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William A. McGowen
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SUMMARY

A brief description is given of NASA's comprehensive program to
study the aircraft trailing vortex problem. Wind tunnel experiments
are used to develop the detailed processes of wing tip vortex forma-
tion and explore different means to either prevent trailing vortices
from forming or induce early bresk-up.

Flight tests provide informetion on trailing vortex system behavior
behind large transport aircraft, both near the ground, as in the
vicinity of the airport, and at cruise/holding pattern altitudes.
Results from some flight tests are used to show how pilots might avoid
the dangerous areas when flying in the vicinity of large transport
aircraft. Other flight tests will be made to verify and evaluate
tralling vortex elimination schemes developed in the model tests.

laser Doppler velocimeters being developed for use in the research
program and to locate and measure vortex winds in the airport area are
discussed. Field tests have shown that the laser Doppler velocimeter
measurements compare well with those from cup anemometers.

Our hope is to develop the basis for an acceptable method to
alleviate the vortex related problems of the general aviation pilots,
commercial carriers, passengers, and the alr traffic system.
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NASA AIRCRAFT TRAILING VORTEX RESEARCH

William A. McGowan
NASA Headquarters
Washington, D, C.

1. INTRODUCTION

Tralling vortex systems of large transport type aircraft are known
to have winds of hazardous intensities if encountered by other aircraft
in flight (1-10). Additional troublesome aspects of the problem are
that the vortices are generally difficult to detect behind the large
aircraft and persist for quite some time after generation.

‘The seriousness of the vortex hazard has been brought into sharp
focus by the very large, heavy, transport aircraft being placed in
service, coupled with recent efforts tec find ways to increase the
number of girfield operations. The large transport aircraft trail
behind proportionally more intense vortices than their lighter predeces-
sors. These same vortices are also the basis for increased speacing
and time delays between deperting aircraft, resulting in reduced air-
fleld capacity. There is, then, a real urgency to explore the possible
ways to reduce the delays and spacing between aircraft and, in the case
of trailing vortices, if possible, eliminate the problem itself. There
is an intensified research effort in the NASA to achieve much more
enlightenment cnthe details of trailing vortex formation in the immediate
vicinity of the wing. The sclentists are, in a manner of speaking,
searching for the Achilles heel of the persistent and hazardous trailing
vortex system. There is no slackening of the current efforts to better
define the behavior of trailing vogtices and find ways to monitor their
intensity and movement, especially,the airport area. It may well be
that the trailing vortex system will not succumb to the onslaught of
scientific intent. Recourse to system avoidance procedures and moni-
toring action might still be necessary. ' '

The major elements of the alrcraft trailing vortex problem are
discussed along with brief descriptions of NASA progrems and plans.
Our hope is to develop the basis for an adequate method to alleviate
the vortex related problems of the general aviation pilots, commercial
carriers, passengers, and the air traffic system. Interpretation of
some results from recent flight tests and analytical studies are
outlined for operational use of pllots.

2. PROBLEM ELEMENTS
Elements of the aircraft trailing vortex problem are related to the

in-flight hazards associated with encounters, the economic penalties
(as reduced airport capacity and slowdown in traffic) arising from
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stretched spacing between departing aircraft, and the passenger discom-
fort triggered by the unexpected bumpy ride and the often times steep
bank angles imposed.

The in-flight hezards encountered by aircraft are illustrated in
Figure 1. Induced roll and steep bank angles frequently result.
Structural load factors are the concern durlng a traverse, along a line
through the vortex centers, perpendicular to the flight path of the
large aircraft. Changes in rate of climb and descent can be troublesome
when experienced shortly after take off or just before touchdown.
References 1l-4 describe accidents related to the various in-flight
hazards illustrated. ,

The economic impact of the trailing vortex problem is now receiving
much more consideration than in the recent past. The hazard potential
of trailing vortices, and perhaps an inability to assess adequately
this potential, during airport operations has been the cause of the
increase In time spacing between aircraft. Should the vortices con-
tinue to warrant the increased spacingeyhe economic penalties may be
severe. Many major alrports are now gedgrating at or near capacity.
Land for new alrports is very difficult to locate and very expensive
to purchase. This lends emphasis to making a concerted effort to
eliminate the delays caused by trailing vortices. It may well be that
the only way to do this is by eliminating the trailing vortices them-
selves, a monumental achievement according to some aerodynamicists.

Heretofore, general aviation pilots, in relatively small aircraft,
have experienced virtually all of the accidents caused by vortex
encounters. There now are frequent reports from professional pilots
describing incidents that resulted from encounters with trailing vortices
of other large sircraft. From a passenger comfort standpoint it seems
obvious that the byproducts of a vortex encountexr are not welcome and
should be avoided if practical. This then is still another reascn to
pursue every logical avenue to bring about the elimination of the treil-
ing vortex system as we now know it,

3. RESEARCH PROGRAMS

The NASA aircraft trailing vortex research, as illustrated in
Figure 2, is a comprehensive effort to learn about the intimate details
of vortex behavior, to determine the influence vortices can have on other aircraft,
and investigate means to attenuate the hazards. Flight tests and model
tests will be described. Measurement techniques, being developed to
provide an accurate means to evaluate vortex flow without disrupting
either the natural environment or the natural life cycle of the vortex
itself, will be discussed.
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The near term goal of.this research is to enable both the develop-
ment of pilot avoidance procedures and system avoidance procedures
particularly for use in the alrport area. The final goal of this
research is the elimination of the hazard potential, probably through
aerodynamic design.

3 l Flight Tests

Flight tests are carried ‘out to catalogue vortex characteristics
at altitudes above 1,000 feet where ground effect is not a factor, to
obtaln data applicable to the cruise/holding patterns, and,at altitudes
from the ground up to approximately 1, OOO feet to represent operations
in the airport ares (Figure 3):

Vortices have an inherent characteristic to move downward when
formed as shown in Figure 4.  Two principal factors are readily apparent:
one, the vortices move downward in equal increments with time and
second, the vortex system drifts with the wind while at the same time
maintaining ‘the tendency to move downward with time, as in the no-wind
case.. The vortices form Just inboard of the wing tips ‘and remain so
spaced,: unless disturbed by turbulence or some other factor. o

Some elements influencing vortex system intensity, movement and
persistence are listed in Figure 5. Thermal and atmospheric wave
action of sufficlent magnitude can lead to the early disruption of the
vortices. On the other hand gentle, moving currents without marked
discontinuities are expected to cause little reduction in vortex per=
sistence. - Figure 6 illustrates the thermal effects which can be
present over changing terrain, on the vertical position of the vortex
wake. : _ '

A typical vortex wake location measured aft of the C-S5A' is shown
in Figure 7. The C-5A flew a steady course at 12,500 feet altitude.

A probe aircraft located the weke, 'as shown previously in Figure 3, and
radar information was used to establish vertical and longitudinal

spacing. No positive explanation of the oscillation is available.
Oscillations of this sort might be initiated by the aircraft motlions

or atmospheric effects as noted before. The vortex wake location
extended aft and down with respect to the generating aircraft a8 expected.

The averages of wake locations behind the C-S5A for several test
runs are given in Figure 8. It is noted that the wake does tend to
level off about 1,000 feet below the flight pathi of the C-5A for the
particular atmospheric conditions existing during these limited tests.
The wake remained intact for distances exceeding 1o nautical miles
behind the C-5A.
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The roll response of three aircraft (DC-9, Cessna 210, Lear Jet)
on encountering the C-5A wake at various distances astern are shown
in Figure 9. The weight spread of these aircraft extended -
from about T0,000 pounds to about 3,000 pounds. The roll response was
achieved despite the efforts of the pilot to counter the imposed bank
angle. Obviously upsets of this type could be hazardous. A practical
limit of 30° bank angle was set (8) and noted on the Figure, assuming
this bank angle would be about all & pilot would want to contend with,
especially in holding patterns, during approach to landing and shortLy
after tekeoff.

Information from Figures 8 and 9 and reference 8 was used to derive
the envelopes of vortex vertical locations aft-of a large transport
aircraft shown in Figure 10. Pilots could possibly encounter large
load factors, bank angles, and roll rates in the shaded area. Turbulence
could shrink these areas, &s could aircraft which generate vortices of
less intensity. As we saw in Figure T the vortex trail is often )
distorted and its exact location unknown. More recent tests with the
C-5A revealed wake locations at still other locationis within the croes
hatched area, some nearly on the flight path, verifying the avoid area
noted on Figure 10. The lateral displacement envelope shown in the
Figure accounts for vortex drift under various wind conditions, as
described in Figure 4 and discussed in Reference 8. An airplane enter-
ing the shaded areas would not necessarily encounter a vortex because of
their respective locations, but pilots should avoid the area to
the extent possible.

Previous mention was made of the loads factors which an alrplane
could experience when traversing the vortices along a line through
the vortex centers. An illustration of this flight path and typical
load factors is glven in Figure 1ll. It is to be noted that there is
a marked reduction in imposed load factor when the aircraft is but a
short distance {~25 feet) above or below the line through the vortex
centers. In other words to experience high load factors it is necessary
to pass close to at least one of the vortex cores.

Calculated vertical load factors (5) imposed on a light aircraft )
crossing the wake of a heavy transport aircraft (180,000 pounds),
perpendicular to the flight path and along a line through the vortex
centers are shown in Pigure 12. Two important facts should be pointed
out, the first is that relatively high load factors can be reached and
the second i1s that elevator motion, initiated by the pllot to counter
initial upwash of the vortex, compounded the hazard. Ultimate load
factors were reached with elevator motion. B

Load factors measured during flight tests are shown by the cross
hatched areas in Figure 12. The load factors measured on & T-33 air-
craft and & U-3A (Cessna 310) aircraft during penetration of wakes from



-5

large aircraft, are of a preliminary nature. The large aircraft were
not at meximum weights and the exact location of the penetrating air-
craft relative to the center of the wake is not known. The point is .
that measured load factors sare sbout what was expected. It appears
probable that even higher load factors could be experienced when light
aircraft encounter the wake of heavier laden large transport aircraft
under more adverse conditions. The penetrating aircraft in each of
these incidents was relatively close behind the heavier aircraft
generating the wake--about 1.5 miles or about 30 seconds after passage.

The expected movement and persistence of vortices shed by large
aircraft at altitudes above 1,000 feet were shown in Figure 10 to
occupy parts of & certain volume of air aft and below the flight path,
dependent upon the directions of the crosswind. This is important
information for following-aircraft pilots to keep in mind. Yet it is
still another metter to make use of the information in practical situa-
tions.. Vortex trails as might be seen by the pilot of a light ailrplane
is shown in the sketch of Figure 13. The large transport sircraft
shown through the windshield are approximately 2 miles in the distance.

The one aircraft shown climbing up and away has left a vortex trail
outlined by engine exhaust smoke. Since the vortex at this point of
encounter is only about 30 seconds old, it would be wise to stay clear,
preferably up wind, above or well below the smoke trail. Avoidance
may be still more difficult in. the future as engine smoke emission is
eliminated.

The other vortex trail s1tuation 1llustrated in Figure 13 is of a
large transport sircraft crossing from right to left at about two miles
distent. In this case, the vortex trail is not usually made visible
-~ by -engine smoke, although condensation trails, at times, mark the
vortices.. The 1,000 ft. increment below the crossing point is shown.
Alireraft in this situation should cross 1,000 feet or more below or
above the flight path of the large aircraft The importance of the
light plane pilot "to read" the flight path of the heavier aircraft
is apparent. - . v

Some pilots have noticed an apparent rooster tail of exhgust smoke
behind aircraft on the approach path. A question arose as to whether
or not this indicated an initial upward movement of the trailing vortex
system, quite the opposite to the initial downward movement shown in.
the sketch of Figure 4. Based on my observations the situation can be
described as shown in Figure l4. The high speed exhaust plume initially
trails aft, expanding somewhat, along the approach path. The high
speed exhaust slows down rapidly and then comes under noticeable influence
of the downwash field behind the aircraft, eventually becoming wrapped
up in the treailing vortex system.

[N
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Vortex system movement near the ground is illustrated in Figure 15.
In the sketch on the left a vortex system is shown to move downward
and drift with the wind as discussed before. Obviously if the aircraft
is closer than 1,000 feet above ground .level, as shown in the sketch -
on the right, the vortex system comes in close proximity to the ground
end is markedly influenced by this additional factor. In the sketch
at the right, vortex movement is shown for the no wind case (solid
lines). Here the vortices move downward until about & wing span distance
from the ground, at which time they respond to the influence of the
ground-plane and start to move outward, at a height of about a wing
semispan above the ground.

In the wind case (dashed lines) the vortices are influenced by the
ground plane as mentioned before and also move with the added velocity.
vector of the wind. Vortices in the vicinity of the ground are known
to exist for periods of 2 or more minutes, under some situations, and
become & source of concern to following alrcraft and aircraft using other
intersecting and parallel runways. The real hazards related to this
condition are under investigation, making use of aircraft flybys and
instrumented towers. It is expected that informstion obtained by the
Federal Aviation Administration and the NASA will soon permit an analysis
to be made of the factors contributing to the maximum movement and
persistence of vortices in the runway area.

Despite the lack of knowledge of some detalls on vortex influence
near the ground we do know enough to suggest a technique to avoid vortex
encounters along the approach path. Light aircraft, using the instru-
ment landing system (ILS) and visual approach slope indicator (VASI)

(at airfields used by large heavy aircraft), should stay on the high
side of the glide slope and to the up wind side as shown at the bottom
of Figure 16. Smaller, slower aircraft are sometimes routed in airport
traffic at a lower altitude and in tighter patterns than the larger faster
aircraft (top of Figure 16). If the light plane pilot is faced with
this situation while turning from the downwind leg to the hage leg 1t

is essential that he remain above the flight path of the larger alrcraft
if at all possible. Many of the vortex accidents seem to be caused when
the light aircraft approaches the airport on final leg at a lower alti-
tude that the preceding aircraft(2). In addition, should the large
aircraft execute a missed approach, special precautions should be
exercised by the following aircraft as can be surmised from previous
discussions. , ,

It was noted earlier (Figure 10) that vortices should be avoided
in air space up to 10 nautical miles behind very large aircraft. Hence
at least from the outer marker to the airport, as shown in Figure 16,
the pilot should be particularly conscious of the vortex hazard--where
altitude decreases from approximately 1500 feet to touch down and an
upset would be unnerving to sey the least. For similar reasons following
aircraft should remain above the takeoff flight path and/or to the wind-
ward of large aircraft (8) to avoid vortex encounters.
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The data gathered from vortex measurement programs underway are
expected to be instrumental in the establishment of the probabilities
of vortex travel and persistence under the varied conditions which
might actually exist. To assist in this evaluation of the potential
hazards it seems that a good-bit of additional pertinent date could
be provided by pilots of aircraft experiencing a vortex-caused incident.
It is suggested that consideration be given to soliciting help from
pilots, in a manner similer to the reporting procedure now used for
near midair collisions, as illustrated in Figure 17. These data would
represent actual situations and analysis might highlight the principal
factors which contribute to known hazardous conditions.

3.2 Vorbex Attenuation/Eliminatlon

An exciting phase of the trailing vortex research was born when it
became . apparent that the vortex system of large -transport alrcraft
could well have significant bearing on the design and optimum use of
airfields. This placed a demand on the researchers to probe the very
spawning ground of early vortex ‘flow in the periptery in a manner not
before accomplished, with the aim of pessibly uncovering a triggering
mechanism that could be explolted in the development of a practical
:way to eliminate the vorticel flow at the wing and, even more important,
far down stream. This detalled research 1s also-expected to uncover
candidate schemes to promote either early break up of the vortex
system -or alternation of the flow to eliminate unfavorable character-
istics of concern to ‘following alrcraft. Either of these solutions
would be an.acceptable means to remove all of.the elements of the
trailing vortex problem; the hazards, the economic penalties, and the
passenger discomfort.

Those concerned with the research have considered several different
basic ideas :that .might warrant further. study - Figure 18 lists these
ideas. Closely related to any successes in the wind tunnel or water
channel will be the flight test phase both to verify the model tests
and evaluate the scheme as a practical way to solve the problem.

. . Some work has been done on the effect of an engine located at the
wing tip (13) and further tunnel work is planned to investigate the
use of an engine with rotational jet exhaust flow. counter to the normal
vortex flow expected at the wing tip. The effect of a hot Jjet flow on
vortex intensity and persistence may also be documented.

. Different wing tip shapes to alter the vortex flow have already been
loocked at especially as they relate to the helicopter blade tip vortex

as a noise source, but new tip alterations still appear attractive and
will be tested in the wind tunnel. Tip modification if successful, would
suggest the possibility of an economic retrofit for the current fleet

of large aircraft.
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Detailed measurements of velocity dist¥ibutions are being made of
the vortical flow generated at the tip of & rectangular wing (1k).
Future analysis and understanding of the vortex flow and structure are
expected to provide baseline information from which we can extract
ideas to stimilate possible attenuation/elimination experiments.

Other wind tunnel developmental work (15) showed that a small
vertical panel (see Figure 19) mounted on the wing upper surface near
the tip significantly reduced the vortex tangential velocities. Sub-
sequent flight tests with the panel mounted on one wing of the NASA
CV-990 indicated that less dramatic changes were made in the vortex
system 1.5 to 5.0 miles down stream. It is difficult to determine the
true merits of the panel at this time although some benefits were
realized by the penetrating aircraft (Lear Jet) in the form of less
roll acceleration and less roll control needed to counter the

vortex induced roll. Some Lift eand drag penalties were also apparent
from the model studies.

One question 1s often raised in regard to the vortex problem with:
respect to new type aircraft belng considered for future use as the STOL
vehicles and the supersonic transports. NASA scientists working in the
areas of new experimental aircraft development are aware of the trailing
vortex problem and hopefully will consider this aspect to the extent
possible in the development of the vehicle and in plans for its opera-
tion in the air traffic system. Examples of new alrcraft types are
shown in Figures 20, 21 and 22. The very fact that these aircraft have
unusuel features, compared to aircraft in current use, raise questions
concerning the possible unusual aspects that might show up in vortex
Intensity and persistence.

Results from this program are eagerly awaited. Benefits might also
be realized in more efficient wing and helicopter blade design by
improving flow in the tip region.

3.3 Measurement Techniques

Various trailing vortex measurement techniques for use in the wind
tunnel, during flight test at high altitudes and near the ground, and
to monltor the airport vicinity are listed in Figure 23. .

There will be no attempt to describe in detail most of the tech-
niques listed because their physical principles involved are well known.
Some information on use of the hot wire anemometer is given in ref (14).
Development of the laser Doppler velocimeter for use in the wind tunnel
is described in ref (16, 1T & 18). Flow visualization techniques in
the wind tunnel include use of tuft grids (15) and smoke (19).
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In flight tests far from the ground several aircraft are used,
depending upon the type measurements made. In the tests carried out
by the Flight Research Center (ll,- 12) the probe aircraft generally
carried instruments to record airspeed, altitude, normal acceleration,
longitudinal acceleration, transverse acceleration, pitch velocity,
roll velocity, yaw velocity, benk angle, angle of attack, angle of
A51deslip, lateral-control wheel positions, and aileron positions. A
Langléy Research Center probe aircraft carries instruments that record
date which permits computation of the three velocity components. This
information is very useful and gives a precise picture of vortex char-
acteristics and enables a determination to be made of the possible
effects of the vortical winds on other probe aircraft.

Flight tests near the ground mske use of instrumented towers with
bi-vane anemometers, and Smoke visuallzatlon with photographic coverage.
This is an acceptable way to study many of the vortex system character-
istics near the  ground. One drawback of the instrumented tower is the
effect it has both on the atmospheric flow field and, often times,
the dramatic reaction of the vortex trails when passing the tower.

Then too, the stationary nature of the tower, and often its height
limitation and spacing of sensors, ‘encourages efforts to develop and
improve the- system. If date are needed on vortex life, the arrsy of
towers down wind of the tower nearest the alrplane raises serious
questions as to the validity of the data.

These factors that limit, somewhat, the use of the tower as an
instrument platform prompted us to explore and develop means to remotely
sense the vortex' winds, without having the sensor and instrument tower
disturb the flow. The feasibility of using a laser Doppler velocimeter
to perform these measurements has been demonstrated (20) with a one-
dim;gsional unit, supported by other efforts reported in references
21-

A test facility, subsequently used to assess the characteristics
of the laser system, is shown in Figure 24 and a comparison of wind
measurements using a cup ahemometer and a laser Doppler velocimeter
is shown in Figure 25. The instrument makes use of a 20 watt carbon
dioxide laser to send a focused beam to a selected point in the atmos-
phere. The particulate matter in the sensitive volume back scatters
some of the laser light. A frequency analyzer determines the Doppler
shift in light frequency caused by the velocity of the particulate
matter, which is & measuré of the wind velocity component along the
laser beam within the sensitive volume. '

" A conceptual design study is underway to consider applications of
the laser Doppler velocimeter to low altitude vortex research as illus-
trated in Figure 26. The instrument would have the ability to search
a known plane, which the test aircraft would have penetrated, and
measure the three components of wind velocity from the Doppler shift
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recorded in each of the three field units. For more refined and
detailed measurements, the measurement grid could be reduced and allowed
to follow the vortex drift. Breadboard instruments will be used within
the next few months to develop techniques useful for the low-altlitude
vortex research measurement system. This system is expected to have
possible applications as an alrport trailing vortex warning system as
depicted in Figure 27. A design study is underway to define the system
specifications to meet the airport applications. Should this system
concept be used at airports the measured vortex data intensity and
location would appear to be readily adaptable for the development of
airport system avoidance procedures. This system might be particularly
useful if elimination of the trailing vortices is not achieved by
practical means.

A perallel effort is being made using an argon laser of from 5 to
100 watts. This instrument is planned for use only as a diagnostic
tool for research work. An argon laser is hazardous and its use will
be carefully controlled. Argon has & wave length of 1 micron (versus
10.6 microns for carbon dioxide) and very fine scale measurements of
vortex velocity fields will be made. An ability to remotely measure
atmospheric winds will have other applications, as measuring vertical
wind profiles and low level wind shears, and Justifies a strong
developmental effort.

L. CONCLUSIONS

NASA has a comprehensive effort underway including flight tests,
wind tunnel tests, and instrument development to achieve a better
understanding of aircraft trailing vortex formation and persistence .
behind large transport aircraft and concurrently, other studies will
evaluate several different concepts on ways to either prevent the
trailing vortices from forming or induce early dissipation of dangerous
velocities.

Recent flight tests have provided vsluable information needed to
establish adequate spacing behind large aircraft to prevent hazardous
situations from occurring. Additional tests are scheduled to measure
the velocity distributions in wakes at various distances down stream
of large aircraft, both near the ground and at the cruise/holding . .
pattern altltudes.

Recent research results give hope that the operational hazards and
economic penalties related to trailing vortices might be reduced or
eliminated in the future by aserodynamic design. In addition, techniques
to locate and measure the trailing vortex velocities for use in research
programs and for use as an airport monitor are under development.
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