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Abstract

This paper presents the fringe correlation method
{(FCM) for 3-dimensional surface deflection meas-
urement at high accuracy and resolution. Espe-
cially fast moving surfaces like helicopter rotar
blades can be inspected. Set-up of the method is
very simple, using a fringe projector that may be a
pawerful slide projector equipped with a black and
transparent fringe slide, and a CCD video camera
with a fast shutter triggered by the rotor at distinct
azimuthal positions, Surface deflections will resuit
in a displacement of the projected fringe image
that can be detected by using an image analysis
system. When comparing the images with a refer-
ence image, a very high resolution can be ob-
tained by applying cross-correlation techniques
with sub-pixel accuracy. It is possible to perform
relative or absolute measurements. As an exam-
ple some special rotor configurations with higher
harmonic control (HHC) conditions are presented
that have been investigated at the helicopter test
rig ROTEST Il of the German Air and Space
Laboratory, DLR in the Large Low-Speed Facility
{LLF)} of the German Dutch Wind Tunnels {DNW).
Besults include the graphical display of blade sur-
face deflection and angle of attack variations due
to the influence of HHC.

Introduction

With introduction of new rotor control techniques
like individual btade control (IBC) or higher har-
menic control (HHC) the reduction of rotor noise
and dynamic blade stress has become more
promising than ever before. For any optimization
of harmonic or non-harmonic control input at the
blades, however, it is very important to have exact
data of blade deflection and spanwise distribution
of the angle of attack. This is especially important
as the elastic rotor blades have relatively low fre-
guency medes for flapping or torsion. A reason-
able comparison with numerical simutations can-
not be expected without an exact knowledge of the
geametrical response of the blade on the control
input.
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Different approaches for collection of the deflec-
tion data have been developed in the past, includ-
ing laser beam reflection measurement or obser-
vation of markers at the blade tip (Refs. 1, 2). Us-
ing those methods, only a few points on the blade
surface can be determined at a time. For the elas-
tic blade, however, it is strongly suggested to in-
spect the complete deflected surface.

Therefore, a new method for surface deflection
measurement had been developed at the DNW
(Ref. 3}, the "Projected Grid Method" {PGM). This
method is based an the detection of the displace-
ment of fringes projected on the surface. The de-
tection algorithm is a simple contour following
method for binarized fringe images with a maxi-
mum resolution of one picture element (pixel) of
the camera, As this was too low a resciution for
accurate torsion measurement, the complete im-
age had to be divided into several partial sub-
images with all the known problems of reconstruc-
tion and reccembination. As the principle of the
method, however, was very promising, an im-
proved new version of image analysis software
was developed at FIBUS research institute, the
“Fringe Correlation Method" (FCM).

Anaother interesting method presented only few
months ago is the Projected Moiré Interferometry
method {PMI), Ref. 5. Fringe images are projected
on the blade that encode the out-cf-plane deflec-
tion as fringe displacement. Moiré patterns are
then produced at later time during post-processing
by interfering the acquired fringe images with
computational reference images at different phase
shift. The resulting Moire images can be evaluated
using the well known Phase Shift Technique (Ref.
4), Drawback of the PMI method is the depend-
ency of resolution on the fringe spacing and also
the inaccuracies due to the differences of
projected fringe images compared to fringes pro-
duced by interferometric light sources. The fact
that Moiré planes of equal deflections are complex
eltiptical functions can further reduce the accuracy.
The principle of using projected fringes or interfer-
ometric light patterns to determine 3-dimensional




surface coordinates is well known and widely used
and accepted in industry. Depending on the pro-
jection pattern, resolutions in the arder of microns
are possible. Complete 3-dimensional objects can
be digitized by integration of several partial views
from different directions. Different methods are
avallable for various requirements of resolution,
accuracy, surface complexity, surface motion, and
other parameters. A very simple reconstruction at
low resalution can, for instance, be obtained with
the "Gray Code Method" (Ref. 4) even at complex
surfaces, Higher resolution can be achieved ap-
plying the "Phase Shift Method" (Ref. 4) at simple
and smooth surfaces. The comhination of both
methods can be very efficient and may safely pro-
duce higher resolution data. Yet, these methods
can be applied at still surfaces only, as several
images of the object have to be taken. For fast
moving surfaces like the helicopter rotor blade one
single image must be sufficient for a complete
analysis. To meet this requirement there are
methods like the “Fourier Method" or the "Moiré
Method". Both methods have disadvantages, as
reconstruction can be unsafe at complex surfaces
and resolution is limited to approximately 1/10 to
1/20 of the fringe width which transiates to a value
of half a pixel as the fringe width can not be cho-
sen too small.

The FCM, on the other hand, which is based on
cross-correlation in frequency domain, yields a
resolution of 1/10 1o 1/20 pixel, an order of mag-
nitude better than the latter methods. Draw back of
this method, however, is the fact that surfaces
must be smooth with no high surface gradients or
steps or edges. This, however, is normally no
problem at helicopter rotor blades.

Using the FCM, blade surface deflections of a
amount of 1/10,000 of the image size can be de-
tected and variations of the angle of attack of
0.075 degree. While very short shutter times allow
the investigation of blade parameters at a single
azimuthal position, longer shutter times enable the
investigation of blade flapping over complete rotor
turns.

The Fringe Correlation Method

The basic principle of the FCM is the projection of
some constant light pattern on the surface at a
large angle relative to the surface normal vector. A
deflection of the surface in direction of the normal
vector will result in a displacement of the projected
pattern that can be detected by an image analysis
system. Knowing the geometrical set-up of cam-
era and projector, the deflection can be recon-
structed with the simple formuta shown in figure 1.
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Figure 1: Principal set-up of the FCM for rotor investigation.
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This figure also shows the principal set-up of the
FCM for rotor investigation. The camera is
mounted below the rotor directly facing the lower
blade surface. The angle alpha relative to the z-
coordinate should be small for mirimizing geomet-
rical image distortions and depth of field problems.
The projector is located to project its pattern im-
age from a large angle beta relative to the z-
coordinate, i.e. at a small angle relative to the
surface. The larger beta is chosen, the larger an
amplification factor of the blade deflection ¢an be
obtained. At, for example, beta cf 45 degree and
alpha of 0 degree, this FCM-factor is exactly one,
i.e. a pattern displacement reprasents directly the
vertical surface deflection.

Prncipally it is possible to use complex 2-
dimensional patterns for projection, and projector
and camera locations extending in full 3-
dimensional space to detect deflections of com-
plex surfaces in any direction. For the rotor blade
measurement, however, vertical blade surface
deflections are measured only. A set-up with [oca-
tion of projector, camera, and triggered blade azi-
muth in one single plane, and a simple coarse
fringe pattern with the fringes extending perpen-
dicular to this plane gives the best results. Any
surface motion within the surface itself can, of-
course, not be detecied from pafiern displace-
ment, but from tracking of leading and trailing
edge of the biade in the images.

As this set-up is useful for one single blade azi-
muth position only, projector and camera are
mounted on a turn-table having the same rotation
axis as the rotor, see figure 2.
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Figura 2. FCM set-up for helicopter rotor investigations in
the apen jet wind tunnel configuration of the DNW.

The turn-table is adjusted in small steps, say 10 or
15 degree, to provide deflection data for the com-
plete rotor azimuth. Exact positions and viewing
angles of projector and camera must be available
to obtain accurate data. In the DNW, for instance,
these data are measured by means of theodolites
and provided as x-, y- and z-coordinates of zll
FCM-components in the Cartesian tunnel system.
However, if these cannot be provided, a calibration
of the system is possible and necessary by using
two reference images at known detlection.

As the blade rotates at high speed, the camera
operates at a very short shutter time of 100 micro-
seconds. At this shutter time either a very powerful
slide projector or an amplified camera has to be
used. Some image noise from amplification can be
observed in the images presented in this paper.
Yet it is not a problemn as local deflections are av-
eraged over certain rectangular regions (windows)
that are larger than the noise pattern.

The FCM uses a cross-correlation algorithm for
displacement detection. Therefore a reference
image at known position must be provided. This
can be a ne-lift case or even a non-rotation con-
figuration. It is even possible to use an artificial
reference image with a fringe pattern calculated
for a special basic blade position. Cross-
correlation is done in frequency domain using
small rectangular windows that are thin in chord-
wise direction and relatively large in spanwise di-
rection. The window should cover at least two
fringes, better three or four, to minimize border
effects. Using windowing functions like Hamming
may result in an improvement, depending on
fringe pattern and window size. The cross-
correlation peak is detected by applying a polyno-
mial curve-fitting algorithm,. To improve the accu-
racy of the method, a second pass of the algo-
rithm uses new correlation windows shifted by the
integer result from the first pass. Maximum reso-
lution of this method is 1/20 pixel.

If, as usual, regular fringe patterns are applied,
displacements of up to half the fringe pair width
can be detected. If displacements are known to be
farger a direction ambiguity arises. This ambiguity
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can be solved by additional knowiedge fike the
displacement at one single location of the blade.
To accomplish this, one of the fringes is marked,
for instance by having a diiferent width, or a litile
scratch, or any other distinguishable mark. Given
this marker position in the images, the system can
predict basic displacements and can shift the cor-
relation windows accordingly. This way even very
large deflections can be measured safely with no
ambiguity.

The detected displacement is an average value of
the rectangular correlation window, which can be
placed on any location of the blade surface. Dis-
placement vectors are calculated on a rectangular
grid covering the complete blade surface. lf blade
torsion has 1o be measured, very thin correlation
windows allow measuring close to trailing or lead-
ing edge. Results can be displayed as deflection
vectors, iso-deflection lines, gray-level or color
calibrated deflection surfaces, or even in perspec-
tive projections of the 3-dimensional deflection.

Accuracy

As mentioned before, the maximum resolution of
the method is 1/20 pixel. Depending on image
noise, surface gradients, surface cleanness, light
paftern steadiness, and, of course, accuracy of the
geometrical set-up and repeatability of the turn-

table position, the final accuracy is lower, possibly
1/10 pixel. Using this value as a basic resolution, a

geometrical FCM-factor from set-up of one, and a

normal 768°512 pixel CCD-video camera, the

geometrical resolution is approximately 1/7,500 of

the image size horizontally. At a model rotor of 2 m

radius this results in a reselution of 0.2 millime-
ters. At a blade chord length of 0.2 m, for exam-

ple, this results in a smallest detectable change of

the angle of attack of 0.075 degree. This resalu-

tion can be increased by using higher resolution

cameras (128071024 pixel), high power slide pro-

jectors {up to 7000W with 85,000 Lumen illumina-

tion) and perfect ¢lean and smooth surfaces.

For the helicopter rotor investigation, an additional |
decrease of accuracy may result from body vibra-

tion or motion. Two additional cameras were used

during the measurement having a stereometrical

view of the helicopter body. Special illuminated

markers on the bedy could be tracked by those

cameras simultanecusly with acquiring the FCM

images for later correction of the results. Vibration

amplitude was found to be approximately 1 mm at

very low frequency. The resolution of this body

tracking and therefore the accuracy of the correc-

tion depends on the marker size. While very smail

markers provide a one pixel reselution only, larger

markers can be detected at a resolution of up to

1/10 of a pixel, approaching the same accuracy as

the FCM itself.




The Experiment

The FCM was used in the LLF of the DNW wind
tunnels for an investigation of the effect of higher
harmenic control (HHC) at a 4 m diameter heli-
copter rotor. Tip speed was 200 m/s, HHC con-
figuration was 6/rev {i.e. & sinus cycles per revolu-
tion} at an amplitude of 0.6 degree (i.e. maximum
pitch deflection during one sinus cycle) and a
phase shift of 0 degree (i.e. sinus cycle begins at 0
degree azimuthal angle). Different reference im-
ages have been acquired at non-rotating configu-
ration, no-lift configuration in basic position, then in
a position shifted by 2 cm vertically for calibration,
and finally at the basic flight configuration with
HHC off {base line) and the HHC test configura-
tion. tmages were acquired at 15 degree azimuthal
steps using the turn-table, see figure 2. Images for
base line and HHC configuration were acquired
without switching off the rotor or moving the turn-
table to provide the maximum accuracy for com-
parison.

The camera shutter is triggered by the rotor posi-
tion. All images, including the two images of the
additional cameras for position correction, were
acquired into computer memory at video real time.
As the rotor frequency was slower then video real
time, intermediate FCM-images are taken from
internal camera memory. 5 FCM images and 5
position images for each azimuthal step and each
configuration are stored on hard disk for later
processing.

Results

For analysis all images have been enhanced to
have similar contrast range. A Gaussian filter with
3*3 kemnel size was applied to decrease noise.
The surface deflection of regular flight (base line)
and HHC configuration are calculated by correla-
tion with the reference images. Also a direct com-
parison hetween base line and HHC case was
conducted, An example for the relatively noisy
fringe images is presented in figure 3, showing the
no-lift reference position at the top, base fine case
in the center, and HHC case at the bottom. See
the marker, a simple scratch on the fringe pattern
slide, at the right hand side. As deflections for
HHC, when compared to the base line case are
very small, a fringe displacement is hardly visible
here.

Figure 4 shows the gray-coded deflection of base
line case or HMC case relative to the reference
position. The scale is calibrated in millimeters, up-
ward deflection being positive. The large flapwise
deflection of the blade with the maximum at the tip
results from the lift of the rotor. To be able to see
the difference between base line and HHC case,
the HHC image was directly correlated with the
base line image, shown in figure 5 for an az-
muthal angle of 150 degree and in figure 6 for 90
degree azimutha! angle. For these azimuthal posi-
tion a slightly larger angle of attack at the blade tip
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can be detected. However, the elastic deflection
differences between hase line case and HHC are
small. This seems reasonabile due to the fact that
the HHC part of the pitch settings at these par-
ticular azimuthat angles are equal to zero corre-
sponding to a Bfrev-HHC setting at zero phase
angle shift.

Another example shows the flapping of the blade
over a large azimuthal range . Using a long shutter
time, the fringe pattern is visible on the blade sur-
face over the complete illuminated region (Fig. 7).
This technique allows to determine the locally av-
eraged out-of-plane deflection. In case of helicop-
ter rotor blade investigations the averaged blade
flapping distribution can be achieved by correlating
the corresponding images. Figures 8 and 9 show
the effect of HHC versus the base line case on the
blade flapping; figure 10 represents the difference
of the elastic flapping between the HHC minimum-
noise and HHC minimum-vibration cases of the
first HART campaign in the LLF of DNW (Ref. 3).

Conclusion

The "Fringe Correlation Method" FCM has been
developed for deflection measurement of fast
moving surfaces. It has been successfully tested
at a HHC rotor investigation in the DNW windtun-
nel. Using the FCM, the complete 3-dimensional
blade surface could be measured at high accuracy
and variations in flapping and torsion of the blade
due to the influence of HHC, for instance, could be
detected at selected azimuthal angles.

it seems possible that measurements can be
performed even in real flight conditions, projecting
the fringes from a side window of the helicopter
and mounting the camera on the landing gear or
on a specially designed pylon. At complete dark-
ness during night time a powerful fringe projector
should guarantee visible fringe images on the
lower blade surface even with very large blades. A
special asymmetric projector lens can be used to
compensate for the very small angle between op-
tical projector axis and blade surface.
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Figure 3: Fringe images for different flight condi-
tions.
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Figure 4: Blade deflections at base line and at HHC
configurations.
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