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VORTEX ATTENUATION FLIGHT EXPERIMENTS
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SUMMARY

Flight tests evaluating the effects of altered span loading, turbulence ingestion,
combinations of mass and turbulence ingestion, and combinations of altered span
loading and turbulence ingestion on trailed wake vortex attenuation were conducted
in several NASA flight test programs. Span loadings were altered in flight by
varying the deflections of the inboard and outboard flaps on a B-747 aircraft.
Turbulence ingestion was achieved in flight by mounting splines on a C-54G aircraft.
Mass and turbulence ingestion was achieved in flight by varying the thrust. on the
B-747 aircraft. Combinations of altered span loading and turbulence ingestion were"
achieved in flight by installing a spoiler on a CV-990 aircraft and by deflecting the
existing spoilers on a B-747 aircraft.

The characteristics of the attenuated and unattenuated vortexes were determined
by probing them with smaller aircraft. Acceptable separation distances for encoun-
ters with the attenuated and unattenuated vortexes are presented.

INTRODUCTION
Flight tests evaluating the effects of altered span loading, turbulence ingestion,

combinations of mass and turbulence ingestion, and combinations of altered span
loading and turbulence ingestion on trailed wake vortex attenuation were conducted

*Langley Research Center.
'Federal Aviation Administration, Western Region.
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in several NASA flight test programs. The programs were initiated .because ground
facility (wind tunnel and water tank) measurements indicated that certain configura-
tion changes offered potential for vortex attenuation, with a resultant increase in
safety and airport capacity.

Table 1 summarizes the vortex attenuation flight experiments. The table also
lists the aircraft involved in each experiment and gives some idea of the magnitude
and timing of the programs.

Span loadings were altered in flight by varying the deflections of the inboard
and outboard flaps on a Boeing B-747 aircraft. Figure 1(a) shows the B-747 air-
plane'flying with a conventional or 30/ 30 landing flap configuration (i .e. , inboard
flap deflected 30° and outboard flap deflected 30°). Figure 1(b) shows the airplane
flying with the 30/1 flap configuration (inboard flap deflected 30°, outboard flap
deflected 1°) . The following combinations of inboard/outboard flap deflections were
tested: 30/30, 30/20, 30/10, 30/5, 30/1, and 5/30. The minimum outboard flap
deflection was 1° so that the leading-edge flaps could be kept extended (the leading-
edge flap deflections are programed according to trailing-edge flap deflections) .
Various span loads were tested because of the attenuation potential forecast by the
wind-tunnel tests reported in reference 1. The results of the flight tests of span
loading alterations are reported in references 2 and 3.

Turbulence was created and ingested into the vortexes in flight by mounting
splines on a McDonnell Douglas C-54G aircraft and by varying the thrust of the
engines on the B-747 aircraft. Figure 2 shows the splines on the aircraft in flight,
and figure 3 shows details of the splines. These tests were preceded by wind-
tunnel tests which are reported in conjunction with the flight tests in reference 4.

The inboard and outboard engines of the B-747 airplane are alined directly in
front of the outboard edges of the inboard and outboard flaps, respectively.

Figure 1illustrates the engine/flap alinement. This alinement naturally caused
curiosity about the effects of changes in engine thrust on the wake vortexes of the
B-747 airplane in the normal landing configuration and in attenuated configurations.
Therefore, the effects of engine thrust were evaluated on numerous occasions
throughout the B-747 vortex attenuation flight tests.

The combined effectsof altered span loading and turbulence ingestion were
tested in flight by installing a fixed spoiler on the wingtip of a Convair CV-990 air-
craft and by deflecting the existing spoilers on the B-747 airplane. Figures 4(a)
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and 4(b) show the CV-990 wingtip spoiler from a distance and close up. Wind-
tunnel tests of this configuration were conducted and reported in conjunction with
flight tests in reference 5.

Figure 5 is a sketch of the B-747 spoiler/speed brakes, referred to herein as
spoilers. The effects of various spoiler segment combinations on vortex attenuation
were tested thoroughly in the Langley V/STOL wind tunnel (ref. 6). These results
were sufficiently promising to warrant flight test verification. Therefore, the
effects of deflecting these spoilers on vortex attenuation are being evaluated in flight
tests.

All the B-747 flight tests were conducted with the NASA B-747 space shuttle
carrier aircraft, and because the airplane was not always available, some of the
tests could not be made before this writing. The scheduling problem also prevented
many of the quantitative data from being processed in time for this paper. This
.paper therefore summarizes the qualitative assessment of the vortex attenuation pro-
vided by some of the B-747 configurations,

SYMBOLS

; roll axis angular leration m r ring vortex encounter
!p(measured oll axis angular acceleratio easured during vortex encounte

| p {8 maximum roll axis angular acceleration that can be generated by -
qmax ailerons
o vortex-induced rolling-moment coefficient
Vv
¢, 8, maximum rolling-moment coefficientthat can be generated by
o) max :
a ailerons

ol

mean aerodynamic chord
TEST TECHNIQUES
The technique of vortex attenuation flight testing has been described in detail

in the paper by Jacobsen and Barber earlier in this conference. However, a review
of the techniques from the pilot’s standpoint is believed to be appropriate.
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The most significant test in a qualitative evaluation of the vortex hazard to a
trailing aircraft consists of probing the vortex as it would most likely be encountered
in a real landing approach situation. To simulate this situation, the vortexes are
probed with as small a penetration angle as possible. This type of probe is referred
to as a parallel probe (i.e. ,the probing aircraft's flight path is approximately
parallel to the vortex). The probe aircraft may enter the vortex wake from below,
from above, or from either side. The probes result in pitch, roll, and yaw upsets
that are representative of those that would be experienced by trailing aircraft in
real situations. Qualitative assessments of these upsets enable the probe pilot to
select separation distances (or times) behind a generating aircraft that result in
acceptable levels of vortex-induced hazard.

The only limitation on a simulation of real vortex encounter situations is test
altitude. Statistically it is known that most accidents attributed to trailed wake
vortexes occur on landing approach at relatively low altitudes. Unfortunately,
flight test experience to date has not resulted in sufficient confidence in either
predictive techniques or the repeatability of flight test results to permit testing at
altitudes less than those required for comfortable recovery from inverted flight. In
practice, this means the tests must be conducted no lower than approximately
1500 meters (5000 feet) above ground level.

Therefore, the probe pilot is evaluating an upset hazard at high altitudes above
ground level and attempting to extrapolate his evaluation to low altitudes. This
shortcoming has become more and more significant as the attenuated vortex configu-
rations have enabled vortex encounters at closer separation distances, thereby
increasing the need to verify the acceptability of the configuration.

In the past, probe pilots have estimated minimum separation distances by
determining the separation distance at which the vortex-induced upsets would cause
them to decide to execute a missed approach if they were performing an IFR approach.
As noted, these determinations were made during parallel probes made approximately
1500 meters (5000 feet) above ground level.

Figure 6 summarizes the data that were obtained from tests reported in refer-
ences 7to 10. The correlation of the data throughout the numerous test programs is
relatively good and illustrates that the pilots' opinions obtained by using the previ-
ously discussed technique agree remarkably well with the minimum separation
distances that were established by using the roll control criterion discussed by
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Jacobsen and Barber. These data and the techniques for obtaining them were the
baseline from which the vortex attenuation flight tests to be discussed herein were
initiated. Experience gained in the vortex attenuation flight tests show some short-
comings in these data and indicate areas where present techniques are inadequate.

TEST RESULTS

Altered Span Loading

Span loadings were altered in flight by varying the deflections of the inboard
and outboard flaps on a B-747 aircraft as shown in figures 1(a) and 1(b) . Seventeen
flights were flown by the B-747 airplane to complete these tests, and the Cessna
T-37B and Learjet-23 (LR-23) aircraft were utilized as the probe aircraft. Both
parallel and cross-track probes were performed during this test series. Most of the
tests were preceded by the wind-tunnel tests reported in reference 1, and were
partially reported in references 2 and 3.

The results of these tests are summarized in figure 7, which presents the pilots’
gualitative assessments of the alleviation provided by retracting the outboard flap
on the B-747 airplane. The landing-gear-up data show that a significant amount of
attenuation was provided by retracting the outboard flap. These data agree with
wind-tunnel data obtained from a model that did not have a landing gear, When the
landing gear on the airplane was extended, a significant amount of the attenuation
was lost.

An assessment of the correlation between the pilots' qualitative separation
requirements and the requirements that would be dictated by the roll control
criterion can be obtained by comparing figure 7 with figures 8(a) and 8(b). In
general, these data show that the quantitative and qualitative requirements are in
agreement.

During these tests it was also noted that engine thrust and aircraft sideslip had
a significant effect on the attenuation provided by the altered span loadings. These
effects are illustrated in figures 9 and 10.

The differences in the B-747 trailed vortex system with and without the outboard
flap extended can be evaluated by reviewing the photographs in figures 11(a) to 11(j)
and figures 12(a) to 12(g) . A comparison of figure 11(a) and figure 12(a) indicates
that with the outboard flap extended the dominant vortex is the vortex shed from
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the outboard edge of the outboard flap. With the outboard flap retracted, the
dominant vortex is that shed from the outboard edge of the inboard flap. In both
cases, the wingtip vortex interacts with the dominant vortex. The effects of config-
uration on vortex life can also be compared. The unattenuated vortex persists for
at least 45 seconds, when the cameraman ceased taking pictures. The attenuated
vortex disappears completely in 30 seconds, After these tests, the vortex marking
system was modified to include smokers at the inboard edge of the inboard flap to
try to determine why the landing gear reduced the attenuation. The photographs in
figures 13(a) and 13(b) show that the landing gear diffuses a powerful vortex at

the inboard edge of the inboard flap, significantly reducing the attenuation provided
by the 30/ 1flap configuration. Though not available in the photographic record at
this time, visual observations of the inboard vortex showed that it intermingled with
the vortex off the outboard edge of the inboard flap when it was not diffused by

the landing gear.

Although interesting from a research standpoint, the vortex attenuation afforded
by the 30/1 flap configuration was disregarded for obvious operational reasons when
the degrading effects of the landing gear were discovered. It should be noted that
this configuration also imposed a center-of-gravity limitation on the B-747 airplane.

A flight evaluation of the vortexes 4 nautical miles to 6 nautical miles behind the
B-747 airplane in the 5/30 flap configuration was short and conclusive. Whereas
the 30/ 1flap configuration produced marked attenuation, the 5/30 vortex resulted in
T-37B encounters that were even more violent than those caused by the conventional
30/30 landing configuration at 6 nautical miles. One encounter at 6 nautical miles
produced a violent double snap roll which far exceeded the capability of the roll rate
data acquisition system and also caused an engine flameout. These tests showed the
correct approach to vortex attenuation to be increasing the inboard span loading,

Turbulence Ingestion

The ingestion of turbulence into the vortexes in flight was accomplished by
mounting splines on the wingtips of a C-546 aircraft (figs. 2 and 3). The Piper
Cherokee (PA-28) airplane was used as the probe aircraft for these tests. The
vortex attenuation results of these tests are shown in figure 14, which compares
the probe aircraft's roll accelerations in the attenuated and unattenuated vortexes.
The data show that the PA-28 airplane has insufficientroll control power to overcome
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the vortexes of the basic C-54G airplane at a separation distance of approximately

4 nautical miles, and that maximum roll control power is never required to oppose
the vortex attenuated by splines. The data generally correlate with the pilots' opin-
ions of the attenuation, which was that roll control became insufficient approximately
2.5 nautical miles behind the unattenuated C-54G airplane but that it was sufficient
throughout the entire range of separations tested for the attenuated configuration.
The unattenuated data represent the C-54G airplane in the clean configuration and
therefore are not directly comparable to the data presented in figure 6, which are
for the normal landing configuration.

The effects of the splines on the performance, handling qualities, and noise of
the C-54G airplane were also measured. It was concluded that although the splines
significantly reduced the rate of climb of the C-54G airplane, the airplane's four-
engine performance was acceptable for this test program. (It should be noted that
the splines were not retractable, as they would be for any configuration seriously
proposed for operation.) The splines caused no noticeable changes in the handling
gualities of the C-54G airplane. Finally, the maximum overall sound pressure level
of the C-54G airplane during landing approach with splines on was approximately
4 decibels higher than with splines off.

The vortex attenuation potential of the splines should not be too easily discounted
because of what may seem to be rather complex operational problems. An unpub-
lished study concerning the feasibility of producing retractable splines concluded
that the concept is practical.

Combinations of Mass and Turbulence Ingestion

Flight tests were conducted with the B-747 airplane to evaluate the effects of
engine thrust on vortex attenuation. In general, most of the B-747 testing has been
conducted with thrust for level flight at altitudes of approximately 3000 meters
(10,000 feet) , because a level flightpath makes it easier for the probe pilots to find
and encounter the vortexes. However, considerable testing has been performed for
all the attenuated and unattenuated configurations wherein the thrust was reduced
from that required for level flight to that required for a -3° flightpath angle.and
further to flight idle (approximately -6° flightpath angle, depending on spoiler,
flap, and gear configuration). To date, a detailed comparison of the pilots' qualita-
tive assessments of the effects of engine thrust with quantitative data has not been

375



completed. In general, however, it appears that reducing the thrust from that
required for level flight to flight idle adds approximately 2 nautical miles to the
required separation distance. This generalization is true for both the 30/30 and
30/1 flap configurations (fig. 9).

Tests wherein the inboard and outboard engine thrust levels have been varied
alternately have been conducted, but the data are not yet available. Tests to
determine the effects of engine thrust on the attenuation provided by deflecting
various spoiler segments are yet to be completed.

Combinations of Span Loading Alteration and Turbulence Ingestion

Wind-tunnel tests made as early as 1969 indicated that the character of the
trailing vortex system could be changed significantly by adding a spoiler to the
wing in the area of the vortex formation (ref. 5). Flight tests of a spoiler on the
wingtip of a Cv-990 aircraft (fig. 4) were conducted in 1970 as a result of these
wind-tunnel tests. Unfortunately, at that time in-flight vortex marking systems
were not available, and therefore the tests were rather inconclusive.

More recently, however, wind-tunnel tests have shown that extending various
combinations of the B-747 spoilers is effective in attenuating its vortexes (ref. 6).
Figure 5 shows that the four outboard spoiler panels on the B-747 airplane are in
the vicinity of the outboard flap, where the dominant vortex is shed (fig. 11).
Therefore, it is not surprising that extending these spoilers affects the resulting
vortex system.

These tests were paced by wind-tunnel tests (ref. 6). In flight, the spoilers
were deflected in the following combinations:

I Spoiler panel |
1 2 3 415 617918 ]191]10]1111}12

Spoiler panel deflection, deg

=337 |- |--|-—-|--|s7|s7]|--|--
arlar|—-{—-|-—-|-{—-1-1-|-|a|au
25 025 |- —-1-—-|-—-|--|--|-]--125]25
as |- f—-las|-—-|—-|—-|-—-|a5]|--]|- |25
a5 |as| - |- |--|—-|--|—-]4a5]|45]--
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The deflection angles were chosen as a result of the flight crew's concern about the
level of buffetinduced by the spoilers and limitations of the control system on the
production B-747 airplane. The 37° deflection for spoilers 3, 4, 9, and 10 and the
41° deflection for spoilers 1,2, 11, and 12 were used because of the crew's concern
about the safety of accepting a higher level of buffet. The 25° limit for the deflec-
tion of spoilers 1, 2, 11,and 12 was established because it caused the highest buffet
level that the flight crew felt passengers would tolerate. The 45° deflections for the
spoiler combinations (1, 4, 9, 12) and (2, 3, 10, 11)were limited primarily by the
control system. It is interesting to note that the flight crew felt that the buffet level
with a spoiler deflection of 45° was excessive for spoiler combination (2, 3, 10, 11),
but acceptable for the spoiler combination (1, 4,9, 12),

Figure 15 summarizes the pilots' qualitative separation requirements from the
spoiler flight tests. The data illustrate that with spoilers 1,2, 11, and 12 deflected
41°, significantly more attenuation is provided than with any other configuration.

In fact, it would appear from these data that the 41° deflection of spoilers 1, 2, 11,
and 12 could be proposed as an operational configuration that would allow light
aircraft to be spaced as close as 3 nautical miles behind heavy aircraft. Therefore,
a series of tests was developed to investigate the operational feasibility of using

this configuration. This investigation was to include actual landings of the B-747
airplane with the spoilers extended and probes of its vortex at landing flare altitudes
by the T-37B airplane.

Landing the B-747 airplane with the spoilers extended was accomplished in a
relatively straightforward manner, and the pilots indicated that the spoilers did not
significantly detract from the airplane's landing performance.

The proposed low altitude probes with the T-37B airplane required a reevalua-
tion of the criteria on which probing was based at altitude. As discussed in
TEST TECHNIQUES, the probe pilots used as a criterion the level of upsets which
would force them to abandon an approach either on instruments or after breaking
out at the bottom of an overcast. Among other factors, a bank angle limit of approx-
imately 30° for the T-37B airplane at altitude was considered as a baseline (with
lower limits for aircraft with larger wingspans). The adequacy of this partial
criterion was questioned , however, when actual landings were proposed; lower
control power , proximity to stalls or spins at low altitude, and the thrust required
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to overcome the downwash of the generating airplane became additional items of
concern.

Intentional probes of the downwash area between the B-747 vortexes were made
with the B-747 airplane with spoilers 1,2, 11, and 12 deflected. The T-37B air-
plane probed this area to less than 2 nautical miles and found only light to moderate
turbulence with an incremental downwash of approximately 150 meters per minute
(500 feet per minute). The problem of adequate climb performance at low speeds in
the landing configuration had to be considered, even when roll control power was
adequate to overcome the vortex-induced roll. An additional unknown was the
variation of vortex strength and life as a function of altitude and ground effect.
Tests using ground-based sensors were conducted to evaluate the normal and
attenuated vortex characteristics, but the results are not yet available.

Another question pertinent to the problem of separation distance is the effective-
ness of attenuating devices for following aircraft that have considerably larger
wingspans than the T-37B and LR-23 airplanes. Wind-tunnel and water tank tests
on a McDonnell Douglas DC-9 scale model indicate a definite reduction in induced
roll , but not as large a reduction as models of smaller wingspan experienced. This
effect is due to the better fit of an airplane with a larger wingspan in the larger
attenuated vortex.

All T-37B probe pilots agree that the attenuated vortex is much larger in
diameter, is less well defined, and has lower tangential velocities than the usual,
well-formedvortex tube. A DC-9 airplane is being instrumented and is to be test
flown to determine the degree of effectiveness of vortex attenuation on an airplane
with a significantly larger wingspan than the T-37B and LR-23 aircraft.

A comparison of the photographs presented in figures 16(a) and 16(b) with
those shown in figures 17(a) and 17(b) will provide the reader with an illustration
of the differencesin the formation of the B-747 vortex systems with and without
spoilers 1,2, 11, and 12 extended.

CONCLUDING REMARKS
Flight tests made to evaluate the effects of altered span loading, turbulence

ingestion , combinations of mass and turbulence ingestion, and combinations of
altered span loading and turbulence ingestion on trailed wake vortex attenuation
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showed aerodynamic attenuation to be possible and probably operationally practical.
This conclusion is based on the fact that three of the methods tried provided signifi-
cant levels of wake vortex attenuation.
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(a) 30/30 flap configuration.

(b) 30/1 flap configuration.

Figure 1. B-747 span Zoad test configurations.
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Figure 3. Diagram of spline arrangement. Dimensions in meters (inches).
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(b) Close up.

Figure 4. CV-990 wingtip spoiler.
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Figure 5. Spoilers on B-747 airplane.
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(b) Time =5 seconds.

Figure 11. B-747 wake vortex characteristics. 30/30 flap configuration;
gear up; weight =276,000kg (607,000Zb); airspeed = 150 knots.
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(e) Time =20 seconds.

(f) Time =25 seconds.

Figure 11. Continued.
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(g) Time = 30seconds.

(h) Time = 35 seconds.

Figure 11. Continued.
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(b) Time =5 seconds.

Figure 12. B-747 wake vortex characteristics. 30/1 flap configuration;
gear up; weight =263,000 kg (578,0001b); airspeed =150 knots.
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Figure 12, Continued.

397



(f) Time =25 seconds.

Figure 12. Continued.
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(g) Time = 30 seconds.

Figure 12. Concluded.
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Figure 14. Effect of splines on vortex attenuation. C-54G generator aircraft,
gear and flaps up, thrustfor level flight; PA-28 probe aircraft.
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Figure 15. Effect of spoilers onwake vortex attenuation. B-747 airplane;
thrust for 3° flightpath; 30/30 flap configuration; gear down;
weight =250, 000 kg (~550,000 1b),
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