data comparing different
baselines. In addition, conclusions of interest are reached; the conclusions
could not be reached from the experimental data because of a lack of data at
baselines close to the runway threshold. Theoretical considerations of vortex

decay and vortex disintegration conclude this section.
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2.1 CHARACTERISTICS OF VORTEX TRANSPORT IN UNIFORM
CROSSWIND

In order to understand the concepts of vortex transport to be presented
in the following sections, it is instructive to examine the characteristics of

vortex transport (particularly transport 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):

giea S ) S By ] (5)
21 (¥, -Y)) 2T (22)2 +(Y2_Y1)z
and
2
: (Y,-Y,)
% 5N beary i 2] e
%0 (22) (Y=Y,

where Z is the altitude of the vortex pair and Y, and Y, 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., Voo = 0), the vortex trajectory is a
hyperbola. In this condition, the vortex descent is symmetric with respect

to a vertical plane:

Ty ENy = X (7)
From the vortex transport equations,

Y/ = - (2Y)3/(22)3, (8)
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or

-az/z3 = ay/y? ‘ (9)

and hence,

1/YZ + l/Z2 = Constant = C, (10)

which is the equation of the hyperbola representing the vortex trajectory in

the absence of a crosswind.

This result can be used to calculate the time for which a vortex remains
in a vortex corridor of width Zyb for a uniform crosswind. The coordinate
system is referenced to the wind with the origin in the y-direction taken as
the aircraft axis at the time of aircraft passage, and Y 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),

2
(R Y
Y= 177 [———2 2] . (11)

Using Eq. (10) for Z,

Y=

5 3 B
r [cy -1] i

Inc =

where the value of C is calculated from Eq. (10) using the initial values of Y
and Z (e.g., Y = b'/2, b' being the initial vortex separation distance, and Z =
initial vortex altitude). Integrating Eq. (12) gives

2
_ 4n CY -2
t+D-—-—FC :——-'2_—17-2- , (13)
(CY -1)
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where D is the constant of integration determined by Y = b'/2 at t = 0. If
the lateral boundaries of the vortex corridor are at ty atts= 0, at later
time, t, the boundaries of the vortex corridor (referenced to the wind-based

coordinate system) are at

Y= -V tiy,, (14)

with a + or - denoting downwind or upwind flight 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

simplicity, time is eliminated between Eqs.(13) and (14), and the result is

(+y, -Y) 2
s _ 4n CYy -2
gt R B e o gy 7| B (15)
o (CY" -1}
Let
2 Yty
FY) = 322 | =2 .p+ 2, (16)
Y =1) ®

with the top sign on Yy denoting the downwind boundary and the lower sign
denoting the upwind boundary. Physically, F(Y) is the difference 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 = +b'/2)
and solving for transport time from Eq.(14).
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2.1.1 Vortex Transport Time Characteristics

It is instructive to examine the conditions under which various solutions
to Eq.(16) exist. Physically, it is desired to determine the conditions under

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 yb),
the definition of D in Eq. (13) for the initial condition (Y = b'/2 at t=0) gives
for t=0

F(b'/2) = (b'/2 - yb)/Vw <o, (17)

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

As Y becomes large (CYz >>1),

F(Y)T 2% Yov? + 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 Y = b'/2. The transport time may

be calculated with the solution value of Y by using Eq. (13) or (14). By substituting
the lower sign of Yp 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'/2 +y,

\Y
©

F(-b'/2) =

>0. (19)
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For large values of Y,

 F(Y) ¥ %% JCYZ +Y/V = F'*” Y +Y/V_

i

Y [1/v°o C 41r/I‘\I(-3-] . (20)

Therefore, since Y < 0,

F(Y) >0 if V >T Vc/47r (21)
and o
F(Y) <0 if vco < I'C/4r (22)

for large values of Y. Therefore, if
e rdc/‘m ) (23)

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

upwind boundary. If
¥ = r\/'c?/47r , (24)

the upwind vortex crosses the upwind boundary (cf. Fig. 6c). The value of
Y maybe determined by Newton interation on Eq.(16). 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,

-b'/2 -y
F(-b'/Z) =—-—V———b <0. (25)
0
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: . Similarly, for large absolute values of Y

F(Y) >0 if V_ > rvc/4r, (26)
and
F(Y) <0 if V_< rVC/4r . (27)
If
v o> rNc/4ar , (28)

one solution exists and may be found by Newton iteration on Eq.(16) beginning
with Y = -b'/2. If

¥, % rvVc/an, (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) occurs
when F' (Y) = 0. This occurs when

Y2 = L ; (30)

G - [arcv_/T)/?

Solving for F(Y) with this value of Y (denoted by Ym) yields the number of times

the upwind vortex crosses the downwind boundary. If

v_< r\C/4n (31)

and

F(Ym) <0, (32)
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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
¥ s T vc/an (33)

and
F(Ym) >0, (34)

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 through the downwind boundary. The values 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 corridor
longer than the downwind vortex. Therefore, the maximum vortex transport

time is given by the upwind vortex crossing the downwind boundary if

vV _>T \Jc/ar, (35)

and by the upwind vortex crossing the upwind boundary if
Vw< e \r(-l/47r. (36)

2.1.2 Universal Nondimensional 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 nondimensional
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 Vw/yb and rearranging gives

F(Y) =

2 2
4xV vy, [ Cy, (Y/y) -2 3
© b[( ] = ]-DVw/yb+Y/yb+1=O. (37)

73 2 i !
ICy, C v~ (¥/y)"-1)?

Similarly, Eq. (14) becomes
Y/y, = - T, t/yb ¥ 1. (38)

These equations are non-dimensional. From them, four non-dimensional
parameters which uniquely define vortex behavior may be generated. The

first is the vortex transport time parameter,
P, = Va0 t/yb . (39)

The second is the vortex strength parameter,

Ps = 47 Voo yb/l" s (40)

The third nondimensional parameter is the boundary parameter

V4
c

_ 2 1 1
RSy MRS, (41)
o
where Yo and Zo 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 aircraft wing span only. For an elliptically loaded
wing,
_ .2 [ 64 1
Pb = <__Z > + _Z>' (42)
T b

V4
o
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The variable used in solving Eq. (37) is

n=Y/y,. (43)
Equation (31) is now
Ps Pb n2 -2 R
Fin= 5 ( > l)-Dl+n+1=0. (44)
b (Pb n -1)2

Recalling the method by which D was calculated from Eq. (13), D, is calcu-
lated from the initial value of the first term on the right side of Eq. (44).

Thus,

. Ps ano -2
S s - el A (45)
b (Pp.m_— -1)2
b o
where
2=k
ng = Yo/ ¥y = [Pb-(vb/zo) ] B4 (46)

This equation introduces the fourth non-dimensional parameter, the vortex
corridor parameter,

PV= Yb/zo 1 (47)

Plots of nondimensional vortex transport time may be obtained in the
following manner. The vortex corridor parameter, P_, and boundary param-
eter, Pb' are selected. They may be selected for a particular corridor size

and aircraft type. For each selected value of the vortex strength parameter,
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Ps’ Dl is calculated from Eq. (45), and Eq. (44) is solved for n by an iterative

technique. The transport time parameter is then solved by

Pe=tl-m, (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 flight corridor boundary if

P, > Jp_, (49)

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

By ‘le, (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

for selected aircraft.
2.2 DOMINANT MECHANISMS IN VORTEX TRANSPORT MODEL

The general vortex transport model is an analytic tool which determines
the lateral and vertical displacement of each vortex of the trailing vortex pair
as a function of time for specified values of aircraft parameters and a given
crosswind profile. An important output from the vortex transport model is
the calculated vortex transport time, which is defined as the time after air-
craft passage at which both vortices have been transported outside the cor-
ridor defined by boundaries +150 ft from the runway centerline. Since it has
been shown that vortices located outside the 4150 ft corridor do not pose a
threat to following aircraft (cf. Section 1.2.1), the calculated vortex transport
time is an indication of the safe separation time calculated for the aircraft
type and prevailing meteorological parameters. Therefore, for an operational
WVAS it is important to determine the sensitivity of the calculated vortex trans-

port time to variations in crosswind characteristics and aircraft parameters.
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The vortex transport model assumes a constant vortex strength, I,
and assumes that the altitudes of the port and starboard vortices are equal.

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

s ' ¥y ¥

Z = i
2T(Y,-Y)) " 2 | 5702, (4, -YI)Z

and
2
(Y, -Y,)
Y=v +oL el I (52)
o Z)" +(Y,-Y;)
where
w
A
T'= ppxO_ - (>3
0
where
Z = vortex altitude
I" = vortex strength
Y, = port vortex lateral position
Y2 = starboard vortex lateral position
V = crosswind
)
WA = aircraft weight
P = air density
b = aircraft wing span
K = aircraft spanwise loading coefficient
and
Uw = aircraft airspeed.

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

xblf f T'(y)dy . (54)

where
T''(y) = bound circulation on the wing, and

1

%

bound circulation at the wing root.

For elliptically loaded wings,

K= n/4, (55)

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

this report.

Detailed derivations of Eqgs. (51) through (55) are presented in Ref. 3.

Analysis of the analytic vortex transport model consisted of establishing
the sensitivity of the model to the basic input parameters including crosswind
characteristics (crosswind as a function of altitude) and aircraft parameters
(aircraft type, landing weight, altitude, and aircraft position relative to the
ILS). Conclusions related to other effects such as buoyancy, wind shear, and
viscous vortex-ground interactions could not be reached from the JFK data.
The influence of the above parameters on the wake vortex transport time in

the approach corridor is discussed below.

2.2.1 |Influence of Crosswind on the Calculated Vortex Transport Time

The calculated vortex transport time as a function of crosswind (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-

files. The nominal vilues of aircraft parameters shown in Table 1 were used
for calculation of the transport times. For low values of crosswind (< 4 ft/sec),
the upwind and downwind vortices exit from the upwind and downwind vortex
corridor boundaries, respectively. For high 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 upwind

vortex.

The calculated value of vortex transport time is shown as a function
of crosswind at the reference altitude, N ref’ and exponent, P, for a power-
law profile in Fig.9. The 20-ft altitude is used as the reference since avail-
able measurements are generally made at this altitude. The power-law ex-
ponents ranging from 0.1 to 0.4 are representative of the wind profiles
observed during unstable to moderately stable atmospheric conditions. The
power-law profile was chosen as the basic profile for use in this study be-
cause a previous study (Ref.30) showed that vortex trajectories calculated
with the power-law wind profile matched measured vortex trajectories better 1

than trajectories calculated with other profiles. ;

The curves in Fig.9 appear to indicate a sensitivity of the vortex trans-
port time to the 20-ft crosswind and to the value of the power-law exponent.
However, a closer examination of the phenomenon reveals that the transport
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 altitude was taken below the minimum altitude

to which the vortex descends (i.e., approximately half the initial vortex sepa-

ration distance), the effect of increasing the power-law exponent, P, is to in-
crease the value of crosswind which the vortex experiences during its entire

trajectory. The effect shown in Fig.9 is essentially that of a difference in

44




120

Aircraft Altitude = 208 ft

100 Aircraft Type

e B-747
g DC-10
e L-1011

80

60

Vortex Transport Time (sec)

40 |-
20 |-
0 | | | | ! a— L |
| TR 4 6 @ 10 12 14 16 18 20

Crosswind (ft/sec)

FIGURE 8. CALCULATED VORTEX TRANSPORT TIME FOR UNIFORM
CROSSWIND

45




120
B-747
Aircraft Altitude = 208 ft
100~ Crosswind Profile:
V(z)= V (z/z f)p
Z ref e
’g zref=20ft
LR —
o
g
i
=
3
N
0
@ 60
=]
o
H
=
%
)
-~
o
sy 40—
3
20— P=p
/.l
/
O
F \
3
| RGOS SIS AT ST o e R e J\
: o 2 4 6 8 W 1 4 15 1 .20 4

Reference Crosswind, V, - (ft/sec)

FIGURE 9. CALCULATED VORTEX TRANSPORT TIME FOR CROSSWIND
DESCRIBED BY POWER-LAW PROFILE

T Y L R N YT T Ay




Vortex Transport Time (sec)

zo- 5\|2 2 -02 f¢
120 — //
B-747
Aircraft Altitude = 208 ft
100 Crosswind Profile:
= v:::
Viz) -(-k—)ln(z/zo)
Baf ™ T 20 ft
80 |— k = von Karman Constant = 0.4
V*
Vzref & (_k-) fu (zref/ZO‘
60
40 [—
20—
9 207.02 ft
>~ 2
— 2
R
0 I | | | | | I | R e
0 4 6 8 10 12 14 16 18 20
C ind, V,
rosswin 2 oaf (ft/sec)
FIGURE 10. CALCULATED TRANSPORT TIME FOR CROSSWIND

DESCRIBED BY LLOGARITHMIC PROFILE




e

ROV S P PRI A T RT TS Ay g

LE €= €681 LoLee ¥S1‘%9 S°¢€6 I11-0ovd
eV - €61¢ 0°0€? 000002 2°9%1 01-DA
6L°S~ 184474 L'pe? 60¥%°862 €°661 1101-T
A 2t y91¢ €°0€? SLE66T ¥°8¥1 8-20d
S0°v- 88L1 9°G1¢ ¥HSe9 v°68 6-0d
vp”mu 689% L've? sle‘see €°991 01-0d
8G°G- 29462 v g8l 005°‘18 0°¢6 LeL-9
19°5- €662 L°212 0sL‘921 0°80T LzL-4d
8¢ ¥~ LETE 8°1¢? 00¥‘#61 0°'s¥1 LoL-d
66°5- L6ES L°Le? 8L8°‘79% L°G61 LvlL-d
(595 /37) (22573 1 (208 sa3) (ap) (33) Sa5g,

paadg 1edr3aap y38uaxyg paadsaiy ySio M ueds3ur g\ j}FeIdIly

Terytur X33I0A Sutrpuet

SATHOLDILVIEL XHLYOA
AILVINDTVD 904 SOILSIYALOVIVHD LAVIDIIV

1 @1qel

48

M
g
A




wind from the reference altitude to the asymptotic altitude (i.e., minimum
altitude to which the vortex descends asymptotically) of the vortex pair.

Figure 11 shows curves similar to Fig.9, but with the reference altitude

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
negligible. Of particular 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 uncertainty in vortex
transport time based on wind measured at the asymptotic altitude (i.e., Fig. 11)
compared with uncertainty based on wind measured at the 20-ft altitude and extra-
polated to higher altitudes on the basis of a power-law exponent (i.e., Fig.9).
Figures 9 and 11 clearly 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 altitude with

extrapolation to the asymptotic altitude.

2.2.2 Influence of Aircraft Parameters on the Calculated Vortex Transport
Time

Variations in aircraft type, landing weight, altitude, and lateral displace-
ment from the localizer centerline result in changes in the wake vortex transport

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, respectively. The vortex transport time is
relatively insensitive to aircraft 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 given initial altitude, vortex corridor width and
crosswind, the vortex transport time is primarily a function of the vertical

speed of the vortex pair. Equation (10) shows that the vortex trajectory 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
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 trajectory, which is proportional to the initial vertical

speed of the vortex pair. This speed is (Ref. 3)

C. U

gz. . L= (55)
47 K" R
where
CL = lift coefficient
and
MR = wing aspect ratio.

The nominal values of each of the parameters affecting vertical speed
(i.e., lift coefficient, CL; approach air speed, U‘m ; spanwise loading coefficient,
K; and aspect ratio, R) do not vary significantly between different aircraft
types. This is shown in Table 1, which shows that vertical speeds of the
vortex pair do not vary greatly between aircraft types. Therefore, it should
be expected that transport times which are based upon nominal values of air-
craft parameters should not be expected to be significantly different for
different aircraft types. Figures 8 and 12 show some difference between

wide-body aircraft (as a class) and narrow-body aircraft (as a class).

The influence of aircraft landing weight on the wake vortex transport
time in the approach corridor for a given aircraft type is shown in Fig. 13.
The results 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 flight corridor before
entering ground effect, aircraft weight has no effect on vortex transport time.
If ground effect occurs within the vortex corridor, there are two mechanisms

by which weight affects transport time. First, both the descent velocity and the
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velocity at which each vortex moves horizontally (relative to the wind) in
ground effect are directly proportional to aircraft weight for constant flight
speed. The descent velocity (alternative form of the above equation) for an

elliptically loaded wing is (Ref. 3)

dz 8L
S Nt (57)
7 PU b
0
where
L = lift,
P = atmospheric density,
Uw = flight speed,
b = wing span.

Equation (57) is identical with Eq. (56) with
K=17/4 (58)
for an elliptically loaded wing and
1 2.2

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 Y= 7b/8 for elliptic wing loading, and let
vortex strength, "= 4L /7er°°b (Ref. 3))

¥ = L $4_ ;4 = (60)

ﬂsz b 7r2bz Z
o

(o]
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where Zo is the initial vortex altitude. This velocity reduces to the magni-
tude of the initial descent velocity as Z0 becomes large. Because of this
effect, an increase in the aircraft landing weight decreases the vortex trans-
port time when the crosswind is below the critical value of crosswind (i.e.,
the value of crosswind below which the upwind vortex exits from the upwind
boundary) because the increased horizontal velocity of the upwind vortex

acts with the wind in removing the vortex from the flight corridor. An in-
crease in aircraft weight increases the vortex transport time when the cross-
wind is above the critical value of crosswind because the increased horizontal
velocity acts against the crosswind in removing the vortex from the flight

corridor.

Second, an increase in the landing weight increases the critical value
of crosswind at which the vortex stalls in the approach corridor, and which
also discriminates 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)
Vi< I JC/M (61)
©

and from the downwind boundary if

voo > ﬁ:_/zm : (62)

Since for a given aircraft configuration the vortex strength is directly pro-
portional to aircraft weight, the critical value of the crosswind which discrim-
inates between upwind and downwind exit of the vortex is directly proportional

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 aircraft altitude at the middle marker position on the

wake vortex transport time is shown in Fig. 14. The results show that the

o9




Lt

120

100

80

60

40—

Vortex Transport Time (sec)

B-747

Aircraft Glideslope

Altitude
195.4 ft
201.7 ft
208.0 ft
214.3 ft
220.6 ft

Uniform Crosswind

| | |

|

Deviation
+ 2 dot
+1 dot

0
-1 dot
-2 dot

FIGURE 14.

6

8 10 12

14

Crosswind (ft/sec)

56

18 20

INFLUENCE OF AIRCRAFT ALTITUDE AT THE MIDDLE
MARKER ON VORTEX TRANSPORT TIME




vortex transport time is relatively insensitive to normal variations in aircraft
altitude. (Experienced pilots can generally stay on the glideslope within 1

division or dot on the glideslope indicator.)

The influence of aircraft lateral displacement on the wake vortex trans-
port time in the vortex corridor is shown in Fig. 15. Variations in aircraft
lateral displacement about the localizer centerline indicate a noticeable 20 -
to 80-sec variation in the vortex transport time at low crosswind velocities.
For higher crosswind velocities, the effect of aircraft displacement on vortex
transport time is small. It is noted that the +50-ft deviation from the localizer

centerline is a +30 variation (Ref. 19).

From the results shown above, variations in aircraft weight and lateral
displacement from the localizer centerline can exert a significant influence
on the calculated vortex transport time in the vortex corridor. Since the
calculated vortex transport time in the WVAS is based on nominal values of
aircraft parameters, this can be an important consideration. For example,
the vortex of a B707-120 at minimum operating weight, 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 marker has a vortex strength of
1895 ftz/sec and a transport time of 113 sec for no crosswind. By contrast,
a B-707-320C at maximum landing weight, spanwise loading coefficient of
0.75, 5 knots below nominal landing speed, and centered on the ILS has a
vortex strength of 4246 ftz/sec and a transport time of 47 sec for no cross-
wind. The corresponding values for the nominal values of aircraft param-
eters shown in Table lis a vortex strength of 3135 ftZ/sec and a transport

time of 66 sec.
In addition to the direct effect of unknown values of aircraft parameters

by virtue of the effect on vortex descent rate, unknown values of aircraft

parameters also affect vortex transport time in the determination of the
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corridor boundary from which the upwind vortex exits. For constant cross-

& wind, the upwind vortex for the B-707-120 described above will exit the up-

wind boundary for crosswinds less than 3 ft/sec and will exit the downwind

boundary for crosswinds greater 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 critical value of crosswind is 4.5 ft/sec. In

a constant crosswind of 5 ft/sec, the B-707-120 would have a calculated trans-
port time of 231 sec (although life time would prevent residence time from

being that long).

Since the calculated vortex transport time is sensitive to aircraft weight,
the above results suggest that an indirect determination of the aircraft weight
through measurement of the vortex descent rate in the early part of the vortex
trajectory may be a useful input to the WVAS. Aircraft weight can also be deter-
mined by pressure sensors under the flight path (Ref. 12). The pressure sensor

senses the downwash of the aircraft as it passes the sensor.

2.2.3 Influence of Initial Altitude on Calculated Vortex Transport Time

One of the most important influences on vortex transport time is the
influence of initial aircraft altitude. All aircraft altitudes between 20 ft
(the altitude of the wing at touchdown) and 200 ft (the middle marker) are
of concern because a following aircraft is sufficiently low that it may en-

counter a vortex in ground effect. From the results of Section 2.1.1, Egs.

(35) and (36), the upwind vortex exits the flight corridor from the downwind

vortex corridor boundary if

{ el sl ‘[ g
Yo ool C/4rn = Y 1+Y°/Zo (63)

o

and from the upwind vortex corridor boundary if
T ‘, 2 e
Voo o 4T Yo Y Yo/zo (64)
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The value of the critical crosswind velocity which discriminates between
downwind and upwind exit of the upwind vortex is a strong function of Zo

at low altitudes (i.e., YO/ZO> 1). Therefore, a crosswind which would cause
the upwind vortex to rapidly exit the flight corridor for an aircraft altitude
of 200 ft can cause the vortex to stall in the flight corridor for an aircraft
altitude of less than 50 ft. Figure 16 shows vortex transport time as a

function of crosswind for initial vortex altitudes 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 altitude 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 altitude. Figure 16 indicates that a
short vortex transport time at one point along the flight path (from the middle
marker to the touchdown zone) does not imply a short transport time at all
points along the flight path. Figure 16 shows that, since the aircraft must
traverse all altitudes between 200 ft and 40 ft, there is always a range of
points along the flight path for which the calculated vortex transport time

exceeds 120 sec when the crosswind is between 3 ft/sec and 14 ft/sec.

In interpreting 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. However, 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 vortex demise mechanisms which may exist
when roll-up occurs in ground effect has been 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 this 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 completely 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.31) and in ground effect (Ref. 32),
as well as in operational situations (Refs.33 and 24). Occasionally in the
light aircraft tests, long segments of the wake were observed to roll past
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
parallel with the vorticity associated with the vortex pair. Interactions
between the two vortical flows could produce opposite changes in the circu-
lations of the counter-rotating vortices. 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-
ment 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 atmospheric
convection of each of the vortices could overwhelm any shear-induced motions,
resulting in atmospherically influenced, random roll directions. For increas-
ing shear however, any deterministic shear effects should produce definite
wake-rolling behavior. Full-scale aircraft 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 upwind vortex (the shear being
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produced in the sense of that of a boundary layer) descends relative to the
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 tilting 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 influence
of the shear. In fact, the Brashears et al. data show the least tendency for
tilting at a nonzero value of shear, where the opposite strong shear and weak
shear tendencies are balanced out. An explanation for this behavior is not
apparent however. Variations in ground effects and differences in aircraft

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 occurs simultaneously. Whenever the
wake banks, the upper (generally downwind) vortex appears to break up
(decay) well ahead of the other vortex, often leaving one vortex drifting alone
for some time before it decays. The single remaining vortex does not attempt
to link with its image below the ground as has been observed when both vortices

appproach the ground, but rather invariably experiences vortex breakdown.

It appears that the factors causing vortex tilting are neither intuitively
obvious nor have they been sufficiently illuminated by full-scale, atmospheric
flight tests, or theoretical analysis. The most significant aspect of wake
tilting from an operational standpoint is the occurrence of the solitary vortex.
It is undoubtedly some manifestation of flow asymmetry associated with wind
shears, turning flight, etc., which produces the conditions for the creation of
the solitary vortex, which so far has eluded proper understanding. Such long-
lived vortices could present operational hazards since they appear to be rare

events 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

incompletely 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

Te
2
as= ____g_z / (P -px)) rdr (65)
poo rc o]
where
g = acceleration due to gravity = 32.2 ft/sec’
B, = ambient air density
By o radius of the outer boundary of the vortex cell
p(r) = vortex air density
r = radial coordinate direction of the vortex.

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

by

i K 5 k-1
k-1 k-1 Tp r
p(r) = |p R (66)
2 k pco 2m rz
where
k = ratio of specific heats for air = 1.4
pa° = atmospheric pressure.

For a B-707 with a vortex strength, I", of 3137 ftz/sec and a vortex cell
radius, Lo of 20 ft, the upward acceleration is 0.65 ft/sec2 or approximately
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0.02 g. For buoyancy caused by engine exhaust entrainment,

= T
p=p T /T (67)
where
Tw = ambient air temperature
T = vortex air temperature.
Then

a=g(l-T_/T) (68)

An engine exhaust entrainment which causes the vortex to be 10°F warmer

than the surrounding atmosphere will induce a 0.017g upward acceleration.

The effect of descent through a non-adiabatic atmosphere is described by

Eq. (68). (In an adiabatic atmosphere 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 surface is -1.56°F/
1000 ft. Therefore, if the vortex descends 100 ft through an isothermal atmo-
sphere, the temperature difference between the vortex and the atmosphere is
0.156°F, and the corresponding acceleration due to buoyancy is 0.00029 g
(assuming Tw = 540°R).

The effect of vortex buoyancy on vortex transport was not included in
the analytical calculation of vortex transport for several reasons. First,
the effect of vortex buoyancy due to descent through a non-adiabatic atmo-
sphere is negligible. Second, confirmation of the effects of exhaust entrain-
ment would require measurement of the temperature of the vortices. Such
measurements were beyond the intent of the study. Third, the effect of static
underpressure requires a good estimate of the vortex cell boundary radius,

L This number cannot be easily defined. Fourth, since both buoyancy

65




and vortex decay cause an upward acceleration of the vortex, it would be
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 buoyancy from the analytic
model is the measured vortex trajectories from JFK. If buoyancy is present
(and the vortices move vertically through the air which surrounds them), they
will move together since they are acted upon by the Kutta-Joukowski force.
The Kutta-Joukowski force on a body with circulation and velocity through a
fluid is

= -p_(Z-W)xT (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 concluded that

buoyancy is not a significant phenomenon affecting vortex transport.

2.3 VORTEX DEMISE

The previous discussion has centered on vortex transport. At the
initiation of the study under which this report is written it was believed that
vortex transport was a far more dominant mechanism in the determination
of vortex residence 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 accurately determine vortex life time.
None of the vortex sensing systems which were included in this analysis
measured vortex strength (although the LDV can measure vortex strength

when operated in a different scan mode). The monostatic acoustic vortex

66




sensing system was 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 mechanisms by which vortex demise (i. e., the
limit to vortex life time) may occur. The first and second are vortex
bursting 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 demise mechanisms is the limiting 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 places an upper bound

on residence time, even if transport time is large.
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3. DATA BASE OF WAKE VORTEX AND METEOROLOGICAL
MEASUREMENTS

The data base for the analysis of wake vortex behavior is wake vortex
and meteorological measurements made by the Department of Transportation,
Transportation Systems Center (DOT-TSC) at the John F. Kennedy International
Airport (JFK) in Jamaica, New York, during 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 time) for two laser Doppler velocimeter systems,
calculated vortex trajectories for each of four baselines, vortex trajec-
tories (vortex lateral position as a function of time) for each of the three

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

vortex remains in the flight corridor) for calculated and measured vortex
trajectories, and selected meteorological parameters. To summarize the
relevant characteristics 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 results from the general data base are given.

3.1 KENNEDY INTERNATIONAL AIRPORT TEST SITE

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

] behavior of wake vortices in the vortex corridor, the meteorological

and vortex parameters from aircraft landing on runway 31R at JFK were mon-
itored by an array of ground wind anemometers, two laser Doppler velocimeter
(LDV) systems, and four instrumented meteorological towers. Acoustic vortex
sensors were also used, but the results were not placed in the data management

system because of unavailability of concurrent meteorological data. A plan
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view of the test site is given in Fig. 18, and a cross-sectional view of the

instrumentation arrangement at baseline 1 is given 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-8-61, 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 aircraft following a heavy aircraft at

a 135-knot approach speed.)

Table 3 shows 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 designed to accommodate such measurements.
Where averages are listed (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 meteorological parameters shown and their relevance to vortex be-

havior is presented in Ref. 34.

The initial intent of the study described in thie report included deter-
mining which set of meteorological parameters was the most useful for cal-
culating or predicting vortex behavior. This necessitated the calculation of
a large set of meteorological parameters toc permit comparison of results

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

MEASURED WINDS AND CALCULATED
METEOROLOGICAL PARAMETERS

Measured Winds

u = Headwind
v = Crosswind (positive from port side)
w = Vertical Component of Wind (positive upward)
Measurement
Tower Altitudes(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 after aircraft passage

Standard deviation of all winds for 128 sec after
aircraft passage

Average wind speed for all winds for 128 sec
Average wind direction for all winds for 128 sec

Vzref and P for least-squares fit for wind speed:

V. =Vg - (Z/Zref)P for tower 3 :

A and ﬁ for least-squares fit for wind direction: 6§ = A + Bz
for tower 3




Table 3

CALCULATED METHOROLOGICAL PARAMETERS
AND SYMBOLS USED IN DATA REPORT*

Profile of Horizontal Component of Wind Velocity in Power-Law Form
Y

PLAW (1,1) Reference Height )
(2,1) ‘ Tower 1 Reference Velocity Power -law Profile
(3.1 Exmonsnt for Horizontal
(l 2) ) Wind Speed
o £n(uy (2)/uy (1))
§1:3; ) il FY T AVEIY))
(2,3) Tower 3
(3,3) ‘
(1,4)
(2,4) Tower 4
(3'4) _)
Wind Direction Profiles
NPOLY Order ot Polynuminal
COEF (1) Least-Squares Curve Fit of Horizontal
COEF (2) Coefficients for Polynomm% Wind Direction
COEF (3) 6 =COEF(1)+ Z*COEF(2)+ Z“*COEF(3) Profile, Tower 3

Profile of Horizontal Component of Wind Velocity in Logarithmic Form

USTARI(1) 20 and 40 ft Tower 1 by
(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 135 ¢t Tower 3 o e i Ehet
(9) 50 and 140 ft Tower 3 7(2
(10) 100 and 135 ft Tower 3 : tn (Z(T)')
(11) 100 and 140 ft Tower 3 (1)
(12) 135 and 140 ft Tower 3
(13) 20 and 30 ft Tower 4
(14) Avg. of 1 313 for Type 1 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.

74

Ay

i
|
|
|

e P




Table 3 (Continued)

Profile (Continued)

USTARZ2 (1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
USTAR4 (1)
(2)
(3)
(4)
ROUGH]I1(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
E (12)
‘ (13)
(14)

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

’ ROUGH4(1)
! (2)
(3)
(4)

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

30 ft Tower 4

W WD -

Avg. of 1 —11 for Type 2 Fric. Vel. )

Tower 1
Tower 2
Tower 3
Tower 4
20 and 40 ft Tower 1

20 and 40 ft Tower 2

25 and 50 ft Tower 3

25 and 100 ft Tower 3
25 and 135 ft Tower 3

25 and 140 ft Tower 3

50 and 100 ft Tower 3

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

20 ft Tower 1

40 ft Tower 1

20 ft Tower 2

40 ft Tower 2

25 ft Tower 3

50 ft Tower 3

100 ft Tower 3

135 ft Tower 3

140 ft Tower 3

20 ft Tower 4

30 ft Tower 4

Avg. of 1 =11 for Type 2

Roughness Length
Tower 1
Tower 2
Tower 3
Tower 4

75

Friction Velocity
Type 2

o
e

Average Friction Velocity
for Tower (Type 1 and 2)

\
Roughness Length
Type 1
P i (2(1) - 0 (2(2))
T
zo = exp uh(z)
!

Roughness Length
Type 2

£ - exp(ln(Z) -.5-‘-(:-\—}:,):

Average Roughness Length
For Tower (Type 1 and 2)




Table 3 (Continued)

Wind Shear Parameters

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

(1, 10) 100 and 135 ft Tower 3

(1,11) 100 and 140 ft Tower 3

(1,12) 135 and 140 ft Tower 3

(1, 13) 20 and 30 ft Tower 4

(1, 14) Avg, of 1 —13 for u Wind Shealj

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

(2,10) 100 and 135 ft Tower 3

(2,11) 100 and 140 ft Tower 3

(2,12) 135 and 140 ft Tower 3

(2,13) 20 and 30 ft Tower 4

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

VGRAD(3, 1) 20 and 40 ft Tower 1
(3,2) 20 and 40 ft Tower 2
(3,3) 25 and 50 ft Tower 3
1 (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, dw/dz
(3,7) 50 and 100 ft Tower 3
(3, 8) 50 and 135 {t Tower 3
(3,9) 50 and 140 ft Tower 3

(3, 10) 100 and 135 ft Tower 3

(3,11) 100 and 140 ft Tower 3

(3,12) 135 and 140 ft Tower 3

(3, 13) 20 and 30 ft Tower 4

(3, 14) Avg, of 1 —13 for w Wind Shea;J

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) 25 and 100 ft Tower 3 u, Wind Shear, auh/az
(4, 5) 25 and 135 {t Tower 3
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)

VGRAD  (4,8) 50 and 135 ft Tower 3
(4,9) 50 and 140 (4 Tower 3
(4,10) 100 and 135 {1t Tower 3
(4,11) 100 and 140 ft Tower 3
(4,12) 135 and 140 {t Tower 3
(4,13) 20 and 30 ft Tower 4

upL Wind Shear, Ouh/az

1

(4,14) Avg. of 1 —13 for uy Wind Shear
HORGR4 (1) Tower 1

(2) Tower 2 Average u Wind Shear

(3) Tower 3 for Each Tower

(4) Tower 4

Temperature Parameters

TEMP (1) 10 ft Tower 2

(2) 40 ft Tower 2 > Voo

(3) 10 ft Tower 3 Teuiperatupe

(4) 50 ft Tower 3

(5) 140 ft Tower 3
TEMPA2 Averapge Temp. for Tower 2 Oc
TEMPA3 Average Temp. for Tower 3

TEMP (6) AT from (10 to 40 ft) Tower 2 o
(7) AT from (10 to 50 ft) Tower 3 C /100 ft

(8) AT from (10 to 140 ft) Tower 3

ATEMP Average AT {from Tower 3 |

TEMP (9) Potential Temp. front (10 to 40 ft) Tower 2 |
(10) Potential Temp. from (10 to 50 ft) Tower 3 °C/100 ft
(11) Potential Temp. from (10 to 140 ft) Tower 3

APTEMP Average Potential Temp. from Tower 3

PRESH Pressure Millibars

k HUMED Humidity Per Cent

Stability Parameters

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

Pasquill Class According
to Power of Power-Law Curve

Pasquill Class According
to Air Speed at 10-ft level

DN W — B W=~

Pasquill Class According

(3,3) .Tower 3 to dT/dZ

: RICH (1) Richardson Number, Tower 2
(2) Richardson Number, Tower 3
(3) Average Richardson Number




Table 3 (Continued)

Stability Parameters (Continued)

DISIP

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

20 ft Tower 1
40 ft Tower 1
20 ft Tower 2
40 {t Tower 2
25 ft Tower 3
50 ft Tower 3
100 ft Tower 3
135 {ft Tower 3
140 [t Tower 3
20 ft Tower 4
30 ft Tower 4

Dissipation Rate
Type 1

> 1/3 _ (Friction Velocity)
€ ¥ 1/3
(.4) z

-

Avg, of 1 — 11 for Dissipation Rate of Type 1

20 ft Tower 1
40 ft Tower 1
20 ft Tower 2
40 ft Tower 2
25 ft Tower 3
50 ft Tower 3
100 ft Tower 3
135 ft Tower 3
140 ft Tower 3
20 ft Tower 4
30 ft Tower 4
Avg, of 1 —11 £
20 ft Tower 1 7\
40 ft Tower 1
20 ft Tower 2
40 ft Tower 2
25 ft Tower 3
50 ft Tower 3
100 ft Tower 3
135 ft Tower 3
140 ft Tower 3
20 ft Tower 4
30 ft Tower 4

Avg. of 1 — 11 for Dissipation Rate of Type 3
20 ft Tower 1 ")

40 ft Tower 1
20 ft Tower 2
40 ft Tower 2
25 ft Tower 3
50 ft Tower 3
100 ft Tower 3
135 ft Tower 3
140 ft Tower 3

Dissipation Rate

Type 2

v ﬁ -%(RICH)*(I - 18(R1CH))1/4)) e
€

3= (Type 1)

(1- 18 (RICH))" 3

S
or Dissipation Rate of Type 2 '

Dissipation Rate
?Type 3

2/3
0.4 uy

1/3

€ =

K

B 1/3 in z
(Roughness Length)

~

Dissipation Rate

Type 4

20 ft Tower 4
30 ft Tower 4

~ 0.42/3
e_1/3 5 n
.

Avg, of 1 — 11 for Dissipation Rate of Type 4
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Table 3 (Continued)

Stability Parameters (Continued)
(13,1) Tower 1

(13,2) Tower 2 Average Dissipation Rate
(13,3) Tower 3 for Each Tower (Types 1,2, 3, 4)
(13,4) Tower 4

BRUNT?2 Brunt-Vaisala Period for Tower 2

BRUNT3 Brunt-Vaisala Period for Tower 3

STAB2 Stability Length for Tower 2

STAB3 Stability Length for Tower 3

Mean Wind and Wind Variance Parameters

VBAR(N, M) N= 20 ft Tower 1
2 40 ft Tower 1
6 20 ft Tower 2
7 40 ft Tower 2

11 25 ft Tower 3

12 50 ft Tower 3

13 100ft Tower 3

14 135 ft Tower 3

17 20 ft Tower 4

18 30 ft Tower 4

M= 1 u ft/sec
2 v ft/sec
3 w ft/sec 128-sec Average of Wind Velocity
4 u ft/sec
5 v, fi/sec
6 angle deg
VVAR(N, M) Same Nomenclature Variance of Wind Velocity for 128-
as Above sec Record.

Notation

P = power law exponent

u = down runway wind components

u, = friction velocity for logarithmic profile
uy = horizontal component of wind velocity

U et s horizontal component of wind velocity at reference altitude
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Table 3 (Concluded)

Notation (Continued)

v = cross runway wind component

w = vertical wind component

z = vertical coordinate direction

z = roughness length for logarithmic profile
Zoof = reference altitude for power law profile

€ 1/3 = turbulent dissipation rate

N = standard deviation of horizontal component of wind velocity
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is a list of all parameters which were deemed to have some relationship to

vortex behavior.

3.3 VORTEX DETECTORS

The presence of wake vortices near the ground was detected by each
of three rows of single-axis propeller driven anemometers as shown in Figs.
18 and 19. The propeller anemometers measure crosswind. In the data
processing, if the variance of the signal from a single sensor did not exceed
0.02 (ft/sec)2 over the 128-second average following aircraft passage, the
lack of variance was interpreted as a sign that the anemometer was not func-
tioning properly, and the sensor was declared to be dead. All active sensor
data were filtered with a weighted 17-second averaging filter. The filter was
weighted with a half sine wave extending over the averaging period. For the
vortex tracking calculation, the position of the starboard vortex was the lateral
position of the anemometer exhibiting the maximum crosswind velocity (using
the filtered values). Similarly, the position of the port vortex was the lateral
position of the anemometer exhibiting the minimum crosswind velocity. A
sample vortex track as generated in this manner is shown in Fig.20. A false
indication of the vortex position occurs after the vortex leaves the lateral

extent of the anemometer array.

The time of port (or starboard) 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 plotting the times at which the vortex passed over sensors at the various
lateral positions, a plot of vortex lateral position as a function of time was
generated. The vortex transport time was generated by smoothing the time-
lateral position curve and determining the time at which the last vortex crossed
the flight corridor boundary. False signals could easily be distinguished from

true vortex tracks in determining residence time.
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Two characteristics of the ground wind sensor are important in inter -
preting data from it. First, reliable data are obtained only when the vortex
is close to the ground. This limitation is inherent in the ground wind system.
Second, false points could be generated after the vortex left the flight corridor.
However, these were eliminated in the determination of transport time as

described above.

Wake vortex trajectories were also measured by two laser Doppler
velocimeter (LDV) systems deployed at JFK. The scan area used for the
test is shown in Fig.19. For each position of the focal volume in space, the
backscattered laser intensity, I, and the aerosol velocity (line-of-sight velocity
relative to the LDV system measured by the Doppler shift in the returned
signal), V, were recorded. The data processing algorithm used to calculate

vortex location is discussed in Ref. 15. It is presented briefly here.

For the first vortex, the algorithm checks the number of data points
in a scan frame (i.e., a single complete scan of the scan area shown in Fig.19)
to ensure that a sufficient number of data points exist (> 2) to define a vortex.
Then it selects the highest intensity, I, in a scan frame and uses the y,2Z co-
ordinates of this point as the center of a correlation circle of radius R (Fig.21),
where R is selected by the system operator based on vortex generation, air-
craft type, and previous experience. Once the correlation circle has been
defined, the algorithm requires that at least B percent of the points which lie
within the circle have an I greater than or equal to A percent of the initially
selected I. If this criterion is not met, the selected I is discarded as a
spurious signal, and the next highest I is selected until the A and B percentage
criterion is met. Once this occurs, weighted average Y and 2 position
coordinates are computed for all points in the circle using intensity, I, and

line-of -sight component of velocity, V, as the weighting function:
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2 ViLy;
2 Vih

> V.12
z Vi Ii

where Y and Z are the vortex centroid y and z positions, respectively.

Following this calculation, all the data points outside a circle of radius
Ns- R, centered at the previously calculated vortex center (Y, Z), are examined
to determine the highest remaining V. (N is an operator-selectable multi-
plication factor (1,2,etc.)) If this point has C percent of the number of data points
in its correlation region that were found in the first vortex's correlation region
and if B percent of the point in its correlation region have V greater than A
percent of the highest V in vortex one, then a second vortex exists in the scan
frame. If this criterion is met, then a weighted average is found for its loca-

tion as described for the first vortex.

3.4 CALCULATED VORTEX TRAJECTORIES

The calculated wake vortex trajectories were generated from a theo-
retical model (Ref. 3) using the aircraft location, wing span, weight, and airspeed
as inputs. The spanwise wing loading was assumed to be elliptic. The input
parameters and resulting vortex strength for each aircraft type are shown in
Table 1. The aircraft were assumed to be centered on the runway centerline
at altitudes of 200, 172, 135, and 78 ft, respectively, for baselines 1, 2, 3 and 4.
Although the complete theoretical vortex transport model contains many trans-
port and decay mechanisms, the calculated trajectories for the data management

system considered vortex transport by mutual induction and crosswind only.
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The trajectories were calculated by a fourth-order Runge-Kutta inte-

gration of the transport equations

: r ¥ ]
LR e, i 7 3
TR [(ZZ) (%, -7}

and

0

2

g (Y,-Y,)

r 2= %1

Tavy & oF [ z 3 ]
(22)° +(Y,-Y))

where Z is the altitude of the vortices and Y, and Y, 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,

2 B
voo —Vzref (z/zref) A

where 0 is the wind direction profile as shown in Table 3.

3.5 VORTEX DATA 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 trajectories
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

FET DATA FOR FLYBY MUMBER 314 DATE 4/17/75 TIME OF DAY 16.35.47 AIRCRAFT 1YPE OCO
PLAKL, L) = 20.0000 PLAM2, ) ) = 13.5482 PLA I, 1) = L0749 PLAK],2) = 20.0000 PLAMI2,2) = 16.0990 PLAN ), 2) = ~.0203

PLAM),3) = 20.0000 PLAM2,3) = 16.957% PLAMI3,3) = =-.0575 PLAWI, &) = 20.0000 PLA2,4) = 14.6972 PLA3,4) = -.1559

EF(1) = -39.4630 CDEF(2) = -.1302 COEF(3) = 13.9304 WoLY = |

USTAR] USTAR2 USTARY ROUGHI ROUGH2 ROUG™
1 8167 .8316 .6291 .0000 .001¢ .2658
2 =-. 1862 .639% 1.0563 .0000 19517 .0007 3
3 -. 1209 1.5665 .3335 .0000 .0002 .0003 3
§  ssssossss 1.7485 4639 sssssases .0019 0267
{ s -.3702 1.4532 .0000 0000
3 6 sssssases 98¢5 sessavnes .0019
7 sessssse ressssres
] -. 1254 T .0000 .0000
- L} ssssssnsn LTTY VY YNy
10  sesssvsss 1577 sssssssas .0782
% 11 sesssssss 1.5223 wvsssans .0019 ]
1 12 sssssssss 1.142¢ ssrssrsss L0979
13 -.8884 .00%0
(L} -.3058 0000
VGRAD ARRAY
] 2 3 L] 5 6 T 8 9 10 n (14 13 (L)
0267  -.1851 -.2973 -.04%0 0228 3786 -.00%
=.0207 -.2092 -.21%% ~.0348 .0186 9665 0882
0990 ~.2179 -.1562 ~.0397 sessssss sesssssy .019% 2078 -.0150
.0361 0121  -.0500 -~.0142 -.0037 =.09%1 -.022%
WOREAs()) = .036) NORGMN(2) = =.0127 MORGR4(3) = -.0226 HORGR4(4) = -.0901
RICWI | ) = vssssssss RICHI?) = ssssssess KICHIZ) = sssssssss
| [ H LTk STAB2 *STARY
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Table 5

TEMPERATURE, STABILITY, AND TURBULENCE PARAMETERS
FOR DATA REPORT

FET DATA FOR FLYBY NURBER 314 DATE 4/11/75 11ME OF DAY 16.35.4] AIRCAAFT TYPE OCh

e
TEMPA2 = ssssevess | sssssssss |
2 ssssssess
TEMPAS = ssssssass 3 sssssvess
§ sssssuase ‘
ATEMP = sssvssvss L s
6 vsssnsens :‘
PRESH = sssssssse T ssssssses
8 wsssssues :
PTEMP = sssssssss 9 sssvassss |
10 sssssvses !
HUMED = wsssssass 1l sssssssss
IPASQ ARRAY
| 2 3 4 :
1 1 0 o 0
2 3 3 3 3
£ 0 0 (4 0
DISIP ARRAY
1 2 3 4
1 0427 ssssssses 6211 L8644 i 3
2 .0213 ssssvssss 4518 4051
3 0717  sessesses .3525 3.0675
L] L0358 ssssssnes 2584 3.0331
L] L0181 sssssssss 2123 2.4505 E
6 .0091 sesssssss .1883 0963
7 L0045
] .0034 sssssssss .1223 4000
] .0032
10 L0318 sesscssss L4440 e
1 L0210 ssessssss 3931 2.5%y
2 L0238  sssnsssee 3400 1.8961
" 4021 11388 A AR
1}
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Table 6

MEAN WIND AND WIND VARIANCE PARAMETERS
FOR DATA REPORT

SEY OATA FOR FLYDY MSGER 318 OATE &/17/73 TIRE OF DAV 16.35.47 AIRCRAFT TYPE OCO

VMR MRLY
1 3 L) 5 [

1 12.0800 -$.1966 -1.711%2 13.5482 .0000 ~27.2180

] 12.5629 -$.1312 .2007 19.2702 0000 ~-28.14%3

3

[ ]

s |
6 16.4449  -T.5105  2.6279  18.0988 .0000 -29.5177 |
14 13.5655 -11.5%¢ -1.7310 17.0854 0000 -40.5210 |
] |
9
10 J
n 183712 -8.2020 1.2430 16.5673 .0000 -29.8368

1?2 7.03719 -13.6056 2.1 15.3)8) -.0000 -62.6483
13 5.0972 sssssssss =1.73%2
11 8.9772  -12.0253 sssssssss 15.0066 -.0000 -53.2577

15
16
11 9.96%0 -10.8040 -.3069 14.6972 .0000 -47.3162
11 13.7495 -).1393 1.7666 13. 7967 .0000 ~4.7368
VAR MRRAY

1 2 3 L] 5 (3
) 3.0%%9 L9113 5139 4.3222 17.0592 sssssssss
2 2.0000 87123 AN 2.5%22 . 17.6067 sssssssse
3
'Y
s
¢ 12.79%2 2.6620 .5990 15.3374 5.6263 ssssssses
7 11.1202 0.129% 8046 19.1073 4.3593 sessssass
[ ] ’
’ 3
0
n 16.009 3.2928 3169 131904 1.9190 ssssosses
” 1.294) 4.036% 5638 6.0826 4.9939 0000
” 2.0949  sssssnses KL L)
(L] 1.3633 2.9%2 sssssssss 3.9 2.2134  essssesee
1]
13
(1} ).0002 ). 984 1.1%0 19082 2.3900
1] 15, 900) e, "nes 19.%0% 1.'eRy
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Table 7

VALUES OF DATA ACCESS KEYS
FOR DATA REPORT

% KEVS FOR FLYSY MUPRER 310 DATE &/17/75 TIRE OF DAY 16.35.47 AIRCRAFT TVWPE DCS |

SITEW = 1.0000 wvn = L8 |
MO = 314.0000 UN-40 = 14.2702 |
oY = 107.0000 MG-40 = 338.1443

YERR = T73.0000 PASQ-T = .0000

TINEDA = 59747.0000 wisP = .n213

AIRCFY = (> ] WM = ~.2933

LV = 0000002766 w2 = .0228

LYMR = 0000002772 w3 = ~.04%0

DACCI = 0000000000 Ry = -.2145 b
DACC2 = 0000000000 WEHRS = .0186

PRED = 0000016106 WHR = -.0344

WD = 0000014032 PRLUE = ~.0875

PACC = 0000000000 PRLMN = 20.0000

[ 1] = 0000011747 PARLW = 16.5574

U0 = -12.5829 FRICVI = ~.1254

0 = -6.7312 FRICV2 = am

w0 = .2007 LIFET = 93.9411 .

U-VR = 2.0000 LIFE2 = 61.9%8)

VAR = 57123




Vortex Altitude (ft)
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FIGURE 22. CALCULATED AND MEASURED VORTEX TRAJECTORIES




Vortex Altitude (ft)

% FLYSY WD 316

FIGURE 23.
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Time After Aircraft Passage (sec)

CALCULATED AND MEASURED VORTEX ALTITUDE
AT BASELINE 1
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Time After Aircraft Passage (sec)
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FIGURE 24.

OME & 17 75 VIRE OF DAV 1t 35 o7 BASELINE DISTANCE = 0. AIRCMWMSFY TWE  DCs

i
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Starboard Vortex Lateral Position Measured
by Ground Wind Vortex Sensing System
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CALCULATED AND MEASURED VORTEX LATERAL
POSITION FOR BASELINE 1
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FIGURE 25. CALCULATED VORTEX TRAJECTORY FOR BASELINE 3
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FIGURE 27. CALCULATED AND MEASURED VORTEX LATERAL
POSITION FOR BASELINE 3
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FIGURE 28. CALCULATED VORTEX TRAJECTORY FOR BASELINE 4
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Vortex Altitude (ft)
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FIGURE 29. CALCULATED VORTEX ALTITUDE FOR BASELINE 4
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Time After Aircraft Passage (sec)
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FIGURE 30. CALCULATED AND MEASURED VORTEX LATERAL

POSITION AT BASELINE 4
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10.

11.
12,
13,
14,
15,
16.
17.
18.
19.
20.
21,

22,

SITENO

. RUNNO

DAY
YEAR
TIMEDA
AIRCFT
LVANI

LVAN2

DACC1

DACC2

PACC
PRED
GRWD
MET
U-40
V-40
W-40
UH-40
ANG-40
VDISP
WSHR1

WSHR2

Table 8

DATA ACCESS KEYS FOR VORTEX DATA
MANAGEMENT SYSTEM

Site Number

Run Identification Number
Day of Year

Year

Time of Day in Seconds
Aircraft Type

Laser Doppler Velocimeter Van 1, non-zero
if data cataloged

Laser Doppler Velocimeter Van 2, non-zero
if data cataloged

Doppler Bistatic Acoustic Receiver 1, non-zero
if data cataloged

Doppler Bistatic Acoustic Receiver 2, non-zero
if data cataloged

Pulsed Acoustic, non-zero if data cataloged
Calculated track, non-zero if data cataloged
Ground Wind, non-zero if data cataloged

Met Sensor Data, non-zero if data cataloged
Tailwind Down Runway (U at 40 ft) Tower 1
Crosswind (V at 40 ft) Tower 1

Vertical Wind (W at 40 ft) Tower 1

Horizontal Wind Speed, (U%*2 + V**2)*%0.5 at 40 ft
Direction of Horizontal Wind

Dissipation Computed from Tower, 140 ft Level

Wind Shear, DU/DH, Linear Fit of Large Tower
for 25-50 ft

Wind Shear, DU/DH, Linear Fit of Large Tower
for 50-135 ft

100
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23,

24.

25.
26.
217.
28.
29.
30.
31.
32.

33.

34.

35.

36.
37.
38.
39.
40.
41.

42.
43.
44.

45.

46.
47.
48.

WSHR3

WSHRS5

U-VAR
V-VAR
W-VAR
UH-VAP
PWRLWE
PWRLWH
PWRLWV
FRICV1

FRICV2

LIFE]

LIFE2

RT-LDV
LT-LDV
RT-PRED
RT-GW
LT-GW
RT-GW2

LT-GW2
RTPRED2

TURBUH

TURBV

VBAR 40
VBAR 50
VBAR 30

Table 8 (Concluded)

Wind Shear, DU/DH, Linear Fit of Large Tower
for 25-135 ft

Wind Shear, DV/DH, Linear Fit of Large Tower
for 50-35 ft

Variance of U-Wind Component at 40 ft

Variance of V:Wind Component at 40 ft

Variance of W-Wind Component at 40 ft

Variance of U-Horizontal Wind Speed at 40 ft
Power-Law Exponent Computed from Large Tower
Power-Law Height Computed from Large Tower
Power-Law Velocity Computed from Large Tower

Friction Velocity Computed from Large Tower
Wind Speed at 50 and 135 ft

Friction Velocity Computed from Variance of
Large Tower Wind Speed at 135 ft

Vortex Life Time Computed from Universal Life
Time Function Using VDISIP

Vortéx Life Time Computed from McGowan's Life
Time Curve Using Power-Law Wind Speed

Maximum Residence Time from Upwind LDV Van
Maximum Life Time from Upwind LDV Van

Maximum Calculated Transport Time Baseline 1
Maximum Residence Tine from GW Sensor Baseline 1
Maximum Life Time from GW Sensor Baseline 1

Maximum Residence Time from GW Sensor
Baseline 2

Maximum Life Time from GW Sensor Baseline 2
Maximum Calculated Residence Time Baseline 2

. UH-VAR
Turbulence Lievel of Wind Speed TH-40

Turbulence Level of Crosswind —V\;XleR

Crosswind at 40 ft Level Tower 2
Crosswind at 50 ft Level Tower 2
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 (including
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 displayed from available vortex track
and meteorological data. Thus, it is a useful tool for the refinement 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, and data files of measured and calculated
parameters are generated. The second mode is the retrieval mode in which
stored data from the data files are retrieved, user-defined calculations are
performed on the retrieved 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 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 computer-
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. ANALYSIS OF WAKE VORTEX DATA BASE

This section contains an analysis of particular aspects of wake vortex
behavior and associated meteorology. The analysis is based on the analytic
transport model and on vortex data and meteorological data measured at JFK,
This section begins with presentation of the vortex data. The scatter in the
data is observed, and reasons for the scatter in the data are presented. The
basis for comparison of calculated results and measured results is presented
and justified. It is shown that comparison of calculated trajectories (stored
in the DMS) with measured trajectories on a flyby-by-flyby basis is not ap-
propriate. Probability distributions of vortex residence time are presented,

and apparent vortex decay is noted.

A discussion of vortex parameters which may be site-dependent is
presented. A discussion of meteorological parameters as they relate to
time periods of 30 sec to 2 min is presented. The basis for the comparison

is the meteorological data measured at JFK.

Section 2 serves 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 variability presented in this section lead to the conclusion
that residence time cannot be calculated and/or predicted on a flyby-by-flyby
basis. This conclusion leads to the necessity of the prediction techniques
discussed in Section 5. This section concentrates on vortex transport, which
is one of the phenomena affecting vortex residence time (the other is vortex
life time) The reason for the emphasis on transport in the section is that
vortex transport is more amenable to analytic calculation than is vortex life
time, and this section concentrates on the ability to use such calculations
beneficially in an operational environment. Section 5 presents an approach

for prediction of vortex life time.
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This 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 TRANSPORT 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. Since 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 aircraft characteristics; (2) the variance between
the vortex transport characteristics 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 future time
periods. In the following discussion the reliability of the calculated vortex
transport time is investigated. The factors affecting the accuracy of pre-

dicted transport time are addressed in Section 4.2.2.

4 1.1 Vortex Characteristics Affecting the Accuracy of Calculated Vortex
Transport Time

Ostensibly, the reliability of the transport model should be ascertained
by a flyby-by-flyby comparison of the calculated trajectory and transport

time with the measured trajectory and transport time. However, when the
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vortex transport time is calculated from available tower crosswind measure-
ments and assumed values of aircraft parameters, the sources of uncertainty
include: (1) uncertainty in crosswind due to displacement of the tower from
the vortex corridor; (2) variations in crosswind with altitude; (3) variations
between assumed and actual aircraft parameters; and (4) deviation of aircraft
position from the assumed position on the ILS. The sensitivity of the vortex
transport model to variations in crosswind and aircraft parameters was

illustrated earlier in Section 2.2.

The first two sources of uncertainty are discussed in the following
paragraphs. The conclusion of the discussion is that comparison of calcu-
lated and measured results on the basis of crosswind measurement at a single
altitude from a tower which is close to the vortex corridor is preferable to com-
parison with calculated results based on a complete velocity profile but with

the tower far from the vortex corridor.

A comparison of the wind measured at the 40-ft level of tower 1 (tower
closest to the flight path at baseline 1) with that measured at the 50-ft level
of tower 3 (tower from 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 significant, suggesting that comparison
of calculated and measured trajectories on a flyby-by-flyby basis is not ap-
propriate. (Tower 3 data were used for the calculated trajectory in the DMS
because it was the only tower by which a wind profile could be obtained for the
altitude range of interest). Therefore, calculation of transport time by the
methods of Section 2.1 and using the crosswind measured by tower 1 is used
as the basis of comparison of calculated and measured results. It is noted that
the 40-ft altitude approximates the asymptotic altitude for the B-727 (cf.
Section 2.2.1). As an example of the discrepancy between measured tra-
jectories and trajectories calculated from the wind of tower 3, sample plots
of the wake vortex altitude and lateral position as a function of time are

given in Figs. 32, 33 and 34. The straight lines in Fig. 32 connect calculated
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Crosswind Measured by Tower 3 at 50-ft Altitude (ft/sec)
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FIGURE 31. COMPARISON OF CROSSWIND MEASURED BY TOWER 1
AND BY TOWER 3
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vortex positions 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 sensors and by the LDV show good agreement; however,
they do not agree with the calculated vortex trajectory. The disagreement
is caused by the meteorological 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 ft) was -6.32 ft/sec,
whereas that for tower 3 (50 ft) was -9.29 ft/sec. The slopes 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 trajectory, -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 time based on a complete wind profile,
the wind data measured at 25, 50 and 135 ft were curve fitted to an analytic
form in a least-squares sense. Reference 30 had shown that the power -law
form was the best wind profile form for vortex calculations. The wind speed
was fitted to a power-law curve, and the wind direction was fitted to a linear

profile. The form of the crosswind was

V=V, (2/2)F sin(A+Bz)
o]

An example of the fitted crosswind profile is shown in Fig. 35 with the data
measured by the anemometers on the towers. A plot of the individual calcu-
lated transport times based on the curve-fitted 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 transport time and the transport time for a power -law exponent

of 0.2 are shown for reference. While much of the scatter may be attributed

to a non-zero power-law exponent, some of the scatter results from the con-
dition that the curve fitting implies that the value of wind of the fitted data at
50-ft altitude is not necessarily equal to the measured data at the same altitude.
It is noted that it is the measured value which is used as a reference — not the
curve-fitted value of wind at 50 ft. For example, for the flyby illustrated in
Fig.35, the value of calculated transport time (shown in Fig. 36) is based upon
the dashed line, which gives a crosswind of approximately ~0.5 ft/sec at 50-ft
altitude. However, the value of crosswind used in Fig. 36 would be the measured
value at 50 ft (i.e., -4 ft/sec).

For comparison, Fig.37 shows the same information as Fig. 36, but with '
the reference crosswind being the value derived from the curve fit (i.e., the
value on the dashed line at 50-ft altitude in Fig.35). The scatter in Fig.37 is '
due to variations in power-law exponent and aircraft type (cf., Fig. 16), whereas .
that in Fig. 36 is due to these two factors plus the difference between the meas-
ured value of wind at 50-ft altitude and the value of wind at 50 ft from the curve |
fit

While variations in the calculated vortex residence time were noted as
a result of variations in the input crosswind, similar variations can result
from variations in the input aircraft parameters. The calculated transport
time is based on nominal values of aircraft parameters. However, there 2re
unknown variations in aircraft weight (up to + 35% of nominal values), vari-
ations in wing span (due to different models of a given type), variations in
spanwise loading factor (due to different flap settings), variations in airspeed,
variations in altitude about glideslope, and variations in lateral position about
the runway centerline. The comparison of the vortex residence time meas-
ured with ground wind anemometers with expected variation due to variation
in aircraft parameters is illustrated in Fig. 38 for wide-body transports and
in Fig. 39 for narrow-body transports. The calculated data are transport

times, and the measured data are residence times. Residence time may be

113




50

rrrryvvvyyvvryryvyyryrryrvvryvrvryrrrrrrrrrrryrrrryrrrrrrrrrrrrrrryrryy

40

e
30
Crosswind at 50-ft Altitude from Wind Profile (ft/sec)

20

114

T . i O ’me’- ..-m— AN

CALCULATED RESIDENCE TIME WITH REFERENCE CROSSWIND

TAKEN FROM CURVE-FITTED CROSSWIND PROFILE

i
=20
FIGURE 37

(= o f=7 o o o
o oo} 0 A N
.l.

120

(098) 2WIT], 90UIPTISIY XI3I0A pojeInoe)d

Comanc i £\ it e S i 5 Lt it it i e e i il i i



Measured Vortex Residence Time, tR (sec)

YT T T Ty I T v i i Ty rrrrrrrryyvrrrryrrvrviyyT

Calculated Transport Time
for Nominal Values of Air-
craft Parameters (B-747)

W S 5 Ty O TS YV T VR T T R Y T VS GO VI VY W VU T N 1 (OO Y A 00 1 Y OB 7 VAT VI (T T U B T VN W T 1 W

[] lllllllllljllllltl

25 10 10 20 3 0 %0
Crosswind, V_ (ft/sec)

FIGURE 38. VORTEX RESIDENCE TIME FOR WIDE-BODY AIRCRAFT
AS MEASURED BY GROUND WIND VORTEX SENSING SYSTEM Shaded
area represents expected variations in calculated transport time from
expected variations in aircraft parameters

115




Tvirrrrrrerr TYrrrT Iy rT T yrrrrrrrryrrrrrryrrrrrrrryrvorovd

A

Calculated Transport
Time for Nominal
Values of Aircraft
Parameters (B-727)

Measured Vortex Residence Time, tR (sec)

kb b bbb A Al A A A A LA A A A A A A b d d 1 i 21 43 i 11110 d 1138302242333 12 31

e e

-20 -10 10 0
Crosswind, V__ (ft/sec)

FIGURE 39. VORTEX RESIDENCE TIME FOR NARROW-BODY AIRCRAFT
AS MEASURED BY GROUND WIND VORTEX SENSING SYSTEM Shaded area
represents expected variations in calculated transport time from expected
variations in aircraft parameters

116




less than (but never greater than) transport time. The expected variation
in transport time is based upon minimum and maximum aircraft weights as
shown in Table 9, airspeed deviations of 5 knots about the nominal values
shown in Table 1, a 20-ft deviation from the glideslope, and a 30-ft deviation
from the localizer. Figure 40 shows vortex residence time as measured by

the LDV for narrow-body aircraft,

The results indicate that unknown aircraft parameters can account for
a noticeable variation in the measured residence time, primarily at low cross-
wind velocities in the range 0 to 6 ft/sec. The primary effect of variation in
aircraft parameters is through the effect on vortex strength and the resultant
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 flight corridor
before entering ground effect, variation in aircraft parameters has no effect
on residence time, except for lateral displacement from the localizer. How-
ever, if the vortex exits the flight corridor in ground effect, aircraft param-

eters have a very significant effect on vortex residence time.

In addition to the variations in aircraft parameters, the scatter in the
data may also be due to non-uniform wind or averaging problems in time-
varying wind. The effect of non-uniform wind is greater for wide-body air-
craft than for narrow-body aircraft because the asymptotic altitude of the
vortex pair is further from the measurement altitude of 40 ft for wide-body
aircraft. Therefore, the difference between the wind at the asymptotic alti-
tude and that at the reference altitude may be greater for the wide-body air-
craft. Since the reference crosswind is a 128-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 further in Section 4.3.
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Table 9

MINIMUM AND MAXIMUM AIRCRAFT WEIGHTS
FOR CALCULATING EXTREMES OF VORTEX

TRANSPORT TIME

Minim Maximum Fuel
Aircraft Weight Weight’M< Consumption

Type (1b) (1b) (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-10 249,760 403,000 2210
DC-9 55,528 110,000 892
DC-8 145,576 240,000 1787
L-1011 254,440 368,000 2340

*Minimum weight is the empty weight plus one hour of fuel
for the smallest model of the type.

*

for the type.
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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 accuracy 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 using 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 ft) far from the flight path and a shorter tower
(~ 60 ft) near the flight path favors the shorter tower. (The glideslope antenna

may be an excellent location for wind measurement for vortex calculations.)

Although there is significant scatter in the data, the expected variations
bound the measured data. Hence, even though variations in aircraft 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 results shown in Figs. 38 and 39 suggest that additional accuracy
in the input crosswind and aircraft parameters could yield further 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 strength 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
altitude as opposed to a low meteorological tower which (because of clear air-
space restriction) can only measure winds at a low altitude. Sections 5.4 and
5.5 discuss methods for achieving a greater reliability by using vortex sensing

as a feedback loop.

4.1.2 Vortex Characteristics Affecting 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 (ground wind anemometer) with time of day

for April 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 after-
noon hours. Figure 41 shows a condition which is expected to be common.
The wind shows significant variance until sundown, after which the variability
of the wind from flyby to flyby is significantly reduced. The late afternoon
time period is a period of particular concern because airport demand peaks
in the late afternoon for most major airports. Of particular concern is the
fact that the wind varies from values for which the vortex is of no concern

( >9 ft/sec) to the region where the vortex may be of some concern over a
short time period. Sections 5.2 and 5.3 discuss a method of predicting future

behavior with time-varying behavior as shown in Figs.41 and 42.

4.1.3 Apparent Vortex Decay

The apparent vortex decay can be inferred from the measured vortex
transport characteristics. The term "apparent vortex decay'’ is used because
1.« relative vortex strength is inferred from the transport velocity components,
rather than from direct strength measurements. From Eq.(6), as Y becomes

large (vortices separating in ground effect),

1/2

L e Xl L '
TR Ne Sy T Yy L gl 5 O (70)
Y Z
o o
Since the initial vortex descent rate is
B e B i M
Zo ER 47rYo " (1)
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Crosswind at 40-ft Level of Tower 1 (ft/sec)

50 AR AR R AR LRSS R SRR R AL AR AR AR RS RA AL RARERAA A AR RARS e AR S AR RS RALAL LR

A

40

30

20

10

'lY"""Y"'ll"'IT_I'TTII'Ill‘frTTllllTTTTT"ll1""71']'7""1!"

b A A A A A At d e a0t ia g

. . .
& | . o . . oo
. . v
: . . L) y
. . 1 s .
. c'.o . L b
.
-10 . p “ :
. .o .
. . .
N . o . .
e
.
.
.
-
-20 g s b r s aaaaa b b i i

n
o

16 157 18 19
Time of Day (hr)

FIGURE 41. VARIATION OF CROSSWIND MEASURED AT 40-FT LEVEL
OF TOWER | WITH TIME OF DAY FOR APRIL 17, 1975

122




Measured Vortex Residence Time (sec)
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the asymptotic value of Y in ground effect is

Y=V +2 Vl+¥2/z7‘. (72)
0 - o o) o

For baseline 1 (Z0 = 208 ft), the asymptotic value of Y (relative to the wind)
in ground effect is approximately the magnitude of tiie initial descent velocity
for a constant vortex strength. 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
ground wind anemometer were necessary to generate a comparison point.

For the ground wind anemometer data, if ‘}'1 and ?2 are the port and star-
board transport velocities taken from the plot (recalling that they may be

either positive or negative), then

Y= (Y, -Y,)/2 (73)
is the asymptotic value of Y relative to the wind, and the crosswind is

Yt (Y1 + YZ)/Z. (74)

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 velocity from Eq.(73) as a function of the

average (port and starboard) initial vortex descent rate. Some decay is noted,
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except for the B-727. The B-727 decay is clearly less than that for other
types. It is noted that all other types 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, \.f/io, should be

less for the B-~747 than for other aircraft. 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 necessarily an indication of vortex
strength) measured by tower-mounted anemometers. The empirically
derived peak recorded tangential velocity was

-.0173/sec)t

v (336.4 ft/sec) @ ¢ (75)

e
max

for the B-747 and

(341.5 ft/sec) e(--0126/sec)t

<
n

(76)

max

for the B-727.

Except for the B-727, the asymptotic lateral veloctiy is less than 80%
of the initial vortex descent rate. This 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 certificated landing
weight, 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 ft/sec).

A second implication of decay is that for light crosswind (i.e., the

upwind vortex exits from the upwind flight corridor boundary), it is not

possible to assert that the vortex residence time is less than a stated value
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based on vortex transport. For example, from Fig. 13, the transport time
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 transport time may
be much greater than 60 sec for a crosswind of 2 ft/sec. Therefore, for a
fixed aircraft type and initial vortex altitude, it is always possible to find a
magnitude of crosswind above which the transport time is less than some
specified value, but (because of decay) it is never possible to find a magni-
tude of crosswind below which the transport 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 altitude. For ex-
ample, for the DC-8 and B-707, the crosswind at the final altitude should be
0.78 of the crosswind at the initial altitude for a power-law exponent of 0.2
The scatter of the data illustrates that the calculation of vortex transport
time on the basis of an assumed velocity profile is not appropriate. Variations
in wind due to unsteadiness during the vortex trajectory are much greater than

variations in wind due to a velocity profile.

The data shown for Figs.43 and 44 also illustrate that it is difficult to
calculate the entire vortex trajectory from the initial velocity components of
the vortex trajectory. In theory, if the vortex remains at a constant strength
(or decay occurs at a predictable rate) and the wind is steady, the entire vortex
trajectory can be calculated from the initial descent rate and the crosswind at
the initial altitude. However, the unsteadiness shown in Figs. 43 and 44 pre-
clude accurate calculation of the vortex trajectories in this manner. Section
5.4 discusses trajectory prediction from initial vortex conditions and presents

sample plots of such predictions.
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4.1.4 Probability Distribution of Residence Time

Figure 5 shows the concept of the probability distribution of residence
time. Obviously, the distribution 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 times for selected ranges of
crosswind. The individual points are the probabilities as calculated and
plotted by the DMS. The solid lines are visually fitted smooth curves through
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 Fig. 45 precludes accurate quantitative definition of the

tails. Several thousand flybys would be necessary for such definition.

4.1.5 Multiple Baseline Considerations

One of the important considerations in measurement of vortex residence
time is the residence time at several baselines for the same flyby. Figure 46
shows a plot of measured residence time at baseline 2 as a function of resi-
dence time at baseline 1. Each point represents one flyby. Baseline 2 is
1500 ft closer to the runway than baseline 1. Figure 46 shows data for wide-

body aircraft. The data for narrow -body aircraft show similar scatter.

The scatter in the data is not surprising. Figure 16 shows that signif-
icant differences in vortex transport time can occur between baseline 1 (initial
vortex altitude of 200 ft) and baseline 2 (initial vortex altitude of 120 ft), even
for identical crosswinds at the two baselines. In addition, the crosswind may
be different at the two baselines (the distance between the two baselines is

approximately half the distance between the two towers in Fig. 31).
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FIGURE 45. PROBABILITY DISTRIBUTION FUNCTION
FOR MEASURED VORTEX RESIDENCE TIME AT
BASELINE 1
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The measured vortex trajectories for one of the points of Fig. 46 are
shown in Figs.47 and 48. The residence time 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 report is written was
conceived, it was believed that the wind profile was a very important param-
eter in vortex transport. This belief was support by calculations performed
with the vortex transport model which showed significant variations in the
vortex trajectory with variations in the wind profile parameters. The refer-
ence altitude was always 20 ft. Because of the apparent dependency of
transport time on wind profile parameters, one of the original objectives of
the program was to determine if there were characteristic values of wind
profile parameters. Because of this original objective, most of the calculated
meteorological parameters listed in Table 3 are related to the wind profile
or to atmospheric stability, which is an indication of the bluntness of the wind
profile. It was believed that the characteristic values of such parameters

would be characteristic for a given site, but would vary from site to site.

Section 2.2.2 showed that wind profile parameters do not have a signif-
icant effect on vortex transport time if the reference altitude is chosen as the
asymptotic altitude of the vortex pair. In this section, it is shown that char-
acteristic values of wind profile parameters do not exist for averaging periods
relevant to vortex behavior. Thus, this section shows 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 short-term meteorology

as discussed in Section 4.3.

The original objective of obtaining values of site-dependent parameters
was to obtain characteristic values which could be used in the vortex trans-

port model. No such parameters were found. The distribution of landing
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weight for each aircraft type may be an airport-dependent parameter, but
aircraft weight data were not obtained at JFK. There are, however, two very
important site-dependent parameters which affect the usefulness of a WVAS.
These are the frequency distributions of wind and runway orientation. These

parameters are discussed in Sections 4.2.2 and 4.2.3.

4.2.1 Wind Profile Considerations

Geographical considerations can affect the wind profile for a given site.
Geographical considerations include nearby mountain ranges and bodies of
water which may influence prevailing winds, turbulence structure, tempera-
ture, humidity, cloud cover and seasonal or diurnal variations in these factors.
The latitude of the airport affects the strength of the Coriolis forces which, in
turn, influence the Ekman spiral in the planetary boundary layer. The latitude
also affects the insolation intensity which affects the temperature gradient and,

hence, atmospheric stability.

Local terrain features include topography, vegetation and buildings and
other structures. These local features affect the shape of the wind profile
and conditions of turbulence, and introduce directional variations in these
parameters. Since the data used in this study were taken from one site only,
conclusions about variations in wind profile parameters from site to site was

not feasible.

The meteorological parameters which define the wind profile are power-
law exponent and logarithmic profile roughness length (for a logarithmic profile).
The distribution of power exponent and logarithmic profile roughness length as
a function of mean wind speed is shown in Figs.49 and 50 for tower 3. The
roughness length in Fig. 50 is ROUGH 1 in Table 3. A significant variation in
the wind profile characteristics is observed. The large variation in values

indicates that characteristic values do not exist.

The lack of a characteristic value is due to the short averaging times.

In meteorological measurement, averaging periods of 15 min and longer are
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used. These time periods are much too long to have any relevance to vortex
behavior. Thus, for the time periods of relevance to vortex behavior, char-

acteristic values of wind profile parameters do not exist.

4.2.2 Wind Considerations

The frequency distribution of the crosswind for a given airport over an
extended period is a characteristic site-dependent function. The crosswind
distribution obtained for runway 31R at JFK during 1975 is shown in Fig.51.
The crosswind measurements were made over a 128-sec averaging period
subsequent to each flyby, the flybys occurring intermittently throughout the
year. The mean and the standard deviation of the crosswind velocity ob-
served for the approximately 800 flybys for which crosswind measurements
were available were -0.91 ft/sec and 10.9 ft/sec, respectively. 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 (usually 0800 to 1700) when
runway 31R was active. It does not imply an overall frequency distribution
of crosswind. Also, vortex considerations were not a factor in runway selec-
tion as they might be with an operational WVAS. The variance in crosswind
for all time would be expected to be greater than that shown in Fig. 48 because

one of the factors in runway selection is avoidance of large crosswind.

The complete frequency distribution of prevailing wind is a very im-
portant site-dependent parameter. Of particular importance is the frequency
distribution of wind for times of day when traffic is large enough to require
maximum airport capacity and when turbulence is low enough to permit long
vortex life. The frequency distribution of turbulence in peak traffic periods

is also an important consideration.
Of equal or greater importance is the probability of wind change over

a short period of time (1 to 10 min). The conditional probability distribution

function at some time, to + At, given that the wind at time, t, is known is
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particularly ‘mportant. Unfortunately, continuous wind measurements were
not made during the data collection phase of the work reported herein, and

the calculation of such conditional probabilities is not feasible. The concept
of conditional prcbabilities of wind is deserving of further investigation. The

subject of wind prediction is discussed further in Section 5.2.

4.2.3 Runway Orientation

One of the most in.portant site-dependent parameters 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 runway selection for vortex considerations is shown in Fig. 52.
Kennedy International Airport has two runway orientations: Runways 13-31
and Runways 4-22. Using the criterion of the vortex advisory system (Ref.3) i
that vortex residence time always permits 3 n mi aircraft separations if the
crosswind exceeds 5.5 knots (9.3 ft/sec), 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 choice (because of a lower probability of crosswind less
than 9.3 ft/sec) until 11:30. After 11:30, Runway 4-22 has no crosswind less
than 9.3 ft/sec and is therefore the better runway from consideration of vortex-
F imposed constraints on aircraft separations. For May 28, 1975, neither run- !
way would permit 3-nautical-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 aircraft separations.

T T AT ARSI w—w—

From the examples shown in Figs.52 and 53, it is clear that the number
of runway orientations available at a specific airport and their orientation
relative to prevailing winds are very important site-dependent parameters.

J A large number of available runway orientations implies a larger probability

that a runway with wind favorable to short residence time can be found.
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4.3 SHORT-TERM METEOROLOGY

Sections 4.1 and 4.2 show two important observations related to wind:
(1) there can be significant differences in crosswind over distances of approx-
imately 3000 ft; and (2) an analysis of the parameters which define the wind
speed profile failed to indicate any value which could be considered to be
characteristic of the location at which the data were taken. It is noted that
the atmosphere has mean characteristics with random perturbations imposed
upon it and that the mean characteristics (i.e., characteristic values of power-
law exponent and logarithmic roughness length) are obtained by averaging over
some time period. From the observed data it is hypothesized that the 128-
sec averaging time is too short for the generation of characteristic values<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>