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OVERVIEW Rr circulation ratio

Re, Reynolds number based on the wing
An experimental investigation on the wake vortex for- gN fll(l)(r)li(ililz?egrf;onal power spectral den-
mation and evolution of a four vortex system of a w sity of v
generic model in the near field and extended near gN non-dimensional cross spectral densit
field as well as the behaviour and decay in the far e’ of o/ P Y
field region has been conducted by means of hot—wire Tu vertical turbulence intensit
anemometry in a wind tunnel. The results were ob- z . . v
tained during an experimental campaign as part of the % v, w axial, lat'eral and vertical ve'loc1t1es .
EC project FAR—Wake. The model used consists of a U U W glean axial, lateral and vertical veloci-
wing—tail plane configuration with the wing produc- P ﬂles tuati t of q
ing positive lift and the tail plane negative lift. The WU, W letuation part of 4, v and w
circulation ratio of tail to wing is —0.3 and the span Uoo free st.ream Yelomty . .
ratio is 0.3. Thus, a four vortex system with counter— :c,* y,*z N coordlpates Loy an'd Z*dl.I'eCthI’l
rotating neighboured vortices exists. The model set—up Thy,? nonfdln}enspnal coordinates in -, y-
was chosen on the condition to create a most promis- andlzf(gw::m(i{n
ing four vortex system with respect to accelerate wake @ ing. ¢o tal ta% | thi
vortex decay by optimal perturbations enhancing in- ?HTP CSEZ{; r‘tizn all plane setiing
herent instability mechanisms. The flow field has been \ wavelength
investigated up to a distance of 48 span dimensions N . . .
downstream of the model and the results obtained at T nonfd%menS}onal tur'le -
1, 12, 24 and 48 span distances are shown as non-— ¢ non-dimensional axial vorticity
dimensional axial vorticity and vertical turbulence in- Subscripts
tensities. A significant decay in peak vorticity is ob- dom dominant
servable during the downward motion of the vortices. HTP horizontal tail plane
Spectral analysis of the unsteady velocity data reveals W wing

a peak in the power spectral density distributions indi-
cating the presence of a dominating instability. Cross
spectral density distributions have also been extracted
from the data gathered from two hot—wire probes,
which highlight the co—operative instability leading to
a rapid wake vortex decay within 30 span dimensions
downstream.

NOMENCLATURE
AR aspect ratio
b span
bo lateral distance of main vortex pair
by distance between two main vortices
c chord length
Cr lift coefficient
d distance between the two adjacent vor-
tices of a four vortex system
f frequency
F area
k reduced frequency
Ry span ratio

1 INTRODUCTION

Trailing vortices of Large Transport Aircraft are a po-
tential threat to succeeding aircraft encountering the
wake.!2 This is especially dangerous, when the air-
craft are at take—off and landing. The following air-
craft may experience a sudden decrease of climb rate
or even rapid descent, a rolling motion or an overload
of the aircraft’s structure. In order to avoid a dan-
gerous impact of these vortices, minimum separation
distances for cruise, approach and take—off were estab-
lished. To increase the number of aircraft capable of
landing at an airport within a given time period, the
wake vortex strength should decay within a smaller
distance than the separation distance is at the mo-
ment. At the Institute of Aerodynamics (AER) of the
Technische Universitdt Miinchen (TUM) a wind tun-
nel investigation is conducted within the framework
of the EU funded project ”Fundamental Research on
Aircraft Wake Phenomena” (FAR-Wake) on a generic
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model generating a four vortex system.

Precise prediction of wake vortex trajectories and de-
cay under all weather conditions is beyond the range
of current technology. Therefore, many research activ-
ities concentrate on alleviating the wake vortex haz-
ard by modifications of wing geometry and/or wing
loading.? Strategies to minimise the wake vortex haz-
ard concentrate either on a Quickly Decaying Vortex
(QDV) or on a Low Vorticity Vortex (LVV) design.
An enhanced vortex decay (QDV) may be achieved by
promoting three-dimensional instabilities by means of
active or passive devices. An active system tested by
Boeing uses periodically oscillating control surfaces to
introduce the desired perturbations leading, after suf-
ficient amplification, to the break—up of the vortices.*
The LVV design reduces the wake vortex hazard by en-
hancing the diffusion of the vorticity field. It is aimed
on the generation of wake vortices with larger core
size and smaller swirl velocities at the core radius af-
ter roll-up is completed. This may be achieved by in-
jecting additional turbulence into the wake to increase
the dispersion of vorticity and/or by altering the cir-
culation distribution of the wake generating wing. The
first type of mechanism is related to the use of spoil-
ers or wing fins while the second type of mechanism is
related e.g. to differential flap setting.’

With respect to 3D perturbations vortex systems are
generally unstable. The related mechanisms are sum-
marized in a FAR-Wake position paper.® Instabilities
are caused by the amplification of asymmetric Kelvin
waves under mutual straining of the vortices. If the
separation between the vortices is large in compari-
son to their diameter, a system of stability equations
can be derived by considering parallel vortex filaments
with slight sinusoidal perturbations of their respective
position. The equations of this linear system are given
by Crow’ for two counter-rotating vortices and by
Crouch® and Fabre et al.>'0 for multiple vortex pairs.
The system evolves due to the superposition of three
effects: a) the straining experienced by each filament
when displaced by a perturbation from its mean posi-
tion in the velocity field induced by the other undis-
turbed filaments, b) the self induced rotation of the
disturbed filament c¢) the velocity field induced on the
filament by the other vortices when perturbed from
their mean positions.” The mechanism which strains
the vortex due to the displacement from its mean po-
sition in the velocity field by a perturbation induced
by the other vortex filaments leads (mechanism a) to
an amplification of the asymmetric Kelvin waves in
case their polarization planes remain close to the ex-
tension planes of the straining field. This mechanism is
balanced with the self induced rotation (mechanism b)
which tends to shift the perturbation away from these
planes. The frequency of this self induced oscillation is
the frequency of the oscillation mode of the Kelvin dis-
placement wave.? This mechanism introduces a depen-
dence of the solution with respect to a measure of the

Investigation of Four Vortex System Wake Characteristics

A. Allen, C. Breitsamter

diameter of the vortex core. Long wave co—operative
instabilities are of prime importance for applications
to aircraft hazard alleviation as it could be possible
that the dispersion of a vortex wake might be acceler-
ated by means of this mechanism.

Especially the stability properties of a vortex configu-
ration composed of two counter—rotating vortex pairs
have been considered. The vortex pairs can be co—
rotating (I'y > 0, I's < 0) or counter—rotating (I'; > 0,
Iy < 0).!! In the wake of an aircraft, the outer vor-
tex pair is produced at the wing tips or outer flap
edges and the inner one by the inner flap edges or
the horizontal tail plane. The linear stability method
described above can be applied, whereby the solution
depends on Rr = T'y/T'y and Ry, = be/b;. Without in-
ner vortices the classical Crow instability develops on
the outer vortex pair. Adding the second vortex pair
leads to much higher amplifications.?'? The initially
introduced perturbation has been amplified by nearly
a factor of 6000 after one revolution of the inner vor-
tices around the outer vortex pair. This amplification
must be compared to the value obtained for the Crow
instability (2.2) without the inner vortex pair. A tow-
ing tank result (Rpr = —0.37; Ry = 0.5) confirms that
this type of perturbation is effectively selected in a real
four vortex wake.!?13

2 EXPERIMENTAL SET-UP

2.1 Model

The wind tunnel model used is the DLR F13 model,
which is a full model depicted in Fig. 1. It consists

of a cambered wing (byy = 0.3 m; cw = 0.05 m;
Fyw = 0.015 m?; ARy = 6.0), which has a fixed
angle of attack of @« = 10° and a horizontal tail

plane (bgrp = 0.09 m; cyrp = 0.035 m; Fyrp =
0.00315 m?; ARgrp = 2.57), which is inclined at —4°.
The ratio of the spans of the wing and the horizontal

Figure 1: The DLR F13 model in wind tunnel facility
C at TUM-AER
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tail plane is Ry = 0.3. The ratio of the circulation of
the two trailing vortex pairs emanating from the wing
and the horizontal tail plane is set to Rr = —0.3 to
meet the requirements for optimal perturbations devel-
oping on the main vortex pair based on linear stability
analysis. The circulation ratio has been determined by
force measurements, see Sec 3.1. The flow field behind
the model is carefully investigated at a Reynolds num-
ber of Re, = 8 - 10%.

The coordinate system for the model is a right hand
system with x in free stream direction, y in span wise
direction to the right and z in vertical direction up-
wards. The results will be plotted in non—dimensional
coordinates z* = x/b, y* = 2y/b and z* = 2z/b.

2.2 Wind tunnel

The wind tunnel facility C of the Institute of Aerody-
namics of the Technische Universitdt Miinchen has a
closed test section of 21 m x 2.7 m x 1.8 m (length
x width x height) as shown in Fig. 2. The length of
the tunnel test section allows an investigation of the
wake vortex system at several cross—flow planes up to
48 span dimensions downstream of the model.
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Figure 2: The wind tunnel facility C at TUM-AER

2.3 Hot—wire anemometry

The time dependent velocity data gathered by hot—
wire anemometry using a triple sensor probe is used
to calculate the mean velocity and the vorticity as
well as to perform an analysis of the turbulent flow
field and a spectral analysis.'® The amplification of
instability mechanisms of a four vortex system with
counter—rotating outboard and inboard vortices will
be shown.?!*'® The hot wire probe operated by a
multi—channel constant temperature anemometer sys-
tem was positioned downstream of the model and the
velocities u, v and w have been measured at a sampling
rate of fy; = 3000 Hz (Nyquist frequency 1500 H z)
for 6.4 s. The tungsten wires of the probe are platinum
plated and have a diameter of 5um and a length of ap-
proximately 1.25 mm. The sampling time corresponds
to 19200 values per wire and survey point. The volt-
ages of the hot—wire anemometer are low—pass filtered
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at 1000 Hz and digitized with 16 bit precision. The
anemometer output signals are converted into time de-
pendent velocity components u, v and w using a look—
up table previously obtained from the velocity and an-
gle dependent calibration of the hot—wire probe.

2.4 Test conditions and data reduction

The free stream velocity Uy is 25 m/s which corre-
sponds to a Reynolds number of approx. 8 - 10 based
on the wing chord length. The velocity data is then
used to calculate the vorticity and the turbulence in-
tensities using the equations stated below. The symbol
¢ denotes the non—dimensional axial vorticity and Tu,
the root mean square value of the vertical velocity fluc-
tuations normalized with the free stream velocity.

oo e (5F)

Va©

oo

(2) Tu, =

Power spectral density distributions of the axial veloc-
ity fluctuations are evaluated to detect spectral peaks
associated with inherent instability mechanisms. The
spectral densities are calculated using a Fast Fourier
Transformation (FFT) of the velocity fluctuation time
series with a linear band averaging based on ny = 1024
frequency bands. Sé\f denotes the power spectral den-
sity of v’ normalized with the free stream velocity, the
variance of u’ and the wing span.

b o (0/2)
_an Uoo

AkUs
3) SN= Su,_kiU;
u?(b/2)

The cross spectral density is normalized in the same
way.

3 RESULTS

3.1 Force measurement

The force measurements have been conducted using a
six component balance. Fig. 3 shows the curves for the
circulation ratio of wing and tail plane Rr, calculated
according to Eq. 4, as function of the horizontal tail
plane setting ngrp for three Reynolds numbers.

() Rp — Curp _ Cr.arp Fw

T'w Crw Furp
The required circulation ratio Rr = —0.3 is reached
for ngrp = —4.0°. The corresponding lift coefficient

for Re. = 8-10%* is Cr, = 1.04.
The flow field measurements have only been per-
formed at the lowest Reynolds number Re, = 8 x 10
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Figure 3: Circulation ratio over HTP deflection

3.2 Flow field measurements

The flow field has been investigated at discrete planes
perpendicular to the free stream flow direction at z* =
z/b = 1.0,4.0,8.0,12.0,16.0, 20.0, 24.0, 36.0 and 48.0.
Ounly four of these planes (z* = 1.0,12.0,24.0,48.0)
will be discussed here. The downstream stations are
marked by the non—dimensional distance x* and the
characteristic time 7*. The latter number is based on
an elliptical lift distribution taking into account aspect
ratio and lift coefficient as stated in Eq. 5.

x*lGCL

(5) T T FAR

For each plane the non—dimensional axial vorticity
& and vertical turbulence intensity Tu, are plotted.
Figs. 4 and 7 show the quantities for 2* = 1.0 (7* =
0.029). Note, that vorticity levels between —1 and 1
are blanked in Fig. 4. The WTV is clearly visible
at (y*;z%)wry = (0.977;—-0.100) being the vortex
with the highest peak vorticity (33.5) and rotating
counter—clockwise. At (y*; z*)gry = (0.270; —0.035)
the HTV is visible rotating clockwise with a peak vor-
ticity of (—21.1). The relatively small difference in
the peak values is due to the position of the measur-
ing plane being only 0.22 b downstream of the HTP
trailing edge, but one span downstream of the wing
trailing edge. At the top left of the HTV the vortex
sheet of the HTP is still visible as it is not yet fully
rolled up into the HTV. At the left upper edge of the
measurement plane two weaker vortices are visible at
(y*;2*) = (0.066;0.200) and (y*;z*) = (0.014;0.021)
turning clockwise and counter—clockwise, respectively.
These vortices are caused by the change in circulation
through the fuselage interacting with the lifting sur-
faces, i.e. with the wing and the HTP. The drop in
circulation in the fuselage area of a lifting surface cre-
ates a counter-rotating vortex in comparison to the
tip vortex of the lifting surface. The position of the
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lower of the two weak vortices in comparison to the
remainder of the shear layer of the HTP and the di-
rection of rotation indicate that this vortex is caused
by the HTP, whereas the upper one is then assigned
to the wing—fuselage interaction.

Fig. 7 displays the turbulence distribution in vertical
direction for this measuring plane. Note, that values
below 0.02 are blanked for all turbulence intensity im-
ages for all measuring positions. High turbulence in-
tensities can be found at the vortex core positions and
the shear layer emanating from the wing can be seen
at the lower part of the measuring plane. The roll up
of the shear layer into the WTV is almost complete as
there is only little contact between the turbulence in
the vortex and the shear layer.

The next measuring plane downstream is at z* = 12.0
(7* = 0.342), the results of which are shown in Figs. 5
and 8. In the vorticity distribution values between
—0.1 and 0.1 are blanked. A clear vorticity peak of
7.7 can be found at (y*; z*)wryv = (1.06; —0.747) for
the WTV. The peak vorticity for the HT'V is only —0.5
at (y*;2*)gryv = (0.293; —0.520). These positions in-
dicate a downward and outward movement of both
vortices. The peak vorticity for the HTV is difficult
to find as the area of vorticity of this magnitude is
quite large. Both vortices clearly show speckles at their
boundaries, indicating that vorticity is spread over a
quite large spatial area. The turbulence intensity again
shows increased values for the position of the WTV.
Figs. 6 and 9 illustrate the results obtained at z* =
24.0 (t* = 0.683). The WTV can still be seen at
(y*; 2% )wrv = (1.17; —1.290) with a vorticity peak of
2.53. Note that vorticity levels between —0.1 and 0.1
are again blanked. This mean position indicates a con-
tinuing downward and outward motion of the WTV.
The main vortex clearly shows a very large spatial area
of vorticity spots. Due to a strong interaction between
main (outer) vortex (WTV) and secondary (inner) vor-
tex (WTV) vorticity of the main vortex is radially
spread out decreasing strongly the peak vorticity level.
Thus, the vortex induced velocities are also markedly
reduced which results in a significantly lower induced
rolling moment on a follower aircraft. At this down-
stream measuring position the location of the HTV
could not be determined, as the vorticity drops so low,
that a clear peak is not determinable. The higher tur-
bulence levels are confined to the WTV, which have
slightly decreased.

At 2* = 48.0 (7* = 1.367) the position and rotational
direction of the WTV is difficult to extract, Figs. 10
and 11. The HTV is not visible in the vorticity dis-
tribution any more whereas the WTV is visible at
(y*; z%)wrv = (1.35; —1.930) with a peak vorticity of
0.35. Values between —0.05 and 0.05 are blanked. The
spatial area of distributed vorticity has nearly doubled
in comparison to x* = 24.0 while the peak vorticity
level has decreased by approx. 90%. This vorticity dis-
tribution reflects the dissolution of the initially con-
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Figure 12: Decay in peak vorticity for the Wing Tip
Vortex at Re, = 8 x 10*

centrated vortex to a region of vorticity spots with
very low peak levels. The turbulence intensities have
decreased further to a level of approx. 3% in the region
of the vortex core.

Fig. 12 illustrates the development of the peak vortic-
ity value of the WTV over the downstream distance
z* and dimensionless time 7. Between 7* = 0.05 and
7% = 0.5 there is a rapid decrease in the peak vorticity
level with a reduction by an order of magnitude. In
this time period the instability mechanism due to the
mutual induction of the neighboured counter-rotating
vortices is fully developed leading to a rapid distortion
of the main vortex. After 7 = 0.5 there is a further
reduction of peak vorticity showing again an allevia-
tion by nearly a factor of 10. A logarithmic scaling for
the {—axis demonstrates a nearly linear trend in the
reduction of the peak vorticity level with a gradient of
d(log &)/dr* = —1.48.

Fig. 13 depicts the track of the vortex center in the y*—
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z*—plane. As stated above the WTV moves downward
and outward continuously whereas the HTV moves in-
ward and then outward while always travelling down-
ward. The data for the HTV is only available up to
z* = 20.0. The downward velocity of the WTV de-
creases as it moves downstream. Note that the last
two data points have a Az* of 12, whereas the first
seven data points have a Ax™ of 4.
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Figure 13: Trajectories of the vortices WTV and HTV
in the y*—2* plane at Re, = 8 x 10*

3.3 Spectral analysis

In order to judge the instabilities developing in
the vortex system, characteristic spectral peaks are
searched indicating that turbulent kinetic energy is
channelled into a narrow band due to quasi periodic
fluctuations. An overview is given below how the
frequency content and related energy overshoots
are evaluated with respect to the most dominant
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instability mechanisms.

The presence of instability mechanisms propagating
along the wake vortex in stream wise direction can
lead to a relevant distortion of the vortex, accelerating
its dispersion and decay. Usually, long, medium and
short wave instabilities occur. The most significant
long wave instability for a counter—rotating vortex pair
is the Crow? instability. This instability is related to
the strain effect induced by one vortex of a pair on the
other one, and appears as a sinusoidal displacement of
the vortex trajectories. The displacement amplitude
grows exponentially in time but the amplification
factor is low. This kind of instability is ultimately
responsible for the wake vortex collapse in the far
field. Regarding two vortex pairs Crouch observed
an instability mechanism with both symmetric and
asymmetric modes, the wavelengths of which are
shorter than those of the Crow instability, but large
with respect to the effective vortex core size3. A
Crouch type instability may enhance wake vortex
dispersion within z/b & 30.

Wavelengths of Crow and Crouch type instabilities
are Aorow =~ 8bg and Agrouch &~ 1.5d = 6.0d, respec-
tively. In this case two counter-rotating vortex pairs
are investigated. The lateral center of circulation is
positioned according to Eq. 6, giving by = 1.3 by, for
the investigated case.

~ 1+ RyRr
6 bo=0» _
() 0 M( 1+ Rr )

The typical wavelength for the dominant long wave in-
stability in a counter—rotating vortex pair is described
in Eq. 7. Calculating the reduced frequency this leads
to Eq. 8 with the initial distance of the main vortices
by is approx. equal to the wing span by, see Fig. 13
(Fully developed WTV: y* 21 for «* = 4).

(7) MVS— o g 5y
bo
Jaom(bw /2)  bw 1 by
8 kiom = ———— = — = — — = 0.049
®) ha Uso 2\ 57 by

Figs. 14, 15, 16 and 17 illustrate typical power spec-
tral density distributions for the HTV and WTV at
the measuring positions x* = 1.0,12.0,24.0 and 48.0.
Clearly, distinct peaks are visible around the calcu-
lated dominant reduced frequency of k4o = 0.049 in-
dicating the existence of distinct quasi—periodic fluc-
tuations.

3.4 Correlation measurements

Correlation measurements have been performed using
two hot—wire probes each consisting of three wires. The
first probe is at a fixed position ] within the WTV or
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Figure 15: Normalized pov%er spectral densities of the

axial velocity fluctuations at z* = 12.0 and Re, =
8 x 104
10"
a wTVv
[ — — — - HTV
~~ -
10°F S~/
Ec |
== |
10"
2] TR | L
10 10* 107 10°

Figure 16: Normalized powker spectral densities of the
axial velocity fluctuations at z* = 24.0 and Re, =
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Figure 17: Normalized pov%er spectral densities of the
axial velocity fluctuations at z* = 48.0 and Re. =
8 x 10*

HTYV, whereas the second probe is traversed within the
same vortex at a position further downstream z5. The
plots shown are cross spectral density distributions of
the spanwise velocity fluctuation (v') and have been
evaluated using the same parameters as for the power
spectral density distributions. The plots illustrate the
frequency content in both spectra.

Fig. 18 shows the cross spectral density distributions
for the WTV. The vertical line depicts the calculated
value for the expected dominant reduced frequency at
which distinct peaks should appear. For the WTV a
slight shift is noticeable, showing peaks at k ~ 0.4 in
all three cases and a significant peak at k ~ 0.6 for
the case 7 = 12.0 and x5 = 24.0. In the cases with
] = 12.0 energy peaks are also visible at higher har-
monics of the dominant reduced frequency. Finding the
peaks also with the first probe positioned at 7 = 12.0
indicates that the frequency is contained downstream
within the vortices.

For the HTV the cross spectral density distributions
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Figure 18: Cross spectral density distributions for the
WTYV with one probe at ] and the other one at x5 at

Re. =8 x 10*
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are depicted in Fig. 19. Note that the spectral density
levels for the HTV are significantly reduced in mag-
nitude in comparison to the WTV. The peaks found
match the predicted value very well. Fig. 20 depicts the

0.5
B x*,=1.0; x*,=24.0
I — — — - x4=12.0;x*,=24.0
04l x*=12.0; x*,=48.0
| 4
[ ay |
/ ! |
0.3 W \
| / | |
. \ ( \ I | '\
z3 I / [ I

k
Figure 19: Cross spectral density distributions for the
HTYV with one probe at 27 and the other one at x5 at
Re. =8 x 10*

spectral results obtained with one probe being within
the HTV at z* = 12.0 and the other one being tra-
versed within the WTV at x* = 12.0. At kgon, =~ 0.049
a clear peak can be detected substantiating that this
frequency is dominant at both measuring positions.
Another peak is visible at k & 2 - kgom, illustrating the
higher harmonic.
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Figure 20: Cross spectralkdensity distributions with
both probes at * = 12.0 (WTV and HTV) at Re. =
8 x 104

4 CONCLUSION AND OUTLOOK

A comprehensive experimental investigation using the
DLR F13 model creating a four—vortex system with
counter—rotating neighboured vortices has been con-
ducted. The circulation ratio of tail plane and wing
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vortices was set to —0.3 proven by force measurements.
The span ratio of tail plane and wing is 0.3. This com-
bination of circulation and span ratio is chosen to cre-
ate a strong interaction between tail plane and wing
vortices resulting in an optimal amplification of the
long wave instabilities developing on the wing vor-
tices. The flow fields observed by means of hot—wire
anemometry show the wake vortex development up to
48 span dimensions downstream. From the extended
near field to the far field the concentrated wing vortex
transforms to a vortical structure with a large region of
radially distributed vorticity. This structure becomes
dominant downstream of 20 span dimensions further
expanding strongly in its radial range. Consequently, a
rapid decay in axial vorticity is observed for the wing
vortex with a gradient d(log £)/dr* = —1.48. Hence,
the peak vorticity level is reduced by one order of mag-
nitude within 30 span dimensions. The movement of
the two counter—rotating vortices during this decay is
mainly downward and outward. Spectral analysis of
the time dependent velocities obtained from the hot—
wire tests has been carried out as well. The develop-
ing instabilities are attributed to characteristic spec-
tral density peaks. These peaks have been found at a
frequency range matching the one predicted by linear
stability analysis. The dominant reduced frequency is
approx. kqom = (1/57)(bw /bo) with by as wing span
and Z;E) as the distance between the main vortices cen-
troids. Corresponding findings can be taken from the
cross spectral density results obtained by correlation
measurements using two hot—wire probes.

The wind tunnel results will be compared with data
obtained in a towing tank test planned by DLR. Thus,
hot—wire results, i.e. turbulence and spectral quanti-
ties will be linked with PIV results informing about
the spatial wake vortex structure.
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