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Summary Defining a safe, operationally satisfactory wake
encounter for a given aircraft pair under any one condi-
A wind tunnel Study was conducted to determine the tion has proved very difficult. In addition to being able to
feasibility of using the free-flight test technique to study adequately model the decay and advection of a wake vor-
wake vortex encounters. A generic business-class jet airfeX in the atmosphere, an equally important element is a
plane model was instrumented and flown in the vicinity valid model that represents the wake vortex encounter
of a wake vortex generated by a simple wing. The itself. Substantial analytical research has been conducted
strength of the vortex could be varied by adjusting the in vortex modeling (refs. 2 through 4), in vortex-airplane
generating-wing angle of attack. The variation in the interaction, and in resulting forces and motions (refs. 5
strength of the vortex allowed researchers to study athrough 7) to try and quantify or predict hazards. Experi-
range of simulated vortex strengths for a fixed-span ratiomental research has been conducted both in flight (refs. 8
of 0.75 and enabled the simulation of various following through 10) and in wind tunnels (refs. 11 and 12) to pro-
distances and generator airplane weights without thevide information on the wake vortex flow fields pro-
uncertainties in vortex decay and atmospheric effects.duced by various airplanes and to investigate loads
The study showed that the free-flight test technique was dmposed by an aircraft wake vortex on following
viable and useful tool in the study of the wake vortex airplanes.
encounters—combining vortex flow fields, airplane
dynamics, sensors, and flight control aspects. The free-flight test reported in this paper extends the
research database by experimentally investigating the
Data obtained during this test included qualitative dynamic response characteristics of a follower aircraft
and quantitative results. Steady-state limits of controlla- during wake vortex encounters. This was the first attempt
bility were documented as a function of vortex strength. to conduct such tests in a wind tunnel, and was viewed
By flying several vortex encounter trajectories at high Primarily as a feasibility test to determine whether the
vortex strengths, a mapping was conducted of roll ang|e,free-f|ight test technique was a useful research tool in
roll rate, lateral velocity, and vortex-induced roll-rate Wake vortex encounter research. Specific objectives for
acceleration. The data quantified the effects of the modelthis test were (1) to see if the model could be flown
entering vortex flow fields of varying strengths. safely and maneuvered accurately in a wake vortex flow
field of specified strengths, (2) to develop photogramme-
_ try techniques for measuring the position of the model
Introduction relative to the vortex, (3) to estimate rolling moments
imposed on the model due to the vortex flow field while
The National Aeronautics and Space Administration flying, and (4) to conduct exploratory qualitative evalua-
(NASA) is conducting research that will enable safe tions of relative upsets for various encounter trajectories.
improvements in the capacity of the air transportation Related work involved selecting appropriate flight con-
system. As part of this research, the Terminal Area Pro-trol system approaches to enable these tests to be con-
ductivity (TAP) program has the goal of safely achieving ducted successfully. Flight test data obtained in the past
capacity levels during instrument meteorological condi- were very difficult to analyze and apply in any general
tions equivalent to those currently achievable undersense due to large uncertainties in the data. For example,
visual meteorological conditions. One element of TAP, two significant uncertainties are the strength and position
Reduced Spacing Operations (RSO), focuses on both latef the vortex which is encountered. It is well-known
eral and longitudinal separation requirements. A key (ref. 13, for example) that atmospheric effects play a pre-
concern for reducing spacing requirements, especiallydominant role in the dissipation characteristics of a wake
when an airplane is following large aircraft on an vortex. Also, it is very difficult in flight experiments to
approach, is the danger of upsets generated by the wakeepeatably conduct the same encounter flight paths which
vortex of the preceding aircraft. Consequently, part of thewould allow high confidence in the results. In proposing
current NASA research effort focuses on developing andthis wind tunnel experiment, it was assumed that the vor-
validating the technologies required for an automatedtex characteristics in the wind tunnel would remain
Aircraft Vortex Spacing System (AVOSS, ref. 1), which essentially constant with time (only be affected by turbu-
will properly select safe separation distances for differentlence levels in the tunnel and temperature-pressure varia-
weather conditions based on the aircraft pair andtions during the day). Additionally, the level of the
predicted-measured vortex behavior. Although the vortex strength may be easily controlled by increasing or
AVOSS will generally attempt to space aircraft to avoid decreasing the lift of the wake vortex generator. In this
any wake encounter at all, it must be able to select a sepway, the effects of vortex strength on the dynamics of an
aration distance at which a wake encounter is safe andirplane can be studied. The results of this study can be
operationally satisfactory, should one occur. applied to a range of generating airplane pairs (with span



ratios of 0.75) and separation distances by calculating otz
measuring the vortex intensity at the follower-airplane
location. oo

The metric defining a safe and operationally satisfac- Vso
tory vortex encounter may entail very small allowable X
perturbations in aircraft attitude, as well as relatively
little required corrective control activity. However, in
light of the wake encounters reported herein that were
being flown as part of a feasibility test to evaluate the ¢
free-flight technique, it is important to note that the sub- a,,
sequent upsets often and deliberately exceeded wh
might be regarded as acceptable. Exceeding what wer
regarded as acceptable upsets was necessary to determihe
the feasibility limits for planned follow-on tests and to
establish how an aircraft will respond to wake turbulence 5,
and the magnitude of controls that must be provided to
correct for it. Similarly, although the results from this test &,
may be combined with results from other research efforts
to identify wake encounter metrics, it should be noted "
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NLF natural laminar flow characteristics of the model are shown in table I. The

RSO Reduced Spacing Operations intent qf the investigation was to explor(_e vortex encoun-
) . ters with the follower model in the high-lift-landing-

TAP Terminal Area Productivity approach condition; therefore, the configuration had the

L ) trailing-edge flaps deflected 35Model control-surface
Model Description and Test Techniques deflection limits wered, = +20° to —20°; &, = +15° to

The overall test technique used for the free-flight ~25°; andd, = +20° to —20°. Horizontal tail incidence
experiment is illustrated in figure 1. The primary compo- @nglei could be varied from+2° to ~10° to provide an
nents are a wing in the forward section of the wind tunnel €xténded range of pitch trim; howevgnwas fixed at ©
to generate a wake vortex flow field, a model flying for the current test. No landing-gear geometry was
unconstrained behind the wing in and around the wakeincluded on the model.

vortex flow field, and instrumentation required to fly the The model also incorporated full-span Kriiger flaps.
model and to obtain data for analysis. Further details ofpreyious free-flight test results of the model configured
the test setup and co_nduct will be given herein. The COOra5 an advanced turboprop (ATP) (ref. 14) indicated that
dinate system used in the tests was based on the locatiof;g configuration exhibits an abrupt wing drop and
of the starboard vortex of the generating wing. Model 5, torotative departure against full corrective control at
position data presented will be referenced to a radial dis+he sta)l angle of attack. Static wind tunnel test results
tance from the measured vortex core location and anshowed that the wing drop was due to an abrupt asym-
angle. The anglé, is defined as increasing clockwise - metric wing stall that produced a pronounced rolling
from the horizontal three o’clock position relative to the yoment. Additional free-flight tests of the configuration,
voriex. modified to include wing leading-edge devices such as
. Kruger flaps, showed that the modified configurations
Vortex Generator Wing had acceptable overall flying qualities and no significant
The model used to generate the wake vortex was sstability and control problems, even at post-stall angles
rectangular planform aspect ratio 7.0 wing with a span ofof attack. Sketches and other details of the full-span
12 ft, a chord of 1.71 ft, and a NLF(1)-0215F general avi- Kriiger flaps that were used on the model can be found in
ation airfoil section. The wing was constructed of fiber- reference 15.
glass and epoxy with an aluminum spar. Further details

regarding the airfoil section can be found in reference 14 The ‘model was powered with two thrust tubes
9 9 . X ‘installed on each side of the aft part of the fuselage. The
Overall aerodynamic forces and moments acting on the

thrust tubes only provided thrust to fly the model, and no

;nnci:deelinwer;tr?:ziirbelcei ce)gtﬁalt?ct)irg?lﬂixjscuobrgs03:2;[ ?ﬁg ttempt was made to simulate thrust characteristics of
1N P 9 ny specific airplane configuration.

vortex strength from lift but also to monitor loads on the
test rig. Smoke generator tubes using heated propylene
glycol vapor were installed along the wing trailing edge
to produce smoke at the wingtips to seed the vortex so A straight, unflapped wing was selected to be
that it would be visible for the flight encounters. The fig- the wake vortex generator because of the properties
ure 2 photograph shows the wing installed in the Langleyof rapid vortex rollup and essentially constant vortex
30- by 60-Foot Tunnel (with the smoke generators oper-strength for long downstream distances (ref. 16).
ating). During the free-flight vortex encounters, all avail- Because of these characteristics, vortex strength at the
able smoke was concentrated in the starboard vortex tdocation of the follower model could be estimated for an
improve visual definition of the vortex core location. The elliptically loaded wing by using the approximation:
figure 2 photograph also shows illumination of the vorti- 2C, U_S

ces by a laser light-sheet technique, which will be I = ——22 The vortex core size may not have been

Scaling Discussion

described subsequently in the Free-Flight Tests section. T[bq _ - .
representative of full-scale flight conditions in these
Follower Airplane tests. This core size is currently believed to be of minor

. - importance due to the large ratio of wingspan to vortex
. The geometric chara'cter!stlcs of the follower model core diameter both in flight and in these wind tunnel
airplane are depicted in figure 3. The model was tests

constructed of fiberglass and epoxy. The mass and

geometric properties were scaled to simulate a represen- To scale results from the current test and relate them
tative business-commuter aircraft for the purpose ofto a full-size airplane, the flow angularity distribution
determining flight characteristics from free-flight tests in caused by the vortex on the current follower model and
the Langley 30- by 60-Foot Tunnel. Geometric and massthe full-scale airplane must be equivalent. Additionally,
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the follower model must have appropriate dynamically resulting model motions were measured, and pilot
scaled mass and inertia values and similar aerodynamicomments were recorded for each flight condition. All
characteristics compared to the full-scale airplane. vortex encounters were conducted at a tunnel speed cor-

. . _ . responding to 1\, with the airplane flaps configured
The scaling considerations dictate that the results areor landing.

dependent on wingspan ratio between the generating

wing and the follower aircraft. To apply the results During the free-flight tests, the model was attached

directly, the span ratio must be equivalent in flight to the t0 an umbilical chord which supplied pneumatic and

wind tunnel test values, and the model mass characteriselectric power and control signals to the model. The

tics must be appropriately scaled. Then, the vortexchord also contained a 1/8-in. steel safety cable that was
strength estimated at the point of the encounter (at thecontrolled by a safety cable operator using a high-speed
follower airplane location) can be related to the presentPneumatic winch. The safety cable operator’s function

results by using generating-wing lift coefficients. For the Was to help launch the model at the start of a test, to
current test, the wingspan ratio wag#b, = 0.75. For dis-  retrieve the model at the end of a test, to keep tension off

cussion later in this report, the follower model will the modelfrom the umbilical cable during the test, and to

be considered to be at 0.175 scale, which is representa@ttempt to protect the model in an out-of-control situation
tive of an experimental test bed aircraft described in Py pulling the model out of the airstream.

reference 17. These factors result in conditions represen-
tative of a business jet airplane following a commuter

airline .alrpla_ne. _Table I.I .ShOWS a comparison of roll-yaw pilot. These piloting functions were located in
generating-wing lift coefficient, vortex strength, and

full I ¢ ¢ th. The lift ch teristi f1h the positions shown in figure 1 to afford the best view for
uii-scaie voriex strengtn. The fiit characteristics o ?controlling the pertinent axes. The separation of the

generating wing are shown in figure 4. Due to dynamic piloting duties is very advantageous for several reasons.

tsf::al;ng rﬁ.laﬂf?srl'ﬁ’s’ ;h? smgll—sclale mod%Is te[;slte? V\;'thBy separating pilots by axes, effective evaluations can be
€ free-tignt test technique develop considerably 1aster sy ained more easily because the pilot is only controlling

responses than full-scale airplanes. Some scaling factory o axes he is trying to evaluate. Model control is also

are shown in table . enhanced by providing the optimal visual perspective for

control of each axis. Due to dynamic scaling, the model

Free-Flight Tests motions are substantially faster than those of the full-

scale airplane, so separation of piloting tasks is beneficial
for that reason as well.

In addition to the safety cable operator, the model
flight crew consisted of a pitch pilot, a thrust pilot, and a

The wind tunnel free-flight tests were conducted in
the Langley 30- by 60-Foot Tunnel with the technique
illustrated in figure 1. With this technique, the remotely The primary component in the free-flight control
controlled, dynamically scaled model was flown in the system is a digital minicomputer that was programmed
open test section of the Langley 30- by 60-Foot Tunnel.with the flight control laws (presented in the appendix).
For most of the tests, a vortex generating wing wasThe computer processed sensor information from the
mounted in the forward section of the wind tunnel. As model and command inputs from the pilots to generate
previously discussed, the generating-wing angle of attackcommand signals to drive the high-speed pneumatic
was varied to enable selection of an approximate vortexactuators onboard the model. The data sensors on the
strength. The vortex core was marked with propylene model included a three-axis rate gyro to measure angular
glycol smoke to enable the free-flight pilots to position rates, an accelerometer package to measure normal-,
the flying model in desired locations relative to the axial-, and side-force accelerations, a boom-moumi@d
wingtip vortex created by the upstream wing. Figure 5 is vane sensor on each wingtip for angle of attack and side-
a photograph of the model flying in the vortex during the slip, potentiometers to measure control-surface positions,
test. The wind tunnel free-flight tests were used first to and a transducer to measure pressure at the thrust tube for
evaluate the flying characteristics of the airplane with the thrust estimations. These sensor data, along with pilot
various control laws and then to evaluate the dynamiccontrol inputs, were recorded in the computer for
response and controllability of the model near vortices of postflight analysis. Angular rates, linear accelerations,
various strengths. Hence, prior to mounting the generat-anda/p vane sensor data were filtered with a first order
ing wing in the tunnel, the free-flight model was flown to lag filter with a time constant of 0.05 sec before entering
evaluate the control law implementation and to adjust thethe FCS. Additionally,a and B from the wingtip
gains to ensure that the model was well-behaved in freemounted vanes were corrected for angular rates. Post-
air. Next, for the vortex encounter tests, the model wasflight data reduction included incorporating upwash
first flown near the vortex, and then penetrations of the corrections to the data based on static wind tunnel test
vortex were made from various trajectory paths. The results obtained previously, correction of accelerometer
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data to the model center-of-gravity location, and calcula- control system is presented in the appendix. This test
tion of angular accelerations by differentiation of mea- represented the first time the wind tunnel free-flight test
sured angular rate data. techniqgue was used to study wake effects on a flying
model. As such, several challenges were overcome to
Additional quantitative flight data were recorded by provide pertinent results. These challenges included fly-
using photogrammetry techniques applied to free-flight jng the model in very precise locations in the wind tun-
testing for the first time (ref. 18). The model and the ne|, relative to the vortex, and measuring the model
wind tunnel test section were marked with photo reflec- position and attitude angles in addition to the vortex core
tive spots at known locations. A camera above the eXitlocation for postflight analysis. Additionally, tests were
cone in the tunnel was used to track the model. POStﬂightconducted without the vortex generating wing installed
analysis of the tracker camera data was used to obtaifip determine model flying characteristics and to establish
model Euler angles and position in the wind tunnel. The minimum controllable airspeed/{,), which determined

location of the wingtip vortex produced by the generating the tunnel speed for the remainder of the testing.
wing also was located photogrammetrically. The smoke

was marked in three locations by a laser light sheet. The
forward position was illuminated by an Argon laser
located just outside the balcony used by the pitch and

thrust pllOtS The middle and aft positions were illumi- $enerating ng upstream) in each of the |OngitUdina|
|

nated by diode lasers mounted on the wind tunnel groun ight command modes. The-command mode was used
board. The intersection of the smoke and the light sheetgy, 5 ,ghout most of the free-air flights because it is a tra-

was then used to determine the vortex core location duritiona| flight control system and pilots are very familiar
ing the test. Figure 6 is a photograph of the test setuRyit, it The airplane could be flown with pitch rate

showing the lasers. The locations of the plane of the 'aseﬁamping removed: however, the resulting airplane

light sheets relative to the quarter-chord of the generator, tions were much more lively. The pitch rate command
wing are shown in table 1V. Additional qualitative data

X ) ; ; mode was very easy to fly; however, some pilot learning
were recorded, including pilot comments and video

. . ) was involved for pilots to become comfortable with the
recordings of the model flights. Table V lists the trans-

. ! ) integrated control path, which resulted in the pitch atti-
ducer accuracies and data system resolutions which werg 4o remaining wherever it was when the stick was

available for the key recorded parameters during the test geased. Theg-command system also resulted in an eas-
A discussion of the photogrammetry data factors is avail—”y controllable model.
able in reference 18.

Free-Air Flight Characteristics

The model was easily flown in free air (no vortex

Several options were programmed into the lateral-
Free-Flight Test Results directional control laws. Similar to the longitudinal case,
some experimentation was conducted to arrive at an
During the wind tunnel free-flight tests, the model acceptable flying airplane for the wake vortex encounter
was evaluated by using various flight control system fea-task. The unaugmented airplane was found to exhibit
tures. Although the flight control system was not consid- unfavorably low damping in roll and therefore required
ered a primary area of interest for this test, it was artificial roll damping for acceptable handling qualities.
necessary to provide the pilots with a model possessingAdditionally, the aileron-to-rudder interconnect (ARI)
good flying qualities to conduct the vortex encounter feature was used to alleviate adverse yaw and to enable
flights. Three longitudinal flight control system architec- the model to fly in the lateral axis with only one control-
tures were developed for the testcommand, pitch rate  ler (roll). Yaw rate feedback to the rudder was used to
command, and-command. The-command system was reduce Dutch-roll oscillations during flight. Side acceler-
a direct link between the pitch stick and elevator posi- ation feedback to the rudder was flown with and without
tions and also included pitch rate damping. The pitch ratethe ARI engaged and was found to increase the ease of
command system used the pitch stick position to com-maintaining a lateral position in the tunnel; however, it
mand a pitch rate, and with no pitch stick input, the degraded the maneuver capability needed to reposition
model control laws would attempt to maintain the current the model. Differential angle-of-attack feedback to the
pitch attitude. Theg-command system used the pitch ailerons from the two wingtip booms was also evaluated,
stick position to command normal acceleration (load fac- but as expected, because thesignals were rate cor-
tor), and with no pitch stick input, would seekgflight rected, they did not influence the flight characteristics of
condition. Additionally, because of the higher rates the model in free air. After the flying qualities investiga-
developed in dynamic model testing, roll and yaw rate tion was complete, the baseline configuration for the
damping augmentation was added to aid in flying the lateral-directional control system consisted of an ARI
model in the wind tunnel. More detail about the flight and artificial roll and yaw rate damping.



Flight-determined static stabilityThe lift coeffi- (ref. 19). Theg-command andjrcommand control sys-
cient and pitching-moment characteristics could be tems introduced higher order dynamit®wever, each
deduced in flight by stabilizing agZflight conditions at  system resulted in a model with very desirable handling
various tunnel speeds. As the tunnel airflow speed wascharacteristics for the free-flight task of limited maneu-
decreased, the angle of attack of the model increased fovering in free air conditions.
level flight. A comparison of lift coefficient measured in
flight with that measured during a static wind tunnel test
of the same model is shown in figure 7. It is important to
note that the data from reference 15 include pylon- X .
mounted engines with propellers generating zero thrust®R! engaged. The roll mode time constant and maxi-
with an untrimmed model. These data show reasonablgUm roll rates achieved during free-flight handling
agreement with data measured on the model ofgualities evaluations for thg bare_ airframe (dampers off)
reference 15. Indications of pitching-moment character-@nd the augmented configuration (dampers on) are
istics are shown in figure 8 as average elevator angle agphown in taple VI. These values also are shown scaled to
the trim angles of attack. Comparison with data calcu-"éPresentative full-scale values and are compared to
lated from reference 15 shows that the model is someJ€ference 19 requirements for a class Il land-based air-
what less stable in the current configuration without the Plane during approach. As can be seen, the roll rate
pylons and propellers. The roll control effectiveness Wasdamp_er limited roll rate capability because it did not dif-
not directly measured in flight, but the static wind tunnel férentiate between a commanded or an uncommanded

results from reference 15 are shown in figure 9. roll rate.

The lateral dynamic response was similarly obtained
both with dampers-on and dampers-off conditions. All
lateral-directional maneuvers were conducted with the

Identification of 1.3\, The airflow velocity in the Vortex Flow Field Encounters
wind tunnel was progressively slowed to evaluate the
slow-speed characteristics of the model and to determineens
the minimum controllable flight speed in the power-
approach configuration. The model departed controlled
flight due to insufficient pitch and roll control at a
dynamic pressure of 5.4 psf, which resulted in a model
angle of attack of approximately LOBased on these
results and Federal Aviation Regulations (FAR), which
allow an approach speed of at least/}3the remainder
of the testing was conducted at a tunnel dynamic pressur
of 9.0 psf, which is equivalent to a full-scale approach
speed of about 120 knots.

After establishing flight control system gains to
ure good flying characteristics for the model, the vor-
tex generating wing was installed in the forward portion
of the wind tunnel test section. Initial flights were made
with the wing at zero lift angle of attack, and it was noted
that there was significantly more turbulence experienced
by the model due to the wing and its support (fig. 6). An
interesting phenomenon occurred when the generating-
wing angle of attack was slightly increased to generate a
Small amount of lift. The flow in the tunnel appeared
much smoother when there was a slight increase of
generating-wing angle of attack when flying the model.

) . . The wake generated by the wing at low lift coefficients is
Dynamic response characteristicsFlight control — gjieyed to have smoothed out the turbulence generated

system (FCS) gains were adjusted in real time duringp, the support structure by the time it reached the area in
initial flights in the wind tunnel to arrive at acceptable \ynich the model was flying.

flying qualities for the tests. After setting the FCS gains,

dynamic response characteristics were converted to  As the wing angle of attack was further increased,
full-scale values and compared with airplane handling generating wake vortices, the flow field characteristics
qualities criteria to ensure that the model was still repre-were very evident in the flight characteristics of the
sentative of actual full-scale airplanes. Model dynamic model. Figure 10 shows a schematic of the flow field
response characteristics for the various flight control sys-characteristics around the wake vortex. The starboard
tem modes were obtained by performing doublet controlvortex (right vortex looking upstream) was the vortex
inputs and observing the resultant model motions. Theused for vortex encounters. The figure shows an area of
typical free-flight control system has traditionally been upwash to the right of the vortex and downwash to the
an a-command system with proportional feedbacks for left of the vortex (between the starboard and left wing-
stability. Thea-command system, which provided the tip vortices). This upwash-downwash flow field made it
pilot with what he considered to be good characteristics,very difficult to accurately position the model vertically,
gave a short-period mode with a frequency of approxi- while maneuvering laterally. Each longitudinal com-
mately 1.56 Hz (0.65 Hz full scale) and a damping ratio mand mode was evaluated to determine the best
of approximately 0.6. These dynamic characteristics, configuration for conducting the vortex encounters. The
along with an/a = 5.9g/rad, meet level | requirements g-command mode minimized the vertical excursions of
for a full-scale airplane based on military specifications the model while it was flying through the vortex flow
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field. This command mode was used in all transient vor-lized in the vortex flow field up to & of approxi-
tex encounters presented herein. mately 0.7. At that point, roll control on the model was
saturated, and the model could not maintain position in

The vortex generated by the upstream wing exhib- the vortex.

ited its own set of dynamics. The vortex core location

wandered approximatelys in. in the vertical and lateral As the vortex in which the model was flying
directions, as shown in figure 11. These data represenincreased in strength, the flow field sensed by the
the vortex core location movement over a time interval of Wingtip-mounted}/ﬁ vanes showed the increase in rota-
approximately 0.5 sec, with the wind tunnel operating at tional flow. Figure 13 shows the difference between the
a dynamic pressure of approximately 5.3 psf. The datagngle-of-attack measurement at the left and right
were obtained with the free—flight model removed from W|ngt|ps These data were obtained with the model posi-
the test section. The vortex core position was measuredijoned directly in the vortex core. The data show that as
by using photogrammatic techniques described in refer-the vortex strength is increased, the difference in the
ence 18 to locate spatially the centroid of the smokeangle of attack of the right and left wingtip increases.
marking the vortex core that was illuminated by laser 3. The predicted rolling-moment effects on the model due
Laser 3 was located beneath the vortex track a distance o the vortex flow field are shown in figure 14. These
X/by = 2.6. Most free-flight testing was conducted at a data were calculated by using the differential wing angle
wind tunnel dynamic pressure of 9.0 psf; however, the of attack and by assuming a linear upwash-downwash

meander of the vortex was qualitatively the same atdjstribution across the span of the model with the follow-
either wind tunnel dynamic pressure. ing equation:

A simple calculation was made to estimate the
vortex-induced rolling moment on the follower model
during vortex encounters. The assumptions required for
this calculation were that the control power effectiveness
was invariant during the encounter (given by the datawhere C_, = 0.107 was obtained from free-flight data
in fig. 9). Effects of roll rate damping and dihedral records. Though the assumption of linear upwash-
were neglected. Specifically, the vortex-induced rolling downwash distribution across the span of the model does

C:LO(O(V
6

ACI = -

moment was estimated by not physically represent typical vortex flow-field charac-
i teristics, the prediction based on differentialshows
Ol reasonable agreement with free-flight data (fig. 12) as to
I, = 'q"gt-)—qéa a_C'aréf the strength of the vortex in which the model can be

flown in steady-state controlled flight.

Although not a part of the current study, a compari-
son between statically measured and dynamically  Transient vortex encounterdMost research flight
derived rolling moments may be useful in addressing themaneuvers were conducted to obtain data as the model
importance of dynamic effects in predicting vortex was maneuvered near and through the core of the star-
encounter hazards. board vortex. As previously discussed, several encounter

profiles were flown with the generating wing set at vari-

Steady-state encounterA. systematic set of vortex ous angles of attack to provide a wake vortex strength
encounters were flown to establish steady-state condi-variation. The transient vortex encounters began with a
tions in the vortex. These test points were conducted bygenerating-wing angle of attack of 8or a Ci, of
establishing the generating-wing angle of attack and theapproximately 0.95 and ended at the maximum wing
resulting flow field, and then the model was flown into angle of attack of 13%4that was available in the tunnel
the smoke marking the vortex core of the tip vortex. Thefor a C._ of approximately 1.25. As previously men-
model was stabilized with the fuselage in the center oftioned, testing was conducted with vortex strengths far
the vortex core (marked by smoke) for several secondsbeyond what would be expected to yield acceptable flight
for data recording. The test runs started with the generatencounter boundaries. This testing was done primarily
ing wing at zero lift, and then the angle of attack of the for two reasons: (1) to validate and explore fully the use
wing was increased in°increments until the free-flight  of the free-flight test technique in these applications, and
model could no longer maintain position in the vortex (2) to obtain a set of data with large amplitude effects for
flow field. To aid in the application of these data in a possible use later in the validation of modeling and
general sense, all generating-wing vortex strength datgorediction techniques. Additionally, the large vortex
will be represented by using the wing lift coefficient as strength data ensured that the observed effects were sig-
shown previously in table Il. Figure 12 shows the result nificantly greater in magnitude than would occur due to
of the steady-state encounters. The model could be stabinormal wind tunnel turbulence.



Time-history data for vortex encounters for a range Pilot comments at £, = 0.95 indicated that the
of vortex strengths and for the four general encounter tra-vortex produced rolling moment when the model was
jectories are discussed in this section, and overall trendsiear the vortex core, exceeded the control capability of
from the data will be discussed subsequently. The fourthe model, and usually resulted in uncommanded left roll
encounter trajectories were (1) to descend directly rate and translation down and to the left. Recovering con-
through the starboard vortex core, (2) to climb directly trol of the model, once it was away from the core loca-
through the vortex core, (3) to translate from the right tion, was accomplished easily, and the ability to regain
side of the vortex to between the generating-wing vortex positive control of the model before exceeding the wind
pair, and (4) to translate from between the vortex pairtunnel test section area was never seriously in doubt.
through the vortex to the right side outside the vortex. Figures 19 through 21 show data 6t - 107

Model ition will resented relativ he vor- _. ; )
odel position data be presented relative to the vo JFrigure 19 shows a horizontal approach from right to

tex position which was measured during the run at lase . L .

location 2 at the initiation of a data run. Note that the left. The trajectory shows, by a rise in the flight path, the

actual vortex core location at the follower model likely Zﬁetﬁ of thz ulpwash astthhe mﬁdﬁ’: appr?ach'(tasdthe |V ortex.

would differ due to downstream distance and the interfer--> € MOE! Crosses throug € vortex, It develops a
left-wing-down-roll attitude and descends out to the left

ence effects of the follower model on the vortex. The . . o
vortex core (marked by smoke) tended to go around theOf the generating-wing starboard vortex The left wingtip

model rather than to impact directly; therefore, it was probe dramatically_shows the Cross"?g O.f the vo_rtex by
very difficult to position the model directly in the vortex thet large upwasdh éusttr;])rlo.r to tg? tW'ngr?p entetrln? the
center. The sign convention for the position (radius angVortex core and by the immediate change 10 large,
angular position) is shown in figure 15. Most of the free- negative-sensed angles of atta(;k after the wingtip crossed
flight data were obtained at a downstream distance fromtr;rouhghhthebvortex thre. The ed|stalln?::e to the vortex core
the generating-wing quarter-chord location of approxi- at whicha begins 1o Increas € 1.3 sec) IS approxi-
mately 24 ft (2 spans of generating wing). Figure 16 mately 80 n. f_rom the_model center of gravity or 2.6 In.
shows a histogram of the distance between the generatingom the wingtip. At this location, the vortex flow field

wing and the follower model, including all data points Trhoduces ? Sm?”' pfosmvgt ro(;l_lntg mOTe(Ft[E'fo)t' .
reported herein. e model center of gravity distance to the vortex is

29 in. before vortex-induced rolling moment to the left
(C|V <0) is produced. As seen for thié_g = 0.95 case,
the model controls are saturated against the vortex-
induced left rolling moment as the model flies through
the vortex core. The large roll angle, to which the model
was disturbed due to the vortex, elicited pilot comments
that this condition resulted in less certainty of easily

Figures 17 and 18 show data for a vortex strength
corresponding t&€€ . = 0.95. Figure 17 shows a horizon-
tal approach from right to left. As the model crosses
through the starboard vortex cote=(5.5 sec), the vortex
flow field causes the model to descend and roll to the

left. The time-history data show full-right lateral controls o
regaining control after the vortex encountbowever,

to oppose the vortex-induced moments while the model : i . ;
. o~ the control was regained without exceeding the wind tun-
is near the vortex core. As the left wingtip approaches the .

nel test envelope limitations.

vortex, the flow vanes on the wingtip boom show a large
upwash and also substantial sidewash. As the wingtip  Vortex penetration attempts were also flown by
passes beyond the vortex core location, an abrupt changasing descending trajectories (fig. 20) and climbing tra-
from upwash to downwash occurs. After crossing jectories (fig. 21). During the descending trajectory, the
through the vortex, pitch attitude increased to enablepilot had difficulty in positioning the model directly over
level flight in the downwash flow field that existed the vortex core due to the effects of the rotational vortex
between the two vortices created by the generating wing flow field. The trajectory shows that the model passed to
the left of the vortex position rather than through the core
Figure 18 shows a vortex penetration attempt begin-as intended. Roll control and roll rate activity show the
ning between the vortex pair and translating to the right. difficulty experienced by the pilot in attempting to posi-
Despite nearly full-right controls, less than®1dF right tion the model. When the model approached the vortex,
bank could be generated, and thus the translation ratdéull controls were used again to oppose the vortex-
was very small. Even with full-right controls while near induced rolling motions while the model was rolled and
the starboard vortex, the model was rolled to the left, wasdescended out the vortex to the left. The climb through
unable to pass through the vortex, and instead translatethe vortex (fig. 21) shows that the model again failed to
back to a lateral location between the vortex pair. This pass directly through the reference vortex core location,
maneuver was repeated at a faster lateral translation ratalthough it was very close. Again, full opposing controls
and resulted in a successful transition through the vortexwere required, and the model was pushed away towards
to the free air on the right side of the tunnel. the left of the vortex as it climbed. The wingtip probe did
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not indicate the presence of the vortex prior to the pushed out rather violently to the left and down. Full-
encounter for the vertical trajectories. Pilot comments right lateral control was required, beginning when the
indicated that the vertical trajectories were much lessmodel was within 29 in. of the reference vortex position.
dramatic than the horizontal trajectories for this The wingtip probe shows that the wing experiences
generating-wing angle of attack because of the largereffects of the left generating-wing vortex flow field at the
bank angles generated from the horizontal entry, andbeginning of the run. Also note that the model pitch atti-
because the controls were set to substantial left roll com-tude is much higher {9versus 3) for the case in which

mands in order to penetrate the vortex, which then had tahe model is initially between the generating-wing vortex
be rapidly reversed when the model had reached nearlypair. The increased pitch attitude is an indication of the
into the vortex core. For the vertical entries, large left- downwash field between the vortices, and pilot com-
roll control was not needed, and the resultant roll anglements noted difficulty in climbing while in this location.

erturbations were less. . . .
P Vertical trajectories through the vortex were flown

Figures 22 through 25 show data for a vortex with both descending and climbing approaches (figs. 24
strength corresponding ©,;, = 1.18. Figure 22 shows aand 25). For the descending approach, it was very diffi-
horizontal approach from right to left. As the model cult to position the model to result in a good penetration
approached the vortex, the upwash flow field generated aof the center of the vortex, as had been seen at the previ-
positive (roll-away) moment as indicated by positive val- ous lower vortex strengths. Additionally, recovery was
ues of C;  and required the lateral control deflections. complicated by the lack of climb performance capability
The maximum value of positive rolling moment occurred when the model was positioned between the generating-
when the model center of gravity was approximately wing vortex pair. Figure 24 shows a high-to-low vortex
50in. from the vortex. The sign of the vortex-induced penetration. The trajectory shows that the model was ini-
moment changed at approximately 29 in. and reached dially pushed slightly to the left; then, right controls were
maximum value at the minimum distance, that is, modelapplied to attempt an intersection with the vortex core
center of gravity in the vortex core. Controls were satu- and fuselage. Typically, in these flights, the model still
rated for a substantial time during the penetration toslightly missed flying directly through the vortex core.
oppose the left roll generated by the vortex. The wingtip Other than the positioning problems, the encounter was
probe showed the effect of the vortex with an increase insimilar to what had been experienced at the previous vor-
upwash that was measured beginning at a distance ofex strengths. Figure 25 shows a low-to-high vortex pen-
118in. ¢ = 0.9 sec) and then a further rapid increase etration. The trajectory of the model stow large
beginning at about 80 it = 1.8 sec). The flow changed perturbation to the left after the encounter. Roll controls
to downwash again as the wingtip passed the vortex posiwere saturated for a long period. This penetration geome-
tion. Sideslip for this encounter showed a rapid increasetry was repeated several times, and some of the penetra-
beginning at about 62 int € 2.1 sec) from the reference tions resulted in the model being recovered by the safety
vortex position and changed sign to negative sideslip ascable operator after going out of control and exceeding
the wingtip crossed the vortex. This sideslip responsethe wind tunnel test section envelope. Pilot comments
differs from the results shown & = 1.07 where the indicated that control of the airplane through the vortex
sideslip initially showed negative values as the vortex was much more difficult, and confidence was low on the
was approached from the right. Slight differences in the ability to retain control of the model. Another interesting
vertical positioning of the model, relative to the vortex, note is that control seemed more in question at this vor-
may be responsible for this measured difference. Addi-tex strength for vertical penetrations, whereas at lower
tionally, as previously noted, the vortex tended to move vortex strengths, it was felt that the lateral penetrations
around the model when the model approached the vortexwere more hazardous.

This motion is not reflected in the plotted data because

positions were recorded relative to the reference vortex Flg_ures 26_through 28 show data for vortex encoun-
location. ters with C, =125 Several attempts were made to

cross the vortex from right to left. Figure 26 shows one
Vortex encounters also were flown from left to right, of these penetration attempts. As the trajectory plot
and pilot comments indicated that the model was moreshows, the model did not pass through the vortex. The
difficult to position than for right-to-left translations. upwash field on the right side of the vortex induced more
Unless a reasonable translation rate was established, itight roll than was available through the controls. The
was impossible to overcome the left rolling moment and data showed full left lateral controls while the model was
successfully pass through the vortex. Figure 23 shows ammoving away from the vortex to the right. The wingtip
example of an unsuccessful penetration attempt from theprobe showed that it apparently crossed the vortex core
left. The trajectory shows the model translating from left briefly during the encounter attempt with the large
to right, and when the model just reaches the vortex, it isincrease in upwash followed by downwash when the
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wingtip probe went through the vortex core. Sideslip dataNote that the percentage of roll control power available
showed a large negative sidewash approaching the coren figure 29 is estimated based on aileron effectiveness
and positive sidewash once the wingtip probe wasmeasured in a static wind tunnel test outside the influ-
through the core. Pilot comments and video recordsence of the wake vortex system.

showed that it was very hard to intersect the vortex core _ . . .

due to model interaction with the changing upwash field. 10 identify systematically the effects of flight
Additionally, large translational rates were required to through a wake vortex as the vortex strength was

successfully penetrate through the vortex because ofncreased, data were obtaingd from all vertical trajectory
insufficient lateral control power to oppose the vortex- vortex encounters. The horizontal encounter data were

generated moments. Even with the faster rates, when th@ot included due to the large amounts of scatter attribut-
model was flown just below or just above the vortex, as able to differences in p_ilot t_echnique between runs. Or_1e
marked by the smoke, it could translate across the vortexProPosed measure of identifying wake vortex hazard is
however, when flown vertically, even with the vortex, it by quantifying maximum allowable bank angle excur-

was not possible for the model to move horizontally pastSIoNns. Reference 21 proposes a maximum bank angle
the vortex. upset of 7 as being the maximum for safe acceptable

operations during the final part of the approach. Free-

Vertical trajectories were flown through the vortex flight results of bank angle perturbations, as a result of

as shown in figures 27 and 28. Nearly every penetrationencounters with vortex wakes of various strengths, are

resulted in large bank angles and large lateral displaceshown in figure 30. The data indicate that by using the
ments after encountering the vortex. As a result, nearlycriteria of reference 21, a maximu@L of approxi-

all encounters terminated with recovery on the safety mately 0.95 would be allowable. Note that these tests
cable after the model went out of control and exceededwere flown with a control system with relatively high-

the wind tunnel test envelope. gain feedback loops that respond more rapidly to upsets
than a pilot would in a typical business jet aircraft.
\Vortex Encounter Data Trends Therefore, the comparison with reference 21 criteria is

_ _ _ o for illustrative purposes only.
As previously mentioned, the primary objective of

the current test was to determine whether the free-flight ~ Another indicator which will be a key pilot-observed
test technique could be used to fly a model in the pres-esponse is the roll rate generated by a vortex encounter.
ence of a wake vortex flow field. Because of the prelimi- Figure 31 shows the roll rates, converted to full-scale
nary nature of the test, time constraints prevented arnvalues, which would be experienced during encounters
exhaustive data set with which to make statistically valid With vortices of various strengths. These values compare
conclusions; however, the data may be analyzed to showvith @ maximum roll rate achievable by the airplane, in
some general trends. free air, of approximately 33&ec (dampers off). In
addition to bank angle upsets, significant lateral displace-
The vortical flow field produced varying rolling ments occur as a result of a vortex encounter. The lateral
moments on the model, depending not only on the vortexdisplacements are particularly undesirable on a precision
strength, but also on the relative position of the model approach to landing where very accurately flown ground
and the wake vortex system. An example of the rolling track paths are required. Figure 32 shows the maximum
moment produced by the vortex on the model, as a per{ateral translation velocities across the ground that
cent of roll control power availables shown in figure 29 occurred during the tests. The data show uncommanded

for a C_, = 1.18. This figure is a combination of all |ateral velocities up to 20 percent of the approach
dynamic data available when the model was at approxi-velocity.

mately the © radial location from the reference vortex

position. The data show a slightly increasing right rolling cgnclusions

moment as the model gets closer to the vortex, with a

maximum occurring at about 50 in. (approximately one A wind tunnel study was conducted to determine the
half the span of the following model) from the vortex. feasibility of using the free-flight test technique to study
For example, as presented in reference 20, these trendsake vortex encounters. A generic business class jet air-
are consistent with general rolling moment predictions plane model was instrumented and flown in the vicinity
for this span ratio. At the maximum, the roll requirement of a wake vortex generated by a rectangular wing. The
is approximately 70 percent of the available roll control strength of the vortex was varied by adjusting the
available. As the model moves nearer to the vortex refer-generating-wing angle of attack and allowed study of a
ence position, the control requirement rapidly shifts to arange of generating-airplane pairs (with span ratios of
left rolling moment due to the vortex, which exceeds the 0.75) and separation distances without the uncertainties
roll capability of the model as it approaches the vortex.in vortex decay and atmospheric effects. The study
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showed that the free-flight test technique was a viabledifficulty of maintaining control. Specific conclusions
and useful tool in the study of wake vortex encounters—reached are as follows:

combining vortex flow fields, airplane dynamics, sen- . .
sors, and flight control aspects. 1. The free-flight test technique can be used to fly a

model in the vicinity of and to conduct encounters with a
Data obtained during this test included qualitative vortex generated from upstream models.

and quantitative results. The test indicated that although o
each of the longitudinal control schemes provided an 2. Accurate model and vortex-positioning data dur-
easy-to-fly airplane, thg-command system reduced the N9 flight can be derived b_y using postflight photogram-
longitudinal upsets slightly more than the pitch rate or Metry measurement techniques.
angle-of-attack command systems. Steady-state limits of
controllability during flight were documented as a func- due
tion of vortex strength. These data showed limits of con-
trollability for steady flight to be at a vortex strength 4. Effects of vortex encounters on airplane model
corresponding to a lift coefficient of approximately 0.7 responses can be measured and repeated in well-
on the generator wing. By flying several vortex encoun- controlled conditions with known vortex strengths.
ter trajectories at high vortex strengths, a mapping of rollResults showed vertical trajectories to be the most
angle, roll rate, lateral velocity, and vortex-induced roll demanding for encounters with high-strength vortices,
rate acceleration was conducted. The data quantified theind lateral penetrations were the most demanding at
effects of an airplane entering vortex flow fields of vary- lower vortex strengths.
ing strengths, and just as importantly, demonstrated the
ability to fly safely and to recover from scale-model
wake encounters in a confined test area. Pilot commentsyasa Langley Research Center
indicated that the selected flight trajectory through the Hampton, VA 23681-2199
vortex and the vortex strength affected the perceivedJune 12, 1997

3. Mapping of approximate induced rolling moment
to the vortex flow field can be conducted.
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Appendix back, removing pitch rate feedback, or addingeed-
back for static stability augmentation by using either one

Control Laws for Follower Model or both of the wingtip boom vanes. The pitch pilot could
change these parameters with switches on the pitch con-
Basic Considerations trol box during a flight.

The flight control laws for the model were developed Pitch rate command modéhe pitch rate com-
to provide good flying qualities for flying a model in the mand mode was entered by selecting a switch on the
wind tunnel. The operational envelope modeled during pitch pilot control box. This command mode combined
the tests was the landing-final approach configuration atthe pitch rate and pilot command signals through a for-
low speed and sea level altitude. The control laws wereward path integrator. Additional proportional feedback
implemented on a digital minicomputer using an update of pitch rate was added after the integrator. This mode
rate of 200 iterations/sec. All flight control system gains changed the pilot input commands to represent pitch rate
could be modified in flight by a computer operator. commands, and with centered stick, it was essentially a
Selected flight control system switches and gain pathspitch attitude hold system.
could be activated by switches on the pilot control boxes.
Block diagrams of the flight control laws are shown in g-command modeThe g-command mode was
figures Al through A4. Switch default values and gain selected by switches on the pitch pilot control box. This
values shown in the figures correspond to the baselinenode combined the pilot commands with normal accel-
(g-command) system used throughout most of theeration through the forward path integrator. Proportional

testing. pitch rate feedback was used outside the integrator. With
centered control stick, this mode attempted to maintain
Longitudinal Axis 1g flight and resulted in a more lively model than the

previous modes. Pitch rate damping was increased to

There were several control law options in each of the provide better flying qualities.

lateral and longitudinal axes. The longitudinal axes had
either proportional or proportional plus integral modes
using either normal acceleration or pitch rate in the inte-
grator. The feedback gains for pitch rate, angle of attack, = The lateral-directional control laws included an
and normal acceleration could be adjusted in flight. aileron-to-rudder interconnect (ARI) so that one pilot
could fly the roll-yaw axes of the airplane with one con-
Angle-of-attack command modeThe angle-of-  trol. Switches on the roll-yaw pilot control box enabled
attack command mode was the most simple control lawselection of roll rate, yaw rate, side acceleration, or side-
scheme. This mode bypassed the integrator by setting alip from one or both wingtip booms to be selected as
switch to zero. The only parameter in the feedback loopfeedbacks during flight. Additionally, differential signals
with the a command system was pitch rate. The pitch of angle of attack between the two wingtip mounted
pilot had the option of adding normal acceleration feed- vanes could be used as a feedback.

Lateral-Directional Axes
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Table I. Geometric and Mass Characteristics of Follower Model

Geometric characteristics:

Fuselage:
Length, ft. . ... e aaaa 7.833
Maximum diameter, iN.. . ... .. 12...1
Wing:
Area (trapezoidal reference)?ft. . . . ... ..ot 9.869
SpaN, Tt . e 9.072
Quarter-chord sweep, deg. . . . ..o oot 41....1.
ASPECETALIO. .« v v e 8.3
Taper ratio (trapezoidal reference) . ... i e 0.35
Mean aerodynamic chord, in. . ... . e 14.172
Dihedral, deg. . . . ..o 4.0
Horizontal tail:
Area, T2, . 2.067. .
SpaN, Tt . e 3.211
ASPECE TAlIO. . . v e 4.988
Quarter-chord sweep, deg. . .. ..ottt e 6....31
Dihedral, deg. .. ... -3.0
L= 101 - o T 0.35
Mean geometric chord, in. . ... . . e 8.324
Vertical tail:
ATCA, . . 2.016. .
Height, in. . ... i 18.223
Quarter-chord sweep, deg. . . . . oottt 0... 50.
Mean geometric chord, in. . ... . . e 16.259
Mass characteristics:
Weight, Ib ... 92.5
Moment of inertia:
Lo SIUG-TC . o 6..4.63
Iy SIUG- L 14.547
L, SIUG-TC . 16.666



Table Il. Generating-Wing Vortex Strength

Og CLg Mms s
-6.0 -0.929 -8.80 -120.22
-4.0 .054 5.14 70.27
-2.0 .195 18.45 252.08
0.0 .360 34.08 465.46
2.0 .516 48.92 668.24
4.0 .669 63.36 865.45
6.0 .810 76.72 1048.03
8.0 .945 89.53 1222.99
10.0 1.071 101.50 1386.42
12.0 1.185 112.22 1532.91
134 1.247 118.13 1613.65
Table 1ll. Dynamic Scaling Relationships
[In current testN = 0.175]
Parameter Model Full scale
. MS
TIMe. oot . FS.J/N —
JN
. . MS
Linear velocity. . .. .......ovuereennn.. : FS.J/N —=
N
Linear acceleration . ..................... . FS MS
. FS
Angularvelocity .. ............ ... . ... ... — MS./N
JN
Angular acceleration . .................... L. FS MS
N3 a
Weight. . ........... ... ... .. . . . —xFS — xMS
o 3
N
5
. . N o
Momentofinertia ............ ... .. ..... — X FS — xMS
o N>
. N o
Dynamic pressure . ............coviuun.... .. p xFS N xMS
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Table IV. Test Setup Geometry

Component Downstream distangéy
Generating-wing quarter-chord
Laser 1 0.84
Laser 2 1.92
Laser 3 2.61

Table V. Sensor Accuracies and Resolution

Free-flight
model sensors Range Accuracy Resolution

Roll rate gyro +20C°/sec 1+0.7°/sec 0.%/sec
Yaw rate gyro +200°/sec +0.7°/sec 0.1/sec
Pitch rate gyro +200°/sec +0.7°/sec 0.1/sec
A, accelerometer +20g +0.003 0.01g

accelerometer +20g +0.003 0.01g
A, accelerometer +20g +0.003 0.01g
Booma -10° to 8C° ar2° 0.0
Boomp +30° ar1° 0.03
Aileron position +30° a1° 0.02
Elevator position +30° a1° 0.03
Rudder position +30° a1° 0.03

8Estimated based on repeated calibrations during test.

Table VI. Model Dynamic Characteristics

Model scale, Full scale, Level | requirements
Parameter dampers on/off dampers on/off (ref. 19)
T SEC. . vttt 0.24/0.38 0.56/0.89 <14
130 SEC .« vt 0.98/0.69 2.35/1.65 <1.8
pss deg/sec. . ... 40/80 16.7/33.5
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Figure 1. Sketch of free-flight test technique.
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Figure 5. Model in vortex during free-flight test.
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Figure 6. Wake vortex free-flight test setup.
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Figure 12. Roll control required for steady flight in vortex.

Figure 13. Vortex-induced differential angle of attack at wingtip probes while flying in center of vortex core.
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Figure 16. Histogram of downstream distance between model and generating wing. All runs included.
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