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Summary

The genaral aim of this work is to get more knouledge about
aeroacoustic sound generation. To study the strong sound gen-
eration in the case of helicopter rotor vortex interaction, a
vortex profile flow interaction experiment is performed in a
transonic duct. Vortices are generated upstream of a NACA
D012 profile and the pressure field is recorded by a number of
transducers. The pressure signals are stored digitally and
are processed by a fast digital signal processing harduware to
get spectra and correlations. The density fields are recorded
interferometrically. An automatic interferogram analysis
technique is adapted to the problem to evaluate densities,
pressures and vortex traces from the interferograms. O0One of
the current results is that a separation bubble is formed at
the 1leading edge of the wing when the vortex passes over the
profile. The complicated flow at the boundary of the profile
seems to be one of the keys to the understanding of vortex
profile interaction.
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1. Introduction

The aim of this project is to investigate profile flow vartex
interaction. Vartex interaction with solid walls generates
sound. Vortex noise occurs nearly everywhere in aeradynamics

and especially it is one of the helicopter noise sources.

The investigation consists of theoretical calculations and ex-
periments. Especially the unsteady boundary layer behaviour
of the profile cannot be predicted, thus experiments must be
carried out. Experiments are performed in the transonic duct
of the Max-Planck-Institut. Vortices are generated upstream
of a profile. Pressure and density fields of the vortex pro-
file interaction are recorded with pressure transducers and
interferograms. The interferogram evaluation and the reading
of vortex traces from interferograms is supported by a digital
technique, developed last years in our department. The auto-
matic fringe evaluation programs have been adopted to the pro-
file flow interferograms and are still under development.
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2. Experimental Facility

. 2.17. Duct, Vortex Generators and Profiles

The transsonic duct Fig. 1 is a vacuum type wind tunnel with
two vacuum tanks of 132 m3 and 24 m3 volume. The maximum
measuring time for the profile investigation arrangement is 10
s at Mach 1 and 25 s at Mach 0.3. A new experiment can be
performed every 4 minutes (This is the time, the pump needs to
1 evacuate the tanks). For boundary layer control purposes one
: of the tanks can be used for suction; for blowing there is an

pressurized-air supply.

The air is sucked in from the labaratory or an air drying !
unit. The velocity in the measuring chamber is controlled by

an adjustable diffusor. 1In the smallest cross section of the

diffusor the air reaches Mach 13 so there is constant speed
throughout the measuring time. The velocity of the air can be
chosen from v=0 to v=600 m/s if a Laval nozzle is used [1] .

The test section of the duct Fig. 2a2,b is 800 mm long, 330 mm ‘
high and 100 mm wide. The upper and the lower side of the :

chamber have slots to provide good acoustical damping. The i ;
vortex generators are installed in the 200 mm front section.

—— e =

The profile can be mounted between two windows behind the gen-
erators. The windows have a diameter of 230 mm and have in-

terferometric quality. Instead of the windows a pressure
! j measuring plate with an array of holes at 15 mm distance can
be used. Up to 16 Kulite transducers are available at pre-

sent. Thus pressure field recordings can be made.

Two different profiles are used for the investigations. They
were made on a numerically controlled shaping machine. They
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have a NACA 0012 shape and a cord length of 120 mm and 60 mm
length, Ffor investigation they are placed between the windous
at different angles of attack.

Two different kinds of vortex generators are used: Bluff bo-
dies, that generate a Karman vortex street, and a profile gen-
erating a starting vortex. The upper side of the profile is a
flexible membrane. By air pressure the flat membrane bulges.

As a bursting membrane is used for pressure supply the bulging
process is very fast. At the moment a second model of this

type is under investigation (the first one showed flow separa-
tion). The profile has a NACA 0018 under side and a flat

upper side. It has a nearly symmetrical shape when bulged.

To generate a Karman vortex street for the 120 mm profile a 40
mm cylinder was used. Several shapes of bluff bodies were in-
vestigated additionaly to be used with the 60 mm profile.
Specially shaped bluff bodies as are used in vortex flow me-
ters and square, triangular, rectangular and circular cyl-
inders of different sizes were tested Fig. 3 . The vortex
generators can be placed between the windows for interferome-
tric study or at different positions relative to the profile.

2.2. Computer Installation

The experiment computer is a PDP 11/34 with an array processor
AP 1208. It has connections to the image processing computer,
also a PDP 11/34, to the institute computer, a VAX 11/750, and
to the central computer of G&ttingen University and Max Planck
Institute, a UNIVAC 1100/83. Figure 4 shows the configuration
of the PDP and the periphery [2].
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On the right there are the data aquisition components. A
CAMAC crate controller (CA11-FP, Digital Equipment) is the in-
terface to 16 transient recorders (Le Croy), a real time clock
and a digital I/0 port. The transient recorders have 8 K sto-
rage capacity of 10 bit data at data aquisition rates up to 1

MHz. They are used to record the pressure data.

An IEC-bus interface is used to record the static pressure
with the help of a digital voltmeter.

The third I/0 component is the controller (LPA11-K, Digital
Equipment) of a 12 bit analog to digital converter. Data
rates up to 50 kHz can be stored directly on the disc.

The storage of measured data is performed with a 160 Megabyte
disc (System Industries). Long term storage is done with a
magtape.

Fast data processing is done with the array processor (Float-
ing Point Systems). It is well suited for fast Fourier trans-
forms, a FFT of 1024 points is done in 3 ms.

For visualization of data there are graphic terminals (vT100
and Tektronix) and a hard copy unit, connected to the computer
by a terminal multiplexer,

The interface to the fast data line to the image processing
computer is a a DRU-11C (Digital Equipment). A DMC-11 is the
interface to the data line to the VAX and UNIVAC. The VAX is
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used for program development and other computing purposes.
The UNIVAC is needed for DISSPLA plots.

2.3, 0Optical Facility

A Zeiss Mach-Zehnder interferometer can be wused for optical
investigations Fig. 5 . The channel width is 100 mm. Vacuum
in the measuring chamber corresponds to 48 wwhole fringes in
interferograms, The 1light source is a Fruengel flash bulb.
High speed recordings can be made with a rotating drum camera
at 10 kHz or with a Fastax camera at speeds up to B8 kHz.
Periodic proresses are often investigated by single pictures
triggered by the computer at a certain phase. This has the
advantage of pictures of higher resolution. Figure 6 shows
two examples: A NACA 0012 profile at an angle of attack of 10
degrees at a pressure ratio of 0.923, corresponding to a velo-
city of 110 m/s. The other interferogram is an example of a

profile in the turbulent wake of a cylinder at 100 m/s.

2.4. Computer-based interferogram evaluation

2.4.1. Digitizing and preprocessing

The interferograms are photographically recorded on film by
taking single frames or taking series of interferograms on
16mm film using high speed pickup-techniques as described pre-
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viously. The digitizing of these interferograms is done by a
TV-digitizer, connected to a mini-computer. The resolution is
selectable by choice of the scan frequency and the line spac-
ing. Usually a resolution of 512 by 256 points (256 intensity
levels) 4is used, but also 512 by 512 points or even 1024 by
512 points could be achieved. The system further is equipped
with a digitizing tablet and a graphic terminal to enable hand
input of graphic data. Also, a computer-controlled film pro-
jector 1s wused to digitize consecutive frames of a series of
interferograms. A detailed description of the system is given
in [3,4]. The digitized TV-lines are fed to the computer and
are processed sequentially or stored on disk for subsequent
processing. Depending on the quality of the interferograms
different enhancement procedures can be used to increase the
signal-to-noise ratio, to correct an uneven illumination or to
increase the contrast of the fringes.

2.4.2. Fringe segmentation

The fringe segmentation is performed in two steps. First the
gray level fringes are converted to binary levels by using a
fixed or floating threshold. 1In the next step the left- and
right-edge points of the fringes are collected and stored in a
polygonal data structure using a sequential tracking algor-
ithm. To reduce the amount of data to store, a redundancy re-
duction process approximates the actual polygon by a subset of
the vertices of the oriqginal polygon within a given range of
tolerance.

If fringes lecave the field of view, or if a background object
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resides inside the fringe field (e.g., an airfoil), the visi-
ble area of the fringes can be handled by using the points on
the boundary as edge points of the fringes. The corresponding
polygons of course may not be along the boundary of the back-
ground abject, since they may have different fringe orders.
In order to establish the boundary test in a quick, easy and
robust manner, it is not desirable to derive the boundary in-
formation from the fringe field itself. Instead, the geometry
of the test section is used to generate a binary-valued mask,
which is compared pixel by pixel with the actual interfero-

gram, while performing the fringe extraction process.

Rt some locations in the fringe fields the fringe spacing may
be very small, as is the case for instance inside the boundary
layer, inside a shock wave or near separation lines. If the
resolution of the digital system is exceeded at these loca-
tions, discaonnected or falsely connected fringes may occur.
This results in the fact that some of the polygon segments,
representing different fringe orders, may be linked together.
In order to improve the numbering process, most of the discon-
nections could be removed by an analysis of some geometrical
parameters of the polygons. These geometrical parameters are
the shape feature (the circularity defined by the enclosed
area divided by the perimeter squared), the ratio of the dis-
tance of the polygon endpoints to the length of the polygaon

line, and the angles between the polygon segments,

Those lines which are suspected to have disconnections are cut
by this process at locations where the polygon is folded or
where it has sharp edges. The remaining polygons having dis-
connections not detected by this cutting process have to be
handled by the numbering process.

Ny ol
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Some consideration and ‘programming work has been done on the
problem of getting numbers for the fringe lines of an in-
terference fringe field by using the known numbers of a simi-
lar fringe field. The matter is somewhat more complicated, as
some of the lines of the actual fringe field may have dis-
connetions, and therefore it may be impossible to get a unigue

fringe number for that line.

The idea of a numbering scheme applicable to series of inter-
ferograms is to get additional information from the previously
numbered fringe field. This may only be possible if the
fringe locations vary only a small fraction of the fringe
spacing at almost any locations of the test section. If the
interframe time between consecutive interferograms is choosen
appropriately, this condition is satisfied in the case of the
profile flow investigation. The numbering of a series of in-
terferoqrams starts with the setting of the numbers of the
first fringe field by hand. The fringe lines are superimposed
by a set of so called test-lines at which a set of order
number functions 1is defined by a rational spline approxima-
tion., This set of spline functions is fitted to the fringe
lines of the next following interferogram. The numbers of
those fringes overlapping uniquely at the test-lines are ac-
cepted directly, the other numbers are derived from the spline
functions. An older version of the program uses a set of
straight lines running in the x- and y-direction, while a
newer version, currently under development, uses a set of po-
lygons as test-lines. The advantage of the polygonal
test-lines is that they are more suitably adaptable to the
global course of the fringe lines.

In the case where some disconnected lines remained from the

preprocessing step these lines may not receive a unigue number
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by the numbering scheme. To decide where these lines have to
be divided into two or more segments - an older version of the
program uses the angles between subsequent polygon segments -
the deviations from a local approximation of the fringe order
function is wused. Another advantage of comparing fringe
fields by wusing local polynomial approximations is the fact
that fringe polygons, having no intersections with the
test-lines, could be processed with the same algorithm, lead-

ing to a more stable behaviour of this numbering process.

2.4.3. Polynomial approximation

The fringe order function is defined at a set of contour
lines, but most of the mathematical transformations to follow
require the interpolation of fractional fringe order numbers.
Some methods to interpolate between randomly scattered points
on a surface are discussed in the literature ([9]. We have
used a local distance weighted polynaomial least squares ap-
proximation, best suited in regard to computation time and
numerical representation. This process computes the coeffi-
cients of two-dimensional polynomials of second arder at the
meshpoints of a rectangular grid. To calculate the interfer-
ence order inside the meshes, the four polynomialis at adjacent
corners of the mesh are evaluated and weighted proportional to
their distance to the point of interest.

Another method is to compute a two-dimensional spline approxi-
mation, using some of the previously computed polynomial coef-
ficients, to get a smooth surface having continuous first and

second derivatives. The density function may easily be com-
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puted by a linear transformation of the fringe order values,
because in the actual experimental set-up the fringes are
lines of constant density (infinite fringe case). In the case
of finite fringe fields a subtraction of the overlayed fringe
pattern could be achieved by a modification of some of the po-

lynomial coefficients.

2.4.4, Localization of the vortex core

In the current study of the vortex profile interaction process
a point of interest is the knowledge of the vortex traces
under different positions of the profile, to see if a theoret-
ical description of these traces is in accordance with experi-
mantal results. Some program development has been done to lo-
calize the typical fringe pattern resulting from the appear-
ance of the vortex. The vortex core is computed using the
centroid of the enclosed area of the innermost of these fringe

lines.
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3. Testing of Vortex Generators

3.1. Single Vortex Generator

The first model of the membrane starting vortex generator did
not generate vortices. Interferograms showed a turbulent
wake, which was caused by a too high angle at the trailing
edge. But the componennts of the apparatus had a good techni-
cal performance, A movie, taken at 8000 frames per second
with the fastax camera, showed the fast rise time of 0.5 ms
and a decay aof mechanical oscillations of the same order of
magnitude. Before building a second vortex generator, a model
of the new profile shape was tested in the transonic duct.
There was no separation at any speed. This vortex generator

is still under test, but it does not yet work satisfactorily.

3J.2. Vortex Street Generators

Vortex streets should be two-dimensional, should have a con-
stant Strouhal number and must consist of strong potential
vortices of the right spacing to be of use in our experiment.
The interaction of vortices among themselves should be less
than the interaction of profile and vortex. This means, that
the quotient 1length/(2*Strouhal number), the spacing of the
vortices, should be at least of the same magnitude as the pro-
file 1length. The 40 mm cylinder has a Strouhalnumber of 0.2
and shows a vortex spacing of 40/(2%0.2)=100 mm Although the
aspect ratio of this cylinder is very small, the vortex street
is quite stable and has only a single main frequency.

MAT e B a T
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Figure 9a shows the ‘frequency at different pressure ratios.
The Strouhal number is nearly constant but there is some in-

fluence of resonance of the duct geometry.

As interferograms show Fig. 7a,b strong vortices are produced
immediatly downstream of the cylinders. Unfortunately there
is a rapid diffusion of vortex strength and the shape of the
vortex street does not remain constant. But there is an in-
termediate region behind the cylinders, where the vortex
street is two-dimensional and the vortices still have a small
core Fig. 7c .

The 40 mm cylinder and the 120 mm profile were taken for the
first profile vortex interaction tests. The distance between
the cylinder axis and and the profile nose has been 210 mm.
Figure 8b shows the arrangement is working with an even higher
amplitude than the pure cylinder.

For tests with the 60 mm profile several bluff body shapes
were 1investigated Fig. 3 . The 20 mm circular cylinder does
not work as good as the bigger one, maybe because of a differ-
ent aspect ratio. It turned out that a square cylinder at
right angle of the front surface plane to the flow has the hi-
ghest amplitudes and best constancy of Strouhal frequencies

over the Reynolds number range.
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4, Experimental and Theoretical Results

4.1, Vortex Traces

To evaluate vortex traces and sound generation a simple model
of profile vortex interaction is used. It consists of poten-
tial theory and is evaluated by conformal mapping.
Compressibility, boundary 1layer effects and the Kutta condi-
tion are not included. This is of course a very crude madel
and we do not assume that the mentioned effects are of no im-
portance in the problem., B8ut there is no experience what the
Kutta condition 1is like in the instationary case. There are
also no predictions about boundary layer effects such as sep-
aration or secondary vortex generation, which perhaps might
happen. Because we do not know much about what really bhap-
pens, we started with a rather simple model, which shall be of
some use in comparisions with the experiment, although it can
not be an exact description of the problem. The model has the
advantage that computation is not too difficult and that an
evaluation of sound generation is possible by matched asymp-
totic expansions.

A vortex and its mirror image are transformed by conformal
mapping to a vortex near a cylinder. After adding a flow vel-
ocity v and changing the position and radius of the cylinder a
Joukowsky transformation 1is applied. The result is a vortex
in the vicinity of a Joukowsky profile. The properties of the
profile depend on the position and radius of the cylinder.
The angle of attack is choosen to be zero. The thickness par-
ameter L and the trailing edge roundness parameter R are arbi-
trary. L=1 and R=0 give a flat plate; L=1.075 and R=0.038
give a NACA 0012 1like shape.

M YO T
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The motion of the vortex is evaluated with the help of a Ham-
ilton function with a Runge-Kutta algorithm. The whole hydro-
dynamic field can be evaluated. An example of evaluated vor-
tex traces 1is given in Figure 8. The dimensions of the pro-
file 'and the circulation of the vortex are similar as in the
interferograms. Several vortex traces with different starting
points are plotted as dashed lines. The solid lines are stre-
amlines of the undisturbed flow. The experimental conditions
are represented by the vortex trace directly under the pro-
file. The traces above the profile correspond td other rela-

tive positions of profile and vortex generator.

The time dependent hydrodynamic far field can be matched to
the sound field by matched asymptotic expansions. The result
of the first order is a dipol-like field [6,7,8,9,10] .

4.2. Pressure Measurements of Vortex Profile Interaction

Measurements were performed with the 40 mm cylinder with and
without the 120 mm profile. The pressure ratio range was from
0.999 to 0.6, that is from 13 m/s to 290 m/s.

As expected, the pressure field is antisymmetric, when vortex
generator and profile are aligned in the cordplane. The
difference from antisymmetry is less than S5 degrees phase
angle in Fourier spectra. Therefore it is sufficient to have
pressure transducers only in the upper half of the measuring
chamber.

PO
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Figure 2b shows the pressure transducer positions used in the
measurements which are described in this report. Figure 9 is
recorded with pressure transducer 5. Figure 10a and b are
typical examples of pressure recordings. At a pressure ratio
of 0.83 transducer 2 measures an underpressure of more than
200 mbar. The vortices differ in strength and do not have the
same path, so the extreme underpressure peaks only happen from
time to time. There is a diffusion of vortex strength and the
signals at transducers 8,10 and 12 do not have such high am-
plitudes anymore. Signals at transducers 5,6,7 and 9 (above
profile) do not have single peaks anymore but a more sinusoi-

dal shape.

Depending on duct resonance effects the peaks of frequency re-
cordings are more or less sharp. But there is always a
Strouhal frequency signal far above the wall turbulence level
at nearly all measuring points. Ffigures 11 to 14 are typical
examples of spectra. The spectra are done with 0.8 s long

pressure recordings at 10 kHz sample frequency.

At the same pressure ratios vortex street and profile vortex
interaction have the same Strouhal frequency. The vortex gen-
eration process seems to be not influenced by the profile.
The profile measurements show only a slightly better constancy
of Strouhal frequency. The amplitudes in the vicinity of the
cylinder are of the same order of magnitude. The amplitudes
measured above the profile (transducers 3,5,6,7,9) are much
greater in the profile case. At any pressure ratio the phase
differences between the measuring points are entirely differ-
ent. The hydrodynamic field as well as the sound field are

influenced strongly by the profile.
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The first pair of spectra Fig. 11 is done at the high pres-
sure ratio of 0.998. The velocity is about 19 m/s. The sound
generation is inefficient at 1low velocities. The pressure
field is a relatively undisturbed hydrodynamic field. The
Strouhal frequency is of the same magnitude in both cases, but
the vortex street signals are more noisy. Very obvious is the
difference at transducer 1. O0Only transducer B8 of the profile
case shows a noisy character, because it is influenced by the
profile wake. It is interesting that the phase differences
between the same transducer pairs are entirely different even

in the pure hydrodynamic case.

The second pair of spectra Fig. 12 has a sharp dominant fre-
quency with the profile and several frequencies with the vor-
tex street, due to beats and fregquency jumps. Figure 13 is an
opposite example. The vortex street shows the more narrow
frequency band, whereas the prafile has got a large number of
different Strouhal frequencies. Surprisingly there is the
same dominant frequency at all measuring points.

Figure 14 is a resonance case with extremly high amplitudes.
There is the same frequency at all measuring points and nearly
the same frequency in both plots (The first harmonic has a
higher amplitude at transducer 1 and 8, but the fundamental is
the same). In both cases highest amplitudes are at transduc-
ers 2 and 3. The transducersignals above the profile
(3,5,6,7,9) have higher amplitudes with the profile. The gre-
atest difference is in the first harmonic Fig. 15 . There is
a harmonic at transducers 1,2,3 in both cases, but the profile
shows higher amplitudes and higher quality factor. Entirely
different are the transducersignals above the profile
(5,6,7,9) where the vortex street shows noise and the profile
shows the first harmonic with high amplitudes and high quality
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factor. This might be a hint that a new phenomenon is ocur-

ring with strong vortices at high Reynolds numbers.

4,3, Pressure Fields

Acoustics are of less importance at low velocities. The pres-
sure field is a nearly hydrodynamic one. This makes the
unde. standing of the pressure field easier and is a first step
to the solution of the problem. When the hydrodynamic field
is estimated, properties of the acoustic pressure field can be
evaluated by subtracting the hydrodynamic field from the meas-

ured pressure field.

First investigations of pressure fields at low velocities are
made. To get phase differences, Fourier transforms and corre-
lation techniques are used. Vortex streets have a nearly con-
stant pattern, that moves downstream with flow velocity.
Equal phase lines are straight lines at a right angle to the
velocity direction.

Phase maps of profile-vortex interaction 1look different.
Transducers above the profile (4,5,6,7,9) measure only very
little phase differences. The differences are in the range of
about 10 degrees. That is nearly the same order of magnitude
as the differences from one measurement to another. So until
now we do not have exact phase maps of profile case. B8ut we
can make the interesting statement that the upper side of the
profile is nearly an equal phase region at low velocities.
All this is caused by the change from the hydrodynamic pres-

'
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sure fluctuations without profile, which move with flow velo-
city, to the unsteady mixed hydrodynamic acoustic wave field

in case of profile interaction.

Acoustics are of much more influence at higher wvelocities;
phase maps look different and are more complicated. To get
exact phase maps the grid of transducers must be very narrow.

Further experiments must be made.

4.4. Interferograms

Figure 16a, b and c are interferograms of profile-vortex in-
teraction. Not all the interferograms show single vortices
because sometimes the vortex street shape changes to turbu-
lence. Figure B6b is an example for turbulent flow. All the
interferograms are taken at a velocity of 100 m/s. The pres-
sure difference between stagnation point pressure and undis-
turbed flow pressure corresponds to 4 half density fringes.
No triggering was applied, so the phase is arbitrary.
Pictures of different phases are arranged so that Figure 16
shows the passing of a vortex beneath the profile. Figure 16a
shows a vortex in the vicinity of the leading edge. There is
a tiny suction peak on the vortex side of the leading edge.
The suction peak grows until the vortex reaches the middle of
the profile Fig. 16b , but there is no suction peak any more
when the vortex has passed this point. Up to this point the
vortices seem to be of similar strength. But we do not find
any strong vortices in the vicinity of the trailing edge any-
more under these experimental conditions. As shown in Figure
16c the vortex obviously generates a separation bubble which
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influences the suctiom peak and possibly the vortex strength.

The interferograms show that the vortices have a strong influ-
ence on the profile flow and vice versa. The flow around the
leading edge and the stability of the vortex seem to be impor-

tant properties of the interaction phenomenon [11,12).

4.5. Evaluation of interferograms

As an example of the digital interferogram analysis two pro-
cessed fringe fields of a profile flow with and without a vor-
tex present are shown in Figures 17a and 18a. The flow velo-
cities are 280 m/s respectively 100 m/s at an angle of attack
at 0 degrees. The interferograms where digitized with a reso-
lution of 512 by 256 pixels. The fringe extraction process
described in chapter 2.4 was used to obtain the polygonal
fringe fields shown in Figures 17b and 1B8b. The boundaries of
the test-section as well as the airfoil are input by hand,
using the digitizing tablet. These lines are used to prepare
a mask file, needed by the fringe extraction program to avoid
connections of fringe lines along the boundaries of background
objects. Due to the restricted resolution of the digital sys-
tem there appeared some falsely connected lines around the
leading edge of the airfoil, where the fringe spacing is very
small. These locations could be detected and the falsely con-
nected lines could be cut by application of the aforementioned
algorithm, using the geometrical parameters of the lines.

The lines are numbered corresponding to the interference
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order, which in this -case is done by hand, because the auto-
matic numbering algorithm, applicable to these types of fringe
fields, needs a numbered field to start the numbering process
of consecutive frames. The density function was derived from
the fringe field by approximation of polynomials of second
order at the mesh points of a rectangular grid (shown in Figs.
17b and 18b) as decribed in chapter 2.4. To achieve a smooth
surface, the interference order function was calculated from
these polynoms by use of a bicubic spline interpolation proce-
dure. Two density profiles in x-direction at y = 0.2 are
plotted in Figs. 17c and 18c. The realtive density as a

function of the fringe order is given in this case as

1 Pe To A Nix,y)
3/gy = 1 - - 2 - — .
no(Tg» Pg) -1 T pg h 2

where g/g0 is the relative density, no(Tt,pE) is the refrac-
tive 1index of air at temperature TE and pressure Pg > Tb and
Py are the temperature and pressure at rest, A is the
wavelength of 1light, h the depth of the test chamber and
N(x,y) the fringe order function. Note, that the order func-
tion 1is divided by two, because each fringe is represented by
two lines (a "left" and a "right" one). The above equation,
evaluated with the actual dimensions wvalid in the tests,

yields

9/gy = 1 - 0.01058 * N(x,y).

As can be seen from Fig. 18, the lowest density appears in-
side the vortex core with a value of 0.92 relative to the den-
sity at the stagnation point, where the fringe order was set
equal to zero.
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5. Conclusions and Plans

The complicated flow at the boundary of the profile seems to
be one of the keys to the understanding of vortex profile in-
teraction., Interferograms are well suited for the investiga-
tions of these effects. We are confident that further im-
proved experiments with the vortex profile interaction will
give us a better insight in the details of near field flow.

Some more work has to be done to evaluate the sound field.
New experiments with single vortices will be carried out.
Technical requirement is a further development of single vor-
tex generators. Great importance is attached to this subject.
New techniques like suction boundary 1layer control will be
tested.

Concerning the digital evaluation of interferograms some
further development of automatic fringe numbering and trace
following algorithms will be done. For a representation of
the fringe order function, respectively the density or pres-
sure function, the polynomial patches will be computed on an
irreqular net better adapted to the actual flow field, using
meshes of smaller size at the region of the leading edge of
the airfoil.
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Figure 2a and 2b: Profile test section with single vortex generator
(2a) and cylinder (2b). Points 1 - 12 are
transducer positions.
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Figure 6a and 6b: Interferograms of a NACA 0012 Profile at 10
degrees angle of attack at 110 [m/s] and the same
profile in the turbulent wake of a cylinder at
100 [m/s].




Figure 7a, 7b and 7c: Interferograms of a vortex shedding 40 [mm]
diameter cylinder at 200 [m/s] and 100 [m/s].
7c shows the vortex street at 100 [m/s], the
cylinder is mounted 180 {mm)] wupstream as in
Figure 2b. (The dark spots are holes in the
window, where the wing can be mounted.)
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Figure 9: Fourier spectra at different pressure ratios.
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PRESSURE RATIO: .830

120MM PROFILE IN 40MM CYL.VORTEXSTREET,12TR.
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Figure 16a, b and c: Vortex path under a Naca 0012 Profile at 100
(m/s] . Frames are taken from different vorti-
ces at subsequent phase angles,
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Figure 17 Example of evaluated interferograms ‘ !

a) Photo of a profile flow interferogram

b) Plot of the segmented fringes of Fig. 17a after removal of the

line disconnections. The mesh lines used for computing of the

golznomial coefficients as well as the boundary 1lines of the
estsection are included for illustration.

c) Density profiles plotted from the spline surface of the order

number function of Fig. 17b along the x-direction at y=-0.2 The

density is given in relative units (fringe numbers); high values
ranrasent law Aenaitiea.
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; Figure 18 Example of evaluated interferograms =
a) Photo of a profile flow interferogram with vortex
b) Plot of the segmented fringes of Fig. 18a after removal of the
line disconnections. The position of the vortex core is at
(x,y)=(0.32,0.18).
, c) Density profiles plotted from the spline surface of the order
number function of Fig. 18b along the x-direction at y=-0.2 The
_ density is given in relative units (fringe numbers); high values
represent low densities. .
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