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Summary

Vortex wake alleviation studies were conducted
in a wind tunnel and a water towing tank using the
variable twist wing, a vortex-generator model capa-
ble of controlled and measured variations in span
load. Fourteen different configurations of the mul-
tisegmented wing model were tested at a Reynolds
number of 1 x 108 and a lift coefficient of 0.6 in the
Langley 4- by 7-Meter Tunnel and the Hydronau-
tics Ship Model Basin water tank at Hydronautics,
Inc., Laurel, Md. In the wind tunnel, detailed span
load measurements were taken and detailed near-
wake data obtained with hot-film anemometer and
trailing-wing surveys. In the water tank, near- and
far-wake trailing-wing rolling-moment, surveys were
made. The tests examined the roles of span load,
drag, and turbulence distributions in vortex wake
alleviation. An additional objective was to deter-
mine whether relatively simple analytical predictions
of span load and wake roll up could realistically char-
acterize the vortex generator span load and the re-
sulting vortex wake development.

The variety of measurements allowed results to be
correlated and their accuracy to be checked between
test facilities as well as between wing and wake mea-
surements. In this manner, several facility and mea-
surement technique effects were found to have signif-
icantly influenced portions of either the vortex wake
roll up or the experimental quantification of vortex
wake intensity. Detailed wind tunnel measurements
of span load distributions on the wing and cross plane
wake velocities at a semispan downstream correlated
well with each other and with water tank measure-
ments of peak trailing-wing rolling moments. These
detailed measurements were used to show that invis-
cid analytical prediction techniques accurately por-
trayed the vortex generator span load distribution
and initial vortex wake development to the resolution
limits of the data. However, meander and flow angu-
larity in the wind tunnel prevented, in other than a
qualitative sense, the use of wake velocity data mea-
sured at 6 and 11 semispans downstream. Average
trailing-wing rolling moments were shown to be un-
reliable as a measure of the vortex intensity because
vortex meander amplification did not scale between
the test facilities and free-air conditions. High val-
ues of meander amplification caused average trailing-
wing rolling-moment data in both facilities, as well as
wake velocity data in the wind tunnel, to falsely in-
dicate rapid vortex decay with downstream distance.

A tapered-span-load configuration, which exhib-
ited little or no drag penalty, was shown to offer
significant downstream wake alleviation to a small
trailing wing. This wing configuration achieved wake

alleviation through span load specification of more
uniform vorticity shedding at the wing trailing edge.
In contrast, the greater downstream wake alleviation
achieved with the addition of spoilers to a flapped-
wing configuration was shown to result directly from
the high incremental drag and turbulence associated
with the spoilers and not from the span load alter-
ation they caused.

Introduction

Large aircraft produce vortex wakes which can
cause severe roll upset to encountering aircraft within
several miles of the generating aircraft. To preclude
hazardous operations within airport terminal areas,
pilots are advised (and required under IFR (instru-
ment flight rules) conditions) to maintain longitudi-
nal aircraft spacings of up to 6 n.mi. Should these
requirements be maintained into the 1990’s, the ben-
efits of new four-dimensional terminal control and
landing systems technology may be limited. The
growth of air transportation capacity could thus be
inhibited and its cost increased. Both near- and far-
term solutions to the vortex wake problem are being
sought in a joint research program conducted by the
National Aeronautics and Space Administration and
the Federal Aviation Administration. NASA is in-
vestigating vortex wake alleviation and the FAA is
pursuing wake detection and avoidance technology.
Portions of this research are compiled in references 1
and 2, respectively.

Since 1970, fundamental and applied vortex wake
research has been aimed at understanding the physics
of vortex flows and determining the effects of the
vortex-generating aircraft and surrounding atmo-
spheric conditions on the vortex wake roll up and
decay. This work has encompassed a broad spec-
trum of experimental, computational, and theoreti-
cal aerodynamics (refs. 1 to 6); this broad-based ap-
proach is necessitated by the extensive domain of vor-
tex flows. From birth to death of a typical aircraft
vortex wake system, a vast downstream distance is
traversed and flow regimes range from inviscid to vis-
cous and laminar to turbulent. This complex system
is immersed in an atmosphere that can influence the
life of the vortex system according to its turbulence
and stability levels. During this life cycle, the vor-
tex wake is generally believed to pass through three
less-than-distinct phases: (1) vortex generation and
roll up, (2) a stable, plateau region often exhibiting
the onset of mutual induction instabilities, and (3)
vortex decay and breakdown. Because each phase is
uniquely suited to certain types of experimental and
analytical techniques, and since the wake exists over
such a large downstream distance, most vortex wake



research has necessarily been limited to independent
investigation of each phase.

Another difficulty encountered in vortex wake re-
search is the need for very detailed knowledge of the
wing load distribution because the aerodynamic state
of the aireraft or model serves as the initial condition
for the transformation from wing flow to wake flow.
To determine the relationship between wing load dis-
tribution and wake development, however, a variety
of load distributions must be tested. Typically, this
would require the use of several models, each exten-
sively instrumented to obtain pressure distribution
data. The cost of designing and building numerous
models of this complexity is prohibitive.

For this investigation, the requirements for multi-
ple span loads and large downstream distances were
met by testing a unique, pressure-instrumented vari-
able twist wing (VTW) model both in a wind tun-
nel, to obtain detailed wing and near-wake measure-
ments, and in a water towing tank, where wake mea-
surements were made at near- and far-downstream
distances. The VTW, shown in figure 1, is a
multisegmented wing model capable of controlled
and measured variations in span load. This capa-
bility eliminates the need for several models. Drag
and turbulence distributions were varied using spoil-
ers, splines, or drag plates.

Spoilers and splines have been shown to be vor-
tex attenuators (refs. 7 to 9) because when prop-
erly located on a vortex-generator modecl or aireraft,
the wake of the vortex generator imposes a reduced
rolling moment on a smaller trailing wing or aircraft.
Onune specific objective of these tests was to determine
how spoilers alleviate the roll upset experienced by
following aircraft. Thus, spoilers were used as vor-
tex attenuators in this investigation. However, the
splines and drag plates were not applied strictly as at-
tenuators, but instead were used to control the drag
and turbulence distributions of the VTW.

Reduction of the rolling moment imposed on a
trailing wing results from reducing the vortex tan-
gential velocity over the region occupied by the fol-
lowing model or aircraft. Peak tangential velocities
are reduced by increasing the size of the vortex core.
An indicator of the vortex core radius is the vortic-
ity dispersion radius, which characterizes the spread
of vorticity, either as shed at the vortex generator
wing or in the rolled-up vortex wake. The vorticity
centroid b/2 and the vorticity dispersion radiusd are
directly analogous to the mean and standard devi-
ation of the vorticity distribution shed at the wing
(dT'(y)/dy). (See fig. 2.) Similarly, in the wake, the
vorticity distribution Xy, z) determines the vortic-
ity centroid (the lateral centroid position ¢ is shown
in fig. 2) and the vorticity dispersion radius, but the
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latter is now a function of time or downstream dis-
tance. For a given input angular momentum, repre-
sented by the vortex generator centerline circulation
Iy, the aim is to reduce the vortex wake roll upset
potential to a small trailing wing by increasing the
vorticity dispersion radius in the wake.

There are a number of ways to increase the vortic-
ity dispersion radius. One direct approach is to alter
the span load of the vortex generator so that the
vorticity dispersion is greater initially. In 1933, Betz
(ref. 10) developed an approximate analysis describ-
ing the relationship between the span load and the
vorticity dispersion radius. Span load alteration has
been applied in several theoretical and experimental
works. (See refs. 11 to 13.) A second method of
increasing the vorticity dispersion deals with the dif-
fusion of vorticity away from the vortex center, a pro-
cess which occurs naturally because of laminar and
turbulent viscous effects. In quiescent atmospheric
conditions, if little turbulence is produced by the vor-
tex generator, this process is much too slow. There-
fore, the introduction of turbulence-producing de-
vices on the vortex generator can enhance the growth
of the vorticity dispersion radius in the downstream
wake. Another approach is to reduce the flux of an-
gular momentum into the wake by increasing the
vortex generator drag distribution locally. The in-
creased drag creates an unfavorable axial pressure
gradient and, if properly located, retards the local
acceleration of the vortex sheet. The convective con-
centration of the entire sheet is thus altered, and a
rolled-up wake with a greater vorticity dispersion ra-
dius results. This effect is analogous to the vortex
deintensification that occurs as a result of including
the wing drag distribution in a Betz inviscid wake
roll-up calculation, as described in reference 14.

Splines increase the wing drag distribution locally
and thereby impose an adverse axial pressure gradi-
ent on the vortex wake. Splines also increase the
turbulence shed into the wake. (The original design
motivation for the splines, however, was the desire
to create an axial pressure gradient. See ref. 8.)
Spoilers produce all three effects, since in addition
to increasing the drag and turbulence distributions,
they also alter the span load. This investigation used
the span load tailoring capability of the VTW and
also made selective use of splines and drag plates for
controlling drag and turbulence distributions in or-
der to determine the chief mechanism responsible for
spoiler-produced vortex wake alleviation.

Fourteen different configurations of the VTW
were tested to examine the roles of span load, drag,
and turbulence distributions in vortex wake allevia-
tion with attention to performance penalties on the
vortex generator. An additional objective was to




determine whether relatively simple analytical pre-
dictions of span load and wake roll up could realisti-
cally characterize the vortex generator span load and
the resulting vortex wake development. Both the vor-
tex generator and vortex wake measurements were
sufficiently detailed to allow comparisons with the
analytical predictions of each and to enable an eval-
uation of the test facility and measurement technique
effects. Appendixes A and B present test method de-
tails and experimental influences, respectively.

Symbols

A wing aspect ratio, b2/S

b ‘wing span, m

b/2 vorticity centroid of wing lift
distribution relative to wing
centerline (does not include
effects of lifting centerbody)
(see fig. 2), m

b/b normalized vorticity centroid of
wing lift distribution relative to
wing centerline (does not include
effects of lifting centerbody)

. : Axial force
Cy axial-force coefficient, oy
Cp drag coefficient (referenced to

geometric angle of attack a),
Dra%
doo

Ch drag coefficient corrected for pos-

sible angle-of-attack inaccuracies,
Cpn sin(a + ao) + C4 cos(a + ao)

goo

Cr lift coeflicient (referenced to
geometric angle of attack a),
Lift
g0

C, lift coefficient corrected for possi-

ble angle-of-attack inaccuracies,
Cn cos(a + ao) — C4 sin{a + ap)

Goo

CL.cB centerbody lift coefficient,

Centerbody lift

qoo

CLp lift coefficient integrated from

. . Integrated lift

right wing ¢, data, —ﬂq;s—
Crav magnitude of maximum average

C; tw value measured for a
vortex of significant strength in
a Y-Z cross plane with trailing
wing at fixed y, z position

Ci1pk

Citw

Cy
Cro

Cn

Cp

ol

]

Al

magnitude of maximum Cj v
value measured for a vortex of
significant strength in a Y-Z
cross plane

trailing-wing rolling-moment
Rolling moment
g

coefficient, -

normal-force coefficient,
Normal force
Qoo

wing chord, m

section lift coefficient, W

¢g at wing centerline
section normal-force coefficient

integrated from chordwise cp
data

static pressure coefficient, Bi;’&‘i

vorticity dispersion radius of
wing lift distribution relative

to vorticity centroid position
(does not include effects of lifting
centerbody) (see fig. 2), m

indices
incremental length vector, m

grid square element length on
interpolated wake velocity grid,
m

index for labeling vorticity
contour levels, where (0s/Uy =
+e"/2,n=0, 1, 2, ...

static pressure, Pa
dynamic pressure, Pa

radius from center of vortex, m

wing reference area, m?

VTW semispan, m

lift centroid position of wing lift
distribution (does not include
effects of lifting centerbody) (see
fig. 2), m

time, sec
total velocity vector, m/sec

velocity components in X,Y, Z
Cartesian coordinate systern,
respectively, m/sec



Uay, Vav, Way

X, Y. Z

T, Y,z

ILE

lyTw]

yQ

o

I

averaged velocity components
in X,Y, Z Cartesian coordinate
system, respectively, m/sec

interpolated velocity components
in X, Y, Z Cartesian coordinate
system, respectively, m/sec

right-hand Cartesian coordinate
system originating at centerline
of VIT'W trailing edge with X
aligned to wind tunnel or water
tank longitudinal centerline, Y
aligned horizontally along right
wing and perpendicular to X,
and Z aligned vertically upward
(sce fig. 3)

VTW body axis aligned with
local chord and originating at
wing leading edge

longitudinal, lateral, and vertical
dimensions along X, Y, Z Carte-
sian coordinate system, m

dimension along Xy g axis, m

lateral vorticity centroid of VITW
wake relative to wing centerline,
m

y magnitude at which Cj oy
measurement obtained, m

y value of vortex center deter-
mined from wake velocity mea-
surements, m

geometric angle of attack of wing
centerline chord, deg

angular offset between free-
stream velocity and o = 0°, deg

wing segment twist angle relative
to wing centerline chord (wing
segment leading edge up is
positive), deg

vorticity dispersion radius for a
Gaussian distribution of vorticity,
m

circulation measured over wake
survey cross plane in semispan
wake of VTW (sce fig. 2), m?/sec

Ty circulation at wing centerline
as derived from lift distribution
measurements (does not include
effects of lifting centerbody) (see
fig. 2), m2/sec

I’ circulation distribution along
VTW semispan as derived from
lift distribution measurements
(does not include effects of lifting
centerbody) (see fig. 2), m?/sec

p density, kg/m®

Oy standard deviation of u velocity
component, m/sec

Ow standard deviation of w velocity
component, m/sec

Q streamwise component of vortic-
ity measured over wake survey
cross plane in semispan wake of
VTW (see fig. 2), sec™!

Subscript:

00 free-stream conditions

Test Facilities

Two test facilities were used in this investigation:
the Langley 4- by 7-Meter Tunnel and the Hydro-
nautics Ship Model Basin (HSMB), a water towing
tank at Hydronautics, Inc., Laurel, Md. The wind
tunnel tests emphasized detailed model aerodynamic
data and detailed near-wake data, whereas the wa-
ter tank tests were used primarily to collect far-wake
rolling-moment data.

Langley 4- by 7-Meter Tunnel

The test section of the Langley 4- by 7-Meter
Tunnel (fig. 1) has a height of 4.42 m, a width of
6.63 m, and a length of 15.24 m. The VTW was
blade mounted atop a sting in the upstream end of
the test section, near the entrance cone, and main-
tained at test section centerline during test runs. An-
gle of attack was determined from an accelerometer
mounted in the fuselage. A six-component strain-
gauge balance was used to determine lift and drag
for the wing and centerbody combination.

A survey rig, also pictured in figure 1, was used
in these tests for Y, Z cross plane sampling of either
the three wake velocity components or the rolling
moment on a trailing-wing model in the VTW wake.
The survey rig could be positioned in the test section
from 1 to 11 semispans behind the VITW. Either a
hot-film probe or a trailing-wing model was mounted




to the motor-driven traverse mechanism on the sur-
vey rig to allow both lateral and vertical movements.
Digital encoders on the traverse mechanism provided
the lateral and vertical position of the sensor during
test runs.

Hydronautics Ship Model Basin Water Tank

The HSMB is a water towing tank facility 125 m
long and 7.32 m wide, with a water depth of 3.81 m.
Two independently powered carriage systems were
used to propel the VIW and trailing-wing models
through the tank. (See fig. 3.) The VIW quarter-
chord line was located 1.12s below the waterline
and the model was attached overhead to the lead
carriage by a blade mounted to a tilt table. The
tilt table provided for angle-of-attack adjustment.
Variable reluctance force measuring block gauges
(ref. 15), attached internally to the VTW centerbody,
measured lift and drag from the model wing only.
(Centerbody forces were not measured.)

The trailing-wing carriage had a motor-driven
scan system which traversed 46 cm vertically during
each run at a rate of 4 cm/sec through the wake of
the VT'W. The lateral position of the blade-mounted
trailing wing was changed manually between runs.
Separation distance between the two models was
determined using the time differential for the two
carriages to pass the midlength point of the water
tank and the measured speed of the two carriages.
Prior vortex wake work in this facility indicated
that 15 minutes between runs was sufficient time
to allow the model-induced turbulence levels in the
tank to damp to quiescent conditions. Although the
turbulence was not measured directly, a comparison
of flow field steadiness at z/s = 11 in both test
facilities indicated a substantially lower turbulence
level in the water tank.

Models
Variable Twist Wing

Two variable twist wing (VITW) models were
used during this investigation: an extensively instru-
mented aluminum model which provided force and
moment data as well as detailed span load measure-
ments in the wind tunnel, and an anodized aluminum
model which provided force and moment data only in
the water tank. The wind tunnel VTW was mounted
atop a faired support strut which attached to the
centerbody. The water tank VTW was mounted be-
low a faired support strut which attached to the tail
cone. Other than model installation differences, the
VTW models were geometrically identical and were
the same size.

The VTW model is shown mounted in the wind
tunnel in figure 1, and a schematic with dimensions
is shown in figure 4. The model had a metal wing
with an aspect ratio of 7, a span of 2.489 m, and an
NACA 0012 airfoil section. The wing consisted of
72 segments (each 2.96 cm wide and independently
rotatable about its quarter chord), with 36 installed
on each side of a wing center panel of 35.56 cm
span fixed to the centerbody. A body-of-revolution
wing-tip cap was fitted to each wing tip and twisted
in unison with the final outboard wing segment.
Spoilers, splines, or drag plates were added to several
VTW configurations, as shown in figure 5. These
devices were centered at y/s = =£0.607 and the
splines and drag plates were mounted aft of the
trailing edge at about z/s = 0.122 (or z/c = 0.43).

The wind tunnel VITW model had 580 pressure
taps for measurement of spanwise and chordwise
pressure distributions. Pressure coefficient data were
obtained along 19 spanwise positions on the right
wing and 1 symmetrically matching position just left
of the wing centerline. Spanwise and correspond-
ing chordwise positions of each pressure orifice are
given in table I. Right-wing segments were hollowed
to accept either pressure orifice tubing or electronic
scanning pressure transducers and associated wiring.
Generally, alternate segments contained the pressure
transducers, which accepted the pressure orifice in-
puts from the adjacent segment through openings in
each side of the segment. These openings were sized
and located to accommodate up to 15° twist between
adjacent segments without unsealing the openings to
the free stream. Pressure data were taken under
computer control with all 580 orifices electronically
scanned and recorded in 0.1 sec.

Thus, the VITW design allowed the span load
distribution to be tailored via wing segment twist,
and the pressure instrumentation permitted accurate
measurement of the pressure distribution over the
wing. Fourteen VI'W configurations that differed in
either wing twist distribution or wing device installa-
tions were tested for this investigation. The configu-
rations, shown in figure 6, are categorized into three
groups—continuous span load distributions, partial-
span-flap span load distributions, and alleviated vor-
tex wake configurations. This grouping system dif-
ferentiates between the configurations of group I,
which produced one predominant vortex per semi-
span, and those of group 11, which shed multiple semi-
span vortices. The configurations of group III were
tested to examine the mechanism of spoiler-produced
vortex wake alleviation. The configurations are
given designations and are described in table IL
These groupings and configuration designations will
be utilized throughout the remainder of this report.
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Details of the wing twist distributions and wing
device installations are given in table III and are
plotted with the span load data.

Trailing Wing

Measuring the rolling moment on a smaller wing
positioned in the wake of the vortex generator has
become an accepted means of quantifying the hazard
posed by the vortex wake system of a particular
configuration. (See refs. 16 to 27.) The aspect-ratio-
5.35 trailing wing used for these tests has a span
equal to 13 percent of the VTW span. A photograph
and dimensions of the unswept trailing-wing model
installed on the wind tunnel traverse mechanism are
presented in figure 7. In each test facility, the model
was mounted on a roll balance and attached to a
traverse mechanism capable of positioning the model
both laterally and vertically as required in the VTW
wake. The trailing-wing balance used in the water
tank tests also measured lift and drag. Positive
and negative lift on the trailing wing was used to
determine if it was in an upwash or downwash region.
This determination aided in positioning the wing
relative to major-strength vortices.

Test Method

The VTW was tested at a Reynolds number of
I x 108, based on wing chord, in both facilities.
This condition required free-stream dynamic pres-
sure and velocity values of 1005 Pa and 40.52 m/sec,
respectively, in the wind tunnel and 5049 Pa and
3.179 m/sce, respectively, in the water tank. All mea-
surements of VI'W span load distributions, trailing-
wing rolling moments, and wake velocities were made
with the VIW at a Cp of 0.6 to avoid stall over
any twisted portion of the wing. Additional VTW
aerodynamic data were taken through an angle-of-
attack range in the wind tunnel. The types of data
taken in this investigation are summarized in table IV
according to downstream distance and test facility.
Generally, the wind tunnel test was used to obtain
detailed model and near-wake data and the water
tank test was used to obtain far-wake rolling-moment
data. The following paragraphs summarize each set
of measurements in both facilities; details of the mea-
surement techniques are presented in appendix A.

Wind tunnel measurements of Cp and Cp for
cach VTW configuration were taken from an an-
gle of attack of —4° to beyond stall in increments
of 2°. Except on the untwisted wing configuration
(VTW1), water tank measurements of the longitudi-
nal acrodynamic data were made only at Cp, = 0.6.
Several factors influenced the accuracy and repeata-
bility of the (77, and C'p measurements obtained in
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both facilities. At C = 0.8, force balance accu-
racy for lift was within £4.5 percent in the wind
tunnel and +1.1 percent in the water tank, whereas
drag accuracy of the utilized force balances was quite
poor—for a worst case situation, drag accuracy was
possibly only within +53 percent in the wind tunnel
and £25 percent in the water tank. The data signals
from both test facilities were low-pass filtered and av-
eraged over long time periods to remove the effects
of model vibrations, flow turbulence, and ¢, fluctu-
ations. Although these techniques could not improve
the measurement accuracy, they brought the overall
repeatability for Cp, to within £3 percent in both fa-
cilities and improved the Cp repeatability to within
+7 percent in the wind tunnel and +3 percent in
the water tank. This level of Cp consistency was
adequate for the purposes of the present tests since
drag was measured mainly to obtain significant Cp
differences between VI'W configurations in the same
facility.

As noted previously, clectronic scanning pressure
transducers were incorporated within VIW wing
segments for the wind tunnel test to allow computer-
controlled recording of all 580 pressure orifice val-
ues in about 0.1 sec. These values were then trans-
formed to ¢, data, integrated chordwise to obtain
span load pressure distributions, and integrated over
the right wing to obtain the wing-alone lift coefficient
CLp- The accuracy of the electronic scanning pres-
sure transducers assured that each chordwise ¢, inte-
gration was within £0.02 of the true valuc and that
overall Cp, ,, error was typically less than +2 percent.
Several parameters were computed from the mea-
sured span load distributions for comparison with the
measured vorticity distributions in the wake and also
with the trailing-wing rolling-moment data. The lift
centroid 3, wing centerline circulation Ty, vorticity
centroid b/2, and vorticity dispersion radius d were
calculated as shown in appendix A. This report em-
phasizes span load data derived from the pressure
distribution measurements rather than chordwise ¢y
data. Complete chordwise and spanwise ¢p measure-
ments for the VI'W configurations tested in the wind
tunnel are given in reference 28.

Trailing-wing rolling-moment surveys of the VTW
wake were made at four downstream distances-
near-field data were taken in the wind tunnel at
z/s = 6 and 11, and far-field data with a near-field
overlap were taken in the water tank at /s = 11, 40,
and 70. In the wind tunnel, the trailing-wing rolling-
moment signal was sent through a 0.1-Hz low-pass
filter and the output was averaged over a long pe-
riod at each y,z survey point. In the water tank,
the trailing-wing rolling-moment signal was recorded
with a 20-Hz resolution in an analog format from




which peak and long-period average data were deter-
mined. In both facilities, a sufficient number of runs
were made at each downstream survey cross plane
to insure that the maximum rolling-moment coeffi-
cient had been measured for each vortex of signifi-
cant strength. These maximum rolling moments are
presented as C; pg for water tank peak data and as
Cy,av for wind tunnel and water tank averaged data.

Wake velocity surveys were made in the wind
tunnel at three downstream positions (z/s = 1, 6,
and 11) behind the right wing for each of four wing
twist configurations (VIW4, VIW7, VTWT7S, and
VTW7S3). At each downstream location, semispan
cross plane surveys of u, v, and w velocities were
made using a three-component hot-film probe at-
tached to the traverse mechanism on the survey rig.
The hot-film probe traversed the cross plane contin-
uously at 1.3 cm/sec along about 55 horizontal rows
which were separated vertically by 1.3 cm (0.01s)
in high-vorticity regions and spread to about 5 cm
(0.04s) apart near the upper and lower cross plane
boundaries. The analog hot-film voltage signals were
sampled at the rate of 50 points per second and 0.02s
spatial averages of probe position and flow velocities
were computed in running-average fashion for each
horizontal traverse. To compute vorticity (£2) con-
tours within each cross plane, the averaged velocities
were linearly interpolated to a 0.02s (2.6-cm) mesh
grid and vorticity was determined at the center of
each grid square by taking the line integral of velocity
around the square per unit area. Additional details
of the computation of the vorticity cross planes can
be found in appendix A. The interpolated vclocities
were also used to determine the total circulation I'
and the lateral vorticity centroid position ¢ in the
wake cross plane for comparison with their counter-
parts measured on the VIW, T', and /2.

Presentation of Results

Results are presented under the five text subhead-
ings listed in the first column of the table below.
Figures pertinent to each subheading are also listed.
Within each subheading (except that entitled Pre-
dicted and Measured Vortex Wake Development) the
results will be addressed in the following order:

Aerodynamic data

Span load data

Trailing-wing rolling-moment data
Wake velocity data

Additional overall results are presented in tables V
to VII.

( Text Pertinent ]
Text subheading page figures
Effects of Facilities and 24 B1-B11

Measurement Techniques

Predicted and Measured Vortex 27 8-11
Wake Development

Effects of Continuous Span 31 12-16
Load Distributions

Effects of Partial-Span-Flap 35 17-21
Span Load Distributions

Effects of Alleviated Vortex 37 22-28
Wake Configurations

Discussion

Effects of Facilities and Measurement
Techniques

Several facility and measurement technique ef-
fects were found to have significantly influenced por-
tions of either the vortex wake roll up or the experi-
mental quantification of vortex wake intensity. These
findings and their impact on the interpretation of the
test results are summarized here. A detailed discus-
sion of these results can be found in appendix B,
entitled Experimental Influences.

Aerodynamicdata. A comparison of the wind tun-
nel and water tank VIW1 aerodynamic data from an
o of —6° to 16° was made to ascertain that the Cp,
and Cp data correlated between facilities and thus
that the wakes shed at the wing trailing edge were
similar. It was determined that Cj and Cp data
could be correlated between the test facilities once
angle-of-attack corrections were applied. Although
flow angles were not measured directly in either test
facility, this and other investigations with the VIW
and similar models indicated a wind tunnel « cor-
rection of about +0.5° due to flow angularity and a
water tank o correction of about —0.5° due to refer-
ence frame offsets. Application of these corrections
correlated the two data sets well. Since Cp is very
sensitive to « corrections (a 1° correction in angle of
attack changes Cp by 33 percent) and because the

‘exact a correction for each facility is unknown, the

Cp data cited in this report are uncorrected and are
useful mainly for drag comparisons between VTW
configurations in the same facility.

The survey rig was located at z/s = 6 or 11
when aerodynamic data were measured through an «
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range. At these locations, the survey rig had no effect
on the aerodynamic data. However, when the survey
rig was used for making wake velocity surveys behind
the right wing at z/s = 1, it caused an upwash
of greater than 0.6° across the right wing and an
increased Cp. The effect of the survey rig on the
wake velocity data at this station was negated for the
most part by making a reduction in « to maintain
Cp, = 0.6. This reduction left a small swirl in the
wake induced by the higher loading on the right wing
of the VTW.

Span load data. Wind tunnel pressure distri-
bution measurements on all VI'W configurations in-
dicated a wing centerline span load asymmetry. A
small lateral flow angularity toward the left wing
caused the centerbody to block the flow on the lower
surface of the wing just left of centerline and thereby
reduced ¢p at y/s = —0.0612. Negligible rolling mo-
ment on the VIT'W indicated that the span load effect
was localized just left of centerline. For this reason,
the ¢p data at y/s = —0.0612 were ignored in eval-
uating Cp, 5, 8, I'p, b/2, and d. (The determination
of these values from the span load data is given in
appendix A.)

When the lift of the centerbody was taken into
account, integrations of wing lift from the pressure
distribution data agreed well with the lift measured
by the force balance. A potential-flow panel method
code was used to approximate the centerbody lift.
Since the distribution of lift on the centerbody was
unknown, its effeet on s, Ty, ?)/2, and d is not
included.

Trailing-wing rolling-moment data. Averaged
trailing-wing rolling-moment data were significantly
influenced by vortex meander in both test facilities.
In the wind tunnel, vortex meander increased from
an amplitude of about 0.02s at z/$ = 1 to about
0.2s at /s = 11. In the water tank, meander ampli-
tude ranged from negligible at z/s = 11 to at least
0.13s at z/s = 70. As a result of this meander, the
model was not centered steadily in the vortex, and
thus Cj oy data falsely indicated rapid vortex decay
with downstream distance because the long averaging
period and increasing meander effectively enlarged
the spatial averaging zone. In both test facilities,
the meander amplification was well beyond that ex-
peeted in calim air, possibly because of ambient tur-
bulence or the enclosing walls of each test facility.
(See appendix B for a discussion of the meander am-
plification.} The choice of a shorter averaging period
was thus entirely arbitrary since the average Cprw
would correlate with a full-scale roll upset only under
similar meander conditions.
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To illustrate the length of the rolling-moment av-
eraging periods, the water tank and wind tunnel av-
eraging periods can be scaled such that the VITW
represents a full-scale transport airplane. Doing so
yields full-scale periods of 18 and 64 sec, respec-
tively. A comparison of these averaging periods with
the typical 1- to 3-sec period of a vortex encounter
shows that the experimental averaging periods are
far from characteristic aircraft roll response times.
In comparison, the peak rolling-moment data con-
tained fluctuations with a period analogous to about
0.05 sec at full scale. Thus, Cjpk can be expected
to provide a better measure than Cj sy of the poten-
tial roll upset for calm-air conditions. Because the
predominant meander period was long (equivalent to
the Crow instability period in the water tank), the
relatively short response time for C; pk data allowed
consistent Cj pg values to be obtained for a given
tangential velocity profile regardless of meander level.
Therefore, C) pg data (where available) will be used
over Cy gy data in evaluating attainment of down-
stream alleviation by a VITW configuration.

Wake velocity data. Several factors influenced
the accuracy and applicability of the wake veloc-
ity data measured in the wind tunnel. Two factors
which affected the measured velocity near the vortex
core were oscillations of the hot-film probe and vor-
tex meander. Probe oscillation effects were negated
by the 100 point per 0.02s spatial averaging tech-
nique applied to the data; however, vortex meander
effectively increased the spatial averaging of the ve-
locity and vorticity profiles. Because vortex meander
increased with downstream distance, the measured
vorticity profiles at both z/s = 6 and z/s = 11 were
significantly reduced and distorted. Thus, as it did
for averaged trailing-wing rolling-moment data, me-
ander amplification caused the wake velocity data to
falsely portray rapid vortex decay with downstream
distance. Another factor that influenced the accu-
racy of the complete cross plane of velocity data was
a right-to-left wing flow angularity which caused the
vertical VI'W mounting blade to shed its own wake
into the cross plane beyond z/s = 1. In view of
these contaminations, the wake velocity data were
quantitatively accurate within 10 to 20 percent only
at z/s = 1. At z/s = 6 and 11, these data must
be taken as qualitative and were useful primarily in
judging whether complete merger of multiple vortices
within the wake had occurred.

Predicted and Measured Vortex Wake
Development

This discussion addresses correlation of the VTW
span load with vortex wake development.



Comparisons of the measured vorticity data and pre-
dicted vorticity distributions based on both measured
and predicted span loads are made at z/s = 1. One
objective is to determine if wake development can be
characterized accurately using relatively simple tech-
niques to predict span load distribution and vortex
wake roll up. A second, more specific objective is to
evaluate the degree of similarity between wind tun-
nel and water tank VIT'W configurations chosen to
match the span load of VTW7Sy (the configuration
utilizing spoilers for downstream wake alleviation).

First, to establish that the vorticity measure-
ments at z/s = 1 were in correspondence with the
span load measurements and that significant contam-
ination had not yet resulted from wind tunnel flow
asymmetries, a vortex blob code was utilized to pre-
dict wake development with the measured span load
as input. The vortex blob technique is discussed in
detail by Leonard in reference 29. As an initial condi-
tion for the blob code, the wing vorticity distribution
was derived in a manner similar to that of Weston
and Liu (ref. 30) by discretization of the measured
span load distribution into 50 equally spaced Gaus-
sian vortices, each having a constant vorticity dis-
persion radius 8. The thickness of the shed vorticity
sheet was then proportional to 3, which was found
to best represent the velocity data for all VTW con-
figurations when set to 0.0185s. As expected, this
value was very near the wake averaging length, or
the resolution limit of the data set.

As the vortex blob technique is essentially in-
viscid, it cannot be applied to model the wake of
VTWTSy because of the turbulent and separated
flow caused by the spoilers. Of the three remain-
ing VI'W configurations having measured wake ve-
locity, VTW7S3 had the most complex wake. The
computation of its wake development based on the
measured span load is compared with the measured
vorticity field at z/s = 1 in figure 8. Although the
inviscid nature of the roll up for the unseparated-flow
VTW configurations may be considered dominant up
to z/s = 11, comparisons of predicted and measured
wake vorticity beyond z/s = 1 are pointless because
of the unsteady nature of the flow field and the re-
sultant effects on the measurements.

The prediction shown in figure 8(b) matches the
measured data well in terms of the distribution of
the residual vorticity sheet and the strengths and
positions of the dominant vortices. Note that the
inboard region of negative (opposite sign) vorticity
is predicted from the asymmetric loading measured
at wing centerline. This region is predicted as more
extensive than measured because the centerline ¢y
was taken as the average of measured values on either
side of the center. A more realistic result of the

lateral-flow angularity would be to reduce the lift
across the centerline only near the centerbody (y/s <
0.03). The positive vorticity seen on the centerline
in the plot of measured data (fig. 8(c)) is believed
to have resulted from the combined vorticities shed
from the VITW support blade under the influence of
the lateral flow and the VTW centerbody, neither
of which is modeled in the prediction. The small
region of negative vorticity measured near the tip
vortex was found in three of the four measured cross
planes at z/s = 1 and resulted from sharp wing-
tip load changes as the rapidly developing tip vortex
curled over the aft portion of the wing tip. This span
load “discontinuity” was measured directly on several
VTW configurations and was found by Weston on
an aspect-ratio-6 wing (ref. 31). However, its small
scale eluded span load measurements on most VITW
configurations. This discontinuity can be modeled
by cubic spline fits to the span load data at the
wing tip. Although it is not shown, initialization
of the blob routine with such a data set resulted in
a similar portrayal of the tip vortex and negative
vorticity regions at /s = 1.

The overall fidelity of the comparison shown in
figure 8 establishes a good correlation between VTW
span load measurements and wake survey measure-
ments at /s = 1. The next step is to determine
if wake development can be characterized accurately
with a relatively simple span load prediction tech-
nique used to initialize a vortex blob calculation of
wake roll up to z/s = 1. Span load distributions were
computed for all VIT'W configurations (except those
with spoilers, splines, or drag plates) with the vor-
tex lattice program of reference 32. The VTW span
load distribution was modeled for the vortex lattice
code as 420 horseshoe vortices on a semispan with
10 horseshoe vortices per wing segment. Each seg-
ment was given a local angle of attack, represent-
ing the wing twist (Aca), and the centerline angle of
attack was added all along the semispan. All com-
parisons of the measured and predicted span loads
utilized a vortex lattice centerline angle of attack
chosen to match the lattice-predicted C; with the
pressure-integrated Cp,, rather than with the force-
balance-measured Cp,. This choice allowed a compar-
ison of the measured and predicted dcy/dy (which is
directly related to the strength of the vorticity shed
at the wing trailing edge) since neither the lattice-
predicted C nor the pressure-integrated Cp, , in-
cluded the centerbody lift that was embodied in the
force-balance-measured Cfy,.

Figure 9 presents a comparison of predicted and
measured spanwise vorticity distributions at the
trailing edge for four VIT'W configurations. Wake ve-
locity surveys were made behind three of these. No
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velocity survey was made behind VITW2, which is
included in the comparison because it exhibited the
sharpest span load gradients of all the VTW config-
urations tested. In the figure, measured dep/d(y/s)
values were derived from linear point-to-point span
load slopes and assigned at the midpoints of y-station
data pairs, whereas predicted decy/d(y/s) values were
output from a 51-point (equally spaced) cubic spline
fit to the lattice span load prediction at 42 equally
spaced semispan positions.

It appears from figure 9 that the lattice tech-
nique is capable of providing a realistic assessiment
of spanwise vorticity distribution at the wing trailing
edge. As would be expected, the largest diserepan-
cies occurred at the high-gradient regions of the span
load. These discrepancies are probably attributable
to the truly three-dimensional nature of wing flow
and thus of span load development. The obviously
three-dimensional span load “discontinuity” caused
by the wing-tip vortex for VIW2 is, of course, not
predicted by the lattice technique. A question re-
mains as to whether these types of discrepancies are
significant. when wake initiation is computed with a
spatial resolution on the order of 0.02s¢, the wake av-
eraging length.

The lattice predictions evaluated in figure 9 were
utilized with the vortex blob technique to predict
the vortex wake development to z/s = 1 for VTWA4,
VTW7. and VIW7S53. These results are compared
with the corresponding vorticity measurements in fig-
ure 10. The overall characterization of wake devel-
optnent, including vorticity distribution and magni-
tude, is scen to be very good. Even the multiple
concentrations of vorticity, which are believed to be
due to the 1° wing segment twist discontinuities of
the VI'WA4 configuration, are predicted well. These
comparisons are meaningful ouly at and above the
spatial resolution limit of the data, which was de-
termined by the 100-point averaging technique and
the spatial averaging caused by vortex meander. At
z/s = 1, these combined effects produced a spatial
resolution limit of about 0.02s to 0.04s. At scales
smaller than this, the vortex blob prediction is artifi-
cially forced to mateh the averaged vorticity field by
the choice of a vorticity sheet thickness parameter 3
that is proportional to the spatial averaging length
of the experimental measurements.

The wind tunnel and water tank tests each uti-
lized VTW configurations that were twisted slightly
differently in attempts to mateh the expected span
load of VIWT7S. [ncomplete span load data at the
time of the tests necessitated these approximations
and resulted in VI'W7S, being tested in the water
tank and VTW7S5 being tested in the wind tunnel.
Of these three configurations, span load measure-
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ments were obtained only on VTW75g and VTW7S3.
As shown in figure 11, the differences between the
three configurations in terms of their measured and
expected vorticity distributions at the wing trailing
edge are minor.

Effects of Continuous Span Load
Distributions

Aerodynamic data. Figure 12 compares the aero-
dynamic data of VTW configurations in group I-
continuous span load distributions. All four config-
urations were below stall at the C'p = 0.6 test con-
dition, and interestingly, considering the wide vari-
ation in span loads between the configurations, all
exhibited about the same measured drag level at
C1, = 0.6. This result was verified in the water tank
(see table VII), where VITW1 (the untwisted wing)
and VTW4 (the tapered span load configuration) had
essentially identical C'p measurements at Cyp = 0.6.

Span load data. As can be scen in figure 13,
the vortex-lattice-predicted span loads compare fa-
vorably with the measured span loads, with ma-
jor discrepancies occurring only at the wing tip of
VTWI1, VIW2, and VTW3, and the wing center-
line of VTW4. Vortex lattice underprediction at the
wing tip was caused by the rapid roll up and passage
of the tip vortex over the aft portion of the wing
tip. Examination of the most outboard chordwise ¢,
data (ref. 28) showed that the wing-tip vortex influ-
enced the last half of the wing chord. Over predic-
tion at the wing centerline of VITW4 was probably
due to centerbody influence at the high angle of at-
tack of this configuration. Because VTW4 had the
largest negative discrepancy between measured O,
and Cp,, (table V) and because the lattice predic-
tion was quite good for y/s > 0.2, the actual inboard
span load was probably greater than that shown be-
cause of unaccounted-for chordwise pressure forces
and centerbody lift.

Two of these configurations, VITW1 and VTW4,
were investigated in the water tank test. The major
differences in their span loads can be noted in fig-
ure 13 and table VI. Essentially, VIW1 represents
a span load which is between elliptic and rectangu-
lar distributions, whercas the VIT'W4 span load lies
near a parabolic distribution in terms of its b/2 and
'y, but has approximately linear regions of span load
similar to those found with triangular loading. To-
tal angular momentum shed into the semispan wake,
as determined by Ty, was considerably greater for
VTW4. However, the distribution of this momen-
tum, indicated by d, should be substantially more
diffused in the fully rolled-up wake. As expected,



the centroidal lift position 5 was about 13 percent
less for VTW4 than for VITW1 and indicated a cor-
responding drop in wing root bending moment.

Trailing-wing rolling-moment data. As shown in
figure 14, the tapered span load of VI'W4 presents a
significantly reduced rolling moment to a small trail-
ing wing when compared with the untwisted VIW1
configuration. Peak rolling-moment data in the wake
of VTW4 exhibit a nearly level trend, whereas C} pg
data for VTW1 decay slowly from 48 to 38 percent
above those of VIW4 from z/s = 11 to z/s = 70.
Thus the vorticity dispersion in the wake, rather
than the total circulation, was the dominant param-
eter in characterizing the roll upset potential for a
small wing. This result is reasonable considering that
the smallest vorticity dispersion radius for any VITW
span load was comparable to the trailing-wing semi-
span. Vorticity dispersion is not strictly an invariant
of the wake (ref. 11); indeed, the slow C; pg decay
for VTW1 is indicative of an increasing vorticity dis-
persion radius with downstream distance. However,
for the span loads of group 1 the vorticity dispersion
radius can be expected to accurately depict vorticity
distribution following initial roll up. In fact, the cor-
relation between C) pg and dispersion holds up over
the small downstream distances in the wind tunnel
for all four VTW configurations, a fact not necessar-
ily expected for C; Aoy measurements as the meander
amplitudes approach dispersion radii levels.

Comparing C px and Cj oy data merely substan-
tiates that C; oy data are unreliable as a measure of
rolling moment. This unreliability is especially no-
ticeable in the wake of VITW4, where Cj py drops
60 percent while C} pg remains essentially constant
over 11 < z/s < 70. Comparing the wind tunnel and
water tank Cj py data at z/s = 11 again points out
the higher meander level, and thus lower C; oy mea-
surements, in the wind tunnel at this downstream
distance.

This group of configurations illustrates the signif-
icant wake alleviation attainable through span load
alteration alone. A comparison of the VITW1 and
VTW4 configurations shows that VTW4 achieved
a 27-percent reduction in C;pg at z/s = 70 while
maintaining essentially identical drag and reducing
the wing root bending moment by 13 percent. In this
case, C; pg was reduced on the small trailing wing by
more uniform vorticity shedding at the VIW trailing
edge. This more uniform shedding resulted in greater
vorticity dispersion in the developed wake. The limit-
ing case for this type of wake roll up with simple span
loads is triangular loading. (See table VI(b).) Al-
though the vorticity dispersion for VITW1 was tighter
than that for an elliptical span load, it was probably
not unlike the dispersion local to vortices originating

at the discontinuous, high-lift flap systems of mod-
ern jet transport aircraft. Thus, a significant level of
wake alleviation for small encountering aircraft ap-
pears possible on future air transport aircraft if the
span load is tailored to increase vorticity dispersion
in the wake.

Increasing the vorticity dispersion radius in the
wake through this type of span load alteration in-
curs a significant increase in total angular momen-
tum (i.e., I'p) shed into the semispan wake, and thus
implies an increased roll upset threat to encounter-
ing aircraft with semispans much larger than the vor-
tex generator vorticity dispersion radiusd. Although
it is true that Cjpw for a relatively large vortex-
encountering airplane will theoretically increase di-
rectly with vortex generator I',, the corollary that
the upset will increase correspondingly is not well es-
tablished. Since it is not within the scope of this
report to address vortex hazard correlation, it must
suffice to state that because the inertia and energy
relationships between a small aircraft intercepting a
large aircraft’s wake and a medium-size aircraft inter-
cepting a large aircraft’s wake are entirely different,
it may be expected that the dynamic interaction be-
tween the wake and the encountering aircraft may be
significantly different.

Wake velocity data. Figures 15 and 16 display
the wake survey data for VITW4 as vorticity contour
maps at the three wind tunnel downstream measure-
ment cross planes and as averaged u and w velocity
profiles through localized vorticity concentrations at
z/s = 1. Roll up is seen to proceed from a sheet
at x/s = 1 (fig. 15(a)) with several vorticity concen-
trations due to the 1° increments in wing twist to a
semispan wake at z/s = 11 (fig. 15(c)) with its domi-
nant vortex outboard and a residual vorticity concen-
tration inboard. Velocity profiles at /s = 1 portray
relatively tight vortices with axial flow deficits. Tur-
bulence levels, inferred by oy, and oy, (fig. 16), are
seen to be negligible outside vortex cores, whereas
the high peaks at the cores result from the combined
effects of the high-level velocity gradient, hot-film
probe oscillation, and vortex meander. As noted pre-
viously, the inboard negative vorticity at z/s=1 was
possibly due to the centerline wing lift asymmetry,
whereas the positive vorticity on the centerline is be-
lieved to be shed from both the VTW blade support,
under the influence of the lateral flow angularity, and
the VTW centerbody.

Effects of Partial-Span-Flap Span Load
Distributions

Aerodynamic data. Figure 17 compares the aero-
dynamic data of the three VTW configurations that
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simulate flapped-wing span loads by outboard wing
twist and effectively model 40-, 60-, and 80-percent
flapped wings. Each configuration exhibited the
same lift curve slope and avoided wing stall until be-
yond the Cf, = 0.6 test condition. Stall occurred at
the lowest angle of attack for VT W6 because its local
angle of attack (a+Aa) at the wing tip was 2° and 3°
higher than those of VTW7 and VTW5, respectively.
Since the outboard wing panel stalled first, the con-
figuration with the least outboard twisted wing area,
VTW7, had the highest Cp, at stall.

Span load data. The vortex-lattice-predicted span
loads compare well with the measured span loads in
figure 18 except at the wing-tip and wing centerline
locations, where lateral low angularity. centerbody
influence, and three-dimensional wing flow effects
were present. VIW7 (the 80-percent flapped-wing
configuration) was tested in both facilities and was
utilized as a baseline configuration against which
alleviation attained by group III configurations was
referenced.  As seen in table VI(a), of the three
flapped-wing configurations, VTW7 had the smallest
I, and d. but the largest 5/2 and s.

Trailing-wing rolling-moment data. Peak rolling-
moment data in figure 19 indicate a tightly rolled-up
wake with little decay over 11 < /s < 70 for VTW7.
In fact. merger of the flap and tip vortices between
r/s = 11and x/s = 40 increased the C) pg measure-
ment slightly. By /s = 70, € pg for VTW7 (the
80-pereent Happed-wing configuration) was 20 per-
cent below that of VIWI (the untwisted wing) and
9 percent above that of VITW4 (the tapered span
load configuration). Average rolling-moment data in
the water tank were taken only for the tip vortex of
VTW7 and showed a relatively level trend during flap
and tip vortex merger, followed by a decreased value
at z/s = 70 due to meander. In the wind tunnel,
only one maximum C; oy could be discerned because
of the proximity of the merging flap and tip vortices.
Wind tunnel and water tank C) oy data were iden-
tical at /s = 11 for VTW7, perhaps because flow
field fluctuations at this point are governed largely by
the merging of the wing-tip and flap vortex systems
rather than by the customarily higher background
turbulence levels of the wind tunnel.

Wake velocity data. Wake initiation and devel-
opment for VIW7 are shown in figures 20 and 21.
The qualitative value of the vorticity cross planes at
x/s =6 and x/s = 11 becomes apparent in judging
the approaching merger of the wing-tip and flap vor-
tices. Although the vorticity magnitudes are severely
understated at these locations, the positions of peak
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vorticity should be relatively accurate. Radial dis-
tances between the two peaks decreased nearly lin-
early with downstream distance and implied com-
plete merger by about z/s = 20. This finding is in
agreement with water tank trailing-wing data, as are
the relative positions of the flap and wing-tip vor-
tices at £/s = 11. (By z/s = 11 the flap and wing-
tip vortices had rotated about 250° counterclockwise
with respect to each other relative to their position
at z/s=1.)

It is interesting to note that of the four VTW
configurations with wake velocity data, VITW7 had
the lowest T, and the highest b/2 and therefore would
be expected to exhibit the lowest rate of vorticity
convection from wing centerline into the wake survey
cross plane. This expectation was borne out in
the vorticity cross planes, as VI'W7 showed little
evidence of centerline vorticity convection from the
VTW support blade or VTW centerbody, and was
also supported by a low I'/T', trend and an initially
high §/(b/2) measurement. (See appendix B.)

Effects of Alleviated Vortex Wake
Configurations

VTW?7, the 80-percent flapped-wing configura-
tion, is used as a baseline unalleviated vortex wake
configuration, and VITW78y, the 80-percent flapped
wing with spoilers, is used as a baseline alleviated
vortex wake configuration. Size and position of the
spoilers were chosen as compromises based on re-
sults from several 4- by 7-Meter Tunnel investiga-
tions. (See refs. 7, 33, and 34.) Generally, the down-
stream wake alleviation achieved with VTW75 was
investigated by using several VTW configurations to
study the effect of span load alteration alone and
one VTW configuration to test the effect of adding
drag and turbulence without span load alteration.
Additional VTW configurations used splines or drag
plates along with span load alteration to investigate
the interrelation of incremental drag, turbulence, and
span load with respect to wake alleviation. As shown
in table II, three VTW configurations were tested
only in the wind tunnel and two were tested only
in the water tank. As noted earlier, the similarity
of the initial vorticity distributions for the VITW7S,
and VTWTS3 configurations would make their down-
stream wakes similar, and therefore, these configura-
tions are treated as equivalent in this section of the
discussion.

Aerodynamic data. Tigurc 22(a) compares the
acrodynamic data for the baseline unalleviated and
the spoiler-alleviated configurations.  The spoilers
produced the typical effects of local separated flow: a



reduction in both lift curve slope and maximum lift
capability with a substantial increase in drag for a
specified lift. As listed in table VII, at C, = 0.6 the
Cp increased from VITW7 to VIW7Sg by 0.056 in
the wind tunnel and 0.066 in the water tank. The
drag for VITW7Sy is thus about 190 percent greater
than that for VITW7.

The VITW7Sy span load was matched by wing
twist alone with the VTW7S;, VTW7Ss, and
VTW7S3 configurations.  Aerodynamic data for
these configurations are presented in figure 22(b).
Because these configurations matched span load
without the addition of splines or drag plates, the
Cp increase referenced against that of VIW7 was
typically 0.01 or less at Cp, = 0.6 and yielded an in-
crease of about 30 percent in total drag. The effect
on the aerodynamic data of VITW7S3P caused by in-
stallation of the drag plates on VI'W78S3 is shown in
figure 22(c). The drag plates were sized to increase
the VTW7S3 drag to near that of VIW7Sg. An ex-
tra Cp increase of 0.044 resulted, for a total drag
increase of 170 percent relative to that of VIWT.

Two water-tank-tested VITW configurations used
splines sized to produce a drag increase equivalent to
that caused by the spoilers with the VIW at zero lift.
(This drag increase was smaller than that produced
by the drag plates.) Splines were added to the twist
distribution of VITW?7 to produce VIW7X. The Cp
was thus increased by 0.027 at C;, = 0.6 to produce
an increase in drag of about 90 percent relative to
that of VIW7. Splines were added to the twist
distribution of VITW7Ss to produce VITW7S9X. This
addition increased Cp by 0.026 and resulted in a
total C'p increase of 110 percent over that of VIW7.
Since no increase in angle of attack was required to
maintain Cj, = 0.6 with the splines, it is surmised
that they were sufficiently aft of the VI'W trailing
edge and aligned with the flow that they did not
significantly alter the VTW span load near C, = 0.6.

Span load data. Figure 23(a) shows the span load
data for VTW7Sq and illustrates the effect of spoilers
on VITW7. The ¢, was essentially halved at y/s = 0.6
because of the spoiler installation. This decrease
forced an increase in I, to maintain Cp, = 0.6 and
a corresponding decrease in b/2 to maintain the net
impulse (b/2)T',. Notice that the loading around the
wing tip was increased slightly because of the higher
angle of attack required to maintain Cf, = 0.6. This
increase suggests that the wing-tip vortex should, at
least initially, be more intense for VTW7Sg than for
VTW?7. Not only did T, increase and b/2 decrease by
19 percent, as shown in table VI(a), but the vorticity
dispersion radius was also more than doubled in the
transformation of VIW7 to VIW7S,.

Figures 23(b), (c¢), and (d) present the mea-
sured and/or predicted span loads of VI'W config-
urations that utilized wing twist alone to match the
VTWT7Sy measured span load. Other than a failure
of VITW7Sse and VITWTS3 to duplicate the outboard
side of the spoiler ¢y, “trough,” these span loads ap-
proximate the VTW7Sg span load well and match its
dominant wake initiation parameters I'y, b/2, and d
within 2.5 percent.

The addition of drag plates to VITW7S3 required
an extra 0.3° o to maintain Cf, = 0.6 and thus more
substantially altered the VTW7S3P span load from
that of VTW7Sy, as seen in figure 23(e). In this
case, values given in table VI(a) for ', and b/2 varied
4 percent from those of VTW7Sg. Figures 23(f) and
(g) portray the expected span loads for VIW7S9X
and VI'WT7X, respectively, assuming the splines do
not influence their span loads. Measured span load
data are not available, since neither configuration
was evaluated in the wind tunnel.

Trailing-wing rolling-moment data. Figure 24(a)
establishes the downstream C; Ty reduction accom-
plished by the addition of spoilers to the 80-percent
flapped-wing configuration. In terms of C; px mea-
surements, a 31-percent reduction was achieved by
z/s = 70. These results are consistent with Cj oy
measurements obtained over shorter downstream dis-
tances by Croom (ref. 33). Note that the alleviated
configuration, VITW7Sg, initially had higher Cj rw
data in both facilities (as expected based on the span
load mcasurements), but the crossover of C; sy be-
tween VIW7Sg and VITW?7 in the wind tunnel over
8 < z/s < 11 did not occur in the water tank for
either C; pg or Cj oy until 11 < z/s < 40. This
difference is an indication of the possible effect that
variations in turbulence and meander levels between
facilities can have on Cj oy data.

Figure 24(b) shows the effect on downstream wake
alleviation caused by matching the span load of
VTWT7Sg without the high drag and turbulence of
the spoilers. The C; pg data for VTW7S, indicate
that the multiple vortex wake structure that now ex-
ists (in place of the predominant single semispan vor-
tex of VTW7Sg) proceeds to z/s = 70 without com-
plete merger. Since the wing-tip vortex of VIW7Sy
is well away from the spoiler region, it would be ex-
pected that the wing-tip vortices of VIW7Sy and
VTW?7S, would initially be equivalent. This expec-
tation is verified by the Cj pg data at z/s = 11. The
fact that the inboard vortex (originating from the
inboard portion of the semispan) of VTWT7S, also
initiates with an identical C; pk strength was fortu-
itous. By z/s = 70, the predominant outboard vor-
tex of VTW7S9 was registering an 11 percent C; pg
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reduction relative to that of VITW7, or about one-
third of the alleviation obtained with the spoilers.
This small reduction of the wing-tip vortex inten-
sity relative to that of VTW7 may be due to slightly
higher vorticity diffusion created by the turbulence
from the mutually shearing vortices in the multiple-
vortex wake.

Figure 24(c) compares the C;rw data for the
baseline unalleviated and alleviated configurations
(VTWT7 and VTW7Sy) with those obtained for VTW
configurations using the splines or drag plates to sim-
ulate the drag and turbulence effects of the spoilers.
The addition of splines to VI'W7Sy (configuration
VTW735X) produced, at the initial downstream lo-
cation, (; pg data for both the inboard and out-
board vortices that were below C)pk data for ei-
ther VIW7Sg or VITW7. The wake of VTW75,X
contimied to decay until about z/s = 40, and by
z/s = 70 there was no discernible inboard vortex and
the (7 pg was slightly lower than that obtained for
VTW75g. Thus, the splines in conjunction with the
matched span load appear to have created a down-
stream wake similar to that of the spoiler-alleviated
configuration. The lower incremental drag and tur-
bulence of the splines may account for the longer
time required for the decay of the inboard vortex sys-
tem, because the remnants of this system may have
merged into the complete vortex system to yield no
Cppg decay along 40 < z/s < 70. An examina-
tion of relative vortex positions within the wakes of
VTW7S9 and VTWT759X shows the increased like-
lihood of merger of the VIW752X inboard vortex
since. by x/s = 40, the displacement between the in-
board and wing-tip vortices for VTW759X was about
half that for VTW7S9. Decay rates beyond z/s = 70
are unknown; however, the equivalence of both ) pg
and (j ay data between VITWT75y and VTW7S2X
would require comparable meander levels and, there-
fore, similar turbulence levels in each wake.

Since the incremental drag and turbulence plus
span load matching of VITW752X replicated the
downstream wake alleviation of VTW7Sy (the
80-percent flapped wing with spoilers), whereas the
VTWT7S, configuration (which used wing twist alone
to match the VITW73y span load) achieved little
downstream alleviation, how important a role was
span load playing in the spoiler-attained alleviation?
To determine if the ineremental drag and turbulence
of the spoilers were the key parameters in the al-
leviation obtained with the VIW7Sy configuration,
(1 pk data were taken in the wake of VTW7X. This
configuration consisted of the baseline unalleviated
VTWT (80-percent flapped wing) with splines added
to simulate only the drag and turbulence effects of
the spoilers. Beneficial aspects of the VIW7X con-
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figuration were its lower drag and [',. As shown in
figure 24(c), VTW7X did indeed produce substantial
wake alleviation; C; pg data essentially agreed with
those for the predominant vortex of VIW7S2X and,
throughout the z/s range, remained below those of
VTW7S,.

Wake velocity data. Figures 25 and 26 present
the measured vorticity cross planes and selected ve-
locity profiles in the wake of the spoiler-alleviated
configuration, VIW7S3g. When these measurements
are compared with the corresponding data for VTW?7
(figs. 20 and 21), the effect of the spoilers is appar-
ent. As predicted by the higher wing-tip span load
of VTW7Sq (caused by the increased o to maintain
Cr = 0.6) and by C; pg measurements, the wing-tip
vortex of VITW7Sy was initially more intense than
that of VTW7. This effect is most noticeable when
comparing velocity profiles of the two configurations
at z/s =1 (figs. 21(b) and 26(b)). Additionally, the
intensity of the VITW7Sy flap vortex was reduced be-
cause the local reduction in span load caused by the
spoiler lowered the amount of vorticity wrapping into
it. Asaresult, by z/s = 6 the VTW7Sg wing-tip vor-
tex predominated, whereas the VITW7 wake was still
in the midst of a merger of the flap and wing-tip vor-
tices. Beyond z/s = 11, the merger of the VTW7
wake system was completed, and a stable, plateau
phase, as determined by the C) pk data, resulted un-
til at least z/s = 70. However, the wake of VTWT7S,
decayed significantly beyond z/s = 6 as the effect of
the spoilers on wake development was incurred.

The substantial drag and turbulence associated
with the spoilers were manifested in the wake in sev-
eral ways. Most obvious was the broad region of
unsteady flow aft of the spoiler location, as exempli-
fied by the high oy, and o, measurements at z/s = 1
(fig. 26(d)). This turbulence field shows up in the
z/s = 1 vorticity plane as very diffused and spread
regions of positive and negative vorticity emanating
from either side of the spoiler-induced ¢y trough. The
diffused characterization of these regions was par-
tially a result of the increased spatial averaging pro-
duced by the highly unsteady nature of the flow field
here. Apparent also in figure 26(d) is the substantial
axial velocity (u) deficit created downstream of the
spoilers. This velocity deficit is representative of the
unfavorable pressure gradient produced by the high
drag of the spoilers.

Thus, the spoilers introduced three basic mecha-
nisms capable of contributing to the significant decay
of the VTW7Sy wake beyond z/s = 6. Besides the
change in span load, two direct inputs of the spoil-
ers were high turbulence, which increased the other-
wise laminar rate of vorticity diffusion, and increased



drag, which caused a positive axial pressure gradient
that tended to counteract the convective concentra-
tion of the vorticity sheet. The role of span load alter-
ation in the downstream alleviation of VIW7Sg ap-
pears minimal, as is demonstrated by comparing the
trailing-wing measurements behind VTW7S (which
simulated only the span load alteration of the spoil-
ers) and those behind VIW7X (which simulated only
the incremental drag and turbulence of the spoilers).

In marked contrast to the highly diffused vorticity
concentrations aft of the spoilers on VTW7Sy, highly
concentrated vortices were created from both sides
of the ¢; trough on VTW7S3. (See figs. 27 and 28.)
These vortices were produced by wing twist alone.
As was noted with the water tank trailing-wing data
through z/s = 70 and suggested in the wind tunnel
by the enlarging displacement between vortices with
increasing z/s, this multiple vortex wake persisted
far downstream. The similarity between VIW7Sg
and VITW7S3 wing-tip and residual flap vortices at
z/s = 1 and the similarity of their combination at
z/s = 6 mean that the spoiler wake has as yet
had little effect on this portion of the VITWT7Sy
vortex system. This is in good agreement with
identical C; px measurements for both VTW7Sg and
the wing-tip vortex of VTW7S; at z/s = 11 in
the water tank. A significant decay then ensues
in the wake of VITW7Sy, apparently as a result of
the spoiler wake and the wing-tip vortex wrapping
together. Once this occurs, the turbulence and axial
deficit imparted to the flow field by the spoiler act to
dissipate the wing-tip vortex system.

The addition of splines to VITW7S, (creating
VTWT7S2X) produced a near-field reduction i Cy pg
measurements for both the wing-tip and inboard vor-
tex systems. This effect is similar to the Cj oy reduc-
tion between the wakes of VITW7S3 and VITW753P
that was caused by installation of the drag plates.
Whether this reduction resulted from a more rapid
initial decay due to turbulent diffusion of vorticity or
from an impaired concentration of the vorticity sheet
because of the added drag is unknown. However, the
effect was clearly independent of the inboard vortex
system since the wing-tip vortex Cjpk data essen-
tially matched for both configurations with splines—
VTW7X, which produced only an outboard vortex
system, and VTW7S9X, which produced both an in-
board and an outboard vortex system.

Thus, the downstream wake alleviation attained
by VIWT7Sy resulted directly from the incremental
drag and turbulence associated with the spoilers.
The span load alteration caused by the spoilers is
seen to play no part in the development of the
alleviation for this particular configuration.

Concluding Remarks

Several measurement techniques in two different
test facilities were used to provide a comprehensive
and interrelated set of wing and wake measurements
in the variable twist wing investigation. Detailed
wing and near-wake data were obtained in a wind
tunnel, and trailing-wing surveys of the near- and far-
downstream wake were obtained in a water tank. A
total of 14 different wing configurations were tested
at the same Reynolds number and lift coefficient in
each facility.

The variety of measurements allowed results to
be correlated and their accuracy to be checked be-
tween test facilities as well as between wing and
wake measurements. As a result of these correla-
tions, several facility and measurement technique ef-
fects were found to have significantly influenced por-
tions of either the vortex wake roll up or the exper-
imental quantification of vortex wake intensity. De-
tailed wind tunnel measurements of both span load
distributions on the wing and cross plane wake ve-
locities at a semispan downstream correlated well
with each other and with water tank measurements of
peak trailing-wing rolling moments. These detailed
measurements were used to show that inviscid an-
alytical prediction techniques accurately portrayed
the vortex generator span load distribution and ini-
tial vortex wake development to the resolution limits
of the data. However, meander and flow angular-
ity in the wind tunnel prevented, in other than a
qualitative sense, the use of wake velocity data mea-
sured at 6 and 11 semispans downstream. Avecrage
trailing-wing rolling moments were shown to be un-
reliable as a measure of the vortex intensity because
vortex meander amplification did not scale between
the test facilities and free-air conditions. High val-
ues of meander amplification caused average trailing-
wing rolling-moment data in both facilities, as well as
wake velocity data in the wind tunnel, to falsely in-
dicate rapid vortex decay with downstream distance.

A tapered-span-load configuration, which exhib-
ited little or no drag penalty, was shown to offer
significant downstream wake alleviation to a small
trailing wing. This wing configuration achieved wake
alleviation through span load specification of more
uniform vorticity shedding at the wing trailing edge.
In contrast, the greater downstream wake alleviation
achieved with the addition of spoilers to a flapped-
wing configuration was shown to result directly from
the high incremental drag and turbulence associated
with the spoilers and not from the span load alter-
ation they caused.
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TABLE I. PRESSURE ORIFICE LOCATIONS ON THE VARIABLE TWIST WING

Span locations

Wing Segmreni;i

0-L°
0-R®

y/s

Chord location

-0.0612
.0612
.1560
.2037
.2513
.2989
.3465
4418
.4894
.5370
.5846
.6322
6798
L7275
7751
.8227
.8703
9179
.9656
.9894

TLE/C +z/c

0 a 0
.0125 .01894
.0250 .02615
.0500 .03555
.1000 .04683
.1500 .05345
.2000 .05738
.3000 .06001
.4000 .05803
.5000 .05294
.6000 .04563
.7000 .03664
.8000 02623
.9000 .01448
.9800 .00403

2Left (0-L) and right (0-R) side of wing center-panel section.




TABLE II. VTW CONFIGURATIONS

Wing twist Test facility
configuration Wind Water
Group designation Configuration description tunnel tank
I Continuous span load VTW1 Untwisted wing v v
distributions
VTW2 Approximately rectangular loading Vv
VTW3 Maximum loading at midsemispan Vv
VTW4 Tapered loading, maximum at centerline Vv Vv
IT Partial-span-flap span VTW5 40-percent flapped wing Vv
load distributions
VTW6 60-percent flapped wing Vv
VTW7 80-percent flapped wing Vv Vv
III Alleviated vortex VTWT7S, 80-percent flapped wing with spoilers Vv N
wake configurations
VTWT7S, Wing twisted to approximately match
span load of VITW7Sg (version 1) Vv
VTW7Sq Wing twisted to approximately match
span load of VTWT7Sg (version 2) Vv Vv
VTW783 Wing twisted to approximately match
span load of VTW7Sq (version 3) Vv
VTW783P VTW7S3 with drag plates Vv
VTW7S5X VTW7S, with splines Vv
VTWT7X VTWT with splines Vv
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TABLE V. FORCE-BALANCE-MEASURED LIFT AND PRESSURE-

INTEGRATED LIFT FOR A NOMINAL Cp, = 0.6

Wing twist
. CrLp — CL (CLp + CLcB) - CL
configuration Cr CLp ”CL P o
VTW1 0.614 0.580 —0.055 —0.030
VTW2 .601 875 —.043 —.021
VTW3 .602 .092 —.017 .000
VTW4 628 D77 —.081 —.041
VTW5 .615 .597 —.029 +.008
VTW6 .620 591 —.047 —.017
VTWT7 .596 571 —.042 —.014
VTWT7S, 591 .55b —.061 —.023
VTWT7S, .607 575 —.053 —.015
VTW7S3 .583 .564 —.033 +.007
VTWT7S3P .606 691 —.025 +.015
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TABLE VI. TWO-DIMENSIONAL SPAN LOAD CHARACTERISTICS
[CL = 0.6]

(a) VTW span loads

Wing twist . .
configuration % U—O—I;o 5 g— g
VTWI1 0.448 0.0975 0.879 0.12
VTW?2 .469 .0927 924 1
VTW3 452 .0898 .954 .22
VTW4 391 123 695 .24
VTW5 .386 126 .680 .26
VTW6 405 .110 780 .16
VTW7 417 105 815 12
VTW7S, .390 125 .687 .25
VTWT7S, .389 124 .691 .25
VTWT7S3 377 128 670 .24
VTW784P 375 .130 .658 .25
(b) Theoretical span loads
Span load _ _
distribution g UI:;%E g g-
Rectangular 0.500 0.0857 1.000 0
Elliptic 424 109 785 223
Parabolic 375 129 .667 .236
Triangular 333 171 .000 .289




TABLE VII. TRAILING-WING AND CORRESPONDING VTW DATA

[VIW Cp, = 0.6]
Wing Trailing-wing position

configuration| Facility o, deg Cp z/s y/s E CipK Ciav
VTW1 Wind 7.5 0.028 6.0 —0.910 0.021 0.073
tunnel 7.5 .028 11.0 —.946 .0<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>