
JOURNAL OF AIRCRAFT

Vol. 38, No. 6, November–December 2001
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Single-camera, single-view videogrammetryhas been used for the � rst time to determine static aeroelastic defor-
mation of a slotted � ap con� guration on a semispan model at the National Transonic Facility (NTF). Deformation
was determined by comparing wind-off to wind-on spatial data from targets placed on the main element, shroud,
and � ap of the model. Digitized video images from a camera were recorded and processed to determine automati-
cally target image plane locations that were then corrected for sensor, lens, and frame grabber spatial errors. The
videogrammetric technique used for the measurements presented here has been established at NASA facilities as
the technique of choice when high-volume static aeroelastic data with minimum impact on data taking are re-
quired. However, the primary measurement at the NTF with this technique in the past has been the measurement
of the static aeroelastic wing twist of the main wing element on full span models rather than for the measurement
of component deformation. Considerations for using the videogrammetric technique for semispan component
deformation measurements as well as representative results are presented.

Nomenclature
c = chord length
L = displacementmagnitude in X , Z plane
Q = dynamic pressure
X = streamwise coordinate in object space
Y = cross� ow coordinate in object space
Z = vertical coordinate in object space
® = geometrical angle-of-attack
1gap = change in gap spacing due to aerodynamic loading
1OH = change in overhang spacing due to aerodynamic

loading
1X = displacementmagnitude of streamwise coordinate
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1Y = displacement magnitude of cross� ow coordinate
1Z = displacement magnitude of vertical coordinate
´ = normalized semispan
µ = change in wing twist due to aerodynamic loading
Á = angle of displacement vector

Subscripts

n = target number, 1,2 (inboard reference); 3 (shroud);
4 [fore trailing-edge � ap (TEF)]; 5 (aft TEF)

o = interpolated wind-off X value

Introduction

O N modern military air vehicles, high-lift systems are used
to improve takeoff and landing performance. For naval air

vehicles, an improvement in the lift coef� cient in a landing or ap-
proach con� gurationallows for arrested landingsat reduced speeds
and/or increased payloads. In addition, reduced landing speeds re-
duce stress on the airframe. For conventional takeoff or landing,
improved lift-to-drag ratios allow for shorter takeoff runs and/or
greater payloadcapacity.For these reasons, it is imperative to quan-
tify and improve the performance of high-lift systems, including
trailing-edge � ap (TEF), gap, and shroud geometry.

An effort has been initiated to develop procedures using the
videogrammetric model deformation (VMD) measurement tech-
nique to measure TEF gap and � ap and shroud geometry changes
induced by aerodynamic loading. VMD measurement technique
development with multiple cameras was initiated in the 1980s,1

basedon earlier successfulwind-tunneltests conductedin the 1970s
using � lm cameras.2 The introduction of image processing rou-
tines coupled with the development of a simpli� ed single-camera,
single-view photogrammetric technique permitted automated data
acquisition and reduction. These developments facilitated use of
the technique in production wind tunnels with very little negative
impact on test schedule.3 The target-tracking version of VMD de-
veloped under NASA contract and used for this test is discussed in
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Ref. 4. A review of the VMD measurement technique can be found
in Ref. 5.

Component deformation measurements are especially trouble-
some due to dif� culty in imaging the area of interest, limited target
placement options, and the need to measure small deformation lev-
els that are very sensitive to small errors in pitch angle (dependent
on the radius from the center of rotation of the model). Although a
few preliminary tests have been conducted during which � ap angle
changes with � ow were measured at other noncryogenicfacilities,6

this paper will address the � rst application of the technique at the
National Transonic Facility (NTF) for the combined measurement
of TEF and shroud geometry changes under aerodynamic loading.
In addition, this was the � rst applicationof the techniqueat the NTF
with a semispanmodel and the � rst opticalmeasurementsof compo-
nent deformationat the facility.Deformationmeasurements,includ-
ing the deformationof control surfaces and associatedcomponents,
are of particular importance in high Reynoldsnumber facilitiessuch
as the NTF because high dynamic pressures Q , with accompanying
deformation, are typically associated with high Reynolds number
testing. For computational � uid dynamics (CFD) evaluation, it is
important to quantify the gap and overhang differences from the
static condition due to shroud and/or TEF de� ections under load.

Because the intent of this paper is not to presentextensivedata on
gap and � ap deformation,only representativedata will be presented.
Rather, this paper relates experiences using videogrammetry in a
largeproductionwind tunnel for such measurements to aid potential
users of the technique at the NTF and other facilities. Issues related
to targeting such as location, application, contrast, surface quality,
and target thickness will be addressed. Camera installation will be
described along with initial camera calibration to establish camera
calibration coef� cients and camera location in the test-section co-
ordinate system. A major concern for high-productivityfacilities is
that calibration time be kept to a minimum so as not to impact neg-
atively productivity. Techniques employed to reduce signi� cantly
tunnel downtime for calibration will be described. The data acqui-
sition procedure and interaction with the facility data acquisition
system will be described. The advantages and disadvantages of a
commercialprototypetarget-trackingimage acquisitionsystemwill
be discussed. The data reduction procedure to determine gap and
� ap deformationdue to aerodynamicloadingwill also be described.
The relation of centroid repeatability to the precision of the mea-
surements will be addressed, along with estimates of uncertainty.

Technique
The VMD measurement technique consists of a single-camera,

single-view, photogrammetric solution from digital images of tar-
gets placed on the wing at known semispan locations.Because only
one camera is required, lighting requirements are reduced, which
is especially advantageouswhen using existing test-section illumi-
nation. The technique is nonintrusive except for the targets, which
may have some minor local effects on the aerodynamic data.3 The
basic hardware consists of a standardvideo-ratecharge-coupledde-
vice (CCD) video camera, a frame grabber board, and a computer
with image acquisition and reduction software. A light source is
usually located as close to the camera as possible to take advan-
tage of retrore� ective targets at all facilities where the technique is
used except for the NTF. At the NTF, where stringent model sur-
face � nish requirements preclude the use of retrore� ective targets,
test-sectionlights are used for diffuse illuminationof polishedpaint
targets. For measurements at the NTF, the camera is positioned to
the side and somewhat above the model, resulting in an oblique
view of the model. A target row is typically placed on or near the
fuselage to serve as control, with additional target rows located at
known semispan locationsalong the wing. Image processingis used
to locate automatically and compute corrected image plane coordi-
nates for each of the targets. Single-view photogrammetry is then
used to determine the X (streamwise) and Z (vertical) coordinates
in object space, given the known Y (cross� ow) coordinates.Vertical
displacementsat speci� ed chordwise locationsand slope angles are
computed by linear least squares for each semispan station along
the wing.5

Facility
The NTF is a fan-driven, closed-circuit, continuous-�ow, pres-

surized wind tunnel.7 The 8.2£ 8.2 £ 25 ft-long test section has
a slotted-wall con� guration. However, for the test described here,
the slots were covered. The wind tunnel can operate in an elevated
temperature mode up to T D 140±F, normally using air and, in a
cryogenic mode, using liquid nitrogen as a coolant, to obtain a test
temperature range down to about ¡250±F. (However, note that for
the test described here, the NTF was operated in air mode only at
95±F.) Thermal insulation inside the pressure shell minimizes en-
ergy consumption. The design total pressure range for the NTF is
from 15 to 130 psia. The combination of pressure and cold test gas
can provide a maximum Reynolds number of 1.2 £ 108 at Mach
1.0, based on a chord length of 0.82 ft. These characteristics af-
ford full-scale Reynolds number testing for a wide range of aircraft.
Three types of investigationsare possible: Reynolds number effects
at constant Mach number and dynamic pressure, model aeroelastic
effects at constant Reynolds number and Mach number, and Mach
number effects at constantdynamic pressure and Reynolds number.

The constraints imposed by operation in a high-pressureenviron-
ment over such a wide range of temperatureshave had a signi� cant
impact on the continuingdevelopment,improvement,and optimiza-
tion of instrumentationat the facility.A major instrumentationchal-
lenge at the NTF is the requirement to make measurements over the
wide range of temperature from 140±F down to ¡250±F. Aeroelas-
tic deformation measurements have been made at the NTF for both
high-speed research and advanced subsonic technology full-span
models. In all cases before the test described here, the emphasis
of the aeroelastic measurements at the NTF was on the determina-
tion of the change in main element wing twist due to aerodynamic
loading.5 The results presented here represent the � rst attempt at
the NTF to make aeroelastic measurements on a semispan model
and the � rst attempt to measure the aeroelastics of components in
addition to the main wing element.

Wind-Tunnel Test
The � rst test involving the measurements of TEF and shroud ge-

ometry at the NTF was conductedon a large representativemilitary
semispan steel wing during an air mode test at constant Mach num-
ber and varyingdynamicpressures.Figure 1 illustratesthede� nition
of gap as thedistancefrom the trailingedgeof the shroudto a tangent
point on the TEF. Overhang is de� ned as the distance parallel to the
model chordline from the trailing edge of the shroud to the leading
edge of the TEF. The gap and overhang were adjusted using shim
plates and serrated teeth, respectively, during model con� guration
changes.The gap was variable from 0.5 to 2.5%c and overhang was
variable from ¡1.0 to 5.0%c in increments of 0.5%c.

Figure 2 depicts the entire semispanmodel with leading-edge� ap
(LEF), shroud,TEF, and standoff with labyrinth seal. The labyrinth
seal and standoff plate were used to mitigate the effect of the

Fig. 1 Shroud, TEF, gap, and overhang (OH).

Fig. 2 Diamond wing high-lift model (top view).
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wind-tunnel boundary layer on the aerodynamicperformance.Uni-
formly distributedstatic loads appliedpretestto the wing and shroud
indicated relatively stiff wing components with little expected de-
formation.The air mode test served as an effectivemeans to investi-
gate implementationissues associatedwith the aeroelasticmeasure-
ment technique and to evaluate the resolution of the measurement
technique, while avoiding the complications that cryogenic opera-
tions introduce for optical instrumentation.The semispan wing was
tested under the auspices of the Technical Cooperation Program, a
multinational test program that includes NASA, Defense Evalua-
tion and Research Agency (DERA) U.K., and the U.S. Navy. For
this test the angle-of-attackrange was from ¡5 to 24 deg, the Mach
number � xed at 0.2 for the VMD runs, and the dynamic pressure
range was from 60 to 350 psf (Reynolds numbers from 1.4 £ 106 to
7.7 £ 106/ft). Parametric studies were conducted on gap and over-
hang to determine the optimum settings for a con� guration with
speci� c angle settings for the shroud and TEF. In addition to study-
ing the basic � ow physics of military high-lift con� gurations, the
test was also conducted for CFD validation.8 Results from the test
will be used as a benchmark for future CFD studies to predict high-
lift system performanceand, ultimately, high-lift system design.As
such, it is critical to gauge the extent of de� ection of the high-lift
systemunderload.The componentsof the high-liftsystem(TEF and
shroud) act as cantileverbeams, which, under aerodynamicloading,
may de� ect. Because the gap between the TEF and the shroud was
crucial to the parametric study during the test and is a main param-
eter for CFD studies, knowledge of the deformation is crucial.

Pretest Loading of Components
To estimate the potential de� ection due to aerodynamic loading

before testing, static loading tests were conducted.The shroud was
uniformly loaded using weighted bags and the TEF was loaded with
point loads attached to the � ap ends near the one-quarter chord.
With the shroud set to a de� ection angle of 23 deg and the TEF
set to 35 deg (23/35 con� guration), a load of 420 lb applied to
the TEF was found to decrease the gap a maximum of 0.008 in.
measured at the bracket location. The shroud, loaded to 20 lb was
found to increase the gap 0.0045 in. Therefore, a pretest estimate
of the maximum change in gap was established as the difference
between these readings to be on the order of 0.0035 in. In the worse
case, with zero shims corresponding to a gap of 0.196 in. (or 0.5%
of the unde� ected wing chord located at the midspan of the � ap),
this estimated de� ection would be 1.8% of the unloaded gap.

Optical Target Layout and Application
The special illumination technique developed for full-span mod-

els at the NTF involves the imaging of a black test-section wall as
seen in re� ection from the mirrorlike wing surface.5 In such cases,
good contrast targets are possible with an application of polished-
paint white dots on the wing and fuselage without any additional
backgroundpainting required. A similar illumination techniquehas
not yet been perfected for semispan testing. Thus, to ensure reason-
able contrast targets, white dots on a black background were used
for this � rst semispan test. The targets consisted of polished-paint
white dots of 0.5-in. diameter on a black backgroundseveral diam-
eters wide. The locations of the targets were chosen to minimize
interference with pressure taps and were generally located away
from taps or centered between pressure tap rows. The targets were
positionedwith aid of precision metal-foil templates that facilitated
the target application to model parts that would be used later in the
test, especially in one case in which half of two targets would be
replaced during a con� guration change. The use of precision tem-
plates to locate the targets was especially useful because over 90
con� guration changes were anticipated for the test. The templates
also facilitated the determination of the semispan (Y coordinate)
of each target for entry into data-reduction setup � les. All layout,
painting, and polishing of the targets was accomplished in a ready
bay preparationsite before the model was moved to the test section.

The application procedure began with a chemical cleaning of
the model to remove any residual oil or � lm that might hamper
adhesion of the paint, which was the standard basecoat typically

Fig. 3 Model and targets
viewed from camera.

used for pressure sensitive paint (PSP) applications. The circular
targets were then masked at the proper locations and painted with
an air gun. The masking was removed after an hour or so of drying
under infrared illumination (used to decrease paint drying time).
The masks for the black background were then applied and the
black paint applied over the white targets. After drying, the targets
and backgrounds were polished with 2000 grit paper and water to
yield a � nal typical thickness of 0.0005 in. and a surface roughness
of less than 10 ¹in. as veri� ed by measurements with thicknessand
roughnessgauges.The height of the paint was estimated to have no
aerodynamiceffect based on estimates of detrimental aerodynamic
step height given in Ref. 9.

Two targets were located near the wing root where deformation
was expected to be minimized. The wing-root targets were used as
a reference for computationof the deformationdue to aerodynamic
loading. Two targets were also placed in a row at a normalized
semispan ´, equal to 0.75, to determine the change in twist of the
main wing element. Targets were placed on the shroud and near the
leading and trailing edges of the TEF. The painted targetswith black
background can be seen in Fig. 3 on the TEF and shroud. The root
reference target row can be seen at the top of Fig. 3. This image is
from the camera used to make the model deformationmeasurements
with targets and coordinate system labeled.

Camera Setup and Lighting
The CCD video camera must be protected from extremes in

the operating environment. Temperature and humidity operating
requirements for the camera are from 0 to 40±C, with a relative
humidity of from 50 to 70%. Environmentally protected pressure
housings that can supply heating or cooling are used at the NTF
for the VMD cameras due to the large temperature and pressure
excursions at the facility. Tests at the NTF have shown that, when
possible, it is generally advantageous to mount the camera with a
� xed mount rather than with a pan-tilt unit that may be subject to
movementunder� owconditions.The interlinetransferCCD camera
used for this test was an instrumentation-grade video-rate camera
with a resolution in interlaced mode of 768 pixels horizontal by
493 pixels vertical. The horizontal and vertical pixel spacings are
11.0 and 13.0 ¹m, respectively.The target-trackingVMD measure-
ment system digitizes the video image to a resolutionof 640 by 480
pixels. A zoom lens was used at a focal setting selected to capture
properly the targets of interest throughout the expected pitch range
of the test. Standard test-section lighting, also used for surveillance
while testing, was used to illuminate the targets. The search for
a combination of test-section lights to yield suitable contrast over
the entire pitch range was the most time-consuming activity during
setup. Often, the lighting settings suf� cient for reasonable contrast
at a given pitch angle would be unsuitable for other pitch angles.
A compromise in the lighting was � nally found that could work
over the entire pitch range while still allowing suf� cient illumina-
tion for the test-sectionsurveillance cameras that are required to be
operational during testing.
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Data Acquisition System
This was the � rst test at the NTF in which the target-trackingsys-

tem developed by the High Technology Corporation (HTC) under
NASA contract4 was used as theprimarydata-acquisitionsystemfor
model deformationmeasurements.For previoustests at the NTF, all
of which were full-span models, an in-house developed automated
image acquisition and reduction system had been used.5 The in-
house developed system works well for scenes in which the targets
stand out from the background signi� cantly, such as occurs with
the special illumination and targeting technique developed for the
NTF discussed earlier. In cases where additional glints or spots on
the model might be interpreted as false targets, the in-house sys-
tem may fail. Because the HTC tracking system tracks individually
designated targets (by mouse or by selection of a previous centroid
� le) continuouslyat a 15-Hz rate, any glints or false targets that are
more than a few target diameters away from the true targets will
not perturb the data acquisition. Because the quality of the images
was expected to be signi� cantly degraded from that possible with
full-span models, the HTC system was selected for primary data
acquisition for the model deformationmeasurements.A number of
potential false targets and glints can be seen in Fig. 3 that would
have been very troublesome for the in-house developed system.

A major differencebetween the HTC tracking system and the in-
house developed system is that the HTC system tracks targets and
outputs centroid � les on trigger while the acquisition program is
running,butdoes notdoanyadditionalreductionexceptfor a limited
quick look capability. On the other hand, the in-house developed
system automatically � nds targets, locates centroids, sorts targets,
correlates data with facility point number, determines the change in
wing twist as each data point is taken, and outputs the reduced data
to � les. Because the � nal reduction can not be accomplished until
the end of a set of runs for the HTC system, the data turnaroundtime
is increased from that experiencedfor full-span models when using
the in-house developed deformation measurement system. Thus,
the model deformation data may be transferred to the customer as
a separate data � le, instead of being merged with the rest of the
data shortly after a run series as for full-span testing. However, the
improved robustness of the HTC tracking system for this semispan
model proved worth this tradeoff.

System Calibration
The measurement system was calibrated with a three-step pro-

cess. First, the camera was calibrated for lens distortion. The lo-
cation and pointing angles of the camera were then determined in
the test-sectioncoordinate system. Finally, angles and (X , Z ) coor-
dinates were referenced to a wind-off polar (an alpha sweep over
the same pitch range as for a wind-on polar).5 Figure 4 shows an
image from the data camera during the � rst step. During this phase
a calibration � xture consisting of a three-steppedplate with targets
at known locations is positioned to occupy as much of the � eld of
view as possible.A centroid � le is then recordedfrom which several
camera parametersassociatedwith imagingand neededfor the pho-
togrammetric reduction are recovered.The new camera parameters
are then used in the subsequent step of the calibration.For the sec-
ond calibrationstep, the three-step calibrationplate is aligned to the
test section coordinatesystem so that X is in the � ow direction, Z is
up, and Y is along the span direction de� ned by the right-hand rule
(Fig. 5). It is the Y value that serves as the known input to enable
computations of X and Z with a single camera. A row of pres-
sure taps near the root was used to align the calibration plate in the
streamwisedirection.A precisionbubble levelwas used to establish
parallelismto the Y axis, which is assumed to be horizontal. It is not
necessary to level the plate in the pitch direction (rotation about the
Y axis) because the offset in pitch is determined by wind-off polars
used for � nal system calibration. The orientation parameters in the
test-sectioncoordinatesystem were then input into a data-reduction
setup � le. As a check of the � rst two steps in calibration and to
ensure that the system and setup � les are established correctly, the
difference in the computed X coordinates of targets at the inboard
row and outboard row were compared to ensure agreement to their
known values based on measurements during target layout.

Fig. 4 View from data camera with three-stepped plate positioned for
determining camera calibration parameters.

Fig. 5 View from data camera with three-stepped plate positioned for
determining camera orientation in test-section coordinate system.

The third calibrationstep begins with a wind-off polar at, or near,
the total temperatureandpressureat which � ow datawill be taken.A
third- to � fth-order polynomial least-squares � t is used to establish
correction coef� cients based on the onboard accelerometer used to
determine the pitch angle of the model. The correction coef� cients
force theanglesmeasuredby theVMD measurementsystemto agree
with the onboard accelerometer and account for slight zero shifts
and changes in system response as a functionof time or tunnel con-
ditions.The use of wind-off polars may not be as crucial when con-
ductingtests in air mode such as for this test,but is especiallycritical
when in cryogenic mode due to the larger temperature excursions
that are possiblewith associatedmounting structure movement. For
this test the wind-offpolarswere also used to establishthe motion in
the X – Z plane under wind-off conditions.The X – Z wind-off value
at a given alpha (based on the polynomial curve � t) can then be
interpolated and subtracted from the � ow data to yield differences
from wind-off to wind-on.
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Data Acquisition and Reduction
A transistor– transistor-logic trigger from the facility data-

acquisition system (DAS) automatically initiated data acquisition.
On trigger, the centroids of the next 75 images (representing 5 s
of image acquisition) were recorded to a data � le with a sequential
VMD point number that was independentof the DAS point number.
After the centroid � le is stored, a � le prepared by DAS containing
point number, run number, Mach, alpha, and several other tunnel
parameters is retrieved from a shared drive to create a log � le with
DAS data correlatedwith VMD point numbers for later reductions.

At the conclusion of a set of runs, data reduction is initiated by
selecting inclusive VMD point numbers for the runs that need to be
reduced, with the wind-off run(s) and wind-on runs discriminated.
MATLABr scripts are then used for further reductions. The data-
reduction operations include the following. Centroid coordinatesin
pixel units are converted to millimeters units based on horizontal
and vertical pixel spacings. The distortion correction parameters
found in step 1 of the calibrationprocedure are then applied for use
in the single-camera, single-view photogrammetric determinations
of X and Z target coordinates based on known Y coordinates from
setup � les. Angle computations in an (X , Z ) coordinate plane are
then made for targets identi� ed as constitutinga given row. Polyno-
mial coef� cients are determined based on the wind-off polar(s) for
applicationto the wind-on data to determine the differencebetween
wind-off and wind-on for angles and X and Z coordinates. For the
aeroelastic twist computation at ´ D 0:75, the angle of the inboard
row of targets near the root of the main wing element was used as
reference and subtracted.

In full-span testing, sting bending causes a displacement of the
model during � ow. Thus, at a given alpha, the model position with
and without � ow may differ, requiring the use of a target row on
the body as reference to remove any apparent twist of the body. For
semispan testing it was assumed originally that a direct subtraction
of interpolated X and Z values from the wind-off reference polar
would be the best procedure. However, it was found that in some
cases displacements (real or apparent) between wind-off and wind-
on data were actually larger than the relatively small deformation
due to aerodynamicloading.Vector displacementsfrom wind-off to
wind-on for one of the high-Q runs are presentedin Fig. 6 for targets
1–5, with the target numbers indicated above each arc (caused by
the alpha sweep during the polar from ¡5 to 24 deg). The similarity
of the displacementvectors for the � ve targets indicates rigid-body
motion. Targets 1 and 2 were located on the very rigid inboard por-
tion of the main wing element, where it is reasonable to assume no
deformation between wind-off and wind-on. However, signi� cant
displacements were recorded (either real rigid-body displacements
or an artifact of the measurement process) that must be removed to
determine properly the deformation of the shroud and TEF.

Several methods were investigated to eliminate or reduce the ap-
parentdisplacementof the inboardtargetsfromwind-offto wind-on.
These methods included the subtractionof interpolated(from poly-
nomial� ts) X and Z valuesof just target2. (Interpolationofwind-off
data is necessarybecause the wind-on data may not be at the precise

Fig. 6 Vector displacements from wind-off to wind-on for a high-Q
run without compensation; target numbers are indicated.

Fig. 7 Vector displacements from wind-off to wind-on for a high-Q
run with compensation; target numbers are indicated.

settingsused for the wind-off polar). A second method involved the
use of a conformal transformationvia nonlinear least squares using
targets 1 and 2 from the wind-off polar (again from polynomial � ts)
as reference to yield a pitch correction angle and translations in X
and Z . However, the angle computed using the conformal transfor-
mation was found to have errors in alpha that were 2–5 times larger
than the estimated uncertainty of the precision servoaccelerometer
used to measurealpha.Thus, a compromisewas made and the means
of the interpolateddisplacementsin X and Z of targets1 and 2 deter-
mined from the correspondingwind-off polar were subtracted from
the wind-on polar to arrive at the � nal displacement.

Displacementvectors for the run of Fig. 6 reduced in this manner
are plotted in Fig. 7 at the same scale as Fig. 6 for comparison.
For Fig. 7, most of the apparent rigid-bodybias is removed, leaving
the wind-off to wind-on deformation.The displacementvectors for
targets 1 and 2 on the inboard portion of the main element of the
wing serve as a measure of the noise of the measurement process.

1X was computed as

1Xn D .X ¡ Xo/n ¡ [.X ¡ Xo/1 C .X ¡ Xo/2]=2 (1)

where n D 3, 4, or 5 representsthe target numberon the shroud, fore
TEF, and aft TEF, respectively; o represents interpolated wind-off
X values from the polynomial � t as a function of model alpha; and
X without a subscript represents X data from the wind-on polar. A
similar expression applied for 1Z :

1Zn D .Z ¡ Zo/n ¡ [.Z ¡ Zo/1 C .Z ¡ Zo/2]=2 (2)

The displacement magnitude in X and Z , denoted by Ln , was then
found from

Ln D
p

.1Xn/2 C .1Zn/2 (3)

The angle Án of the displacement vector was also computed as

Án D tan¡1.1Zn=1Xn/ (4)

The orderof the signsof the1X and the1Z terms was used to de-
termine the four quadrant inverse tangent with a range of §180 deg
(atan2[1Z ,1X] function in MATLAB). With this sign convention,
positive angles are found for displacements in the positive Z direc-
tion and negative angles are found for displacementsin the negative
Z direction.

1gap due to aerodynamic loading is approximated by

1gap D 1Z3 ¡ 1Z4

cos ®
(5)

where ® is the geometricangleof attack of the semispan model. The
approximation to the change in gap can also be described in terms
of the displacement magnitude and vector angle as

1gap D
L3 sin Á3 ¡ L4 sin Á4

cos ®
(6)
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Likewise, 1OH due to aerodynamic loading is approximated by

1OH D 1X4 ¡ 1X3

cos ®
(7)

The corresponding relation in terms of the magnitude and angle
of the displacement vector for the change in overhang is given by

1OH D
L4 cosÁ4 ¡ L3 cos Á3

cos ®
(8)

Representative Data
Model deformationmeasurements were not made throughoutthe

test, but rather for selecteddata sets (»110runs). All datawere taken
at Mach 0.2 in air mode at three dynamic pressures of 63.5, 170.9,
and 347.5 psf, corresponding to total pressures of 16.2, 43.5, and
88.2 psf. The total temperature was 95±F for all runs. The angle-of-
attack range was from ¡5 to 24 deg. Wind-off referencepolars were
generallymadeat pressuresof 16.2and88.2 psf at the beginningand
end of a run series with the 16.2 psf pressure polar used to reduce
the 43.5 psf runs. The 43.5 psi runs are, thus, subject to more error
compared to the other pressures.

Displacementvectorsfor low-Q (63.5psf)andhigh-Q (347.5psf)
runs are presented in Figs. 8 and 9, respectively. (The run presented
in Fig. 9 is the same run used to illustrate the data reduction proce-
dures in Figs. 6 and 7, but with an increasedscale factor of 3.3 times
for the displacement.) For Figs. 8 and 9, the displacementvectorsof
targets 1 and 2 serve as a measure of the noise level for the measure-
ment process. For the low-Q run of Fig. 8, the deformation (except
for target 5 on the aft TEF) is generally within the noise level of
targets 1 and 2. The increaseddisplacementsfor the high-Q run are
obvious, as is an increase in the noise level. The aft TEF is seen
to de� ect generally in a direction in� uenced by the direction of the
aerodynamic loading, with a net reduction in the � ap angle. The
shroud experiences similar behavior, but with less magnitude and
more relative data scatter. The fore-TEF target number 4 actually
appears to de� ect toward the shroud, which would be consistent
with a rotation of the TEF in an upward sense (CZ direction) with
the hinge line located below target 4.

The change in twist µ2 (in degrees) due to aerodynamicloadingat
a normalized semispan of ´ D 0:75 is plotted vs alpha in Fig. 10 for

Fig. 8 Vector displace-
ments from wind-off to
wind-on for a low-Q run
(63.5 psf); target numbers
are indicated.

Fig. 9 Vector displace-
ments from wind-off to
wind-on for a high-Q run
(347.5 psf); target num-
bers are indicated.

Fig. 10 Aerodynamicallyinduced twist µ2 for three dynamicpressures
Q (pounds per square foot).

a)

b)

c)

Fig. 11 Magnitudeof the displacement for a) shroud, b) fore TEF, and
c) aft TEF for three dynamic pressures Q (pounds per square foot).

each of three dynamic pressures. The low- and high-Q runs are the
same runs as plotted in Figs. 8 and 9. Little direct dependenceon Q
is noted and a relativelysmall amount of twist is indicated.Hence, it
is assumed that the valuesshown in Fig. 10 are more indicativeof the
noise level for the twist measurementand serve as an upperboundof
the twist likely experienced at the ´ D 0:75 semispan station. Note
that 0.05 deg scatter in the twist data corresponds to 0.0035-in.
scatter in displacement for the targets, which are separated by 4 in.

The magnitudes of the displacements Ln are plotted vs al-
pha in Fig. 11 for low-, medium-, and high-Q runs. The shroud
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Fig. 12 Change in gap induced by aerodynamic loading for low and
high dynamic pressure Q (pounds per square foot) vs alpha.

Fig. 13 Change in overhang induced by aerodynamic loading for low
and high dynamic pressure Q (pounds per square foot) vs alpha.

Fig. 14 Aerodynamicallyinduced twist µ2 for three dynamicpressures
Q (pounds per square foot) vs con� guration number.

displacement L3, with the least magnitude of the data plotted, has a
de� nite dependenceon the dynamic pressure.At the lowest Q (63.5
psf), the magnitude of the displacement of the shroud, Fig. 11a, is
generally less than 0.003 in. and probably represents the noise level
of the measurement system for such measurements. At the highest
Q (347.5 psf), the magnitude of the displacement is generally less
than 0.01 in., except at high alpha. A similar behavior is noted for
the fore-TEF target, Fig. 11b, except that the high-Q data tends to
decrease with alpha. The aft-TEF data, Fig. 11c, exceeds consider-
ably the shroud and fore-TEF data and shows little dependence on
alpha.The magnitudeof the displacementof the aft TEF approaches
0.03 in. for the high-Q run. The correspondingchanges in gap and
overhang are plotted vs alpha in Figs. 12 and 13 for the same low-
and high-Q runs of Fig. 11.

Data for15con� gurations,duringwhich modeldeformationmea-
surements were made, are summarized in Figs. 14 and 15. Mean
values for all alphas are plotted vs con� guration number, to yield a
sense of the deformation for a large block of the data set. Data are
presented for low-, medium-, and high-Q runs. The change in twist
data µ2 , plotted in Fig. 14, indicates a noise level for aerodynami-
cally induced twist of about 0.05 deg, showing little dependenceon

a)

b)

c)

Fig. 15 Magnitudeof the displacement for a) shroud, b) fore TEF, and
c) aft TEF for three dynamic pressures Q (pounds per square foot) vs
con� guration number.

con� guration. The displacement magnitude plots of Fig. 15 show a
clear dependence on Q, but little dependence on con� guration.

Uncertainty
The VMD measurement system resolution depends on the frac-

tion of the image � eld that the targetsoccupy.For cases in which the
row of targets span nearly the entire image plane, resolution better
than 0.01 deg is possible in the laboratory. Wind-tunnel angle-of-
attack tests using body targets indicate that 0.01-deg resolution can
be achieved during wind-off tests and may be possible for wind-on
tests, provided that the target row(s) occupy nearly the entire im-
age plane and that model translations while changing pitch are not
excessive. However, the fraction of the image plane occupied by
targets for the test described here is closer to 30% to image all seg-
ments simultaneously, reducing the resolution considerably from
what is possible in a controlled laboratory situation. The targets are
also displaced from the center of rotation, especially the aft-TEF
target, producing relatively large translations in the image plane
when pitching the model. The large translations and being located
near the edge of the image planemake the measured target locations
more susceptibleto residual image plane distortion.For similar rea-
sons, the displacement measurement precision for this test is of the
order of 0.003 in. compared to the 0.0001-in. precision that can be
achieved during controlled laboratory experiments.

A change from the standard procedures used for full-span mod-
els was implemented in which the tunnel alpha was used to de-
termine the correction data from the wind-off curve � t rather than
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the reference inboard pitch angle determined from VMD measure-
ments. For full-span models, where the change in twist is the pri-
mary measurement and model dynamics can corrupt the onboard
accelerometer readings, it has been determined the best practice to
use the VMD measured referenceangle (usually from targets on the
fuselage) insteadof tunnelalpha.However, for semispan testing, the
accelerometeris generallysubjectedto lessdynamicoscillations,re-
ducing that potentialerror source.In addition,for situationsin which
spatial as well as angular data are required, it is advantageousto use
the tunnel alpha as reference when the targets are displaced from
the center of rotation of the model. In such cases, small errors in the
reference angle may lead to errors in displacement that are compa-
rable to those due to deformation. For instance, for a target that is
displaced from the center of rotation by 30 in., an error of 0.01 deg
causes as error of approximately30 in. £ 0.17 m, or 0.005 in. in the
displacement.

Conclusions
During this � rst use of the videogrammetric deformation mea-

surement technique for semispan component testing at the NTF,
apparent rigid-body motion between the wind-off and wind-on po-
lars was larger than expected.Of the several methods investigatedto
alleviate this problem, a simple method of removing the mean dis-
placement of the inboard main-wing-element targets was adopted.
As an overall summary, the deformation data were found to be
somewhat independent of con� guration with little alpha depen-
dence except for the aft TEF. The aerodynamically induced twist
was found to be less than 0.1 deg overall, which is considered to
be the noise � oor of the optical measurements for the setup for this
test. The noise � oor for displacement measurements was found to
be about 0.003 in. The VMD measurement technique was deter-
mined to be an effective way of determining component deforma-
tion,or at least to establishlimitsof thedeformationduringsemispan
testing.
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