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FOREWORD

This document presents results of an investigation by
Lockheed Missiles & Space Company, Inc,, Huntsville Re-
search & Engineering Center under Contract NAS8-26668 for
the National Aeronautics and Space Administration, George
C. Marshall Space Flight Center, The work was undertaken
to perform feasibility studies of wake vortex mohitoring

systems for air terminals,
The work was performed during the period January
1971 through July 1972, The NASA Contracting Officer's

Representatives (COR) for this contract are Mr., Edwin A,
Weaver and Mr, R, M, Huffaker of SXE-AERO-AF,
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ABSTRACT

Wake vortex monitoring systems, especially those using laser Doppler
sensors, were investigated under this contract, The initial phases of the
effort involved talking with potential users (air traffic controllers, pilots,
etc,) of a wake vortex monitoring system to determine system requirements
from the user's viewpoint. These discussions involved the volumes of airspace
to be monitored for vortices, and potential methods of using the monitored
vortex data once the data are available, A subsequent task led to determining
a suitable mathematical model of the vortex phenomena and developing a mathe-
matical model of the laser Doppler sensor for monitoring the vortex flow field,
The mathematical models were used in combination to help evaluate the capa-
bility of laser Doppler instrumentation in monitoring vortex flow fields both
in the near vicinity of the sensor (within 1 kilometer and at long ranges (10
kilometers), A number of computer simulations were made which scannéd
the modeled laser Doppler sensor through the modeled flow field and plotted
the sensor output along with the actual (simulated) flowfield velocity as a
function of poéition with respect to the vortex core, These plots indicated
that a one-dimensional laser Doppler sensor will be satisfactory for viewing
a vortex at large angles to the vortex axis, The plots also indicated that a
two-dimensional sensor having relatively coarse resolution along each sensor

optic axis will provide satisfactory vortex data to a range of 10 kilometers.
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Section 1
INTRODUCTION AND SUMMARY

1,1 THE WAKE VORTEX PROBLEM

Accidents associated with wake turbulence have become a significant
reported proportion of the total aviation accident profile within the last
fifteen years, In fact, within the 1960 to 1970 period, 128 general aviation
and one air carrier accidents were attributed to wake turbulence"f Approxi-

mately one-half of these accidents resulted in fatalities,

On 1 March 1970 the Federal Aviation Administration (FAA) implemented
separation criteria for the express purpose of separating aircraft from wake
turbulence*f* These criteria categorized as '""heavy jets' those aircraft whose
takeoff weights are greater than 300,000 pounds, Aircraft not in this category
and which are radar vectored are required to follow the ''heavies' by a mini-
mum separation of five miles instead of the previous minimum of three miles,
This introduction of another set of separation standards has a direct effect on
terminal traffic in the arrival, departure and ground phases of operations

(Fig, 1-1),

The above paragraphs mention two aspects of the wake turbulence

problem:

e Safety —loss of life and equipment, and

® Terminal capacity —delays in handling aircraft due to
imposed separation requirements,

The safety aspect of the wake turbulence problem has been improved

significantly with the new (1970) separation standards, However, potentially

*
Thomas, David D,, President, Flight Safety Foundation, Inc,, Presented at
FAA Turbulence Symposium, Washington, D, C,, March 1971,

*
Krupinsky, E,, FAA Air Traffic Service, Presented at FAA Turbulence
Symposium, Washington, D, C., March 1971,

-t

*
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damaging vortices can be generated from moderately sized aircraft (Ref, 1-1)
not explicitly covered by the new separation standards, Also, the imposed
increased separation definitely decreases the traffic capacities of busy

terminals during peak traffic periods,

A goal of the authorities during the decade of the 1970s is to:

e Increase air terminal capacities,

e Maintain or improve terminal safety,

An effective wake turbulence monitoring system would provide a means to
achieve this goal without purchasing new real estate and building new runways,
A prior knowledge of wake vortex conditions in the terminal area would allow
aircraft to be spaced according to the prevailing vortex conditions, Thus,
separation minimums would be increased during atmospheric conditions when
vortices remain in the corridor and would be decreased when the vortices
rapidly dissipate within or depart from the corridor, Air terminal capacities
would be increased during all periods except when vortices remain in the cor-
ridors as a hazard to arriving or departing aircraft, Safety could be improved
by regulating spacing according to the vortex transport and decay conditions
instead of relying on the standard separatidns of today which are independent

of meteorological conditions affecting the vortex hazard,
1.2 WAKE MONITORING SYSTEM ECONOMICS

The fact that major air terminals are built near major population centers
dictates that major air terminals be constructed on very expensive real estate,
The locations of John F, Kennedy International, O'Hare, Los Angeles Inter-
national, Atlanta, etc,, exemplify this, Major air terminals will continue to
be located on very expensive real estate until ground transportation improves
by several factors, since air terminals are located for the convenience of the

populace.

1-3
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As air traffic increases in the coming years, improving the utilization

of these major air terminals becomes increésingly important, . One means of
increasing the capacities of major air terminals without purchasing additional
real estate for more runways is to decrease the separation minimums for land-
ing and departing aircraft, These decreased separation standards must be
accomplished without simultaneously degrading safety, A logical first separa-
tion standard to attempt to decrease is the last significant separation standard
imposed (1970) — the minimum IFR separation for ''non-heavies' following

""heavies . "

Figure 1-2 depicts the projected increases in landing fees which could
be collected at major air terminals through the use of effective wake turbulence
monitoring systems, The effective wake turbulence monitoring system would
allow the separations behind the ""heavies' to be safely decreased in specific
air corridors when the wake turbulence hazard was minimal, Backup data
which were used to derive the increased-landing-fee data of Fig, 1-2 are de-
- picted in Fig. 1-3. The number of hourly operations (landings or departures)
during peak traffic hours and the approximate percentages of ""heavies'' using
these terminals were obtained from discussions with air traffic control (ATC)
tower personnel at these facilities, From these data the increase in airport
capacities resulting from reducing separations behind '"heavies' from five
miles to three miles was projected. The capacity increase was multiplied by
the typical landing fee to determine the increase in landing fees per hour at
each terminal, The hourly increase in landing fees was multiplied by four
hours per day and 250 days per year to project the annual landing fee collection

increase through utilization of an effective wake turbulence monitoring system,

Another economic boost from an effective wake turbulence monitoring
system is the savings to airlines from the reduction in holding delays at air
terminals (Fig, 1-2), Backupdatafor these statistics arepresented in Fig, 1-4
which were projected from surveys made from the operations of three major

air carriers,

1-4
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1.3 WHAT IS A WAKE TURBULENCE MONITORING SYSTEM ?

A wake turbulence monitoring system performs the following three
functions:
e Detects and/or predicts current locus of aircraft trailing
vortices in the air corridors of an airport, and

e Forecasts the future hazard to aircraft trailing (arriving or
departing) the generator aircraft, and

e Interfaces with traffic controllers and/or pilots to prevent
a hazardous vortex encounter,

The first of the above functions deals with locating vortices in the air

corridors leading to and from an air terminal, This might be done with an
active device that transmits radiation which is reflected or altered by the
vortex presence, by a passive device which detects radiation emitted by the
vortex itself, or by a predictive system which predicts the vortex locus from
current meteorological data, Active and passive techniques which might be
considered for a wake turbulence detector along with some of their character-

istics are listed below:

T ECHNIQUES FOR PERFORMING FIRST FUNCTION:

_"Detect and/or Predict Current Vortex Locus"

Radiation Passive Technique Active Technique
Frequency -
0 to 100 Hz Detection of pressure wave
generated by vortex,
Characteristic: Low ampli-
tude signal, Detects vortices
in ground effect,
100 Hz to 20kHz Detection of audible sound Detection of sound back-
generated by vortex, scattered by vortex,
Characteristic: Low ampli- Characteristic: Affected
tude signal compared to by noisy acoustical en-
background noise,. vironment, Is being tested

at air terminal,

1-8
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Radiation Passive Technique Active Technique
- Frequency
Microwave Measure incoherent radiation Detection of RF energy
associated with elevated scattered by vortex tur-
vortex temperatures, bulence of similar wave
Characteristic: Low energy length, Characteristic:
emission at RF wavelengths. Vortex is poor RF re-

flector, Much transmitted
energy required,

Infrared, Visible Measure radiation associated Detection of backscattered

and Ultraviolet with elevated vortex tempera- energy by aerosol particles,
ture, Characteristic: Back- Characteristic: Fundamental
ground radiation and at- questions are answered for
mospheric effects upon IR frequencies, Method
transmission, should be evaluated in air

terminal environment,

While the above chart depicts active and passive vortex detection devices, the
totally predictive system would rely on none of the above devices but would
utilize local meteorological data and aircraft coordinates to predict the pres-

ence of the vortices, The major portion of this report is devoted to wake

turbulence monitoring systems which use active vortex detectors operating

at infrared frequencies,

The second of the above functions — ""Forecasts the future hazard to
aircraft,,.' involves predicting vortex movements and their decay and fore-
casting the hazard to trailing aircraft, This forecasting function would be
performed either by a minicomputer or a module of the existing computer
system at the air terminal and would depend upon inputs from the detector
sensors and/or meteorological inputs of the above paragraph., Air traffic
controllers might also supply inputs to the forecasting subsystem of the
turbulence monitoring system, The forecasting portion of the wake turbu-
lence monitoring system would initially rely upon a very simple vortex model,

but would likely become more sophisticated as more knowledge is gained about

the vortex decay and transport phenomenon,

The third function of the monitoring system — "Interface with traffic
controllers, pilots, etc...' is equally as important as the first two, For a
1-9
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wake monitoring system to be effective, there must be a means of effectively
communicating with the personnel involved, Communication with what per-
sonnel, and regarding what information should be relayed is yet unresolved,
The air traffic controllers (ATC) prefer that the system communicate directly
with the pilots and leave ATC out of the loop, However, if the systerh is to
increase terminal capacities, aircraft separations must be decreased, and
the controller becomes involved since he directs minimum spacing. The con-
troller also becomes involved if a pilot decides to abort a landing, since not

only the aborting aircraft is affected, but also the whole landing sequence,

1.4 USER REQUIREMENTS FOR A WAKE TURBULENCE MONITORING
SYSTEM

Lockheed interviewed potential users of a wake turbulence monitoring
system in the early phases of the subject contract, These potential users

| included local and departure/arrival air traffic controllers at Atlanta Municipal

and John ¥, Kennedy International airports, Delta Airline pilots in Atlanta, and

district FAA officials in Atlanta, Lockheed felt that inputs from potential users

in the early phases of system concept were essential for the development of an

effective wake turbulence monitoring system, All of these persons recognized

the need for a wake turbulence monitoring system and were most cooperative

in helping to develop criteria for such a system, Figure 1-51is a summary of

user requirements developed from interviews with the above personnel,

The requirements developed from interviewing the potential systerﬁ users
‘included the "volume of interest'' and the '"communications/command process"
of Fig. 1-5. The volume of interest includes the air corridor to the altitude
above which an aircraft encountering a vortex would have a high probability
of safe recovery, Other factors affecting this recovery altitude include the
different aircraft configurations for arrival and departure and the configuration
effect upon the likelihood of the aircraft stalling or becoming uncontrollable
upon encountering a vortex, Since the aircraft is in an accelerating mode and

is normally climbing rapidly, less range is probably required for a system

1-10
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‘Volume of Interest

Range (beyond end of runway)
Two miles — Departure
Five miles — Arrival

Horizontal (Azimuth) Angle —

2.5 degrees to either side of runway centerline plus area to
accommodate vortex drift between scans

Vertical (Elevation) Angle —
%
2 degrees to 15 degrees — Departure

kK
2 degrees to 3 degrees — Arrival

Communications/Command Process

Traffic Controller's Viewpoint — Controllers are very busy;
system should communicate directly with pilots, '

Pilot's Viewpoint — Pilots are busy in terminal area; let
controllers direct spacing interval,

Compromise — Controllers would be involved anyway if pilots
perform evasive maneuver; therefore, controllers should
probably control spacing interval according to prevailing vortex
conditions and pilots take only evasive action when required,

b3
6 to 11 degrees would cover approximately 90% of cases

**ILS and VASI glide paths nominally 2,0 +0.5 degrees

Fig. 1-5 - User (Pilots, ATC, etc,) Requirements

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER
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~monitoring departure corridors than is required for monitoring arrival cor-
ridors where aircraft are in near stall configurations coming in at a very
shallow (~21 deg) angle, The horizontal width of these volumes was projected
from the instrument landing system (ILS) beam width. Some additional width
should be included in the volume to prevent vortices from drifting into the flight

corridor between successive sensor scans of the volume,

The communications/command process as discussed in Section 1.2 in-
volves relaying the information obtained by the system to the user in an effective
manner, The differences in the two depicted viewpoints must be resolved for

the development of an effective system,
1.5 SYSTEM CATEGORIES

Wake turbulence monitoring systems are divided into three basic cate-

gories to facilitate discussion in this report, They are:

° P_redictiv.e
e Hybrid

e Detective

Each of the categories of wake turbulence monitoring systems performs the
three functions described in Section 1.4: (1) detects and/or predicts current
vortex locus; (2) forecasts future hazard; and (3) interfaces with ATC and/or

pilots to prevent hazardous encounter,

The basic similarities and differences in the three types of systems
involve the first two functions., They are depicted in the table on the following
page, As seen in the table, all three types of systems perform measurements
and forecast predictions, The different nomenclature for the three categories
is derived from the relative degrees of prediction and measurement (detéction)

performed by the three basic systems:
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Method of Performing System Function
Svst Functi Predictive Hybrid Detective
ystem runction System System System
1. Determine Current Predict Measure and Measure
Vortex Locus : Predict
2. Forecast Future
Hazard
a. Determine Measure and Measure Measure
meteorological Predict
conditions
b, Determine Predict Predict Predict
future vortex
locus

e Predictive: Measures meteorological data with presently avail-
able instrumentation; forecasts additional meteorological data;
forecast future vortex hazard,

e Hybrid: Measures vortex movement in several vertical planes;
forecasts vortex movement between planes; forecasts vortex
future hazard,

e Detective: Measures vortex movement throughout the air cor-
ridor of interest; forecasts future hazard,

All three systems both measure and forecast, The detective systems
have more sophisticated instrumentation and therefore provide higher quality
data to the forecasting computer. Therefore, the detective systems are likely
to be more expensive to develop; yet they provide a more accurate forecast of
the future vortex hazard., The predictive system relies upon presently avail-
able, limited meteorological data and therefore would provide a less accurate
forecast, The hybrid system relies upon viewing the vortex at a limited num-
ber of loci and therefore would provide data to the computer of a higher quality
than that of the predictive system but of lower quality than that of the detective

system,
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Since the detective system was said to provide the most accurate hazard
forecast of the three system configurations discussed, the installation of a de-
tective system would allow air terminal capacity to be increased to its maxi-
mum. The predictive system, which would provide a less accurate forecast,
would require a greater safety margin than would the more accurate forecast,
The greater safety margin requirements of the predictive éystem would de-
crease the effectiveness of the system in increasing air terminal capacities,
The effectiveness of the hybrid system will likely lie between that of the pre-
dictive and detective systems, These facts are illustrated in the following
table,

Predictive Hybrid Detective
Sensor Sophistication Least Median Most
(Therefore Expense)
Hazard Forecast Least Median Most
Reliability
Required Safety "~ Most Median Least
Margin
Increase in Terminal Least Median Most
Capacity
Complexity of Integration Least Median Most
into Existing System
Application to Other Air- Wind Shear Wind Shear
Terminal Problems Monitor Monitor
Development Time Least Median Most

A suggested path of development of the wake turbulence monitoring system
is to field the predictive system first, while simultaneously developing tech-
niques for the hybrid and/or detective systems, Next, additional sensors are
incorporated into the predictive system, which evolves into a hybrid or de-
tective system, This results in immediate improvement in air terminal capa-
bilities with further improvements forthcoming as the systems become more
sophisticated,
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Figure 1-6 depicts an illustrator's concept of each of the three systems
.to be discussed., The left-hand system is a detective system, the right-hand
system is a predictive system and the middle system is a hybrid system which

uses some of the components of both the detective and predictive systems,
® Predictive System

The predictive system conceptually illustrated in Fig. 1-6 utilizes available
meteorological data as input to a minicomputer which predicts lengths of time vor-
tex elements will remain in the pertinent air corridors, The available meteor-
ological data are used to calculate wind conditions aloft which are in turn used
to calculate displacements of vortex elements in the air corridors. The computer
output — a prediction of how long vortex elements will remain as hazards in the
pertinent air corridors — is displayed to local controllers who in turn either in-
crease or decrease minimum separation requirements according to the prevail-
ing vortex conditions, The controller action is taken before aircraft enter the
final approach corridors or, in the case of departing aircraft, before the air-
craft enter the runway, This is the least expensive of the three systems, It re-
quires only a minicomputer, display, and existing meteorological measurement

facilities, The predictive system is discussed in Section 2 of this document,

® Detective System

The detective system briefly illustrated in Fig. 1-6 consists of, for ex-
ample, a pair of laser Doppler velocimeters (LDV) for the runway with a range
of 8 to 10 kilometers. These LDVs are tied together through a computer which
directs their scanning and processes their outputs. Formatted data from the
computer are transmitted directly to the cockpit and displayed to the pilot as well
as to the controllers in real time. The velocimeters provide a real-time two-
dimensional picture of the vortex condition in the air corridor directly to the
aircraft pilot, The pilot can then take appropriate action to avoid vortex hazards,
Similar displays would be provided to air traffic controllers to coordinate the
actions of the pilots, This is the most expensive of the three illustrated systems,
but it provides the highest resolution, longest-range data. The detective system

is discussed in Section 3,
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® Hybrid System

The hybrid system depicted conceptually in Fig. 1-6 is composed of
certain elements of both the predictive and detective systems, Development
time and implementa.tioh costs of the hybrid system will be less than for the
detective system, yet longer and more costly than for the predictive system,
The hybrid system utilizes for example, a single component LDV which scans
the surface of a cone overhead to provide wind profiles for the prediction of
vortex element movements., A single-component LDV located several kilo-
meters beyond the end of the runway is also used to scan a vertical plane
normal to the runway axis to locate vortices above the velocimeter and to
determine the sizes and transport velocities of the vortices as they pass
through this plane, Acoustic sensors may be feasible for locating vortices
at lower altitudes, Section 4 of this document presents a detailed discussion
of the hybrid system. A typical hybrid system will interface Doppler sensor
outputs into a minicomputer which will pr.edict the movements of the vortices
in the air corridors from the available data, The computer output will be dis-
played to the air traffic controllers who in turn control the traffic spacing,

- The prediction of the vortex movement by the hybrid systerh is of finer reso-
lution than the prediction by the predictive ‘system since more pertinent input
data are supplied to the computer, Thus air traffic spacing can be controlled
to a finer tolerance (i.e., smaller minimum separations) than with the purely
predictive system, Section 4 presents a detailed discussion of the hybrid ap-

proach to the wake turbulence monitoring problem,

Section 5 of this document, the conclusion, presents an attempt to answer
four basic questions about the wake turbulence monitoring system, The four

questions are:

e Is a wake turbulence monitoring system feasible or within the
near state of the art? ‘

e Would a wake turbulence system be cost-effective to develop,
operate, and maintain?

What type system should be developed ?

® What are the logical steps to develop the system ?
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The primary sections of the report are followed by three appendixes,
Appendix A describes the vortex models chosen by Lockheed to be used in
system simulation studies. Development of the programs used for these

simulation studies is outlined in Appendixes B and C,
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Section 2
PREDICTIVE WAKE VORTEX MONITORING SYSTEM

2.1 INTRODUCTION AND SUMMARY

The five-mile minimum spacing regula:tion for an aircraft lighter than
300,000 pounds following a '‘heavy' (> 300,000 pounds) is presently enforced
for all flying conditions, regardless of weather phenomena, However, our
present knowledge of the vortex phenomenon indicates that for certain meteor-
ological conditions the aircraft wake is either swept out of the flight path or
breaks up internally in less time than that imposed by five-mile minimum
spacing, Ifthese conditions could be accurately predicted from measurements
of local meteorological phenomena, spacing could be decreased during appro-
priate meteorological conditions, A predictive system based on considerations
of local meteorological conditions, air terminal layout, aircraft involved, etc,,
could be beneficial to major air terminals., The initial wake turbulence pre-
diction system which could be operational within a year or two could reduce
spacing requirements from five miles to four miles or three miles for, per-
haps, 50% of the operational conditions., As the state-of-knowledge of the
vortex phenomenon improves, the spacing reduction might be extended to 60

or 70% of the operational conditions,

As previously discussed in Section 1, potentially damaging vortices can
be generated from moderately sized as well as "heavy' aircraft., With a turbu-
lence prediction system, more adequate warning of wake turbulence conditions
could be given to small aircraft operators following a moderately sized aircraft

in both approach and departure configurations,
A wake turbulence predictive system using existing instrumentation at

the air terminal coupled with computer capability for predicting the vortex

hazard (or lack of hazard) and a simple communications system could thus
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provide an increased capability for handling more traffic without degradation

of safety.

A typical wake turbulence predictive system is depicted in block dia-
gram form in Fig, 2-1, The wake turbulence predictive system consists of
several subsystems which are discussed below. Section 2.2 discusses the
vortex phenomenon and its behavior, This will include definition of all param-
eters which enter into forecasting and displaying aircraft wake vortex strength,
persistence and transport in terminal area operations, The acquisition of some
of these parameters such as wind speed and direction at various altitudes and
temperatures is illustrated in Fig. 2-1, Design of a wake turbulence predictive
system is outlined in Section 2.3, This system will be the software utilized by
the computer illustrated in Fig, 2-1, Section 2.4 discusses the information
acquisition, storage and processing subsystem that will execute the decision-
making process., The subsystems (as illustrated in Fig. 2-1) will likely con-
sist of:

1. The sensors together with a means for entering their data

into the computer;

2. Data from the aviation (weather) forecaster together with a
means for entering this data into the computer, and

3. The computer itself,

The communications and action command process is discussed in
Section 2.5. This process is illustrated typically as an air traffic con-
troller display which forecasts local vortex conditions, The controller uses
this display and knowledge of aircraft in the vicinity to project spacing re-
quirements for departing and arriving aircraft, He can also enter data into
the computer such as runways which are closed to heavy aircraft, aircraft

departure angles, etc,
2.2 THE TRAILING VORTEX PHENOMENON AND BEHAVIOR

This subsection discusses pertinent properties of the trailing vortex

system, including its generation, structure dissipation and transport,
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® Mechanisms of Formation of Aircraft Trailing Vortices

The general principle by which an aircraft generates lift is directly re-
lated to Newton's Second Law (F = d(mV)/dt), where the lifting force is a result
of a downward acceleration of air. The process is usually described in theo-
retical analyses as producing circulation about the wing. This produces a con-
tinuous vortex sheet which is shed from the trailing edge of the wing. Because
the wihg is of finite span length, the high pressure air of the lower surface
flows around the wing tip into the region of low pressure on the top of the wing;
thus, a vortex core is created with its center near the trailing edge of the wing
tip. The strength of these tip vortices is directly related to the lift produced -

by the aircraft wing.

The existence of these trailing vortices has been known for many years.
Two decades ago Spreiter and Sacks (Ref. 1) presented what is still probably
the most significant analysis of trailing vortices. Their approach, which was
based upon a solution of the linearized potential equation, revealed that the

distance required for the trailing vortex sheet to become established is

S =028
L

olo

(2.1)

where

[¢]
™~
(g]
I

= roll up distance in chord lengths

c = wing chord

>
|

= wing aspect ratio
b = wing span

C. = aircraft lift coefficient

For a typical takeoff of a C-5A, this means that the trailing vortices will be

completely formed approximately 300 feet behind the wing,
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® Vortex Structure

A vortex consists of a rotating region of irrotational flow and a smaller
central core of rotational flow. The core may be thought of as rotating as if
it were a solid cylinder. Spreiter and Sacks (Ref. 1) estimated the diameter
of this core by equating the total kinetic energy of the fluid inside the vortex
core to the induced drag of the wing. This resulted in a core diameter of
approximately 16% of the wing span for an elliptic wing load distribution.
Although the assumptions involved in this computation are rather dubious
and believed to be invalid during the decay phase of the vortex, it does pro-
vide an indication of initial core size. Core sizes are discussed further in

Appendix A, where recent vortex models are considered,

Just as lift of a wing is generated by creating downwash, the drag of a
wing results in a change of momentum of the air in the axial direction. Ex-
perimental data (Refs. 2 and 3) indicate that relatively high axial velocities
exist in the center of the vortex. Quite possibly, most of the axial momentum
of the vortex is restricted to this vortex core, However, the nature and origin
of this axial component of velocity in the core of the vortex is apparently an
area requiring additional investigation.and comprehension. One explanation
(Ref. 4) is that it is due to the pressure buildup along the vortex core due to
_vortex decay because of the coupling between core pressure and tangential

momentum.

Outside the core the tangential (transverse) velocity, at a radial distance

(r) from the center of the vortex, is estimated from simple theory as

rO

Tr

, where I’ = magnitude of circulation (2.2)
around the wing (Eq. 2.5)

<
D

H
N
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or in terms of aircraft weight (W), velocity (V), and wing span (b), and density

(p)

-
Ve T 2pVhr

(2.3)

By assuming the maximum velocity occurs at the radius of the core which is
taken as 8% of the wing span, tangential velocities of up to 65 ft/sec might be
expected to exist in a fully rolled-up vortex generated by a C-5A aircraft
during takeoff. Recent flight measurements (Ref. 5)however, have indicated
smaller cores and peak velocities considerably in excess of this figure, sug-
gesting the simple model described above is inadequate for practical purposes.

Recent models are discussed further in Appendix A.
Because of the rotational nature of the flow, the tangential velocity in

the vortex core is more difficult to describe. Lamb (Ref. 6) presented the

following approximate relation for computing the tangential velocity through-

r, r?
Vo = Zar |1 - °%P (— 4vt) (2.4)

where V = kinematic viscosity, t = time.

out the vortex:’

This expression not only includes the viscosity effect in the core, but allows
this region to increase with time. For large values of r, the viscous con-
tribution to this expression becomes negligible; hence the irrotational velocity
is retained. For practical purposes it has been found necessary to define an
eddy viscosity rather than the kinematic viscosity since the vortices are prob-

ably invariably turbulent. Such an approach is due to Squire (Ref. 7),
® Vortex Strength

Spreiter and Sacks explain that ''the strength of one of the trailing vortices

is equal to the sum of the strengths of all the vortices shed from one-half of the
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wing; hence it is equal to the magnitude of the circulation 1"0 around the wing in
the plane of symmetry." By assuming an elliptic lift distribution over the wing

(an idealized distribution of high lift devices), this circulation is

CL ‘
r, = 2bv_—x. . (2.5) .

The circulation (i.e., vortex strength) may also be written in a slightly differ-
ent form by assuming that the lift generated by the wing is approximately the

same as the aircraft weight, W and thus

_ _4w
ro T wpVb , ' (2.6)

where p and V are the ambient density and aircraft velocity, respectively.
® Vortex Drift

The vortex cores are established slightly inboard of the wing tips at a
position which is stabilized by their mutual inte raction. The stable position
of the two vortex cores is a function of the lift distribution over the wing, but
a typical stabilized position, for the case of elliptical lift distribution, is at

a distance b',' as given in Ref. 1 as
b =(r/4)b (2.7)
which is approximately 80% of the wing span.

The vortex system also drifts downward relative to the aircraft flight

‘path at a vertical velocity, Z, determined as follows:

r, |
T 2rb° (2.8)

Assuming an elliptic lift distribution and that the wing lift equals the aircraft
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weight, the formula for the settle rate of the vortex system is restated in

aircraft terms as follows:

W
2

Z=—8-§
- pVb

(2.9)

For a typical C-5A takeoff, this vertical velocity will be approximately 7 ft/sec.

By neglecting any buoyancy effects due to density gradients in the atmos-
phere, these vortices are expected to continue this downward drift at essen-
tially a constant rate until they either decay or approach the ground. As the
vortices approach the ground the vertical velocity is reduced and the system
starts to spread horizontally. This ground effect may be computed by con-
sidering the "'mirror image' concept which is commonly used in potential
solutions. In this approach the ground plane may be thought of as a plane of
symmetry with two image vortices of equal strength drifting upward at identical
velocities toward the ground plane. The real vortices will continue to drift
downward until the influence of the image vortices slows and eventually stops
their descent. The downward momentum of these vortices is conserved and
serves to spread the vortices horizontally at approximately the speed of their
original descent. The stabilized height of these vortices is established at b’/Z
above the ground. Vortices generated closer to the ground will rise to this

height while spreading horizontally.

Ambient winds also significantly influence vortex drift. A uniform cross-
wind forces the vortices in the direction of the wind. For a crosswind from
right to left, the system of vortices could be thought of as stationary relative
to the crosswind and moving to the left relative to a fixed point on the éround.

If the magnitude of the drift velocity of the vortices is equal to the wind speed,
then the right vortex will become stationary relative to the ground. This vortex
would remain stationary until it has lost its effect through normal decay. Should
this stationary point be over a runway, the hazard to other aircraft attempting

to take off or land is obvious.
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A more general treatment of vortex motions is now given, considering

the behavior of one vortex pair (Ref. 8).

In the analysis that follows, the vortex-induced velocities are assumed
not to vary with time; i.e., the effects of eddy viscosity on the circumferential
velocity distribution in the vortex have been neglected, as these effects are
considerable only in the region adjacent to the vortex core and the mutually
induced vortex motions are dictated by the velocities prevailing several core
diameters away from the vortex center. This can of course be easily modified
to the decaying vortex case. For typical aircraft under approach conditions

"Fig. 2-5 suggests that it will be several minutes before the relevant velocities

decay to a harmless state.

G

Ground Level
o, s

Fig. 2-2 - Vortex Drift Near the Ground

The analysis follows the methods of classical hydrodynamics. Let the
trailing vortex pair be located a distance 2y apart, and at height z above the
ground, then the vortex system with its image may be represented as stated
in Fig. 2-2.

Now the circumferential velocity, v, due to a single vortex of strength,

K, is
v = K27 r (2.10)
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where r is the distance from the vortex axis.

If we consider the velocities induced at Q by the remaining vortex and

the two image vortices, and resolve velocities (i) horizontally and (ii) vertically

we have
i) ¢y = X il____lL;j
Y T 4r |z T2, 2|
| y +z_|
and '
' — -
(i) % = ;_K l_TY_
T _Y y +z
therefore,
» 2
. K.
y = 41rz( 7 2) (2.11)
y +2z2
and
2
-K ( z . )
= . (2.12)
dmy y2+z2
Combining Eqs. (2.11) and (2.12)
. . 3
Yy _dy . _y_
: dz 3
z z
or,
dz _ _dy
3 7 7 3
z y
and hence,
L+5 - a. (2.13)
y z

The term A may be found by substituting Yo and z for y and z, respectively.
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Equations (2.11) and (2.12) may now be rewritten as

K
4ﬂ1¥z3

—-K
4 1rAy3

By eliminating z from Eq. {(2.11) and rearranging:

2 3/2
- _ K JAy -1
Y © 4rA y2

or,
2 3/2
Am |y dy = 4t
K 2 Y © A
Ay -1
Hence, it can be shown that,
2 .
Am Ay -2 -
AR 72| T ttE
o)

B may be found by substituting Yo for y att =0.

Rearranging,

-1/2
2 - 26472 /AK + A +B)Z] {1 :(64”2/A2K2 € +8)2 + 1) }

64w /K

and, by symmetry, z is given by:

2

2 _ 2lean?/aK?® + At +B)°]

641rZ/K2 2p2

AK (t+B)

1+( 641
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In each of these expressions, the upper alternative sign applies whent < B,

and the lower alternative sign applies whent > B.

Hence, the vertical and horizontal displacements of the vortex cores

can be calculated as a function of time to give the theoretical vortex positions.

The effect of wind on these results can be obtained by simply super-

imposing the wind velocity components on the above velocity components.

As an illustration of the application of the foregoing, it is interesting to
recall test results obtained on the behavior of trailing vortices near the ground
(Ref. 8). The test configuration is as shown in Fig, 2-3, Behavior of the two
smoke-filled vortices generated by a Hunter aircraft were monitored over a
measurement plane by both ground and airborne stations. The motions of these
vortices were mapped and compared with the results of the previous theory after
a measured wind velocity was incorporated. Typical examples of data obtained
are shown in Fig. 2-4. From the good agreement between theory and practice,
one must deduce that knowledge of the wind velocity is sufficient to determine
the path of the vortex to good accuracy. The basis of an approach would
therefore be to map the wind field in the pertinent regions either by multiple wind
sensors or by a limited number of wind sensors plus inference (e.g., a 1/7 power
law for the variation of wind strength with height was found to be satisfactory in
the aforementioned study). A model for the spatial turbulence pattern might also

be incorporated to yield more dependable predictions.

® Vortex Decay and Breakdown

The process by which vortices decay and eventually break down is the
least understood phenomenon associated with vortices. Under certain con-
ditions a vortex will completely disintegrate a few seconds behind the aircraft;

whereas under different conditions a vortex might persist for more than five

minutes after generation by the same aircraft.
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Airborne
Camera
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Smoke
Trails

Marker
Board

Ground
Camera
Station

Fig., 2-3 - Diagrammatic View of Test Area
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Fig. 2-4 - Comparison of Measured and Theoretical Vortex Positions
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There are several theories which attempt to isolate the mechanisms
which cause decay. The previously presented time-dependent expression Vg
represents the original approach. This method assumes that the viscous core
grows in size and the core velocities decrease with time. However, this ex-
pression predicts a growth of the core which is much slower than that which
has been observed for trailing vortices. The explanation of this core growth
was that turbulence existed in the core in addition to viscous effects. This
would result in much higher shear forces than those of the expression for \r'S
This turbulence could easily arise from atmospheric turbulence and from the
turbulent wake of the airplane. A viscosity term known as "'eddy viscosity"
was derived empirically in an attempt to account for the turbulence effect on
core growth. Wetmore and Reeder (Ref. 9) present an alternate expression

for £ which is based on such an eddy viscosity in calm air;

Iy | rz
e l -exp - (2.16)

42b% +1.2¢ It (10”4

where ¢ is the mean aerodynamic chord of the aircraft wing. This expression
represents a maximum condition for vortex persistence. More rapid vortex
decay would be expected if additional turbulence levels were created by such
factors as:

e Cross winds

e Convection currents

e Friction resulting from vortex-ground interaction

e Irregular span-load distributions

e Jet exhaust entrainment.

One obvious disadvantage of this method of predicting vortex decay
stems from its empirical nature and the neglect of the effect of the items
listed above. A case when none of these items would be expected to influ-
ence the turbulence level would rarely occur. On the other hand, this method
is easy to compute. If additional tests or more thorough analysis of existing
test data can provide empirical constants to include the effect of the above
listed items on the vortex decay, then this method can provide a practical

engineering approach toward predicting vortex decay and breakdown.

2-15

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC D225936

Several theories have been proposed for providing a quantitative analyt-
ical description of, and isolating the mechanisms leading to vortex decay and
eventual breakdown. Squire (Ref.10) has suggested that breakdown will occur
when long axisymmetric standing waves are sustained in the vortex. Another
approach, suggested by Ludwieg (Ref. 11) and Jones (Ref. 12), suggests that
breakdown is a result of a hydrodynamic instability with respect to spiral dis-
turbances. Still another idea proposed by Crow (Ref, 13) says that vortex decay
and breakdown result from vortices undergoing a symmetric and nearly sinu-
soidal instability. Vortex breakdown is assumed when the vortices eventually
join at intervals to form a train of vortex rings which quickly disintegrates into

a harmless turbulent state.

Another entirely different approach to describing vortex breakdown was
proposed by Benjamin (Ref. 14), This theory, which appears quite popular
with British researchers (i.e., Hall in Ref. 15 and Harvey in Ref. 16), states
that vortex breakdown does not result from an instability or any other infini-
tesimal disturbance alone. Instead, he describes two basically different types
of axisymmetric flow which are analogous to subcritical and supercritical

"flow in hydraulic open-channel flow. The transition from the supercritical
form of the axisymmetric flow to the conjugate subcritical flow results in
phenomena analogous to the hydraulic jump in an open channel flow. This
transition requires an energy loss which means that in practice a region of

vigorous turbulence is generated; hence, vortex breakdown occurs.

Which, if any, of these theories correctly describes the conditions which
determine the mechanism by which vortices decay and break down is not now
known, Those derived analytically from such ideas as unstable disturbance
propagation or the hydraulic jump analogy and sinusoidal instability certainly
provide the most logical and scientific approach, However, the empirical
technique using eddy viscosity probably provides the best engineering tool for
predicting vortex decay, This approach, with perhaps a slight modification to
include improved empirical constants obtained from recent flight tests, could
easily be computerized and combined with a digital computer program for

tracking aircraft trailing vortices,
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The vortex lifetime data which should probably be utilized for immediate
development of a predictive system is that presented by McGowan (Ref, 17), The
curve of that reference is presénted in Fig. 2-5 on which is also superimposed
data on vortex lifetimes obtained from recent FAA/NAFEC tests on the vortices
generated by a Convair 880, McGowan's curve conveniently yields an envelope
to the experimental data and is probably a satisfactory state of the art curve,
These vortex lifetimes can be considered as the time taken by the vortex to
dissipate below some threshold peak velocity condition, the decay being due
either to viscous effects or to vortex bursting, etc. The final model would
probably allow for an eddy viscous decay up to the time limit given by the above
curve at which time it will be assumed that the vortex no longer presents any

danger,
® Previous Efforts to Define the Vortex Hazard in the Airport Environment

Previous efforts (Refs, 17 and 18) have mapped vortex motion in various
wind fields to determine hazardous areas in airports for normal terminal opera-
tions, These efforts have resulted in plots like those shown in Figs, 2-6 and
2-1.

In this way caution areas surrounding a particular aircraft rotation point
have been defined as being the envelope of such a system of curves, A similar
system of curves exists for each touchdown and rotation point and each point
on the flight path, The hazard area then becomes the envelope of the system
of curves in Fig, 2-6 for each point of the flight path for a given wind velocity
“history, Such hazard areas may well include a parallel runway or taxi strips

as indicated in the example of Fig, 2-7,

Similar considerations have been applied to the landing approach and
climbout phases of flight, Figure 2-8 shows how a crosswind component of
various magnitudes can modify and shift the vortex velocity pattern, From
this, the importance of considering the possibility of the vortex drifting into

the glide or takeoff path of a parallel runway is demonstrated,
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Fig. 2-5 - Vortex Lifetime Near Ground for CV 880 Aircraft
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Federal Aviation Administration separation regulations and Air Traffic
Control operations have been established using curves and plots such as these
for guidelines, The purpose of a wake turbulence predictive system develop-
ment would be to develop a near real-time capability — a software accented
predictive system — for establishing accurate separation requirements to allow
increased utilization of air terminals without degradation of safety,

o Recent Vortex Models

Prediction of vortex transport requires only a simplified model of vortex
structure since one vortex moves in the field of another at relatively large
separations, the inverse radius approximation being satisfactory under such

circumstances, However, for aircraft-vortex interaction estimation, a more
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realistic vortex model is required — one that yields predictions of peak velo-
cities and core diameters more in line with recent FAA data (Ref, 5), Lockheed,
during this investigation, has surveyed current vortex models both empirical

and theoretical, These current models are discussed in Appendix A,
2.3 DESIGN OF A WAKE TURBULENCE PREDICTIVE SYSTEM

This section discusses the design of a wake turbulence predictive system,
The aim of this design was the simplest system capable of performing a useful
role in vortex prediction, Also, flexibility was sought, so that sophistication
could be added after the initial systems are operational, For the proposed de-
sign, the vortex pairs are divided into vortex elements, each of which consists
of a cross sectional slice of the vortex, A segment of the vortex pair is treated

as a single element when out of ""ground effect,'" Once in ""ground effect," the
g g g
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pair is considered as two elements — one port element and one starboard ele-
ment, A number of such elements are used to represent vortex pairs corre-
-sponding to vortices over each runway and in each air corridor leading to the

airport,

The discussed system design assumes that at time t = 0 the vortex sys-
tem is frozen along the path of the generating aircraft (see Fig, 2-9). The
vortex elements are then allowed to settle, move in the windfield and unaergo
-ground effect, Equations in the computer provide vortex element positions as

‘a function of time (t = 10, 20, 30 sec, etc,) for the input wind field,

Volumes of the air space where presence of an active vortex would con-
stitute a hazard; i.e,, the active air corridors leading to and from the airport
and the near vicinity of the runways themselves are specified in the same co-

- ordinate system as the vortex elements, These areas are entered into the
computer as simple line equation coordinates. For the example illustrated,
and probably the first system design, these danger areas are not extended be-
Srond the middle marker; however, for operational type systems these would
probably be extended at least to the outer marker, Initially, the danger zones
are also considered to be two-dimensional, For an operational system this
space might be reduced by including a "z' coordinate in the danger zone speci-

fications,

After the vortex element initial conditions, meteorlogical conditions
and danger areas are entered into the computer, the vortex elements are
programmed to move according to the conditions for a specified time incre-
ment. After this displacement, the individual vortex elements are tested to
determine if any elements are still in danger areas. The time increment and
danger area identification are storedandthe vortex elements are displaced via
computer to their loci corresponding to the second time increment. Again,
the time and danger areas are stored. This process is continued until all
vortex elements have moved for time increments corresponding to their cal-

culated lifetimes (Section 2.2).
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Next, the stored time/danger-area data are examined to determine the
length of time taken to clear all vortex elements from each danger area. This

time to clear all elements should correspond to the time required for separa-

tion between aircraft using the corridor.

To repeat, the basic assumption of this proposed system software is that
vortex elements at time t = 0 are spatially at the points where they were gen-
erated. They are then allowed to drift in space for given time increments.
Their positions at the end of each time increment are noted and compared to
danger zones in air space which have been entered into the computer. The
computer notes when elements are in specific danger zones and stores these
data. After the elements have been processed for time increments equaling
their lifetimes, the computer scans the data to determine when it would be safe
for an aircraft to follow the wake-generating aircraft. Thus, a safe but not

excessive separation distance is established.

Departing and arriving aircraft rotate and touch down in various segments
of the airport and depart and arrive at different angles with respect to the ver-
tical. (Departing aircraft rotate over the upwind two-thirds of the runway and
climb out at 2 to 15 degrees, depending upon aircraft, load, atmosphere density,
etc. Arriving aircraft usually aim for the 1000-foot marker and a 23 +3 degree
glide slope but may land over the first third of the runway.) The proposed sys-

tem could have feedback from the controller concerning the following:

e runways closed to heavy traffic (this would likely reduce
vortex element drift to adjacent corridors),

e whether aircraft are arriving or departing (this would vary
the calculated initial altitude of the vortex elements),

e the weight of the generating aircraft; etc.

The refinement of this controller input into the computer would come with use

of a prototype system.
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® Simplified Flow Chart

Figure 2-10 is a simplified flow chart of the computer operation for pre-
dicting the turbulence conditions, The initial inputs into the computer are the
vortex element coordinates and danger area coordinates, The element pairs
are spaced longitudinally approximately 1000 feet apart along the runways and
with increasing separation along the approach and departure corridors, The
total number of elements is approximately 80 in the example or 20 per runway,
To extend the elements to the outer marker, either more elements or wider
spacing could be used. The danger areas are entered as coefficients for the
line equations which form boundaries of the danger zones, For runway 9L in

the example, the danger zone would be defined in two dimensions as the following:

x >13.5, and

10.8 -0.033x < y < 10.40 +0.033x

As the model is extended, this two-dimensional representation of danger zones

would be extended into three dimensions,

Meteorological data, next input into the computer model, will include
whatever real time data are available as well as upper air windfield data when
they are available. The upper air windfield data can be supplied by the Aviation
Forecaster who supplies local forecasts to the field. The local forecaster in
turn will receive his data from available instrumentation (radiosonde, etc) plus
data supplied by pilots using the terminal. (The air data systems of the wide-
bodied aircraft (i.e., inertial platform, airspeed and temperature sensors)

could supply valuable, near real-time data to the forecaster.)

The wind field is next calculated. For the purpose of predicting the move-

ment of the trailing vortices, the assumption will be made that the wind field in
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the vicinity of an airport can be represented by a deterministic steady-state
mean wind. The mean wind will be assumed to be a function of height only (i.e.,
variations in the horizontal plane and over time intervals less than one hour are
assumed to be negligible). First, the wind near the ground will be averaged over
a 10- to 20-minute period.v Then the winds at altitude will be provided by the

forecaster as indicated in the previous paragraph.

Wind speed and direction from near the surface to several hundred feet
altitude will be fed into the computer oh a periodic (likely hourly) basis. The
computer will then generate least-squares polynomials (probably second- or
third-degree) to fit the wind component data. The polynomials can then be
used in the vortex transport prediction model to estimate the steady-state

wind vector at any desired altitude.

There are, of course, many approaches which may be taken in estimat-
ing the wind profile in the lowest several hundred feet of the atmosphere. The
approach taken here, however, eliminates the need for any elaborate and ex-
pensive wind measuring systems such as instrumented towers, frequent re-
leases of pilot balloons, and so on. An experienced forecaster, using the
information available to him, should be able to produce reasonably accurate
estimates of the winds up to 2000 feet — even when conditions are changing
rapidly as with a frontal passage. The prediction model will be set up to handle
more precise wind inputs, if they become available through improved instru-

mentation or extrapolation techniques.

After the wind field is calculated, eaéh vortex element is individually
operated upon by the computer for a sequence of time increments equal to its
calculated lifetime., These operations are represented in abbreviated form
in the remainder of Fig, 2-10, The computer determines if the element is in
ground effect; if it is not in ground effect, the computer treats the vortex pair
segment as a single element, If it is in ground effect, the computer handles
the individual (port and starboard) elements independently, The computer
next determines the element positions at each time increment and checks to

see if the element is in the danger zone, The process is repeated for each
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time increment and each vortex element until all vortex elements are observed

throughout their active lifetimes,
In particular, two areas deserve further study:

1, The relationship between observed decay rates and the
spectrum of the winds near the level of the vortex; and

2. The relationship between decay and the Richardson
number which is a nondimensional number containing
the vertical shear of the mean wind and thermal sta-
bility, both of which are important in determining
atmospheric turbulence,

® Confidence (Safety) Time Interval

Since many of the variables used in the computations are subject to vary-
ing degrees of accuracy, a safety factor will be built into the model to avoid
prediction of safe conditions when hazardous conditions actually exist, This
factor, in the form of a confidence interval in time, will be determined from
estimated inaccuracies in aircraft trajectories, metecrological parameters,
etc, (Note: The confidence time interval will be less for the hybrid system
of Section 3.3 than for the predictive system due to the added input data of the
hybrid system.)

® Use of the System

From the data of the persistence of vortex elements in the individual
corridors, the Air Traffic Controller can mentally or from tables determine
the spacing that is required between various classes of aircraft for a safe
landing or departure, The controller would see how long is required for all
vortex elements to clear each of the aircraft corridors for a specified gen-
erating aircraft type, departure, arrival, departure angle, etc, He would
then know the conditions of wake turbulence persistence and judge the sep-
aration requirements following an aircraft of the indicated type, Use of the
system is further discussed in Section 2.5, Communications and Action

Command Processes,
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2,4 INFORMATION ACQUISITION, STORAGE AND PROCESSING

The information acquisition, storage and processing subsystem
should be compatible with the field meteorological instrumentatijon, system
software design and display/command process, and yet will be as in-
expensive and simple to interface with existing air terminal facilities

as is possible,
® Information Acquisition

The information acquisition subsystem should gather the data required
to forecast the wake turbulence and enter these data into the wake turbulence
predictive computer (Section 2.3). The information to be entered into the

computer may be of the following forms:

® Meteorological data from sensors presently installed at the
airport

® Meteorological data from sensors to be installed at the airport
® Meteorological data from observers

e Aircraft operations data (aircraft type, departure or landing,
departure angle, etc.).

Meteorological data from sensors presently installed at the facility must
‘ be formatted to be compatible with the wake turbulence predictive system
computer. This formatting may require analog-to-digital converters, digital-
to-digital converters, multiplexers, etc, However, for an interim system,
input of these data into the ccmputer should probably be via computer
console and operator to read the indicated values and enter the data. Sensors
presently available at air terminals are located near or on the control tower
and at remote locations around the terminal, Consideration must be given
to cabling lengths, cable routes, remote analog-to-digital converters, reli-
ability, maintenance, etc., if present instrumentation is used with an opera-

tional prediction system,
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' _Eg_onom;c factors should be considered in deciding whether to use e.';ci:s'.t.i- o
ing meteorological sensors énd cox'1verting their outputs to be ‘compati-‘.'bl-'e thh
the data processing subsystem or purchasing new sensors to be comp'a't:ib“le"_ )
In addition, new.sensors might be required to provide additional meterological

data to these data already available at air terminals,

In addition to sensor-provided data, the system should be capable of re-
ceiving data through the forecaster for the local meteorological conditions,
An experienced forecaster will filter information from pilots, radiosondes, -
etc,; to provide the required input into the model, Wind shear data from the
air data systems of the 747s, L101ls, and DC-10s would constitute a valuable
input into the system which could come through the local forecaster. The
trained forecaster should be a valuable system link for providing forecasts

of wind profiles to several hundred or even several thousand feet,

_ It is envisioned that in an operational system, the air traffic controller
will have a limited capability for communicating with the computer. He might
supply the computer (Section 2,3) with the following data from a single console

with a half-a-dozen push buttons:

Runways closed to heavy aircraft
Type aircraft generating vortices

Landing configuration

Departing configuration

Departing angle with respect to horizon

® Information Storage and Processing

Information storage and processing will be performed via digital com-
puter for the wake turbulence predictive system. After the computer memory
size and speed are defined, existing and planned computer facilities at the air
terminals should be surveyed to determine if it is practical to add this burden
to existing facilities or to determine if a "minicomputer' should be used for

the predictive system which is independent of existing facilities,
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The computer operation will be divided into three operations:

e Collect meteorological and other pertinent data
e Calculate wake turbulence conditions

® Provide data for display in proper format.

The computer size can be determined from summing the following storage

requirements:

(A) Pertinent Input.-Data Storage
(B) Program Format

(C) Arithmetic Functions

(D) Display Data

(E) Housekeeping

Initial estimates indicate 8 to 16K of memory should be sufficient for storage

and performing the desired calculations,

Once computer storage, word length and computation time are speci-
fied from knowledge of the wake turbulence prediction system software de-
sign, a survey of existing and planned airport computer facilities would
indicate the feasibility of integrating these data processing operations into,
existing or proposed (ARTS II) air terminal computational facilities. If
existing or planned facilities are not compatible with requirements, a "mini-
computer' will most probably perform the computational requirement at a

cost of $25,000 to $50,000 per unit,
2.5 COMMUNICATIONS AND ACTION COMMAND PROCESSES

The communications and action command process for the wake pre-
diction system should be compatible with the present National Aerospace
System (NAS). The primary difference between the communication/command -

action systems for detective and predictive systems is that detective systems
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may provide short time-period data for possible aircraft wave-offs while the
outputs of a predictive system should provide sufficient warnings of hazardous
conditions to allow spacing procedures to provide a mechanism of hazard
avoidance. The following paragraphs will discuss several methods of com-
munications and action command processes which have been or should be

considered for integration into the NAS, These methods include the following:

e Cockpit Display: Pilot takes precautionary action
e Runway Display: Pilot takes precautionary action

e Controller Display: ATC relays turbulence data; pilot takes
precautionary action

e Controller Display: ATC regulates traffic spacing according .
to turbulence forecast

® Cockpit Display with Pilot Reaction

"A cockpit display would remove the overburdened controllers from
the loop" is a view advanced initially by some air traffic controllers when
discussing the subject of wake turbulence advoidance, However, ATC is not
really removed from the loop in landing operations because any turbulence
avoidance action taken by a pilot in the terminal area affects other aircraft
in the area; therefore, ATC is automatically involved, In addition the pilot,
who is very busy when landing an aircraft, must decide what kind of action to
take. For a small aircraft he could possibly land over the turbulence; but
for larger aircraft, unless the runway is very long, he can only abort the
landing thus affecting the whole traffic pattern, In addition, pilot prejudice
would enter into the picture with some pilots aborting landings and others
continuing their landings under the same turbulence conditions., From the
equipment standpoint, a turbulence indicator in a larger aircraft equipped
with sophisticated landing equipment might be a minor additional expense;
however, for a smaller aircraft which is affected more by turbulence than
the larger aircraft, the additional expense of the warning device would likely

pose an economic burden upon the owner of the craft,
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‘ The runway lighting display eliminates the purchase of equipment burden
upon the individual aircraft owner. A system similar to VASI (Visual Approach
Slope Indicator) has been recommended as a possible turbulence warning mech-
anism, Different colors could represent various degrees of turbulences. For
departure this might work quite well, However, for approaches this system
suffers from the same deficiencies as the cockpit display in that the pilot has
to make a sudden decision at a time when he is already overburdened, and his
decision likely affects the remainder of the airport traffic. ATC becomes

involved if hazard avoidance maneuvers are necessary,
® Display for Air Traffic Controller

Today air traffic controllers are required to maintain a five-mile
separation behind a "heavy'' (>300,000 pounds) jet when the heavy aircraft is
followed by a lighter aircraft., The controllers are also required to provide
a turbulence warning if, in their judgment, wake turbulence constitutes a
hazard, A typical tower message for landing behind a heavy jet on the same
runway is '"Number two to land, following Lockheed C-5A on final, Caution

- wake turbulence," For landing behind a heavy jet on a parallel runway closer
than 2500 feet the message is similar, ''Cleared to land runway 9-R — Caution
wake turbulence —747 on final 9-L,"=l< The courts have declared the tower re-
sponsible for providing judgment decisions of when it is safe to depart or
land under turbulence conditions’,k* Lockheed-Huntsville personnel, after
consulting with numerous pilots and controllers have concluded that a system
which would provide meaningful turbulence prediction data to the controllers
would be most beneficial in helping the controllers to make more accurate

- decisions about hazardous conditions, These data would allow the controllers

%
FAA Wake Turbulence Advisory Circular, AL No, 90-23B, 19 February 1971,

sksk
"How the Courts Look at Wake Turbulence," R. H, Jones, FAA Turbulence
Symposium, Washington, D.C,, 22-24 March 1971.
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to provide adequate spacing between the aircraft — both arriving and departing —
to minimize turbulence hazard risks and maximum utilization of the air term-
inal. A number of pilots and controllers alike have agreed that adequate but
not excessive spacing, even without a turbulence message to the pilot, would

be the best method of controlling wake turbulence hazard avoidance for the

immediate future,

For a wake turbulence predictive system using state-of-the-art hardware
and vortex theory, predictions of conditions conducive to vortex dissipation
should be valid for several minutes at least. The data into the model will, for
most cases (i.e., except in frontal conditions), not vary excessively over a period
of several minutes, Therefore, a forecast of the conditions should be valid for
the same period of time. Control of aircraft final landing spacing begins
several minutes prior to aircraft touchdown, The controllers, given a vortex
condition forecast, should be able to vary spacing intervals according to the
hazard condition. No sudden wave-off should occur unless some unforeseen
phenomenon occurs. In this case, the wave-off would be handled in the con-

ventional manner,

A more advanced prediction system might provide the controller with
additional data. Instead of forecasting meteorological conditions conducive
to turbulence dissipation from meteorological data, the more advanced system
might also take inputs of aircraft type, velocity and location and predict the
hazard from and to other aircraft in the system, This type system would

semi-automate the controller's judgment decision.
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Section 3
DETECTIVE WAKE VORTEX MONITORING SYSTEM

3.1 INTRODUCTION AND SUMMARY

The detective wake vortex monitoring system is very likely the ultimate
wake vortex warning system. The detective system will aim at providing a long
range (10 km from runway threshold) warning of actual measured vortex condi-
tions in a real time manner. To be most effective, the status of the detected
vortex is to be displayed simultaneously in an easily interpreted format to both
the pilot and to the departure-arrival and local air traffic controllers. The air
traffic controllers are to maintain aircraft spacing according to vortex move-
ment and decay trends and the pilot, in coordination with the controllers, would
make real time decisions from his cockpit monitor if action were required to
avoid hazardous contact with vortices which were determined to be in his pro-
jected flight path. While the predictive or hybrid system might increase maxi-
mum traffic handling rates in say 50 to 70% of the operational conditions, the
detective system should increase maximum traffic handling capacities in a
higher percentage (say 80 to 90%) of the operational conditions because of the
increased knowledge of vortex conditions and less mafgins for error in pre-

dicting the hazard.

Although the detective wake vortex monitoring system is the most
effective type of vortex monitoring system from the standpoint of increasing
air terminal capacities, it is the most expensive system to both develop and
install in the field. In order to build a system which will provide effective
real-time, long-range vortex data, a research program must be planned to
develop more basic knowledge about the vortex characteristics and presently
available hardware (lasers, detectors, etc.) must be '""Mil-spec'ed" for long
life operation with minimum maintenance. The state-of-the-art of data trans-
mission from the controller to the pilot should evolve from the present verbal

communication system to a digital-data link system or equivalent with a simply
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formatted (possibly CRT) cockpit display of dafa communicated from the ground.
Considerable experimentation should be performed in probing vortices at long
ranges with laser Doppler instrumentation. In addition to development costs,
the detective system — although probably much more effective than the predic-
tive or hybrid systems — will cost more than the other systems to install be-

cause of the additional hardware components.

A considerable amount of this contractual effort (NAS8-26668) has been
expended in the investigation of detective vortex monitoring systems. This
chapter of the report will first briefly describe a typical detective system (3.2)
and then discuss studies which led to the selection of this typical system. Sec-
tion 3.3 discusses the advantages and disadvantages of one-component (one-
dimensional) and two-component (two-dimensional) detective systems. The
program used to develop these data is discussed in Section 3.4. Conclusions
and recommendations for additional effort toward predevelopment of the detec-

tive system are covered in Section 3.5,
3.2 TYPICAL WAKE VORTEX DETECTIVE SYSTEM

Figure 3-1 illustrates a typical system for monitoring wake vortices with
a detective laser Doppler sensor. Figure 3-1, a two-component laser Doppler
sensor — actually two each of single-component Doppler sensors scanning
synchronously — provide data which are computer-processed to output two -
dimensional visualizations of the vortex flow fields. The outputs of these sen-
sors are processed either by a mini-computer or by a module of the Automated
Radar Terminal System (ARTS III) which also performs a decision process in
determining which vortices may be hazardous to oncoming aircraft. These
vortices are displayed to the departure/arrival and local air traffic controllers
via the plan position indicator (PPI) displays. Data are also relayed to the air-
craft via the proposed digital data link and displayed in the cockpit by the multi-
function display (MFD). These various functions are discussed in the following
paragraphs. The subsystem subsections of Section 3 present the reasoning

which led to the choice of the depicted system.
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3.2.1 Scnsor Subsystem

The sensor for the long range wake turbulence monitoring system is
the laser Doppler velocimeter (LD.V). This subsection will first describe
the basic principle of the LDV; next a typical system layout at an air terminal
will be desc.ribed; and finally a number of alternate optical configurations for

the LDV will be described.

The basic principle of the LDV is described below:

'""An electromagnetic wave having an angular frequency, W,
propagating in the direction Ei(|Eil =wi/C=Z7r /)\.i, C and Ai

being the velocity of light and the incident wavelength, re-
spectively) and scattered by a particle moving with a velocity,

V, into a direction Esc(IT(scl =27 /)\,i) experiences an angular

frequency shift Aw which for nonrelativistic velocities is
given by

Aw=(I€ _E'.)'v-
SsC 1

The detected frequency shift is due, therefore, to the velocity
component of V in the direction (ksc——ki). Confining considera-

tions to a backscatter system, the Doppler shift Af (=Aw/27)
is given by '

Af =2|V]cos8/A,

where V is the target velocity, A the wavelength, and 6 the
angle subtended by the wind direction and the optical system
line of sight" (Ref. 19),

Figure 3-2a depicts a typical (Atlanta) airport layout and the arrange-
ment of laser Doppler velocimeter (LDV) sensors to provide measured

vortex status data for the air corridors entering and departing the air termi-

nal. In this illustration, one of the parallel runways is the primary approach
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Fig.3-2a - Typical Airport Layout of Detective, Long-Range, Laser Doppler
Wake Monitoring System

i_ 10 km Max. Range $i l

/:\rea as Sean KDV Beams / T

Coverage (Air Runway
Corridor) LDV's

Fig.3-2b - Typical Layout and Range of Two Component Laser Doppler
Velocimeter for Specific Runway

3-5

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC D225936

runway and the other is the primary departure runway. LDV sensors are
oriented to scan the appropriate corridors, Vortices are to be tracked within
these corridors; therefore, flight within the corridors would not be considered
safe in the presence of the vortex hazard, Aircraft entering or departing the
terminal outside these corridors would do so at their own risk, The LDV
sensors would be capable of scanning either end of the runway or both ends

alternafely depending upon the requirement,

A typical range and dimension of an LDV sensor system is illustrated
in Fig, 3-2b, The sensors are typically; separated by apﬁroximately one kilo-
meter ., Separation requirements and range requirements are discussed in
Sections 1.4 and 3.3 respectively, The requirement for two sensors to provide
a two-dimensional picture of the vortex and the minimum separation between
the sensors are discussed in Section 3.2, Basically, the two sensors are re-
quired to obtain a clear picture of the vortex flow field under all ambient wind
conditions and maximum practical angular separation is required between the
sensors and the data point being .examined. Sensor separation is determined by
airport real estate limitations, in the figure to approximately 1 km separation
between the sensors and 6 deg angular separation between the sensors at the

most distant data point (10 km),
o Typical Detective System Optical Configuration

Selection of a specific optical configuration for a detective wake turbu-
lence monitoring system sensor is probably premature at this point; however,
several options are presented which might fulfill system sensor requirements.
Basic optical configuration options are the following:

e Coaxial (monostatic), focused, continuous wave

e Coaxial (monostatic),.pulsed

e Coaxial (monostatic), frequency modulated, continuous wave
e Bistatic focused, continuous wave

e Bistatic pulsed
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Of the five configurations mentioned on the previous page, the coaxial

focused laser Doppler velocimeter depicted schematically below is the optical

configuration which has been most used to date,

Plane Distant L. from Telescope Primary

Measurement Range -
Distant from Telescope P(r)

Primary
7

Focusing Lens

Telescope

Attenuator

Recording
Detector —— Electronics

Laser

""Radiation from the laser is focused at the required range via a New-
tonian or Cassegrain telescope, Target range variation is provided by
varying the position of the focusing lens which also serves to expand the
small diamter laser beam to fill the primary telescope objective. The
laser beam is divided by a beam splitter before it enters the telescope,

A small portion of the laser energy is split off toward the detector, The
Doppler shifted radiation scattered from the focal region of the telescope
is collected by the telescope and allowed to reenter the laser cavity where
it is amplified, Upon reemerging from the laser, a fraction of the fre-
quency shifted component takes the path to the detector where is is photo-
mixed with the original laser oscillation, The output of the detector is
thus modulated at the frequency of the Doppler shift introduced by the
motion of the particulate matter in the atmosphere at the telescope focus,
For a 10.64 wavelength (carbon dioxide laser wavelength) the Doppler
shift Af is given by

Af = 188.5 v'kHz

where v is the velocity component along the optic axis in m/sec (Ref. 19),

'""Spatial resolution from such a system is obtained by the requirement
that wave fronts must match at the detector surface to be efficiently
photomixed, Since the original laser radiation emerges from the laser
as a plane wave front, only the scattered radiation collected by the tele-
scope that emerges from it as a collimated beam is heterodyned effi-
ciently, Essentially this means that only radiation scattered from the
region near the focus of the telescope contributes to the Doppler signal"
(Ref. 19).
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Figure 3-3 indicates the spatial resolution of this optical configuration
as a function of range, This figure indicates that the spatial resolution of the
coaxial configuration is probably too poor at long ranges for this system to be

considered as a candidate for the long range wake monitor,

The signal-to-noise ratio (SNR) for the coaxial system in the near field

appears (Ref, 20) as:

1 _noAN
SNR =" —5
where
n = efficiency of the optical system
no = scattering cross section of the medium per unit volume

= laser wavelength
N = number of photons per second emitted by laser

= electronic bandwidth

This equation appears independent of range and optic diameter. However, as
the range to the focal volume increases with a given coaxial optical configura-
tion, the focal volume size increases and the velocity distribution within the

focal volume spreads, requiring the bandwidth of the electronics to be increased.
| Thus, from the above equation the resultant SNR is decreased proportionately

to the increased bandwidth requirement.

Signal-to-noise is affected by scan rate since scan rate and range deter-
mine time-on-target which in turn contributes to the signal bandwidth, This is

depicted in Fig, 3-4,

The coaxial pulsed system depends upon pulse length for spatial resolu-
tion, However, as pulse lengths are shortened to imprbve spatial resolution,

velocity resolution decreases proportionately (see Fig, 3-5), Interpulse
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modulation is used in microwave radar systems (Ref, 21) to improve spatial
resolution, However, interpulse modulation with a CO2 laser system would
add sophistication to the overall system design and likely increase costs and

reduce reliability,

Signal-to-noise per pulse for the coaxial pulsed configuration can be
given by the same equation as for the standard coaxial system when the data
point of interest lies in near field (R < Dz/)\) with N redefined as the number
of photons per pulse, However, when the data point lies in the far field
(R > D2/)), the following equation holds for SNR (Ref. 22)

SNR = n(J/h¥)no c rD%/R?

where

A, 1 and no are, as previously defined
J = net output energy in observation time
c = speed of light
7 = pulse duration
hy = laser photon energy
D = optic operative diameter

R = range to data point

In both near and far field the SNR is proportional to the average energy illumi-
nating the volume of interest. To obtain sufficient average energy to provide
adequate SNR at long ranges with present technology requires sophisticated
laser amplifiers or a high power laser operating in a Q-switched or
mode-locked configuration. The power efficiencies of these types of laser
configurations are nominally much lower than for continuous wave configura-
tions. Since S/N depends upon the energy illuminating the target, S/N is also

dependent upon scan rate as depicted in Fig. 3-6.

The frequency modulated coaxial system depends upon linearly varying
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the frequency of the laser transmitter with time so as to oscillate above and
below the mean frequency. The distance to the target is determined by com-
paring the phases of the received signal and local oscillator. The Doppler

- shift also translates the phase of the returned signal with respect to the trans-
mitted signal; so that the difference in frequency in the two halves of the
modulation period is a measure of the Doppler shift, which can be incorporated
into the range calculation to determine Doppler shift (velocity) as well as
range. Range error for this type system can be shown to be c-- Af, where ¢
is the speed of light, and Af is the frequency excursion of the modulation. For
Af = 5 MHz, the range error is 50 feet. This type system is again more so-
phisticated than the coaxial system and is in its infancy with regard to appli-

cation at infrared frequencies.

The bistatic focused laser Doppler velocimeter, being developed for NASA

by Lockheed (Ref, 23) offers hope: of providing good spatial resolution at long
ranges (Fig. 3-3) without sophisticated pulsing or modulation techniques. The
bistatic laser Doppler velocimeter consists of a separate transmitting and |
receiving set of optics designed to intersect the transmitted beam's focal

* volume and receiver telescope's field of view (Fig.3-7). The primary so-
phistication of the bistatic system involves the mechanical/optica.l difficulties
of maintaining this intersection. If the bistatic system is constructed with a
fixed mirror surface as indicated in Fig. 3-7, this mechanical alignment
problem is lessened. The signal-to-noise ratio for the scanning bistatic
system is depicted in Fig. 3-8. The scanning of the rather large mechanism
presents interesting mechanical problems which, along with other aspects

of the bistatic system, are discussed in detail in the recent Lockheed report
of Ref. 24,

Bistatic pulsed systems offer the resolution of the bistatic configuration

at short ranges and the resolution of the pulsed configuration at the longer
ranges. This type system would require the combined complexities of the
bistatic system and the pulsed system, which does not appear practical at

the present time.
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Fig. 3-7 - Fixed-Surface Bistatic Configuration
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3.2.3 Computer Subsystem

The computer subsystem for the typical detective wake monitoring
system will consist of a mini-computer interfaced with the sensor pre-
processor outputs and the automated air traffic control system, The mini-

computer performs two functions:

e Control of the scanning process

e Processing of sensor output data

In performing the control function, the mini-computer forces the indi-
vidual sensors to scan a preprogrammed pattern. A coarse scan is performed
first at predetermined ranges to locate any irregularities in the normal wind
patterns, Once an anomaly is discovered, the computer forces the scanners into
a detailed scan routine to further determine if the anomaly is a vortex, and if
it is a vortex, determine the vortex characteristics. Once a vortex is located,
the sensors will likely be controlled to scan rapidly along the vortex to deter-

mine its position within the air corridor.

The data processing function of the mini-computer receives the pre-
processed outputs of the individual (one-dimensional) sensors and records
them in storage. After sufficient data are in storage, the computer combines
the one-dimensional data to form a two-dimensional picture of the coarse scan
area. The computer looks for anomalies (mentioned in the above paragraph)
to determine if a vortex exists in the corridor. The outputs from the detail
scan are processed to provide a two-dimensional picture of the vortex and to

calculate circulation, position, movement and other pertinent parameters.

The mini-computer of the detective system, in conjunction with the local
automated air traffic control system, integrates vortex data with traffic data
to determine if a hazard exists to aircraft in the area. The computer per-
forms this operation with stored vortex data and inputs of projected aircraft

flight profiles. If the computer determines that a vortex of hazardous strength
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. lies in the projected path of an oncoming aircraft, a warning is displayed

via the display subsystem to the controllers and pilot involved.
3.2.4 Data Display/Communication Subsystem

The method of performing a real time display of wake vortex hazard
data to both the pilots and controllers is most important in the development
of a detective wake monitoring system. The data display must provide data
to the persons involved in a simple yet effective format. If the pilot is to
make the decision to abort a landing or maneuver to avoid a vortex encounter,
he must have sufficient data to know the most appropriate move to make.
Equally important, the pilot should not be required to make an evasive ma-
neuver if the vortex to be encountered is not of sufficient strength to constitute
a hazard. To be considered along with these factors, aircraft crew members
are busiest during approach and departure portions of flight and must not be

over burdened with complicated display formats of vortex conditions.

An effective real time display can perhaps be incorporated into the pro-
posed Multifunction Display (MFD) (Ref,25), a cathode-ray tube monitor proposed
‘to display data provided from the ground via a digital data link. The digital
data link will prov-ide computer-to-computer communication between the
ground-based traffic control computers and airbourne flight computers. The
display could perhaps provide an indication of vortex hazards along the pro-
jected flight path together with other pertinent navigation data already planned
for the MFD. |

3.3 CONSIDERATIONS OF MULTI-COMPONENT (MULTI-DIMENSIONAL)
AND SINGLE-COMPONENT (ONE-DIMENSIONAL) SYSTEMS

Should a detective wake vortex monitoring system be a one-, two-, or
three-component detection system? This question has arisen since a laser
Doppler detective wake monitoring system was first conceived. An attempt

is made here to clarify the advantages and disadvantages of the single and
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multicomponent systems and to indicate the preferred choice of system with

today's knowledge of the vortex monitoring problem,
3.3.1 Single-Component (One-Dimensional) Vortex Sensor

A number of computer simulations have been made of a laser Doppler
type sensor scanning through a vortex, The simulation consists of looking at
the vortex flowfield with a course resolution instrument and attempting to
recognize profiles from the resulting output, The simulated output of the
sensor is plotted by an SC 4020 plotter as velocity versus locations within the
vortex. Figure 3-9 defines the terms which were used in plots of the simu-
lated sensor output, This simulation program is discussed in Section 3.4 and

in Appendixes B and C,

A single-component sensor of vortex velocities can provide a realistic
picture of the vortex tangential flow field of a vortex if it views the vortex
at an angle perpendicular or nearly perpendicular to the axis of the vortex.
Figure 3-10 illustrates this fact. The W (sensed velocity) and T, L (actual
velocities) curves agree very well in this figure to indicate a good measure-
ment of tangetial velocities with a one-component sensor viewing the vortex
at angles approaching 90 deg with respect to the vortex axis. However, as
the viewing angle with respect to the vortex axis (angle between ''site line"
and ""vortex axis'') approaches zero degrees, the a.bility of a single component
sensor to sense accurately the vortex tangetial velocity degrades rapidly.
This results from the fact that a coaxial LDV measures the along-line-
of-site velocity component. Figure 3-11 shows a comparison between a sim-
ulated one-dimensional sensor's output and the actual tangential flow within
the vortex as the angle between the line-of-sight of the sensor and the vortex
approach zero degrees. In the upper set of curves of Fig.3-11, this angle is
approximately 2 deg, in the middle set, the angle is approximately 6 deg and
in the lower set the angle is approximately 10 deg. Figures 3-10 and 3-11
show that as expected, the velocity resolution capability of a one-dimensional
sensor viewing a vortex tangential flow field is greatly dependent upon the
viewing angle,which improves as the angle (between sensor line-of-sight and

vortex axis) approaches 90 deg.
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Reference
Sweep Line

Site Line

Definitions for Simulations

Vortex Axis: runs along centér of vortex core

Line of Sight: line of sight of the sensor as it scans
across the vortex

Scan Plane: formed by line of sights

Site Line: line of sight which intersects

vortex axis

Reference Sweep Line: line in scan plane which

passes through vortex
axis and is perpendicular
to site line

actual tangential velocity of the vortex at the
focal point of the simulated system

actual line of sight velocity of the vortex at
the focal point or range rate point of the
simulated system

Simulated velocity output of sensor resulting
from logic described in Section 3,4

Output from data processor which provides
maximum absolute value of velocity within
sensor focal volume or pulse length (X is
not plotted for all figures),

Fig.3-9 - Laser Doppler Velocimeter Making Single Line Scans Through a Vortex
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Fig.3-11 - Viewing Vortex Tangential Flow at Angles of 1.7, 5.7 and Approxi-

mately 10 Degrees (top to bottom curves, respectively) to vortex
axis (Range 300 m)
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For a short range system, positioning the sensor to view the vortex
with a line-of-sight nearly perpendicular to the vortex axis is a relatively
simple matter. The sensor could be placéd under the flight path while look-
ing vertically (Fig. 3-12a)or to the side of the flight path to look-over to the
vortex (Fig. 3-12b), In either case the sensor would view the vortex at an

angle approaching perpendicuiar to the vortex axis,

However, for a long range sensor (the topic of Section 3), the location
of the sensor such that the vortex could be viewed at a large angle (approxi-
mately 90 deg between the sensor line-of-sight and the vortex axis) becomes
a most impractical task. In order to obtain this approximate 90 deg viewing
angle, the sensor would necessarily be located 5 to 10 kilometers from the
runway edge and scan back towérd the flight path. Because of the shortage
of air terminal real estate and the normal physical obstacles — terrain,
buildings, etc., —in the sensor line-of-sight, locating the sensors to view
the vortex perpendicularly at long ranges will probably be impractical. The
vortex will normally be viewed as depicted in Fig. 3-12c with a small angle
between the sensor line-of-sight and the vortex axis. The resultant measured

velocities will be much smaller than actual velocities as indicated in Fig. 3-11.
® Axial Flow Considerations for Single -Component Systems

The above paragraphs indicate difficulties in characterizing a vortex
with a long-range, single-dimension sensor if only the ta.ngéntial velocities
are considered. Figure 3-13 illustrates a one-dimensional sensor's output as
it scans through a vortex with simulated axial (Newman's model, Appendix A),
as well as tangetial flows. It is immediately evident that an axial flow com-
ponent similar to the one modeled in Fig. 3-13 will greatly enhance the ability
of a single component sensor to detect a vortex at small angles with respect
to the vortex axis and at long ranges. However, a minimum of experimental
evidence exists to verify the existence of an axial flow such as the one de-
picted in Fig. 3-13. There is very little theory or data to correlate either
the strength or dimension of the axial flow with the generating conditions;

i.e., aircraft circulation, etc. Also, tangeﬁtail — not axial velocities — upset
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/iR unway

Fig, 3-12a - Sensor Located Under Flight Path Looking Up (Viewing
vortex perpendicular to vortex axis)

Fig, 3-12b - Sensor Located to Side of Flight Path Looking Toward .
Flight Path (Viewing vortex perpendicular to vortex axis)

_ @M@%@W

/
=z

- 5to 10 km -

Fig, 3-12c - Long Range System — Angle Formed by Sensor Line-of-
Sight and Vortex Axis (&) Necessarily Small Due to Lack
of Real Estate for Locating LDV far away from Flight Path
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aircraft. Therefore, it is hardly worthwhile to begin immediately to design
a wake turbulence detection system based upon the existence of vortex axial

flow.
® Conclusions about Utility of One-Component Long-Range Vortex Detection

If the orientation of the vortex were known, it might be possible to derive
a true, long-range (2to 10 km) picture of a vortex from one-dimensional data
taken at a small angle (such as illustrated in Fig, 3-11), The vortex flow could
be derived by dividing the single component velocity data by the sine of the
viewing angle (with respect to the vortex axis), The drawbacks to this type

system are the following:

e Difficulty in knowing exact orientation of the vortex.

e Difficulty in distinguishing between sensed vortex velocity
component and wind component.

e Difficulty in resolving axial and tangetial velocity contributions
to measured data.

With a high spatial resolution sensor, it would be possible to determine
the orientation of the vortex with some degree of accuracy. However, at small
angles, a small error in angle determination would mean a large error in the
resolved tangential velocity; (i.e., since sine 4 deg = 0,07 and sine 5 deg = 0,09;
a 1 deg error in vortex angular orientation would result in an approximately
25% error in calculated vortex tangential velocity). Since the spatial resolu-
tion of a high resolution bistatic velocimeter (1/3 meter diameter optics, 2
meter separation) is approximately 500 meters at 5 km rangé and 2000 meters
at 10 km range (Fig. 3-3), it would be difficult to determine the vortex orienta-

tion to within +1 degree at the larger ranges.

Viewing a vortex at long ranges at a small angle with the axis results in
sensing a small velocity component of the tangential flow, Figure 3-11 illustrates
these sensed velocities being typically below 6 meters/sec for 747 vortices

1000 meters behind the aircraft at 10 deg viewing angle and below 4 meters/
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sec at 6 deg viewing angles. A 5 to 10 meter/sec wind gusting directly down
the line-of-sight of the LDV sensor would not be an uncommon atmospheric
phenomenon at many airports. With a one-dimensional sensor, the difficulties
of unscrambling a vortex velocity component less than 5 meters/sec on top of

a turbulent wind component of 10 meters/sec are obvious.

Since vortex axial velocities are presently ill defined, it is difficult
to perform meaningful analysis of viewing vortices with a one-dimensional
sensor from a direction such that the axial component is likely to be the pre-
dominant velocity component. Figure 3-13 presents an attempt to simulate
such a case with axial flow according to Newman's model (Ref. 26 and Appendix
A). The presence of the axial flow might greatly facilitate the monitoring of the
vortex at long ranges with a single component velocity sensor. At present the
pressence of an ill defined axial flow only confuses the concept of a one-

dimensional, long-range vortex sensor.
3.3.2 Two Component (Two-Dimensional) Vortex Sensor

A two-dimensional LDV concept would use two each of one-dimensional
LDV sensors viewing the same data volume and vectorially computing a resultant
vector velocity from the one-dimensional sensor outputs to provide two-
dimensional data in the plane formed by the sensor line-of-sights. Since the
two sensors do not necessarily give orthogonal coordinate components, the
summing of their outputs is somewhat more involved than a normal vector
summation. This can be illustrated graphically (Fig. 3-14a) by constructing
perpendiculars from the vector tips of the velocities sensed by the individual
LDVs. The intersection of the two perpendiculars defines the vortex velocity

in the plane defined by the two LDV sensors and the data point.

Figures 3-15a and b compare vortex tangential flow visualizations by
two-component (Fig.3-15a) and single-component (Fig.3-15b) sensor systems.
In both figures the range is 5 km and the angle between the system sensor(s)

and the vortex line-of-sight is six degrees. In Fig.3-15b the vortex is viewed
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by a single sensor with a 6 deg angle. In Fig.3-15a each sensor views the
vortex with a 6 deg angle with respect to the vortex line-of-sight; in this
figure the sensors are located on opposite sides of the vortex line-of-sight.
Note the improved agreement between measured (W) and actual (T) vortex

velocities in Fig. 3-15a over Fig. 3-15b.

Figures 3-16a and 3-16b illustrate the effect upon the two-dimensional
system by increasing and decreasing the angular separation (angle § of Fig.3-
14a) of the sensors. The abséissa of these curves can be expressed as the
distance from the vortex axis (Fig.3-14b) in meters. The ordinates are the
resolved velocities from the mathematically combined outputs (Fig. 3-14a)
of the two sensors. The curves marked T are actual tangential velocities at
the data points. The curves marked L are the actual line-of-sight velocities
at the data points which have been resolved by combining as depicted in Fig. 3-
14a. The W curves are the sensor output velocities combined mathematically
as again depicted in 3-14a. The X curves are the absolute values of the sensor
outputs combined mathematically (positive and negative velocities are not dis-
tinguished from one another). Figure 3-16a indicates that the agreement
between the W and L-T curves degrades as the range to the data point ("' Vortex
Range'') increases from 1 km to 5 km and again to 10 km. This deviation be-
tween actual velocity and sensed velocity increases for the 300 meter separation
between sensors (Fig. 3-16b), Both of these figures illustrate that measurement
errors are magnified as the angular separation subtended by the two sensors as

the data point decreases,

Figures 3-16a and 3-16b are the resolved outputs (theoretical) of the
LDV sensors with capabilities of resolving the sensed velocities within plus
or minus one meter per second. With a better velocity resolution for example,
(i1/3 m/sec) for each of the LDVs, the agreement of the W and T-L curves
would improve. However, it was felt that since natural atmospheric (Kolmo-
gorov) turbulence would be added to the LDV outputs in a real system (and has
not yet been added in this simulation) that +1 m/sec is a good conservative

velocity resolution to expect from a LLDV sensor operating at long range.
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Fig.3-14a - Derivation of Two-Dimensional Data fronr Two-One-Dimensional Sensors in. Non-Orthognal
Coordinate System
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Fig.3-14b - Plot Nomenclature for Two-Dimensional Data Presentation
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Fig. 3-15a - Two-Dimensional Visualization of Vortex Derived from Two
One-Dimensional Sensors, Sensors are Located on Either Side
of the Vortex Axis and View the Vortex at Angles of Six Degrees
with Respect to the Vortex Axis (range is 5 km)
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Fig.3-15b - One-Dimensional Visualization of Vortex Derived from a One-
Dimensional Sensor (range is also 5 km) Viewing Vortex at
Six Degree Angle with Respect to the Vortex Axis
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® Misalignment Effects on Two-Component Sensors

Requirements to maintain independent optical pointing accuracies be-
yond certain limite for scanning type systems greatly increase the cost and
reduce the reliability of system hardware, Thus, investigation of point accu-
racy requirements early in the conceptual phases of system development was
an important aspect of the study, Beams from sensors located on separate
platforms must intersect spatially to provide data from the same points in
space (Fig. 3-14a) for a true two-dimensional picture of the vortex, The
beams need not pass through the same spatial point at the same instant of
time, However, if they do pass through the points at different times, sensor
outputs must be stored until both sensors have taken datﬁ from the spatial
points of interest, The accuracy required for steering these beams is the

subject of this subsection,

Figures 3-17, 3-18, and 3-19 illustrate the effects of misaligning the
sensor beams in the vertical plane by 1, 3, and 5 meters respectively at the
target points, With a vertical misalignment, the sensors' beams no longer

intersect at the target points; but one beam is skewed above the other,

Figure 3-17 depicts a one meter misalignment, The "W' curves of this
figure are practically indistinguishable from those of Fig, 3-15 (no misalign-
ment), Thus, it can be concluded that a one-meter misalignment has little
effect upon the system measurement accuracy, The vortex peak tangential
velocity and core diameter are identifiable as in Fig, 3-15 where there is no

alignment error,

Figure 3-18 depicts a 3-meter alignment error. In Fig. 3-18, peak
tangential velocities have dropped approximately 10%, yet core diameters have
remained approximately constant, The center of the core has shifted approxi-
mately one meter, A three-meter misalignment is probably permissible for

a long-range, two-component, wake turbulence measurement system,
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Fig.3-17 - One-Meter Vertical Misalignment of LDVs for Ranges of 1, 5 and
10 Kilometers (1 km separation between sensors)
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Fig.3-19 - Five-Meter Vertical Misalignment of LDVs
for Ranges of 1, 5 and 10 Kilometers
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A five-meter alignment error is depicted in Fig. 3-19. At the 10 km
range, the peak tangential velocity sensed by the system has dropped approx-
imately 40%, and the core diameter has increased from 6 meters to approx-
imately 11 meters. At shorter ranges, the peak tangential velocity error is

decreased somewhat.

From these figures, it can be seen that a 3 meter pointing accuracy is
adequate and possibly too stringent, This amounts to a one milliradian pointing

error at a range of 3 km and a 0,3 milliradian error at a 10 km range,

Runs were also made with a horizontal misalignment rather than the
vertical misalignment discussed above. The horizontal misalignment merely
intersects the two beams at a point slightly in front of or behind the nominal
intersection rather than causing the beams to skew as discussed above. The
horizontal misalignment did not have a noticeable effect for the 1, 3, and 5
meter alignment error cases. The vertical misalignment represents a "worst"

case misalignment.
® Axial Velocity Effects on Two-Component Systems

Figure 3-20a depicts a two-component scan through a vortex (with sensor
outputs combined as illustrated in Fig. 3-14a with simultaneous axial and tan-
gential flows. Figure 3-20b depicts the same sensor scanning through a vortex
with the same tangential flow but no axial flow. The similarities and differences
in system output can be seen. These outputs are listed below for several data

point positions:

Distance from Combined Axial and Tangential Tangential Only
Site Line (m) Actual » Measured Actual Measured

+20 5m/s 5m/s 6 m/s 6 m/s

+10 12 15 12 15

+ 5 25 25 22 22

+ 2 37 37 32 32

0 37 : 37 0 0
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The outputs of the sensors for the vortices both with and without axial flows
agree quite well until the data points move into the cores. Since axial flows
are confined primarily to the core in Newman's model (Ref. 26) and Appendix
A) this would be expected. Once the sensors probe the core, the vortex with
the axial flow displays velocities which continue to increase, while the vortex
with tangential flow only displays decreasing velocities which approach zero

at the core center,.

From the above data the two-component system can be seen to be capable
of resolving tangential vortex velocities even in the presence of axial flow.
This important propérty of the two-component system would allow vortex
circulation to be calculated and thus vortex hazard somewhat independently

of an axial flow presence within the vortex core.
® Ambient wind effects upon component systems

.Figures 3-21 and 3-22 depict two-component scans through vortices with am-
bient winds superimposed on their flows. Figure 3-21 simulates vortex tangen-
tial flow without axial flow while Fig. 3-22 simulates combined axial and tangential
vortex flows. These two figures are discussed in the following paragraphs. They

represent a first cut at adding ambient wind effects to the simulations.

Figure 3-21 depicts two-component scans through vortices at several
ranges with an ambient wind of 5 meters/second superimposed upon the tangen-
tial flow field of the vortex (no axial flow is included). The ambient wind in this
case was directed along the vortex axis. This would correspond to a headwind
in a real situation. A comparison of Fig.3-21 with Fig. 3-20b —the same con-
figuration without ambient wind — indicates that the introduction of ambient wind
increases the actual flowfield velocity (T) in the wings of the vortex (at radii
greater than 20m with respect to site line) but has little effect upon core veloc-
ities. Since the ambient wind simulated in this figure is normal to the vortex
flow (tangential flow only simulated), the ambient wind vector (5 m/sec) — small

when compared to the core max velocity (33 m/sec) —is oriented at 90 deg to the
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core velocity vector and has very little influence upon the combined resultant
vector magnitude (34 m/sec). However, in the vortex wings, the ambient
‘wind vector (5 m/sec) is comparable to the vortex flow vector (approximately

4 m/sec) and the two combine to form a resultant of approximately 8 m/sec.

The measured velocity (W) of Figure 3-21 closely agrees with the actual
velocity (T) at close range (1 km) but falls 30% below the actual at the longer
range (5 km), This can be attributed to the means of computing the two-component
flow field from outputs of two one component sensors (Fig.3-14a). The outputs
of each single component sensor are extrapolated by the computer to be the
highest velocity magnitude within the focal volume. If the velocity is positive
a positive sign is given to the magnitude and if it is negative, the velocity mag-
nitude is termed negative. The positive and/or negative sensor outputs are then
added according to Figure 3-14a to develop a velocity magnitude for the resultant
vector velocity in the plane formed by the line-of-sights of the two sensors. This
mode of computing the resultant vector was not exact but provided a vector mag-
nitude which compared very favorably with the simulated flow velocities for all
vortices simulated until this particular case which included effects of ambient

winds.

As can be seen from Fig.3-21, another means should be used to improve
the agreement at long ranges (narrow view angles) between actual simulated
velocities (T) and measured velocities (W) where winds are involved. One means
of improving this agreement would be the subtraction of ambient wind velocity
components from the outputs of each of the two sensors before combining the
two sensor outputs to form the two component velocity magnitude. The ambient
wind velocities could be measured beyond the influence region of the vortex

phenomenon.

Figure 3-22 depicts two-component scans through vortices at several

ranges with an ambient wind of 5 meters/second superimposed upon the combined

tangential and axial flow fields of the vortex. The ambient wind is directed along
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the vortex axis as a headwind as in Fig. 3-21, The figure corresponding to
3-22 but without the ambient winds is 3-20a. In Fig, 3-22 the ambient wind
translates the flowfield velocity upward in the wings (20 meters outside the
vortex axis) but does not have much effect within the vortex core., The meas-
ured (W) velocities and actual (T) velocities again agree very well at the short
range (approximately 1 km) but drop below the actual on the edges of the core
(3 m to 10 m radii) at the longer ranges. However, since the ambient wind is
in the same direction as the axial component, the measured (W) data agrees
very well with the actual (T) at the vortex axis, If the ambient wind were a
cross wind, this agreement may not be quite as good, Cross wind case should

be simulated in the future to evalute the effectiveness of this type of system,
3.3.3 Three (Three-Dimensional) or More Sensed Components

The objective of the long-range detective system is to detect the vortex
and determine the hazard created by the vortex flow field, Since the hazard
from a vortex is considered to be due to its tangential flow, one objective of a
detective system might be to determine tl:lis tangential flow field; i.e,, the vortex
tangential flow versus distance from the vortex axis, The two-component sensor
configuration defines the vortex flow in the plane formed by the lines of sight of
the sensors as they probe the vortex, The output of the two-component configura-
tion has been shown to be adequate in defining the vortex tangential flow field as
long as scans are made through the vortex (i.e., the scan plane is moved through
the vortex) in such a manner that the vortex tangential flow vectors lie in the
scan plane at some time during the scan through the vortex, Since the two-
component scan has been shown to be adequate to provide the desired data for
the long-range detective system, the requirement for a more complex three

(or more) component system is unjustified,

3.4 SIMULATION PROGRAM: VORTEX FLOW FIELD AND FLOWFIELD
MONITORING WITH LASER DOPPLER SENSOR

Early in the contract the decision was made to emphasize mathematical

modeling of laser Doppler sensors to detect simulated vortex flow fields to
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develop further knowledge of sensor requirements and capabilities for a wake
turbulence monitoring system, This modeling effort involved first choosing

a simple but realistic vortex flow field model and, second modeling a simu-
lated laser Doppler sensor scanning through the flow field, The vortex flow
model would provide tangential flows since these were well defined and option-
ally axial flows (not well defined) according to Newman's model (Ref, 26). The
flowfield simulation will have the capability of superimposing ambient winds,
The sensor simulation is to consider optionally coaxial and bistatic optical
configurations operating in both the pulsed and continuous wave laser con-

figurations,
3.4.1 Vortex Flow Field/Sensor-Detection Model

The vortex tangential flow field (VT) for the sensor simulation is repre- -

sented by the equation (Ref. 26):

r w_D?
Vo = o 1 -exp |- 2
T 27D 4yz

where
Fo = circulation
Woo = freestream velocity
v = eddy viscosity
z = vortex axial coordinate
D = distance from vortex centerline
and
_ 4W
ro T mwpVb
w =V
[+ 0]
v = ku/p
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is total aircraft weight
is density of atmosphere
is aircraft velocity

is wing span

is coefficient of viscosity

= T o <o =

is the coefficient that relates laminar kinematic
viscosity to eddy viscosity for a particular I

The vortex axial flow field (VA) is provided optionally as the following

(Ref, 26):
D w D2
V, = ———— exp|-—>
A 41pvz p 4yz

where D0 is profile drag of the aerofoil and the other variables are those

defined above,

In order to relate the tangential (VT) and axial (VA) flow fields of the
vortex to some velocity sensor for a simulation of the sensor/flowfield inter-
action, a coordinate system was set up todescribe the sensor to the flowfield,
The coordinate system chosen was spherical polar with the sensor at the origin
- (O) and the vortex axis direction defined by the vector PQ,

z
A F S

DA/_ Vortex Axis
Sensor \('\Q
> Y
X
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The velocity at point S is determined by D of the above equations which

‘is the distance of S from the vortex centerline (Fd), The distance from S to

—

PQis:
_ |58 x 70
IPQ|
where
— — —
SP = P - OS

The tangential velocity vector at S is

. — pu——Y
ﬁ = VT (?Ex-li(‘)
5B x BO

and the magnitude of the component of VT in the direction of SO (the sensor)

is

—_
VT » OS

Ve = - YES
|58

ST

The magnitude of the axial component Voa sensed by the sensor can be com-
puted in a similar manner, Ambient winds can also be added vectorially to

the vortex flow field,
3.4,2 Laser Doppler Sensor Model

The laser Doppler sensor model allows the simulated sensor to view the
flow field as a typical laser Doppler sensor would, and it provides an output of
velocity in terms of range and angular position of the sensor., The type of out-
put depends upon the type of sensor (continuous wave or pulsed) and the type of

processor (spectrum analyzer, filter bank, etc.) modeled.
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® Coaxial Focused, Continuous Wave Laser Sensor

The focused sensor does not make a point measurement, but samples a
finite volume of space along a line (the focal volume, Fig, 3—235) and con-
sequently observes a variety of velocities (Fig, 3-23b), The signal is the
strongest at the focal point (Fig, 3-23c) and tapers off as the distance from
the focal point increases, The functional dependence of the signal on range

L is given by

I = = (Ref, 20)
E pde=01y2
AL
where
K = constant
f = distance to focus point
L = distance to point under consideration
AL = AL /7 R>

A = wave length
R = radius of telescope aperture

In this program the interval (f - Af, f + Af ) is observed along the line
of sight of the laser where Af = 2 A f2/mR%, Within this interval a finite
number of equally spaced points are -sampled, The velocity at each point
(Vd-) (Fig. 3-23d) is multiplied times the weighting function (Id) (Fig, 3-23c¢)
at that point; these weighted velocities (Vd Id) are then summed for each

velocity present to determine the returned signal spectrum (Fig. 3-23e),
® Unfocused, Pulsed Laser Sensor
For a pulsed sensor there is a weighting analogous to the previous dis-

cussion for the focused sensor, except that the weighting function is triangular

in range with the base of the triangle equal to pulsed length (see Appendix B),
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The sensor simulation was designed to handle either pulsed or CW-focused

configurations, The simulations of both types are listed in Table 3-2,
® Preprocessing of Returned Signal

Once the returned signal is received by the detector of the laser Doppler
sensor, the frequency spectrum output of the detector must be processed to
provide a value which is representative of the desired data from the spatial
data point, (The spatial data point is the focal volume for a focused configura-
tion or the pulsed width volume for a pulsed configuration.) Two basic processes
have been simulated to decipher a single velocity value for each spatial data point.

These processes involve determining:

e Centroidal velocity, and

e Maximum velocity existing in the spatial cell

The centroidal velocity refers to the centroid of the velocity spectrum
as it appears in the example of Fig, 3-23e, For short ranges where the
vortex velocity signal intensity is as great as the ambient wind signal intensity,
this type of processing is adequate, However, for longer ranges such that the
vortex velocity signal intensity is very low in comparison to the ambient wind
signal (as depicted in Fig, 3 -23e), the centroidal velocity is most inadequate

for representation of the vortex flow field,

Determination of maximum velocity above the noise level requires an
adequate signal-to-noise ratio in order to distinguish between the portion of
the velocity spectrum attributed to returned signal from the vortex and the
signal attributed to noise, This type of preprocessing would provide a good

representation of the vortex flow from the spectrum as illustrated in Fig, 3-23d,

Figures 3-24 and 3-25 illustrate centroidal and maximum velocity above
the noise level preprocessing, respectively, Both preprocessing configurations

provide adequate data at the 100-meter range, However, as the range increases

3-49

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC D225936

to 300 meters, note that the measured centroidal (W) velocity drops approxi-
mately 50% below the actual (T) velocity in Fig, 3-24 while the maximum velo-
city above the noise level (W) of Fig, 3-25 remains at the level of the actual

velocity (T),
3.4,2 Computer Simulation Runs

Many computer simulation runs were made during the contract, A num-
ber of the runs, made during the early portion of the contract, involved multiple
scans through the vortex and displayed sensor output versus sensor position
and velocity contours from multiple scans, These runs are listed in Table 3,1
and discussed in Appendix B, Another larger group of runs was conducted
involving single scans through vortices with results plotted as velocity versus
a coordinate referenced to the vortex itself, The second group of runs is listed

in Table 3-2 and discussed further in Appendix C,

3,5 ADDITIONAL EFFORT REQUIRED BEFORE THE LONG RANGE
WAKE TURBULENCE MONITORING SYSTEM IS IMPLEMENTED

Several investigations should be performed before the long range wake
“turbulence monitoring system is implemented. These investigations can be
grouped according to system simulations, measurement programs, and hard-

ware development and are listed below:
® System Simulations

e Simulate single-component sensor systems with ambient winds
and turbulence,

e Simulate two-component sensor systems with ambient (cross)
winds and turbulence,

e Simulate sensor systems with true axial velocities, after experi-
mental axial velocity data are available,

e Develop decision-making philosophy and simulate entire system
including sensors, computer, and displays to determine system
effectiveness,

e Determine the sizes of corridors into air terminals from flight
- path statistics of aircraft using these corridors,
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Measurement Programs

® Measure axial flow velocities of full-scale aircraft vortices
with remote sensors,

e Experiment with a single-component laser Doppler velocimeter
detecting vortices in an air terminal environment, »

e Experiment with a two-component laser Doppler velocimeter
detecting vortices in an air terminal environment,

Development Programs

e Develop MIL-Spec laser velocimeter hardware to meet high
reliability standards,
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Section 4
HYBRID WAKE VORTEX MONITORING SYSTEM

4,1 INTRODUCTION

The hybrid wake vortex monitoring system relies less on sensors than
on the detective system and less on prediction than on the predictive system,
It incorporates some features of both as a system which should provide fore-
casts with more accuracy than the purely predictive system without quite as
much sensor sophistication as the detective system, Since the sensors of the
hybrid system are not as sophisticate'd as those of the detective system, with
maximum effort the system could become field-operational within a very few
years, Although the predictive system does not provide quite the air terminal
capacity increase that the detective system does, it is expected to enhance the
terminal capacity over the purely predictive system because of the improved

accuracy of the vortex hazard forecasting,
4.2 TYPICAL HYBRID WAKE TURBULENCE MONITORING SYSTEM

A typical predictive wake turbulence monitoring system is depicted in
Fig. 4-1. This artist's concept of the system depicts both laser Doppler and
acoustic sensors performing the measurement function, The laser velocim-
eter measures vortex size and movement in vertical planes normal to the
runway axis and located several hundred or thousand feet beyond the end of
the runway. The acoustic sensor locates the vortex position in a plane nearer
the runway end where the range requirement is less, System sensory mech-
anisms are controlled by the system computer which also processes sensor
data and performs the hazard forecasting function, The hazard status is dis-
played to the traffic controller who maintains spacing between aircraft accord-
ing to prevailing vortex conditions, These various functions and the equipment
for performing them in the hybrid system are discussed in the following para-

graphs,

4-1

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC D225936

wals g praghy - 1-% "84

sfemuny Tenpuatpuy
0¥ SUOTITPUOD)
X230/ P310Tpoag

Lerd
erdsyq 10a3u09 91e2TpUT 819339

syreay aty
M s1¥v

uonjedTUNWIW O
ad10/
asnduron

I933TWBURY ],

aepey
s13I8N0dY

3010919(] X31a047
pue xeayg puim m
aorddo(r aesery QIS

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC D225936

4.2.1 Detection of Current Vortex Locus

A single -component laser Doppler velocimeter should be capable of
readily detecting and determining the tangential velocity distribution of a vortex
if the system is configured to view the vortex perpendicularly to the vortex axis,
This premise was discussed in Section 3,3,1, and is illustrated in Figs. 3-10
and 3-11, The sensor could either be under or to the side of the vortex (i.e.,
under or to the side of the flight corridor) and would accurately measure the

tangential flow field of the vortex,

A typical air terminal layout with a hybrid laser Doppler wake turbulence
sensor system is depicted in Fig, 4-2, The wind is shown in this figure blowing
from left to right, Therefore, for both arrival and depariure, aircraft would be
traveling into the wind; i.e., from right to left, The approach corridors for this
wind condition would be at the right (in the illustration) end of the field and the
departure corridors at the left, The boundaries above and below ILS approach
‘corridors are typically at 3 and 2 deg, respectively, The horizontal spread is
23 deg to either side of the runway. Since planes descend onto the air terrninal
at widely varying vertical angles independent of the ILS corridor, the boundaries
on the departure corridors include a larger vertical slice of air space (2 to

16 deg) and the same horizontal spread (21 deg to either side of the runway),

The NASA report of Ref, 27 discusses feasibility loci for vortex sensors
for the hybrid wake turbulence monitoring system. A first cut at locating
the sensors has indicated that the vertical scan planes at 5000 feet beyond
each end of the runway would provide much useful vortex position data to feed
into the wake turbulence forecasting computer, Sensors at these ranges are
depicted in Fig, 4-2, By using Fig, 4-2 and simple geometry, typical maxi-
mum ranges for the sensors to scan the overhead planes adequately can be
determined. The sensors located 5,000 feet from the runway end and scan-
ning the arrival corridors should have a maximum range of approximately
1000 feet for maximum glide slope of 6 deg,- Sensors located 5,000 feet from
the runway end and scanning the departure corridor should have a maximum

range of approximately 2500 feet, From the requirements subsection of

4-3
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Section 1 of this document, it was indicated that the altitude of an aircraft
above the ground greatly influences the controllability of the aircraft after it
encounters a wake turbulence, A 2500-feet altitude above the ground could be

used as a typical maximum altitude for a hybrid system monitoring capability,

Figure 4-3a illustrates a vortex scanner performing two or more near-
vertical scans to determine the angular slope of the vortex axis between the
two scan planes, High spatial resolution sensors would be required to
perform this vortex axis slope determination unless the scan planes are

widely separated,

Figure 4-3b illustrates the use of a conical scan from a single-component
laser Doppler velocimeter to provide a three-component average velocity pro-
file, The laser beam is focused at a specific range and rotated through a to
scan a cone of angle B. The average vertical wind component will appear
on the returned signal as Vv‘, the average (dc) value of the signal. As the
sensor scans into and out of the horizontal wind component, a sinusoidal
output will be detected with the peak of the sine wave at the ay position indi-
cating the direction of the horizontal wind, The average horizontal wind velo-
city can then be calculated by dividing the peak-to-peak amplitude of the sensor's

velocity output by twice the sine of B, the conic angle,.

At heights of up to a couple of hundred feet and at horizontal distances
of 800 to 1000 feet, acoustic sensors have proven to be effective in tracking
vortices (Refs, 28 and 29). The acoustic sensor vortex tracking configura-
tion developed by the Department of Transportation's Transportation Systems
Center is depicted in Fig, 4-4, The transmitter sends out an acoustical pulse
of energy. The path of this pulse is altered by the flow fields of the vortices.
One vortex bends the acoustic path upward; the other bends the acoustic path
back toward the ground, The vortex which bends the acoustic path toward the
ground is tracked by measuring the time delays of the acoustic pulses in reach-
ing several reéeivers (1 and 2 of Fig, 4-4). Data of vortex tracks taken with
this type system are shown in Fig., 4-5, This type sensor is designed to track

vortices and not measure the velocities of their flow fields,

4-5
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Multiple, Near - Vertical
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Fig. 4-3a - Determination of Vortex Loci Within Scan Planes (Multiple
planes used to determine vortex trajectory)
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Fig, 4-3b - Determination of Average Wind Profile from Conical Scan
with Single-Component Laser Doppler Velocimeter
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4.2.2 Forecasts of Future Hazard

The computer of Fig, 4-1 receives the inputs from the sensors discussed
in Section 4.2.1 and processes these data to provide a forecast of the vortex
persistence in the active air corridors of the air terminal, The forecast from
the hybrid system should be more accurate than that from the purely predictive
system because of the increased accuracy of the input data, The real-time wind
input capability of the hybrid system (from the conical scan of the laser Doppler
sensor) would alone greatly improve the system accuracy in forecasting wake
turbulence persistence over the 'predictive system'' since the wind inputs into
the predictive system are provided as a forecast by the local aviation weather
forecaster, The additional sensing of the vortex locus and movement within
the vertical scan planes of Fig, 4-2 should further. enhance the system's fore-
casting capability, The computer must then predict the loci of the vortices
between the scan planes and forecast their movements for several minutes,
The computer then would compare the predicted vortex movement with the
boundaries of the active air corridors to determine the safe separation
distance required between successive aircraft about to move into the corridor,
The primary improvement to be gained by going from this hybrid system to the
""detective system'' is that the requirement to predict vortex loci between the
scan planes (the detective system would measure these directly) will be elim-

inated,
4.2,3 Interface with Air Traffic Controllers and/or Pilots

From the computer the vortex information must be fed to the ATC and/or
pilots involved in the hazard avoidance, This operation could be handled for the
hybrid system in the same manner as for the predictive éystem (discussed in
Section 2.5), The communication must be simple and precise in order not to
confuse the user of the data, The computer should be used to make as many

of the decisions as practical to reduce, not add to, the burden of the user,
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4.3 HYBRID SYSTEM SIMULATION

A digital computer program was developed to simulate a single-component
LDV scanning overhead searching for vortices, The simulation first performs
a coarse scan overhead in ¢ (Fig. 4-3a) and range to locate anomalies in the
flow field, If anomalies are located, the simulation, after it makes the coarse
scan, goes back for a fine scan in the regions of the anomalies, If vortices are
present, the simulation maps the vortices' velocities, calculates their circula-

tions and locates the centers of their cores,

Figure 4-6 represents the output of the simulation after the first coarse

scan, The asterisks mark the loci of the high velocity points within the scan,

Figure 4-7 is a detail scan mapping of the regions of the high velocity
anomalies located by the coarse scan, The mapping represents velocity in
terms of the angular position (¢) of the sensor with scans at a number of dif-
ferent ranges, The ranges begin at 575 meters (bottom curve A) and are
incremented in one meter increments out to 625 meters (top curve A)., The
velocity scales for each curve are offset by 8 meters/sec from the previous
curve (starting at the bottom) so that the viewer can distinguish between the

curves, High velocity activity can be depicted near the center of this figure,

Figure 4-8 represents a contour mapping of the velocities of Fig, 4-7.
The contours are plotted in terms of sensor angle (¢) and range. The F
contour is the outermost and represents velocities of approximately 5 meters/
sec. The E contour represents 10 meters/sec; D represents 15 meters/sec,
and so on until the innermost contour A represents 30 meters/sec sensed

velocity.

Once the computer has stored the data of Fig, 4-8, computations are
then made to determine peak velocity, circulation, etc., The computer picks
the peak velocity at each range of Fig, 4-7 by applying a cubic least squares
curve fit to the velocities measured at the specified ranges and differentiates

the curve and tests for the maxima, The peak velocities at each range are

4-11

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



mec Zorau

Z -~

wn™mM_,Mx

LMSC-HREC D225936

1€31 CaSE NUNMBER 2
CINE OF giemt VELOCITrs ABOVE $.0x10° %% wssEC FOR COARSE £

— LA B M
— . ' L 4 . . . o
N paas iy
SR RRRRE fdae e
— v e o4y -4 ¢ 'T -[. I '
[~ * . - RS R +
. ? + f + .
e 040 | .
Ri H T Y ! T :
- . . r. } i ’_{:: .
s a0 PO SO SN U S _'f_; - .
.._& - . e ..,_TA__‘_ I [ ? r + 1 .
Senatat R NETE & -4_1;,. I S §_,f_4‘ -
i T i ’0 t
' T i '
gt 1 14
A G 1
CE . ].ﬂ[ 4
' TS
Fe et b Py
s o - JS S _T'*‘;‘*'“_ -
T f ; 11 —
’ —t ‘ ™
-t ' +—t4 s
»——i—-w + ] .._74 .
1 «
- : T
H 790 —+ ’
— ; —j e
i I
w4 41 .
| 90 l
i ¥ i
, % High Velocity Points Jﬁ‘" N
Ol 540 s
L.{ iy
- o
___;L_ -1»— ‘: +
T 440 ST
| !
i $ s
+ — ¥
Loy B I B
T | o
-¢~,’—I‘- - _4H<". -+ 4 ;
PR D it ST
i L ; 390 — -
P! - -1 L _1
S -
N

T
|
|
T
+

PO S
.

T
oe]
o
=]
aQ
o
E [
o
-+
(]
H
w
S
DU ST
-

PO N

|
.
B SR
|
T
i
:
i

. 4.4 b b - 4 4 i
- ' '1 ML; R S t«j Lo
' o g . I O N
i o e - * I i |
SSOS FEE AnlndNEaN 108 : HIRREEE:
-30 -20 -10 0 10 20

¢ (degrees)

Fig. 4-6 - Hybrid System Coarse Scan; (Asterisks mark loci of high velocities)

4-12
C

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



€ e NN

Z -

D MeE»r

AMgNweaommx

LMSC-HREC D225936

TEST Cast NUMBER 2

pv = s.00000x10"

$ 4

090

e

[ R S o b
' I W O
- [T SR S - t—r
1 Lo
, Lo
- . SRS »- + -+ b-ﬁ‘_IT .‘___,1 _? 1
p = =S S eS L  T TRE N ala el. ). . L RERER PN =
— - T“ db e A > <
- LT Bad i 0 S s - Attt — i B
— PR — vl IV VI ) MM MM ot Bt B
M B o= ¥ A VS T Y e e o
L FLEBVETIVE WV TV VR - e IV Y VIS I ; %
—y - Ve VN IV M M o, T
Y o 04 0 &4 el " 44 om0 G4
b ™ 3 iz lo o 2 b3 H—¥
v FEM I M ] g H—H—¥ ¥ —¥
s . o
-y - P —0
» T ST+t al o ;;: > = 2 B B R b m
= e . I ol Mo ’ ®
[ . e ala i i s
v *
& ¥ -
— alalalg la & ala la gl ’
— v \a alals - - - Y . 4
e VA e V.. v, <
PP o1 2\ g d
v rere .
— YV EpTe WY @ 4 Ve -+ v ~t 1 FYLANYY arvie &vem Y ”
h g - > " N ™ e -
w * * rrv ot
A " N - had P P AW T P -
+ —t
— — e - e ¥ + -«
g i Fep— it .. hai -4
— O SN SIS AR A e te . e s
P! 2 2 hd hd 3
= S b -t - o D s e A A "
-@ e 2% 45 o 4+ 7 é
*
byl ” el -ob-6 b M IS VP —
= —
o - R ™ - -4 r s
5+ ol M arele 1o -
I £ ad =TS S s a B
- 4 alp 5 R 845 § .
& - pa - T r= . !
— olelele G—Er hd - =
o
=T=a 3 L T !
” o olalels L & —1 ‘/ N*_* L —Br—8+-91-6
* 1N
PO SN T 56 /] b, NH A
- > - [ o . M N
MEREN % | Ny S
- b ALz o
" A Ly / -
mbowl ul o Ly ly H H ! -
N o 4 v - ~4 - e $
I z 3 H— & T A
: e s arm - 5
F . v a & 1
o 1-6- "
Lam o g t—ot—t
o R N P " i
olala Rt T Ry
. - < - - - - r - e re ':‘
alali P = ——4 —_—
a alalela $ P mp-f -y I + bl —
o oTere t ﬁv | ot
L g e
- ottt it -
- g ettt " 3 e 2 2 0.3 4—a—tt
-t - . hal - ™~ ™ |
" L Bl o BATE B i A * — e
— - ’ > > " 34
— i1 L B A s 4 -t st
— L o w LA —xt 5
e H—HF-FFF 3 i LT . 5 T ¥ w3l
e - MABMA R 2 " e it -t - *‘é
. ol el e L‘F ot ede Lo b " L & P <
¥
c & elels wlelgle lg c P S P
—_ - 4 1 AL + -
il le clecle
—4 % 4- % —+& & S48~ E+E+& “" S5
e 4 "I EIsIs- ialelals Py ) oy ol -y 3 8 o-brolc
® 19 oolo o o —8—or <
° U G
Qe ¢ g % e =3¢ B B o
P a—a. Bl . rere PA ikl P P VI Y
- < 5 4640 o
> s 2 o ¥ e
oy

PH1 IN DEGREES

Fig. 4-7 - Hybrid System Detail Scan in Region of Anomalies Marked
by Asterisks of Fig, 4-6 '

4-13

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER




TEST CASE NUMBER 2
Az 30 B: 23 ¢: 20 D= 18 €= 30 Fa 8 iy !
. e e ey 'f+‘Y - I A ! [
-~ e e e SRR ',I, i i gt 4 =4 - ] ‘ [
[ ¢ + Yl M
. - . PR . . L - . R U S S *—-4»‘—1. 4 '
Peak Core r God—d
Velocity Rad. :
—— +
Measured: 27 2.8 760 - 620 T
: T
Actual: 34 2.5 730 l -
2 T
(m/s) (m) (m"/s) i
—
- ’-T *
- I e
. ARGEGEAR 111 clEJFIFIFIFIFl, i
K A TF ¥ ML 3 i '
E E E £ '
: i i F 610 2 (3 H
" + £ . E -+ -
N P I !
¢ T il i FFFF ! i
€ ' £ :F 'T‘F}'
C ] F AU CANGRRERR I EGCH
N i Fl p- I ] & & .
il F 3 NIMMOURZHA0EMEOR 5 o
" 7 NE ] LAl ANKEUALEMAINGEN L1 -
€ AN— 5 m/s 15 o b (e, 1°F (€] T g 1.
. F g IERAC T IEZELDE [ 3 L
- F g LI ANRESCEIRDK [ ] iR
: 7 T b [ea T b [e] [ : a1
" Iy o [ Jelcl«|pbe] g ke]cfel | ¢ € .
F 10 4, ARNORAEADNNE i
[ g, RERER> BT P
f £lp e €] F E £ ElE|E * : ‘
¥ F 1
FF _ v f-"
: Fe - G £l
r r AN
4 12 590 E 13 +
- Fle L Fle 3 508 WD SV RS
bl F rlefrFqF Farrlelr|¥]" i B
O N S A
44 s 14 -
s . )
— :
-+ ey AP—»-—“ - - S L4
- ,’I‘ C et Range (M) - -4-o- 3
PR A . - e - 3 4
‘ ] i $
PUNF SN Y T [ G S i - +
ST T
Tttt bt 1t - Attt
-1.8 -0.9 | ¢ (deg)) 0 0.9 1.8

LMSC-HREC

-

A

Fig, 4-8 - Contour Mapping of Velocities of Fig. 4-7

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER




LMSC-HREC D225936

next fitted by a quadratic least squares curve to determine the peak velocity
of the vortex for all ranges. This curve is differentiated as.before to deter-

mine the peak,

After the peak velocities within the vortex are determined (one positive
peak and one negative peak), the computer determines the diameter of the
vortex core (distance between these peaks) and the locus of the core center,
The computer next determines the vortex velocity at a point, 23 radii from
the vortex center (23 radii arbitrarily chosen to provide velocity data from
the region of low velocity gradients), and multiplies this- value by 2rr where
r 1is the distance from the center of the vortex to the point, This provides
the circulation. (In a real-world situation the velocities should be integrated
along a line integral at some radius, r, to accurately determine the vortex

circulation,)

Figure 4-9 is a map of the loci of the centers of the vortices in the ex-
ample case of one vortex), The peak velocities, core radii and circulations,

both actual and as detected, are displayed along the bottom of the figure,
4.4 IMPLEMENTATION OF A HYBRID SYSTEM

Personnel at NASA (Ref, 27) have been statistically studying the effects
of varying spatial resolution upon the probability of predicfing the vortex posi-
tion accurately enough for hazard avoidance. The preliminary results of these
studies have indicated that a spatial resolution of approximately 40 meters is
adequate, From Fig, 3-3 it can be seen that a one-half meter diameter coaxial
focused optical configuration will provide a spatial resolution of 40 meters at
a range of 600 meters (~2000 feet), If this spatial resolution proves to be
adequate, the hybrid system could be constructed around state-of-the-art
one-half meter diameter coaxial sensors with minimum of development
costs, Scanning systems to perform scans similar to those required for the
hybrid system are presently being fabricated by Lockheed and NASA, NASA
is planning to have data processing equipment designed and fabricated in the

near future which would be very similar to that required for the hybrid system,
4-15
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Because of these present NASA efforts, the development costs for the hybrid
system would be primarily devoted to system integration and hardware re-

liability.

4,5 WIND SHEAR AND TURBULENCE MONITORING AS A BY-PRODUCT
OF HYBRID (AND PROBABLY DETECTIVE) SYSTEMS

Wind shear in approach corridors has become a problem of increasing

interest to pilots in the past few years, An example of this problem from

_ Ref, 30 is illustrated below,

"During a two-hour period on 4 January 1971 there were nine
missed approaches to runway 4R at JFK, Included in the missed
approaches were B-747s, B-727s, a B-707, a C-990, and a DH-6,
During this same period an accident occurred at LaGuardia Air-
port where one of the probable causes was stated as 'The failure
of the pilot to recognize the wind shear condition and compensate
for it,""" (Ref, 30),

The conical scan configuration of Fig, 4-3b would provide wind profiles
to 2000 feet. Wind shears of interest and concern to approaching pilots lie in
this region. Thus, a logical by-product output of the hybrid system would be
a wind shear forecast from the wind shear observation, The instrument would
be readily available, The effort to develop such a by-product would be devoted
to processing the LDV sensor output to provide a suitable format for display to

ATC and/or approaching pilots,
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Section 5
CONCLUSIONS

When the need for a device (or system in this case) becomes recognized,
a number of questions immediately arise, In the case of the wake turbulence

monitoring system, some questions which arise are:

e Is a wake turbulence monitoring system feasible or within the
near state of the art?

e Would a wake turbulence system be cost-effective to develop,
operate, and maintain? '

e What type system should be developed?

e What are the logical steps to develop the system?

These questions are considered in this conclusion, Attempts are made to
answer those Questions which are answerable at the conclusion of this limited

study,
5.1 IS A WAKE TURBULENCE MONITORING SYSTEM FEASIBLE?

The studies performed by Lockheed-Huntsville have indicated that a wake
turbulence monitoring system is feasible, In fact, two of the three types of
systems conceived could be developed to field-operational status within two to
four years, and the third, a more sophisticated system could probably be de-
veloped in three to six years, The first two types of the system would require
a minimum of new technology and the third would require that concepts presently

on the drawing boards be developed.

Safety is of concern in system feasibility, This is especially true when
something as exotic in the public's eye as the laser is involved, Laser radia-
tion in the wavelengths regime 0,4 to 1,4 microns is considered hazardous

6

(Ref. 31) for occular exposuresof10” W/cm2 and above. Laser radiation at 10,6
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micron wavelength (far infrared) is considered hazardous (Ref, 21) for ex-
posures of 10-l W/cm2 and above, clearly five orders of magnitude more
intense than the visible radiation hazard level, The wake turbulence monitor -
ing system should be feasibly designed to maintain transmitted radiation levels
well below the hazard level in order to assure safe operation in the air terminal

environment,
5.2 WOULD A WAKE TURBULENCE SYSTEM BE COST EFFECTIVE ?

For a system to be cost effective, the benefits derived from the system
should outweigh the costs to develop, operate and maintain the system, The
benefits to be derived from such a system were outlined in the introduction to
this report as well as projected dollar savings to airlines from reducing spacing
behind '"heavies." Increased revenues to terminals from increased capacity and
thus increased landing fees were projected, An additional note was made of the
approximately $36M in litigations involving the Government in claims for wake
turbulence-related accidents, The true benefits to be derived from the devel-

. opment and installation of wake turbulence monitoring system>s is difficult to
establish accurately because the capability of the system to increase terminal
capacity, reduce delays and improve safety is not accurately known, Some of
these values should be obtainable to a higher degree of accuracy if recommended
computer simulation studies of the entire systems are performed. Some prob-
ably will not be accurately khown until a prototype system is developed and

- operationally tested in the terminal for a reasonable period of time,

Table 5-1 presents a highly speculative picture of development prototype
system costs, The dollars depicted could easily be misestimated by a factor
of 50% in either direction, The costs were based upon developing one system
to handle a set of parallel runways at a single air terminal, Costs for indi-

vidual systems will be reduced for quantity production of the units,

A comparison of Fig. 1-2 of the report introduction with Table 5-1

indicates that over a period of several years the system should be quite cost

effective, More accurate cost figures effectiveness will become available

from additional development studies,
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5.3 WHAT TYPE SYSTEM SHOULD BE DEVELOPED?

This report discusses three types of systems: predictive, detective and
hybrid, The relative effectivenesses of the system configurations is discussed
in the introduction and the relative expense and development time are listed in
the table onpage 1-14, The predictive and hybrid systems contain many of the
same elements, The predictive systemrequires the least development time, but
it is also least effective, A logical development path is to begin development of
the predictive and hybrid systems simultaneously with the idea of installing the
sensors of the hybrid system into the predictive system once they are developed,
The development of the detective system could proceed at a normal rate, This
approach would allow a system to be introduced — the predictive system — into field
operation within the shortest possible time, The system could be updated to
become a hybrid system with improved performance, The detective system
could be introduced into field operation when it became available some time in

the future,

Additional studies might indicate that either the hybrid or detective sys-
tem should be developed, but not both, This limited study does not go into
enough depth to make this determination possible,

5.4 WHAT ARE THE LOGICAL STEPS TO DEVELOP THE SYSTEM?

Steps to develop the system can be grouped according to the system —
predictive, detective, or hybrid —to be developed. Some of these are listed
below:

5.4,1 Predictive System

o Simulation Studies

® Develop mathematical model of predictive system,

e Determine flight path statistics of arriving and departing
aircraft at specific air terminals,

5-4

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC D225936

e Introduce wind rose to system model to determine percentage
of cases where separations could be reduced,

@® Measurement Program
e Test prototype system at active air terminal,
® Equipment Development

e Develop display concept,

e Develop computer/sensors/display integration,
5.4.2 Detective System
® System Simulations

e Simulate single-component sensor systems with ambient
winds and turbulence,

e Simulate two-component sensor systems with ambient (cross)
winds and turbulence,

e Simulate sensor systems with true axial velocities after experi-
mental axial velocity data are available,

e Develop decision-making philosophy and simulate entire system
including sensors, computer, and displays to determine system
effectiveness,

e Determine the sizes of corridors into air terminals from flight
path statistics of aircraft using these corridors,

® Measurement Programs

® Measure axial flow velocities of full-scale aircraft vortices with
remote sensors,

e Experiment with a single-component laser Doppler velocimeter
detecting vortices in an air terminal environment,

e Experiment with a two-component laser Doppler velocimeter
detecting vortices in an air terminal environment,

e Determine LDV performance in inclement weather,
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® Development Programs

e Develop MIL-Spec laser velocimeter hardware to meet high
reliability standards,

54.3 Hybrid System
o Simulation Studies

e Continue development of total system model including display,
logic, etc,

e Continue development of model which performs overhead coarse
and detail scans and calculates circulation, etc,

e Develop flight path statistics
® Measurement Program

e Setup single-component LDV system in terminal environment
to perform hybrid-type scans during aircraft flybys; record
and analyze data,

e Determine LDV performance in inclement weather,
e Perform conical scan with LDV to determine wind profile,

® Equipment Development

e Further develop system hardware to meet high reliability
standards,
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Appendix A

NUMERICAL VORTEX MODEL

A-1- (&)

LOCKHEED - HUNTSVILLE RfSEARCH & ENGINEERING CENTER



LMSC-HREC D225436

Appendix A

A model was sought that would approximate the vortex flow fields generated
by large transport aircraft. Consequently considerable emphasis was placed on
recent flight investigations of vortex parameters using such aircraft, in particular
those initiated as a result of priority action on the part of the Director, Flight
Standards Services, in February 1970. Two of these investigations (Refs. 1l and
2) were concerned with aircraft response during vortex penetration while the
third (Ref. 3) concerned itself with the measurement of vortex velocity profiles
using tower-mounted hot wire anemometers. The latter study is the most appli-
cable for the purposes of this investigation since the aircraft were operated in
terminal-type configurations, and the vortices were monitored at altitudes of
zero to several hundred feet above the ground. Such data, however, suffer from
considerable scatter primarily because of the vortex not intersecting the loca-
tion of the instrumentation, in most instances, through the center of the core.
Consequently, considerable error exists in the estimation of core diameters
and peak velocities. Figures 1 and 2 (obtained from Ref. 3) present values of
peak tangential velocity versus vortex age and core diameter, respectively,

for a variety of current airline transport aircraft.
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The approach taken in the éhoice of a model was to choose from a com-
parison of the test data of Ref.3 with various theoretical vortex models that
pi'edict both tangential and axial velocity components, that model which yields
the most satisfactory agreement. Of particular interest is that of Ref. 5 which
presents a numerical method for solving the equations for a vortex core. The
technique solves the system of equations of motion for a steady axially symmetric
spiraling motion of an incompressible fluid at large Reynolds number with the
additional assumption of the boundary layer approximation. The results of an
application of the technique to a trailing vortex are presented in Figs.3 and 4,
for a Boeing 727 and 747, respectively. Peak velocity magnitudes and vortex
core diameters are in reasonable agreement with the data of Ref.3 (summarized

in Figs. 1 and 2).
Deficiencies in the model are the:

] Requirement of an assumption of an eddy viscosity, and

e Assumption of a set of starting conditions for the computation.

A value for the eddy viscosity is estimated from the correlation that exists
between the circulation developed by the aircraft and the measured eddy vis-
cosity coefficient deduced in Ref. 6 from various wind tunnel and flight investi-
gations on vortex decay. Figure 5 graphically summarizes this correlation.
The initial conditions for the computation were taken from the approximate
theory of Newman (Ref. 7), which solves the linearized form of the set of equa-

tions used in the computational study of Ref. 5.

A comparison of the proposed model with various popular vortex models
is given in Fig. 6, for a given set of conditions (a 727 at 1000 feet downstream

of the aircraft).
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Appendix B

LASER VELOCIMETER VOLUME SCAN
SIMULATION PROGRAM
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Appendix B
B.1 DESCRIPTION

Program simulates one vortex and scans it with one laser velocimeter,

Output is air velocity as a function of position,
B.2 CAPABILITIES

1. Vortex can be in any position.
2. Velocimeter can scan any size volume in any direction.

The tangential and axial velocity profile of the vortex
can be input with different values,

4, For focus system aperture size can be selected; for
pulse system pulse length can be selected,

B.3 RESTRICTIONS

1. No wind exists,

2, Aerosol is assumed to be constant throughout the
vortex,

3. The vortex is assumed to be uniform along its
length.

4., The vortex core is assumed to be a straight line,

No change in vortex position or strength is allowed
with change in time,

6. Infinite signal-to-noise (S/N) ratio is assumed,
B.4 SPHERICAL COORDINATE SYSTEM OF LASER

The laser's focal point orientation is represented in a spherical coordi-

nate system centered at the laser,

B-1 (4
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A Focal Point

Laser

> Y

The transformation from the spherical coordinate system to the laser's rec-

tangular coordinate system is

X =r 8in0_ cos¢

s s s s
Y =r sin® sin

s s s ¢ s
Z =r cosH

s s s

B.,5 SCANNING OF LASER

The bounds on the scan are input

lower bound of ¢ s
[0} g2 upper bound of ¢ s
¢ lower bound of © S
esZ upper bound of GS
r lower bound of T

r,, upper bound of ry
B-2
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Also input are the number of equal divisions for each of the above intervals.

The scanning starts at the lower bound of each parameter., The simu-
lated sensor first scans across ¢s then moves along BS while it continues to
scan ¢s and finally it moves along ro while still scanning d)s and GS, For
each point of the scan the simulation computes the velocity component of the

vortex in the direction of the laser.

B.6 COMPUTATION OF TANGENTIAL VELOCITY COMPONENT OF
VORTEX IN DIRECTION OF LASER

First the focal point of the laser is transformed from the spherical

system to the rectangular system,

X =r_ s8in® _ cos¢
s s s s
Y =r_sin0®_ sing
s s ] s
Z =1r cos®
s s s
— .
OS = (Xs, YS, Zs) focal point in laser's

rectangular system

- N
U
n

B-3

¢
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OP - (Xl’ Y, Zl) point on vortex core axis (input)

—Pﬁ = (A, B, C) direction of vortex axis (input)

= . 7

—_
Distance from Sto PQ is D = SP_}i PO
o
where
— —_ —
) = P - OS

Total tangential velocity magnitude of the vortex at point S, according

*%
to Newman

r W D

Vo = - exp \-

9o
T 27 D 4vz

where
VT is normal of tangential velocity
Fo is circulation

WC>o is freestream velocity

V is eddy viscosity

z is vortex axial coordinate (input
value is presently being used
for all positions)

AW
1-‘o “7PVDb
W =V

[+ o]
v =ku/p

*Newman, B.G., "Flow in a Viscous Vortex,' Aeronaut, Quart,, Vol, X,
May- 1959’ p. 149-
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where

W is total aircraft weight
is density of atmosphere
is aircraft velocity

is wing span

is coefficient of viscosity

= o <D

is coefficient that relates laminar
kinematic viscosity to eddy viscosity
for a particular Fo

The tangential velocity vector at S is

—_ —
The magnitude of the component of VT in the direction of SO is

PR O —_—
VT - 05
|l

B.7 COMPUTATION OF AXIAL VELOCITY COMPONENT OF VORTEX
IN DIRECTION OF LASER

The magnitude of the axial flow component, according to Newman, is
D, AR
VA T Trprz XP O\ iz

where

VA is norm of axial velocity

Do is profile drag of the generating aerofoil

The axial velocity vector at S is

VA = VA'I;.'Q_
* |Pol

B-5
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B.8 COMPUTATION OF VELOCITY INTERPRETED BY A COAXIAL
FOCUSED LASER DOPPLER SYSTEM

The laser does not make a point measurement, It effectively samples
a finite volume of space along a line and consequently observes a variety of
velocities, The signal is the strongest from the focal point and tapers off as

the elemental volume considered increases its distance from the focus,

The power contained in the photo-detector due to N particles per cubic

cent1menter is proportional to the current squared, ‘as shown in the following

equation ,
o0
4
iZ =-1—1r nzazoR‘A"}N dL
4 2 ZRZ
o L™ + 55— 2 f - L)
)\
where

7 is the quantum efficiency (electrons/photon)
a is power level of local oscillator
o0 is backscattering coefficient of particle
R is radius of transmitter lens
A% is total transmitted light flux in photons/sec
N is effective number of identical particles per (cm)3
f is nominal range of focusing |
A is optical wavelength

L is range from transmitter lens

The current squared due to an infinitesimal unit of length dL is

.2 4

i _ (1 2 2 4 R

—df‘(Z“"acA N) 7 g2
L% + Is— (f - L)

)\Zfz

*
This is Eq, A.8 on page A-6 of the Interim Report for Contract NAS8-25921,
""Application of Laser Doppler Velocity Systems,"

B-6
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let AL = AL{/r Rz, then

.2
di’ = l1r7720120A N)
dL 4 £-1)% _2
1 +4——— L

2

assume 7, Q, d, A, N are constants and let Kl =1/47n az oA4 N, then

a? R

am T ™1 12\ 2
1 + % 7 L
Serd

This is proportional to the equation used in the program,

2

ai | _(‘/’o”) r*
dL ~ 'n ~ A 2
1+L——Lf’g L2
AL

where (ll'o ﬂ/)\)z is a constant,

Therefore, the equation in the program is proportional to the power in the
detector due to a volume of space having an infinitesimal unit of length in the

line of sight direction from the detector,

In this program only the interval (f - Af, f + Af) along the line of sight

of the laser is considered,

Af = 2n£2/r R?
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This interval provides 50% of the signal, Within this interval a finite number
of eQually spaced points is sampled, The velocity at each point (Vn) is multi-
plied times the weighting function (In) at that point; these points are then

summed and divided by the sum of the weighting factors,

N
VL = ivnln/z In
n=1

n=1

This VL function thus provides an LDV system output which is weighted accord-
ing to a calculated system spatial resolution, This type weighting function pro-
vides a data output similar to that which was recorded by using the spectrum

analyzer where the one-dimensional LDV was field tested.

B.9 COMPUTATION OF VELOCITY INTERPRETED BY A COAXIAL
PULSED LASER DOPPLER SYSTEM

The transmitted pulse is assumed to be a square wave., The detector is
open for the same length of time as that of the transmitter; therefore, a pulse

of length equal to the transmitted pulse enters the detector,

The pulse length is also assumed to be short relative to the distance to
the volume being observed. Therefore, the detected power of an elemental
volume is directly proportional to the length of time its illumination passes

into the detector,

The power going into the detector relative to time is a square wave.

But as a function of location of elemental volume, the curve looks like

Power

%
Page 3-2 of the Interim Report,
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"b' is the center of the pulse when the incoming pulse and the outgoing
pulse exactly coincide, At this instant of time "a'' is the back of the outgoing
pulse and 'c¢'" is the front of the outgoing pulse, Figure B-1 shows the outgoing
and incoming pulses passing each other, The power curve shown above is then

the weighting function (In) as in the focused case and V. is computed the same

L
way,

B.10 INPUT FOR LASER VELOCIMETER SIMULATION PROGRAM

There are two sections of input of which the first is by way of namelist,

The name of the namelist is (INPUT) and it has the following variables:

Name Unit Description

GAMMAC N-m-sec/kg circulation of vortex from géner—
‘ ating aircraft

w38 m/sec freestream velocity

UNU mz/sec eddy viscosity

Z m downstream distance of vortex

from generating aircraft

OP(3) m position vector of a point on
the vortex axis

PWwW(3) m direction vector for vortex

PHI deg starting PHI for sweep in PHI

PHI2 deg final PHI for sweep in PHI

NPHI —_— number of evenly spaced PHI

THETA1 deg starting THETA for sweep in
THETA

THETA2 deg final THETA for sweep in
THETA

NTHETA -_— number of evenly spaced
THETA in sweep

DIST1 m starting range for sweep in

' range

DIST2 m final range for sweep in range

NDIST —_ number of evenly spaced
ranges in sweep

PsI -_— control magnitude of weighting

factor, Set to one.

B-9
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Name

R
FLAMDA
PLENGT
DZERO

RHO
ICHOIC

NWEIGH

IouT

IPLOT

IPLOT1

LMSC-HREC D225936

Description

radius of telescope aperture
wave length of laser light
pulse length

profile drag of the aerofoil
(Used for axial velocity, If
no axial velocity wanted, set
DZERO to zero.)

density of atmosphere
flag for the following

ICHOIC =1 for focused con-
tinuous wave laser

ICHOIC = 2 for a non-focused
pulsed laser

ICHOIC = 3 for perfect velocity
detection

half the number of evenly spaced
points used in the illuminated
volume for weighting

flag for the printed output
IOUT =1 for no printed output

IOUT = 2 for printing only
velocity specified by IPLOT 1

IOUT = 3 for printing all velocities
flag

IPLOT =0 no SC4020 plots
IPLOT =1 SC4020 plots

flag indicates which velocities
are to be plotted

IPI.OT1 =1 plots centroid of
weighted velocity

n

[IPLOTI1 = 2 plots max-min or
max (ABS(VL)) as specified by
IVMAX

IPLOTI1 = 3 plots total line of
sight velocity at focus or at
center of pulse volume
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Name ' Units Description
IPLOT1 —_— IPLOT! = 4 plots line of sight

component of tangential velocity
at focus or at center of pulse
volume ‘

IPLOT1 = 5 plots line of sight
component of axial velocity at
focus or at center of pulse
volume

IPLOT1 = 6 plots normal of
vortex velocity vector at focus
or at pulse center

IPLOT1 = 7 plots normal of
tangential velocity vector at
focus or at pulse center

IPLOT1 = 8 plots normal of
axial velocity vector at focus
or at pulse center

IVMAX — flag

IVMAX = 0 program computes
maximum minus minimum of
line of sight velocity within the
focal volume or within the pulse

IVMAX =1 program computes
the absolute maximum of the
line of sight velocities within
the focal volume or within the
pulse

The second input is for the plotting control, Each card for this input
controls a group of plots, There are three variables input on each card,

which are:

1. Column 10 0 for no lines between plotted points

for lines between plotted points

2. Column 20 1 indicates PHI will be plotted on the horizontal axis
2 indicates THETA will be plotted on the horizontal axis
indicates RANGE will be plotted on the horizontal axis

B-12
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Column 30
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indicates PHI will be plotted on the vertical axis

indicates THETA will be plotted on the vertical axis .

indicates RANGE will be plotted on the vertical axis

A blank card terminates the plotting and returns control to the beginning of the

program for another case,

B.11

proudced, the input is also printed on the plotter,

CAKNMAC
QP (1)
PRI
Pruly
THETAY
"CisTy
L 3}
CIERO

1out

OUTPUT FOR LASER VELOCIMETER VOLUME SCAN SIMULATION

PROGRAM

The input is printed on the printer and, in the case where plots are

o 86 © ®© 0 © © ©

«72900000E
-06006000E -
+3166G0000GE
-30000600GE
-48G0000GGE
-890G0O000E
+160G0000E
.5DdGGGGGE

3

03
38
01
01
02
02
[}
0s

we

QP (2)
PR (2)
PH12
THETA2
cIsT2
R

RHO
ipLOY

)
o 0 o o

NAMELIST (INFUT)

G.77300000E G2
-00000000E-38
-000000G0E-38
«30000000E 01
<41999995E 02
-7T16G0000E 02
+71620G000E-0)
+$1920000E 01

1

UNV
OP(3)
Fa(y)
NFH]
NTHETA
NCIST
FLAMDA
ICHOIC
IPLOTS

This is shown in Fig, B-2,

0.91400000E-01
0.566006000E G2
0.0660GGUGE -38

11

11

13
6.10600000€E~04

1

1

FLENCGT
NWE ICH
1VMA X

Fig. B-2 - Example for Volume Scanning Program

In this figure

Distance = 70 represents the range of the focal point
for the following measurements,

for the measurements in the column below the angle,

B-13
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1

The printer output of the velocities is controlled by the input variable
IOUT, Figure B-3 1is an example where IOUT = 3,

The numbers following (PHI =) represent the scan angle PHI in degrees
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Fig. B-3 - Example Output
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The first number following (THETA) is the scan angle THETA in degrees
for the data until the next (THETA) is encountered, The numbers other than

the first are the centroid of the weighted averages,

DVL is the maximum minus the minimum velocities observed within the
focal volume, Or, if (IVMAX =1), DVL is the maximum of the magnitude of

the line-of-sight velocities,

VL is the line-of-sight velocity at the focal point,

VTL is the line-of-sight velocity at the focal point due to
the tangential velocity,

VAL is the line-of-sight velocity at the focal point due to
the axial velocity,

V is the norm of the total velocity vector at the focal point,
VT is the norm of the total tangential velocity vector,
VA is the norm of the total axial velocity vector,

RADIUS is the distance from the axis of the vortex and the
focal point in meters,

There are two types of plots, The first plot (Fig, B-4) is velocity versus
one of the scanning parameters such as PHI, In this type of plot there are a
number of curves plotted with various letters., Each letter represents a different
value of another scanning parameter such as THETA In Fig, B-4, A repre-
sents THETA = 48,0 degrees, B represents THETA = 47,4 degrees and so forth,

The second type of plot is a velocity contour plot (Fig, B-5), Each letter
represents a particular contour as indicated at the top of the plot, The contour

lines between the points must be drawn in by hand,

B.l12 EXAMPLE RUN FOR LASER VELOCIMETER VOLUME SCAN
SIMULATION PROGRAM

For an example, take a vortex generated by a Boeing 747 while it is land-
ing and SCAN it about 1000 meters from the generating aircraft, Approximate

values for the parameters of this vortex are
B-15
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GAMMAC = 727.0 n-m-sec/kg
W8 = 77.3 m/sec

UNU = 0,0914 m? /gec
Z =1000m
DZERO = 50,000 n
'RHO = 1,192 kg/m">

Let the vortex pass directly overhead and parallel to the X axis which

is on the ground

OP = (0, 0, 50)
PQ = (1,0, 0)

The following is the scanning selection

PHI1 = 3 deg
PHI2 = -3 deg
NPHI = 11
THETAI = 48 deg
THETAZ = 42 deg
NTHETA = 11
DIST1 = 69 m
DISTZ = 71 m
NDIST = 11

A CO2 gas laser is used, therefore

FLAMDA = 0,0000106 m

The value for PSI is a scale factor and, set it to one,

PSI =1,

Let the laser Doppler system be a single, coaxial, continuous wave,

focused system, Therefore

ICHOIC =1
B-16
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The lens of the telescope will be about a half foot in diameter, There-

fore
R = 0,0762 m

When the focal length is 70 meters, half the length of the focal volume is

2 2 _
%k %
Af = = - 2%.0000106%70% _ o oo

TR 7%(.0762)2

To sample the velocity in the focal volume at least every half meter,
NWEIGH = 12,
To print out everything,

IOUT = 3,

To plot the centroid of the weighted velocity,

IPLOT
IPLOT1

1
1.

Let the program compute the absolute maximum of the line-of-sight

velocity in the focal volume
IVMAX =1

The first input is a comment on the first 72 columns of the first card,
Then comes the main input which is input by way of FORTRAN namelist, The

name of the namelist is INPUT and the data are the above described variables,

The final input to consider is the plotting control, Two sets of plots
PHI versus THETA and RANGE versus THETA are wanted, Also, in both

cases, lines will be drawn between the points.

B-17
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These input cards are

Card No,

1
2
3

Col, 10

blank

LMSC-HREC D225936

Col, 20 - Col, 30
1 2
3 2
blank blank

A sample of the printer output from this example run is shown as Figs,
B-2,B-3, B-4,B-5, B-6 and B-7,

B.13 LASER VELOCIMETER VOLUME SCAN SIMULATION PROGRAM

VARIABLES
ABC(20) None
AVT(3) m/sec
D m/sec
DD(20) m
DDIST m
DDISTW m
DDV m/sec
DISTL m

Liocation

PSCAN
COMMON/A05/

COMMON/A15/

MAIN

COMMON/A12/
MAIN

PSCAN

MAIN

B-22

Description

Flot label.

Axial velocity vector at
illumination point - (rectangular
coordinate system).

D is the distance from illumi-
nated point of interest to axis
of vortex.

Distance of focus point or
center of pulse from axis of
vortex.

Distance between points in
range scan.

Step size used in sampiling
the illuminated volume.

Preliminary result in
determining delta velocity
between the curves on the
graph of velocity versus a
scanning parameter.

Distance from laser to focus
peoint.
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Name

DISTW

DIST1
DIST2
DL2

DPHIL
DPHIL1

DPTD(3)

DTHELI

DTHETA

DUM

Dv

DZERO
EX

FACTI1

FACT2

FLAMDA
FLDX(12, 3)
FLDY(12)
GAMMAC

I

Units

deg
deg

rad

deg

deg ,deg ,m

deg

rad

None

None

None

m
None

None

Location

MAIN

COMMON/A09/
COMMON/A09/
MAIN

MAIN
COMMON/A12/

COMMON/A12/

COMMON/A12/

MAIN

PSCAN

PSCAN

COMMON/A14/
VEL

MAIN
MAIN

COMMON/A20/
COMMON/A11/
COMMON/A1l/

(N-m-sec)/kg COMMON/A06/

None

MAIN

B-23

LMSC-HREC D225936

Description

Distance from laser to point
of interest in the illuminated
volume.

Starting range.
Ending range.

A preliminary result for
the weighting associated
with a focus system.

DELTA step in PHI scanning.

Angle between focus points
when scanning in PHI,

DPTD(l) is same as DPHILI
DPTD(2) is same as DTHELI]
DPTD(3) is same as DDIST.

Angle between focus points
when scanning in THETA.

DELTA step in THETA
for scanning.

A durnmy variable used in

calling arguments.

DELTA velocity between the
curves on the graph of velocity
vS a scanning parameter.

DZERO is the profile drag of

airfoil from generating aircraft.

Intermediate value for tangential

velocity.

A preliminary calculation for
the weighting associated with
a focus system.

A preliminary calculation for
the weighting associated with
a focus system.

FLAMDA = wavelength of light.
Stores labels for the plots.
Stores labels for the plots.
Circulation about vortex.

The PHI do-loop parameter.
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Name

IABC

ICHOIC

IERR

IIA

ILINE

" [OUT

Units

None

None

None

None

None

None

None

None

None

Location

PSCAN

PSCAN

PSCAN

COMMON/A20/

PSCAN

MAIN
PSCAN

PSCAN

COMMON/A20/

B-24
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Description

1 is a subscript used in incre-
menting the parameter plotted
on the horizontal scale.

Used in calculation for DELTA
velocity between the curves

on the graph of velocity vs

a scanning parameter.

X coordinate for label used
on contour plot. Example (A =)

Flag for laser type

ICHOIC =1 indicates focused
CW laser

ICHOIC = 2 indicates pulsed
laser

ICHOIC = 3 indicates perfect
velocity detection.

IERR is an error flag from a
plot routine.

The weighting do-loop parameter.

Used in calculation for DELTA
velocity between the curves

on the graph of velocity vs

a scanning parameter.

Determines if lines will be
drawn between points of SG
4020 plots.

ILINE = 0 indicates no lines.
ILINE > 0 indicates lines.
Flag for printer output

IOUT =1 no velocities are
printed.

1]
8

I0UT prints only velocity
specified by flag

IPLOTI.

prints all available
velocities

]
w

IOUT
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Name

IP

IPLOT

IPLOT1

ISYM(20)
v

IVMAX

Units , Location
None PSCAN
None COMMON/A20/
None COMMON/A20/
None COMMON/A11/
None PSCAN
None COMMON/220/
B-25

LMSC-HREC D225936

Description

Contains address of storage
location to go to in order to
accomplish commands of
variables IX and IY. Used in
“assigned go to."

A flag indicating whether or
not SC 4020 plots will be
produced.

IPLOT = 0 indicates no plots.

IPLOT =1 indicates plots
will be made.
Flag indicating velocities to
be plotted.

IPLLOTI1 =1 Plots centroid of
weighted velocity.

IPLOT1 = 2 Plots MAX-MIN or
MAX (ABS(VL)).

IPLOT! =3 Plots line-of-sight
velocity.

IPLOT1 = 4 Plots line-of-sight
tangential velocity

I[IPLOT1 = 5 Plots line-of-sight
axial velocity

IPLOT1 = 6 Plots velocity

IPLOT1 = 7 Plots tangential
velocity

IPLOT1 = 8 Plots axial
velocity

Stores plotting symbols

IV is a flag indicating if current
velocity is higher or lower than
contour that is being sought.

Flag to indicate whether MAX-
MIN of line of sight velocity in
illuminated region is to be
computed or MAX (ABS (line
of sight in illuminated region))
is to be computed,
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Name

1Y

1z

I2
13

14

JABC

JCHOIC

JOUT

Units

None

None

None

None

None

None

None

None

None

None

None

Location

PSCAN

PSCAN

PSCAN

MAIN
MAIN

MAIN

MAIN
PSCAN

PSCAN

MAIN

MAIN

"B-26
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Description
Determines horizontal axis
IX = 1 horizontal axis is PHI
IX = 2 horizontal axis is THETA
IX = 3 horizontal axis is RANGE.

Determines vertical axis
IY
1Y = 2 vertical axis is THETA
1Y = 3 vertical axis is RANGE.

1 vertical axis is PHI

Indicates parameter which is
constant for each plot.

IZ =1 PHI is constant
IZ = 2 THETA is constant
IZ =3 RANGE is constant.

A do-loop parameter.

Indicates first velocity to be
printed out when IOUT = 3.
ICHOIC determines value for I3.

Indicates second velocity to be
printed out when IOUT = 3.
ICHOIC determines value for I4.

The THETA do-loop parameter.

J is a subscript used in incre-
menting the parameter plotted
on the vertical scale.

X coordinate for label used
on contour plot, Example
(30) in label (A = 30)

Contains address of storage
location to go to in order to
accomplish command of
variable ICHOIC, Used in
""assigned go to,"

Contains address of storage
location to go to in order to
accomplish command of vari-
able IOUT, Used in "assigned
go to,"
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Name

JVMAX

KCHOIC

KK

KOouT

LAB(2,3)
LABLE(8)

LINE
NDIST
NEW

NNTH

NNX

Units

None

None

None

None

None

None

. None

None

None

None

None

None

None

None

Location

MAIN

MAIN

PSCAN

MAIN

PSCAN

MAIN

PSCAN

PSCAN
MAIN

MAIN
COMMON/A09/

MAIN
MAIN

PSCAN

B-27
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Description

Contains address of storage
location to go to in order to
accomplish command of
variable IVMAX. Used in
"assigned go to."

The range do-loop parameter

Do-loop parameter for plots.
Two plots are made for each
value of K.

Contains address of storage
location to go to in order to
accomplish command of vari-
able ICHOIC. Used in "assigned
go to."

Number of current contour
program is working on wkhile
producing contour plot.

Contains address of storage
location to go to in order to
accomplish command of
variable IOUT. Used in
""assigned go to."

Used in calculation for DELTA
velocity between the curves

on the graph of velocity vs

a scanning parameter.

Plot label.

Contain labeling for printer
output.

Line count for current
page of line printer.

Number of evenly spaced
ranges.

Not currently used.

Number of lines of output
on printer per range step.
Determined by IOUT.

Same as NX except NNX

is negative if lines are to
be drawn between points

on graph.
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Name

NPHI
NTHETA
NV

Nw

NWEIGH

NX

NY

OP(3)

0S(3)

PHIA

PHIB

PHIL
PHIL1(20)
PHIL2
PHII

- PHI2
PI

Units

None
None
None
None

None

None

None

rad

rad

rad

deg

deg
deg

None

Liocation

COMMON/A09/
COMMON/A09/
PSCAN .

MAIN

COMMON/A20/

PSCAN

PSCAN

COMMON/A01/

COMMON/A05/

MAIN

MAIN

MAIN
COMMON/A04/
MAIN

COMMON/A09/

COMMON/A09/
COMMON/A07/

B-28
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Description

Number of evenly spaced
PHls,

Number of evenly spaced
THETASs.

NV is number of positive
contours to be plotted.

Number of sampling points
in the illuminated volume.

NWEIGH is half the number
of evenly spaced points used
in the weighting of this illum-
inated volume.

Number of steps in parameter
which are plotted along hori-
zontal axis.

Number of steps in parameter
which are plotted along vertical
axis.

Position of a point on the vortex
axis (rectangular coordinate
system).

Vector to indicate illumination
point relative to laser (rectan-
gular coordinate system)

Starting PHI. Same as PHIl
except for units,

Ending PHI. Same as PHI2
except for units.

Current value for the
angle PHI.

PHI values to be plotted
or printed.

Current value for the
angle PHI. Same as PHIZ
except for units.

Starting PHI.
Ending PHI.
Plis m=3.1415926.
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Name

PLENGT
PQ(3)
Ps1

R

RHO

R2D

SP(3)

THETAA

THETAB
THETAL

THETA1
THETA2
THETL1(20)

TITLE (12)

UNU
V(20, 20, 20)

VCON

Units

None

None

kg/m3

deg/rad

rad

rad
rad

deg
deg
deg

mz/sec

m/sec

m/sec

Location

COMMON/A20/
COMMON/A01/
COMMON/A20/
COMMON/A20/
COMMON/A14/

COMMON/A07/

COMMON/A05/

MAIN

MAIN
MAIN

COMMON/A09/
COMMON/A09/
COMMON/A04/

COMMON/A02/

COMMON/A06/
COMMON/A03/

PSCAN

B-29
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Description
PLENGT is pulse length.

Directional vector for
vortex (rectangular coor-
dinate system).

PSI is incident wave
amplitude.

R is radius of telescope
aperture.

RHO is the density of the
atmosphere.

Conversion factor for
converting from radians
to degrees.

Vector from illumination
point (OS) to point (OP) on
vortex (rectangular
coordinate system)

Starting THETA, Same
as THETAIL except for
units.

Ending THETA. Same as
THETAZ2 except for units.

Current value for the angle
THETA.

Starting THETA.

Ending THETA.

THETA values to be plotted
or printed.

Contains inputted description
of run.

Eddy viscosity.

Velocity values to be piotted:
First index varies PHI.
Second index varies THETA.
Third index varies range.

VCON is velocity of contour
to be plotted.
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Name

VCONI1
VL

VLINEl

VLINE2

VLW

VMAVT

VMAVTD

VMAX

VMAXX

VMIN

VMPQ
VMVT

VMVTD

VMVV
VP

VT(3)

Units

m/sec
m/sec

m/sec

m/sec

None

m/sec

l/sec

m/sec

m/sec

m/sec

m/sec

l/sec

None

m/sec

LOCKHEED

L.ocation

PSCAN
MAIN

COMMON/A15/

COMMON/A15/

MAIN

COMMON/A15/

VEL

PSCAN

PSCAN

PSCAN

VEL
COMMON/A15/

VEL

VEL
PSCAN

COMMON/A05/

LMSC-HREC D225936

Descrigtion

Velocity of maximum
contour to be plotted,

Line-of-sight velocity at
point of interest,

VLINE! is the line-of-sight
component of the tangential
velocity.

VLINEZ is the line-of-sight
component of the axial
velocity.

Sum of line-of-sight velocity
multiplied by weighing factor
over the illuminated volume.

VMAVT is the norm of the
tangential velocity.

Scalar used to produce the
axial velocity vector AVT(3)
from vector PQ(3).

Maximum value for velocity
of current plot being made.

The maximum velocity on
the graph of velocity vs a
scanning parameter.

Minimum value for velocity
of current plot being made.

Norm of vector PQ(3).

VMVT is the norm of the
tangential velocity.

Scalar used to produce the
tangential velocity vector
VT(3) from vector VV(3).

Norm of vector VV (3)

VP is used in computing
a linear interpolation
between data points,

for the contour.

Tangential velocity vector
at illumination point (rec-
tangular coordinate system).
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Name

VTOL

VV(3)

VVv(20, 20)

VVMAX

VVMIN

VVP

VVvVv(20, 20)

V1(20, 8)

WAT

Units

m/sec

None

m/sec

m/sec

m/sec

deg or m

m/sec

m/sec

None

Liocation

MAIN

COMMON/A05/

COMMON/A10/

MAIN

MAIN

PSCAN

COMMON/A1l0/

MAIN

MAIN

B-31
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Descrigtion

Norm of velocity vector at
focus point.

Vector pointing in direction
of tangential flow at illum-
ination point (rectangular
coordinate system).

Values of VV are obtained
from V and stored in proper
order for plotting.

Maximum line-of-sight
velocity in the illuminated
volume.

Minimum line-of-sight
velocity in the illuminated
volume. :

VVP is one coordinate on
a contour.

Values of VVV computed
from VV which has had a
DELTA velocity added to it
in order to separate the
graphs on the velocity plot,

Stores velocities for one
sweep in PHI.

V1{ ,1) is centroid of
weighted line of sight
velocity. V1( ,2) is MAX-
MIN or MAX (ABS(VL)).
V1({ ,3) is line of sight
velocity at focus point.
V1( ,4) is line of sight of
tangential velocity at focus
point, V1(,5)is line of
sight of axial velocity at
focus point, V1( ,6) is
norm of total velocity,
V1( ,7) is norm of tan-
gential velocity. V1( , 8)
is norm of axial velocity,

Intensity of pulse. Presently

set to one.
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WFET

w38

Units

None
None

m/sec

Location

MAIN
MAIN

COMMON/A06/
COMMON/A06/

B-32
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Description

Weighting factor for point
of interest.

Sum of weighting factors
over the illuminated volume.

Freestream velocity.

Vortex axial coordinate from
source.
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Range Doloop

Y

Alter Range

T

- Theta Doloop

Alter Range

i Phi Doloop
Alter Phi

|

» Range Doloop for Illuminated Volume

Alter Range

1

I Compute Weighting Factor l

ﬁ‘ind Point of Interest Relative to VorteLI

1

Compute Tangential and Axial Velocity at Point
of Interest

1

Compute Line-of-Sight Velocity at Point of
Interest

1

Sum Weighting Factor

Sum Weighting Factor times Line-of-Sight Velocity

Save Line-of-Sight Velocity and Tangential Velocity
at Focal Point

Find Maximum and Minimum of Line-of-Sight
Velocity

Compute Centroid of Velocity versus Current in
Detector (Weighting Factor)

1

Compute Absolute Maximum of Line-of-Sight
Velocity

7

[ Print Output of Line Printer l

- |

rP11ot Data on 5SC4020 |

l Return to Start for Next Case J

Fig. B-8 - Flow Chart of Laser Velocimeter Volume Scan
Simulation Program
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B.14 LASER VELOCIMETER VOLUME SCAN SIMULATION PROGRAM LISTING

% JOPR

SQETURP LBP TAPFE ¢ 8C4N20

SASSIGN SYSLR?

SEXECUTFE 1B8U0R

SIRJNR LMSe~ MAP

EIPFTC MAIN DFCK

C

C LASFR VELOCIMFTER VOLUMF SCAN SIMULATION PROGRAM

C

C THIS PROGRAM SIMULATFS ONE VORTEX AND SCANS IT WITH ONF LASER
C VELOFIMETER, OUTPUT ON SC4020 PLOTS ARE AIR VELOCITY AS A FUNCTION
C OF PASITION,

c

C THIS PROGRAM COMPUTES LINE OF SIGHT VELOCITIFS AND

C WEIGHTFD LINF OF SIGHT VELOCITIFS.

c SC4Nnsn PLOTTING 1S PERFORMED

C VFLOCITY CONTOURS

c

C

C NAMFLIST ( INPUT)Y

o

C GAMMAC CIRCULATION

¢ we FRFFQTREAM VFLOCITY

C LN FDONPY VISCOSITY

C 7 VORPTFX AXIAL COORDINATE FROM SOURCE

(o oP POSITION OF A POINT ON THE VORTEXY AXIS

C PQ DIRECTIONAL VFCTOR FOR VORTFX

C PHT1 STARTING PHI

c OHT? FNNING PHI

¢ NOH 1T NUMRFR OF FVYFNLY SPACED PHIS

c THETA STARTING THETA

C THETA? ENDIMG THFTA

e NTHETA NMIMRFR OF FVFNLY cSPACED THFTAG

r nISTY STARTING RANGF

c nleTs FNPING RANGF

c NDIeT NUMRFR OF FVENLY SPACFD RANGFS

c =181 INCINFNT wAVF AMPLITUDF

G R RANIUS OF TFLFSCOPE APFRTURF

c FLAMAA WAYF LENGTH OF LIGHT

Cc OLENAT PULSF LFNGTH

c NnZERA PROFILF NRAG NF THFE AFROFOIL

C PHO NENSITY OF ATMOSPHERF

C ICHNIC cLAG

c ICHOIC = 1 CONTINUOUS WAVF LASFR

¢ ICHNIC = 2 PULEFD L ASFR

s ICHOIC = A PFRFFCT VFLOCITY DETFCTINN
C MNUE 1AM HALF THF NUMRFR OF EVENLY SPACFD POINTS yern [N
c THF WEIAHTING

c 1o0T FLAG

c 10UT = 1 NO VELOCITYS ARF DPRINTER

C INUT = 2 PRINTS ONLY VELOQCITY SPECIFIFD
' BY IPLOTI

c IAT = 3 PRINTS ALL VFLOCITIFS

¢ 1PLAT ) FLAG

C 1PLAT = 0 NO SC4n20 PLOTS

c 18LOT = 1 eCa4nPn pPLOTE

r 1277y FILLAG

c 1IPLOATYL = | PLNTS CFNTROIN OF WFIAHTEN VELNCTTY

B-34
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IPLOTYI = 2 PLOTS MAX~-MIN OR MAX(ABS(VL))
IPLOTYI = 3 PLOTS LINF OF SIGHT VELOCITY.
IPLOTYI = 4 PLOTS LINE OF SIGHT TANGENTIAL VELOCIT
IPLOTYI = 5 PLOTS LINE OF SIGHT AXITAL VELOCITY
IPLOT! = 6 PLOTS VELOCITY
IPLOTY = 7 PLOTS TANGENTIAL VELOCITY
IPLOTI = 8 PLOTS AXIAL VELOCITY
1VMAw FLAG
IyMaAX = O COMPUTS MAX=-MIN OF VL
IvMAX = 1 COMPUTS VFLOCITY MAX(ARS (VL))

PLOTING INPUT

NO LINFS RETWEFN POINTS

LINFS RETWFEN POINTS

PHI PLOTED ON HORIZONTAL AXIS
THETA PLOTED ON HORIZONTAL AXIS
DYQTANC: PLOTFD ON HORIZONTAL AXIA
PHI PLOTED ON VERTICAL AXIS

THFTA PLOTED ON VERTICAL AXIS
DISTANCF PLOTFD ON VERTICAL AXIS

COLUMN 10

COLUMN 20

coLtimN 30

PR BN BV e |

COMMAN / ANT / OP(3)s PO

COMMAN / AC? / TITLE(1?R)

COMMAN / AN / V(204206 20N)

COMMNN / AD4 / PHILI(20),s THETL1(20)s DISTLI(2M)

COMMAN / ANE / GAMMACS W8ae UNUS Z

COMMAN / AN7 / Pls R2D

COMMAN / AQQ / PHI1s PHIZ2s NPHIWs THETAls THETAZs NTHETA. DIST1,

« NISTPy NDIST
COMMAN / A12 /7 DPHILYT, DTHFL1s DNDIST
COMMANL / Al14 / D7FDRO, RHO
COMMAN / A1S ,/ VLINF1s VLINF?2, YMYT, VYMAVYT,., D
COMMAN / AP0 / PSIs Res FLAMDAY PLFENGTs ICHOICs NWEIGHs IOUT,
T IPLAT. IPILLOT1s TYMAY
DIMFNMSTION VI(2NaR)4DD(P0YLARLF (8)
DATA LABLE / 6HWEIGHT +3HDVL « 3HVL +3HVTL s 3HVAL + 3HV s 3AHVT +3HVA /
NATA Pl +P2D / 3e1415926s 5729578 /
DATA GAMMACS WBs UNUs Zs OPs PQs PHIls PHI2s THFTAls THETAZ2,
% DIST1s NDIST2s NPHIs NTHFTA. NDISTe NWEIGHs I0OUTs IPLOT
L3 / 16#0e0 3I¥Ne143.0 /
NATA PRlys Ry FLAMDA / 3¥%¥0De /
PATA DLENGT s NDZFROs RHOW ICHOICs IPLOT1s IVMAX / 3%¥0493%1 /
NAMFL 1T / INPUT / GAMMACs W84+ UNUs 7o OPs PQs
1 PHI1Ts PHI?s NPHTs THETALs THETAZ2s NTHETA. NDIST1e DIST2s NDIST
P PQ1., Ry FLAMDA,
3 PLFENGT, D7FRO, RHO,
4 ICHOIC NWFIGHs TOUT. IPLOTs IPLOT1,., IVMAX
10 READ (5,,500) TITLE

SON FORMAT( 12A8)
WRITEF(A+600) TITLFE

60N FORMAT (1H1.30Xe12A6)

INPUT
PFAD (5. INPUT)
WRITE (A INPUT)
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INITIALIZF
NFw = 1
PHIA = PHI11/R2D
PHI® = PHI2/R2D
THETAA = THFTAL/R2D
THETAR = THFETA2/R2D
GO TH (11412413)ICHOIC

1

12

14

13

ASSIraN 4]

TN JCHNIC

A< N
GO TN

Aca N
ASS TN
13 =1
14 = 2
GO T

a4
14

42

aHe

TO

TO
TO

18

50 TO

KCHNIC

JCHNTIC
KCHOIC

AT AN
I3 = R
14 = 4
a0 To

JCHOIC

(P1422616)10UT
ASSTIA/N 31 TO JOUT
AQSTAN 110 TO KOUT
NNTH = 0

GO Tn 17

ASeTAN 48 TO JOUT

ACS TN RS TO KOJYT
NNTH =(1N=13)Y%*NTHFTA
=0 TN 17

A InN 48 TO JNDUT
ASQIaN 86 TO KOUT
NNTH = MTHETA
IF(TIUMAX «GTe0)
AR IeaN Q1 TO
an TA 19
ASSTIAN 92 TO JUMAX
CONT tNUF
nPHY. =
NTHFETA =
PMOIsST =
NlieTL = NiaeTt -
LINF = 100
NPHIL1 = DPHIL®¥R?2D

DTHFE1 DTHETA¥R2D

THETAL THFTAA NTHETA

THETA? = THFETAL*P2ND

PHIL = PHIA = DPHIL

PHIL>2 = PHILL¥*R2D

FACT (PCIHD I HDEADY) AED /FL AMDAR®D
FACT? = FLAVMDA/(PI#R#4#2)

NO 2n 12=1 JNPHT

PHIL»? = PHIL? + DPHILI

PHIL1(12) = 2PHIL2

NO 25 12=1NTHETA

THETA?2 = THFETA?2 + NTHFL 1
THETL1(12) = THETA?

GO TO 18
JvMax

(PHIR = PHIA) /FILLOAT(NPHI -
(THFTAR -
(DIST? =

1
THFTAA)Y /FLOAT(NTHETA
DISTIYI/FLOAT(NDIST - 1)
PDT ST

1)

it

PANGF PO LNOP
K=14NDIST
THETAA -

no 120
THETAL = ATHFTA

B-36
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NleT = PIaTL + NDIST
NIST 1 (K)Y=PTISTL
GO TA JOUT(4R431)
42 IF(LINF + NNTH «LTe &4) GO TO 30
WRITE(6.6MN)Y TITLF

LINF = 1 :
A0 WRITE(E«A20) NDISTLG(PHILI(I2)s12=1NPHT)
EP0 FORMAT (/781X 10HDISTANCE =eF740/12H PHI = +20F6.1)

LINF = LINF + 4

THFETA DO LLONP
31 NO 110 J=1NTHFTA
THETAL = THETAL + DTHFTA
PHIL = PHIA — DPHIL

PHT DO LO0P
NO 1nN T=1,NPHI
VVMAY = =1 ,,F30
VVMIN 1«F3N
PHIL = PHIL + DPHIL
GO T JUCHOTICs (41 442450)
41 NDISTW = 4 #FACT2HNISTL#*X2/FLOAT(2%¥NWFE IGH)
GO TN 43
472 NMNISTW = PLENGT/FLOAT(2¥NWETGH)
42 O1eTw = DISTL - PDISTWHFLOAT(NWFIGH + 1)
N = PANWFIGH 4+ 1
vLW = Ne
WFET = Do

RANGE DO LOOP FOR ILLUMINATFED VOLUME
NO a9n T1=1NW '
NISTw =NISTW + DNIaTw

COMPUTFE we IGHT ING FACTOR
CO TA KCHOIC s (44 445)

a4a D2 = (FACT2H¥NDISTLADICSTI)*%2
WFE = FACTI/(1e 4+ (NDISTL —~ DISTW)¥X2/DL2)Y/DISTWH*2
GO TN 46
45 WAT = 1e
IF(IT «GTe NWEIGH)Y GO TO 60
WE = WATXFLOAT(IT=-1)/FLOAT(NWETIGH)
GO TO 46
AN WE = WATHFLOAT(NW=11)/FLOAT(NWE IGH)

SUM WFIGHTING FACTOR
L4A WFET = WFT + WF

CALL FOR VELOCITY AT POINT NOF INTERFaT
CALILL VFL (VL PHIL s THETALDISTW)

LOOK FOR FOCUS POINT AND SAVE VELOCITIFS
IF(IT oNFe NWFIGH + 1) GO TO 80
V(T ,432) = vL
v1i(l44) = VLINFI
VI(1,58) = VYLINE2
VTOL. = SORT(VMYTH¥2 +VMAVYT#%2)
VI(Tl46) = VTOL

VI(I47) = yMvT
B-37
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V1T 4R) = VMAVYT
NNeTy = D

FIND MAXIMUM AND MINIMUM OF LINE OF SIGHT
TF(VI. «GTe VYMAX) VVMAX = VL
TRV, «LTe VVMIN) VVMIN VL

SUM WETGHTING FACTOR TIMFS LINE OF SIGHT VFLOCITY
vLv = vLW 4+ V0L #wFE

COMPUTFE CFNTROIN OF VELOCITY CURRENT IN DETECTOR
VICT 41y = VLW/WFT
GO TA JVUMAX L (D1 .92)

COMPUTE MAXIMIM MINUS MINIMyM
VI(I«?) = VWMAX ~ VVMIN
GO T 100

COMPUTFE ARSOLUITE MAXTMUM
V1(1,2) = AMAX1(VVMAX 4=VVYMIN)
O To 100 ,
CALL VFL(VI(Ts3)Y 4PHIL «THFTAL WNDISTL)
V1tl,4) = VLINEIL
VI(T %) = VLINFZ2
VTOL = SORT(VMYTH#D 4 VMAYTH®D)
V(T &) VTOL
V(T 7)Y VYMVT
Vi8R VMAVT
DLy =N
V(T eJeK) = VI(I.TPLOTY)

PRINT OUTPUT ON LINE PRINTEP
GO TA KOUT. (BS8A4110)
WRITE(ASAINY THFETLI(J) «{VIT1eJeK)eT1=1NPHI)
FORMAT (AH THFETAFGel 4 ”20F6e1)
GO T~ 110
WRITE(A+&1NY) THETLI(J) o (V1(T1412)aT1=1NPHIT)
N 1n4 12=14,8
WRITF(64611) LARLE(IZ2) e (VI(T1+I2)eT1=14NPHI)
FORMAT (AX A6 +20F641)
WRITE(A«ATIZY (ND(T1) e T1=1eNPHI)
FORMAT (AX«6HRADIUS+20F G 1)
CONT I NUF
LINF = LLINE 4+ NNTH
CONT INUF

CALL PLOTING DBPOGPAM
TECIPLOT «GTe N) CALL DSCAN(INEW)
NFw = N

RETUPN TO <START FOR NEXT CAcF
GO To 10
FND
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vEL NECK
SUBRAUTINFE VEFL(VLINF «PHILsTHETAL +DISTL)

THIS RPOUTINF COMPUTS TANGENTIAL ANPD AXIAL VELOCITYS OF A
VORTFX AT A POINT OF INTREST. ALSO THE LINE OF SIGHT COMPONENTS
EPOM THF LLASTFEP APF COMDUYTED

COMMANL / ANT /7 OB (), PN(3)
COMMAN / ANR 7/ OS(7)s SP(3)s VV(3)e VT(3) +AVT(3)
COMMAN / ACA / GAMMAC, WRs UNUY 7
COMMANL / ANT7 / P, R2D
COMMAN / Ala /s D7FPO, PHO
COMMAN / A1S / VLINED VL INEF2 VMY T s YMAYT WD
08 1< VECTOR FRNOM LASER TO POINT OF INTREST
0SSty = DISTLHSIN(THFTAL)Y*COS(PHIL)
NS(2)y = DISTLHSIN(THFTALY#SIN(PHIL)
NSy = NDISTLX¥COS(THFETAL)
SP 18 YECTOR FROM POINT OF INTRFEST TO POINT ON VORTEX
SP(1y = OB(1) - NS(1)
aP(?2y = OP(?) = 0NS(?2)
eP(Ry = ORP(3) - 0S(3)

VV IS VFCTOR IM DIRFCTION OF TANGENTITAL VELOCITY
CALL. CROSS (SR «PN4\V1V)
\Yauizle! VMAG(PN)
\VALAVAY] VMAG(VV)

i

D 1S DISTANCF FROM yNRTEX AXIS TO POINT OF INTREST
N = My YMPRO
FY = EXP(—WRANKERD /(4 ¥UINUXTY )

VMYT IS MAGNITUDF OF THF TANGENTIAL VELOCITY AT THE POINT
VMVYT = GAMMACH¥(1e = FEX)/(2e*P1¥#N)
VMYTA = YMVYT/ZVYMVY

VT 1S THE TANGENTIAL VELOCITY VECTOR AT POINT OF INTREST
VT(1y =VMVTH#VYV (1)
VT (?) VMY TD#VV(2)
VT (Y =VMUYTNH#YV ()

t

VMAVT 1S MAGNITUDF OF AXTAL VFLOCITY AT POINT OF INTREST
VMAVT = N7FPO*EX /(4 e ¥PT¥RHOXUNLIXT)

VMAVTR = YMAVT/VMPO

AVT (1) = UVAVTOD®*PO( 1)
AVT(2Y = VMAVTDXPO(2)
AVT (1) = VYMAVTND®PQ(3)

VLINFL IS LINF OF STIGHT COMPONFNT COF TANGENTIAL VFLOCITY
VLINEL = =DOTHIVT.0S)/DISTL

VILINFP2 TS LINF NF SIGHT COMPONFNT OF AXITAL VELNCTITY
VLINED = —NOT(AVT+NR) /MNISTL

VLIMF 1< TOTAL LINE OF SIGTH VFLOCITY COMDPONENT
VLINT = VLINFDL 4+ VI_INED?

RFETLINN
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TINETC PaCAN NFCw
SHIRRAUITINFE PSCAN(NFEY)
~
r THIS ROUTINF HANDLES THF PLOTING OF THF VELOCITYS
C
cCOMMANL  A0D / TITLF(12)
COMMANL /7 AN3 / V(2N 2Ny 2P0)
COMMANL / AN4 /7 PTD1(2N43)
COMMAN / ANO / PTN(343)
COMMARNE / ALQ / VVIP0s2C)Ys VWVI(2N20)
COMMAN / A1l / ISYM(2N)s FLDX(1243)e FLLDY(12)
COMMANL / AL2 /7 DPTN(3)
NIMEMSTION LAR(2,43)
NIMENSTON NMPTN({343)
NIMFENMSTON ARC(20)
FOUIWALENCFE (PTDWNPTD)
NATA (LAR(T141)e7=142) / AH PeHHHT = /
NATA (LAR(T42)al=1,2) / 6H THFE « 6HTA =/
NATA (LAR(T4R)al=142) / AHDISTANHBHCF = /
NATA I18YM / 17418419420 421 2223424425 :¢733 1344359 2A¢337+9384+39,
1 40441450451/
NDATA (FLDX(T41)e1=1412) 7/ 6HPHI INWs6H DEGRFE 46HES s O¥ 1 H /
DATA (FLDX(142)01=1412) / EGHTHETA +6HIN DFGs6HREFRS Q¥ H /
DATA (FLDX(T+4)sT1=1+¢12) 7/ 6HDISTANIEHCF IN +6HMETEFRSO%1H /
NATA FLLDY 7/ 6HVELOCT «6HTY IN +6HDIRECT+6HION OF «6H LASER.
*® A6H ME= 4 AHTERS /S 4 AHFC sa¥1H /
NDATA ARC /ZPHAZ s 2HR = 1 2HC = ¢ 2HN= s PHE S 4 PHFE = ¢ PHG= o 2HH= « 2H I = s PHJ= 0 2HK = o
F 2HL =2 s PHM= s 2HN= 4 2HO= ¢ 2HP =9 PH=Q s PHR= ¢ 2HS= 4 2HT =/
CALL. CAMDANV(O )
-
~ CALL FOR PLOTING OF ITNPUT
CALL RPINPUT
~
~ REAN PLOTING INSTRUCTION
c TLINE = n INNDICATFS NO LINES RETWEFEN PLOTED POINTS
e TLINFE = 1 INDICATES LINFES RETWEEN PLOTEND POINTS
o IX = 1 INDICATFS PHI TO RE PLOTED ON HORIZONTAL AXIc
C IX = 2 INDICATFS THFTA TO RF PLOTED ON HORIZONTAL AXIS
C I¥ = 3 INDICATFS RANGE TO RBF PLOTED ON HORIZONTAL AxIS
C Iv = 1 INDICATES PHI TO R|F PLOTFD ON VERTICALL AXIS
C tYy = 2 INDICATFS THETA TO RFE PLOTFD ON VERTICAL A¥YIS
C TY = 2 INDICATFS RPANGE TO BF PLOTED ON VFRTICAL A¥1lS

17N DFEAR(S,60N) TLIMNT, Ix, 1V

AR FORMAT (311N)
IF(IY o«LFe N +0ORe 1Y J_Fe 0)Y GO TO 4nn
17 = 6 - IX - 1V

NY = NOTN(2,41X)

MY = NPTR(R,1V)

N7 = NPTN(3,17)

NNY = NY

ITFCTILINE ofTe C) NNX = =N¥X
NO 2AN Kz=1 4N7

\/MA\( ==14F3AN

VMIN = 14F3N

AN TA (172413414)41¥%
12 A0 TA (1541601 7)41Y
12 GN T (1R415,19) 41V
14 GO TR (PNeP1415) 41V
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15 WRITE(AAIN)
AINA FORMAT(27H ¥%3¥# FRROR ##¥* ¥
O TA 1N
16 ASETAN 24 TO 1D Soe
. RO TA 4n
17 ASQlAN 27 TA IR
N oTA 4n
12 ASeTan 2A TA 1D
cO Th 4n
19 A<SInN 290 TO 1P
A0 TA a4an
2N Ace TN R0 TO IP
cD TA a4n :
21 AS<eIm~N 31 TO 1P
4N NC 41 J=1.NMY
PO 41 1=14NX
CN TR IPG{2PA¢2PT7ePR4PO¢30431)
PA VVIT4J) = Viledex)
"0 TA 22

AT UVITGJY = VITee )
~O TN P

22 YV T4J)Y = VJelaeKk)
cO T~ 2

2O UVT 4J)Y = VIKele)
"D Th 22
30 UVITaJ) = VUKl
~O0 TA 32
1 WWITed) = V(Kede D)
22 TF(VV(Ted) oFTe UYMAX) YMAX = VYV (T4J)
41 1F(VVLTeJ) oLTe VYMINY UYMIN = vy(T1+J)
TF(UYMAYX JLFe VYMINY GO TO 200
ANV (YMAY - YMIN) % PR
L=nN"
1TA = nnvu*innnn,
TA=1714
s~ LL=l+1
IA=1IA/10
IF(IANEOY GO TO SO
NV = (TIA/Z10%%(L=1))%*10%*%(L~-1)
MV = PYE  ANNT
N0 = g2 MY
ND 8= 1=1N¥Y
TR OAVYVITed) = WITed) + DURFLOAT(U-1)
VMAYY = YMAY 4+ DU¥FLOAT(NV=1)

PLOTS VARITIARLF OF HORIZONTAL AXIS yFRSu< yELOCITYV
CALL QUIKZL (=1 +PTD(1eIX)sPTD(24 IX) s VMINIVMAXX s ISYMO1)sFLDX(1eIX)
T FLOVNMY PTDI(14IX) VW (101))
NO 1N J=2 4Ny
100 CALL QUIK3L(O«DUMSDUM eNDUMDUMS TSYMJ) sDUMITBUM GNNX ¢ PTD1 (101X ) o
SAVAVAVA S IR R IS |
CALL PRINTV(T2+sTITLF s 32,10Nn8)
CALL. PRIMTVIDNWLAR(1417)e616.088)
CALL LA VIPTNI(KsT17) « 7N44QRBe—6e ] 46)
CALL. PRINTY( 44 4HNV =4840, 98R1])
CALL LARPLV((NV B8N, QR ~As1+6)
CALL. FRAMEY
SALL PRINTV(72.TITLFE 124, 10Nn8)
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CALL. PRINTUVIINGLAR(1,17)e74Nn,4,10N08)

CALL LARPLV(PTNI(K«17) +sRPB4 1NNAB¢ =B 1 k)

CALL. PRIMTV(IRWFILNDY(1+4IX)ea44N414)

CALL. ADRNTV(N =1A41BFLDX(141Y) 4 164656)

CALL GRINIVI2aPTN1+ IX)sPTRI24IX)sPTN14IY)«ePTDI24 1Y) aDPTNITIX)

TDRPTR(TIY) s BN BN =P =P =5 ¢~5)

-1

223

224

N
Ny
n

™)
)
bl

TANBC = t4a
JARC = 1AR
1€ =1

NV = YMAV /R,
VCON = Ny

IF(VYMAXY o«LTe Ne) VCON = VCON ~ Hae
VCONY = YCON

TF(VAON oL Te YMINY GO TO 225

CALL PRINTV(24ARC(KK) s TARC 988 )
CALL LLABLVI(VCON« JARC +9884¢34143)
NO 2N T=14NX

Ty=?

TE(VEON oGTe VWI(Te1)) Tv=1

MO Don J=2 4 NY

GO TR (PPP4223),1V

IF(VAON «GTe VVY(T4J)) GO TO 220
v = 7

O TN 224

IF(VrON ol.Te VV(T4J)) RO TO 220
Iv =1

VP = (VCON = YV 4J=1))1/7(VUV(TaJ)=VV(I4sJ-1))

VPR = YPH(PTDI(JY +1Y)I=PTD1(J=-1+1Y)) + PTD1(JI=1,1Y)

PLOTS VELOCITY CONTOUS
CALL APLOTV(1L«PTPDI(TsIX)aVVUPs1s14141SYMIKK) 4 1IFRR)
CONT TNIF
Kie= e+ ]
VCON = VCON -~ &,
1A3C = TARC + 56
JABC = JARC + =6
~0 T 210
KiK=1
VCON =y CONI v
IF(VeON JLTe VMIND) GO TO 200
ND 226 J=1 ¢NY
Iv = »
TF(VAON ¢GTe VYWTaJ)Y TV = 1
NO 226 T=P 4N
GO T (2274228)4 1V
IF(VAON «GTe VVI(T4J)Y)Y O TO 226
v = 2
GO T PPQ

IF(VAON JLTs VWITWJ))Y GO TO 226
v =1
VO = (VCON = VVI(IT=14J))/(VV(T+J) = VVII-14U))

VVR = YPX(PTD1I (T «IX) = PTDI(I=1,4IX)) + PTDI(I-141%)

PLLNTe VELACTTY CONTOHUIS
CALL ARPLOTV1«VYVPIRTNI(JsIY) els 10l IQYNM(KK) , IFRB)
CONT 1 NLF
KK = e 4+

B-43



VVCON = \yCON
GO TA 272N
CONT N IF

SO0 T 10
CALL CLFAN
RETLION

END

-3

(2N
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CLIRDALITINE DINPLT
COMMARN / AN /7 NB(R) e PO(3)
COMMAN / ANP / TITLF(12)
COMMAN / ADGR / GAMNMAC , UBe UINMJe Z .
COMMAN 7/ A0SO / PHI1s PHIZ2s NPHIs THETAls THETA2s NTHETA. DIST1
« nleT>, NDIST ' '
COMMAN / Ata / DZFERO, NHN
COMMANN /7 AP0 / PS1s. Re FLAMNDAS PLFNGTs ICHOICs NWEIGH. TOUT
* IPLAT. TPLOT1s I1VMAYX
CALLLL eCouTV(o )
WRTTE (1RANN)
WRITE (1646Nn0) TITLF
FORMAT (1H1.24%X, 12A6) . '
WRITE (1/A4A10) GAMMAC, W8Bs UNUs Zs ORPs PQs PHI1s PHIZ2s NPHI
1 THFTA1s THTA?s NTHFTAs DIST1s DIST2s NNDISTe PSTe Re FLAMDA,
2 PLENGTs DZFROs RHOs ICHOICs NWEIGHs I0UTs IPLOTs IPLOT1. IVMAX

FORMAT(//81 X« 16HNAMFLIST (INPUT)Y s/ /
1 12H GAAMNMAC TeF16e843X 01 THWAR T TeF16eRa3Xy
2 114Ut TsF 166 B4 3IXs11HZ =sF1AeBYy/
I 12 OP( Y1) = 4sF16eBR43Xe11HORP(2) = eF 166843,
4 11HOP () =eF16eRy/
= 12K POC1) T eaF 16 R4 X1 THPO(?2) =sF1AefRe3X
() 111P0 () =2sFl1heRy/ .
7 124 I T 4sF16eRy X1 1HPHLI? Z4F1HeR¢43X 0
” JENNINI=1 S0 =4 1R/ .
O 12H THFTA) T eF16eB 43X 1 1HTHFTA? ZeF 16e84¢3%0
1Al 11 HNTHETA =418/
R 12H DISTI ZeF166Rs3AXe11IHDIST2 TeF 1668 e3X,
C R EELUAR Ak =4 IR/
N 12K PS1 ZaF16e8¢3%Xs11HR TeaF16684¢3X%
F 11 HFI_AMDA = 4F 16e8s 33X 1 1HPLFNGT =eF 16684/
F 12H N7FERO T sF166843X%s 1 1HRHO TR 16e¢843X
~ 1tuicHOIC e l8e1 11X o1 THNYFIGH =4 18Bs/
H 124 TOUT =esJRe11¥% v 11HIPLODT e 18e11Xo
1 11wt PLOTY =.1Re11Y¥ ' 1 ITHTIVYMAYX =4 18)
NID
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EIPFETC CPNce
SURDANTINFE CROSS (VAR WYEC)

SURPRAUITINFE TO PFRFOARM CRNSS PROMPUCT

VECTAR VA 16 CROSSFD INTO VFCTOR VR TO FORM VFCTOR VvC
NIMEANRTON VA(R) «VR(3) VVC(3)Y

VE1 )y =VA(2YIYRVR () =\VR{ D) HVA (D)
VCI2y=VA(IY#VR(1)=VRII)HFVA(1)

VY 2VA(1YR*VR(2))=VYRI 1 Y*VA(R)

DT TUIAN
EAD

®IRFTC NOYT
FUNCTINON DOT(VAGVR)Y

FUNCTION TN PFRFORM NDOT PRONDUCT

NIMENMSTON VA(3)s VR(3)

NOT=vA(1)#VR(1)+VA(2)XVR(2)+VA(3)*VR(3)

VECTOR VA IS DOTTED INTO VECTOR VB TO VORM THE SCALAR DOT PRCDUCT

@

Q]

PETUMN
FND

TIRFTC YMAR
FUNCTTION VMAG(VA)

FUNCTINON TO NDETERMINE yECTOR MAGNT TUDF
NIMEMQTON YA ()

-

VvMAG =
RETLION
FND
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NECK

NFCK

NFCK

SORT(VA(II*VACL)Y+VA(LIHVALR2)I+VAIR)YHVA(3))

cCRONN

CRONA,
cROMN

crROANA.
crROAN!
CcRONO
CRONN’
cRONN:
cROAN

noTnAn
DOTHAN
noToN.
DOTON!
noTor
DOTNN
poTNAn

yMAnS
yYMANN,
\VA\F:Yaln
VMAND
\VA' N Yalak
VMANA



TOAT A

EXAMPLE FOR VOLUMFE SCANNING PROGRAM

TINDLT

GAMMAC

= 77%en

WO = 7743,

FINL) =

NAOYV /L

7 = 10PAL.

N7ERO = EANNN,.
NDHO = 1,1G2,

ND = Ngy Negy BNga
PN = 1layg Nee Nas
PHTI1 = 74,

PHI? = =4,

NPHT = 11,
THFETAL1 = 484
THFETAZ = 4P
NTHETA = 11,
NIRRT = 67
NTET? = 71e.
NRTEeT = 11,
FIL.LAMPDA = NRNNLING,
PeT = 140 '
ICHOIC = 1,

R = oNTAP,
NWFIGH = 12,
[OUT = =,

I1PLOT = 1.
IPLOT1 = 1.
TyMAX = 1,

LMSC-HREC D225936
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Appendix C
LASER VELOCIMETER LINE SCAN SIMULATION PROGRAM

C-t@®
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Appendix C

C.1 DESCRIPTION

Program simulates one vortex and scans it in a straight line with one

or two laser velocimeters. A sequence of vortex positions, scan positions

and laser parameters is automatically run for comparisons, Outputs are

plots of velocity versus position.
C.2 CAPABILITIES

1. Vortex can be in any position,

2. The tangential and axial velocity profile of the vortex can be
input with different values.

3. Constant winds can be added.

4. The vortex positions, scan positions and laser parameters
of the automatic sequence can be altered,

5. For two lasers the separations may be altered.
C.3 RESTRICTIONS

1. Infinite S/N is assumed.

2. Aerosol is assumed to be constant throughout the vortex.
3. The vortex is assumed to be uniform along its length.

4. The vortex axis is assumed to be a straight line.

5. No change in vortex position or strength is allowed with change in
time.

c-1 (&)
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6. Scanning is restricted, for one laser scanning is either in line
with the laser (range scan) or perpendicular to that line (lateral
scan), For two lasers, the scanning is the same as if there were
one laser directly in between the two and the single laser con-
trolled the scanning,

C.4 POLAR COORDINATE SYSTEM OF LASER

The laser's focal point orientation is represented in a polar coordinated

system in the XZ plane of the rectangular coordinate system,

Laser

Focal Point > Y

N

X

The transformation from the polar coordinate system to the laser's rectangular

coordinate system is

=r_ cos ©
s s S

=0
s

=r sin 6
s s s

C.5 SCANNING OF LASER

With one laser the scanning is done with r constant (LATERAL SCAN)
or with Bs constant (RANGE SCAN). With two lasers the scanning is treated as

C-2
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in the one laser case but using a reference point directly between the two lasers.
A sample of these is shown in Fig.C-1. In this figure the vortex is shown in its
normal position with its axis parallel to the Y axis of the rectangular coordinate

system.

C.6 COMPUTATION OF TANGENTIAL VELOCITY COMPONENT OF VORTEX
IN DIRECTION OF LASER

This is computed the same way as shown in Appendix B.

C.7 COMPUTATION OF AXIAL VELOCITY COMPONENT OF VORTEX IN
DIRECTION OF LASER

This is computed the same way as shown in Appendix B.

C.8 COMPUTATION OF VELOCITY INTERPRETED BY A COAXIAL FOCUSED
LASER DOPPLER SYSTEM

This is computed the same way as shown in Appendix B.

C.9 COMPUTATION OF VELOCITY INTERPRETED BY A COAXIAL PULSED
LASER DOPPLER SYSTEM

This is computed the same way as shown in Appendix B.

C.10 COMPUTATION OF VELOCITY INTERPRETED BY A COAXIAL FOCUSED

CONTINUOUS WAVE LASER OR A COAXIAL PULSED LASER USING THE
HIGHEST ACTIVATED FILTER TECHNIQUE

In addition to the centroid method described in Appendix B this program
can use the technique of highest activated filter. The same weighting over the
illuminated volume is used but in this case the weighting value for each sampled
location is added to a slot representing a filter sensitive to a particular velocity
range. After the illuminated volume has been sampled, the line of sight velocity
representing the volume is chosen to be the mid point of the filter, representing

the highest velocities, which has a predetermined fraction of the signal or more.

C-3
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Reference Sweep
/ l.ine

" Site Line

Vortex
Axis

Line of Sights

i1-D Lateral Scan

Reference Sweep Line

%rence Sweep Line

\ /f/ , Site Line

T By

2-D Range Scan

Fig, C-1 - Scanning Nomenclature
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C.l11 INPUT FOR LASER VELOCIMETER LINE SCAN SIMULATION
PROGRAM :

The (irst input is a title card (columns 1 through 72), Then three name-
lists comprise the remainder of the input, Their names are VORTEX, SYSTEM,
and SCAN, They must be input in that order, All input variables have preset
values, The values describing the vortex velocity flow field are representative

of that produced by a Boeing 747 while landing.

Namelist VORTEX has the following variables,

Name Preset Value Units Description

GAMMAC =~ 729.0 n-m-sec/kg Circulation of vortex from
generating aircraft,

w8 717.3 m/sec - Freestream velocity

UNU .0914 mZ/sec Eddy viscosity

Z 1000.0 m Down stream distance of
vortex from generating
aircraft,

DZERO 50000.0 N Profile drag of the aerofoil

(used for axial velocity, If
no axial velocity wanted set
DZERO to zero),

RHO 1.192 kg/m3 Density of atmosphere
VROTH 0. deg Vortex rotation about
reference sweep line
VROTHC 10. deg Change in vortex rotation
about reference sweep line,
VROTV 0. deg Vortex rotation about site
line,
VROTVC 10, deg Change in vortex rotation
about site line
NRANGE 2.0 none Indicates nominal vortex
range
VRANGE(8) 50.0 m Vortex ranges
100.0
300.0
1000.0

C-5
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Name

VMAX

VMIN

Namelist SYSTEM has the

IUNITS

ICHOIC

PSI

FLAMDA

NR

R(8)

NPLENG

Presct Value Units

3000.0
5000.0
-1.0
-1.0

34.0 m/sec

0 m/sec

1.0 none
1.0 none
1.0 -

.0000106 m

2.0 none
0.1 m
0.2

0.3

0.5

1.0

2.0

4.0

6.0

2.0 none

C-6
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Description

Upper velocity bound on plotting
scale

Lower velocity bound on plotting
scale

following variables.

FLAG
JUNITS =1 indicates one laser
IUNITS =2 indicates two lasers

FLAG

ICHOIC =1 indicates continuous
wave focused laser

ICHOIC =2 indicates pulsed
laser

Controls magnitude of weighting
factor. Leave set to 1.

Wave length of laser light

Indicates nominal radius of
telescope aperture

Radius of telescope aperture

Indicates nominal pulse length
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Name

PLENGT(8)

WEIGHL

IABS

SLASER

DLASER

EILASER

Preset Value Units
30.0 m
90.0

150.0
300.0
900.0
-1.0
-1.0
-1.0
0.5 m
1.0 none
0.0 m
0.0 m
100.0 m

LMSC-HREC D225936

Description

Pulse length

Distance between sample points used
in weighing

Flag
IABS =1 indicates no distinction be-
tween negative and positive velocities
are detected
IABS =2 indicates positive and nega-
tive velocities are detected,

Distance of half laser's separation
along site line

Distance of laser from sweep plane

Distance of lasers from site line in
sweep plane

Namelist SCAN has the following variables,

IDIREC

SCAWL
SCANR
NSWEEP

SWEEP(5)

1.

30.

0

0

none

none

Flag :
IDIREC =1 indicates lateral scan
IDIREC =2 indicates range scan
Scan length
Scan resolution

Indicates nominal sweep position

Sweep positions
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Name

IVMAX

IWEIGH

WFEFILT

DETLEYV

OFSETX(2)

OFSETY(2)

OFSETZ(2)

WIND(3)

Preset Value

Units

none

none

megahertz

none

m/sec

LMSC-HREC D225936

Description

Flag
IVMAX =1 indicates the maximum
minus the minimum line-of-sight
velocities observed in the illuminated
volume will be plotted as X.
IVMAX = 2 indicates the maximum of
the absolute line-of-sight velocities
observed in the illuminated volume
will be plotted as X.

Flag
IWEIGH =1 indicates that the highest"
activated filter will be plotted as W
IWEIGH = 2 indicates that the centroid
of the weighted velocities will be
plotted as W

Band width of filters

Detection level in fraction of signal
for filters

Offset of laser focus point along site
line due to misalignment

Offset of laser focus point from scan
plane due to misalignment

Offset of laser focus point along sweep
line due to misalignment

Constant WIND vector

After case is completed, control returns to start of program,

C-8
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C.12 OUTPUT FOR LASER VELOCIMETER LINE SCAN SIMULATION
PROGRAM

The input is outputted on both the printer and the plotter. See Fig. C-2,

The remainder of the output consists of five plots each containing three
graphs with four curves. Examples of these are shown in Figs. C-3 through C-7,

The four curves that appear on each graph are identified by four letters W,

X, T and L. They are all velocities plotted as a function of position.

W is velocity of the highest activated filter or as indicated by the
input IWEIGH, or in other cases W is the centroid of the weighted
velocities,

X is the maximum of the absolute line-of-sight velocities observed
in the illuminated volume, or as indicated by the input IVMAX. In
other cases X is the maximum minus the minimum line-of-sight
velocities observed in the illuminated volume.

T is the norm of the total velocity vector at the focal point.

L is the line of sight velocity at the focal point.

The first plot Fig. C-3 contains three graphs in which each represents
a different sweep position. For the lateral scan, the sweep position represents
a difference in range between the vortex axis and the sweep. For the range
scan, the sweep position represents the distance that the sweep has missed the

axis.

The second plot Fig, C-4 contains three graphs inwhich each one represents

a different vortex range. The center graph is identical to the center graph of
Fig. C-3, This graph is called the nominal, It appears in the center of each plot

and only one parameter for each of the plots will vary with the graphs.

The third plot, Fig, C-5, contains three graphs in which the vortex is ro-

tated in different amounts about the reference sweep line,

The fourth plot, Fig.C-6, contains three graphs in which the vortex is

rotated in different amounts about the site line,
C-9
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The fifth plot, Fig, C-7, contains three graphs inwhich the telescope
aperture radius is different for each. Or in the case where a pulsed laser is

used, the three graphs represent different pulse lengths,

For two lasers W, X and L are the resultants from the components seen
by the two lasers. However, since X has no sign, it often badly represents the
velocity. T is still the norm of the total velocity vectcr at the focal point. In
the event of misalignment the focal point that T represents is that of the second

laser.
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VRANGE (1)
VRANGE (3)
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10IREC
SWEEPP (1)
SWEEPP (3)
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CF SETZ (1)
" WIND (1)

Fig. C-2 - Output for Laser Velocity Line
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FILTERS
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a,300000008 o2

0,10000000€ 04
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4
0.50000000€E 00
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Scan Simulation Program

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



=N

ARG\ -

<<emAQOrRg

AMONE Z=

FTgmAQFrRae

AMBNE =T

LMSC-HREC D225936

-es Ty -

CASE WO 24 1 LASER  RAMGZ 307  LATERAL SCAN FILTERS Norm, X = Max(ABS (VL) © -
sn£EP POSITION 13 -2.999:19° 77 v = Total - L s LI OF SIeT W = NIGH ACTIVATED FILTYER
[ T % , )
! 2 N AN
amEA Pk
J kY A N
! N
v s %
b g \ I K
J o & 7
- J ;
St g & J
- Vol I/ ;
P < Y A Wil !
M\
'\.‘_ Y
o
-14 -12 -10 -8 ) -4 -2 K e [ [ [ 10 18 te
DATA POINT POSITION WITH RESFECT TO SITE LINE IN METERS
SWEEP POSITION IS 0.00ax10"
|
30
/ AY \
b0
\Y |
\ ]/ X 1
- . et .
P ol g H ."N. 5 o i
{8 S “ i el S
LY i .
¥ -
) I
-14 -18 -10 -8 -0 -4 -2 0 [] 4 [ [ 10 12 14
OATA POINT POSITION WITH RESPECT TO SITE LINE IN METERS
SWEEP POSITION I8 -7.070x10%77
3 J; |
m "
\ ] T
X \ / X —
; } #0 .
- \ \ / / R [
\ ) ] ] i
; - I b A
o N \
— B h\ {s] Fd
e Y \l | ]
a T AR ¥
N/ L
X W - —
oy 4" I
-16 -12 -10 -8 -6 -8 -2 o e 4 O ® 10 12 1e

DATA POINT POSITION WITH RESPECT TO SITE LIKE [N METERS

Fig. C-3 - Example Output

C-12

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



g2 nQrAe

nNRe\R B

ARONE R <S<=oAOrAg

daa2RDrRe

nReNZ

LMSC-HREC D225936

CASE MO 24 1 LasiR RANGZ 390 LOTERAL OCAM FILTERS Norrm., X o MARCAGS (VL))
vRTEX mAME 18 1.999m0"03 T Topa] L% LI O SIT W e Witk ACTIWTED FiLren
' LA 1 ul
30 '
/ A\ X
\ fi
y 4 AN
) 4 5) AN
4 \
\ )|
I
?‘M 2 _]{
(W2 Y17 .
\I /
-14 -18 -10 -8 -6 -4 -2 0 2 [ ] 8 10 12 14
OATA POINT POSITION M TH RESPECT TO SITE LIME [N METERS
VORTEX RANGE Is 3.000x0°Y%
i1 ) [
\
x’~..1 K m o, 4
] o’ \ 1 s,
' @ P e, A,
b '*. 2 L_ &‘ .
& LS J \ = - _L:_‘;
L)
of
-14 -18 -10 -0 -0 - e -8 e 4 . . 10 18 16
OATA POINT POSITION WETH RESFECT TO SITE LINE IN KETERS
VORTEX RANGE I8 1 xt0*0% Case 2
‘.% | {
i )
yan 5 %
| SZa N1
:: - X 1 -
X
0
-18 -1 -10 -8 -0 -4 -2 [ 4 [) o 10 12 14

DATA POINT POSITION Wi TH REQFECT TO SITE LINE (W METERS

Fig. C-4 - Example Output
C-13

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER




AP Mg

ARG NSE Bw

<t~ AOrAe

LB X NS 4 e

SHIMADPIrRQ

APIBNE Bw

CASE MO 24 1 LASER  RANGE 337  LATERAL SCAM FLTERS Norm.,
VORIEX ROTATION ABOUT REFERENMCE SWEEP LINE IS 3.0mxa’"' 1 = Tota

LMSC-HREC D225936

X = MAN(ABS (VL)) *
L = LINE OF SIGHY W = MIGH ACTIVATED FILTER

VORTEX ROTATION ABOUT REFERENCE SWEEP LINE IS 0.099x190

NV ss SHE r i ]
BB 4EENEE 7AREBRY i
W% B B
jaea N\ [/ v
ALAN £/ \
)l 1Y) M/ AN
/ K18/ AN
{1\. :'; kq\
i '
‘30
— ‘\' \ - F~4
L3
AV
¥
0
-14 -12 =10 -0 -0 -4 -2 % 2 4 [ ] [ ] 10 12 14

DATA POINT POSITION WVITH RﬁHECY TO SITE LINE IN METERS

\\ 30 A |
y o S -
'/ A 7 \ L
y 4 k % ~ i
\ )i K ‘
1 I I
"F 0 '*43_;\4_ :
I AL Thetr, gy L !
g ‘% 1 h:w:;;uh&s?
5\ |
-4 -1 -10 -8 -6 -4 -2 0 [3 4 O [) 10 12 14
DATA FOINT POSITION WITH RESPECT TO SITE LINE IN METERS
VORTEX ROTATION ABOUT REFERENCE SWEEP LINE {8 -3.079xt0°7!
h | K, i
30 7 HE
=, 4 i
=N\ a L
&Y ¥/ '
x 3\ Ff / AN
;4 1N/ AN :
' W KA L
= / |
d {\\.\ i .
- 3l ; :
=0 G A - R :
“l \ et ¥~ .
- A4 e ey
\ Ll
L T
of A
ey T 10 -6 1 -4 -z ) e r} e N 10 12 14

DATA POINT POSITION WITHM RESPECT TO SITE LINE IN METERS

Fig, C-5 - Example Output

C-14

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER

1]



S¥IL3IN NI INII 1IC O) 1D3463% HI ¥ HOILISOd INIOW VIVD

LMSC-HREC D225936

v 33 [+}3 ] [ ] | 3 3 - ” - [ 2 e - ot~ 38~ LA A
) @
&2
4 )
o Sl
S
/
ﬁ_ﬁ /
R\ [ ] A
1 ] T
uOOG—k_uﬁ.o €= 81 I IS LN0VY NOILVION XJLUDA
SUIL I NI NI 3UIC O 10343 WL IM NOILISOd ANIOd VAVO
»3 31 ot » * » 2 3 - v - 9 - ot~ 3~ »i-
Q
u»w
= g
o
i
| \
'/
1 1 1 i
OIXGO0'0 61 2417 3118 ANOGY NOILVAON X3ILMOA
suziaw N1 1T 3118 o1 153588Y KM 211800 iNlow VIVO
»l at o3 o ) » 2 3 - v - .- 03- st~ 4 o
0
|
r
1
F o
/4
\
L \ - Ee
J »%H
1 IR T B E B =
WAV QU VALILIOY MpIH = A AWDIS 20 M1V =2 Y - ...H.muO.H._ z 3 -Ooo‘g € SI1 I IS LACGY WD ILVAOF UL WA
rors (CIAIEQVIXWE & X "WIION SEILVIE @AVIS WUV K4 IV NFEVI I 02 On DSV

L
.J e

=2 E\owv

PH IO VmE

PUIO0OVREE w2 ZwOwv

=g R\Ouyv

PO Vemr»

1

Fig., C-6 - Example Output

C-15

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



&
——

<tAamNOFrRQ

ANAPNE R=

<a=AQrmce

AR NEg b )

AP RQ

AMONZR R o

LMSC-HREC D225936

1
aBerna, b

‘.

CASE 30 24 1 LASER RANGE 397  LATERAL SCAN FILTERS Norm, X 2 MAXCABS(WL)) - UUT
TELESCOPE maDIUS IS 3.999ma 2! 13 Tota L= LINE OF SIGHY W = HIGH ACTIVATED FILTER
i [ 1]
NRED |
A\ N\
5 ; 3]
i\
\ I
o' . L
i1 \FFGM
|
0
Y -12 -10 -8 -0 - 4 -2 [ 4 . . 10 12 14
DATA POINT POBITICN WITH RESPECT TO SITE LINE IN METERS
TELESCOPE RADIUS IS 2.009X10
1 1 F:%
30
fi \ 3\
0
\
\ [
‘4 0 - 1
\ ]
Ty \[J et
¥
“ 0
-14 -18 -10 -8 -6 -4 -2 ) e 4 [ [ 10 12 16
DATA POINT POSITION WITH RESPECT TO SITE LINE IN METERS
JELESCOPE RADIUS IS 1.000x10 2}
1 i
\ [
4 L N
.4 2 N
\ I
' .
: X : —H-
V] i Vb LT
\ I / - i }3
° —
-14 -12 -10 -8 -6 -4 -2 e 4 [ ] [} 10 12 14

DATA POINT POSITION WITH RESPECT TO SITE LINE IN METERS

FigA. C-7 - Example Output
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C.13 EXAMPLE RUN FOR LASER VELOCIMETER LINE SCAN
SIMULATION PROGRAM

As an example, the axial component of the vortex 1000 meters downrange
from a Boeing 747, will be examined, For the nominal case, let the vortex be
parallel to the Y axis at a range of 300 meters, For the laser system, one con-
tinuous wave focused, CO2 laser will be simulated. Assume that the velocity sign

cannot be determined, Let the nominal telescope aperture radius be 0,2 meters,

A lateral scan of 30 meters with 0,5 meter increment is used, Let the
nominal sweep portion go through the center of the vortex, On the W curve
the filter response is observed, and on the X curve the maximum velocity in

the focal volume is observed,

The first input must be the title card, CASE NO, 24 1 LASER RANGE
300 LATERAL SCAN FILTERS,

The next input is the namelist VORTEX for its variables,

GAMMAC _ leave preset to 729.,0
w8 leave preset to 77.3 Set for Boeing 747
UNU leave preset to 0,0914
Z leave preset to 1000
DZERO set to 0 ‘Since ro axial velocity
is desired
RHO leave preset to 1,192 Typical low altitude density
VROTH leave preset to 0
VROTHC set to 30 To look at larger off-
nominal vortex rotations
VROTV leave preset to O
VROTVC set to 30 To look at larger off-
nominal vortex rotations
NRANGE set to 3 300 meters is the third
preset value for VRANGE
VRANGE leave as preset
C-17
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VMAX leave preset to 34 Good value for selected
vortex
VMIN leave preset to 0 Since all velocity will be

positive, zero is a good
lower limit

The next namelist to be inputted is SYSTEM, For its variables:

IUNITS leave preset to 1

ICHOIC leave preset to 1

PSI leave preset to 1

FLAMDA leave preset to 0,0000106 This is the wavelength of
light emitted from a CO2
laser

NR leave preset to 2 0.2 meters is the second
preset value for R

R leave as preset

NPLENG leave as preset This is of no significance
since pulses are not being
used

PLENGT leave as preset

WEIGHL leave preset to 0.5 This is a reasonable interval

: to sample the illurninated

volume

IABS leave preset to 1

SLASER leave as preset ,

DLASER leave as preset No significance, since only

ELASER leave as preset one laser is needed

The last namelist to be inputted is SCAN, For its variables:

IDIREC leave preset to 1
SCANL leave preset to 30,0
SCANR leave preset to 0.5
NSWEEP leave preset to 3 0 is the third preset value
for SWEEP
C-18
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SWEEP

IVMAX
IWEIGH
WFILT

DETLEYV

OFSETX
OFSETY
OFSETZ
WIND

set SWEEP(1) to -7
and SWEEP(2) to -2

leave as preset to 2
leave as preset to 1

leave as preset to 0,94

leave preset to 0,1

leave preset to 0,,0,,
leave preset to 0,,0,,
leave preset to 0,,0,,

leave preset to 0,,0.,,0,,

LMSC-HREC D225936

Filters are to have an
effective 5 m/sec velocity
width

This is a reasonable signal-
to-noise fraction for the

filter

Perfect alignment is
assumed

No wind

The output from this sample run is shown in Figs, C-2 through C-7,
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C.14 LASER VELOCIMETER LINE SCAN SIMULATION PROGRAM
COMMON VARIABLES

Name Units Liocation Description
AVT(3) m/sec COMMON/A05/ Axial velocity vector

at illumination point —
(rectangular coordinate
system).

D m/sec COMMON/A15/ D is the distance from
illuminated point of
interest to axis
of vortex.

DD(100, 2) m COMMON/A03/ Contains distance from
vortex axis to focus
point.

DD( , 1) is for other than
nominal case.
DD( , 2) is for nominal

case.
DETLEV — COMMON/A22/ Detection level of filters
' in fraction of total return
signal.
DISPLA(3) m COMMON/AOI/ _ _ For use with two lasers.

Is dispacement vector for
laser from reference point.

DL ASER m ’ COMMON/AZ l/ Determines laser separa-
tion for two lasers, DLASER
is distance of lasers from
sweep plane.

DZERO n COMMON/A14/ DZERO is the profile drag
of airfoil from generating
aircraft.

'ELASER m COMMON/A21/ Determine laser separa-

tion for two lasers.
EILASER is distance of
lasers from site line in
sweep plane.

FLAMDA m COMMON/A21/ FLAMDA = wavelength
of light.
GAMMAC (N-m-sec)/kg COMMON/A06/ Initial circulation

about vortex,

C-20
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Name Units Location Description
IABS — COMMON/A21/ A flag where IABS =1

indicates that the laser
cannot detect sign of line -
of-sight velocity. IABS =
2 indicates that laser can
detect sign of the line-of-
sight velocity.

ICHOIC — COMMON/A21/ A flag where ICHOIC = 1
indicates a CW focused
laser and ICHOIC =2
indicates a pulsed laser.

IDIREC - COMMON/A22/ A flag where IDIREC = 1
indicates lateral scan and
IDIREC = 2 indicates range
scan.

IUNITS - COMMON/A21/ A flag where IUNITS = 1
indicates one laser and
IUNITS = 2 indicates two
lasers.

IVMAX -~ COMMON/A22/ A flag where IUMAX =1
indicates the maximum
minus the minimum line-
of-sight velocity is to be
plotted as X. IVMAX =2
indicates the maximum
absolute line-of-sight velocity
is to be plotted as X.

IWEIGH - COMMON/A22/ A flag where IWEIGH =1
indicates that the velocity for
the highest activated filter
will be plotted for W. IWEIGH
=2 indicates that the velocity
from the centroid of the
illuminated volume will be
plotted for W,

JJ — COMMON/A08/ Indicates which plot is being
made.
NOM — COMMON/A08/ NOM =1 indicates non-

nominal scan being made.
NOM =2 indicates nominal
scan being made.

C-21
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Name Units

NPLENG -
NR —
NRANGE -
NSWEEP —
NTHETA -

OFSETX(2) m

OFSETY(2) m

OFSETZ(2) m

OP(3) m
0S(3) m
0OSS(3) m
PI —

PLENGTH(8) m

Location

COMMON/A21/
COMMON/A21/
COMMON/A20/
COMMON/A22/
COMMON/A08/

COMMON/A30/

COMMON/A30/

COMMON/A30/

COMMON/A01/

COMMON/A05/

COMMON/A05/

COMMON/A07/

COMMON/A21/

C-22
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Description

Indicates nominal pulse
length.

Indicates nominal radius
of telescope aperture.

Indicates nominal vortex
range.

Indicates nominal sweep
position.

Number of points along
sweep.

Offset of laser focus point
along site line due to mis-
alignment. OFSETX(1) is
for first laser and OFSETX
(2) is for second laser.

Offset of laser focus point
from scan plane due to mis-
alignment. OFSETY(1) is
for first laser and OFSETY
(2) is for second laser.

Offset of laser focus point
along sweep line due to mis-
alignment OFSETZ(1) is for
first laser and OFSETZ(2) is
for second laser.

Position of a point on the
vortex axis (rectangular co-
ordinate system).

Vector to indicate illumina-
tion point relative to laser
(rectangular coordinate
system).

Vector position of focus
point for IASEL.

Plis 7 =3.1415926,

Pulse length.
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Name

PQ(3)

PSI
R(8)

RHO

R2D

SCANL

SCANP(100) m

SCANR

SP(3)

SLASER

SMAX

SMIN

SWEEPP(5)

TITLE(12)

UNU

Units Location
— COMMON/A01/
— COMMON/A21/
m COMMON/A21/
kg/m> COMMON/A 14/
dig/rad COMMON/A07/
m COMMON/A22/
COMMON/A03/
m COMMON/A22/
m COMMON/A05/
m COMMON/A21/
m COMMON/A08/
m COMMON/A08/
m COMMON/A22/

aphanumeric COMMON/AOZ/

data

m?/sec

COMMON/A06

Cc-23
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Description

Directional vector for
vortex (rectangular co-
ordinate system).

Is incident wave amplitude.

Radius of telescope aper-
ture.

RHO is the density of the
atmosphere.

Conversion factor for
converting from radians
to degrees.

Scan length.

Is distance from focus
point to site line, Also
is variable that runs on
horizontal axis of plots.

Scan resolution.

Vector from illumination
point (OS) to point OP on
vortex (rectangular co-
ordinate system).

Determines laser separation

for two lasers. SLASER is
distance of lasers along
site line from reference
point,

Maximum position along
sweep.

Minimum position along
sweep.

Sweep position.

Contains INPUT descrip-
tion of run.

Eddy viscosity.

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



Name

VAL

VLINI

VLINZ

VMAVT

VMAX

VMOSS

. VMIN

VMVT

VRANGE(8)

VROTH

VROTHC

VROTV

. VROTVC

VT(3)

VTOL

m/sec
m/sec
m/sec

rn/sec

rn/sec

m/sec

deg
deg

deg

m/sec

m/sec

Location

COMMON/A08/

COMMON/A15/
COMMON/A15/
COMMON/A15/
COMMON/A08/

COMMON/A05/

COMMON/A08/
COMMON/A15/

COMMON/A20/

COMMON/A20/
COMMON/A20/
COMMON/A20/
COMMON/A20/

COMMON/A05/

COMMON/A15/

C-24
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DescriEtion

Distance of sweep from
reference sweep line (for

lateral scan).
Distance of sweep from

site line (for range scan).

Line-of-sight component
of the tangential velocity.

Line-of-sight component
of the axial velocity.

VMAVT is the norm of the
tangential velocity.

Upper velocity bound on
plotting scale.

Norm of vector (OSS).

Lower velocity bound on
plotting scale.

VMVT is the norm of the
tangential velocity.

Vortex ranges.

Vortex rotation about
reference sweep line,

Change in vortex rotation
about reference sweep line.

Vortex rotation about site
line.

Change in vortex rotation
about site line.

Tangetial velocity vector
at illumination point
(rectangular coordinate
system),

Norm of velocity vector at
focus point.

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER
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Name Units Location Description
VV(3) - COMMON/AO 5/ ‘ Vector pointing in direction

of tangential flow at illumina-
tion point (rectangular co-
ordinate system).

VI(100, 4, 2) m/sec COMMON/A03/ Velocities to be plotted:
VI( , 1, ) is the weighted
average or filter output.
vi( , 2, )is VMAX~-VMIN
or MAX(ABS(VL)).
VI( , 3, )is norm of total
velocity vector.
VI( , 4, )is line of sight
velocity at focus point.

VI( , , 1)is for other than
nominal case. ,
VI( , , 2) is for nominal
case.

WEIGHL m COMMON/AZ 1/ Distance between sample
points in weighing.

WFILT megahertz COMMON/A22/ Band width of filters.

WIND(3) m/sec COMMON/A31/ Constant wind.

w8 m/sec COMMON/A06/ Freestream velocity.

Z m COMMON/A06/ Vortex distance from

generating aircraft,

C-25
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C.15 LASER VELOCIMETER LINE SCAN SIMULATION FROGRAM LISTING

L3 [al=]

FQIFTYD LLR2
TASSIAN
TATENN
FEVYECLITE
TIRJOP |LMer
CIPFTC AN

TN

CAMMAC
\.IR

LN

7
N7EDA
PHO
VROTH
VROTHC
VROTY
VROTVC
MRANECE

VMAY
\IMTN

I'INT TS

1CHN Y

pet
FLAMAA
NR
R(A8)
NPLENMG

W T CHL

1aRe

cl_AcrD
ALAeeR
FLASED

TAIAIAAIAIHTAADIIAAAIDIINANTTANIAANAIDNAAIADAAAAATIIIIAIIIAANN

Y Y YN

INIPer

VOANAE (]

PLENAT(R)

TAPE ¢QCan»r

sven?

AN G TT777 741 «DHIMP
12JNR

NFCK

THIS PROGRAM 18 FOR DETERMINING THRE USEFULNESS OF vAaRIOUS 2D
LASFR NOPPLED SYQTFAMS FNR USE IN SCANING VORTICES

MAMELTST (VORTFEY)

CIDCULATION

FREFEeTREAM yELOCITY

EDNY VICCOSITY

VORTEX A¥YTAL COORDINATE FROM S0OURCH
PROFTLLE NRAG DOF THE AFROFOILL

PENSTTY NF ATMOSPHFRE

VORTEX ROTATION ARCOUT REFERUNCE SWEFP LINF
CHANGE IN VORTEX ROTATION AROT REFFRENCE QwESP L INE
VORTFYX RPATATINN AROUT QITF LLINFE

CHANGE IN VYORTEX ROTATION AROUYT SITF LINF
INDICATES NOMINAL VORTEX RAMGE

VORTEY DANCE

UPPER yFLOCITY BOUND OM PLOTING &CALFE
LOWER yELOCITY ROUND ON PLOTING eCALF

NAMELTET (SYSTEM)

FLAG
TUNITS = 1 ONF LASFPS
TUNITS = 2 TWO LASFPS
FLAC
ICHOIC = CONTINQUS WAVFE LLASER
IcHNIC = 2 PULSFD [LAGFDR

INCINFNT WAYE AMPL T TUDFE

WAVE LEMNATH OF LI AHT

INDICATFS MNOMINAL RADIUS OF TRLEQCHPE ARPFDTURE
RANILIS OF TELFSCOPE APERTURE

INDICATFS NOMINAL PULSE LENGTH

PULSF |FNATH

DISTANCF BETWFEN SAMPLE POINTS USED IN WS IGHING

FLAC
1Aape = 1 ARS(VLL)Y TS U1EeFD
1ARe = 2 vL 1< yeEp

NIGTANCE OF |ASERS ALLONG STITFE | INF
NICTANCFE OF LASFRe FROM SWFED Pl ANS
DISTANCF OF LASERS FROM SITE LINE 18 SWEFEP PLANE

NAMELTST  (SCAM)

Elrc

C-26
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INIPFC = 1 LATFRAL CSCAN
INnIpECc = 2 PANGF SCAN
SOANY SCAN L ENETH
CAND SCAN RESALUTION
N e INPTICATES NOMINAL SWREFD DOSTTION
CWEFPED (R) CWFED POCSTTION
TVMAY Fl.ac . :
ITvMAX = 1 VMAX = VMIN IS PLOTFED
TVvMAX = 2 MAX(ARS (VL)) 1S PLOTED
IvMaAx = 3
TwEleH FLAG
IWEIGH = 1 PLOT HICHEST ACTIVATED FILTER
TWFIGH = 2 PLOT CFNTROID
WETILT PAMD WINTH OF FILTFRS TN MFGAHFRTZ
NETLFY NETFCTION LEVEL IN FILTERS
OFaF T (2) OFFaFT OF LLASFR FOCUS POINT ALONG SITE LINE DC TO
MISAL TGNMENT
OFeFTY (2) OFFSFT OF LASER FOCUS POINT FROM SCAN PLANMNE DO TO
MISAL IGNMENT
OFSETZ(2) OFFSET OF LASER FOCUS POINT ALONG SWEEP LINE DO TO
MTISAL TGNMENT
wWwINM(3) CONSTANT wWwIND

CP(R)y PO(R)Ye DISPLA(CR)

COMMAN / ADT s

COMMANL / AD2 / TITLE(12)

COMMAN / ACR / VI(10044e2)y SCANPLION) s MN(INNG2)

COMMAN / ADR / 0S(7)s SP(3)s VVIR)s VT(2)s AVT(3) s OSS()s VMOSS
COMMAN / ANA / GAMMAC . WER,. UNUe 7

CAMMAN s AR/ BT, PPN

COMMAN / ADR / VMAX o+« VMIN, SMAXs SMIN, NTHETAs NOMs JJ. VAL
COMMAN / Al4 / NZEROQ. PHO :

COMMAN / A1S / VLINls VLINPs VMVTs VMAVT. Ds VTOL

COMMON ~/ AP0 / VROTHs VROTHCs VROTVs VROTVCs NRANGEs VRANGE(8)

COMMON / AZ21 / TUNITSs ICHOICs PSIs FLAMDAS NRs R(8)s NPLENGS
PLENGT(R)s WEIGHL s T1ARS, SLASEFRs DLASER. ELASER

COMMNAN / AP2 / IDIREC.s SCANL s SCANRs NEWEEP. SWEEPP(S5)s 1VMAX.
TWETGHs WFETLTs PETLFV

COMMNN / AN / QOFSFETX(2)e OFSETY(2)s OFSFTZ(2)

COMMANL / ART / WIND(2)

NIMEMATON FILTFR(S0) s VPV(442)y DISP({342)

NIMEMSTION FTILLTFN(RN)

NATA FILTER / S0xN,/

DATA GAMMACs W8s UNUs Zs DZEROs RHOs VROTHs VROTHCs VROTVs VROTVCe

NPANMGF o VRANCE g VMAY s UMIN
/ T729ev 77e3s +NB14s 1000 es SO000Nes 11929 Nes 10e9 NOes 10es 2o
E0ee 10000 ANy 10N" g0 3N0Nes SN00es —1ee —1les 3loeo Ne /
DATA TUNITSs ICHOICs PSlse FLAMDAs NRs Ry NPLENGs PLENGTs WEIGHL
T1ARce, SLASER, NLASTR, FLASFR
Z lae 1a lae ¢0NONOICHEe 29 010 ¢29 a30 eS9s let 2es 4Las Fos 2o
B0e¢ O0as 15Ney 300es 9NNy B¥—10aseFes 1a Nga Nes 10D /
DATA IDIREC, SCAML. SCANRs NSWEEP, SWEEPP, IVMAXs TWEIGH, WFILTS
NETILFV / 19 3Need o659 Be —1Fes =769 Nas Tes 1560 29 19 e9%¢ ol 7/
NATA OP / Rxn,
NATA (OFSFETY(1)eI=142) / 2¥N, /
NATA (OFSFTY(1)Ye1=142) / 2¥%Ne /
NATA (OFCSEFTZ(I1)a1=142) / 2¥Dae /
NATA (WIND(T)YeI=14) / 3%XDe /
C-27
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BON FARMAT( 12AA)

ann

an
21

c¥e)

7

2naA

177

171

WRITE (646

RPN/ 3141802/, 576206782 /

/ VORTEX / GAMMAC, W8s UNUs Zs DZEROs RHOs VROTHe VROTHC,
VROTVCe NPANGF e VRANGF ¢ VMAX. UMIN _

/ SYSTEM s TUNITS, ICHOICs PSIs FLAMDAs NRs Rs NPLENG.
WETGHL « TARSe SLASER. NDLASERe FLASER

/ SCAN , IDIREC,s SCANL . SCANR. NSWEEP. SWEEPPs IVMAX,
WFILTs DETLEV. OFSETXs OFSETYs OFSETZs WIND

NNy TITLE

nAYy TITLFE

FORMAT(1H1 430X 4 12AR)

PEAD (SO
WRITF(AWV
REAN(S QY
WRITE (642
READ (54 <2C
WRITE (64 <
NF W 1
FILT Fi.
no 11 18=
FILTEN(C TS
FILTER(IS
IF(IARS o
ASSIaN /&7
cO T 131
ASS N 65
IFCTwWwFTIGH
ACS TAN QO
ASS I /N &
o TN 2N
AR TN 9N
ASS TN 50
CONT TNUF
IFCIIUINITS
AcaleN 20
Acslnmn 20
ASSIenN 11
AselrnNn 42
ASSTAN 47
cCO T 200
ARE TN 20
AGRCInAN 2PN
Ace TN 11
IFCINIRFEC
ASSTION 15
ACSTIeN 18
peatleNn IR
ACe N 1R
ASSTIeON 1S
N TA 17
J R el NI
AR IerN 1S
ASSIrN &
AGSTAN 1A
AGSTIrN 18
IF(IrHcIC
A/ lnn 41
AR IAN a4

RTEX)
ORTEX)
STEM)
YeTEM)
AN
CAN)

AMNARUYUE TL TH ¢ SFA
1 45N

)
) M

FQe
TO

C= 209D

L]

y 0 TO 30
ASS

TN JARS
«FDe 1) GO
TN UWFIGH
TO KWFTGH

To 22

TO JUWEFTGH
TO WWFETGH

«FQoe
s TO
1 TO
1 TO
] T0
T

2) GO
JUNTTS
KUNMITS
LUNTTS
JRITCGHT
KRIGHT

TN 208

?

s
»

TO
TO
T
FO
™0
™
0
TO
™

JUNT TS
KUnMITS
LuUNITS

2) 0
JDIRFC
KDTREC
LDIRFC
MO TREC
NRTRFC

n

TO 170

1

b
-
i
-

~
4
a
A

=

TT"
TO

NishE=lokel
KN TRELC
TO LNIRFC
TO MPIPEC
TN NDIRFC
«~Te 1) GO
TN JCHNIC

TN KCHOIC

TO 12




17

14
1=

17
1A

610

fHnAN

471

LT
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~O0 TN 14

ASSIeN 42 TO JCHOIC

ASS TN a8 TN KCHNIC

GO TN (1%416A617) 0 TUMAX
ACSSTIeaN Q1 TN JUMAYXY

cO T 18

ACRS IaN @2 TO JvMax

O TA 18

ACS AN 9% TN JyMAYX

NTHFTA = SCANIL/SCAND + 1,
IF(NTHETA «LFe 100)Y GO TO 20
WRITE (Fe610)

FORMAT (/7431 ¥#3¥# INPUT ERROR #3# SCANL/SCANR 1S +GTe 100)
GO T 10

CONT INUF

IFCIUINITS 4F0, 1) G0 TO 421

NISP(141) = =~cLAGED
NISP(P41) = =NLAGFP
NTED(3,41) = -FLASER
NISP(142) = SLAGFR
NISP(242) = DILASER
NleP(2,2) = FLAGFD
IF(ARS (SLASFR) + ARS(FLASER) +LTe 1le) GO TO 420
€P = CSLAGER*CSLASFR
7?2 = NLASFR¥DLASFR
£ = ELASFRXFLASED

RINl = P.#82 + F2

AR2 = 24*¥5ORTI(N2 + S2 + F2)
ASSTIaN 427 TO JRIGHT

ASSIAN 431 TO KRIGHT

GO TN 421

ASS TN 426 TO JURIGHT

ASRIAN 43N TN KRIGHT

CONT INUF

QC =z=QCANL /2e - SCANR -

NO 728 1=1+NTHFETA

QC = &C + SCANR

SCAND(1) = &C

SMAX = SCANP(NTHFTA)

aMIN = SCANP(1)

NnO 10 Js1618

CO TO (210422042 3N 30N 3310032003303 2404 238N 3360 ¢ 3700 38N 42904400,
a1Ny 4 J

210 PHI = 0

22N

NOM =

JJ =1

1SwF = 2

IF(NQWFFPR ¢NFe 1) TSWF = 1
ORP (¢ 1) VRANGF (NRANGF )
PQC2)Y le

PQ(1Yy = TAN( VROTH/R2D)
POQ(CRY = TAN( VROTV/P2D)
TFCTIAHOTIC oF0e 2Y GO TO 211
RR = P(NP)Y

o0 TR ROD

DLENE = PLENGTINPLFNG)

~O TN 149

[ewE = NayEEp



20N

20
3np

221
222

33N

240

25N

260

37N

28N

39n

91
93

292

[0A
207

NOM = 2
fO0 TA 140
I1SwF = 2
NOM =

IF(I(NCWEEFP _Te 2y T1SWF = 3
e TN 149

IF(NDANGFE AT, 1) GO TO 201
OP(1y = VRANGF (NPANGF 4+ 2)
~0TA AInp

OP 1)y = VYRANGF (NRANGF - 1)
JJ o= R

VAL = 0OP(1)

GO TN 785

VAL = VRANGF (NRANGF)

GO Tn 130

IF(NPANGFE FQs 8) GO TN 321
OP(1y = VRANGF (NRAMGE+1)
IF(ON{1) «CTe Ne) GO TN 322
OP(1y = VRANGF (NPANGF=2)
VAL = 0OP(1)

GO TN 75

ORP( 1y = VRANGF (NRPANGF)

PO(C1Y = TAN((VROTH - VROTHCY /R2N)
JJ = &

VAL = VROTH —~ VROTHC

GO T 75

VAL = VROTH

GO Tn 130

PO(1Y = TAN((VROTH + VROTHC)Y/R2MN)
VAL = VROTH + VPOTHC

O TA Re

PQ(1)Y
B0(3)y
JJ = &
VAL = VROTVY -~ VvROTVC

GO T AN

VAL = VYRPOTV

GO Tn 1230

PO(RY = TAN((VROTV + VROTVC)/R2D)
VAL = VROTV + VROTVC

O T Aan

PO(RYy = TAN( VROTV/PZ2D)

TF(IAHOIC «FQe 2) GO TO 395

IF(ND FQely GO TO 391

PR = D(NP=1)

GO T~ 29R

PR = R(NR+?)

JJ = A

VAL = RPR

FACT) = (PSI#PIXPRXX2)IH¥D/FIL_AMDAX®D
FACT? = FLAMDA/(PI#RR¥#%2)

IF(J +FQe 1) RO TO 149

~0 T RO

TF(MDLFENG +FNRe 1) GO TO 1396

TAN(VROTH/R2D)
TAN((VROTVY = VROTVC)/R2D)

PLFNA = BLFENGT (NPLFNG=1)
cO TA 107
OLFENA = PLENGT (ND| FNGH2)

JJ = 7 C-30
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VAL = PLFNG
&N TA AN
400 IF(1rHOTIC oFOe 2) GO TO 40t
VAL = P(NR)
o TA 130
4Nt VAL = PLFNGT(MPLFENG)
130 NOM = 2
cOTA 120
410 NFW = A1
IF(IAHOLIC +FQe 2) GO TO 415
IF(ND (FNRe 8)Y GO TO 411
PR = P(NR+1)
IF(PD GTe Ne) GO TO 307
411 RR = R(NR=2)
GO TA 393
415 IF(NDPLFNG FQe 8) GO TO al6
PLENEG = PLFMGT(MPLFNG+1)
IF(PLFNG oGTe Ne) GO TO 197
a1A OLENA = PLENGT (NPLFENG=2)
GO TA 207
149 yAL = SWFFPP(1SwF)
GO TA UDIDEC, (1514152) _
151 DISTL = VRANGT(NRANGF) + SWEFPP( ISWE)

THETAL = —ATAMISCANL/(24¥DISTL))
NTHFETA = =2 *¥THFTA1/FLOATINTHETA-1)
GO TN 8’5

152 DISTr = VRANGF (NRANGF )
THETA = SWEFPPRP(ISWF) / NDISTC
o0 TA A’S ’

7 GO TA MDIRFCs (1”54 166)

1AS DISTI, = OP(1) + SWFFPP(NSWFEPR)
THETA! = —=ATAN(SCANL/(PeH#DIATL))
NDTHFETA =<2 ¢*¥THFTA1 /FLOAT(NTHFTA=-1)
GcO T AN

166 NlaeTr = OP(1)
THETA = QUWFFPP(NQWFFPY /DISTC

80 NOM = 1

85 1 = n
GO T KDIRFC+(1534154)

153 THETA = THFTA1 — DTHETA

- GO TN 18A
154 DISTL. = NISTC — SCANL¥,5 - SCANPR
155 PDISTI. = NDISTL + SCANR

I = 1 + 1
156 GO TN JRIGHT s (4264427 4428)
4aPh NELTA = PHATAN(PLASFR/NISTL)
AN TA 42R
4727 PP = DISTLHNISTL
CCl = PP + <2 + N2 + F2
CC2 = =R#nAP
CC3 = R?2 - &2 = NP - F?
CC4 = Po#NISTL
4a?R CONTINUF
GO TA LPIRFC(1574158)
157 THETA = THFTA+ DTHFTA
T = 1 + 1
16R A0 TA KRIGHT s (430,431 ,4732)
421 DELTA1 = ARCOS(BRB1/(RRP*¥SOART(S2+(FLASER-SLASER®¥TAN(THETA) ) ¥%2)))
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AP = CC1 + CCPHFONS(IDFLTAL)
DFLTAR = ARCOS( (A2 + CCRY/(CCH¥SORT(AZ)Y)Y)
RP = €CC1 4+ CCP¥COS(PI - NELTA1)

NPFLTAa = ARCOS((R2 + CCR)/{(CCa*SORT(R2)))
NFLTA = DFLTAR + DFLTA4
43N enFiLTA SIN(NFLLTA)
COFLTA = COS(NFLTA)
THFLLTA = SNELTA/CDFLTA
NN = QNFL.TA + COFLTA/TRFLTA .
432 PO 11N LRP=1,47
GO T JUNITRG (PNE«POARY
PO NISPLA(TY = O
NISPLA(Z2)Y = 0O
niepPyL ALR) Ne
cO TN 207
206 DISPLA(CL)

PISP(14L7)
NIepP_ A(2) DISP(24L.2)
NISRL.ACR) DISP(3,L2)

207 YUMAY = —1,570
VUMIN = 1.F7N
Vilw Ne
WFT = N ,
0SSt 1)= DISTLX¥COS(THETA )Y*COS(PHI ) + DISPLA(1) + OFSETX(L2)
08S(2)= DISTL¥COS(THETA )I%¥SIN(PHI ) + DISPLA(2) + OFSETY(L2)
0SS ()= DISTLH¥SIN(THFETA ) + DISPLA(3) + OFSETZ(L2)
VMOSe = YMAG(NSS) '
GO TA JUCHOIC, (41447)

41 PDIGTW = 2. %¥FACT2¥YMOSS*#2

H

1

O T 43
472 DDISTW = S#PLENG
4% NWETaH = ODhTaTw/wr T GHL
NW = 2#NWETGH + i
NIQTW = yMNEe — WETGHL¥FLOAT(NWFIGH + 1)
IVLMY = n
]\/LMNI = N
O 9N T I=1 4N
NDISTW = NDISTW + WFTGHL

CO T KCHOICs (44 045)
44 DL2 = (FACTPH#UYMOSSHADIQTW) ¥%>
WF = FACT1I/(1e + (VMOSS — DISTW)I*¥2/DL2)/DISTW**2
GO TA aai
4= wAT = 1.
IF(TT] «CTe NWFEFIGH) GO TO 60
WE = WATHFLOAT(IT=1) /7FLNAT(NWETGH)
a0 TN 46
AN WFE = WATHFLOAT (Nw=T1T1) /FLOAT(NwWF IGH)
46A CALL VFL (VL «PHT s THETANTICTW)
IF(VL «GTe VVUMAX) VVMAY = VL
IF(VL ol.Te VWYMIN) VYVMIN VL
GO TN JARS, (AR ,E£7)
A5 VL = ARS(VL)
67 IF(T1 «NFe NWFICH 4+ 1) GC TO 87
VI(T1424NOMY = VTOL
\/?\/(AQL?) = VL
PRETJNOMYy = D
27 WET = WFT 4+ WF
aN TR KWETOH (S0 51
S1 oVl = Vi 4 VL RWE C-32
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cO TN 20

IF(VLL oLTe Do) GO TO I1NE2 -
IVL = VL/FILT + 1l ReproduQed from %’/ﬁ\é
FILTFROIVL)Y = WF 4+ FILTFR{IVL) butavmhbb copY-.

IF(TVL «GTe TULMY) TVvLMY = TvL
N T OO0

IVL = =VI_/FILT + 1,

FILTEN(TIVL)Y = WF 4+ FILTONCTVL)

IFCTIVL o CTe TVLMNMY TYLMN = TVL

CONT tNUFE

GO TA JUETCH, (OR,Q0)

V2V (1 4L2) = VI_W/WFT

GO TN A9

17 =

177 = 1

IF(IVILMY «FQe D) GO TO 10QR8

NO Q9 1T6=141VI_MX

FILTFR(IR) = FILTFR(IA)Y/WFT
IF(FILTFR(IAR)Y «GTe NFTLFVYY 17 = 16
IF(IWETIGH oFQe 1) WRITF{6+s630) (FILTFRIIR) +I18=141VLMX)
FOPMAT (//(10F12,.,4))

TF(TVI_LMN qFNg NY GO TO OK

NO 1nogq T4 = 1 TYLMN
FILTFN(TIHR)Y = FILTFEN(OTHA)Y /WFT
TFAFTILTAEN(TAR)Y «GTe DETLFYY 177 = 16

IF{TWFIGH oFQe 1) WRITF (6 1630V (FILTEN(IS) s 18=14+1VLMN)
FOPMAT (//7(PH —2F11e2¢QF1264))

IF(TI=77 = 17) 1NN3,1002,10rM1
IF(FILTFR(T7) oGFe FILTFN(TIT77))Y GO TO 1003
VPV (1 el.?2) = =FILTH(FLOAT(IT77) = «5) '
cO T 10Ng

VPV 1 eL?)Y = FILTX¥(FLOAT(IT7)Y = o&)

CONT TNUF

NN 400 1O =14 TYILMX

FILTER(TIO) = N,

NO 146N 1TO=] 4 TVVLMN

FILTFN(TIO)Y = N,

CO THA JUMAX (D1 602 433)

VAV (2,4.2) = VyYMAY —~ YVYMIN

0T 07

VAV {24.2) = AMAXT (VVMANX s —=VVYMIN)

a0 T 67

CONT T NUIF

CONT TN IF

AOTA LUNTITS. (1114110
CONT TN

COTA KIINTITE, (PO 2072)
AN PR KE=1 44

[F(Ke JF0e 2y GO TN 2N
VI (T KR JNCNVY = YDV (KKE 4 1)
CONT TNUIF

GO TN 2Ny

NO 1158 KS=1,44

ITF(lKee qFDe ) GO TO 1185

V1T KE4NOM) = SORT(VRPVIKS1)¥¥2 + (=V2VIKS«1)/TNELTA + V2VIKS,2)

HOM Yy 2R D)
CONT TNIUF
TEANAM 4FO, 2) WRITF(AGHE2P0)Y VAPV (441 ) V2PV (442) V1 Ts4NOM)Y
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AP0 FADMAT (3F1A.7)
A4 CONT TNMUIF
100 IF(NTHETA ofTe 1) 6O TO NDIRFCY (157:155)
120 CALLL. PV(NFW)
cCOOTA 1N
FND
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TIPFETC VFL plalalls

10

SURPAUTINFE VFL (VL INF«PHTIL s THETAL #DISTL)

COMMAN / AR /7 OP(2)Ys PO(3)Ys NDISPLACT)

COMMAN / AQR / 0OS(R)e SP(3)s VVI3)e VTI3)s AVT(3),
COMMAN / ADE / GAMMACS W8, (JNUs 7

COMMAN  ANT7 / P11,y P2D

COMMAN / Al14 /7 D7ERPN. PHO

COMMAN / A1S / VLINls VLINZ2s VMYyTe VMAVTs Ds VTOL
COMMAN 7 A1 / WIND(3) '

NIMENSTON TAT(R)
vMOgen = nIaTL/vymnes
0S(1y = VMOSSENXORS (1)

OS(Py = YMOSSHRNCS (D)
NSy = YMRCeRxNa & (3)
eP(1y = OP(1) = 0OS(1Y + DICPLAC])
SP(PYy = OPR(2) ~ O](2) + NISPLA(?)
eP(y = ORP(R) = 0OS(R) + NDICRPLA(R)

CALL CPNSE(EP PO V)
VMPQ = YMAG(P0)

VMYV = UMAG(VV)

N = yMy\v YN

FX = EXP(=WARXDX¥XD/ (46 XUNUIKTY)
VMVT = CAMMACH*(1e = FX)/(Pe¥PI¥#DN)

VMY TNA = VMVYT/VMYY

VT1y =vyMyThRxvyy (1)

VTP Y =VMYyTR®VV(2)

VT(RYy =yMyTRRY ()

VMAVT = N7FROXFEX /(4 *¥PTHRHO¥UNU*Z)
VMAYTD = YMAVT /VYMPO

AVT (1) VMAYTHHDO (1)

AVT(2) VMAVTDXEPO( 2)

AVT () = VYMAVYTDXPOQ(R)

VMDS = yMAG(0OS)

NO 10 I1=143

TOT(1)Y = VT(I)Y 4+ AVT(TIY + WIND(T)
VTOL = SORTU(TOT(1)*¥2 4 TOT(2)#*¥2 + TOT(R)*#%2)

VLINE] = =NOT (VT 08) /yvos

VLINE?2 = =DOT (AVT0S) /YMAS
VLINFEW = =POT(WINDN]) /v
VLINE = VLINF1 + VLINF?2 + VLINFuY
PETUON :

FND
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Sicl= ;
TIPETE Py NFCK W,

SURBPRAUITINFE By (NF W) /4//./"\\\\%

COMMAN / ANR?2 / TITLF(12) !

COMMON / AN / V110044 42)y SCANPCION)Ys DD1002)

COMMAN / ANR / UMAX +« VYMINs SMAXs SMINe NTHETAs NOMs JJe VAL

COMMON / AP2 s IDIREC, SCANLs SCANRs NSWEEP, SWEEPP(5)s ITVMAX, .
T JWFICRH, WFT_Te NFTLFV

NIMFNSION RCDX(12e42)e RCDY(12)s ISYM(4)s LARLF(8e¢7) 0 SEMBRLE(6) s
T SEM(3,3)s SFMR(K42)

DATA (RCDX(Tal)el=1412) / GHDATA P+6HOINT Ps6HOSITIOWHHN WITH,

® 6HH PFSPE«OHCT TO +6HSITE L«O6HINE IN«6&H METFR«6HS ' 2% 1H /

DATA (RCDX(142)e1=1412) / 6HDATA PeBHOINT PeH6HOSITIOHHN WITH
T 6H PESPE+6HCT TO +6HREFERE «6HCE SWEWH6HEP LINS6HE IN M6HETERS o
& 1H /

DATA (BCPOY(T1)s1=1412) / 6HVFLOCIW6HTY IN +6HM/SEC +9%1H /

DATA (ISYM(1)Ys1=144) / By 554 Gls 35 /

NATA (LARLF(Is1)sl=148) /6H + 6H s 6H +6H .
T A6H VAH SWEFP,6H POSIT.6HINON 18 /
NATA (LARLF(T+2)aT1=148)y / 6H  6H  6HH ' 6H .
TAH NISTAZHHNCFE MO 6HUN VOREHTEFX 18 /
DATA (LARLF(T+3)YeT1=148) ,/ EH s+ 6H «6H 64 [}
* AH ¢ 6H VORGBHTEY RAGEHNGE 18 /

DATA (LARLE(T+4)sI=148) / 6H VORy6HTEX RO«HHTATIONSEH ABOUT
% 6H PFFFRJAOHENCE S46HWEFPR LL46HINE 1S /

DATA (LARLFE (I +5)41=148) / 6H ' 6H +H6H  VORT«6HEX ROT.
R GHATICON 4E6HAROUIT «H6HSTITF L«6HINE 1S /

NDATA (LABLF(146)Y41=1,48y / 6H «6H s 6H s 6H ‘.
T+ AH T AHFLFACO ¢ 6HPE RADWHHIUVUS I8 /

NDATA (LARILF(T+«7)esI=148Yy , 6H «6H +H6H + 6H .
T 6H o AH PlLIL ¢ 6HSF LFN46HGTH 1S /

DATA (SEMPLF(1)s1=146) / 6HT = NOH6HRM TOT6HAL L +6H= LINES
T AH OF Sl AHCHT /

PATA (SEM(T41)el1=1,3) / 6HX = VMyEHAX = V4,6HMIN /

NATA (SFM(T+2)el=143) / HBHX = MAJHBHXIARS( «6HVLY ) /

DATA (SEMB(Is1)e1=1+5) / 6HW
NATA (SFMR(T4P)e1=145) / 6HW
GO TR (10420620 ) oNFW

10 NEw = 2
CALL CAMBPAV(9)
CALL. PINPUT

H

HI +6HGH ACT«6HIVATED«6H FILTE W IHR /
CEW6HNTROID«3*1IH

t

NL. =
L = =13
Pr RN 4F0e 2y L. = R

CALL QUIKAL (L +SMINsSMAX«VMINIVMAX s ISYM( 1) sBCDX(1+IDIREC) «BCDOY
F NTHETA«SCANP VI (141 «NOMY) ‘
A 1N 1 1= .
100 CALL QUIKZRL (DeDUMDUMaDUMGDUM ISYMOT1) +DUMADUMINTHETA « SCANP »
V11471 4NOMYY
GO TH (110,1204130) oNL -
13rn CALL, PRINTV(T72+TITLE . 22,1n08)
' CALL PRINTV(48.LARLF(14JJ)s 24y 325)
CALL LARLVIVAL s 4244 3254 —~44144)
GO0 T 150
120 CALL PRINTVI4RLARLF(14JJ)s P44660)
CALL LARLVI(VAILs 424+ AADs —44144)
GN Tn 150
110 CALL ORINTV(4RJLARLF(14,JJ)e P44 9Q92)
CALL. LLARLVI(VRALLs 4P4s 902, =44144)
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CALL PRINTV(3,8FMRLF 4528, Q92)

CAL.L. PRINTVI(PS«SFMR (1, TWFIGH) +8N8, 392)
CALL PRINTVI1A«SFM( 14+ IVYMAX) «8004+1008)
NL o= ML =

IFINL. oNFe Ny GO TH 1858

Nl = "

. = =n

TEIN=W o«FDe 1) CALL CLFAN

RPETUMN

FND
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FIRPFTC PINDLIT NFECK
SUBRAUTINE BINDYT

COMMAN / AD2 / TITLF(12)

COMMNN / ANGE / GAMMACY WRe UNUe 7

COMMON / ADR / VMAXs VMINs SMAXs SMINe NTHETAs NOMs JJs VAL
COMMAN / Al4 /7 D7FD0O, PHO

COMMON ./ A20 / VROTHs VROTHCs VROTVs VROTVCs NRANGEs VRANGE(8)
COMMAN / A21 ~/ TUNITS,. ICHOICs PSIes FLAMDAW NRs R(8)s NPLENG

% PLENGT(RYe WFIGHLs TARS, SLASFRe DLASFRs FLASFR

COMMAON / A22 / IDIRFECs SCANLs SCANRs NSWEEPs SWEEPP(S5)s 1VMAX.
T IWFEIGHs WFILTe DFTLFV .

COMMNN / A3N / OFSFTX(2)s OFSETY(2) s OFSFTZ(Z)

COMMAN /2 ARY /7 WIND(3)

CALLLL |CcOUITY(R )

WRITE (1&6+6NN)

WRITE(1RHNAN)TITLFE

60N FORMAT (1H1 424X 4 12A6)

WRITF(16+61N0)GAMMACY WRe UNUs Zs DZEROs RHOs VROTHs VROTHC

% VROTVs VROTVC s NRANGE s VRANGF » VMAX. VMIN

610 FORMAT(//51Xs 1 THNAMEL IST (VORTEX)s//1Xs 1 1HGAMMAC =eFE 166804 32X
1 11HwWR ZeF 1A e e3Xs 1 1HUNU = eF16e8e¢3X011HZ =
P Fl6,84/12H DZFRO ZeF16e68Be¢3%s¢ 1 1HRHO TeF 16684 3%
2 11IHYROTH Z¢eF166843%4 1 1HVYRPOTHC =¢sE16e.8/
4 12H VKOTV = F16e8¢3X21 IHVROTVC ZeF16¢84¢3X s 11HNRANGE =
5 1Rs /
6 12H VRANGF (1) =Z4F16e83y3Xe1 1HVRANGE (2) =¢F166843X s 1 1HVRANGE(3) =4
T F164,8
8 3Xs 1 1HVRANGE(4) =3E1668¢/12H VRANGE(S) =4E16484¢3Xs11HVRANGE(6) =
9 Fl6,8¢3Xe11HVRANGF(7) =4sE16+8s3Xs 1 1HVRANGE(B) =4F 1684/
A 12H VMAX T4F16e843Xe 1 1HVYMIN =eE1648)

WRITE(16+.620) ITUNITSe I1CHOICs PSTse FLAMDAs NRs Re NPLENGs PLENGTS
% WEITEHL e TARS SL.A%F’Q. DLASFR. FLASER
620 FORMAT (//51Xe17HNAMELTIST (SYSTEM) //

7 12H TUNITR =418 7/ .

1 12H 1CHOIC =s[Rs11X +11HPSI 2 F16e843X0
2 11HFLAMDA 2 F16e843%s11HNR =18 / ‘
7 12H R(1) ZeF1668Bs3Xs11HRI(2) ZeF16e¢8e¢3Xe
4 11HR(73) = F16eRe3IXe 1 1HR(4) = E16e84/

& 12H R(5) =4 F16e8473Xs11HR(6) = F16eB4¢3X
6 11HR(T) =4S 16e8y3%X0 1 1HR(A) = F16e804/
7 12H NPLFNAO =4.1IR /

A 12H PLENGTI1) =«F16:8¢3Xv11HPLENGT(2) =eF16e8243X 0
9 11HPLENGT(3) =+F16e8s3Xe 1 1HPLENGT(4) =4E16e84/

A 12H PLENGT(S) =,F16eRy3Xe 1 1HPLENGT(6) =4F166803X,
R O LIHPLENGT(7) =+516e84 73X 1 1HPLENGT(8) =+E16e84/
Co124 WFETGHLL = 4F16e8¢3X11HIARS =9 I8Bs11%,
N 1IHQLASFR = F1AeBs3X¥s11HDLASFR =yF16eB4/

F 12H FLASFD =4F16e8)

WRITF(1/.620) IDIRFCs SCANLs SCANR, NSWEEP, SWEEPPs 1VMAX.
& IWFIGHs WETLTs NETLFVe OFSFETXe OFSETYs OFSFTZe WIND
63N FORMAT (//51X e 1 7HNMAMELTST (SCANY /7

1 12H IDIRFC =¢eI18es11% + 1 1THSCANL =eE 16e843X
el 1 1HSCANR = +aF16e843Xe1 1HNSWEER =s 1R,./

3 12H SWFFPP (1) =4F1668B43X11THSWFEPP(2) =4F16e6843X
s T1IHSWEEPP(2R) =45166843Xs 1 1HSWEEPP(4) =4F 1684/

8 12H SWFFPR(S) =+F16eR /

£ 12H TVMAX =4 IR 11Xy 11HIWF IGH Self,11% .
7 11w TLT = 4F16e6R42% 1 THDFETLFYV =sFl16e8
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DT >0

12H OFSFTX(1)
L1HOFSFETY (1)
12H OFSETZ(1)
12H WIND(1)
11HWIND(3)
RETUDN
FND

S 4E 16684 3Xe11THOFSETX(2)
= 4F16eR43Xe1 1HOFSETY (2)
=eF 1668+ 3Xs 1 1HOFSETZ(2)
TaF16e843Xs1THWIND(2)
=4F16eR )
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Z4F16e843X0
=¢F 168 /

=4sE16e8 /

=sE16e6893X0
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KIRFTC CROCe PFCK

SURRAUTINET CROSS (VA VR VEC) ' ‘ CRONN T
o SUBPAUTINF TO PFRFORM CcRNOSS PRODUCT ’ CRONN 2!
c VFCTOR vA IS CROSSED INTO VFCTOR VR TO FORM VFCTOR VvC  CcRONN3Z
' NIMENCTION VA{R) s VR(3) ¢VC(3) [ol=Jolala¥-%
VC(11=VA(PYEVR () =R (2)*#VA(T) ' ' . CRONOS
VCI2)y=VAIZ)IRVR (1 )=VR(R)*VA(]) CRONNG
VC(RY=VA (1) ¥VYR(2)=VR(1)*VA(D) CROOO7
RFETLION crROonNg!
FND ' : . . CROOND
TINFTC NOT PECK _ ’
FUNCTION PDOT(VAWVR) . ' DOTRO!
C FUNCTION TO PSRFORM DOT PRODUCT DOTON2L
NIMEFNSTON VA(R)s VR(3) ‘ » . DOTNNG
POT=VACL)¥VR1)I+VA(2YRVYR(2)4VA(RY*YR(3Z) nNOTNOS!
c VECTOR VA IS DOTTED INTO VECTOR VB TO VORM THE SCALAR DOT PRODUCT DOTON3!
PETUON ‘ DOTNANGL
=ND nNOTNO?!
®IRFTC VMAR NFECK ‘ ’
FUNCTION VMAG(VA) : VMANNY?
' FUNCTION TO DETERMINF VFCTOR MAGNITUDE v VMANNDL
NDIMENGTION VAR VMEAEQD 2
VMAC = SQRTI(VA(1)I¥VA(TI)I+VA(PI#VA(2)+VA(IIHVA(3)) vMADAAa
RPETUDN ' , VMA NAE
FND VMADAAI
ENATA . o
CASE NO 24 1 LASFR RANGF 300 LATERAL SCAN FILTFRS

TVORTFX N7FRO = Ney VROTHC = 30e¢ VROTVC = 30es NRANGE = 3,
TeRYQTFM a«
FSCAN , SWEFPP = =744 =244 %



