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SYMBOLS

A area of vortex pair 2-D oval within limiting streamline

a radius of vortex core; 1/2 separation distance of vortex pair
b aircraft wingspan; height of vortex pair above ground plane
b! instantaneous separation of vortex pair

b" effective aircraft wingspan

h height above ground plane

K diffusivity of atmosphere

K vertical lapse rate of temperature

Ky wind shear

von Karman constant

L! Monin-Obukhov scaling length

2 mixing length

P pressure

q absolute velocity

R turbulence correlation coefficient

r distance from vortex center

T temperature

t time

u absolute horizontal wind speed

U* friction velocity

u down runway wind speed

v aircrait speed; induced vortex velocity
Va sink rate of vortex

v cross runway wind speed; crosswind velocity of vortex parcel;

circumferential velocity of vortex
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Section 1
INTRODUCTION

With the introduction of the large transport aircraft (B-747, DC-10,
L.-1011) and the ever increasing airport congestion, the wake vortex problem
has taken on added significance. The vortices from large aircraft can pre-
sent a severe hazard to other aircraft which inadvertently encounter the
vortices; the following aircraft can be subjected to rolling moments which
exceed the aircraft's roll control authority, toa dangerous loss of altitude,
and to a possible structural failure. The probability of an aircraft-vortex
encounter is greatest in the terminal area where light and heavy aircraft
operate in close proximity and where recovery from an upset may not be
possible due to the low aircraft altitude. To prevent aircraft-vortex en-
counters, the present solution (implemented by the Federal Aviation Admin-
istration in March 1970) has been to increase the separation standards behind
the heavy jets. However, these increased separations decrease the capacity
of the airport system and the present and predicted demands on airports
cannot be met by just constructing additional runways and airports. Airport
and airway system utilization are projected to double by 1980 and to increase
five-fold by 1995. Technologically (using dual runways, improved landing
aids, etc.), runway capacity can be substantially increased today, but not
until the wake vortex problem has been alleviated will a permanent solution

exist.

There are two primary approaches to the wake vortex problem which
are currently underway. NASA is concentrating on methods to hasten the
demise of vortices at the source by modifying the aircraft. Among the many
concepts being investigated are wing spoilers, mass injection, wingtip modi-
fications, and the deployment of trailing devices. These concepts, if they
can be shown to economically and effectively reduce the vortex hazard, may

not be available in the near future and would still entail a massive retrofit
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program to alter the current fleet of transport aircraft. For future genera-
tion aircraft, NASA is examining the efficacy of aircraft design changes such
as mounting engines at the wing tips and tailoring the wing design to cause

the vortices to burst quickly.

Concurrently, the FAA/Transportation Systems Center (TSC) approach
to the vortex problem has been to develop systems which use meteorological
sensors and/or vortex tracking sensors to provide safe spacing between air-
craft and to issue a warning should a hazardous condition exist or be forecast,
This approach is predicated on the observation that the separation criteria
are conservative most of the time as they ignore conditions such as strong
crosswinds which will cause the vortices to dis sipate rapidly or to blow clear
of the path of a following aircraft. Measurements have shown that vortices
rarely remain stationary and do not persist indefinitely. The frequency of
occurrence of an aircraft-vortex encounter can be shown to be small; traffic
is thus unnecessarily delayed by always adhering to the present inflexible

regulations.

A warning system is being implemented (Ref. 1) which provides a pro-
tected region in the approach corridor of a runway by constantly monitoring
the corridor with vortex tracking sensors. More advanced systems will re-
quire the ability to forecast vortex motions and decay. A simple vortex pre-
dictive system has been recently proposed (Ref. 2) but has not been validated.
Preliminary results on forecasting the transport and decay of vortices have
been reported by Brashears and Hallock (Ref. 3) and Tombach (Ref. 4) who
conducted flight experiments with smoke-marked vortices from a Cessna 170
and correlated the time-to-linking of a vortex pair and vortex bursting with
the ambient turbulence level. A new analysis (Ref. 5) for the Crow instability
(Ref. 6) expresses the time-to-linkage as an explicit function of the turbulence

dissipation rate and is corroborated by the limited flight test data.

To develop a model for the transport of the vortex pair, fluid mechanic

representations of the various vortex-induced and atmospheric effects have
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been combined into a unified computer simulation. A series of flight tests
using B-747, B-707, B-727 and DC-6 aircraft were done at the National
Aviation Facilities Experimental Center (NAFEC), Atlantic City, New Jersey,
in which both the motion of the vortices and the attendant meteorological con-
ditions were recorded. The purposes of the tests were to examine the effi-
cacy of a simple transport model and to extend the model by a parametric
analysis of the ambiguities between the measured and predicted vortex

motions.
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Section 2
VORTEX TRANSPORT MODEL

2.1 FUNDAMENTALS OF VORTEX MOTION

The idealized flow about a circular vortex consists of an inverse radial
velocity distribution (see Fig.2-1); but this predicts an infinite velocity at the
vortex center, However, in reality, the vorticity is not concentrated at a
point but is distributed over some non-zero area. The fluid in this area
(the core) moves like a rigid body rotating about the center of the vortex
(Fig.2-1). The vortex has a velocity field with the magnitude at any point
called the induced velocity. (It is customary to refer to this velocity as
induced by the vortex but it should be noted that this is merely a representa-
tion and that actually it is the velocity that would coexist with the vortex in

an otherwise undisturbed fluid.)

The transport model approximates the aircraft vortices by two free
vortices with finite cores. The induced velocity field of each vortex is shown
in Fig.2-2 along with the distribution of circulation (vorticity), The defining
equations are derived by equating the static pressure distribution to the
centrifugal acceleration with the results given in the figure. The instantaneous
streamlines of the flow field due to a vortex pair are shown in Fig. 2-3a while
the relative streamlines produced by the sinking motion are shown in Fig.2-3b,

Neither vortex induces any motion to itself; thus the sink velocity is given by

L
Ws T 27D

where [ is the circulation or "strength" of the vortex and b' is the instan-
taneous separation of the vortex pair. A limiting streamline exists and that

fluid inside the oval defined by the streamline travels with the vortices in the
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absence of mixing. The size and shape of the oval can be calculated from

potential flow theory (Ref. 7) and is found to be nearly elliptical and of area:

2
N b
A = 11.42(7)

To establish the transport of the vortex pair, the relationships of the
defining parameters to the generating aircraft must be found. This can be
done by relating the final conditions of the rollup process to the aircraft

parameters and using these values as initial conditions.

The circulation-loading distribution of a wing defines all the properties
of the inviscid vortex development; however, at the present stage of the trans-
port model development, it is merely assumed that an organized vortex pair
motion exists. The pair moves in its induced field causing the vortices to
convect downward with a velocity directly proportional to the aircraft lift
coefficient and velocity and inversely proportional to the aspect ratio. Using
classical dynamics and the elliptic lift approximations (Ref. 8), the initial

wake can be classified by:

4w
I = TpVb

where W is the aircraft weight, p is the air density, V is the aircraft speed,

and b is the wingspan. Accordingly, the initial vortex spacing will be:

b' =

ENE]

The aircraft weight, flight speed, and wingspan are thus the only aircraft
parameters used, The effect of flaps can be considered by replacing the
wingspan b with an effective wingspan b''; larger flap settings alter the load

distribution by concentrating the load distribution more inboard and thus
bt < b,
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Future modifications to the model may use as the initial condition the
vorticity distribution as calculated by some procedure such as the Betz model
(Ref. 9), The Betz model replaces the precise details of the inviscid rollup
of the vortex sheet with a local axisymmetric distribution of vorticity, so
constituted and so positioned to conserve vorticity and moments of vorticity
behind each half of a wing. Recently (Ref. 10) the Betz model has been modi-
fied to take into account the deflection of flaps, and the comparisons with

experiment are very encouraging.
2.1.1 Ground Effect

Next to the local wind, the ground effect is the most important mech-
anism affecting the transport of the vortices and is readily calculated by
using the image system of classical hydrodynamical theory (Ref. 7). For
two-dimensional line vortices, the velocity of any one vortex is due solely

to the remaining vortices (real and image) in the system.

In general, the vortex system near the ground can be represented by
two counter-rotating vortices along with their respective images as depicted
in Fig.2-4. The corresponding horizontal velocity at any point, P, can

easily be seen to be

VA(z1 - zo) ) VB(ZZ - zo) ) Vc(z2 + zo) . VD(ZI + zo)

yp = + v
L3 TAP TRp Tep *pp
(2.1)
; Valy, - v) _ Velyy +v) . Vely, ty) ) Vplyg - v) -
P TAP TRp Tep pp
where
Tpp = 4(y-y°)2+(z1-z)2a.ndVA = ZCA
[o] T AP
I
- 2 2 & el
BPp «(-Y " Y¥o) t(zp - 2,)" and Vg = 3 TRp
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- -
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r
2 2 D
r :{(y-y)+(-z -z ) and V. =
DPp o 1 o D 2TTHp
and
v = crosswind velocity
w = vertical velocity.

When the initial altitudes are the same, it is readily seen that the
equations reduce to the well known motion of a vortex filament parallel to
two perpendicular planes (the axis of symmetry and the ground). The initial
sink velocity is determined by the instantaneous separation of the wake
vortices; thus the motion of vortices created just above an altitude of b'/2
will travel as if they were initially created at a separation somewhat less
than b'. If, however, the vortices are created at an altitude less than b'/2,
the initial horizontal velocity will be greater and the spreading will occur
more rapidly than in the previous case. The vortices will then descend to

an altitude less than that corresponding to mb/8.
2.1.2 Wind and Wind Shear

The effect of a wind field on the transport of the vortex pair can be
calculated by superimposing the wind vector on the existing motion. This
vector is defined in terms of the magnitude and azimuth at various altitudes
for the horizontal portion and with a variable vertical component. This is
in effect assuming that the wind merely has a translating effect upon the

mass of air contained in the oval.

The concept of wind shear is included to explain trends known to exist
from experiment, The downwind vortex often rises after encountering the
ground plane and this can be explained by considering the pressure gradients
that flow in the boundary layer. The sinking oval containing the aircraft

vortices produces a relative flow field about its boundary. In the presence
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of a groundplane, cross flow in the earth's boundary layer begins to operate
against an adverse pressure gradient beneath the pair. As the vortex
transport brings the pair closer to the ground, this adverse pressure
gradient may become strong enough to separate the flow producing a bubble
containing vorticity opposite in sense to the downwind aircraft vortex.
Harvey and Perry (Ref. 11) depicted the bubble as moving rapidly in the
downwind direction and finally detaching from the surface as a secondary
vortex fed by a vortex sheet from the separation point. This secondary
vortex induces an upward component to the total induced velocity field, thus

causing the downwind vortex to rise. This is shown schematically in Fig.2-5.

Burnham (Ref. 12) has suggested modeling this phenomenon by simula-
ting the shear layers by rows of discrete vortices where all of the vorticity
in the earth's boundary layer is contained within these vortices. An image
system of identical vortices is used to satisfy the boundary condition of no
vertical wind component at the surface. The system of shear vortices can
be described in terms of any number of vortices per row and any number of
rows (plus the corresponding images). The magnitude of the circulation of
each vortex is calculated from the geostrophic wind condition and this value
can be distributed over the boundary layer in any fashion by as signing each

row a fractional strength corresponding to the desired distribution.

The general effect of using wind shear vortices is shown%in Figs.2-6
through 2-8. Figure 2-6 shows the effect of the wind shear with all of the
vorticity concentrated in one row at an altitude of 30 feet with a spacing of
50 feet between the discrete vortices. It is seen that the downwind vortex
does indeed rise while no apparent difference is noted in the upwind vortex
motion. Figure 2-7 depicts the effect of changing the number (I) of shear
layers (rows) where each row has equal fractional strength (F). Again, the
upwind vortex path is essentially unchanged. However, the downwind vortex
transport shows a rising trend that is weakly dependent on the number of
rows. A single row is noted to produce the largest change for a given instant

of time. The effect of distributing the vorticity within the shear layer on the
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motion is shown in Fig.2-8 where the largest fractional strength (0.4} is con-

tained in the row nearest the ground.

Recently Lissaman, et al. (Ref. 5) analyzed the effect of a uniform
shear on the vortex recirculating cell of the vortex pair. It was shown that
as the strength of the uniform shear increases, the size of the upwind vortex
cell also increases. It was implied that this phenomena could give rise to
vortex tilting that has been observed from experiments (Ref. 4) as the
vorticity diffusing radially outward would reach the downwind cell boundary
first thus causing a circulation mismatch between the vortex pair. This
phenomena would cause the upwind vortex to rise; a result contrary to the

aforementioned concept.
2.1.3 Buoyancy

The vertical descent of the vortex wake is expected to vary as a function
of atmospheric conditions and there are indications that buoyancy may be a
significant factor. The driving force for producing changes in the initial
motion is a result of the difference in density created during the descent of
the pair through a stratified fluid. Even for the case of no initial density
difference (no engine exhaust entrainment), a difference is produced if the
nearly adiabatic compression of the oval (due to increasing atmospheric
density) is different from the stratification of the atmosphere. The resulting
density difference produces a buoyant force that affects the vertical momentum
of the vortex pair. Buoyancy generated in this manner alters the circulation
(Ref. 13); however, the manner of alteration has not been established.
Tombach (Ref. 14) maintains that the buoyancy generated vorticity is en-
trained through mixing of the ambient air and the recirculating flow at the
upper boundary of the oval. Scorer and Davenport (Ref. 15) derived a model
that shows just the opposite, namely detrainment of the vorticity (a conse-
quence of the assumption of constant circulation). Three other models also
predict entrainment (Ref. 16,17 and 18). Tombach (Ref. 4) and Lissaman
(Ref. 5) thoroughly review the theoretical formulations for the descent of

wakes in a stably stratified atmosphere,.
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An experimental observation that supports the entrainment idea (or at
least partial entrainment) is the fact that the vortex pair has been known to
descend at nearly constant spacing and finally come to rest at some altitude.
To explain this, the concept of entrainment of buoyancy generated circulation
must be used in that the internal distribution of the generated vorticity must
be such that the vorticity of one vortex is negated at the location of the other

vortex so there is no induced sink velocity,

The models chosen to represent the effect of buoyancy in the transport
model are Tombach's (Ref. 14) and Scorer and Davenport's (Ref. 15). The
reasons for choosing these two theories is that a representation of the full

spectrum of events is contained in these two models.

A comparison of the two theories is shown in Figs.2-9 and 2-10., In
Tombach's model the solution may be generated in terms of an unknown
mixing parameter, S (S=0 corresponds to the Scorer and Davenport model).
The effect of buoyancy on the descent is depicted in Fig. 2-9, where it is seen
that for the first minute of life the difference is less than 10%. Figure 2-10
shows the effect of buoyancy on the separation of the vortex pair. Here the

relative difference is somewhat greater (15%) during the first minute.

Lissaman, et al.(Ref. 5) recently developed a new theory for trailing vor-
tices in a stably stratified atmosphere. No attempt will be made here to discuss
the results but merely to note that the result is that buoyancy always produces

a convergence in vortex separation and thusly a downward acceleration,
2.2 VORTEX DECAY, BURSTING AND INSTABILITY

The inclusion of vortex viscous decay is based on the methods of
classical hydrodynamics (Ref, 7). A laminar solution for an isolated vortex

is obtained from the momentum equation written in terms of the vorticity:

= I -r2/4vt
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Replacing the kinematic viscosity ¥ with the sum of an eddy and kinematic

viscosity (Ref. 19) yields

2
- I -7 /4(W+et
¢ = 4(V+e)t e /

and the corresponding solution for the circumferential velocity is

e e [1 _e-r2/4(u+e)t]

2rr

As time increases to infinity, the velocity decreases to zero. However,
the vorticity increases from zero up to a maximum value and then asymp-
totically approaches zero. The circumferential velocity equation is used in
the model to calculate a decay using a value of the eddy viscosity obtained
from Fig.2-11. The curve represents a correlation between the circulation

developed by an aircraft and the measured eddy viscosity (Ref. 20).

Vortex bursting (Refs, 21,22 and 23) represents a phenomenon that is
poorly understood. To date, no satisfactory models are known to exist that
can be used for computational purposes. Tombach (Ref. 4) reports observing
(in most cases) vortex bursting over a broad range of atmospheric and flight
conditions. The phenomenon manifests itself as a rapid increase in core
diameter followed by an axial flow of a conical front. The axial movement
can be in either direction or in both directions for the same vortex (at different

locations).

To include the Crow type of instability (Ref. 6) into the model, the vortex
core size is calculated using Spreiter and Sacks theory (Ref. 8) and when the
spacing between the vortex pair is equal to the core diameter, breakdown is
predicted. This assumes that breakdown occurs upon core contact. At
present, however, there is seme thought that an overlap must occur before
this happens (Ref. 24). It is felt that this represents a relatively good assump-

tion for this application due to its simplicity.
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2.3 THE EFFECT OF MUTUAL AND SELF-INDUCTION

Thus far, the discussion of vortex motion has centered around the
concept of a system of two-dimensional line vortices. Since flight paths
for both approach and departure corridors are of interest, it remains to
be established how the assumption of the two-dimensionality affects the
vortex location. In other words, how does the gradient of the ground effect

affect vortex motion?

For the two-dimensional system, all of the motion is due to the mutual
induction of the total vortex system (aircraft, image and shear vortices) and
is readily calculated., To allow for aircraft flight paths that deviate from the
horizontal (approach and departure), it has been assumed that the image sys-

tem and mutual induction computational techniques are unchanged.

To check the assertion that the computed vortex paths will not differ
significantly depending upon the dimensionality of the computational scheme,
the model calculations for the distance traversed by a vortex shed at a 100-
foot altitude by a B-747 are compared (see Fig.2-12). The two-dimensional
model used was that of Dee and Nicholas (Ref. 25), and the three-dimensional
model was one developed by TSC (Ref. 26). As can be seen in the figure, even
after 100 seconds the two- and three-dimensional models agree for the typical
three-degree glide-slope employed for landing operations. However, when
takeoff operations are considered (15-degrees is typical for the B-747), the
full three-dimensional model must be used to be able to predict to within even

500 feet after 40 seconds where the vortices have drifted.

2.4 TUNIFICATION OF THE WAKE VORTEX TRANSPORT MODEL

All of the previous mechanisms have been incorporated into a unifying
wake vortex transport model. Since the buoyancy models chosen are appli-
cable outside the ground plane region, a transformation altitude is defined to
divide the geometric regions of interest into two computational regions. This

altitude is normally chosen as 500 feet since at this height the ground plane
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effects are less than 2% of the transport, A superposition scheme is used
to yield an explicit formulation in the velocity domain, while a Runge-Kutta
numerical integration is employed in the transport domain. A schematic

of the computational region is shown in Fig. 2-13.

A complete description of the vortex transport code is presented in
Appendixes C through F for reader convenience. Appendix C presents a
description of the output plots presented later in this report while Appendixes

D through F define user information.



Section 3
MODEL SENSITIVITY ANALYSIS AND PARAMETRIC STUDY

The vortex transport model contains a large number of parameters to
simulate a wide variety of aircraft types, trajectories and meteorological con-
ditions. To simplify the model as much as possible, and to determine input
data accuracy requirements, an analysis was performed to determine the
sensitivity of the model to variations in these parameters. The model param-
eters may be grouped in the following categories: (1) wind field data; (2) air-
craft mix; (3) corridor spread; (4) vortex circulation and separation; and (5)
vortex decay. The results of the sensitivity analyses are discussed in the

following paragraphs according to the above grouping.

3.1 WIND FIELD DATA

Variations in the wind are probably the most conspicuous source of error
among the vortex transport parameters. They are also probably the least sus-
ceptible to error reduction. For these reasons, this source of error will be
analyzed first and will be used as a standard for evaluating the significance of

other error sources.

The wind field includes a mean wind velocity with superimposed fluctua -
tions characterized by a standard deviation. Both the mean velocity and standard
deviation are determined over some period of time. Since the maximum vortex
residence time of interest in the flight corridors is of the order of two minutes,
the mean velocity and standard deviation will most likely be measured over the
two-minute interval immediately preceding the vortex generation (aircraft passage.
(This is discussed in detail in Section 4.) These wind data will then be used to
predict vortex motions over the following two or three minutes that the vortex
will be in the vicinity of flight corridors. Assuming only the measured mean ve -
locity field is used as inputs to the transport model, the errors which are con-
sidered in this analysis include the deviation in the mean wind field and the effect

of fluctuations for the period of time that the vortex motion is being predicted.
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Experimental data averaged over two-minute periods during vortex tracking
tests (NAFEC, Atlantic City, N.J., 17 October 1972) showed wind fluctuations
with standard deviations of about 25%. This was true for all altitudes along the
140-foot test tower where data were taken. The 25% value is in fair agreement
with the value of 20% estimated by theory presented in Ref. 27 for longitudinal
component fluctuations. The estimate was made for an altitude of 60 feet above
ground level and for a roughness height of 0.113 feet (corresponding to high grass).
For purposes of this analysis, therefore, it is assumed that the wind velocity
during the period of predicted vortex motion may deviate as much as 25% from
the mean velocity as measured during the preceding two minute interval. It
is further assumed that the velocity fluctuates with an intensity corresponding

to a standard deviation of 25%.

Based on these assumptions, an estimate can be made of the possible
error in predicted vortex position due to wind variations. Consider the ideal,
constant circulation vortex pair descending over flat terrain with a zero wind

field as shown in Fig. 3-1.

Y
~

Fig,3-1 - Vortex Pair Descending in Zero Wind Field
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The positions Y and Z of the vortex pair may be computed as a function of

time t as follows:

Y

£(t) A -(t)

1 2

z, = st) z, = &lt)

where the subscripts 1 and 2 refer to the positive and negative Y vortices,
respectively. For a vortex pair descending in a constant, uniform horizontal
wind field, the preceding computed positions are simply translated with the wind

as follows:

I

-f(t) +v(t) .t

g(t)

Y, £(t) + v(t) 't Y,

where v is the mean cross runway (positive Y component) velocity. If an error
of AV exists in the input value of v, a resulting error of Avt will exist in the com-
puted values of Y. With the as sumed possible deviation of +25% in the mean ve-

locity, the resulting pos sible error AY is given by
AY = * L
—4

This error is illustrated in Figs. 3-2 through 3-5 for vortices generated by a
Boeing 747 at the middle marker (altitude 208 feet) and threshold (altitude 60
feet) points of an approach glide path. Predicted lateral positions and possible
errors are shown as a function of time for various cross runway velocities. The
error in the predicted lateral position after 2 minutes is seen to be as much as
150 feet for a 5 ft/sec wind and 600 feet for a 20 ft/sec wind. Of particular
interest is the upwind vortex which tends to become stationary over the middle
marker position with cross winds of about 5 ft/sec, and over the threshold with

cross winds of about 10 ft/sec.

In addition to the errors due to deviation of the mean velocities from the

input values, errors will exist due to random fluctuations in the velocity field.
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These random fluctuations will cause the vortex position to deviate from the

predicted position in "random walk'' fashion. The amount of this deviation can

can be estimated from diffusion theory.

The root mean square diffusion distance, 0, for particles diffusing from

an instantaneous point source is given by

where K is the diffusivity, and the subscript i refers to rectangular coordinate
directions. The distance o, may be considered the standard deviation for the
random drifting of the vortex away from its predicted position. The diffusivity

K may be estimated from Prandtl's mixing length hypothesis:

where £ is the mixing length and the vi's are the velocity fluctuations from the
mean. It is again assumed that the velocity fluctuates with 25% standard devia-
tion. Further consider that the mixing length { is proportional to altitude Z

above ground level:
£ = 04 7Z

where the fraction 0.4 is the von Karman constant. The diffusivity K is esti-

mated, therefore, from

K =012Zv

and the standard deviation ¢ expression becomes

c ="0.z Zvt (3.1)



The standard deviation in the vertical, lateral and longitudinal directions may

all be assumed to be approximately of this magnitude.

A vortex generated by a Boeing 747 at the middle marker point on the
glidepath will descend to a limiting altitude of about 72 feet. A vortex generated
at the threshold will descend to about 47 feet. These values were used in
Eq.(3.1) to estimate the error in the predicted vortex lateral position due to
random velocity fluctuations. The results are shown in Figs. 3-6 through
3-9. After two minutes, the errors are seen to be about 100 feet for a 5 ft/sec
wind and 200 feet for a 20 ft/sec wind. This error is considerably less than
that estimated due to deviation of the mean wind from the input value. This
in effect represents an improvement in the uncertainty in the mean statistics
by realizing that, in general, a completely biased situation will not occur due to
the randomness of the deviation from the mean wind. It is felt that this repre-
sentation of the uncertainty in the transport of the upwind vortex represents a
meaningful baseline deviation from which to measure other possible sources

of error.

3.2 AIRCRAFT MIX

Because of variations of lift, speed and wingspan, different aircraft types
produce vortices of different circulation and separation distance, and, hence,
sink velocity., Consequently, the vortex tracks will differ depending on air-
craft. The amount of variation with aircraft type is of interest to this sensitivity
analysis because if the variation is sufficiently small compared to other varia-
tions, a single composite aircraft type could be incorporated into the program

to represent all aircraft types.

Figures 3-10 and 3-11 show the computed lateral distances, Y, as a func-
tion of time for a variety of aircraft at the middle marker and threshold posi-
tions. The spread in the computed distances are seen to be much greater for
the threshold position than the middle marker. Also, the results for the dif-
ferent aircraft, especially at the threshold, are seen to lie in groups corresponding

to heavy, medium and light aircraft weight classifications. The overall spread
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in the results due to aircraft variation is compared in Figs.3-12 and 3-13

to the baseline variation due to random wind fluctuations.

At the middle marker, the spread due to aircraft variation is roughly
the same as for wind fluctuations for mean winds greater than about 10 ft/sec.
At the threshold, the spread due to aircraft variation is considerably greater
for all wind speeds. However, if the aircraft are grouped according to heavy,
medium and light classifications, the spread within these groups would be
considerably less than for the entire aircraft mix. For the heavy aircraft
group (C5A, L1011, Boeing 747 and DC-10) the spread is shown in Figs. 3-14
and 3-15 to be considerably less than the variation due to random wind fluctua -
tions for all mean wind speeds greater than about 5 ft/sec. This is significant
in that a "representative heavy aircraft! might be incorporated into the predictive

algorithm with no appreciable loss of applicability and accuracy.

3.3 CORRIDOR SPREAD

The actual aircraft trajectory will deviate from the nominal trajectory
according to a statistical pattern, with the 3¢ variation defining a corridor.
At the middle marker, the corridor is bounded by an altitude deviation of +48
feet from the 208 feet nominal, and a horizontal deviation of + 127 feet from the
runway centerline. At the threshold, the altitude bounds are +14 feet from the 60
feet nominal, and the horizontal bounds are +95 feet. To test the sensitivity of the
model to deviations in aircraft trajectory, vortex tracks were made for the Boeing
747 at altitudes corresponding to the upper and lower altitude bounds at the middle
marker and threshold points. The deviations in vortex track due to horizontal
deviations in the aircraft trajectory can be determined from a simple horizontal
translation from the runway centerline. The spread in computed lateral dis-
tances Y is shown in Figs. 3-16 and 3 -17 for altitude deviations at the middle
marker and threshold. The computations are again seen to be more sensitive
at the threshold than at the middle marker. These spreads are compared in
Figs. 3-18 and 3 -19 to the baseline variation due to random velocity fluctua-

tions. The spread due to altitude deviations at the middle marker is seen to
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be well within the variation due to velocity fluctuations for mean winds greater
than 10 ft/sec. The spread at the threshold is seen to be somewhat greater

than but still of the same order as that due to velocity fluctuations.

3.4 VORTEX CIRCULATION AND SEPARATION

The vortex circulation and separation distance depend on aircraft lift,
speed and wingspan and may be calculated based on certain assumed lift distribu-
tions along the wing. The equations used in the present study for calculating
circulation and separation distance were based on an elliptical distribution.
The vortex circulation for a given aircraft type will vary depending on speed
and overall aircraft weight, including fuel, passengers and cargo. In addition,
the lift distribution varies from an elliptical loading depending on configuration.
The vortex separation distance depends only on wingspan and lift distribution.
For a given aircraft type, therefore, variations in separation distance will
be due to variations from an elliptical loading. The model was tested for
sensitivity to variations in circulation and separation distance by performing
calculations for a Boeing 747 at altitudes corresponding to the middle marker
and threshold with variations in circulation and separation of +10% and 25%
from the nominal. The spread in computed lateral positions is shown in Figs.
3-20 and 3-21 for variations in circulation. These spreads are compared in
Figs. 3-22 and 3-23 to variations due to random velocity fluctuations. The
spreads for +10% deviations are seen to be about the same as the variations
due to random velocity fluctuations for mean winds greater than about 5 ft/sec.
The +25% deviations, however, produce spreads greater than the variations due
to random velocity fluctuations up to approximately 15 ft/sec as seen in Figs.
3-24 and 3-25,

The spread in computed lateral positions is shown in Figs. 3-26 and 3-27
for variations in separation distance, and these spreads are compared in Figs.
3-28 through 3-31 with variations due to random velocity fluctuations. The +10%
deviation spreads are seen to be well within the variations due to random velocity
fluctuations for both the middle marker and threshold positions. The +25% devia-
tion spreads are seen to be within the variation due to random velocity fluctua-
tions for mean winds greater than about 10 ft/sec at the threshold and about 20
ft/sec at the middle marker.
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Thus, the general conclusion is that the model appears able to tolerate varia-
tions in circulation and separation up to around +10% and still be within the

error produced by the random velocity fluctuations.
3.5 VORTEX DECAY

The vortex circulation decays with time at a rate determined by a vortex
decay eddy viscosity. This eddy viscosity is determined as a function of the
initial circulation (Ref. 20). Since there is some uncertainty in the values of
the eddy viscosity, the model was tested for sensitivity to variations in eddy
viscosity from the nominal. The computed lateral distances are shown in Figs.
3-32 and 3-33 for variations in eddy viscosity by factors of 10, 50 and 100 from
the nominal. It is seen that for the baseline cases under consideration (Boeing
747 at middle marker and threshold positions), the vortex decay constant may

vary up to a factor of 10 and be within the baseline tolerances,
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Section 4
PROOF OF CONCEPT TESTS

4.1 NAFEC TEST FACILITIES

During October and November 1972 proof of concept tests were performed
at the National Aviation Facilities Experimental Center (NAFEC) in Atlantic
City, New Jersey. The test consisted of

e Measuring the atmospheric conditions
e Forecasting the vortex transport, and

e Performing the aircraft flybys and monitoring the vortex
tracks.

The NAFEC Vortex Flight Test Facility consists of a 140-foot tower
instrumented with hot-film anemometers, colored smoke dispensers and
meteorological instrumentation. The smoke was used to visualize the vortex
tracks. A 35-mm camera was located approximately 2000 feet from the tower
and chosen to lie in a line nearly normal to the prevailing wind direction.
Photographs were taken every second and the vortex tracks were obtained by
visually examining each print in turn and locating the center of the vortices by

scaling photographic distances against known distances.

Supplementing the visual tracks were ground-wind sensor tracks. Pro-
peller anemometers were set out on a baseline near the tower and the local
wind velocity perpendicular to the aircraft flight path was recorded as a func-
tion of time. Often the lowest smoke dissipated quickly but the ground wind
sensors were able to extend the range of the visual measurements. Required
aircraft parameters (configuration, gross weight, airspeed, heading, etc.)
were recorded by the pilots and radioed to the test controller immediately

after the aircraft passed the tower. The height and lateral position of the

aircraft with respect to the tower were measured by the phototheodolite facilities

at NAFEC. The atmospheric conditions were monitored before, during and after

4-1



the aircraft flybys to determine the conditions during the test and to forecast
the vortex transport., Atmospheric variables were recorded from meteoro-
logical instrumentation located at five levels on the NAFEC tower (ambient
wind velocity, absolute temperature and relative humidity). The tower data
were recorded hourly beginning six hours before the flights to four hours after
the flights and continuously during the tests. The means of the velocity and
temperature histories were computed over the two minutes prior to aircraft
passage along with the corresponding standard deviations. The higher alti-
tude conditions were monitored by radiosonde releases which recorded pres-
sure, temperature and winds from the surface (actually around 500 feet above
MSL) to 5000 feet. The upper air data were recorded hourly beginning three

hours before the tests to three hours after the tests were completed.

The primary days of interest for proof of concept considerations were
17 and 18 October and 1 November 1972, However, additional data were made
available to allow comparison of predicted vortex tracks with expe rimentally
determined tracks over a wider range of meteorological conditions. These
tests were 19 and 22 August, and 13 through 17 September 1972 and were
chosen because tower meteorological data were available. A complete sum-
mary of the runs of interest are given in Appendix A. A more detailed discus-

sion of vortex tests at NAFEC is presented in Ref, 28.

4.2 DETERMINATION OF THE WIND PROFILE

Basically two different techniques have been investigated to determine
a wind profile over the range of altitude from the aircraft flight path to the
surface. The first technique uses discrete measured values (usually 5 values
over the range of altitude of the tower) to determine either segment-interpolated
(or extrapolated) wind speeds and directions or least squares representations
of the data. The second technique requires utilizing one wind speed and direc-

tion to construct a profile representation which can be blunt or of the power



law form. The former technique is considered to be somewhat more than
would presumably be required for an operational wake vortex predictive
system. However, a reliable wind profile should be used when evaluating
predictive vortex tracks to allow meaningful comparisons to be made. The

following is a brief description of these techniques.

e A linear interpolation or extrapolation technique is
used to determine the wind speed and direction at all

altitudes of interest, or

e A non-linear least squares analysis is performed to
determine a reference velocity and power law ex-
ponent at a given reference height for an arbitrary

number of observed wind speeds.

e A polynomial least square analysis is performed on
the wind direction variation with height. The order

is optional but a quadratic is normally used, then

e The component wind profiles are computed from
a combination of these techniques. This yields both

the cross wind and longitudinal wind profiles.

A few words of caution are presented for application of these simple
concepts. Normally the aircraft is flying at an altitude greater than any
of the wind measurement stations. The linear extrapolation technique was
first used to determine the wind field at the aircraft altitude. It was found
that detectable errors result as a consequence of this extrapolation; this

will be discussed fully in Section 5. This was one reason the power law



concept was investigated. This also requires extrapolating the wind direction
data to the maximum altitude and some judgement must be used in connection
with the direction curve-fit. The quadratic fit of direction versus height produces
very acceptable results throughout the range of the data., However, extrapolation
can produce serious errors as indicated in Fig.4-1. This plot shows the effect
of extrapolating the wind direction from 140 feet to 200 feet. It is seen that

this can easily produce errors of tens of degrees and in some cases as much

as 180 degrees. To overcome this difficulty a linear extrapolation is used

to determine an approximate wind direction at the aircraft altitude. Note the
linear extrapolation only defines one point and not the wind direction over the
extrapolation range. Thus, this one point is used with the measured values .

to perform a least square polynominal fit over the entire range of altitudes.

This results in a superior representation of the wind profile as evidenced in
Fig.4-2. This plot shows the effect on the cross wind profile of neglecting

the error in the wind direction. The corresponding effect on the longitu-

dinal wind profile is shown in Fig. 4 -3.

4.3 PHOTOGRAPHIC TRACKING OF AIRCRAFT VORTICES

The photographic data used in this analysis were obtained by Transpor-
tation Systems Center personnel with techniques developed at TSC. Further-
more, the photographs were reduced at TSC according to the procedure outlined
in Ref.28. A typical tracking sequence is shown in Fig.4-4. Time equal zero
corresponds to aircraft passage; the smoke grenades are detonated at a time
prior to the first vortex arrival. At a time of 10 seconds the starboard vortex
hits the tower near the 140-foot level. The downwind drift of the first vortex
is seen in the frame corresponding to 18 seconds, The second vortex hit at
the 120-foot level of the tower at 20 seconds. Note the equal altitudes of the
two vortices. Also the core formation is evident in the frames corresponding
to 38 and 54 seconds. The remaining frame shows the downwind drift of vortices
and the smoke detrainment. As previously mentioned, the absence of smoke
does not infer that the vortex has dissipated. This will be discussed further

in Section 5.
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4.4 GROUND WIND VORTEX TRACKING CONSIDERATIONS

Vortex tracking by ground wind measurement was first mentioned by
Thomson (Ref. 29) where it was suggested that the induced pressure near the
surface be monitored with an array of pressure probes. Since experiments
have been made to determine the pressure rise near the ground (Ref.30 and
31) and since an understanding of the vortex signature is of fundamental im-
portance in designing a Wake Vortex Avoidance System, some discussion is
presented here concerning the use of ground wind measurements. Also ground-
wind data were recorded at the proof of concept test for use in model verifica-

tion.

Attempts have been made to deduce vortex characteristics from time
histories of pressure both in the intrinsic structure of turbulent jets (see Lau,
et al., Ref.32) and in the study of aircraft vortices near the ground (see

Burnham, et al., Ref.31 and Hallock, Ref.30, as previously mentioned).

In all cases, and in the original discussion by Thomson, the steady
Bernoulli equation was used to relate the velocity to the pressure. However,
since the source is being convected in the moving media and a stationary trans-

ducer is involved, the unsteady Bernoulli equation must be used, i.e.,
a 1
P+p ??'l- -z-pq2 = constant (4.1)

where ¢ is the velocity potential, q is the magnitude of the velocity vector
a nd P and p are the fluid pressure and density. For the situation of interest
this reduces to the following
a¢, 1,2 _ =32
Ptpaetzfl = B 2P (4.2)
where the subscript « refers to far field conditions (in absence of vortex effects),

This equation was used in Ref. 32 in modeling the shear layer of a jet. The un-

steady term (p 8¢ /9t) can readily be determined for the case of horizontal
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transport of a vortex at constant velocity. This corresponds to the equilibrium
ground plane condition. For this simple case the vortex and its image constitute

a vortex pair traveling at the constant speed q, = 94 + Q> where 9 is the vortex
sink rate prior to encountering ground plane effects. Thus, from a moving refer-
ence frame moving at the velocity of the vortex pair, the overall flow field appears
to be steady. Thus, the Bernoulli equation referred to this frame becomes:

P+2pg? = P +1pq’ (4.3)

0 2 s

where q" is the velocity referenced to the moving frame. Subtracting Eq. (4.3)
from Eq. (4.2) yields:

3¢ _ 1 . .2 2 2 nl

at - 2 (9, -9, -9 +4q") (4.4)
n - —_ - —_ - _\, .-\, R R .
Since q ' = q - q, and q = 9, +q’, where q’ is the vortex induced velocity,

Eq. (4.4) may be further reduced to:

0 :

—
where q'x is the horizontal component of q!

With this result, Eq.(4.2) becomes

’ L o 2 .
P-pa,q,t3p2" =P +3paq (4.6)

at points along the ground (neglecting ground shear), q;{ =q=-q , so that after

rearranging and non-dimensionalizing Eq. (4.6) becomes:

- 2 /
PR R R

This equation is a simple quadratic in q and may be solved explicitly.



The last two terms in Kq. (4.7) are due to the unsteady condition. To
determine the relative magnitude of the unsteady terms, we assume for sim-

plicity a zero wind condition (qOo = 0), thus reducing Eq. (4.7) to:

PDO-P 2

= () - 22 4.8)
1 2 (q) Z(q) (
qus s s

Vortex transport theory shows that, at the midpoint between a vortex pair
which would be at ground level difectly under the real vortex, q/qﬁ =4. The
magnitude of the unsteady term on the right hand side of Eq. (4.8), therefore,
would be 8 compared to 16 for the steady term. This shows that the unsteady
terms are nearly as important as the steady terms. The important point is
that formulating the Bernoulli principle correctly reduces (by a factor of 2 in
the example) the theoretical pressure differential. This effect would certainly
go a.long way in explaining the discrepancy between theory and experiment that
resulted in Ref.31. Also any ground pressure measuring system must take
this effect into account by extending this analysis to at least a two=
dimensional account of the events if amplitude information is used to convey

vortex altitude.
4.5 DESCRIPTION OF THE VORTEX SIGNATURE

To dete rmine the vortex signature at any given spatial location, the
concepts established in Section 2, i.e., Eq. (2.1) applies. Several special
cases of interest should be pointed out. First consider the case of the

downwind vortex directly over the ground wind sensor of interest, namely
point P. Thus y =y and
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5.; r 2z, (zy - z) (ZZ + zo) _] ‘v 69
= T2 2 27 2 2 .2 2 CwW '
Yo % zy - 2z 4yo +(z2 - zo) 4y0 + (z2 + ZD)J

Secondly, consider only one vortex and its image (i.e., z, ). This cor-
responds to considering only one vortex as influencing a particular sensor

when that vortex is directly over the sensor in question:

' r %y
YV=Y0 N ZZ Y + Yew (4.10)
Z., = 00 1 o

This is a quadratic in the vortex altitude that can be solved explicitly in terms
of the maximum vortex velocity (vortex directly above the sensor) and the sensor
altitude. This yields

; 2
_ .1\ r I 2
Vortex altitude = z; =5 e +J 2 3 t4 z, (4.11)
y TV
y
where vy = Ve - Vew: Thus vY corresponds only to the vortex-induced

component. Of course; this reduces to the well known equation as the sensor

height approaches zero, i.e.,

Zy, =~ a8 z_—»0 (4.12)

The details of the theoretical vortex signatures have been generated
as a function of aircraft type, érosswind conditions, sensor type (response),
location and altitude, and digital sampling rate. A schematic of the sensor
array and parameter range is shown in Fig, 4-5,
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Careful study of the trends depicted in ground wind signature simulations
must be accomplished before attempting to analyze experimental measurements.
Figure 4-6a shows the vortex track for the no wind case. Note the sensor on
the aircraft flight path sees a continuous input of zero horizontal velocity corre-

sponding to the symmetric vortex pair and images system.

At the 200-foot location the first vortex induced peak is encountered at
approximately 29 seconds, and 50, 74 and 99 seconds for sensors 1, 2, 3 and 4,
respectively. The smaller amplitude at 200 feet is, of course, because the vor-
tex is above its equilibrium height. The curves were generated with a sampling
rate of one sample per second and for this wind condition appears sufficient. For
higher winds, however, a greater sampling rate is required. Figure 4-6¢c shows
the effect of a low crosswind. The wind produces an asymmetric system with
the upwind vortex transport retarded, thus inducing a negative velocity in the
centerline sensor location, Note that the downwind vortex signature is shifted
up by the mean crosswind with essentially the same amplitude for sensors 2, 3,
and 4. However, the amplitude for sensor 1 is diminished by 4 ft/sec. This is
due to two effects, namely that a crosswind produces a "younger'" vortex at any
given sensor location due to increased translation and secondly the closer prox-
imity of the upwind vortex. The magnitude of the two effects will be discussed
later. An important point is that the negative peak does not guarantee a vortex loca-
tion for a sensor on the flight path. It is also seen that the non-vortex contaminated
mean velocity is approached after downwind vortex passage (i.e., a constant 4 ft/sec).
The same events are encountered for a crosswind of 8 fps as shown in Fig. 4-7a.
In Fig. 4-7c the crosswind is shown to be sufficient to negate the upwind move-
ment of the starboard vortex, thus the negative peaks for sensors 0 and 1 at
approximately 9 and 55 seconds, respectively. Note the broader upwind vortex
signature due to the slower transport. This implies the sampling rate should
be dictated by the downwind vortex characte ristics. Also the amplitude of the
third and fourth sensor is essentially the same (i.e., 36 ft/sec =48 - 12).
However, sensors 1 and 2 are influenced by the upwind vortex as evidenced by
the appreciable negative -induced velocity. This is evident because the velocity
after vortex passage does not return to 12 ft/sec for sensor 2 and the close

proximity of the negative and positive peaks of sensor 1.
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If the time scale were extended beyond 200 seconds the same phenomena
would occur for sensor 4 as far as the negative peak is conce rned. Above this
velocity the general effect of increasing wind speed is to shorten the time scale
thus narrowing the signals, especially that of the downwind vortex as seen in
Fig. 4-8a. The case depicted by sensor "1 explains the small positive peak rela-
tive to the large negative peak that has been noticed in some experiments (Ref.
31). This is again explained in a twofold manner: (1) the altitude of the down-
wind vortex is greater at the sensor 1 encounter due to a ''younger vortex'' than
that corresponding to the ne gative peak at the same location, and (2) the mutual
induction of both vortices cannot be separated due to the close proximity of the
pair. The events for a wind of 20 ft/sec are depicted in Fig. 4-8¢c and are

essentially unchanged except for a reduced time scale.

Corresponding vortex signatures for the vertical velocity component are
presented in Figs. 4-6b,4-6d,4-Tb, 4-7d, 4-8b and 4-8d. The vortex position can
be obtained by locating the approximate zero crossing (for a zero-mean vertical
wind). The exact time does not correspond to precisely zero vertical velocity
for vortex passage as the other vortex is inducing a velocity from a far field
condition. The negative peak (upper peak) for the cente rline sensor (sensor
10'") does not represent vortex passage but merely the vertical velocity due to
the four vortices at a sensor height of 6 feet. A detailed discussion of each
graph will not be pre sented in the interest of brevity, but only general comments
made about the effect of wimd. However, much can be learned from a detailed

analysis and the full set of graphs are presented to allow the reader to do so if

he chooses.

As the crosswind increases the time scale is again reduced and above a
certain value the upwind vortex will move downwind and introduce a second zero
crossing. This does not occur in the 200-second time frame until a wind of 12
ft/sec is reached (actually some place between 8 and 12 ft/sec) and occurs for
all sensors except 4. This is shown in Fig. 4-7d. At 8 ft/sec (Fig.4-7Tb) the
second zero crossing occurs after 200 seconds but the second vortex can be
seen to be between sensors ''0' and n11. Above 12 ft/sec events will occur on

a reduced time scale. Note the local minimums in all of the vertical tracks.
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These points correspond to the point where the particular sensor in question
is midway between the two aircraft vortices. Thus, more track information

is available than that corresponding to only sensor location.

The primary source of noise will, of course, be due to the temporal grad-
jents that exist in the wind field. The computer simulation discussed in a pre-
vious section also possesses the capability to supe rimpose the unsteady vortex
velocity on an unsteady wind field. Numerous runs have been made superim-
posing actual wind field data measured by a Gill anemometer on the calculated
vortex signature. The wind data used was also subjected to variance and power
spectral density analyses to establish the general effect of temporal gradients.
It has been concluded from this analysis that even for relatively small standard
deviations, isolated transients exist of sufficient amplitude and reduced fre-
quency that the vortex maximums and minimums are "disguised.'" Therefore,
it has been concluded that a data processing system relying only on locating
maximums and minimums is certainly not the most reliable technique. Since
the vortex sighature is well understood at this point, the same consideration

must be given the ''noise' in order to optimize the entire system.

It is convenient to restrict the discussion of "noise' to wind components
without any loss of generality. This is accomplished by considering u, v, w,
as the longitudinal, lateral and vertical components of velocity with primes
representing standard deviation, instantaneous fluctuations from the mean
and bars indicating means (i. e., u =u + u', etc.). Thus at an airportu
will generally be in the negative direction of the aircraft flight path with v

in the direction of the starboard wing and w positive up.

The spatial variation of large eddies can be statistically defined in terms
of a correlation coefficient as

u'1 u'2
R(x) = > , etc. (4.13)
ul

The dependence of R(x) on x is a measure of the eddy size and is given by

0, - fR(x) By St (4.14)

(o]
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and is called the scale of turbulence. A time-correlation coefficient, R(t),
can be defined in terms of two events occurring at different times at the same
point and in particular if the concept of frozen turbulence is employed (unchanging

pattern of turbulence convected at the mean speed), it follows that

R(t) = R(x) when x = ut (4.15)

(see Ref.33), This is equivalent to saying that events occurring upwind
are seen downwind at some time later (t = x/u) with the validity of
such an extrapolation being represented by the magnitudes of either the cor-

relation or the autocorrelation function.

In deducing the magnitude of the transients ('mnoise'') contained in the
wind field it is convenient to define the standard deviation of each component

relative to the friction velocity

*

u = Ts/p (4.16)

where T, is the surface shearing stress and p is the fluid density. Thus
following Pasquill (Ref. 33) and Lumley and Panofsky (Ref.27) the following

equations result

¥
0u,v,w = Au,v,w = (4.17)
where
Au = 2.5 for all atmospheric stability
AV = 3 for unstable air (4.18)
Av = 2 for stable air
Aw = 1.3 - .3z/L’ as a function of the stability L (1.3 for neutral)

Here L is equal to the length scale stability parameter 1, divided by the ratio
of eddy diffusivities for heat and momentum (see Pasquill, Ref, 33). In
neutral conditions I. —» o thus Aw — 1.3. These equations allow wind speed
and turbulent intensity 'to be correlated to establish the concept of maximum
allowable wind speed for detection of vortex by a ground wind sensing as pre-

viously discussed in this section in reference to the curves set forth by Burnham,
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et al. (Ref.31). In particylar, since the principal component of interest in the
vicinity of an airport is the lateral, these concepts will be confined to o, for

brevity. Now the assumption of absolute neutrality yields

U, k
u = (4.19)

where
U,/U, Mz, - Inz
17 ~2 2 1
mz = (4.20)
o UI/UZ -1

and U1 is total magnitude of wind vector. Since z is a terrain feature and is

inde pendent of wind speed for the surfaces of concern here, then

U, k
o) .-( > )ﬂnzl/zo (4.21)

implies that near the ground o, is proportional to wind speed only.

A sensor height of 6 feet at an airport would yield an order of magnitude
of 3 for {n zl/zo. Therefore with k = 0.4
o, = 0.33 U1 (4.22)
Note that this is a function of the mean wind at 6 feet, not a high altitude mean.
This can, however, be related to any reference level mean wind by

. p
Ul/Uref = (zl/zref) (4.23)
where p is a function of stability and wind speed.

In addition to the temporal gradients in the wind field giving rise to
sources of error in ground wind tracks there are several possibilities that
lead to differences between predictive and experimental tracks. Any deviation
in the initial vortex circulation or vortex separation distance will produce an

uncertainty in the sink rate of the oval. For example, if the separation between
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the vortices is less than eliiptical calculations yield, the vortex pair will de -
scend faster than predicted. This has an opposing effect on vortex position.

First the altitude of the actual motion will be less than that calculated giving

rise to less horizontal displacement due to wind profile considerations., How-
ever, a lower equilibrium altitude will result producing an increased horizontal
translation after encountering ground plane effects. Since these mechanisms pro-
duce opposite effects the relative magnitudes of each must be considered to estab-
lish the overall trend. It has been found that initially when most of the momentum
is vertical, the decrease in horizontal translation is less than the increased
horizontal translation that occurs at later times due to the lower equilibrium
altitude. The superimposed effect is shown by the sketch in Fig. 4-9. This
sketch represents the induced horizontal velocity at a sensor near the ground

for two different vortex separations, bl and b2'

—|At |e—

Velocity

__>l Atz j——
Time

Fig.4-9 - Sketch of Induced Horizontal Velocity at Ground Wind Sensor for
Two Different Vortex Separations
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Initially the track corresponding to the vortex pair with the smaller sepa-
ration has a larger induced downwind velocity and it remains that way until the
vortex with the increased translation due to the higher altitude wind induces
a greater velocity at the sensor as a result of a closer proximity to the sensor.
For moderate creation altitudes the pair with the larger separation will arrive
at a sensor near the flight path first and also induce a smaller velocity at
vortex passage. As ground plane effect begins to determine the motion of the
vortices the pair with the smaller separation will overtake the other vortex
due to the larger spreading velocity as shown in the sketch. These relative

effects depend on the magnitude of the wind shear with the larger the shear

the greater At. For no shear At will be negative; the shear value corre-
sponding to a At of zero can be computed from (bz-bl). Atz has an inverse
trend with wind shear in that for no shear Atz is a maximum. Similar rea-

soning can be used for increases or decreases in the circulation.

Probably the most important parameter controlling the difference between
the predicted and measured ground wind vortex tracks is the uncertainty in the
mean wind, especially at low altitude. The wind was measured at five altitudes
on the tower (from 23 feet to 140 feet) for all flybys at NAFEC. However,
even though this is sufficient information to define the wind profile through that
range (23 to 140 feet) and extrapolation can be made to the actual aircraft alti-
tude with confidence, the wind profile from the surface to 23 feet is difficult
to ascertain. The mean wind below 23 feet will not affect the predicted vortex
transport for the aircraft flyby of interest as the vortices are always higher.
This error, however, will affect the mean velocity of the vortex signatures
computed at the ground wind sensor heights. This is purely a shifting pheno-
mena and is shown in the sketch on the following page. This assumes that the
only error in the mean occurs below 23 feet. In actuality there is uncertainty
in the mean for all altitudes and in general this uncertainty will produce not
only the aforementioned shifting phenomena but also an extension or reduction
of the time scale. For a given stability the uncertainty in the mean wind will
almost certainly be biased, e.g., an increase in the mean wind at all levels

(or vice versa). Figure 4-11 illustrates the phenomena.
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Fig.4-11 - Sketch of Effect of Uncertainty in the Wind Profile
on Predicted Ground Wind Track
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The errors are greatest near the ground. For example, Fig. 4-12 shows the
calculated wind profiles as a function of a stability related parameter using the

wind measurement at the top of the tower (140 feet). Profile bluntness de-
creases with increasing stability, thus appreciable uncertainty lies in the mag-
nitude of the wind at low levels. As previously mentioned this will not affect
the predicted vortex transport at altitude but will shift the predicted ground
wind induced velocity by the error in the mean. In most situations it has been
observed that this error in the ground level mean wind is usually an under pre-
diction of the magnitude of the mean wind. This gives rise to the events shown

in Fig. 4-13. The reverse situation for each case is obvious.
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Section 5

COMPARISON OF PREDICTED VORTEX TRANSPORT
WITH EXPERIMENTAL RESULTS

5.1 COMPARISON OF PREDICTED AND MEASURED GROUND WIND
VORTEX SIGNATURES

Histories are shown in Fig. 5-1 for the observed and predicted vortex
tracks for Run 1 on 18 October 1972, This run is for a B707 aircraft at an
altitude of 197 feet displaced from the tower by 232 feet. Flight conditions
dictated a circulation of 2616 ftz/sec. The wind profile used for the predic-
tive analysis is shown in Fig. 5-2 along with the measured values of wind
speed. The approximate altitude of each vortex as it crossed the ground sen-
sors is also given in Fig., 5-1. Note that for the vortices between 170 and 195
feet altitude, the predicted and measured vortex signature agree very well.
This corresponds directly to that portion of the wind profile which is in error
less than 1 ft/sec. As the vortices descend to approximately 80 feet at the
250-foot sensor, the maximums and minimums agree quite closely. Note also
the shifting trend, as previously discussed, in that the computed mean at a sensor
height of 6 feet is consistently underpredicted. This causes the nearly con-
stant difference between the predicted and measured signatures. Beyond the
250-foot sensor it appears that the wind increased (between 55 to 65 seconds)
as there is a consistent trend of the second vortex passage occurring earlier
than the corresponding predictions; this will be discussed later as possibly due
to another effect. A second comparison is shown in Fig. 5-3 for Run 17 on
18 October 1972. This is also a B707 aircraft cruising at 191 feet, 271 feet
from the tower. The same general remarks discussed previously apply for
this set of data also., The predicted mean at 6 feet is somewhat low giving rise
to the shift between the two tracks, Also note the amplitude of the measured
signatures appears to be decreasing after reaching the 250-foot sensor location.

This could be due to a decrease in circulation at a faster rate than predicted
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or to the upwind vortex rising. The altitudes listed in the figure are known
only for the first 30 seconds as smoke detrainment caused the photographic

data to be meaningless after 30 seconds.

5.2 COMPARISON OF PREDICTED AND MEASURED VORTEX TRACKS

As a preliminary to a detailed examination of predicted and measured
vortex tracks, the vortex tracks corresponding to the run discussed in the
previous subsection will be analyzed. The cross sectional vortex track for
run 17 on 18 October 1972 is shown in Fig. 5-4 (see also Fig.5-3). Three pre-
dictive curves are shown, two represent the linear interpolation/extrapolation
technique for the five measured wind speeds and the other the power law pro-
file technique. The before and after cases correspond to using the mean wind
field for the two minutes prior and post to aircraft passage, respectively. The
effect appears to not be significant in this cross section vortex track; however,
this is misleading. Photographic data exist only for the first 30 seconds due
to smoke detrainment (diffusion). Thus, any discrepancy in the predictive
tracks due to wind profile consideration might not show up in this plot as the
largest uncertainty in the wind profile occurs in the lower altitudes (highest
shear). A more meaningful comparison can be made from the ground wind
track as shown in Fig. 5-5, The important point for this case is that the
power law wind profile accounts for the difference of the 50 to 100 feet discrep-
ancy observed between the linear interpolation wind profile predictive track
and the measured vortex position. Figure 5-6 depicts the same series of curves
for run 1 on 18 October (see Fig. 5-1 for vortex signature). The same general
comments apply to this case; however, note that the improvement due to con-
sidering the power law is readily seen in the cross sectional plot. Again the
greater improvement is noticed at the lower altitudes due to a more accurate wind
shear representation. Also some improvement is due to a reduced error accu-
mulation effect. The corresponding ground wind track is shown in Fig. 5-7.

The improvement is again evident in both the port and starboard tracks. The
improvement is not quite as good as the previous case as there is a remaining
20 to 30% difference after 90 seconds between the predicted and measured tracks,
It has been found that this type error (upwind predictive vortex lag) is a con-
sistent trend and is probably due to the upwind vortex rising or a decrease in
tangential velocity at a greater rate than predicted.
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The bars on the predictive tracks in both the cross sectional and ground
wind plots are uncertainties computed from the measured standard deviations
in the wind field and from the computed uncertainty in the transport due to ran-
dom fluctuations in the wind field (see Section 3). Note that the differences
between the predicted and measured vortex tracks fall well within these error
bars. This in effect says that with reasonable mean statistics for the wind
field, conservative predictive tracks can easily be generated that define a region
in which each vortex will lie within a high degree of confidence. However, it
remains to establish if this relatively large uncertainty is meaningful for appli-
cation to a wake vortex predictive system. The aforementioned conclusion is
consistent with analysis of 75 predictive tracks consisting of mean and plus and

minus one standard deviation profiles.

The effect of short time variations in the mean wind statistics on the
vortex transport was investigated for several runs on 18 October 1972 and 1 Nov-
ember 1972 by using the previously mentioned before and after measured wind
field as input to the transport model. The results of these comparisons are
shown in Fig.5-8 for the photographic data. These data represent the
predicted tower hit time versus that measured by the photographic technique with
the solid line representing a one to one correspondence between predicted
and measured tower hit times. It appears to be a consistent trend for the pre-
dicted time to be somewhat less than that observed, especially when older vor-
tices hit the-tower. ‘Before attempting to analyze any possible trend, it should
be shown that the short time temporal aspects of the wind field do not appre-
ciably affect this trend. Figure 5-9 shows the difference between the predicted
tower hit times based on before and after winds versus the observed photographic
time. The length of the vertical line represents the unce rtainty of using mean
statistics not corresponding to the precise time of interest. The before and
after times correspond to the two minutes prior to the aircraft passage for two
consecutive flybys. The time between measurements is on the average 5 minutes
(time for aircraft turn around). It is seen from Fig. 5-9 that the aforemen-
tioned trend is still evident in that the mean predicted tower hit time is consis-

tently less than observed from photographic data, This is consistent with the

5-12



(Aqh1r sxoyaq purm pspiodax uo

poseq) 1amo], DHAAVN 22Ul JIH 03 X91I0A YdeFq I0] S2WLT, PRINSBIN
ArreotyderSojoyd ayj smsisp sawl], PaPIpaid 93 jo uvostredwo) - g-g *Sry

(oes) 2wy awdeadojoyg
06 08 oL 09 0s 0¥ 0¢ 02 o1

I | | I | | I _

PyeIoaty LoLd
‘ZL6T TOQUISAON [ PU® I8¢030(0 g1 U0 suny

....mq

*ﬂq

s

s2V
%9310 A 320d V7

1V %9330 A pieoqreis ()

01

0z

(12

134

o5

09

(o99) (axojeq) ewatL pesdtpaxg

5-13



001

souwL] painseaN L[Tediyder30joyd ayj sNSISA SPUIp
193]V PU®R 2I10J9g 0] SaDUSISIFYT SWL], 3IH IaM0 T, paidIpaid jo uostredwo) - g-¢ *Sig

(o2e8) suw] swydeaSojoyg
06 08 0L 09 05 4

_ _ _

PeIOITY LOLH 'ZL6T
I9QUIDAON [ pU® 120300 8 U0 SUMY

P I S —

.34

X33I0A 30 Y ——————
X9310 A pIeOqIels O

0L

{o99) (xayy “o10fag) owrl pajalpaid

5-14



observation that the predicted sink rates based on elliptical loading assump-
tions are somewhat less than that measured, There are certainly two separate
mechanisms for causing this phenomena. First, deviation from a clean wing
configuration appears to cause a decrease in rolled up vortex separation dis-
tance (Ref. 10). Also, buoyancy effects probably cause a decrease in vortex
separation (Ref. 5 ). This has not been shown for a vortex pair in ground
effect; however, studies to date indicate that this is probably true. The dif-
ference between the predicted and measured sink rates also depends on air-

craft type as will be shown in this section.

There are several effects that must be discussed before attempting to
ascertain any general trends. First, consider the case of run 25 which exhibits
one of the greatest differences between prediction and measurement. The detailed
predictive information is shown in Figs. 5-10 through 5-12. Note the very
consistent trend of the predicted vortex location being further downwind than
the experimentally determined location for both the photographic and ground
wind data. Even though the difference between prediction and measurement
is never more than 100 feet, the port vortex tower hit time, when taken alone,
indicates significant differences between prediction and experiment, Thus the
plots of tower hit times do not tell the entire story as evidenced by this ex-
ample. This same discussion applies to Run 45 as seen in Figs. 5-13 through
5-15 as the wind again appears to produce consistent predictive tracks that are
downwind of the measured locations. Note also that both vortices are rising
which is certainly contrary to observation of many runs. In this case the vortex
velocity measurements were made during the tests. The important observation
is.that in both of these cases the vortex position uncertainty is always less than
120 feet but still show up on the tower hit time plots as the runs with the largest
errors. Secondly, the predicted sink rate is consistently less than the observed
which gives rise to a vortex location in a greater wind and is thus transported
downwind faster. This produces early prediction tower hit times. Thirdly,
all of these comparisons are based on predictive information calculated from
wind profile data in accordance with the previously discussed linear inte rpol’ation/

extrapolation technique. This certainly causes predicted tower hit times on the
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early side as the calculated higher altitude wind is larger than the actual value.
Figure 5-16 shows the predicted tower hit times based on before and after winds
versus the tower hit time determined from ground wind measurements. This
comparison is essentially the same as the photographic data plots; this is fur-
ther evidenced in Fig. 5-17 where a nearly one to one correspondence is seen
to exist between photographic tower hit times and those determined from ground

wind measurement.

The difference between the predicted altitude at tower hit point versus
that determined from the photographs is seen in Fig. 5-18 for both the before
and after wind profiles. The length of the line is the change in predicted alti-
tude for the before and after winds. When comparing predicted altitudes versus
time with that obtained from measurement, no effect will be found due to the
horizontal wind. However, when one spatial point is isolated deviations will
last as the vortex will be a different age when the tower is encountered. It
is apparent that in general the predicted sink rate is somewhat less than the
actual descent as the predicted altitude is greater at tower encounter. As

previously discussed this is probably due to non-elliptical wing loading.

All of these comparisons were obtained with the linear interpolation/
extrapolation wind profile. This technique has been shown to produce detectable
errors; thus these same runs were recalculated using the power law wind pro-
file as previously discussed. These comparisons are shown in Fig. 5-19.

There is significant improvement in most of the runs; however, there are a
few runs where the same words of caution apply as previously discussed for
Run 25. The corresponding comparison for the predicted altitude is shown in
Fig.5-20. The adjustment for wind direction utilizes the extrapolated wind
direction to the aircraft altitude based on the top two levels of the tower. This
improves the high level wind direction as extrapolation of the wind direction

via the curve fit is unreliable (this was discussed in Section 4).

Additional comparisons for other aircraft are shown in Figs.5-21 through

5-24, The DC-6 data for 19 August 1972 are shown in Figs.5-21 and 5-22 for
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the predicted tower hit time and altitude, respectively. The data are scattered
about the one-to-one correspondence line with an average difference of less
than 5 seconds. The altitude is predicted somewhat high and is consistent with

the non-elliptical loading conclusion.

Figures 5-23 and 5-24 show similar results for B747 flybys for 16 Septem-
ber and 17 October 1972, respectively. The results for 16 September show that
the scatter in the prediction increases with the age of the vortex at tower encoun-
ter., These results do not confirm the trend previously observed based on the
few points showing the greatest differences in Fig. 5-19, It is felt that this sit-

uation is more representative of the actual situation.

The predictions for 17 October in Fig. 5-24 were made with only one in-
stantaneous wind velocity and direction that was recorded manually for each
flyby during the test. The recorded value corresponds to the windspeed and
direction as measured at the 140-foot level of the tower prior to each flyby. A
wind profile was constructed based on a power law formulation with the exponent
dictated by the measured stability of the atmosphere, This concept is pursued

according to the Pasquill class criteria as discussed below.

5.3 THE PASQUILL CLASSES AND THEIR APPLICATIONS

Lissaman et.al. (Ref.5) listed seven stability classes suggested by Pasquill
(Ref. 33). The classes as such are provided as a ''rule of thumb" and are a
function of very general meteorological conditions (i.e., cloud cover and wind
speed). These classes are defined in Table 5-1. Table 5 -2 relates tempera-
ture gradient criteria to the various Pasquill classes and also provides a o}

value for use in the power law:
- p
UZ/Ul = (zz/zl) (5.1)

where U and z are wind speed and altitude, respectively, and the subscripts

correspond to two different heights with z; > z,).
It is important to note that Eq. (5.1) is a useful relationship for engi-

neering applications providing'the correct p value is selected. Actually,

this p value is based on the lapse rate and the surface roughness length.
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TABLE 5-1"

RELATION OF TURBULENCE TYPES
TO WEATHER COXNDITIONS

A— Extremely unstable conditions D— Neutral conditions*
B— Moderately unstable conditions E—Slizhily stable conditions
C—Slightly unstable conditions F— Moderately stable conditions

Nighttime conditions

. Thin overcast
Surface wind |, or=% =¥,
speed, m/sec  Strong Moderate Slight cloudinessi  cloudiness

Daytime insolation

<2 A A-B B

-2 A-B B ¢ E . F -
4 B B-C c D E
6 c c-D D D D
>6 c D D D D

* *Applicable to heavy overcast, day or night.
TThe degree of cloudiness is dafined as that fraction of the sky above
the local apparent horizon which is covered by ¢louds.

These classes can be used to summarize data as fcllows:

‘ TABLE 5-2"
PASQUILL CLASSES AND RELATED PARAMETERS
Pasquill Class 5T /o2 Te il Zen0.1 to 1 )

A : <-0.6 °c/100 25° .15 .

B -0.5 20° .17

c -0.4 15° .20

D -0.2 to -0.3 10° .26

E -0.1t0 0.3 5° .39

F 0.4to 1.1 2.5° .48

(G) S L2 (1.7%

*From Ref. 5.
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Lumley et al. (Ref. 27) prepared a nomogram relating these p values to the
Monin-Obukhov length and the roughness length. This nomogram is illustrated
in Fig. 5-25 where z is the roughness length and I/ is the Monin-Obukhov
length.

Although the values of p given in Table 5-2 are related to atmospheric con-
ditions which may be similar in stability characteristics for which the values
were determined, the conditions are probably not at all similar in the roughness
length parameter. This concern is because the given p values were determined
from measurements at a site where the roughness length varied between the values
of approximately 0.5 to 1 meter. These values are extremely high and can in no
way be realistically applied to typical airport sites except in the case of internal
boundary layer creation due to ve ry non-homogeneous terrain characteristics

or obstacle effects.

Since Il is a function of friction velocity, temperature, specific heat, and
the turbulent vertical heat flux which are parameters which cannot be easily de-
termined for each experimental case, the most prominent problem is a method
of determining the stability characteristics of the atmosphere in the experimen-
tal range below approximately 200 feet. This may be done by comparing the
measured p values to various simple indices of stability conditions (e.g., the
Pasquill classes determined from the surface conditions given in Table 5-1).
Caution must be exercised in dete rmining the most nearly correct p value to

be assigned to a stability class.

Using the NAFEC tower data, the correlation coefficients, v, of wind speed

and the natural logarithm of height for a number of randomly selected wind pro-

253 Iz (ni2p)== (iES:IUZi)( Z" Zi)

files were determined by:

1=

Y - i=1 i 5
5)3 & )Emz 27 |1/2
5 2 W% > 2 =1 i
EUZ"‘ Z (ﬂlZ)l =
5 . 5
i=1 2 i=1
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For those profiles whose values of y exceed 0.95, a linear correlation may

be assumed to be effective over the given range on a semilogarithmic scale.

In such a case, the logarithmic wind profile relationship is valid and the values
of z should be computed for each case where y > 0.95. The mean of these
values may be a very good estimation of the true value of z provided the con-

ditions are appropriate. The relationship used for determining z is
o

i=l i=1
—_— b,
5 1 5

5 5
[Zmzi .Z‘Uzi]

W 5 5 5
where iz::IUzl Iz, - (izz:le1> <lzz:lgn Z1)
by = 2
) 2
Su, - (&)
i=1 ! 5

In practice this procedure may result in an inaccurate estimation of z
depending on the true linearity of the wind as a function of height on a semi-
logarithmic scale. For practical determinations of the roughness length,
wind profiles should be taken over a small range of height (e.g., less than

10 meters) at five or six levels in order for the above procedure to be accurate.

Once a satisfactory value of z is determined, one may establish the range
of values of 1/L' for each Pasquill class by use of Fig. 5-25 given by Lissaman.
Finally, this range of values may be applied to the graph given in Fig.5-25 in
conjunction with the roughness length in order to determine the range of power

values, p, to be used at the site for a particular Pasquill class,

The corresponding ground wind comparisons for the B747 flybys on 17
October 1972 generated by this application of the Pasquill class are shown in
Fig. 5-26 (see Fig. 5-24 for tower hit comparison). The data correspond to a
relatively high crosswind, and excellent agreement is seen to exist between
prediction and measurement. No tower wind data are available for these parti-

cular runs due to a program malfunction at NAFEC.
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The data shown in Figs. 5-27 and 5-28 define the differences in the tower
hit times for prediction based on the measured wind profile and that obtained
by application of the power law technique to surface data routinely recorded at
airports. These surface data were obtained from NOAA MF1-10A and 10B charts
and were used in conjunction with the Pasquill class criteria outlined in Table
5-2. It is seen that the results compare very well with the tower hit times
measured photographically. Figure 5-29 shows the results of using one wind
point to determine the wind altitude relationship without utilizing the power law
technique. It is seen that significant errors result thus emphasizing the impor-
tance of prevailing stability condition on the wind profile. The comparisons for
predicted altitude versus that determined photographically for all of the previous
cases are shown in Figs. 5-30 through 5-32, again showing a predicted sink rate

somewhat less than actual.

5.4 REPRESENTATIVE VORTEX TRACKS FOR VARIOUS AIRCRAFT TYPES

DC-6 Aircraft

Vortex tracks corresponding to a DC-6 flyby on September 1972 are shown
in Figs. 5-33 and 5-34 for a cross-section plot of altitude versus lateral dis-
placement and time versus altitude, respectively. These results are typical
of all of the DC-6 data analyzed. The actual sink rate is greater than that pre-
dicted as seen in both tracks, most notably in the time-altitude. The altitude
is approximately 20-30 feet in error with the lateral position showing a 100 foot

discrepancy caused by uncertainty in the wind profile,

B-727 Aircraft

Two consecutive flybys are shown in Figs. 5-35 through 5-38 for a B-727
aircraft on 13 September 1972. Excellent agreement is obtained for lateral
position with some differences noted in the altitude for the downwind vortex.
Analysis of several runs produced the observation that the B-727 aircraft gene -
rates vortices with sink rates very close to elliptical calculations shown in
Fig. 5-36 (here the downwind vortex is rising). This may be caused by the
outboard ends of the flaps coinciding very nearly to the calculated rolled-up

position of the vortex pair based on elliptically loaded wing assumptions.
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Run 125 shows essentially the same experimental data as the flight condi-
tions and position are very nearly identical. This run does show lower equili-
brium altitude (10 to 20 feet) due to a lower flight path (10 feet) as would be
expected, However, the measured wind decreased between flybys as evidenced
by the predicted stalling of the upwind vortex. When the wind after Run 125
was used, results similar to Run 124 were obtained. The predicted altitude
passes between the measured port and starboard vortex altitudes as shown in

Fig. 5-38. This is a very typical result when vortex tilting occurs,

Another pair of B-727 flybys are shown in Figs, 5+39 to 5-42 for 22 Sep-
tember 1972 for cases where 1no appreciable vortex tilting occurred, Note the
altitude -time predictions are quite accurate which again emphasizes that the

calculated sink.rates are very near the actual for B-727 aircraft,

B-747 Aircraft

Four typical comparisons of prediction versus measurement for B747
aircraft flybys are shown in Figs., 5-43 through 5-50 for 17 September and
17 October 1972, A very general observation is that the predicted sink rates
are smaller than the observed thus producing a higher predicted altitude, All
of these examples show that this is the case when vortex tilting is both present

and absent.

As seen previously for B727 aircraft data when vortex tilting occurred,
the predicted altitude was approximately the average of the port and starboard
vortices, For the B747 case with vortex tilting the average is somewhat less
than that predicted (Run 28). When no tilting occurs (Run 32) again there is
the consistent trend of the predicted sink rate being less than that observed,
Note that the average lateral uncertainty is considerably less than 100 feet
for all of the runs with about a 30 foot difference in altitude at the equilibrium
height,
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5.5 DETERMINATION OF WIND SHEAR

Wind speed and direction were measured at five different heights above
the surface (23,45, 70, 100 and 140 feet) by NAFEC during each aircraft flyby
of the sensor tower. The vertical gradient of wind speed (z being positive

from surface to space) is defined as the wind shear.

To uncover possible correlations that might exist between wind shear
and vortex transport movement, Au/Az was determined for each of the ten
combinations of differences between two heights., These computations were
made for each aircraft flyby where data were available and were based on
only speed (not direction) in this first case. Histograms of the magnitudes of
each of the ten computed wind shears were prepared for all runs. It was found
that a significant difference existed between the standard deviation of the wind
shear taken between any two consecutive heights. Therefore, if a correlation
could be made between wind shear and uncertainty in predictive vortex tracks
over this range, one should not assume that this correlation could be based on

a computed wind shear between only two given heights. Bar graphs illustrating the
wind shear magnitude versus the chronological order of data runs were also

plotted for each positive height difference combination. Next, the component

of each horizontal wind speed perpendicular to the aircraft flight path was
computed by using the measured wind direction in conjunction with the aircraft
heading for each run. The wind directions at each level indicated the presence
of the Ekman spiral effect although the discontinuity of the measured directions
in the majority of the cases suggests that there may be somewhat of a significant
experimental uncertainty. Subsequent development of the theoretical spiral
based on other available input parameters may assist in resolving this question.
Histograms and bar graphs analogous to those plotted for total wind shear

were prepared for component shear. The standard deviations of the component

wind speed magnitudes are larger than in the non-component case.
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5.6 EFFECT OF EKMAN SPIRAL ON CROSS-RUNWAY WIND PROFILE

The Ekman spiral effect causes the wind direction to rotate in the clock-
wise or counterclockwise direction as a function of increasing height in the
northern and southern hemispheres, respectively., Therefore, not only know-
ledge of the absolute wind profile is important to the vortex problem, but the
knowledge of the wind direction at every height is likewise important. This
is especially true when a wind profile must be determined for a given constant
direction of interest. For example, if the cross runway or perpendicular to
flight path wind profile is essential in determining vortex behavior, then the
product of the wind speed and the sine (or cosine) function of the wind direc-
tion and flight path difference must be approximately computed for every

height between the ground and the height of generation of the vortices.

The magnitude of the wind with respect to height in the cross runway direc-
tion is important in establishing the cross runway wind shear between particular
heights. Moreover, when at some height within the range of interest the wind
direction is along or nearly along the flight path, the cross runway wind direc-
tion will change with respect to height. That is, the cross runway component
will exhibit a 180-degree change in direction at one or more heights above the
surface. Therefore, if wind direction is measured at one height, it is not
necessarily true that the vortex displacement will be to that side of the runway
which the measured direction indicates. This effect is illustrated in Figs. 5-51
through 5-53 for Run 41 (B707) on 1 November 1972. Figure 5-51 illustrates
the measured absolute wind profile. Figure 5-52 illustrates the measured
variation in direction with height. Note that the wind happens to be along the run-
way at a height somewhere between 45 and 100 feet., (This could just as easily
have been the case at the standard airport anemometer height.) Figure 5-53
illustrates the cross runway wind velocity. Note that the direction changes
between 45 and 70 feet and the magnitude range is from 10 feet per second in
one direction to 20 feet per second in the other. Thus the difference between
the absolute wind profile and the Ekman spiral produced cross-runway wind
profile indicates that neglecting the effect of varying wind direction with height

can produce serious errors.
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5.7 ANALYSIS OF VORTEX TILTING COMPUTED BY PHOTOGRAPHIC
DATA REDUCTION

It was hypothesized that some correlation of vortex tilting (rotation rate
of line connecting the two vortices) might exist with the wind shear as previously
discussed. This line, at any given time, forms an angle, 6, with the horizontal
ground plane. The following quantities were computed from the photographic

data:

e Rotation rate where two or more common time points exist for
the port and starboard vortices (d6 /dt, positive in counterclock-
wise direction). '

® Maximum rotation rate for each run with three or more common
time points.

® Mean values of the above quantities.

Correlations were attempted with each of these calculated quantities with total
wind shear, component wind shear (both with and without conside ring variations
between height combinations) and temporal wind shear gradients as computed
from the before and after winds. Some of these results are shown in Figs. 5-54
through 5-56.

The maximum rotation angle (emax) for each of the runs is plotted in Fig.
5-54 versus the approximate cross runway wind shear (9 v/8z) that exists at
the beginning of the run in the range of height which bounds the heights of
the pair of vortices. The sign of the angle is chosen to be a negative value
for the case of the downwind vortex rising and positive when the upwind
vortex rises. There is somewhat of a trend for the upwind vortex to rise in
heavy shear and the downwind vortex to rise in light shear as seen from the
data in Fig.5-54. The two runs deviating from this trend (Runs 13 and 18)
the greatest are shown in Appendix G. Run 18 photographic data show: a
violent up and down motion (almost a V shape) at 45 seconds. Thus rotation
in both directions occurred and a vertical velocity effect should be considered
to explain this unusual motion as the upwind vortex would have been higher
if this reversal would not have occurred. Run 13 photographic data indicate

a vortex spacing of only 60 feet after 30 seconds. This also is an unusual
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trend; this might be expiained by significant horizontal shear. In any event
the two runs failing to adhere to the conclusion that the upwind vortex rises

in heavy shear while the downwind vortex rises in light shear appears to be
affected by secondary factors which produce "unusual motions." Figure 5-55
is a plot of the mean rotation rate (86 /9t) for each of these runs versus the
cross runway wind shear existing between 23 and 140 feet at the beginning of
the runs. Figure 5-56 illustrates the rate of change of rotation (826 /81:2) for
each of the runs versus the approximate change in cross-runway wind shear

over a period which varies from 3 to 8 minutes.

There appears to be less conclusive information contained in these last
two plots compared to Fig.5-54 even though the data in Fig.5-55 appear to
be consistent with the previous conclusion of the effect of wind shear on vortex

tilting.

Figure 5-57 shows the effect of considering the Richardson number as
the independent parameter. Here again there appears to be a distinct trend
in the data in that an increasing Richardson number appears to cause the

upwind vortex to rise.

It should be understood that for a valid conclusion to be drawn as to the

relation of these two isolated variables:

l. A statistically acceptable number of observations should
be made, and

2. The temporal aspect of the problem must be brought into
its proper perspective. That is, the wind shear which
exists at the time that the rotation rate is computed is
clearly not detectable via the presently available data.

Thus at this point only a tentative conclusion can be drawn. This concept is

pursued in Section 6.
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5.8 COMPARISON OF PREDICTED VORTEX SEPARATION WITH
MEASURED SEPARATION

The actual vortex pair sink rate has been shown to be somewhat greater
than the predicted rate based on elliptical loading assumptions. This can be
shown to be a result of a decreased separation between the vortices, which
is probably due to the effects of a "'dirty" wing., The obvious comparison to
ascertain the actual decrease in separation is to plot the separation of the

vortices for both prediction and measurement versus time.

This type of comparison is shown in Fig,5-58 for Run 56 (B747) on
17 October 1973, This plot indicates a predicted separation greater than
observed for all times; however, a plot removing the varying effect of the
ground plane would be more quantitative. This is because at the same instant
of time, two different effects due to ground plane are inherent in the data as
the predicted and measured vortex altitudes are unequal. Thus it is postulated
that this situation can be somewhat improved by considering a comparison of
predicted and measured separation versus altitude. This result is shown in
Fig, 5-59,

Even though this type of comparison removes the ground plane as a
parameter, some difficulty is still associated with determining the decrease
in separation accurately. This is due to the area of interest being the region
of largest gradient, i.e., small changes in vortex altitude produce large
changes in vortex separation. All of the photographic data are obtained in
this region due to the height of the tower and size of the aircraft used in the
tests. For example, a 5-foot uncertainty in the measured vortex altitude
produces a 30-foot difference in the predicted altitude. This makes any
empirical relation’'difficult. However, if one uses both comparisons as
discussed here to determine the decrease in separation due to nonelliptical
loading, these difficulties might be minimized. Using this criteria for the
run of interest, one would obtain approximately a 10% decrease in separation
based on separation versus time data, a 30% decrease based on separation

versus altitude and maybe 20% considering both data types.
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Figures 5-60 and 5-61 show the predicted vortex tracks for elliptical
assumptions for Run 56. The underestimated sink rate is obvious in the cross
sectional plot and altitude time plot. Figures 5-62 and 5-63 represent calcu-
lations based on a 10% reduction of vortex spacing (with appropriate increase
in circulation strength to hold flight conditions constant). The results indicate
that still an underprediction occurs which corresponds with the problems that
pertain to using separation-time data for the empirical correlation as pre-

viously discussed. The difference, however, may be negligible.

The results corresponding to utilizing only separation-altitude informa-
tion (30% reduction) are shown in Figs, 5-64 and 5-65 for the same run. These
overpredictions demonstrate the difficulty in attempting to use the high gra-
dient region for the empirical correlation. An average of 20% reduction was
then assumed with the results shown in Figs. 5-66 and 5-67. Even though 20%
appeared to be an '"average'' of the two data types, it is seen that an over-
prediction results when altitude-time data are considered. This implies that
a value between 10% and 20% reduction in separation would be the optimum
(probably less than 15%) and could realistically be determined by considering
some sort of weighted (least squares) average of the range of the experimental

data.

The corresponding comparisons of measured and predicted sink rates
are shown in Figs. 5-68 and 5-69 for time and altitude as the independent
variable, respectively. Again note the 10% reduction in separation appears
to yield the best results, It should again be noted that this separation re-
duction is followed by an appropriate increase in circulation to hold the flight
condition constant and also to preserve the proper moments of vorticity in

the wake,

5.9 DISCUSSION OF CORE SIZE, MAXIMUM VELOCITY AND
CIRCULATION DECAY

A discussion of calculated core size, maximum velocity and circulation
decay is presented here to describe the predictive model fully. It is known that
the size of the core greatly effects the usefulness of the vortex as a potential
target. However, no significant effect of core size on the vortex transport has
been noticed upon examination of the runs when engine power and flap setting

were varied,
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Fig. 5-66 - Comparison of Predicted Vortex Track with Photographic Data
for B747 Aircraft Flyby 56 on 17 October 1972 (80% Elliptical)
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The data corresponding to Run 16 on 18 October 1972 for a B707 aircraft
flyby are used for the calculations. Predictive tracks for Run 16 are shown
in Figs.5-70 through 5-72. These results show the decreased descent due to
the lower predicted sink rate. The ground wind track shows a ‘starboard un-
certainty of less than 40 feet for times up to 60 seconds. The port location
uncertainty is approximately the same and excellent results were obtained for

times up to two minutes.

Figures 5-73 through 5-75 depict the maximum velocity versus time,
maximum velocity versus core radius and core radius versus time, respec-
tively. These curves were computed from data corresponding to Run 16 on
18 October 1972. The only parameters entering into the prediction in this
form are the initial circulation and the creation altitude in that the pressure

and temperature are required for the eddy viscosity correlation.

A spatial location of -100 feet was chosen for display of the calculated
quantities. This locates the starboard vortex at an altitude of approximately
73.5 feet at a time of 28 seconds and 47 feet altitude at 52 seconds for the port
vortex. These data, used with the prediction in Figs.5-70 through 5-72, give
the results shown in Table 5-3. The results for the same calculations based
on an 85% vortex spacing criteria are shown in the last two lines of Table 5-3.
The corresponding velocity signatures for starboard and port vortex passage

are shown in Fig, 5-74.
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Table 5-3
PREDICTIONS FOR RUN 16 ON 18 OCTOBER 1972 (B?D?)’k

Data at Vortex

Passage of Sensor Starboard Vortex Port Vortex
Maximum Tangential Velocity 48 ft/sec 35.5 ft/sec
Core Radius 8.2 ft 11.2 ft
Initial Circulation -3463 ftZ/sec 3463 ftz/sec
Circulation in Core 2277 £t% /sec 2477 £t2/sec
Initial Circulation (85% Initial -4074 £t%/sec 4074 2 /sec
Vortex Spacing)
Circulation in Core (85% Initial -2914 ftz/sec 2914 ftz/sec
Vortex Spacing)

%
Calculations are for a point -100 feet from tower
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Section 6

ANALYSIS OF WIND SHEAR AND GROUND PLANE EFFECTS
AS POSSIBLE MECHANISMS CAUSING VORTEX TILTING

6.1 STREAMLINES FOR A CLASS OF VORTEX FIELDS

To more fully understand the mechanisms involved in vortex tilting,
an analysis was performed to determine the streamlines associated with the
presence of a vortex pair above a ground plane; the vortex pair is also as-
sumed to be acted upon by a wind shear (i.e., the velocity in the horizontal
direction is a function of the altitude above the ground plane). The case of
a vortex pair in which the individual vortices possess arbitrary circulation
(i.e., the circulation is not assumed to be equal and opposite) and located at
unequal heights was considered and formulated. However, due to the large
number of parameters involved, it was deemed advisable to keep the initial
study confined to the simpler case of a pair of vortices possessing equal and
opposite circulation, I, and located at equal heights above the ground plane,
The special case of the vortex pair at "infinite" distance above the ground
plane has been previously considered by investigators at Aerovironment, Inc.
(Ref. 5). The parameter ¢ defined below is the same as used in the Aero-
vironment studies; an additional parameter is introduced to describe the
proximity of the ground plane. In the present study, however, a closed form

solution was obtained for the special case of the absence of ground effects.

The defining mathematical equations are relatively simple. For this case,
streamlines are to be calculated with respect to a coordinate system which has
its x-axis passing through the centers of the vortex pair; the coordinate system
will move with the vortex pair (e.g., as it descends and moves horizontally).
Let the vortices be separated by a distance 2a and let the vortices be at a
height b above the ground plane. The mutual attraction of the vortex pair and
the image vortex pair will result in a settling motion (neglecting any buoyancy

effects) given by the equation on the following page.
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It is assumed that the horizontal wind is described by U(h), where h denotes
the height above the ground plane. In order to simplify the construction of
the curves which represent the streamlines about the vortex pair, the coordi-
nate system will be assumed to move horizontally with the velocity, U(b),

and to descend vertically with the velocity, VS.

The geometry is depicted in Fig. 6-1. The wind is assumed to be
defined by a function U(h) which depends upon the height, h =b + y, above

the ground plane.
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(-a,ob \:/(aaﬁ) I ’
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1
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. O
(~a,=2b) (a,-2b)

Fig. 6-1 - Coordinate System and Flow Geometry for Vortex Pair
in Wind Shear Above a Ground Plane




The stream function for the flow field in the moving coordinate system

is described by

4 r v
lx,y) = f [U(y'+ b))dy" - 4ma 2 , . 27
0 a +b

L g {[gc-a)z +y2] [(x+a)® + (¢ + 20)]]
0 [k +2)? + y2 [ -2)2 + (y + 2b)7]

The velocities are determined by the equations

- )
ulx,y) = B—‘l’-%-ﬁ, vix,y) = ~—4’-§°;{;-Y-)-

For the purpose of presenting graphical presentations of the streamlines,

it will be convenient to introduce the dimensionless coordinates

_ar

W', y) = s Yix,y) .

®|o

x! Z%:", y":%, € =

It will be advantageous to consider the special case for which U(h) can

be represented in the form
U) = K, +K (h-b)  Kyh-b)% + ...

and terms involving K, K3,... can be neglected. This then permits the use

of the simplification

5 % k ok 2 2
-/x[U(y +b) - U(b)]dy :/ Kly dy :%Kly =%K1a y'Z m&% Uy,z ,
0 0

where



If we now agree to suppress the appearance of the "/'" on x',y', and y', we

can express the defining equations in the form

2 2
U(x,y) = 5'2 € 5 % - og [x - LL+y2] [(x+1) +1L+25L2]]§
1+e *lx+1)% + y*] [ix- 1)? + (v +2¢)
= fl{X,Y;G', €)
ulx,y) = f,(x,y;0,€) = 2oy j BxY
l[(x ¢4y ][(x+1) +y]
i Bx(y +2 ) }
[x - 1%+ (y +2€}2] [{x+1}2 + (v +26)%)
2 2 2 =
viz,y) = f,(x,y;0,¢€) + 4[(3 =1) -y ]

1+e2 {[x-1)% +¢%) [+ 12 +y%)

alx®-1) - (y+26)%] }
[x-1)% +(y+2 ¥ [x+1) + (v +26)%]

The equations for the streamlines can be generated by integration of the

differential equation

dy(x) _ vi{x,y)
dx u(x,y)

= f,(x,y;0,€)/f,(x,y;0,¢)
between x and x + dx when |dy/dx| <1, and by integration of

dx(y) _ ulx,y)
dy vix,y)

= f,(x,y;0,€)/f3(x,y;0,¢€)

between y and y +dy when [dx/dy| < 1.



The numerical integration proposed above will break down when u(x, y)
and v(x, y) vanish simultaneously at a stagnation point {x* y*) Therefore, it
is important to determine in advance the location of the streamlme f {x* y*,
0,€) = f* which passes through the stagnation point {x .Y ) This requlres

£
the determination of (x ,y ) by solving the set of simultaneous equations
* % * %
ulx,y) =0, vix,y) = 0.

%k
It is proposed that this pair of values (x ,y ) be determined by an iterative

solution based upon the equations

*a41 T *n " [AZZu{xn’ S'rrl) - AIZV{xn’ Yn)]/A’

(6.1)
Ykl - [A vee,y ) - Ay uts Ly )]/A,
where
A= Ayl =88, = A8y A58,
1 1
and Ay o= e +56,y) ~ulx -56,y,))/6,
A = [u(x +l6) - ulx --1—6)]/6
12 n’In "2 n’yn 2 !
1
AZ] [v{x +26y )-v(x -Eé, yn)]/ﬁ,
A, = [vix +16) - vix —lﬁ)]/a
22 n’ Yn 2 n’'’n 2 '

The starting values for the iteration will be selected by determining
the values of (x*,y*) for the simpler case in which € —, i,e., the case in
which the effect of the image vortex in the ground plane can be neglected.
This problem involves the somewhat simpler problem defined by solving

for (x,y):



8xy
2 x+1)%+ yz]

o
i

ZW-:
[x-1)% +y

- Hl a[x?-1) - v |
[x-1)% +y% ®+1)% +¢2]]

These equations can be used to show that

™
88]
%

The value of x can be determined from the equation

1.2 _ ., 1
(x+20) -1+0X,

which is a cubic equation of the form
x3 +p:-:2 +gx+r = 0
with

1 1 1
P=7, 9= y ==
S 40® 9

The solution can be expressed in the form
FREIPI R
where z is a solution of the cubic equation

z3+az +b =0

where
oo 120841 1265 41
SEE gy B EF T e
1080 120
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The nature of the roots are determined by the factor

3

al 1 +446% - 160"
27

43 204

2
b
Q—-T'I'

: . . 2
This expression vanishes at ¢ = +1.665095388 [crc =(11+ "125)/8 =
2.772542486]. From the theory of cubic equations it follows that x has one

real root for 0 < ¢ <0'c; three real roots (two equal) for ¢ = 0. and three

real roots (all different) for o » o.-

_a'— a—' 1
x = ¢9gP +R + P-R-Btj"

where
5
P = -———720 -}3. 1, R = Va
2160
For ¢ =0 the real roots are given by

For

3
x, = 2YP - 5= = 0.9717365426 ,
. S 5 =
x, = X5 = -%x = -0.485868271.

o >0, the three distinct real roots are given by

- L - 2m, 1 - 27,
wAcos(B}-Sc, x2~Acos(8+3)-3c, x3-Acos{6--—~§i-

where

2
1 Z _ 1 726° + 1
A =3 4120 +1, cos(30) = > i

For 0<go< 0. the real root is given by



The angle 8 is 0 for o = o For 0 —+ o,

720° + 1
[126% + 1] 3/2

~r_ 1
$=2-3

The only positive root is x,. We observe that at ¢ = o the value calculated

1
from x = A cos® - 1/30 yields x = 0.9717365426 for o = 0. this agrees with
the value obtained from the expression x = 2v3 P - 1/30 which is the limiting
case of x = 3VP +R + ?VP -R - 1/3cas o0 — o, from below. We observe that

x —=0as 0 — 0 since 2P + R —1/60. The above equations completely

define the value of x in terms of the parameter 0. The corresponding values
of y are determined from yz = x2 -1 +x/0. We observe that for 0 — 0 that

x — 40; therefore, y ——-iﬁas c—0.

These values provide a set of starting values for the more general
case in which € = b/a is finite. Note that if the wind shear cannot be ex-
pressed analytically in the form U(h) = U(b) + K1 (h - b) that one can obtain

an approximate value of K, by means of K1 ] [U(b +6) - U(b)]/6 and there-

1
fore take g to be defined by

2
a
o=2rbw+m-uwﬂaL

Observe that when o — 0 that the above initial values for the stagnation points

are undefined, In this limiting case, x =0 and y = ivg.

Experience with the above iterative formula for the roots for the case
€ # o revealed that the starting values obtained for the case ¢ = w leads to
numerical problems as € — 0, This was ''fixed'" in the analysis by observing
that the stagnation point nearest the ground plane has the; a.ppro;gimate2 values
-1)". In

practice it was found that a very satisfactory numerical problem was defined

%
x =x andy = -¢, where x is a solution of the equation 8x = o(x



by merely setting x = 1/2 and y = ~¢ where € was less than 0.7. It was also

found useful to employ the results

x = (40) - (46)° +0.75 (40)°, y =3 - 3(40)% + (40)%,

for the starting values (i.e., the results for € — ) when o tends toward 0.

Figure 6-2 provides a chart from which the coordinates (x, y) (calcu-
lated from Egq. (6.1)) of the upper and lower stagnation points can be deter-
mined for any set of values of wind shear and ground plane proximity. Note
that the values of y for the lower stagnation point are the absolute values of
the actual coordinates. This graphic presentation of the roots (which yield
the upper and lower stagnation points) indicates that under certain circum-
stances the upper stagnation point will rise rather drastically. This occurs
for small values of 0 as € tends toward zero. Therefore, this effect occurs
under the condition of a small wind shear (or large circulation) as the vortex
pair descends toward the ground. This is seen to occur for all o values other
than 0.5 {(actually some value between 0.4 and 0.5, but only these two discrete
values are shown on the graph) as € decreases in value from infinity. If the air-
craft altitude is finite, which is certainly the case, the intersection of the
initial altitude relative to the semi-span and the wind shear curves locates
the initial point on the plot. For commercial jet aircraft outside the thres--
hold, ¢ is approximately unity initially; thus the downwind upper stagnation
point will rise for o less than 0.3 (corresponding figures for the middle marker
are € ~ 4,0 and o< 0.4),

Figures 6-3 through 6-5 show the detailed streamlines for various
values of € corresponding to a heavy shear (6 = 3.0). Note the downwind
vortex cell is strikingly smaller than the upwind cell (this was previously
reported in Ref. 5 for the special case of € =~ ). Note élso that the upper
and lower stagnation points are on different streamlines. This gives rise
to a streamtube between the stagnation streamlines and the steady state case
allows a "'sweeping' motion of fluid in the external stream from the lower
right around the upwind cell, back around the downwind cell and exiting via
the upper right., In the actual case, this idealistic steady state situation
does not exist, However, as the oval sinks, the tendency would be for a

6-9
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Function of Wind Shear and Proximity of Ground
Plane
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detrainment of the upwind fluid to occur with the size of the streamtube

increasing with decreasing ¢ as shown in Figs, 6-3 through 6-5.

The decrease in downwind cell area is shown in Figs. 6-6 through 6-8
for o of 1.0, 2.0 and 3.0, respectively, for various values of ¢, The scales
of each figure are the same to show that increasing shear and decreasing ¢
reduce the size of the downwind vortex cell. An important observation is
that the center of vorticity remains unchanged in this analysis (y = 0) but is

not the center of the downwind cell, Corresponding streamlines passing

through the lower stagnation point are shown in Figs. 6-9 and 6-10 for ¢ = 1.0,

2.0, respectively, for various values of ¢.
6.2 ADDITIONAL THOUGHTS ON MECHANISM OF VORTEX TILTING

In Section 5.7 it was hypothesized that wind shear might correlate with
vortex tilting. In Fig, 5-54 a slight trend was observed for the upwind vortex
to rise in a heavy shear while the downwind vortex appeared to rise in a
slight shear. Because of the limited amount of data available, however, no
definite conclusion could be reached. Also no attempt was made to explain

the mechanism.

Consider the data plotted in Fig. 6-11. This represents the maximum
difference in altitude between the downwind and upwind vortices (Ahmax/h
positive means the downwind vortex is higher than the upwind) as a function
of 0 as previously defined. There appears to be a definite trend for the up-
wind vortex to be at a higher altitude for large shears and the downwind vor-
tex to be higher in light shear. Also note the crossover point occurs at a o
of 0.3 to 0.4. The flybys were made with the aircraft at a 175-foot altitude
+ 30 feet which defines the initial € as roughly 3.0 for the B747, 4.0 for the
B707 and 5.0 for the B727. TFigure 6-2 shows the crossover point for these
values of € as between ¢ = 0.3 and 0 = 0.4. This agrees surprisingly well
with the experimental data if it is assumed that the upper stagnation point

trend defines which vortex rises.



Fig. 6-6 - Streamlines Passing Through the Upper Stagnation
Point for o = 1 and Various Values of €
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Fig. 6~7 - Streamlines Passing Through the Upper Stagnation
Point for ¢ = 2 and Various Values of ¢
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Fig. 6-8 - Streamlines Passing Through the Upper Stagnation
Point for ¢ = 3 and Various Values of ¢
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Figure 6-12 shows the same altitude differentials plotted versus a
parameter containing lapse rate information (potential temperature, 6),
wind shear and circulation. This is essentially an extension of the thought

presented in Fig. 5-57 to include the parameter o.
6.3 SUMMARY OF PRELIMINARY OBSERVATIONS ON VORTEX TILTING
6.3.1 Observations from the Simplified Theory

e In a light shear the ﬁpper stagnation rises as the oval descends
toward the ground.

e In a strong shear the upper stagnation moves closer to the
ground,

e Wind shear tends to move the stagnation points downwind.

e Ground proximity tends to draw both the stagnation points
toward the ground in a strong shear,

e Ground plane tends to '"open up'' a region between the two cells
and cause a sweeping motion of the external stream around the
cells.

e The downwind cell gets smaller as wind shear and ground
proximity increase.

® The upwind cell increases in area as wind shear increases
and altitude increases.

6.3.2 Possible Implications of These Preliminary Results

e The downwind vortex cell shrinkage with increasing wind shear
may give rise to an increased detrainment of 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.

"e The sweeping motion, as previously discussedl, might cause
upwind cell detrainment, thus causing the downwind vortex to
rise,

e The asymmetry produced by the effects of wind shear and
ground plane might cause illusions in the photographic data
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when vortex rising is seen. For example, it appears from the
streamlines in Fig. 6-6 that the center of vorticity is at a higher
altitude than it actually is, thus causing an illusion of downwind
vortex rising if the center is chosen as the center of the core.

e This asymmetry might give rise to a reorientation of vorticity
and actually cause one vortex to physically rise.

e Even though an extremely limited amount of data is available
onvortex tilting, the fact that the crossover point between
upwind and downwind vortex rising based both on the simplified
theory and available data cannot be overlooked and should be
investigated further.

® Buoyancy effects, may be important as some increased success
was obtained by considering lapse rate in the attempted corre-
lations.
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Section 7

RECOMMENDATIONS FOR VORTEX DATA COLLECTION IN
THE VICINITY OF AN AIRPORT

7.1 GENERAL

In the consideration of the design of a monitoring system, it is implicit
that the configuration should be very sensitive to the meteorological input
requirements. As will be discussed below, the following variables are of
considerable importance in extending the WVAS proof of concept study into

a predictive off-line model:

1. Horizontal components of mean wind field
2, Stability, and

3! Turbulence.

The following is a discussion of the recommended specific requirements

for such a system.
/

7.2 TOWER ARRAY

To optimize data collection considerations, an L shaped array is recom-
mended. This array would consist of one (1) 150 foot tower and four (4) 50
foot towers. The 150 foot tower would be spaced logarithmically in a line
formed by two of the 50 foot towers which are equidistant from the middle
marker and perpendicular to the flight path. The remaining two 50 foot towers
would be logarithmically spaced in a line perpendicular to that line formed by

the first three towers and in line with the outer 50 foot tower of the first three

(see Fig, 7-1).

The horizontal momentum transfer would be larger in the direction of the
wind and the wind direction is most frequently along the orientation of the run-
way. Also the spectra for high frequency turbulence in the direction of the

wind are approximately 3/4 of those values perpendicular to the wind. This
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implies a longer wavelength in the direction of the wind. Thus, the ultimate
length of the longitudinal tower row (most frequent wind direction) should be
greater than that of the lateral tower row. The order of magnitude of the tower
row lengths is determined by a compromise between what is deemed necessary
to correlate measurements among the towers and what is large enough to sense
large scale horizontal momentum transfer. The value of adding a fifth 50 foot
tower in order to create a rectangular region of measurement is questionable
since it would not be expected that any significant lateral gradients that exist
would vary over the longitudinal range of sensing provided that the topography
(grass length, surface composition, surface flatness, etc.) is approximately
homogeneous in nature. The homogeneous surface assumption would not be
valid (laterally) in the vicinity of the runway itself due to the extreme differen-
tial between the radiative effects of it and the surrounding terrain. There is

a substantial advantage in logarithmic spacing in the horizontal plane from a
purely meteorological standpoint, and is recommended in order to optimize

data considerations.
7.3 SENSOR LOCATIONS ON TOWERS

The stability conditions prevalent will be neutral or near-neutral most
of the time. Under these conditions, the mean horizontal wind component will
increase logarithmically with height. It is desirable, although not essential,
to have the wind sensors spaced logarithmically in the vertical direction on
the 150 foot tower in order to optimize the data reduction technique. The sen-
sors will not be precisely spaced as such, however, due to the desirability to
place the highest sensor on the top of the 150 foot tower. It would be desirable
to place the sensors for various other parameters which need to be measured
at equivalent heights (where necessary) to that of the wind sensors from a

logistics standpoint.

In summary, it is recommended that the sensor locations be at the 25
and 50 foot levels on the 50 foot towers, and at the 25, 50, 100, and 150 foot

levels on the 150 foot tower.
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7.4 DATA SAMPLING RATES

The only parameter which would have a relatively high frequency input
to the WVAS model would be the wind and thus would be the only measured
quantity significantly constrained by the response of the sensors. In order
to make full use of the instrumentation network, it is suggested that 12 sam-
ples per minute are sufficient for all quantities except wind. Statistically,
10 samples per second will satisfy the requirements for the wind energy
spectra and is consistent with the proposed propeller anemometer distance

constant.

7.5 WIND MEASUREMENT

The Gill UVW propeller anemometer is recommended for the proposed
system., This decision was based on several reasons of which not the least
important is the dependable, low cost, near trouble-free operational charac-
teristics of the Gill, Before arriving at this decision, several other instru-
ments were considered, including the wind component meter (WCM), vector-
vane, sonic anemometer, hot wires, etc. The aforementioned instruments
offer higher frequency response than the UVW; however, because of the physi -
cal dimensions of the proposed arrays (defined by the number of towers to be
used) the high frequency information would be lost in the correlation. Fur-
thermore, the small scale turbulence is not nearly as important as the low
frequency components in defining the meteorological conditions in the sensing
region. All of these reasons single out the Gill UVW as the basic instrument,

especially considering the reliability of the final system.

In mounting this instrument, caution should be exercised such that mini-
mum interference from the tower will be experienced. In its optimum con-
figuration, the sensor unit would be mounted on a boom extending well away

from the tower and at right angles to the prevalent wind direction.
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7.6 TEMPERATURE MEASUREMENT

Only one absolute temperature sensor need be utilized., Its purposes
would be to provide a parameter to correlate diurnal and seasonal trends
in other phenomena related to the WVAS and tocompute the potential
temperature (by use with pressure). The sensor proper would be of the
thermister probe type and be mounted in a radiation shield. The shield pro-
vides sensor protection from incoming shortwave solar radiation as well as
outgoing longwave radiation. The shield should be power-aspirated to pro-
vide high heat transfer from the ambient air to the sensor. Under maximum
solar radiation conditions the shield would maintain the sensor within approxi-
mately 0.50°C of the true ambient air temperature. Overall accuracy of
measurement is expected to be iO.SOC. The Meteorology Research, Inc. (MRI)

model number 8-40-5 is recommended.

Differential temperature (AT) measurements should be made on each
of the towers. Sensor locations for these measurements will be at the 25-foot
and 50-foot levels of the small towers. The large tower will have sensors
located at the 25, 50, 100 and 150-foot levels., This sensor arrangement will
provide one AT measurement from each of the four small towers, and six
AT measurements from the large tower in addition to the absolute measure -
ment, As will be explained later, AT measurements may be used to deter-
mine the atmospheric stability. In addition, if a quantitative measure of
stability is determined to be of essence to the WVAS predictive model, AT

may also be used to compute the Richardson number.

The adiabatic lapse rate for the atmosphere is approximately -0.01°C/
meter; therefore, since the actual lapse rate will not differ substantially from
this, an instrument which will provide a AT measurement of 0.09°C is suf-
ficient over the range of 25 feet or greater. Thus, Meteorology Research
Incorporated's best standard differential temperature measurement system
(MRI Model 8-40-1-3) is suggested for this task. This system will provide
differential temperature within 0.09°C including radiation errors as well as
sensor element and electronics errors. The sensor is factory calibrated and
seldom requires field calibration. A matched pair of thermisters is used as

the sensing element in each end of the AT sensors.
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7.7 BAROMETRIC PRESSURE MEASUREMENT

Pressure differentials in the vertical may be essential in establishing a
correlative trend in the WVAS incorporating large periodic air mass modifi-
cations or frontal passages. Absolute barometric pressure measurements
are also needed to compute the potential temperature near mid range of the
AT measurements (by use with the absolute tempe rature measurement at 25
feet). Thus, it is suggested that two barometric pressure sensors be located
on the 150 foot tower only, one at 25 feet and one at 150 feet. The sensor
recommended is the MRI Model 1751 which incorporates several stacked dia-
phragms mechanically linked to a precision potentiometer and provides measure -
ments in the range of 28 to 32 inches of mercury. The linearity of measurement
is expected to be +0.3% of range with a repeatability within 0.2%. The sensor
is contained within a small weatherproof housing and is remote from the asso-

ciated electronic package.

7.8 RELATIVE HUMIDITY MEASUREMENT

The measurement of relative humidity at the 25 foot level may be useful,
although not absolutely essential, in establishing a necessary variable for com-
putation of potential temperature. (The exponent usually used is that for dry
air and does not as a rule create a significant error as an end result. This
can be easily proven.) However, it would be most desirable to monitor
this parameter in order to correlate its value with vortex behavior, particu-
larly, decay rate. It is suggested that this parameter be monitored at the 25
and 150 foot levels on the large tower in order that agradient, if one exists,
may be detected. The recommended sensor is MRI model 8-40-5. The sensor
proper is mounted in a power aspirated shield similar to that used for the
absolute temperature probe. This shield provides protection from external
influences while providing free access to the ambient air. The accuracy of
measurement is expected to be +3% of full scale (100% RH) with a repeatability
within 0.5%. The sensor operates on the principle of a bimetallic strip sensi-
tive to humidity rather than temperature. Changes in humidity influence

the shape of the strip which is sensed by a strain gauge bridge circuit.
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7.9 ACOUSTIC SOUNDER FOR DATA ABOVE TEST SITE

A standard monostatic acoustic sounder would be useful in the data
collection. This device emits acoustic pulses which are reflected by thermal
turbulence in the atmosphere (a bistatic version of the instrument would be
sensitive to mechanical turbulence as well as thermal). Thermal layers and
stratifications such as inversions are readily visible in the atmosphere with
this type instrument. The instrument would be useful for providing data above
the 150-foot tower. This region is not readily accessible with the instrumen-
tation currently planned for the test site due to height limitations imposed by
FAA rules. The acoustic sounder would provide data at these heights without
imposing a safety hazard. The sounder suggested for this option is the Aero-
Vironment Model 300-1. It has a minimum full scale range of 200 meters
and provides a resolution of 10 meters. The unit uses a 6 ft, diameter para-
bolic antenna and has a 7° beam width between 1/2 power points. It transmits
at a rate of 1 pulse/2.4 seconds (this may be altered to prevent cross talk with
the acoustic vortex sensors), The unit comes with a chart recorder which

runs at a rate of 1.25 inches/hr.

7.10 SUMMARY OF SENSOR LOCATIONS

Table 7-1 and Fig. 7-1 provide a summary of sensor locations dis-
cussed in previous paragraphs. Each sensor should be mounted in such a

manner that tower influences have negligible effects.

Table 7-1
SUMMARY OF SENSOR LOCATIONS

Sensor Location (in ft. above reference level)
Small Tower Large Tower
25 50 25 50 100 150
Wind (u, v, w) x X x X x X
Temperature (absolute T) x
Temperature (AT) x x X x x
Relative Humidity (¢) X
Barometric Pressure (P) X
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Certain of the sensors are shielded to provide maximum accuracy and
protection from external effects (such as solar radiation). Those sensors
requiring shielding are the temperature probes and the relative humidity
probes. In addition, the UVW anemometers have a small blower in the lower
housing which maintains a small positive pressure inside the instrument.
Filtered air moves continuously out through each sensor to the atmosphere.
This prevents rain and dust from entering the precision ball bearings and

other internal parts of the sensors.

Power required for the sensors is sensor excitation power (low level dc)

and 110 Vac for the blower motors of the shields.

7.11 SENSOR CALIBRATION

The signal recording (and/or processing) of all the meteorological
variables must be accomplished in such a manner to allow the ""raw" temporal
data to be recreated within the original tolerance of the measuring instruments.
One very important consideration, however, remains to be discussed, namely,

the calibration of the final operational system.

The pressure, temperature and humidity sensors should be calibrated in
a twofold fashion. First, standard laboratory te chniques will be used to estab-
lish the calibration of the entire data collection system. After tower mounting
no special tests need be performed; however, due to the redundancy of the sys-
tem, inconsistencies can be determined during normal operation. If during the
test another pressure or temperature data point is needed, the local airport

pressure and temperature can be obtained (say one sensor failed).

To calibrate successfully the wind measuring system a twofold approach
is again suggested. First a laboratory (or field test off the tower) calibration
should be performed by driving the tachometers with a synchronous motor at
a prescribed rpm corresponding to either a head-on condition (21.3 mph) or a
stall condition (3.55 mph). This will assure similar electrical characte ristics

of all of the instruments. The sensors should then be mounted on the tower at



the chosen position and leveled along the u component chassis. (The ortho-
gonality of the UVW's will be established by the vendor prior to tower mount-
ing.) The relative position of the u and v components in the horizontal plane
will next be established via survey techniques. This will be accomplished by
previously equipping the UVW chassis with at least two cross hair targets
(one on the central electrical housing and one near the end of the u-component
axis) and aligning the system with one man on the tower at the instrument and
one man on the ground with the transit. The system should be periodically

recalibrated according to vendor: specifications.

It is felt these suggested techniques are adequate to meet successfully
the requirements of the system design and yet simple enoughtto be practical.
The FAA provided Comanche aircraft with total temperature, turbulence, dew
point and wind measurement instrumentation could be used for backup qualita-

tive checks of system calibrations.

7.12 SENSOR RELIABILITY

The suggested sensors are all of proven designs that have demonstrated
acceptable lifetimes under adverse conditions. Minimum replacements are
anticipated with the possible exception of the propellers for the UVW anemo-
meters. These propellers are constructed of polystyrene to achieve maximum
sensitivity and fast response and are subject to damage from hail, bird, or
insect activity, etc. Spare propellers would be available to replace any that
are damaged. The dc tachometer generators in the anemometers have an

expected lifetime of one billion revolutions (3 to 4 years of normal operation).

Replacement of sensors that fail in the field would be relatively simple
for those mounted on the small towers. The small towers hinge at the 25-foot
point and can be cranked down for calibration or replacement of sensors.
Sensors mounted on the large tower would be accessible by climbing the tower
and hauling up any replacements required. Booms extending out from the
tower would be retractable types which facilitate instrument removal and/or

service.
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7.13 DISCUSSION OF COMPUTED METEOROLOGICAL VARIABLES

® Stability and Wind Profile Determinations

The determination of the proper wind profile is of profound importance
in determining vortex movement behavior. The singular most important char-
acteristic in determining the shape of the total horizontal mean wind profile is
the stability condition present in the layer through which the vortex pair moves.
By using a mean value determined from the various AT values or by using the
AT value between 25 and 150 feet on the large tower and comparing these mean
values with the general meteorological conditions (as given by standard airport
measurements and observations) over a long period of time (on the order of
several months), a cross correlation between wind profile curve fit, tempera-
ture gradients, and general meteorological conditions may be obtained. This,
in essence, would provide a categorization of atmosphere stability. The results
of this extension of the proof of concept would, in a predictive model, allow
direct computation of the total horizontal mean wind profile by use of standard
airport measurements providing that the aerodynamic roughness length is known,

This will be discussed later.

It may also be desirable to determine the degree of correlation of vortex
behavior and a quantitative measure of stability. The parameters measured
directly are totally sufficient for a computation of the Richardson numbe r which

is such a quantitative measure.

® The Ekman Spiral Effect

The wind direction will rotate {change in azimuth) as a function of height.
The rate of rotation may be determined theoretically by use of high altitude
radiosonde data at any given site. The actual spatial rate’of rotation would
be more suitably determined by direct measurement and compared to the
general meteorological conditions over a period of several months. There
should not, at any given site, be an appreciable difference in the azimuth

angle variation with height as a function of time. Therefore, the important
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consideration is to establish this profile once so that given a wind measurement
at a given height, the remainder of the profile may be assumed in a predictive

model.

o Wind Shears

Wind shears (velocity gradients in the vertical) may be computed and
correlated to vortex behavior directly using the suggested instrumentation.
Thus if a behavioral trend is defined to be a function of either total wind,
cross runway (lateral), or down runway (longitudinal) shear magnitude and/or
gradient sign in the proof of concept; the total wind profile in conjunction with
the Ekman spiral effect as established previously may be used in a predictive

model.

@ Turbulence

Of all variables, turbulence in an uncontrolled environment is the most
unpredictable. It may be expected that under increased velocity conditions,
the effect of turbulence will change. Once the representative roughness length
for the surface is determined, it is a simple matter to compute the turbulent
energy for a particular frequency or scale of momentum transfer under neu-
tral conditions. The computation of the exact turbulence level in conditions
other than neutral is a problem which has not been suitably solved at this time.
It is recommended that any appli.cation of this input to a model be observed
closely for a period of several months. This may resolve the question of
whether or not the assumption of neutrality is critical to vortex movement

as a function of turbulence level.
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® Convergence and Divergence

The vertical momentum exchange can be roughly estimated on a large
scale basis by the input of the wind speed and direction along the boundaries
of an imaginary horizontal plane. In this case, two such planes would be avail-
able such that there would exist an imaginary parallelopiped. Numerically,
then, a downdraft/updraft can be estimated if a divergence/convergence to
the parallelopiped is indicated. The occurrence of these phenomena can then

be correlated to vortex behavior.

7.14 DETERMINATION OF A REPRESENTATIVE ROUGHLNESS LENGTH

The roughness length or parameter, ZO, cannot be suitably determined

with the suggested long term instrumentation for two reasons:

® The large tower's top two sensors will extend out
of the region of constant shear stress (the surface
boundary layer) for most, if not all, of the time, and

® Two levels of measurement are insufficient for
making even a rough estimation of Z due to the
small order of magnitude of this number and the
requirement that this determination be made under
nearly neutral conditions.

It is recommended that a determination be made of Z  separately over at

least one representative segment of the site surface, but preferably three.

Fach surface studied would require at least one day of data collection. The in-
strument preferably would consist of five or six logarithmically spaced sensors

on a low dynamic influence tower not exceeding 10 feet in height, The sensors
recommended are fast response cup systems measuring horizontal wind only,
Samples would, e.g., be taken as mean wind speads over consecutive fifteen minute
intervals. The samples exhibiting the most linear trend on a semi-logarithmic
scale of height versus wind speed would be used to estimate the mean roughness

length,



Section 8
CONCLUSIONS AND RECOMMENDATIONS

At the outset of this study a parametric study was performed to establish
the relative magnitudes of the various mechanisms needed to define the total
transport of airlcraft wake vortices. In addition to defining these parameter
magnitudes, a major objective was to define an uncertaint: interval for the
predictive vortex tracks to allow meaningful comparisons with the experimentally
obtained vortex tracks. Initially these uncertainty increments were defined
in terms of the standard deviations of the mean wind. It was found, however,
that the resulting uncertainty in the predicted vortex tracks was too large to
serve as a meaningful baseline uncertainty for both the parametric study and
the experimental comparison. At this point the uncertainty due to the random
velocity fluctuations occurring in the wind field was investigated as a candidate
baseline uncertainty. This investigation resulted in choosing the baseline un-
certainty as the difference in the lateral displacement for the upwind vortex
at the middle marker and threshold points on the flight path. These lateral
ranges were found to be typically +140 feet after 60 seconds and +200 feet
after 120 seconds for the upwind vortex at the middle marker for a 20-foot per
second wind perpendicular to the flight path. The {ncertainties decrease in
proportion to the square root of the mean wind and time. The corresponding
values at the threshold are +100 feet and +150 feet for 60 and 120 seconds,

respectively.

Comparison of parametric uncertainties with the baseline deviation

established the following:

e Uncertainties of up to 25% in the initial vortex separation
and 12% in circulation are contained in the uncertainty
due to random fluctuations for winds above 6 feet per second
for both the middle marker and threshold positions.




® General aircraft mix produces an uncertainty greater
than the baseline value for both the middle marker and
threshold positions.

e A light, medium and heavy aircraft mix classification
produces uncertainties within the baseline errors and
improves considerably from the middle marker inward.

e Three-sigma variations in approach altitude at the
middle marker produce an uncertainty contained in the
baseline value.

® Inside of the middle marker the aircraft altitude un-
certainty becomes more important and the three-sigma
range appears unacceptable,

After the baseline uncertainty range was established, the effect of this
uncertainty was compared to differences noted between the predicted and
measured vortex tracks. Twenty-five aircraft flybys were investigated to
determine the magnitude of the predicted uncertainty versus actual difference
between prediction and measurement. These comparisons were made for
both the photographic data and the ground wind data. In all cases the downwind
vortex predicted lateral range bounded the photographic and ground wind data.

In most cases the upwind vortex track also bounded the data; however, when
bounding did not occur the vortex tilting mechanism accounted for the discrepancy.
This upwind vortex rising produces an increased downwind translation due to

a higher wind or altitude., In any event, the predicted uncertainty increments
bounded the experimental data. In fact, analysis of these 75 data sets (25

flybys with mean, plus and minus one standard deviation wind profiles) established
that the aforementioned baseline uncertainty was in fact very conservative in
nature as the difference between the mean prediction and measurement was
consistently much less than that calculated from the baseline uncertainty. This
gives rise to the general conclusion that reliable predicted vortex tracks can

be generated with the resulting accuracy determined by how well one can specify
the mean statistics of the wind field. The conclusion is subject to the restric-
tions in the forthcoming discussion on two sources of consistent error, namely

the vortex tilting and non-elliptical wing loading,



The conclusions pertaining to determination of the wind profile are:

e Use of the NAFEC tower measurements for specifying the
wind field was a reliable means except when vortex con-
tamination of the data was involved and when the wind was
blowing from zero to +30 degrees. The former occurs
when the one or two minutes of data used in the statistical
analysis was affected by the induced velocity of the vortex
pair (probably the upwind vortex). This occurred seldom
as the raw data were scanned in an attempt to remove this
problem. The latter occurs as a result of a 180-degree
ambiguity in the wind direction around zero degrees in the
data reduction program at NAFEC.

e The wind profile can accurately be determined without
allowances for the Ekman spiral effect if an appreciable
crosswind prevails. However, if the wind is predominantly
along the flight path (headwind or tailwind) this effect must
be included, or serious error may result.

e Application of the power law for wind profile calcula-
tions proved very successful. This conclusion is based on
utilizing the standard NOAA surface charts routinely re-
corded at most airports for the reference velocity as well
as any single-point measurement from the NAFEC tower.
If a constant wind direction is assumed for all heights,
precaution must be used for application of the power law
class when the wind is along the flight path.

In general, excellent agreement was obtained between predicted and
measured vortex tracks. However, two sources of consistent discrepancy
were uncovered. First the predicted sink rate was consistently less than
observed for most aircraft types (the B727 sink rate was very close to
measurement which is probably due to the location of the outboard end of the
flaps). It appears from preliminary data analysis that a 10 to 15% decrease
in separation from elliptical calculations results for a B747 aircraft and DC-6
aircraft while a B707 yields a 5 to 10% decrease. No attempt has been made
here to determine a detailed empirical relationship due t6 the limited amount of
data giving the separation between the two vortices. This is because the smoke
detrains (diffuses) so rapidly that there are not many common time points for
any particular run. Also the ground wind sensor spacing is somewhat too coarse

near the flight path to allow the initial vortex separation to be determined.



If a 20-foot spacing between ground wind sensors was employed near the flight
path, the initial vortex separation could be obtained via a detailed aircraft
type vortex separation correlation with the results then incorporated into the

transport program for verification.

Secondly, the measured upwind vortex transport rate was found to be
greater than predicted. This could be due to two separate reasons or a combina-
tion of both. A decrease in the upwind vortex vorticity due to the decreased cell
size would give rise to an increased downwind translation rate as the tendency
to move upwind is negated. The other conside ration is that the vortex tilting
causes the upwind vortex to be at a higher altitude, which means a larger

wind, thus again decreasing the tendency to move upwind.

In summary it suffices to say that by inclusion of techniques to account
for the nonelliptical wing loading and for vortex tilting, the vortex transport
can reliably be computed with the concepts outlined in this study. The results
obtained without the inclusion of these two mechanisms is surprisingly accurate
with errors of 150 feet seldom occurring in the downwind vortex position. Also,
the errors in the upwind vortex position are to the centerline side so the pre-
dicted track results in ""safe" errors. However, this situation can give rise
to unnecessary false alarms when applied to a wake vortex predictive system.
Thus, additional work is warranted to include both nonelliptical loading con-

siderations and a mechanism to reliably describe vortex tilting.

Other recommendations include producing predictive vortex tracks in
an airport environment where the wind field is predominantly along the runway,
To date, the analysis has centered around crosswind-type situations due to
the testing requirements at NAFEC. In an airport environment more realistic
data can be obtained. This will, however, prevent the uses of the smoke injec-
tion capability as used at NAFEC which has been a reliable source of experi-

mental data.
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